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Abstract

This thesis, entitled “Lanthanide-Directed Self-Assembly Formations from Novel Dipicolinic 

Acid Derivatives” is divided into six chapters. Chapter 1, the introduction, gives an overview 

o f  the lanthanide ions including their unique photophysical properties and the strategies 

employed for ligand design in the development of lanthanide luminescent complexes. Ln'"- 

directed self-assembly is central to the work described within this thesis and hence the following 

two sections are devoted to a discussion o f those monometallic and multimetallic Ln'"-directed 

self-assembled systems reported in the literature. Work in this area which has recently been 

published by the Gunnlaugsson group and therefore serves as the platform from which this 

research has been based is then described. Since the main chapter of this thesis focuses on the use 

of the Langmuir-Blodgett technique for the solid state fabrication o f monometallic Ln'"-directed 

self-assembled systems a section detailing the theory behind this technique is then given. A 

section is dedicated to the advances made in the area of lanthanide containing Langmuir-Blodgett 

films while the concluding section of the chapter gives an outline o f the work described within 

this thesis.

The main goal o f Chapter 2 was to design optically active compounds capable of Ln'" 

coordination, sensitisation and Langmuir monolayer formation. The synthesis of an amphiphilic 

C|6 enantiomeric pair of tridentate ligands, based on the 2,6-pyridine dicarboxylic acid 

framework is described. The Ln"‘-directed self-assembly behaviour of these compounds was 

evaluated spectroscopically with the elucidation of the various stoichiometric species produced in 

CH3CN solution and their corresponding binding constants calculated. The chirality of both the 

ligands and their corresponding 1:3 (M:L) complexes (M = Eu‘", Nd’", Tb‘", Sm“‘, Dy‘“ and 

Lu’“) was also probed by Circular Dichroism and Circularly Polarised Luminescence 

measurements. The six pairs of amphiphilic enantiomeric 1:3 (M:L) complexes were then 

synthesised and photophysically characterised followed by the investigation into their ability to 

form stable Langmuir monolayers at an air-water interface. Chapter 2 also details the 

photophysical results obtained following studies conducted on immobilised monolayers 

(Langmuir-Blodgett films) o f visibly emitting (Eu"', Tb"' and Sm"') and NIR (Nd"‘) emitting 

monometallic tris chelate complexes.

Chapter 3 focuses on the functionalisation o f an enantiomeric pair o f helicate ligands for the 

improved solubility o f their corresponding 2:3 Ln*"-directed chiral helical assemblies in more 

competitive solvent media. The synthesis o f the helicate ligands, which have been modified at the 

4-para position o f the pyridine moiety backbone (extending away from the Ln'" binding pocket), 

is described, followed by an in-depth study on the self-assembly process by means o f a series of 

photophysical titrations in CH3CN, CH3OH and CH3 0 H:H20  solvent mixtures. Data was



analysed in order to establish the various stoichiometric species in solution and calculate their 

corresponding binding constants. The enantiomeric dimetallic triple stranded 2:3 solid helicate 

complexes were also synthesised and photophysically evaluated with chiro-optical studies 

confirming retention o f chirality upon complex formation. Since the Eu”’-directed self-assembly 

o f the ligands in a partial aqueous environment could not be clearly interpreted a number o f  

stability measurements were then carried out on the dimetallic triple stranded helicates in a 

CH3 0 H:H2 0  mixed solvent medium.

For the purpose o f  enhancing both the water solubility and biological activity o f previously 

developed mononuclear Ln"‘-directed self-assembled systems a chiral asymmetric 2,6-pyridine 

dicarboxylic acid analogue was modified at the 6-ortho position with a positively charged 

pyridinium side chain and also with a Pt(terpyridine) moiety. This yielded 2 pairs o f  novel 

enantiomeric ligands bearing a Ln"‘ tridentate coordinating pocket, an antenna group and a side 

chain with the potential to enhance water solubility and/or biological relevance. Chapter 4 

documents the synthesis o f  these derivatives and the spectrophotometric solution studies 

employed to investigate the ability o f these ligands to self-assemble in solution under the 

direction o f Eu'". It was suggested from these studies that the close proximity o f  the pyridinium 

side chain to the binding pocket was hampering the ability o f  these ligands to assemble in a 1:3 

manner. Photophysical titrations also indicated that the Pt(terpyridine) functionalised complexes 

did not assemble to give the desired 1:3 monometallic complex in CH3OH or H2O. This was 

postulated as being due to the presence o f the sterically bulky Pt(terpyridine) moiety adjacent to 

the NO2 coordinating unit. It was concluded from these results that, although it was possible to 

append novel substituents to these relatively simple asymmetric structures, the location o f the 

additional charge and/or large metal group plays an important role in determining the behaviour 

o f these systems in solution.

The objective o f  the project described in Chapter 5 was to graft a C 12 thiol-terminated chain 

to the 4-para position o f 2,6-pyridine dicarboxylic acid for the tethering o f the ligand onto the 

surface o f AuNPs and subsequent formation o f luminescent hybrid Ln‘"-directed self-assembly- 

AuNP conjugates. The synthesis o f  the compound and its Ln'“-directed self-assembly behaviour 

(Ln"' = Eu"' and Tb"’) in 0.1 M Tris-HCl buffered solution was monitored spectroscopically and 

analysed by non-linear regression analysis. The photophysical properties o f  the 1:3 Eu™ and Tb*” 

assemblies were then evaluated with quantum yield and q value determination carried out at 

different ligand concentrations due to the sensitivity o f  the ligand concentration on its solubility. 

Quantum yield values were however comparable to those o f  the unsubstituted parent 2,6-pyridine 

dicarboxylic acid structure. Preliminary studies, including DLS and TEM measurements, 

following the functionalisation o f  the AuNPs with the ligand concluded its successful adsorption 

onto the surface o f  the AuNPs.



Chapter 6 details the experimental procedures used in Chapters 2, 3, 4 and 5 and the 

characterisation o f  the compounds prepared. The remainder sections include the literature 

references and appendices to support the relevant chapters.
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Introduction



Chapter One - hitroduction

1. Introduction

‘Supramolecular chemistry’, a term first coined by Lehn in 1978,' refers to the pre

organisation, recognition and binding o f  complimentary host-guest chemical species for the 

development o f ‘superm olecules’.A n a lo g o u s  to the biochemical ‘lock and key’ theory first 

conceived by Fischer in 1894 to explain size and shape complementarity between an enzyme 

and its substrate' supramolecular chemistry involves ‘chemistry beyond the m olecule’ 

whereby host ligand receptors are designed with binding sites which satisfy the geometric 

size, shape and electronic character o f the receptor for the construction o f  higher order 

complex architectures via intermolecular interactions.'’̂  As described by Lehn, 

supramolecular chemistry aims at developing highly complex chemical systems from 

molecular components interacting via a num ber o f non-covalent interactions such as 

hydrogen bonding. Van der W aals forces, ion-dipole interactions, ti-ti stacking etc. and so
2 5pre-organisation and complementarity are crucial in the design o f such systems. ' The area 

o f  supramolecular chemistry has undergone immense acceleration in the past 40 years with 

developments stemming from the construction o f  systems such as crown ethers,^ cryptands,’ 

lariat ethers^ and podands^ with a continuous expansion towards larger complex architectures 

such as rotaxanes, catenanes,"^"'^ multimetallic helicates,'*’’̂  ̂ metal organic frameworks 

(M O F’s) and clusters^^'^^ in more recent years. Functional supermolecules have found 

applications in many diverse disciplines such as analytical methods,^^ gas storage,^ 

biological probes and imaging a g e n t s , l i g h t  emitting devices,^'*’'*̂ ''*̂  catalysis^'* and 

molecular logic switches^^'^^ to name but a few.

The self-assembly o f these pre-organised systems can be driven by metal coordination to 

the transition metals^*’’̂  ̂ but also the lanthanide ions, bringing with them their fascinating 

photophysical and magnetic p r o p e r t i e s . T h i s  not only allows for the creation o f 

visually appealing and exquisite architectures but further extends their potential use as 

functional supramolecular devices. Lanthanide-directed self-assembly o f  appropriately 

designed ligands for the development o f novel chiral assemblies has been a major topic of 

interest within the Gunnlaugsson group and has led to the formation o f lanthanide 

luminescent systems such as helicates and b u n d l e s . ^ M u c h  emphasis has been placed 

not only on the investigation o f the self-assembly behaviour and photophysical properties of 

these assemblies but also on encouraging their potential incorporation into biological and 

materials based applications such as those mentioned above.™’’ '

W ith the aim o f building upon work previously carried out within our research group the 

objective o f  this PhD was to forni m ononuclear and dinuclear chiral luminescent Ln'"-
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directed self-assembled systems, based on the pyridine-2,6-dicarboxylic acid (dipicolinic 

acid (H2dpa)) framework, possessing novel functionalisation for Langmuir-Blodgett 

monolayer formation, increased water solubility (with a view to extend into biological 

media) and for surface attachment to gold nanoparticles (AuNPs). By further functionalising 

previously investigated and relatively well documented systems the chiral luminescent 

properties of these assemblies may then be explored. For example, by immobilising these 

systems into organised monolayers their use as chiral analytical sensors and/or optical 

devices may be investigated, while the ability to function as chiral sensors in an aqueous 

environment opens up an avenue towards biologically relevant sensing capabilities.

1.1 Lanthanide metal ions

The lanthanide metal ions are a group of elements o f the periodic table known as ‘rare earth 

elements’. They include the 15 elements lanthanum through to lutetium (atomic numbers 57 

to 71) and are located between the third row elements barium and hafnium. Contrary to their 

name, elements such as cerium and lanthanum are found quite abundantly in nature (crustal
72abundance data: Ce = 66 ppm. La = 35 ppm). Currently the constant requirement to develop 

new and more efficient magnetic and luminescent materials for application in biomedical 

analysis, MRl contrast agents, NMR shift reagents, electroluminescent materials for LEDs, 

optical fibres for telecommunications and lasers has led to a recent surge o f interest in 

lanthanide ion incorporation in functional supermolecules in order to take advantage of the 

unique magnetic and photophysical properties these metals have to

1.1.1 Photophysical properties and advantages o f the lanthanides

The photophysical properties of the lanthanides are governed by their electronic 

configurations where a general trend of gradual filling of the 4 /  orbitals is observed. Their 

electronic configurations are described by [Xe]4/"_ where (n = 0-14), as they tend to exist 

primarily in their trivalent lanthanide state (Ln"’). As electrons successively occupy the 

valence Af orbitals they do so according to Hund’s rule whereby each orbital in the 4 /  sub

shell is singly occupied with one electron before any one orbital is doubly occupied. Since 

the 4 / sub-shell is located in closer proximity to the nuclear core than the outer filled 5s^5p^ 

orbitals poor shielding o f the nuclear charge by the electrons in the 4 /  orbitals leads to a 

decrease in ionic radii across the series, known as the ‘lanthanide contraction’, i.e. as nuclear 

charge increases a greater nuclear effect is felt by the 5s^5p^ electrons resulting in a 

‘contraction’ of the ionic radius. This feature gives rise to a similar size and reactivity profile 

within the lanthanide metal series.’^
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Figure 1.1. Partial energy diagrams for the lanthanide aquo ions.^^

As the Ln'" 4 /  electrons are located within the filled 5̂  ̂ and 5p^ sub-shells they are 

‘hidden’ from their external environment and so ligand perturbations in the first and second 

coordination sphere are limited giving rise to characteristic narrow line-like emission spectra 

upon Ln'" excitation by electromagnetic radiation.'*’ Electronic transitions involve a 

redistribution o f electrons within the 4 / sub-shell, formally Laporte forbidden / ; /  transitions. 

However, these selection rules may become relaxed by a number o f mechanisms such as 

vibronic coupling (which causes a change in geometry and thus symmetry around the metal 

ion), J-mixing and mixing with opposite parity wavefunctions such as Sd  orbitals’ ,̂ and as 

such weak luminescence results.

A partial energy diagram illustrating energy gaps for the lanthanide aquo ions is shown in 

Figure 1.1 and displays the main luminescence transitions observed for each.^  ̂ As shown, the

energy gap for Gd'” is the largest o f  all the Ln‘‘‘ with AE = 32200 cm‘‘ (for'’P7 /2 —> °S7/2 ) 

corresponding to UV emission. The most commonly encountered Ln'" in luminescent sensor 

development are Eu'" and Tb'", with energy gaps o f  AE = 12300 cm'' (for ^Do —> ’F6 ) and AE 

= 14800 cm ' (for ^D4 —> corresponding to the emission o f red and green visible light 

respectively. The energy levels o f  the excited and ground states in Nd'" (''F3 /2 —>• '’ij) and Yb'" 

(^Fs/2 ^p7/2 ) however are closer together, and so the emission generated is in the near-

infrared region o f  the electromagnetic spectrum.

Additionally, the Ln'" exhibit extremely long luminescence lifetimes, ranging from 10'  ̂~  

10'  ̂ s (in the millisecond (ms) range for Eu'" and Tb'" and the microsecond (|as) range for 

Sm'" and Dy'", for example), compared to those o f common organic dyes which are in the 

nanosecond (ns) range and those o f biological media which have excited state lifetimes 

typically in the submicrosecond (<|as) r a n g e . T h e s e  two photophysical features 

offer distinct advantages for responsive probes in cellular imaging and analyte detection in

.III
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biological media in the development o f lanthanide luminescent bioprobes (LLBs) in a 

technique known as time resolved detection (TRD) or time-gated detection. Implementation 

o f TRD avoids the detection of short-lived autofluorescence from the biological 

background.^’ Figure 1.2 displays how by exciting the Ln'" and measuring its long lived 

Ln’"-centred luminescence after a particular time interval detection o f background 

autofluorescence from biological organic fluorophores and light scattering may be avoided, 

elucidating an intense signal (good signal to noise ratio).

Background Fluorescence

Ln‘" Phosphorescence

< > < *
Delay Time Measuring Time (jis)

Time

Figure 1.2. A time delay between excitation and Ln”' phosphorescence detection allows 
background fluorescence to decay to negligible levels.

The low probability of occurrence o f the formally Laporte forbidden f - f  transitions 

accounts for their weak absorption extinction coefficients (less than 4 M '' cm'')^^’̂ ’̂** and 

resultant low intensity luminescence. In order to overcome this obstacle and efficiently 

populate the Ln"* excited state a sensitising chromophore (known as an ‘antenna’) may be 

incorporated into the ligand complexing the Ln'". As illustrated in Figure 1.3 the function of 

the sensitising antenna is to absorb electromagnetic radiation and transfer this energy to the 

(triplet) excited state of the lanthanide, generating an excited Ln"', where energy is then 

emitted either as light (luminescence) or undergoes non-radiative deactivation (quenching). 

This indirect excitation o f the Ln'" excited state allows for the significant photophysical 

properties of the Ln"' to be utilised or probed more efficiently.^^’̂  ̂ Energy may be fed onto 

the Ln'" centre by a number o f routes, most notably from the triplet excited state o f the ligand 

(Ti) to the Ln'" excited state. However, other energy migration pathways have also been 

encountered such as the direct transfer from the ligand singlet excited state (Si), intra-ligand 

charge transfer (ILCT) or ligand-to-metal charge transfer (LMCT) s t a t e s . H o w e v e r ,  

these avenues of energy transfer play a less prominent role in the antenna effect, and as such 

are considered to a much lesser extent.
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Figure 1.3. (a) Simplified diagram illustrating how the 'antemia effect’ is used to indirectly 
sensitise the L n"  generating lanthanide emission, (b) Jablonski diagram illustrating the 
energy transfer fi-om the ‘antenna ’ to the Ln'‘ centre.^^’̂ ^

Two mechanisms to depict the energy transfer process from the ligand Ti to the Ln'" ion 

have been commonly accepted and are known as Dexter’s and Forster’s mechanisms. The 

Dexters mechanism involves a double electron exchange whereby, following excitation and 

subsequent efficient intersystem crossing (ISC), an electron is transferred from the ligand T ] 

excited state to the excited state o f the Ln'"; while simultaneously, an electron is transferred 

from the highest occupied energy level o f the metal ion to the vacant gap created by the 

initial photo-excitation o f  the ligand (as shown in Figure 1.4 (a)) with a distance dependency 

o f e'  ̂ Forster’s mechanism, which is more likely for the Ln'", comprises o f energy 

transfer from the donor to the acceptor via dipole-dipole coupling o f the dipole moment 

associated with the de-excitation o f the ligand Ti with the dipole moment associated with the 

Af orbitals, as shown in Figure 1.4 (b),̂ **’̂  ̂ with a distance dependency o f  

Consequently, for both sensitisation processes, energy transfer is more efficient when the 

donor antenna group is located in close proximity to the acceptor Ln'"

Not only is the efficiency o f  the sensitisation process dependent on the donor-acceptor 

distance but it also relies on a number o f  other factors such as:

1) The energy difference between the antenna S| and its Ti where AE = 5000 cm'' is ideal 

for efficient ISC and thus efficient T| population.

2) An optimal energy difference between the antenna T| and the Ln'" excited state to 

avoid fluorescence from the antenna (if the energy difference is too high) and non-radiative 

quenching via back energy transfer (if  the energy difference is too low) (for Eu'"; 2500 cm'' 

< AE ( \ t i* -  ^D o) < 3500 cm'' and for Tb‘": 2500 cm'' < AE { \n * -  ^D4) < 4000 cm'').^^

3) Minimisation o f  deactivation by non-radiative processes such as vibrational collisions 

with local solvent molecules.
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Figure 1.4. Example o f  sensitisation mechanisms o f  energy transfer from  the ligand S/ via Ti 
to L n “ excited state, (a) D exter’s and (b) Forster’s mechanism.

Competing with radiative luminescence deactivation is non-radiative deactivation via 

collisions with high energy vibrating O-H, N-H and C-H oscillators within the Ln'" 

coordination sphere. This quenching process involves energy transfer from the Ln'" excited 

state to solvent molecules through vibrational collisions, or with ligand O-H, N-H and C-H 

oscillators. With regards to designing highly luminescent Ln‘" complexes this deactivation 

pathway can be quite detrimental. On the other hand, however, it offers an impartial route to 

probe the coordination environment o f the Ln'" by determining the number of solvent 

molecules directly bound to the Ln'" centre {q value or hydration state) in such complexes. 

Horrocks et al. developed an equation to determine the hydration state o f a Eu'" or Tb'"

complex based on the observation that O-D isotopic oscillators reduce the excited state 

lifetimes of Eu'" and Tb'" to a far lesser extent than the O-H oscillator.*^ This equation was 

further modified by Parker et al. to include the effect of other oscillators such as N-H and C- 

H on this deactivation process; these are given by Equations I and 2 (for Eu'" and Tb'") 

where an additional correction factor o f 0.075 ms"' should be made for each carbonyl-bound 

amide NH oscillators with Eu'":*^’*’

Equation 1: 

Equation 2:

9 “̂'"= 1.2 [ (1/t h 2o ) - 1/ t d 2o )-0 .25 ]

^ ™ " = 5 [ ( 1/ t h 2o ) - 1/ t d 2o )-0 .06 ]

This non-radiative deactivation process reduces the energy o f the excited state and thus 

competes with radiative luminescence. Consequently, it is usually advantageous to minimise 

this energy transfer process by protecting the Ln'" and preventing surrounding solvent 

vibrating oscillators from entering the first coordination sphere and binding to the Ln'". This 

may be achieved by designing polydentate ligands which fully occupy the high coordinative
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environments o f the Ln'" and ‘shield’ them from potential undesirable deactivation via 

processes o f this nature.

The dependence o f Ln’" luminescence on the above parameters means that careful ligand 

design for appropriate Ln'*' complexation and sensitisation must be taken into account to 

achieve full exposure o f the photophysical properties o f  the Ln'” in the formation o f novel 

applicable lanthanide luminescent systems.

1.2 Ligand design for lanthanide luminescent complex systems

Ionisation energy data reveal that the lanthanides exist primarily in their +3 oxidation state 

with high charge density causing them to act as hard Lewis acids. Hence, they tend to possess 

variable and large coordination numbers (from between 9 and 12) forming labile ionic
77complexes with donor ligands which are hard Lewis bases. The development o f systems 

incorporating the Ln'" therefore entail the design o f ligands containing functional groups 

such as amides, carboxylates and nitrogen based heterocycles that facilitate their high 

coordination requirements.^^'^^ Moreover, it is essential that ligand-Ln'" bond formation 

results in both kinetically and thermodynamically stable complex formation to ensure that the 

Ln'" remains tightly bound. Unfavourable enthalpic processes such as ligand dehydration in 

solution are generally not counteracted by favourable ligand-Ln'" bond formation and it is 

thus understood that the assembly process and subsequent bond formation is entropically 

d r iv e n .P o ly d e n ta te  acyclic chelating ligands such as podands offer enhanced stability over 

monodentate ligands due to the ‘chelate effect’ {i.e. reduced entropy o f disorder loss and ring 

formation upon complexation). In such instances a number o f flexible functionalised pendant 

arms containing appropriately located coordinating groups (usually bi dentate/tri dentate) are 

generally grafted onto such structures in a pre-organised m anner for Ln'" encapsulation.

However, this strategy lacks the pre-disposition macrocyclic ligands have to offer as 

complexation requires a large conformational entropic factor in comparison. Polydentate 

macrocyclic ligands containing a pre-organised cavity, such as cyclen^^ and calixarenes,^' 

further reduce the entropic cost compared to their acyclic counterparts by maintaining a pre

determined cavity size and optimised coordinating sites for Ln'" selectivity. This is known as 

the ‘macrocyclic effect’, a specific case o f the ‘chelate effect’. Furthermore, pendent arms are 

often attached to the cavity encouraging further pre-organisation, coordinative saturation and 

Ln'" stability.

Another strategy implemented to develop more sophisticated complex supramolecular

systems is that o f self-assembly. Self-assembly comprises o f  the fine tuning o f  ligand design

such that complimentary weak non-covalent interactions drive the manifestation o f hierarchal

molecular edifices.”* By pre-organising ligands in a specific manner one can take advantage
7
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o f the intermolecular forces between functional groups on adjacent ligands and control the 

assembly o f these coordinating building blocks around one or several ions. This self- 

assembly process has led to the generation o f elegant systems such as catenanes, rotaxanes,'^' 

metal-directed molecular cages and b o x e s . W h i l s t  much emphasis has been placed on the 

development o f transition metal based supramolecular systems^^'^’ Ln'"-directed self- 

assembly formation has only recently experienced considerable attention.

Ln*"-directed self-assembly incorporates the use o f the Ln”' to drive the self-assembly 

process offering a route towards large molecular fabrications such as bundles,^^ helicates^'*'^’ 

or hierarchical systems such as clusters^*’̂  ̂ or metal organic frameworks (MOFs).^^’'^°’'° ' 

Since the Ln'*' possess larger coordination numbers than the transition metal ions, ligand 

binding sites and metal coordination geometries play an important role in determining and 

controlling the overall structure o f the resulting system.

Since this thesis primarily deals with the development o f  novel chiral Ln'"-directed self- 

assembly formations, based on the 2 ,6 -pyridinedicarboxylic acid (H2dpa) framework, the 

following sections o f this chapter are divided into the most relevant examples o f 

monometallic and multimetallic Ln'" -directed self-assembly systems cuirently in the 

literature with discussions broadly focusing on functionalised pyridine ligands. Some recent 

examples developed within the Gunnlaugsson group, a brief overview o f  the Langmuir- 

Blogett technique and theory followed by a summary o f the work described within this thesis 

are then given.

1.3 M onometallic Ln"'-directed self-assembled systems

Several different types o f  sensitisers for the development o f monometallic Ln"'-directed self

assembled systems have been reported and recently r e v i e w e d . H o w e v e r ,  it is the pyridine 

unit and its analogues which offer appreciable comparison to the systems under investigation 

within this thesis and so, as mentioned above, current research in related fields is thus 

discussed accordingly with a primary focus on the H2dpa framework.

The extensive employment o f the basic tridentate dipicolinate (H2dpa) backbone as a Ln'*' 

chelating unit originates from its ability to form nine-coordinate l ;3 (Ln.dpa) 

tris(dipicolinate) complexes bearing high stability c o n s t a n t s . T h e  crystal structures o f 

many such complexes have been reported while the capacity o f H2dpa, 1 , to deliver 

sufficient photophysical properties for efficient lanthanide luminescent sensitisation 

encourages its continued study and derivatisation for further application. Relatively large 

luminescent quantum yields are exhibited by, in particular, Eu'" and Tb'" tris(dipicolinates) 

where Cs3[Eu(dpa)3] and Cs3[Tb(dpa)3] for example display quantum yields o f  24%  ± 2 .5%
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and 22% ± 2.5%, respectively, in TRIS-HCl buffered solution (0.1 M). The intense

as such these systems have been proposed by Chauvin et al. for implementation as secondary 

standards for quantum yield determination.

Figure 1.5. 2,6-pyridinedicarboxylic acid 1 (Hidpa) and X-rav crystal structure o f  
Cs3[Eu(dpa)s].‘°̂

Consequently, it is now of particular interest to modify the simple H 2 dpa structure ligand 

core to enhance its potential applicability. In order to make use of perhaps a sensing 

functionality interacting/receptor moieties and/or groups enhancing water solubility can be 

attached for imaging purposes and/or for solid state fabrication. It is critical, however, to 

investigate the effects H2 dpa derivatisation has on the overall stability and desirable 

photophysical properties of these Ln*” complex systems in solution.

George et al. reported the synthesis o f H2 dpa (1) analogues 2 - 4  where the 4 and 3, 5 

positions o f the pyridine ring were derivatised with hydroxy, chloro and bromo substituents. 

A photophysical study was carried out to investigate the effect these simple modifications 

have on the sensitisation and emission properties of the Eu(L ) 3  (where L = 1 - 3) and Eu(4) 

complexes.*'’̂  Findings were compared to results previously reported for analogous Tb'" 

systems and following substitution of the four position in the order Cl > H > OH it was found 

that the ability to sensitise Eu'” emission was increased, in contrast to OH > H > Cl for 

Tb”! 10̂ ,109 In the case of 4, the dibromo-4-hydroxy derivative, no sensitisation was observed 

and so results were inconclusive due to incomplete saturation of the Eu”* coordination sphere 

as a Eu:L ratio of 1:1 was found. Long luminescence lifetimes were also determined for 

Eu(L ) 3  (where L = 1 - 3) ranging from 1.16 to 2.9 ms (in CH3 OH and H2 O) - an attractive 

feature for the development o f luminescent biological probes.

luminescence observed is a result of sensitisation occurring through the dpa ' triplet excited 

state with an efficiency of 85% for the tris complex in the solid state and 61% in solution and

A great deal o f knowledge o f the Ln’" tris(dpa) system has clearly been acquired.
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With an eventual coupling to biological molecules in mind Chauvin et al. synthesised 

four novel derivatives o f H2 dpa where the A-para position of the pyridine unit was 

functionalised with a polyethylene chain, each chain differing by the terminal substituent {i.e. 

either by an alcohol, methoxy, phthalimide or an amine group), to react with Eu'" and Tb'" 

forming tris chelate complexes.'**^ Not only did these ligands form thermodynamically stable 

1:3 monometallic complexes at physiological pH (logPn ~ 1 9 - 2 0  (Eu(L)3 ); L = 5 - 8) but 

also, depending on the terminal substituent of the pendant arm, the photophysical properties 

were tuned. Substitution at the A-para position always displayed a detrimental effect on Tb*" 

sensitisation where luminescence quantum yields (in H2 O) did not exceed 18%, compared to 

that of 22% for [Tb(l)3 ] ‘̂. Nevertheless, sensitising efficiencies of 70% gave rise to quantum 

yields of up to 29% (for L = 7) for the Eu'" tris complexes, S% larger than that observed for 

[Eu(1)3]."'^ This data may be assumed as a model system for the modification of the 4-para 

position o f H2 dpa illustrating that with careful consideration of the grafting moiety a gateway 

towards the incorporation o f biomolecules into such systems may be opened, without 

completely diminishing the optical properties o f the complex core.'*’̂

More recently three tridentate 6-phosphoryl picolinic acid derivatives (9 - 11) were 

developed as ligands for Eu"' and Tb'" sensitisation by Chauvin et al. in which one o f the 

carboxylate side groups o f H2 dpa has been replaced by a phosphoryl-based functional group. 

Compounds 9 and 10 where shown to form water soluble 1:3 complexes while that of 11 

precipitates in the presence o f Ln'"."*’ Stability constants greater than those obsei-ved for the 

parent H2 dpa compound were determined where logPu = 23.8 and 24.3 for Eu(9)a and 

[Eu(10)3]^‘ were calculated, respectively, in comparison to logPn = 22.4 for [Eu(l)3 ] '̂. The 

emission spectra of Eu(9)3 and [Eu(10)3]^‘ were also measured as a function of pH displaying 

the highest luminescence at pH 4.8 for Eu(9)3 whereas [Eu(10)3]^’ was more luminescent at 

pH 9.0. Obtaining maximum emission at these pH extremities is uncommon yet quite 

interesting for self-assembled systems o f this nature. Another more notable feature displayed

10
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by the Tb(9)3 complex was that it exhibited a quantum yield of 40% in water, much larger 

than the corresponding Eu(9)3 complex (15%). This highlights the significance that simple 

substitution has not only on complex thermodynamic stability but also on the possibility of 

altering luminescent properties."*’

9: R = PO(OEt)2 
10: R = PO(OEt)OH 
11; R = PO(OH)?

12

Nl

Full

[Eu(12h] 3+

Figure 1.6. Ligands 9 - 1 2  designed for monometallic Ln -directed self-assembly and X-ray 
crystal structure o f  [Eu(12)i]^^

The versatility attainable by simple modification of the H2dpa framework, while still 

retaining a fully saturated luminescent 1:3 tris chelate complex, has also been confirmed by 

Tanase et al. (as well as by Muller et al. as shall be discussed in later sections) by the facile 

conversion of both the carboxylate groups to amide groups, as shown in 12. '" Again a 

tridentate cavity provides hard nitrogen and oxygen donor atoms to form a nine-coordinate 

mononuclear species. A tricapped trigonal prismatic arrangement in both [Eu(12)3]^  ̂ and 

[Tb(12)3]^  ̂ crystal structures were shown and both Eu"' and Tb'"-centred emission was 

exhibited by solid samples of both upon excitation of the pyridine-2 ,6 -dicarboxamide 

antenna. Lifetime measurements (carried out on solid samples) further confirmed the 

presence of a single luminescent species with values o f 1.9 ms and 2.2 ms obtained for 

[Eu(12)3]^  ̂and [Tb(l 2 )3]̂ ,̂ respectively.

13: R = H

14: R =

15: R = Br 
16: R = OMe

17: R =

Pyridine-bis(oxazoline) ligands, also known as Pybox ( 13), are another class of simple 

precursors which have experienced considerable attention as competent chromophores for
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Ln'" sensitisation in recent years, in particular by de Bettencourt-Dias et al. The thiopene- 

derivatised-Pybox, 14, was the first published Pybox Ln"’ sensitiser forming the 1:1, 1:2 and 

the 1:3 (Ln:L) species in CH 3 CN solution."^ Substantial quantum yields (in CH3 CN) o f 76% 

and 59% for Eu(14)3 and Tb(14)3 and a 1:2 crystal structure o f the Eu(14)2 species were 

obtained. This further fuelled the progressive study and modification of the Pybox 

framework eventually leading to the evolution of compounds 15 and 16. An electron 

donating methoxy and an electron withdrawing bromo moiety were attached to the 4-para 

pyridyl position of Pybox for comparison with the parent Pybox ligand 13 as well as the 

previously developed 14. A number of crystal structures suitable for X-ray diffraction were 

grown and in most cases displayed the anticipated 1:3 stoichiometries for these examples. 

Solution studies in CH3 CN also evidenced the existence of the 1:1, 1:2 and the 1:3 (Ln:L) 

species, while appreciable quantum yield values were obtained for these in CH3 CN (for 

Eu(15)3 = 36%, Tb(15)3 = 23%, Eu(16)3 = 24% and Tb(16)3 = 21%)."^ Furthermore, 

subsequent tailoring of the Pybox structure, by attachment o f an ethylene glycolethyl ether to 

the 4-para position afforded 17 and successfully demonstrated the ability of these Pybox 

ligands to sensitise the Ln'" in a fully aqueous environment.'

Other A^-donor chelating units, which have been well established for Ln"'-directed self- 

assemblies include bipyridine,"^’"^ terpyridine"*'"^ and more recently tetrazole ligands."^’

However, for the purpose o f relevance and concision, only two recent examples published 

by Mazzanti et al. incorporating the tetrazole unit are discussed.'^' Both tridentate chelating 

building blocks 18 and 19, analogous to the well-known H2 dpa system, were shown to form 

helical tris-chelate Ln'" complexes, as evidenced by X-ray crystallography and 'H NMR 

analysis. It was also found that by changing the counterion for these self-assemblies the 

solubility of both complexes could be tuned. O f these, the bis-tetrazolate-pyridine ligand 18 

offered the most promising photophysical properties as it was not only capable of sensitising 

both visible and near-IR emitting Ln'" but replacement of the carboxylate group with the 

tetrazolate substituent also significantly extended the absorption window of the 

corresponding complexes towards the visible region (up to 330 nm), relative to the parent 

H2 dpa system itself'^ '
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18: R =
N-

19: R = COOH

[Eu(18)3] '

Figure 1.7. Ligands 18 and 19 designed fo r  monometallic L n “-directed self-assembly and X- 
ray crystal structure o f  [Eu(18)}]^^

Another similar A^-donor type tridentate ligand which has been intensively investigated is 

the bis(benzimidazole)pyridine ligand. It has been implemented for the formation of both 

mononuclear and multinuclear Ln'"-directed self-assembled systems. These studies have 

been mainly conducted by Biinzli et al. who have synthesised a large library of 

bis(benzimidazole)pyridine precursors, five examples of which are shown here 20 -  24.'^^"'^^ 

Substituents of varying steric and electronic character where appended to different positions 

o f both the pyridine and benzimidazole subunits and the effect their incorporation has on the 

photophysical characteristics and overall size and shape o f the final system evaluated. 

Ligands 20 -  22 react with lanthanide nitrates to give neutral 1:1 nitrato luminescent 

complexes [Ln(N0 3 )3(L)(solv)] (L = 20 -  22, & 24) while simply choosing non-competitive 

lanthanide perchlorate salts instead yields tris [Ln(L)3]^̂  (L = 20 -  23) complexes with a 

coordination geometry close to the ideal tricapped trigonal prism.

20: R"' = H. R  ̂= CH3 , R^= H
21: = H, R  ̂= C2 H5 , R^= H
22: R  ̂ = H. R  ̂= CiiHu, R^= H
23: R  ̂ = H, R  ̂= (CH30)2C6H3, R  ̂= H
24: r 1 = CeHs, r 2 = (CH30)2C6H3, R^= H

In addition to the bis(benzimidazole)pyridine ligands, mono derivatised benzimidazole-, 

benzothiazole- and benzoxazole-substituted pyridine-2-carboxylic acids have also been 

shown to be capable of providing a nine-coordinate environment for the Ln'" while the
I I I  1 2 8  1 2 9heteroaromatic side groups act as efficient antennae for sensitising Ln luminescence. ’
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It has been estabhshed, from these in depth studies, that substitution at the R position of the 

ring imparts the electronic and photophysical properties of the final complex system while 

substitutions at R' and R^ influences its overall structure and stability as steric bulk at these 

positions affects the co-planarity o f the aromatic rings in the final complexes, severely 

limiting their stabilities in s o l u t i o n . T h i s  set of observations emphasises the importance 

of careful ligand design for rationally controlling the shape, stability and properties of the 

resulting Ln”'-directed self-assemblies.

OMe
tBu

O O

H
P h ^ N  

Me O

H
N y P h  

O Me

25 26: (S, S) 
27: (R, R)

[E u (26 )3 ] 3*

Figure 1.8. Ligands 25 - 27 designed fo r  monometallic Ln"-directed self-assembly and X- 
ray crystal structure o f  [Eu(26)j]^*

Crucial to modem drug discovery is the recognition o f chiral molecules, the

determination of the absolute configuration of an unknown chiral compound.'^' Since the

observation of the Pfeiffer effect - the induction of optical activity in a solution o f a labile
1racemic mixture by the addition of a secondary chiral substance, a growing interest in the 

development of chiral luminescent probes has occurred and led to the generation of

monometallic Ln'" directed self-assemblies such as 25, 26 and 27. 130,133,134

In luminescent Ln'" complexes ligand field structure is sensitively reflected in the sign
IIIand magnitude o f Circularly Polarised Luminescence (CPL) and therefore CPL active Ln 

complexes have potential use in chiral sensing and imaging applications.'^^ The advantage of 

using luminescent Ln"* complexes as chiro-optical probes is that large luminescent 

dissymmetry values (gw ) as high as 0.5 may be observed for selected Ln*'* transitions 

compared to other chiral organic molecules for which the extent of circular polarisation is 

less than 1 x Preliminary studies in this discipline have elucidated that 25, a

tridentate ligand bearing a bulky chiral group in the 4-para position of the pyridine ring, 

forms thermodynamically stable [Ln(25)3]^^ (Ln = La'", Eu"*, Lu'*') complexes in CH3CN 

with logP values in the range 19-20. However, only a very small excess o f one 

diastereoisomer was induced in solution, reflected by weak CPL signals for [Eu(25)3]^^ and 

[Tb(25)3]^^ (calculated luminescence dissymmetry factor for [Tb(25)3]^^ ^ 0 4  ^  transition

14
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glum = 0.02).'^®’'^  ̂ This encouraged the introduction o f more influential functional groups 

capable o f  inducing pronounced diastereoisomerism in such structures.

Enantiomers 26 and 27 were developed and shown to form stable 1:3 [Eu(L)3 ]^" (L = 26, 

27) optical isomers in situ  possessing constant CPL activity over a long period o f time in 

CHjCN (calculated luminescence dissymmetry factor for [Eu(26)3]^" ^Do ^  ^F] transition 

glum = 0.19).'^^’’ '̂' Due to the long shelf life exhibited by these chiral emitting species they 

have been proposed as reliable CPL calibration s ta n d a r d s .F u r th e r  study on these systems 

have revealed the formation o f stable tris complexes in CH 3 CN (logP in the range 23.8) while 

X-ray crystal structures o f [Ln(L)3 ]^" (L = 26, 27; (Ln = Eu'”, G d”', Tb'" and Yb"’) are 

isostructural for the Ln'" series studied in the solid state. M ost importantly, this study 

illustrates that the chiral nature o f the ligand may induce A or A stereochemistry in the final 

complex product.’ '̂’ Attentive ligand design may therefore be exploited to build upon these 

chiral Ln"’ complex bioprobe foundations, as shall be discussed in later sections.

Although podand ligand structures 28 and 29 are quite dissimilar to those systems 

discussed up until this point they are worth mentioning as they also represent ideal candidates 

for the development o f Ln"' luminescent chiral CPL probes and have received considerable
1 ^ 7  1 ^ 8attention by researchers such as Raymond and co-workers in recent times. ’ Enantiomeric 

octadentate chiral 2-hydroxyisophthalamide chelating ligands 28 and 29 have been shown to 

fonn chiral 1;1 complexes with Tb"', Eu'", Sm"' and Dy"'. Ln'"-centred luminescence was 

exhibited by all eight complexes with quantum yield measurements (carried out in CH 3 OH) 

indicating a significantly high value for the Tb.28 complex (63%). Eu.28 possessed a rather 

low quantum yield value (2.3%) however CPL analysis displayed relatively large 

dissymmetry factor values for both enantiomeric complexes with gium values o f  +0.30 and - 

0.29 obtained for the ^Do —+ ^F| transition in Eu.28 and Eu.29 (in CH 3 OH), respectively. 

Excited state lifetime measurements were also conducted in both CH 3 OH and CD 3 OD and 

confirmed that in the cases o f  the Eu'" and Tb"' complexes (Eu.28, Eu.29, Tb.28 and Tb.29) 

a <7 value o f  1 was obtained in which all eight ligand coordinating groups are directly bound 

to the Ln'" with the remaining coordination site occupied by a solvent molecule.
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NHNH

OHOH

NHNH

28: (R, R, R, R)
29; (S. S, S, S)

W ith regard to those monometallic self-assembly systems discussed above it is clear that 

key factors such as the choice in metal ion, M ;L  ratios and concentrations, the number and 

location o f ligand coordinating groups and even the nature o f  the solvent play an even more 

prominent role in the development o f  m ultim etallic Ln'"-directed self-assemblies as one can 

generate a wide variety o f  supramolecular edifices such as MOFs,'^^ helicates,^'’̂ '*’''* ’̂ '''^ 

coordination polymers''*^'''’** and extravagant clusters, as shall be discussed below. Once 

again, those examples o f  m ultim etallic Ln"'-directed self-assembled systems most applicable 

to the work described w ith in  this thesis are discussed in the fo llow ing section with other less 

relevant examples brie fly touched upon in order to give a more representative overview o f 

this area o f  research.

1.4 Multimetallic Ln"'-directed self-assembled systems

On account o f  the lab ility  and relatively unpredictable nature o f the L n '" coordination 

preferences the construction o f discrete synthetically controlled polymetallic Ln '”  containing 

architectures as new functional materials can prove quite a challenge to the supramolecular 

chemist. Nonetheless, by manipulating ligand design for pre-organisation the variable 

coordination numbers and stereochemical inclination o f the L n '" may be accommodated for. 

This is reflected by the growing number and diverse range o f  emerging m ultim etallic Ln '"
. . 21 64 140-144 149contammg superstructures m recent times. ’ ’

W ork by Mazzanti et al. highlights the diversity o f  such systems by selectively obtaining 

elegant cluster superstructures utilis ing the simple assymetric tetradentate terpyridine 

carboxylate ligand unit 30 by precisely controlling species concentration.'^^ Preliminary 

work involved a stepwise synthetic strategy leading to the selective assembly o f  large 

hexameric Eu'" wheels.''*^ Reaction o f  Eu(CF3S0 3 ) 3  w ith two equivalents o f  30 in the 

presence o f triethylamine in CH 3OH led to the formation o f the mononuclear eight 

coordinate complex [Eu(3 0 )2 ](Cp3S0 3 ), which was confirmed by X-ray crystallography. 

16
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Addition o f  small aliquots o f  Eu(Cp3S03)3  to [Eu(30)2](CF3S03) leads to the self-assem bly  

o f  the polynuclear hexameric Eu"* wheel [Euc(Eu(30)2)6]^^ possessing an encapsulated Eu"'
149cation m its centre.

30

[LuLi(Eu30b)o]'i9+

F igure 1.9. Com pound 30 designed  for the developm ent o f  the heterom etallic cluster 
superstructure [Luc:(Eu(30)2)6f^ '̂ ^

By investigating the inclusion o f  different /  elements in these systems selective 

recognition and thus incorporation o f  two different Ln'" into the polymetallic ring was 

a c h i e v e d . I t  was found that the formation and size o f  the cyclic assem bly was controlled by 

the ionic radius and the coordination number o f  the Ln"' The addition o f  Ln'" possessing  

smaller ionic radii to [Eu(30)2](CF3S03) led selectively to the formation o f  a species with the 

Eu"' located on the peripheral sites o f  the ring with the smaller ion occupying only the central 

site. This is shown for the X-ray crystal structure o f  the heterometallic [Luc(Eu(30)2)6]^^ 

com plex above.

As mentioned in the previous section, Ln"* based chiral supramolecular architectures are 

attractive for chiral sensing purposes. In view  o f  this the chiral carboxylate-derivatised  

bipyoxazoline tetradentate ligand 31 was synthesised for use in the diastereoselective self- 

assembly synthesis o f  an enantiopure trinuclear Eu"’ com plex via a concentration-dependent 

process. The evolution o f  the diastereomeric self-assem blies (A)-[Eu(31)2] and (A)- 

[Eu(31)2]" were formed with partial stereoselectivity (A/A ~  1.8) at low concentrations while 

at higher concentrations selective homochiral recognition affords the trinuclear [(AAA)- 

E u(31)2)3]̂  ̂ triangular com plex exclusively.^* Moreover, Mazzanti et al. have further

enhanced the controlled com plexity o f  these system s by synthesising 32 (the enantiomer o f  

31) and assembled, by the addition o f  Eu'" to a mixture o f  diastereoisomers o f  either the bis 

ligand 31 com plex or the bis ligand 32 com plex, large multimetallic enantiopure wheels. The
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addition o f  Eu'" to a mixture o f  (A)-[Eu(32)2]" and (A)-[Eu(32)2] gives rise to the selective 

self-assem bly o f  the enantiopure heptameric Eu"’ wheel [Euc(A-Eu(32)2A- 

Eu(32)2)3(CF3S03)9], which is shown below , while the addition o f  Eu'" to a mixture o f  (A)- 

[Eu(31)2] and (A)-[Eu(31)2]’ yields the corresponding enantiomeric heptameric Eu’" 

[Eu c (A-Eu(31)2A-Eu(31)2)3(CF3S03)9] ring. Both structures were elucidated by solid state 

X-ray crystallography and were shown to be isostructural while Eu'"-centred CPL emission  

was detected from the mononuclear, trimeric and heptanuclear species. O f these, the trimeric 

com plexes showed remarkable CPL activity in comparison to the m ono- and heptanuclear 

species with g/„m values (for the ^Do ^  ^Fi transition) o f  -0.04 and +0.06 (for the 

mononuclear species), ±0.45 (for the trimeric species) and +0.1 (for the heptameric species) 

obtained.'^®’’ '̂

HO

[(AAA)-(Eu(3 1 )2)3]^" [Euc(A-Eu(32 )2AEu(32 )2)3f

Figure 1.10. Compounds 31 and 32  designed fo r  the form ation o f  the trim eric [(AAA)- 
Eu(31) 2) 3]^^ and heptanuclear [Euc:(A-Eu(32) 2A-Eu(32) 2) 3(CF3803) 9]^^ self-assem bly  
cluster structures.

The chiral bipyridine derivative 33, which possesses a pinene unit and an appended 

carboxylate donor group, has also been implemented for the diastereocontrolled synthesis o f  

enantiopure trinuclear Eu'" c o m p l e x e s . I n  the presence o f  Eu'" 33 has been shown by 

Lama et al. to transfer its chirality into the final supramolecular polym etallic structure 

[Eu3(33 )6(^3-0 H)(H2 0 )3](C 104)2 3H2O inducing diastereoselectivity upon self-assem bly. As 

shown from the crystal structure o f  [Eu3(33 )6( |i3-0 H)(H2 0 )3](C 104)2-3H20  the three Eu'" are 

bridged by a central hydroxide ion. Three o f  the ligands coordinate through both o f  their 

carboxylate and bipyridine donor groups; the carboxylate group linking two Eu'" centres, 

while the remaining ligands coordinate solely through their carboxylate groups, again 

bridging two Eu'" centres. This gives rise to an interesting mode o f  helical chirality, which is 

reflected in the CD spectrum o f the com plex, where the ligands adopt a propeller like 

arrangement around the trinuclear Eu'" core.'^^
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34 : ( - )

[E u3(33)6(H 3 0 H )(H 2 0 )3 ](C I0 4 )2 .3 H 2 0

Figure I.II. Compounds 33 and 34 designed fo r  mulitmetallic cluster structure formation 
and X-ray crystal structure o f  [Eu}(33)6(fi3-0H)(H20)3] (C104) 2'3H20 .‘^̂

Furthermore, a solvent-dependent study was conducted and revealed a process in which 

Pr'” and 33, with the same M:L ratio (1:2.25), can follow one of two distinct 

diastereoselective self-assembly p a t h w a y s . I n  CH 3 OH a two dimensional trinuclear array 

was self-assembled upon the reaction o f Pr(C1 0 4 ) 3  with 33 in the presence o f triethylamine, 

while in CH3 CN, a three dimensional tetranuclear pyramidal polyhedron was observed. Most 

interestingly was the reversibility of the interconversion between the two species by simple 

addition or removal o f H2 O from the CH 3 CN s y s t e m . L a m a  et al. have also carried out in- 

depth investigations into the incorporation of a number of other Ln"‘ into this system and 

evaluated the photophysical and chiro-optical properties of these tris [Ln3 (L)6 (|ii3 -OH)- 

(H2 0 )3 ](C 1 0 4 ) 2  (Ln = La'", Pr"‘, Nd'"' Sm"‘, Eu‘", Gd'", Tb'", Dy'", Ho'", Er'") (L = 33, 34) 

complexes. Sufficient sensitisation of metal-centred luminescence was observed in all cases 

and the self-recognition capabilities of the system were also tested. CPL emission was also 

exhibited by the enantiomeric Eu'" tris complexes with g/„m values of ±0.088, ±0.058, ±0.003 

and ±0.003 calculated for the ^Do (J = 0 - 4) transitions respectively.'^'*

The development of trinuclear Ln'" cluster complexes possessing luminescent and 

relaxivity properties has also been accomplished by Hamacek et However, the

importance of ligand pre-programming for the design and construction of pre-determined 

higher order molecular edifices has been markedly emphasised in a more recent 

publication.'^* The self-assembly of the first pentanuclear Ln'" helicate has been driven by 

metal coordination o f one symmetric tridentate ligand 35 and three unsymmetric tripodal 

tetradentate ligands 36 to five Ln'". As shown, 35 forms the tetrahedron base while the three 

36 ligands form the side faces and linear part of the supramolecular structure. By precisely 

combining previously studied chemical motifs'^^’'̂ ® (in a 5:1:3 Eu:35:36 ratio) the assembly 

of [Eu5(35)(36)3]'^" (molecular model shown) was achieved and verified by NMR and ESMS
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studies, demonstrating the successful application o f pre-disposition for controlled synthesis 

o f Ln'" containing multinuclear assemblies.'^*

[Eu5(35)(36h)i5-

Figure 1.12. Ligands 35 and 36 developedfor the self-assembly o f  the first pentanuclear Ln"’ 
helicate [Eus(35)(36)3j'^^ (molecular model shown)

In relation to the controlled synthesis o f multinuclear assemblies the Ln‘"-directed self- 

assembly of polymetallic triple stranded helicates has been pioneered by Piguet et al. and 

Bunzli et al. in recent t i m e s . S i n c e  the research groups of Piguet et al. and Bunzli 

et al. have worked so closely together in recent times the progress both groups have made in 

this area shall be discussed collectively in the following sections.

The emergence of the first self-assembled dinuclear triple helical Ln"' complex 

inspired both research groups to progressively alter and tune their original ligand structure, 

based on a bis(benzimidazole)pyridine unit, to strive for a better understanding of the 

thermodynamically controlled self-assembly process and for an enhancement in the structural 

and photophysical properties of the system for eventual biological/materials based 

application purposes.

A detailed study o f the bis(benzimidazole)pyridine framework for the development o f / -  

element containing helicates seems to have originated from a publication in the early 1990’s 

by Piguet et al. in which a bis(bidentate) bis(l-methyl-2-(6'-methyl-2'-pyridyl)benzimida-zol- 

5-yl)methane ligand formed a dimetallic triple helical complex upon self-assembly with
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Co'V^^ Since then, the bis(benziniidazole)pyridine unit has undergone tremendous study and 

derivatisation for the incorporation o f the luminescent Ln '”.

37: R̂ = r 2 = 39: r 1 =
,0

IEu2(37)3]6*

R ' =Me 
R‘' = H MeO MeO

R̂  ̂= H 
R^= Me 
R^ = Me

Figure 1.13. Bis(benzimidazole)pyndme compounds 3 7 -  39 designed for the formation o f 
dimetallic triple stranded helical complexes via Ln"-directed self-assembly and X-ray crystal 
structure o f [Eu2(37)}]^"".

Initially, the bis(benzimidazole)pyridine scaffold was functionalised by an additional two 

temiinal benzimidazole units (which bear 3,5-dimethoxybenzyl groups to increase 

solubility), affording the symmetric ligand 37, which is pre-organised such that two tridentate 

units are well defined, separated by a flexible -CH2 spacer and available for Ln'" 

coordination. An X-ray crystal structure o f the first self-assembled dinuclear triple-helical 

Ln‘" complex [Eu2(37)3](C104)6’9CH3CN shows 37 wrapped around a helical axis defined by 

two Eu"’ and aromatic stacking between the three ligand strands. In each coordination sphere 

the Eu"* was nine-coordinated by the six nitrogen atoms o f  the benzimidazole units and by 

the three nitrogen atoms o f  the pyridine groups respectively This gives a structure with a 

slightly distorted tricapped trigonal prismatic geometry; confirming the formation o f the 

triple stranded bimetallic helicate.'^^ However, quenching o f Ln'"-centred luminescence was 

observed as the ligand strands were not sufficiently “rigid enough” to fully protect the metal
I

centre from interacting with solvent/anion molecules in the surrounding environment. The 

formation mechanism o f this supramolecular system [Eu2(37)3]^^ was studied in great detail 

with three major species characterised in CH3CN solution possessing global binding 

constants o f logPi2 = 11.6, log^22 = 18.1 and logP23= 24.3 for Eu372, Eu23?2 and Eu2373, 

respectively. This study also indicated that the self-assembly process was mainly governed 

by electrostatic interactions between the ligands and the Eu'".'^*
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Supramolecular devices expressing dual functionality opens up new opportunities for the 

development o f multi-responsive probes. The combination o f two or more different 

luminescent centres, or a luminescent and a magnetic centre, within one sensing probe would 

therefore be advantageous for the selective detection o f  different analytes. In light o f this, the 

inclusion o f two or more different d- ox f-  block metal ions into heteropolymetal lie triple 

stranded helicates has received appreciable attention from Biinzli et qI

Ligand 38 (an analogue o f 37) was synthesised for the self-assembly o f  the first d - f  

heterodinuclear triple helix in solution.'^'* Ligand 38 possesses a bidentate binding unit 

suitable for coordination o f t/-block metals and an identical tridentate unit to that seen in 37, 

suitable for Ln'" coordination. The evolution o f  the heteronuclear [LaZn(38)3]^^ complex was 

evidenced by spectroscopic data as being the predominant species in solution (when mixed in 

a 3;1;1 38:La;Zn ratio); illustrating the ability to com plex/ -  and d- elements selectively by 

pre-disposing selective bind sites. Following the analysis o f spectrophotometric titrations, by 

using non-linear regression analyses, which was carried out with an equim olar mixture o f the 

La'" and Zn'" salts in the range Miot:38 = 0.1 -  2.5; 1, a binding constant o f  logPi 13 = 26.2 for 

the [LaZn(38)3]^^ species was obtained.''*'’'*’'* Grafting A^,A^-diethylcarboxamido groups in 

place o f  the benzimidazole group in 38, yielded 39, for which an increase in both selectivity 

and Ln"‘-centred luminescence quantum yield was o b se rv e d .A d d itio n a lly , replacement o f 

the benzimidazole group with a A^,A^-diethylcarboxamido group resulted in a crystalline 

material that was suitable for X-ray crystallographic analysis in the case o f  [EuZn(39)]^^; this 

was the first luminescent self-assembled helical d - f  complex to be structurally 

characterised.'’’'^^

Significant effort to pre-programme helicate ligands for the selective recognition and self- 

assembly o f/^ /heterodim etallic  triple stranded helicates, based on Ln'" size discrimination, 

has been made by the implementation o f  the ditopic ligand 40. The unsymmetric 

bis(tridentate) ligand 40 bears a benzimidazole-pyridine-carboxamide tridentate moiety 

coded to preferentially coordinate smaller Ln"' and a less strongly coordinating 

bis(benzimidazole)pyridine unit which preferentially binds larger Ln"'. The formation o f the 

heterodimetallic species, which were prepared in CH 3CN solution in a 1:1:3 (Ln:Ln':40) (Ln 

= La"', Pr'", Eu'", Ln' = Eu"‘, T b"‘, Er'", Yb'", Lu"‘) ratio, were evaluated by both 'H  NM R 

and ESMS spectroscopy. Substantial percentage yields o f the heterodimetallic species were 

elucidated from both measurements and point to the formation o f  stable heterodimetallic 

species in solution. In particular, it was evidenced by ESMS spectroscopy and by 'H  NM R 

that [LaLu(40)3] was formed in solution in 90% yield with respect to ligand concentration.

22



C h a p ter O ne  -  hitrodu clio ii

m..
6

[LaEu(40)3](CI04)6 3MeCN.3EtCN

Figure 1.14. Unsymmetric his(tridentate) ligand 40 synthesised fo r  the formation o f  
heterodimetallic species and the X-ray crystal structure o f  
[LaEu(40)i] (Cl04)6 3MeCN-3EtCN.

X-ray crystal structures o f  a number o f  heterodimetallic species were grown and 

evaluated, [LaEu(40)3](C104)6 3CH3CN-3CH3CH2CN is shown in Figure 1.14, and confirm 

structural data obtained from solution studies in which three ligands are shown wrapping 

helically around two Ln**' with the three amide moieties coordinating to the heavier Eu'" 

(smaller radius) and the benzim idazole-pyridine-carboxamide units o f  the three ligands 

bound to the larger La"' Compound 40 represents the first unsymmetric ditopic ligand pre

organised to selectively bind heteropairs o f Ln'" based on the difference in their ionic

radii• 169,170

N-

O

An extension o f the bis(benzimidazole)pyridine backbone to integrate three tridentate 

binding units led to the development o f ligand 41, a symmetric tritopic ligand capable o f 

accommodating three Ln’" for the formation o f  trimetallic triple stranded helicates. In the 

self-assembly o f the homometallic Eu3(41)3 complex coordination o f  the third Ln"', and thus 

final structure, is driven to completion by positive cooperativity, as evidenced by Scatchard 

plots, despite an increase in intermetallic repulsion upon the addition o f another Eu'" to the 

system. The X-ray crystal structure o f [Eu3(41)3](CF3S03)9(CH3CN)9(H20)2 displayed again
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the three ligand strands wrapping around each metal ion in a pseudo-threefold axis with each 

Ln'" coordinated by nine donor atoms giving rise to a pseudo-trigonal prismatic arrangement. 

Interestingly, the terminal sites (EUN6 O3 ) display differences in electronic properties 

compared to the central site (EUN9 ) in that the presence a low lying LMCT state resulted in 

luminescence from the two terminal EUN6 O3 sites only. Furthermore, under stoichiometric 

conditions, 41 assembles with different Ln'" to give a mixture of heterometallic triple 

stranded helicates in CH 3 CN [(Ln)x(Ln')3.x(41)3]^'^ with both coordinating sites (N6 O3 and N 9 ) 

exhibiting different affinities for each specific Ln'", again illustrating the dependence o f the 

self-assembly process on the Ln'" size. Similarly to that corroborated above for 40, the 

generally favoured heterotrimetallic helicate was that in which the central Ln'" site was 

preferentially occupied by the larger Ln'" with the two terminal NeOs sites occupied by the 

smaller Ln'".'^”’' ’ '

N-

r  IIJ
T 42; r ’ = Me X1

R̂  = H R̂

[CrEuCr{4 2 )3)

43: R’ = H 
R̂  =

[ZnLu2(43)3]8*

Figure 1.15. Compounds 42 and 43 developedfor the formation o f  d - f heterotrinuclear triple 
helical structures. X-ray crystal structure fo r  [ZnLu2(43)3f^ and model fo r  [CrEuCr(42)sf* 
structure are shown.

Derivatives of 38, ligands 42 and 43 were synthesised for the formation of d -f
1 79 17 ^heterotrinuclear triple helical structures. ’ As shown, ligand 42 possesses a tridentate 

central N 3 binding site connected to two terminal bidentate N 2 binding sites which is suitable 

for selective d-f-d h\ock self-assembly formation o f heterotrimetallic triple stranded helicates 

of the form [MLnM(42)3]’" (M = Cr", Zn") and (Ln = La'", Eu"‘, Gd'", Tb"‘, Lu'"). For 

[ZnLnZn(42)3]^'^ (Ln = Eu'", Tb'") Ln'"-centred luminescence was observed. However, in the 

case o f [CrLnCr(42)3]^^ (Ln = Eu'", Tb'"), Cr" underwent rapid oxidation to Cr'", resulting in 
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1

the generation of non-emissive inert complexes. Compound 43 on the other hand, was 

designed with the intention of forming d-f-f metal ion self-assembly of heterotrimetal lie triple 

stranded helicates. The X-ray crystal structure o f the [ZnLu2(4 3 )3] complex was obtained, 

as shown in Figure 1.15.'^^

Evidently, tremendous effort has been employed in order to extend and tailor the 

relatively simple bis(benzimidazole)pyridine core for the selective recognition of d- and /-  

block metal ions for subsequent formation o f multifunctional heteropolymetallic triple 

stranded helicates. In conjunction with this an investigation into the applicability o f water 

soluble Ln'” based homobimetallic helicates as biological sensors/imaging agents was 

undertaken by Bunzli et a l, and is discussed

The stability and photophysical properties o f homodinuclear triple stranded helicates of 

37 were improved by replacing the two terminal benzimidazole groups with carboxyamide 

binding units yielding the symmetric bis(tridentate) chelating ligand 44.'^^ Quantum yield 

measurements suggested that the carboxyamide group in 44 favours energy transfer to the 

Eu'"'centre in [Eu2(4 4 )3]^  ̂compared to the benzimidazole units in [Eu2(3 7 )3 ]̂ '̂  giving rise to 

strong Eu'"-centred emission. The quantum yield o f [Eu2(4 4 )3] ’̂̂ (relative to [Eu(terpy)3]^" at 

the same concentration) was detemiined as Qk\ = 0.27 -  a significant enhancement to that 

obtained for [Eu2(3 7 )3]^  ̂{Qk\ = 0.005, a 54 -fold increase in relative quantum yield). A more 

significant aspect of the helicate ligand analogue 44 was its ability to fonn highly stable 

dimetallic triple stranded helicates which were resistant to hydrolysis in moist CH 3CN up to 

2.5 M H2O. These steps towards water stable Ln'"-directed dimetallic triple stranded 

helicates led to the generation of 45, which was responsible for the first lanthanide-
I n o

containing helicate self-assembled in water. Ligand 45 was shown to react with the entire 

Ln"* series forming neutral carboxylate homodinuclear triple stranded helicates of the form 

[Ln2(4 5 -2 H)3]. These were found to be stable in water in the pH range o f 3-12'^^ while a 

competitive titration with l,4,7,10-tetraazacyclododecane-N,N',N",N"'-tetraacetic acid (dota) 

shows that the stability of the Eu'" helicate [Eu2(4 5 -2 H)3] is comparable to that of [Eu(dota)]'

. Spectrophotometric data obtained at pH 7.2 in 100% H2O were analysed by non-linear 

regression analysis giving stability constants o f logP23 = 26.1 and log P23 = 30 for the 

[Eu2(4 5 -2 H)3] and [Lu2(4 5 -2 H)3] self-assembly species, respectively. Furthennore, solid 

state X-ray crystallography of [Ln2(4 5 -2 H)3] complexes (Ln = Eu'", Tb"’) confirmed the 

helicity o f the three ligand strands wrapped around two nine-coordinate Ln'” to be o f pseudo- 

Dj symmetry, as shown by the Eu'" complex below.

25



C hapter One - Introduc tion

W no
44:R^ = R^= — ^  45; = COOH

r 3 = Et

 ̂ [E u 2 (4 5 )3 ).2 0 .5 H 2 O
R — H

Figure 1,16. Bis(tridentate) chelating ligands 44 and 45 synthesised fo r  the formation o f  
homodinuclear triple stranded helicates and X-ray crystal structure o f
[E u2(45)}]-20.5H20'^^’'̂ ^

Because o f  the high thermodynamic stability o f  the luminescent dimetallic triple stranded 

helicate [Ln2(45-2H)3] (Ln = Eu'", Tb'") in water, analogues o f  45 were postulated by the 

authors as being ideal candidates for sensing/imaging capability studies in biological media. 

For these, water solubility was even further enhanced by grafting a polyoxyethylene chain to 

the four pyridyl position o f the ligand, yielding 46.'^^ Ligand 46 was shown to exist as H2 L 

and HL' at physiological pH and, as was seen for 45, formed thermodynamically stable 

neutral [Ln2(46)3] complexes (logP23 = 26 -  30 for Ln = La"’, Eu'", Lu'") upon self-assembly 

in TRIS-HCI buffered solution. The biological application o f these structures were 

investigated in human cervical adenocarcinoma (HeLa) cells which were loaded with a 500 

solution o f  [Eu2(46)3] for 6 hrs, after which emission spectra and luminescence lifetime 

measurements confirmed cell permeation and also that the complex remained intact within 

the cells. Not only was staining o f  the cell cytoplasm achieved by permeation o f [Eu2(46)3] 

into the cells but cell viability after 24  hrs in the presence o f [Eu2(46)3] remained unaltered 

compared to cell viability in the absence o f [Eu2(46)3]. This indicated that the proliferation of  

the helicate complex into the HeLa cells had no noticeable influence on the health o f  the 

ce lls .F u rth erm ore , [Eu2(46)3] has also found use, in conjunction with acridine orange, as a 

pH insensitive luminescent probe for the analysis and quantification o f DNA and PCR based 

products.*"'"'
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Derivatisation o f the initial ligand structure 45 with a polyoxyethylene group appended to 

both benzimidazole rings, afforded the related analogue 47, where the water solubility was 

again enhanced and the formation in water o f the highly stable neutral dimetallic triple 

stranded helicate Eu2(47)3 (logP23 = 23.4) at physiological pH also allowed for the study o f

emission from the cell cytoplasm at concentrations >50 |iM  after loading times o f 20-30 

mins. Again, the Eu2(47)3 complex remained un-dissociated following permeation via 

endocytosis into the cell cytoplasm o f several cancerous cell lines (MCF-7, HeLa, Jurkat and 

5D10) while its effect on cell viability was estimated and concluded not to be significant. 

However, attachment o f the polyoxyethylene chain to the benzimidazole ring did have an 

effect on the photophysics o f the ligand excited state, resulting in a reduction in quantum 

yield from 18% to 11% for Eu2(46)3 and Eu2(47)3, respectively.'^’'^^’**'

Unfortunately a drawback to the use o f both Eu2(46)3 and Eu2(47)3 as biological 

luminescent tags was their short excitation wavelengths, which lie in the UV region at ~ 320 

- 325 nm. Since it has been proven that substitution o f the benzimidazole unit permits tuning 

o f the photophysical properties o f the resulting complex a series o f compounds bearing 

different functional groups appended to the benzimidazole rings were developed, including 

ligand 48, and the influence these different substituents have on the photophysical properties 

were then evaluated. The most promising results from this study were displayed by 48 where 

a compromise between the shifting o f the excitation wavelength towards the visible range 

(330 nm ^  365 nm) and a minimisation o f quantum yield decrease was a c h i e v e d . I n  an 

effort to further shift the excitation wavelength o f these systems towards the visible and NIR

this complex as a cell staining agent. Luminescence microscopy detected Eu"'-centred
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range multiphoton-excitation has also been probed and proved successful as an alternative 

method.'^'

By systematically altering both the physical and chemical properties o f  earlier helicate 

ligands designed by Biinzli and Piguet et at., these researchers have, in a stepwise manner, 

enabled their enhancement and employment in biological media. This novel class o f  

luminescent compounds offers a number o f  distinctive advantages for implementation as 

imaging agents and as detection probes in bio-assays such as thermodynamic stability, 

kinetic inertness, appreciable luminescence quantum yields, long lifetimes, cell permeability, 

non-cytotoxicity, slow egression times and versatility for derivatisation. More recently 

binuclear Ln"* luminescent helicates o f  this type have been bio-conjugated to avidin and 

tested for their specific recognition o f  a mucin-like protein receptor expressed on the surface 

o f  human breast cancer MCF-7 tumour c e l l s . T h i s  work highlights that elegant and 

exquisite superstructures are not solely the fruits o f Ln'"-directed self-assembly but that by 

calculated ligand design and perseverance one may create and advance towards exciting new 

functional supramolecular devices. For this reason this area o f Ln"' encapsulation and 

property exploitation for the construction o f functional higher order structures, in particular 

multimetallic triple stranded helicates, is currently a highly topical and fast growing area of 

interest with those such as Pikramenou et Faulkner et and Albrecht et 

applying their own strategies for the formation o f  Ln'” based helicate assemblies and as such 

are discussed below.

The bis(P-diketonate) 49 has been developed by Pikramenou et al. for the formation of 

luminescent neutral triple stranded homodinuclear helicates Ln2 4 9 s (Ln = Nd'", Sm"’, Eu'", 

and Gd”*) and anionic quadruple stranded Eu‘" homodimetallic helicates Eu2 4 9 4 . ’*̂  The 

bis(bidentate) ligand 49 consists o f two conjugated diketonate sites linked by a 1,3-phenylene 

spacer suitable for the coordination o f six carbonyl oxygen atoms to each Ln'" upon self- 

assembly. The formation o f the Ln2 4 9 s species was monitored by 'H NMR and mass 

spectrometry and points to the evolution o f a single, highly symmetric species in solution. 

Lifetime measurements and q value calculations carried out on Eu2 4 9 3  in CH3OH and 

CD3 OD elucidated that three solvent molecules are bound to each Eu*” centre. Photophysical 

investigations o f  the energy o f the donor state o f  the ligand were examined and confimi 

49 as a suitable sensitizer for Sm"*, Eu’", and Nd'" but not Tb'" and Dy'" which possess 

higher energy excited states. The tetrastranded dinuclear lanthanide complex Eu2 4 9 4  was 

prepared by altering the 49:Ln ratio to 2:1 and using piperidine to act as a counterion. Mass 

spectrometry o f  freshly prepared solutions o f (Hpip)2 [Eu2 4 9 4 ] showed a peak for the doubly
7 189charged species [Eu2 4 9 4 ] ', confirming formation o f  the complex.
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O OH OH O [Nd2(50)3](CI04)6

Et2N

[Nd,(50),]i2^

Figure 1.17. Ligands 49 and 50 developed for the formation o f luminescent homonuclear 
assemblies. X-ray crystal structures fo r  [Nd2(50)j](C104)6 and [Nd4(50)4]'^^ are also

Faulkner et al. again made use of the heterocyclic pyridine moiety in 50 in which two 

amide-pyridine-pyrazole tridentate binding pockets are connected through a phenyl spacer 

group for the formation of polynuclear coordination compounds. A range of architectures 

such as dimetallic triple stranded cylindrical mesocates Ln2(50)3 (Ln = N d'”, La’”), dimetallic 

double stranded mesocates Ln2(50)2, cyclic tetranuclear helicates Ln4(50)4 or a one

dimensional coordination polymer, in which metal ions and bridging ligands alternate along 

the sequence, may result depending upon the 50:Ln ratio and reaction conditions 

implemented. Reaction of 50 with Nd(C 1 0 4 ) 3  in a 3:2 ratio in CHjCN followed by 

diisopropyl ether difftjsion yields crystals suitable for X-ray crystal structure determination.

As shown above for [Nd2(50)3](C104)6 the complex contained two nine-coordinate Nd"' 

centres each located within a N 6 O3 site and, contrary to previously discussed helicates above, 

has a cylindrical (non-helical) ‘mesocate’ architecture in which the three ligands are arranged 

in a side-by-side manner. In contrast, reaction of 50 with Nd(C 1 0 4 ) 3  in a 1:1 ratio in CH3 CN 

followed by diisopropyl ether diffusion yielded the 4:4 cyclic tetranuclear helicate 

[Nd4(50)4(H20)n(CH3CN)](C104)i2-2.5H20-4CH3CN, as shown in Figure 1.17. 

Luminescence measurements on the Nd'" complexes revealed that excitation into the ligand 

K-n* excited state gives rise to characteristic near-infrared luminescence at 1060 nm.''*^

Another approach towards the self-assembly o f homo- and heteropolymetallic helicates 

which has received considerable attention by Albrecht et al. involved the use 2-amido-8-

displayed.'^ -̂'^^
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hydroxyquinoline This class of ligands, including the symmetric

bis(tridentate) chelating ligand 51 and the unsymmetric tridentate-bidentate ligand 52, have 

been shown to form homo- Ln'” and hetero- mixed metal dimetallic triple stranded helicates.

O OH OH O O OH OH

UVA/is=®

[K(51);jYb?]^

Figure 1.18. 2 -amido-8-hydroxyquinoline ligands 51 and 52 developed for the self-assembly 
o f  homo- and heterpolymetallic helicates. X-ray crystal structure o f  K(51)i(Yh)2]"" is also 
shown.'̂ ‘'''̂ ’̂'̂ ^

Reaction of 51 with Ln"' triflate salts in the presence of alkali carbonates (added to 

deprotonate the hydroxyl proton and provide a cation to template the self-assembly process) 

in a 3:2 (51:Ln) ratio affords the desired homodinuclear coordination compound. On the 

other hand, by reacting three equivalents of ligand 52 with mixed Ln'" and Al"' salts it was 

possible to obtain heterodinuclear triple stranded complexes. The use of NMR spectroscopy 

of diamagnetic homo- La/La and Y f Y  and hetero- La/Al and La/Zn species demonstrated the 

stability of such systems in solution. As shown above for [K(51)3(Yb)2]*, a series o f X-ray 

crystal structures of the homo 3:2 species of 51 indicated the formation o f triple stranded 

helicates with each ligand wrapped around two Ln'" (coordination number nine) in a helical 

manner bearing an encapsulated alkali metal ion within its central cavity. Crystal structures 

of heterodinuclear species such as [(52)3AlYbK]^ were unattainable and so these self- 

assemblies were structurally characterised by 'H  NMR and mass spectrometry alone. These 

quinolone derivatives possess a low lying excited state providing efficient sensitisation of the 

NIR emitting Ln"\ such as Nd'", Er"‘ and Yb'". For example the complex [K(51)3(Yb)2]^ 

displays expected NIR Yb"'-centred emission and also weak red emission from incomplete 

energy transfer from the ligand to the metal ion. Interestingly, an enhancement in the NIR 

luminescence emission and the excited state lifetime was exhibited by [K(52)3AlYb]* due to
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an internal quenching process o f  the A l'” quinolinate unit by the Y b quinolinate m oiety as a 

result o f  a d ifference in excited  state energy levels.

L a (C I0 4 )3

[L a 6 5 3 6 (C H 3 0 )3 (C H 3 0 H )3 ]-

L a(N 03)3

[La,534N03)P"

Figure 1.19. Compound 53 developed for the self-assembly o f  the circular helicate species 
[La6536(CH}0)3(CH30H)}]^^ and the tetranuclear stranded helicate complex 
[La4534(N03)]^*. X-ray crystal structures o f [Laa536(CH30)3(CHi0H)3]^"' and 
[La4534(N03)]^^ are shown.

R esearch recently  published by W ang and co-w orkers on the developm ent o f  m ultiple 

lanthanide helicate clusters h ighlighted the significance the tem plating effect o f  the counter 

anion em ployed can im pose upon the stereochem istry  o f  the supram olecular architecture 

m anifested.'*^ T he b is(tridentate) com pound 53  was show n to self-assem ble and form a novel 

hexanuclear L n '” c ircu lar helicate ([La6536(C H 3 0 )3(C H 3 0 H)3]^^) in the presence o f  

La(C104)3, as show n in F igure 1. 19 . H ow ever, upon addition o f  La(N03)3, w hich possesses a 

trigonal p lanar N 0 3 ‘ as opposed to a tetrahedral C104' counter anion, a te tranuclear stranded 

helicate com plex ([La4534(N03)]^^) was preferentially  form ed. Furtherm ore, the system  was 

show n to undergo dynam ic conversion from the circu lar helicate to the tetranuclear stranded 

helicate species upon NO3' stim ulus. These results signify  that sim ple key factors, such as the 

size, shape and the b inding  m ode o f  the counter anion, can play a crucial role in determ ining
185the stereochem istry  o f  the resulting  self-assem bly species.
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Figure 1.20. Macrocyclic Ln'" complexed compound 54 and stoppered axle unit 55 
synthesised fo r  the formation o f  novel lanthanide [2 ] rotaxanes Lu.54.55 and Eu.54.55.‘^̂

In order to fully convey the contribution Ln‘"-directed self-assembly synthesis has made 

in advancing supramolecular chemistry towards the fabrication o f novel functional self- 

assemblies it is worth briefly discussing the first interlocked rotaxane structure synthesised 

via Ln'"-templated synthesis recently developed by Faulkner and co-workers (Figure 

1.20).'*^ In this study the authors succeeded in assembling the Ln"’ [2]rotaxanes (where Ln'*’ 

= Lu'" and Eu"’) shown in Figure 1.20. Compound 54 consists o f a Ln'"-complexed dota 

cyclen moiety which was integrated into a macrocyclic framework. Compound 54 was 

initially used to form a pseudo-rotaxane by assembling it with an appropriately functionalised 

pyridine A^-oxide threading component where the A^-oxide serves to satisfy the Ln'" 

coordination sphere. The threading unit was then stoppered by a copper(I) catalysed azide- 

alkyne ‘click’ reaction yielding 55 and the novel Ln'" containing interlocked system 

Ln.54.55. The structure was characterised by NMR spectroscopy in which donor-acceptor 

aromatic stacking interactions between the electron rich hydroquinone groups and the 

electron deficient pyridine //-oxide axle m otif are observed. Eu'"-centred excited state 

luminescence lifetime measurements for the rotaxane system were conducted in a 

CH2Cl2 :CH3 0 H (1:1) and a CD3Cl2 :CD3 0 D (1:1) solvent mixture allowing the calculation of  

q, the number o f  Ln'"-bound solvent molecules. A q value o f  0 was estimated equating to the
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exclusion of CH3OH from the inner coordination sphere o f Eu'", again suggesting 

coordination of the jV-oxide to the Ln'" ion.'^®

Bearing in mind that only a select few examples by some of the leading researchers 

within this field have been discussed herein it is evident that a substantial effort is currently 

ongoing to develop more effective ligand scaffolds in order to widen the scope of these 

mononuclear and multinuclear Ln'" based systems. These research groups have gained a 

greater insight into the self-assembly process o f a number of different ligand classes’ and 

have fine-tuned the chemical and physical properties of the resultant entities accordingly in 

order to exploit the versatility these simple building blocks have to offer for their eventual 

promotion into various disciplines for functional application.

