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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
of 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 of 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 of 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 of the work described within
this thesis.

The main goal of Chapter 2 was to design optically active compounds capable of Ln™
coordination, sensitisation and Langmuir monolayer formation. The synthesis of an amphiphilic
Ci¢ 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
CH;CN 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) of visibly emitting (Eu', Tb" and Sm"™) and NIR (Nd") emitting
monometallic tris chelate complexes.

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

11

improved solubility of their corresponding 2:3 Ln -directed chiral helical assemblies in more

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

"' binding pocket),

4-para position of the pyridine moiety backbone (extending away from the Ln
is described, followed by an in-depth study on the self-assembly process by means of a series of

photophysical titrations in CH3CN, CH3;OH and CH;OH:H,O 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 of chirality upon complex formation. Since the Eu"

-directed self-assembly
of the ligands in a partial aqueous environment could not be clearly interpreted a number of
stability measurements were then carried out on the dimetallic triple stranded helicates in a
CH;0H:H,0 mixed solvent medium.

For the purpose of enhancing both the water solubility and biological activity of 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 of novel

" tridentate coordinating pocket, an antenna group and a side

enantiomeric ligands bearing a Ln
chain with the potential to enhance water solubility and/or biological relevance. Chapter 4
documents the synthesis of these derivatives and the spectrophotometric solution studies
employed to investigate the ability of these ligands to self-assemble in solution under the
direction of Eu™. It was suggested from these studies that the close proximity of the pyridinium
side chain to the binding pocket was hampering the ability of 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 H,O. This was
postulated as being due to the presence of the sterically bulky Pt(terpyridine) moiety adjacent to
the NO, 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 of the
additional charge and/or large metal group plays an important role in determining the behaviour
of these systems in solution.

The objective of the project described in Chapter 5 was to graft a C,, thiol-terminated chain
to the 4-para position of 2,6-pyridine dicarboxylic acid for the tethering of the ligand onto the

"_directed self-assembly-

surface of AuNPs and subsequent formation of luminescent hybrid Ln
AuNP conjugates. The synthesis of the compound and its Ln""-directed self-assembly behaviour
(Ln"™ = Eu™ and Tb™) in 0.1 M Tris-HCI buffered solution was monitored spectroscopically and
analysed by non-linear regression analysis. The photophysical properties of the 1:3 Eu™ and Tb"
assemblies were then evaluated with quantum yield and ¢ value determination carried out at
different ligand concentrations due to the sensitivity of the ligand concentration on its solubility.
Quantum yield values were however comparable to those of the unsubstituted parent 2,6-pyridine
dicarboxylic acid structure. Preliminary studies, including DLS and TEM measurements,

following the functionalisation of the AuNPs with the ligand concluded its successful adsorption

onto the surface of the AuNPs.



Chapter 6 details the experimental procedures used in Chapters 2, 3, 4 and 5 and the
characterisation of the compounds prepared. The remainder sections include the literature

references and appendices to support the relevant chapters.
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Chapter One - Introduction

Introduction

‘Supramolecular chemistry’, a term first coined by Lehn in 1978,' refers to the pre-
organisation, recognition and binding of complimentary host—guest chemical species for the
development of ‘supermolecules’. Analogous 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 molecule’
whereby host ligand receptors are designed with binding sites which satisty the geometric
size, shape and electronic character of the receptor for the construction of 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 number of non-covalent interactions such as
hydrogen bonding, Van der Waals forces, ion-dipole interactions, n-r stacking efc. and so
pre-organisation and complementarity are crucial in the design of such systems.”” The area
of supramolecular chemistry has undergone immense acceleration in the past 40 years with
developments stemming from the construction of systems such as crown ethers,’ cryptands,7

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

10-15 16-29

such as rotaxanes, catenanes, multimetallic helicates, metal organic frameworks

(MOF’s) and clusters®®® in more recent years. Functional supermolecules have found

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

34,47-49

biological probes and imaging agents,'”’*® light emitting devices, catalysis® and

50-55
to name but a few.

molecular logic switches

The self-assembly of 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 properties.’”*****% This not only allows for the creation of
visually appealing and exquisite architectures but further extends their potential use as
functional supramolecular devices. Lanthanide-directed self-assembly of appropriately
designed ligands for the development of novel chiral assemblies has been a major topic of
interest within the Gunnlaugsson group and has led to the formation of lanthanide

21,64-69

luminescent systems such as helicates and bundles. Much emphasis has been placed

not only on the investigation of 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.”"”"

With the aim of building upon work previously carried out within our research group the

objective of this PhD was to form mononuclear and dinuclear chiral luminescent Ln™-

1
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directed self-assembled systems, based on the pyridine-2,6-dicarboxylic acid (dipicolinic
acid (H,dpa)) 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 of 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
abundance data: Ce = 66 ppm, La = 35 ppm).72 Currently the constant requirement to develop
new and more efficient magnetic and luminescent materials for application in biomedical
analysis, MRI contrast agents, NMR shift reagents, electroluminescent materials for LEDs,
optical fibres for telecommunications and lasers has led to a recent surge of interest in
lanthanide ion incorporation in functional supermolecules in order to take advantage of the

unique magnetic and photophysical properties these metals have to offer,*®475%60.73.74

1.1.1 Photophysical properties and advantages of 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]4f " where (n = 0-14), as they tend to exist

I As electrons successively occupy the

primarily in their trivalent lanthanide state (Ln
valence 4f 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 4f sub-shell is located in closer proximity to the nuclear core than the outer filled 55%5p°
orbitals poor shielding of 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™ 4f electrons are located within the filled 5s* 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 of electrons within the 4/ sub-shell, formally Laporte forbidden f-f transitions.
However, these selection rules may become relaxed by a number of 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 54 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 of all the Ln"" with AE = 32200 cm™ (for P — 2S7n)

M'in luminescent sensor

corresponding to UV emission. The most commonly encountered Ln
development are Eu™ and Tb"™, with energy gaps of AE = 12300 cm™ (for Dy — "Fg) and AE
= 14800 cm™ (for °D4 — "F4) corresponding to the emission of red and green visible light
respectively. The energy levels of the excited and ground states in Nd" (*Fs, — *I)) and YB"
(3 Fsp, — 3F7/2) however are closer together, and so the emission generated is in the near-
infrared region of the electromagnetic spectrum.®*”

Additionally, the Ln"™ exhibit extremely long luminescence lifetimes, ranging from 102 ~
10 s (in the millisecond (ms) range for Eu™ and Tb™ and the microsecond (ps) range for
Sm™ and Dy" for example), compared to those of common organic dyes which are in the
nanosecond (ns) range and those of biological media which have excited state lifetimes
typically in the submicrosecond (<us) rangc:.3'9’46'47'77'79 These two photophysical features

offer distinct advantages for responsive probes in cellular imaging and analyte detection in
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biological media in the development of lanthanide luminescent bioprobes (LLBs) in a
technique known as time resolved detection (TRD) or time-gated detection. Implementation
of TRD avoids the detection of short-lived autofluorescence from the biological

""and measuring its long lived

background.”” Figure 1.2 displays how by exciting the Ln
Ln'"-centred luminescence after a particular time interval detection of background
autofluorescence from biological organic fluorophores and light scattering may be avoided,

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

Excitation

Background Fluorescence

b

Intensity

Ln'"" Phosphorescence

& > >

Delay Time  Measuring Time (ps)
Time

i

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 of the formally Laporte forbidden f-f transitions

39,59,81

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

11

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

11

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

11

(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 of the Ln™

11

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 of routes, most notably from the triplet excited state of the ligand
(T)) 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 (S,), intra-ligand
charge transfer (ILCT) or ligand-to-metal charge transfer (LMCT) states.””***? However,
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 ‘antenna effect’ is used to indirectly
sensitise the Ln" generating lanthanide emission. (b) Jablonski diagram illustrating the
energy transfer from the ‘antenna’ to the Ln™ centre.*”™

Two mechanisms to depict the energy transfer process from the ligand T; 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 of the Ln""; while simultaneously, an electron is transferred
from the highest occupied energy level of the metal ion to the vacant gap created by the

initial photo-excitation of the ligand (as shown in Figure 1.4 (a)) with a distance dependency
I 63,80

of e”. Forster’s mechanism, which is more likely for the Ln comprises of energy
transfer from the donor to the acceptor via dipole-dipole coupling of the dipole moment
associated with the de-excitation of the ligand T, with the dipole moment associated with the
4f orbitals, as shown in Figure 1.4 (b),°”’® with a distance dependency of r®%%

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

donor antenna group is located in close proximity to the acceptor Ln
Not only is the efficiency of the sensitisation process dependent on the donor-acceptor
distance but it also relies on a number of other factors such as:
1) The energy difference between the antenna S; and its T; where AE = 5000 cm’ is ideal
for efficient ISC and thus efficient T, population.”®

I excited state to

2) An optimal energy difference between the antenna T; and the Ln
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 (Crn*- °D,) <3500 cm™ and for Tb™: 2500 cm™ < AE (rn*- °Dy) <4000 cm™).”

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

with local solvent molecules.””®
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Figure 1.4. Example of sensitisation mechanisms of energy transfer from the ligand S; via T
to Ln™ excited state. (a) Dexter’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

11

probe the coordination environment of the Ln" by determining the number of solvent

" centre (¢ value or hydration state) in such complexes.

molecules directly bound to the Ln
Horrocks ef al. developed an equation to determine the hydration state of 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 ez al. to include the effect of other oscillators such as N-H and C-
H on this deactivation process; these are given by Equations 1 and 2 (for Eu" and Tb")
where an additional correction factor of 0.075 ms™ should be made for each carbonyl-bound

amide NH oscillators with Eu'":8%%7

Equation 1: =" = 1.2[(1/ta20)-1/7020)-0.25]
Equation 2: g™ = 5[(1/t20)-1/1020)-0.06]

This non-radiative deactivation process reduces the energy of the excited state and thus
competes with radiative luminescence. Consequently, it is usually advantageous to minimise

and preventing surrounding solvent

this energy transfer process by protecting the Ln
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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m

environments of the Ln™ and ‘shield’ them from potential undesirable deactivation via

processes of this nature.

The dependence of Ln'"' luminescence on the above parameters means that careful ligand

I b % . .
complexation and sensitisation must be taken into account to

11

design for appropriate Ln"
achieve full exposure of the photophysical properties of the Ln" in the formation of novel

applicable lanthanide luminescent systems.

1.2 Ligand design for lanthanide luminescent complex systems

[onisation 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
complexes with donor ligands which are hard Lewis bases.”” The development of systems

incorporating the Ln" therefore entail the design of ligands containing functional groups

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

" bond formation

coordination requiremen’(s.”'72 Moreover, it is essential that ligand-Ln
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

M yond formation and it is

solution are generally not counteracted by favourable ligand-Ln
thus understood that the assembly process and subsequent bond formation is entropically
driven.®® Polydentate acyclic chelating ligands such as podands offer enhanced stability over
monodentate ligands due to the ‘chelate effect’ (i.e. reduced entropy of disorder loss and ring
formation upon complexation). In such instances a number of flexible functionalised pendant
arms containing appropriately located coordinating groups (usually bidentate/tridentate) are
generally grafted onto such structures in a pre-organised manner 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 cyclen39 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 of 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 of self-assembly. Self-assembly comprises of the fine tuning of ligand design

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

molecular edifices.’ By pre-organising ligands in a specific manner one can take advantage
7
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of the intermolecular forces between functional groups on adjacent ligands and control the
assembly of these coordinating building blocks around one or several ions. This self-
assembly process has led to the generation of elegant systems such as catenanes, rotaxanes, "
' metal-directed molecular cages and boxes.”> Whilst much emphasis has been placed on the
development of transition metal based supramolecular systems5 657 Ln"directed self-
assembly formation has only recently experienced considerable attention.

Ln"'-directed self-assembly incorporates the use of the Ln" to drive the self-assembly

process offering a route towards large molecular fabrications such as bundles,” helicates™’

; : ,100,
9899 or metal organic frameworks (MOFS).35 b

or hierarchical systems such as clusters
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 of the resulting system.

M _directed self-

Since this thesis primarily deals with the development of novel chiral Ln
assembly formations, based on the 2,6-pyridinedicarboxylic acid (H,dpa) framework, the
following sections of this chapter are divided into the most relevant examples of

"' _directed self-assembly systems currently in the

monometallic and multimetallic Ln
literature with discussions broadly focusing on functionalised pyridine ligands. Some recent
examples developed within the Gunnlaugsson group, a brief overview of the Langmuir-
Blogett technique and theory followed by a summary of the work described within this thesis

are then given.

153 Monometallic Ln'"-directed self-assembled systems

M_directed self-

Several different types of sensitisers for the development of monometallic Ln
assembled systems have been reported and recently reviewed.”®” However, 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 Hodpa framework.

The extensive employment of the basic tridentate dipicolinate (H,dpa) backbone as a Ln™
chelating unit originates from its ability to form nine-coordinate 1:3 (Ln:dpa)
tris(dipicolinate) complexes bearing high stability constants.'” The crystal structures of

d'%1% while the capacity of Hpdpa, 1, to deliver

many such complexes have been reporte
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 Cs;[Eu(dpa);] and Cs;[Tb(dpa)s] for example display quantum yields of 24% + 2.5%
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and 22% + 2.5%, respectively, in TRIS-HCI] buffered solution (0.1 M). The intense
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
as such these systems have been proposed by Chauvin ez al. for implementation as secondary

standards for quantum yield determination.' 1%

- S

Figure 1.5. 2 6-pyridinedicarboxylic acid 1 (H,dpa) and X-ray crystal structure of
Css[Eu(dpa)s].'”

A great deal of knowledge of the L™

tris(dpa) system has clearly been acquired.
Consequently, it is now of particular interest to modify the simple Hadpa 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 Hydpa derivatisation has on the overall stability and desirable
photophysical properties of these Ln'" complex systems in solution.

George et al. reported the synthesis of H,dpa (1) analogues 2 - 4 where the 4 and 3, 5
positions of 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); (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 Cl1 > H > OH it was found
that the ability to sensitise Eu"' emission was increased, in contrast to OH > H > Cl for
Tb™ %1% 11 the case of 4, the dibromo-4-hydroxy derivative, no sensitisation was observed

' coordination sphere

and so results were inconclusive due to incomplete saturation of the Eu
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 H,0) - an attractive

feature for the development of luminescent biological probes.
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With an eventual coupling to biological molecules in mind Chauvin et al. synthesised
four novel derivatives of H,dpa where the 4-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 (logBis = 19 — 20 (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 4-para position always displayed a detrimental effect on Tb"'
sensitisation where luminescence quantum yields (in H,O) did not exceed 18%, compared to
that of 22% for [Tb(1);]>". Nevertheless, sensitising efficiencies of 70% gave rise to quantum
yields of up to 29% (for L = 7) for the Eu'"" tris complexes, 5% 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 of Hydpa illustrating that with careful consideration of the grafting moiety a gateway
towards the incorporation of biomolecules into such systems may be opened, without
completely diminishing the optical properties of 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 of the
carboxylate side groups of Hadpa 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 of 5 s Stability constants greater than those observed for the
parent Hdpa compound were determined where logP;s = 23.8 and 24.3 for Eu(9); and
[Eu(10);]> were calculated, respectively, in comparison to logf; = 22.4 for [Eu(1);]". The
emission spectra of Eu(9); and [Eu(10);]* were also measured as a function of pH displaying
the highest luminescence at pH 4.8 for Eu(9); whereas [Eu(l())3]3 " was more luminescent at
pH 9.0. Obtaining maximum emission at these pH extremities is uncommon yet quite

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

10
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by the Tb(9); complex was that it exhibited a quantum yield of 40% in water, much larger
than the corresponding Eu(9); 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.' '’

i i 4
HoN = NH
R N/J\frOH 2 % N | 2
O O 0

9: R = PO(OEt),y 12 I:

10: R = PO(OEt)OH
11: R = PO(OH),

[Eu(12)3**

Figure 1.6. Ligands 9 — 12 designed for monometallic Ln"'-directed self-assembly and X-ray
crystal structure of[Eu(IZ)3]3+_ .

The versatility attainable by simple modification of the H,dpa 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 12,4 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,]3+ and
[Tb(12):]*" 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 of 1.9 ms and 2.2 ms obtained for
[Eu(12):]*" and [Tb(12):]*" respectively.

13:R=H

R
X 14:R = <j
| s S

o Ao
&k N H\) 15:R=8Br
St N 16: R = OMe

LB g

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

precursors which have experienced considerable attention as competent chromophores for
11
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Ln"" sensitisation in recent years, in particular by de Bettencourt-Dias ef 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 CH3CN solution.''? Substantial quantum yields (in CH;CN) of 76%
and 59% for Eu(14); and Tb(14); and a 1:2 crystal structure of the Eu(14), 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 CH3CN 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 CH3CN (for
Eu(15); = 36%, Tb(15); = 23%, Eu(16); = 24% and Tb(16); = 21%)."" Furthermore,
subsequent tailoring of the Pybox structure, by attachment of an ethylene glycolethyl ether to

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

11 114

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

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

119-

115-117 118,119

assemblies include bipyridine, terpyridine and more recently tetrazole ligands.
2l However, for the purpose of 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 Hadpa system, were shown to form

" complexes, as evidenced by X-ray crystallography and '"H NMR

helical tris-chelate Ln
analysis. It was also found that by changing the counterion for these self-assemblies the
solubility of both complexes could be tuned. Of 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

H,dpa system itself.'?’