The main goal o f the Gunnlaugsson research group is to design, synthesise, characterise 

and spectroscopically evaluate novel chiral monometallic and multimetallic Ln"'-directed 

self-assemblies based on the 2,6-dipicoline amide framework. With a view to expand upon 

and improve our basis structure, the chiral mononuclear ‘Trinity Sliotar’, a variety of 

mononuclear systems have been designed in which the antenna group has been 

altered/removed or changed and/or a new functional group has been appended. These results 

together with a number of publications on chiral dimetallic triple stranded helicate 

derivatives which have also been prepared by the group are discussed in the following 

section.

1.5 Recent examples of Ln'"-directed self-assemblies within the Gunnlaugsson group

The synthesis of elegant self-assemblies such as bundles and helicates has been a highly 

topical area o f research within the Gunnlaugsson group in recent years. Not only does it 

allow one to explore supramolecular chemical artistry but these systems offer the potential 

for functionalisation and utilisation as luminescent probes for imaging and sensing purposes.

Novel self-assembled bundles, the so-called ‘Trinity Sliotar’ systems, were initially 

synthesised in which three chiral pyridyldiamide tridentate chelating ligands are organised 

around a Ln”* (Ln'” = Nd'", Sm"*, Eu’", Tb'”, and Yb'") centre in a tightly packed helical 

manner, as depicted by [Tb(56)3]^^ below.^^ Ligands 56 and 57 consist o f two chiral 

naphthalene antenna groups {R,R or S,S) connected through the 1-naphthyl position to a 

central Ln’” tridentate picolinic centre made up of two carbonyl oxygen atoms and a pyridyl 

nitrogen atom to give an overall symmetric ligand. Spectroscopic investigations of the self- 

assembly process of 56 and 57 with Eu(CF3S03)3 in both CH3CN and CH3OH solutions 

indicated the presence o f a 1:1, a 1:2 and a 1:3 Ln:L (L = 56, 57) species in solution 

possessing large stability constants of logPn ~ 19 (in CH3OH) and ~ 20 (in CH3CN) for both
187enantiomeric 1:3 species. The 1:3 Ln:L complexes were found to be highly symmetrical,
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with the hgand chirality transferred to the complex upon self-assembly, as evidenced by CD, 

CPL and X-ray crystallography, to give either A or A stereoisomers. Solid state X-ray 

crystallography confirmed the appreciable stability o f these bundles, as face-to-face %-n 

stacking interactions existed between the pyridine unit o f  one ligand and one naphthalene 

unit from each o f the other ligands upon complexation. Both excited state lifetime 

measurements and X-ray crystallography confirmed that the Ln”’ sits in a fully saturated 

coordinative environment, protected from interacting external solvent molecules, with a 

coordination sphere comprising o f  three pyridyl nitrogen atoms and six carboxyl oxygen

atoms (N3O6) giving an overall coordination number o f  nine. 93,187

56. (R, R) 
57: (S, S)

[Tb(56):,],3+ [Eu(58);i]3+

58; (R, R) 
59: (S. S)

MeO OMe

61: (S, S)

Figure 1.21. Compounds 56 -  61 developed fo r  the Ln‘"-directed self-assembly o f  
monometallic system and X-ray crystal structure o f  [Tb(56)i]^'" and [Eu(58)s]^^ 93.18?

Although factors such as thermodynamic stability, kinetic inertness, sizable luminescence 

quantum yields and long excited state lifetimes -  prime specifications for the construction o f  

Ln’" containing luminescent devices -  were appreciable for 56 and 57 it was still crucial to 

fully elucidate the extent to which these systems could be modified and how minor changes 

to the original structure might influence these parameters. Consequently, it was critical to 

investigate the effect that isomerism has on ligand sensitisation efficiency etc. and so the 2 - 

naphthalene isomers 58 and 59 were synthesised in order to probe such queries.

The NO2 tridentate chelating unit and antenna groups remain the same for 58 and 59 

however attachment o f the chromophore occurs through the 2 -napthyl position in contrast to 

the 1-naphthyl position as seen for 56 and 57. Synthesis and spectroscopic studies were 

conducted on the ligands with Eu’” only and compared to previously documented results. X- 
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ray crystal structures of the enantiomeric pair Eu(L)3 (C 1 0 4 ) 3  (L = 58, 59) were grown and 

shown to be isomorphous and isostructural to one another, similarly to the enantiomeric 

triflate complex pair of 56 and 57. In contrast, n-n stacking, which is responsible for the 

tightly packed nature of the Eu(L)3 (Cp3 S0 3 ) 3  (L = 56, 57) complexes, was not observed for 

Eu(L)3(C 1 0 4 ) 3  (L = 58, 59) giving rise to a more flattened and open structure, as can be seen 

for Eu(5 8 )3 (C1 0 4 ) 3  in Figure 1.21. This subtle change to the original framework not only 

plays a role in dictating the structure of the solid state but self-assembly stability and 

complex photophysical features were also affected following this minor modification. 

Thermodynamic stability constants obtained from spectroscopic investigations of the 1:3 

Eu:L (L = 58, 59) self-assembly species were comparable to those obtained for 56 and 57 in 

CH3 CN (logPi3 ~ 20) however in protic CH3 OH solution a decrease in stability was evident 

from the reduction in logpn values from logpn ~ 19 for Eu(L ) 3  (L = 56, 57) to iogpn ~ 17 

for Eu(L ) 3  (L = 58, 59). The higher binding constants obtained for the Eu'*' tris complexes 

with 56 and 57 were attributed to the presence o f stabilising n-n stacking interactions in the 

1-naphthyl derivatives -  a feature which is absent in the 2-naphthyl derivative analogues. It 

has to be stated that the solvation effects can also play an important role in the desolvation of 

ligands which can also affect the binding model.'**** Luminescence quantum yields were 

measured and antenna-to-ion energy transfer (rjsens) values calculated with Otot found to be 

four times higher for Eu(L ) 3  (L = 56, 57) than for Eu(L ) 3  (L = 58, 59) in both solvents. These 

values confirm that the efficiency of sensitisation is in fact five times less for Eu(L ) 3  (L = 58, 

59). Excited state lifetimes were similar for both of the complexes, indicating that it is indeed 

more likely that the efficiency o f energy transfer from the ligand to the metal centre is the 

main cause of quantum yield deterioration and not quenching processes via interacting
I 87oscillators in the surrounding environment.

It has thus been illustrated by this detailed study that minor changes to the primary bundle 

ligand structure can have a dramatic effect on the chemical and physical behaviour of the 

complex. Nonetheless, by changing the antenna unit entirely, from a naphthalene group to a 

tryptophan, the ability to successfully coordinate and sensitise Tb"’ and Eu'" was not 

completely diminished in the case of 60 and 61.^^ As for 56 -  59 the tridentate coordinating 

unit of the enantiomeric pair 60 and 61 comprised of an NO 2 unit -  the pyridyl nitrogen and 

two flanking carbonyl oxygen atoms - with the possibility o f additional coordination from the 

methyl esther groups appended to the tryptophan amino acid moiety. The chromophoric 

naphthalene was exchanged for the biologically relevant tryptophan with a view to perhaps 

grafting biomolecules such as peptide-based derivatives to the carboxyl terminus. Mass 

spectrometry and fitting of spectroscopic data, obtained following the addition of either
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Eu(CF3S03)3 or Tb(Cp3S03)3 to either 60 or 61 in CH3CN, suggested the formation o f only 

the 1;1 and the 1:2 species in solution but not the predicted 1:3 species. As crystals grown 

were not o f high enough quality to confirm the exact stoichiometry and binding mode in the 

solid state it can be concluded that the absence of the 1:3 species may either be due to steric 

hindrance or participation of two additional donor atoms from the amino ester functionality 

fully occupying the coordination sphere of the Ln'”. In this instance, the structural integrity 

of the bundle analogue has been shown to impede the stoichiometry o f the system as neither 

Tb'” nor Eu’*' directed the formation of the expected 1:3 nine-coordinate complex in 

solution.

In parallel to modifying the chromophoric portion o f the initial bundle structure attempts 

to functionalise the four pyridyl position are also on-going and have been conducted 

primarily by Dr. David Caffrey. Efforts to improve water solubility and introduce 

biologically active groups, by means o f appending a polyethoxy chain and sugar moieties 

respectively, are thought to open up new prospects for these systems. A detailed study o f the 

effects substitution at this position has on the stability and photophysical properties of a small 

library of four pyridyl functionalised derivatives is currently in preparation and soon to be 

published. Other analogues discussed within the thesis of Dr. David Caffrey include bundle 

ligands grafted with a macrocyclic cavity and ditopic bundle ligands linked via a polyethoxy 

chain, the latter of which has displayed anion sensing capabilities by utilising a cyclen 

ternary complex.

Based on a similar framework to that described above, prc-organised ligands for the Ln'"- 

directed self-assembly o f triple stranded homodimetallic helicates (L3:Ln2) (L = 62 -  66) 

have also been synthesised and extensively studied by Drs. Floriana Stomeo, Christophe 

Lincheneau, Steve Comby.^'’̂ "̂ ’̂  ̂ Ligand design o f 62 -  66 entailed the incorporation o f two 

2,6-pyridinedicarboxamide functionalities for bis(tridentate) binding and two chiral 

naphthalene moieties for sensitisation of the two Ln"‘, differing by the linking spacer group 

only. As shown for the chiral ditopic ligand 62 a 1,3-xylene based spacer linked two 

tridentate diamide pyridyl (NO2) chelating units together allowing both Ln’" ions (Ln"' = 

Sm'", Eu'", Tb*”, Lu'") to attain a nine-coordinate binding sphere upon self-assembly, 

ensuring complete saturation. Evolution o f the self-assembled species was monitored 

spectroscopically as the photophysical properties o f the antennae and Ln*" were perturbed 

upon helicate formation. Excitation into the naphthalene antennae (X-ex = 281 nm) and 

subsequent characteristic Ln'"-centred emission confirmed effective sensitisation and thus 

successful complexation. Emission intensity increased with each additional aliquot of metal 

ion until the most highly emissive 623:Ln2 (Ln'" = Sm'", Eu'", Tb'") species became the 

36



Chapter One - hitroducikm

predom inant sp ecies in solution, fo llow ed  by a rapid decrease as the less em issiv e  6 l 2 .L \ \ 2  

sp ec ies  evo lved . Fitting o f  spectroscopic data using  non-linear regression analysis indicated  

that in the presence o f  0 . 2 ^ 0 . 8  equiv. o f  Eu’” the 6 2 3 .EU2 species w as the m ost dom inant in 

solution with it being form ed in over 80% at 0 .67  equiv. o f  Eu"’ H igh therm odynam ic  

stability constants w ere elucidated for all o f  the 3:2 and 2:2 L:Ln assem blies (logPa2 ~  27 and 

logP 22 ~  20  for Ln"' =  Sm "’, Eu'", Tb"', Lu"') encouraging further studies invo lv in g  these  

system s.^’

65: (R, R) X  =
6 6 : (S, S) X =

The inherent chirality o f  /?ara-diphenyl spacer analogues 63 and 64 w as exploited  for the 

Eu"'-directed form ation o f  one o f  the first exam ples o f  h igh ly  stable enantiom erically pure 

dinuclear triple stranded helicates via  asym m etric i n d u c t i o n . S o l i d  com plexes  

Eu2 (L )3 (CF 3 S 0 3 ) 6  (L  = 63, 64 ) w ere synthesised  by refluxing in CH 3 C N  and isolated by 

diethyl ether diffusion. Both 'H N M R  and CD spectroscopic studies sign ified  that the 

com p lexes w ere form ed as a pair o f  enantiom ers w ith a high degree o f  sym m etry. The CPL  

spectra, d isplaying bands o f  opposite sign and equal m agnitude, further confirm ed that the 

chirality o f  the ligands had indeed been transferred to the Eu"' centre upon com plexation , 

g iv in g  rise to chiral Eu'"-centred em ission . The CPL dissym m etry factors o f  the m easured  

transitions for Eu2 (L )3 (C p 3 S 0 3 ) 6  (L  = 63, 64) w ere alm ost identical in both m agnitude and 

sign  to those calculated for the corresponding original m ononuclear bundle structures, w h ose  

absolute configurations have been determ ined by X -ray c r y s t a l l o g r a p h y . T h i s  im plied  

that each dim etallic triple stranded species w as form ed as a single helical hom ochiral species  

p ossessin g  either AA or A A  stereochem istry, respectively.^^

V ariations on this diphenyl linker m oiety , nam ely 65  and 6 6 , have also been exam ined  

with findings suggesting  that the stability o f  the resulting helicate can be greatly affected  by
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the size of the Ln'” binding cavity available upon complexation which, in turn, is dictated by 

the location o f connection to the diphenyl spacer.^'’ Structural isomers 65 and 66, which 

possess two identical binding sites to those o f 63 and 64 are linked via a weto-diphenyl 

spacer, were also synthesised for the formation of enantiomerically pure dimetallic triple 

stranded helicates Eu2(L)3 (L = 65, 66). Interestingly, a greater stability than that seen for 

Eu2(L)3 (L = 63, 64) was observed for these which is believed to arise from the fact that the 

central cavity is more '‘"squeezed' enabling tighter binding (confirmed using MM2 molecular 

modelling) o f the Eu**' upon self-assembly.

Facile modification of these simple monometallic and multimetallic ligand structures may 

open up new opportunities for use in biological or materials based applications, such as chiral 

luminescent sensing, bio-imaging, logic gate mimics, light emitting devices etc., although 

many o f these aforementioned applications often require solubility in water, bio-conjugation 

or immobilisation onto solid substrates -  three areas of significant interest within the 

supramolecular lanthanide community. Not only must the Ln"‘ system be appropriately 

functionalised/conjugated or incorporated into the solid support but the desirable features of 

the Ln'" must be retained, i.e. surface attachment for example should not markedly alter the 

attractive luminescent properties observed in the bulk solid or in solution. To this end, a 

substantial effort has been on-going within the Gunnlaugsson group to strategically attach 

biologically active functional g r o u p s ' * t o  Ln'" luminescent complexes and/or to 

incorporate them into solid supports such as gels^’’’̂ '̂'^  ̂ and gold n a n o p a r t i c l e s w i t h  

studies proving that upon transfer from solution to a functional/solid state there may be 

retention and subsequent appliance of the Ln'" luminescent characteristics.

With these exciting new ideas in mind it was our intention (in Chapter 2) to develop 

similar modified chiral mononuclear self-assemblies in an attempt to form highly organised 

Langmuir monolayers at an air-water interface and to further attach these monolayers onto 

solid supports, generating Langmuir-Blodgett films. Considering this technique is central to 

the main chapter o f this thesis the following section is dedicated to Langmuir monolayer and 

Langmuir-Blodgett (LB) film theory, apparatus and application. A few examples o f Ln'" 

containing LB films will follow while a brief overview of the work described within this 

thesis shall conclude this chapter.
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1.6 Langmuir-BIodgett technique: theory and applications

In 1917 Irving Langmuir first reported studies carried out on the ability o f a variety o f  oils to 

forni thin films at an air-water i n t e r f a c e . H e  hypothesised that “a portion o f the oil 

molecule is attracted to the water, while the remainder is more attracted to other oil 

molecules than to water” and that “the spreading o f an oil upon water is due to the presence 

o f an ‘active group’ in the molecule” . R e s e a r c h  into this field was undertaken by 

Langmuir, and later in collaboration with Katherine Blodgett, to extend the applicability o f 

these thin film monolayers by attaching them to solid substrates - later to become known as 

‘Langmuir-BIodgett film s’. In later years this technique was further extended by Kuhn 

in which he implemented the LB method to study energy transfer interactions between layers 

o f chromophoric dyes which were organised into thin film arrangements.

H >tlr«iphohir ta il 

H >(ln>phi)ichi‘it(l

W ilhrm > p iu lr

AmphiphiU-

W » ter

Figure 1.22. (a) Picture o f Langmuir trough, used in collaboration with Prof. Martin 
Albrecht, in UCD laboratory, (b) Simplified illustration o f a Langmuir trough displaying 
features such as moveable barriers and Wilhelmy plate. Amphiphile is spread onto surface 
using water-immiscible solvent - note amphiphiles are displaying gaseous state behaviour.

It is now a well-established criterion that, in general, for a substance to successfully form 

a monolayer at an air-water interface it must possess both an ‘active’ hydrophilic head group 

to confer intermolecular interaction with the water subphase and a hydrophobic portion to
207prevent water solubility. Compounds bearing such characteristics (soaps and phospholipids 

for example) are known as surfactants or amphiphiles. Designing amphiphiles for Langmuir 

film formation requires a great deal o f consideration for the hydrophilic/hydrophobic ratio 

within the molecule as it is this factor which dictates whether m onolayer formation will 

prove successful or not.^*’’

The apparatus employed for the assembly o f Langmuir monolayers and subsequent LB 

film formation was used in collaboration with Prof. Martin Albrecht in UCD Dublin and is 

known as a Langmuir trough, as shown above in Figure 1.22 (a). For monolayer formation at

an air-water interface the amphiphilic material is initially dissolved in a water-immiscible
208solution (usually chloroform or hexane) and is dispensed from a microsyringe onto the
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water surface leaving a disordered layer o f non-interacting molecules on the surface o f the 

subphase analogous to a three-dimensional gaseous state (G), see Figure 1.22 (b). The 

moveable barriers are then compressed and the area available to the floating surfactant is 

reduced, forcing the molecules closer together and the system to undergo several phase 

transitions. The nonpolar hydrocarbon chains begin to orientate away from the subphase and 

the polar headgroups interact with one another and with the water resulting in a phase 

transition to the liquid expanded phase (LE). These phase changes are signified by a surface 

pressure change illustrated by a surface pressure-area isotherm, see Figure 1.23 (a), which 

plots surface pressure (n) (monitored by means o f  a W ilhelmy plate) versus area per 

molecule (a). Surface pressure (ti) is defined as the difference in surface tension o f the clean 

surface (Yo) with respect to the surface tension o f  the surface in the presence o f  the floating 

amphiphile (y), ( ti = Y o -  Y)^ while the area per molecule is calculated by the Langmuir trough 

software from data input at the beginning o f  the measurement, using the following equation;

AM
Equations:

where A is the film area, M is the molecular weight o f the monolayer material, C is the 

concentration o f the spreading solution in mass per unit volume, V is its volume and N a 

Avogadro’s number. Another phase transition occurs upon further compression and is known 

as the liquid condensed phase (LC). In this state the chains are orientated perpendicular with 

respect to the surface with strong intermolecular interactions causing the formation o f  a 

closely packed, one molecule thick layer known as a Langmuir monolayer. Over 

compression o f  this state may result in film collapse which is identified by a sharp decrease 

in surface pressure. By extrapolating the steepest part o f the curve prior to collapse, a
907 908minimum cross-sectional area per molecule can be obtained. ’

M onolayer stability may be evaluated by holding the film in the LC phase for a fixed 

period o f time and monitoring its surface pressure. A stable film will hold its surface pressure 

over the time interval while unstable films usually collapse, displaying a decrease in surface 

pressure. Factors such as temperature and alkyl chain length must be considered when 

generating an ideal phase transition surface pressure-area isotherm as a m onolayer’s
207 208characteristics are highly dependent on these two parameters. ’
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Figure 1.23. (a) Surface pressure-area isotherm graph indicating different phase transitions 
for an ideal Langmuir monolayer, (b) Deposition o f  monolayer onto solid substrate as 
support is passed upward through air-monolayer interface.
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Figure 1.24. Y-type, X-type and Z-type deposition. Y-type deposition is most common fo r  
fa tty  acid and fatty acid salt monolayers.

Once it has been verified that it is possible for the surface active substance to form a 

stable Langmuir monolayer at the air-water interface deposition onto a solid support, such as 

a glass or quartz slide for example, may be accomplished by vertical dipping of a thin slide 

through the monolayer-subphase interface, see Figure 1.23 (b). Solid substrate 

hydrophobicity/hydrophilicity dictates whether dipping begins with the substrate positioned 

above or submersed below the monolayer. For hydrophilic substrates the slide is lowered and 

submerged through the subphase before the amphiphile is spread onto the surface. Removal 

o f the slide by means of an upward stroke results in monolayer attachment to the slide via 

hydrophilic interactions between the polar headgroups and slide. Hydrophobic coated slides 

remain above the subphase/monolayer interface before the material is deposited onto the 

water surface. A downward stroke of the slide causes attachment of the hydrophobic chains 

to the slide upon submersion.

This process of slide emersion (upstroke) and immersion (downstroke) gives rise to one 

o f three packing patterns known as deposition architecture type. The three types o f film 

architectures available to multilayered systems are described as Y-type (most common), X- 

type and Z-type, as shown in Figure 1.24.
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The quality o f film transfer is measured by evaluating the deposition transfer ratio (i) and 

is given by:

A l
Equation 4: ^ ^

where A l is the decrease in the area occupied by the monolayer and A$ the coated area of the 

solid substrate. Values obtained between 0.95 -  1.05 for deposition transfer ratio represent 

high quality transfer from the subphase to the substrate with excellent homogeneity.

Maintaining a single phase state is critical during the deposition process in order to obtain 

molecular-level control over the structure of the resultant film. Using the Langmuir-Blodgett 

technique enables the deposition o f well-ordered and highly structured ultrathin immobilised 

layers. Attachment of monolayers onto solid substrates in this way has many advantages over 

other solid matrix immobilisation techniques in that it offers precise control over parameters 

such as layer number (number of monolayer coats), deposition type (X, Y, Z-type) and 

molecule amount (deposition of exact number o f molecules). Layer-by-layer coating of 

monomolecular films also opens up an avenue towards the formation o f alternate 

multilayered films by coating one material and then attaching a second substance bearing
207 208different functions and/or properties. ’

As just stated, the LB technique offers the availability to, in a stepwise three-dimensional 

manner, combine layers exhibiting different functions for the fabrication of hybrid LB 

systems for multifunctional purposes. Since the early 1970’s much interest has been centred 

on the incorporation of molecule-based conducting and magnetically active compounds into 

LB films for the purpose of molecular engineering of electronic switching devices and
90Q 997memory storage at the nanomolecular level. ' The distinct resemblance of the biological 

membrane -  composed o f a bilayer of amphiphilc phospholipid molecules - to artificial 

monolayers assembled via the Langmuir method has also inspired researchers to build 

biomimetic systems as representative models due to the great interest in developing highly
228 232sensitive biosensors. ‘ However, the application o f the LB technique in these areas is not 

detailed here as, more relevant to the work described within this thesis are those optically 

active compounds which are incorporated into LB films, in particular Ln’" containing LB 

films, which is the theme of the following section.
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1.7 Lanthanide containing Langmuir monolayers and Langmuir-Blodgett films

Despite the fact that fabrication o f attractive luminescent Ln'" materials into ordered ultrathin 

films provides an alternative route towards solid state emitting devices there are very few 

examples o f Ln'” luminescent LB films in the literature. The majority o f research groups 

working within the area o f Ln'" based energy transfer luminescent LB films use P- 

diketonates^^^'^^^ although polyoxametalates (known as calixarenes^'*^ and

heterocyclic pyridine ligands "̂*"* have also been reported.

Other systems have been identified in which Ln‘" have been incorporated into LB films 

for purposes other than energy transfer luminescence including films o f a hemicyanine Eu'" 

complex which has been shown to exhibit good second harmonic g e n e r a t i o n , a n d  the films 

o f  double-decker-type bisphthalocyanines compounds whose electrochromic and 

electrochemical behaviour has been studied in great depth by de Saja et al. for gas-sensing 

purposes (NO2/N2O4, selected herbicides, volatile organic compounds and tobacco smoke in 

particular).^"'^’̂ '̂ The main focus herein is that o f Ln'" complex containing LB films 

expressing luminescence via energy transfer from surrounding excited antennae ligands, 

most notably the P-diketonate systems.

There are generally three main methods by which Ln'" luminescent systems may be 

fabricated into LB films. By dissolving the metal ion salt into the aqueous subphase the metal 

ion can be adsorbed onto/into the surfactant Langmuir monolayer upon assembly at the air- 

water interface.^^^’̂ "'̂ ’̂ '''* Another method by which Ln"' complexes may be incorporated into 

LB films is to deposit a mixture o f classical film-forming molecules with non-amphiphilic 

functional molecules onto the subphase, allowing the surfactant substance to act as a
233 235 236m ediator in the film-forming process. ’ ’ Chemical modification o f the functional

complex (either the parent (metal-complexing) ligand or a counter anion) is the third method 

by which Ln'" materials may be incorporated into LB films. Through initial design and 

synthesis to attain double functional systems -  both amphiphilic and luminescent character -  

pure LB films are obtainable.

As shown below, thenoyltrifiuoroacetone (TTA) P-diketonates in particular have been 

em ployed by a number o f  research groups for Ln'" complexation, sensitisation and 

subsequent LB film incorporation. Qian et at. designed 67 such that the complex counter 

anion displayed amphiphilicity to facilitate stable Langmuir monolayer formation at the air- 

water interface.^^^ Stable monolayer formation was confirmed by a .surface pressure-area 

isotherm  of 67. However, the difficultly in depositing pure monolayers o f 67 onto solid 

substrates led to the investigation o f the Langmuir m onolayer fonning abilities o f mixtures o f 

67 with arachidic acid (AA) and octadecane (OD). Higher collapse pressures were observed
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w hen m ixtures o f  67 w ith OD  w ere deposited onto the surface w ith an increase in O D  m olar 

fraction giv ing rise to larger n collapse values -  suggesting closer packing o f  the m olecules 

in the presence o f  OD. M ixed m onolayers with AA (in m olar ratios o f  1:16 and greater) 

could  be deposited  onto hydrophobic quartz slides by vertical dipping w hile m ixed 

m onolayers o f  67 and O D  (m olar ratio 1:4) w ere deposited by a horizontal lifting technique. 

A bsorption and em ission spectra o f  67 in the m ixed m onolayer assem blies (50 layers) with 

OD  (m olar ratio  1:4) and AA (m olar 1:16) in com parison to organic solutions (C H C I3 and 

C H 3 O H ) o f  67 reflect the difference in sym m etry in going from  the solution to the solid state. 

N ot only was the ^Do —» ^p2  transition split into tw o peaks but em ission from  the h igher 

energy  exited ^Di state w as observed and the usually  w eakly observed sym m etry forbidden 

transition  ^Do —> ^Fq was enhanced upon organisation into the LB film.^^^ M oreover, Q ian ei 

al. have carried out a study illustrating the effect that d ifferent chain lengths and different 

hydrophilic P-diketonate head groups have on the m onolayer m orphology and collapse 

processes o f  m onolayers o f  E u’" com plexes.

Z hang et al. developed a m ethod to assem ble non-am phiphilic com plexes 6 8  and 69 at

aqueous subphase solution is saturated w ith TTA , 1,10-phenanthroline (Phen) and 6 8  

dissolution and dissociation o f  6 8  was effectively inhibited by  the com ponents and so by 

adding  the fatty acid A A  (to aid assem bly) and depositing  a m ixture o f  68:A A /69;A A  (m olar 

ratio 1 : 1 ) onto the com posite subphase surface hom ogeneously  d ispersed stable m onolayers 

w ere form ed and successfully  transferred onto hydrophobic glass substrates. U V -visible 

absorption spectra o f  CHCI3 solutions o f  6 8 :AA and 69:A A  (1:1) w ere com pared to those 

obtained from  LB film s o f  6 8 :AA and 69:A A  (1:1) w ith shifting  o f  bands upon 

im m obilisation into LB film s attributed to the superior organization and interaction o f  the 

m olecules in the LB film . A linear dependence o f  the absorbance on the num ber o f  layers 

was also obtained indicating that the film s have vertical uniform ity. L n '"-centred  em ission 

via energy transfer from  the coordinating chrom ophores was preserved upon LB fabrication

I

J  j  ( C , 8 H 3 7 ) 2 N " ( C H 3 ) 2  

y /  X = CF3

68: Ln = Eu'" 
69: Ln = Sm'"

the air-w ater interface in w hich an appropriate com posite subphase is s e l e c t e d . W h e n  the
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with the emission intensity exhibited from 68 LB films being stronger than that o f 69 LB 

films, the intensity o f the former being nearly 25 times the intensity o f the latter. These 

results suggest that not only can Ln'” luminescence be preserved upon LB film fabrication 

but that the organisational structure o f the monolayer can have an effect on the photophysical 

properties. Furthermore, the influence o f the P-diketonate on the excited state lifetimes and 

energy transfer process was studied on a series o f analogous o f  68 and 69 which were 

immobilised into molecular LB films. It was concluded that fluorescence lifetime o f  the rare 

earth complexes varied with the (3-diketonate ligand (those studied were (acetylacetone), 

trifluoroacetylacetone, hexafluoroacetylacetone and thenoyltrifluoroacetone) while the
236lifetime was also shown to be longer in the LB film than that in solution and solid powder.

(Ci?H?g?N (̂CH3b

Ln = Eu'"

For the fabrication o f thin Eu'"-centred luminescent films o f 70, de Gomes et al. 

combined the methods o f introducing a long aliphatic chain into the parent ligand structure 

for spreading ability and assembly o f the amphiphilic ligands into Langmuir films on a Eu'" 

0.1 mmol L'' solution s u b p h a s e . F o l l o w i n g  an appropriate time interval (120 mins), to 

allow complexation o f  70 to Eu'", monolayers were then transferred to quartz slides yielding 

Z-type architecture with three layers o f  Eu(70)n xH20 deposited by means o f  three vertical 

withdrawals o f the slide. Eu"' distribution within the films was verified by SEM images, EDS 

analysis and the exhibition o f characteristic Eu'" luminescence upon excitation at 353 nm.^ ’̂ 

More recently, de Adati et al. have developed a similar system to 67 in which a 

functional group to impart amphiphilicity has been introduced to the counter anion 

(didodecyldimethyl ammonium) to eliminate the need for a co-spreading surfactant or a 

composite subphase.^^^ 71 comprises o f Eu'" coordinated to four TTA P-diketonates bearing 

a negative charge which is neutralised by the amphiphilic cation didodecyldimethyl 

ammonium. Upon spreading CHCI3 solutions o f  71 onto water pure stable Langmuir 

monolayers o f  71 were obtained. Subsequent attachment o f monolayers o f 71 onto a quartz 

solid substrate afforded Y-type deposition which, following excitation o f the sensitising
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antenna (X = 307 nm), was shown to retain the desirable Ln’” luminescent properties 

following LB fabrication.

Me2N

C 18 H 3 7

0(CH2)nCH30 (C H 2 )n C H 3  N O 3

72: Ln = Eu'" 73; Ln = Tb'", n = 15
74: Ln = Tb"', n = 1 7  
75: Ln = Tb"', n = 1 9

The film-forming ability o f 72 was analysed by surface-pressure area isotherm 

measurements, low angle X-ray diffraction and UV-visible and emission spectroscopy by

units allows for the assembly o f the complex into pure stable monomolecular films at an air- 

water interface. Y-type deposition onto hydrophilically treated glass substrates was achieved 

with up to thirteen layers fabricated. The UV-visible spectra o f the LB films exhibited a 

maximum absorption band at A. = 328 nm which was blue shifted relative to 72 in THF 

possibly due to the arrangement o f 72 in an ordered environment. A linear dependence o f the 

absorbance on the number o f layers was again obtained for 72 indicating that the transfers 

were uniform and reproducible. The Eu'” -centred luminescence was preserved upon LB film 

formation as the emission spectrum, exhibited from a thirteen layered LB film , displayed 

characteristic Eu'" peaks at X, = 579, 592, 612, 652 and 701 nm corresponding to the ^Dq

(J = 0 -  4) transitions.

Other ligand systems for LB film  formation o f Ln*'* luminescent systems via energy 

transfer other than the P-diketonates are uncommon despite the wide range o f antenna 

moieties available for Ln '" coordination and sensitisation. The remaining literature examples 

discussed, 73 - 78, highlight the versatility o f the LB technique and how, with a greater 

understanding, a broad spectrum o f functional systems may be integrated into the solid state 

for practical applications. Yan et al. developed nine Ln'" complex systems for LB film 

fabrication, the three Tb'" complexes o f which are shown (73 -  75), where the coordinating 

ligand itself possesses both the chromophoric sensitising unit and the long chain ester group 

for the induction o f amphiphilicity.^^^ Again, there was no need for a co-spreading agent or a 

composite subphase so Langmuir monolayers o f the appropriate complex were assembled by 

spreading their CHCI3 solutions onto a water subphase. The monolayer forming ability o f 

these systems was shown to be greatly affected by the length o f the substituted chain with an

Bian et Introduction o f the hydrophobic alkyl chain onto one o f the Ln"' coordinating
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increase in chain length correlating to an increase in collapse surface pressure values. 

Immobilisation onto quartz solid substrates with Z-type architecture was achieved with low- 

angle X-ray diffraction illustrating the layered structure of the films. The ordered 

arrangement in the LB films was again confirmed by UV-visible absorption spectroscopy in 

which absorption peaks located at 252 nm (73), 250 nm (74) and 245 nm (75) for the CHCI3 

solutions were shifted to 230 nm, 233 nm and 235 nm when immobilised into their LB films 

(twelve layers), respectively. Furthermore, a linear relationship between layer number and 

absorption intensity was displayed upon subsequent layer attachment. Emission spectra 

obtained for solid state samples of 73 - 75 compared to those obtained for the LB films show 

differences in emission peak position and emission peak ratios, again revealing the influence
252ordering and immobilisation can have on the properties of the resultant structure.

(CH2)gCH3

CO2H

78

>X

76: X = OMe
77: X = NEt2

The first calixarene based systems, 76 and 77, exhibiting energy transfer luminescence in 

LB films were reported by Dutton et Solutions of 76 or 77 were spread onto either a 

pure water or a 2 x 10"'* M TbCb solution subphase and assembled into stable Langmuir 

monolayers. The stability of 76 on the 2 x lO''* M TbCU solution subphase was monitored 

over an 8 hr period with very little fluctuation in n, indicative of good monolayer stability. 

Single monolayers of Tb.76 and Tb.77 were transferred onto solid substrates from the 2 x 1 0 ’ 

M TbCb subphase on the upward stroke of a quartz slide, affording films with transfer 

ratios close to unity. Multilayers o f Tb.76 and Tb.77 were unattainable however but single 

layers did display excellent luminescent properties. The UV-visible absorption spectra of 

10% CH3 OH/CH3 CN solutions of Tb.76 and Tb.77 were compared to those of their 

corresponding LB films with no noticeable differences in the spectra obtained from the 

solutions to the immobilised films. This similarity between the solution and monolayer
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spectra indicates that the same species are present in both solution and in the solid  

monolayers. Characteristic Tb'"-centred em ission was also displayed upon excitation into the 

ligand K-n* band confirming an energy transfer lum inescence mechanism.

A time-resolved study o f  the mechanism o f  the energy transfer from 78 to Ln'” (Ln =  

Eu"', Gd'*', Tb'") in LB films was carried out by Lemmetyinen et Langmuir

monolayers o f  78 were assembled on a LnCb subphase and films were deposited onto quartz 

solid substrates with transfer ratios o f  ~  1. N o change in shape o f  the surface pressure-area 

isotherm graphs were observed upon monolayer formation although there was a slight shift in 

mean molecular area with changing Ln"*. The absorption spectrum o f  78 in CH3OH solution  

experienced a 10 nm redshift following complexation to the Ln"' but no noticeable difference 

in the absorption spectrum o f  the com plex in solution compared to that obtained from the LB 

was seen. Upon excitation o f  the ligand (k =  300 nm) characteristic Eu'” and Tb'" 

lum inescence was exhibited indicating energy transfer via  sensitisation o f  the coordinating 

ligand 78 to the Ln'" within each film.̂ '*'*

B y considering the very few examples o f  Langmuir monolayers and LB films containing 

luminescent Ln'" system s in the literature and the abundance o f  mono- and multimetallic 

Ln'"-directed self-assem bled systems, which have received such significant attention, the 

idea o f  merging the two fields became apparent. By m odifying simple structures previously 

reported within our group it was assumed that the generation o f  novel chiral emitting Ln'"- 

directed self-assem bled system s could be organised into highly ordered LB films, a project 

which shall be discussed in detail in Chapter Two.

1.8 W ork described within this thesis

The main objective o f  the work reported within this thesis was to build upon previously 

developed Ln'"-directed self-assembled systems for potential use in biological/materials 

based luminescent applications. It was envisioned that suitable modification o f  ligand 

structures which have been developed within our group, and hence are relafively well 

understood, would enable the aforementioned advantageous properties o f  the Ln'" ions to be 

exploited, further fuelling the applicability o f  system s o f  this nature.

Chapter 2 focuses on the functionalisation o f  the H2dpa framework for the solid state 

fabrication o f  mononuclear Ln'" luminescent systems. Amphiphilic asymmetric tridentate 

ligands based on 56 and 57 were synthesised with the aim o f  providing three significant 

features -  the ability to fully coordinate the Ln'" in a 1:3 fashion; to efficiently sensitise the 

Ln"' via  indirect excitation; and to enable the assembly o f  monomolecular Langmuir 

monolayers at an air-water interface for subsequent immobilisation into ultra-thin Langmuir-
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Blodgett films. Two optically active amphiphilic compounds were synthesised, fully 

characterised and their Ln'"-directed self-assembly behaviour (Ln '” = Eu'", N d'", Tb”', Sm'", 

Dy'” and Lu"') was photophysically evaluated in CH3CN solution. 1:3 (M:L) complexes 

Ln.L3 were synthesised and their ability to form Langmuir monolayers at an air-water 

interface was established. Furthermore, Langmuir monolayer stability was investigated and, 

following attachment to a solid quartz substrate, immobilised monolayers o f visibly (Ln.La 

(Ln = Eu”', Tb'" and Sm’") and NIR (Nd.Ls) emitting mononuclear complexes were shown to 

exhibit Ln”'-centred emission.

Chapter 3 is based on the modification o f the ditopic helicate ligand 62  for the formation 

o f dinuclear Ln’” luminescent chiral helical assemblies. Attachment o f two polyoxyethylene 

chains to the helicate ligand backbone structure was expected to enhance the solubility o f 

such systems in more competitive solvent media. This chapter details the progress made in 

synthesising two such chiral helicate ligands and the spectroscopic measurements which 

were implemented in order to 1) probe the chirality o f the ligands and their resulting 2:3 M:L 

assemblies and 2) establish their Eu‘"-directed self-assembly behaviour in situ  in solvent 

media o f varying competitiveness with a view to bringing these studies into a fully aqueous 

environment.

The versatility o f simple “half helicate” chiral ligand precursors is examined in Chapter 4 

by incorporating two novel functionalities - a positively charged pyridinium side chain and a 

Pt(terpy) functionality - into the 6-ortho position o f an asymmetric analogue o f the sliotar 

compounds 56 and 57 . It was anticipated that grafting o f a pyridinium side chain would 

primarily enhance water solubility while the attachment o f  the biologically active Pt(terpy) 

group could also allow the Ln'" luminescence o f these systems to be utilised as a probe in 

biological media, for instance in DNA binding/reporting. Four novel chiral tridentate ligands 

were synthesised, fully characterised and their Eu'"-directed self-assembly behaviour was 

investigated by spectroscopic methods.

Chapter 5 gives an account o f preliminary studies carried out on a H 2dpa derivative 

which was functionalised with a C 12 thiol-terimated chain at the 4-para position o f 1. The 

intention o f  such an attachment was to tether, through a thiol-Au linkage, a Ln'" coordinating 

unit/sensitising moiety to the surface o f AuNPs for the formation o f ligand-AuNPs 

conjugates which display Ln'" luminescence upon Ln'"-directed self-assembly. Few 

examples o f  such conjugates exist and, given the unique and advantageous properties both 

the Ln'" ions and the AuNPs have to offer, bridging such fields proved fascinating. With the 

development o f a luminescent sensing device in mind, ligand synthesis, Eu'"- and Tb"'-
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directed self-assem bly studies in H 2O and prelim inary studies on the adsorption o f  the 

L n '"coord inating /sensitising  ligand onto the surface o f  A uN Ps are described.

C hapter 6 details the experim ental procedures and techniques em ployed throughout the 

research described in the preceding chapters.
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Chapter Two - Emissive Langintiir ISIodgetl jilm s form ed from chiral lanthaiiide-dirccted sclf-assemhlies

2. Introduction

For the supramolecular chemist, great interest Hes in the design and synthesis o f beautifully 

extravagant and elegant superstructures. In addition to this, the creation o f  functional 

molecular structures is highly attractive for the construction o f novel materials and new 

technologies. As a result o f  structural and functional integration o f such supramolecular 

(chemical) entities, exciting new developments have emerged in applications as far afield as 

molecular machinery to analytical optical sensing and biological cell imaging agents. 

5 5 ,9 6 ,2 5 3  mentioned in chapter one, it was envisaged that with appropriate functionalisation, 

the chiral Ln’"-directed self-assembled supramolecular structures developed within our 

research group may be exploited for use in such biological or materials based applications. 

To date studies carried out on these systems have been conducted primarily in solution; 

focusing on the photophysical properties o f the complex and the self-assembly process in 

situ. The use o f Langmuir and Langmuir-Blodgett techniques however, allows for the 

translation o f these systems from solution to the solid state with the additional benefit o f 

offering control at the molecular level over the organisation o f these complexes into thin 

monomolecular films. Deposition o f these Ln"’ systems onto solid supports in this manner 

may open up new prospects in the development o f immobilised chiral luminescent devices. 

Therefore, the principle aim o f  this project was to develop highly organised self-assembled 

monolayers (SAMs) o f systems o f this type at an air-water interface, and to further transfer 

these monolayers to quartz solid supports in order to generate immobilised Ln"' luminescent 

Langmuir-Blodgett films. Developments in this area originated from the recently reported 

Ln*"-directed self-assembled “half-helicate” systems which were based on chiral ligands 79 

(5) and 80 (/?).“

{RIS) H
OH

79: (S) 
80: (R)

The interaction o f  these ligands with Ln"*, such as Eu"', have recently been shown to give 

rise to the formation o f Ln'" luminescent “half-helicates” in a 1:3 metal:ligand (M:L) 

stoichiometry.'’̂  The formation o f the self-assemblies Eu.793 and EU.8O3 was monitored in 

situ  using spectroscopic techniques while Circularly Polarised Luminescence (CPL)
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measurements were employed to illustrate the exhibition o f  chiral Ln’"-centred lum inescence 

from such self-assem bled structures. M olecular modelling calculations (M M 2) were also 

implemented in order to gain insight into the stereochemistry o f  these mononuclear systems. 

The results from these calculations indicated that these structures all had the three 

naphthalene antennae residing on the same side, directed towards the inside o f  a “half- 

helicate”, with the methyl groups outside the coordination sphere o f  the Ln'" ion, giving rise 

to the most stable com plex arrangement.^^

This chapter deals with the synthesis o f  amphiphilic analogues o f  chiral ligands 79 and 80 

and the photophysical properties o f  the resulting 1:3 Ln'" com plexes (Ln'*' = Eu'", Nd'", 

Tb'", Sm'", Dy'" and Lu'"). Spectroscopic measurements were employed to re-evaluate the 

Ln'"-directed self-assem bly o f  these amphiphilic ligand derivatives in CH3CN solution while 

the ability o f  both chiral ligands (81 and 82) and their corresponding 1:3 Ln'" com plexes to 

form Langmuir monolayers and Langmuir-Blodgett films at an air-water interface was also 

established. Since the intention o f  this project was to retain functionality for future 

application appropriate modification for solid state incorporation was required but it was also 

crucial, following derivatisation, that the unique photophysical properties o f  the Ln'" system  

were preserved and so the photophysical properties exhibited by the Langmuir-Blodgett films 

have also been probed.

The first section o f  this chapter focuses on studies carried out on the Eu'" 1:3 

mononuclear systems w hile the second section discusses those studies performed on the NIR- 

emitting Nd'" systems. The remaining sections detail results obtained for the Tb'", Sm'", 

Dy'" and Lu"' monometallic species.

2,1 Design and synthesis of ligands 81 (5) and 82 {R)

As discussed above, previous studies on the “half-helicate” ligands 79 and 80 demonstrated 

that the carboxylic group at the 6 pyridyl position was available for substitution and hence an 

enhancement in the potential applicability o f  these systems. The importance o f  

amphiphilicity for the formation o f  Langmuir monolayers at an air-water interface has 

previously been stressed in chapter one and so it was anticipated therefore that the 

incorporation o f  a long alkyl hydrophobic hydrocarbon chain into the “half-helicate” ligand 

system would induce sufficient amphiphilicity for monolayer formation. Firstly, by grafting a 

hexadecyl alkyl chain onto the 6 pyridyl position o f  79 and 80 it was assumed that it would 

be possible for both chiral ligands them selves to self-assem ble at the air-water interface. 

Furthermore, since MM2 calculations elucidated that all three antennae were shown to 

preferentially reside on one side in the resulting 1:3 com plex, it was expected that the three
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hexadecyl alkyl chains would align together, enabling monolayer formation of the Ln"’ 

complexes on the Langmuir trough.

When designing chiral amphiphilic ligands 81 (5) and 82 {R) it was critical to achieve the 

implementation o f three functionalities, i.e. a tridentate binding unit to efficiently host the 

large Lewis acidic Ln”’ ion, a Ln'” sensitising antenna and a hydrophobic long alkyl chain to 

induce amphiphilicity. Ligand design was based on that applied to 79 and 80 entailing the 

incorporation o f a chiral naphthalene chromophore, a pyridyl diamide group (based on the 

2,6-pyridine dicarboxylic acid (dpa) framework) and a hexadecyl aliphatic alkyl chain. The 

chiral naphthalene group was employed for efficient chiral Ln'" sensitisation via the ‘antenna 

effect’ (as described in the previous chapter) while binding was expected to occur between 

the Ln'" and tridentate chelating functionality which consisted of two amido carbonyl 

oxygens and a pyridyl nitrogen atom. As displayed for 79 and 80 , self-assembly was 

expected to give rise to the formation o f 1:3 M:L stoichiometric species with the Ln'" 

residing in a fully saturated chiral coordinating environment. Attachment of the hexadecyl 

alkyl chain was the only variation on the “half helicate” structure but it was still vital to re

evaluate its behaviour in solution before extending studies to the self-assembly process at the 

air-water interface.

A point to note is that this project has been carried out in collaboration with Dr. Jonathan 

A. Kitchen in which all syntheses and measurements o f the {R) enantiomer 82 have been 

conducted by him. For the purpose of this chapter results obtained for the {S) enantiomer 81 

shall be more heavily discussed with regular relevant referencing to results obtained for 82 as 

necessary for comparison.

Synthesis of ligands 81 and 82 involved a four step synthetic pathway, depicted in 

Scheme 2.1. The first three steps of which have previously been reported by Gardiner et 

and Stomeo et An initial monoprotection o f 2,6-pyridine dicarboxylic acid 83 was 

required to allow exposure of only one carboxylic acid site for subsequent peptide coupling. 

Monoprotection was achieved by adding 1.2 equiv. o f benzyl bromide (BnBr) to a stirring 

solution of 83 and NaHCOs in DMF at 60 °C.
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HOBt, EDCI.HCI, 
Et:,N, THF

NaHC03 DMF

(WS)'V^NH2

HO.

U H2 , Pd/C (10%), CH3 OH

8 6 : (R)

OH

HOBt, EDCI.HCI,

- C 1 6 H 3 3
C 1 6 H 3 3

82; {R)

Schem e 2.1. Synthetic pathway towards amphiphilic ligands 81 (S) and 82 (R).

The reaction mixture was heated at 60 °C for a further 5 hrs and then cooled to RT before

being diluted with H2 O and neutralised to pH = 7 with sat. aq. NaHCOa solution The diester 

side product was then extracted with ethyl acetate and the aqueous layer acidified to pH = 3. 

The monoprotected product was extracted with ethyl acetate before being washed with H2 O, 

brine and dried over MgS0 4 . Volatiles were removed under reduced pressure yielding 

compound 84 as a white solid in 52% yield. Successful product formation was indicated by 

the appearance of a sharp singlet peak in the 'H NMR spectrum (400 MHz, CDCI3 ) 

resonating at 5.48 ppm, corresponding to the CH2 group of the benzyl ester 84 while the 

benzyl aromatic protons were located between 7.40 ppm and 7.51 ppm. The '^C NMR (100 

MHz, CDCI3 ) and high resolution mass spectrometry (HRMS) data for 84 also correlated 

well with previously reported literature values.

Introduction of the appropriate {S or R) chiral l-(l-naphthyl)-ethylamine antenna moiety 

was achieved via an EDCI-HCI ((3-Dimethylaminopropyl)-3-ethylcarbodiimide 

Hydrochloride) peptide coupling reaction. A mixture of 6 -(benzyloxycarbonyl)picolinic acid 

(84), HOBt, NEt3 and 1 equiv. o f (5)-(-)-l-(l-naphthyl)ethylamine (or (^)-(-)-l-(l- 

naphthyl)ethylamine) in THF were placed under argon and cooled to 0 °C. After 30 mins o f 

stirring EDCI HCl was added to the reaction mixture and stirred at 0 °C for a further 30 mins. 

The reaction mixture was then allowed to reach RT and stirred for 48 hrs leaving a yellow 

solution with a white solid residue. The solution was filtered and the THF was removed
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under reduced pressure to give an orange oil which was redissolved in CH2CI2 . The solution 

was then washed with 1.0 M HCl, sat. aq. NaHCOa, H2O and brine and the organic phase 

dried over MgS0 4 . Solvent was removed under reduced pressure affording 85 and 8 6  as an 

orange oil in 84% and 81% yields, respectively. Characteristic peaks verifying the successful 

synthesis of compound 85 were found to resonate at 1.82 ppm and 6.19 ppm in the 'H NMR 

spectrum (400 MHz, CDCI3) representing the CH3 and CH groups of the naphthalene moiety, 

respectively. Aromatic CH protons were also observed occurring at 8.23, 7.84, 7.64 and 

between 7.57 -  7.38 ppm, respectively.^^

Hydrogenolysis was then implemented in order to remove the benzyl protecting group. 

This method involved the use o f a Parr hydrogen shaker apparatus in which compound 85/86 

was placed under 3 atm of Hi in the presence of a 10% Pd/C catalyst in CH 3OH. The reaction 

mixture was then filtered through celite and volatiles were removed in vacuo affording the 

deprotected moieties 79 (5) and 80 (R) in 76% and 83% yields, respectively. The 

disappearance o f the aromatic signals and CH2 signal at 5.48 ppm in the 'H NMR spectrum 

(400 MHz, DMSO-c/fi) of 79 confliTned the successful removal of the benzyl ester protecting
69group.

Compounds 79 and 80 were then coupled to hexydecyl amine in the final step using a 

peptide coupling method identical to that described above for the synthesis of compounds 85 

and 8 6 . The desired amphiphilic ligands 81 and 82 were synthesised in 51% and 59% yields, 

respectively and fully characterised by ID and 2D NMR spectroscopy using H-H COSY, C- 

H COSY, HSQC and HMBC experiments.

As shown in the 'H NMR spectrum (600 MHz, CDCI3) of 81 in Figure 2.1, resonances 

corresponding to the long alkyl chain reside at 3.20 ppm, 3.31 ppm, 1.44 ppm, 1.27 -  1.22 

ppm and 0.9 ppm (see Appendix Figure A2.1 for 'H NMR spectrum of 82). Interestingly the 

two CH2 protons next to the amide group of the long chain (CH2 group 13) resonate 

individually as a pair of multiplets at 3.20 ppm and 3.31 ppm. The remaining characteristic 

peaks have been discussed for those compounds previous and can be observed in the 'H 

NMR spectrum (600 MHz, CDCI3) in Figure 2.1. '^C NMR (150 MHz, CDCI3), HRMS and 

IR spectroscopy were also employed to verify formation o f the desired amphiphilic ligands 

81 and 82. In addition, the solid state crystal structures of both compounds 81 and 82 were 

determined by X-ray crystallography.
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Figure 2.1. ' HNMR  spectrum (600 MHz, CDCh) o f  81 (S).

2.2 X-ray crystal structure analysis of 81 (5) and 82 (R)

Single crystals of ligand 81 were grown by the slow evaporation of CH2 CI2/CH3 CN solution 

in the presence of CH3 I and its solid state structure determined at 150 K. Compound 81 

crystallised in the chiral, monoclinic space group P2\ and contained two crystallographically 

independent molecules in the asymmetric unit in which the hexadecyl chain of one molecule 

remains relatively trans coplanar (retaining a ‘straight’ chain conformation) while the chain 

of the second molecule acquires a square “bent-like’ structure.

N ( l )

N < I 0 2 )
N< I 0 3 V

Figure 2.2. Perspective view o f  ligand 81 (S) illustrating dimeric nature o f  packing. Note 
that n-n stacking and hydrogen bonding exist between the two crystallographically 
independent molecules. Hydrogen atoms have been om ittedfor clarity.

The dimeric nature of the packing is governed by interactions through NH --0 hydrogen 

bonds (see also Table 2.1 for bond angles and lengths) and offset face to face n-n stacking 

between the pyridyl ring o f one molecule and the naphthalene ring of the other, as shown in
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Figure 2.2 (see also Appendix Table A 2.1), with a centroid-centroid distance of 3.650 A for 

81 (and a centroid-centroid distance of 3.658 A for 82, see below).

Crystals of ligand 82 were also grown by means o f the slow evaporation o f 

CH 2 CI2 /CH 3 CN solution in the presence o f CH3 I (determined at 108K) and are displayed in 

Figure 2.3 (b) (see also Appendix Table A2.2 and A2.3). Evidently these crystals were shown 

to be isomorphous to 81 and also clearly illustrate the enantiomeric relationship between the 

two isomers 81 and 82. The absolute configuration o f 82 was not determined by 

crystallographic means, however, 81 was collected using Cu K-a radiation thus allowing 

refinement of the flack parameter. This was able to confirm that the crystal was of the S  

isomer, as expected. Both solid state structures were analysed by Dr. Jonathan A. Kitchen.

Table 2.1. Hydrogen bonds lengths and angles for ligand 81 (A and °). Symmetry 
transformations used to generate equivalent atoms: “ -x+l,y+I/2,-z+2  * x+],y,z

immim
N(1)-H(1X)...0(102)" 0.89 2.19

N(3)-H(3X)...0(102)^ 0.87 2.12

N{101)-H(10X)...0(2)'> 0.9 2.18

N(103)-H(10Y)...0(2)'> 0.9 2.15

3.0500(18) 162.0 

2.9447(18) 158.3

3.0192(18) 154.9 

3.0105(17) 158.2

(a) (b)

Figure 2.3. Crystal structures o f  ligands 81 (a) and 82 (b) with thermal ellipsoids shown at 
50% probability. Both enantiomers pack in an identical manner, as mirror images o f  one 
another, displaying the enantiomeric relationship between the two isomers. Hydrogen atoms 
have been omitted for clarity.

2.3 Formation of mononucicar tris chelate complexes Eu.81j (5) and Eu.823 (/f)

Preparation of the mononuclear Eu'” complexes was achieved by reacting either 81 or 82 

with Eu(CF3 S0 3 ) 3  in a 1:3 stoichiometric M:L ratio in HPLC grade CH 3 OH. Application of 

microwave irradiation for 10 mins at 70 °C (see Scheme 2.2) followed by isolation by vapour
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diffusion of diethyl ether afforded the desired complexes EU.8 I 3 and Eu .8 2 3  as white solids in 

yields o f 56% and 42%, respectively. Both complexes were characterised by 'H NMR (see 

Figure 2.4 and Appendix Figure A2.2), IR and elemental analysis. Broadening and shifting o f 

signals in the 'H NMR spectrum (400 MHz, CD3OD-J4) signified complexation of the 

paramagnetic Eu'” ion.

H
N

O O
81 (S)
82 (R)

'C 1 6 H 3 3
Eu(CF3S03)3

CH3 OH
Eu.8 l 3 (S) 
Eu.823 (R)

Scheme 2.2. Preparation o f  complexes EU.8 I 3 (S) and Eu.82s (R) carried out under 
microwave irradiation at 70 ‘’C.

IR is representative o f complexation of the ligand to the Eu'" via a shift in the amide 

carbonyl group stretching frequency. The IR is a useful tool in coordination chemistry as a 

change in the vibrational frequency of a group that is directly coordinated to the Ln'" usually 

indicates successful complexation. A shift in the IR stretching frequency of the amide 

carbonyl band (from 1654 cm '' to 1633 cm'* forEu.Sla and from 1650 cm'' to 1631 cm'' for 

Eu.8 2 3 ) verified complexation on both occasions.

<Tt
• -  (D  
6 
^  0) 00 h- (o 10 m

CD

n
r>00

—f-
10 [ppn

Figure 2.4. ‘H NM R spectrum (400 MHz, CD}0 D-d4)  ofEu.Sls.

Elemental analysis (C, H, N) also supported formation o f EU.8 I 3 and Eu .8 2 3  in the solid 

state. Unfortunately neither of the 1:3 complexes EU.8 I 3 nor Eu .8 2 3  were detectable by 

HRMS in the range o f solvents investigated (CH3OH, CH2CI2 , CH3CN), however their 1 ;2 

counterparts were observed (see Appendix Figure A2.3 for calculated and experimental
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isotopic distribution pattern for EU.8I 3). This is probably due to the fact that sample 

preparation for HRMS analysis requires very low concentrations (0.1 mg/mL) which may 

have led to disassociation o f the complexes. Moreover, the self-assembly species is subjected 

to a harsh environment during HRMS analysis which may cause removal o f the third ligand.

2.4 Photophysical characterisation of complexes Eu.Slj (5) and Eu.823 (/?)

Having successfully synthesised both ligands 81 and 82 and their corresponding 1:3 Eu'” 

complexes, EU.8 I3 and Eu.823, we next evaluated their photophysical properties in CH3CN, 

as shown in Figures 2.5 -  2.7 and Appendix Figure A2.4.

(a) (b)

C
S3

%
<

300 325 350  375 4IW 425 450

u
C
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W a v e le n g t h  ( n m )  W a v e le n g t h  ( n m )

Figure 2.5. The UV-visihle absorption spectra o f  (a) Eu.Sls (S) (4.1 x 10~̂  M) and (b) Eu.82} 
(R) (4.8x10'^ M) in CH3CN.

The UV-visible absorption spectra of EU.8I 3 and Eu.823 were dominated by a high energy 

absorption band located at = 223 nm. This band is assigned to the singlet ground to the 

singlet second excited state (So S2) ti -  n*  transition while the longer wavelength 

absorption band occurring at Xmax = 281 nm represents the singlet ground to the singlet first 

excited state (So —> S |) ti -  tt* transition of the antenna moiety.

Upon excitation of the naphthalene antenna at Xmax = 281 nm characteristic Eu'”-centred 

time-delayed luminescence was displayed, as shown in Figure 2.6 and Appendix Figure 

A2.4. Line-like emission bands located at 595 nm, 615 nm, 650 nm and 695 nm are assigned 

to deactivation from the Eu'" ^Do excited state to ^Fj  states (where J  = 1 -  4) indicating 

effective sensitisation via energy transfer from the naphthalene antenna group to the Eu'" 

centre. Luminescence measurements were also carried out in CH3OH (see Appendix Figure 

A2.4) where a band centred at = 580 nm is also observed representing the J  = 0 transition. 

The presence of this band represents the high degree o f symmetry at the Eu'" centre, i.e. C3
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symmetry is achieved by coordinative saturation at the Eu'" centre via binding to three 

tridentate ligands.^^

■A

6411

W avelength (nm)

Figure 2.6, The -centred luminescence emission spectra o f  (a) EU.8 I 3  (S) (4.1 x 10° M) 
and (h) Eu.82} (R) (4.8 x 10'^ M) in CH3 CN.

(a) (b)

650 675
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Figure 2.7. Excitation spectra o f  (a) EU.8 I 3  (S) (4.1 x 10’̂  M) and (h) Eu.82} (R) (4.8 x 10'^ 
M) in CH3 CN (Xem = 615 nm).

Excitation spectra were also recorded for EU.8 I 3 and Eu . 8 2 3  in CH3 CN displaying 

maximum intensity (^em= 615 nm) at 223 nm and 281 nm (see Figure 2.7). These spectra 

closely resembld the UV-visible absorption spectra, further suggesting successful 

sensitisation o f the Eu'” centre by indirect excitation o f the antenna moiety.

As previously stated non-radiative deactivation of the Ln’" excited state can have a 

detrimental effect on Ln'" luminescence. However, it offers a route to determining the 

number o f bound water molecules (hydration state, q) of a Ln”’ complex. This is based on the 

fact that O-D isotopic oscillators reduce the excited state lifetime of Eu**' to a far lesser extent 

than the 0-H  oscillator.*^ Excited state lifetime measurements for EU.8 I 3 and Eu . 8 2 3  were 

conducted in H2 O and D2 O in which these complexes were only sparingly soluble The 
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excited  state lifetim es o f  EU.8 I 3 and E u . 8 2 3  in both solutions w ere best fit to a m on o

exponential decay function, indicating the presence o f  on ly  one major lum inescent species in 

H 2 O and D 2 O for both com plexes.

Table 2.2. Excited state lifetime values fo r  complexes E u .Sh  and Eu.823 in H 2 O and D^O 
and hydration state (q) values calculated using equation 1 .

Complex Th2o (n*s) Td2o (ms) q values
EU.8 I 3 1.49 1.54 -0.3 ± 0 . 5

Eu .823 1-47 1.60 -0.2 ± 0 . 5

Excited state lifetime values o f 1.49 and 1.47 ms in H2O and 1.54 and 1.60 ms in D2O 

were calculated for EU.8 I 3 and Eu.8 2 3 , respectively (see Table 2.2). Equation 1 (see section 

1.1.1), first developed by Horrocks and co-workers,*’ was used for calculation of hydration 

state q values for EU.8 I 3 and Eu . 8 2 3  (see Table 2.2). q values of ~ 0 were calculated in each 

case indicating that the Eu'" centre is fully coordinated to three tridentate ligands in aqueous 

solution, free from any coordinating solvent oscillators.

2.5 Chiro-Optical properties of Eu'" complexes E U .8 I 3  (5) and Eu.823 (/f) -  Circular 

Dichroism

The differential absorption of right- and left- circularly polarised light by an optically active 

asymmetric chromophore (or a symmetric chromophore in an asymmetric environment) is 

known as circular dichroism (CD). Circular dichroism is a spectroscopic technique in which 

measurements are carried out in the visible and ultra-violet region of the electromagnetic 

spectrum monitoring electronic transitions within a molecule. Since molecules containing 

chiral chromophores possess electrons residing in a chiral environment they will interact with 

and absorb the right- and left- ‘handed’ components of electromagnetic radiation to different 

extents resulting in a CD signal which is given by:

Equation 5: AA = A l -  Ar

where Al is the absorbance o f left-handed circularly polarised light and Ar is the absorbance 

of right-handed circularly polarised light. A graph displaying AA for a given asymmetric 

structure may therefore possess both positive and negative signals characteristic of the chiral 

compound. Enantiomeric compounds give rise to CD absorption bands at equal wavelengths 

but o f opposite sign as their structures are mirror images of one another. This technique was
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implemented to probe the chiral nature o f both the ligand and complex isomer structures and 

to verify the enantiomeric relationship between each pair.

CD spectra for ligands 81 (S) and 82 (R) and complexes EU.8 I 3 (S) and Eu.823 (R) were 

recorded in CH3 CN to investigate the enantiomeric relationship between the chiral ligands 

and their corresponding 1:3 tris chelate Eu'" complexes with the latter being formed in 

solution upon the addition of 0.33 equiv. of Eu(CF3 S0 3 )3 . The spectra of 81 (5) and 82 (R) 

were mirror images of one another, confirming structural isomerism and the enantiomeric 

purity o f each in solution (see Figure 2.8 (a)). Positive bands were centred at A, = 205 nm, 229 

nm and 286 nm, with a broad shoulder at 250 nm, and a negative band occurred at A. = 221 

nm for the S  enantiomer 81 while the opposite CD spectrum was observed for the R 

enantiomer 82.
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Figure 2.8. Circular dichroism spectra o f  ligands 81 (S) and 82 (R) (2 x  10'^ M) recorded in 
CHjCN at RT (a) before and (h) after the addition o f  0.33 equiv. o f  Eu(CFsS03)3 - note that 
slight discrepancies in intensities can be derived from differences in concentrations.

Retention of chirality upon complex formation in situ was confirmed by the CD spectra 

of E U . 8 I 3  {S) and E u . 8 2 3  {R) where their circular dichroism bands were equal in magnitude 

but opposite in sign (Figure 2.8 (b)). A dramatic change in both CD spectra was exhibited 

upon complex formation in which a large negative band was located at 208 nm and a large 

positive band occurred at 225 nm for E U . 8 I 3  (5). Concomitantly, the band centred at 286 nm 

experienced a significant decrease in intensity, appearing as a small negative absorption 

band, following fonnation o f the 1:3 tris chelate E U . 8 I 3  (S) complex in solution. 

Concurrently, for the CD spectrum of the corresponding Eu . 8 2 3  (R) complex, a large positive 

band was located at 208 nm while a large negative band occurred at 225 nm. The absorption 

band associated with the naphthalene chromophore again experienced a notable decrease in 

absorption, appearing as a positive band centred at 286 nm.
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These profound CD changes upon complexation influenced us to monitor the CD spectra 

as a function o f  metal concentration in order to gain further insight into the structural changes 

o f  the various species generated in the self-assem bly process. The overall changes in the CD 

spectra o f  81 {S) and 82 {R) upon titrating with increasing concentrations o f  Eu(CF3 S 0 3 ) 3  

(from 0 - 4  equiv.) in CH 3 CN at RT are shown below  in Figure 2.9.

These studies illustrate that the most notable changes occur upon the formation o f  the 1:3 

M;L species in solution. A significant enhancement in the relative intensity o f  absorption was 

exhibited by the band located at 229 nm, with it being slightly shifted to 225 nm after the 

addition o f  0.33 equiv. o f  Eu(Cp3 S0 3 ) 3  for ligand 81 (5) (see Figure 2.9 (a)). Between  

additions 0 —>0.33 equiv. a disappearance in the negative band centred at 221 nm occurred 

which was accompanied by the emergence o f  a negative signal located at 208 nm. With 

further aliquots o f  Eu'” a decrease in absorption intensity was evident for these bands at 208 

nm and 225 nm suggesting a change in ligand conformation and a shift in stoichiometry 

towards the 1 : 2  and 1 : 1  species -  both species which consequently possess different 

structural integrity to that o f  their 1 ;3 counterpart. An opposite trend was displayed by 82 {R) 

(Figure 2.9 (b)), verifying the enantiomeric structural relationship between the two systems.

(a) (b)

. [U (J a^uiv. r.u

0.;^? equiv. hu
A t  ' ^

 4  e i]U J \  . J .u

250 325

W a v e le n g th  ( n m )

-20 -

 0 equiv l;u

0.33 equiv 

 4 equ i\’. Ku"’so
V

<  ( »-

P - n i l ,̂ 25
W a v e le n g th  ( n m )^  -20

•5»

Figure 2.9. The overall changes in the circular dichroism  spectrum  o f  (a) 81 (S) (3.2 x 
M) and (h) 82 (R) (3 .7  x 10'^ M) upon titrating against increasing concentrations o f  
Eu(CF}S0 j) 3  ( 0 ^ 4  equiv.) in CH 3 CN  at RT.

Exciton coupling features arise in CD spectra when chromophores, which possess chiral 

disposition, are brought into close spatial proximity and their excited states are coupled  

together to give excitonic s t a t e s . A  bisignate curve, termed an exciton couplet, in the CD  

spectrum is indicative o f  this phenomenon and arises because electronic transitions o f  the
255excitonic states are excited to different degrees by right and left circularly polarised light. 

Parker and co-workers have investigated the use o f  these same chiral naphthalene antennae 

(as well as the 2-isomers) in C 4  symmetry based tetranaphthyl based cyclen ligands and Eu'" 

complexes.^'*’*’ Although the structures are quite different to those presented herein, some
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similarities exist; enabling us to draw some correlations between our results and those 

obtained in Parker’s studies. First, both results indicate the presence o f single chiral 

stereoisomers in solution for the ligands and second both show the appearance o f  distinctive 

bisignate profiles upon formation o f  the metal ion complexes with crossover points at 218 

nm, which, as mentioned above, suggesting the occurrence o f  exciton coupling between the 

naphthyl chromophores.

2.6 Chiro-Optical properties o f Eu'" complexes E u.Slj (*5) and Eu.SZj (/?) - 

Circularly Polarised Luminescence (CPL)

Analogous to CD, circularly polarised luminescence (CPL) is the differential emission o f 

right circularly polarised light versus left circularly polarised light by chiral luminescent 

molecular s y s t e m s . T h e  main param eter encountered in CPL measurements is the emission 

circular intensity differential (ECID) and is given by:

Equation 6: AI (^) = II (^) -  Ir (A,)

where iLand Ir  denote left and right circularly polarised light emission intensity, respectively.

CPL is generated from the electronic excited state o f a luminescent system reflecting the

structural nature o f  this state. Ln '” optical activity arises as a chiral ligand(s) generates a 

chiral environment around the metal centre, perturbing and influencing its /  electrons to 

assume a chiral configuration. This mechanism o f induction o f L n " '/e lec tro n  optical activity 

remains somewhat uncertain. However, CPL has become a substantially powerful technique 

used in enantiomeric relationship investigations between Ln*" complexes. The degree o f 

circularly polarised luminescence may also be calculated and is given by the luminescence 

dissymmetry ratio:

2AI
Equation 7: gium =  ~

where AI is the difference in the intensities o f left and right circularly polarised emissions 

and I is the total emission intensity.

CPL spectra o f  complexes Eu.Sla (S) and Eu.823 (R) were recorded in CH3CN at the 

Department o f Chemistry, University o f  Glasgow, in collaboration with P ro f Robert Peacock 

(as were all CPL measurements within this thesis) to evaluate whether chirality had been 

transferred from the ligands to the Eu”' centre upon complexation and to determine if  the 

metal ion was sitting in a chiral environment. The CPL spectra o f  complexes EU.8I3 (5) and 

Eu.823 (R) displayed chiral Eu'"-centred emission with positive and negative bands 

64



Chapter Two - Emissive Langmuir Blodgett films form ed from chiral lanthanide-directed self-assem blies

representative o f  deactivation from the ^Do excited state to the j  ground states (J = 0-4 ) 

(Figure 2 . 10). Opposite trends were observed for each transition, evidencing that the Eu"‘ 

metal was residing in a chiral environment o f opposite handedness in each case.

Comparison o f these CPL spectra with those obtained previously in our laboratory for the 

parent structures Eu.563 and Eu.5?3, for which the crystal structures o f the 1:3 complexes are 

known, allowed us to assign the absolute stereochemistry o f these self-assemblies as being A 

and A  for EU.8I3 {S) and Eu.823 {R),  respectively.^^ Dissymmetry factor values (gium ) were 

also determined for these complexes with values o f -0.18 and 0.11 and 0.18 and -0.10 

calculated for the A / = 1 and A / = 2 transitions for EU.8I3 (S) and Eu.823 (/?), respectively 

(Table 2 .3).
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Figure 2.10. Total Eu"‘-centred emission and CPL spectra o f  complexes (a) EU.8I3 (S) and 
(b) Eu . 8 2 3  (R) recorded in CH3 CN (excitation at X = 281nm).

The glum values obtained for the A / = 1 and A / = 2 transitions o f  EU.8I3 (S) and Eu.823 

{R) complexes were slightly lower to those evaluated for Eu.563 and Eu.5?3 (-0.24 and 0.25 

and 0.22 and -0.26 for the A / = 1 and AJ = 2 transitions for Eu.563 and Eu.5?3, 

respectively)'*^ which might reflect the unsymmetrical nature o f complexes EU.8I3 {S) and 

E u . 8 2 3  {R) in comparison to the symmetrical complexes Eu.563 and Eu.5?3.

Table 2.3. Summary o f  dissymmetry factors obtained for EU.8 I 3 (S) and Eu . 8 2 3  (R) in 
CH3 CN.

Complex (g,u„) 598 nm (g,„ J  619 nm

EU.8 I 3  -0.18 0.11

E u . 8 2 3  0.18 -0 . 1 0
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2.7 Solution studies on the Eu'"-directed self-assembly of 81 (5") and 82 (R) in 

CH,CN

A series o f UV-visible absorption and luminescence photophysical titrations were also 

conducted in CH3CN in order to investigate the self-assembly of ligands 81 and 82 with Eu”* 

in situ. This procedure involves monitoring the changes in the ligand UV-visible absorption 

spectrum and the evolution of Eu"'-centred emission upon the addition of known equiv. 

aliquots o f Eu(Cp3S03)3  to a solution of either 81 or 82. By fitting this data using the non

linear regression analysis program SPECFIT, species stoichiometry and their corresponding 

binding constant values may be elucidated.
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Figure 2.11. The overall changes in the (a) UV-visible absorption spectra and (b) Eu"‘-  
centred phosphorescence spectra upon titrating 81 (1 x 10'^ M) against Eu(CFiSOs)s (0-^6  
equiv.) in CH3CN at RT. Inset: corresponding experimental binding isotherm o f  (a) 
absorbance at X = 223 and 281 nm and (b) E i/‘'  phosphorescence emission intensity at X = 
595, 615 and 695 nm.

The overall changes observed in the UV-visible absorption spectrum of 81 follwing the 

addition o f increasing concentrations of Eu'” are displayed in Figure 2.11 (a). The UV-visible 

absorption spectrum of ligand 81 consists o f a long wavelength absorption band centred at 

Xmax = 281 nm (s = 8969 M '' cm ''). As mentioned above, this band represents the So ^  Si 7t 

-  7t* transition of the antenna moiety presenting hyperfine structure with two shoulders 

located at 271 nm and 293 nm while the higher energy absorption band was again evident at 

Xniax = 223 nm, which is assigned to the So —> S2 ti -  7t* transition. Significant changes were 

observed in the UV-visible absorption spectra upon increasing concentrations o f Eu'", 

including the formation of several isosbestic points at 216, 226 and 294 nm, respectively. A 

hypochromatic effect was experienced by the band located at = 223 nm up until the 

addition of 0.45 equiv. o f Eu(CF3S0 3 )3, as can be observed from the binding isotherm graph 

(Figure 2.11 (a) inset) Subsequent additions gave rise to a small absorption increase between
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0.45—>1 equiv. o f Eu'*' followed by an absorbance plateau at higher metal concentrations. 

These changes are indicative o f equilibrium displacement and evolution o f different 

stoichiometric species in solution as the Eu'” concentration is increased. Concurrently, an 

enhancement in absorption in the band centred at A^ax = 281 nm was evident upon Eu’" 

additions between 0—>1 equiv.. The peak centred at A. = 281 nm was shifted to 278 nm while 

the shoulder, located at X, = 293 nm, was also shifted; occuring at 285 nm following the 

addition o f 1 equiv. o f Eu(CF 3 S0 3 )3 . At higher metal concentrations no noticeable changes 

were observed at this absorption band.

The fluorescence emission spectrum o f ligands 81 and 82 was very weak being affected 

to only a small extent throughout the self-assembly process (see Appendix Figure A2.5 for 

overall changes in the fluorescence spectra o f ligand 81). Therefore, only the emergence o f 

Eu'"-centred emission from each solution was investigated throughout the titration since 

these changes were substantial enough to analyse. This was achieved by exciting into the 

sensitising moiety at X̂ x = 281 nm and m easuring the delayed Eu"'-centred luminescence. A 

gradual enhancement in a typical Eu"'-centred luminescence spectrum was observed upon 

the addition o f 0—>0.4 equiv. o f Eu'" with characteristic transitions appearing at A. = 595 nm, 

615 nm, 650 nm and 695 nm, respectively (Figure 2.11 (b)). These emission bands represent 

deactivation from the Eu”* ^Do excited state to the ^Fj ground states, where J  = 1 -  4, 

signifying effective energy transfer from the ligand to the metal centre and thus successful 

complexation in solution. Further additions o f Eu”' result in a sharp decrease in the emission 

intensity o f these transitions with an eventual plateau exhibited by the self-assembly system 

at metal equiv. greater than 1 (Figure 2.11 (b)). The above quenching results display a shift in 

species equilibrium as the titration proceeds suggesting that the most emissive 1:3 (M:L) 

species (E U .8 I3 )  evolves in solution between additions 0—*•0.4 equiv. with the lesser emissive 

1:1 species (Eu.81) predominating in solution at higher metal concentrations.

The overall changes observed in both the UV-visible absorption and the luminescence 

spectra upon titrating the corresponding R enantiomer 82 with increasing concentrations o f 

Eu”' were identical to that observed for 81, as shown in Appendix Figure A2.6, confirming 

that both enantiomers behave in the same m anner in CH 3 CN solution. For verification o f  the 

stoichiometry o f  the various species present in solution this data was fit by means o f  non

linear regression analysis as described below.

2.8 Fitting of titration data and determination of complex stability constants

In order to gain a better understanding o f the self-assembly process in solution the global

changes in both the UV-visible absorption and Ln'"-centred emission spectra were fit by

using the non-linear regression analysis program SPECFIT.^^®’̂ '̂ SPECFIT uses a non-linear
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least squares regression method to minimise the differences between experimental data 

obtained from spectroscopic data and theoretical data calculated from a proposed model. The 

stepwise equilibrium equations used as a model for the formation o f the various Ln'"-directed 

self-assembly species in solution encountered in this chapter and subsequent chapters can be 

expressed as follows:

^ 1 1  ^ [MLl
------------------------- ^  A / f T

[M][L]M + L > ML

M L + L   -------- ^ >  ML,  =---- >
V

Kn N.

< —

Thus the cumultative stability constant y9 i3 can be expressed as the product o f  the step-by- 

step equilibrium constants given by:

=  ^ 1 1

The general equation for:

ŷ i3 ^  ,
mM + nL ^ >  MmLn

can be written as:

[Mn,Ln1
EC|UHtlOn P m n ~

Stability binding constants are usually quoted as their logarithmic values however and as 

such, shall be reported as log/5mn throughout this thesis.

Analysis o f  the UV-visible absorption data pointed to the presence o f  four absorbing 

species in solution, namely the ligand itself (81), the 1:1 (Eu.81), the 1:2 (EU.8 I 2 ) and the 1:3 

(EU.8 I 3 ) species. The speciation distribution graph obtained following fitting the UV-visible 

absorption titration data, (Figure 2.12 (a)), indicates that upon the addition o f  0 ^ 0 .4  equiv. 

o f  Eu"' the predominant species in solution was the 1:3 (EU.8 I 3 ) species with a binding 

constant value o f  logPis = 20.9 ± 0.3 calculated.
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Figure 2.12. (a) The speciation distribution diagram obtained from UV-visible absorption 
titration data fit (upon titrating ligand 81 against Eu(CF3 SO3 ) 3  in CH3 CN) and (b) the f it  o f  
the experimental binding isotherms using the non-linear regression analysis program  
SPECFIT.

A speciation distribution percentage value o f  87% for the E u.S lj species after the addition o f  

0.4 equiv. o f  Eu*" was evident, accounting for the significant changes occurring at this point 

in the titration. Additional aliquots o f  Eu'" shifts the equilibrium towards the formation o f  a 

second 1:2 EU.8I2 species, with it being fonned in 30% yield following the addition 1 equiv. 

o f  Eu"', with a binding constant value o f  log(3i2 = 13.8 i  0.0 calculated. These results direct 

us to the conclusion that between these two equivalence values, equilibrium is distributed 

between the formation o f  both species, consequently giving rise to the maximum changes in 

absorbance occurring in this region. Subsequent aliquots gave rise to the formation o f  the 1:1 

Eu.81 species with it being formed in 37% yield after the addition o f  4 equiv. o f  the metal 

ion, with a binding constant value o f  logpn = 6 .6  ±  0.2. Binding isotherms for this data 

analysis confirmed that a good fit was obtained. A summary o f  all the binding constants 

calculated for this chapter are found in Table 2.7.

Analysis o f  the UV -visible absorption data follow ing the titration o f  82 with 

Eu(Cp3S03)3 gave rise to the elucidation o f  binding constant values o f  logpn = 6.7 ± 0.2, 

logPi2 = 13.8 ±  0.0 and logPia = 20.5 ± 0.3 for the Eu.82, Eu.822 and the Eu .823 species 

respectively, (see Appendix Figure A2.7), confinning the same behaviour for both 

enantiomers in solution.

The solution fonnation o f  Eu.Ln (where L = 81/82 and n = 1-3) was also analysed by 

fitting the changes in the characteristic Eu"'-centred em ission spectra. The matching o f  the 

binding isotherms with the theoretical fit, (Figure 2.13 (b), evidenced that a good fit was 

obtained while, as mentioned above, a summary o f  all the binding constants calculated for 

this chapter are found in Table 2.7.
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Figure 2.13. The speciation distribution diagram obtained from the luminescence titration 
data fit (upon titrating ligand 81 against Eu(CF3803)3 in CH3CN) and (b) the fit  o f the 
experimental binding isotherms using the non-linear regression analysis program SPECFIT.

From  the speciation distribution diagram  show n in Figure 2.13 (a) it is evident that an 

alm ost identical trend was observed to that show n follow ing fitting o f  the U V -visible 

absorption titration data. A speciation distribution form ation value o f  80%  was observed for 

the EU.8 I 3 species after the addition o f  0.4 equiv. o f  E u '" with a b inding constant value o f  

logPn = 19.9 ± 0.2. Subsequent additions o f  E u '"  is again show n to give rise in a shift in 

equilibrium  with the evolution o f  the lesser em issive 1 :2  E u .S b  species evident at h igher 

E u '" concentrations. A speciation distribution form ation value o f  34%  was observed for this 

species after the addition o f  1 equiv. o f  E u '" with a binding constant value o f  logPi2 = 13.3 ± 

0.2 calculated. The least em issive 1:1 Eu.81 com plex then becom es the m ost predom inant in 

solution with it being fonned  in 63%  follow ing the addition o f  4 equiv. o f  E u '", w ith a 

b inding constant o f  logPi 1 = 6.7 ± 0.1.

F itting o f  the overall changes in the lum inescence spectra for the titration o f  82 with E u"' 

again indicated an identical behaviour for 82 (see Appendix Figure A2.8) with binding 

constant values o f  logpn  = 6.7 ± 0.2, logp i2 = 14.3 ± 0.3, logP n  = 21.9 ±  0.4 obtained for 

Eu.82 Eu.822 and the E u .823  species respectively, again dem onstrating the sim ilar behaviour 

for both system s in solution.

2.9 L angm uir m onolayer form ation o f  EU.8 I3 (5 ) and E u .823  (R) com plexes

In order to assess i f  com plexes EU.8 I 3 and E u .823  w ere suitable for form ing Langm uir 

m onolayers at an air-w ater interface it was vital to first exam ine m onolayer form ation o f  

ligands 81 and 82 to ensure that the hydrophilic/hydrophobic ratio  chosen in the design o f  the 

ligands induced sufficient am phiphilicity. This process was carried out in collaboration w ith 

Dr. Laszlo M ercs and Prof. M artin A lbrecht in the School o f  C hem istry and Chem ical 
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Biology, Belfield, UCD. The process involved the spreading o f a 20 (iL sample o f ligand 81 

(6.62 X lO'̂ * M) (or ligand 82) in CHCI3 onto the surface o f a water subphase at RT. Solvent 

was allowed to evaporate before the barriers were closed (at a speed o f 6 mm min"') and the 

surface pressure was closely monitored. A typical surface pressure-area isotherm graph was 

obtained for both ligands (Figure 2.14 (a)).
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Figure 2.14. Surface pressure-area isotherms o f  (a) ligands 81 (S) and 82 (R) and (b) EU.8 I3 
(S) and Eu.82} (R). Inset: (h) surface pressure-time profiles for Langmuir monolayers o f  
EU.8I 3 (S) and Eu.823 (R).

Upon area decrease an exponential increase in surface pressure evidenced the different 

phase transitions, i.e. gaseous (G), liquid expanded (LE), liquid condensed (LC) and film 

collapse. These results confinned monolayer formation at the air-water interface for 81 and 

82. A G phase state was observed at areas greater than 55 up until a thin monomolecular 

film o f ligand 81 began to form and existed in the LE phase within the area range 55 -  33 A ,̂ 

as is evident from the aforementioned sharp increase in surface pressure between these two 

values. As this area was further decreased interfacial molecules began to interact, becoming 

more densely packed and forming a LC phase, known as a Langmuir monolayer, between the 

area range 26 -  22 A .̂ The exact nature o f the Langmuir monolayer is unknown, however, 

film collapse occurs at 30 mN m"' corresponding to an area occupancy o f  22 A  ̂ for ligand 

81, while film collapse for 82 occurs at 29 mN m'' (corresponding to an area occupancy o f  28 

A^). This is assigned to the cross-sectional area o f  approximately one alkyl chain^®  ̂ so it can 

be assumed that in this LC state the polar head groups are orientated towards the water phase, 

strongly interacting with one another, with their hydrophobic alkyl chains orientated 

perpendicular to the subphase plane. A similar profile was observed for ligand 82 (see Figure 

2.14 (a)) confirming the ability o f  both ligands to self-assemble into Langmuir monolayers at 

the air-water interface. Once it had been established that ligands 81 and 82 had the ability to
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se lf-a sse m b le  in  th is m ann er it w a s p red icted  that c o m p le x e s  EU.8I3 and Eu.SZj w o u ld  b e  

cap ab le  o f  ex h ib it in g  th is property  a lso .

M onolayer formation o f complexes EU.8I3 and Eu .823 was monitored in an identical 

m anner to that described above. A 20 |uL volume o f  EU .8I3 (2.5 x 10'^ M) (or complex 

E u .823), using CHC^iM eO H (9:1) as the spreading solvent, was spread onto the water 

subphase at RT and solvent allowed to evaporate. A surface pressure-area isotherm was 

obtained upon barrier compression (at a speed o f 6  mm m in ''), indicating successful 

monolayer formation for EU .8I3 and Eu.823, see Figure 2.14 (b). The various phase 

transitions were observed as the area was reduced and the material was compressed into an 

organised monolayer in both cases. EU.8I3 amphiphiles displayed disordered gaseous 

behaviour at areas greater than 160 A^. However, upon further compression a steep 

exponential increase in surface pressure was observed (L E  phase) where the molecules begin 

to organise by self-assembling at the interface. A phase transition to the LC phase was 

signified by changes in the surface pressure-area isotherm at an area o f  90 where surface 

pressure steeply increased upon organisation o f  the molecules. Film collapse takes place at a 

surface pressure o f  29 mN m ’’ for EU.8I3 (while film collapse for Eu .823 occurs at 34 mN m ' 

')  corresponding to a cross-sectional area occupancy for approximately three alkyl chains. 

We can therefore assume that the polar Eu"* coordination spheres are closely packed and 

orientated towards the water phase with the hexadecyl chains pointing out, peipendicular to 

the plane o f the subphase.

To assess the stability o f the Langmuir monolayers o f EU.8I3 and Eu.823 the barriers were 

kept at a fixed position for an extended period o f time (>1 h). Surface pressure was 

m onitored over time, as shown in Figure 2.14 (b) inset, confirming film stability as there was 

no significant decrease in surface pressure evident. These results indicate that the monolayers 

o f  EU.8I3 and Eu.823 display excellent stability properties. Having obtained these promising 

results it was our intention to then apply the Langmuir-Blodgett technique to immobilise our 

complexes onto a solid support allowing us to take our studies from solution to the solid state 

in a highly controllable, organised manner.

2.10 Langmuir-Blodgett film formation of EU.8I3 (5)  and Eu.823 {R) complexes

As it was necessary to use a quartz solid support for eventual spectroscopic investigations, it

was anticipated that deposifion would occur through hydrophilic interactions between the

polar head groups o f the amphiphilic complexes and the surface o f the quartz. As described

in chapter one, solid substrate hydrophobicity/hydrophilicity dictates whether dipping begins

with the substrate positioned above or submersed below the monolayer. As the surface o f  the

quartz slide (10 mm x 1 mm x 35 mm) is hydrophilic the slide was lowered and submerged 
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into the subphase before the amphiphilic complex was spread onto the surface. The 

amphiphile was then organised into the LE phase (by compressing the barriers until a surface 

pressure of 12 mN m'' was obtained (for EU.8 I 3 )) and allowed to stabilise (20 mins) before 

emersion of the slide by means of an upward stroke (at a speed of 4 mm min"') resulted in 

monolayer transfer.

Films possessing dimensions of 1 cm (h) x 1 cm (w) were successfully transferred and 

attached to the slide with transfer ratios o f ~ 1 , indicating high quality transfer from the 

subphase to the substrate with excellent order and uniformity. As this deposition process had 

not yet been investigated for complexes of this nature it was necessary to ‘fine tune’ the 

deposition technique to elucidate the resulting architecture type. That is, as deposition 

architecture type could not be predicted a number of trial measurements were required before 

the type o f deposition was established and determined as being Z-type. It was critical that the 

quartz slide be thoroughly cleaned prior to monolayer transfer by means of submersion in 

piranha solution (3:1 concentrated sulfuric acid to 30% hydrogen peroxide solution) to ensure 

successful immobilisation of the Langmuir-Blodgett film.

(a) (b)
0.U45 -I

U  0.025 
C

■£ 0 .020

<  0 015
35 0  (K)6 -

0.005 -
 i-u 82 . ( K )

' I .......................................I . I . I .
200 220 2-10 260 2 80 300 320 340 360 3»U 400 20fl 220 240 260 280 300 320 340 360 3H0 400

W a v e le n g t h  ( n m )  W a v e le n g t h  ( n m )

Figure 2.15. UV-visihle absorption spectra o f  (a) Eu.Sls (S) and (h) Eu.82s (R) immobilised 
on quartz slide.

The photophysical properties of the immobilised EU.8 I 3 and Eu.82a monolayers (two 

monolayers, i.e. one monolayer attached to each side o f the slide) were next evaluated (see 

Figure 2.15 - Figure 2.18). The UV-visible absorption spectrum of Langmuir-Blodgett films 

of EU.8 I 3 and Eu . 8 2 3  were recorded, as shown in Figure 2.15 displaying an identical profile 

to that observed for these systems in solution with two A,max bands located at 223 nm and 281 

nm. Upon excitation at A. = 281 nm Eu'”-centred time-delayed luminescence was also 

exhibited by both immobilised films with bands centred at ^ = 593 nm (^Dq —> ^Fi), 615 nm 

(^Do —♦ V 2 ) and 695 nm (^Do ^F4 ), as shown in Figure 2.17.
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Figure 2.16. Excitation spectra (emission at Xem -= 615 nm) o f  (a) Eu.81} (S) and (b) E u.Slj 
(R) immobilised on quartz slide.

These results, in addition to the excitation spectra recorded for both LB films (see Figure 

2.16) which closely resemble the UV-visible absorption spectra, clearly confirms successful 

sensitisation o f the Eu"' centre by the ligand in the solid state and thus retention o f the 

desirable photophysical properties o f the self-assembled system.
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Figure 2.17. Eu‘”-centred phosphorescence spectra o f  (a) Eu.81} (S) and (b) Eu.82} (R) 
immobilised on quartz slide (excitation at 2-ex =  281 nm).

The enantiomeric relationship between the monolayers was also investigated using CD 

and CPL spectroscopy. Unfortunately a CD signal was not detectable from either LB film 

however CPL spectra from the two monolayers displayed chiral Eu”’-centred luminescence 

each with signals, corresponding to the A J = 1 and 2 transitions, o f  equal amplitude but 

opposite sign (Figure 2.18 (a)). The band representing the AJ = 1 transition appears as a 

positive signal for the EU.8I3 monolayer but as a negative signal for the Eu.823 monolayer.
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The opposite is true for the signal associated with the AJ = 2 transition with it appearing as a 

negative signal for the EU.8 I 3 com plex but positive for Eu.8 2 3 . These results confirm that the 

monolayers are in fact enantiomeric with each Eu'” centre reporting the chiral nature o f  the 

local environment. Furthermore, dissymmetry factor values were determined for the AJ = 1 

and 2  transitions for the immobilised Eu . 8 2 3  layer with values o f  gium =0.161 and 0.068 for AJ 

= 1 and A J  = 2, respectively. This slight difference from the solution results is most likely  

related to the formation o f  the LB films in which the packing o f  the m olecules may have had 

an effect on the local coordination environment o f  the Ln"* or, it also may be due to the effect 

o f  the solid surface.
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Figure 2.18. (a) Total Eu"‘-cen tred emission (from Eu.82 j (R)) an d  CPL spectra  from  
m onolayer o f  EU.8I3 (S) and (b) Eu.82} (R) im m obilised on quartz so lid  support (excitation  
at X =  28Inm). (b) Eu^'-centred luminescence exhibited from  one m onolayer and two 
m onolayers o f  Eu.82} (R).

The excited-state decay o f  Eu'"-centred em ission was also determined for immobilised  

monolayers o f  E U . 8 I 3 and Eu.82s and in both cases were best fit to a bi-exponential decay 

function indicating the presence o f  possibly two luminescent species within each film. 

Lifetimes values o f  1.502 ms and 0.35 ms were calculated for E U . 8 I 3 while values o f  1.477 

ms and 0.0988 ms were obtained for Eu . 8 2 3  The longer excited lifetim e values (1.502 and 

1.477 ms) are comparable to those obtained in solution in which q values o f  0 were 

calculated. This confirms the presence o f  the fully saturated com plex species within the LB 

films. The second, shorter lived species, may be due to a partial dissociation o f  the com plex 

during the LB process. Interestingly these films were found to be stable under ambient 

conditions over a period o f  many months.

It was also possible to transfer multiple layers o f  films o f  the E u . 8 2 b com plex onto a 

quartz slide with transfer ratios close to unity obtained for the deposition o f  the first two 

monolayers. As demonstrated in Figure 2.18 (b) em ission was enhanced upon the deposition
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of a second monolayer {i.e. two immobilised monolayers on each side of the solid substrate). 

The attachment of a third layer however did not render uniformity with transfer ratios 

reflecting the deterioration o f transfer efficiency as a subsequent monolayer was coated. 

Sequential attempts to attach more than three monolayers were unsuccessful as it was noticed 

that upon emersion of the solid support layers were affixed however as the slide was once 

again immersed the film was instantly detached.

Due to the relatively weak emissive properties of these films it was not possible to 

observe the typical red Eu'”-centred emission by the naked eye under the UV lamp. These 

results did however provide a model system evidencing the potential applicability o f this 

technique to Ln'"-directed self-assemblies of this type. In more recent times Langmuir and 

Langmuir-Blodgett films of highly emissive cyclen based complexes have been developed by 

Dr. Laura K. Truman. Moreover, monolayers of these complexes can be seen under the 

UV lamp by the naked eye and have also been shown to display dual Eu'” and Tb'”-centred 

emission. Furthermore, preliminary studies for the selective sensing of amino acids, by 

means of monolayer Ln"’ emission modulation, have proven promising.

2.11 Summary -  Visibly emitting Eu"'-directed self-assembled systems

The aim of this project was to build upon previous work carried out on the “half-helicate” 

ligands 79 and 80 by synthesising amphiphilic analogues 81 and 82 for Langmuir monolayer 

formation at an air-water interface and subsequent immobilisation onto a quartz solid 

substrate for the generation of solid state Ln"‘ emissive materials.

Compounds 81 and 82 were synthesised and fully characterised, and in addition their

molecular structures were determined by X-ray crystallography elucidating their solid state

packing interactions. Complexation of ligands 81 and 82 with 0.33 equiv. of Eu'" resulted in

isolation o f  luminescent solid state com plexes EU.8I3 and Eu.823 with hydration state values

of ^ ~ 0 calculated, confirming that the Eu'” was indeed residing in a fully saturated

coordinative environment bound to three tridentate ligands within the 1:3 complexes. CD and

CPL analysis confirmed that the chirality o f ligands 81 and 82 was retained and transferred to

the Eu’" centre upon com plexation and that com plexes EU.8I3 and Eu.823 exist as a pair o f

enantiomers, displaying chiral Eu’"-centred long-lived emission. Detailed CD titrations gave

further insight into the structural changes of the various species generated in the self-

assembly process with the most significant changes observed upon the formation o f the 1:3

species. The Eu'"-directed self-assembly process o f both 81 and 82 with Eu(CF3 S0 3 ) 3  was

monitored in CH3 CN solution using spectroscopic techniques and illustrated that three

stoichiometric species were present in solution (1:1, 1:2 and 1:3), with the 1:3 species

predominantly formed upon the addition o f approximately 0.4 equiv. o f Eu"*. Langmuir 
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m onolayers o f  ligands 81 and 82 and their corresponding com plexes EU.8I3 and E u .823 w ere 

then prepared and the photophysical properties o f  the lum inescent film s investigated. 

A ttachm ent o f  the com plexes onto a quartz solid substrate w as achieved via Z-type 

deposition with good transfer ratios o f  ~  1 obtained in both cases. These L angm uir-B lodgett 

film s w ere found to display E u"'-cen tred  long-lived lum inescence w hile C PL  m easurem ents 

w ere em ployed to verify that the lum inescence em itted from  the film s was chiral. M ultiple 

layers o f  up to tw o m onolayers o f  E u .823 w ere successfully  deposited  onto the quartz 

supports with an increase in E u '"-centred  em ission displayed upon additional m onolayer 

coating. Further layering did not result in high enough quality  film s to increase the num ber o f  

LB layers for an increased lum inescent signal and eventually  gave rise to a sim ultaneous 

attachm ent/detachm ent process. From  these studies it has been show n that com plexes o f  

EU.8I3 and Eu.823 can be successfully  assem bled into L angm uir m onolayers at an air-w ater 

interface and organised into u ltra-thin film s. The photophysical properties o f  these surface 

bound chiral Ln’" lum inescent assem blies have also been shown to be unaltered upon 

incorporation into LB films.

2,12 Moving towards NIR emitting Nd'" -directed self-assembled systems

The above sections have detailed developm ents m ade to novel chiral E u '"-d irected  self- 

assem blies and their im m obilisation into visibly em itting  chiral m onom olecular ultra-thin 

films. The N IR  em itting lanthanides, such as P r'" , Y b '" , E r’", and N d " ', how ever offer m ajor 

advantages over the visibly em itting Ln'" for applications in biology/** such as in the 

developm ent o f  lum inescent im aging agents and bioprobes, as the N IR  em ission (8 0 0 -1 0 0 0  

nm ) is transparent to biological tissue allow ing im aging through relatively thick tissue 

sam ples. M oreover, from  an optical devices point o f  view , the N IR  em issive L n '" can be 

em ployed in telecom m unications optical netw orks, again ow ing to their em ission in the 

transparent w indow  o f  silica fibers (1 0 0 0 -1 6 0 0  O f  the N IR  em itting

lanthanides, N d '"  and Er'" are particularly  interesting as their lum inescent behaviour is 

highly sensitive to the external environm ent.^^’̂ ^ ’̂ ^̂  In particular, the high density  o f  states in 

the excited state m anifolds o f  N d '"  and E r" ' ensures that non-radiative quenching o f  the 

lanthanide em issive state by associated C -H  and O -H  oscillators is m ore im portant in 

com plexes with these ions than any other Ln '", as they are quenched to a greater extent 

through closely associated C -H  oscillators (in addition to N -H  and O H oscillators).

As well as introducing a strong dependence o f  lum inescence quantum  yield and lifetim e 

upon structure, this phenom enon also m eans that ternary assem blies, involving guests such as 

b iom olecules and com plexes, will change the lum inescence quantum  yields o f  such
268 269species. ’ Such assem blies have already been w idely exploited in system s w here inner
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IQ8 970sphere solvation is changed when the assembly is formed. ’ However, there is also clear 

potential to exploit the more subtle effects inherent to the presence o f local oscillators in 

lifetime resolved imaging. For practical sensing application, Nd*" complexes are ideal as 

luminescence quantum yields from Er"’ complexes in aqueous media tend to be very low as a 

consequence of the small energy gap between the emissive state and ground state. Only a 

small number of examples of LB films composed of thermodynamically and kinetically 

stable Ln*" based complexes have been developed to date, as discussed in the chapter 

one,^^‘*’̂ '*^and to the best o f our knowledge no examples of NIR emitting Ln'*’ based LB films 

(or NIR luminescent monolayers) have been developed.

On account of these observations it was therefore our intention to extend our interest to 

the development o f functional Ln'" luminescent structures involving NIR emitting N d'”. We 

set out to form highly organised Langmuir monolayers and LB films in a similar manner to 

that described above for the Eu'" system in which amphiphilic chiral ligands 81 and 82 were 

again implemented. Studies on these systems were conducted in a similar manner to that 

described for the Eu'"-directed self-assembled systems above and as such are detailed herein.

2.13 Formation of mononuclear tris chelate complexes Nd.Sl j (5) and Nd.823 (/?)

The mononuclear 1:3 Nd'" complexes were synthesised by reacting either 81 or 82 with 

Nd(CF3S0 3 )3  in a 1:3 stoichiometric M:L ratio in HPLC grade CH3OH. Microwave 

irradiation was applied to the reaction mixture for 10 mins at 70 °C (see Scheme 2.3). Both 

Nd.8 l 3 and Nd .8 2 3  were isolated by vapour diffusion o f diethyl ether yielding the desired 

products, Nd.8 l 3 and Nd.8 2 3 , as white solids in yields of 50% and 59%, respectively.

W N d (C F 3 S 0 3 )3
'^'Ci6H33 ------------------ - Nd.8 l 3 (S)

CH3OH Nd.823 (R)

Schem e 2.3. Preparation o f  complexes N d .S lj (S) and N d.Slj (R) carried out under 
microwave irradiation at 70 ‘’C.

As shown for EU.8 I 3 and Eu .8 2 3  broadening and shifting of signals in the 'H  NMR 

spectrum (400 MHz, CD3OD- d^) (see Appendix Figure A2.9 and A2.10) indicates 

complexation of the paramagnetic Nd'" ion while a shift in IR stretching frequency o f the 

amide carbonyl band (from 1654 cm'* to 1631 cm"' forN d.8 l 3 and from 1650 cm'* to 1633 

cm"' for Nd.8 2 3 ) also verified formation o f the 1:3 Nd'" complexes. Elemental analysis was 

also employed to confirm complexation in both cases. Neither Nd.8 l 3 nor Nd.82s were

H
N

O O
81 (S)
82 (R)
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detectable by HRMS in the range of solvents investigated (CH3OH, CH2CI2, CH3CN), 

however their 1 :2  counterparts were observed again possibly due to complex dissociation at 

the low concentration required for HRMS analysis (see Appendix Figure A2.11 for 

calculated and experimental isotopic distribution pattern for Nd.Sla).

2.14 Photophysicai characterisation of complexes Nd.813 (5)  and Nd.823 (R)

The photophysicai properties of complexes Nd.Sls and N d .8 2 3  were evaluated in CH3CN and 

CH3OH, as shown in Figure 2.19 and Appendix Figures A 2.12 -  2.16. As illustrated for the 

analogous Eu'" systems EU.8 I 3 and Eu .8 2 3  above, the UV-visible absorption spectrum 

displayed a major absorption band located at Xmax = 281 nm, associated with the So —> Si 7t - 

n* transition, while a second peak, assigned to the the So ^  S2 tt - 71* transition, was centred 

at ^ax  = 223 nm, see Figure 2.19 (a).
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Figure 2,19. The (a) UV-visible absorption spectra and (h) corrected luminescence spectra 
ofN d.Sh (S) (6.3 X la^ M) in CH3CN.

Characteristic N d'”-centred luminescence was exhibited from both Nd .8 1 3  and Nd.8 2 3 , as 

shown in Figure 2.19 (b) and Appendix Figures A2.12 (b) and A2.14 -  A2.16, following 

excitation into the naphthalene sensitising moiety at >^ax = 281 nm. A typical Nd"' line-like 

emission spectrum was displayed with bands occurring at 880 nm, 1064 nm and 1334 nm, 

indicative of efficient energy transfer from the chromophore to the Nd'" ‘’F3/2 excited state 

and subsequent deactivation to the ground states (where J =  9/2, 11/2 and 13/2).

Time resolved emission spectra (TRES) were also recorded for both N d . S l s  and N d .8 2 3  

in C H 3 C N ,  C H 3 O H ,  and C D 3 O D  as shown in Figure 2.20 (a) and Appendix Figure A2.17. 

These measurements were conducted in collaboration with Prof. Stephen Faulkner at the 

University o f Oxford in which Dr. Manuel Tropiano assisted with the set-up o f the 

instrument while experiments were primarily carried out by Dr. Jonathan A. Kitchen and
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myself. The Nd'" luminescence decays (excitation at 337 nm) of the three transitions 880 nm 

(''F3/2 —> % /2), 1064 nm (''F3/2 —> ‘*Iii/2), and 1334 nm (‘’F3/2 ''I13/2 ) were observed. Lifetime

measurements evaluated at 1064 nm fit well to a model in which the data was fit to 

components for rise time and decay time by reconvolution with the detector response (see 

Figure 2.20 (b), Figure 2.21 and Appendix Figure A2.18).
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Figure 2.20. (a) Time-resolved emission spectrum o f  Nd.81} after excitation at 337 nm, 
showing sensitised Ln'"-based luminescence, (b) Decay curve obtained from  Nd.Sls in 
CH3 OH and residuals for fitted curve generated by deconvulution o f  the instrument response 

function with a single exponential function.

Table 2.4. Nc^‘ ̂ -centred rise times and lifetimes (/ns) for N d (^Fsa) in Nd.Sls and Nd.82} as 
measured in CH3 OH, CD3 OD and CH3 CN.

MeOH CD3OD MeCN

^  rise time I ^risc time T ^rise lime T

(ns) (ns) (ns) (ns) (ns) (ns)
Nd.8l3 16 206 45 775 22 491

Nd.823 12 251 40 865 22 460

Similar behaviour for both complexes was observed in the three solvent media studied, as 

can be seen from the data in Table 2.4, and the typical fitted temporal profiles shown in 

Figure 2.20 (b), Figure 2.21 and Appendix Figure A2.18. The rise time in such systems 

generally arises from the involvement of the triplet excited state o f the donor chromophore in 

the energy transfer process to the Ln'". This is supported by the differences between the rise 

time values evaluated in CH3OH and in CD3OD, i.e. longer rise times were observed in 

deuterated media (45 and 40 ns for Nd . 8 1 3  and Nd . 8 2 3  in CD3OD in comparison to 16 and 12 

ns for Nd.8 l 3 and N d . 8 2 3  in CH3OH respectively). These rise time values reflect the
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im perfect overlap betw een the triplet state o f  the donor chrom ophore and phonon assistance 

involving the solvent v ibrational m anifold, i.e. the low er energy (and less effective spectral 

overlap) o f  C -D  and O -D  vibrational oscillators w ith the donor trip let state relative to the 

spectral overlap w ith analogous C -H  and 0 - H  oscillators found in non-deuterated  C H 3 OH. 

It is clear from  this data that both N d '"  contain ing system s exhibit sim ilar lum inescence 

lifetim es in each o f  the solvent system s studied.
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F igure 2.21. D ecay curves obtained from  N d.81} in (a) CH^CN and (b) CD 3OD and  
residuals fo r  f i t te d  curve gen erated  by deconvulution o f  the instrument response function  
with a  single exponential function.

Due to the profound dependence o f  the lum inescence lifetim e o f  N d ” ' com plexes upon 

ligand structure, it is unw ise to use the published equations w hich w ere established for 

am inocarboxylate ligand system s derived from  cyclen to calculate the num ber o f  inner sphere 

w ater m olecules H ow ever, lifetim e values are consistent w ith a low  degree o f

solvation at the m etal centre as those calculated in C H 3 OH are very long for a N d '"  com plex. 

I f  w e accept that three tridentate diam idopyridyl ligands fill the inner coordination sphere, the 

differences betw een the values for the decay com ponents o f  the lum inescence lifetim es 

obtained in C H 3 OH and C D 3 OD  are highly  instructive. C learly, two com plexes do not 

constitute a sufficient body o f  data to establish m eaningful relations that define q in 

d ipicolinate system s, but it m ay be useful to consider an equation o f  the form:

q -  A ( 1/ t c h 30h  -  1/  " T c t o o d  -  B )

In a system  in w hich there is no coordinated solvent, the difference betw een 1/tch30h and 

1/'CCD30D should reflect B, the outer sphere solvent contribution to non-radiative deactivation
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of the excited state. On this basis, Nd.Sls and Nd . 8 2 3  give values of 3.5 ± 0.6 and 2.8 ± 0.5 

|as \  respectively which are within error o f one another and imply that the coordination 

environments and the nature of the solvation o f the two complexes are very similar. These 

values for B differ significantly from the value o f the outer sphere correction value obtained 

for aminocarboxylate ligand systems (1.4 suggesting that there may be significant

variations in outer sphere solvent effects between different classes of complex.

2.15 Chiro-Optical properties of Nd'" complexes -  CD and CD titrations

In order to investigate the enantiomeric nature of the ligands and inspect whether chirality 

had been retained in their corresponding complexes Nd.Sls (5) and Nd .823 {R) CD spectra 

were recorded in CH3CN in a similar manner to that described for E U .8 I 3  {S) and E u . 8 2 3  (/?) 

where the complexes were fonned in situ upon the addition o f 0.33 equiv. of Nd(Cp3S0 3 )3 .
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Figure 2.22. Circular dichroism spectra o f  ligands 81 (S) and 82 (R) (3.3 x 10'^ M) recorded 
in CH3CN at RT before and after the addition o f  0.33 equiv. o f  Nd(CFjS0s)3 - note that slight 
discrepancies in intensities can be derivedfrom differences in concentrations.

Again CD spectra for the ligands 81 (5) and 82 {R) alone were mirror images of one 

another, confirming their enantiomeric relationship (Figure 2.22). Following the addition of 

0.33 equiv. of Nd'” and subsequent formation of the 1:3 complexes in situ CD spectra were 

recorded and indicated that the chirality of the system had been retained upon complexation. 

Moreover the CD spectra corresponding to complexes Nd.8 l 3 (iS) and Nd . 8 2 3  (/?) experienced 

significant structural changes in comparison to that seen for the CD spectra of the ligands. 

Only two major bands were observed for both enantiomeric complexes with the CD spectrum 

of Nd.8 l 3 (5) displaying a large negative band centred at 207 nm and a large positive band 

located at 224 nm. Nd . 8 2 3  (/?) gave a CD spectrum also possessing signals at 207 nm and 224 

nm of equal magnitude but opposite in sign, thus demonstrating that the two complexes were 

formed as a structurally identical pair of enantiomers. The bisignate profiles exhibited by
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Nd.Sls and Nd .823 again suggest the possibility of exciton coupling between chromophores 

as they are arranged in close proximity around the metal centre; however the existence of this 

characteristic requires more in depth studies to be carried out for full confirmation. 

Consequently, CD spectra for complexes Nd.Sls and N d .823 were also recorded between -10 

and +25 °C. However, only minor changes were observed within this temperature range for 

both systems, as shown in Appendix A2.19.

As investigated for the corresponding Eu'*’ systems above, the appreciable changes 

observed in the CD spectra upon complexation prompted us to examine the CD spectra as a 

function of metal concentration in order to gain further insight into the structural changes of 

the various species generated in the self-assembly process. The overall changes in the CD 

spectra of 81 (S) and 82 (R) upon titrating with increasing concentrations of Nd(Cp3S03)3 

(from 0-^’4 equiv.) in CH3CN at RT are shown in Figure 2.23.

(a) (b)

 0 c q u i \ . N d '‘

  equiv, Nd'

 4 L'qiiiv.

.'25 350

W a v e le n g t h  ( n m )
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-50

 1) cqiiiN. Nd ■

equiv N d^ 

 4 equiv. Nd"'*

Figure 2.23. The overall changes in the CD spectra o f  (a) 81 (S) (3.4 x  10'^ M) and (b) 82 
(R) (3.6 X 10'^ M) upon titrating against increasing concentrations o f  Nd(CFsSOs)s ( 0 ^ 4  
equiv.) at RT in CHjCN.

From these analyses it was clear that a similar behaviour to that displayed for the Eu'" 

self-assembly system was occurring. Evidently, those transitions associated with the ligand 

CD spectra experience significant changes throughout the titration, specifically within the 

Nd"' concentration range of 0 ^ 0 .3 3  equiv., indicating the formation of primarily the 1:3 

species in solution. For ligand 81 an increase in relative intensity o f the positive band located 

at 229 nm and a shift to 224 nm occurred within this metal concentration range. 

Concurrently, the band located at 218 nm disappeared while a new negative band emerged at 

207 nm. At higher Nd"' concentrations, between 0.33 -  4 equiv. of metal, the bands centred 

at 207 nm and 224 nm shifted to 210 nm and 228 nm, respectively, while simultaneously 

experiencing a decrease in relative intensity. These pronounced changes are reflective o f the 

structural nature of the various self-assembled species in solution with the most notable
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changes correlating to the fonnation of the 1:3 assembly. The formation of the 1:2 and the 

1:1 species at higher Nd"' is more likely, giving rise to different CD spectra to that shown for 

the corresponding 1:3 complex.

2.16 Solution studies on the Nd'"-directed self-assembly of 81 (5) and 82 (/?) in 

CH3 CN

A series of photophysical titrations (UV-visible absorption and luminescence) were next 

conducted in CH3 CN solution in order to gain an insight into the stoichiometry of the self- 

assembly process of 81 and 82 with Nd'" in solution, and to further quantify the binding 

affinity o f the various complexes formed in situ which was achieved by fitting the changes 

observed using nonlinear regression analysis.
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Figure 2.24. The overall changes in the (a) UV-visible absorption spectra and (b) n J " -  
centred phosphorescence spectra upon titrating 81 (1 x 10'^ M) against Nd(CFiSO})} ( 0 ^ 5  
equiv.) in CH3CN at RT. Inset: corresponding experimental binding isotherm o f  (a) 
absorbance at X = 207, 223 and 281 nm and (b) phosphorescence emission intensity at X 
= 880, 1064 and 1334 nm.

The overall changes in the UV-visible absorption spectrum of 81 upon titrating against 

Nd(CF3S03)3  in CH3 CN are shown in Figure 2.24 (a). Here, the high energy absorption band 

centred at X, = 223 nm experienced a hypochromatic effect within the addition of 0 ^ 0 .3 3  

equiv. of the metal salt. As we had anticipated from both the CD results and studies carried 

out on the Eu'*' system in previous sections, subsequent additions o f Nd”' then gave rise to a 

small increase in the absorbance up until the addition o f 1 equiv. of Nd'", after which the 

equilibrium of the system was reached. Similarly, the longer wavelength absorption band 

centred at ^ = 281 nm experienced a sharp increase in absorbance between additions of 0—>1 

equiv. o f Nd'", reaching a plateau after the addition o f 1 equiv. of Nd(CF3S0 3 )3. An identical 

behaviour was observed upon titrating 82 with Nd'" (see Appendix Figure A2.21 -  A2.22).

84



C h apter Two  -  E m issive L atigm uir B lodgeil film s fon n u d  from  c h ira l lanlhanicJe-JirecteJ s e l f  a ssem blies

These changes are similar to those observed for the Eu'" system above and from previously 

documented results from our laboratory.^^

The emergence of long-lived Nd”* centred luminescence was also monitored and clearly 

visible, with the appearance of characteristic line-like emission bands centred at 880 nm, 

1064 nm, and 1334 nm upon excitation at A. = 281 nm. These bands represent deactivation of 

the Nd'" '*p3 /2 excited state to “'i j  ground states (where J =  9/2, 11/2 and 13/2), see Figure 2.24 

(b) and Appendix Figure A2.20). As anticipated, the NIR emission gradually enhanced 

between the addition o f 0—>0.35 equiv. o f Nd'", confirming the formation o f the most 

emissive 1:3 stoichiometric species in solution and, at the same time, verifying efficient 

energy transfer from the antenna to the Nd'” centre. As was observed in the CD spectra, 

significant modulation was also shown at higher equiv. (greater than 0.35), indicative of the 

formation of the different self-assembly species in solution. The corresponding titration 

profile in which the emission at 880 nm, 1064 nm, and 1334 nm was monitored, is shown in 

Figure 2.24 inset, and demonstrates that after the addition o f 0.35 equiv. of Nd'" the emission 

intensity sharply decreases, reaching a plateau after the addition of ca. 1 equiv. o f metal. This 

is indicative of the evolution o f the lesser emissive 1:2 species, and eventually the 1; 1 species 

as a function of increasing Nd'" concentration (see also Appendix Figure 2.20).

A luminescence titration profile matching that shown for 81 was illustrated upon the 

addition of Nd(Cp3S03)3 to ligand 82 in CH3CN, as shown in Appendix Figure A2.21 -  

A2.22, where an initial gradual enhancement in intensity was displayed, followed by a sharp 

decrease in Nd'"-centred emission. The similarity between the UV-visible absorption and 

luminescence spectra changes for both 81 and 82 point to an identical Nd"'-directed self- 

assembly behaviour. These results were also compared to the Eu"' titrations above, indicating 

that the self-assembly behaviour o f ligands 81 and 82 are relatively independent o f the nature 

of the Ln'" ion employed.

2.17 Fitting of titration data and calculation of complex stability constants

The global changes in both the UV-visible absorption and NIR emission spectra were again 

fit by non-linear regression analysis using the program SPECFIT in order to elucidate the 

various stoichiometric species present in solution and their corresponding binding constants.

The speciation distribution diagram obtained from fitting the UV-visible absorption

experimental data is shown in Figure 2.25 (a). Upon the addition of 0.33 equiv. of Nd'" the

predominant species observed is the 1:3 N d.8h  species, formed in 79% yield. The fit at three

different wavelengths (207 nm, 223 nm and 281 nm) is also shown Figure 2.25 (b).

Additional aliquots of Nd'" drive equilibrium towards the formation of the i;l species,

Nd.81, until it becomes the most dominant species in solution. An almost identical titration
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behaviour was exhibited by 82, as shown by the fit o f  the overall changes in the UV-visible 

absorption spectra o f 82 (Appendix Figure A2.23) with the Nd .823  species being formed in 

74% following the addition o f 0.33 equiv. o f Nd"*. Binding constant values obtained from the 

analyses o f the U V -visib le absorption and luminescence titration data o f both systems are 

summarised in Table 2.7, and show that the Nd.81a species is formed with a binding constant 

value o f log Pn = 18.3 ± 0.6 while for Nd.82a a binding constant value o f log Pn = 17.8 ± 0.4 

was elucidated. Interestingly, the formation o f the 1:2 species was not observed in either 

case, an indication that it is possibly short-lived, but formation of the 1:1 complex gave log 

pi 1 = 6.0 ± 0.3 for Nd.81 and log p, i = 6.1 ± 0.2 for Nd.82.
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Figure 2.25. (a) The speciation  distribution diagram  obtained from  the U V-visible 
absorption titration data  f i t  (upon titrating ligand 81 against N d(C F }SO i)i in CH3CN) an d  
(b) the f i t  o f  the experim ental binding isotherms using the non-linear regression analysis 
program  SPECFIT.

In a similar manner, the global changes in the Nd"'-centred emission were analysed using 

SPECFIT (as shown in Appendix Figures A2.24 and A2.25). As observed upon fitting the 

overall changes in the ground state o f the system, the titration o f both 81 and 82 confirmed 

formation o f the 1:3 species in solution upon the addition o f 0.33 equiv., with log Pn = 17.2 

± 0.4 and log pB = 17.8 ± 0.3 calculated for N d .813 and Nd.8 2 3 , respectively. From the 

speciation distribution diagram it was again evident that at higher metal concentrations the 

lesser emissive 1:1 species becomes the predominant species in solution with binding 

constants o f log Pn = 6.2 ± 0.2 and log pn = 6.5 ± 0.2 obtained for Nd.81 and Nd.82, 

respectively. These values are comparable to those evaluated above calculated from fitting 

the changes in the UV-visible absorption titrations and also in relation to the Eu"' based self- 

assembly systems.
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Having established the Nd'”-directed self-assembly behaviour of ligands 81 and 82 in situ 

and analysed the photophysical properties o f the solid state 1:3 complexes we then 

investigated the capability of these systems to form Langmuir monolayers at an air-water 

interface using the same procedure to that described above.

2.18 Langmuir monolayer formation of Nd.8 l 3 (5) and Nd .823  (/f) complexes

The ability o f complexes Nd . 8 1 3  and Nd . 8 2 3  to self-assemble at an air-water interface was 

investigated in an identical manner to that described above for EU.8 I 3 and E u.8 2 3 . 20 |^L 

aliquots of each complex was spread (~ 2 .4  x 10 M), using CHCI3 /CH 3 OH (9:1) as the

spreading solvent, onto the surface o f a water subphase at room temperature.
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Figure 2.26. (a) Surface pressure-area isotherms o f  N d .S lj (S) and Nd.82} (R). (b) Surface 
pressure-time profiles fo r  Langmuir monolayers o f  Nd.813 (S) and Nd.82j (R).

A typical surface pressure-area isotherm was obtained in each case; see Figure 2.26 (a), 

in which an exponential increase in surface pressure evidenced the different phase transitions, 

that is, G, LE, LC, and C, upon area decrease. The films collapsed at 33 mN m~' for Nd.813 

and 32 mN m ' for N d . 8 2 3  with areas o f 70 ± SA^ per molecule. The areas of these Nd'" 

complexes are approximately those expected for three alkyl chains (ca. 6 6  per molecule) 

and indicate that the complexes remain intact at the air-water interface with supramolecular 

organisation into monolayers. The isotherm features as well as the average area per molecule 

are similar, within experimental error, to the Eu"' systems above implying that the 

supramolecular packing is unaffected by changes in the Ln'" ion implemented. The stability 

o f each Langmuir monolayer was also assessed by maintaining the monolayers in the LC 

phase for an extended period of time (exceeding 40 mins) and monitoring the surface 

pressure over that time interval. The results are depicted in Figure 2.26 (b), demonstrating
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excellent stability properties for films of both the Nd.Sla and the Nd.823 , as had been 

observed for the Eu"’ complexes above.

2.19 L angm uir-B lodgett film  form ation o f  N d .S ls  (5) and N d .823 (/?) com plexes

Having successfully formed Langmuir monolayers of Nd.Sls and Nd.823 , each film was then 

transferred onto a quartz slide with transfer ratios o f ~1, generating LB films o f high quality 

possessing good uniformity and homogeneity. Deposition was achieved upon the emersion of 

the solid support, as was described for the Eu"’ systems above, giving rise to Z-type 

deposition o f Nd.8 l 3 and Nd.823 .
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Figure 2.27. (a) UV-visihle absorption spectrum o f  Langmuir-Blodgett N d.Slj (S) monolayer 
and (b) time-resolved emission spectrum ofNd.81} (S) monolayer after excitation at 337 nm, 
showing sensitised n J"-based  luminescence.

The photophysical properties of the monomolecular solid state structures were then 

evaluated. The UV-visible absorption spectra were recorded and their NIR emission 

properties were also probed by recording time resolved emission spectra; see Figure 2.27 and 

Appendix A2.26. We were, however, unable to obtain reliable CD spectra o f these (single 

monolayer based) LB films.

The UV-visible absorption spectra displayed by both films were structurally identical to 

those obtained for the solid compounds Nd.8 l 3 and N d .823 with bands associated with the 

main absorption transitions found at = 223 nm and Â ax = 281 nm. NIR emission, 

although weak, was detected from each (upon excitation at 337 nm) with bands centred at A. = 

880 nm and 1064 nm, representing deactivation from the N d’” "*F3/2 excited state to ground 

states “*19/2, and \  \n- The weaker ''F3/2 transition at 1334 nm, which was detected for

the solid complexes, was not observed due to significant noise in the spectrum arising from 

scattered light from the fourth harmonic of the excitation pulse. Attempts to remove the 

signal arising from scatter by using bandpass or interference filters merely resulted in a
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diminution o f  the overall signal. However, it is clear from comparison o f  the relative 

intensities o f the 880 nm and 1064 nm peaks in solution and on the surface that the complex 

symmetry is very similar on both occasions, since the 1064 nm transition is hypersensitive to 

symmetry (A J = 4). These results demonstrate that N d'" NIR emission can be recorded even 

from only a single monolayer, clearly demonstrating the sensitivity o f  the system. As for the 

Eu'" based LB films, they have been found to be stable under ambient conditions over a 

period o f many months.

2.20 Summary -  NIR emitting Nd"'-directed self-assembly systems

The main goal o f  this area o f  the project was to extend our studies to include the NIR 

emitting N d'” . M easurements were conducted in a similar manner to that described for the 

Eu’" systems above in that the solid complexes N d.Sls and N d.823 were first prepared under 

microwave irradiation and their photophysical properties analysed; the N d’"-directed self- 

assembly process o f ligands 81 and 82 was again re-evaluated in situ  in order to gain insight 

into the main stoichiometric species in solution; and the ability o f the 1:3 complexes to 

assemble at an air-water interface and form Langmuir monolayers for the eventual affixing to 

solid quartz slides was then assessed.

Spectroscopic techniques, including UV-visible absorption, luminescence and CD, gave 

an indication o f the various species produced in the self-assembly system, notably the 1:3 

and the 1:1 components. Interestingly, fitting o f titration data did not elucidate the presence 

o f  the 1:2 complex in solution, although it is highly likely that it is formed, possibly in very 

low undetectable yields. Assembly o f both enantiomeric 1:3 complexes at an air-water 

interface was successful with stability measurements confirming the resilience o f the 

monolayers over a long period o f time. Furthermore, organisation o f  these monolayers into 

solid state LB films gave rise to NIR centred luminescence that, by comparing to the solution 

state measurements, remained relatively unchanged upon immobilisation.

The fabrication o f  chiral, visibly emitting Eu '” and NIR emitting N d'" assemblies into 

solid state architectures in this manner may open up a new direction in the development o f 

Ln'" luminescent materials. By bridging our solution based luminescent systems with the 

Langmuir-Blodgett technique advances towards more applicable, highly sensitive optical 

devices may be acquired. These exciting new results prompted us to further continue work in 

this area by including other Ln'" metal ions, namely Tb'", Sm '", Lu'" and Dy'". The inclusion 

o f  other Ln'" metals not only presents an opportunity to delve into the possibility o f 

producing dual emitting edifices but by investigating other Ln‘" systems the robustness and 

versatility o f  this technique, in relation to the incorporation o f Ln'" luminescent self- 

assemblies into LB films, may be ascertained.
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2.21 Formation of m ononuclear tris chelate complexes Ln.Sls (5) and Ln . 8 2 3  (/?) 

complexes (Ln = T b '”, Sm '", Dy'", L u '")

In a similar manner to that described for the previously discussed Eu'*' and Nd"’ systems 

mononuclear complexes Ln . 8 1 3  (5) and Ln . 8 2 3  (R) (Ln = Tb’", Sm”*, Lu'", Dy'") were 

synthesised by refluxing either 81 or 82 in HPLC grade CH3OH under microwave irradiation 

at 70 °C for 10 mins in the presence of 0.33 equivalents of the appropriate metal triflate salt 

(see Scheme 2.4). Each solid complex was isolated via diethyl ether vapour diffusion 

yielding all complexes as white solids, see Table 2.5 for % yields.

H Ln(CF3S03)3 ,
C 1 6 H 3 3  ---------------------------------- L n . 8 l 3 ( S )

CH3OH Ln.823 {R)

Ln = Tb'", Sm'", Lu'", Dy'"

Scheme 2.4. Preparation o f  complexes Ln.Sls (S) and Ln .823 (R) carried out under 
microwave irradiation at 70 °C (Ln = Th"\ Sm"’, Lu'", Dy"').

Formation of the desired products was verified using NMR spectroscopy in which 

broadening and shifting in the 'H NMR spectrum was observed; see Appendix Figures A2.27 

-  A2.31. IR analysis also confirmed complexation; see Table 2.6 for amide carbonyl 

stretching frequency shifts, while only the 1:2 species was detectable by HRMS (see 

Appendix Figures A2.32 - A2.35 for calculated and experimental isotopic distribution pattern 

for Ln.Sls (Ln = Tb"', Sm'", Dy'" and Lu'"). Elemental analysis was again employed, 

supporting formation of the 1:3 complex in each case.

H
N

O O
81 (S)
82 (” '

Table 2.5. % yields calculated fo r  solid complexes Ln.81} (S) and Ln.82j (R) (Ln = Tb'", 
Sm'", Lu", Dy"') following preparation under microwave irradiation and isolation via 
diethyl ether diffusion.

1 L = 81 L = 82
Tb.Lj 52 71
S1T1.L3 46 50
Lu.L^ 53 52
Dy.Lj 36 50
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Table 2.6. Amide carbonyl stretching frequencies shifts upon complexation o f  ligands 81 and 
82 with 0.33 equiv. ofLn(CF}SOi)s (Ln = Tb'^’, Sm'", Lu '', Dy’“).

Compound

Tb.Lj
S1T1.L3

LU.L3

Dy.Lj

Amide carbonyl stretching frequency 
(cm *)

L = 81 (5) 
(1654 cm-')

1634 
1633 
1638
1635

L = 82(^) 
(1650 cm-')

1634
1633
1635
1634

2.22 Photophysical characterisation of complexes Ln.Slj (5  ̂ and Ln.823 (/?) (Ln = 

Tb"',Sni"', Dy'", Lu'")

The photophysical properties of complexes Ln.Sla and Ln.8 2 3  (Ln = Tb"', Sm'", Lu'", Dy'") 

were next evaluated in CH3CN, see Figures 2.28 -  2.30 and Appendix Figures A2.36 -  

A2.41. Ligand based UV-visible absorption bands were displayed for all eight complexes as 

before at X„iax = 223 nm and = 281 nm. Furthemiore, excitation into the sensitising 

chromophore moiety at 281 nm gave rise to Tb"'-centred and Sm"'-centred emission in 

the cases of Tb.Ls and Sm.Ls (L = 81 and 82), demonstrating successful population of the 

Ln'" excited states in these instances (see Figure 2.29 and Appendix Figure A2.39). 

Characteristic line-like emission peaks occurred at A. = 490 nm, 545 nm, 585 nm and 620 nm 

following energy transfer to the Tb'" centre, which are associated with deactivation from the 

Tb'" ^D4 excited state to the ^Fj  ground states, where J =  6 - 3 .
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Figure 2.28. UV-visible absorption spectra o f  (a) Tb.81} (S) (5.7 x  10'^ M) and (b) Sm .Slj 
(S) (1.1 x i a ^  M)inCH}CN.
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Figure 2.29, Normalised phosphorescence spectra o f (a) Tb.Slj (S) and Sm.Sls (S) and (b) 
Tb.823 (R) and Sm.823 (R) recorded in CH3CN.

Efficient energy transfer and Sm'” sensitisation via excitation of the covalently appended 

naphthalene chromophore at A. = 281 nm was also verified for Sm.Ls (L = 81 and 82), as 

shown in Figure 2.29 and Appendix Figure A2.39. A typical Sm'" emission spectrum was 

exhibited on both occasions with bands centred at 565 nm, 600 nm, 645 nm and 708 nm 

corresponding to the "*0 5 /2  —> electronic transitions, where J =  5/2, 7/2, 9/2, 11/2.

Excitation spectra (Xem = 545 nm for Tb.La and X«ni = 645 nm for Sm.Ls, L = 81 and 82) 

were also recorded for Ln.Ls (where Ln = Tb'" and Sm'*' and L = 81 and 82) with the 

structure of the excitation spectra closely matching that of the UV-visible absorption spectra 

(Figure 2.30 and Appendix Figure A2.40). These results clearly confirm successful 

sensitisation o f both the Tb'" and Sm'" centres in the four complexes by indirect excitation of 

the naphthalene group.
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Figure 2.30. Excitation spectra o f  (a) Tb.Sls (S) (5.7 x 10'  ̂ M) (Xgm = 545 nm) and (b) 
Sm.Sh (S) (1.1 X  10'  ̂M) (Xe„ = 645 nm) in CH3CN.
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A  similar UV-visible absorption profile was also evidenced for complexes Ln.L 3 (Ln = 

Lu'” and D y'” and L = 81 and 82) with bands appearing at Xmax = 223 nm and = 281 nm, 

see Appendix Figure A2.41. However, in the case o f Ln.Lj (Ln = Lu"' and Dy"’ and L = 81 

and 82) excitation at ^ = 281 nm did not give rise to Ln"'-centred emission. For the Lu'" 

system this can be explained by considering the electronic configuration o f the trivalent Lu"' 

species which is given by [Xe] 4 /^ . The inherent ‘filled’ 4 /  subshell does not allow 

redistribution o f electrons within this energy level and so line-like emission is not exhibited 

by Lu'". The electronic configuration o f D y'" on the other hand, given by [Xe] 4 / ,  does 

permit electronic redistribution within the 4 / subshell but population o f  the ‘*F9/2 excited state 

often results in energy dissipation via non-radiative pathways due to the small energy gap 

between then ground and excited states. Another plausible reason for a lack o f  Dy'" emission 

detected in this particular system may be that the energy o f  the ligand triplet excited state is 

not well suited for efficient energy transfer and subsequent population o f  the ^Fg/2 excited 

state.

2.23 Chiro-Optical properties o f Ln'" complexes -  CD and CPL

CD spectra were recorded for complexes Ln.81s and Ln . 8 2 3  (Ln = Tb'", Sm '", Lu'", Dy'"), 

which were formed in situ  by adding 0.33 equiv. o f the appropriate metal triflate salt to either 

81 or 82 in CH 3 CN solution (see Figure 2.31 and Appendix Figure A2.42). As before, a 

bisignate profile was displayed for each o f these Ln.L 3 (Ln = Tb'", Sm '", Lu'", Dy'" and L = 

81 and 82) complexes. For the four S  enantiomeric complexes Ln . 8 1 3  (Ln = Tb'", Sm'", Lu'", 

Dy'"), a negative CD signal was located at 207 nm while a positive CD band centred at 224 

nm, with a broad shoulder located at 250 nm. CD spectra, which were equal in magnitude but 

opposite in sign, were detected for the four corresponding R enantiomeric complexes Ln . 8 2 3  

(Ln = Tb'", Sm'", Lu'", Dy'") in which the peak located at 207 nm was positive but the band 

occurring at 224 nm appeared in the negative region o f the CD spectrum.

These results conclude a similar trend to that demonstrated above for the Eu'" and Nd'" 

systems, i.e. similar conformational species is present in each Ln'" system. The generation o f 

significant bisignate profiles again suggests the presence o f  exciton coupling between 

adjacent chromphores upon complexation.^^^’̂ ^̂
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Figure 2.31. The circular dichroism spectra o f  ligands 81 (S) and 82 (R) (2 x 10'^ M) 
recorded in CH3 CN at R T  after the addition o f  0.33 equiv. o f  (a) Tb(CF}S0 3 )} and (b) 
Sm(CF3 8 0 3 ) 3  - note that slight discrepancies in intensities can be derived from  differences in 
concentrations.

CD titrations, which were carried out by titrating either Hgand 81 or 82 with increasing 

concentrations of the appropriate Ln(Cp3S03)3 salt, were implemented to further investigate 

these CD observations. As shown in Figure 2.32 and Appendix Figures A2.43 -  A2.45, each 

data set matched those of the previously studied Eu"' and Nd*" systems. In each case, the 

prominent CD changes were displayed when 0.33 equiv. of Ln‘“ were added to the system, 

indicative of the 1:3 species exhibiting the most significant chiral structural behaviour. For 

the S  enantiomeric systems (Figure 2.32) the ligand positive CD signal located at 229 nm 

experienced a substantial relative increase in absorption and small shift to 224 nm between 

additions 0—>33 equiv. of Ln(CF3S03)3 (Ln = Tb'" and Sm'”). Concurrently, the band located 

at 218 nm disappeared while a new negative band emerged at 207 nm, experiencing an 

enhancement in relative absorption intensity also. As was seen before for the Eu"‘ and Nd'" 

systems, additional aliquots o f Ln"' (0 .3 3 ^ 5  equiv. of Ln'") caused these two bands to 

decrease in relative intensity which is conclusive of the evolution of different stoichiometric 

species in solution, namely the 1:1 and the 1:2 species, as equilibrium is driven towards their 

formation at higher Ln"' concentrations.

The overall changes observed in the CD spectra following the titration of 81 with 

Lu(CF3S03)3 and Dy(CF3S03)3 matched those illustrated above. Moreover, the overall 

changes in the CD spectra following the titration of 82 with Ln(CF3S03)3 (Ln = Tb'", Sm"', 

Lu"" and Dy'") displayed a mirror image (see Appendix Figure A2.43 and A2.45), in each 

case, to results obtained for the S  enantiomeric systems. In summary, it can be assumed, that 

in all eight systems similar structural character is exhibited by the various species in solution, 

with the most definitive chiral complex formed at a M:L ratio o f 1:3.
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Figure 2.33. Total Sm''’-centred emission and CPL spectra o f  complexes Sm.81} (S) and  
Sm.82s (R) recorded in CHjCN (excitation at 1 = 281 nm).

CPL analysis was again em ployed to verify whether chirality had been preserved and 

transferred to the local environment o f  the Ln"’ (Ln'" = Tb'" and Sm'") centre upon 

complexation. CPL measurements were evaluated in CH 3CN for Tb.Ls and Sm.Ls (L = 81 

and 82) and are shown in Appendix Figure A2.46 and Figure 2.33.

Excitation o f  the chiral antennae gave rise on all occasions to Ln'*'-centred chiral

em ission with spectral bands o f  the enantiomeric com plexes appearing at identical

wavelengths but o f  opposite sign, confirming the enantiomeric relationship between the

com plex pairs Tb.Ls and Sm.Ls (L = 81 and 82). A s shown in Appendix Figure A 2.46 for

the Tb”' 1:3 com plexes transitions representing deactivation from the ^ 0 4  excited state to the

’Fj ground states, where J  = 6  -  3, were observed with each band split, appearing as a

negative and positive signal. Dissymmetry factor values for the J  = 6  and 5 transitions were

calculated for both com plexes with gium = -0.05 and 0.05 for the ^D4 ^^Fe transition and
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values of gium = 0.21 and -0.24 for the ^D4 transition obtained for Tb.Sla and Tb.823, 

respectively.

Equivalently, CPL spectra obtained for the enantiomeric Sm”’ complex pair Sm.Ls (L = 

81 and 82) were mirror images o f one another with bands, correlating to the '’G5/2 —>• 

electronic transitions where J  = 5/2, 7/2, 9/2, were displayed for both chiral compounds 

(Figure 2 .33). Both the ^Gs/2 —> ^Hs/2 and "*05/2 ^  ^H7/2 transition bands were split in two for 

Sm.8l3 and Sm.823. The band corresponding to the ‘’G5/2 —>■ ^Hs/2 transition appeared as a 

negative signal at shorter wavelengths but as a positive signal at longer wavelengths for 

Sm.8l3, On the contrary, this band appeared as a positive signal at shorter wavelengths but as 

a negative signal at longer wavelengths for Sm.823. The opposite was true for the ''G5/2 —> 

^H7/2 transition bands. The band representing the ‘’G5/2 —> *H9/2 transition appeared as a 

positive signal for the Sm.823 enantiomeric complex but as a negative signal for the Sm.813 

complex. These results again reflect the chiral nature of the local environment the Sm"* 

resides within, confirming the enantiomeric relationship between the complex pair. The ''G5/2 

—> ^Wsn and the ‘’G5/2 —>• transitions o f Sm.L3 (L = 81 and 82) are well suited for CPL 

measurements as these transitions satisfy the magnetic dipole selection rules, where AJ = 0,
I  ^ 7±1 (except for 0+->0), where it’s predicted that the CPL signal should be large. 

Dissymmetry factor values were calculated for these transitions and found to be gium = 0.45 

and -0.23 and -0.44 and 0.29 for the "*G5/2 ^  ^H5/2 and the "'G5/2 ^  transitions of Sm.813 

and Sm.823, respectively. The magnitude of these dissymmetry factors are thought to be 

relatively large demonstrating not only the good complementarity between the chiral emitting 

complexes but also that these values are in close agreement with those previously calculated 

for the related Sm'” complex analogues Sm.563 and Sm.573 (being 0.50 and 0.28 0.28 for the 

"*G5/2 —>■ ^H5/2and'*G5/2 —»■ ^H7/2 and transitions, respectively).^^

2.24 Solution studies on the Ln'"-directed self-assembly of 81 (5) and 82 (/?) in 

CH3CN

The formation of the monometallic Ln'”-directed self-assemblies (Ln"' = Tb"', Sm'”, Lu'” 

and Dy'”) were then monitored in situ by analysing the changes in the UV-visible absorption 

and luminescence spectra. This process was carried out in a similar manner to that described 

above for the Eu'” and Nd'” systems in which a 1 x 10'  ̂M solution of either ligand 81 or 82 

was titrated against specific known aliquots of a Ln(CF3S03)3 stock solution of the particular 

Ln'” under investigation, i.e. either Tb'”, Sm”', Lu”' or Dy'”. Data was then fit using non

linear regression analysis as described before in order to elucidate the stoichiometric species 

in solution and their corresponding binding constants, as shall be discussed in the following

sections.
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Figure 2.34. The overall changes in the UV-visible absorption spectra upon titrating (a) 81 
( 0 - 6  equiv.) and (b) 82 (0 ^ 5  equiv.) (1 x 10'^ M) against Tb(CF}SO} )3  in CHjCN at RT. 
Inset: corresponding experimental binding isotherm o f absorbance at a = 207, 223 and 281 
nm.

The overall changes observed in the UV-visible absorption spectra following the titration 

o f  ligand 81 with Tb(Cp 3 S0 3 ) 3  in CH 3CN are displayed in Figure 2.34 (a). Between additions 

0—>0.4 equiv. o f the Tb(CF 3 S0 3 ) 3  metal salt the most pronounced changes occur, as indicated 

by the binding isotherms plotted for 207 nm, 223 nm and 281 nm in the graph inset in Figure

2.34 (a). The major absorption band assigned to the So S2 ti-tt* transition (at Xmax = 223 

nm) experienced a large hypochromatic effect within this metal concentration range, 

followed by a small absorption enhancement and then an eventual plateau upon the addition 

o f  subsequent Tb'" aliquots. The peak located at ^ a x  = 281 nm, representative o f  the So ^  

Si 71-71* transition o f the aromatic naphthalene functionality, experienced the most significant 

changes upon the addition o f 0 ^ 1  equiv. o f Tb(CF 3 S0 3 )3 . The absorption o f this band was 

increased while, concurrently, slightly shifted to 278 nm. The shoulder o f the 281 nm band 

was also redshifted to 285 nm following the addition o f  1 equiv. o f metal; again an 

absorbance plateau at higher Tb'" concentrations was evident.

Similarly, the UV-visible absorption spectra changes for 82 upon the titration o f 

Tb(CF 3 S0 3 ) 3  were analysed and shown to give rise to an identical trend, as shown in Figure

2.34 (b). This supports the conclusion that the same self-assembly process occurs in both 

instances with the same constituent species present in solution as equilibrium is altered and 

the self-assembly process proceeds for both ligands 81 and 82 .

Again the fluorescence emission spectra o f  ligands 81 and 82 was very weak being 

affected to only a small extent throughout the self-assembly process (see Appendix Figure 

A2.47 and A2.48 for overall changes in the fluorescence spectra o f ligand 81 upon titrating 

against Ln(CF3 S0 3 ) 3  (Ln = Tb'", Sm'", Lu'" and Dy'"). Therefore, only the emergence o f
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Ln"'-centred  em ission (in the case o f  L n(C p 3 S0 3 ) 3  (Ln = T b ”’ and Sm ’")) from each solution 

was investigated throughout the titrations.

As shown in A ppendix F igure A 2.49, the em ergence o f  tim e-delayed Tb"*-centred 

lum inescence was m onitored for both system s. In contrast to the changes observed in the 

E u '” and N d '”-centred em ission spectra in previous sections the global changes in the Tb"*- 

centred em ission w ere m arkedly different. A t low T b’” concentrations (0—>0.4 equiv.) there 

was no significant em ergence in lum inescence evident, how ever, w ithin the addition o f  

0 .4 ^ 1  equiv. o f  Tb(C F 3 S 0 3 ) 3  a sharp intensity  increase was observed in a typical T b " ’ 

em ission spectrum  w ith bands centred at 490 nm , 545 nm , 585 nm and 620 nm. T hese 

em ission bands are characteristic o f  deactivation from  the ^D4  excited state to the ground 

states, w here J  =  6  -  3. U pon subsequent additions o f  T b ”', from 1 ^ 6  equiv., a m ore subtle 

but steady increase in em ission intensity  was observed. It was not possib le to fit this unusual 

lum inescence behaviour by non-linear regression analysis suggesting that a m ore 

com plicated process is occurring. This observation was m ade w ith the previously studied 

helicate system  involving ligand 62,^' in which an identical lum inescence trend was observed 

for our am phiphilic ligands 81 and 82 . A gain lum inescence titration data was not possib le to 

fit and m easurem ents w ith 62 w ere repeated with sam ples that had been equilibrated over a 

period o f  24 hrs. This gave rise to the sam e lum inescence behaviour, and hence, confirm ed 

that this d ifference was not due to slow kinetics. It was suggested that a back energy pathw ay 

is present, due to the close proxim ity  o f  the ligand triplet state to the m etal excited state, in 

w hich energy is transferred to the m etal centre via sensitisation but is then transferred back to 

the triplet state o f  the ligand. This is defin itely  a plausible explanation as another energy 

m igration pathw ay w ould indeed com plicate the system , i.e. changes in solution equilibrium  

w ould not exactly  be reflected in the lum inescence changes observed. A nother point to 

consider is the direct excitation o f  T b(C F 3 S 0 3 )3 . I f  Tb(C F 3 S0 3 ) 3  is in fact directly excited by 

excitation at >. = 281 a continuous enhancem ent in T b '”-centred em ission w ould be expected  

as the m etal salt concentration is continuously increased.

The overall changes observed in the U V -visib le absorption spectra o f  ligand 81 follow ing 

titration with Sm (C F 3 S 0 3 ) 3  in CH 3 CN are depicted in F igure 2.35 (a), see A ppendix Figure 

A 2.50 for those changes observed for com pound 82 . The binding isotherm  graphs, see plots 

for 207 nm , 223 nm  and 281 nm  inset in F igure 2.35 (a) and A ppendix Figure A 2.50 (a), 

display an identical trend to previously  investigated  L n’” system s. The Sm ’”-centred em ission 

o f  the system  was also m onitored and, as displayed above for titrations w ith E u '” and N d ’”, 

was show n to exhibit a gradual enhancem ent in intensity  upon the addition o f  0.35 equiv. o f  

Sm (C F 3 S 0 3 )3 . C haracteristic bands assigned to the '*6 5 / 2  —> electronic transitions, w here
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J  = 5/2, 7/2, 9/2, 11/2, were located at 565 nm, 600 nm, 645 nm and 708 nm. The gradual 

enhancement is indicative o f foraiation o f  the most emissive 1:3 Sm .Sls species in solution 

while the sharp decrease in emission intensity at -these characteristic wavelengths at higher 

equivalents (between 0 .3 5 ^ 1  equiv.) o f metal, and eventual plateau in emission (at Sm '" 

concentrations greater than 1 equiv.), suggest displacement o f  solution equilibrium towards 

the formation o f the lesser emissive 1:2 (Sm .8 l 2 ) and 1:1 (Sm.81) species in solution.
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Figure 2.35. The overall changes in the (a) UV-visihle absorption spectra and (b) Sm '“-  
centred phosphorescence spectra upon titrating 81 (1 x  10'^ M) against SmfCFsSOsJs (0—̂ 4 
equiv.) in CH3CN at RT. Inset: corresponding experimental binding isotherm o f  (a) 
absorbance at X = 207, 223 and 281 nm and (b) Sm '"phosphorescence emission intensity at X 
= 565, 600, 645 and 708 nm.

The Ln'"-directed self-assembly o f ligands 81 and 82 with Lu(CF 3 S0 3 ) 3  and 

Dy(CF 3 S0 3 ) 3  in CH 3 CN were also evaluated spectroscopically, the overall changes in the 

UV-visible absorption spectra o f  which are shown in Appendix Figure A2.51 and A2.52. 

Results obtained for these titrations are comparable to those described above implying that 

the Ln'*'-directed self-assembly process is identical for both amphiphilic isomers regardless 

o f  the metal ion employed. In order to gain a better understanding o f  each self-assembly 

system, i.e. to elucidate the stoichiometric species formed in solution and their corresponding 

binding constants, the global changes in the above titrations for L = 81 and 82 for Ln'" = 

Tb'", Sm '”, Lu'" and Dy'" were further analysed by fitting the data using SPECFIT. The 

results obtained using SPECFIT are discussed below in the following section.

2.25 Fitting o f titration data and calculation of complex stability constants

Analysis o f the UV-visible absorption data recorded for the titration o f  81 with Tb(CF 3 S0 3 ) 3  

pointed to the presence o f three absorbing species in solution, the ligand itself (81), the 1 : 1  

(Tb.81), and the 1:3 (Tb.8 1 3 ) species.
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Figure 2.36. (a) The speciation distribution diagram obtained from the UV-visible 
absorption titration data fit (upon titrating ligand 81 against Tb(CF3S0s)s in CHjCN) and 
(b) the fit  o f the experimental binding isotherms using the non-linear regression analysis 
program SPECFIT.

T he speciation distribution graph and the binding isotherm s obtained follow ing fitting o f  

this data are show n in Figure 2.36. From  the speciation distribution graph it is clear that as 

the titration proceeds ligand 81 concentration quickly dim inishes w hile the form ation o f  the 

1:3 T b .8 l 3 species in 83%  upon the addition o f  0.4 equiv. o f  T b(C F3S03)3 is observed, w ith a 

b inding constant value o f  log p n  = 18.1 ± 0.3. An increase in Tb'*' concentration leads to  an 

equilibrium  displacem ent w ith the 1:1 Tb.81 species becom ing the predom inant species in 

solution tow ards the end o f  the titration when the m etal concentration is high - Tb.81 is 

form ed w ith a binding constant value o f  log Pn  =  5.8 ±  0.2 w ith it being form ed in 66% yield 

follow ing the addition o f  5 equiv. o f  Tb'".

F itting o f  the U V -visible absorption data recorded for the titration o f  82 w ith 

T b(C F3S03)3 gave sim ilar results w ith binding constant values o f  log Pn  = 6.4 ± 0.0 and log 

P i3 = 18.3 ±  0.2 calculated for the Tb.81 and Tb.82s com plexes, respectively  (see A ppendix 

F igure A2.53 for 82 fit and Table 2.7 for sum m ary o f  binding constants). As m entioned in 

the previous section fitting o f  lum inescence titration data involving T b(C F3S03)3 was not 

possib le and so shall not be discussed.
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Figure 2.37. (a) The speciation distribution diagram obtained from  the UV-visible 
absorption titration data f it  (upon titrating ligand 81 against Sm(CF3803)3 in CH3CN) and 
(b) the f i t  o f  the experimental binding isotherms using the non-linear regression analysis 
program SPECFIT.

C hanges in both the U V -v isib le  absorption and lum inescence titration data obtained for 

the titration o f  ligands 81 and 82 with Sm (C F 3S03)3  w ere also exam ined using SPECFIT. 

The speciation distribution diagram and fit o f  the b inding isotherm s obtained from fitting the 

U V -v isib le  absorption spectra fo llow in g  the titration o f  81 with Sm (C p 3S03)3  are show n in 

Figure 2.37. At approxim ately 0 .35  equiv. o f  Sm"* the S m .8 l 3 species is form ed in 8 8 % with a 

binding constant value o f  log  P13 =  19.8 ±  0 .5 . A dditional aliquots o f  the m etal g ive  rise to 

the predom inant form ation o f  the Sm .81 com plex w ith it being formed, with a binding  

constant value o f  log  Pn = 6.8  ±  0 .2 , in 92%  upon the addition o f  3 equiv. o f  Sm (C F3S 03)3
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Figure 2.38. (a) The speciation distribution diagram obtained from  the luminescence 
titration data f it  (upon titrating ligand 81 against Sm(CF3803)3 in CH3CN) and (b) the f it  o f  
the experimental binding isotherms using the non-linear regression analysis program  
SPECFIT.
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Only the 1:1 and 1:3 stoichiometric species were detected from this fit. However, the 1:2 

Sm.8 l 2 complex was observed following fitting o f the luminescence titration data where 

binding constants o f log Pi i = 6.2 ± 0.2, o f log P12 = 13.2 ± 0.2 and o f log P13 = 20.3 ± 0.2 

were evaluated for Sm.81, Sm.8 l 2 and Sm.8 l 3 , respectively (see Figure 2.38 and Table 2.7), 

with Sm.8 l 3 being formed in 87% after the addition o f 0.35 equiv. o f metal. Similar results 

were elucidated following fitting o f the spectroscopic data obtained for the corresponding 

titration o f 82 with Sm(CF3S03)3 in CH3CN, see Appendix Figure A2.54 and A2.55.

Table 2 .7. Summary o f  binding constants calculated from  fitting both UV-visible absorption 
and Ln‘“-centred luminescence titration data fo r  both R and S enantiomers 81 and 82. 
*Value fixed, otherwise convergence not reached.

l o g  P n l o g  P 12 l o g  P l3 l o g  P ll l o g  P 12 l o g  P l3

E U .8 1 3 6.6 ± 0.2 13.8* 20.9 ± 0.3 6.7 ±0.1 13.3 ± 0.2 19.9 ± 0.2

N d . 8 l 3 6.0 ± 0.3 - 18.3 ± 0.6 6.2 ± 0.2 - 17.2 ±0.4

T b . 8 l 3 5.8 ± 0.2 - 18.1 ±0.3 - - -

S m .8 l 3 6.8± 0.2 - 19.8 ±0.5 6.2 ± 0.2 13.2 ±0.2 20.3 ± 0.2

D y .8 l 3 6.7 ± 0.2 - 19.4 ±0.4 - - -

L U .8 I 3 6.3 ± 0.2 - 18.3 ± 0.3 - - -

E u . 8 2 3 6.7 ± 0.2 13.8» 20.5 ± 0.3 6.7 ±  0.2 14.3 ± 0 .3 21.9 ± 0 .4

N d . 8 2 3 6 . 1  ± 0 . 2 -
17.8 ±0.4 6.5 ± 0.2

-
17.8 ± 0.3

T b . 8 2 3 6.4* - 18.3 ±0.2 - - -

S m . 8 2 3 6 . 8  ± 0 . 2 - 19.4 ± 0.4 6 . 2  ±0 . 2 13.4 ±0.1 20.4 + .2

D y . 8 2 3 6 . 6  ± 0 . 2 - 19.4 ± 0 .4 - - -

L u . 8 2 3 6 . 2  ± 0 . 2 - 18.3 ± 0.3 - - -

Fitting o f  the global changes observed in the UV-visible absorption spectra following 

titration o f the amphiphilic ligands with Lu(CF3 S0 3 ) 3  and Dy(CF3S0 3 ) 3  demonstrated an 

almost identical self-assembly behaviour in situ for the Ln’*'-directed self-assembly o f  

ligands 81 and 82 with these metal triflate salts, see Appendix Figures A2.56 -  A2.59. 

Species stoichiometries and binding constants were within the same range as those 

previously discussed, see Table 2.7 for summary o f  results.

It was reasonable to consider the possibility o f  a marked trend across the Ln‘” series; from 

the largest Ln"’ ion towards the smallest ion in the order Nd'”, Sm'", Eu’", Tb'", Dy'", Lu'”
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i.e. did the size o f  the m etal ion have an effect on the coordination environm ent and 

subsequently  the species fonned  in solution and/or their stability  in solution? By exam ining 

the SPEC FIT data and binding constants generated it w as evident that no noticeable trend 

occurred, i.e. the size o f  the L n’" radius had no apparent influence on species sto ichiom etry  

or com plex stability. All L n '”-directed self-assem bly system s w ere show n to progress in the 

sam e m anner (w ithin experim ental eiTor).

2.26 Langmuir monolayer formation of Ln.Sls (S) and Ln.823 (/?) complexes (Ln = 

Tb'", Sm"‘, Dy'", Lu'")

For the sake o f  exam ining the adaptability  and broadening the scope o f  LB film s com posed 

o f  L n"’-directed self-assem blies o f  this nature the ability  o f  the rem aining four pairs o f  

enantiom eric com plexes to assem ble at an air-w ater interface and form  thin m onom olecular 

L angm uir film s was established.