E2
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19: R = COOH

[Eu(18)3]?

Figure 1.7. Ligands 18 and 19 designed for monometallic Ln"directed self-assembly and X-
ray crystal structure of [Eu(18)3]°" '*!

Another similar N-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 er al. who have synthesised a large library of
bis(benzimidazole)pyridine precursors, five examples of which are shown here 20 — 24,2
Substituents of varying steric and electronic character where appended to different positions
of both the pyridine and benzimidazole subunits and the effect their incorporation has on the
photophysical characteristics and overall size and shape of the final system evaluated.
Ligands 20 — 22 react with lanthanide nitrates to give neutral 1:1 nitrato luminescent
complexes [Ln(NO3)3(L)(solv)] (L = 20 — 22, & 24) while simply choosing non-competitive
lanthanide perchlorate salts instead yields tris [Ln(L)g]3+ (L = 20 — 23) complexes with a

coordination geometry close to the ideal tricapped trigonal prism.

R1
co X i 20:R"'=H,R’=CH; R*=H
\ e J 21:R'=H, R?= C,Hs, R = H

i 90 ol 22:R'=H, R2= CgHy7, R®=H
RN N—¢ \> 23: R' = H, R? = (CH30),CgH3, R*= H
i—<— 24: R' = CgHs, R? = (CH40),CgH3, R3 = H

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

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

11

shown to be capable of providing a nine-coordinate environment for the Ln" while the

o [t : . i . 128,129
heteroaromatic side groups act as efficient antennae for sensitising Ln"" luminescence.'**'?

13
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It has been established, 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 of the aromatic rings in the final complexes, severely
limiting their stabilities in solution.'**"'*’ This 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.

Me O O Me

25 26:(S.S) [Eu(26)3]°"
27: (R, R)

Figure 1.8. Ligands 25 - 27 designed for monometallic Ln'"-directed self-assembly and X-
ray crystal structure of [Eu(26) 3]3+ ¥

Crucial to modern drug discovery is the recognition of 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 of a labile
racemic 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 e

In luminescent Ln complexes ligand field structure is sensitively reflected in the sign

and magnitude of Circularly Polarised Luminescence (CPL) and therefore CPL active Bi
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

I transitions

dissymmetry values (g.») as high as 0.5 may be observed for selected Ln
compared to other chiral organic molecules for which the extent of circular polarisation is
less than 1 x 107213 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]3+ (Ln = La™ Eu", Lum) complexes in CH3CN
with logB values in the range 19-20. However, only a very small excess of one
diastereoisomer was induced in solution, reflected by weak CPL signals for [Eu(25)3]3+ and

[Tb(25)3]3 " (calculated luminescence dissymmetry factor for [Tb(25):]*" °Ds — Fs transition

14
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Zum = 0.02)."%"33 This encouraged the introduction of more influential functional groups
capable of inducing pronounced diastereoisomerism in such structures.

Enantiomers 26 and 27 were developed and shown to form stable 1:3 [Eu(L):]*" (L = 26,
27) optical isomers in situ possessing constant CPL activity over a long period of time in
CH3CN (calculated luminescence dissymmetry factor for [Eu(26):]°" °Dy — F, transition
Zum = 0.19)."*13 Due to the long shelf life exhibited by these chiral emitting species they
have been proposed as reliable CPL calibration standards.'** Further study on these systems
have revealed the formation of stable tris complexes in CH3CN (logp in the range 23.8) while
X-ray crystal structures of [Ln(L)g]3+ (L =26, 27, (Ln = Eu", Gd", Tb™ and Yb"') are

isostructural for the Ln" series studied in the solid state. Most importantly, this study

illustrates that the chiral nature of 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 of Ln"" luminescent chiral CPL probes and have received considerable

137,138 : :
Enantiomeric

attention by researchers such as Raymond and co-workers in recent times.
octadentate chiral 2-hydroxyisophthalamide chelating ligands 28 and 29 have been shown to
form 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 CH30H)
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 g, values of +0.30 and -
0.29 obtained for the °Dy — 'F, transition in Eu.28 and Eu.29 (in CH3OH), respectively.
Excited state lifetime measurements were also conducted in both CH;0H and CD;OD and
confirmed that in the cases of the Eu'" and Tb"™ complexes (Eu.28, Eu.29, Tb.28 and Tb.29)
a g value of 1 was obtained in which all eight ligand coordinating groups are directly bound

111

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

15
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With 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 of ligand coordinating groups and even the nature of the solvent play an even more
prominent role in the development of multimetallic Ln'"'-directed self-assemblies as one can

: : : ; 21,64,140-145
generate a wide variety of supramolecular edifices such as MOFS,l39 helicates,'"®*! el

146198 and extravagant clusters, as shall be discussed below. Once

coordination polymers
again, those examples of multimetallic Ln""directed self-assembled systems most applicable
to the work described within this thesis are discussed in the following section with other less
relevant examples briefly touched upon in order to give a more representative overview of

this area of research.

1.4  Multimetallic Ln""-directed self-assembled systems

I

On account of the lability and relatively unpredictable nature of the Ln™ coordination

preferences the construction of 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

" may be accommodated for.

111

coordination numbers and stereochemical inclination of the Ln
This is reflected by the growing number and diverse range of emerging multimetallic Ln
containing superstructures in recent times, " 6%140-144.149

Work by Mazzanti et al. highlights the diversity of such systems by selectively obtaining
elegant cluster superstructures utilising 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 of large
hexameric Eu™ wheels."* Reaction of Eu(CF3S0s3); with two equivalents of 30 in the

presence of triethylamine in CH3;OH led to the formation of the mononuclear eight

coordinate complex [Eu(30),](CF;SO;), which was confirmed by X-ray crystallography.
16
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Addition of small aliquots of Eu(CF3SOs3); to [Eu(30),](CF3S0s) leads to the self-assembly

1T I

of the polynuclear hexameric Eu™ wheel [Euc(Eu(30),)6]”" possessing an encapsulated Eu

> o 14
cation 1n 1ts centre. ?

: § N d ;\.
| . : t LA>"
I XX N/ i >N v \!& ?‘ ol /ta/‘
~N N~ OH

¥

[Luc(Eu30),)6]**

Figure 1.9. Compound 30 designed for the development of the heterometallic cluster

superstructure [Luc(Eu(30))s] s

By investigating the inclusion of different / elements in these systems selective

" into the polymetallic ring was

recognition and thus incorporation of two different Ln
achieved."” It was found that the formation and size of the cyclic assembly was controlled by
the ionic radius and the coordination number of the Ln"" The addition of Ln" possessing
smaller ionic radii to [Eu(30),](CF3SOs) led selectively to the formation of a species with the
Eu"" located on the peripheral sites of the ring with the smaller ion occupying only the central
site. This is shown for the X-ray crystal structure of the heterometallic [Luc(Eu(30),)s]°"
complex above.'””

As mentioned in the previous section, Ln" based chiral supramolecular architectures are
attractive for chiral sensing purposes. In view of this the chiral carboxylate-derivatised
bipyoxazoline tetradentate ligand 31 was synthesised for use in the diastereoselective self-
assembly synthesis of an enantiopure trinuclear Eu"' complex via a concentration-dependent
process. The evolution of the diastereomeric self-assemblies (A)-[Eu(31),]" and (A)-
[Eu(31),]" were formed with partial stereoselectivity (A/A = 1.8) at low concentrations while
at higher concentrations selective homochiral recognition affords the trinuclear [(AAA)-
Eu(31),):]*" triangular complex exclusively.”® Moreover, Mazzanti er al. have further
enhanced the controlled complexity of these systems by synthesising 32 (the enantiomer of
31) and assembled, by the addition of Eu"" to a mixture of diastereoisomers of either the bis

ligand 31 complex or the bis ligand 32 complex, large multimetallic enantiopure wheels. The

17
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addition of Eu"" to a mixture of (A)-[Eu(32),]" and (A)-[Eu(32),]" gives rise to the selective
self-assembly of the enantiopure heptameric Eu" wheel [Euc(A-Eu(32),A-
Eu(32),)3(CF3S05)o], which is shown below, while the addition of Eu" to a mixture of (A)-
[Eu(31),]" and (A)-[Eu(31),]" yields the corresponding enantiomeric heptameric Eu™
[Euc(A-Eu(31),A-Eu(31),)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. Of these, the trimeric
complexes showed remarkable CPL activity in comparison to the mono- and heptanuclear
species with g, values (for the o~ F transition) of -0.04 and +0.06 (for the

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

. 150,151
obtained.

[(AAA)-(Eu(31)p)3%" [Euc (A-Eu(32),AEu(32);)3)°

Figure 1.10. Compounds 31 and 32 designed for the formation of the trimeric [(444)-
Eu(31):)3]’" and heptanuclear [Euc(A-Eu(32),4-Eu(32)5)3(CF3803)e]°"  self-assembly
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 of

Il 11

enantiopure trinuclear Eu™ complexes.'*” In the presence of Eu'™ 33 has been shown by

Lama et al. to transfer its chirality into the final supramolecular polymetallic structure
[Eus(33)6(n3-OH)(H20)3](Cl04)2.3H,0 inducing diastereoselectivity upon self-assembly. As
shown from the crystal structure of [Eu3(33)¢(p3-OH)(H20)3](Cl104)2-3H,0 the three Eu' are
bridged by a central hydroxide ion. Three of the ligands coordinate through both of their

11

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 of helical chirality, which is
reflected in the CD spectrum of the complex, where the ligands adopt a propeller like

I

arrangement around the trinuclear Eu'" core."*?

18



Chapter One - Introduction

33: (+)
34: (-)

[Euz(33)s(113 OH)(H20)3](Cl04)2.3H,0

Figure 1.11. Compounds 33 and 34 designed for mulitmetallic cluster structure formation
and X-ray crystal structure of [Eus(33)s(us-OH)(H10)3] (ClO,),3H,0."

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 pathways.'”® In CH;OH a two dimensional trinuclear array
was self-assembled upon the reaction of Pr(Cl0O4); with 33 in the presence of triethylamine,
while in CH;CN, a three dimensional tetranuclear pyramidal polyhedron was observed. Most
interestingly was the reversibility of the interconversion between the two species by simple

153 . .
Lama ef al. have also carried out in-

111

addition or removal of H,O from the CH3;CN system.
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 [Lns(L)¢(p3-OH)-
(H,0);](Cl04), (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, values of £0.088, £0.058, +0.003
and +0.003 calculated for the *Dy — "F, (J=0 - 4) transitions respectively.154

The development of trinuclear Ln" cluster complexes possessing luminescent and
relaxivity properties has also been accomplished by Hamacek er al.'”>'*’" 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

m

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

metal coordination of one symmetric tridentate ligand 35 and three unsymmetric tripodal

M As shown, 35 forms the tetrahedron base while the three

tetradentate ligands 36 to five Ln
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 [Eus(35)(36);]"°" (molecular model shown) was achieved and verified by NMR and ESMS
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studies, demonstrating the successful application of pre-disposition for controlled synthesis

of Ln"" containing multinuclear assemblies.'*®

[Eus(35)(36),]">*

A e =
Sl b b e sl g o ot
s S 3,8
© @] (@] (@] (@)

36

Figure 1.12. Ligands 35 and 36 developed for the self-assembly of the first pentanuclear Ln™
helicate [Ezt5(35)(36)3][5+ (molecular model shown). i

In relation to the controlled synthesis of multinuclear assemblies the Ln"-directed self-
assembly of polymetallic triple stranded helicates has been pioneered by Piguet et al. and
Biinzli ef al. in recent times.”"'*""'%"1% Since the research groups of Piguet ez al. and Biinzli
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.

166
K complex

The emergence of the first self-assembled dinuclear triple helical Ln
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 of the bis(benzimidazole)pyridine framework for the development of f-
element containing helicates seems to have originated from a publication in the early 1990’s
by Piguet ef 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"."%" Since then, the bis(benzimidazole)pyridine unit has undergone tremendous study and

derivatisation for the incorporation of the luminescent Ln"".

% ) | S
|
RONY ¢ N-R?
TN N.—:<
; 7\
\ //N N\/ \<
R1 RZ R4
N R N \ 0]
37:R'=R?= ¢ \l/\ 38:R'= —¢ | 39:R'= —4
N/\/ N = N
{ { ¢ \
//;\//OMe R2=H /‘//\‘i‘r' OMe RE=IHL [Eup(37)51>
RS =Me \/\,4 RS = Me \/;‘,;/ R3 = Me
4. A 4.
R'=H MeO R'=Me \eo Ro=he

Figure 1.13. Bis(benzimidazole)pyridine compounds 37 — 39 designed for the formation of
dimetallic triple stranded helical complexes via Ln"directed self-assembly and X-ray crystal
structure of[Eug(37)3]6+.

Initially, the bis(benzimidazole)pyridine scaffold was functionalised by an additional two
terminal 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 -CH, spacer and available for Ln'"
coordination. An X-ray crystal structure of the first self-assembled dinuclear triple-helical
Ln" complex [Eux(37)3](C104)s'9CH;CN 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 of the benzimidazole units and by
the three nitrogen atoms of the pyridine groups respectively This gives a structure with a
slightly distorted tricapped trigonal prismatic geometry; confirming the formation of the
triple stranded bimetallic helicate.'®® However, quenching of Ln""-centred luminescence was
observed as the ligand strands were not sufficiently “rigid enough” to fully protect the metal
centre from interacting with solvent/anion molecules in the surrounding environment.'® The
formation mechanism of this supramolecular system [Eux(37):]°" was studied in great detail
with three major species characterised in CH3;CN solution possessing global binding
constants of logBi, = 11.6, logP,, = 18.1 and logP,;= 24.3 for Eu37,, Eu,37, and Eu,37;,
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 of multi-responsive probes. The combination of 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 of different analytes. In light of this, the
inclusion of two or more different d- or /- block metal ions into heteropolymetallic triple
stranded helicates has received appreciable attention from Biinzli ez af.'*"/0%163:16%170

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

164

heterodinuclear triple helix in solution. ™ Ligand 38 possesses a bidentate binding unit

suitable for coordination of d-block metals and an identical tridentate unit to that seen in 37,

' coordination. The evolution of the heteronuclear [LaZn(38);]°" complex was

suitable for Ln
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 complex f- and d- elements selectively by
pre-disposing selective bind sites. Following the analysis of spectrophotometric titrations, by
using non-linear regression analyses, which was carried out with an equimolar mixture of the
La™ and Zn" salts in the range M,:38 = 0.1 — 2.5:1, a binding constant of logf3 = 26.2 for
the [LaZn(38):]’" species was obtained.'*"'% Grafting N,N-diethylcarboxamido groups in
place of the benzimidazole group in 38, yielded 39, for which an increase in both selectivity
and Ln"'-centred luminescence quantum yield was observed.'®® Additionally, replacement of
the benzimidazole group with a N,N-diethylcarboxamido group resulted in a crystalline
material that was suitable for X-ray crystallographic analysis in the case of [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 of £f heterodimetallic triple stranded helicates, based on Ln"" size discrimination,
has been made by the implementation of the ditopic ligand 40. The unsymmetric
bis(tridentate) ligand 40 bears a benzimidazole-pyridine-carboxamide tridentate moiety

I

coded to preferentially coordinate smaller Ln™ and a less strongly coordinating

M The formation of the

bis(benzimidazole)pyridine unit which preferentially binds larger Ln
heterodimetallic species, which were prepared in CH3CN solution in a 1:1:3 (Ln:Ln":40) (Ln
= La™ P Eu™ Ln'= Eu™, Tbm, Er', Yb'! Lum) ratio, were evaluated by both 'H NMR
and ESMS spectroscopy. Substantial percentage yields of the heterodimetallic species were
elucidated from both measurements and point to the formation of stable heterodimetallic
species in solution. In particular, it was evidenced by ESMS spectroscopy and by '"H NMR

that [LalLu(40);] was formed in solution in 90% yield with respect to ligand concentration.
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[LaEu(40)3)(CIO4)s sMeCN.3EtCN

Figure 1.14. Unsymmetric bis(tridentate) ligand 40 synthesised for the formation of
heterodimetallic species and the X-ray crystal structure of
[LaEu(40);] (Cl04)s3MeCN-3E(CN."%!7

X-ray crystal structures of a number of heterodimetallic species were grown and
evaluated, [LaEu(40)3](C104)6.3CH3CN-3CH3CH,CN is shown in Figure 1.14, and confirm

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

I 11

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

(smaller radius) and the benzimidazole-pyridine-carboxamide units of the three ligands

I

bound to the larger La™ Compound 40 represents the first unsymmetric ditopic ligand pre-

I

organised to selectively bind heteropairs of Ln" based on the difference in their ionic
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An extension of the bis(benzimidazole)pyridine backbone to integrate three tridentate

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

11

accommodating three Ln" for the formation of trimetallic triple stranded helicates. In the

11

self-assembly of the homometallic Eu3(41); complex coordination of the third Ln" and thus

final structure, is driven to completion by positive cooperativity, as evidenced by Scatchard
Tto the
system. The X-ray crystal structure of [Eu3(41)3;](CF3SO3)o(CH3CN)o(H20), displayed again

23

plots, despite an increase in intermetallic repulsion upon the addition of another Eu
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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 (EuNgOs;) display differences in electronic properties
compared to the central site (EuNy) in that the presence a low lying LMCT state resulted in
luminescence from the two terminal EuN¢Os sites only Furthermore, under stoichiometric