T he graph show n in Figure 2.39 (a) displays a typical pressure-area isotherm  profile in 

each case follow ing the investigation o f  the four S  enantiom eric com plexes (T b.S la, S m .S h , 

LU.8 I 3 and D y.8 1 3 ). Each isotherm  displays the various phase transitions as the barriers are 

com pressed and the m onolayer is assem bled. In the case o f  T b .813  a disordered gaseous 

behaviour is displayed by the am phiphilic com plex at areas greater than 160 A^. Further 

com pression results in a steep exponential increase in surface pressure (during w hich the 

system  enters the LE phase) w here the m olecules begin to organise and assem ble at the 

interface. The T b .813  m aterial undergoes a phase transition to the LC phase w hich is signified 

by a change in the surface pressure-area isotherm  at an area o f  91 w here surface pressure 

steeply increases upon organisation o f  the m olecules. T he exact nature o f  the com plex 

L angm uir m onolayer is again unknow n; how ever, film  collapse takes place at a surface 

pressure o f  30 m N m '' for T b .8 l 3 (w hile film  collapse for T b .823  occurs at 33 m N  m '')  w hich 

corresponds to a cross-sectional area occupancy for approxim ately  three alkyl chains, as was 

show n for E u '" and Nd"* system s in previous sections above. W e can therefore assum e that 

the system  assum es a sim ilar structural behaviour to the E u '"  and N d " ' system s in w hich the 

polar Tb'*' coordination spheres are closely packed and orientated  tow ards the w ater phase 

w ith the hexadecyl chains po inting  out. All eight com plexes organise into Langm uir 

m onolayers o f  the sam e structural integrity, evidenced by their surface-pressure area 

isotherm  graphs in A ppendix F igure A2.60 -  see Table 2.8 for m ean m olecular area values 

estim ated upon Langm uir m onolayer collapse.
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Figure 2.39. (a) Surface pressure-area isotherms o f  Ln.81} (S). (b) Surface pressure-time 
profiles fo r  Langmuir monolayers o f  Ln.81} (S), Ln  =  Tb‘‘’, Sm‘‘‘, Lu''\ D y'".

The stability o f  each monomolecular film was surveyed by maintaining the film in the LC 

state and monitoring the surface-pressure at the interface over an extended period o f time 

(>30 mins). As shown by the surface pressure-time profiles for the Langmuir monolayers o f 

Ln.Sla (5) and Ln.823 (/?), (Ln = T b"’, Sm '", Lu"’, Dy"’) (see Figure 2.39 (b) and Appendix 

Figure A2.60 (b)) all films remain stable and intact over this time interval.

These encouraging results inspired us to further expand our studies by then applying the 

Langmuir-Blodgett technique to organise these complexes into LB films with the additional 

prospect o f developing multilayers composed o f  different visibly/NIR emitting 

(Eu'”/Nd"VTb”VSm'*') immobilised layers.

Table 2.8. Surface-pressure and corresponding mean molecular area values upon film  
collapse for Ln.Ls (Ln = Eu'", n J “, Tb"', Sm"', Lu'", Dy'" and L = 81 and 82).

Surface-pressure at Mean molecular area

L = 81 L = 82 L = 81 L = 82

Eu.Lj 29 34 76 74

Nd.Lj 33 32 74 71

Tb.L, 30 33 71 66

Sm.L3 30 35 70 70

Lu.Lj 33 34 71 62

Dy.Lj 33 32 65 58
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2.27 L angm uir-B lodgett film form ation o f L n.Sla (S') and L n .823  (/?) com plexes (Ln = 

Tb'", Sm'", Dy'", Lu'")

High quality films possessing dimensions o f 1 cm (h) x 1 cm (w) were successfully 

transferred and attached to the quartz substrate as before whereby the hydrophilic slide (10 

mm X 1 mm x 35 mm) was lowered and submerged into the subphase before the amphiphilic 

complex was spread onto the surface. The amphiphile was then organised into the LE phase 

and allowed to stabilise (20 mins) before emersion o f the slide by means o f an upward stroke 

(at a speed o f 4 mm m in '')  resulted in monolayer transfer with transfer ratios o f ~  1 obtained 

in all cases, indicating transfer o f high quality films possessing Z-type architecture.
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Figure 2.40. (a) UV-visible absorption spectra and (b) Tb‘"-centred phosphorescence  
spectra o fT b .S ls  (S) immobilised on quartz slide (excitation at Xex =  281 nm).

The photophysical properties o f  the LB films were then evaluated and as before showed 

retention o f UV-visible absorption and emissive characteristics upon solid state fabrication. 

The photophysical properties o f both Tb"' complex monolayers are shown in Figure 2.40 (a) 

and Appendix Figure A2.61 - A2.62. The UV-visible absorption spectrum in each case is 

again dominated by the two main absorption bands at A. = 223 nm and A, = 281 nm while 

excitation into the sensitsing naphthalene moiety again gives rise to a typical Tb'"-centred 

luminescence spectrum. Excitation spectra (Â m = 545 nm) were also recorded for both 

monomolecular complex films, both matching closely the structure o f the UV-visible 

absorption spectra. Tb'" excited state lifetime measurements were also conducted giving rise 

to luminescence decays which were best fit to a bi-exponential function indicadng the 

presence o f two luminescent species in the film. Lifetime values o f 1.312 ms and 0.071 ms 

were obtained for the Tb.Sls monolayer and values o f  1.514 ms and 0.225 ms were obtained 

for the Tb.823 monolayer. The longer lived excited state species (possessing lifetimes o f 

1.312 ms and 1.514 ms) is representative o f the fully saturated 1:3 complexes T b .S h  and
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Tb.823 within the film, i.e. these measurements support the assumption that the majority of 

the 1:3 complexes remain intact within the LB f i l m s . T h e  second shorter lived excited state 

species may be a partially dissociated species within the film which has lost 1 or 2 tridentate 

ligands during the LB process leaving the metal centre exposed and available for H2O 

subphase coordination. The chiral nature o f these Ln'"-based LB films was also probed using 

CD and CPL analysis. Unfortunately no signal was detected from either technique. These 

results do however illustrate that immobilisation o f these films is not at the complete 

detriment of the desirable photophysical features.

Typical UV-visible absorption spectra were exhibited by LB films o f Sm.813 and Sm.823 

as shown in Appendix Figures A2.63 (a) and A2.64 (a), while upon excitation at A. = 281 nm 

characteristic Sm'"-centred emission was detected. In these instances it was difficult to 

achieve luminescence due to a less efficient energy transfer mechanism from the ligand to the 

metal centre and so the Sm'”-centred emission observed was very noisy. For this reason 

reliable excitation and luminescence lifetime measurements were unattainable. In addition, 

CD and CPL analysis were again implemented but could not verify the chirality of the films.

Attempts to generate dual light emitting multi-layered LB systems were also undertaken. 

Efforts were made to initially coat a quartz slide with a monolayer of the Eu'" complex and 

then to attach a second layer composed of the Tb'" system. The transfer o f two films (Tb.813 

and EU.8I3) was achieved with good transfer ratios (~1) but examination of the photophysical 

properties o f such immobilised films elucidated that the sensitisation via energy transfer from 

the ligand to the Ln'" centre was much more efficient for Eu”' in comparison to the Tb'” 

system, i.e. Tb'”-centred emission could not be detected using the same parameters as those 

implemented for the exhibition o f Eu”'-centred emission. To overcome this limitation it 

would be necessary to coat the slide with additional layers of the Tb'” complex, however, 

from above investigations it was noted that following the deposition of a third LB film 

transfer quality deteriorates substantially. The deposition o f layer numbers greater than three 

is not reliably possible as it had been observed above. Once the third layer was attached 

subsequent layering efforts saw an attachment/detachment cycle. At this point, due to the 

above findings, the extent to which this project could be taken was limited requiring a 

fundamental change in strategy whereby the ligand required re-evaluation and perhaps re

design, in which the incorporation o f a more efficient Tb'” sensitising moiety may in fact 

overcome this obstacle.

2.28 Conclusion

The main objective for this project was to functionalise the relatively simple “half helicate”

framework with a hexadecyl alkyl chain to produce amphiphilic ligands 81 and 82 for the 
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formation of 1:3 Ln'”-based luminescent systems capable o f Langmuir monolayer assembly 

at an air-water interface with a view to then fabricate highly ordered Ln'” luminescent 

monomolecular LB films.

Following the successful results obtained for the visibly emitting Eu'" and NIR emitting 

Nd’" systems (which have been discussed and summarised in Sections 2.11 and 2.20) this 

project was then expanded to include a number o f other Ln"' metal ions, namely Tb'", Sm'", 

Lu"' and Dy'", all o f which demonstrated the ability to self-assemble ligands 81 and 82 in an 

identical manner in situ, forming conclusively the 1:1 Ln.L and the 1:3 Ln.Ls (Ln = Tb'", 

Sm'", Lu"' and Dy'", L = 81 and 82) species in CH3 CN. All eight Ln.L3 1:3 complexes 

exhibited facile monolayer formation at an air-water interface. LB films o f Tb.Ls and Sm.Ls 

(L = 81 and 82) were then deposited onto quartz slides with high quality transfer ratios (~1) 

while spectroscopic measurements depicted the exhibition of both UV-visible absorption and 

Ln'"-centred luminescence from each monolayer. However, the limit of these LB systems 

was reached at this point since no CPL emission was detectable from LB films o f Tb.La or 

Sm.L3 (L = 81 and 82). The inability to coat a large number of layers onto the solid substrate 

further prevented the succession of this project in the development of dual/multi light 

emitting ultrathin solid structures.

The merging of Ln"'-directed self-assemblies with solid state fabrication techniques has 

experienced a remarkable advancement as a result of this study. Previous to this work Ln'" 

luminescent systems have been incorporated, by our group and others, into materials using 

solid state techniques such as hydrogel incorporation and AuNP attachment. The 

implementation of the LB technique however has received much less attention for systems of 

this type, as is evidenced by the few examples discussed in chapter one. Future prospects for 

this project are limitless with adjustments to the current amphiphilic ligands 81 and 82 

currently underway. Furthermore, Ln"'-based cyclen systems have been incorporated into LB 

films by other members of our group, displaying significantly improved emissive properties 

and amino acid sensing capabilities.
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3. Introduction

Synthetic supramolecular helicates are of current interest because they are reminiscent of 

biomolecules, such as the double-helical arrangement of nucleic acids in DNA and a-helices 

o f polypeptides, representing the complexity of self-organisation and cooperativity found in 

n a t u r e . B y  pre-programming individual constituents for metal-directed self-assembly 

and selective formation of helical systems case studies can be provided; presenting model 

systems for the mechanisms, thermodynamics, kinetics and dissociation o f biologically 

relevant double-helical macromolecules. The potential variations in such structures has led 

to the development o f a vast number of transition metal based h e l i c a t e s , a n d  to a 

lesser extent, Ln'” based h e l i c a t e s . ^ ' A s  mentioned in chapter one, the large 

coordination requirements and the unique photophysical and magnetic properties of the Ln'” 

have ignited a surge of interest in the controlled spontaneous association of chiral Ln'”- 

directed helical assemblies.

The rationale behind moving self-assemblies into water based solvent systems stems from 

the fact that biological processes are dominated by chemistry in an aqueous environment. It 

is crucial therefore to move supramolecular chemistry from organic media into water (or 

more aqueous media i.e. mixed alcohol/H2 0  solvent systems) for a better understanding of
O i lbiochemical mechanisms in nature. In addition to this, water serves as a ‘greener’ more 

environmentally friendly non-toxic alternative solvent system.^^^ Furthermore, water 

solubilisation of functional supermolecules is of utmost importance for the development of 

supramolecular technologies in biological diagnostic applications such as optical biosensors,
277bioprobes and cellular imaging agents.

As shown in chapter one, attachment of an ethylene glycol ethyl ether water solubilising 

functionality to the 4-para position of Pybox, affording 17, has been developed by de 

Bettencourt-Dias et al. and shown to self-assemble, via Ln"'-directed coordination, and 

successfully sensitise Ln'” in a 100% aqueous environment. Carboxylic acid and 

polyoxyethylene functional groups have also been appended to the 

bis(benzimidazole)pyridine framework, by Biinzli and co-workers, and shown to confer 

water solubility in helicate ligands 44 -  48, enabling the implementation of highly stable 

homodinuclear triple stranded helicate assemblies as cell imaging agents and detection 

p r o b e s . E v i d e n t l y ,  appropriate functionalisation of self-assembly constituents 

can harness stable water soluble Ln'" architectures which not only retain their photophysical 

properties but which possess luminescent features which can be employed as a functioning 

tool.
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As discussed in chapter one the Ln'"-directed self-assembly o f  62 -  66 gave rise to highly 

stable enantiomerically pure dinuclear triple stranded helicates with CPL spectra confirming 

transfer o f chirality to the metal centre upon complexation.^'*’̂  ̂These previous studies carried 

out within the Gunnlaugsson group on the formation of enantiomerically pure triple stranded 

dimetallic helicates have all been conducted in either CH3CN or in an CHsCNiCHCb (50:50) 

mixed organic meda. Modification o f this system for future advances towards bio

conjugation and/or exploitation o f complex chirality requires water solubility. By carefully 

considering the introduction o f substituents to the 4 pyridyl position o f  such systems an 

enhancement in solubility in more competitive media may be achieved while a detrimental 

effect to the photophysical properties may be simultaneously a v o i d e d . W i t h  a view to 

eventually obtaining fully water soluble systems it was envisaged that grafting a 

polyoxyethylene chain onto the Gunnlaugsson helicate framework would have an 

insignificant effect on the overall photophysical properties o f the system while imparting 

some degree o f water solubilisation. The current chapter focuses on developments made to 

the original helicate ligand 62 in which a polyoxyethylene chain has been introduced to the 

4-para position to aid solubility in more competitive media and the effect this additional 

functionality has on the self-assembly process.

3.1 Design, synthesis and characterisation of ligands 87 ( S ^  and 88 (R,R)

The design o f ditopic ligands 87 (S,S) and 88 (R,R) for Ln'"-directed self-assembly o f  

dimetallic triple stranded helicates was based on the aforementioned chiral ligand 62. Both 

87 and 88 consist o f a symmetric bis(tridentate) structure in which both diamidopyridyl 

(NO2) chelating units are linked via an w-xylylenediamine spacer group.

As seen for 62, the l-(l-naphthyl)-ethylamine antenna functionality incorporated for both 

Ln“* sensitisation and structure conformation stability in the corresponding complex, also 

bestows ligand chirality giving rise to either (S,S) or (R,R) ligand stereochemistry. 

Derivatisation o f the 4-para position o f the two pyridine units with polyoxyethylene groups 

shall, in theory, enhance the solubility o f  such systems in more competitive media. 

Preparation o f ligands 87 and 88 involved a two part synthetic procedure in which the
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polyoxyethylene chain precursor l-iodo-2-(2-methoxyethoxy)ethane 91 was synthesised in 

parallel to the enantiomeric pair 94 (S) and 95 (/?).

The first step in the synthetic pathway towards 91 was an 8^2 substitution reaction, as 

illustrated in Scheme 3.1 in which diethylene glycol methyl ether 89 (in THF) was added to a 

solution o f NaOH in H2O at 0 °C followed by the addition o f tosyl chloride. This mixture was 

allowed to reach RT and then left stirring for a further three days after which solvent was 

removed under reduced pressure yielding a white solid. The solid residue was then 

redissolved in CHCI3 and washed with 1 M aq. NaOH, H2 O and dried over MgS0 4 , Solvent 

was again removed in vacuo affording 2-(2-methoxyethoxy)ethyl 4-methylbenzenesulfonate 

90 as a colourless oil in 53% yield. ‘H NMR (400 MHz, CDCI3 ), '^C NMR (100 MHz, 

CDCI3 ) and high resolution mass spectrometry (HRMS) data for 4 correlated well with
279 280previously reported literature values. ’

89 90 91

Schem e 3.1. Synthetic pathway towards polyoxyethylene chain precursor 91.

The tosyl group of 90 was converted to the corresponding iodo compound by means of a 

second Sn2 substitution reaction by refluxing 90 and Nal in acetone for 16 hrs. The solution 

was then filtered by suction filtration and solvent evaporated under reduced pressure. The 

resulting brown residue was dissolved in CHCI3 and washed with H2 O, brine and dried over 

MgS0 4  Solvent was removed in vacuo yielding a brown oil, 91, in 85% yield which was 

characterised by 'H NMR (400 MHz, CDCI3), '^C NMR (100 MHz, CDCI3 ) and HRMS.^^*’

In parallel, chelidamic acid 92 was monoprotected using benzyl bromide (BnBr), as 

shown in Scheme 3.2. Firstly 92 was heated to 65 °C in DMF in the presence of NaHC0 3 . 0.5 

equiv. of BnBr was then added and the mixture stirred at 65 °C overnight. The reaction 

mixture was filtered by suction filtration and solvent removed under reduced pressure leaving 

an oily yellow residue which was dissolved in CH3 OH. To this residue H2O was added, after 

which 93 precipitated from solution as an off white solid in 50% yield. Compound 93 was 

assessed by 'H NMR (400 MHz, DMSO-J^), '^C NMR (100 MHz, DMSO-^/g), HRMS and 

IR analysis with the appearance o f a singlet resonance at 5.38 ppm, representing the CH2 

protons, and the aromatic protons of the benzyl group appearing at 7.49 ppm and 7.44 -  7.37 

ppm in the ’H NMR spectrum, confirming monoprotection of 92.

It is worth noting at this point that this project has been carried out in collaboration with 

Dr. Jonathan Kitchen and that all syntheses and measurements o f the {R.R) enantiomer 8 8
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have been carried out by him. For the purpose o f this chapter results obtained for the {S,S) 

enantiomer 87 will be discussed more with regular relevant referencing to the results 

obtained for 8 8 .
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Schem e 3.2. Synthetic pathway towards helicate ligands 87 and 88.

Introduction of the appropriate {S or R) 1 -(1 -naphthyl)-ethylamine antenna moiety was 

achieved via an EDCI-HCl peptide coupling reaction. A mixture of 6-(benzyloxycarbonyl)-4- 

hydroxypicolinic (93), HOBt, NEt3 and 1 equiv. of (5)-(-)-l-(l-naphthyl)ethylamine in THF 

were placed under Ar and cooled to 0 “C. After 30 mins of stirring EDCI-HCl was added to 

the mixture and stirred at 0 °C for a further 30 mins. The reaction mixture was then allowed 

to reach RT and stirred for a further 48 hrs, leaving a yellow solution with a white solid 

residue. The solution was filtered and THF removed under reduced pressure to give an 

orange oil which was taken up into CH2 CI2 . The solution was then washed with 2.0 M HCl, 

sat. aq. NaHCOs, H2 O and brine and the organic phase dried over MgS0 4 . The solvent was 

removed under reduced pressure, yielding 94 as an orange oil in 97% yield. The appearance 

of a doublet at 1.78 ppm and a multiplet at 6.06 ppm in the 'H NMR spectrum (600 MHz, 

CDCI3 ) o f 94, corresponding to the CH3 and CH groups of the antenna moiety, respectively, 

clearly indicate peptide bond formation and the successful functionalisation of 93 . 

Compound 94 was also characterised by '^C NMR (150 MHz, CDCI3), HRMS and IR 

analysis and was shown to give identical results.
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The polyoxyethylene chain 91 was grafted onto (5)-benzyl 4-hydroxy-6-( 1-(naphthalen- 

l-yl)ethylcarbamoyl)picolinate (94) by means of another Sn2 substitution reaction. Ligand 94 

and K2 CO3 were stirred in anhydrous DMF for 30 mins at 25 °C before one equiv. of 91 was 

added and the reaction mixture stirred at 50 °C for a further 72 hrs. The solvent was removed 

under reduced pressure leaving a brown oily residue which was redissolved in CH2 CI2 and 

washed with 1% acetic acid, H2 O and dried over MgS0 4 . The solvent was removed under 

reduced pressure yielding an orange oil which was purified by silica flash column 

chromatography under gradient elution conditions (Hexane/Ethyl Acetate) affording 96 in 

40% yield. Successful product formation was indicated by resonances representing the CH2 

and CH3 groups of the appended chain appearing at 3.28, 3.47, 3.57, 4.07 and 4.41 ppm in 

the 'H NMR spectrum (600 MHz, CDCI3 ) o f 96 . Compound 96 was also verified by 

NMR (150 MHz, CDCI3 ), HRMS and IR analysis.

Removal of the benzyl protecting group was achieved by hydrogenolysis using a Pan- 

hydrogen shaker apparatus. Compound 96 was placed with a 10% Pd/C catalyst in CH3 OH 

under 3 atm of H2  for 48 hrs. The reaction mixture was then filtered through celite and 

solvent removed itt vacuo yielding the half helicate precursor 98 in 84% yield. The half 

helicate precursor 98 was identified by 'H NMR (400 MHz, DMSO-Js), '^C NMR (100 

MHz, DMSO-c/rt), HRMS, elemental and IR analysis with the disappearance of the CH2 and 

benzyl proton resonances representing deprotection of 96 giving 98.

The desired compounds 87 and 88 were obtained in the final step via a second peptide 

coupling reaction similar to that discussed above for 94 and 95. A mixture of (S)-4-(2-{2- 

methoxyethoxy)ethoxy)-6 -(l-(naphthalen-l-yl)ethylcarbamoyl)picolinic acid (98), HOBt, 

DMAP, NEt3 , and 0.5 equiv. of m-xylylenediamine in THF were placed under Ar and cooled 

to 0 °C. After 30 mins of stirring EDCI-HCl was added to the mixture and the resulting 

mixture stirred at 0 °C for a further 30 mins. The reaction mixture was then allowed to reach 

RT and stirred for 48 hrs. The solution was then filtered and THF removed under reduced 

pressure to give an orange oil which was taken up in CH2 CI2 . An acid-base extraction yielded 

a brown fluffy solid which was redisssolved in CH2 CI2 and precipitated out of diethyl ether 

giving 87 as a white solid in 45% yield while 88 was afforded in 40% yield. Both compounds 

87 and 88 were characterised by 'H NMR (600 MHz, CD3 CN), '^C NMR (150 MHz, 

CD3 CN), HRMS, elemental and IR analyses. A detailed assignment of all the protons for 87 

and 8 8  was performed by a combination o f ID and 2D NMR experiments (see Appendix 

Figures A3.1 -  A3.5). As shown below in the 'H NMR spectrum (600 MHz, CD3 CN) of 87, 

Figure 3.1 (see Figure A3 . 6  for ’H NMR spectrum of 8 8 ), signals corresponding to the two 

CH2 methylene group protons o f the spacer group reside at 3.71 and 3.67 ppm, the triplet of
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the two NH protons (adjacent to the CH2  groups) appear at 8.99 ppm and the four phenyl 

proton resonances are located at 7.16 and 7.07 ppm evidencing the isolation of the desired 

product 87 (S,S).
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Figure 3.1. 'H N M R  spectrum (600 MHz. CDjCN) o f  87 (S.S).

[ppm]

3.2 Form ation of dimetallic triple stranded helicate complexes Eu 2 .8 ? 3  ( S ^  and 

EU2 . 8 8 3  (/?,/?)

Following successful synthesis of 87 and 8 8  the dimetallic triple stranded helicate 

complexes, Eu2 .8 ? 3  (S,S) and EU2 . 8 8 3  (R,R), were prepared by complexing the appropriate 

ligand with Eu(CF3 S0 3 ) 3  in a 2:3 stoichiometric M:L ratio in HPLC CH3 OH.

The synthetic procedure entailed application of microwave irradiation at 70 °C for 10 

mins (see Scheme 3.3) followed by vapour diffusion of diethyl ether, affording the isolated 

complexes Eu2.873 and EU2 . 8 8 3  as white solids in 78% and 71% yields respectively. Both 

Eu2 .8 ? 3  and EU2 . 8 8 3  were characterised by 'H NMR (see Figure 3.2 and Appendix Figure 

A3.7), but neither Eu2 .8 ? 3  nor EU2 . 8 8 3  were detectable by HRMS in the range of solvents 

(CH3 OH, CH2 CI2 , CH 3CN) investigated. To date, it has also not been possible to verify the 

formation of other similar 2:3 helicate systems studied within the Gunnlaugsson group by 

HRMS, despite many attempts.
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Scheme 3.3. Preparation o f Eu’“  complexes EU2.S73 and Eu2-8 8 } carried out under 
microwave irradiation at 70 “C.
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Figure 3.2. 'H N M R  spectrum (400 MHz, CDjOD-d4)  ofEu2.873 (S,S.).

The paramagnetic nature o f Eu'" induces large chemical shifting and broadening o f 

signals in its 'H NMR complex spectra (400 MHz, CD3 0 D-<ŝ .#). As is evident from those 

shown for Eu2 .8 ? 3  and EU2 .8 8 3 , which display identical NMR spectra, signals appear 

broadened and shifted, clearly signifying successful complexation. Elemental and IR 

analyses were also employed to verify successful formation o f both complexes. Elemental 

analysis confirmed formation o f the desired 2:3 species in both cases while IR was also 

representative o f Eu'”  complexation via a shift o f the amide carbonyl group stretching 

frequency. A reduction in the IR stretching frequency o f the amide carbonyl band (from 1657 

cm'' to 1629 cm"' for Eu2 .8 ? 3  and from 1655 cm'' to 1623 cm'' for EU2 .8 8 3 ) in each case
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signified a lengthening o f  the bond upon complexation and thus further justified Eu2.8?3 and 

EU2.883 formation. Furthermore, both white solid compounds were found to appear red under 

the UV lamp, again signifying complexation o f the ligand to the metal centre.

Once complexes Eu2.8?3 and EU2.883 had been synthesised and characterised their 

photophysical properties in solution were then examined.

3.3 Photophysical charactcrisation of complexes Euj.STj and EU2.883

The photophysical properties o f Eu2 .8 ? 3  and Eu2 . 8 8 3  were evaluated in CH3 OH, CD3 OD and 

CH3 CN, as shown in Figure 3.3 -  3.6 and Appendix Figures A3 . 8  - A3.14. The UV-visible 

absorption spectra of these complexes were dominated by a major absorption band located at 

Xmax = 281 nm with two shoulders appearing at 270 nm and 293 nm in CH3 OH and CD3 OD 

but which were less pronounced in CH3 CN. This band is assigned to the naphthalene antenna 

So ^  Si 71 —> 71* transition while the So —>• S2 ti —> n* transition was also evident at =

223 nm.
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Figure 3.3. UV-visihle absorption spectra o f  (a) Eu2-87j (S,S) (2.6 x  10'^ M) and (b) EU2 .8 8 } 
(R.R) (2 X la ^  M) in CH3 OH.

Excitation of the naphthalene chromophore at ^,ax = 281 nm gave rise to Eu"’-centred 

luminescence from both complexes in all three solvent systems studied indicating effective 

population o f the ^Dq excited state and subsequent deactivation to the ^Fy (J  = 0 - 4) ground 

states with line-like emission bands appearing at 579 nm (^Dq —>■ ’Fq), 593 nm ('’Do ^F|),

614 nm (^Do ^¥2 ), 649 nm (^Do ^  ’F3 ), and 695 nm (^Dq ^F4 ), respectively, as shown 

in Figure 3.4 and Appendix Figures A3.10 - A3.11.
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Figure 3.4. Eu'''-centred luminescence emission spectra o f  (a) Eu2-87j (S,S) (2.6 x  10'^ M) 
and (b) EU2 . 8 8 3  (R,R) (2 x  10'^ M) in CH3 OH.

The excitation spectra of Eu2 .8 ? 3  and EU2 . 8 8 3  were also recorded in CH3 OH, CH 3 OD and 

CH 3CN and displayed maximum intensity (X,em= 615 nm) at approximately 226 nm with a 

broad shoulder at 281 nm (shown below in Figure 3.5 and Appendix Figure A3.12 -  A3.13) 

again signifying successful sensitisation of the Eu'" centre by indirect excitation of the 

antenna moiety.
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Figure 3.5. Excitation spectra o f  (a) Eu2.87s (S,S) (2.6 x  10'^ M) and (b) Eu2 -8 8 s (R,R) (2 x 
10'^ M) in CH3 OH (Xem = 615 nm).

Ligand centred emission was also recorded in both CH 3 OH and CH3 CN, as shown in 

Figure 3.6 and Appendix Figure A3.14, with a band centred at A.max= 400 nm. This band was 

shown to undergo a decrease in emission intensity following the formation o f the 2:3 species 

in situ, confirming efficient energy transfer from the ligand to the metal centre upon 

complexation.
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Figure 3.6. Fluorescence spectra o f  (a) ligand 87 (S,S) (1 x  10~̂  M) and (b) 8 8  (R,R) (I x  10'^ 
M) recorded in CH3 OH before and after the addition o f  0.65 equiv. Eu(CF3 S 0 j)s

According to previously studied helicate systems 62 -  6 6  it was expected that both Eu”’ 

ions in Eu2 .8 ? 3  and EU2 . 8 8 3  would reside in a fully saturated coordinative environment free 

from any binding solvent oscillators, expressing q values o f  0. To investigate if  this was in 

fact the case for Eu2.873 and E U 2 . 8 8 3  lifetime measurements for both complexes were 

recorded. However, since Eu2 .8 ? 3  and E U 2 . 8 8 3  were not readily soluble in H 2 O it was 

necessary to carry out lifetime experiments in a different solvent. Measurements were 

therefore carried out in CH 3 OH, CD 3 OD and CH 3 CN. By m easuring the excited state decay 

in CH 3 OH, CD 3 OD, and inputting data into the modified version o f Equation 1 (Equation 9
S7shown below) developed by Faulkner and co-workers, the number o f  inner sphere metal 

bound solvent molecules (hydration state q) could be calculated. Luminescent emission 

lifetimes observed in CD3OD and CH3CN were best fit to a mono-exponential decay function 

while that observed for CH3OH was best fit to a bi-exponential decay function, indicating the 

presence o f possibly more than one luminescent species in the methanolic solution. Excited 

state lifetimes, population percentages and q values obtained for both complexes in the 

various solvents are summarised in Table 3.1.

Equation 9 :  2 . 4 [ ( 1 / t c h 3O h ) - 1 / 'C c d 3O d ) - 0 . 2 5 ]

Excited state lifetimes o f 1.39 ms and 1.32 ms were exhibited by the major species in 

CH 3 OH, which were present in 80% and 83% in solution for Eu 2 .8 ? 3  and EU2 . 8 8 3  

respectively, correlating to q values o f  0.2 in both cases. These values suggest that the 

dimetallic triple stranded helicate species Eu2 .8 ? 3  and EU2 . 8 8 3  are the most predominant in 

solution, in which both Eu"’ centres are coordinatively saturated within the helical structure 
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through coordination to three tridentate ligands. It is possible that the second shorter excited 

state lifetim e observed in CH3OH corresponds to a partially dissociated species in which one 

o f  the three ligand strands has disassembled, leaving a 2:2  species in solution, in which each 

Eu'” ion is free to coordinate to three solvent m olecules, corresponding to the estimated q 

value o f  3.

Table 3.1. Eu'"-centred lifetimes (ms), species population percentages and calculated 
hydration state (q) values for Eu'̂ ’ in Eu2.87s and Eu2.88s as measured in CHjOH, CD3OD 
and CH3CN at RT.

Complex TciUOlI ( 'IlS ) 
% population

EU2.873

EU2.88,

Trnsoi)
(ms) (ms)

q values

2.49

2.36

1.52

1.49

Major Minor
species species

0.2 ±0.5 2.6 ±0.5

0.2 ±0 .5 3.3 ±0 .5

A relative method was used to calculate the quantum yields and the efficiency o f  

lanthanide sensitisation (risens) for both com plexes in CH3CN and CH3OH solutions. This 

method compares both the absorbance and em ission intensity o f  the unknown sample
1 n s  10 8  9 8 1

(Eu2.873 or EU2.883) to a standard reference solution according to: ’ ’

1 7  i :  i n .  n E u , L  QxEquation 10: (?„, = -  = -  x —  x —

where subscript r represents the reference and x the sample under investigation; E is the 

integrated lum inescence intensity, A is the absorbance at the excitation wavelength, I is the 

intensity o f  the excitation light at the same wavelength, and n is the refractive index o f  the 

solution. The standard solution em ployed is that o f  Cs3[Eu(dpa)3] (7.5 x 10'  ̂ M) in tris buffer 

O.IM (absorbance =  0.20) for which the quantum yield is Otot = 24 + 2.5% (under excitation 

at 279 nm)."’̂ ''''* Since the magnetic dipole allowed (M D) transition (^Dq —> ’Fi) is 

independent o f  the environment surrounding the Ln'*' it may be used therefore as an ‘internal
105 108 187 281reference’ for the calculation o f  the radiative lifetim e ( t r ) given by: • ■ ■

E q u a tio n  11: ~  —  ^ m d  0 '

1 1 9
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where A.md,o (= 14.65 s"') is the spontaneous emission probabiHty o f the '^Dq —> ^Fi transition, 

n is the refractive index o f the medium, and Ito/IiviD is the ratio o f  the integrated total 

emission from the ^Do —> transitions (where J  = 0 -  6) to the area o f  the Eu(^Do —> ^F|) 

transition. Xobs (determined experimentally) and t r  may then be used to evaluate the intrinsic

quantum yield o f the Eu"’ ( ^ n )  by implementing equation

Equation 12: OflJ =

The efficiency o f lanthanide sensitisation (fJsens^ equal to the ratio between 

(determined experimentally) and as given by equation 13:

Equation 13: n.ens =  ^

Quantum yields (0 ,ot) were measured for the Eu"’-centred emission from Eu2.873 and

EU2.883 and were found to be 3.55 % and 3.19 % in CH3OH and 4 . 14% and 4 .41% in CH3CN 

for Eu2.873 and EU2.883 respectively, see Table 3.2 below. These quantum yield values, in 

particular for CH3CN, were slightly lower than those estimated for the parent chiral 

m ononuclear Eu’” Trinity sliotar’ complexes recently reported in our laboratory (4 .4% for 

Eu.563 and Eu.573 in CH3OH and 7.3% and 7.6% for Eu.563 and Eu.573 in CH3CN, 

respectively).'*^ Lifetime values were relatively similar in both solvents for Eu2.873 and 

EU2.883 (see Table 3 .2) but slightly shorter in comparison to those calculated for the parent 

m ononuclear structures Eu.563 and Eu.5?3 ( 1.76 ms and 1.75 ms in CH3OH and 1.85 ms and 

1.84 ms in CH3CN for Eu.563 and Eu.5?3, respectively).'*^ However, comparison o f Ol[J 

values calculated for the helicate complexes EU2.873 and EU2.883 (see Table 3 .2) and 

m ononuclear complexes Eu.563 and Eu.573 ( 13.0 in CH3OH and 14.8 and 15.0 in CH3CN for 

Eu.563 and Eu.573, respectively) indicates that non-radiative deactivation via quenching 

(giving slightly lower lifetimes) does not play such a prominent role in reducing Oto, It is in 

fact the efficiency o f the sensitisation step (risens, (^*tot = Tiisc-Hei'I t̂n Hsenŝ t̂ Ln where r|isc is the 

efficiency o f intersystem crossing and r|et the efficiency o f energy transfer) which is 

responsible for these reduced quantum yield values for EU2.873 and EU2.883 in comparison to 

Eu.563 and Eu.573 (Tisens = 33.5% and 33.6% in CH3OH and 49% and 51.3% in CH3CN for 

Eu.563 and Eu.573, respectively) -  quantum yield values which are still significantly high in
"7 0 0  1 " in

comparison to values obtained by either Piguet or M uller for similar systems. This
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observation reflects the major role played by the naphthalene groups in shielding the Eu'” 

ions from deactivating solvent oscillators in the local coordination sphere.

Table 3.2. Lifetime values, quantum yield percentages and sensitisation efficiencies (r]sens) o f  
E u " complexes measured in CHjCN and CH3OH at 25 "C calculated using equations 1 0 - 13  
(upon excitation at I  = 279 nm) -  note the estimated error fo r  quantum yields is ±10%.'^^

Complex lobs, nis On,,, % Tr, ms O f|sens. % Solvent

Eu2 .8 ? 3  1.453 (±0.001) 4.14 (±0.10) 10 23.08 18.07 CHjCN

EU2 . 8 8 3  1.424 ( ± 0.002) 4.41 (±0 .04) 10 25.25 17.47 CH3 CN

Eu2 .8 ? 3  1.398 (±0.004) 3.55 (±0.04) 6.7 21.07 16.90 CH3 OH

EU2 .8 8 , 1.413 (±0.002) 3.19 (±0 .05) 6.3 22.34 14.32 CH3 OH

3.4 Chiro-Optical properties of 87 (^vS), 8 8  (/?,/?), Eu2.87.3 {SJS) and EU2 . 8 8 3  (/?,/?) - 

CD and CPL measurements

For the purpose of ensuring that ligand chirality had been retained following synthesis and in 

order to probe whether the chirality of the ligand had been transferred to the metal centre 

upon complexation the chiro-optical properties of ligands 87 (S,S) and 8 8  {R,R) and their 

corresponding helicate complexes were evaluated by CD and CPL spectroscopy.

The CD spectra for ligands 87 {S,S) and 8 8  {R,R) and complexes Eu2 .8 ? 3  {S,S) and 

EU2 . 8 8 3  {R,R) were recorded in CH3 CN, as shown in Figure 3.7, with the latter being formed 

in solution upon the addition o f 0.67 equiv. of Eu(Cp3 S0 3 )3 . As shown, the enantiomeric 

relationship between stereoisomers 87 (5,5) and 8 8  {R,R) was clearly evident with both CD 

spectra displaying miiTor images o f one another. In the case o f ligand 87 {S,S) a positive  

absorption band was centred at 230 nm, with two broad shoulders located at 250 nm and 270 

nm, while a large negative band occurred at 214 nm.

An equal but opposite CD spectrum was exhibited by 8 8  (/?,/?). A disappearance o f the 

two shoulders at 250 nm and 270 nm was observed upon the addition o f 0.67 equiv. of Eu'" 

and subsequent formation of the triple stranded dimetallic helicates in solution. 

Concomitantly, in the CD spectra for the corresponding complexes, an equal but opposite
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Cotton effect was observed. A dramatic increase in absorption was exhibited by the band at 

214 nm while the band located at 230 nm experienced a slight shift to 227 nm and also a 

large enhancement in absorption. The changes observed in the CD spectra upon the 

formation o f  the helical assemblies reflect ligand conformational changes and induction o f  

additional topological chirality as Eu2 .8 ? 3  (S,S) and EU2 . 8 8 3  (R,R) are formed. Slight 

discrepancies in CD spectra can be attributed to minor differences in concentrations.
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Figure 3.7. C ircular dichroism  spectra  o f  ligands 8 7  (S,S) and 88 (R,R) (I x 10'^ M) 
recorded  in C H jC N  a t R T before and after the addition o f  0.67 equiv. Eu(CF3SOs)}.

A s discussed in chapter two CPL spectra can be em ployed as a spectroscopic tool to 

evaluate whether chirality has been transferred from the ligands to the Eu'" centre upon 

complexation and thus determine if  the Ln'" is residing in a chiral environment. CPL spectra 

were recorded in CH3CN, CH3OH and a mixed CH3OH.H2O (75:25) solvent system as 

shown in Figure 3.8 and Appendix Figure A3.15. Excitation o f  the naphthalene antennae at X 

= 281 nm gave rise, in all cases, to Eu*”-centred chiral em ission with the ^Do —> ^Fj (J  = 1 -  

4) transition bands o f  the com plexes being o f  equal magnitude and opposite sign, 

demonstrating the chiral nature o f  the Eu'" excited states and again confirming the optical 

purity o f  enantiomers Eu2 .8 ? 3  {S,S) and EU2 . 8 8 3  {R,R).

Positive bands were located at 598 nm and 653 nm, corresponding to the ^Dq ^¥j {J = 

1, 3) transitions, in the CPL spectrum o f the Eu2 .8 ? 3  {S,S) complex. The ^Do ^  ^F j(J=  2, 4) 

transition bands were split, in which the ^Do —>■ F̂̂  transition appeared as a negative signal at
5 7618 nm and a positive signal at 624 nm. Similarly, the Do ^  F.# transition was depicted as a 

band split in two where a positive signal was observed at 707 nm and a negative signal 

located at 698 nm. Conversely, the CPL em ission spectrum o f  Eu2 .8 ? 3  (/?,/?) displayed a CPL
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profile which was exactly the mirror image o f the (S,S) enantiomer, possessing signals of the 

same amplitude but o f opposite sign.

(a) (b)
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Wavclcngih (nm)

CPL lor Eu. 88. (/?. R) 
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Figure 3.8. Total Eu'"-centred emission and CPL spectra o f  complexes Eu2.87s (S,S) and 
Eu2 -8 8 } (R.R) recorded in (a) CH3 OH and (h) a CHsOH.H^O (75:25) solvent system 
(excitation at a = 281 nm).

Table 3.3. Summary o f  dissymmetry factors obtained fo r  Eu2-87s (S,S) and EU2 . 8 8 3  (R,R) in 
CII3 CN, CH}OH and CH3 0 H:H 2 0  (75:25) solvent systems.

CHjCN CH,OH
Complex

EU2.8?3

E U 2 . 8 8 3

CH.OHrJU)
(75:25)

iSlum) ^lum)
598 nm 619 nm 598 nm 619 nm 598 nm 619 nm

0.17 -0.09 0.18 -0.09 0.20 -0.12

-0.19 0.10 -0.18 0.11 -0.21 0.13

Comparison of the CPL spectra of Eu2 .8 ? 3  {S,S) and EU2 . 8 8 3  {R,R) to those of the
Q -l 1 Q -J

analogous ‘Trinity sliotar’ complexes, ' whose absolute configurations have been 

determined by X-ray crystallography, allows us to predict the absolute configurations of 

Eu2.873 (5,5) and EU2 . 8 8 3  {R,R) as being AA and AA, respectively. CPL data demonstrates 

the preferential fonnation of right or left handed helicate self-assembly via ligand 

asymmetric induction - similar to that observed for previously studied helicate ligands 62 - 

6 6  64,69 ]3 issynr,jy,gtj-y factor values for the ^Do —» ^F/ and ^Do —» transitions obtained from 

measurements carried out in the three solvent systems were calculated and are summarised in 

Table 3.3.
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As mentioned in chapter two, dissymmetry factors are a measure of the “degree of 

chirality” sensed by an electronic tran s itio n .P articu la rly  large dissymmetry factors were 

estimated for the magnetic dipole allowed transition (^Do —>■ ^F/) in all cases with gium values 

of 0.17 (CHjCN), 0.18 (CH3OH) and 0.20 (CHjOHiHzO, (75:25)) obtained for Eu2.8?3 {S,S} 

and values o f -0.19 (CH3CN), -0.18 (CH3OH) and -0.21 (CH30H:H20, (75:25)) calculated 

for the EU2.883 (R,R) complex.

The magnitudes of gtum may be taken as a measure o f the degree of optical activity in an 

electronic emissive transition which is determined by the detailed structural features of the 

local metal environment induced by the coordinating ligands. In comparison to previously 

reported gium values for helicate complexes o f 63 -  66, gium values for the ^Do ^  ^F/ transition 

(in CH3OH) in Eu2.8?3 (S,S) and EU2.883 (R,R) were found to be relatively similar (±0.23 for 

Eu2.633 and EU2.643 and ±0.21 for EU2.653 and EU2.663). However, slightly larger values for 

giumĈ Do ^  ^Fi) were estimated for EU2.873 (S,S) and EU2.883 (R,R) (±0.05 for EU2.633 and 

Eu2.64s and ±0.06 for EU2.653 and Eu2.663).^" ’̂̂  ̂ These results suggest a comparable chiral 

arrangement of the ligands around the luminescent Eu'"-centres in EU2.873 (S,S) and EU2.883 

(R,R) to those helicates of 63 -  66.

Having examined the ground and excited state properties o f the complexes and 

investigated their chiro-optical properties the next step was to evaluate the Eu'"-directed self- 

assembly behaviour of 87 {S,S) and 88 (R,R) in situ in order to establish their ability to form 

the desired 2:3 helicate species in solvents of varying competitiveness.

3,5 Studies of the formation of helicates EU2.873 and EU2.883 in situ

The Eu’”-directed self-assembly of EU2.873 and EU2.883 in situ was investigated by a series of 

spectroscopic measurements. This procedure entailed the titration o f a 1 x 10'̂  M solution of 

either 87 or 88 against increasing amounts o f a Eu(CF3S03)3 stock solution and then 

analysing the changes in the UV-visible absorption, fluorescence and time-delayed Eu"'- 

centred emission o f the resulting solution. Studies were performed in CH3CN (to enable 

comparison to helicate studies previously reported), CH3OH and CH30H:H20 solvent 

systems (50:50 and 80:20 mixtures). The latter two were carried out to investigate the 

influence more competitive protic solvents have on the self-assembly process. Each titration 

experiment was repeated three times to ensure data reproducibility.

3.5.1 Spectroscopic solution studies carried out in CH3CN

Prior to metal addition an initial UV-visible absorption spectrum of ligand 87 displayed two 

characteristic bands. One band was centred at Xmax = 223 nm, which is characteristic o f an So 

^  S2 7t ^  71* transition within the chromoporic unit. The second band was located at ^ ax  =
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281 nm (e = 17100 M '' cm"'), which presented hyperfme structure with two shoulders located 

at 271 nm and 293 nm. This band is characteristic of a So ^  Si ti ^  ti* transition of a 1- 

substituted naphthalene derivative.
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Figure 3.9. (a) The overall changes in the UV-visible absorption spectra upon titrating 87 (1 
X 10'^ M) against Eu(CFsSOs)s (0—*5 equiv.) in CH3CN at RT. (b) Corresponding 
experimental binding isotherm o f  absorbance at X= 223, 250 and 281 nm.

The overall changes in the UV-visible absorption spectrum of 87 as a function of added 

[Eu'"] are displayed in Figure 3.9 (a). As shown by the binding isotherm in Figure 3.9 (b), 

upon the addition of Eu(CF3S0 3 ) 3  a hypochromic effect was experienced by the band located 

at Xmax = 223 nm up until the addition of approximately 0.6 equiv. of the metal salt. 

Subsequent additions of Eu’" then gave rise to a small absorption enhancement up until the 

addition of 1 equiv. of metal, after which the absorbance began to plateau. These changes 

suggest formation of an initial 2:3 M:L stoichiometric species in solution after which 

equilibrium is shifted towards a second 2:2 species. Loss in hyperfme structure was also 

evident for the band centred at Amax = 281 nm upon additions between 0—>1 equiv. of Eu"' 

after which no noticeable changes were observed. Concurrently, a sharp increase in 

absorption located at >. = 250 nm was displayed as the self-assembly process proceeded 

between aliquots of 0—+1 equiv. o f Eu"', This was followed by a plateau at higher Eu'" 

concentrations. These changes in the UV-visible absorption spectrum of 87 with increasing 

concentrations of Eu'" are indicative o f changes in ligand conformation as equilibrium is 

displaced and different stoichiometric species evolve in solution. Interestingly, in comparison 

to solution studies carried out on the mononuclear systems 56 and 57 , smaller changes in the 

band representing the naphthalene moiety (A, = 281 nm) were observed for the formation of 

the helicate structures in solution. This is due to n-n packing interactions being present in the
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mononuclear systems, giving rise to more noticeable changes. These interactions are not 

expected to occur in the helical assemblies, and so less pronounced changes for this band are 

observed.
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Figure 3.10. The overall changes in the (a) E u ''-centred phosphorescence spectra and (b) 
fluorescence emission spectra upon titrating 87 (1 x 10'^ M) against Eu(CF3 SOs) 3  (0-^5  
equiv.) in CHsCN at RT. Inset: corresponding experimental binding isotherm o f  (a) Eu'" 
phosphorescence emission intensity at X = 595, 615 and 695 nm and (b) fluorescence 
intensity at X = 400 nm (Â x = 281 nm).

Upon excitation of the antenna at X = 281 nm a gradual enhancement in a typical long 

wavelength Eu"'-centred luminescence emission spectrum was depicted as the titration 

progressed. The overall changes in the Eu'"-centred emission spectra, as shown in Figure 

3.10 (a), were most significant between additions of 0 ^ 0 .6  equiv. of Eu'", during which a 

large enhancement in intensity for the bands located at 595 nm, 615 nm and 695 nm were 

observed, corresponding to electronic deactivation from the ^Dq excited state to ^¥j states 

(where J  = 1, 2 and 4). This ‘switching on’ effect of the Eu'"-centred emission, via the 

antenna effect, up until the addition o f approximately 0.6 equiv. of Eu'" suggests the 

formation of the desired 2:3 M:L luminescent helicate species in solution. As illustrated by 

the binding isotherm graph in Figure 3.10 (a) (inset) additional aliquots o f the metal salt 

results in a sharp decrease in luminescence intensity until a plateau is reached at Eu'" 

concentrations greater than 1 equiv., suggesting a shift in equilibrium towards a lesser 

emissive species at higher Eu'" concentrations.

The fluorescence emission spectrum of 87 was very weak but was also affected by the 

Eu'"-directed self-assembly process. As shown in Figure 3.10 (b) above a large quenching 

effect was experienced by the band corresponding to the fluorescence emission o f 87 

(centred at ^ax  = 400 nm) where quenching by 87% (and 74% for 88, see Figure A3.16.) was 

evident after the addition o f ca. 0.65 equiv. of Eu'". This effect can be attributed to an energy
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transfer process in which energy is transferred from the ligand excited state to the Eu'” metal 

centre in the 2:3 helicate species giving rise to characteristic Eu'"-centred luminescence 

emission via indirect excitation o f ligand 87. Simultaneously, the evolution of characteristic 

Eu”*-centred emission was evident in the fluorescence spectra as the complexation process 

took place in situ, as discussed above.

The overall changes in the UV-visible absorption, fluorescence emission and Eu'”- 

centred phosphorescence spectra following the titration of the corresponding enantiomer 88 

with Eu(Cp3S03)3 were identical to those observed above for 88 , as shown in Figure A3.16 - 

17, confirming that both enantiomers display the same behaviour throughout the self- 

assembly process in CH^CN solution.

3.5.1.1 Fitting o f  CH jCN titration data and determination o f  complex stability constants

As shown for chapter one, the global changes in both the UV-visible absorption and Eu'"- 

centred emission spectroscopic data were fitted using the non-linear regression analysis 

program SPECFIT in order to gain a better understanding of the formation of the various 

self-assembly species in solution and also for the calculation o f complex stability constants.
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Figure 3.11. The speciation distribution diagram obtained from the UV-visible absorption 
titration data fit (upon titrating ligand 87 (S,S) against Eu(CF}S0i) 3 in CH3 CN) and (b) the 
fit o f  the experimental binding isotherms using the non-linear regression analysis program  
SPECFIT.

Results obtained from fitting of the UV-visible absorption titration data (as shown in 

Figure 3.11) point to the presence of three absorbing species in solution, namely the ligand 

itself 87, the 2:2 (Eu2-872) and the 2:3 (EU2.873) stoichiometric species. As shown from the fit 

o f the experimental binding isotherms, in Figure 3.11 (b), a good fit was observed with 

analysis of the speciation distribution diagram indicating the predominant formation of the 

2:3 helicate species with it being formed in ca. 55% after the addition of 0.6 equiv. of Eu'".
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Additional aliquots o f Eu"’ lead to an equilibrium displacement towards the 2:2 species with 

it being formed in ca. 78% following the addition of 1 equiv. o f Eu'”.

Fitting o f UV-visible absorption spectra data following titration o f the corresponding 

enantiomeric ligand 8 8  with Eu'” in CH3 CN showed a similar behaviour (as shown in Figure 

A3.18) with the 2:3 helicate species being formed in ca. 6 8 % upon the addition of 0.6 equiv. 

of Eu'” followed by a subsequent shift in equilibrium towards the 2:2 species, with it being 

formed in ca. 70% following the addition of 1 equiv. o f Eu'”,

Binding constants were evaluated from these fits giving values oilogfiji = 20.1 ± 0.3 and 

log/5 2 3  = 26.0 ± 0.4 for the Eu2 .8 ? 2  and Eu2 .8 ? 3  species and log/ ? 2 2  = 20.1 ± 0.3 and log/ ? 2 3  = 26.4 

± 0.4 for the EU2 . 8 8 2  and EU2 . 8 8 3  species, respectively (see Table 3.4). These values are in 

close agreement to those previously reported for Eu”'-directed self-assemblies of ligands 62 -  

6 6  in CH3 CN. Analysis of the changes observed in the Eu'"-centred emission was also 

carried out (as shown in Figure A3.19 - A3.20) and indicates the presence of two luminescent 

species in solution, i.e. the 2:3 helicate species and the lesser emissive 2:2 species. Larger 

binding constants were obtained following fitting of phosphorescence titration data in both 

instances with values of log/5 2 2  = 22.2 ± 0.3 and log^ 2 3  = 29.2 ± 0.4 obtained for the Eu2 .8 ? 2  

and Eu2 .8 ? 3  species and log/ ? 2 2  = 23.3 ± 0.5 and log/ ? 2 3  = 30.9 ± 0.6 values obtained for the 

EU2 . 8 8 2  and EU2 . 8 8 3  species, respectively. These values do not correlate well with those 

estimated from fitting of the UV-visible absorption spectra data or to values obtained for 

similar helicate systems and so the reliability o f these fits should be considered with caution.

According to fitting of UV-visible absorption spectra data obtained for ligands 87 and 8 8  

the self-assembly process does seem to behave in a similar manner to that described above 

for ligands 62 -  6 6  in CH3 CN. These results indicate that the incorporation of a 

polyoxyethylene chain onto the 4 pyridyl position o f the helicate framework does not in fact 

affect appreciably the formation or stability of the helicate system in this aprotic solvent 

system. Spectrophotometric titrations were then moved into a more competitive protic 

methanolic solvent system in order to evaluate the effect this solvent may have on the self- 

assembly process.

3.5.2 Spectroscopic solution studies carried out in CH3OH

Having analysed the self-assembly formation in CH 3 CN we next moved solution studies to a

more competitive medium using CH3 OH. The UV-visible absorption spectrum of ligand 87

was again first recorded in CH3 OH and shown to consist of two characteristic bands as was

observed in CH3 CN, i.e. a high energy band centred at = 226 nm and a longer

wavelength band located at = 281 nm ( 8  = 17000 M"' cm ''), which presented less

hyperfine structure (shoulders located at 271 nm and 293 nm) than was observed in CH3 CN. 
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Figure 3.12. (a) The overall changes in the UV-visible absorption spectra upon titrating 87 
(1 X  10'^ M) against Eu(CFsSOi)s ( 0 ^ 5  equiv.) in CH3OH at RT. (b) Corresponding 
experimental binding isotherm o f  absorbance atX = 223, 250 and 281 nm.

The overall changes observed in the UV-visible absorption spectrum of ligand 87 upon 

the addition of Eu(Cp3 S0 3 ) 3  to a 1 x 10'  ̂ M solution of 87 in CH3 OH are shown in Figure 

3.12 (a). From Figure 3.12 (a) it is clear that a loss in the hyperfine structure of the band 

centred at ^ = 281 nm is observed only, with no noticeable shift or evidence of an absorption 

increase/decrease. Again the band located at 226 nm experienced only a minor blue-shift 

(from A, = 226 nm to A = 223 nm between additions 0—>0.65 equiv. of Eu'") with no 

noticeable increase/decrease in the ligand absorption. However, as shown by the binding 

isotherm in Figure 3.12 (b), upon the addition o f Eu(CF3 S0 3 ) 3  an enhancement in absorption 

was observed at Â ax = 250 nm up until the addition of approximately 1 equiv. o f the metal 

salt with subsequent additions resulting in an absorption plateau. As shown above for the 

solution studies carried out in CH3 CN, these changes in the UV-visible absorption spectrum 

of 87 are indicative of ligand perturbation as the self-assembly process proceeds and new 

species evolve in solution, particularly between the addition o f 0—>1 equiv. o f Eu"'. The 

changes observed in the UV-visible absorption spectrum of 87 are much less pronounced in 

CH3 OH to that demonstrated in CH 3 CN which could signify a self-assembly process which is 

less accessible due to the enhanced competitive nature o f the surrounding environment.

In a similar manner to that described above, the evolution of the time-delayed Eu"'- 

centred luminescence emission was monitored upon excitation of the antenna group at A. = 

281 nm as ligand 87 was titrated with increasing concentrations o f Eu'". As shown by the 

overall changes in the Eu'" luminescence spectra, illustrated in Figure 3.13 (a), a gradual 

enhancement in the characteristic line-like emission bands located at 595 nm, 615 nm and
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695 nm is depicted which corresponds to electronic deactivation from the ^Do excited state to 

j  states (where J =  \ , 2 and 4).
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Figure 3.13. The overall changes in the (b) Eu"-centred phosphorescence spectra and (c) 
thr fluorescence emission spectra upon titrating 87 (1 x  10'^ M) against Eu(CF3SOs) 3  (0-^5  
equiv.) in CH3 OH at RT. Inset: corresponding experimental binding isotherm o f  (a) E u "  
phosphorescence emission intensity at X = 592, 615 and 695 nm and (b) fluorescence 
intensity at X = 400 nm (X̂ x -  281 nm).

The binding isotherm graph, shown Figure 3.13 (a) (inset) demonstrates that upon the 

addition of 0—>0.6 equiv. o f Eu’" a rapid increase in the emission intensity was observed, 

similarly for that seen in CH3 CN, followed by a sharp decrease up until approximately 1 

equiv. of Eu"*. Additional aliquots of Eu"' result in an eventual plateau in luminescence 

intensity. These changes suggest an initial formation of the desired Eu2 .8 ? 3  helical species, 

after which the 2 : 2  Eu2 .8 ? 2  becomes the dominant species in solution, as was previously 

observed in CH3 CN.

The fluorescence emission spectrum of 87 was also recorded in CH3 OH, as shown in 

Figure 3.13 (b), showing the band centred at = 400 nm experiencing a moderate 

quenching effect after the addition o f ca. 0.65 equiv. of Eu"* (47% and 56% for 87 and 8 8  in 

CH3 OH, respectively (see Figure A3.22). As mentioned above, this band corresponds to the 

fluorescence emission band of the ligand and so this quenching effect can be attributed to an 

energy transfer process in which energy is transferred from the ligand excited state to the 

Eu’** metal centre giving rise to characteristic Eu"’-centred luminescence emission. These 

changes demonstrate effective sensitisation from the ligand to the metal centre via the 

‘antenna effect’.

The overall changes in the UV-visible absorption, fluorescence emission and Eu’’’- 

centred phosphorescence spectra following the titration o f 8 8  with Eu(CF3 S0 3 ) 3  in CH3 OH
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were also investigated. Again an identical behaviour was displayed for 8 8  (see Figure A3.21 

-  A3.22) confirming that the self-assembly process proceeds in the same manner to that 

observed for 87 in CH 3 OH solution.

3.5.2.1 F itt ing  o f  C H 3O H  titration  d a ta  and d eterm in a t io n  o f  co m p lex  stability  

con stan ts

In order to investigate species stoichiometry and stability constants for the self-assembly 

process in CH 3 OH the UV-visible absorption and luminescence titration data were analysed 

by fitting the global changes using the program SPECFIT (see Figure 3.14 - Figure 3.15 and 

Figure A23 -  A3.24).
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Figure 3.14. The speciation distribution diagram obtained from the UV-visible absorption 
titration data f i t  (upon titrating ligand 87 against Eu(CF 3 8 0 3 ) 3  in CH3 OH) and (b) the f i t  o f  
the experimental binding isotherm using the non-linear regression analysis program  
SPECFIT.

The speciation distribution diagram obtained from fitting the UV-visible absorption 

spectra (see Figure 3.14 (a)) shows the presence o f three absorbing species in solution 

including the ligand itself 87, the 2:2 (Eu2 .8 7 2 ) and the 2:3 (EU2 .8 7 3 ) helical species, and as 

shown from the fit o f  the experimental binding isotherms (Figure 3.14 (b)) an acceptable fit 

was observed. Between the addition o f  0 .4 ^ 0 . 8  equiv. o f  Eu'" the most predominant species 

in solution is the 2:3 Eu2 .8 ? 3  dimetallic triple stranded helical species with it being formed in 

approximately 54% at 0.6 equiv. o f Eu’”. At higher Eu'" concentrations a shift in equilibrium 

towards formation o f the 2 : 2  complex is reflected by the sharp decrease in emission intensity 

as the titration proceeds. The Eu2 .8 ? 2  species is formed in approximately 98% yield upon the 

addition o f  3 equiv. o f the metal salt. Similar results were displayed following fitting the 

changes in the UV-visible absorption spectra o f  ligand 8 8  in which the EU2 . 8 8 3  dimetallic 

triple stranded helical species is formed in approximately 16%  at 0.6 equiv. o f  Eu'" and the
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EU2 . 8 8 2  species is formed in approximately 82% upon the addition o f  3 equiv. o f the metal 

salt. Stability constants were evaluated with values o f log |322 = 19.8 ± 0 and logP23 = 25.7 ± 

0.3 obtained for the Eu2 .8 ? 2  and Eu2 .8 ? 3  species and logP22 = 19.0 ± 0 and logP23 = 25.6 ± 0.1 

obtained for the EU2 .8 8 2  and the EU2 .8 8 3  species, respectively.
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Figure 3.15. The speciation distribution diagram obtained from  the luminescence titration 
data f i t  (upon titrating ligand 87 against Eu(CF3 8 0 3 ) 3  in CH3 OH) and (b) the f i t  o f  the 
experimental binding isotherms using the non-linear regression analysis program SPECFIT.

In comparison to the results obtained from fitting the UV-visible absorption titration data 

in CH3CN it has been elucidated that in both solvent media the 2:2 and 2:3 stoichiometric 

species are produced throughout the self-assembly process while the slightly lower binding 

constants evaluated from measurements carried out in CH3OH illustrate that the competitive 

nature o f the methanolic solvent system does have a minor effect on the stability o f  the 

complex species, see Table 3.4 for summary o f  binding constants. These minor stability 

differences are further exemplified by the small difference in quantum yields calculated in 

the two solvent systems, as discussed in previous sections.

Analysis o f luminescence titration data from spectrophotometric measurements o f ligands 

87 and 88 in CH 3OH by means o f  fitting using SPECFIT were shown to correlate well with 

results reported for fitting o f the UV-visible absorption titration data, as shown in Figure 3.15 

and Figure A3.24. As shown by the speciation distribution diagram for 87 (Figure 3.15 (a)) 

the initial emission intensity increase corresponds to the evolution o f the dimetallic triple 

stranded helicate in situ with it forming in 41% upon the addition o f 0.6 equiv. o f Eu '” . The 

rapid decrease in Eu'"-centred emission intensity at X, = 592, 615 and 695 nm is due to the 2:2 

stoichiometric species becoming the predominant complex in solution at higher Eu '” 

concentrations with it being formed in over 99% at 3 equiv. o f Eu'''. A similar trend was 

observed following fitting o f the luminescence titration data o f 8 8 , as shown in Figure A3.24,
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with EU2 . 8 8 3  being formed in 24% at 0.6 equiv. o f Eu'” and the 2:2 species in 99% at 3 equiv. 

o f Eu'". Stabihty constants of logP22 = 20.0 ± 0.2 and logP23 = 25.5 ± 0.2 were evaluated for 

Eu2 .8 ? 2  and Eu2 .8 ? 3  while values o f logP22 = 19.3 ± 0.1 and logP23 = 24.4 ± 0.2 were obtained 

for EU2 . 8 8 2  and EU2 .8 8 3 . These values are in good agreement with those determined from the 

changes in the UV-visible absorption spectra.

Table 3.4. Binding constants obtained by fitting spectroscopic data.*Value fixed, othetyvise 
convergence not reached.

Ligand

87

88

log/9^3 \o ^ 2 3

20.1 +0.3 26.0 + 0.4 22.2 +0.3 29.2 ± 0.4 CH3 CN
19.8* 25.7 ±0.3 2 0 . 0  ± 0 . 2 25.5 ±0.2 CH3 OH

20.1 ±0.3 26.4 ± 0.4 23.3 ±0.5 30.9 ± 0.6 CH3 CN

19.0* 25.6 ±0.1 19.3 ±0.1 24.4 ± 0.2 CH3 OH

Only minor changes in the UV-visible absorption spectra of ligands 87 and 8 8  were 

observed for the Eu'"-directed self-assembly of helicates EU2 .L 3 (L = 87 and 8 8 ) upon 

titrating in CH3OH in comparison to values obtained from studies carried out in CH3CN. 

This could be as a result of the enhanced competitive nature of the methanolic solvent 

medium in that the protic CH3 OH molecules may partake in inducing an effect which begins 

to restrict the self-assembly process to some degree i.e. conformational changes towards the 

formation o f the helicate species may not be as attainable as was possible in organic CH3CN 

solution - H-bonding interactions between the solvent molecules and ligand amine nitrogens 

for example. Nevertheless, it was possible to fit this data and confirm the formation of the 

desired dimetallic triple stranded species EU2 . 8 7 3  and EU2 . 8 8 3  leading us to believe that it was 

worthwhile taking these systems and investigating further their ability to self-assemble in an 

even more competitive mixed CH3 0 H;H2 0  solvent system. A 50:50 mixed CH3 0 H:H2 0  

solvent system was initially chosen to conduct these studies.

3.5.3 Spectroscopic solution studies carried out in CHsOHrHzO solvent systems

As seen before, the UV-visible absorption spectrum of ligands 87 and 8 8 , as shown in Figure 

3.16 (a) and Appendix Figure A3.25 (a), consisted of a short wavelength band centred at 224 

nm and a longer wavelength band located at 281 nm which possessed two shoulders at 271 

and 293 nm. Upon titrating a 1 x 10'  ̂ M ligand CH 3 0 H:H2 0  (50:50) solution against 

Eu(CF3 S0 3 ) 3  (0— > 6  equiv.) no obvious changes occurred to either the band located at 224 nm
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nor the band located at 281 nm throughout the experiment, see binding isotherms graphs in 

Figure 3.16 and Appendix Figure A3.25 (a) inset. This lack of ligand perturbation suggests 

little, slow or no conformational changes in solution.
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Figure 3.16. (a) The overall changes in the UV-visihle absorption spectra upon titrating 8 7 
(1 X 10-' M) against Eu(CF3 8 0 3 ) 3  ( 0 ^ 6  equiv.) in CH3 OH.H2 O (50:50) at R T  (b) 
Corresponding experimental binding isotherm o f  absorbance at X = 224, 250 and 281 nm.
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Figure 3.17. (a) The overall changes in the Eu "-centred phosphorescence spectra upon 
titrating 87 (1 x 10'^ M) against Eu(CF3 S 0 3 )s ( 0 ^ 6  equiv.) in CH3 OH.H 2 O (50:50) at RT. 
(b) Corresponding experimental binding isotherm o f  Eu’̂ ‘phosphorescence emission intensity 
atX = 595, 615 and 695 nm (Xg.x =  281 nm).

Concurrently, as shown in Figure 3.17 and Appendix Figure A3.25 (b), the overall 

changes in the Eu’"-centred luminescence (following excitation at A. = 281 nm as before) 

indicate ligand complexation and subsequent Eu'" sensitisation of the ^Do excited state. The 

characteristic narrow emission bands occurring at 595 615 and 695 nm, which correspond to 

the ^Do ^  ^Fj (where J  = 1, 2 and 4) transitions, do not however follow the same trend as 

was demonstrated previously for studies carried out in CH3CN or CH3OH. A sharp increase 
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in intensity from 0—>0.65 equiv o f Eu”' was evident, followed by a less pronounced increase 

from 0 .6 5 ^ 6  equiv.

Since changes occurring at this point in the titration usually point to the formation o f  the 

helical assembly this result was initially thought to reflect 2:3 species formation in solution. 

This was found not to be the case as fitting by non-linear regression analysis o f this data was 

not possible -  as speculated by analysing the lack o f changes in the UV-visible absorption 

spectra. This continued emission increase is possibly due to the formation o f a mixture o f the 

1:1 and 2:1 (M:L) species as more Eu’" is added to the system i.e. where no change in ligand 

conformation is observed or would result in a UV-visible absorption change. At higher Eu'" 

concentrations there may simply be higher concentrations o f the 1:1 and 2:1 species in situ as 

the system equilibrium is ‘pushed’ towards complexation. This would account for the 

enhanced emission spectrum as the titration proceeds. Another possibility is simply that the 

stability o f  the helicate assemblies in this more competitive medium is much lower to the 

previously encountered systems therefore requiring the addition o f  a large excess o f metal to 

form the helicate. This unusual behaviour may also be as a result o f poor solubility o f the 

ligand in the presence o f H2O. The large hydrophobic aromatic functional groups o f the 

ligand may cause exclusion o f H2O and/or cause stacking between ligand molecules in 

solution preventing facile assembly. By reducing the H2O content o f the CH3 0 H:H2 0  solvent 

system to an 80:20 mixture an attempt to address these postulations was undertaken. Solution 

studies discussed in the remaining sections o f this chapter were carried out on ligand 87 only.
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Figure 3.18. (a) The overall changes in the UV-visible absorption spectra upon titrating 87 
(1 X 10'  ̂ M) against Eu(CFsS0s)3 ( 0 ^ 6  equiv.) in CH }0H:H20 (80:20) at RT. (b) 
Corresponding experimental binding isotherm o f  absorbance at k = 224, 250 and 281 nm.
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Figure 3.19. (a) The overall changes in the Eu“‘-centred phosphorescence spectra upon 
titrating 87 (1 x 10'  ̂ M) against Eu(CFsS03)3  ( 0 ^ 6  equiv.) in CHSOH.H2O (80:20) at RT. 
(b) Corresponding experimental binding isotherm o f  EtJ"phosphorescence emission intensity 
at A = 595, 615 and 695 nm (Xex = 281 nm).

The overall changes in the U V -v is ib le  absorption spectrum o f  ligand 87 for solution  

studies carried out in an 80:20  C H 3 0 H:H2 0  so lvent system  are show n in Figure 3 .18. M inor 

changes w ere observed for the high energy absorption band but no noticeable trend w as  

ob viou s w h ile  for the band located at ^ =  281 nm  on ly  a slight increase in absorption w as 

observed. A gain , no sign ificant changes could  be fo llow ed  in this region o f  the spectrum.

A s seen before for studies conducted in the 50:50  C H 3 0 H:H2 0  m ixed system  a rapid 

enhancem ent in the Eu"'-centred em ission  bands centred at 595 , 615 and 695 nm  w as  

observed betw een additions 0 ^ 0 .6 5  equiv. o f  E u(C p3S 03)3 (see Figure 3 .19). A  continued  

but slow er enhancem ent in em ission  occurred once again from 0 .6 5 —>5 equiv. o f  E u'” 

conclud ing  that the decrease in H 2O content (from  50%  to 20% ) did not sign ificantly  alter or 

in fluence the behaviour o f  the se lf-assem b ly  process.

To elim inate the possib ility  o f  stacking betw een ligands solution studies w ere m easured  

in a constant ion ic strength m edium  (0.5 M N aC l 80:20 C H 3 0 H:H2 0  solution). Little or no 

changes w ere observed in the U V -v isib le  absorption spectra o f  ligand 87 , as show n in Figure 

3 .20 , indicating a lack o f  disturbance in ligand conform ation throughout the titration. An  

identical behaviour in the tim e delayed Eu’” phosphorescence spectrum  (see Figure 3 .21 )  

pointed again to either an increased concentration o f  the 1:1 and 2:1 species as additional 

aliquots o f  Eu'" are added to the system  or to low  binding constants o f  the helicate system s in 

this aqueous environm ent. This theory w ould  co in cid e w ith the fact that there are very few  

changes in the U V -v isib le  absorption spectrum.

T o prevent the possib ility  o f  am ine protonation in an aqueous environm ent and

subsequent influence on com plexation  the Eu'"-directed self-assem b ly  process w as next 
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evaluated in a 0.1 M HEPES/0.1 M NaCl CH3 0 H:H20  (80:20) solution, as shown in Figure 

A3.26. An identical behaviour was displayed in this buffered medium to that demonstrated in 

previous solution studies containing a CH3 0 H:H20  medium.
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Figure 3.20. (a) The overall changes in the UV-visible absorption spectra upon titrating 87  
(I X  IQ-  ̂ M) against Eii(CF3 8 0 3 ) 3  (0-*5 equiv.) in a 0.5 M  NaCl CH3 OH. H2 O (80:20) 
solution at RT. (b) Corresponding experimental binding isotherm o f  absorbance at X =  224, 
250 and 281 nm.
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Figure 3.21. (a) The overall changes in the Eu“'-centred emission spectra upon titrating 87  
(1 X 10'  ̂ M) against Eu(CF3 8 0 3 ) 3  (0—̂ 5 equiv.) in a 0.5 M  NaCl CHs0 H:H2 0  (80:20) 
solution at RT. (b) Corresponding experimental binding isotherm o f  phosphorescence at X = 
595, 615 and 695 nm.

Although studies conducted in a constant ionic strength and buffered media eliminated 

the possibility o f  ligand stacking and/or amine protonation it is still possible that the ligand 

itself and/or resulting com plexes are not fully soluble within this heightened polar solvent 

system. It is additionally plausible to conclude that the self-assem bly o f  the desired dimetallic 

triple stranded helicate occurs at a much slower rate in an aqueous environment. A number o f

137



Chapter Three - Chiral helical assem blies for enhanced solubility in com pelitive solvent media

kinetic measurements were therefore conducted to investigate if the spectroscopic trend 

would remain the same after allowing the system to reach a state of stable equilibrium i.e. by 

carrying out the same titration as above over a longer period of time may result in the 

identification of different species in solution.

3.6 Stability measurements in situ

Stability measurements in situ involved the addition o f increasing concentrations of 

Eu(Cp3 S0 3 ) 3  to a 1 X 10'  ̂ M 80:20 CH3 OH.H2 O mixed solution o f ligand 87 as before, but, 

a time period of 19 hrs was left between the addition o f metal. An initial 0.2 equiv. of Eu'” 

was added and the emergence of time delayed Eu'”-centred emission was measured every hr 

from 0-^19 hrs. The emission intensity of the ^Dq —> ^Fy(J= 1, 2 and 4) transitions located at 

595, 615 and 695 nm after each phosphorescence scan was plotted against time, as shown in 

Figure 3.22 (a). After this, 0.4 equiv. of Eu‘” were added and the Eu'*' phosphorescence 

measured every hr from 0—>19 hrs, the results being shown in Appendix Figure A3.27 (a). 

The same procedure was repeated after the addition o f 0.6, 0.8, 1.0 and 5 equiv. of 

Eu(CF3 S0 3 )3 .(see Appendix Figure A3.27 (b) -  (e)).
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Figure 3.22. (a) -centred emission intensity at X = 595, 615 and 695 nm following the 
addition o f  0.2 equiv. o f  Eu(CF3S0s)s to ligand 87 in a CH}0H:H20 (80:20) solution from  0 
-  19 hrs at RT (upon excitation at X = 281 nm) and (b) emission intensity at X = 615 nm 
following the addition o f  0.2, 0.4, 0.6, 0.8, 1.0 and 5.0 equiv. o f  Eu(CFsSOs)s after 14 hrs.

Since it was definite that equilibrium of the system had been reached after a period of 14 

hrs the intensity (after 14 hrs) at 615 nm following the addition of 0.2, 0.4, 0.6, 1.0 and 5.0 

equiv. was plotted, as shown in Figure 3.22 (b). As shown, an identical trend was observed in

the overall changes o f the characteristic Eu’” luminescence spectra after 14 hrs compared to
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measurements carried in the usual manner, i.e. where an additional metal salt aliquot is made 

immediately after one full spectroscopic measurement. These findings suggest that either the 

kinetics o f  the system are even slower than first anticipated (requiring up to weeks for the 

self-assembly process to take place) or that a kinetic effect is not responsible for the trend 

observed.

Lifetime measurements were also conducted for the self-assembly system o f  ligand 87 in 

the CH 3 0 H:H 2 0  (80:20) solvent medium for comparison. The Eu2 .8 ? 3  self-assembly was 

formed in situ  by adding 0.67 equiv. o f Eu(CF3 S0 3 ) 3  to a 1x10'^ M solution o f  87. 

Luminescent emission lifetimes observed in this solvent were best fit to a bi-exponential 

decay, indicating the presence o f more than one luminescent species in solution, as was 

shown in above sections for CH 3OH. Excited state lifetimes o f 1.47 ms and 0.37 ms were 

exhibited with the longer lived excited state species present in 89%. These lifetimes are 

similar to those observed in CH 3OH and so would suggest formation o f the dimetallic triple 

stranded helicate species Eu2 .8 ? 3  in the partial aqueous solution. A further 10 equiv. o f Eu'" 

were then added and luminescent emission lifetimes evaluated with values o f 1.37ms (87%) 

and 0.37 ms elucidated, again indicating the presence o f  the 2:3 species in solution.

It was established from these stability and lifetime measurements that formation o f the 

desired dimetallic triple stranded helicates in an aqueous environment was not hindered by 

slow kinetics but is due to a thennodynam ic issue in which the stability constants associated 

with the formation o f the 2:3 species in this medium are so low that a huge excess o f metal 

concentration is necessary to reach helicate formation. It was speculated that the stability o f 

the solid complex Eu2 .8 ? 3  in such a competitive solvent system should also be investigated.

3.7 Stability measurements on complex Eui.873

Following synthesis o f the solid complex under microwave irradiation, as discussed in 

section 3.2, the stability o f the complex was measured by monitoring the Eu'”-centred 

emission spectrum exhibited from the solid dissolved in the 80:20 mixed CH 3 0 H:H 2 0  

solution.

As shown below, no significant decrease in emission, which would conclude dissociation 

o f  the helicate in the mixed solution, was obvious. This confirms that in an 80:20 

CH 3 0 H:H 2 0  medium the EU2 . 8 7 3  complex (which is synthesised by microwave irradiation) 

remains intact and stable. A similar observation was made for the corresponding {R,R) 

Eu2 .8 ? 3  complex (see Appendix Figure A3.28). These results prove promising for future 

developments in this area for these systems. Addition o f  the Eu2 .8 ? 3  complex to a 50:50 

CH 3 0 H:H 2 0  solvent system gave rise to the formation o f  a precipitate however, providing 

the limit to this helicate system in a partial H2O environment.
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Figure 3.23. Eu'"-centred em ission intensity at I  =  595, 615 and 695 nm from  Eu2-87s
com plex in a C H }0H :H 20 (80:20) solution from  0 - 1 8  hrs a t R T  (excitation at X = 281 nm). 