I

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

stranded helicates in CH;CN [(Ln)x(Ln')3_x(41)3]9+ with both coordinating sites (NsO3 and No)

exhibiting different affinities for each specific Ln'", again illustrating the dependence of the
g g

I size. Similarly to that corroborated above for 40, the

I

self-assembly process on the Ln

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

11

preferentially occupied by the larger Ln™ with the two terminal N¢Oj sites occupied by the

smaller Ln'" 140171
X
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Figure 1.15. Compounds 42 and 43 developed for the formation of d-f heterotrinuclear triple
helical structures. X-ray crystal structure for [ZnLu>(43)3]*" and model for [CrEuCr(42) N
structure are shown. '’>'"

Derivatives of 38, ligands 42 and 43 were synthesised for the formation of d-f
heterotrinuclear triple helical structures.'”>'”® As shown, ligand 42 possesses a tridentate
central N3 binding site connected to two terminal bidentate N, binding sites which is suitable
for selective d-f-d block self-assembly formation of heterotrimetallic triple stranded helicates
of the form [MLnM(42);]"" (M = Cr", Zn") and (Ln = La"™, Eu", Gd", To™, Lu™). For
[ZnLnZn(42)3]9+ (n=Fu" Tb"') Ln""-centred luminescence was observed. However, in the

case of [CanCr(42)3]9+ (Ln= Eu', Tbm), Cr" underwent rapid oxidation to o resulting in
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the generation of non-emissive inert complexes.l72 Compound 43 on the other hand, was
designed with the intention of forming d-/~f metal ion self-assembly of heterotrimetallic triple
stranded helicates. The X-ray crystal structure of the [ZnLuz(43)3]8+ complex was obtained,
as shown in Figure 1.15.'7

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 f-
block metal ions for subsequent formation of multifunctional heteropolymetallic triple
stranded helicates. In conjunction with this an investigation into the applicability of water

11

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

undertaken by Biinzli ez al., and is discussed below.’®/%?%/43 144161174176

The stability and photophysical properties of 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(44)3](’+ compared to the benzimidazole units in [Eu2(37)3]6* giving rise to
strong Eu"-centred emission. The quantum yield of [Eua(44);]°" (relative to [Eu(terpy);]3+ at
the same concentration) was determined as Qr = 0.27 — a significant enhancement to that
obtained for [Eu(37)3]°" (Ort = 0.005, a 54 —fold increase in relative quantum yield). A more
significant aspect of the helicate ligand analogue 44 was its ability to form highly stable
dimetallic triple stranded helicates which were resistant to hydrolysis in moist CH3CN up to
2.5 M H,0. These steps towards water stable Ln''-directed dimetallic triple stranded
helicates led to the generation of 45, which was responsible for the first lanthanide-
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
[Lny(45-2H);]. These were found to be stable in water in the pH range of 3-12'"° while a
competitive titration with 1,4,7,10-tetraazacyclododecane-N,N’,N"",N""-tetraacetic acid (dota)
shows that the stability of the Eu" helicate [Eu,(45-2H)3] is comparable to that of [Eu(dota)]
. Spectrophotometric data obtained at pH 7.2 in 100% H,;O were analysed by non-linear
regression analysis giving stability constants of logP,; = 26.1 and log P,3 = 30 for the
[Euy(45-2H);] and [Luy(45-2H);] self-assembly species, respectively. Furthermore, solid
state X-ray crystallography of [Ln,(45-2H);] complexes (Ln = Eu"", Tb"™) confirmed the

11

helicity of the three ligand strands wrapped around two nine-coordinate Ln " to be of pseudo-

11 179,180

D3 symmetry, as shown by the Eu™ complex below.
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o
44.R'=R?= —4 45 R'=R2 = COOH

N R3 = Et
R3 =Me < W RY=H

RY=H

[Eux(45)3).20.5H,0

Figure 1.16. Bis(tridentate) chelating ligands 44 and 45 synthesised for the formation of
homodinuclear  triple  stranded  helicates and X-ray  crystal  structure  of
[Eux(45)5]-20.5H,0."74'7

Because of the high thermodynamic stability of the luminescent dimetallic triple stranded
helicate [Lny(45-2H)3] (Ln = Eu'™, Tb"™) in water, analogues of 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 of the ligand, yielding 46.""° Ligand 46 was shown to exist as H,L
and HL  at physiological pH and, as was seen for 45, formed thermodynamically stable
neutral [Lny(46);] complexes (logaz = 26 — 30 for Ln = La™", Eu"", Lu"™) upon self-assembly
in TRIS-HCI buffered solution. The biological application of these structures were
investigated in human cervical adenocarcinoma (HeLa) cells which were loaded with a 500
uM solution of [Euy(46);] 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 of the cell cytoplasm achieved by permeation of [Eu,(46);]
into the cells but cell viability after 24 hrs in the presence of [Eu3(46);] remained unaltered
compared to cell viability in the absence of [Eu,(46);]. This indicated that the proliferation of
the helicate complex into the HeLa cells had no noticeable influence on the health of the
cells.'”® Furthermore, [Eu,(46)3] has also found use, in conjunction with acridine orange, as a
pH insensitive luminescent probe for the analysis and quantification of DNA and PCR based

products.'*
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Derivatisation of 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 of the highly stable neutral dimetallic triple
stranded helicate Euy(47)s (logB2; = 23.4) at physiological pH also allowed for the study of

M_centred

this complex as a cell staining agent. Luminescence microscopy detected Eu
emission from the cell cytoplasm at concentrations >50 uM after loading times of 20-30
mins. Again, the Euy(47); complex remained un-dissociated following permeation via
endocytosis into the cell cytoplasm of 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 of the polyoxyethylene chain to the benzimidazole ring did have an
effect on the photophysics of the ligand excited state, resulting in a reduction in quantum
yield from 18% to 11% for Eu,(46); and Eu,(47)s, respectively.'("m"'gl

Unfortunately a drawback to the use of both Euy(46); and Euy(47); 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 of the benzimidazole unit permits tuning
of the photophysical properties of the resulting complex a series of 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 of the excitation wavelength towards the visible range
(330 nm — 365 nm) and a minimisation of quantum yield decrease was achieved.'”* In an

effort to further shift the excitation wavelength of these systems towards the visible and NIR
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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 of earlier helicate
ligands designed by Biinzli and Piguet et al., these researchers have, in a stepwise manner,
enabled their enhancement and employment in biological media. This novel class of
luminescent compounds offers a number of 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 of this type have been bio-conjugated to avidin and
tested for their specific recognition of a mucin-like protein receptor expressed on the surface
of human breast cancer MCF-7 tumour cells.”®'” This work highlights that elegant and
exquisite superstructures are not solely the fruits of Ln"-directed self-assembly but that by
calculated ligand design and perseverance one may create and advance towards exciting new

" encapsulation and

functional supramolecular devices. For this reason this area of Ln
property exploitation for the construction of 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 ef al.,'®* Faulkner et al.'*? and Albrecht et al.’**>'®

M pased helicate assemblies and as such

applying their own strategies for the formation of Ln
are discussed below.

The bis(B-diketonate) 49 has been developed by Pikramenou ef al. for the formation of
luminescent neutral triple stranded homodinuclear helicates Ln,49; (Ln = Nd™ Sm'", Eu'",
and Gd™) and anionic quadruple stranded Eu" homodimetallic helicates Euy494."% The
bis(bidentate) ligand 49 consists of two conjugated diketonate sites linked by a 1,3-phenylene

" upon self-

spacer suitable for the coordination of six carbonyl oxygen atoms to each Ln
assembly. The formation of the Ln,49; species was monitored by 'H NMR and mass
spectrometry and points to the evolution of a single, highly symmetric species in solution.
Lifetime measurements and ¢ value calculations carried out on Eu,49; in CH;OH and

' centre. Photophysical

CD;0OD elucidated that three solvent molecules are bound to each Eu
investigations of the energy of the donor *mn* state of the ligand were examined and confirm
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 Eu;494 was
prepared by altering the 49:Ln ratio to 2:1 and using piperidine to act as a counterion. Mass
spectrometry of freshly prepared solutions of (Hpip),[Eu,494] showed a peak for the doubly

charged species [Eu,494]>, confirming formation of the complex.'®?
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OH OH O [Nd,(50)3](CIO4)s

[Nd4(50)4]"%*

Figure 1.17. Ligands 49 and 50 developed for the formation of luminescent homonuclear

assemblies. X-ray crystal structures for [Nd>(50);](CIO4)s and [Na’.;(50)4]12+ are also

displayed.'**'¥

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 L.ny(50); (Ln = Nd™, La"™), dimetallic
double stranded mesocates Lny(50),, cyclic tetranuclear helicates Lng(50); or a one-
dimensional coordination polymer, in which metal ions and bridging ligands alternate along
the sequence, may result depending upon the S50:Ln ratio and reaction conditions
implemented. Reaction of 50 with Nd(ClO4); in a 3:2 ratio in CH3CN followed by
diisopropyl ether diffusion yields crystals suitable for X-ray crystal structure determination.

As shown above for [Nd»(50)3](ClO4)s the complex contained two nine-coordinate Ng™
centres each located within a N¢Ojs 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(ClOs); in a 1:1 ratio in CH3;CN
followed by diisopropyl ether diffusion yielded the 4:4 cyclic tetranuclear helicate
[Nd4(50)4(H,0);1(CH3CN)](ClO4),2-2.5H,0-4CH;CN, as shown in Figure 1.17.
Luminescence measurements on the Nd"' complexes revealed that excitation into the ligand
n-m* excited state gives rise to characteristic near-infrared luminescence at 1060 nm.'**

Another approach towards the self-assembly of homo- and heteropolymetallic helicates

which has received considerable attention by Albrecht ef al. involved the use 2-amido-8-
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94,95,183,184

hydroxyquinoline ligands. This class of ligands, including the symmetric

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

I

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

\ A ) 1 = | ( H = : = //\l
\N/\i,/\/ \NJ\WN\/ \/N\n/\\N X \N/
O OH OH O 0 OH OH

52

[K(51)3Yby]*

Figure 1.18. 2 -amido-8-hydroxyquinoline ligands 51 and 52 developed for the self-assembly
of homo- and heterpolymetallic helicates. X-ray crystal structure of K(51)3(Yb),]" is also
v S95,183

" triflate salts in the presence of alkali carbonates (added to

Reaction of 51 with Ln
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 A" salts it was
possible to obtain heterodinuclear triple stranded complexes. The use of NMR spectroscopy
of diamagnetic homo- La/La and Y/Y and hetero- La/Al and La/Zn species demonstrated the
stability of such systems in solution. As shown above for [K(51);(Yb),]", a series of X-ray
crystal structures of the homo 3:2 species of 51 indicated the formation of triple stranded

I (coordination number nine) in a helical

helicates with each ligand wrapped around two Ln
manner bearing an encapsulated alkali metal ion within its central cavity. Crystal structures
of heterodinuclear species such as [(52);A1YbK]  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),]"
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);A1Yb]" due to
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an internal quenching process of the Al'"' quinolinate unit by the Yb quinolinate moiety as a

result of a difference in excited state energy levels.”**>'®

La(NO3)3
—_—

53

[Lay534(NOy)**

Figure 1.19. Compound 53 developed for the self-assembly of the circular helicate species
[Lag53s(CH 30)3(C1’-1301‘1f)3]3+ and the tetranuclear stranded helicate complex
[Lai53,NO3)]’".  X-ray crystal structures of [Las53s(CH;0)5(CH;OH)s]>"  and
[La4534(]\703)]3+ are shown.'”

Research recently published by Wang and co-workers on the development of multiple
lanthanide helicate clusters highlighted the significance the templating effect of the counter
anion employed can impose upon the stereochemistry of the supramolecular architecture
manifested.'® The bis(tridentate) compound 53 was shown to self-assemble and form a novel
hexanuclear Ln"™ circular helicate ([Las53¢(CH;0);(CH3OH);]>") in the presence of
La(ClOy);, as shown in Figure 1.19. However, upon addition of La(NO3)3;, which possesses a
trigonal planar NO;™ as opposed to a tetrahedral ClO4 counter anion, a tetranuclear stranded
helicate complex ([La4534(NO3)]3+) was preferentially formed. Furthermore, the system was
shown to undergo dynamic conversion from the circular helicate to the tetranuclear stranded
helicate species upon NO;3™ stimulus. These results signify that simple key factors, such as the
size, shape and the binding mode of the counter anion, can play a crucial role in determining

the stereochemistry of the resulting self-assembly species.'®
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Figure 1.20. Macrocyclic L™ complexed compound 54 and stoppered axle unit 55
synthesised for the formation of novel lanthanide [2] rotaxanes Lu.54.55 and Eu.54.55. il

In order to fully convey the contribution Ln"-directed self-assembly synthesis has made
in advancing supramolecular chemistry towards the fabrication of 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

' 2]rotaxanes (where Ln"™

1.20)."3¢ In this study the authors succeeded in assembling the Ln
= Lu" and Eu") shown in Figure 1.20. Compound 54 consists of 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 N-oxide threading component where the N-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 N-oxide axle motif are observed. Eu'-centred excited state
luminescence lifetime measurements for the rotaxane system were conducted in a
CH,Cl,:CH;0H (1:1) and a CD3Cl,:CD;0OD (1:1) solvent mixture allowing the calculation of

g, the number of Ln""-bound solvent molecules. A g value of 0 was estimated equating to the
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exclusion of CH;OH from the inner coordination sphere of Eu', again suggesting
coordination of the N-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 of 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 of 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.

15 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 of 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™ (an = Nd'l" Smm, Eu'", Tbm, and Yb'") centre in a tightly packed helical
manner, as depicted by [Tb(56):]*" below.” Ligands 56 and 57 consist of two chiral
naphthalene antenna groups (R,R or §,S) connected through the I-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(CF3SOs); in both CH3CN and CH30H solutions
indicated the presence of a 1:1, a 1:2 and a 1:3 Ln:L (L = 56, 57) species in solution
possessing large stability constants of logP;3 = 19 (in CH30H) and = 20 (in CH3CN) for both

enantiomeric 1:3 specir;:s.'87 The 1:3 Ln:L complexes were found to be highly symmetrical,
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with the ligand 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 of these bundles, as face-to-face n-n
stacking interactions existed between the pyridine unit of one ligand and one naphthalene
unit from each of the other ligands upon complexation. Both excited state lifetime

11

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 of three pyridyl nitrogen atoms and six carboxyl oxygen

. . ‘ . 93,187
atoms (N3Og) giving an overall coordination number of nine.
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Figure 1.21. Compounds 56 — 61 developed for the Ln"-directed self-assembly of
monometallic system and X-ray crystal structure of [Th(56)3]°" and [Eu(58);]°" .*>"%

Although factors such as thermodynamic stability, kinetic inertness, sizable luminescence
quantum yields and long excited state lifetimes — prime specifications for the construction of
La™ 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 efc. and so the 2-
naphthalene isomers 58 and 59 were synthesised in order to probe such queries.