3.8 C onclusion

Ligands 87 and 8 8  were designed with the aim o f  meeting certain criteria for the formation o f  

enantiomerically pure dimetallic triple stranded helicates in more com petitive solvent media. 

Four different requirements were set out -  the incorporation o f  a tridentate dpa binding unit 

for Ln*" encapsulation, a chiral naphthalene antenna moiety for Eu'" sensitisation and an m- 

xylylenediam ine linking spacer group to attain a ditopic ligand capable o f  self-assem bling in 

a 2:3 M:L stoichiometric manner, as was demonstrated by previously studied systems 

involving compounds 63 -  6 6 . An additional polyoxyethylene functionality grafted onto the 

4 pyridyl position was intended to induce enhanced solubility in more competitive media. 

Synthesis o f  chiral ligands 87 and 8 8  was achieved by a relatively short synthetic pathway 

and their formation verified by 'H NM R, '^C NM R, IR, ESM S and elemental analysis. 

Complexation o f  87 and 8 8  with Eu(Cp3 S0 3 ) 3  in a 2:3 M;L ratio under microwave irradiation 

yielded the desired dimetallic triple stranded helicates Eu2.87a and EU2 . 8 8 3  which were 

characterised by 'H NM R, IR and elemental analysis.

Photophysical studies were carried out on both com plexes in CH 3 CN and CH 3 OH 

illustrating UV -visible absorption bands characteristic o f  the central pyridine unit and 

naphthalene chromophore while luminescence and excitation em ission spectra confirmed  

successful sensitisation o f  the Eu’*' excited ^Dq state in both com plexes. Lifetime 

measurements conducted in CH 3 CN, CD 3 OD and CH 3 OH revealed the presence o f  one 

luminescent species in CH 3 CN and CD 3 OD while two luminescent species were apparent in 

CH 3 OH with the major species possessing a q  value o f  0. This confirmed a Eu”' environment 

in which three tridentate binding units are coordinated to the Eu'" centre giving a fully
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saturated coordination spiiere where Eu'" is nine-coordinate and free from any solvent bound 

oscillators. Quantum yield calculations were also performed in both CH3CN and CH3OH 

with Otot values slightly lower than those observed for Eu .563 and Eu.5?3 measured in the 

same solvent systems. Calculation o f  r|sens did indicate that the sensitisation pathway for 

helicate com plexes Eu2.8?3 and EU2.883 was less efficient than for Eu.563 and Eu.573.

Chiro-Optical CD and CPL measurements confirmed that chirality o f  the ligands had 

been transferred to the metal centre via  asymmetric induction. CPL spectra were mirror 

images o f  one another confirming the enantiomeric nature between the ligands and their 

corresponding com plexes. Dissymmetry factors for the ^Do ^  ’Fi and ^Do ^ ’p2 transitions 

were calculated and found to be in close agreement to those previously reported within our 

group suggesting a comparable chiral arrangement o f  the ligands around the Eu'”-centres in 

Eu2.8?3 and EU2.883 to those helicate ligand systems o f  63 -  66 . Comparison o f  CPL spectra 

o f  Eu2.8?3 and EU2.883 to those o f  the analogous mononuclear com plexes, whose absolute 

configurations have been determined by X-ray crystallography, also allowed the prediction o f  

the stereochemistry o f  Eu2.8?3 and EU2.883 in which the absolute configurations were 

estimated as being AA and A A, respectively.

Studies on the formation o f  helicates E u 2 . 8 ? 3  and E U 2 . 8 8 3  /« situ  were conducted in an 

organic medium (CH3CN) and the more competitive protic methanolic solvent system. The 

overall changes in the spectroscopic properties upon titrating 87 and 88  against Eu(Cp3S03)3 

in both solvents were fit using SPECFIT and confirm formation o f  the 2:2 EU2.L2 (L = 87, 

88 ) and the desired EU2.L3 (L  = 87, 88 ) helical species with binding constants obtained 

comparable to those calculated for 63 -  6 6 . Lower binding constants and smaller percentage 

yields were evaluated upon moving from CH3CN to CH3OH however, reflecting the 

enhanced com petitive nature o f  CH3OH.

An unusual behaviour was displayed in the spectroscopic data follow ing measurements 

carried out in CH3 0 H:H20  solvent systems (for both 50:50 and 80:20 CH3 0 H:H20  mixtures) 

where no significant changes were observed in the U V -visib le absorption spectra o f  ligand 

87 and a continued enhancement in Eu’"-centred em ission was demonstrated from between 0 

-  5 equiv. o f  Eu‘". Conducting titrations in a constant ionic strength and buffered medium  

had no effect on this unusual self-assem bly behaviour in the partial aqueous environment.

Stability measurements in situ  gave identical results confirming that it was not a kinetic 

effect o f  the system. This was further verified by implementing lifetim e measurements which  

gave similar lifetime values in the mixed solvent system (CH3 0 H:H2 0 , 80:20) to those 

calculated in CH3OH, indicating the presence o f  the long lived 2:3 helicate species upon the 

addition o f  0.67 Eu‘" (89%) and similarly at 10 equiv. (87%). These results suggest that
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thermodynamic binding constants are lower in this enhanced competitive medium. 

Luminescence stability measurements carried out on the Eu2.8?3 complex itself in an 80:20 

CH30H:H20 environment evidenced the stability o f Eu2.8?3 but once the H2O content was 

increased to 50% a precipitate was instantly formed, marking the limit o f these systems in an 

aqueous environment of such constitution. In order to fully solubilise these chiral 

supramolecular systems in a 100% water environment and develop them into functional 

materials groups showing a substantial enhancement in water solubilisation is required.

Future studies may include the synthesis of the target helicate ligand below which is 

derivatised with a sulfonate functional group in the 4-para pyridyl position. This moiety is 

currently under investigation within our group and has proven successful at aiding water 

solubilising of the related mononuclear systems.

H
N

O O

H
N

O O
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4. Introduction

As illustrated in chapter two, the simple half-helicate precursors 79 {S) and 80 (/?) offer a 

relatively facile synthetic route towards the formation of novel Ln'" luminescent frameworks. 

By exploiting this synthetic route the suitability o f monometallic Ln'"-directed self- 

assemblies o f this nature can therefore be modified and tuned to suit various disciplines of 

application, as was previously observed upon the incorporation of an aliphatic alkyl chain for 

solid-state fabrication using the Langmuir-Blodgett technique. By furnishing the Ln'" 

assembly such that the photophysical properties of the system may be applied to other areas 

of research, self-assembled systems of this type can be promoted for use as chiral 

luminescent responsive probes. For example, these monometallic Ln"'-directed self- 

assemblies can be implemented as optical reporters o f a particular target analyte. 

Furthermore, if functionalised appropriately, they can be utilised as biologically active 

targeting agents. The acidic side group functionality o f 79 (S) and 80 (R) presents a handle by 

which these systems can easily be modified and so it was envisaged, for this project, that 

grafting of substituents to this moiety may facilitate accessibility and enhancement of 

properties such as water solubility; in concert with the possibility of expressing biological 

activity.

Much emphasis has been placed on the development of small molecules capable of 

binding DNA for imaging/sensing and/or for the potential exhibition of anticancer
O f il  "7 8  A II . .

activity. ' Most notably, Ru -polypyridyl and 1,8-naphthalimide based derivatives are 

both important classes of DNA binders that show significant anti-cancer activity, receiving a
0*7 '5QI

great deal of attention within our laboratory. ’ Recently, the quartemisation of a 

(pyrazino[2,3-h]dipyrido[3,2-a:2’3’-c]phenazine (pdppz) ligand has been shown to be an 

effective way of increasing its DNA binding affinity while its cationic nature proved 

successful at inducing favourable solubility properties, enabling studies to be carried out in 

biological media.^*^ Moreover, a series of 7V-pyridinium 4-amino-1,8-naphthalimide 

derivatives have been developed within the Gunnlaugsson group and shown to intercalate st-
5 ! 287 288DNA with significantly high affinity (ca 10 M' ). ’ The pyridinium side chain

incorporated undeniably influences the overall water solubility o f the naphthalimide system 

and it is postulated that it also favours electrostatic interactions with the negatively charge
0 8 7  988phosphate backbone of DNA. ’ Inspired by these studies and the current interest in 

moving supramolecular chiral Ln"'-directed self-assembled systems into an aqueous 

environment it was our intention to append a positively charged pyridine side chain to the
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chiral Ln'" chelating sensitising precursors 79 (5) and 80 (/?). This led to the design o f the 

positively charged chiral ligands 100 (5) and 101 (/?).

H
N N

O O

100:(S)
101;(R)

Another well-established class o f compounds currently under investigation within our 

laboratory are Pt-containing compounds exhibiting anticancer activity. The most widely
292recognised Pt-containing chemotherapeutic drug is known as cisplatin 102 . Its structure 

was first described by Peyrone in 1844 however its biological activity w asn’t observed until 

1967 by Rosenberg and c o - w o r k e r s . T h e  key reaction step in its mode o f action appears 

to be its binding to and crosslinking o f DNA at two neighbouring guanine bases, triggering 

cell apoptosis. Cisplatin 102 is commonly used to treat testicular and ovarian cancers but 

unfortunately severe toxic side effects (such as nausea, ear damage, vomiting and kidney 

toxicity) are associated with its administration. Drug resistance is also commonly 

encountered, which has led to the development o f new second generation derivatives 

carboplatin 103 and oxaliplatin 104 which possess slightly lower toxic side effects. 

Toxicity and drug resistance are the two main factors governing the evolution o f new groups 

o f Pt-containing compounds displaying anticancer behaviour such as Pt" complexes 

containing 2 ,2 ’:6,2”-terpyridine.

C l - , , .  , n H 2  

Cl*^ 'NH2

O,,. ,NHp 

'*NH2

H2
N, O- 

Pt
'O-

H2

102 103 104

[Pt(terpy)X]"^ (where X represents ligands occupying the fourth coordination site and 

“n” is the charge o f the complex) is a square planar P t” complex which has undergone 

intense investigation since it was first discovered, by Lipppard and co-workers, to intercalate 

DNA.^^^ In this initial study chloroterpyridineplatinum(II) ([Pt(terpy)Cl]^) 105 and 2- 

hydroxyethanethiolatoterpyridineplatinum(II) ([Pt(terpy)HETJ^) 106  were investigated with
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studies suggesting intercalation in both cases. U V -visib le absorption spectral changes were 

displayed following the addition o f  ca lf thymus D N A  (c?-DNA) to a solution o f  106. A  

Scatchard plot o f  the data depicted behaviour typical o f  that for binding via  DNA  

intercalation. Fluorescence spectroscopy indicated that 106 inhibits com petitively, binding o f  

the intercalating dye ethidium bromide to C/-DNA and was also shown to increase the 

viscosity o f  C/-DNA. Complex 106 caused the melting temperature o f  cf-D N A  to increase by 

up to 5 °C and induced circular dichroism spectra upon binding. Furthermore, it was 

demonstrated that circular viral D NA, from bacteriophage PM2, was unwound by 106 in a 

similar manner to that observed for the well-known intercalator ethidium bromide. These 

finding were conclusive o f  D NA binding via  intercalation o f  the planar Pt” terpy moiety.

'P t '

HO

106

These studies, together with later studies conducted by Lippard and co-workers on related 

analogues o f  105 and 106^^ '̂^ ’̂ initiated research in this field with a wide range o f  Pt"
292 298 301terpyridine-based system s being developed for use as DN A  targeting agents. ’

M ixed d - f  supramolecular com plexes possessing a luminescent Ln'" unit linked to a DNA  

intercalating Pt” terpy moiety, on the other hand, are rare. Combining these two building 

blocks may expose novel dual functioning systems in the generation o f  new luminescent 

bioprobes. One such example, which has been developed by Pikramenou and co-workers, 

is the hairpin-shaped heterotrimetallic Ln"' luminescent com plex N d .l0 7 . The 

diethylenetriaminepentaacetic acid ligand derivative provides five oxygen and three nitrogen 

donor atoms for N d ”' encapsulation, two thiophenol chromophoric Ln’” sensitising  

components and two sulphur donor atoms for Pt”-terpy binding. Excitation into the visible 

absorption band located at 515 nm gave rise to N d ”'-centred lum inescence with em ission  

bands centred at Xmax = 1060 and 1340 nm. These bands are characteristic o f  deactivation  

from the N d ”' “*F3 /2 excited state to ground states "*In/2  and N o change in relative 

quantum yield was observed upon interaction o f  N d .l0 7  with c?-DNA demonstrating that the 

Ln'” portion o f  the structure is not involved in D N A  binding. Bisintercalation o f  the two Pt”- 

terpy units was however, evident from linear dichroism studies and confirmed by molecular
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modelling data. The Nd'*'-centred luminescence can therefore be used as a “reporter” of DNA 

bisintercalation.^*’̂

2+

S — Pt---NHN

N=r
Nd 107

H
N N

O

108: (S) 
109: (R)

As discussed in previous chapters, Ln'"-complexes exhibit unique photophysical 

properties (line-line emission spectra, long-lifetimes of emission etc.) while Pt”-terpy 

complexes, as described above, are capable of binding to DNA. These observations 

influenced us to combine the luminescent characteristics of the monometallic Ln'"-directed 

self-assemblies with the DNA binding ability o f the Pt”-terpy centre. Since the basic half- 

helicate framework (79 (S) and 80 (/?)) is equipped with a tridentate Ln"’ chelating cavity, a 

chiral naphthalene sensitising group and an acidic side group available for substitution it was 

anticipated that attachment of an ethyl pyridine side group to 79 (5) and 80 (R) would 

provide a terminal donor nitrogen atom capable of Pt"-terpy coordination. Chiral compounds 

108 (5) and 109 (R) were designed to meet such criteria.

This chapter focuses on the modification of simple half helicate systems 79 (S) and 80 

(/?). The intention was to furnish mononuclear chiral Ln'"-templated self-assemblies with 

complete water solubility in concert with perhaps biologically active functionality.
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The general aim of this chapter was to develop ligand systems which:

1) Were synthetically straightforward and easily attainable.

2) Formed stable self-assembled complexes in solution (in competitive media in 

particular).

3) In the case o f Ln'” complexes of 108 and 109, exhibited DNA 

interaction/reporting.

The following sections detail the synthesis and characterisation of compounds 100, 101, 

and the photophysical measurements carried out on the investigation o f their ability to 

assemble in situ. Quatemisation of the pyridine side chain was expected to encourage full 

water solubilisation of compounds 100 and 101 allowing studies to be carried out in an 

aqueous environment. The remainder of the chapter focuses on the synthesis and 

characterisation o f complexes 108 and 109 and the photophysical measurements 

implemented to establish their behaviour in solution.

4.1 Synthesis and characterisation of compounds 100 {S) and 101 {R)

Compounds 100 {S) and 101 (/?) were synthesised in two steps, as shown below in Scheme 

4.1, starting with the previously reported half-helicate precursors 79 (5) and 80 {R). The 4-(2- 

aminoethyl)pyridine functionality was appended via an EDCI HCl peptide coupling reaction, 

similar to that described for previous chapters.

Schem e 4.1. Synthetic pathway fo r  tridentate pyridine functional ised ligands 110 (S) and 111 
(R) and methylated pyridinium ligands 100 (S) and 101 (R).

A mixture of (5)-6-(l-(naphthalen-l-yl)ethylcarbamoyl)picolinic acid (79) or (i?)-6-(l- 

(naphthalen-l-yl)ethylcarbamoyl)picolinic acid (80), NEts, and 1 equiv. of 4-(2- 

aminoethyl)pyridine in THF were placed under Ar and cooled to 0 °C. After 30 mins of 

stirring EDCI HCl was added to the mixture and stirred at 0 ”C for a further 30 mins. The

'"O" BF4

CH2CI2

100: (S) 
101:(R)
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reaction mixture was then allowed to reach RT and stirred for another 72 hrs. The solution 

was filtered and THF removed under reduced pressure to give a brown oil which was taken 

up in CH2 CI2 . The solution was then washed with 0.05 M HCl, sat. aq. NaHCOs, H2 O and 

brine and the organic phase dried over MgS0 4 , Solvent was removed under reduced pressure 

affording a yellow oil which was purified by flash chromatography (CH2 Cl2 :CH3 0 H), 

yielding a white solid in yields of 33% and 43% for 110 (S) and 111 (R), respectively. 

Compounds 110 (5) and 111 (R) were characterised by NMR (600 MHz, DMSO-^/fi), '^C 

NMR (150 MHz, DMSO-t/^), HRMS, elemental and IR analyses. A detailed assignment of 

all the protons for 110 and 111 was performed using both ID and 2D NMR experiments 

(Appendix Figures A4.1 -  A4.3). As shown below for the *H NMR spectrum (600 MHz, 

DMSO-i/fi) of 110, see Figure 4.1 (see Appendix Figure A4.4 for 'H NMR spectrum (600 

MHz, DMSO-c^fi) of 111), signals resonating at 9.47 ppm, 3.66 ppm and 2.95 ppm represent 

the protons associated with the amine group (next to the CH2 group) and the two CH2 group 

protons o f the amino pyridine side chain, respectively. Peaks corresponding to the aromatic 

protons of the pyridine side chain are located at 8.44 and 7.29 ppm.

10.12

aAjoU
8 6 4

Figure 4.1. 'H  NMR spectrum (600 MHz. DMS0-d6) o f  110 (S).

Methylation o f the pyridine side chain o f 110 and 111 was achieved using the oxonium 

alkylating agent trimethyloxonium tetrafluoroborate. A solution of (5)-A^2-(l-(naphthalen-l- 

yl)ethyl)-A^6-(2-(pyridin-4-yl)ethyl)pyridine-2,6-dicarboxamide (110) or {R)-N2-{\- 

(naphthalen-l-yl)ethyl)-A^6-(2-(pyridin-4-yl)ethyl)pyridine-2,6 -dicarboxamide (111) in dry 

CH2 CI2 was placed under Ar. 1.3 equiv. of trimethyloxonium tetrafluoroborate was then 

added and the reaction mixture stirred at RT for 72 hours after which CH 3OH was used to 

quench the reaction. Methylated compounds 100 and 101 were isolated as off white solids
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via diffusion o f diethyl ether into the reaction mixture solution and obtained in yields o f 79% 

and 85% for 100 and 101, respectively. Formation o f the desired compounds 100 and 101 

was verified by 'H  NM R (600 MHz, DMSO-^/s), '^C NM R (150 MHz, DMSO-t/g), HRMS, 

elemental and IR analyses while a detailed assignment o f  all the protons for 100 and 101 was 

again achieved using a combination o f ID and 2D NM R experiments (Appendix Figures 

A4.5 -  A4.9). As shown below for the 'H  NM R spectrum (600 MHz, DMS0-«y6) o f 100, see 

Figure 4.2 (see Appendix Figure A4.5 for 'H  NM R spectrum (600 MHz, DMSO-c/e) o f 101), 

proton signals, corresponding to the CH 3 o f  the alkylated pyridine moiety resonate at 4.27 

ppm. Aromatic peaks associated with the CH protons next to the alkylated pyridine were also 

shifted downfield from 8.44 to 8.82 ppm, indicative o f the change in the local environment 

experienced by these protons following methylation.
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Figure 4.2. ' HNMR spectrum (600 MHz, DMSO-d^) o f  100 (S).

Although it was anticipated that the positively charged nitrogen would aid the 

solubilisation o f compounds 100 {S) and 101 (R) in water this was found not to be the case. 

These compounds were therefore photophysically evaluated in less polar solvents. Ligands 

110 (5) and 111 (/?) also represented new chemical motifs suitable for Ln'" binding and 

sensitisation, and so all four compounds were analysed by circular dichroism measurements 

and their Ln'"-directed self-assembly formation was investigated in situ.

Furthermore, it should be stated that formation o f  the 1:3 EU.L3 (L = 110 and 111) 

complexes was also attempted, however, characterisation o f these compounds proved 

challenging. Elemental analysis and lifetime measurements o f  the isolated solid complexes 

did not evidence the formation o f the fully saturated 1:3 EU.L3 (L = 110 and 111) complexes 

as expected. By reacting compounds 110 and 111 with Eu'" under microwave irradiation
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(kinetic control) the coordination o f the more accessible pyridine nitrogen of the side chain 

may have given rise to a more complicated, unpredictable structured complex network. 

Nonetheless, the formation of the thermodynamic products in situ was investigated, and is 

discussed in the following section.

4.2 Chiro-Optical properties of pyridine ligands 110 (5) and 111 (/?), their 

corresponding complexes and ligands 100 (5) and 101 {R)

CD spectra were recorded for ligands 110 (5) and 111 {R) in CH3 CN at RT, as shown below 

in Figure 4.3. CD spectra were also recorded for the self-assembly species following the 

addition of 0.33 equiv. of Eu(CF3 S0 3 ) 3  in CH3 CN at RT. CD spectra obtained for the ligands 

were mirror images o f one another demonstrating the enantiomeric purity of compounds 110 

(S) and 111 (R). Positive CD signals were located at 206, 229 and 285 nm while a negative 

band was located at 220 nm for ligand 110 (5). A CD spectrum of equal amplitude but 

opposite sign was evident for the corresponding R enantiomer 111 (R).

40 -I
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Figure 4.3. Circular dichroism spectra o f  ligands 110 (S) and 111 (R) (2 x  10'^ M) recorded 
in CHjCN at RT before and after the addition o f  0.33 equiv. o f  Eu(CF3 8 0 3 ) 3  - note that slight 
discrepancies in intensities can be derived from  differences in concentrations.

Upon the addition of 0.33 equiv. of Eu(Cp3S03)3  a significant enhancement was 

experienced by the band located at 229 nm for 110 {S). Concurrently, a slight shift to 226 nm 

was also evident, while simultaneously, the band located at 206 nm disappeared and the band 

centred at 220 nm also increased in relative absorption intensity, in addition to a shift to 208 

nm. The opposite CD trend was observed for compound 111 {R) upon the addition o f 0.33 

equiv. Eu”', indicating an identical CD behaviour, and thus conformational changes for both 

systems as different species evolve in solution.
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Figure 4.4. Circular dichroism spectra o f  ligands 100 (S) and 101 (R) (2 x 10'  ̂ M) recorded 
in CH}CN at RT - note that slight discrepancies in intensities can be derived from  differences 
in concentrations.

The CD spectra were recorded for 100 {S) and 101 {R) in CH 3 CN (see Figure 4.4) and 

since it was anticipated that these systems could be moved into more competitive media the 

CD spectra were also recorded in CH 3 OH (see Appendix Figure A4.10). Similarly to that 

above, the enantiomeric relationship between compounds 100 {S) and 101 {R) was clearly 

evident in both cases with opposite CD spectra obtained for each chiral ligand in both 

solvents. The CD spectra exhibited by 100 {S) and 101 (/?) were almost indistinguishable to 

those obtained for 110 {S) and 111 {R) above with positive CD bands again located at 206, 

229 and 285 nm and a negative peak centred at 220 nm for the S  enantiomer 100. CD spectra 

measured in CH3 OH were very similar to those described for 100 {S) and 101 {R) in CH3 CN 

suggesting that, as expected, methylation of the pyridine moiety does not affect the chirality 

of the system in anyway. Furthermore, CD spectra recorded in CH 3 OH confirm that species 

conformation is unchanged in both solvent systems.

4.3 Eu"'-directed self-assembly of 110 (5) and 111 {R) in CHjCN

The Eu"'-directed self-assembly o f E U . I I O 3 and E U . I I I 3 in situ was investigated by a series 

of spectroscopic measurements which involved the titration of a 1 x 10'^ M solution of either 

110 or 111 against increasing amounts of a Eu(CF3 S0 3 ) 3  stock solution. Changes in the UV- 

visible absorption, fluorescence and time-delayed Eu'"-centred emission spectra of the 

solution were then analysed. Studies were performed in CH 3 CN (to enable comparison to 

half-helicate amphiphilic ligands 81 (5) and 82 {R)). In addition, monitoring the self- 

assembly process o f ligands 110 and 111 should give an insight into the species 

stoichiometry expected for the self-assembly of related compounds 100 (S) and 101 (R).
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Figure 4.5. (a) The overall changes in the UV-visible absorption spectra and (b) 
corresponding experimental binding isotherm o f absorbance at X = 207, 223 and 281 nm 
upon titrating 110 (1 x 10'^ M) against Eu(CF3 S0 3 ) 3  (0-^5 equiv.) in CH3 CN at RT.

The overall changes observed in the U V -visib le absorption spectra o f  110 upon titrating 

against E u(C F 3 S0 3 ) 3  in C H 3 CN are displayed F igure 4.5. The U V -visible absorption 

spectrum  o f  ligand 110 is structurally  identical to that observed for the previously studied 

am phiphilic pair 81 (5) and 82 (/?), consisting o f  a long w avelength absorption band located 

at Â iax = 281 nm  and a h igher energy absorption band centred at A,max = 223 nm. These UV- 

visible absorption peaks represent the S o  S i  n ^  7 1*  transition and the S o  S 2  t i  t i*  

transition, respectively. Upon the addition o f  0 —>0.35 equiv. o f  E u(C p 3 S 0 3 ) 3  the absorption 

band located at Xmax = 223 nm experienced a hypochrom ic shift, as show n in the binding 

isothem i graph in F igure 4.5 (b). A dditional aliquots o f  the metal salt caused this peak to 

increase in relative absorption intensity  up until 1 equiv. o f  E u"’ after which a plateau in 

absorption w as reached at h igher Eu*" concentrations. C oncom itantly , the absorption band 

centred at X̂ âx =  281 nm  displayed a gradual enhancem ent in absorption upon the addition o f  

0 —> 1 equiv. o f  E u(C F 3 S 0 3 )3 , after w hich a gradual p lateau in absorption was again observed. 

Changes in the U V -visib le absorption spectra in this m anner, as the Eu**'-templated self- 

assem bly process proceeded, suggested a d isplacem ent in the equilibrium  o f  the system  as 

different stoichiom etric species evolved in solution.

As show n in F igure 4.6 (a), a gradual enhancem ent in a typical E u '"-centred  em ission 

spectrum  was exhibited upon the addition o f  0 —>0.35 equiv. o f  Eu(C F 3 S0 3 ) with 

characteristic bands located at 595 nm , 615 nm  and 695 nm. These lum inescence transitions 

represent deactivation from  the E u '” excited state ^Do —> ^Fj ground states (w here 7 = 1 , 2  

and 4). Subsequent aliquots o f  m etal gave rise to a sharp decrease in lum inescence intensity  

up until approxim ately  1.5 equiv. o f  E u’”, afte r w hich a  plateau in em ission was reached. By
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examining spectroscopic data compiled for other similar mononuclear Ln'”-directed self- 

assembly systems evaluated in our laboratory and comparing to the luminescence changes 

observed above, it is acceptable to speculate that these changes signify the evolution of 

initially, a 1:3 (M:L) (EU.IIO3 ) species followed by, at higher Eu'" concentrations, a shift in 

equilibrium towards the lesser emissive 1:2 (E u .ll 0 2 )and then the 1:1 (Eu.l 10) species.
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Figure 4.6. The overall changes in the (a) E u “-centred phosphorescence spectra and (b) 
fluorescence spectra upon titrating IIO (1 x 10'^ M) against Eu(CF3S0s)s ( 0 ^ 5  equiv.) in 
CHjCN at RT. Inset: corresponding experimental binding isotherm o f  (aEu'’’
phosphorescence emission intensity at X = 595, 615 and 695 nm and (b) fluorescence 
intensity at X =420 nm (Xex = 281 nm).

The fluorescence emission spectrum of 110 was also affected as the Eu'"-directed self- 

assembly process led to the formation of different species in solution, see Figure 4.6 (b), 

where a large quenching effect was experienced by the band which corresponds to the 

fluorescence emission band of 110 (centred at Â ax = 420 nm) where quenching by 69% (and 

42% for 111, see Appendix Figure A 4.11) was evident after the addition of ca. 0.35 equiv. of 

Eu"'. This effect can be attributed to an energy transfer process in which energy is transferred 

from the ligand excited state via the antenna effect to the Eu"' metal centre as the 1:3 tris 

chelate complex is formed in situ.

Concurrently, the changes in the UV-visible absorption, fluorescence and Eu'"-centred 

emission spectra following the titration o f a 1 x 10'^ M solution o f ligand 111 against 

increasing concentrations of Eu(CF3 S0 3 ) 3  in CH3 CN were identical to that shown for 110 

(see Appendix Figure A4.11).

In order to cont'irm the above speculations and elucidate the stoichiometry and binding 

constants associated with the various species formed in solution this data was further 

examined by non-linear regression analysis using the program SPECFIT, and this shall be 

discussed in the next section.
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4.4 Fitting of titration data and determination of complex stability constants

The global changes observed in the UV-visible absorption spectra following the titration of 

110 and 111 with Eu(Cp3 S0 3 ) 3  were fit using non-linear regression analysis in order to gain 

a better understanding of the self-assembly process in solution.
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Figure 4.7. (a) The speciation distribution diagram obtained from the UV-visible absorption 
titration data fit (upon titrating ligand 110 against Eu(CF}S03)3 in CHjCN) and (b) the fit o f  
the experimental binding isotherms using the non-linear regression analysis program  
SPECFIT.

Analysis of the data for the titration of ligand 110, as shown in Figure 4.7, indicated the 

presence of four absorbing species in solution - the ligand itself (110), the 1:3 (EU.IIO3 ), the 

1:2 (EU.IIO2 ) and the 1:1 (Eu.llO) species. As shown in the speciation distribution graph in 

Figure 4.7 (a), it was evident that after the addition of 0.33 equiv. of Eu(CF3 S0 3 ) 3  the 1:3 

(EU.IIO3 ) species was the most dominant species formed in solution, present in 85% yield. A 

binding constant of logpn = 21.9 ± 0.4 was calculated for the tris chelate complex (EU.IIO3 ) 

while the 1:2 (EU.IIO2 ) species was formed with a binding constant o f logPi2 = 14.7 ± 0.6. 

At higher concentrations o f the metal salt the 1:1 (Eu.llO) species evolved, with it being 

formed in 82% yield following the addition of 5 equiv. of Eu"’ with a binding constant of 

logPii = 7.5 ± 0.4. Fitting of the overall changes observed in the UV-visible absorption 

spectra data following the titration of ligand 111 with Eu(CF3 S0 3 ) 3  in CH3 CN demonstrated 

an identical self-assembly behaviour in solution for the corresponding R enantiomer with 

binding constants of logPn = 7.5 ± 0.3, logPi2 = 14.8 ± 0.5 and logPn =22 .1  ± 0.6 

calculated for the 1:1 (E u .lll) , the 1:2 (EU .III2 ) and the 1:3 (EU .III3 ) species, respectively 

(see Appendix Figure A 4.12).

It was not possible to fit the luminescence titration data following the titration of either 

ligand 110 or 111 with Eu(Cp3 S0 3 ) 3  in CH3CN. Although the binding constants calculated 

from fitting o f the UV-visible absorption data above were slightly larger to those observed 
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for the similar mononuclear systems of 56 and 57 (logPn = 6 . 8  ± 0.1 , logPn = 6.4 ± 0.3, 

logPn = 20.0 i  0.3 and logPu = 20.3 ± 0.5 for Eu.56, Eu.57, Eu . 5 6 3  and Eu.5 7 3 , 

respectively)’^̂  it was acceptable to assume that the Eu"'-directed self-assembly behaviour of

110 and 111 in situ remained relatively unchanged.

From these measurements it was expected that the Eu'"-directed self-assembly process of 

the related methylated pyridinium analogues 100 (5) and 101 (R) should proceed in a similar 

manner to that described above.

4.5 Form ation of self-assembled species in situ -  101 (R)

The main goal for compounds 100 (5) and 101 (R) was to bring solution studies, and the 

formation of the corresponding Ln'" complexes, from organic media towards more 

competitive protic media, such as CH3OH and H2O. Methylation of compounds 110 (5) and

111 (R) afforded positively charged compounds 100 (S) and 101 (R) which did not exhibit 

full water solubilisation but did allow for studies to be carried out in the more competitive 

protic methanol medium.

Compound 101 (/?) was therefore initially titrated against Eu(CF3S0 3 ) 3  in CH3OH and the

overall changes in the UV-visible absorption, Eu'"-centred emission and fluorescence spectra

monitored. An unusual behaviour was exhibited by this system in which no noticeable

changes were observed in the UV-visible absorption spectra upon increasing concentrations

of Eu"'. Furthermore, fluorescence spectra was shown to continuously increase in intensity,

as did Eu'"-centred emission. The Eu"'-centred luminescence binding isotherms displayed by

the system showed a sharp increase in luminescence intensity from 0 - ^ 1  equiv. of the metal

salt added with subsequent additions giving rise to a less steep increase at higher Eu"'

concentrations. These results do suggest sensitisation and thus self-assembly between the

ligand and the Eu"' ion in solution, however, it was not possible to explain this trend or fit

this data which signifies that a more complicated process may be occurring. Since methanol

is a protic solvent it may be preventing/hindering the self-assembly process through H-

bonding interactions with the ligand molecules. The extra positive charge on the ligand

structure in the presence of methanol may induce a particular ligand conformational network

in solution, interfering with the self-assembly process in solution.^*^

Studies were therefore carried out in an organic CH3CN medium to investigate if  the

self-assembly process occurred with the formation o f the 1:3 Eu'" complex in a less

competitive solvent medium. The overall changes observed in the UV-visible absorption,

Eu'"-centred emission and fluorescence spectra upon the titration of ligand 101 against

Eu(CF3S0 3 ) 3  in CH3CN are depicted in Figure 4.8. The UV-visible absorption spectra did

undergo changes at >. = 223 and 281 nm but it was clear that the process was not as
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70straightforward as was encountered for related structures. Again an unusual behaviour was 

evident, in particular from the Eu"'-centred emission spectra, where the shape of each 

emission band dramatically changed as the titration proceeded, suggesting a rearrangement o f 

the various species in solution. This titration data was also not found to be reproducible, i.e. a 

different phosphorescence binding isotherm was demonstrated depending on the amount of 

time allowed between each metal addition. It was anticipated that the expected stoichiometric 

species were initially evolving in solution but were undergoing instant disassembly due to 

electrostatic repulsion between adjacent positively charged ligands. No obvious changes 

were observed in the weak ligand centred fluorescence emission spectrum (see Appendix 

Figure A4.13).
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Figure 4.8. The overall changes in the (a) UV-visible absorption spectra and (b) Eu‘" -  
centredphosphorescence spectra upon titrating 101 (1 x 10'^ M) against Eu(CF}SO})} ( 0 ^ 6  
equiv.) in CH3CN at RT. Inset: corresponding experimental binding isotherm o f  (a) 
absorbance at X = 223 and 281 nm and (b) Eu“‘ phosphorescence emission intensity at I  = 
595, 615, 620 and 704 nm (Xex = 281 nm).

These unpredictable results instigated us to evaluate the kinetics of the self-assembly 

process by monitoring changes which may occur over time due to an unstable system. These 

results are discussed in the following section.

4.6 Kinetics studies on a solution of compound 101 {R) in the presence of 0.33 equiv.

of Eu(CF3 S0 3 ) 3  in CH3 CN 

A 1:3 (EuilOls) solution was prepared by adding 0.33 equiv. of Eu(CF3 S0 3 ) 3  to a 1 x 10'^ M 

solution o f compound 101 in CH 3 CN. As shown in Figure 4.9 (a), the UV-visible absorption 

spectrum of the solution was recorded after 0 mins and again after 14 hrs 30 mins, after 

which only minor changes were observed. The Eu'"-centred emission was also monitored 

every 30 mins from 0 -  14 hrs 30 mins, the results o f which are displayed in Figure 4.9 (b) 

and (c). Initially Eu'"-centred emission was exhibited from the solution, upon excitation of
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the naphthalene antenna at = 281 nm, with characteristic bands located at X, = 580, 593, 

614, 650 and 695 nm. These emission peaks correspond to deactivation from the Eu’" excited 

state ^Do to ’Fj ground states where J  = 0 -  4. From these results it is clear that the Eu”’ 

centre does coordinate the tridentate chelating unit of the ligand, enabling sensitisation of the 

Eu'" metal centre via excitation into the naphthalene chromophore. However, possibly due to 

electrostatic repulsion between neighbouring positively charged pyridinium moieties, the 

complex almost instantaneously disassembles. Furthermore, the positive charge located on 

the pyridinium side chain may also repel the positively charged Eu’”, as there is little 

evidence of any Eu"'-centred luminescence, which would be expected even from the lesser 

emissive 1:1 (Eu.lOl) species.
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Figure 4.9. (a) UV-visible absorption spectrum o f  ligand 101 (1 x  10'^ M) recorded in 
CHjCN at RT before the addition o f  Eu(CF3 8 0 3 ) 3  and at 0 hrs and 14hrs 30 mins after the 
addition o f  0.33 equiv. Eu(CF3 8 0 3 ) 3, (b) Eu^'^-centred phosphorescence spectra recorded 
from  0 ^ 1 4  hrs 30 mins following the addition o f  0.33 equiv. o f  Eu(CF3SOs) 3  to 101 in 
CH3CN at RT. (c) Corresponding experimental binding isotherm o f  Eu'"-centred emission 
intensity at X = 593, 614, 620 and 650 nm after each scan (recorded every 30 mins).

These results were further confirmed following a more detailed kinetic measurement of 

the Eu'"-centred emission at A. = 595, 615, 620 and 704 nm after every 0.2 seconds on a 1 x
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10'  ̂ M solution o f ligand 101 in the presence of 0.33 equiv. o f Eu(Cp3 S0 3 )3 , as shown in 

Figure 4.10 (a). After approximately 50 mins luminescence intensity was almost completely 

quenched, indicating complete dissociation o f the complex in solution. This measurement 

was also carried out on a 1 x 10'^ M solution of ligand 101 in the presence of 1 equiv. of 

Eu(CF3 S0 3 )3 , as shown in Figure 4.10 (b). It has been established from this data that initially, 

the 1:3 complex is assembled in solution, followed almost immediately by dissociation. 

However at higher Eu”’ concentrations, equilibrium is pushed towards the formation o f the 

1:1 (Eu.lOl) species in solution.
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Figure 4.10. (a) -centred emission intensity at X = 595, 615, 620 and 704 nm recorded at 
RTevery 0.2 seconds after the addition o f  0.33 equiv. o f  Eu(CFjS0 } ) 3  toa  1 x  10'^ M solution  
o f  ligand 101 and (b) after the addition o f  1 equiv. o f  Eu(CF3 8 0 3 ) 3  to a 1 x  10'^ M  solution o f  
ligand 101 (CH3 CN).

4.7 Summary of the synthesis and Eu‘"-directed self-assembly of the pyridinium 

ligands 100 (S) and 101 (/?)

Four novel chiral ligands based on the half-helicate framework have been synthesised and 

characterised by conventional methods (NMR spectroscopy, HRMS, IR and elemental 

analyses) and CD spectroscopy. In situ solution study investigations indicated that the 

uncharged aminopyridine functionalised ligands 110 (5) and 111 {R) were suitable for Eu'"- 

directed self-assembly in CH3 CN forming three expected species in solution, i.e. the 1:1 

(Eu.L), 1:2 (Eu:L2 ) and 1:3 (Eu:L3 ) (L = 110 and 111) species with binding constants 

comparable to those previously reported for analogue systems. However, the chiral positively 

charged pyridinium compounds 100 (5) and 101 (/?) were found to be insoluble in H2 O and 

displayed an unstable behaviour in solution. From the above studies it can be deduced that
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the proximity o f the positive charge to the Ln’*' chelating core renders it unsuitable for the 

assembly o f the various species in solution.

To address these issues it would be necessary to firstly incorporate a more influential 

water solubilising group to aid full water solubility, and also, if a positively charged moiety 

is being integrated at the acidic side chain six position, it should ideally be incorporated using 

a longer spacer functional group in order to ensure the prevention of electrostatic repulsions.

In parallel to these studies Pt"-terpy complexes 108 (5) and 109 {R) were synthesised and 

their ability to self-assemble in solution via Eu'"-templated self-assembly probed.

4.8 Synthesis and characterisation of compounds 108 (5) and 109 (/?)

As discussed above, chiral Pt“-terpy complexes 108 (5) and 109 {R) were designed with the 

intention o f furnishing chiral Ln'"-directed self-assemblies with water solubilisation in 

concert with the potential capability of interacting with biomolecules, such as DNA.
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Scheme 4.2. Synthetic pathway fo r  P/'-terpy functionalised ligands 108 (S) and 109 (R).

Compounds 108 (5) and 109 {R) were synthesised in two steps using the previously 

synthesised precursors 110 (5) and 111 {R) and the [Pt(terpy)Cl]Cl complex 112, as shown in 

Scheme 4.2. The [Pt(terpy)Cl]Cl complex 112 was synthesised by Dr. Swagata Banerjee 

according to a previously described literature p r o c e d u r e . T h e  final step towards the 

formation o f the desired complexes 108 and 109 also involved following a previously 

reported literature procedure^^^ and first entailed the stirring of a suspension of the
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(2,2’;6’2” -terpyridine)platinum“ chloride complex 112 with 2 equiv. o f AgNOs in DMF 

under darkness for 90 mins. The resulting mixture was then filtered to remove the white 

AgCl precipitate. 1.2 equiv. o f (5)-N2-(l-(naphthalen-l-yl)ethyl)-N6-(2-(pyridin-4- 

yl)ethyl)pyridine-2,6 -dicarboxamide 110 or (7?)-N2-(l-(naphthalen-l-yl)ethyl)-N6-(2-

(pyridin-4-yl)ethyl)pyridine-2,6-dicarboxamide 111 was then added dropwise to the filtrate 

over a period of 2 hrs. The reaction mixture was then filtered and the solution slowly added 

to diethyl ether. Complex products 108 and 109 were collected as orange solids by suction 

filtration in yields of 78% and 71%, respectively.

Formation of the desired complexes 108 and 109 was verified using 'H NMR, NMR 

HRMS, IR and elemental analyses. A combination of ID and 2D NMR experiments were 

also employed in order to assign each proton resonance in the 'H NMR spectrum (Appendix 

Figures A4.14 -  A 4.17).

2NO,

8 6 4 2 [ppir

Figure 4.11. ‘H  NMR spectrum (600 MHz, CD3OD) o f  109 (R).

As shown in Figure 4.11 in the 'H NMR spectrum (600 MHz, CD3 OD) of complex 109 

(/?) (see Appendix Figure A4.18 for the 'H NMR spectrum (400 MHz, CD 3 OD) of 108 (5)) 

characteristic peaks indicative of successful Pt*'-terpy complexation were found between 8.63 

-  8.60 ppm, 8.57 -  8.54 ppm, at 8.42 ppm, between 8 .1 8 -8 .1 4  ppm and 7.74 -  7.71 ppm. 

These signals correspond to the eleven aromatic protons of the terpy moiety. In addition to 

the above analyses, crystals of both chiral Pt’*-terpy complexes 108 (S) and 109 (R) were 

grown via diethyl ether diffusion into the reaction mixture. These crystals were suitable for 

solid state X-ray crystallographic analysis which was carried out by Dr. Jonathan A. Kitchen.
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4,9 X-ray crystal structure analysis of Pt" complexes 108 (S) and 109 (R)

Single crystals of complexes 108 (5^ and 109 (R) were grown by the diffusion of diethyl 

ether into a DMF solution of either 108 (5) or 109 (/?). The solid state structure of both 108 

(S) and 109 (R) were determined at 100 K and were shown to crystallise in the chiral 

orthorhombic space group P212121 with one DMF solvent molecule and two nitrate anions in 

the asymmetric unit in each case (see Figure 4.12 and Appendix Tables A4.1 and A4.2).

(a) (b)

^N(3)

N(l)

N(4)
N(7|

Pt(l)l

N(3)

|N(1)

N(4)
^1(7)

,Pt(l)

Figure 4.12. Crystal structures o f  ligands (a) 109 (R) and (h) 108 (S) with thermal ellipsoids 
shown at 50% probability.

Table 4.1. Selected bond lengths (A) and angles (°)for 109 (R).

Bond lengths (A)/angies (°)

Pt(l)-N(6) 1.955(5)

Pt(l)-N(7) 2.026(4)

Pt(l)-N(4) 2.030(4)

Pt(l)-N(5) 2.038(4)

N(6)-Pt(l)-N(7) 81.50(17)

N(6)-Pt(l)-N(4) 177.96(17)

N(7)-Pt(l)-N(4) 100.13(16)

N(6)-Pt(l)-N(5) 81.11(17)

N(7)-Pt(l)-N(5) 162.57(16)

N(4)-Pt(l)-N(5) 97.27(16)

The Pt" metal ion was shown to be in the expected square planar geometry with the cis N-

Pt-N angles in the range 81.1“ -  100.1° for 109 (/?), see Table 4.1 and Appendix Table A4.3

for 108 (S). For 109 (R) the Pt...N  bond lengths ranged from 2.0 -  2.04 A, consistent with
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literature values (see Appendix Table A4.3 for 108 (iS)). n-n stacking interactions existed 

between the terpyridine moiety o f one molecule and the pyridine unit o f an adjacent molecule 

with a centroid....centroid distance o f 3.459 A for 109 (/?) and 3.449 A for 108 (5).

Up to six H-bonding interactions were evident between one of the nitrate anions and the 

Pt"-terpy complex 109 where two o f the amide NH protons H-bonded with the central 

pyridine nitrogen atom and two o f the nitrate oxygen atoms, see Table 4.2 and Appendix 

Table A4.4 for bond lengths and angles of classical H-bonding interactions. The two 

remaining non-classical H-bonding interactions were observed between the nitrate anion and 

two CH protons belonging to the terpyridine unit. This H-bonding network strongly 

influenced the overall packing nature of the complex structure in which the complex 109 is 

slightly bent in order to accommodate these H-bonding interactions (see Figure 4.13).

Figure 4.13. (a) The X-ray crystal structure o f  109 (R) showing H-bonding interactions, (h) 
X-ray packing diagram o f  109 (R) viewed down the b-axis.

Table 4.2. Hydrogen bonds lengths and angles fo r  ligand 109 (R) (A and °). Symmetry 
transformations used to generate equivalent atoms: “ x+l/2,-y+ l/2,-z+ l.

d(D-H)

0.82 2.38

<{DHA)

3.072(6) 142.9

N(3)-H(3X)...0(200)= 0.88 2.17 2.965(7) 150.8

4.10 Chiro-Optical properties of Pt"-terpy complexes 108 (S) and 109 (R)

CD spectra were recorded for complexes 108 (S) and 109 (R) in CH3OH at RT as shown 

below in Figure 4.14. Although there was a slight disturbance in the baseline at shorter 
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wavelengths for both measurements it is clear that the complexes were formed as a pair of 

enantiomers, displaying CD spectra which were mirror images of one another.

20  -

16 -  

i - t  -

10  -

108 (5)
109 («)

so

325  350  375  400  425  450

Wavelength (nm)-4  -  

-6 -

-10 -

-14  -  

-16  -

Figure 4.14. Circular dichroism spectra o f  ligands 108 (S) and 109 (R) (2 x 10'^ M) recorded 
in CH3OH at RT - note that slight discrepancies in intensities can he derived from differences 
in concentrations.

A similar CD profile was exhibited for the chiral complexes 108 (5) and 109 {R) as was 

encountered in previous sections. The CD spectrum corresponding to the S  enantiomer 108 

displayed positive signals located at A, = 287, 229 and 208 nm with a negative peak centred at 

"k =217 nm. The CD spectrum for 109 {R) was composed of bands located at equal 

wavelengths and magnitude but opposite in sign, indicating the chiral relationship between 

the two complexes.

4.11 Self-assembly studies between 109 {R) and Eu'" in protic and aprotic media

Considering the objective of this project was to develop Ln"’-directed mononuclear systems 

in a more competitive environment solution studies were initially carried out in CH3 OH. In 

addition to this, since the counter anion o f the synthesised Pt”-terpy complexes was a nitrate 

anion studies were conducted by titrating a solution of 109 (/?) against increasing 

concentrations o f Eu(N0 3 )3 .5 H2 0  (for consistency) in CH 3 OH and the changes in the UV- 

visible absorption and Eu”'-centred emission spectra monitored.

As shown in Figure 4.15 (a) the UV-visible absorption spectrum of ligand 109 {R)

consisted of absorption bands corresponding to both the transitions within the pyridyl and

naphthalene groups as before and those representative of terpyridyl and 'MLCT transitions of

the incorporated Pt"-terpy complex. The long wavelength low energy absorption band

centred at X, = 340 nm, which displayed a small shoulder at X =326 nm, was attributed to the

intraligand ti-ti* transitions of the terpyridyl moiety by comparison to the previously studied

[Pt(terpy)Cl]* c o m p l e x . W e a k  absorption bands were also observed at even lower
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energy wavelengths located at A, = 370 and 390 nm which can be presumably assigned to the 

'MLCT transition from Pt(<50 —> terpy(7t*)?*^’̂ ‘̂*’̂ ^̂  Shorter wavelength absorption shoulders 

were found at A. = 283 nm and 272 nm while a high energy absorption band was centred at X 

=  224 nm. These U V -visib le absorption peaks correspond to the So —► S| and So —>■ S2 ir 

71* transitions within the naphthalene and pyridyl functionalities as observed in previous 

sections.

•4

 0 cquiv. l u
 -  0  .^5 cqu iv . E u‘

► ai 5 equi\. I-U
0.3

0.:

45<)12541H) 4;

W avclcng ih  (nm )  W aveleng th  (nm )

F igure 4.15. The overall changes in the (a) U V-visible absorption and (b) E u"-cen tred  
em ission spectra  upon titrating ligand 109 (R) (1 x  10'^ M) against Eu(N0 j )3.5H 2 0  in 
CH3OH  at RT. Inset: (a) corresponding experim ental binding isotherm o f  absorbance a t X = 
224, 270, 282 and 370 nm and (b) Eu'  ̂-cen tredphosphorescence em ission upon the addition  
o f  1, 4 and 5 equiv. o f  E u "  after changing the em ission slit settings from  5 to 20 nm.

A s mentioned, Pt"-terpy com plexes usually possess square planar geometry and exhibit 

an oxidation state o f  +2 giving rise to a electronic configuration. The ligand field splitting 

diagram associated with Pt" in this geometry reveals a single unoccupied high energy
2 2 305antibonding d \  -y orbital. Upon UV -visible absorption population o f  this orbital and 

subsequent generation o f  the excited state com plex displays significant distortion and a large 

increase in the Pt-L bond lengths. The d -d  excited state potential energy surface possesses an 

energy minimum which is markedly displaced from that o f  the ground state. Population o f  

the dy}-y^ orbital and thus generation o f  the Pt" excited state is therefore unfavourable and so 

lum inescence em ission is greatly affected. Furthermore, the excited m olecules can revert 

back to the ground state through a thermally accessible isoenergetic crossing point o f  the 

ground state and excited state potential energy surfaces by non-radiative internal conversion  

or intersystem crossing. In addition to this, lum inescence radiative decay constants are small 

for Laporte forbidden d -d  transitions meaning Pt" com plexes are usually only weakly  

luminescent or non-luminescent in solution at RT. Introduction o f  conjugated aromatic 

ligands around the Pt" metal results in lower energy ligand-centred (LC) (n-n* or n-Jt*) and
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charge-transfer (CT) transitions (from the Pt” d  orbital to the orbital on the ligand) 

however the close proximity of the thermally accessible d-d states can still provide a pathway 

for non-radiative deactivation to occur and reduce the luminescence quantum yield of the Pt" 

c o m p l e x . I t  is for this reason that no Pt" centred emission was observed for the 109 {R) 

complex in solution.

Minor UV-visible absorption changes were observed upon titrating ligand 109 (R) against 

increasing concentration of Eu(N03)3.5H20 in CH3OH, with a number of isosbestic points 

appearing at 348, 337, 287 and 277 nm, respectively. These changes do suggest a 

conformational change as the complex coordinates the Eu'” centre, however, only very weak 

Eu"’-centred emission was observed at high metal concentrations. It is possible that the metal 

centre is not fully encapsulated (steric bulk) and shielded from deactivating solvent 

molecules, i.e. minor changes in the UV-visible absorption spectra indicate conformational 

changes, which may be due to the formation o f the 1:1 or the 1:2 species in solution. 

However, the large bulky Pt”-terpy unit may hinder the assembly o f a third molecule, 

therefore leaving the Eu*" free to coordinate deactivating solvent molecules. Furthermore, as 

was discussed in section 4 .9, the nitrate group has been shown to strongly interact with the 

molecule via H-bonding interactions which may prevent the Eu'" metal from binding to the 

tridentate binding cavity.

Because the self-assembly of complex 109 (/?) with Eu(N03)3.5H20 in CH3OH did not 

behave as expected studies were again moved back to the less competitive aprotic CH3CN 

medium. Upon preparation of the 1 x 10'  ̂ M solution o f complex 109 (7?) for the titration 

against Eu(Cp3S03)3 in CH3CN the UV-visible absorption spectrum of complex 109 (/?) 

alone was found to slowly change over time. The UV-visible absorption spectrum of 

complex 109 {R) in CH3CN was therefore monitored and recorded every 10 mins, as shown 

in Figure 4 .16.

A change in the UV-visible absorption spectrum of complex 109 {R) in the presence of 

CH3CN was observed over time. In particular, changes were most significant in the UV- 

visible absorption region at longer wavelengths which are associated with the terpyridine 

moiety. These results suggest the displacement o f the Pt"-terpy unit from 109 {R) as CH3CN 

preferentially coordinates to the Pt" centre and causes the removal of the pyridine side chain 

o f the ligand. These findings were further supported by 'H NMR spectroscopy evidence and 

are discussed in the next section.
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0-5Figure 4.16. UV-visible absorption spectrum  o f  com plex 109 (R) (1 x  10' M) in C H jC N  
recorded  every 10 mins from  0 ^ 5 8 0  mins at RT.
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F igure 4.17. (a) U V-visible absorption spectrum  o^ ligand 109 (R) (1 x  10'^ M) recorded  
every 15 mins fro m  0—̂ 3 hrs in H 2 O at RT. (b) Eu" -cen tred em ission recorded  fo llow in g  the 
addition o f  0.33, 0.5, 1 and 5 equiv. o f  E u(C F iSO i)i to the ligand 109 (R) (1 x  10' M) 
solution in H 2 O a t RT.

Since com plex 109 {R) was water soluble preliminary solution studies were conducted in 

which the stability o f  com plex 109 was first evaluated in H2 O over time. As shown in Figure 

4.17 (a) no noticeable change in the U V -visible absorption spectrum was observed, 

confinning that the com plex does remain intact in H2 O. To this, 0.33 equiv. o f  Eu(CF3 S 0 3 ) 3  

was added and the Eu’"-centred em ission monitored. As shown in Figure 4.17 (b) the system  

was only weakly luminescent upon this metal equiv. addition and upon additional aliquots 

(0.5, 1.0 and 5.0 equiv. o f  Eu(CF3 S 0 3 )3 ) gave rise to only a very small enhancement in Eu'*’- 

centred luminescence. These results again signify incomplete coordination o f  the Eu’", 

possibly due to the inability o f  three tridentate 109 {R) com plexes to fully coordinate the 

metal centre, allowing deactivation via  non-radiative decay.
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Poor Eu'’'-centred luminescence in both protic solvents, CH3 OH and H2 O, and the 

conclusion that the 109 (/?) complex was dissociating in CH3 CN led to the realisation that a 

number o f Pt"-terpy complex structural characteristics should be re-evaluated. In order to 

obtain Ln'”-directed self-assemblies involving the Pt”-terpy moiety perhaps two structural 

changes should be made. The distance between the Pt”-terpy centre and the Ln'" tridentate 

dpa coordinating unit should be increased to avoid steric hindrance between ligands as they 

assemble around the metal centre. In addition to this, incorporation o f the Pt”-teipy unit 

should be achieved by covalently attaching the Pt” metal to the Ln*" coordinating unit, to 

ensure complex stability in different solvent media. To confirm that the Pt"-terpy unit was 

becoming displaced in CH3 CN a number of NMR measurements were conducted and 

shall be discussed below.

4.12 'H NMR studies on complex 109 (^) in CH3 OH and CH3 CN

In order to confirm that complex 109 (/?) was unstable in the presence of CH 3 CN a number 

of 'H NMR measurements were carried out. A CD3OD and a CD30D;CD3CN (50:50) 

solution o f complex 109 {R) were prepared and the 'H NMR spectrum (600 MHz) of each 

sample analysed every day for six days. As shown in Figure 4.18 and Appendix Figures 

A4.19 and A4.20, no noticeable change was observed for the complex 109 {R) CD3OD 

solution after 6  days, confirming complex stability in the methanol environment.

CD,OD

— 1“  

8.0
T T T T “ I”

7.5
T

9.0 8.5 [ppm

Figure 4.18. An overlay o f  the aromatic region o f  the 'H  NMR spectrum (600 MHz, CD3OD) 
o f 109 (R) after 0 hrs and 6  days.

As shown in Appendix Figure A4.21, an initial measurement o f the complex 109 (R) 'H 

NMR spectrum (600 MHz, CD3 0 D:CD3 CN (50:50)) in a CH3 0 H:CD3 CN (50:50) mixture 

showed a loss in peak resolution as the structure instantly began to disassemble. Continued 

monitoring of this mixed solution over a period of six days illustrated a dynamic system 

which slowly changed over time. As shown in Figure 4.19 and Appendix Figure A4.22 the 

‘H NMR spectrum (600 MHz, CD3 0 D:CD3 CN (50:50) recorded after six days was
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significantly structurally different to that observed initially, confirming a change in the 

structure o f the complex in the presence o f  CD 3 CN over time.

CDjODrCD^CN (50:50)

— I-----------1-------------- 1------------ 1 ' 1 ------------ 1------------ 1------------ 1 ~~T--------  “1----------r— -------- f  - -  ■■■r -  f I I j t  I F I I ' I I

9.0 8 3  8.0 7 3  7.0 [ppm

Figure 4.19. An overlay o f  the aromatic region o f  the ‘H NMR spectrum (600 MHz, 
CDiOD:CDjCN (50:50)) o f  109 (R) after 0 hrs and 6 days.

4.13 Conclusion and future work

This chapter focused on the synthesis and characterisation o f six novel chiral compounds for 

the development o f water soluble and biologically relevant Ln‘"-directed self-assembly 

systems. X-ray crystal structures o f Pt"-terpy complexes 108 (5) and 109 (/?) were grown and 

analysed confirming the square planar geometry o f the metal centre. Self-assembly was only 

conclusively evident for the two uncharged ligands 110 and 111 in which the 1:1 (Eu:L), the 

1:2 (Eu:L 2 ) and the 1:3 (Eu:L 3 ) (L = 110 and 111) species were present upon Eu'"-directed 

self-assembly in solution. The pyridinium compound 101 {R) showed an unusual behaviour 

in CH 3 OH upon the addition o f Eu(Cp 3 S 0 3 ) 3  which was not possible to fit while assembly in 

CH 3 CN was unreproducible. Kinetics measurements suggested the formation o f  various 

species in solution (presumably the 1:3 (EU.IOI3 ), the 1:2 (EU.IOI2 ) and the 1:1 (Eu.lO l) 

species) but due to electrostatic repulsions between neighbouring ligands an unstable self- 

assembly system was observed.

Pt"-terpy complexes 108 {S) and 109 {R) displayed no Pt”-centred emission while only 

very weak Eu'"-centred emission was exhibited in CH 3 OH and H2 O upon the addition of 

Eu'". Steric hindrance was proposed as being a plausible reason as to why such low intensity 

luminescence was observed. Furthermore, considering that a counter nitrate anion is shown 

to participate in multiple H-bonding interactions in the solid state it cannot be neglected that 

the presence o f  the nitrate anion can have an effect on the system and may also prevent Eu'"- 

directed self-assembly. In CH 3 CN solution UV-visible absorption analysis and 'H  NM R 

spectroscopy gave evidence o f  an unstable complex; where the pyridine side chain o f the
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ligand is more than likely replaced by an CH3CN molecule in the coordination o f the Pt"- 

terpy unit.

W hile results for these Eu”'-directed self-assembly studies, for both the pyridinium and 

Pt-terpy functionalised ligands, were not expected, a greater understanding o f these systems 

was attained, highlighting the importance in undertaking such a study. In order to develop 

Ln'"-directed self-assemblies incorporating the Pt"-terpy unit it is more likely that the 

incorporation o f a longer linking unit would enable Ln’"-directed self-assembly in solution in 

which steric hindrance is avoided and the various Ln'"-directed self-assemblies are 

accessible. Another consideration would be to attach the Pt"-terpy centre covalently, to 

ensure greater stability. One such idea would be the synthesis o f the chiral L n '” coordinating 

complexes:

(R/S) H

Oo

2+

H
N

2 N O 3
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C h a p ter F ive  -  S elf-assem bly  o f  a  th io l fl^cipa unit fo r  A uN P  su rface  a ttachm en t

5. Introduction

A s w as d iscussed  in chapter one, the H 2 dpa tridentate coordinating ligand 1 is a w ell-know n  

ligand com m only  em ployed  for Ln'" coordination and sensitisation  due to its ability to form  

high ly  stable fu lly  saturated w ater soluble lum inescent com p lexes. The photophysical 

properties o f  Eu'" and Tb'*' tris chelate com p lexes o f  1, C s3 [Eu(dpa)3 ] and C s3 [Tb(dpa)3 ] in 

particular, have received  substantial attention, ow in g  to their high quantum yields in Tris 

buffered solution (0.1 M ) (24%  ±  2.5%  and 22%  ±  2.5%> for C s 3 [Eu(dpa)3 ] and 

C s3 [Tb(dpa)3 ], respectively) and as a result are often em ployed  as secondary standards for 

quantum yield  determ ination.

Furthermore, these relatively sim ple L n ( l) 3 ‘̂ com p lexes are shaped like a three bladed  

propeller, g iv in g  rise to tw o enantiom eric form s, either A- or A - chirality. M eskers and c o 

workers have carried out in depth studies on these chiral Ln'" com p lexes for their use in 

chiral m olecular r e c o g n i t i o n . U p o n  the addition o f  sm all quantities o f  an 

enantiom erically  reso lved  quencher sp ecies to racem ic solutions o f  L n ( l) 3 '̂ (w hich in itially  

display no CPL activity) enantioselective quenching o f  Ln'" lum inescence can be observed. 

In this m anner L n ( l) 3 ‘̂ com p lexes have found use in the chiral discrim ination o f  

b iom olecu les, such as cytochrom e-c and vitam in B 12 derivatives, in w hich the chiral 

b iom olecu le  preferentially quenches one L n ( l) 3 ‘̂ enantiom eric form  and is less reactive  

towards the other form. An excited  state Ln'"-centred CPL signal is therefore induced, 

reflecting m olecular recognition  o f  one chiral com pound over the o t h e r . S u c h  valuable  

applicability  o f  these m ononuclear Ln'"-directed self-assem bled  system s provokes further 

functionalisation o f  the H 2 dpa unit for the developm ent o f  m ore versatile, h igh ly  sensitive  

and se lective  Ln"' lum inescent probes.

A s is evidenced  by the m ultitude o f  exam ples described in chapter one, derivatives o f  1 

have received  trem endous attention for the form ation o f  both m ononuclear and m ultinuclear 

Ln'"-directed se lf-assem b lies. S p ecifica lly , the research conducted by B iinzli and c o 

w o r k e r s , i n  w hich four novel derivatives o f  1 w ere synthesised  5 - 8  and w ere show n to 

form tris chelate com p lexes w ith Eu'" and Tb'". Solution studies on 5 -  8 revealed that 

m odification o f  the 4-para  position  o f  1 did allow  the tuning of, but m ore im portantly, did 

not bare a detrimental effect on the photophysical properties o f  the resulting com plex. This 

study show ed  that m odification o f  such system s in this m anner m ay pave the w ay towards 

the m anifestation o f  so lid  surface attachm ent and/or b iom olecu le  conjugation w ithout 

sign ificant loss o f  the unique Ln'" lum inescent characteristics.
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In recent times, gold nanoparticles (AuNPs) have been responsible for many o f  the 

significant advances made in the field o f  biomedical research, including drug delivery, 

biodiagnostics and cancer r e s e a r c h . T h i s  is down to their many fascinating attributes, 

including their tuneable size and shape dependent optoelectronic properties and their 

biocompatibility. Moreover, AuNPs can be easily synthesised and readily functionalised  

using thiol linkages (in view  o f  the soft nature o f  both sulphur and gold) allowing the facile 

adsorption and high loading o f  probes/sensors/imaging agents onto the surface o f  the AuNPs. 

Since AuNPs display high surface areas this feature can subsequently improve the selectivity 

and sensitivity o f  biomedical diagnostic and therapeutic techniques.

Despite the unique advantages AuNPs have to offer, and the aforementioned distinctive 

photophysical properties o f  the Ln"' metals, only very few  examples o f  Ln’" luminescent 

com plexes which have been attached to AuNPs have been explored.^

3+

(C F 3 S 0 3 )3

Eu.113

Research carried out within the Gunnlaugsson group in this area has involved the 

development o f  heptadentate macrocyclic cyclen based Ln'" com plexes o f  1 J3  

Complexes o f  compound 113, possessing three acetamide arms and a C 12 alkyl thiol chain, 

have been conjugated to AuNPs by means o f  tethering through the terminal alkyl thiol group. 

Adsorption o f  Eu.113 onto the surface o f  the AuNPs yielded the conjugate A u N P -E u .ll3 , 

which was found to be non-luminescent in HEPES buffer solution (0.1 M, pH 7.4) due to the 

absence o f  a sensitising antenna moiety and the presence o f  two metal-bound water 

m olecules which gave rise to additional quenching. However, follow ing formation o f  a 

ternary com plex, by the displacement o f  the two H2O m olecules by the yS-diketone 114, and 

upon excitation at = 336 nm (X̂ x o f  the antenna 114), a highly luminescent AuNP- 

Eu.113.114 conjugate was evident in solution. Sensing o f  b iologically relevant phosphates, 

such as flavin monophosphate, was also achieved through the displacement o f  114 by flavin 

monophosphate which resulted in the formation o f  a new ternary com plex that was not 

luminescent. This was reflected by an almost complete quenching o f  the Eu'"-centred 

em ission upon the addition o f  the analyte to a solution o f  A uNP-Eu.l 13.114.'^^ The 
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luminescent properties of the AuNP-Eu.113.114 conjugate were further analysed by 

investigating, as a function of pH, the spectroscopic properties of the self-assembly. It was 

found that, within the physiological pH range, the Eu"’-centred emission of the AuNP- 

Eu.113.114 conjugate was ‘switched on’. In addition, a correlation was made between the 

spectroscopic changes observed and the quenching of the antenna as a function of pH. The 

changes observed were primarily assigned to the deprotonation of 114 at basic pH values.'^'*

Studies on the AuNP-Eu.113.114 conjugate system were further extended to evaluate its 

interaction with proteins, focusing on bovine serum albumin (BSA).'^^ Changes in the 

photophysical properties of the self-assembly were monitored, at physiological pH, as a 

function of BSA concentration. It was demonstrated that the Eu'"-centred emission arising 

from the Eu.113.114 self-assembly attached to the AuNP surface was almost completely 

quenched upon increasing concentrations o f BSA. Binding constant calculations indicated 

that emission quenching was not due to the displacement o f 114 by BSA, as was observed 

above, but rather as a result of a strong interaction between the naphthalene antenna 114 and 

BSA. Competitive titrations using ibuprofen and warfarin were conducted to investigate the 

ability o f the AuNP-Eu.113.114 conjugate to act as a luminescent sensing tool for BSA-drug 

binding interactions. Ibuprofen was shown to partially displace BSA from the antenna 114, 

resulting in a 75% enhancement in the metal centred emission. Consequently the AuNP- 

Eu.l 13.114 system can be referred to as a reporter for the ibuprofen-BSA binding interaction. 

Titrations conducted with warfarin, on the other hand, revealed that it did not share a 

common binding site with 114.'^^

More recently, AuNP surface functionalisation with the Y b .ll3  complex has been 

achieved, which, following ternary complex formation with a xylenol orange (XO) antenna 

(A«x = 580 nm), has led to the development of the first NIR Ln"' emitting AuNP systems of 

this type -  AuNP-Yb.ll3.X0.'^* Furthermore, it was demonstrated that the NIR emission 

arising from the A uN P-Y b.ll3 .X 0 conjugate can be switched “o n -o ff’ in a reversible 

manner over several cycles as a function of pH enabling the AuNP-Yb.l 13.XO conjugate to 

function as a supramolecular NIR switch.

Evidently much emphasis is currently being placed in our group on the functionalisation 

o f AuNPs with Ln'" luminescent centres for bioimaging and sensing purposes. Notably, the 

H2 dpa unit has not undergone much derivatisation at the 4-para position to accomplish such 

objectives. Few examples exist in which the H2 dpa framework has been modified at the 4- 

para position for nanoparticle attachment.

On such example is the diaminopyridine structure 116, which has been developed for the 

non-covalent self-assembly of silver nanocrystal aggregates in s o l u t i o n . I n  this study silver
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nanocrystals w ere stabilised by the chem isorption o f  the long alkane chain dodecane thiol 

115 and M A^-2,6-pyridinediylbis[undecam ide]-4-oxy-[12-m ercapto dodecanyl] 116 . 

C om pound 116 incorporated a receptor site w hich accom m odated the recognition and 

selective binding o f  the long alkane diuracil chain substrate 117 , w hich possessed tw o 

com plim entary binding sites. W hen dispersed in a suitable solvent these nanocrystals w ere 

found to aggregate due to  the non-covalent b inding  betw een 116  and 117 . Both *H N M R  and 

IR spectroscopy w ere im plem ented to confirm  aggregation was due to the form ation o f  a 2:1 

species in w hich one m olecule o f  117 was bound to tw o m olecules o f  116 , w hich w ere 

adsorbed onto different silver nanocrystal surfaces, via tw o triple arrays o f  com plim entary H- 

bonds. It was also dem onstrated from  these studies that the num ber o f  reaction sites present 

on the surface can be used to control the aggregation kinetics.^

P10H 21

C 1 0 H 2 1

HN

H
V

117

118 119 120

A series o f  L n”' com plexes based on the 4-triazoyl dipicolinic acid derivatives 118 -120  

have recently  been m odified for the form ation o f  lum inescent hybrid silica nanoparticles 

(Silica-N Ps).^'^ S ilica-N Ps w ere doped w ith 1:3 (Ln:L) com plexes N a3.L n . l l83, L n . l l 93 and 

L n .1203 (Ln = Eu"* and T b ”') by directly  entrapping them  into the silica m atrix during N P 

form ation. The lum inescent properties o f  the functionalised nanoparticles w ere then analysed 

in a w ater suspension and the results w ere com pared to those obtained for their 

corresponding com plexes in a 0.1 M Tris-H Cl buffer (pH  = 7.45) solution. S ilica-N Ps doped 

w ith the hydroxy term inated com plexes N a3.L n . l l83 (Ln =  E u '"  and T b '") w ere found to be 

non-em issive but the lum inescent properties o f  silica-N Ps em bedded with com plexes 

L n .1193 and L n .1203 (Ln = E u '"  and T b "’), s ilic a -N P -L n .ll93 and silica-N P -L n .l203,
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compared well to luminescent studies performed on the complexes alone. The luminescent 

excited state lifetimes were relatively unaltered, however, quantum yield values were shown 

to decrease upon doping, which is possibly due to dissociation o f  some o f  the complex 

molecules upon silica-NP formation. From these results, it was deduced that complexes 

bearing the ammonium moieties were more easily embedded; which can be explained by 

their higher capability to interact with the silica network. These hybrid silica-NPs were also 

further functionalised with alkoxysilane precursors, with the objective being to further graft 

these to biomolecules, and their cytotoxicity assessed indicating that functionalisation with a 

terminal alkyne group did not impact the survival o f LNCaP prostate tumour cells.

Although the authors from the above study used silica-NPs (while we use AuNPs), and 

the method employed for NP fabrication is quite different to that practiced within the 

Gunnlaugsson group, involving NP entrapment o f the Ln‘" complex (as opposed to adsorbing 

Ln’" coordinating units/complexes to the AuNP surface through terminal thiol moieties), this 

study does provide an important proof o f  principle as it demonstrates the possibility o f 

obtaining Ln'" luminescent nanoparticles using 1:3 (M;L) dpa-based chelating complexes 

while also emphasising the importance in the choice o f  the functional group appended to the 

4-para  position for subsequent solid state attachment.

■'SH

HO OH

O O

121

The dipicolinic acid Cn substituted analogue 121 was developed by M cGimpsey and co

workers for the assembly o f  Cu" containing photocurrent-generating systems on flat gold
•j 1 o

surfaces. Since such success was acquired in our laboratory utilising a thiol terminated C 12 

long alkyl chain appended to a Ln'" cyclen based system it was envisaged, for this project, 

that by grafting this same type o f alkyl chain to the 4-para  position o f the pyridine-2,6- 

dicarboxylic acid framework, in a similar manner to that described in the latter literature 

example, it would be possible to develop a fully water soluble Ln"' coordinating unit. 

Furthermore, opportunities to adsorb such systems onto the surface o f  AuNPs may be 

explored for the formation o f luminescent hybrid 1:3 (M:L) Ln'"-directed self-assembly- 

AuNP conjugates, which exhibit, in tandem, the properties o f the Ln"' metals and AuNPs. 

Compound 122 was therefore proposed as a target molecule to meet such criteria, displaying 

four important features:

1) A tridentate chelating unit for Ln'" coordination and fonnation o f  1:3 complexes.
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2) A pyridine chromophoric unit which has been shown to be an effective Ln”’ 

sensitiser.

3) Two carboxylic acid functional groups to aid water solubilisation.

4) A C i2 thiol terminated alkyl chain for AuNP attachment.

SH

HO OH

O O
122

In addition to offering the potential to fabricate AuNPs another avenue which may be 

explored for compound 122 is its use as a protein tag. M any efforts have been directed 

toward the development o f tags for site-specific attachment o f Ln'" to proteins using 

chemical derivatisation o f  protein cysteine residues with lanthanide-chelating reagents.^

The presence o f a terminal thiol functionality in 122 may also allow its attachment to such 

amino acid residues through a disulphide bridge connection. The paramagnetic nature o f the 

Ln'" metal centre can then be utilised, by NM R spectroscopy, to assist in long-range protein 

structure elucidation.^

The applications available to the dpa analogue 122 are limitless; but since the expertise o f 

the Gunnlaugsson group is in the surface functionalisation o f  AuNPs with Ln'" luminescent 

complexes it was within this realm o f interest that preliminary measurements for ligand 122 

were first conducted. It should be stated that the formation o f  aggregates through H-bonding 

interactions and/or S-S bonds was anticipated for this system and so this possibility was also 

taken into account when carrying out studies with compound 122. The following section 

describes the synthesis o f  compound 122, followed by sections which detail the Ln"'-directed 

self-assembly o f  ligand 122 with Eu'" and Tb’" in aqueous solution. The Ln'" luminescent 

properties o f  the self-assembled 1:3 L n .l223 (Ln = Eu'" and Tb'") complexes, such as excited 

state lifetimes, quantum yield determination and hydration state q values were also evaluated. 

The chapter concludes with preliminary results obtained for the synthesis and 

characterisation o f  AuNPs functionalised with compound 122.

5.1 Synthesis of compound 122

Preparation o f  compound 4-(12-mercaptododecyloxy)pyridine-2,6-dicarboxylic acid 122 was 

achieved by following the two part parallel synthetic procedure shown in Scheme 5.1.
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H^SO^ EtOH

CH3CN

Br

10

126V
K2C03
Kl
DMF

O
O o

127

KOH,
E10H/H?0

SH

HO OH

O O
122

Scheme 5.1. Synthetic pathway towards the formation o f ligand 122.

The commercially available reagent chelidamic acid 123 was converted to the 

corresponding diethyl ester compound, diethyl 4-hydroxypyridine-2,6-dicarboxylate 124, 

using a previously reported literature p r o ce d u r e . A n  excess of concentrated H2 SO4  was 

added to a stirring solution o f 123 in EtOH and refluxed for 4 hrs, after which the solvent 

was removed under reduced pressure yielding an oily residue. This residue was then 

dissolved in H2 O and neutralised using NaHCOs. The diester product 124 was extracted into 

CH2 CI2 and then dried over MgS0 4  The solvent was again removed under reduced pressure 

yielding the pure product 124 as a white solid in 62% yield. 'H NMR spectrum (400 MHz, 

CDCI3 ), '̂ C NMR spectrum (100 MHz, CDCI3 ) and HRMS were employed to verify 

formation of the desired compound with characteristic resonances appearing at 4.43 ppm and 

1.39 ppm in the 'H NMR spectrum (400 MHz, CDCI3 ) of 124. These signals can be 

attributed to the two CH2 and two CH3 group protons, respectively.
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In parallel, monosubstitution o f the dibromo precursor 1,12-dibromododecane 125 was
'\')0carried out according to a previously reported procedure. Compound 125 and potassium 

thioacetate, in a 3.3:1 ratio, were first dissolved in CH3CN and the mixture refluxed for 48 

hrs. The reaction mixture was then poured into H2 O and the crude compound extracted into 

diethyl ether. The organic layers were combined, washed with H 2O, dried over M gS 0 4 , and 

then evaporated to dryness. Silica flash chromatography using a hexane/ethyl acetate solvent 

system (0 -  3%) as the eluant afforded the desired compound as an o ff white solid in 32% 

yield which was characterised by 'H  NM R (400 MHz, CDCI3), '^C NM R (100 MHz, CDCI3) 

and IR spectroscopy. Proton resonance signals located at 2.30 ppm, which correspond to the 

CH3 group o f the substituted thiol moiety, evidenced the formation o f  5'-12-bromododecyl 

ethanethioate 126 .