The NO, tridentate chelating unit and antenna groups remain the same for 58 and 59
however attachment of 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

11

conducted on the ligands with Eu™ only and compared to previously documented results. X-

34



Chapter One - Introduction

ray crystal structures of the enantiomeric pair Eu(L)3(ClO4); (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);(CF3;SOs3); (L = 56, 57) complexes, was not observed for
Eu(L);(Cl04); (L = 58, 59) giving rise to a more flattened and open structure, as can be seen
for Eu(58)3(C104); 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:LL (L = 58, 59) self-assembly species were comparable to those obtained for 56 and 57 in
CH3CN (logPis = 20) however in protic CH30H solution a decrease in stability was evident
from the reduction in logf,; values from logP,; = 19 for Eu(L); (L = 56, 57) to logB;x = 17
for Eu(L); (L = 58, 59). The higher binding constants obtained for the Eu™ tris complexes
with 56 and 57 were attributed to the presence of stabilising n-m 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 (nsens) values calculated with @, found to be
four times higher for Eu(L); (L = 56, 57) than for Eu(L); (L = 58, 59) in both solvents. These
values confirm that the efficiency of sensitisation is in fact five times less for Eu(L); (L = 58,
59). Excited state lifetimes were similar for both of the complexes, indicating that it is indeed
more likely that the efficiency of energy transfer from the ligand to the metal centre is the
main cause of quantum yield deterioration and not quenching processes via interacting
oscillators 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; unit — the pyridyl nitrogen and
two flanking carbonyl oxygen atoms - with the possibility of 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(CF3S0s3); or Tb(CF3S03)s to either 60 or 61 in CH3CN, suggested the formation of only
the 1:1 and the 1:2 species in solution but not the predicted 1:3 species. As crystals grown
were not of 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 of 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 of 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 of appending a polyethoxy chain and sugar moieties
respectively, are thought to open up new prospects for these systems. A detailed study of 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, pre-organised ligands for the Ln""-
directed self-assembly of triple stranded homodimetallic helicates (Ls:Ln;) (L = 62 — 66)
have also been synthesised and extensively studied by Drs. Floriana Stomeo, Christophe
Lincheneau, Steve Comby.?"*** Ligand design of 62 — 66 entailed the incorporation of 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

M jons (Ln™ =

tridentate diamide pyridyl (NO,) chelating units together allowing both Ln
Sm™, Eu", Tb", Lu™) to attain a nine-coordinate binding sphere upon self-assembly,
ensuring complete saturation. Evolution of the self-assembled species was monitored
spectroscopically as the photophysical properties of the antennae and Ln"" were perturbed
upon helicate formation. Excitation into the naphthalene antennae (Aex = 281 nm) and

M_centred emission confirmed effective sensitisation and thus

subsequent characteristic Ln
successful complexation. Emission intensity increased with each additional aliquot of metal

ion until the most highly emissive 62;:Ln; (Ln"l - Smm, Eu"l, Tbm) species became the
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predominant species in solution, followed by a rapid decrease as the less emissive 62,:Ln;
species evolved. Fitting of spectroscopic data using non-linear regression analysis indicated
that in the presence of 0.2—0.8 equiv. of Eu' the 62;:Eu, species was the most dominant in

"' High thermodynamic

solution with it being formed in over 80% at 0.67 equiv. of Eu
stability constants were elucidated for all of the 3:2 and 2:2 L:Ln assemblies (logfs, = 27 and

logPy = 20 for Ln" = Sm™", Eu", Tb"™, Lu™) encouraging further studies involving these
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The inherent chirality of para-diphenyl spacer analogues 63 and 64 was exploited for the
Eu"-directed formation of one of the first examples of highly stable enantiomerically pure
dinuclear triple stranded helicates via asymmetric induction.”'®'** Solid complexes
Euy(L)3(CF3S03)s (L = 63, 64) were synthesised by refluxing in CH3CN and isolated by
diethyl ether diffusion. Both 'H NMR and CD spectroscopic studies signified that the
complexes were formed as a pair of enantiomers with a high degree of symmetry. The CPL
spectra, displaying bands of opposite sign and equal magnitude, further confirmed that the

" centre upon complexation,

chirality of the ligands had indeed been transferred to the Eu
giving rise to chiral Eu'"-centred emission. The CPL dissymmetry factors of the measured
transitions for Euy(L)3(CF3SO;)6 (L = 63, 64) were almost identical in both magnitude and
sign to those calculated for the corresponding original mononuclear bundle structures, whose
absolute configurations have been determined by X-ray crystallography.”®'®” This implied
that each dimetallic triple stranded species was formed as a single helical homochiral species
possessing either AA or AA stereochemistry, respectively.®’

Variations on this diphenyl linker moiety, namely 65 and 66, have also been examined

with findings suggesting that the stability of the resulting helicate can be greatly affected by
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" binding cavity available upon complexation which, in turn, is dictated by

the size of the Ln
the location of connection to the diphenyl spacer.*® Structural isomers 65 and 66, which
possess two identical binding sites to those of 63 and 64 are linked via a meta-diphenyl
spacer, were also synthesised for the formation of enantiomerically pure dimetallic triple
stranded helicates Euy(L); (L = 65, 66). Interestingly, a greater stability than that seen for
Euy(L); (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

¥ upon self-assembly.

modelling) of the Eu

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 of these aforementioned applications often require solubility in water, bio-conjugation
or immobilisation onto solid substrates — three areas of significant interest within the

" system be appropriately

supramolecular lanthanide community. Not only must the Ln
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

41,42,191

biologically active functional groups to Ln"™ luminescent complexes and/or to

71,192,193 194-198

incorporate them into solid supports such as gels and gold nanoparticles with
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 of this thesis the following section is dedicated to Langmuir monolayer and
Langmuir-Blodgett (LB) film theory, apparatus and application. A few examples of 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-Blodgett technique: theory and applications
In 1917 Irving Langmuir first reported studies carried out on the ability of a variety of oils to

' He hypothesised that “a portion of the oil

form thin films at an air-water interface.
molecule is attracted to the water, while the remainder is more attracted to other oil
molecules than to water” and that “the spreading of an oil upon water is due to the presence
of an ‘active group’ in the molecule”.'” Research into this field was undertaken by
Langmuir, and later in collaboration with Katherine Blodgett, to extend the applicability of
these thin film monolayers by attaching them to solid substrates - later to become known as
‘Langmuir-Blodgett films’. 2% 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 R . 4-206
of chromophoric dyes which were organised into thin film arrangements.*’
() (b)
| Amphiphile: |
‘ l Hydrophobic tail 1
i . Hydruphilic head
( group J
Wilhemy plate
Moveable barrier Amphiphile

Figure 1.22. (a) Picture of Langmuir trough, used in collaboration with Prof. Martin
Albrecht, in UCD laboratory. (b) Simplified illustration of 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
prevent 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 of consideration for the hydrophilic/hydrophobic ratio
within the molecule as it is this factor which dictates whether monolayer formation will
prove successful or not.*"’

The apparatus employed for the assembly of 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

28 and is dispensed from a microsyringe onto the
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water surface leaving a disordered layer of non-interacting molecules on the surface of 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 (m) (monitored by means of a Wilhelmy plate) versus area per
molecule (a). Surface pressure (m) is defined as the difference in surface tension of the clean
surface (y,) with respect to the surface tension of the surface in the presence of the floating
amphiphile (y), (m =y, — v), while the area per molecule is calculated by the Langmuir trough

software from data input at the beginning of the measurement, using the following equation:

d AM
Equation 3: a= CNAV

where A is the film area, M is the molecular weight of the monolayer material, C is the
concentration of the spreading solution in mass per unit volume, V is its volume and Ny
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 of a
closely packed, one molecule thick layer known as a Langmuir monolayer. Over
compression of this state may result in film collapse which is identified by a sharp decrease
in surface pressure. By extrapolating the steepest part of the curve prior to collapse, a
minimum cross-sectional area per molecule can be obtained.?""*

Monolayer stability may be evaluated by holding the film in the LC phase for a fixed
period of 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 monolayer’s

characteristics are highly dependent on these two par.’:tmeters.zm’208
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Figure 1.23. (a) Surface pressure-area isotherm graph indicating different phase transitions
for an ideal Langmuir monolayer. (b) Deposition of 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 for
fatty 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
of 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
of three packing patterns known as deposition architecture type. The three types of 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 of film transfer is measured by evaluating the deposition transfer ratio (t) and
is given by:

E ion 4: -
quation 4: 1= A

where Ay is the decrease in the area occupied by the monolayer and Ag 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 of 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 of molecules). Layer-by-layer coating of
monomolecular films also opens up an avenue towards the formation of alternate
multilayered films by coating one material and then attaching a second substance bearing
different 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
memory storage at the nanomolecular level.””’?* The distinct resemblance of the biological
membrane — composed of 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
sensitive biosensors.”?***? However, the application of 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 of attractive luminescent Ln" materials into ordered ultrathin
films provides an alternative route towards solid state emitting devices there are very few
examples of Ln"" luminescent LB films in the literature. The majority of research groups

" based energy transfer luminescent LB films use B-

240-242 3

working within the area of Ln

233-239

diketonates although polyoxametalates (known as POMs), calixarenes’” and

heterocyclic pyridine ligands244 have also been reported.

" have been incorporated into LB films

11

Other systems have been identified in which Ln
for purposes other than energy transfer luminescence including films of a hemicyanine Eu
complex which has been shown to exhibit good second harmonic generation,”* and the films
of double-decker-type bisphthalocyanines compounds whose electrochromic and
electrochemical behaviour has been studied in great depth by de Saja ef al. for gas-sensing
purposes (NO,/N,Oy4, selected herbicides, volatile organic compounds and tobacco smoke in

" complex containing LB films

particular).”***' The main focus herein is that of Ln
expressing luminescence via energy transfer from surrounding excited antennae ligands,
most notably the B-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 of classical film-forming molecules with non-amphiphilic
functional molecules onto the subphase, allowing the surfactant substance to act as a
mediator in the film-forming process.”>****® Chemical modification of 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.?’%%24422

As shown below, thenoyltrifluoroacetone (TTA) B-diketonates in particular have been
employed by a number of research groups for Ln"' complexation, sensitisation and
subsequent LB film incorporation.”** Qian ef al. designed 67 such that the complex counter
anion displayed amphiphilicity to facilitate stable Langmuir monolayer formation at the air-

: 233
water interface.

Stable monolayer formation was confirmed by a surface pressure-area
isotherm of 67. However, the difficultly in depositing pure monolayers of 67 onto solid
substrates led to the investigation of the Langmuir monolayer forming abilities of mixtures of

67 with arachidic acid (AA) and octadecane (OD). Higher collapse pressures were observed
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when mixtures of 67 with OD were deposited onto the surface with an increase in OD molar
fraction giving rise to larger m collapse values — suggesting closer packing of the molecules
in the presence of OD. Mixed monolayers with AA (in molar ratios of 1:16 and greater)
could be deposited onto hydrophobic quartz slides by vertical dipping while mixed
monolayers of 67 and OD (molar ratio 1:4) were deposited by a horizontal lifting technique.
Absorption and emission spectra of 67 in the mixed monolayer assemblies (50 layers) with
OD (molar ratio 1:4) and AA (molar 1:16) in comparison to organic solutions (CHCI; and
CH30H) of 67 reflect the difference in symmetry in going from the solution to the solid state.
Not only was the *D, — 'F, transition split into two peaks but emission from the higher
energy exited “D; state was observed and the usually weakly observed symmetry forbidden
transition °D, — 'F, was enhanced upon organisation into the LB film. > Moreover, Qian et
al. have carried out a study illustrating the effect that different chain lengths and different
hydrophilic B-diketonate head groups have on the monolayer morphology and collapse

11

4
processes of monolayers of Eu"' complexes.*
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Zhang et al. developed a method to assemble non-amphiphilic complexes 68 and 69 at
the air-water interface in which an appropriate composite subphase is selected.”>> When the
aqueous subphase solution is saturated with TTA, 1,10-phenanthroline (Phen) and 68
dissolution and dissociation of 68 was effectively inhibited by the components and so by
adding the fatty acid AA (to aid assembly) and depositing a mixture of 68:AA/69:AA (molar
ratio 1:1) onto the composite subphase surface homogeneously dispersed stable monolayers
were formed and successfully transferred onto hydrophobic glass substrates. UV-visible
absorption spectra of CHCl; solutions of 68:AA and 69:AA (1:1) were compared to those
obtained from LB films of 68:AA and 69:AA (1:1) with shifting of bands upon
immobilisation into LB films attributed to the superior organization and interaction of the
molecules in the LB film. A linear dependence of the absorbance on the number of layers
was also obtained indicating that the films have vertical uniformity. Ln"-centred emission

via energy transfer from the coordinating chromophores was preserved upon LB fabrication
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with the emission intensity exhibited from 68 LB films being stronger than that of 69 LB
films, the intensity of the former being nearly 25 times the intensity of the latter.”** These
results suggest that not only can Ln'" luminescence be preserved upon LB film fabrication
but that the organisational structure of the monolayer can have an effect on the photophysical
properties. Furthermore, the influence of the B-diketonate on the excited state lifetimes and
energy transfer process was studied on a series of analogous of 68 and 69 which were
immobilised into molecular LB films. It was concluded that fluorescence lifetime of the rare
earth complexes varied with the B-diketonate ligand (those studied were (acetylacetone),
trifluoroacetylacetone, hexafluoroacetylacetone and thenoyltrifluoroacetone) while the

lifetime was also shown to be longer in the LB film than that in solution and solid powder.>*

O O
X
e N o— :
\ Ln \ ] (C12H25),N"(CH3)»
'14 0=
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Ln = Eu"

11

For the fabrication of thin Eu -centred luminescent films of 70, de Gomes et al.

combined the methods of introducing a long aliphatic chain into the parent ligand structure
for spreading ability and assembly of the amphiphilic ligands into Langmuir films on a Eu'
0.1 mmol L™ solution subphase.”’ Following an appropriate time interval (120 mins), to

"l monolayers were then transferred to quartz slides yielding

allow complexation of 70 to Eu
Z-type architecture with three layers of Eu(70),xH,O deposited by means of three vertical
withdrawals of the slide. Eu"" distribution within the films was verified by SEM images, EDS
analysis and the exhibition of 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 of Eu"" coordinated to four TTA B-diketonates bearing
a negative charge which is neutralised by the amphiphilic cation didodecyldimethyl
ammonium. Upon spreading CHCls solutions of 71 onto water pure stable Langmuir
monolayers of 71 were obtained. Subsequent attachment of monolayers of 71 onto a quartz

solid substrate afforded Y-type deposition which, following excitation of the sensitising

45



Chapter One - Introduction

antenna (A = 307 nm), was shown to retain the desirable Ln" luminescent properties
38

following LB fabrication.?

/
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72 Ln = EJ" 73:Ln=Tb" n=15

74:In =T n=17
75:Ln=Tb" n=19

The film-forming ability of 72 was analysed by surface-pressure area isotherm

measurements, low angle X-ray diffraction and UV-visible and emission spectroscopy by

239 I11
i

Bian ef a Introduction of the hydrophobic alkyl chain onto one of the Ln" coordinating
units allows for the assembly of 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 of 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 of 72 in an ordered environment. A linear dependence of the
absorbance on the number of layers was again obtained for 72 indicating that the transfers

_centred luminescence was preserved upon LB film

were uniform and reproducible. The Eu
formation as the emission spectrum, exhibited from a thirteen layered LB film, displayed
characteristic Eu™ peaks at A = 579, 592, 612, 652 and 701 nm corresponding to the 5D0 —
’F; (J = 0 — 4) transitions.”’

Other ligand systems for LB film formation of Ln" luminescent systems via energy
transfer other than the P-diketonates are uncommon despite the wide range of antenna
moieties available for Ln" coordination and sensitisation. The remaining literature examples
discussed, 73 - 78, highlight the versatility of the LB technique and how, with a greater
understanding, a broad spectrum of functional systems may be integrated into the solid state
for practical applications. Yan er al. developed nine Ln'"' complex systems for LB film
fabrication, the three Tb"" complexes of 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 of amphiphilicity.*> Again, there was no need for a co-spreading agent or a
composite subphase so Langmuir monolayers of the appropriate complex were assembled by
spreading their CHCl; solutions onto a water subphase. The monolayer forming ability of

these systems was shown to be greatly affected by the length of the substituted chain with an
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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 CHCl3
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

ordering and immobilisation can have on the properties of the resultant structure.””
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The first calixarene based systems, 76 and 77, exhibiting energy transfer luminescence in
LB films were reported by Dutton e al.*** Solutions of 76 or 77 were spread onto either a
pure water or a 2 x 10 M TbCl; solution subphase and assembled into stable Langmuir
monolayers. The stability of 76 on the 2 x 10* M TbCl; solution subphase was monitored
over an 8 hr period with very little fluctuation in &, indicative of good monolayer stability.
Single monolayers of Tb.76 and Tb.77 were transferred onto solid substrates from the 2 x 10
* M TbCl; subphase on the upward stroke of a quartz slide, affording films with transfer
ratios close to unity. Multilayers of Tb.76 and Tb.77 were unattainable however but single
layers did display excellent luminescent properties. The UV-visible absorption spectra of
10% CH;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 emission was also displayed upon excitation into the
ligand n-* band confirming an energy transfer luminescence mechanism.**

A time-resolved study of the mechanism of the energy transfer from 78 to Ln" (Ln =
Eu"™ Gd"™, Tb") in LB films was carried out by Lemmetyinen er al.’** Langmuir
monolayers of 78 were assembled on a LnCls subphase and films were deposited onto quartz
solid substrates with transfer ratios of ~ 1. No change in shape of 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 of 78 in CH;OH solution

' but no noticeable difference

experienced a 10 nm redshift following complexation to the Ln
in the absorption spectrum of the complex in solution compared to that obtained from the LB
was seen. Upon excitation of the ligand (A = 300 nm) characteristic Eu™ and Tb™
luminescence was exhibited indicating energy transfer via sensitisation of the coordinating
ligand 78 to the Ln"" within each film.***

By considering the very few examples of Langmuir monolayers and LB films containing
luminescent Ln"™ systems in the literature and the abundance of mono- and multimetallic
Ln"-directed self-assembled systems, which have received such significant attention, the
idea of merging the two fields became apparent. By modifying simple structures previously
reported within our group it was assumed that the generation of novel chiral emitting Ln""-
directed self-assembled systems could be organised into highly ordered LB films, a project

which shall be discussed in detail in Chapter Two.

1.8 Work described within this thesis

The main objective of 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 of ligand
structures which have been developed within our group, and hence are relatively well

11

understood, would enable the aforementioned advantageous properties of the Ln™ ions to be

exploited, further fuelling the applicability of systems of this nature.

Chapter 2 focuses on the functionalisation of the Hydpa framework for the solid state
fabrication of mononuclear Ln" luminescent systems. Amphiphilic asymmetric tridentate
ligands based on 56 and 57 were synthesised with the aim of providing three significant

'in a 1:3 fashion; to efficiently sensitise the

features — the ability to fully coordinate the Ln
Ln" via indirect excitation; and to enable the assembly of 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"I —Fu't Nd" Tb': Sm'
Dy”' and Lu"') was photophysically evaluated in CH3CN solution. 1:3 (M:L) complexes
Ln.L; 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 of visibly (Ln.L3
(Ln =Eu"™, Tb"™ and Sm™) and NIR (Nd.L;) emitting mononuclear complexes were shown to
exhibit Ln""-centred emission.

Chapter 3 is based on the modification of the ditopic helicate ligand 62 for the formation
of dinuclear Ln"" luminescent chiral helical assemblies. Attachment of two polyoxyethylene
chains to the helicate ligand backbone structure was expected to enhance the solubility of
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 of the ligands and their resulting 2:3 M:L
assemblies and 2) establish their Eu''-directed self-assembly behaviour in sifu in solvent
media of varying competitiveness with a view to bringing these studies into a fully aqueous
environment.