The diethyl 4-hydroxypyridine-2,6-dicarboxylate compound 124 was then reacted with 

the C 12 thiolated alky chain m oiety 126 in an Sn2 substitution reaction. Compound 124 and 

two equiv. o f dry K 2CO 3 were stirred in anhydrous DMF for 30 mins at 25 °C. An excess o f 

1 . 8  equiv. o f compound 126 and a catalytic amount o f KI were added to this reaction mixture 

and heated at 80 “C for 6  days under Ar. The solvent was removed under reduced pressure 

yielding a brown solid which was redissolved in CH 2CI2 , washed with 1% acetic acid and 

H2O and dried over M gS0 4 . The solvent was removed under reduced pressure before 

purifying the crude product by silica flash chromatography using a CH 2CI2 /CH 3 OH solvent 

system (0-10% ) as the eluent. The desired compound diethyl 4-(12- 

(acetylthio)dodecyloxy)pyridine-2,6-dicarboxylate 127 was collected as an off white waxy 

solid in 87% yield and characterised by 'H  NM R (600 MHz, CDCI3 ), '^C NMR (150 MHz, 

CDCI3 ), HRMS, IR and elemental analysis. Signals corresponding to both the alkyl chain 

proton resonances and the two ethyl ester group protons were observed, clearly denoting 

successful grafting o f  the chain onto the H 2dpa unit.

Hydrolysis o f the two ester functionalities and removal o f  the thioacetate moiety were 

achieved simultaneously. Compound 127 was dissolved in EtOH and then an aq. KOH 

solution (3.2 equiv.) was added to this solution. The reaction mixture was stirred at RT for 5 

hrs. After this time the reaction had reached completion (as confirmed by m onitoring the 

reaction by TLC (CH 2Cl2 :CH 3 0 H, 96:4)). The mixture was then filtered, washed with diethyl 

ether and acidified to pH 1 using concentrated HCl. Compound 122 was extracted into ethyl 

acetate, after which the solvent was removed under reduced pressure affording 122 as a white 

powder in 54% yield. Deprotection was evidenced by the disappearance o f  the CH 3 proton 

resonances assigned to the thioacetate group. The absence o f signals associated with the ethyl 

ester also confirmed product formation, as shown in the 'H  NM R spectrum (600 MHz,
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CDCI3) o f 122 in Figure 5 . 1. Compound 122 was also confirmed by ’^C NMR (150 MHz, 

CDCI3), IR and elemental analysis.

Sll

MO OM

122

 iL _

78 6 6 4 3 2 [ppm

Figure 5.1. 'H  NMR (600 MHz, CDCI3)  o f  compound 122.

Before investigating the potential applications o f compound 122 in an aqueous medium 

{i.e. AuNP attachment and/or biomolecuie interaction/conjugation) it was first necessary to 

evaluate the interaction o f compound 1 2 2  with Eu(CF3S0 3 ) 3  and Tb(Cp3S0 3 ) 3  in an aqueous 

environment and to establish the self-assembly behaviour of the various luminescent 

complex species in solution. The two acidic functional groups of 122 were anticipated to 

induce full water solubility o f this compound. However, upon the preparation of stock 

solutions for the spectroscopic studies described below, it was found that both the 

concentration of the ligand and the number o f equiv. of the base (KOH) added were 

important factors in determining whether the ligand would remain dissolved in H2O. Ligand 

122 stock solutions o f 4.8 x 10'"' M and 6.4 x 10“* M in H2O were prepared by adding 4.2 

equiv. o f KOH to a suspension of 122 in H2O and heated under microwave irradiation at 115 

“C for 15 mins.

5.2 Studies of the formation of Eu'"- and Tb'"-directed self-assemblies of 122 in situ

In order to investigate the Ln-directed self-assembly of compound 122 in an aqueous solution 

a number o f spectroscopic titrations were carried out. Titrations were conducted in a similar 

manner to that described by Biinzli and co-workers'°^ for those spectroscopic studies carried 

out on the analogous compounds 5 - 8  (described above and in chapter one). Therefore, the
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conditions employed involved preparing a ligand solution in the concentration range o f 10 ' 

M in a 0.1 M Tris-HCl (I = 0.1 M) buffered solution (pH = 7.45) for subsequent titration 

against increasing concentrations o f Ln(CF3S03)3  (Ln = Eu'" and Tb'”). This ligand 

concentration range was also chosen due to the relatively low UV-visible absorption intensity 

of the ligand itself In addition, it was estimated that a ligand concentration in this range (10“̂  

M) should encourage the formation of the 1:3 species (Ln.1223) in almost 100% yield.

Compound 122 (2.25 x lO'"* M) was initially titrated against Eu(CF3S03)3 and the 

spectroscopic changes closely monitored. Excited state lifetime measurements following the 

addition o f 0.33 equiv. o f Eu"’ were best fit to a mono-exponential decay function giving a 

lifetime value o f 1.63 ms which evidenced the formation of solely the 1:3 species (Eu.1123) 

at this metal concentration. Unfortunately further additions of Eu(CF3S03)3  to the ligand 

solution (2.25 x lO"̂  M) gave rise to the formation o f a cloudy precipitate and so the sample 

was diluted to a ligand concentration of 1 x lO"'* M. This did not result in full solubility o f the 

self-assembly system and so it was therefore decided to reduce the ligand concentration to 

the lower concentration o f 1 x 10'^ M.
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Figure 5.2. The overall changes in the (a) UV-visible absorption spectra and (b) Eu'“-  
centred phosphorescence spectra upon titrating 122 (I x 10'^ M) against Eu(CFsS03)3 (0—̂ 4 
equiv.) in a 0.1 M  Tris-HCl buffered solution at RT. Inset: corresponding experimental 
binding isotherm o f  (a) absorbance at A = 250 and 270 nm and (b) phosphorescence 
emission intensity atX = 594, 615 and 695 nm (lex = 270 nm).

As shown in Figure 5.2 the changes observed in the UV-visible absorption spectra were 

then monitored as ligand 122 (1 x 10'^ M) was titrated against a stock solution o f 

Eu(CF3S0 3 )3. The ligand 122 itself was not fluorescent and as such only the Eu'"-centred 

emission was analysed. The ligand UV-visible absorption spectrum was weak with a band 

centred at >^ax = 270 nm (e = 2118 M '' cm '') which can be characterised by overlapping 

broad peaks assigned to both the n -  7t* and n - n *  t r a n s i t i o n s . A s  shown in Figure 5.2 (a)

1 8 0



Cluipter Five Sclf-assemhiv of a thiol H^ctpa unit for AuNP surfacc attachment

only m inor changes w ere observed in the overall shape o f  this band upon increasing 

concentrations o f  E u '" how ever, a sharp enhancem ent in the relative U V -visib le absorption 

in tensity  was experienced by this band located at A. = 270 nm  betw een additions o f  0 —>0.35 

equiv. o f  Eu'". A dditional aliquots o f  the metal salt resulted  in a plateau in the U V -visible 

absorption spectra (see F igure 5.2 (a) inset). These changes can be attributed to the evolution 

o f  the d ifferent stoichiom etric species in solution as the self-assem bly process proceeds.

The evolution o f  a characteristic Eu*"-centred em ission spectrum  was displayed upon the 

addition o f  Eu(C F 3S03)3 to ligand 122 w ith bands centred at 1  = 594, 615 and 695 nm. These 

em ission bands represent the radiative deactivation o f  the energy from  the E u ’" ^Do excited 

state to ground states w here J =  1, 2 and 4. The E u" '-cen tred  em ission spectra initially 

experienced an enhancem ent in lum inescence intensity  w ith the m ost intense lum inescence 

observed follow ing the addition o f  0.3 equiv. o f  E u"' Subsequent additions o f  the m etal gave 

rise to a sharp decrease in lum inescence intensity  (see Figure 5.2 (b) inset) follow ed by an 

eventual plateau. By com paring these changes to those previously  reported  for sim ilar 

system s developed w ithin our group and to the w ork o f  Biinzli and c o - w o r k e r s i t  can be 

assum ed that these changes are associated with the predom inant form ation o f  the m ost 

lum inescent 1:3 E u . l223 species at low er m etal concentrations follow ed by the evolution o f  

the lesser em issive 1:2 Eu.l222 and 1:1 E u .l2 2  species. The fitting o f  this data and 

calculation o f  species binding constants by non-linear regression analysis is discussed in the 

fo llow ing section. A highly lum inescent red solution w as observed under the U V lam p after 

the addition o f  four equiv. o f  E u(C F3S0 3 )3,a s  shown in F igure 5.3 (a).

C om pound 122 (1 x 10'^ M ) was also titrated against increasing concentrations o f  

T b(C F 3S03)3 in a 0.1 M Tris-H Cl (I = 0.1 M ) buffered solution (pH = 7.45). An alm ost 

identical trend to that described above was observed for the changes in the U V -visib le 

absorption spectra w here the band centred at A. =  270 nm  again experienced m inor changes in 

its overall shape bu t did undergo a large hyperchrom ic effect upon increasing concentrations 

o f  T b " ' (see Figure 5.4 (a)). A sharp enhancem ent in this band was displayed upon the 

addition o f  0 ^ 0 .3 5  equiv. o f  T b" ' follow ed by a p lateau in absorbance at higher T b"' 

concentrations.
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(a) (b) (c)

[Ln.1223]3

Ln = Eu'", Tb'"

Figure 5.3. (a) The highly emissive 1:3 M :L [Ln.122}] ' complex form ed in 0.1 M  Tris-HCl 
buffered solution, (b) red and (c) green emission observed under the U V  lamp from  solution 
studies samples following the addition o f fo u r equiv. o f Eu(CF}S0 3 )3  and Th(CF3S0 3 ) j  to
ligand 122 (1 x 10'^ M ) in a 0.1 M  Tris-HCl buffered solution_ respectively.
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Figure 5.4. The overall changes in the (a) UV-visible absorption spectra and (b) Th'“-  
centredphosphorescence spectra upon titrating 122 (1 x 10'^ M ) against Tb(CFiS0j)3 (0 -^4  
equiv.) in 0.1 M  Tris-HCl buffered solution at RT. Inset: corresponding experimental binding 
isotherm o f (a) absorbance at k =  250 and 270 nm and (b) Tb‘’' phosphorescence emission 
intensity at X =  492, 543, 583 and 622 nm (lex =  270 nm).

The overall changes observed in the luminescence spectrum are shown in Figure 5.4 (b). 

As shown, an enhancement in the characteristic Tb'"-centred emission spectrum was evident 

upon the addition o f 0^0 .35  equiv. o f Tb(CF3S0 3 )3, with bands representative o f 

deactivation from the Tb'”  ^D4 excited state to ground states ^Fj (where J  = 6, 5, 4 and 3) 

located at 492, 543, 583 and 622 nm. A slight decrease in the emission spectrum was then 

displayed up until the addition o f 1 equiv. o f metal which was then followed by a plateau at 

higher Tb” ' concentrations. Again, these changes in the overall luminescence upon titrating 

compound 122 with increasing concentrations o f Tb(CF3S0 3 ) 3  can be attributed to the 

evolution o f different stoichiometric species in solution with the predominant formation o f
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the m ost lum inescent 1:3 species T b . l223 evident after the addition o f  0.35 equiv. o f  Tb*” . 

These global changes in the U V -visible absorption and lum inescence spectra w ere also fit by 

non-linear regression analysis and shall also be d iscussed in the next section. A picture o f  the 

sam ple under the U V  lam p follow ing the addition o f  four equiv. o f  T b (C p 3S03)3  is displayed 

in Figure 5.3 (b), show ing clearly  that the system  is h ighly lum inescent in H 2O. As 

m entioned in chapter three each titration experim ent was repeated three tim es to ensure data 

reproducibility.

5.2.1 Fitting of titration data and determination of complex stability constants

Fitting o f  the global changes in the spectroscopic data using the non-linear regression 

analysis program  SPEC FIT w as im plem ented in order to gain a better understanding o f  the 

self-assem bly process and to calculate the binding constants associated with the various se lf

assem bled species in solution.
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Figure 5.5. (a) The speciation distribution diagram obtained from the UV-visible absorption 
titration data fit  (upon titrating ligand 122 against Eu(CF3S0s)s in a 0.1 M  Tris-HCl 
buffered solution) and (b) the fit  o f the experimental binding isotherms using the non-linear 
regression analysis program SPECFIT.

The speciation distribution diagram  obtained follow ing the fitting o f  the overall changes 

in the U V -visible absorption spectra upon the titration o f  ligand 122 with E u(C F3S03)3  is 

displayed in Figure 5.5 (a) w hile the b inding isotherm  from  the fit is depicted in Figure 5.5 

(b). It w as estim ated from  this data that there w ere four absorbing species in solution - the 

ligand 122 itself, the 1:3 E u . l223 , the 1:2 Eu.l222 and the 1:1 Eu.122 species. U pon the 

addition o f  0.35 equiv. o f  E u’" the predom inant form ation o f  the 1:3 E u . l223 species is 

evident w ith it being form ed in 85%  yield w ith a b inding constant o f  logP n  = 20.4. Further 

additions cause a shift in the equilibrium  distribution tow ards the form ation o f  the 1:2 

Eu.1222 and the 1:1 Eu.122 species which w ere form ed with binding constants o f  lo g p n  =

13.1 and logpn  = 7.2, respectively.
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These values correlate w ell to the results obtained fo llow in g  the fitting o f  the 

corresponding lum inescence titration data. A s show n in the speciation distribution diagram in 

A ppendix Figure A5.1 the m ost lum inescent 1:3 tris chelate com plex  E u .l223 is form ed in 

73%  yield  fo llo w in g  the addition o f  0.3 equiv. o f  Eu*". A  binding constant o f  logP n  =  21 .4  

w as calculated for this species w h ile  binding constant values o f  logP i2 =  14.9 and logP n =  7.2  

w ere calculated for the lesser em issive  1:2 E u .l222  and the 1:1 E u .l2 2  species, respectively.
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Figure 5.6. (a) The speciation distribution diagram obtained from the UV-visible absorption 
titration data f i t  (upon titrating ligand 122 against Tb(CFiS03)s in a 0.1 M Tris-HCl (I = O.I 
M  NaCI) buffered solution (pH = 7.45)) and (b) the f i t  o f  the experimental binding isotherms 
using the non-linear regression analysis program SPECFIT.

A s show n in Figure 5 .6  and A ppendix Figure A 5 .2 , the overall changes in both the U V -  

v isib le  absorption and lum inescence spectra fo llo w in g  the titration o f  com pound 122 with  

Tb(C F3S 03)3  w ere also fit using SPECFIT. A nalysis o f  the U V -v isib le  absorption titration 

data using evo lv in g  factor analysis revealed  the presence o f  four absorbing sp ecies in 

so lu tio n - the ligand itse lf  122, the 1:3 T b .l223 , the 1:2 T b .l222  and the 1:1 T b .l2 2  species. 

From the speciation  distribution diagram in Figure 5 .6  (a) it is clear that the 1:3 T b .l223  self-  

assem bly is preferentially form ed in solution after the addition o f  0 .35 equiv. o f  T b(C F3S03)3 

with it being form ed in 85%  at this point in the titration. B inding constants o f  lo g p i3 =  22 .1 , 

logP i2 =  14.8 and logP n =  7.5 w ere calculated from this fit for the T b .l223 , the 1:2 T b .l222  

and the 1:1 Tb. 122 sp ecies, respectively.
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Table 5.1. Binding constants obtained by fitting spectroscopic data. *Value fixed, otherwise 
convergence not reached.

1

0 7.2 ±0.2 7.2 *

Eu“> l0gPl2 13.1* 14.9 ± 0.1

l0gPl3 20.4 ±0.4 21.4 ±0.2

lo g P u 7.5 ±0.3 7.5*

Tb‘“ l0gP l2 14.8* 14.7 ±0.2

l0gPi3 22.1 ±0.5 21.7±0.2

The global changes in the luminescence data for this titration were also fit with results 

confmning those obtained above (see Appendix Figure A5.2). As the Tb'" metal salt is added 

the most predominant species in solution becomes the highly emissive 1:3 T b .l223 complex, 

which is fonned with a binding constant o f logPn = 21.7. It can be seen from the speciation 

distribution diagram obtained from this fit (see Appendix Figure A5.2 (a)) that upon the 

addition o f 0.3 equiv. of TT)"’ it is formed in 82%. Additional aliquots of Tb'" then gives rise 

to a sharp decrease in luminescence which corresponds to a rapid decrease in the 

concentration of the 1:3 species, with the simultaneous evolution o f the 1:2 Tb.l222 and the 

1:1 Tb. 122 species which were formed with binding constants of logpn = 14.7 andlogPn = 

7.5, respectively. A summary of the binding constants calculated from the fits are given in 

Table 5.1. Binding constant values correlate well to those calculated for the related analogue 

systems developed by Biinzli and co-workers (see Section 1.3).'^^

5.3 Excited state lifetimes and quantum yield determination

Excited state lifetimes for Eu”’ and Tb'" were measured for both 1:3 complexes (E u .l223 and 

Tb.1223) in a 0.1 M Tris-HCl buffered solution and D2O in order to investigate if the Ln"' 

was residing in a fully saturated coordination sphere, as expected. A ligand concentration of 

2.25 X lO'"* M was used for this measurement for the purpose o f ensuring 100% formation of 

the 1:3 complex in solution. Luminescent emission lifetimes obsei*ved in the 0.1 M Tris-HCl 

buffered solution and D2O were best fit to a mono-exponential decay function confirming the 

presence of only one luminescent species in solution for both solvents. Values of 1.58 ms and 

1.87 ms for E u .l223 and 1.41 ms and 1.38 ms for Tb .1223 were determined in the 0.1 M Tris- 

HCl (I = 0.1 M NaCl) buffered solution (pH = 7.45) and D2O, respectively. By inputting this 

data into Equation 1, as described in previous sections, the number o f Ln'" solvent bound 

molecules {q value) could be estimated, and, in both cases, q values of 0 were determined.
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indicating that the Eu"' and Tb’" ions were residing within a fully saturated nine-coordinate 

sphere o f three ligands.

Table 5.2. Eu"‘- and Tb'“-centred excited state lifetimes (ms), absorbance at X = 279 nm, 
species population percentages, calculated hydration state (q) values and quantum yield % 
for E u ‘‘- and Tb"‘-directed self-assembled species o f  ligand 122 as measured at RT in a 0.1 
M  Tris-HCl buffered solution and D2O at various concentrations  -  note the estimated error 
for quantum yields is ±10%.'^^

C om plex

Eu“>

Tb'“

Ligand
concentration

(M )

2 .2 5 x  10">

1 X 10-''

5 X 10-5 

2.25 X 10-4 

1 X lO--*

5 X 10-5

t „2o (m s)

0.44
0/

1.58

1.52 
(96%)

1.51 0.41
(95%) (5%)

1.41

1.47 0.46
(95%) (5%)

1.44 0.44
(93%) (7%)

1.87

q
value

0.2

1.38 0.4

10.62 (±0 .43) 

13.13 (±0.35)

13.66 (±1.01) 

21.91 (±2.72) 

25.93 (±0.41)

23.66 (±1.83)

A relative method was then employed to calculate the emission quantum yields for both 

complexes in a 0.1 M Tris-HCl (I = 0.1 M) buffered solution (pH = 7.45). This method 

compares both the UV-visible absorbance and emission intensity o f the unknown sample 

(Eu.1223 or T b .1223) to the standard reference (Cs3[Eu(dpa)3] and Cs3[Tb(dpa)3]) solution, as 

was described in chapter t h r e e . Q u a n t u m  yields (<&tot) were measured for the Eu'"-and 

the Tb'"-centred emission from Eu.1223 and Tb.1223 using the solutions above (ligand 

concentration = 2.25 x 10 '* M). However, as the quantum yield experiment requires six 

measurements o f  both the UV-visible absorption and the emission spectra the appearance o f 

a white precipitate (which was luminescent under the UV lamp) was evident from the 

solution after this time, rendering the quantum yield values unreliable. Quantum yield 

measurements were therefore repeated at the lower ligand concentrations o f  1 x 10‘‘* M and 5 

X 10'^ M in order to avoid this solubility issue.

The stability o f the parent tris dpa [L n(l)3] 'com plexes in water has been widely studied 

by 'H  NM R in the 10'^ M concentration range and by spectroscopic measurements in more 

dilute solutions (10'^ M) with all studies indicating that a dissociation equilibrium occurs in 

solution. The extent o f  dissociation was shown to increase with increased dilution o f the 

s o l u t i o n . S i m i l a r l y ,  for 1:3 tris complexes o f compound 122, this was found to be 

the case. Although self-assembled solutions (where ligand concentrations o f 1 x 10”̂  M and 5
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X 10'^ M were implemented) remained clear, without the formation o f a precipitate, lifetime 

measurements concluded the presence of two luminescent species in solution for both Eu’" 

and Tb*" systems at these two ligand concentrations. The quantum yield values were taken as 

being 13.66% and 23.66% for the E u .l l23 and T b .l223 self-assembled systems, respectively. 

It is important to note however, that the 1:3 E u .l l23 and T b .l223 species are present in 95% 

and 93% at this concentration, respectively (see Table 5.2). These quantum yield values are 

in close agreement with those calculated for the related structures 5 -  8, in which the 4-para 

position of the parent H2dpa framework has been substituted with a polyethylene chain 

bearing either a -OMe, -NH2, -OH or -Phta terminal moiety.

Having established that it was possible to form highly luminescent Eu'" and Tb'” 1:3 

systems in a 0.1 M Tris-HCl buffered solution the functionalisation of AuNPs with 

compound 122 was then attempted.

5.4 Surface functionalisation of AuNPs with compound 122

There exist, a number of methods for the synthesis of AuNPs, with most of the standard
325procedures starting from the commercially available hydrogen tetrachloroaurate (HAuCU).

Two o f the most common methods used are the citrate method, developed by Turkevitch et

al. in 1951,^^^ and the Brust-Schiffrin m e t h o d . T h e  citrate method involves the reduction

of Au'" to Au*̂  in H2O by citrate, allowing for the subsequent replacement of the citrate

ligand by another appropriate functional ligand. The Brust-Schiffrin method consists of a

water-toluene biphasic synthesis using HAuCU, tetraoctylammonium bromide (TOAB),

NaBH4 and a thiol ligand for functionalisation/stabilisation. This method is by far the most

commonly employed method.

The Gunnlaugsson group have found that a modified version of the Brust-Schiffrin

method has been the most successful when functionalising the surface o f AuNPs with cyclen

based Ln"* luminescent complexes bearing a terminal thiol moiety.'^* This two-phase method

involves firstly mixing an aqueous solution o f HAuCU with a solution o f the phase transfer

agent TOAB in toluene with vigorous stirring. The Au'” is then transferred, facilitated by

TOAB, into the organic layer where it is reduced to Au*’ by the addition o f the reducing agent

NaBH4. A rapid change in the colour of the organic layer from orange to purple confirms

reduction and fonnation of the gold nanoparticles in solution. The water layer is then

removed by separation and the organic layer washed with H2O, 0.1 M HCl and then finally

0.1 M NaOH. The surface plasmon resonance (SPR) band in the UV-visible absorption

spectrum of this solution is characteristic of the collective oscillations of electrons at the

surface of the AuNPs in response to optical excitation. The presence of this band therefore

confimis formation o f colloidal gold in solution. This band is very sensitive to the
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com position, size, shape, interparticle d istance and environm ent o f  the A uN Ps but is usually 

located at 520 nm  in EtO H  for A uN Ps possessing a d iam eter o f  5 nm.^^^ Functionalisation o f  

the surface o f  the A uN Ps is then usually achieved by exchanging the TOAB stabilising 

m olecules w ith the thiol term inated ligand by  stirring a H 2O solution o f  the com pound with 

the A uN Ps toluene solution overnight. C onfirm ation o f  successful adsorption o f  the ligand 

onto the A uN Ps surface and transfer o f  the A uN Ps into the H 2O phase is signified by a colour 

change in w hich the deep purp le colour is transferred from  the organic toluene layer to the 

aqueous phase.

This synthetic route w as initially  attem pted for the functionalisation o f  A uN Ps with 

com pound 122, how ever, difficulties w ere encountered as no transfer o f  the A uN Ps into the 

aqueous layer was observed, indicating that the com pound had not been adsorbed onto the 

surface o f  the A uN Ps. This could be due to, as was d iscussed above, the difficulty in fully 

solublising com pound 122 in H 2O at h igher concentration ranges.

HAUCI4.3 H2O + 1 2 2  + NaBH4 Au
■ >

Figure 5.7. Formation and functionalisation o f AuNPs with compound 122.

A nother literature procedure, w hich avoids the use o f  a second phase or a phase transfer 

stabilising agent, was then em ployed (see F igure 5.7).^^* In an effort to directly  functionalise 

the surface o f  the A uN Ps a solution o f  com pound 122, in a 60:40 CHaOH iEtO H m ixture 

(4.82 X 10'^ M ), was added dropw ise to a solution o f  HAUCI4.3 H2O in 5 m L o f  C H 3OH, (2.4 

X 10'^ M ), giving rise to a yellow  cloudy solution. A fter 20 m ins o f  stirring a solution o f  

N aB H 4 in H 2O (2.4 x 10'"* M ) was added dropw ise to the reaction m ixture. A  black 

suspension alm ost im m ediately  precipitated  from  solution. This b lack deposit was then 

separated from the reaction m ixture by  centrifugation. The organic phase was rem oved and 

the black deposit had H2O added to it with stirring. C entrifugation was again im plem ented in 

order to separate the b lack deposit from  the aqueous solution w hich appeared pink in colour.
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This pink aqueous solution was removed and H2O was again added to the black deposit. The 

pink coloured aqueous layer was again separated and removed by centrifugation. This 

process was repeated four times until the H2O solution showed no colour.

(a) (b) (c)

W avclcnglh (nm )

Figure 5.8. (a) Sephadex G15 column used  to purify AuN P-122 solution, (b) E u"-centred  
em ission observed  follow ing the addition o f  excess Eu(CFsS0s)3 to a solution o f  AuNP-122, 
an d  (c) green colour observed  under the UV lamp follow ing the addition o f  excess 
Tb(CF}SO })3  to a solution o f  AuN P-122 (X̂ x =  279 nm).

A U V-visible absorption spectrum o f  the pink aqueous solution showed the presence o f  

bands located at X = 279 nm and 515 nm (see Appendix Figure A5.3). These two absorption 

bands correspond to those o f  compound 122 and to the SPR band associated with the AuNPs, 

respectively, pointing to the successful functionalisation o f  the surface o f  the AuNPs with 

ligand 122. The functionalised AuNPs (AuNP-122) were then purified by size exclusion  

chromatography using a sephadex G15 column with 0.1 M NaCl as the eluent. The 

functionalised AuNPs were seen as a faint pink/purple band as they moved down the column 

(see Figure 5.8 (a)). To further confirm successful tethering o f  the compound to the solid  

surface via  the thiol linkage an excess o f  both Eu(CF3S0 3 ) 3  and Tb(CF3S0 3 ) 3  were added to 

the pink aqueous solution. As shown in Figure 5.8 (b) Eu”*-centred em ission was exhibited  

by the solution to which Eu'” was added, follow ing excitation at A, = 279 nm. Under the UV  

lamp green em ission was also clearly evident from the solution when excess Tb(CF3S0 3 ) 3  

had been added (see Figure 5.8 (c)). Both results demonstrate that compound 122 is in 

solution, bound to the AuNPs by means o f  the thiol functionality, permitting access to the 

Ln'” coordinating tridentate unit for Ln'" sensitisation. Although these results evidence the 

successful functionalisation o f  the AuNPs with compound 122, its poor solubility in polar 

solvents, as was encountered in previous sections, may have prevented facile
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functionalisation, which in turn led to conflicting characterisation results which are discussed 

in the following section.

The purified AuNP-122 were characterised by dynamic light scattering (DLS) and 

transmission electron microscopy (TEM) which are described in the following section.

5.5 Characterisation of functionalised AuNPs -  TEM and DLS

Transmission electron microscopy (TEM) is a technique used to obtain high resolution
19Qimages o f very small particle samples, as small as up to 1 nm. An ultra-thin sample of the 

material under investigation is illuminated with a beam of electrons which either interacts 

with or passes through (transmits) the sample, generating dark and bright regions on a 

phosphorescent screen which are representative o f the structure and size of the sample
329constituents.

Preliminary results obtained following the analysis o f the AuNP-122 sample are shown 

below in Figure 5.9 (a), (b) and (c). As shown, the functionalised AuNPs were spherically 

structured with diameters ranging from 1 -  7 nm. The particle size distribution (see Figure 

5.9 (c)) was calculated by measuring the diameter o f ca. 961 particles and indicated that the 

AuNP-122 possessed an average core diameter o f 2.21 nm. It was difficult to distinguish the 

AuNPs from background noise when processing the data using the programme Image J. This 

was due to their small size and consequently, the quality of the images produced, meaning it 

was possible that the actual average core diameter value was slightly larger. However, the 

AuNPs would need to be re-synthesised and re-examined to confirm this. Furthermore, upon 

magnification, (Figure 5.9 (c)), the functionalised AuNPs appeared less well defined in the 

TEM images due to the melting of the organic material coating the AuNPs.

Dynamic light scattering (DLS) was also used to characterise the functionalised AuNPs- 

122. DLS is a technique used to measure the size distribution of small particles suspended in 

solution which are undergoing Brownian motion. Brownian motion is the random motion 

of particles suspended in solution resulting from their collision with each other and their 

bombardment with surrounding solvent molecules and can be defined by a property known 

as the translational diffusion coefficient, d(H). The translational diffusion coefficient depends 

on the size o f the particles, with larger particles moving slower in solution in comparison to 

smaller molecules. DLS measures the translation diffusion coefficient by measuring the rate 

at which the intensity of the illuminating light source fluctuates, with smaller particles 

causing the intensity of the scattered light to fluctuate more rapidly than larger particles. The 

translational diffusion coefficient can then be related to the size of the particles according to 

the Stokes-Einstein equation:
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Equation 14;

where d(H) is the hydrodynamic diameter, D is the translational diffusion coefficient, k is 

Boltzmanns constant, T is the absolute temperature and r| is the viscosity o f the solution.

(a) (b)

m0m

Figure 5.9. (a), (b), (c) TEM images o f  AuNP-122 after deposition onto copper grids and (d) 
particle size distribution graph calculated from the TEM data.
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Figure 5.10. Particle size distribution plots as determined from DLS analysis for AuNP-122 
(a) before and (b) after purification using sephadex G15.

DLS analysis was used to characterise the AuNP-122 once before and once after 

purification using sephadex G15 column chromatography. Measurements were carried out on 

a Malvern Zetasizer Instrument. Before purification a hydrodynamic diameter value of 55.08 

± 19.19 nm was obtained with a size distribution ranging from 16.34 -  198.00 nm, (see 

Figure 5.10 (a)). Following purification, a much narrower size distribution range o f AuNP- 

122 was displayed, with an average hydrodynamic diameter value o f 19.42 ±3 . 0  obtained, 

see Figure 5.10 (b).

These DLS results did not correlate well with those evidenced by TEM above where 

AuNP-122 where shown to possess an average core diameter o f 2.2 nm. It was initially 

thought that the larger hydrodynamic diameter value obtained from DLS measurements was 

due to H-bonding interactions between molecules o f 122 on adjacent AuNPs, causing the 

accumulation o f AuNPs and consequently giving rise to larger hydrodynamic diameter 

values. By again examining the TEM images above it can be observed that it is possible that 

agglomerates were formed, which would coincide with this speculation. Excess NaOH was 

added to this DLS sample, in an effort to remove potential H-bonding interactions and gain a 

better insight into the system. However, the system formed much larger particles almost 

immediately (417 nm). The addition o f excess HCl was also attempted in an effort to reduce 

the number o f potential H-bonding interactions but gave a similar result where much larger 

particles were instantly observed (278 nm). It is possible that the functionalised AuNP-122 

may have undergone agglomeration due to an instability o f the system, appearing as larger 

particles from DLS measurements. These preliminary results and theories require more 
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ttention to fully elucidate the stability  and behaviour o f  the A uN P-122 conjugate in order to 

extend the use o f  this system .

5.6 Conclusion

This chapter focused on the developm ent o f  a m odified H2dpa structure for potential use as a 

L n '” lum inescent centre in biologically  relevant applications such as A uN P attachm ent or 

protein interaction/structure elucidation. The target com pound 122 possessed a num ber o f  

features suitable for these objectives such as a tridentate L n '"  chelating unit; tw o carboxylic 

acid side groups for w ater solubilisation and a C 12 thiol term inated alkyl chain in the 4-para 

position for A uN P or cysteine residue grafting. C om pound 122 was synthesised in four steps 

before its L n '”-directed self-assem bly behaviour (L n "‘ = Eu and Tb) in aqueous solution was 

evaluated. It was found that upon the addition o f  0.33 equiv. o f  E u (C p3S03)3 in a 0.1 M  Tris- 

HCl buffered solution the 1:3 E u . l223 highly lum inescent species was fonned  predom inantly  

in solution with high b inding constants o f  logP n  = 20.4 and lo g p n  = 21.4. A sim ilar 

behaviour was evidenced for the T b '"  system  in w hich the 1:3 T b . l223 was form ed in a 0.1 

M Tris-H Cl buffered solution w ith com parable binding constants o f  log(3i3 = 22.1 and logPu 

= 21.7 (from  fitting o f  the U V -visib le absorption and lum inescence titration data, 

respectively). Excited state lifetim e m easurem ents w ere then im plem ented in order to 

calculate hydration state q values. L ifetim es m easurem ents w ere best fit to a m ono

exponential decay function, when a ligand concentration o f  2.25 x 10'"' M was used, giving 

values o f  1.58 and 1.41 m s for the 1:3 com plexes E u . l223 and T b . l223, respectively,. 

H ydration state q values o f  0 w ere calculated in both cases confirm ing a fully saturated 

coordination sphere for both  E u .l223 and T b .l223, Both com plexes w ere unstable at this 

concentration resulting in their precipitation at the end o f  the experim ent. Low er ligand 

concentrations were therefore used (1 x 10’̂  M and 5 x 10'^ M ) for excited state lifetim es 

m easurem ents and quantum  yield determ ination. Both com plexes E u . l223 and T b .l223 w ere 

show n to dissociate at these concentrations bu t rem ained present in relatively high yields, as 

was evidenced by percentage population values (see Table 5.2). Q uantum  yield calculations 

w ere detenn ined  at these ligand concentrations w ith values o f  13.66% and 23.66%  appearing 

to be the m ost reliable (in re lation to  the solubility o f  the system  at a ligand concentration o f 

5 X 10'^ M ) which w ere obtained for the E u .1123 and T b .l223 self-assem bled system s, 

respectively. From these photophysical m easurem ents it can be deduced that highly 

lum inescent 1:3 Eu"' and T b '"  com plexes can be assem bled in a 0.1 M T ris-H C l buffered 

solution (pH = 7.45). M ost notably, from  these m easurem ents, it was observed that the 

solubility  range o f  the ligand m ust be carefully  considered when carrying out further studies 

on this system.
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The functionahsation o f  A u N P s with com pound 122 w as attem pted using the m odified  

Brust-Schiffrin m ethod previously  reported w ithin our laboratory. N o  transfer o f  

functionalised A uN P s into the aqueous phase w as observed using this b iphasic synthetic 

route. Another synthetic strategy w as therefore undertaken w hich in vo lved  the sim ultaneous 

form ation and functionahsation o f  A uN P s with com pound 122 in solution, generating A uN P - 

122. A u N P -122 w ere prelim inary investigated  and characterised fo llo w in g  purification using  

sephadex G 15 colum n chrom atography. The addition o f  ex cess  Eu(C F3S 03)3  and 

T b(C p3S03)3  to an aqueous solution o f  A u N P -122 , fo llo w in g  excitation o f  the sensitising  

unit at =  279  nm , gave rise to Ln'"-centred em ission . Both TEM  and D LS analysis w ere  

im plem ented in order to investigate the size  o f  the diam eter o f  the functionalised  A uN P -122  

g iv in g  conflicting  results w hich m ay p ossib ly  be due to the form ation o f  A uN P  agglom erates 

in solution. M ore work in this area is required how ever. It w ould  be necessary to fine tune 

the synthesis o f  the functionalised  A uN P s and to develop  a m ethod w hich  best suits these  

system s.

From the above results it can be concluded  that a solid  platform  o f  know ledge for this 

system  has been developed. F o llow in g  substitution at the 4-para position  1:3 Ln(122)3 

m ononuclear com p lexes can be form ed in an aqueous environm ent retaining the high  

lum inescent properties o f  the H2dpa system . Prelim inary experim ents on the functionahsation  

o f  A uN Ps with 122 w ere prom ising with U V -v isib le  and Ln'"-centred em ission  spectra 

indicating the fabrication o f  the A uN P s with com pound 122 through the thiol linkage. TEM  

and D LS m easurem ents did g iv e  conflicting  results but this could  be as a result o f  the 

formation o f  agglom erates in solution, w hich w ould  not be as obvious from TEM  im ages. A 

m ore in depth study o f  the functionahsation o f  the A uN P s with com pound 122 is required in 

order to adjust the synthetic procedure and ensure exact characterisation and behaviour. O nce  

this synthetic route has been im proved a lim itless number o f  avenues can be exam ined for 

A u N P -122, such as drug delivery agents, im aging and/or sensing probes.
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6. General experimental details

All starting materials were purchased from commercial sources and used as received. 

Solvents were o f HPLC grade and were used without further purification. Dry solvents were 

prepared in accordance with standard procedures described by Vogel, with distillation prior 

to each use. Chromatographic columns were performed manually using silica gel 60 (230- 

240 mesh ASTM) or were run on an automatic Teldyne Isco Combiflash Companion 

machine using pre-packed silica columns. Thin-layer chromatography (TLC) was conducted 

using both Merck Kiesegel 60 F254 silica plates and observed under UV light. Melting points 

were determined using an Electrochemical IA900 digital melting point apparatus. Electro 

mass spectra were determined using a Mass Lynx NT V 3.4 on a Waters 600 controller 

connected to a 996 photodiode array detector with HPLC-grade carrier solvents. A peak- 

matching method was used to determine accurate molecular weights using leucine 

enkephaline (H-Tyr-Gly-Gly-Phe-Leu-OH) as the standard reference (m/z = 556.2771); all 

accurate mass were reported within ± 5 ppm o f the expected mass. Elemental analyses were 

carried out at the Microanalytical Laboratory, School o f  Chemistry and Chemical Biology, 

University College Dublin. Infrared spectra were recorded on a Perkin Elmer Spectrum One 

FT-IR spectrometer equipped with a Universal ATR sampling accessory. Solid samples were 

recorded directly as neat samples in cm''. NMR data were recorded in commercially 

available deuterated solvents on either a Bruker Spectrospin DPX-400 spectrometer which 

operates at 400.13 MHz for 'H NMR and 100.6 MHz for '^C NMR or a Bruker-AV-600 

spectrometer which operates at 600.13 MHz for 'H NMR and 150.2 MHz for '^C NMR. 

Tetramethylsilane (TMS) was used as an internal standard and shifts were referenced relative 

to the internal solvent signals with chemical shifts expressed in parts per million (ppm / 5).

6.1 UV-visible absorption and luminescence spectroscopy
Using a 1.0 cm path length quartz cell, UV-visible absorption and luminescence spectra were 

recorded at RT using a Varian CARY 50 spectrophotometer. The solvents employed were o f  

HPLC or spectrophotometric grade. For UV-visible absorption measurements the wavelength 

range was set from 450 nm to 200 nm with a scan rate o f  600 nm min'*. The blank used was a 

sample o f the solvent system in which the titration was undertaken. All luminescence scans 

were measured in arbitrary units unless otherwise stated. The luminescence data was 

collected between 470 and 700 nm for the Tb'" emission, 570 and 720 nm for the Eu*" 

emission and 540 and 730 nm for the Sm'" emission.
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6.2 Luminescence lifetime measurements
The lum inescence lifetim e m easurem ents for the E u"’ com plexes in chapters 2, 3 and 5 were 

carried out on a V arian C arey E clipse F luorim eter in tim e-resolved m ode at 298 K. All 

lifetim e m easurem ents w ere obtained from  an average o f  six independent m easurem ents, 

each recorded w ith a different gate tim e in the range 0.020 -  0.045 ms.

6.3 Quantum yield determination
As was described in Section 3.3 a relative m ethod was em ployed to calculate the quantum  

yield values (Otot) for Ln**' com plexes in chapters 3 and 5. This m ethod com pares both the 

U V -visible absorbance and em ission intensity  o f  the unknow n sam ple to standard reference 

solutions o f  C s 3 [Eu(dpa)3 ] or C s3 [Tb(dpa)3 ] in a 0.1 M Tris-H Cl (I = 0.1 M ) buffered 

solution (pH = 7.45) (<E>,ot = 24.0 ± 2.5%  and Otot = 22.0 ± 2.5%  for C s3 [Eu(dpa)3 ] and
1 I 8 7  7 8 1

C s3 [T b(dpa)3 ], respectively) ’ ' The estim ated error for the quantum  yield values is ±

10%.

6.4 NIR emission spectroscopy
L um inescence spectra in the near-IR  region w ere recorded on a Fluorolog FL 3-22 

spectrophotom eter from  H oriba Jobin Y von with double grating em ission and excitation 

m onochrom ators, and a R 5509-73 photom ultiplier. L ight intensity  was m easured by using a 

C9940-22 detector w ith a range from  800 -  1700 nm  from H am am atsu, cooled to 77 K and 

coupled to a Jobin Yvon SpectrA cq v5.20 data acquisition system . All m easurem ents w ere 

perform ed at 298 K, w ith this tem perature being kept constant using a therm ostated unit 

block.

For the m easurem ent o f  the N d '"  lum inescence lifetim es, the sam ples w ere excited using 

a pulsed nitrogen laser (PTI- 3301, 337 nm ) operating  at 10 Hz. Light em itted at right angles 

to the excitation beam  w as focused onto the slits o f  a m onochrom ator (P T H 20), w hich was 

used to select the appropriate w avelength. The grow th and decay o f  the lum inescence at 

selected w avelengths w ere detected  using a germ anium  photodiode (Edinburgh instrum ents, 

E l- P) and recorded using a digital oscilloscope (Tektronix TD S220) before being transferred 

to a PC for analysis. T im e-resolved em ission spectra w ere obtained by  m easuring the growth 

and decay o f  the lum inescence at each o f  a series o f  w avelengths. Lum inescence lifetim es 

w ere obtained by iterative reconvulution o f  the detector response (obtained using a scatterer) 

with exponential com ponents for grow th and decay o f  the m etal centered lum inescence, 

using a spreadsheet running in M icrosoft Excel. The details o f  this approach have already 

bee*n discussed.^^'*
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6.5 Circular Diehroism and circularly polarized luminescence measurements
CD spectra were recorded on a Jasco J-810-1 SOS spectropolarimeter in a 1.2 mL cell. Each

CD trace represents an average o f three scans. All CD are represented as mdeg V5  X (nm). 

CPL spectra were recorded by Dr. R. Peacock at the University o f Glasgow. Calibration of 

the emission monochromator was accomplished by passing scattered light from a low power 

He-Ne laser through the detection system. The optical detection system consisted of a 

photoelastic modulator (PEM, Hinds Int.) operating at SO kHz and a linear polariser, which 

together act as a circular analyser, followed by a long pass filter, focusing lens and a 0 . 2 2  m 

double monochromator. The emitted light was detected by a cooled EM1-9558QB 

photomultiplier tube operating in photon counting mode. The SO kHz reference signal from 

the photoelastic modulator was used to direct the incoming pulses into two separated 

counters. An up counter, which counts every photon pulse and thus is a measure o f the total 

luminescence signal /  = //<,/-, + and an up/down counter, which adds pulses when the 

analyser is transmitting to the left circularly polarised light and subtracts pulses when the 

analyser is transmitting right circularly polarised light. The second counter provides a 

measure of the differential emission intensity A/ = Iief, - Irî ht-

6.6 Complexatioii microwave reactions
Complexation reactions were carried out in 2-S mL Biotage Microwave Vials in a Biotage 

Initiator Eight EXP microwave reactor. Reactions were performed at 70 °C for 10 mins in 

HPLC grade CH3OH.

6.7 Langmuir film measurements
Surface pressure-area isotherms and time stability measurements were carried out at 2S °C

on a KSV MiniMicro Langmuir-Blodgett trough (KSV, Finland) with a surface area between
2 ®1700 and 8700 mm . Water was purified with a Milli-Q Integral system (Millipore), and its

resistivity was measured to be higher than 18 MQ cm. Chloroform (puriss. p.a. > 99.8%,

Sigma-Aldrich) was used as a spreading solvent for ligands 81 and 82; a 9:1 mixture of

chloroform/CHsOH mixture was used for complexes Ln.8 l 3 and Ln.8 2 3 . Typically drops (20

f l̂) o f the surfactant solution {ca. 0.25 mM) were deposited using a microsyringe on the water

subphase. After leaving the solvent to evaporate for 20 min, the barriers were compressed at

6  mm min ' and the surface pressure was monitored using a platinum Wilhelmy plate.
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6.8 X-ray crystallographic characterisation
Single crystal X-ray diffraction data for 81 was collected using graphite monochromated Cu- 

Ka radiation (X = 1.54184 A) on an Oxford Diffraction SuperNova diffractometer. The 

diffractometer was equipped with a Cryostream N 2 open-flow cooling device, and the data 

was collected at 150(2) K. A series o f co-scans were performed in such a way as to collect all 

unique reflections to a maximum o f  0.80 A. Cell parameters and intensity data (including 

interframe scaling) were processed using CrysAlis Pro.30.̂ "̂* X-ray data for 82 was collected 

on a Rigaku Saturn 724 CCD diffractometer using graphite-monochromated M o-K a 

radiation (k = 0.71073 A). The data was collected using Crystalclear-SM 1.4.0 software. Data 

integration, reduction and correction for absorption and polarization effects were all 

performed using Crystalclear-SM  1.4.0 software. Space group determination was obtained 

using Crystal structure ver. 3.8. X-ray data for 108 and 109 was collected on a Bruker APEX 

II CCD diffractometer using graphite monochromated Cu-K a radiation (A, = 1.54178 A). The 

data sets were collected using APEX2 software; with data integration, reduction, and 

correction for absorption and polarization effects, as well as space group determinations, all 

performed using APEX2. All structures were solved by direct methods (SHELXS-97) and 

refined against all data (SHELXL-97).^^^ Hydrogen atoms, except for N -H  protons, were 

positioned geometrically and refined using a riding model with d(CHaro) = 0.95 A, t/iso 

= 1.2[/eq (C) for aromatic protons, d(CH) =1.0 A, t/iso =1.2J7eq (C) for CH, 0.99 A, lAso 

= l.2?7eq (C) for CH 2 and 0.98 A, t/iso =1.2t/eq (C) for CH 3 . Amide N -H  protons were 

found from the difference map and fixed to the attached atoms. All data collection and 

analysis was performed by Dr. Jonathan A. Kitchen.

6.9 Characterisation o f the surface-modified AuNFs
The size o f the functionalised AuNP and their distribution in aqueous solution were analysed 

by Transmission Electron M icroscopy (TEM) and Dynamic Light Scattering (DLS), 

respectively. TEM measurements were carried out at the Centre for M icroscopy and Analysis 

(CMA, Trinity College Dublin) using a JEOL 2100 microscope. DLS measurements were 

conducted on a Zetasizer Nano Series (Malvern Instrument).
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6-(Benzyloxycarbonyl)picolinic acid

2,6-Pyridinedicarboxylic acid 83 (2.00 g, 12 mmol, 1.00 equiv.) 

and NaHCOs (1,21 g , 14 mmol, 1.20 equiv.) were added to DMF

(40 mL) and allowed to stir at 65 “C. To this, benzyl bromide (1.71

mL, 14 mmol, 1.20 equiv.) was added and the resulting suspension 

stirred under argon for 5 hrs. After cooling to RT the reaction 

mixture was diluted with H2 O (40 mL), neutralised with saturated aq. NaHCOs and extracted 

with AcOEt to remove the diester side product. The aq. layer was acidified to pH 3 with 1 M 

HCl and extracted with AcOEt. The organic extracts were combined, washed with H2 O and 

brine, dried over MgS0 4  and volatiles were removed under reduced pressure yielding the 

crude product as a white solid. The solid was redissolved in CH2 CI2 , washed with H2 O and

brine and then dried over MgS0 4  The solvent was then removed under reduced pressure

yielding 84 as a white crystalline solid in 52% yield (402 mg). HRMS {m/z) (ES^) Calculated 

for C i4 H ||N 0 4 Na" m/z = 280.0586 [M + Na]^ Found m/z = 280.0579; 'H NMR (400 MHz, 

CDCI3 ) 6 h: 8.44 (IH,  d, J =  7.9 Hz, pyridine-H), 8.40 (IH,  d, J =  7.9 Hz, pyridine-H), 8.14 

(IH,  t, J =  7.9 Hz, pyridine-H), 7.50 (2H, d, 7.3 Hz, Ar-H), 7.44 (3H, m, Ar-H), 5.48 (2H, 

s, CH2 ); '^C NMR (100 MHz , CDCI3 ) 8 c: 163.43, 163.36, 146.76, 146.48, 139.64, 134.99, 

128.87, 128.77, 128.76, 128.58, 126.81,68.05.

(S)-Benzyl 6-(I-(naphthalen-l-yl)ethylcarbamoyl)picolinate (85

HOBt (0.37 g, 2.70 mmol, 1.00 equiv.), (5)-(-)-1-(1- 

naphthyl)ethylamine (0.44 mL, 2.70 mmol, 1.00 equiv.) 

and NEt3 (0.40 mL, 2.90 mmol, 1.05 equiv.) were added to 

a solution of 6 -(benzyloxycarbonyl)picolinic acid 84 (0.70 

g, 2.70 mmol, 1.00 equiv.) in dry THF (25 mL) and placed 

under argon. The reaction mixture was cooled to 0 °C with stirring for 30 mins. To this, 

EDCI HCI (0.55 g, 2.90 mmol, 1.05 equiv.) was then added and the resulting suspension was 

left stirring at 0 °C for a further 30 mins. The reaction mixture was then allowed to reach RT 

and then stirring was continued for a further 48 hrs, leaving a yellow solution with a white 

solid residue. The insoluble residue was removed by suction filtration and THF was removed 

under reduced pressure to give the crude product as an orange oil. The impure product was 

taken up in CH2 CI2 and washed with 1.0 M HCl, sat. aq. NaHCOj, H2 O and brine. The
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organic layer was then dried over MgS0 4  and the solvent was removed under reduced 

pressure yielding the pure product as an orange oil in 84% yield (1.04 g). HRMS {m/z) (ES^) 

Calculated for Ci4H ,|N 0 4 Na^ m/z = 433.1528 [M + N a]\ Found m/z = 433.1521; ‘H NMR 

(400 MHz, CDCI3) 6 h: 8.50 (IH, d, J =  8.4 Hz, NH), 8.44 (IH, d, J =  7.6 Hz, pyridine-H), 

8.23 (2H, m, nap-H), 8.0 (IH, t, J =  7.7 Hz, pyridine-H), 7.90 (IH, d, J =  7.8 Hz, pyridine- 

H), 7.84 (IH, d, J =  7.9 Hz, nap-H), 7.64 (IH,  d, J =  7.3 Hz, nap-H), 7.57 -  7.38 (8 H, m, 3 

nap-H, 5 Ar-H), 6.19 (IH, m, CH), 5.42 (2H, s, CH2), 1.82 (3H, d, J =  7.0 Hz, CH3) ; '^C 

NMR (100 MHz, CDCI3) 8 c: 163.73, 161.94, 149.69, 146.04, 138.05, 137.94, 134.94, 

133.49, 130.60, 128.38, 128.22, 128.04, 127.83, 127.76, 126.87, 126.04, 125.31, 125.11, 

124.93, 122.86, 122.21,67.05,44.46, 20.95.

(S)-6-(I-(Naphthalen-I-yl)ethylcarbamoyl)picolinic acid (79

Pd/C (10%) (0.02 g, 0.20 mmol, 0.10 equiv.) was added to a 

H f| 1  solution o f (5)-benzyl 6 -(l-(naphthalen-l-

[ n 0 yl)ethylcarbamoyl)picolinate 80 (0.93 g, 2.10 mmol, 1.00
o o

\ \ ^ equiv.) in CH3OH (60 mL) and placed on a Parr hydrogen

shaker apparatus under 3 atm of hydrogen gas for 24 hrs. The 

reaction mixture was then filtered through a plug of celite and the solvent was removed under 

reduced pressure to give the product as a dark yellow oil in 76% yield (562 mg). HRMS 

{m/z) (ES‘) Calculated for C ,9H |5N 2 0 3 ‘ w/z = 319.1083 [M - H]'. Found m/z = 319.1091; 'H 

NMR (400 MHz, DMSO-^/fi) 8 h: 8.55 (IH, d, J  = 8.3 Hz, NH), 8.43 (IH,  d, J  = 7.7 Hz, 

pyridine-H), 8.23 (IH, d, 7  = 7.6 Hz, pyridine-H), 8.17 (IH, d, 7 =  8.1 Hz, nap-H), 8.00 (IH, 

t, J  = 8 .1 Hz, pyridine-H), 7.88 (1H, d, J  = 7.7 Hz, nap-H), 7.82 (1H, d, J  = 8 .1 Hz, nap-H), 

7.63 (1H, d, y  = 7.2 Hz, nap-H), 7.53 -  7.45 (3H, m, nap-H), 6 .12 (1H, m, CH), 1.79 (3H, d, 

J =  6 . 8  Hz, CH3); ’^C NMR (100 MHz, CDCI3) 6 c: 167.04, 163.98, 149.65, 148.22, 140.13, 

139.33, 133.82, 130.79, 129.18, 127.92, 126.88, 126.80, 126.37, 126.10, 125.99, 123.49, 

123.18.
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N2-ll-Hexadecyl]-N6-l(S)-l-(naphthalen-l-yl)ethyl]pyridine-2,6-dicarboxamide (81)

HOBt (0.14 g, 1.05 mmol, 1.00 equiv.),

hexadecylamine (0.25 g, 1.05 mmol, 1.00 equiv.) and

C1 6 H3 3  EtsN (0.15 mL, 1.10 mmol, 1.05 equiv.) were added to 

a solution of compound 79 (0.37 g, 1.05 mmol, 1.00 

equiv.) in dry THF (20 mL) and placed under argon. 

The reaction mixture was cooled to 0 "C with stirring for 30 mins. To this, EDCI HCl (0.21 

g, 1.10 mmol, 1.05 equiv.) was added and the resulting suspension was left stirring at 0 °C 

for a further 30 mins. The reaction mixture was then allowed to reach RT, and then stirring 

was continued for a further 48 hrs, leaving a yellow solution with a white solid residue. The 

insoluble residue was removed by suction filtration and THF was removed under reduced 

pressure to give the crude product as an orange oil. The impure product was taken up in 

CH2CI2 and washed with 1.0 M HCl, sat. aq. NaHCOa, H2O and brine. The organic layer was

then dried over MgS0 4  and the solvent was removed under reduced pressure yielding Â2 *[l-

hexadecyl]-A^6 -[( 15)-l-(naphthalen-l-yl)ethyl]pyridine-2,6-dicarboxamide 81 as a pale 

yellow oil (322 mg, 51%). HRMS (m/z) (ES*) Calculated for C3 5H4 9N3 0 2 Na" w/z = 566.3722 

[M + N a ]\ Found m/z = 566.3721. ‘H-NMR (600 MHz, CDCI3) 8 h: 5 8.37 (IH, m, NH), 

8.35 (IH, d , J =  8 . 6  Hz, pyridine-H), 8.25 (IH, d, J  = 7.9 Hz, pyridine-H), 8.15 (IH, d, J  = 

8.5 Hz, nap-H), 7.92 (1H, t, J  = 7.8 Hz, pyridine-H), 7.88 (1H, t, J  = 5.9 Hz, NH), 7.80 (1H, 

d, J =  8.0 Hz, nap-H), 7.71 (IH, d, J =  8.2 Hz, nap-H), 7.52 (IH, m, nap-H), 7.51 (IH, m, 

nap-H), 7.46 (IH,  t, J =  7.2 Hz, nap-H), 7.34 (IH, t, J =  7.7 Hz, nap-H), 6.08 (IH, m, CH), 

3.31 (1H, m, CH 2), 3.19 (1H, m, CH2), 1.75 (3H, d, J  = 6 . 8  Hz, CH3), 1.44 (2H, t, J  = 6.3 Hz, 

CH2), 1.27 -  1.21 (26H, m, I 3 CH2), 0.9 (3H, t, J  = 7.0 Hz, CH3); '^C-NMR (150 MHz, 

CDCl3 ) 8 c: 163.3, 162.7, 148.8, 148.6, 138.7, 138.0, 133.8, 131.0, 128.8, 128.3, 126.5, 125.8,

125.0, 124.9, 124.8, 123.2, 122.7, 45.1, 39.5, 31.8, 29.6-29.2 (IIXCH2 ), 26.9, 22.6, 20.8,

14.0. IR(neat): 3309, 2921, 2852, 1654, 1524, 1443, 1375, 1237, 1074, 999, 844, 798, 776, 

722, 677 cm ''.
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N2-ll-Hexadecyll-N6-[(R)-l-(naphthalen-I-yl)ethyl]pyridine-2,6-dicarboxamide (82)

Compound 80 (0.50 g, 1.50 mmol, 1.00 equiv.) and 

HOBt (0.21 g, 1.50 mmol, 1.00 equiv. ) were added to a
'C 1 6 H 3 3

100 mL RBF and placed under argon. THF (20 mL), 

hexadecylamine (0.38 g, 1.50 mmol, 1.00 equiv.) and 

EtsN (0.23 mL, 1.60 mmol, 1.05 equiv.) were added 

and the resulting orange solution was cooled to 0 °C. After 30 mins EDCI-HCl (0.32 g, 1.60 

mmol, 1.05 equiv.) was added and the mixture stirred at 0 “C for a further 30 mins. The 

reaction mixture was allowed to reach RT and stirred for a further 48 hrs. The organic

solvent was removed in vacuo to give an orange oil that was subsequently taken up in

CH2CI2 , washed with 1 M HCl, sat. aq. NaHCOs, H2O and brine. The organic layer was dried 

over MgS0 4  and solvent removed under reduced pressure affording the product Â2-[l- 

hexadecyl]-N6-[(l 5 )-l-(naphthalen-l-yl)ethyl]pyridine-2,6-dicarboxamide (77) as a pale 

yellow oil (606 mg, 71%). HRMS {m/z) (ES^) Calculated for C35H49N 3 0 2 Na^ m/z = 566.3722 

[M f  Na]^ Found m/z = 566.3720. 'H-NMR (400 MHz, CDCI3, 8h): 8 8.37 (IH, d, .1=1.5  

Hz, pyridine-H), 8.28 (IH, d, J =  7.8 Hz, pyridine-H), 8.25 (IH, d, J =  8.5 Hz, NH), 8.17 

(IH, d, J =  8.5 Hz, nap-H), 7.95 (IH, t, 7.8 Hz, pyridine-H), 7.83 (IH, m, nap-H), 7.73 -  

7.78 (2H, m, 1 x nap-H, 1 x NH), 7.46 -  7.57 (3H, m, nap-H), 7.38 (1H, t, J  = 7.7 Hz nap-H), 

6.10 (IH, m, CH), 3.34 (IH, m, CH2), 3.25 (IH, m, CH2), 1.78 (3H, d, J =  6.8 Hz, CHj), 1.47 

(2H, t , J = 6 . 6 H z ,  CH2), 1 .29 - 1.22 (26H, s, I3 CH2), 0.9 (3H, t , J = 6 . 8  Hz, CH3); '^C-NMR 

(150 MHz, CDCI3) 5c: 163.3, 162.7, 148.9, 148.6, 138.8, 138.0, 133.9, 131.1, 128.9, 128.4, 

126.6, 125.9, 125.1, 125.0, 125.0, 123.4, 122.8, 45.3, 39.6, 31.9, 29.7-29.3 (1 IxCHj), 26.9, 

22.7, 20.9, 14.1. IR(neat): 3303, 2922, 2852, 1650, 1523, 1443, 1375, 1310, 1075, 999, 845, 

799, 776, 721,676 cm ''.

Synthesis o fL n‘" complexes Ln.8h:

Synthesis ofEu.Sls:

Ligand 81 (0.026 g, 0.05 mmol, 3 equiv.) in 5 mL CH3OH had solid Ln(CF3S0 3 ) 3  (0.010 g, 

0.02 mmol, 1 equiv.) added and was heated at 70 °C under microwave irradiation for 10 

minutes. The resulting clear yellow solution was subjected to vapour diffusion o f diethyl 

ether affording EU.8 I 3 as a white solid in 56% yield. HRMS {m/z) (MS-LD") Calculated for 

C72H9gF6N6 0 ioS2Eu* m/z = 1537.5902. Found m/z = 1537.5862; Elemental analysis for 

C 108H 147N9O 15F9S3EU (2229.92 gm or') Calculated: C 58.15, H 6.64, N 5.65. Found C 57.99,
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H 6.50, N 5.58%. IR(neat); 3284, 2920, 2852, 1633, 1594, 1560, 1459, 1242, 1187, 1165, 

1029, 839, 801, 779, 753, 720 cm ''.

Synthesis o fN d .S ls:

Ligand 81 (0.032 g, 0.06 mmol, 3 equiv.) in 5 mL CH 3 OH had solid Nd(CF 3 S0 3 ) 3  (0.012 g, 

0.02 mmol, 1 equiv.) added and was heated at 70 °C under m icrowave irradiation for 10 

minutes. The resulting clear yellow solution was subjected to vapour diffusion o f diethyl 

ether affording N d . 8 1 3  as a white solid in 50% yield. HRMS (m/z) (MS-LD^) Calculated for 

C 7 2 H 9 8 p 6 N 6 0 ioS2 Nd^ m/z = 1526.5767. Found m/z = 1526.5824; Elemental analysis for 

Ci08H,47N9O,5F9S3Nd.3H2O Calculated: C 56.97, H 6.77, N 5.54; Found C 56.57, H 6.25, N 

5.66%. IR(neat): 3290, 2920, 2853, 1631, 1594, 1560, 1458, 1238, 1164, 1030, 800, 779, 753 

cm ''.

Synthesis o fT b .S ls:

Ligand 81 (0.021 g, 0.04 mmol, 3 equiv.) in 5 mL CH 3 OH had solid Tb(CF 3 S0 3 ) 3  (0.008 g, 

0.01 mmol, 1 equiv.) added and was heated at 70 °C under microwave irradiation for 10 

minutes. The resulting clear yellow solution was subjected to vapour diffusion o f diethyl 

ether affording Tb.8 l 3 as a white solid in 52%> yield. HRMS (m/z) (MS-LD ) Calculated for 

C 7 2 H9 gF6 N 6 0 ioS2 Tb" m/z = 1543.5944. Found m/z = 1543.5908; Elemental analysis for 

Ci08Hi47N9Oi5F9S3Tb.5H2O (2327.56 g m o f')  Calculated: C 55.73, H 6.80, N 5.42. Found C 

55.73, H 6.80, N 5.42%. IR(neat): 3282, 2925, 2854, 1634, 1596, 1558, 1457, 1240, 1197, 

1164, 1030, 839, 801, 779, 752, 721 cm ''.

Synthesis o f  Sm.81 j.'

Ligand 81 (0.030 g, 0.05 mmol, 3 equiv.) in 5 mL CH 3 OH had solid Sm(CF 3 S0 3 ) 3  (0.011 g, 

0.02 mmol, 1 equiv.) added and was heated at 70 °C under microwave irradiation for 10 

minutes. The resulting clear yellow solution was subjected to vapour diffusion o f diethyl 

ether affording Sm . 8 1 3  as a white solid in 46% yield. HRMS (m/z) (MS-LD*) Calculated for 

C 7 2 H 9 gF6 N 6 0 ioS2 Sm^ m/z = 1536.5887. Found m/z = 1536.5863; Elemental analysis for 

C i0 8 Hi4 7 N 9 O i5 F9 S3 Sm.H 2 O (2246.95 g m o f')  Calculated: C 57.73, H 6 .6 8 , N 5.61. Found C 

57.45, H 6.40, N 5.83%. IR(neat): 3282, 2925, 2854, 1633, 1595, 1558, 1457, 1238, 1163, 

1 0 3 0 ,8 3 8 ,8 0 1 ,7 7 9 ,7 5 0  cm ''.
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Synthesis o f  Lu.81 3 :

Ligand 81 (0.034 g, 0.06 mmol, 3 equiv.) in 5 mL CH 3 OH had solid Lu(CF3 S 0 3 ) 3  (0.013 g, 

0.02 mmol, 1 equiv.) added and was heated at 70 °C under microwave irradiation for 10 

minutes. The resulting clear yellow  solution was subjected to vapour diffusion o f  diethyl 

ether affording L U .8I3  as a white solid in 53% yield. HRMS {m/z) (MS-LD") Calculated for 

C7 2 H9 gF6N 6 0 ioS2 Lu^ m /z = 1559.6098. Found m/z = 1559.6055; Elemental analysis for 

C 1 0 8H 1 4 7N 9 O 1 5F9 S3 LU.3 H2 O (2307.59 gm or') Calculated: C 56.21, H 6 .6 8 , N 5.58. Found C 

56.21, H 5.94, N 5.83%. IR(neat): 3277, 2925, 2854, 1638, 1598, 1561, 1461, 1240, 1199, 

1163, 1030, 839, 801, 779, 757, 722 cm''.

Synthesis o f  D y.81 3 :

Ligand 81 (0.032 g, 0.06 mmol, 3 equiv.) in 5 mL CH 3 OH had solid Dy(CF 3 S 0 3 ) 3  (0.018 g, 

0.03 mmol, 1 equiv.) added and was heated at 70 °C under microwave irradiation for 10 

minutes. The resulting clear yellow  solutions was subjected to vapour diffusion o f  diethyl 

ether affording D y.81 3 as a white solid in 36 % yield. HRMS {m/z) (MS-LD") Calculated for 

C 7 2 H9 gF6 N 6 0 ioS2 Dy^ m /z =  1548.5982. Found m /z = 1548.5920; Elemental analysis for 

Cio8 H i4 7 N 9 0 i5 F9 S 3 D y.5 H2 0  (2331.13 g m o f') Calculated: C 55.64, H 6.79, N 5.41. Found C 

55.68, H 6.26, N 5.27%. IR(neat): 3277, 2925, 2854, 1635, 1596, 1562, 1460, 1240, 1164, 

1030, 840, 800, 778, 755 cm '‘.

Synthesis o f  L n "  com plexes Ln.82^:

Synthesis o f  Eu.82}:

Ligand 82 (0.028 g, 0.05 mmol, 3 equiv.) in 5 mL CH 3 OH had solid Eu(CF3 S 0 3 ) 3  (0 .010 g, 

0.02 mmol, 1 equiv.) added and was heated at 70 °C under microwave irradiation for 10 

minutes. The resulting clear yellow  solution was subjected to vapour diffusion o f  diethyl 

ether affording Eu . 8 2 3  as a white solid in 42% yield. HRMS {m/z) (MS-LD") Calculated for 

C7 2 H9 gF6 N 6 0 ioS2 Eu^ m /z =  1537.5903. Found m/z = 1537.5897; Elemental analysis for 

C 1 0 8H 1 4 7N 9 O 1 5F9 S3 EU (2229.92 gm or') Calculated: C 58.15, H 6.64, N  5.65. Found C 57.16, 

H 6.31, N  5.55%. IR(neat): 3274, 2924, 2854, 1634, 1595, 1558, 1457, 1241, 1197, 1163, 

1030, 839, 801, 779, 752, 721 cm''.
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Synthesis o f  Nd. 82}:

Ligand 82 (0.030 g, 0.06 mmol, 3 equiv.) in 5 mL CH3 OH had solid Nd(Cp3 S0 3 ) 3  (0.011 g,

0.02 mmol, 1 equiv.) added and was heated at 70 °C under microwave irradiation for 10

minutes. The resulting clear yellow solution was subjected to vapour diffusion o f diethyl

ether affording Nd . 8 2 3  as a white solid in 59% yield. HRMS {m/z) (MS-LD*) Calculated for

C7 2 H9 gF6 N 6 0 ioS2 Nd~ m/z = 1526.5767. Found m/z = 1526.5822; Elemental analysis for

Cio8 Hi4 7 N 9 0 i5 F9 S3 Nd Calculated: C 58.41, H 6 .6 8 , N 5.68; Found C 58.94, H 6.67, N

5.74%. IR(neat); 3292, 2925, 2854, 1633, 1594, 1559, 1457, 1237, 1165, 1030, 800, 778, 752 
-1cm .

Synthesis ofTb.82}:

Ligand 82 (0.028 g, 0.05 mmol, 3 equiv.) in 5 mL CH3 OH had solid Tb(CF3 S0 3 ) 3  (0.01 g, 

0.02 mmol, 1 equiv.) added and was heated at 70 °C under microwave irradiation for 10 

minutes. The resulting clear yellow solution was subjected to vapour diffusion o f diethyl 

ether affording Tb . 8 2 3  as a white solid in 71% yield. HRMS {m/z) (MS-LD*) Calculated for 

C7 2 H9 gF6 N 6 0 ioS2 Tb  ̂ m/z = 1543.5944. Found m/z = 1543.5914; Elemental analysis for 

Ci08Hi47N9Oi5F9S3Tb.3H2O (2291.55 gmol'') Calculated: C 56.61, H 6.73, N 5.50. Found C 

56.47, H 6.23, N 5.39%. IR(neat): 3276, 2925, 2854, 1634, 1596, 1558, 1460, 1276, 1198, 

1163, 1030, 839, 801, 779, 721 cm '.

Synthesis ofSm.Slj:

Ligand 82 (0.025 g, 0.05 mmol, 3 equiv.) in 5 mL CH3 OH had solid Sm(CF3 S0 3 ) 3  (0.009 g, 

0.02 mmol, 1 equiv.) added and was heated at 70 °C under microwave irradiation for 10 

minutes. The resulting clear yellow solution was subjected to vapour diffusion o f diethyl 

ether affording Sm . 8 2 3  as a white solid in 50% yield. HRMS (m/z) (MS-LD~) Calculated for 

C7 2 H9 gF6 N 6 0 ioS2 Sm^ m/z = 1536.5887. Found m/z = 1536.5853; Elemental analysis for 

C ,0 8 Hi4 7 N 9 Oi5 F9 S3 Sm. (2228.925 gmol"') Calculated: C 58.14, H 6.65, N 5.65. Found C 

58.79, H 6.95, N 5.55%. IR(neat): 3283, 2925, 2854, 1633, 1595, 1559, 1458, 1238, 1225, 

1165, 1030, 839, 800, 778, 722 cm''.

Synthesis ofLu.82}:

Ligand 82 (0.027 g, 0.05 mmol, 3 equiv.) in 5 mL CH3 OH had solid Lu(CF3 S0 3 ) 3  (0.009 g, 

0.02 mmol, 1 equiv.) added and was heated at 70 °C under microwave irradiation for 10 

minutes. The resulting clear yellow solution was subjected to vapour diffusion o f diethyl

205



Experimental

ether affording Lu .8 2 3  as a white solid in 52% yield. HRMS {m/z) (MS-LD*) Calculated for 

C72H98F6N6O 10S2LU" m/z = 1559.6098. Found m/z = 1559.5941; Elemental analysis for 

Ci08Hi47N9O,5p9S3Lu.2H2O (2251.94 gm of') Calculated: C 56.64, H 6.65, N 5.50. Found C 

56.38, H 6.21, N 5.41%. IR(neat): 3270, 2926, 2854, 1635, 1598, 1562, 1461, 1240, 1161,

1029, 917, 841, 800, 777, 723 cm ''.

Synthesis o f  Dy. 82s:

Ligand 82 (0.025 g, 0.05 mmol, 3 equiv.) in 5 mL CH3OH had solid Dy(CF3S0 3 ) 3  (0.009 g, 

0.02 mmol, 1 equiv.) added and was heated at 70 °C under microwave irradiation for 10 

minutes. The resulting clear yellow solution was subjected to vapour diffusion o f diethyl 

ether affording Dy.8 2 3  as a white solid in 50 % yield. HRMS (m/z) (MS-LD') Calculated for 

C72H9gF6N6 0 ioS2Dy^ m/z = 1548.5982. Found m/z = 1548.6006; Elemental analysis for 

CiogH|47N9 0 i5F9S3Dy.3 H2 0  (2240.93 gm of') Calculated: C 56.47, H 6.71, N 5.49. Found C 

56.08, H 6.53, N 5.35%. IR(neat): 3275, 2925, 2854, 1634, 1596, 1562, 1460, 1240, 1163,

1030, 840, 800, 778, 755, 722 cm ''.

6.11 Experimental details for Chapter Three

7ftO2-(2-Methoxyethoxy)ethyl 4-methylbenzenesulfonate (90)

Diethylene glycol monomethyl ether (89) (10 g, 9.8 mL,

83.2 mmol, 1 equiv.) in THF (30 mL) was added to a 

solution of NaOH (4.9 g, 122.5 mmol, 1.5 equiv.) in H2O 

(50 mL) at 0 °C. 4-toluenesulfonyl chloride (17.4 g, 9.3 mmol, 1.1 equiv.) was added to the 

solution and the mixture was allowed to reach RT. The solution was then left stirring for a 

further 72 hrs. The solvent was removed under reduced pressure yielding a white solid which 

was then redissolved in CHCI3. The solution was washed with 1 M aq. NaOH and H2O and 

then dried over MgS0 4 . The solvent was removed under reduced pressure affording a 

colourless oil in 53% yield (12.26 g). HRMS (m/z) (ES^) Calculated for C 12H19O5S m/z = 

275.0953 [M + H]*. Found m/z = 275.0953. 'H-NMR (400 MHz, CD CI3): 8 h 7.72 (2H, d, J  =

8.2 Hz, Ar-H), 7.28 (2H, d, J =  8.0 Hz, Ar-H), 4.10 (2H, m, CH2), 3.61 (2H, m, CH2), 3.50 

(2H, m, CH2), 3.40 (2H, m, CH2), 3.27 (3H, m, OCH3) 2.37 (3H, s, CH3); '^C NMR (100 

MHz, CDCI3) 5c: 144.38.132.43, 129.37, 127.50, 71.31, 70.17, 68.79, 68.20, 58.56, 21.16.
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l-Iodo-2-(2-methoxyethoxy)ethane (91

^   ̂ Compound 90 (9.47 g, 34.5 mmol, 1 equiv.) and Nal (7.24 g, 48.3

^  mmol, 1.4 equiv.) were refluxed in acetone (100 mL) for 16 hrs. The

white precipitate which formed was removed by suction filtration and the solvent was 

removed under reduced pressure. The residue was redissolved in CHCI3 , washed with H2O 

and brine and then dried over MgS0 4 . The solvent was removed under reduced pressure 

yielding the pure product as a brown oil in 85% yield (6.75 g). HRMS (m/z) (ES*) Calculated 

for C 5 H ,,0 2 lNa m/z = 252.9702 [M + Na]^ Found m/z = 252.9710. 'H-NMR (400 MHz,

CDCI3 ) 6 h; 3.77 (2H, i , J =  6 . 8  Hz, CH2 ,CH2 l), 3.67 (2H, m, CH2), 3.57 (2H, m, CH2 OCH3), 

3.40 (3H, s, OCH3 ) 3.28 (

71.40, 69.63,58.68,2.31.

3.40 (3H, s, OCH3 ) 3.28 (2H, t, J =  7.1 Hz, CH2 I); '^C NMR (100 MHz, CDCI3) 8 c: 71.56,

HO

6-(Benzyloxycarbonyl)-4-hydroxypicolinic acid (93)

Chelidamic acid 92 (1 g, 5.46 mmol, 2 equiv.), NaHC0 3  (0.229
OH

g, 2.73 mmol, 1 equiv.) and DMF (320 mL) were placed, with 

molecular sieves, under argon. To this, benzyl bromide (0.324 

mL, 2.73 mmol, 1 equiv.) was added and the reaction mixture 

was stirred at 65 °C overnight. The reaction mixture was filtered 

through a plug of celite and the solvent was removed under 

reduced pressure. The yellow oil was dissolved in CH3OH and had H2O added, yielding a 

brown solid in 50% yield (746 mg). HRMS (m/z) (ES*) Calculated for Ci4 H nN 0 5 Na m/z = 

296.0535 [M + Na]^ Found m/z = 296.0525. 'H-NMR (400 MHz, DMSO-^/fi) 5h: 11.52 (IH, 

brs, OH), 7.59 (IH, d, J =  2.1 Hz, pyridine-H), 7.57 (IH, d, J =  2.1 Hz, pyridine-H), 7.49 

(2H, d, J  = 6 . 8  Hz, Ar-H), 7.44 -  7.37 (3H, m, Ar-H), 5.38 (2H, s, CH 2); '^C NMR (100 

MHz, DMSO-^/fi) 8 c: 165.85, 165.68, 164.16, 150.47, 149.15, 135.78, 128.54, 128.37, 

128.30, 115.20, 115.12, 66.80. IR(neat); 3319, 3032, 2687, 1719, 1611, 1575, 1497, 1454, 

1381, 1341, 1237, 1160, 1140, 1105, 1028, 1000, 970, 949, 930,888, 876, 824, 785,750, 697 

cm"'
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(S)-Benzyl 4-hydroxy-6-(l-(naphthalen-l-yl)ethylcarbamoyl)picolinate (94)

HOBt (0.24 g, 1.76 mmol, 1.00 equiv.) (5 )-(-)- l-( l-  

naphthyl)ethylamine (0.28 mL, 1.76 mmol, 1.00 equiv.) 

and NEt3 (0.26 mL, 1.85 mmol, 1.05 equiv.) were added 

to a solution o f compound 93 (0.48 g, 1.76 mmol, 1.00

equiv.) in dry THF (30 mL) and placed under argon. The

reaction mixture was cooled to 0 °C with stirring for 30 

mins. EDCI HCl (0.35 g, 1.85 mmol, 1.05 equiv.) was then added and the suspension was 

left stirring at 0 “C for a further 30 mins. The reaction mixture was then allowed to reach RT. 