The versatility of 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 of an asymmetric analogue of the sliotar
compounds 56 and 57. It was anticipated that grafting of a pyridinium side chain would
primarily enhance water solubility while the attachment of the biologically active Pt(terpy)
group could also allow the Ln"" luminescence of 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 of preliminary studies carried out on a Hpdpa derivative
which was functionalised with a C,, thiol-terimated chain at the 4-para position of 1. The
intention of such an attachment was to tether, through a thiol-Au linkage, a Ln" coordinating
unit/sensitising moiety to the surface of AuNPs for the formation of ligand-AuNPs
conjugates which display Ln"™ luminescence upon Ln"-directed self-assembly. Few
examples of 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 of a luminescent sensing device in mind, ligand synthesis, Eu"- and Tb"-
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directed self-assembly studies in H,O and preliminary studies on the adsorption of the
Ln"'coordinating/sensitising ligand onto the surface of AuNPs are described.
Chapter 6 details the experimental procedures and techniques employed throughout the

research described in the preceding chapters.
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Chapter Two - Emissive Langmuir—Blodgett films formed from chiral lanthanide-directed self-assemblies

2. Introduction

For the supramolecular chemist, great interest lies in the design and synthesis of beautifully
extravagant and elegant superstructures. In addition to this, the creation of functional
molecular structures is highly attractive for the construction of novel materials and new
technologies. As a result of structural and functional integration of 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.”*
5596253 As 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 of the complex and the self-assembly process in
situ. The use of Langmuir and Langmuir-Blodgett techniques however, allows for the
translation of these systems from solution to the solid state with the additional benefit of
offering control at the molecular level over the organisation of these complexes into thin

monomolecular films. Deposition of these Ln™

systems onto solid supports in this manner
may open up new prospects in the development of immobilised chiral luminescent devices.
Therefore, the principle aim of this project was to develop highly organised self-assembled
monolayers (SAMs) of systems of 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

(S) and 80 (R).*

N
o)
() »o
80: (R)

111

I

The interaction of these ligands with Ln™, such as Eu", have recently been shown to give
rise to the formation of Ln" luminescent “half-helicates” in a 1:3 metal:ligand (M:L)
stoichiometry.66 The formation of the self-assemblies Eu.79; and Eu.80; was monitored in

situ using spectroscopic techniques while Circularly Polarised Luminescence (CPL)
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measurements were employed to illustrate the exhibition of chiral Ln""-centred luminescence
from such self-assembled structures. Molecular modelling calculations (MM2) were also
implemented in order to gain insight into the stereochemistry of 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 of a ‘“half-
helicate”, with the methyl groups outside the coordination sphere of the Ln"" ion, giving rise
to the most stable complex arrangement.*®

This chapter deals with the synthesis of amphiphilic analogues of chiral ligands 79 and 80

o complexes (Ln'" = Eu™, Nd™,

and the photophysical properties of the resulting 1:3 Ln
Y, Sm Dym and Lu"'). Spectroscopic measurements were employed to re-evaluate the
Ln""-directed self-assembly of these amphiphilic ligand derivatives in CH3CN solution while

111
complexes to

the ability of both chiral ligands (81 and 82) and their corresponding 1:3 Ln
form Langmuir monolayers and Langmuir-Blodgett films at an air-water interface was also
established. Since the intention of this project was to retain functionality for future
application appropriate modification for solid state incorporation was required but it was also

" system

crucial, following derivatisation, that the unique photophysical properties of the Ln
were preserved and so the photophysical properties exhibited by the Langmuir-Blodgett films
have also been probed.

The first section of this chapter focuses on studies carried out on the Eu" 1:3
mononuclear systems while the second section discusses those studies performed on the NIR-
emitting Nd™ systems. The remaining sections detail results obtained for the Jh Am

i 1 . .
Dy and Lu™ monometallic species.

2.1 Design and synthesis of ligands 81 (S) 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 of these systems. The importance of
amphiphilicity for the formation of Langmuir monolayers at an air-water interface has
previously been stressed in chapter one and so it was anticipated therefore that the
incorporation of 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 of 79 and 80 it was assumed that it would
be possible for both chiral ligands themselves to self-assemble 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 complex, 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.

o) o)
82: (R)

When designing chiral amphiphilic ligands 81 (S) and 82 (R) it was critical to achieve the
implementation of 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 of 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 of 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 of the (R) enantiomer 82 have been
conducted by him. For the purpose of this chapter results obtained for the (5) 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 al.”**
and Stomeo ef al..* An initial monoprotection of 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. of benzyl bromide (BnBr) to a stirring

solution of 83 and NaHCO; in DMF at 60 °C.
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Scheme 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 H,O and neutralised to pH = 7 with sat. aq. NaHCOjs 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 H,O,
brine and dried over MgSO4. 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, CDCls)
resonating at 5.48 ppm, corresponding to the CH, group of the benzyl ester 84 while the
benzyl aromatic protons were located between 7.40 ppm and 7.51 ppm. The 3C NMR (100
MHz, CDCl;) 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 1-(1-naphthyl)-ethylamine antenna moiety
was achieved via an EDCI'HCl ((3-Dimethylaminopropyl)-3-ethylcarbodiimide
Hydrochloride) peptide coupling reaction. A mixture of 6-(benzyloxycarbonyl)picolinic acid
(84), HOBt, NEt; and 1 equiv. of (S)-(-)-1-(1-naphthyl)ethylamine (or (R)-(-)-1-(1-
naphthyl)ethylamine) in THF were placed under argon and cooled to 0 °C. After 30 mins of
stirring EDCI'-HCI 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 CH,Cl,. The solution
was then washed with 1.0 M HCI, sat. aq. NaHCO;, H,O and brine and the organic phase
dried over MgSOy4 Solvent was removed under reduced pressure affording 85 and 86 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, CDCls) representing the CH; 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 of a Parr hydrogen shaker apparatus in which compound 85/86
was placed under 3 atm of H; in the presence of a 10% Pd/C catalyst in CH3OH. The reaction
mixture was then filtered through celite and volatiles were removed in vacuo affording the
deprotected moieties 79 (S) and 80 (R) in 76% and 83% yields, respectively. The
disappearance of the aromatic signals and CH, signal at 5.48 ppm in the '"H NMR spectrum
(400 MHz, DMSO-dj) of 79 confirmed the successful removal of the benzyl ester protecting
group.”’

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 86. The desired amphiphilic ligands 81 and 82 were synthesised in 51% and 59% yields,
respectively and fully characterised by 1D and 2D NMR spectroscopy using H-H COSY, C-
H COSY, HSQC and HMBC experiments.

As shown in the '"H NMR spectrum (600 MHz, CDCl;) 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 CH, protons next to the amide group of the long chain (CH; 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, CDCls) in Figure 2.1. 3C NMR (150 MHz, CDCl;3), HRMS and
IR spectroscopy were also employed to verify formation of 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. 'H NMR spectrum (600 MHz, CDCl3) of 81 (S).

22 X-ray crystal structure analysis of 81 (§) and 82 (R)

Single crystals of ligand 81 were grown by the slow evaporation of CH,Cl,/CH3CN solution
in the presence of CH;l 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.

Figure 2.2. Perspective view of ligand 81 (S) illustrating dimeric nature of packing. Note
that w-n stacking and hydrogen bonding exist between the two crystallographically
independent molecules. Hydrogen atoms have been omitted for clarity.

The dimeric nature of the packing is governed by interactions through NH:-O hydrogen

bonds (see also Table 2.1 for bond angles and lengths) and offset face to face n-n stacking

between the pyridyl ring of one molecule and the naphthalene ring of the other, as shown in
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Figure 2.2 (see also Appendix Table A2.1), 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 of the slow evaporation of
CH,Cly/CH;CN solution in the presence of CH;l (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 of 82 was not determined by
crystallographic means, however, 81 was collected using Cu x-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+1,y+1/2,-z+2 " x+1,yz

N(1)-H(1X)...0(102)? ) 3.0500(18) 162.0
N(3)-H(3X)...0(102)? 0.87 2,12 2.9447(18) 158.3
N(101)-H(10X)...0(2)" 0.9 2.18 3.0192(18) 154.9
N(103)-H(10Y)...0(2)® 0.9 2.15 3.0105(17) 158.2

Figure 2.3. Crystal structures of ligands 81 (a) and 82 (b) with thermal ellipsoids shown at
50% probability. Both enantiomers pack in an identical manner, as mirror images of one
another, displaying the enantiomeric relationship between the two isomers. Hydrogen atoms
have been omitted for clarity.

2.3 Formation of mononuclear tris chelate complexes Eu.815 (S) and Eu.82; (R)
Preparation of the mononuclear Eu'' complexes was achieved by reacting either 81 or 82
with Eu(CF3S0;); in a 1:3 stoichiometric M:L ratio in HPLC grade CH;0H. 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.81; and Eu.823 as white solids in
yields of 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 of

signals in the '"H NMR spectrum (400 MHz, CD;OD-d,) signified complexation of the

paramagnetic Eu'" ion.

Eu(CF3SO
m/(j\”/ s (CF3S03)3 Eu.815(S)
CH0H Eu.82; (R)
81 (S)
82 (R)
Scheme 2.2. Preparation of Eu'™ complexes Eu.81; (S) and Eu.82; (R) carried out under
microwave irradiation at 70 °C.

I

IR is representative of 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

i

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™ for Eu.815 and from 1650 cm™ to 1631 cm™ for

Eu.823) verified complexation on both occasions.
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Figure 2.4. "H NMR spectrum (400 MHz, CD;0D-d,) of Eu.81;.
Elemental analysis (C, H, N) also supported formation of Eu.81; and Eu.82; in the solid
state. Unfortunately neither of the 1:3 complexes Eu.81; nor Eu.82; were detectable by
HRMS in the range of solvents investigated (CH3;0H, CH,Cl,, 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.81;). 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 of the complexes. Moreover, the self-assembly species is subjected

to a harsh environment during HRMS analysis which may cause removal of the third ligand.

24 Photophysical characterisation of complexes Eu.81; (S) and Eu.82; (R)
Having successfully synthesised both ligands 81 and 82 and their corresponding 1:3 Eu™
complexes, Eu.813 and Eu.823;, we next evaluated their photophysical properties in CH3CN,

as shown in Figures 2.5 — 2.7 and Appendix Figure A2.4.
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Figure 2.5. The UV-visible absorption spectra of (a) Eu.81; (S) (4.1 x 10° M) and (b) Eu.82;
(R) (4.8 x 10° M) in CH;CN.

The UV-visible absorption spectra of Eu.81; and Eu.82; were dominated by a high energy
absorption band located at A, = 223 nm. This band is assigned to the singlet ground to the
singlet second excited state (So — S;) m — m* transition while the longer wavelength
absorption band occurring at Amax = 281 nm represents the singlet ground to the singlet first
excited state (So — S;) T — m* transition of the antenna moiety.

Upon excitation of the naphthalene antenna at Ama = 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'™ Dy excited state to 'F, 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 A = 580 nm is also observed representing the J = 0 transition.

11

The presence of this band represents the high degree of symmetry at the Eu™ centre, i.e. C;
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11

symmetry is achieved by coordinative saturation at the Eu" centre via binding to three

tridentate ligands.*
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Figure 2.6. The Eu"-centred luminescence emission spectra of (a) Eu.81; (S) (4.1 x 10° M)
and (b) Eu.82; (R) (4.8 x 10° M) in CH;CN.

(a) (b)

350 = 120

300 ~
100 <

250 ~

200 —/

80

2 2
Z j ‘w60
5 B
2 150 7]
i) =
40
100 o
Eus8l () 0 Eu82 (R)
50 2
0 — 0
T T T T T T T T T 1 T T T v T T o T T T T 1
200 225 250 275 300 325 350 375 400 425 450 200 225 250 275 300 325 350 375 400 425 450
Wavelength (nm) Wavelength (nm)

Figure 2.7. Excitation spectra of (a) Eu.81; (S) (4.1 x 10° M) and (b) Eu.82; (R) (4.8 x 10°°
M) in CH3CN (Aem = 615 nm).

Excitation spectra were also recorded for Eu.81; and Eu.82; in CH3CN displaying
maximum intensity (Aem= 615 nm) at 223 nm and 281 nm (see Figure 2.7). These spectra
closely resembld the UV-visible absorption spectra, further suggesting successful

' centre by indirect excitation of the antenna moiety.

I

sensitisation of the Eu

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

" complex. This is based on the

I

number of bound water molecules (hydration state, g) of a Ln
fact that O-D isotopic oscillators reduce the excited state lifetime of Eu™ to a far lesser extent
than the O-H oscillator.?” Excited state lifetime measurements for Eu.81; and Eu.82; were

conducted in H,O and D,O in which these complexes were only sparingly soluble The
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excited state lifetimes of Eu.81; and Eu.82; in both solutions were best fit to a mono-
exponential decay function, indicating the presence of only one major luminescent species in

H,0 and D,0 for both complexes.

Table 2.2. Excited state lifetime values for complexes Eu.81; and Eu.82; in H,O and D0
and hydration state (q) values calculated using equation 1.

Eu.81, 1.49 1.54 03405
Eu.82, 1.47 1.60 0.2+0.5

Excited state lifetime values of 1.49 and 1.47 ms in H,O and 1.54 and 1.60 ms in D,O
were calculated for Eu.813; and Eu.82; 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 g values for Eu.813 and Eu.82; (see Table 2.2). g 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 Chiro-Optical properties of Eu" complexes Eu.81; (S) and Eu.82; (R) — 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; - Agr

where A1 is the absorbance of left-handed circularly polarised light and A 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 of opposite sign as their structures are mirror images of one another. This technique was
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implemented to probe the chiral nature of 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.81; (S) and Eu.82; (R) were
recorded in CH3CN to investigate the enantiomeric relationship between the chiral ligands

" complexes with the latter being formed in

and their corresponding 1:3 tris chelate Eu
solution upon the addition of 0.33 equiv. of Eu(CF3S0s);. The spectra of 81 (S) and 82 (R)
were mirror images of one another, confirming structural isomerism and the enantiomeric
purity of 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 of ligands 81 (S) and 82 (R) (2 x 107 M) recorded in
CH;CN at RT (a) before and (b) after the addition of 0.33 equiv. of Eu(CF3S03); - 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 Eu.81; (S) and Eu.82; (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 Eu.815 (S). Concomitantly, the band centred at 286 nm
experienced a significant decrease in intensity, appearing as a small negative absorption
band, following formation of the 1:3 tris chelate Eu.81; (§) complex in solution.
Concurrently, for the CD spectrum of the corresponding Eu.823 (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 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 Eu(CF3;SO;);
(from 0 — 4 equiv.) in CH3CN at RT are shown below in Figure 2.9.

These studies illustrate that the most notable changes occur upon the formation of the 1:3
M:L species in solution. A significant enhancement in the relative intensity of absorption was
exhibited by the band located at 229 nm, with it being slightly shifted to 225 nm after the
addition of 0.33 equiv. of Eu(CF3;S0s3); for ligand 81 (S) (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 of a negative signal located at 208 nm. With
further aliquots of 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 of 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.
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Figure 2.9. The overall changes in the circular dichroism spectrum of (a) 81 (S) (3.2 x 107
M) and (b) 82 (R) (3.7 x 10° M) upon titrating against increasing concentrations of
Eu(CF3S03); (0—4 equiv.) in CH3;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 states.”>> A bisignate curve, termed an exciton couplet, in the CD
spectrum is indicative of this phenomenon and arises because electronic transitions of the
excitonic states are excited to different degrees by right and left circularly polarised light.>
Parker and co-workers have investigated the use of these same chiral naphthalene antennae
(as well as the 2-isomers) in C4 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 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, as mentioned above, suggesting the occurrence of exciton coupling between the

naphthyl chromophores.”*®

2.6 Chiro-Optical properties of Eu™ complexes Eu.81; (§) and Eu.82; (R) -
Circularly Polarised Luminescence (CPL)

Analogous to CD, circularly polarised luminescence (CPL) is the differential emission of

right circularly polarised light versus left circularly polarised light by chiral luminescent

molecular systems.257 The main parameter encountered in CPL measurements is the emission

circular intensity differential (ECID) and is given by:
Equation 6: ATV =ILAN) -k V)

where I and Ir denote left and right circularly polarised light emission intensity, respectively.
CPL is generated from the electronic excited state of a luminescent system reflecting the

I optical activity arises as a chiral ligand(s) generates a

structural nature of this state. Ln
chiral environment around the metal centre, perturbing and influencing its f electrons to
assume a chiral configuration. This mechanism of induction of Ln"" felectron optical activity
remains somewhat uncertain. However, CPL has become a substantially powerful technique
used in enantiomeric relationship investigations between Ln'" complexes. The degree of
circularly polarised luminescence may also be calculated and is given by the luminescence

dissymmetry ratio:

Equation 7: Bum = T

where Al is the difference in the intensities of left and right circularly polarised emissions
and 1 is the total emission intensity.'****"2>

CPL spectra of complexes Eu.813 (S) and Eu.82; (R) were recorded in CH3CN at the
Department of Chemistry, University of Glasgow, in collaboration with Prof. 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 of complexes Eu.81; (S) and

Eu.82; (R) displayed chiral Eu-centred emission with positive and negative bands
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representative of deactivation from the °Dy excited state to the 'F, 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 of opposite handedness in each case.