Stirring was continued for another 48 hrs, leaving a yellow solution with a white solid 

residue. The insoluble residue was removed by suction filtration and THF was removed 

under reduced pressure to give the crude product as an orange oil. The impure product was 

taken up in CH2CI2 and washed with 2.0 M HCl, sat. aq. NaHCOa, H2O and brine. The 

organic layer was then dried over MgS0 4  and the solvent was removed under reduced 

pressure yielding an orange oil in 97% yield (782 mg). HRMS {m/z) (ES ) Calculated for 

C26H22N2 0 4 Na" m/z = 449.1477 [M  + Na]". Found m/z = 449.1476; 'H  NMR (600 MHz, 

CDC13) 8 h: 8.74 (IH , d, J =  8.0 Hz, NH), 8.13 (IH , s, pyridine-H), 8.12 (IH , d, J  = 8.0 Hz, 

nap-H), 7.83 (IH , d, J  = 8.0 Hz, nap-H), 7.75, (IH , d, 7 = 8.2 Hz, nap-H), 7.62 (IH , s, 

pyridine-H), 7.59 (1H, d, J  = 7.2 Hz, nap-H), 7.51 (1 h, t, J  = 7.6 Hz, nap-H), 7.46 (1H, t, 7 =

7.5 Hz, nap-H), 7.44 -  7.36 (6 H, m, benzyl-H x 5, nap-H x 1), 6.06 (IH , m, CH), 5.39 (2H, s,

CH2), 1.78 (3H, d, J =  6 . 8  Hz, CH3); '^C-NMR (150 MHz, CDCI3) 5c: 164.05, 162.87,

150.15, 148.93, 148.65, 137.86, 135.18, 133.87, 130.78, 128.85, 128.63, 128.50, 128.32,

128.23, 126.49, 125.72, 125.36, 122.92, 122.70, 116.12, 113.76, 67.68, 45.58, 21.33. 

IR(neat): 3062, 2928, 1720, 1655, 1599, 1574, 1524, 1438, 1381, 1349, 1228, 1180, 1157, 

1111, 995, 887, 860, 799, 776, 736, 695 cm‘ '.

OH
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(S)-Benzyl4-(2-(2-methoxyethoxy)ethoxy)-6-(l-(naphthalen-l-yl)ethylcarbamoyl) 

picolinate (96)

Compound 94 (0.5 g, 1.17 mmol, 1.1 equiv.) and K 2 CO 3 

(0.162 g, 1.17 mmol, 1.1 equiv.) were stirred in anhydrous 

DMF for 30 mins at 25 °C. l-iodo-2-(2-

methoxyethoxy)ethane (0.245 g, 1.07 mmol, 1 equiv.) was 

added and the reaction was stirred at 60 "C for 72 hrs. The 

solvent was removed under reduced pressure affording a 

brown oil which was redissolved in CH 2 CI2 (60 mL) and 

washed with 1 % acetic acid and H 2 O and then dried over 

M gS0 4 . The solvent was evaporated to dryness giving rise 

to an orange oil which was purified by silica column chromatography under gradient elution 

conditions (hexane/ethyl acetate) (40% yield, 248 mg). HRMS (m/z) (ES ) Calculated for 

C3iH32N206Na" m/z = 551.2158 [M + Na]". Found m/z = 551.2164. 'H-NM R (600 MHz, 

CDCI3 ) 8 h: 8.62 ( IH,  d, J =  7.2 Hz, NH), 8.23 ( IH,  d, 8.5 Hz, nap-H), 7.94 (IH,  d, J  = 

2.4 Hz, pyridine-H), 7.87 (IH,  d, 7  = 8.1 Hz, nap-H), 7.80 ( IH,  d, J =  8.2 Hz, nap-H), 7.74

(IH,  s, pyridine-H), 7.61 (IH,  d, J  = 7.1 Hz, nap-H), 7.54 (IH,  t, J =  3.7 Hz, nap-H), 7.50

(IH,  m, nap-H), 7.47 ( IH,  m, nap-H), 7.42 (2H, m, benzyl-H), 7.37 -  7.36 (3H, m, benzyl- 

H), 6.61 ( IH,  m, CH), 5.37 (2H, s, CH 2 ), 4.27 (2H, m, polyethyoxy-CH 2 ), 3.87 (2H, m, 

polyethyoxy-CH 2 ), 3.70 (2H, m, polyethyoxy-CH 2 ), 3.57 (2H, m, polyethyoxy-CH 2), 3.39 

(2H, s, polyethyoxy-CH 3 ), 1.79 (3H, d, J =  6 . 8  Hz, CH 3 ); '^C-NMR (150 MHz, CDCI3) 8 c: 

166.92, 163.99, 162.26, 151.92, 147.80, 138.28, 135.20, 133.74, 130.83, 128.64, 128.44,

128.41, 128.30, 128.25, 128.02, 128.00, 126.25, 125.54, 125.20, 123.10, 122.47, 114.88,

110.53, 71.70, 70.63, 68.91, 68.04, 67.27, 58.87, 44.82, 21.22. IR(neat): 3371, 3063, 2927, 

2878, 1727, 1668, 1596, 1519, 1561, 1440, 1387, 1343, 1308, 1235, 1108, 1054, 1028, 996, 

801,779, 741,698 cm ''.
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(S)-4-(2-(2-Methoxyethoxy)ethoxy)-6-(l-(naphthalen-I-yl)ethylcarbamoyl)picolinic acid 

(98)

Pd/C (10%) (0.002 g, 0.01 mmol, 0.10 equiv.) was added to a 

solution of compound 96 (0.058 g, 0.11 mmol, 1.00 equiv.) in 

CH3OH (30 mL) and placed on a Parr hydrogen shaker 

apparatus under 3 atm of hydrogen gas for 48 hrs. The 

reaction mixture was filtered through a plug of celite and the 

solvent was removed under reduced pressure to give the pure 

product in 84 % yield (41 mg). HRMS (m/z) (ES‘) Calculated 

for C2 4 H2 6 N2 O6 ' m/z = 461.1689 [M - Na]‘. Found m/z = 

461.1699; Elemental analysis for C2 4 H2 6N2 O6 .H2 O (456.49 

gm or') calc: C 63.15, H 6.18, N 6.14; found C 63.54, H 5.83, N 6.12%. 'H NMR (400 MHz, 

DMSO-i/fi) 8 h: 8.77 (1H, d, J  = 8.5 Hz, NH), 8.19 (1H, d, J  = 8.2 Hz nap-H), 7.96 (1H, d, J  = 

7.9 Hz, nap-H), 7.86 (IH, d, J =  8.0 Hz, nap-H), 7.67 (2H, m, nap-H, pyridine-H), 7.58 (IH, 

t, J  = 6 . 8  Hz, nap-H), 7.56 -  7.51 (2H, m, nap-H, pyridine-H), 6.06 (1H, m, CH), 4.35 (2H, b, 

CH2 ), 3.78 (2H, t, J  = 3.8 Hz, CH2 ) 3.59 (2H, t, J  = 4.4 Hz, CH2 ), 3.45 (2H, t, J  = 4.7 Hz, 

CH2 ), 3.23 (3H, s, CH3), 1.70 (3H, d , J =  6.7 Hz, CHj); '^C NMR (100 MHz , DMSO-Jg) 8 c: 

167.16, 166.73, 162.14, 152.07, 148.39, 139.41, 133.37, 130.39, 128.71, 127.56, 126.34, 

125.66, 125.48, 123.01, 122.67, 111.10, 113.85, 71.22, 69.71, 68.44, 68.24, 58.03, 21.24. 

IR(neat): 3286, 2926, 1751, 1645, 1595, 1523, 1443, 1348, 1240, 1179, 1107, 1053, 997, 

938, 878, 801, 777, 737, 697 cm ''.
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N2,N2'-(l,3-Phenylenebis(methylene))bis(4-(2-(2-methoxyethoxy)ethoxy)-N6-((S)-l- 

(naphthalen-1-yl)ethyl)pyridine-2,6-dicarboxamide) (87)

HOBt (0.055 g, 0.41 mmol, 2.10 equiv.), 1,3-phenylene dimethanamine (0.025 mL, 0.19 

mmol, 1.00 equiv.), DMAP (0.025 g, 0.20 mmol, 1.05 equiv.) and NEtj (0.057 mL, 0.41 

mmol, 2.1 equiv.) were added to a solution of compound 96 (0.17 g, 0.39 mmol, 2.00 equiv.) 

in dry THF (30 mL) and placed under argon. The reaction mixture was cooled to 0 “C with 

stirring for 30 mins. EDCI HCl (0.117 g, 0.61 mmol, 3.1 equiv.) was then added and the 

suspension was left stirring at 0 “C for a further 30 mins. The reaction mixture was then 

allowed to reach RT. Stirring was continued for another 48 hrs. The insoluble residue was 

removed by suction filtration and THF was removed under reduced pressure to give the crude 

product as an orange oil. The impure product was taken up in CH2CI2 and washed with 2.0 M 

HCl, sat. aq. NaHC0 3 , H2O and brine. The organic layer was then dried over MgS0 4  and the 

solvent was removed under reduced pressure yielding a brown fluffy solid. The solid was 

redisssolved in CH2 CI2 and precipitated out o f diethyl ether which was then filtered, giving 

87 as a white solid in 45% yield (171 mg), m.p. 135 -  138 °C HRMS (m/z) (ES^) Calculated 

for C5 6H6oN6 0 ioNa" m/z = 999.4269 [M + Na]*. Found m/z = 999.4273; Elemental analysis 

for CseHeoNeOio.NaCl (1034.40 gmol'') calc: C 64.95, H 5.84, N 8.12; found C 64.83, H 

5.78, N 7.81%. ’H NMR (600 MHz, CD3CN) 5h; 8.98 (2H, t, J =  6.2 Hz, NH), 8.85 (2H, d, 

J  = 8.3 Hz, NH), 8.17 (2H, d, J  = 8.5 Hz, nap-H), 7.85 (2H, d , J =  8.0 Hz, nap-H), 7.72 (2H, 

d, J  = 7.8 Hz, nap-H), 7.65 (2H, d, J =  2.5 Hz, pyridine-H), 7.58 (2H, d, J  = 6.5 Hz nap-H) 

7.55 (2H, d, J  = 2.4 Hz, pyridine-H), 7.54 (2H, t, J  = 7.3 Hz, nap-H), 7.49 (2H, t, J  = 7.7 Hz, 

nap-H), 7.43 (2H, t, J  = 7.7 Hz, nap-H), 7.16 (IH , t, J  = 7.5 Hz, phenyl-H), 7.07 (3H, m, 

phenyl-H), 6.01 (2H, m, CH), 4.41 (4H, d, J =  5.8 Hz, N-CH 2 ), 4.07 (4H, t, J =  4.2 Hz, CH2), 

3.71 (2H, m, CH2 ), 3.66 (2H, m, CH2 ), 3.57 (4H, m, CH2 ), 3.46 (4H, t, J =  4.8 Hz, CH2 ), 3.28 

(6 H, s, CH3 ), 1.64 (6 H, d, J = 6 . 8  Hz, CH3); '^C NMR (150 MHz , CD3CN, 5c) 168.31,
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164.63, 163.47, 151.78, 151.70, 140.24, 134.68, 131.84, 129.68, 129.42, 128.67, 127.25,

126.64, 126.39, 126.03, 124.10, 123.97, 111.76, 111.62, 72.47, 71.13, 69.59, 69.14, 58.87, 

45.96,43.22, 21.38. IR(neat): 3300, 2932, 1657, 1599, 1519, 1439, 1398, 1344, 1309, 1239, 

1109, 882, 801,778, 693 cm"'.

N2,N2'-(l,3-Phenylenebis(methylene))bis(4-(2-(2-methoxyethoxy)ethoxy)-N6-((R)-l- 

(naphthalen-l-yl)ethyl)pyridine-2,6-dicarboxamide) (88)

HOBt (0.055 g, 0.41 mmol, 2.10 equiv.), 1,3-phenylene dimethanamine (0.025 mL, 0.19 

mmol, 1.00 equiv.), DMAP (0.025 g, 0.20 mmol, 1.05 equiv.) and NEts (0.057 mL, 0.41 

mmol, 2.1 equiv.) were added to a solution of compound 99 (0.17 g, 0.39 mmol, 2.00 equiv.) 

in dry THF (30 mL) and placed under argon. The reaction mixture was cooled to 0 °C with 

stirring for 30 mins. EDCI HCl (0.117 g, 0.61 mmol, 3.1 equiv.) was then added and the 

suspension was left stirring at 0 °C for a further 30 mins. The reaction mixture was then 

allowed to reach RT. Stirring was continued for another 48 hrs. The insoluble residue was 

removed by suction filtration and THF was removed under reduced pressure to give the crude 

product as an orange oil. The impure product was taken up in CH2 CI2 and washed with 2.0 M 

HCI, sat. aq. NaHCOi, H2 O and brine. The organic layer was then dried over MgS0 4  and the 

solvent was removed under reduced pressure yielding a brown fluffy solid. The solid was 

redisssolved in CH2 CI2 and precipitated out o f diethyl ether which was then filtered, giving 

88 as a white solid in 30% yield (114 mg), m.p. 136 -  142 °C. HRMS (m/z) (ES^) Calculated 

for C seH eoN eO ioN a^ m/z = 999.4269 [M + Na] . Found m/z = 999.4296; Elemental analysis 

for C5 6 H60N 6 O 10.H2 O (995.13 gm of') calc; C 67.59, H 6.28, N 8.45; found C 67.42, H 5.98, 

N 8.36%. 'H NMR (600 MHz, DMSO-Jg) 5h: 9.84 (2H, t, J =  6.3 Hz, NH), 9.43 (2H, d, J  = 

8.6 Hz, NH), 8.21 (2H, d , J =  8.5 Hz, nap-H), 7.94 (2H, d, J =  8.0 Hz, nap-H), 7.83 (2H, d, J  

= 8 .1 Hz, nap-H), 7.65 -  7.51 (12H, m, 4 x pyridine-H, 8 x nap-H), 7.33 (1H, t, J  = 7.6 Hz,
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phenyl-H), 7.24 (3H, m, phenyl-H), 6.03 (2H, m, CH), 4.62 (4H, d, J =  6.3 Hz, N-CH 2 ), 4.22  

(4H, m, CH 2 ), 3.73 (2H, m, CH2 ), 3.67 (2H, m, CH 2 ), 3.54 (4H, m, CH 2 ), 3.42 (4H, t, J =  4.7  

Hz, CH 2 ), 3.21 (6 H, s, CH 3 ), 1. 6 8  (6 H, d, J =  6.9 Hz, CHj); '^C NM R (100 MHz , DMSO-t/e) 

5c: 167.19, 163.63, 162.41, 151.20, 151.05, 140.08, 139.78, 133.70, 130.68, 129.03, 128.81, 

127.82, 126.63, 125.97, 125.73, 125.70, 125.23, 123.42, 123.06, 110.93, 110.86, 71.60, 

70.09, 68.79, 68.24, 58.39, 45.06, 42.46, 21.88. IR(neat): 3305, 2878, 1655, 1599, 1517, 

1438, 1398, 1343, 1308, 1238, 1108, 882, 800, 777, 693 cm''.

Synthesis o f  Eu" complexes Eu%L^:

Synthesis o f  Eu2.87s

Ligand 87 (0.026 g, 0.03 mmol, 3 equiv.) in 5 mL CH 3 OH had solid Eu(Cp3 S 0 3 ) 3  (0.011 g, 

0.02 mmol, 2 equiv.) added and was heated at 70 °C under microwave irradiation for 10 

minutes. The resulting clear yellow  solution was subjected to vapour diffusion o f  diethyl 

ether affording Eu2 .8 ? 3  as a white solid in 78% yield. Elemental analysis for 

C i7 4H i8oN,g0 4 8 Fi8 S6 Eu2 . 3 H2 0  (4183.72 g m o f') Calculated: C 49.95, H 4.48, N 6.03. Found 

C 49.88, H 4.38, N  6.01%. IR(neat): 3267, 1629, 1598, 1555, 1446, 1282, 1240, 1157, 1056, 

1029 ,780  cm''.

Synthesis o f  Eu2.88j

Ligand 8 8  (0.020 g, 0.021 mmol, 3 equiv.) in 4 mL CH3OH had solid Eu(Cp3 S 0 3 ) 3  (0.008 g, 

0.014 mmol, 2 equiv.) added and was heated at 70 °C under microwave irradiation for 10 

minutes. The resulting clear yellow  solution was subjected to vapour diffusion o f  diethyl 

ether affording EU2 . 8 8 3  as a white solid in 71% yield. Elemental analysis for 

C 174H 180N 18O4 8F 18S6 EU2 . (4129.67 gm or') Calculated: C 50.61, H 4.39, N  6.11. Found C 

50.31, H 4.29, N  6.05%. IR(neat): 3276, 1623, 1598, 1555, 1447, 1279, 1240, 1156, 1056, 

1028 ,779  cm''.
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6.12 Experimental details for Chapter Four

(S)-N2-(l-(Naphthalen-l-yl)ethyl)-N6-(2-(pyridin-4-yl)ethyl)pyridine-2,6-dicarboxamide 

( 110)

4-(2-Aminoethyl)pyridine (0.09 mL, 0.78 mmol, 

^ 1 equiv.) and NEts (0.11 mL, 0.8 mmol, 1.05

equiv.) were added to a solution o f compound 79 

25 g, 0.78 mmol, 1 equiv.) in dry THF (20 

mL) and placed under argon. The reaction 

mixture was cooled to 0 °C with stirring for 30 mins. EDCI-HCl (0.22 g, 1.2 mmol, 1.5 

equiv.) was then added and the suspension was left stirring at 0 °C for a further 30 mins. The 

reaction mixture was then allowed to reach RT. Stirring was continued for another 72 hrs. 

THF was removed under reduced pressure yielding the crude product as a brown oil. The 

impure product was taken up in CH2 CI2 and washed with 0.05 M HCl, sat. aq. NaHCOa, H2 O 

and brine. The organic layer was then dried over MgS0 4  and the solvent was removed under 

reduced pressure affording a yellow oil which was purified by silica chromatography 

(CH2 Cl2 :CH3 0 H), yielding 110 as a white solid in 33% yield (109 mg), m.p. 88 -  89 °C 

HRMS (m/z) (ES") Calculated for C 2 6H25N4 O2 m/z = 425.1978 [M + H]^ Found m/z = 

425.1973. Elemental analysis for C26H24N402.0.5NaHC03 (466.50 gm of') calc: C 68.23, H 

5.29, N 12.01; found C 68.19, H 5.57, N 11.91%. 'H-NMR (600 MHz, DMSO-t/^) 8h: 9.47 

(IH, t, J =  7.7 Hz, NH), 9.44 (IH, d, J =  8.2 Hz, NH), 8.44 (2H, s, pyridine-H), 8.24 - 8.21 

(3H, m, pyridine-H (x2), nap-H), 8.17 (IH, t, J =  7.6 Hz, pyridine-H), 7.97 (IH, d, J =  8.0 

Hz, nap-H), 7.87 (1H, d, J  = 8.3 Hz), 7.68 (1H, d, J  = 7.0 Hz, nap-H), 7.60 (1H, t, J  = 8.2 Hz, 

nap-H), 7.56 -  7.53 (2H, m, nap-H), 7.29 (2H, d, J =  4.0 Hz, pyridine-H), 6.07 (IH, m, CH), 

3.66 (2H, m, CHj), 2.95 (2H, t, J  = 8.3 Hz, CH2 ), 1.74 (3H, d, J  = 6.6 Hz); ‘^C NMR (150 

MHz, DMSO-^y^) 6c; 163.31 , 162.38, 149.46, 148.89, 148.15, 139.62, 139.43, 133.41, 

130.42, 128.72, 127.54, 126.32, 125.66, 125.43, 124.68, 124.48, 124.25, 123.11, 122.69, 

44.70, 39.5, 34.32, 21.47. IR(neat); 3299, 3053, 2933, 1655, 1601, 1523, 1444, 1417, 1370, 

1312, 1237, 1172, 1118, 1073, 999, 845, 801, 778, 747, 679 cm’'.
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(R)-N2-(l-(Naphthalen-l-yl)ethyl)-N6-(2-(pyndin-4-yl)ethyl)pyndine-2,6-dicarboxamide

cooled to 0 °C with stirring for 30 mins. EDCI HCl (0.23 g, 1.2 mmol, 1.5 equiv.) was then 

added and the suspension was left stirring at 0 ”C for a further 30 mins. The reaction mixture 

was then allowed to reach RT. Stirring was continued for another 72 hrs. THF was removed 

under reduced pressure yielding the crude product as a brown oil. The impure product was 

redissolved in CH2CI2 and washed with 0.05 M HCl, sat. aq. NaHCOs, H2O and brine. The 

organic layer was then dried over MgS0 4  and the solvent was removed under reduced 

pressure affording a yellow oil which was purified by silica chromatography 

(CH2Cl2 :CH3 0 H), yielding 111 as a white solid in 43% yield (148 mg), m.p. 88 -  89 “C. 

HRMS {m/z) (ES~) Calculated for C26H25N4O2 m/z = 423.1821 [M - H]". Found m/z = 

423.1829. Elemental analysis for C26H24N4 O2 .CH2CI2 (509.43gmol'’) ) calc: C 63.66, H 5.14, 

N 11.00; found C 63.95, H 5.18, N 11.02%. 'H-NMR (600 MHz, DMSO-c/e, 298 K): 8h 9.47 

(1H, t, J  = 7.6 Hz, NH), 9.44 (1H, d, J  = 8.4 Hz, NH), 8.44 (2H, s, pyridine-H), 8.24 - 8.16 

(4H, m, pyridine-H (x3), nap-H), 7.97 (IH, d, J =  8.0 Hz, nap-H), 7.87 (IH, d, J =  8.0 Hz), 

7.67 (IH, d, J  = 7.0 Hz, nap-H), 7.60 (IH, t, J =  8.4 Hz, nap-H), 7.56 -  7.53 (2H, m, nap-H), 

7.28 (2H, d, J =  4.8 Hz, pyridine-H), 6.07 (IH, m, CH), 3.66 (2H, m, CH2), 2.95 (2H, t, J  = 

8.4 Hz, CH2 ), 1.74 (3H, d, 7  = 7.0 Hz); '^C NMR (150 MHz, DMSO-i/^) 163.65, 162.71, 

149.79, 149.18, 149.03, 148.47, 139.95, 139.77, 133.74, 130.75, 129.06, 127.87, 126.66, 

126.00, 125.77, 125.02, 124.81, 124.54, 123.44, 123.02, 45.04,39.82, 34.65,21.80. IR(neat): 

3295, 3053,2931, 1654, 1601, 1522, 1443, 1416, 1371, 1312, 1237, 1172, 1118, 1073, 999, 

844, 801,777, 747,676 cm''.

(I l l )

4-(2-Aminoethyl)pyridine (0.1 mL, 0.81 mmol, 1 

equiv.) and NEt3 (0.12 mL, 0.85 mmol, 1.05 equiv.)

were added to a solution of compound 80 (0.26 g.

0.81 mmol, 1 equiv.) in dry THF (20 mL) and 

placed under argon. The reaction mixture was
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(S)-l-Methyl-4-(2-(6-(l-(naphthalen-l-yl)ethylcarbamoyl)picolinamido)ethyl)pyridinium 

tetrajluoroborate (100)

Compound 110 (0.1 g, 0.2 mmol, 1 equiv.) in 

''■ dry CH2CI2 (30 mL) was placed under argon.

o  O Trimethyloxonium tetrafluoroborate (0.04 g,

k  Jk y BF4  *-3 equiv.) was added and the reaction mixture

was stirred at RT for 72 hrs. The reaction 

mixture was then quenched using CH3OH (5 mL) and subjected to diethyl ether diffusion, 

after which the pure product 100 precipitated from solution as an off white solid in 79% yield 

(83 mg), m.p. 127 -  128 °C HRMS (m/z) (ES ) Calculated for C2 7H27N4O2 m/z = 439.2134 

[M]^ Found m/z = 439.2138. Elemental analysis for C27H27BF4N4O2 .O.5 CH2CI2 (568.80 

gmoP') calc: C 58.07, H 4.96, N 9.85; found C 58.42, H 5.01, N 10.02%. 'H-NMR (600 

MHz, DMSO-t/fi) 8 h: 9.49 (IH, t, J =  7.4 Hz, NH), 9.39 (IH , d, J =  8.4 Hz, NH), 8.82 (2H, d, 

J =  6.5 pyridine-H), 8.25 -  8.23 (2H, m, pyridine-H (xl), nap-H (xl)), 8.18 -  8.17 (2H, m, 

pyridine-H (x2)), 8.03 (2H, d, 6.5 Hz, pyridine-H (x2)), 7.98 (IH, d, J =  8.1 Hz, nap-H), 

7.88 (1H, d, J  = 8 .1 Hz, nap-H), 7.68 (1H, d, J  = 7.1 Hz nap-H), 7.60 (1H, t, J  = 8 .1 Hz, nap- 

H), 7.57 (IH, m, nap-H), 7,53 (IH, m, nap-H), 6.07 (IH, m, CH), 4.27 (3H, s, CH3), 3.82 

(IH, m, CH2), 3.75 (IH, m, CH2), 3.24 (2H, t, 7  = 7.8 Hz, CH2), 1.75 (3H, d, J =  7.1 Hz, 

CH3); '^C NMR (100 MHz, DMSO-t/e) 8 c; 163.54, 162.36, 159.09, 148.73, 148.63, 144.68, 

139.50, 139.45, 133.42, 130.45, 128.74, 127.69, 127.60, 126.37, 125.71, 125.42, 124.84, 

124.54, 123.12, 122.66, 47.20, 44.71, 38.35, 34.86, 21.40; IR(neat); 3367, 3061, 1648, 1522, 

1444, 1377, 1310, 1239, 1187, 1050, 999, 844, 804, 781,755,670 cm '’.

(R)-l-Methyl-4-(2-(6-(l-(naphthalen-l-yl)ethylcarbamoyl)picolinamido)ethyl)pyridinium 

tetrafluoroborate (101)

Compound 111 (0.08 g, 0.2 mmol, 1 equiv.) in 

dry CH2CI2 (25 mL) was placed under argon. 

Trimethyloxonium tetrafluoroborate (0.04 g, 1.3 

equiv.) was added and the reaction stirred at RT 

for 72 hrs. The reaction mixture was then 

quenched using CH3OH (5 mL) and subjected to diethyl ether diffusion, after which the pure 

product 101 precipitated from solution as an off white solid in 85% yield (90 mg), m.p. 127 -  

128 °C HRMS {m/z) (ES^) Calculated for C27H27N4O2 m/z = 439.2134 [M]". Found m/z = 

439.2132. Elemental analysis for C2 7H27BF4N4O2 .O.5 CH2CI2 (568.80 gm of') calc; C 58.07,
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H 4.96, N 9.85; found C 58.35, H 4.90, N 9.88%. 'H-NM R (600 MHz, DMSO-^/^) 6 h: 9.50 

(IH , t, J =  7.2 Hz, NH), 9.40 (IH , d, J =  8.3 Hz, NH), 8.82 (2H, d, J =  6.3, pyridine-H), 8.25 

-  8.23 (2H, m, pyridine-H (x l), nap-H (x l)), 8.18 -  8.17 (2H, m, pyridine-H (x2)), 8.03 (2H, 

d, J =  6.5 Hz, pyridine-H (x2)), 7.98 (IH , d, J =  8.1 Hz, nap-H), 7.88 (IH , d, J =  8.1 Hz, nap- 

H), 7.68 (IH , d, J =  7.2 Hz nap-H), 7.60 (IH , t, J =  8.3 Hz, nap-H), 7.56 (IH , m, nap-H), 

7.54 (IH , m, nap-H), 6.07 (IH , m, CH), 4.27 (3H, s, CH 3 ), 3.82 (IH , m, CH 2 ), 3.75 (IH , m, 

CH 2), 3.24 (2H, t, J  = 7.9 Hz, CH 2 ), 1.74 (3H, A, J  = 7.0 Hz, CH 3 ); '^C NM R (100 MHz, 

DMSO-Jfi) 8 c: 163.92, 162.74, 159.45, 149.09, 148.97, 145.04, 139.84, 139.82, 133.75, 

130.78, 129.07, 128.02, 127.92, 126.70, 126.04, 125.76, 125.18, 124.88, 123.45, 123.00, 

47.54, 45.06, 38.71, 35.23, 21.71; IR(neat): 3365,3061, 1648, 1521, 1444, 1377, 1310, 1239, 

1187, 1050, 999, 842, 805, 781, 754, 669 cm ''.

2,2';6',2”-Terpyridine((S)-N2-(l-(naphthalen-l-yl)ethyl)-N6-(2-(pyridin-4-yl)ethyl) 

pyridine-2,6-dicarboxamide)platinum(IJ) nitrate complex

2 + Compound 112 (0.06 g, 

0.14 mmol, 1 equiv.) and 

AgNOj (0.04 g, 0.2 mmol, 

?NOi" 2  equiv.) were stirred under 

darkness in DMF (20 mL) 

for 90 mins. A white AgCl 

precipitate formed, which 

was removed by suction filtration. A solution o f compound 110 (0.06 g, 0.14 mmol, 1.2 

equiv.) in DMF (5 mL) was added dropwise to the reaction mixture and stirring was 

continued at RT for 2 hrs. The reaction mixture was filtered and then slowly added to diethyl 

ether affording the pure product 108 as a yellow solid in 78% yield (107 mg). HRMS (m/z) 

(MALDI+) Calculated for C4iH35Nv02Pt m/z = 852.2500 [ U f \  Found m/z = 852.2483. 

Elemental analysis for C4iH35N908Pt.2H20 (1012.88 gm ol'') calc: C 48.62, H 3.88, N 12.45; 

found C 48.53, H 3.82, N 12.78%. 'H  NM R (400 MHz, CDjOD-t/.#) 8h: 8.91 (2H, d, J =  6.1 

Hz, pyridine-H), 8.64 -  8.56 (5H, m, terpy-H), 8.45 (2H, t, J =  7.2 Hz, terpy-H), 8.35 (IH , d, 

J  = 7.8 Hz, pyridine-H), 8.23 -  8.14 (3H, m, pyridine-H (x2), nap-H (x l)), 7.82 -  7.73 (9H, 

m, nap-H (x3), pyridine-H (x2), terpy-H (x4)), 7.57 -  7.49 (2H, m, nap-H (x2)), 7.44 (IH , t, J  

= 7.6 Hz, nap-H), 6.15 (IH , m, CH), 3.89 (2H, m, CH 2 ), 3.25 (2H, m, CH 2 ), 1.81 (3H, d , J  = 

6.5 H z ,C H 3 );'^C N M R (1 0 0 M H z, CDiOD-d4) Be: 166.24, 164.86, 159.66, 157.52, 156.84,
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152.98, 152.58, 150.44, 150.30, 144.94, 144.30, 140.60, 140.11, 135.35, 132.35, 130.50, 

130.24, 129.92, 129.11, 127.42, 127.09, 126.83, 126.67, 126.34, 125.90, 125.40, 124.26, 

123.93, 46.48, 40.63, 36.59, 21.30. IR(neat): 3293, 3083, 1662, 1625, 1535, 1479, 1369, 

1327, 1256, 1187, 1092, 1078, 1060, 1034, 998, 848, 824, 811, 776, 724, 676 cm'*.

2,2';6',2"-Terpyridine((R)-N2-(l-(naphthalen-l-yl)ethyl)-N6-(2-(pyridin-4-yl)ethyl) 

pyridine-2,6-dicarboxamide)platinum(II) nitrate complex (109)^̂ ’̂̂ ^̂

2 ^ Compound 112 (0.09 g, 0.2 

mmol, 1 equiv.) and AgNOs 

(0.06 g, 0.3 mmol, 2 equiv.) 

were stirred under darkness
2N0n

in DMF (20 mL) for 90

mins. A white AgCl

precipitate formed, which 

was removed by suction filtration. A solution o f compound 111 (0.06 g, 0.2 mmol, 1.2 

equiv.) in DMF (5 mL) was added dropwise to the reaction mixture and stirring was 

continued at RT for 2 hrs. The reaction mixture was filtered and then slowly added to diethyl 

ether affording thepure product 109 as a yellow solid in 71% yield (139 mg). HRMS (m/z) 

(MALD1+) Calculated for C 4 iH 3 5 N 7 0 2 Pt m/z = 852.2500 [M]^^. Found m/z = 852.2469. 

Elemental analysis for C 4 iH3 5 N 9 0 8 Pt.2 H 2 0  (1012.88 g m o f')  calc: C 48.62, H 3.88, N 12.45; 

found C 48.66, H 3.97, N 12.83%. 'H  NM R (600 MHz, CDiOD-d^) 5h: 8.92 (2H, d , J =  6.5 

Hz, pyridine-H), 8.63 -  8.60 (IH , m, terpy-H), 8.57 -  8.54 (4H, m, terpy-H), 8.42 (2H, t, J  = 

8.1 Hz, terpy-H), 8.32 (IH , d, J =  8.1 Hz, pyridine-H), 8.22 (IH , d , J = 6 . 9  Hz, pyridine-H), 

8 .1 8 -8 .1 4  (2H, m, nap-H (x l), pyridine (x l), 7.82 -  7.79 (5H, m, nap-H (x l) , terpy-H (x2), 

pyridine-H (x2)), 7.74 -  7.71 (4H, m, nap-H (x2), terpy-H (x2)), 7.53 ( IH,  t, J =  8.3 Hz, nap- 

H), 7.50 ( IH,  t, J =  8.1 Hz, nap-H), 7.43 (IH,  t, J =  8.0 Hz, nap-H), 6.13 ( IH,  m, CH), 3.92 

( IH,  m, CH 2 ), 3.88 ( IH,  m, CH 2 ), 3.26 (2H, m, CH 2 ), 1.80 (3H, d, 7  = 7.0 Hz, CH 3 ); '^C 

NM R (150 MHz, CDsOD-t/^) 6 c: 164.70, 163.31, 158.07, 156.00, 1555.24, 151.42, 151.02,

148.90, 148.76, 143.37, 142.73, 139.01, 138.61, 133.79, 130.77, 128.95, 128.68, 128.36,

127.52, 125.84, 125.53, 125.26, 125.13, 124.76, 124.34, 123.84, 122.70, 122.39, 44.95, 

39.06, 35.00, 19.78; IR(neat): 3292, 3083, 1662, 1626, 1536, 1479, 1370, 1327, 1257, 1187, 

1092, 1079, 1060, 1034, 998, 848, 824, 811, 777, 724, 677 cm ''.
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Experimental

S-12-Brom ododecyl ethanethioate /  Thioacetic Acid S-(l2-brom ododecyl) Ester (126/^^

1,12-dibromododecane 125 ( 8  g, 24.4 mmol) and 

potassium thioacetate (0.93g, 8.1 mmol) were 

dissolved in CH3CN (120 mL) and the mixture 

was heated under reflux for 48 hrs. The reaction mixture was poured into H2 O (150 mL) and 

extracted with diethyl ether. The organic layers were combined and washed with H2O, dried 

over MgS0 4 , and evaporated to dryness. Silica flash chromatography using hexane/ethyl 

acetate (0 -  3%) as the eluant yielded the desired compound 126 as an o ff white solid (32%, 

2.52 g). 'H-NMR (400 MHz, CDCI3, 298 K): 8 h 3.38 (2H, t, J =  7.7 Hz, CH2 Br), 2.84 (2H, t, 

J  = 7.7 Hz, CH2S), 2.30 (3H, s, COCH3), 1.83 (2H, q, J  = 7.7 Hz, CH^CH^Br ), 1 .5 7 -1 .2 4  

(18H, m, 9 X CH2); '^C NMR (100 MHz, CDCI3) 6 c: 34.02,32.80, 30.61, 29.46, 29.44, 29.40, 

29.37, 29.12, 29.06, 28.77, 28.72, 28.14. IR(neat); 2914, 2849, 1683, 1467, 1112, 958, 717 

cm '.

Diethyl 4-hydroxypyridine-2,6-dicarboxylate (124)'^^

H2 SO4 (30%) (6.25 mL, 75.20 mmol) was added to chelidamic

acid 124 (3 g, 16.39 mmol) in EtOH (60 mL) and refluxed for 4

hrs. The solvent was removed under reduced pressure yielding

an oily residue which was then placed in H2 O. The reaction 
0 0

mixture was neutralised using NaHCOs and the diester extracted 

into CH2 CI2 . The organic layer was dried over MgS0 4  and the solvent was removed in vacuo 

yielding the pure product as a white solid in 62% yield. HRMS {m/z) (ES^) Calculated for 

C 11H 14NO 5  m/z = 240.0872 [M + H ]\ Found m/z = 240.0872. 'H-NMR (400 MHz, CDCI3) 

5h: 7.31 (2H, s, 2 x pyridine-H), 4.43 (4H, q, J  = 7.8 Hz, 2 x CH2 ), 1.39 (6 H, t, J  = 7.5 Hz, 2 

x CH3 ); '^C NMR (100 MHz, CDCI3 ,) 8 c: 162.37, 119.05, 63.16, 14.04.
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Diethyl 4-(12-(acetylthio)dodecyloxy)pyridine-2,6-dicarboxylate (127)

/ Compound 124 (0.30 g, 1.3 mmol, 1 equiv.) and dry K2CO3

^ 1 0  (0.35 g, 2.5 mmol, 2 equiv.) were stirred in dry DMF (30 mL)

^  ^  for 30 mins at 25 °C. Compound 126 (0.61 g, 1.8 mmol) and

^ KI (0.03 g) were added and the reaction was heated at 60 °C

for 6  days under argon. The solvent was removed under 

reduced pressure yielding a brown solid which was redissolved in CH2CI2 , washed with 1 % 

acetic acid and H2O and then dried over MgS0 4 . Silica flash chromatography using 

CH2 CI2/CH3OH (0 -  10%) as the eluant yielded the desired compound 127 as an off white 

waxy solid (87% yield, 545 mg). HRMS (m/z) (ES^) Calculated for C2 sH3 9N 0 6 SNa m/z = 

504.2396 [M + Na]^. Found m/z = 504.2401. Elemental analysis for C2 5H39NO6 S (481.65 

gm or') calc: C 62.34, H 8.16, N 2.91; found C 62.36, H 8.38, N 2.80%. 'H NMR (600 MHz, 

CDCI3) 5h: 7.76 (2H, s, pyridine-H), 4.47 (4H, q, J  = 7.1 Hz, 2 x ethyl-CH2), 4.12 (2H, t, J  = 

6.5 Hz, OCH2 ), 2.86 (2H, t, J  = 7.4 Hz, CH2 S), 2.31 (3H, s, SCOCH3 ), 1.83 (2H, m, 

OCH2CH2 ), 1.56 (2H, m, CH2 CH2 S), 1.45 (8 H, m, 2 x ethyl-CH3 , 1 x CH2), 1.31 -  1.27

(14H, m, 7 X CH2 ); '^C NMR (150 MHz, CDCI3) 5 c :  195.90, 166.91, 164.67, 149.99, 114.19,

68.89, 62.21, 30.48, 29.36, 29.34, 29.32, 29.28, 29.09, 29.00, 28.94, 28.66, 28.60, 25.69, 

14.05. IR(neat): 3087, 2979, 2916, 2852, 1716, 1685, 1598, 1565, 1472, 1448, 1415, 1395, 

1371, 1342, 1282, 1251, 1151, 1118, 1102, 1037, 1029, 989, 969, 949, 934, 891, 8 6 8 , 823, 

807, 787, 733, 718, 702, 676 cm''.

4-(12-Mercaptododecyloxy)pyndine-2,6-dicarboxylic acid (122)

0.12 g (0.25 mmol) o f compound 127 was dissolved in EtOH (5 

mL) and 20 mL o f an aq. KOH solution (0.83 g, 15 mmol, 3.2

equiv.) was added. The reaction was stirred at RT for 5 hrs and 

followed by TLC (CH2 Cl2 :CH3 0 H, 96:4). Once the reaction had 

reached completion the mixture was filtered by suction filtration 

and washed with diethyl ether. The aq. phase was acidified to pH 1 using conc. HCl and the 

pure product 122 was then extracted into AcOEt. The solvent was removed under reduced 

pressure affording the desired product 122 as a white powder in 54% yield (52 mg), m.p. 223 

-  227 “C Elemental analysis for C 19H2 9NO5 S (383.50 gm of') calc: C 59.51, H 7.62, N 3.65; 

found C 59.23, H 7.52, N 3.65%. 'H-NMR (600 MHz, CDCI3) 5 h :  7.91(2H, s, pyridine-H), 

4.18 (2H, t, J  = 6.4 Hz, OCH2 ), 2.52 (2H, q, J  = 7.3 Hz, CH2 S), 1.86 (2H, m, OCH2 CH2 ), 

1.61 (2H, m. CH7CH7S). 1.47 (2H, m, CH2 ), 1.39 -  1.28 (14H, m, 7 x CH2); '^C NMR (150

220
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Experimental

MHz, CD Ch) 5c: 168.70, 163.37, 147.45, 114.43, 69.81, 34.01, 30.91, 29.51, 29.47, 29.43, 

29.17, 29.05, 28.58, 28.35, 25.73, 24.64; IR(neat) 3229, 2918, 2850, 2573, 1749, 1724, 1605, 

1562, 1464, 1445, 1417, 1403, 1360, 1300, 1279, 1191, 1159, 1108, 1058, 1019, 1008, 902, 

877, 829, 803, 756, 695, 681 cm ''.
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Appendix Two
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Figure A2.1. ' HNMR spectrum (400 MHz, CDCh) o f  82 (R).
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Appendix Two

Table A2.1: Crystal data and structure refinement fo r 81.

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 = 76.89° 

Absorption correction 

Max. and min. transmission

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on p2 

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Largest d iff peak and hole

81

C35 H49 N3 O2

543.77 

150(2) K 

1.54180 A 
Monoclinic 

P(2)l

a =  11.259(2) A a = 90°.

b =  17.782(4) A p = 95.09(3)°.

c =  15.950(3) A 7 = 90°.

3180.7(11) A3 

4

1.136 Mg/m3 

0.541 mm->

184

0.46 X 0.09 X 0.02 mm^

3.73 to 76.89°.

-14<=h<=14, -22<=k<=22, -19<=K=20  

66087

13245 [R(int) = 0.0609]

99.4 %

Semi-empirical from equivalents 

1.00000 and 0.61634 

Full-matrix least-squares on F^

13245/1  /7 2 5

1.029

R1 = 0.0421, wR2 = 0.1102 

R1 =0.0468, wR2 = 0.1151 

-0.14(13)

0.190 and -0.144 e.A '3
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Table A2.2; Crystal data and structure refinement for 82.

Identification code 82

Em pirical form ula C 35H 49N 3O 2

Form ula w eight 543.77

T em perature 108(2) K

W avelength 0.71073 A
Crystal system  M onoclinic

Space group P2( 1)

U nit cell d im ensions a = 11.246(2)

V olum e

Z

D ensity (calculated)

A bsorption coefficient 

F(OOO)

Crystal size

Theta range for data collection 

Index ranges 

R eflections collected 

Independent reflections 

C om pleteness to theta = 24.50° 

A bsorption correction 

M ax. and min. transm ission 

R efinem ent m ethod 

D ata / restraints / param eters

G oodness-of-fit on

Final R indices [I>2sigm a(I)]

R indices (all data)

Largest d i f f  peak and hole

A a = 90°.

b =  17.766(4) A p = 95.11(3)°.

c =  16.042(3) A y = 90°.

3192.4(11) A3 

4

1.131 M g/m3 

0.070 m m ‘ l 

1184

0.60 X 0 . 2 0  x 0 . 2 0  m m^

1.71 to 24.50°.

-13<=h<= 1 3 ,-1 7<=k<=20, -18<=1< 

24917

5505 [R(int) = 0.1072]

99.9 %

Sem i-em pirical from  equivalents 

0 .9862 and 0.9593 

Full-m atrix  least-squares on F^

5505 / 1 / 725

1.209

R1 = 0 .0 8 9 9 , wR2 = 0.1995 

R1 = 0 .1 0 7 7 , w R 2 = 0.2174 

0.247 and -0 .3 1 7 e .A '3

Appendix Two
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Appendix Two

Table A2.3. Hydrogen bonds lengths and angles fo r  ligand 82 (A and °). Symmetry 
transformations used to generate equivalent atoms: " -x+ l,y+ l/2,-z+2  ̂x+ l,y,z

N(3)-H(3X)...0(102)»

d(D-H)

0.86

0.86

0.86

0.86

2.26

2.09

2.30

2.19

3.051 (7) 

2.935(7) 

2.998(7) 

3.011(7)

<(DHA)

152.6

168.6 

154.9 

159.1

N o  r> aJ  • (tt lA 00 v>
lO lA

[ppm

Figure A2.2. 'H  NMR spectrum (400 MHz, CDiOD-d4)  ofEu.82}.

238



Appendix Two

1537,5862

Experimental

1534 1536 1538

1537.5902

1540 1542

Calculated

— I—
1538

m/z

1534 1536 1540 1542

Figure A 2.3. The calculated and experimental isotopic distribution patterns fo r  E u .S li  
showing the 1:2 (M:L) stoichiometric pattern for a molecular species form ula [M  -  
2CF}S03] \

(a) (b)
900-1

m

 Ku.8l^(.V)
600

X
5  400 

c
300

:oo

100

620 700680

W aveleng th  (nm )

1 50 -

^  100- 
s:
o

5 0 -

575 600 625 650 675 700

W avelength (nm )

Figure A2.4. Eu "-centred luminescence emission spectra o f  (a) Eu.81} (S) and  (b) Eu.82} 
(R) in CH3OH.
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Figure A2.5. The overall changes in the fluorescence emission spectra upon titrating 81 (S) 
(1 X 10'^ M) against Eu(CF3 8 0 3 ) 3  (0 ^ 6  equiv.) in CH3CN at RT.

!•«)

1:0

un

60
■ ■ 0 oqui\. Eu

0.4 cquiv. I.u'
« . t x< 4 eqiuv. t.u

-H)

t 600
U

64U 66()

(a)

0 .8 -

0.7 -

0.6  -y

IJ 0.4  - 
<

0.3 ■
I qav. nt Tu' adUcd

 O c q u h .  h u " '

-  0.45 cquiN. Lu"
I  • ,  Dl 4 c q u i \ .  L u

0 .2 -

0.0
225 275 350250

Wavelength (nm) Wavelength (nm)

Figure A2.6. The overall changes in the (a) UV-visihle absorption spectra and (b) Eu‘"~ 
centred phosphorescence spectra upon titrating 82 (1 x 10 '’’ M) against Eu(CF3 8 0 3 ) 3  (0 ^ 4  
equiv.) in CH3CN at RT. Inset: corresponding experimental binding isotherm o f (a) 
absorbance at X = 223 and 281 nm and (b) Eu“' phosphorescence emission intensity at X = 
595, 615 and 695 nm.
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(a) (b)
W9n

90

’0

207 nm60

S  0 -4 -  

<
OJ -

40

281 om

}0
0

3.5 4 0 4.5 5.0 5.5 10  15 ;  5 4 0 4 5 5 0n o 0

E q u iv .o fE u  added Equi\ o fE u  added

Figure A2.7. (a) The speciation distribution diagram obtained from  the UV-visible 
absorption titration data f i t  (upon titrating ligand 82 against Eu(CFsSOs)3 in CH3CN) and 
(b) the f i t  o f  the experimental binding isotherms using the non-linear regression analysis 
program SPECFIT

(a) (b)

•U

Ml

10
0

0.0 0 5 1.0 1 5 ;,<) :,5  .Vo .̂ .5 4 0 4 5 5.0 5 5 6 0

IM)

140

Mi

Ml

4(i

0

0 0 () 5 10  15 2 » .̂  5 4 0  4.5M) 6 0
Equiv. o f  Eu'" added Equiv. o l'E u  added

Figure A2.8. (a) The speciation distribution diagram obtained from  the luminescence 
titration data f i t  (upon titrating ligand 82 against Eu(CF3803)3 in CH3CN) and (h) the f i t  o f  
the experimental binding isotherms using the non-linear regression analysis program  
SPECFIT.
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n

T
0

T
a

T1 “
ts (ppm.610

Figure A2.9. 'HNMR spectrum (400 MHz, CDsOD-d4) ofNd.Sl}.

^  <0 r> o  r> 
r>  CO r*̂  
w to

W W W

— \ ^

6 [ppm]

Figure A2.10. ‘H  NMR spectrum (400 MHz, CD3OD-CI4) ofNd.82}.
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1526.5824 Experimental

i :  . . 1 M- L —LL̂<—Ll,l—Lljt “ •<—^
1522 1524 1526 1528 1530 1532 1534 1536 1538

1526.5767

— '------ 1-------- '------- r ------ '------- 1------- '------- r
1522 1524 1526 1528 1530

Calculated

1 '  I ' -------------- 1-------------- '-------------- 1

1532 1534 1536 1538

m/z

Figure A2.11. The calculated and experimental isotopic distribution patterns fo r  N d .S h  
showing the 1:2 (M:L) stoichiometric pattern for a molecular species form ula [M  -  
2CF}S0i]\

(a) (b)

( ) .8 -

3 <> <>-

<  0 .4 -

0 .2 -

 Nd.82, (^)

0 .0 -
2(K) 250 4504(H)

12(MMM) -

100000 -

8(K)00 -

I  60000 -
c

 Nd.82, {R)
40000 -

200(H)-

800 I (KM) 1200900 14<X)

W a v e le n g t h  ( n m ) W a v e le n g t h  ( n m )

Figure A2.12. (a) UV-visible absorption spectra and (b) corrected luminescence spectra o f
Nd.823 (R) (4.5 X 10'^ M) in CH3 CN.
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(a) (b)

0 .8 -

«  0.6 -  
-e
j:;
<  0 .4 -

ou
5-£
<

n . 2 -
0 .2 -

 Nd 82, (R)

0 0 - 0 0 -
250 .3(K) 4<K) 450

2(KI 2 50 450
Wavelcngih  (nm)

Wavclcngih  (nm)

Figure A2.13. UV-visible absorption spectra o f  (a) Nd.Sls (S) (4.6 x 10' M) and (b) Nd.82}
(R) (3.8 X la ^  M) in CH3 OH.

(a) (b)

7(KXX) -

60000-

Nd.81 (.S)

20000 -

1 0 0 0 0 -

800 900 1100 1200 1300 1400

1100(H)

700(K)

C 500(H)
Nd.82, (/?)4(X)(H)

20000 -

800 9(K) 1000 11(H)

Wavelength  (nm) Wavclcngih  (nm)

Figure A2.14. Uncorrected luminescence spectra o f  (a) Nd.Sls (S) (6.3 x  10'^ M) and (b) 
Nd.S2s (R) (4.5 X M) in CH 3 CN.
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(a) (b)

35000 -

J5000-

5000
800 850 9<KI 950 1(K)0 1050 1 UKI 1150 1200 1250 1300 1350 14(W

C 2(KKK)-

 Nd.8l.(-S*)

120011001000 1300 1400

Wavelength  (nm) Wavelength  (nm)

Figure .42.15. Corrected luminescence spectra o f (a) Nd.Slj (S) (4.6 x 10~̂ ’ M) and (b) 
Nd.82s (R) (3.8X 10~̂  M) in CHjOH.

(a) (b)

11000
14000-

I2(KK>-
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E  sooo
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8000-
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1(100 1100 12(H)

Wavclcngih  (nm)
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T— r — r  I *

800 850 9(*0 950 1000 1050 IKK) 1150 12(K> 1250 13WI 1350 1400

W a v e le n g th  (n m )

Figure A2.16. Uncorrected luminescence spectra o f  (a) Nd.Sls (S) (4.6 x 10' M) and (b) 
Nd.82s (R) (3.8 X 10'^ M) in CH3OH.
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Figure A2.17. Time-resolved emission spectrum o f  Nd.Sls after excitation at 337 nm, 
showing sensitised Ln‘’’-based luminescence.

(a) (b)
75(KI 
7(KK) 
(»5(K) 
6(KK) 
55(HI 
5(N)0 
45(HI 

^  4(KM)

“  25(H) 

2(N)<) 

15(M> 
KNH) 

5(M)

pum p
iiccay
Sum
Kcsiituiil

punip
ikva)
Sum
K oiilua i

5‘75«KJ

5.0x11)* I U xlo“  1.5x10* 2 .0 s in “

Tim e (s)

Figure A2.18. Decay curves obtained from  Nd.82s in (a) CH3 OH, (b) CD3 OD and (c) 
CH3 CN at 1064 nm and residuals fo r  fitted  curve generated by deconvulution o f the 
instrument response function with a single exponential function.
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(a) (b)
6 0 -1

5U-

40 -

:40 260 320

W aveleng th  (nm
W* - 2 0  -

-40 -

-SO -

-60 -

.70 -I

 - 1 0 “C

()\- 
10 ”c
2 0 ‘’C 

 25 “C

60

40 -

S
•20  -

-.'0  -

240 320

W av e len g th  (nm )

340

-40 -

-50 -

.70 J

Figure A2.I9. CD spectra o f  (a) Nd.Sls (S) and (b) Nd.82s (R) recorded at -10, 0 +10, +20 
and +2S °C in CH3 CN.

90000-

70000 - 

g  60000 -

£  5(KXX) -
0 equiv Nd added 
0.35 equi\ Nd'" added 
5 equiv Nd'*' added30000-

KKXX)-

1000 I2(X) 1300800 1100 14(X)
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Figure A2.20. Corrected luminescence spectra upon titrating ligand 81 (S) against specific 
known volumes ofNd(CF}SOs)3 .
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W a v ele n g th  (n m )  E q u iv . o f N d ’" a d d e d

Figure A2.21. The overall changes in (a) UV-visible absorption spectra upon titrating 82 (1 
X  10'^ M) against Nd(CF3 S0 i)j (0-^5 equiv.) in CH3 CN at RT (b) corresponding 
experimental binding isotherm o f absorbance at 207, 223 and 281 nm.

 0 ojuiv. Nd"  ̂udilcd
0.4 tfquiv
5 Nd*' iMliktl

1200800 1400

0 cqmv. Nd“  sildcd
 0 4 cq u i\ Nd*" added

~  5 cq u i\. Nd nddcd

1200

W av elen g th  (n m ) W avclcngih (nm )

Figure A 2.22. (a) The overall changes in the NJ"-centred phosphorescence spectra upon 
titrating 82 (I x 10~̂  M) against Nd(CFsSOs)} (0 ^ 5  equiv.) in CHjCN at RT. Inset: 
corresponding experimental binding isotherm o f (a) absorbance at X= 207, 223 and 281 nm. 
(b) The corrected luminescence spectra upon titrating ligand 82 (R) against specific known 
volumes ofNdfCFjSO})}.

248



Appendix Two

(a) (b)

O.V

223 nm
X(>

0.7

207 nmc
■Z 40  8 2 (^)

 Nd 82 (/ft
\ d  82  { R )

<  0.4
O'

281 nm
0.2

o ( j  (».5 I c» 1.5 2.0 2 5 Vo 0.0 0.5 I.O 1.5 2.0 2.5 .VO 3 5 4.0 A 5 5 0

Equiv. o l'N d”' added Equiv o fN d '"  added

Figure A2.23. (a) The speciation distribution diagram obtained from the UV-visible 
absorption titration data fit  (upon titrating ligand 82 against Nd(CF}SO})3 in CH3CN) and 
(b) the fit o f the experimental binding isotherms using the non-linear regression analysis 
program SPECFIT.
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Figure A2.24. (a) The speciation distribution diagram obtained from the luminescence 
titration data fit  (upon titrating ligand 81 against Nd(CF3SO3)3 in CH3CN) and (b) the f i t  o f  
the experimental binding isotherms using the non-linear regression analysis program 
SPECFIT.
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(a) (b)
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Figure A 2.25. (a) The speciation distribution diagram  obtained from  the lum inescence 
titration data  f i t  (upon titrating ligand 82 against N d(CF}SO i)3 in CH3CN) and (b) the f i t  o f  
the experim ental binding isotherm s using the non-linear regression analysis program  
SPECFIT.
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N d « 2 ,( /f )

Wavelength (nm)2(K) 225 250 275 .100 325 350 375 400 425 450

W avelength (nm )

F igure A 2.26. (a) UV-visible absorption spectrum  o f  Langm iiir-Blodgett N d.82 3 (S) 
m onolayer an d  (b) tim e-resolved emission spectrum  o f  N d.82 3 (S) m onolayer after excitation  
at 337 nm, show ing sensitisedN (^“-based  luminescence.
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40 20 0 - 20 [ppm

Figure A2.27. ‘H N M R  spectrum (400 MHz, CDsOD-d4) qfTb.81}.

8 6 4 2 [pprr

Figure A2.28. ‘H N M R  spectrum (400 MHz, CDiOD-d4)  ofSm.81i.
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Figure A2.29. 'H  NMR spectrum (400 MHz, CDsOD-a^) o fSm .8 2 3 .
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Figure A2.30. 'H N M R spectrum (400 MHz, CDsOD-d4)  ofLu.Sls.
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F igure A2.31. ' H N M R  spectrum (400 MHz, CD}OD-d4)  o fD y .S lj.
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Figure A2.32, The calculated and experimental isotopic distribution patterns fo r Tb.812 

showing the 1:2 (M :L) stoichiometric pattern fo r  a molecular species form ula [M  -  
2C F3S 03]\
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Figure A2.33. The calculated and experimental isotopic distribution patterns for Sm .Sh  
showing the 1:2 (M:L) stoichiometric pattern for a molecular species formula [M  -  
2C F }S03]\
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Figure A2.34. The calculated and experimental isotopic distribution patterns fo r  Dy.8 l 2 
showing the 1:2 (M:L) stoichiometric pattern for a molecular species formula [M  -  
2CF3S0}]\
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Figure A2.35. The calculated and experimental isotopic distribution patterns fo r  LU.8 I 2  

showing the 1:2 (M:L) stoichiometric pattern for a molecular species formula [M  -  
2C F }S03]\
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Figure A2.36. UV-visihle absorption spectra o f  (a) Tb.82} (R) (8.7 x 10'  ̂M) and (b) Sm.82s 
(R) (1.2x10'^ M) in CH 3 CN.
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Figure A2.37. UV-visible absorption spectra o f (a) Tb.Slj (S) (2.3 x 10'^ M) and (b) Sm . 8 2 3  

(S) (1.2 X  l a ^  M) in CH3 OH.
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Figure A2.38. UV-visible absorption spectra o f (a) Tb.82s (R) (7.6 x 10'^ M) and (b) Sm . 8 2 3  

(R) (1 .1x1 M) in CH3 OH.
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Figure A2.39. Phosphorescence spectra o f  (a) Th.81} (S) and Sm.Sls (S) and (b) Th.82} (R) 
and Sm.82} (R) recorded in CH}0H.
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Figure A2.40. Excitation spectra o f  (a) Tb.82} (R) (8.7 x  10'^ M) (Xem -  545 nm) and (b) 
Sm.82} (R) (1.2 x  10'^ M) (Xen, =  645 nm) in CH}CN.
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Figure A2.41. UV-visible absorption spectra o f  (a) Dy.Sls (S) (3.1 x  10'^ M) and (b) Lu.813 

(S) (2.9 X la ^  M) in CH3 CN.
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Figure A2.42. Circular dichroism spectra o f  ligands 81 (S) (3.3 x  10'^ M) and 82 (R) (3.9 x 
10'^ M for (a) and 3.3 x  10'^ M fo r (b)) recorded in CH3 CN at RT after the addition o f  0.33 
equiv. o f  (a) Dy(CF3 8 0 3 ) 3  and (b) Lu(CF3 8 0 3 ) 3  -  note that slight discrepancies in intensities 
can be derived from  differences in concentrations.
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Figure A2.43, The overall changes in the CD spectra o f 82 (R) (3.5 x  10^ M  for (a) and (3.4 
X 10'^ M) fo r  (b)) upon titrating against increasing concentrations o f  (a) Tb(CFsS0s)3 ( 0 ^ 5  
equiv.) and (b) Sm (C F iSO j)}(0^5  equiv.) at RT in CHjCN.
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Figure A2.44. The overall changes in the CD spectra o f  81 (S) (3.4 x  10'^ M for (a) and 3.4 x  
10'^ M fo r  (b)) upon titrating against increasing concentrations o f  (a) Dy(CFjSOs)s ( 0 ^ 5  
equiv.) and (b) Lu(CF3S 0 })s ( 0 ^ 4  equiv.) at RT in CH3CN.
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Figure A2.45. The overall changes in the CD spectra o f 82 (R) (3.6 x 10'^ M for (a) and 3.5 x 
10'^ M  for (b)) upon titrating against increasing concentrations o f (a) Dy(CF3 S0 3 ) 3  (0 ^ 5  
equiv.) and (b) Lu(CF3 S 0 3 ) 3  ( 0 ^ 4  equiv.) at RT in CH3 CN.
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Figure A2.46. Total Tb'“-centred emission and CPL spectra o f complexes Tb.Sls (S) and 
Tb.82s (R) recorded in CH3 CN (excitation at X = 28Inm).
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Figure A2.47, The overall changes in the fluorescence emission spectra upon titrating 81 (S) 
(1 X 10'^ M) against (a) Th(CFsSOj) 3  ( 0 ^ 6  eqidv.) and (b) Sm(CFsSOj)s ( 0 ^ 4  equiv.) in 
CH3 CN at RT.
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Figure A2.48. The overall changes in the fluorescence emission spectra upon titrating 81 (S) 
(I X 10'^ M) against (a) LufCFiSOj)} (0-^4 equiv.) and (b) Dy (CF3 SO 3)} ( 0 ^ 5  equiv.) in 
CH3 CN at RT.
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Figure A2.49. The overall changes in the luminescence spectra upon titrating (a) 81 (0 ^ 6  
equiv.) and (b) 82 (0 ^ 5  equiv.) (1 x 10'^ M) against Tb(CFsS0s)3 in CH3CN at RT. Inset: 
corresponding experimental binding isotherm o f luminescence at X = 490, 545, 585 and 620 
nm.
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Figure A2.50. The overall changes in the (a) UV-visible absorption spectra and (b) Sm“'-  
centred phosphorescence spectra upon titrating 82 (1 x 10'^ M) against Sm(CF3SO} )3  (0 ^ 4  
equiv.) in CH3CN at RT. Inset: corresponding experimental binding isotherm o f (a) 
absorbance at X = 207, 223 and 281 nm and (b) Sm"'phosphorescence emission intensity at X 
= 565, 600, 645 and 708 nm.
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Figure A2.5I. The overall changes in the UV-visible absorption spectra upon titrating 81 (I 
X  10'^ M) against (a) Dy(CF}S03)3 (0-^5 equiv.) and (b) Lu(CF}S03)} ( 0 ^ 4  equiv.) in 
CHsCN at RT. Inset: corresponding experimental binding isotherm o f  absorbance at X = 207, 
223 and 281 nm.
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Figure A2.52. The overall changes in the UV-visible absorption spectra upon titrating 82 (1 
X  10'^ M) against (a) Dy(CF}S0})3  (0-^6 equiv.) and (b) Lu(CF3S03)s ( 0 ^ 6  equiv.) in 
CH3CN at RT. Inset: corresponding experimental binding isotherm o f  absorbance at A = 207, 
223 and 281 nm.
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Figure A2.53. (a) The speciation distribution diagram obtained from the UV-visible 
absorption titration data fi t  (upon titrating ligand 82 against Tb(CF3803)3 in CH3 CN) and 
(b) the fi t  o f the experimental binding isotherms using the non-linear regression analysis 
program SPEC FIT.
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Figure A2.54. (a) The speciation distribution diagram obtained from the UV-visible 
absorption titration data fit (upon titrating ligand 82 against Sm(CFiSOs)s in CH3 CN) and 
(b) the fi t  o f the experimental binding isotherms using the non-linear regression analysis 
program SPECFIT.
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Figure A2.55. (a) The speciation distribution diagram obtained from the luminescence 
titration data fit (upon titrating ligand 82 against Sm(Cf3S03)} in CHjCN) and (b) the fit  o f  
the experimental binding isotherms using the non-linear regression analysis program 
SPECFIT.
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Figure A2.56. (a) The speciation distribution diagram obtained from the UV-visible 
absorption titration data fit (upon titrating ligand 81 against Dy(CF3SO})3 in CH3CN) and 
(b) the fit o f  the experimental binding isotherms using the non-linear regression analysis 
program SPECFIT.
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Figure A2.57. (a) The speciation distribution diagram obtained from the UV-visible 
absorption titration data fi t  (upon titrating ligand 81 against Lu(CFsS03)3 in CH3CN) and 
(b) the fi t  o f the experimental binding isotherms using the non-linear regression analysis 
program SPECFIT.
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Figure A 2.58. (a) The speciation distribution diagram obtained from the UV-visible 
absorption titration data fi t  (upon titrating ligand 82 against Dy(CF3S03)3 in CH3CN) and 
(b) the fit o f the experimental binding isotherms using the non-linear regression analysis 
program SPECFIT.
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Figure A2.59. (a) The speciation distribution diagram obtained from the UV-visible 
absorption titration data fi t  (upon titrating ligand 82 against Lu(CFsSO3)j in CH3CN) and 
(b) the fi t  o f the experimental binding isotherms using the non-linear regression analysis 
program SPECFIT.
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Figure A2.60. (a) Surface pressure-area isotherms o f Ln.823 (R). (b) Surface pressure-time 
profiles for Langmuir monolayers o f  Ln.823 (R), Ln = Tb"\ Sm‘̂ ', Lu''\ Dy‘̂ \

267



Appendix Two

(a) (b)
0,05 -I

0  (W -

€
<  0.02 -

 l‘b.82. {R) monulayer
0  01 -

0 ,0 0 -

320200 220 240 260 280 340

250

o
r  125

(^ )  m t'm 'laxer

/ \

4S0 500 520 540 560 580 64K) 620 640 660 680 7<M)

W aveleng th  (n m ) W avelength  (nm )

Figure A2.61. (a) UV-visible absorption spectra and (b) Tb'^^-centred phosphorescence 
spectra o f  Tb.82 j (R) immobilised on quartz slide (excitation at Xex =  281 nm).
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Figure A2.62. Excitation spectra exhibited by (a) Tb.81s (S) monolayer and (b) Tb.82s (R) 
monolayer (Xem ~ 545 nm).
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Figure A2.63. (a) UV-visible absorption spectra and (b) Sm "'-centred phosphorescence  
spectra o f  Sm.813 (S) immobilised on quartz slide (excitation at Xex = 281 nm).
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Figure A2.64. (a) UV-visible absorption spectra and (b) Sm '"-centred phosphorescence 
spectra o f  Sm.82s (R) immobilised on quartz slide (excitation at Xex =  281 nm).
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Figure A3.1. ‘^C NMR spectrum (150 MHz, CD3 CN) o f 87 (S,S).
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Figure A3.2. '^C DEPT-135 spectrum (150 MHz, CD3 CN) of87(S,S).
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Figure A3.3. 'H -'H  COSY (CD3 CN) experiment fo r  87 (S.S).
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Figure A3.4. 'H-‘̂ C HSQC (CD3 CN) experiment for 87 (S.S).
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Figure A3.5. HMBC (CDjCN) experiment for 87 (S,S).
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Figure A3.6. ‘H N M R  spectrum (600 MHz, DMSO-di) o f  88 (R,R).
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Figure A3.7. ‘H N M R  spectrum (400 MHz, CD}OD-d4)  o f  EU2 8 8 3  (R,R).
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Figure A3.8. UV-visihle absorption spectra o f  (a) Eu2-87s (S,S) (2.1 x  10'  ̂ M) and (b) 
EU2.883 (R,R) (2x10'^ M) in CD3OD.
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Figure A3.9. UV-visible absorption spectra o f  (a) Eu2.87s (S,S) (4.8 x  10'  ̂ M) and (b) 
E1 1 2 .8 8 3  (R.R) (2 X  10'^ M) in CH3 CN.
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Figure AS.10. En‘“ centred luminescence emission spectra o f  (a) Ei/2.87s (S,S) (2.1 x 10'  ̂M) 
and (b) EU2.883 (R.R) (2 x 10'  ̂M) in CD3OD.
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Figure A3.11. Eu"-centred luminescence emission spectra o f (a) Eu2.87s (S.S) (4.8 x 10'  ̂M) 
and (b) EU2.883 (R.R) (2 x M) in CH3CN.
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Figure A3.12. Excitation spectra o f  (a) Eu2.87s (S,S) (2.1 x 10'  ̂M) and (b) EU2.883 (R,R) (2 x 
10'  ̂M) in CD3OD ( Xem -  615 nm).
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Figure A3.13. Excitation spectra o f  (a) Eu2 .8 ? 3  (S,S) (4.8 x 10~̂  M) and (b) EU2 . 8 8 3  (R,R) (2
X M) in CH3CN ( X e n ,  = 615 nm).
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Figure A3A4. Fluorescence spectra o f  (a) ligand 87 (S, S) (1 x 10' M) and (b) 8 8  (R, R) (1 x
10'  ̂M) recorded in CH3 CN before and after the addition o f  0.65 equiv. Eu(CF3 SOs) 3
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Figure A3.16. The overall changes in the fluorescence emission spectra upon titrating 88 
(R,R) (1 X  10'^ M) against Eu(CF3 SOs) 3  (0—*5 equiv.) in CH3CN at RT. Inset: corresponding 
experimental binding isotherm o f  fluorescence intensity at X = 400 nm.
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Figure A3.17. The overall changes in the (a) UV-visible absorption spectra and (b) Eu'^- 
centred phosphorescence spectra upon titrating 88 (R,R) (1 x 10'^ M) against Eu(CF}S03)3 
( 0 ^ 5  equiv.) in CHjCN at RT. Inset: corresponding experimental binding isotherm o f  (a) 
absorbance at A = 223, 250 &281 nm and (b) Eu"'phosphorescence emission intensity at X = 
595, 615 and 695 nm.
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Figure A 3.18. The speciation distribution diagram obtained from  the UV-visible absorption 
titration data f i t  (upon titrating ligand 88 (R,R) against Eu(CFsS0s)3 in CHjCN) and (b) the 
fit o f  the experimental binding isotherms using the non-linear regression analysis program  
SPECFIT.
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Figure A 3.19. The speciation distribution diagram obtained from the luminescence titration 
data f i t  (upon titrating ligand 87 (S,S) against Eu(CF3803)3 in CH3CN) and (b) the fit o f the 
experimental binding isotherms using the non-linear regression analysis program SPECFIT.
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Figure A3.20. The speciation distribution diagram obtained from the luminescence titration 
data f i t  (upon titrating ligand 88 (R,R) against Eu(CF3803)3 in CH3CN) and (b) the fi t  o f the 
experimental binding isotherms using the non-linear regression analysis program 8PECFIT.
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F igure A 3.21. The overa ll changes in the (a) UV-visihle absorption spectra  and (b) Eu“‘-  
cen tred  phosphorescence spectra  upon titrating 8 8  (R,R) (1 x W'^ M) against Eu(CF}S0 3 ) 3  

(0—̂ 5 equiv.) in C H jO H  a t RT. Inset: corresponding experim ental binding isotherm o f  (a) 
absorbance at X = 223, 250 & 281 nm and (b) E u "  phosphorescence em ission intensity a t a  ^  
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■tso

•400 -

300 -

E quiv o f E u ^ 'a d ik d(/)
C
Bc

2 0 0 -

— 0 equiv. Eu 

0.65 equiv. Hu'

— 5 equiv. hu

150 -

100  -

50-'

425 450 475 500 525 550400

W avelength (nm)

F igure A 3.22. The overall changes in the fluorescence emission spectra  upon titrating 8 8  

(R,R) (1 X  10'^ M) against Eu(CF}SO})} ( 0 ^ 5  equiv.) in CH 3 O H  at RT. Inset: corresponding  
experim ental binding isotherm o f  fluorescence intensity at X = 400 nm.
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Figure A3.23. The speciation distribution diagram obtained from the UV-visible absorption 
titration data fit (upon titrating ligand 88 (R,R) against Eu(CF3803)3 in CH3OH) and (b) the 
fit o f the experimental binding isotherm using the non-linear regression analysis program 
SPECFIT.
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Figure A3.24. The speciation distribution diagram obtained from the luminescence titration 
data fit (upon titrating ligand 88 (R,R) against Eu(CF3SOs)3 in CH3OH) and (b) the f i t  o f  the 
experimental binding isotherms using the non-linear regression analysis program SPECFIT.
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Figure A3.25. The overall changes in the (a) UV-visible absorption spectra and (b) Eu’’’-  
centred phosphorescence spectra upon titrating 8 8  (1 x 10'^ M) against Eu(CF}SO} ) 3  (0 ^ 6  
equiv.) in CH3 OH.H2 O (50:50) at RT. Inset: corresponding experimental binding isotherm 
o f (a) absorbance at X = 224, 250 & 281 nm and (b) Eu“’ phosphorescence emission intensity 
at X = 595, 615 and 695 nm.
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Figure A3.26. The overall changes in the (a) UV-visible absorption spectra and (b) E u “-  
centredphosphorescence spectra upon titrating 87 (1 x 10'^ M) against Eu(CF3 8 0 3 ) 3  (0 ^ 5  
equiv.) in a O.IM HEPES/O.IM NaCl CH3 0 H:H2 0  (80:20) solution at RT. Inset: 
corresponding experimental binding isotherm o f (a) absorbance at X = 224, 250 & 281 nm 
and (b) Eu‘"phosphorescence emission intensity at X = 595, 615 and 695 nm.
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Figure A3.27. Eu“'-centred emission intensity at X = 595, 615 and 695 nm following the 
addition o f  (a) 0.4, (b) 0 .6 , (c) 0.8, (d) 1 . 0  and (e) 5.0 equivalents o f  Eu(CFsSOs)s to ligand 
87 in a CH3 OH.H2 O (80:20) solution from  0 ^ 1 9  hrs at RT (excitation atX = 281 nm).
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Figure A3.28. E ii‘'-centred emission intensity at X = 595, 615 and 695 nm from EU2.883 
complex in a CH}0 H:H2 0  (80:20) solution from  0 ^ 1 8  hrs at RT (excitation at a = 281 nm).
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Figure A4.3. HMBC (DMSO-di) experiment fo r  110 (S).
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Figure A4.4. 'HNMR spectrum (600 MHz. DMSO-di) o f 111 (R).
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Figure A4.5. 'H  NMR spectrum (600 MHz, DMSO-d^) o f  101 (R).
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Figure A4.6. ^^CNMR spectrum (150 MHz, DMSO-de) o f  101 (R).
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Figure A4.7. ‘ H- H COSY (DMSO-dd) experiment for 101 (R).
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Figure A4.9. HMBC (DMSO-ds) experiment fo r  101 (R).
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Figure A4.10. Circular dichroism spectra o f  ligands 100 (S) and 101 (R) (2 x  10'^ M) 
recorded in CH3OH at RT - note that slight discrepancies in intensities can be derived from  
differences in concentrations.
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F igure A 4 . l l .  The overall changes in the (a) UV-visible absorption spectra, (b) Eu‘ ’̂~ 
centredphosphorescence spectra  an d  (c) fluorescence spectra  upon titrating 111 (1 x  10'^ M) 
against Eu(CFsS03)s  ( 0 ^ 5  equiv.) in CH3C N  at RT. Inset: corresponding experim ental 
binding isotherm o f  (a) absorbance at X = 207, 223 and 281 nm, (b) Eu'" phosphorescence  
emission intensity at X =  595, 615 an d  695 nm and (c) fluorescence intensity at 420 nm .
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Figure A4.12. (a) The speciation d istribution diagram  ob ta ined  from  the U V-visible  
absorption titration data  f i t  (upon titra ting ligand  111 against Eu(CF3SO})3 in CH3CN) an d  
(b) the f i t  o f  the experim ental binding isotherm s using  the non-linear regression analysis 
program  SPECFIT.
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Figure A4.13. The overall changes in the fluorescence spectra  upon titra ting  101 (1 x  10'^ 
M) against E u(C F 3803)3 (0 ^ 6  equiv.) in CH3CN a t RT.
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Table A4.1. Crystal data and structure refinement for 108. 

Identification code 108

Empirical fonnula C44 H 42N 10 0 9  Pt

Formula weight 1049.97

Temperature 100(2) K

W avelength 1.54178 A

Crystal system Orthorhombic

Space group P 2 (l)2 (1)2(1)

Unit cell dimensions a =  10.4349(2) A a= 90°.

b =  15.6332(4) A b= 90°.

c = 25.4007(6) A g = 90°

Volume 4143.64(16) A3

Z 4

Density (calculated) 1.683 Mg/m3

Absorption coefficient 6.936 m m 'l

F(OOO) 2104

Crystal size 0.53 X 0.10 X 0.08 miTi3

Theta range for data collection 3.32 to 64.80°.

Index ranges -12<=h<= 11,-17<=k<= 15, -28<=1<=29

Reflections collected 18448

Independent reflections 6462 [R(int) = 0.0364]

Completeness to theta = 64.80° 95.4 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7525 and 0.4374

Refinement method Full-matrix least-squares on F^

Data / restraints / parameters 6 4 6 2 / 0 / 5 9 1

Goodness-of-fit on p2 1.058

Final R indices [I>2sigma(I)] R1 =0.0334, wR2 = 0.0806

R indices (all data) R1 = 0.0353, wR2 = 0.0824

Absolute structure parameter 0.006(8)

Largest diff. peak and hole 1.849 and -0.802 e.A '3
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Table A4.2. Crystal data and structure refinement for 109.

Identification code 109

Empirical formula C44 H 42N I0 0 9  Pt

Formula weight 1049.97

Temperature 100(2)K

Wavelength 1.54178 A

Crystal system Orthorhombic

Space group P 2(l)2(l)2(l)

Unit cell dimensions a = 10.3900(5) A a= 90°.

Volume

b =  15.6690(7) A b=90°. 

c = 25.4718(13) A g = 90°. 

4146.8(3) A3

Z 4

Density (calculated) 1.682 Mg/m^

Absorption coefficient 6.931 mm*'

F(OOO) 2104

Crystal size 0.53 x 0 .1 0 x 0 .0 8  mm3

Theta range for data collection 11.31 to 64.98°.

Index ranges -12<=h<= 12,-17<=k<= 18,-19<=1<=29

Reflections collected 13137

Independent reflections 5991 [R(int) = 0.0340]

Completeness to theta = 64.98° 89.1 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7528 and 0.3254

Refinement method Full-matrix least-squares on F^

Data / restraints / parameters 5991 / 0 /591

Goodness-of-fit on 1.026

Final R indices [I>2sigma(I)] R1 =0.0309, wR2 = 0.0806

R indices (all data) R1 =0.0318, wR2 = 0.0815

Absolute structure parameter 0.018(8)

Largest d iff peak and hole 1.514 a n d -1.085 e.A‘3
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Appendix Four

Table A4.3. Selected bond lengths (A) and angles (°) fo r  108 (S).