Comparison of these CPL spectra with those obtained previously in our laboratory for the
parent structures Eu.56; and Eu.57;, for which the crystal structures of the 1:3 complexes are
known, allowed us to assign the absolute stereochemistry of these self-assemblies as being A
and A for Eu.81;5 (S) and Eu.825 (R), respectively.93 Dissymmetry factor values (gum) were
also determined for these complexes with values of -0.18 and 0.11 and 0.18 and -0.10
calculated for the AJ = 1 and AJ = 2 transitions for Eu.81; (S) and Eu.82; (R), respectively

(Table 2.3).
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Figure 2.10. Total Eu'"'-centred emission and CPL spectra of complexes (a) Eu.81; (S) and
(b) Eu.82; (R) recorded in CH3;CN (excitation at /. = 28 1nm).

The gjum values obtained for the AJ = 1 and AJ = 2 transitions of Eu.815 (S) and Eu.82;
(R) complexes were slightly lower to those evaluated for Eu.56; and Eu.57; (-0.24 and 0.25
and 0.22 and -0.26 for the AJ = 1 and AJ = 2 transitions for Eu.56; and Eu.57;,
respectively)187 which might reflect the unsymmetrical nature of complexes Eu.81; (S) and

Eu.823 (R) in comparison to the symmetrical complexes Eu.56; and Eu.57;.

Table 2.3. Summary of dissymmetry factors obtained for Eu.81; (S) and Eu.82; (R) in

CH;CN.
(um) 598 0m | (@) 619 nm

Eu.81, -0.18 0.11
Eu.82, 0.18 0.10
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2 Solution studies on the Eu'"-directed self-assembly of 81 ($) and 82 (R) in
CH;CN
A series of 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 of Eu(CF3S03); 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 (I x 1 0° M) against Eu(CF350;); (0—6
equiv.) in CH3;CN at RT. Inset: corresponding experimental binding isotherm of (a)
absorbance at ). = 223 and 281 nm and (b) Eu™ phosphorescence emission intensity at ). =
595, 615 and 695 nm.

The overall changes observed in the UV-visible absorption spectrum of 81 follwing the
addition of increasing concentrations of Eu"" are displayed in Figure 2.11 (a). The UV-visible
absorption spectrum of ligand 81 consists of a long wavelength absorption band centred at
Amax = 281 nm (& = 8969 M cm"). As mentioned above, this band represents the Sp — S; nt
— m* 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
Amax = 223 nm, which is assigned to the Sy — S; m — n* transition. Significant changes were
observed in the UV-visible absorption spectra upon increasing concentrations of 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 Amax = 223 nm up until the
addition of 0.45 equiv. of Eu(CF3S0s3)s, 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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1 < =] o

0.45—1 equiv. of Eu™

followed by an absorbance plateau at higher metal concentrations.
These changes are indicative of equilibrium displacement and evolution of different
stoichiometric species in solution as the Eu'™ concentration is increased. Concurrently, an
enhancement in absorption in the band centred at A,,x = 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 A = 293 nm, was also shifted; occuring at 285 nm following the
addition of 1 equiv. of Eu(CF3S03);. At higher metal concentrations no noticeable changes
were observed at this absorption band.

The fluorescence emission spectrum of 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 of ligand 81). Therefore, only the emergence of
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 Ay = 281 nm and measuring the delayed Eu"'-centred luminescence. A
gradual enhancement in a typical Eu"'-centred luminescence spectrum was observed upon

the addition of 0—0.4 equiv. of 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

5D, excited state to the 'F, ground states, where J = 1 — 4,

deactivation from the Eu
signifying effective energy transfer from the ligand to the metal centre and thus successful
complexation in solution. Further additions of Eu" result in a sharp decrease in the emission
intensity of 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 (Eu.813) 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 of
Eu"" were identical to that observed for 81, as shown in Appendix Figure A2.6, confirming
that both enantiomers behave in the same manner in CH3CN solution. For verification of the

stoichiometry of the various species present in solution this data was fit by means of 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 of 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 of the various Ln""-directed
self-assembly species in solution encountered in this chapter and subsequent chapters can be
expressed as follows:

Ky _ [ML]

M+L

v
=
=

L

N

ML + L Kz ML, K=

N
Vv

[ML,]
[ML][L]
[ML;]

ML, +L = > ML; Kj3= [MLz][L]

Thus the cumultative stability constant 3 can be expressed as the product of the step-by-

step equilibrium constants given by:

P13 =K xKiaxKi3

The general equation for:

mM +nL = b > M,L,
can be written as:
Mn
Equation 8: Ban= Eﬁ%ﬁ

Stability binding constants are usually quoted as their logarithmic values however and as
such, shall be reported as logf,,, throughout this thesis.

Analysis of the UV-visible absorption data pointed to the presence of four absorbing
species in solution, namely the ligand itself (81), the 1:1 (Eu.81), the 1:2 (Eu.81;) and the 1:3
(Eu.813) species. The speciation distribution graph obtained following fitting the UV-visible
absorption titration data, (Figure 2.12 (a)), indicates that upon the addition of 0—0.4 equiv.
of Eu" the predominant species in solution was the 1:3 (Eu.81;) species with a binding

constant value of logP3 = 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(CF;S03); in CH3;CN) and (b) the fit of
the experimental binding isotherms using the non-linear regression analysis program
SPECFIT.

A speciation distribution percentage value of 87% for the Eu.815 species after the addition of

11

0.4 equiv. of Eu" was evident, accounting for the significant changes occurring at this point

" shifts the equilibrium towards the formation of a

in the titration. Additional aliquots of Eu
second 1:2 Eu.81; species, with it being formed in 30% yield following the addition 1 equiv.
of Eu", with a binding constant value of logf, = 13.8 + 0.0 calculated. These results direct
us to the conclusion that between these two equivalence values, equilibrium is distributed
between the formation of both species, consequently giving rise to the maximum changes in
absorbance occurring in this region. Subsequent aliquots gave rise to the formation of the 1:1
Eu.81 species with it being formed in 37% yield after the addition of 4 equiv. of the metal
ion, with a binding constant value of logf;; = 6.6 + 0.2. Binding isotherms for this data
analysis confirmed that a good fit was obtained. A summary of all the binding constants
calculated for this chapter are found in Table 2.7.

Analysis of the UV-visible absorption data following the titration of 82 with
Eu(CF;S03); gave rise to the elucidation of binding constant values of logP;; = 6.7 + 0.2,
logPi2 = 13.8 £ 0.0 and logPi3 = 20.5 + 0.3 for the Eu.82, Eu.82, and the Eu.82; species
respectively, (see Appendix Figure A2.7), confirming the same behaviour for both
enantiomers in solution.

The solution formation of Eu.L, (where L = 81/82 and n = 1-3) was also analysed by
fitting the changes in the characteristic Eu'"'-centred emission spectra. The matching of the
binding isotherms with the theoretical fit, (Figure 2.13 (b), evidenced that a good fit was

obtained while, as mentioned above, a summary of 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(CF3SO3); in CH3CN) and (b) the fit of the
experimental binding isotherms using the non-linear regression analysis program SPECFIT.

From the speciation distribution diagram shown in Figure 2.13 (a) it is evident that an
almost identical trend was observed to that shown following fitting of the UV-visible
absorption titration data. A speciation distribution formation value of 80% was observed for

I with a binding constant value of

the Eu.81; species after the addition of 0.4 equiv. of Eu
logBiz = 19.9 + 0.2. Subsequent additions of Eu'"" is again shown to give rise in a shift in
equilibrium with the evolution of the lesser emissive 1:2 Eu.81, species evident at higher
Eu™ concentrations. A speciation distribution formation value of 34% was observed for this

I

species after the addition of 1 equiv. of Eu with a binding constant value of logP;, = 13.3 +

0.2 calculated. The least emissive 1:1 Eu.81 complex then becomes the most predominant in

11

solution with it being formed in 63% following the addition of 4 equiv. of Eu", with a

binding constant of logf;; = 6.7 £ 0.1.

Fitting of the overall changes in the luminescence spectra for the titration of 82 with Eu""
again indicated an identical behaviour for 82 (see Appendix Figure A2.8) with binding
constant values of logP;; = 6.7 + 0.2, logBi> = 14.3 + 0.3, logfi3 = 21.9 + 0.4 obtained for
Eu.82 Eu.82, and the Eu.82; species respectively, again demonstrating the similar behaviour

for both systems in solution.

2.9 Langmuir monolayer formation of Eu.81; (S) and Eu.82; (R) complexes

In order to assess if complexes Eu.81; and Eu.82; were suitable for forming Langmuir
monolayers at an air-water interface it was vital to first examine monolayer formation of
ligands 81 and 82 to ensure that the hydrophilic/hydrophobic ratio chosen in the design of the
ligands induced sufficient amphiphilicity. This process was carried out in collaboration with

Dr. Laszlo Mercs and Prof. Martin Albrecht in the School of Chemistry and Chemical
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Biology, Belfield, UCD. The process involved the spreading of a 20 pL sample of ligand 81
(6.62 x 10* M) (or ligand 82) in CHCI; onto the surface of a water subphase at RT. Solvent
was allowed to evaporate before the barriers were closed (at a speed of 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 of (a) ligands 81 (S) and 82 (R) and (b) Eu.81;
(S) and Eu.82; (R). Inset: (b) surface pressure-time profiles for Langmuir monolayers of
Eu.81;(S) and Eu.82; (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 confirmed monolayer formation at the air-water interface for 81 and
82. A G phase state was observed at areas greater than 55 A” up until a thin monomolecular
film of 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 of the Langmuir monolayer is unknown, however,
film collapse occurs at 30 mN m™ corresponding to an area occupancy of 22 A for ligand
81, while film collapse for 82 occurs at 29 mN m' (corresponding to an area occupancy of 28
A?). This is assigned to the cross-sectional area of 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 of 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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self-assemble in this manner it was predicted that complexes Eu.81; and Eu.82; would be
capable of exhibiting this property also.

Monolayer formation of complexes Eu.81; and Eu.82; was monitored in an identical
manner to that described above. A 20 pL volume of Eu.81; (2.5 x 107 M) (or complex
Eu.823), using CHCl3:MeOH (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 of 6 mm min"), indicating successful
monolayer formation for Eu.81; and Eu.82; 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.81;3 amphiphiles displayed disordered gaseous
behaviour at areas greater than 160 A%, However, upon further compression a steep
exponential increase in surface pressure was observed (LE 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 of 90 A” where surface
pressure steeply increased upon organisation of the molecules. Film collapse takes place at a
surface pressure of 29 mN m” for Eu.81;5 (while film collapse for Eu.823 occurs at 34 mN m’
'Y 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, perpendicular to
the plane of the subphase.

To assess the stability of the Langmuir monolayers of Eu.813 and Eu.82; the barriers were
kept at a fixed position for an extended period of time (>1 h). Surface pressure was
monitored 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
of Eu.81; and Eu.82; 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.81; (S) and Eu.82; (R) complexes

As it was necessary to use a quartz solid support for eventual spectroscopic investigations, it
was anticipated that deposition would occur through hydrophilic interactions between the
polar head groups of the amphiphilic complexes and the surface of 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 of the

quartz slide (10 mm x 1 mm x 35 mm) is hydrophilic the slide was lowered and submerged
72



Chapter Two - Emissive Langmuir—Blodgett films formed from chiral lanthanide-directed self-assemblies
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.813)) 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 of ~ 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 of 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.
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Figure 2.15. UV-visible absorption spectra of (a) Eu.81; (S) and (b) Eu.82; (R) immobilised
on quartz slide.

The photophysical properties of the immobilised Eu.81; and Eu.82; monolayers (two
monolayers, i.e. one monolayer attached to each side of the slide) were next evaluated (see
Figure 2.15 - Figure 2.18). The UV-visible absorption spectrum of Langmuir-Blodgett films
of Eu.81; and Eu.82; were recorded, as shown in Figure 2.15 displaying an identical profile
to that observed for these systems in solution with two A, 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 A = 593 nm (5D0 — 7F1), 615 nm
D= 7F2) and 695 nm (5D0 — Fy4), as shown in Figure 2.17.
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Figure 2.16. Excitation spectra (emission at Aeym -= 615 nm) of (a) Eu.81; (S) and (b) Eu.82;
(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

T

sensitisation of the Eu™ centre by the ligand in the solid state and thus retention of the

desirable photophysical properties of the self-assembled system.
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Figure 2.17. Eu"-centred phosphorescence spectra of (a) Eu.81; (S) and (b) Eu.82; (R)
immobilised on quartz slide (excitation at A.x = 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

M_centred luminescence

however CPL spectra from the two monolayers displayed chiral Eu
each with signals, corresponding to the AJ = 1 and 2 transitions, of equal amplitude but
opposite sign (Figure 2.18 (a)). The band representing the AJ = 1 transition appears as a

positive signal for the Eu.81; monolayer but as a negative signal for the Eu.82;3 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.81; complex but positive for Eu.825. These results confirm that the
monolayers are in fact enantiomeric with each Eu'™ centre reporting the chiral nature of the
local environment. Furthermore, dissymmetry factor values were determined for the AJ = 1
and 2 transitions for the immobilised Eu.825 layer with values of g, =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 of the LB films in which the packing of the molecules may have had

I

an effect on the local coordination environment of the Ln™" or, it also may be due to the effect

of the solid surface.
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Figure 2.18. (a) Total Eu"-centred emission (from Eu.82; (R)) and CPL spectra from
monolayer of Eu.81; (S) and (b) Eu.82; (R) immobilised on quartz solid support (excitation
at A = 281nm). (b) Eu™-centred luminescence exhibited from one monolayer and two
monolayers of Eu.82; (R).

The excited-state decay of Eu'"'-centred emission was also determined for immobilised
monolayers of Eu.813 and Eu.82; and in both cases were best fit to a bi-exponential decay
function indicating the presence of possibly two luminescent species within each film.
Lifetimes values of 1.502 ms and 0.35 ms were calculated for Eu.81; while values of 1.477
ms and 0.0988 ms were obtained for Eu.82; The longer excited lifetime values (1.502 and
1.477 ms) are comparable to those obtained in solution in which g values of 0 were
calculated. This confirms the presence of the fully saturated complex species within the LB
films. The second, shorter lived species, may be due to a partial dissociation of the complex
during the LB process. Interestingly these films were found to be stable under ambient
conditions over a period of many months.

It was also possible to transfer multiple layers of films of the Eu.82; complex onto a
quartz slide with transfer ratios close to unity obtained for the deposition of the first two
monolayers. As demonstrated in Figure 2.18 (b) emission was enhanced upon the deposition

75



Chapter Two - Emissive Langmuir—Blodgett films formed from chiral lanthanide-directed self-assemblies

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 of 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 of 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

262 Moreover, monolayers of these complexes can be seen under the

Dr. Laura K. Truman.
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

I emissive materials.

substrate for the generation of solid state Ln

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 of luminescent solid state complexes Eu.813 and Eu.823 with hydration state values

" was indeed residing in a fully saturated

of g ~ 0 calculated, confirming that the Eu
coordinative environment bound to three tridentate ligands within the 1:3 complexes. CD and
CPL analysis confirmed that the chirality of ligands 81 and 82 was retained and transferred to
the Eu™ centre upon complexation and that complexes Eu.815 and Eu.82; exist as a pair of
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 of the 1:3
species. The Eu'-directed self-assembly process of both 81 and 82 with Eu(CF;S0O3); was
monitored in CH3CN 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

11

predominantly formed upon the addition of approximately 0.4 equiv. of Eu . Langmuir
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monolayers of ligands 81 and 82 and their corresponding complexes Eu.81; and Eu.82; were
then prepared and the photophysical properties of the luminescent films investigated.
Attachment of the complexes onto a quartz solid substrate was achieved via Z-type
deposition with good transfer ratios of ~ 1 obtained in both cases. These Langmuir-Blodgett
films were found to display Eu"'-centred long-lived luminescence while CPL measurements
were employed to verify that the luminescence emitted from the films was chiral. Multiple
layers of up to two monolayers of Eu.82; were successfully deposited onto the quartz

"_centred emission displayed upon additional monolayer

supports with an increase in Eu
coating. Further layering did not result in high enough quality films to increase the number of
LB layers for an increased luminescent signal and eventually gave rise to a simultaneous
attachment/detachment process. From these studies it has been shown that complexes of
Eu.81; and Eu.82; can be successfully assembled into Langmuir monolayers at an air-water
interface and organised into ultra-thin films. The photophysical properties of these surface
bound chiral Ln" luminescent assemblies 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 developments made to novel chiral Eu"-directed self-
assemblies and their immobilisation into visibly emitting chiral monomolecular ultra-thin

films. The NIR emitting lanthanides, such as Pr'" Yb'", Er'™ and Nd™, however offer major

8

advantages over the visibly emitting Ln" 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 allowing imaging through relatively thick tissue

samples. Moreover, from an optical devices point of view, the NIR emissive Ln" can be

employed in telecommunications optical networks, again owing to their emission in the
transparent window of silica fibers (1000-1600 nm).**?*2% Of the NIR emitting
lanthanides, Nd"' and Er'" are particularly interesting as their luminescent behaviour is

highly sensitive to the external environment.>?**** In particular, the high density of states in

111

the excited state manifolds of Nd" and Er'" ensures that non-radiative quenching of the
q g

lanthanide emissive state by associated C—H and O—H oscillators is more important in

I

complexes 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). 2264267

As well as introducing a strong dependence of luminescence quantum yield and lifetime
upon structure, this phenomenon also means that ternary assemblies, involving guests such as
biomolecules and complexes, will change the luminescence quantum yields of such

268269 Such assemblies have already been widely exploited in systems where inner

7/

species.
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sphere solvation is changed when the assembly is formed.'**?”° However, there is also clear
potential to exploit the more subtle effects inherent to the presence of local oscillators in
lifetime resolved imaging. For practical sensing application, Nd"™' complexes are ideal as

I complexes in aqueous media tend to be very low as a

luminescence quantum yields from Er
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

11

stable Ln" based complexes have been developed to date, as discussed in the chapter

one,”***and to the best of 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 of functional Ln" luminescent structures involving NIR emitting Nd"". 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.813 (S) and Nd.82; (R)

The mononuclear 1:3 Nd"' complexes were synthesised by reacting either 81 or 82 with
Nd(CF;3S0s); in a 1:3 stoichiometric M:L ratio in HPLC grade CH3;OH. Microwave
irradiation was applied to the reaction mixture for 10 mins at 70 °C (see Scheme 2.3). Both
Nd.81; and Nd.82; were isolated by vapour diffusion of diethyl ether yielding the desired
products, Nd.813 and Nd.82; as white solids in yields of 50% and 59%, respectively.