B ond lengths (A)/angies (°)

Pt(l)-N(6) 1.962(4)

Pt(l)-N(5) 2.032(5)

Pt(l)-N(7) 2.033(5)

Pt(l)-N(4) 2.047(4)

N(6)*Pt(l)-N(5) 81.49(17)

N(6)-Pt(l)-N(7) 81.60(18)

N(5)-Pt(l)-N(7) 163.06(18)

N(6)-Pt(l)-N(4) 178.03(17)

N(5)-Pt{l)-N(4) 96.98(17)

N(7)-Pt(l)-N(54 99.94(18)

Table A4.4. Hydrogen bonds lengths and angles for ligand 108 (S) (A and °). Symmetry 
transformations used to generate equivalent atoms: “ x-l,y,z.

D-H...A

N(1)-H(1X)...0(200)"

d(D-H)

0.83 2.38

<{DHA)

3.081(6) 142.6

N(3)-H(3X)...0(200)" 0.88 2.18 2.985(7) 151.2
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Appendix Four

Ohrs-CH^OH

T
8

1----------
2 [ppm6 4

Figure A4.19 ,‘H  NMR spectrum (600 MHz, CDjOD-d^) o f  complex 109 (R) after 0 hrs.

6 days -  CHjOH

 /Ij

8 6 2 [ppm4

Figure A4.20. 'H  NMR spectrum (600 MHz, CDjOD-d4) o f  complex 109 (R) after 6 days.

300



Appciulix Four

0 hrs -  CH,OH:CH,CN (50:50)

8 S 2 [ppm4

Figure A4.21. ‘H  NMR spectrum (600 MHz, CD3 OD. CD3 CN (50:50)) o f  complex 109 (R) 
after 0  hrs.

6 days- CH3 0 H:CH3CN (50:50)

V__

jAijdLiLi/Ll. U L _IL -iAj Uj

— I 1-- - - - - - - 1- - - - - - - - 1- - - - - - - - 1- - - - - - - - 1- - - - - - - - r -

5 4
~T '---'---'---'---1---'--

3 2 [ppm

Figure A4.22. 'H  NMR spectrum (600 MHz, CD}OD:CD}CN (50:50)) o f  complex 109 (R) 

after 6 days.
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Appendix Five

Appendix Five

(b)
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E quiv . o f  Eu"' added E quiv . o f  Eu™ added

Figure A5.1. (a) The speciation distribution diagram obtained from  the luminescence 
titration data f i t  (upon titrating ligand 122 against Eu(CF3SOs)} 0.1 M  Tris-HCl (I = O.I M  
NaCl) buffer solution (pH  =  7.45)) and (b) the f i t  o f  the experimental binding isotherms using 
the non-linear regression analysis program SPECFIT.

(a) (b)

Ib .l22 ,
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 Tb.l22
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Figure A5.2. (a) The speciation distribution diagram obtained from  the luminescence 
titration data f i t  (upon titrating ligand 122 against Tb(CFiSOi)} 0.1 M  Tris-HCl (I = 0.1 M  
NaCl) buffer solution (pH  =  7.45)) and (b) the f i t  o f  the experimental binding isotherms using 
the non-linear regression analysis program  SPECFIT.
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(a) (b)
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Figure A5.3. UV-visible absorption spectrum o f the functionalised AuNPs (AuNP-122).
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Lanthanide directed self-assembly synthesis and photophysical evaluation of 
chiral Eu(iii) luminescent “half-helicates”f
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T he reaction betw een the asym m etrical pyridyl ligands 3 {R)  
and 4 (5 )  and E u(iii) in C H ,C N  give rise to  the form ation  
o f  lanthanide lum inescent ‘h a lf-heiicates’ in 1: 3 (L n:ligand) 
sto ich iom etry; the form ation  o f  w hich w as observed by 
m onitor in g  the chan ges in the ground and the excited state  
properties o f  the ligands, and in the tim e-resolved Eu-centred  
and the C PL  em ission .

T he form ation  o f  m etal directed self-assemblies from  structurally  
defined ligands has becom e a m ajo r area o f research within the 
field o f  supram olecu lar and  nano-chem istry.' ’ T he m ajority  o f 
such exam ples has been based on the use o f  cy-metal ions; which, 
due to their various coord ina tion  requirem ents, can give rise 
to  com plex and beautifu l discrete structures.*‘ M any o f such 
systems, can also give rise to  the form ation  o f  larger netw orks 
such as M O F s’ " and  coord ina tion  polymers,’ which can  add 
function  and unique properties to  such architectures. In co n trast 
to  this, the use o f  lan than ide  ions to  direct the synthesis o f  
functional supram olecu lar architectures," o r large netw orks,”  
has been explored to  lesser degree. Recently we have developed 
bo th  trip le stranded  h e l i c a t e s '* a n d  m olecular bundles”  '* by 
using C: sym m etric pyridyl am ides, possessing chiral antennae, 
e.g. 1 and 2. by using lan than ide  directed synthesis (Fig. 1). Using 
X-ray crystal s truc tu re  analysis and a  variety o f  spectroscopic 
techniques, we have determ ined  their structure  in the solid-state 
and  in so lu tion , w here for the latter we show that these (and  related 
self-assembly structu res) are form ed as stable hom o-chiral species, 
that are  form ed with high b inding constan ts.'”^ ' Furtherm ore, 
th rough  m odification o f  the pyridyl ligands, we been able to  access 
contro l over the ligand;m etal (L„ Ln„) stoichiom etry and hence, 
the s truc tu ra l n a tu re  o f  the self-assembly products, which are 
usually also form ed w ith significant in tra-ligand con tribu tions 
from  hydrogen bond ing  and Jt-JC stacking interactions. W ith 
the view o f  fu rth er elucidating  the n a tu re  o f  the self-assembly 
form ation , we decided to investigate the com plex form ation

“School o f  Chemistry. Centre for Synthesis and Chemical Biology, Trinity 
College Dublin, Dublin, 2, Ireland
'"School o f  Chemistry, Joseph Black Building. Univer.sity o f  Glasgow. 
Glasgow. G12 HQQ. U.K. E-mail: gunnlaut(ii)lcd.ie: Fax: 1671 2826:
Tel: +i5.^ I 896 .U59
+ E lectron ic  supp lem en ta ry  in form ation  (E S I) available: C harac te risa tion  
a n d  11 (igurcs. See D O I: 1 0 .1 0 3 9 /c ld ll 1225b

1 as {RM) (S,S)

MeO O cr OMe
2 as (R R) (.Vpi l

Fig. I L igands I a n d  2 previously used in the  fo rm ation  o f  ch ira l 
self-assem blies and  3 an d  4. em ployed in the cu rren t study.

between 3 and 4 and Eu(iii), but these ligands represent “h a lf the 
ligands” employed in the synthesis o f  num erous enantiom erically  
pure d i-m etal triple stranded  helicates, such as those form ed from 
I and  Eu(iii). H erein, we dem onstra te  th a t despite the possibilities 
o f  form ing various stoichiom etries and num erous geom etrical 
isom ers o f  3„ Eu„ and 4„ Eu„, then o u r results strong indicates 
that these are preferably form ed in a  3: 1 sto ichiom etry  (L , Ln,) 
and as single chiral geom etrical isom ers in solution.

T he synthesis o f  the  L rE u , (see E S It)  sto ichiom etry  was first 
undertaken by reacting E u (C F 3 SO ,)j with 3 o r 4 in a  3 :1  ligand 
to  m etal m o lar ra tio  in C H jC N  under m icrowave irrad iation  at 
90 °C  for 10 m in. C om pounds 3 and  4 were originally designed 
and synthesised for use in the  developm ent o f  I'* and o th er 
analogues,'’’'  ̂ and the resulting complexes, 3 , Eu, and  4, Eu,. 
were isolated as off-white solids in good yields o f  72% and 82%, 
respectively, from  the diffusion o f  diethyl e ther into the  reaction 
solutions. H R M S -M A L D I analysis confirm ed the identity  o f  the 
desired com plexes with peaks a t 1133.2395 m /z  for 3vE u, and 
1133.2393 m / z  for 4vE u i, dem onstra ting  the form ation  o f  both 
as overall charge neu tra l species. On both occasions the observed 
iso topic d istribu tion  patte rns m atched that o f  the calculated  one 
(see E S It). T he 'H  N M R  (400 M H z, C D ^C N ) o f  bo th  3 ,E u ,  and 
4 v E u i, were significantly sifted and  broadened in com parison  to 
that seen for 3 and 4; and the changes in the p ro ton  resonances o f 
the two aryl groups were effected in the sam e way as was observed 
for the  form ation o f  the d i-m etalic triple stranded  helicates o f  1.'^ 
T he photophysical properties o f  b o th  com plexes were investigated 
in C H ,C N . H jO  and D 2 O. In H jO , the UV-vis absorp tion  spectra 
o f  bo th  was dom inated  by naphthalene tc-jc* transition  at 281 nm 
and , with a higher pyridyl transition  at 223 nm; and excitation

12056 I Dalton Trans., 2011,40, 12056-12059 This journal is ® The Royal Society of Chemistry 2011
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o f  281 nm  gave rise to  a broad fluorescence w ith A„„ centred at ca. 
450 nm  (see E SIt); w hich w as very m uch reduced in in tensity  in 
com parison  to  the free ligands. M oreover, the m etal centred Eu(iii) 
em ission  w as a lso  clearly observed , w ith strong con trib ution s from  
the (-Do ->  ’ F j;y  = 0 -4 )  A 7 =  1 ,2  and 4, transitions upon excitation  
o f  the antenna, and weaker contributions from  for the A 7 =  0 
and 3 transitions (see E S lt ) . M oreover, the excitation  spectra o f  
both com plexes (using =  615 nm , A 7 =  2) w as structurally  
sim ilar to  that observed  in the absorption  spectra, confirm ing  
the sensitisation  o f  E u(iii) em ission  by the antennae for both
3, Eui and 4vEu, (see E S It). T he E u(iii) excited  stated lifetim es 
were recorded in both H 2 O and D ,0 ,  and w ere best fitted to  b i
exponentia l decay, giv ing t ,  = 1.70 m s (m ajor) and Xi =  0.3 ms 
(m inor) when recorded in H jO  and to  a m on o-exp on en tia l decay  
in D jO  with t ,  =  3.91 m s for in 3vEu,. From  these, the hydration  
state q,  w as determ ined  as ~0; w hich confirm s that the E u(iii) is 
coord inative saturated. For 4, Eu, sim ilar results were observed , 
with i q - Q  (see ESI Table I t ) .  T his suggests that the E u (iii) ion  
w ould  be coord inated  to  the three pyridyl nitrogens, and the three 
am ides and carboxy lates, g iv ing an overall coord ination  num ber o f  
9. W hen the E u(iii) em ission  w as recorded in C H jC N , the relative 
in tensities were larger to  that in H jO , but the spectral structure 
rem ained the sam e (see E S It). We a lso  recorded the C D -spectra  o f  
3 and 4 as well as the correspond ing  E u(iii) com p lexes 3j Eui and
4 , Eui in C H jC N  (see E S It) , which dem onstrated  that both the 
ligands and the com plexes were form ed as pairs o f  enantiom ers, 
and that significant d ifferences were observed betw een the ligands 
and the com plexes, particularly at lon g  w avelengths (see later).

H aving form ed both 3.vEu, and 4, Eu, above, w e next em barked  
on studying their self-assem bly form ation in situ  using m any  
o f  the sam e spectroscopic techn iques d iscussed  above. We first 
attem pted to  form  both by stirring 3 and 4(1 x  I0“- M ) w ith 0.33  
equivalents o f  E u (C F ,S 0 3 ) 3  for 5 m in at room  tem perature, after  
which the U V -vis absorption  and fluorescence em ission  spectra  
were recorded in C H ,C N . T he results are show n in F ig. 2 for 3 
and Sj Eu, (see E S It for 4 and 4, Eu,), and dem onstrates that 
in the presence o f  E u(iii) the absorption  band centred at =  
224 nm  and 210 nm  experienced  ca. 22%, hypochrom ic effect 
upon form ation o f  3.,Eui. T he excitation  o f  the naphthyl antenna  
in 3 gave rise to  a broad fluorescence em ission,]: however, upon  
binding to E u(m ) this em ission  band w as sign ificantly quenched. 
M oreover, the con com itan t appearance o f  the E u(iii) em ission  
w as a lso  clear in the fluorescence em ission  spectra, confirm ing  
the successfu l p opu lation  o f  the E u(iii) 'Do excited  state, which is 
thought to  occur \'ia the T, o f  the antenna after the p opu lation  o f  
S,. M oreover, the excitation  spectrum  o f  the lanthanide centred  
em ission , m atched the transitions observed in the absorption

180
160
140 _—  i.Cu,

0.4
8

•e
S

100

300200 400 500 600 700

spectrum  as before. T he excited  state lifetim es o f  the -Do excited  
state were a lso  recorded in H 2 O and D 2 O, and m atched  well 
w ith those  recorded above (See Table I E S It). A s before, when  
recorded in C H ,C N  and D jO , these were fitted best to  a m o n o 
exp on en tia l decay, su ggesting the presence o f  a single lum inescent 
species in so lu tion . A s d iscussed  above, then sign ificant changes  
were observed in the C D  spectra 3 and 4  upon form ation  o f 3 j  Eu, 
and 4vE u ,; again, the in situ  se lf-assem bly form ation  m atched  that 
seen above (see E S It) w ith tw o excitons o f  equal in tensity  but w ith  
o p p osite  signs, being negative and positive for 3 and 4, respectively  
(see E S It). H owever, the self-assem bly o f  the three ligands around  
the lanthanide ion resulted in significant ch an ges in the optical 
activity o f  the resulting com plexes, being m ost notab le for the long  
w avelength absorption , which ‘sw itched’ signs as show n in F ig. 
3 as an inset. T he circular p o larised  lum inescence (C PL ) o f  both  
3 , Eu, and 4 , Eu, were a lso  recorded and are a lso  show n in F ig. 3, 
where 3,vEui d isplayed a negative band for the^Do->-’F | transition  
and a positive band at 617 nm  for the - D o ^ ’Fj transition  w ith a 
weak negative shoulder at 620 nm . T he em ission  band at 693 nm  
(-Do-^^’ Fj transitions) show ed a positive contribution  at 692 nm  
follow ed by a negative on e at 702 nm . Conversely, 4 , Eu, exhib ited  
the sam e bands with sim ilar in tensities but op p o site  sign indicating  
that the lum inescence em ission  w as chiral for both  com plexes. T he  
dissym m etry factor g  {g = 2 A 1 / 1 )  was determ ined  for both  from  
the C PL  lum inescent spectra and  were found to  be high , which  
in the case o f  3 , Eui gave g,„ =  - 0 .1 5  and 0 .06  for the 600 nm  
and the 619 nm em ission , respectively; while being =  0 .13  and  
-0 .0 5  fo r 4 , Eu,. R eported g  values tend to  be weak when the C PL  
properties result predom inantly  from  the ch irality  o f  the ligand. 
H owever, the relatively high values obtained  here suggested  that 
each helical isom er L , Eu, w as form ed as en antiom erically  pure 
and m ost likely rem ain h om ochira l in so lu tio n .§ M oreover, the 
C PL  spectra in Fig. 3, were structurally sim ilar to  that observed for  
the d i-E u(iii) triple-stranded helicates o f  1 (see E S It) , indicating  
that the sym m etry o f  the “h alf-h elicates” 3vE u , and 4 , Eu, were 
closely  related to  these, being either being C, ,  or  D j "  To shed  
som e light on  their geom etry, we carried out M M 2  ca lcu lation s  
on 3 , Eui and 4 , Eui using d ifferent geom etries around the E u(iii) 
ion . O f these, the m ost stable structures were determ ined  to  have 
the three antennae on  the sam e side, directed tow ards the inside  
o f  a “h alf-helicate” (see E S It and Schem e 1), and as such placing  
the m ethyl groups ou tsid e the coord in ation  sphere o f  the  io n . T h is  
geom etry a lso  allow ed for 7t-7c in teraction  betw een the antenna

290 300 320 340

Wa w la n gtfi (nm)

Wavelength (run)

Fig. 2 The UV-vis absorption and fluorescence emission spectra (A„ 
281 nm) o f 3 (blue) and 3,,) Eui (red) in C H ,C N  C l = 1 x 10 'M .

660

Wavelength (nm)

Fig. 3 The Eu(iii) circular polarised emission spectra arising from 
3, Eui{red) and 4, Eu, (blue) in C H ,O H  = 281 nm. hiset: The CD 
spectra o f  both complexes in C H ,CN .
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Fig. 4 The changes in the UV-visible absorption (A. and expanded as an inset) and the delayed Eu(iii) emission (B) upon titrating 3 with E u(C F,SO ,), 
in CHjCN.

Eu(lll)

Scheme I Eu(ili) and chiral pyridyl assymetricai carhoxylate ligands 
3, EU| and 4,-Eu, interact to form half-helicates.

and the pyridyl moieties to take place; similar to that seen in the X- 
ray crystal structures o f  the related molecular bundles previously 
developed by us.”

Having established that the Eu(iii) directed self-assembly o f  3 
and 4 led to the formation o f  complexes in 3 : I stoichiometry, we 
carried out spectroscopic titrations on these ligands (1 x  10'- M) 
using E u(C F 3SO,)j in CH ,CN. The changes obtained in the UV- 
vis absorption spectrum are shown in Fig. 4A. and demonstrated 
that a hyjjerchromic effect occurred within the addition o f  0.33 
equivalents o f  Eu(iii); indicative o f  the formation o f  the desired 
1 :3 stoichiom etric species. Upon further additions, no major 
changes occurred, except between 0.5-1 equivalents o f  Eu(iii), 
where the above changes were partially reversed; suggesting that 
the equilibrium was shifted towards other stoichiometries as we 
had seen previously for 1 ”  and 2. '* The changes in the fluorescence 
and the Eu(iii) emission were also concom itantly monitored  
and the changes in the Eu(iii) emission are shown in Fig. 4B, 
These show the appearance o f  all the 'Do ->■ ''Fj transitions 
{J = 0 -4 ), mirroring that seen above, with intense contributions 
from the AJ  = 1 and 2 transitions upon addition o f  Eu(iii). Again, 
these results suggested the stable formation o f  the LvEu, self- 
assemblies in solution. Furthermore, as had been seen for the 
ground state, the Eu(iii) emission was also effected above 0.33 
equivalents; significant o f  the aforementioned displacement o f  the 
com plexation equilibrium. To determine these and binding affinity 
o f  3 and 4, the changes observed in the above UV-vis titrations 
were fitted by using non-linear regression analysis. These showed 
that both 3 , Eu, and 4 , Eu,, were formed in high yields o f  87% 
and 91% (see ESIt for the speciation distribution diagrams) at 
0.33 equivalents o f  Eu(iii), and with high binding constant o f  log 

I = 19.8 and 19.7, for 3, Eu, and 4, Eu,, respectively. These 
analysis also confirmed that at higher Eu(iii) concentrations the

formation o f  the 1: 1 species (3, Eu, and 4, Eu,) com e dominant 
with a log y3, I = 6 .5 -7 . However, the I : 2 stoichiom etries (3j Eu, 
and 4 ;E u i) could not be accounted for in the fitting o f  the titration 
data.

In summary, we have developed ligands 3 and 4 and studied the 
self-assembly formation between these ligands and Eu(iii) using 
various spectroscopic techniques. We have shown that this gives, 
rise to the formation o f  3 , Eui and 4, Eu, in high yields, structures 
which are best described as adopting “half-helicate” geometry.
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Circularly Polarized Lanthanide Luminescence from Langmuir- 
Blodgett Films Formed from Optically Active and Amphiphilic Eu*”- 
Based Self-Assembly Complexes**
Jonathan A. Kitchen,* Dawn E. Barry, Laszlo Mercs, Martin Albrecht, Robert D. Peacock, and 
Thorfinnur Gunnlaugsson*

The developm ent of functional nanom aterials and supra- 
molecular systems is an active area of research, particularly 
for molecular recognition/sensing, catalysis, optical devices, 
and magnetically active compounds for switching and data 
storageJ‘”’' While much attention has been focused on 
transition-m etal-based supram olecular systems.^'” " ' there 
has been a recent insurgence of lanthanide-based sys- 
tem sJ‘““‘ '̂ These ions possess rich coordination environments 
and unique physical properties, such as long-lived and long- 
wavelength emission in the visible or the N IR  regions, as well 
as magnetic properties, which have been exploited for use in 
the developm ents of M Rl contrast agents. Hence, these 
properties make them  ideal and highly desirable candidates 
for the formation of functional supram olecular systems.'’  ̂'*'! 
The developm ent of supram olecular assemblies that can be 
further organized into functional devices is also of great 
current interest. These assemblies can be achieved by 
covalently attaching appropriate ligands and complexes to 
nanoparticles or flat surfaces, through the formation of 
polymers, or by forming thin films using Langm uir-B lodgett 
(LB) techniques.'’’!

Herein we describe our efforts in bridging these two areas 
of research by employing lanthanide-directed synthesis (using 
ligands 1 and 2) in the formation of chiral luminescent 
lanthanide amphiphilic complexes, and their use in the 
formation of LB films, the properties of which can be 
probed by using circularly polarized luminescence (CPL). 
The ligands were designed to include a terdentate coordina-
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tion pocket with a closely associated sensitizing antenna (i.e. 
the R- or 5-naphthylam ine moieties) for the lanthanide ions 
such as E u"’ and T b"‘—an approach that has been extremely 
successful for the developm ent of luminescent supram olec
ular self-assembly structures, such as chiral “bundles"''®' and 
dilanthanide triple-stranded helicates.''’”̂ '' Additionally, a 
long hydrophobic hexadecyl chain was included to allow the 
formation of Langm uir-B lodgett films. Ligands 1 and 2 were 
prepared in yields of 74% and 82% , respectively, by employ
ing EDCl-HCl peptide coupling reactions (ED CI HCI =  l-(3- 
dim ethylaminopropyl)-3-ethylearbodiim ide hydrochloride) 
between the R  and the S  isomers of precursors 3 and 4. 
respectively,''**"™' and /V-hexadecylamine (Figure 1).

C16H33
OH H2N

CigHja

1 W
2{S)

EuCCFjSOab 
MgQH ^

2 ,E u

F igure 1. S y n th es is  o f  1 (R), 2 (S), a n d  th e ir  c o r re s p o n d in g  Eu'" 
co m p lex es  I jE u  a n d  2 jE u . a) EDCI HCI, 1 -h y d roxybenzo triazo le , TH F, 
tr ie th y lam in e , ro o m  te m p e ra tu re . P e rsp ec tiv e  v iew  o f  th e  cry sta l 
s tru c tu re  o f  1. D a sh e d  lin es  in d ic a te  in te rm o le c u la r  in te ra c t io n s  (N “  
H - -O  h y d ro g en  b o n d in g , a n d  ■:it s ta c k in g ) . H y d ro g en  a to m s  a re  
o m itte d  for clarity.

The ligands were characterized using conventional m eth
ods (see the Supporting Inform ation), as well as by using 
circular dichroism (CD) spectroscopy, which confirmed that 
the compounds were isolated as a pair of enantiom ers (see 
Figure SI in the Supporting Information). M oreover, rod
shaped single crystals were obtained by the slow evaporation 
of a solution of the two ligands in CHjCli/CHiCN, allowing 
solid-state crystal structure analysis of both. The resulting X- 
ray structure of 1 was determ ined at 108 K and is shown in 
Figure 1 (see also the Supporting Information). The ligand 
crystallized in the chiral monoclinic space group P2, and 
contained two crystallographically independent molecules in 
the asymmetric unit. O ne molecule has a relatively trans

A n g ew . C h e m . In t. Ed. 2 o n ,  5 0 ,  1 - 6 ® w il ey I%
ONLINE LIBRARY

I 2011 W iley-V C H  V e rlag  G m b H  &  C o . K C aA , W e in h e im

These are not the final page numbers!

1



Communications

2

coplanar chain configuration (straight chain), while the other 
forms somewhat o f a square through “ kinks”  in the chain. The 
two independent molecules pack in to dimers through classical 
N H  - O hydrogen bonding and offset face to face jt- j i  
stacking (Figure 1), whereby the pyridyl group o f the straight 
chain compound sits inside the square adopted by the bent 
chain compound. Complexes o f 1 and 2 w ith Nd*", Sm'” , Eu"', 
T ^ iii Y b " ', and L u " ' were formed and studied.
However, this Communication focuses only on the Eu” ‘ 
complexes l,E u  and 2jEu ([E u (L ),](C F 3SO i)3 ), prepared 
from 1 and 2, respectively, by reaction w ith Eu(CF,S 0 3 ) 3  in 
3:1 stoichiometry in methanol for lO m in  under microwave 
irradiation. The pale yellow solutions were then subjected to 
vapor diffusion o f diethyl ether to yield white solids, which 
under a U V  lamp gave rise to typical red emission from  the 
Eu‘" center. Elemental analysis confirmed the form ation o f 
the desired products I jE u  and 2jEu, whereas electrospray 
ionization mass spectrometry gave dom inantly the m /z  peaks 
for the form ation o f I 2 EU and 2 2 EU.

The photophysical properties o f I 3 EU and 2 3 EU were 
evaluated in CH,CN, M eO H , H iO , and D iO  solutions (see 
the Supporting Inform ation). The U V /V is  absorption spectra 
o f these complexes were dominated by an absorption assigned 
to the naphthalene n —♦it* antenna w ith =  281 nm, and by 
the n —*jt* transition o f the central pyridyl unit. Excitation o f 
the naphthalene antennae at 281 nm gave rise on both 
occasions to Eu‘"-centered luminescence, indicating effective 
sensitization o f the 'Dq excited state and subsequent deacti
vation to the ’ Fj states w ith linelike emission bands observed 
at 580 nm ('D q ^ 'F o ), 595 nm f  D o-^’F,), 615 nm ('^Do^''F 2 ), 
650 nm (‘’Dq—»’ F,), and 695 nm (‘’Dg—t’ Fj). The coordination 
numbers o f I jE u  and 2jEu were evaluated by determ ination 
of the number o f water molecules bound to the E u '" center, 
the hydration state ( q ) ,  by m onitoring the ir excited-state 
decay in H^O and D jO , respectively, in which these complexes 
were only sparingly soluble. From these measurements, a 
(/ value of around 0  was determined fo r these complexes (see 
the Supporting Inform ation), indicating that they were 
coordinatively saturated in aqueous solutions.

The form ation o f l,E u  and 2 3 EU was next observed in 
solution by m onitoring the changes in the absorption spectra 
o f 1 and 2 and in the evolution of the Eu'"-centered 
luminescence upon titra tion  w ith Eu(CF,S 0 3 ) 3  in CH 3CN at 
room temperature. The latter method is an ideal way o f 
observing the form ation o f these desired self-assemblies, as 
the population o f the E u "‘ 'Dq excited state would only be 
observed upon sensitization from  the ligands, that is, through 
the antenna effect. The overall changes observed in the Eu'”  
emission fo r 2 are shown in Figure 2 A , where all o f the 
characteristic ’’Dq—»’F, 4 E u '" emission bands are observed 
upon form ation o f the self-assembly complex in solution. 
Analyzing the emission intensities o f *D o ^ ’F , _ 4  as a function 
o f added E u‘"  equivalents reveals that the emission rapidly 
increases to a maximum at approximately 0.35 equivalents, 
after which it  decreases and begins to plateau after the 
addition o f 1 equivalent o f E u '" (see the Supporting In fo r
mation). To gain a better understanding o f the form ation o f 
these species in solution, these changes were further analyzed 
by fitting  the global luminescence changes using nonlinear
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Figure 2 . A) The overall changes in the Eu'" phosphorescence spectra 
upon titra tin g  2 w ith  Eu(CF5S0 3 ) j  (0 to  10 equivalents) in  MeCN at 
room  tem perature. B) Experimental b ind ing  isotherm s fo r the  changes 
in the Eu'" lum inescence spectra upon titra tin g  2 w ith  E u(C F jS O j)j in 
MeCN at room  tem perature, and the ir corresponding  f it  by SPECFIT 
(-------). C) S pecia tion-d is tribu tion  d iagram  obta ined  from  the  fit.

regression analysis (using the software SPECFIT) to various 
L :E u stoichiometries. The fitting  o f the changes observed in 
Figure 2 A  is shown in Figure 2 B (see the Supporting 
Inform ation for the fittin g  and the binding constants obtained 
fo r the analysis o f 1). On both occasions good fits were 
observed as demonstrated fo r the analysis o f 2 in  Figure 2B, 
fo r the changes in AV =  1, 2, and 4, from  which the form ation 
o f 2 3 EU in 80% yield was confirmed after addition o f
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0.3 equivalents E u "’, w ith binding constants o f log/3 =  19.9- 
(±0.2). Concurrently, the analysis for 1 showed sim ilar 
luminescent behavior, and the self-assembly I jE u  was 
formed w ith  a comparable binding constant log/3 o f 20.4- 
(±0.2). On further addition o f E u"', the equilibrium  fo r both 
systems was displaced towards that o f a species w ith the 
stoichiometry [E u (L )2], which, after the addition o f around 
0.5 equivalents o f E u '", were formed in 35 and 45 % yields, 
respectively, and w ith binding constants o f log/? =  13.3 (±  0.2) 
and 14.1 (±0 .2 ). On yet further addition o f E u '", these 
equilibrium s were displaced towards a new species, [E u (L )], 
which became the predominant species after the addition of 
1.5 equivalents o f Eu"'.

The solution form ation o f l,E u  and 2,Eu was also 
observed by m onitoring the changes in the absorption spectra, 
and by fittin g  the resulting global changes using nonlinear 
regression analysis. In particular, the changes in the absorb
ance bands at 207, 223, and 281 nm were analyzed (see the 
Supporting Inform ation). These changes gave rise to sim ilar 
results as those obtained from the analysis o f the changes in 
the Eu"' emission: the form ation o f the [E u (L ) 3] was 
confirmed after addition o f 0.3 equivalents o f E u"' in 
around 85%  yield w ith a binding constant o f log/J =  20.9- 2
(±0.3). Similarly, analysis o f the changes observed fo r 1 gave a “
log/S value o f 20.5(±0.3). Moreover, the form ation o f the 5

[E u (L ) 2] species at around 0.5 equivalents o f E u '" was also £
confirmed in 45 and 35 % yields for 1 and 2, respectively, w ith g
lo g ^  value o f 13.8, while upon further addition o f Eu '" .g
resulted in the form ation o f the 1:1 slo ichiom ctry [E u (L )]. w

CD and CPL analysis o f l,E u  and 2,Eu in CH iCN 
confirmed the enantiomeric nature o f these complexes (see 
the Supporting Inform ation). The CD spectra o f l,E u  and 
2,Eu were significantly different to those of 1 and 2, 
respectively, particularly for the naphthalene transitions. 
Im portantly, both systems gave rise to Eu'"-centered CPL 
spectra upon excitation of the naphthalene antennae; all 
^D „—*^F, 4 transitions were observed, clearly demonstrating 
that the E u '" ion was sitting w ith in  a chiral environment, 
where the handedness o f the ligand dictated the handedness 
o f the chiral emission (CPL) from the metal ion. This is 
evident from  Figure S15 (Supporting Inform ation), which 
shows a negative band fo r the A7 =  1 transition and a positive 
band for A7 =  2n m  for I 3 EU; however, these bands were 
found to be o f opposite signs fo r 2jEu, confirm ing their 
form ation as an enantiomeric pair. Comparison o f these CPL 
spectra w ith those obtained previously in our laboratory using 
the symmetrical and chiral dinaphthalene amide analogue of 
3 and 4, for which the crystal structures o f the 3:1 complexes 
are known,''*! allowed us to assign the absolute stereochem
istry o f these self-assemblies as /d and A  using 1 and 2, 
respectively. Moreover, from these spectra, the luminescence 
dissymmetric factor g,„„, was determined,*^““l which fo r l,E u  
gave g|„m =  -0.177 and 0.106 fo r the A7 =  1 and 2 transitions, 
respectively (being gium =  0176 and -0.102 fo r 2,Eu). The 
form er transition is close to that determined for the E u '" 
complex o f the aforementioned symmetric analogue o f 3 
(giun, =  0.28),l'’*l while, fo r the AJ =  2 transition, g|„n, was almost 
five times smaller (g|„^ =  0.50).''*' This result m ight reflect the 
unsymmetical nature o f I 3EU, as the AJ =  2 transition is highly

sensitive to the change in the local coordination environment 
o f E u "' ion.'“ '

Having formed l,E u  and 2jEu and analyzed their 
luminescent properties in solution, we investigated the self
assembling properties o f l,E u  and 2,Eu at the air-water 
interface by form ing Langm uir films. O nly a small number o f 
examples o f Langm uir-B lodgett film s made from kinetically 
and thermodynamically stable lanthanide complexes have 
been re p o r te d .F u r th e rm o re ,  only a few examples o f CPL 
Langm uir-B lodgett films have been made,'^®' and, to the best 
o f our knowledge, no examples o f CPL lanthanide em itting 
Langm uir-B lodgett films have been reported. The Langmuir 
films o f I jE u  and 2jEu were identified by m onitoring the 
pressure-area isotherms, where the exponential increase in 
surface pressure indicated transition from liquid-expanded 
phases to liquid-condensed and solid phases (Figure 3).'^^'
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Figure3. Pressure-area isotherms; inset shows pressure-time profiles 
for Langmuir films o f I jE u  (------ ) and 2jEu (— —).

These films were seen to collapse at 34m N m  ' for I jE u  
and at 29m N m  ' fo r 2 3 EU, corresponding to areas o f 75 ±  
5 A^. These areas are approximately those expected for three 
alkyl chains (ca. 6 6  per molecule),''*” '^'' and are in agree
ment w ith the complexes remaining intact at the air-water 
interface w ith supramolecular organization o f l,E u  and 2jEu 
as monolayers. Excellent stability properties were exhibited 
by film s of both complexes w ith no pressure decrease 
observed on keeping the films at the liquid-condensed 
phase for an extended period o f time (>  1 hour; Figure 3 
inset). The I jE u  and 2jEu film s were transferred onto quartz 
slides, and the form ation o f Langm uir-B lodgett monolayers 
was confirmed. The monolayers were transferred w ith high 
transfer ratios (T R « 1 )  on the emersion o f the quartz 
support. The exact structural nature of these films is currently 
under investigation; however, we can assume that the polar 
E u '" coordination sphere is orientated towards the water 
phase and the hexadecyl chains po in ting out, as attempts to 
transfer these film s by immersion was unsuccessful.
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Quartz substrate
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Europium union: The developm ent o f 
chiral am phiph ilic  self-assembled com 
plexes by europ ium (lll)-d irected  synthe
sis is described. These systems form 
stable Langm uir-B lodgett (LB) film s on 
quartz slides to  give stable monolayers 
that exhibit the first example o f  time- 
delayed Eu"'-centered em ission and cir
cularly polarized luminescence (CPL) 
from  an LB film .
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ABSTRACT: The incorporation of chiral amphiphilic lanthanide-directed self-assembled N d(l]l) complexes (N d .lj and Nd.2j) 
into stable Langmuir monolayers, and the subsequent Langmuir-Blodgett film formation of these, is described. The 
photophysical properties of the enantiomeric pair of ligands 1  and 2  in the presence of Nd(CFjS 0 3 ) 3  were also investigated in 
CHjCN solutions using UV—vis, fluorescence, and lanthanide luminescence spectroscopies. Analysis of the resulting self- 
assembly processes revealed that two main species were formed in solution,!:! and !:3 Nd:L self-assembly complexes, v«th the 
latter being the dominant spedes upon the addition of 0.33 equivalents of Nd(Ill). Excited state lifetime measurements of N d .lj 
and Nd.2j in CH 3 OH and CD 3 OD and CH 3 CN were also evaluated. The formation of the self-assembly in solution was also 
monitored by observing the changes in the circular dichroism (CD) spectra; and large differences were observed between the 1:3 
and other stoichiometries in the spectra, allowing for correlation to be made vrith that seen in the emission studies of these 
systems. Surface pressure—area and surface pressure—time isotherms evidenced the formation of stable Langmuir monolayers of 
N d . 1 3  and Nd . 2 3  at an air—water interface, and the deposition of these monolayers onto a quartz solid substrate (langm uir— 
Blodgett films) gave rise to immobilized chiral monomolecular films which exhibited Nd(III) NIR luminescence upon excitation 
of the ligand chromophore, demonstrating efficient energy transfer to the N d(lll) excided state (sensitized) with concomitant 
emission centered at 800 and !334 nm.

■  INTRODUCTION

The development of fijnctional nanostructures using lantha
nide-directed self-assembly has been a growing area of interest 
in recent times, as such systems have potential applications in 
molecular recognition/sensing and imaging and for use in 
optical devices.'”* The lanthanides, both visibly emitting (e.g., 
Eu(lll), Tb(IIl) and Sm(IIl)) and NIR emitting (e.g., N d(lll) 
and Yb(lll)), are ideal candidates for such applications, as they 
possess long-lived excited states and well-defined narrow-line
like emission bands.^'^”* However, the transitions are spin 
forbidden and generation of the excited states is best achieved 
through the use of a sensitizing chromophore (the antenna 
effect).’  The NIR emitting lanthanides, such as Pr(lll) Yb(IIl),

■TOT ACS Publications ® 2013  American Chem ical Society

Er(III), and Nd(IIl), offer major advantages over other visibly 
emitting lanthanides for applications in biology,'” such as in the 
development of luminescent imaging agents and bioprobes, as 
the NIR emission (800—1000 nm) is transparent to biological 
tissue, therefore allowing imaging through relatively thick tissue 
samples. Moreover, from an optical devices point of view, the 
NIR emissive lanthanides can be employed in telecommunica
tions optical networks, again owing to their emission in the 
transparent virindow of silica fibers (1000-1600 nm )." Of the
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NIR  emitting lanthanides, N d ( ll l )  and E r (lll)  are particularly 
interesting as the lum inescent behavior is highly sensitive to the 
external environm ent.’ ”̂ '  ̂ In particular, the high density o f  
states in the excited state manifolds o f  N d ( ll l )  and E r(lll)  
ensures that nonradiative quenching o f  the lanthanide emissive 
state by associated C —H  and O —H  oscillators is more 
important in com plexes viith these ions than any other 
lanthanides, as they are quenched to a greater extent through 
closely associated C —H oscillators (in  addition to N —H  and 
O —H o sc illa tors)/’' ’̂'^” '^ As well as introducing a strong 
dependence o f  lum inescence quantum yield and lifetime upon  
structure, this phenom enon also m eans that ternary assemblies, 
involving guests such as biom olecules and com plexes, will 
change the lum inescence quantum yields o f  such species.
Such assemblies have already been vvfidely exploited in systems 
where inner sphere solvation is changed w hen the assembly is 
f o r m e d , h o w e v e r ,  there is also clear potential to exploit the 
more subtle effects inherent to the presence o f  local oscillators 
in lifetime resolved imaging. For practical application, N d ( ll l)  
com plexes are ideal as lum inescence quantum yields from  
E r(lll)  complexes in aqueous media tend to be very low  indeed  
as a consequence o f  the small energy gap betw een the emissive 
state and ground state.

Often practical applications for lum inescent lanthanide 
com plexes/self-assem blies require their immobilization onto  
solid supports. H owever, not only m ust the L n (lll)  be 
incorporated in to /o n to  the solid support, but the desirable 
features o f  the L n ( lll)  system must be retained, i.e. surface 
attachm ent should  n ot significantly alter the attractive 
luminescent properties observed in the bulk solid or in 
solution. T o  this end, significant research has been ongoing  
to incorporate lum inescent com plexes into solid supports. Our 
own efforts have resulted in the d evel(^m ent o f  lum inescent 
lanthanide systems within hydrogels ' ’ or conjugated to the 
surface o f  gold nanoparticles,^^~ where in all cases there is 
retention o f L n (lll)  lum inescent characteristics on  transfer 
from solution to solid.^* Recently w e have also shown that 
chiral E u (lll)  based com plexes can be transferred to the surface 
o f quartz solid substrates by utilizing the Langmuir—Blodgett 
technique, and the retention o f  photophysical properties is 
again observed, including retention o f  circularly polarized  
luminescence (CPL).^® W ith the view o f  extending our interest 
in the developm ent o f  functional lanthanide luminescent 
structures, w e set out to form highly organized Langmuir 
monolayers formed by using lanthanide directed self-assembly 
from N IR  emitting lanthanides. T he Ugands em ployed herein 
possess pyridnium dicarboxylic amide m oieties, which w e have 
em ployed in m any o f  our self-assembly structures, as the 
formation o f  3:1 o f  these vrith lanthanide ions gives rise to 
highly stable and robust supramolecular structures.*' Our main 
objective was to then transfer these monolayers onto  sohd  
supports, giving rise to new  surface bound materials with  
additional advantages over other solid matrix immobilization 
techniques currently being em ployed  such as deposition  
precision, order, and control. H erein w e detail the results 
firom this study, carried out using the chiral ligands 1 and 2  
(Schem e l )  and N d ( ll l ) .  Investigation into the ability o f  these 
com plexes to form luminescent self-assemblies as well as their 
ability to give stable Langmuir monolayers at an air—water 
interface was undertaken. Following deposition and subsequent 
Langmuir—Blodgett film formation, the photophysical proper
ties o f  the im mobilized monolayers o f  N d .1 3  and N d .2 j were 
also investigated in detail, and to the best o f  our knowledge.

th e se  a re  th e  first ex am p les  o f  su ch  la n th a n id e  N IR  e m itt in g  
s e lf-a ssem b led  m o n o la y e rs  to  b e  d e v e lo p ed  to  d a te .

■  EX PERIM EN TA L SEC TIO N

G eneral, All starting materials were purchased from com m ercial 
sources and used as received. Solvents were o f  H PL C  grade and used 
w ithout purification. Electromass spectra were acquired using a M ass 
Lynx N T  V 3.4 instrum ent on a W aters 600 controller connected to  a 
996 pho todiode array detector with HPLC-grade C H jC N , C H 2 CI2, or 
C H 3O H  as carrier solvent. A peak-m atching m ethod was used to 
determ ine accurate molecular weights using leucine enkephaline (H - 
T yr-G ly-G ly-P he-L eu-O H ) as the  stan d ard  reference ( m / z  = 
5S6.2771); all accurate masses were reported within + 5  ppm  o f the 
expected mass. Elem ental analyses were carried out at the M icro- 
analytical Laboratory, School o f Chem istry and Chemical Biology, 
University College Dublin, Infrared spectra were recorded on a Perkin- 
Elm er Spectrum  O ne FT-IR  spectrom eter equipped with a Universal 
A TR  sampling accessory. Solid samples were recorded directly as neat 
samples in cm “ '. Com plexation reactions were carried out in 2—5 m L 
Biotage microwave vials in a Biotage Initiator Eight EXP microwave 
reactor. Reactions were perform ed at 70 °C  for 10 min in H PL C  grade 
m ethanol. Single crystal X-ray diffraction data for 1 were collected 
using graphite m onochrom ated C u K a  radiation (A = 1.S4184 A) on 
an Oxford Diffraction SuperNova diffractometer. T he  diffractom eter 
was equipped with a C ryostream  N 2 open-flow cooling device,^’  and 
the data were collected at 150(2) K. Series o f  w-scans were perform ed 
in such a way as to collect all unique reflections to  a maximum o f 0.80 
A.  Cell param eters and intensity data (including interframe scaling) 
were processed using CrysAlis Pro.’” T he structure was solved by 
d irect m ethods (SHELX S-97) and refined against all data 
(SHELXL-97).'”  N on-hydrogen atom s were refined vidth anisotropic 
displacem ent param eters. H ydrogen atoms, except for N —H  protons, 
were positioned geometrically and refined using a riding m odel with 
d (C H „„) = 0.95 A, Uiso =L 2U eq  (C ) for aromatic, d (C H ) =1.0 A, 
Uiso =1.2L/eq (C ) for CH, 0.99 A, Uiso =1.2Ueq (C ) for C H j and 
0.98 A, C/iso =1.2L/eq (C ) for C H 3 . Amide N —H  protons were found 
from the difference m ap and fixed to  the attached atoms.

Synthesis. Complexes N d .l j  and N d .2 j were prepared by the 
reaction o f 1 or 2 (30 mg, 0.06 m m ol) in 5 m L o f C H jO H  which had 
solid N d (C F 3 S0 3 ) j  (18 mg, 0.03 m m ol) added and was heated at 70 
°C  under microwave irradiation for 10 min. T h e  resulting clear yellow 
solutions were subjected to vapor diffiision o f diethyl ether, resulting in 
the form ation o f  solids.

[Nd(1)3)(CF3S03)3 (N d .lj). Form ed as w hite solid, 22 m g (S0%). 
Elem ental analysis for Cn,j(Hi4 7N 9 0 ,sF9 S3N d.3 H 2 0  calcd: C  56.97, H  
6.77, N  5.54; found C 56.57, H  6.25, N  5.66%. IR (neat): 3290, 2920, 
2853, 1631 ( C = 0 ) ,  1594, 1560, 1458, 1238, 1164, 1030, 800, 779, 
7 5 3  c m " '.  H R -M A L D I-M S : 1 5 2 6 .5 8 2 4  ( [ M - L - C F ,S 0 3 ]% 
C^iH^gNfiOioFftS^Nd^; calcd, 1526.5767).

[N d(2 )3 ](CF3 S0 3 ) 3  (N d .2 3 ). Form ed as white solid, 26 mg (5996). 
Elem ental analysis for Cio8 H ,4 7N gO i5F9 S;iNd (2218.91 g mol"*) calc: 
C  58.41, H  6 .6 8 , N  5.68; found C  58.94, H  6.67, N  5.74%. IR (neat): 
3292, 2925, 2854, 1633 ( C = 0 ) ,  1594, 1559, 1457, 1237, 1165, 1030, 
800, 778, 752 cm ” ^ HR-M ALDI-M S: 1526.5822 ([M -L -C F JS 03]^  
CvjH^^NgOioF^S^Nd^; calcd, 1526.5767).

P hotophystca l S tud ies. T h e  UV—visible absorption spectra were 
recorded at R T using a Varian Cary 50-spectrophotom eter. T he 
solvent em ployed was o f H PL C  grade. T he wavelength range was set 
from 450 to 200 nm  with a scan rate o f 600 nm  m in” ^ Circular 
dichroism  (C D ) spectra were recorded on a Jasco J-810-150S 
spectropolarim eter. Lum inescence spectra in the near-IR  region was 
recorded on a Fluorolog FL 3-22 spectrophotom eter from  Horiba- 
Jobin-Yvon with double grating emission and excitation m onochro
mators, and a R5509-73 photom ultiplier. Light intensity was measured 
by using a C9940-22 detector from  H am am atsu (range 800—1700 
nm ) cooled to  77 K and coupled to  a Jobin Yvon SpectrAcq v5.20 data 
acquisition system. For the m easurem ent o f the  N d(III) lum inescence 
lifetimes, the samples were excited using a pulsed nitrogen laser (PTI- 
3301, 337 nm ) operating at 10 Hz. Light em itted at right angles to the
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Schem e 1. C o m p lex a tio n  o f  L igands 1 an d  2  w ith  N d (C F 3S0 3 ) 3  A ffo rd ing  th e  D es ired  N d .1 3  an d  N d .2 3  C om plexes

3+

Nd(CF3S0 3 )3

M eOH, 70 °C . lO m in s  

M icrow ave

Nd

N d . 1 3

N d . 2 3

0 ( 1)N (1 ),

N(2)<

N(3)

|0 (2)

N(103V
N(102)

0 ( 101)

Figure 1. Perspective view o f ligand 1 w i t h  thermal ellipsoids shown at S0% probability, illustrating dimeric nature o f packing. Note that 7i—/r 
stacking (blue dotted line) [centroid---centroid = 3.65 A] and hydrogen bonding (black dotted lines) [see Table l ]  exist between the two 
crystalloraphically independent molecules. Hydrogen atoms have been omitted for clarity.

T ab le  1 . H y d ro g en  B o n d s fo r 1 [A an d  deg]

D -H -A d (D -H ) d(H--A) d (D -A ) Z(DHA)

N (1 )-H (1 X )-0 (1 0 Z )' 0.89 2.19 3.0500(18) 162.0
N (3 )-H (3 X )-0 (1 0 2 ) ' 0.87 2.12 2.9447(18) 158.3
N ( l0 l) -H ( l0 x ) -0 (2 )* ' 0.9 2.18 3.0192(18) 154.9
N (103)-H (IO Y )--0(2)^ 0.9 2.15 3.0105(17) 158.2

excitation beam was focused onto the slits o f a monochromator 
(PTI120), which was used to select the appropriate wavelength. The 
growth and decay o f the luminescence at selected wavelengths were 
detected using a germanium photodiode (Edinburgh instruments, El- 
P) and recorded using a digital oscilloscope (Tektronix TD S220) 
before being transferred to a PC for analysis. Time-resolved emission 
spectra were obtained by measuring the growth and decay o f the 
luminescence at each o f a series o f wavelengths. Luminescence 
lifetimes were obtained by iterative reconvulution o f the detector 
response (obtained using a scatterer) with exponential components for 
grovrth and decay o f  the metal centered luminescence, using a 
spreadsheet running in Microsoft Excel. The details o f  this approach 
have already been discussed.*^

L angm uir Film M easu rem en ts. Surface-pressure isotherms and 
time stability were measured at 25 °C on a KSV MiniMicro 
Langmuir—Blodgett trough (KSV, Finland) with a surface area 
between 17(X) and 8700 mm^. Water was purified with a Milli-Q^ 
Integral system (M illipore), and its resistivity was measured to be 
higher than 18 M H cm. A 9:1 mixture o f C HCl^/CH jO H  was used as 
spreading solvent for complexes N d .lj  and Nd.Z,. Typically drops (20  
f j L )  o f the surfactant solution (^^2.4 X lO”"* M ) were deposited using a 
microsyringe on the water subphase. After leaving to evaporate for 20

min, the barriers were compressed at 6  mm min“ ’ and the surface 
pressure was monitored using a platinium Wilhelmy plate. Quartz 
slides for dipping experiments were immersed in concentrated H N O 3 
(30  m in), piranha solution (3:1 H 2 SO 4 /H 2 O 2 ) (30  min) and rinsed 
well with deionized water immediately prior to use.

■  RESULTS AND DISCUSSION

Synthesis and  C haracterization . Ligands 1 and 2 w ere 
p repared  according to  o u r previously rep o rted  p rocedure, as 
show n in  Schem e 1.^* In  addition, colorless. X-ray quality  rod  
shaped single crystals o f  1 w ere ob ta ined  from  th e  slow 
evapora tion  o f  a C H 3C N /C H 2CI2 so lu tion  and  th e  low
tem pera tu re  (123 K) structu re determ ined . C o m p o u n d  1 
crystallized in a chiral m onoclinic space group, P 2 , and
con ta ined  two crystallographically in d ep en d en t m olecules in 
the  asym m etric un it as show n in Figure 1 (see also the
S upporting  In fo rm ation ) an d  Table 1 (C C D C  95S698). T he
tw o in d ep en d en t m olecules differ in the  conform ation  o f  the 
hexadecyl chain. In one  m olecule the  chain is relatively trans 
cop lanar (straigh t chain), while in the  second  m olecule the
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chain has a twisted orientation as shown in Figure 1. T he two 
molecules interact through N H  - O hydrogen bonding, (see 
Table 1), and offset face to face n---n stacking between the 
pyridyl ring o f one molecule and the naphthalene ring of the 
other (Figure 1). The crystal structure of 2^* is isom orphous to 
that of 1  albeit of the o ther isomer.

The complexes N d .l j  and N d . 2 3  ([N d (L ) 3 ](C F 3 S O j)j) 
were prepared from 1  and 2 , respectively, by reacting with 
N d(C F ,S 0 j ) 3  in 3:1 stoichiometry in C H 3 O H  for 10 min 
under microwave irradiation. The pale yellow solutions were 
then subjected to vapor diffusion o f diethyl ether yielding white 
solids in 50% and 59% yields, respectively. Elemental analysis 
confirmed the formation of the desired products N d . 1 3  and 
N d.2 3 , whereas ESMS gave dom inantly the m /z  for the 
formation of the 1 : 2  complex formations N d .l 2  and N d.2 2 .

Photophysical C haracterization  o f Nd.13 Nd.23.
The photophysical properties o f N d .l j  and N d . 2 3  were first 
evaluated in C H 3 CN and C H 3 OH  solutions (see Supporting 
Information Figures S i —S6 ). The UV—visible absorption 
spectra o f these complexes were dom inated by an absorption 
assigned to the naphthalene antenna n  ^  n*  vdth = 281 
nm, and by the n ^  transition o f the central pyridyl unit at 
/im„ = 223 nm, with the long wavelength band tailing to  ca. 350 
nm. Excitation of the naphthalene antennae at 281 nm gave rise 
on both occasions to N d (lll)  centered luminescence indicating 
effective sensitization o f the ‘'F 3 / 2  excited state and subsequent 
deactivation to the “'ij {] = 9 /2 , 11/2, 13/2) states with line-like 
emission bands observed at 880 nm (‘'F j/j  —> ‘'I9 /2 )) 1064 nm 
(‘'F 3 / 2  —> ^ ln /2 ) snd 1334 nm (“'F j/j  1 1 3 / 2 )- Time resolved
emission spectra (TRES) were also recorded for both N d . 1 3  

and N d . 2 3  'r* C H 3 CN, C H 3 OH, and C D 3 OD as shown in 
Figure 2 and Supporting Information Figures S9 and SIO. The 
N d(Ill) luminescence decays (excitation at 337 nm ) of the 
three transitions 880 nm  (‘'F j/j  1̂ 9 /2 ); 1064 nm (‘'F 3 / 2

■'in/i). and 1334 nm CF 3 / 2  ^  ‘'I 1 3 /2 ) were observed. Lifetime 
measurements at 1064 nm fitted well to a model in which the 
data was fitted to components for rise time and decay by 
reconvolution with the detector response. Similar behavior was 
observed when measurements were conducted in C H 3 O H  and 
C D 3 OD, as can be seen from the data in Table 2 and the typical 
fitted temporal profile shown in Figure 2. The rise time in such 
systems generally arises from involvement o f the triplet state of 
the donor chromophore in energy transfer to the lanthanide. 
This is borne out in these data by the differences observed 
between the rise time in C H 3 O H  and that in CD 3 OD; longer 
rise times in deuterated media reflect the imperfect overlap 
between the triplet state o f the donor chrom ophore and 
phonon assistance involving the solvent vibrational manifold, 
and the lower energy (and less effective spectral overlap) o f C — 
D and O —D vibrational oscillators relative to  analogous C —H 
and O —H oscillators. It is clear from the data in Table 2 that 
both N d(IIl) containing systems exhibit similar luminescence 
lifetimes in each of the solvent systems studied.

Due to the profound dependence of the luminescence 
lifetime of N d(IIl) complexes upon ligand structure, it is 
unv«se to use the published equations which were established 
for aminocarboxylate ligand systems derived from cyclen to 
calculate the num ber o f inner sphere water molecules (q).'^'"^ 
However, the lifetimes are consistent with a low degree of 
solvation at the metal center; those in C H 3 O H  are very long for 
a N d (lll)  complex. If we accept that the N O j donor sets of the 
three dipicolinamide ligands fill the inner coordination sphere, 
the differences between the values for the decay components of
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F igure 2. (to p ) Tim e-resolved emission spectrum  o f N d . 1 3  after 
excitation at 337 nm, showing sensitized lanthanide-based lum ines
cence. (bo ttom ) Decay curve obtained from N d .l j  in C H 3O H  and 
residuals for fitted curve generated by deconvolution o f the instrum ent 
response function with a single exponential fiinction.

Table 2. N d ( lll)  C entered  Lifetimes ( r /n s )  for N d C F j/j)  in 
N d .l j  and N d . 2 3  as M easured in in C H 3 O H , C D 3 OD  and 
C H jC N , Respectively"

MeOH CD3OD MeCN

W um. ( n s )  r  (ns) (ns) T (ns) ("«) ^ (ns)

N d .lj 16 206 45 775 22 491
Nd,2j 12 251 40 865 22 560

‘"Each m easurem ent is an average o f three independen t m easurem ents.

the luminescence lifetimes obtained in C H 3 O H and CD 3 OD 
are highly instructive. Clearly, two complexes do no t constitute 
a sufficient body of data to estabhsh meaningfiil relations that 
define q in dipicolinate systems, but it may be usefiil to consider 
an equation of the form:

q =  > l( l / rC H 3 0 H  -  I/T C D 3 OD -  B)

In a system in which there is no coordinated solvent, the 
difference between 1/tcHjOH and 1/ Tcd,od should reflect B, 
the o u ter sphere solvent con tribu tion  to nonradiative 
deactivation of the excited state. On this basis, N d . 1 3  

N d . 2 3  give values o f 3.5 ±  0.6 and 2.8 ±  0.5 pts~\ respectively.
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These values are within error o f one another and imply that the 
coordination environments and the nature o f the solvation of 
the two complexes are very similar. It also differs significantly 
from the value of this outer sphere correction obtained for 
aminocarboxylate ligand systems (1.4 //s '" '),'*  suggesting that 
there may be significant variations in outer sphere solvent 
effects between different classes o f complex.

Circular D ichroism  (CD) S tu d ie s  o f  1 a n d  2 w ith  
Nd(CF3S0 3 )3. Circular dichroism spectra were recorded for 1 
and 2, as well as the N d(lII) complexes N d .l j  and N d .2 , in 
CH jCN , with the latter being formed in solution upon addition 
of 0.33 equiv of N d (lll) . The ligand CD dem onstrated that 1 
and 2 are formed as enantiomers, where mirror-image CD was 
observed, which is consistent with the presence of a single 
chiral stereoisomer in solution for these two ligands. For hgand 
1 (the S-enantiomer), positive CD-bands appeared at 206, 229, 
and 287 nm  and a broad shoulder at 250 nm, and a negative 
CD-band at 218 nm. The K-isomer 2 gave the exact opposite 
signals at these same wavelengths (Figure 3). Equal but

5 0 -

4 0 -  Ndl,
 N d 2 ,

2 0 -

■2Sft.--‘ ‘lOO .^20 .^40

W a v e l e n g t h  ( n m )o
- 2 0 -

- 4 0 -

- 5 0 -

- 60-1

Figure 3. Circular dichroism spectra of ligands 1 and 2 and complexes 
N d.l3 and Nd.2,.

opposite dichroism bands were also observed in the CD 
spectrum of the two complexes N d .l j  and N d.2j. However, 
these were structurally different from that seen for their 
corresponding ligands, as in the case o f N d .13 as only two main 
bands were observed, a negative band at 207 nm and a positive 
band centered at 224 nm, respectively. However as before, a 
positive broad band also occurred, being centered at ca. 250 
nm, and unlike that seen for 1, no long wavelength transition 
was observed. As expected, N d .2 j gave transitions with equal 
magnitude and opposite sign, demonstrating that the two 
complexes were formed as a structurally identical pair of 
enantiomers. Parker and co-workers^^ have investigated the use 
o f these same chiral antennae (as well as the 2-isomers) in C4 
symmetry based tetranaphthyl based cyclen ligands and E u(lll)  
complexes. While the structures are quite different to those 
presented herein, some similarities exists, which enables us to 
draw some correlations between our results and those obtained 
in Parker’s studies. First, both results indicate the presence of 
single chiral stereoisomers in solution for the ligands, and 
second both show the appearance of distinctive bisignate 
profiles upon formation of the metal ion complexes with 
crossover points at 218 nm, which is usually indicative of 
exciton coupling'^’ occurring between the naphthyl chromo- 
phores. The CD spectra were also recorded at different

tem peratures between —10 and -1-25 °C; however, only minor 
changes were observed in the C D -spectra w ithin this 
tem perature range or both systems, as shown in Supporting 
Information Figure S8.

Due to the relatively large changes observed between the free 
ligands 1 and 2 and their corresponding N d (lll)  complexes, we 
next investigated the formation of the complexes in solution by 
observing the changes in the CD spectra at room  temperature. 
The overall changes in the circular dichroism spectra o f 1 and 2 
upon the addition o f increasing concentrations o f Nd- 
(C F3SO j)3 were m onitored in C H ,C N  at RT and are shown 
in Figure 4, top and bottom , respectively. T he results

6<]

50 -

40 -

 0 cqiiiv. Nd
- O..13 equiv. Nd' 

 4 equiv. Nd^

:o -

250 :75 - ^ 0 0  .525

W a v e le n g th  ( n m )
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- 1 0 -

- 2 0 -

-40 -
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—-----   () o qu iv . N d
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Figure 4. (top) Overall changes in the circular dichroism spectrum of
1 and (bottom) overall changes in the circular dichroism spectrum of
2 upon titrating against increasing concentrations of Nd(CF,S03)3 
(0—3 equiv) at RT in CHjCN.

demonstrate that significant changes occur upon formation of 
the N d (lll)  directed self-assembly with up to 0.33 equiv of the 
metal ion and the form ation of the desired 1:3 (m etal/ligand) 
complex. The aforem entioned distinctive bisignate profiles 
appeared for both; and as above, the two profiles behaved 
(within experimental error) as previously observed, with equal 
magnitude and opposite signs, demonstrating that these two 
self-assemblies are formed in solution as a structurally identical 
pair o f enantiomers. Analyzing the changes observed in Figure 
5 fiirther demonstrates that, for 1, there was an increase in the 
relative intensity o f the positive band located at 229 nm and a 
shift to 224 nm between the addition o f 0 —0.33 equiv of 
N d(C F ,S0 3 )j. Concurrently, a disappearance in the band 
centered at 218 nm  with the emergence o f a negative band at 
207 nm was evident within the same concentration range.

1 1 5 1 0 dx.doi.org/10.1021/la402274s I longm uir 2013, 29, 11506-11515



Langmuir Article

0.7

0.5

0.4
a

<
0.2  Ocquiv. Nd

 0.3 eqiiiv. Nd’
 5 equiv. Nd’”

0.0

250

Wavclcnglh (nm)

.■̂50 450

7(KX)()

c
2  5()(XK)

li)W\

0  ciju iv . N d"' added 

' ■ 0..^5 cquiv, N d^'addcd
— -  5 equiv N d added

UKXM)

825 975 1050 1125 12(H) 1275 1.^50

Wavelength (nm)

Figure S. ( to p ) Overall changes in UV —visible absorption spectra and 
(bo ttom ) overall changes in N d (IlI)  phosphorescence spectra upon 
titrating 1 ( l  X 10“ M ) against N d (C F ,S O ,) ,  (0 —S equiv) in 
C H 3C N  at room  tem perature upon excitation at 281 nm.

H ow ever, upo n  add ition  o f  N d ( l l l )  betw een  0.33 and  4  equiv, a 
decrease was observed in the  relative in tensities o f  the 207 and 
224 nm  bands w hich was also accom panied  w ith  a shift to  210 
and 228 nm , respectively. Im portandy , the  sam e tren d  was also 
seen  for 2  (Figure 4, b o tto m ). T h is w ou ld  indicate th a t at 
h igher N d ( l l l)  concen tra tions the  1:3 com plex undergoes 
structural and  sto ich iom etric  changes, m o st likely resulting in 
the  fo rm ation  o f  possibly the  1:2 o r the 1:1 com plexes (w hich 
w ould  obviously have different sym m etry  to  th a t o f  the  desired 
1:3 com plex) in so lu tion . W e, and  o thers, have observed similar 
behavior in related  w ork, w here initially the  1:3 sto ich iom etry  is 
rapidly established (ca. 90% w ith in  0.3 equivalents o f  the  
lan th an id e  io n ); fo llow ed by  th e  fo rm atio n  o f  th e  1:2 
species.^"*'^* H ence, the  above changes provide an additional 
hand le by w hich  to  assess the  fo rm ation  o f  such chiral self- 
assem bly structu res in solution; th e  fo rm ation  o f  w hich was 
next exam ined by  observing the  changes in the  absorption , the 
ligand cen tered  em ission and the  m etal cen te red  N IR  em ission.

U V -V isib le and L um inescence P hotophysical Solu
tion  Studies o f  1 and 2 w ith NdCCFjSOj),. A series o f 
photophysical titra tions (abso rp tion  and  lum inescence) w ere 
carried o u t in C H jC N  in o rd er to  gain an insight in to  the  
sto ichiom etry  o f  th e  self-assem bly process o f  1 and 2  w ith

N d ( l l l)  in solution, and  to  quantify the  b ind ing  affinity o f  the 
various com plexes form ed, achieved by fitting the  changes 
observed using non linear regression analysis (S P E C F IT ). T h e  
overall changes in the  U V —visible absorp tion  spectrum  o f  1 
u p o n  titra ting  against N d (C F 3S O j ) 3  are show n in Figure 5. 
H ere, the  high energy absorption  band  cen tered  a t 223 nm  
experienced a hypochrom atic  effect vrithin the  add ition  o f 0 — 
0.3 equiv o f  the  m etal salt. As w e had  anticipated  from  the C D  
results, subsequen t add ition  o f  N d (II l)  th en  gave rise to  a small 
increase in the  absorbance up until the  addition  o f  1 equiv o f  
N d ( l l l)  after w hich the absorbance began to  plateau. Similarly, 
the  longer w avelength absorp tion  band  cen tered  at = 2 8 1  
nm  experienced a sharp increase in absorbance betw een the  
additions o f  0 —1 equiv o f  N d ( l l l) ,  reaching a p lateau  after the 
add ition  o f  1 equivalent o f  m etal salt. Identical behavior was 
observed up o n  titra ting  2  w ith N d ( l l l)  (see S upporting  
In form ation  Figure S l l ) .  T hese  changes are sim ilar to  that 
previously observed in o u r laboratory.^® T h e  fluorescence 
em ission was also m on ito red  upo n  excitation a t 281 nm , w hich 
was q uenched  upo n  addition  o f  N d ( ll l) .  B ut b o th  ligands w ere 
n o t strongly  fluorescent and the changes w ere n o t analyzed 
further. In contrast, the em ergence o f  long-lived N d ( l l l)  
cen tered  lum inescence at long w avelengths was clearly visible, 
w ith  the  appearance o f  characteristic linelike em ission bands 
880, 1064, and  1334 nm , assigned to the  deactivation o f  the 
N d ( l l l)  ‘'F 3 / 2  excited state, upon  excitation at 281 nm  (Figure 
5 ). H ere, the  N IR  em ission gradually enhanced  betw een  the  
addition  o f  0 —0.35 equiv o f  N d ( l l l) ,  signifying the fo rm ation  o f  
the  1:3 sto ichiom etry  and, at the sam e tim e, the  occurrence o f  
an efficient energy transfer from  the  an tenna to  the N d ( l l l)  
cen ter. As was o bserved  in th e  C D -sp ec tra , significant 
m odulation  was also seen above the addition  o f  0.35 equiv o f  
N d ( l l l) ,  indicative o f  the  fo rm ation  o f a new  self-assembly 
species in so lution. T h e  corresponding  titra tion  profile w here 
the  em ission at 880, 1064, and  1334 nm  was m onito red , as 
show n in the  inset in F igure 5, dem onstra tes this, as after the 
addition  o f  0.35 equiv o f N d ( l l l)  the  em ission intensities 
sharply decrease, reaching a p lateau after the  addition  o f  ca. 1 
equiv o f  N d ( l l l) .  T h is is indicative o f  the  evolution o f  the  1:2 
species, and eventually  the lesser emissive 1:1 species in 
so lu tion  as a function o f  increased N d ( l l l)  concen tra tions (see 
also the  Supporting  In form ation).

T hese  changes observed bo th  in the  U V —vis absorp tion  and 
the N IR  em ission w ere fitted using a non linear regression 
analysis, th e  fit to  the  experim ental data a t th ree  different 
w avelengths is shovm  in Figure 6. T h e  speciation  d istribu tion  
diagram  ob ta ined  form  these fits is also show n in Figure 6, 
show ing th a t up o n  the  add ition  o f  0 —0.33 equiv o f  N d ( l l l)  the 
p red o m in an t species is the  1:3 N d . l j  species, form ed in 79% 
yield, after the addition  o f  0.33 equiv o f  N d ( l l l) .  A dditional 
aliquots o f  N d ( l l l)  drive the  fo rm ation  o f  th e  1:1 species, N d .l ,  
until it becom es the m ost dom in an t species in solution. N early 
identical titra tion  behavior w as exhibited by 2, as show n in 
S upporting  In form ation  Figures S l l —S I 6. B inding constan ts 
and  speciation  percentage values ob ta ined  for the  analyses o f  
the  U V —visible titra tion  data are sum m arized  in Table 3, and 
show  th a t th e  N d . 1 3  species is form ed w ith  a high b ind ing  
constan t o f  log o f  18.3 ±  0.6 for 1 while for 2  a b ind ing  
c o n s tan t o f 17.8 ±  0.4 was obtained . In terestingly , the 
fo rm ation  o f  th e  2:1 species was n o t observed, an indication  
th a t it is short-hved, b u t th e  1:1 com plex fo rm ation  gave log i
o f  6.0 ±  0.3 for 1 while for 2  log o f  6.1 ±  0.2 was ob tained.
In a sim ilar m anner, the changes in the  lan than ide-cen tered
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em issio n  w ere analyzed  (se e  fits and  sp ecia tion  diagram s in the  
Su pportin g In form ation ). As for th e  ground  state  changes, the  
titration o f  b o th  1 and  2  supported  th e form ation  o f  th e 3:1 
sp ecies in  so lu tio n  vrithin th e  add ition  o f  0 .3 3  equiv, vdth log  
Z*]., o f  17 .2  ±  0 .2  and 17.3 ±  0 .8  for 1 and 2 , respectively. 
T h e se  b in d in g  con stan ts  are com parable to th o se  ob ta in ed  for 
oth er  pyridyl am ide b ased  self-assem bly  system s d eve lop ed  in

our laboratory.'’"* H avin g estab lished  th e ability o f  1 and 2  to  
form  3:1 self-assem blies in th e p resen ce  o f  N d ( I l l ) ,  w e  next 
investigated  their self-assem b ly  form ation  at an air—w ater  
interface by  form ing L angm uir film s. O n ly  a sm all num bers o f  
exam ples o f  lanthanide b ased  L angm uir—B lod gett film s (LB- 
film s) m ad e from  th e  use o f  therm od ynam ica lly  and kinetically  
stable lanthanide co m p lex es  have b een  d ev e lo p ed  to  date,’*” '’® 
and to  th e best o f  o u r k n o w led g e  n o  exam ples o f  N IR  em ittin g  
L B -film s (o r  N I R  lu m in e sc e n t  m o n o la y e r s )  have b een  
d e v e lo p e d  to  d a te , th o u g h  rela ted  s y ste m s  have b een  
d e v e l o p e d , b u t  such  system s have p oten tia l applications  
in sen sin g , im aging, and  te lecom m u n ica tion s.

Langmuir Monolayer Formation. T h e  ability o f  c o m 
p lexes N d . l j  and N d .2 j  to  self-assem ble at an air—w ater 
interface and form  L angm uir m on olayers w as investigated  by  
spread ing 2 0  f jL a liq uots o f  each  com p lex  ( ~ 2 .4  X 10 “'* M )  
u.sing C H C IJ /C H 3 O H  (9 :1 )  as th e spread ing so lven t, o n to  the  
surface o f  a w ater subph ase at room  tem perature. A  typical 
surface pressure—area iso th erm  w as ob ta in ed  in  each case; see  
Figure 7, in w hich  an exp on en tia l increase in surface pressure

2 ( 1-

10 -

 N d l,

 Nd2,

0 -

40 60 no 100 120 140 160 IW) 2(HI 220 240 260 2X0 .100 

M m a  I A -1

Figure 7. Surface pressure—area isotherm o f complexes Nd. and 
N d.2j. Inset: Surface pressure—time stability profiles for N d .lj  and 
N d.2 3 . (G = gaseous, LE = liquid expanded, LC = liquid condensed, C 
= condensed.)

ev id en ced  th e d ifferent phase transitions, that is, gaseou s (G ) , 
liquid  expand ed (L E ), liq u id  co n d en sed  (L C ), and film collapse  
(C ) ,  u p on  area decrease. T h e  film s co llap sed  at 33  m N  m “ ' for 
N d . l j  and 32  m N  m “ ' for N d .2 j  v^th areas o f  7 0  ±  5 per 
m o le c u le .  T h e  areas o f  th e s e  N d ( l l l )  c o m p le x e s  are 
approxim ately th o se  exp ected  for three alkyl chains (ca. 6 6  

per m olec u le ) and ind icate  that the com p lexes rem ain intact 
at th e air—w ater interface w ith  supram olecular organization  into  
m onolayers.^* T h e  iso th erm  features as w ell as th e average area 
per m olecu le  are identical w ith in  errors w ith  an E u ( l l l )  system  
featuring th e sam e ligand,^* ind icating that th e  supram olecular  
packing is u n affected  b y  changes in  lanthanide ions. T his  
s e p a ra t io n  o f  s tru c tu ra l a sp e c ts  fro m  fu n c tio n a l o n e s  
(lan than ide-specific  p h otop h ysica l ap p lication s) provides at
tractive op p ortu n ities  for th e fabrication o f  tailored m aterials. 
T h e  L angm uir m o n o la y er  stability  w as a lso  a ssessed  by  
m aintain ing th e m on o layers  at th e liq u id -con d en sed  phase for 
an exten d ed  period  o f  tim e  (ex ceed in g  4 0  m in ) and m on itor in g  
th e surface pressure over that sam e tim e. T h e  results are sh ow n
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in the  inset in F igure 7, dem o n stra tin g  excellent stability 
p roperties for b o th  the  N d . l j  and  th e  N d .23 films. Each 
am phiphilic com plex was th en  transferred  o n to  a quartz  slide, 
g en e ra tin g  L a n g m u ir—B lo d g e tt film s w ith  g o o d  q u a lity  
(sm o o th ) transfer ratios o f  ~ 1  o n  the  em ersion  o f  the  quartz  
slide, dem onstra ting  the  successful fo rm ation  o f  self-assem bly 
m onolayer o f  N d . l j  and  N d .2 j.

H aving successfiilly fo rm ed  the  L angm uir—Blodgett films o f  
N d . l ,  and N d .2 j, their photophysica l p roperties w ere next 
evaluated. T h e  U V —visible absorp tion  spectra  w ere reco rded  
and their N IR  em ission properties w ere p ro b ed  by record ing  
tim e resolved em ission spectra; see Figure 8 and S upporting
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 0 .0 2 0 - 

<
0.015-

0  0 1 0 -

0.(K)5 -

200 225 250 275 M X )  K S  .150 .175 400 425 450

Wavelength (nm)

i

wavelength /  nm

Figure 8. (top) Absorption spectrum of Langmuir—Blodgett N d .lj  
monolayer and (bottom ) time-resolved emission spectrum of N d .lj  
monolayer after excitation at 337 nm, showing sensitized Nd(III)- 
based luminescence.

Inform ation  Figure S I 7. W e were, how ever, unable to  ob ta in  
reliable C D  sp ec tra  o f  these  (sing le  m ono lay er b ased ) 
L angm uir—B lodgett films. T h e  ab so rp tio n  spectra  o f  th e  
m onolayers m atched  those  seen for th e  com plexes in so lu tion , 
dem onstra ting  th a t th e  films existed as the  expected  3:1 
com plexes. M ore  im portantly , for b o th  system s, th e  N IR  
cen tered  N d ( l l l )  em ission was observed  from  each film up o n  
excitation at 337 nm  virith bands cen te red  at A = 880 an d  1064 
nm , represen ting  deactivation from  th e  N d ( l l l )  P̂̂ /2 excited 
state to  g round  states % /2, and  ^ lu /j . T h e  w eaker ^F3/2 —> ^Ii3/2 
transition  at 1334 nm  was n o t observed  due  to  significant noise 
in th e  spectrum  arising from  scattered  light from  th e  fourth

harm onic o f  the  excitation pulse. A ttem pts to  rem ove the  signal 
arising from  scatter by  using bandpass o r in terference filters 
m erely resulted  in a d im inu tion  o f  th e  overall signal. How ever, 
it is clear from  com parison o f  the relative intensities o f  the  880 
and  1064 nm  peaks in so lu tion  an d  on  the surface that the 
com plex sym m etry  is very similar o n  bo th  occasions, since the 
1064 nm  transition  is hypersensitive to  sym m etry  (A /  = 4 ). 
T hese  results are quite significant as they  dem o n stra te  that a 
lan thanide N IR  em ission can be recoded  even from  a single 
m onolayer, clearly dem onstrating  the  sensitivity o f  th e  system.

T h e  LB films have been found to  be  stable u n d e r am bient 
conditions over a period  o f  m any m onths. T h e  excited-state 
decay o f  the  N d ( l l l)  cen tered  em ission was also dete rm in ed  for 
b o th  o f  these films, as shovm  in F igure 8 and  Supporting  
Inform ation  Figure S I 7. W hile th is paper represen ts our first 
steps in this area, w e are curren tly  investigating o th e r  L n '" 
contain ing  am phiphilic com plexes for these purposes.

■  CONCLUSION

W e have successfully developed am phiphilic, chiral, N d (II l)  
system s that form  th rough  facile lan thanide d irected  self- 
assem bly processes. W e also d em onstra te  the  use o f  CD - 
spectroscopy  to  investigate the fo rm ation  o f  th e  lanthanide 
d irected  self-assembly in solution, w here w e can distinguish 
betw een  the  form ation  o f  1:1 and  o th er sto ich iom etry  in 
so lu tion  such as 1:3. T h e  inclusion o f  the  hexadecyl chain in 1 
and 2 leads to  the  form ation o f  stable and w ell-form ed 
L angm uir films at an air—w ater interface. F u rtherm ore , the 
successful transfer o f these on to  solid  supports (quartz  slides) 
gave, fo r th e  first tim e , t im e  d e lay ed  N IR  c e n te re d  
lum in escen ce  tha t, by co m paring  to  th e  so lu tio n  sta te  
m easurem ents, was relatively unaltered  up o n  im m obilization. 
Such N IR  im m obihzed lum inescen t chiral devices (N IR - 
IC L D s) have poten tial appHcation in chiral sensing o f  biological 
m edia as well as in m ultiple w avelength emissive system s, areas 
th a t we are now  investing significant tim e and effort into, and 
we are currently  investigating these and  o th er related  systems.
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