Nd(CF3S03)s
1«?/ \((\/L\n/ “CieHs3 - Nd.813(S)
CH3OH Nd.82; (R)
e
81 (S)
S 82 (R)

Scheme 2.3. Preparation of Nd" complexes Nd.81; (S) and Nd.82; (R) carried out under
microwave irradiation at 70 °C.

As shown for Eu.81; and Eu.82; broadening and shifting of signals in the 'H NMR
spectrum (400 MHz, CD;OD- d,) (see Appendix Figure A2.9 and A2.10) indicates
complexation of the paramagnetic Nd™ ion while a shift in IR stretching frequency of the
amide carbonyl band (from 1654 em to 1631 em™ for Nd.815 and from 1650 ¢cm™ to 1633
cm” for Nd.825) also verified formation of the 1:3 Ng™ complexes. Elemental analysis was

also employed to confirm complexation in both cases. Neither Nd.81; nor Nd.82; were
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detectable by HRMS in the range of solvents investigated (CH3;OH, CH,Cl,, 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.815).

2.14 Photophysical characterisation of complexes Nd.81; (S) and Nd.82; (R)

The photophysical properties of complexes Nd.81; and Nd.82; were evaluated in CH3CN and
CH30H, as shown in Figure 2.19 and Appendix Figures A2.12 — 2.16. As illustrated for the
analogous Eu"" systems Eu.81; and Eu.82; above, the UV-visible absorption spectrum
displayed a major absorption band located at A,,.x = 281 nm, associated with the Sy — S, & -
n* transition, while a second peak, assigned to the the Sy — S, m - m* transition, was centred

at Amax = 223 nm, see Figure 2.19 (a).
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Figure 2.19. The (a) UV-visible absorption spectra and (b) corrected luminescence spectra
of Nd.81; (S) (6.3 x 10° M) in CH;CN.

Characteristic Nd"-centred luminescence was exhibited from both Nd.81; and Nd.823, 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 Ama = 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"" “Fs, excited state
and subsequent deactivation to the *I, ground states (where J = 9/2, 11/2 and 13/2).

Time resolved emission spectra (TRES) were also recorded for both Nd.81; and Nd.82;
in CH3CN, CH3;0H, and CD;OD 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 of Oxford in which Dr. Manuel Tropiano assisted with the set-up of 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
(*F32 = *lon), 1064 nm (*Fs, — *1115), and 1334 nm (*Fs», — *I132) 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 of Nd.81; after excitation at 337 nm,
showing sensitised Ln"-based luminescence. (b) Decay curve obtained from Nd.81; in
CH;0H and residuals for fitted curve generated by deconvulution of the instrument response
function with a single exponential function.

Table 2.4. Nd"'-centred rise times and lifetimes (/ns) for Nd (‘Fs5) in Nd.81; and Nd.82; as
measured in CH;OH, CD3;0D and CH;CN.

--I@I- CD,0D

T rise time Trise time Trise time
(ns) (HS) (ns) (nS) (ns) (n8)
Nd.81, 16 206 45 195 22 491
Nd.82,4 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 of 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 CD;0D, i.e. longer rise times were observed in
deuterated media (45 and 40 ns for Nd.81; and Nd.823 in CD;0D in comparison to 16 and 12
ns for Nd.81; and Nd.82; in CH3;0H respectively). These rise time values reflect the
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imperfect overlap between the triplet state of the donor chromophore and phonon assistance
involving the solvent vibrational manifold, i.e. the lower energy (and less effective spectral
overlap) of C—D and O-D vibrational oscillators with the donor triplet state relative to the
spectral overlap with analogous C—H and O—H oscillators found in non-deuterated CH;OH.
It is clear from this data that both Nd"' containing systems exhibit similar luminescence

lifetimes in each of the solvent systems studied.
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Figure 2.21. Decay curves obtained from Nd.81; in (a) CH;CN and (b) CD;OD and
residuals for fitted curve generated by deconvulution of the instrument response function
with a single exponential function.

Due to the profound dependence of the luminescence lifetime of Nd"' complexes upon
ligand structure, it is unwise to use the published equations which were established for
aminocarboxylate ligand systems derived from cyclen to calculate the number of inner sphere
water molecules (¢).”**® However, lifetime values are consistent with a low degree of
solvation at the metal centre as those calculated in CH;OH are very long for a Nd"' complex.
If we accept that three tridentate diamidopyridyl ligands fill the inner coordination sphere, the
differences between the values for the decay components of the luminescence lifetimes
obtained in CH3;OH and CD;OD are highly instructive. Clearly, two complexes do not
constitute a sufficient body of data to establish meaningful relations that define ¢ in

dipicolinate systems, but it may be useful to consider an equation of the form:
q = A(1/tchzon — 1/ Tcpzop — B)

In a system in which there is no coordinated solvent, the difference between 1/tcu3on and

1/tcp3op should reflect B, the outer sphere solvent contribution to non-radiative deactivation
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of the excited state. On this basis, Nd.813 and Nd.82; give values of 3.5 +£ 0.6 and 2.8 + 0.5
us ', respectively which are within error of one another and imply that the coordination
environments and the nature of the solvation of the two complexes are very similar. These
values for B differ significantly from the value of the outer sphere correction value obtained

265

for aminocarboxylate ligand systems (1.4 ps™'),”* 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.813 (§) and Nd.823 (R) CD spectra
were recorded in CH3CN in a similar manner to that described for Eu.81; (S) and Eu.823 (R)
where the complexes were formed in situ upon the addition of 0.33 equiv. of Nd(CF3S0O3)s.
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Figure 2.22. Circular dichroism spectra of ligands 81 (S) and 82 (R) (3.3 x 107 M) recorded
in CH3CN at RT before and after the addition of 0.33 equiv. of Nd(CF3503); - note that slight
discrepancies in intensities can be derived from differences in concentrations.

Again CD spectra for the ligands 81 (S) 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.815 (S) and Nd.823 (R) 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.81; (S) displaying a large negative band centred at 207 nm and a large positive band
located at 224 nm. Nd.82; (R) 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.813 and Nd.82; 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.81; and Nd.82; 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(CF3;SO3);
(from 0—4 equiv.) in CH3CN at RT are shown in Figure 2.23.
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Figure 2.23. The overall changes in the CD spectra of (a) 81 (S) (3.4 x 1 G M) and (b) 82
(R) (3.6 x 10° M) upon titrating against increasing concentrations of Nd(CF3;S03); (0—4
equiv.) at RT in CH3;CN.

1

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—0.33 equiv., indicating the formation of primarily the 1:3
species in solution. For ligand 81 an increase in relative intensity of 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 of the

structural nature of the various self-assembled species in solution with the most notable
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changes correlating to the formation 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 (S) and 82 (R) in
CH;CN

A series of photophysical titrations (UV-visible absorption and luminescence) were next

conducted in CH3CN 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 of 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) Nd"-
centred phosphorescence spectra upon titrating 81 (I x i M) against Nd(CF;S03); (0—5
equiv.) in CH;CN at RT. Inset: corresponding experimental binding isotherm of (a)
absorbance at . =207, 223 and 281 nm and (b) Nd™ phosphorescence emission intensity at A
=880, 1064 and 1334 nm.

The overall changes in the UV-visible absorption spectrum of 81 upon titrating against
Nd(CF3S03); in CH3CN are shown in Figure 2.24 (a). Here, the high energy absorption band
centred at A = 223 nm experienced a hypochromatic effect within the addition of 0—0.33
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 of Nd"" then gave rise to a
small increase in the absorbance up until the addition of 1 equiv. of Nd" after which the
equilibrium of the system was reached. Similarly, the longer wavelength absorption band
centred at A = 281 nm experienced a sharp increase in absorbance between additions of 0— 1
equiv. of Nd'"", reaching a plateau after the addition of 1 equiv. of Nd(CF3SO3);. An identical
behaviour was observed upon titrating 82 with Nd™ (see Appendix Figure A2.21 — A2.22).
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' system above and from previously

These changes are similar to those observed for the Eu
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"™ *Fs, excited state to *I, 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 of 0—0.35 equiv. of Nd", confirming the formation of 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 of 0.35 equiv. of Nd"" the emission
intensity sharply decreases, reaching a plateau after the addition of ca. 1 equiv. of metal. This
is indicative of the evolution of 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(CF3S03); 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-

" titrations above, indicating

assembly behaviour. These results were also compared to the Eu
that the self-assembly behaviour of ligands 81 and 82 are relatively independent of the nature

of the Ln"" jon 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 Nd.815 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 1:1 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 of the overall changes in the UV-visible
absorption spectra of 82 (Appendix Figure A2.23) with the Nd.82; species being formed in
74% following the addition of 0.33 equiv. of Nd"". Binding constant values obtained from the
analyses of the UV—visible absorption and luminescence titration data of both systems are
summarised in Table 2.7, and show that the Nd.815 species is formed with a binding constant
value of log B3 = 18.3 £ 0.6 while for Nd.82; a binding constant value of log f;3=17.8 + 0.4
was elucidated. Interestingly, the formation of 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
B11 =6.0 £ 0.3 for Nd.81 and log B;; = 6.1 + 0.2 for Nd.82.
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Figure 2.25. (a) The speciation distribution diagram obtained from the UV-visible
absorption titration data fit (upon titrating ligand 81 against Nd(CF350;3); in CH;CN) and
(b) the fit of the experimental 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 of the system, the titration of both 81 and 82 confirmed
formation of the 1:3 species in solution upon the addition of 0.33 equiv., with log B3 =17.2
+ 0.4 and log P13 = 17.8 £ 0.3 calculated for Nd.81; and Nd.823, 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 of log Bi; = 6.2 £ 0.2 and log i1 = 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 of 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.81; (S) and Nd.82; (R) complexes

The ability of complexes Nd.81; and Nd.82; to self-assemble at an air-water interface was
investigated in an identical manner to that described above for Eu.81; and Eu.82;. 20 pL
aliquots of each complex was spread (~2.4 x 10~* M), using CHCIl3/CH;0H (9:1) as the
spreading solvent, onto the surface of a water subphase at room temperature.
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Figure 2.26. (a) Surface pressure-area isotherms of Nd.81; (S) and Nd.82; (R). (b) Surface
pressure-time profiles for Langmuir monolayers of Nd.81; (S) and Nd.82; (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.81;
and 32 mN m ' for Nd.82; with areas of 70 + 5A* per molecule. The areas of these Nd™
complexes are approximately those expected for three alkyl chains (ca. 66 A? 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

111

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
of 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.81; and the Nd.82;, as had been

observed for the Eu'"' complexes above.

2.19 Langmuir-Blodgett film formation of Nd.81; (S) and Nd.82; (R) complexes

Having successfully formed Langmuir monolayers of Nd.81; and Nd.825, each film was then
transferred onto a quartz slide with transfer ratios of ~1, generating LB films of high quality
possessing good uniformity and homogeneity. Deposition was achieved upon the emersion of

111

the solid support, as was described for the Eu systems above, giving rise to Z-type

deposition of Nd.813 and Nd.82;.
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Figure 2.27. (a) UV-visible absorption spectrum of Langmuir-Blodgett Nd.81; (S) monolayer
and (b) time-resolved emission spectrum of Nd.81; (S) monolayer after excitation at 337 nm,
showing sensitised Nd"-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 of 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.81; and Nd.82; with bands associated with the
main absorption transitions found at A, = 223 nm and Ay, = 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 Nd™ *F,,, excited state to ground
states 419/2, and 41” n. The weaker ‘F 3y — 411 3 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 of the overall signal. However, it is clear from comparison of the relative
intensities of 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 (AJ = 4). These results demonstrate that Nd"' NIR emission can be recorded even
from only a single monolayer, clearly demonstrating the sensitivity of the system. As for the
Eu" based LB films, they have been found to be stable under ambient conditions over a

period of many months.

2.20 Summary — NIR emitting Nd'"-directed self-assembly systems

The main goal of this area of the project was to extend our studies to include the NIR
emitting Nd"'. Measurements were conducted in a similar manner to that described for the
Eu" systems above in that the solid complexes Nd.81; and Nd.82; were first prepared under
microwave irradiation and their photophysical properties analysed; the Nd"'-directed self-
assembly process of 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 of 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 of the various species produced in the self-assembly system, notably the 1:3
and the 1:1 components. Interestingly, fitting of titration data did not elucidate the presence
of the 1:2 complex in solution, although it is highly likely that it is formed, possibly in very
low undetectable yields. Assembly of both enantiomeric 1:3 complexes at an air-water
interface was successful with stability measurements confirming the resilience of the
monolayers over a long period of time. Furthermore, organisation of 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 of chiral, visibly emitting Eu' and NIR emitting Nd"" assemblies into
solid state architectures in this manner may open up a new direction in the development of
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

of other Ln" metals not only presents an opportunity to delve into the possibility of

Il systems the robustness and

producing dual emitting edifices but by investigating other Ln
versatility of this technique, in relation to the incorporation of Ln" luminescent self-

assemblies into LB films, may be ascertained.
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2.21 Formation of mononuclear tris chelate complexes Ln.81; (§) and Ln.82; (R)
complexes (Ln =Tb", Sm", Dy"", Lu'")

In a similar manner to that described for the previously discussed Eu" and Nd" systems

mononuclear complexes Ln.813 (S) and Ln.82; (R) (Ln = T B Ea™, Dym) 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.

CH30H Ln.82; (R)

81 (S) Ln=Tb" sm' Lu' Dy
82 (R)

Ln(CF3$O3)3
O\%pw Cury  ———n BN

Scheme 2.4. Preparation of Ln™ complexes Ln.81; (S) and Ln.82; (R) carried out under
microwave irradiation at 70 °C (Ln = Tb" 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
— A231. 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.815 (Ln = Tb™, Sm"™, Dy" and Lu"). Elemental analysis was again employed,

supporting formation of the 1:3 complex in each case.

Table 2.5. % yields calculated for solid complexes Ln.81; (S) and Ln.82; (R) (Ln = THE.
Sm™ Lu™ Dyl”) following preparation under microwave irradiation and isolation via
diethyl ether diffusion.

Complex

L=81 L=82
Tb.L, 52 71
Sm.L, 46 50
Lu.L, 53 52
DyL, 36 50

90



Chapter Two - Emissive Langmuir—Blodgett films formed from chiral lanthanide-directed self-assemblies

Table 2.6. Amide carbonyl stretching frequencies shifts upon complexation of ligands 81 and
82 with 0.33 equiv. of Ln(CF3S03); (Ln = Tb™, sSm™, Lu™ Dy").

Amide carbonyl stretching frequency
(cm!)

Compound
L=81(S) L=82(R)
(1654 cm'") (1650 cm™)
Tb.L; 1634 1634
Sm.L; 1633 1633
Lu.l4 1638 1635
Dy, 1635 1634

2.22 Photophysical characterisation of complexes Ln.813 (S) and Ln.82; (R) (Ln =
Tb”I, Sl]]"l, Dy'”. Lulll)
The photophysical properties of complexes Ln.81; and Ln.82; (Ln = "™, Sm", Lu', Dy'“)
were next evaluated in CH3;CN, 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 Amax = 223 nm and Amax = 281 nm. Furthermore, excitation into the sensitising
chromophore moiety at A = 281 nm gave rise to Tb"-centred and Sm"'-centred emission in
the cases of Tb.L; and Sm.L; (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™> D, excited state to the F s ground states, where J =6 — 3.
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Figure 2.28. UV-visible absorption spectra of (a) Th.813 (S) (5.7 x 1 0° M) and (b) Sm.81;
(S) (1.1 x 10° M) in CH;CN.
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Figure 2.29. Normalised phosphorescence spectra of (a) Tb.81; (S) and Sm.81; (S) and (b)
Tb.82; (R) and Sm.82; (R) recorded in CH;CN.

Efficient energy transfer and Sm"" sensitisation via excitation of the covalently appended
naphthalene chromophore at A = 281 nm was also verified for Sm.L; (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 4Gs;, — °H, electronic transitions, where J = 5/2, 7/2, 9/2, 11/2.

Excitation spectra (Aey, = 545 nm for Tb.L3 and ey, = 645 nm for Sm.L;, L = 81 and 82)
were also recorded for Ln.L; (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 of 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 of (a) Tb.815 (S) (5.7 x 10° M) (hem = 545 nm) and (b)
Sm.815(S) (1.1 x 107 M) (Aew = 645 nm) in CH3CN.
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A similar UV-visible absorption profile was also evidenced for complexes Ln.L; (Ln =
Lu" and Dy" and L = 81 and 82) with bands appearing at Apay = 223 nm and Apax = 281 nm,
see Appendix Figure A2.41. However, in the case of Ln.L; (Ln = Lu"" and Dy"" and L = 81

and 82) excitation at A = 281 nm did not give rise to Ln'"'-centred emission. For the Lu™

system this can be explained by considering the electronic configuration of the trivalent Lu™
species which is given by [Xe] 4/'*. The inherent ‘filled’ 4f subshell does not allow
redistribution of electrons within this energy level and so line-like emission is not exhibited
by Lu". The electronic configuration of Dy on the other hand, given by [Xe] 4/, does
permit electronic redistribution within the 4f subshell but population of the *Fo;, 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 of Dy emission
detected in this particular system may be that the energy of the ligand triplet excited state is

not well suited for efficient energy transfer and subsequent population of the ‘Fo,, excited

state.

2.23  Chiro-Optical properties of Ln"™ complexes — CD and CPL
CD spectra were recorded for complexes Ln.81; and Ln.823 (Ln = Th Sm Lyt Dy'“),
which were formed in situ by adding 0.33 equiv. of the appropriate metal triflate salt to either
81 or 82 in CH3;CN solution (see Figure 2.31 and Appendix Figure A2.42). As before, a
bisignate profile was displayed for each of these Ln.Ls (Ln = Tb™, Sm", Lu"™, Dy™ and L =
81 and 82) complexes. For the four S enantiomeric complexes Ln.81; (Ln = Th Sm Ly
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.82;
(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 of 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 of
significant bisignate profiles again suggests the presence of exciton coupling between

adjacent chromphores upon complexation_255,256
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Figure 2.31. The circular dichroism spectra of ligands 81 (S) and 82 (R) (2 x 10° M)
recorded in CH3CN at RT after the addition of 0.33 equiv. of (a) Tb(CF3503); and (b)
Sm(CF350;); - note that slight discrepancies in intensities can be derived from differences in
concentrations.

CD titrations, which were carried out by titrating either ligand 81 or 82 with increasing
concentrations of the appropriate Ln(CF;S0O;); 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

" were added to the system,

prominent CD changes were displayed when 0.33 equiv. of Ln
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(CF3S0Os); (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 of Ln" (0.33—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(CF3S0s); and Dy(CF3S0;3); matched those illustrated above. Moreover, the overall
changes in the CD spectra following the titration of 82 with Ln(CF3S03); (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 of 1:3.
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10° M for (b)) upon titrating against increasing concentrations of (a) Th(CF3;S0;); (0—5
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Figure 2.33. Total Sm"-centred emission and CPL spectra of complexes Sm.81; (S) and
Sm.82; (R) recorded in CH;CN (excitation at /. = 281nm).

CPL analysis was again employed to verify whether chirality had been preserved and

transferred to the local environment of the Ln" (Ln'" Tb™ and Sm"') centre upon
complexation. CPL measurements were evaluated in CH3CN for Tb.L; and Sm.L3 (L = 81
and 82) and are shown in Appendix Figure A2.46 and Figure 2.33.

Excitation of the chiral antennae gave rise on all occasions to Ln"-centred chiral
emission with spectral bands of the enantiomeric complexes appearing at identical
wavelengths but of opposite sign, confirming the enantiomeric relationship between the
complex pairs Tb.L3 and Sm.L3 (L = 81 and 82). As shown in Appendix Figure A2.46 for
the Tb"" 1:3 complexes transitions representing deactivation from the *Dy excited state to the
"y 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 complexes with gium = -0.05 and 0.05 for the *Dy —'F transition and
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values of giym = 0.21 and -0.24 for the D4 —'Fs transition obtained for Tb.815 and Tb.821,
respectively.

Equivalently, CPL spectra obtained for the enantiomeric Sm™ complex pair Sm.L; (L =
81 and 82) were mirror images of one another with bands, correlating to the 4G5/2 — 6HJ
electronic transitions where J = 5/2, 7/2, 9/2, were displayed for both chiral compounds
(Figure 2.33). Both the “Gs;, — °Hsp, and *Gs;, — ®Hyp, transition bands were split in two for
Sm.81; and Sm.82;. The band corresponding to the “Gs, — °Hs), transition appeared as a
negative signal at shorter wavelengths but as a positive signal at longer wavelengths for
Sm.81; On the contrary, this band appeared as a positive signal at shorter wavelengths but as
a negative signal at longer wavelengths for Sm.82; The opposite was true for the *Gsp —
®H,, transition bands. The band representing the “Gs, — ®Hoj, transition appeared as a
positive signal for the Sm.82; enantiomeric complex but as a negative signal for the Sm.81;
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 4G5/2
— %Hs), and the 465/2 — %H;,, transitions of Sm.L; (L = 81 and 82) are well suited for CPL
measurements as these transitions satisfy the magnetic dipole selection rules, where AJ = 0,
+1 (except for 0<>0), where it’s predicted that the CPL signal should be large.l37
Dissymmetry factor values were calculated for these transitions and found to be gjm = 0.45
and -0.23 and -0.44 and 0.29 for the *Gs;, — °Hs;, and the *Gs;, — °Hy, transitions of Sm.81;
and Sm.82; 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.56; and Sm.57; (being 0.50 and 0.28 0.28 for the

*Gsp, — ®Hspand *Gsp, — ®Hyp, and transitions, respectively).”

2.24 Solution studies on the Ln"'-directed self-assembly of 81 (S) and 82 (R) in
CH;CN

The formation of the monometallic Ln"-directed self-assemblies (an = 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(CF3S0s3); stock solution of the particular

' Data was then fit using non-

Ln" under investigation, i.e. either Tb'", Smm, Lu™ or Dy
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.) (I x 10° M) against Th(CF3;S803); in CH;CN at RT.
Inset: corresponding experimental binding isotherm of absorbance at A = 207, 223 and 281
nm.

The overall changes observed in the UV-visible absorption spectra following the titration
of ligand 81 with Tb(CF3SOs3); in CH3CN are displayed in Figure 2.34 (a). Between additions
0—0.4 equiv. of the Tb(CF3SO3); 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 — S, m-n* transition (at Aypax = 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
of subsequent TH aliquots. The peak located at A.x = 281 nm, representative of the S —
S; m-m* transition of the aromatic naphthalene functionality, experienced the most significant
changes upon the addition of 0—1 equiv. of Tb(CF3SO3)s. The absorption of this band was
increased while, concurrently, slightly shifted to 278 nm. The shoulder of the 281 nm band
was also redshifted to 285 nm following the addition of 1 equiv. of metal;, again an
absorbance plateau at higher Tb"' concentrations was evident.

Similarly, the UV-visible absorption spectra changes for 82 upon the titration of
Tb(CF3S0s); 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 of 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 of ligand 81 upon titrating

against Ln(CF3S0O3); (Ln = Tb™, Sm™, Lu™ and Dy”l). Therefore, only the emergence of
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Ln""-centred emission (in the case of Ln(CF3S03); (Ln = Tb" and Sm™)) from each solution
was investigated throughout the titrations.

As shown in Appendix Figure A2.49, the emergence of time-delayed Tb"-centred
luminescence was monitored for both systems. In contrast to the changes observed in the
Eu™ and Nd"-centred emission spectra in previous sections the global changes in the Tb'"'-
centred emission were markedly different. At low Tb" concentrations (0—0.4 equiv.) there
was no significant emergence in luminescence evident, however, within the addition of
0.4—1 equiv. of Tb(CF3S03); a sharp intensity increase was observed in a typical Th™
emission spectrum with bands centred at 490 nm, 545 nm, 585 nm and 620 nm. These
emission bands are characteristic of deactivation from the *Dy excited state to the 'F, ground
states, where J = 6 — 3. Upon subsequent additions of Tb", from 1—6 equiv., a more subtle
but steady increase in emission intensity was observed. It was not possible to fit this unusual
luminescence behaviour by non-linear regression analysis suggesting that a more
complicated process is occurring. This observation was made with the previously studied
helicate system involving ligand 62,' in which an identical luminescence trend was observed
for our amphiphilic ligands 81 and 82. Again luminescence titration data was not possible to
fit and measurements with 62 were repeated with samples that had been equilibrated over a
period of 24 hrs. This gave rise to the same luminescence behaviour, and hence, confirmed
that this difference was not due to slow kinetics. It was suggested that a back energy pathway
is present, due to the close proximity of the ligand triplet state to the metal excited state, in
which energy is transferred to the metal centre via sensitisation but is then transferred back to
the triplet state of the ligand. This is definitely a plausible explanation as another energy
migration pathway would indeed complicate the system, i.e. changes in solution equilibrium
would not exactly be reflected in the luminescence changes observed. Another point to
consider is the direct excitation of Tb(CF3SOs);. If Tb(CF3S03)s is in fact directly excited by
excitation at A = 281 a continuous enhancement in Tb"-centred emission would be expected
as the metal salt concentration is continuously increased.

The overall changes observed in the UV-visible absorption spectra of ligand 81 following
titration with Sm(CF3;SO;); in CH3CN are depicted in Figure 2.35 (a), see Appendix Figure
A2.50 for those changes observed for compound 82. The binding isotherm graphs, see plots
for 207 nm, 223 nm and 281 nm inset in Figure 2.35 (a) and Appendix Figure A2.50 (a),

e systems. The Sm"-centred emission

display an identical trend to previously investigated Ln
of the system was also monitored and, as displayed above for titrations with Eu" and Nd"",
was shown to exhibit a gradual enhancement in intensity upon the addition of 0.35 equiv. of

Sm(CF3S0s3);. Characteristic bands assigned to the Gan —°H ; electronic transitions, where
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J=15/2,7/2,9/2, 11/2, were located at 565 nm, 600 nm, 645 nm and 708 nm. The gradual
enhancement is indicative of formation of the most emissive 1:3 Sm.81; species in solution
while the sharp decrease in emission intensity at -these characteristic wavelengths at higher
equivalents (between 0.35—1 equiv.) of metal, and eventual plateau in emission (at Sm™
concentrations greater than 1 equiv.), suggest displacement of solution equilibrium towards

the formation of the lesser emissive 1:2 (Sm.81,) and 1:1 (Sm.81) species in solution.
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Figure 2.35. The overall changes in the (a) UV-visible absorption spectra and (b) Sm'"—

centred phosphorescence spectra upon titrating 81 (1 x 10° M) against Sm(CF3803); (0—4
equiv.) in CH3CN at RT. Inset: corresponding experimental binding isotherm of (a)
absorbance at . =207, 223 and 281 nm and (b) Sm™ phosphorescence emission intensity at A
=565, 600, 645 and 708 nm.

The Ln"-directed self-assembly of ligands 81 and 82 with Lu(CF;SOs); and
Dy(CF3S03); in CH3CN were also evaluated spectroscopically, the overall changes in the
UV-visible absorption spectra of 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
of the metal ion employed. In order to gain a better understanding of 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"" =
o™, 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 of titration data and calculation of complex stability constants
Analysis of the UV-visible absorption data recorded for the titration of 81 with Tb(CF3;S03);
pointed to the presence of three absorbing species in solution, the ligand itself (81), the 1:1

(Tb.81), and the 1:3 (Tb.81;) 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 Th(CF;503); in CH;CN) and
(b) the fit of the experimental binding isotherms using the non-linear regression analysis
program SPECFIT.

The speciation distribution graph and the binding isotherms obtained following fitting of
this data are shown in Figure 2.36. From the speciation distribution graph it is clear that as
the titration proceeds ligand 81 concentration quickly diminishes while the formation of the
1:3 Tb.815 species in 83% upon the addition of 0.4 equiv. of Tb(CF3S03); is observed, with a
binding constant value of log B3 = 18.1 + 0.3. An increase in Tb"" concentration leads to an
equilibrium displacement with the 1:1 Tb.81 species becoming the predominant species in
solution towards the end of the titration when the metal concentration is high - Tb.81 is
formed with a binding constant value of log B, = 5.8 + 0.2 with it being formed in 66% yield
following the addition of 5 equiv. of Tb"".

Fitting of the UV-visible absorption data recorded for the titration of 82 with
Tb(CF3S03); gave similar results with binding constant values of log B; = 6.4 £ 0.0 and log
B3 = 18.3 £ 0.2 calculated for the Tb.81 and Tb.82; complexes, respectively (see Appendix
Figure A2.53 for 82 fit and Table 2.7 for summary of binding constants). As mentioned in
the previous section fitting of luminescence titration data involving Tb(CF3;SO;); was not

possible 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 fit (upon titrating ligand 81 against Sm(CF3S503); in CH3CN) and
(b) the fit of the experimental binding isotherms using the non-linear regression analysis
program SPECFIT.

Changes in both the UV-visible absorption and luminescence titration data obtained for
the titration of ligands 81 and 82 with Sm(CF;S03); were also examined using SPECFIT.
The speciation distribution diagram and fit of the binding isotherms obtained from fitting the
UV-visible absorption spectra following the titration of 81 with Sm(CF3SOs3); are shown in

Mthe Sm.81;5 species is formed in 88% with a

Figure 2.37 At approximately 0.35 equiv. of Sm
binding constant value of log B3 = 19.8 + 0.5. Additional aliquots of the metal give rise to
the predominant formation of the Sm.81 complex with it being formed with a binding

constant value of log B1; = 6.8 + 0.2, in 92% upon the addition of 3 equiv. of Sm(CF3S0s);.

(a) (b)
100 ~
140
]
90 130
gl 120
110 4
70 .
Sm.81 (S) 40051
60 Sm.81_(S) 0 7]
5 Mk 80
g Sm.81_(S)
s S04 2 70 -
| )
E 40 'z 60
[$ 5 504
2 304 e - — a0t
20 30 3
114 204
104 | 10 4
1 0
0 . . T . r \ 708 nm
-10
0.0 0.3 1.0 1.5 2.0 28 3.0 T T T y T

T T
00 05 10 15 20 25 30

Equiv. of Sm"
iy, G GaL lged Equiv. of Sm" added

Figure 2.38. (a) The speciation distribution diagram obtained from the luminescence
titration data fit (upon titrating ligand 81 against Sm(CF3503); in CH3CN) and (b) the fit of
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.81, complex was observed following fitting of the luminescence titration data where
binding constants of log B;; = 6.2 £ 0.2, of log B2 = 13.2 £ 0.2 and of log B3 =20.3 £ 0.2
were evaluated for Sm.81, Sm.81, and Sm.815, respectively (see Figure 2.38 and Table 2.7),
with Sm.81; being formed in 87% after the addition of 0.35 equiv. of metal. Similar results
were elucidated following fitting of the spectroscopic data obtained for the corresponding

titration of 82 with Sm(CF3S03); in CH3CN, see Appendix Figure A2.54 and A2.55.

Table 2.7. Summary of binding constants calculated from fitting both UV-visible absorption
and Ln"-centred luminescence titration data for both R and S enantiomers 81 and 82.
*Value fixed, otherwise convergence not reached.

UV-visible absorption
Ln.L;

logB;; logPB;, logPi; logPy logPy, logPs

Eu.81; 66102 13.8* 09403 67£01. - 133402 19902
Nd.81; 6003 - 183406 6202 - 172404
Tb.81; s58:02 - 18.1 403

Sm.81; 68:£02 - 198405 | 62502+ 1130302 203402
Dy.81; 67102 E 19.4 £ 0.4

Lu.81; 63:02 - 183 £03 -

Eu_823 6.7+0.2 13.8* 20155 018 6.7+0.2 143 ::03 21.9 304

Nd.82, 6102 178404 65102 . 17803
Tb.82, 6.4* . 18302 < 5 .
Sm.82; 68+02 - 19404 62 302 134+01 204:2
Dy.82; 6602 E 194+ 04 - -

Lu.82; 62102 - 18303 - i :

Fitting of the global changes observed in the UV-visible absorption spectra following
titration of the amphiphilic ligands with Lu(CF3;SOs3); and Dy(CF;SO;); demonstrated an

"_directed self-assembly of

almost identical self-assembly behaviour in situ for the Ln
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 of results.

It was reasonable to consider the possibility of a marked trend across the Ln"" series; from

11

the largest Ln" ion towards the smallest ion in the order Nd™, 'Sm™, Eu', b, Dy]", T
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i.e. did the size of the metal ion have an effect on the coordination environment and
subsequently the species formed in solution and/or their stability in solution? By examining

the SPECFIT data and binding constants generated it was evident that no noticeable trend

occurred, i.e. the size of the Ln'"

11

radius had no apparent influence on species stoichiometry
or complex stability. All Ln " -directed self-assembly systems were shown to progress in the

same manner (within experimental error).

2.26 Langmuir monolayer formation of Ln.813 (§) and Ln.82; (R) complexes (Ln =
™ S By L By

For the sake of examining the adaptability and broadening the scope of LB films composed

of Ln"-directed self-assemblies of this nature the ability of the remaining four pairs of

enantiomeric complexes to assemble at an air-water interface and form thin monomolecular

Langmuir films was established.

The graph shown in Figure 2.39 (a) displays a typical pressure-area isotherm profile in
each case following the investigation of the four S enantiomeric complexes (Tb.81;, Sm.815,
Lu.813 and Dy.813). Each isotherm displays the various phase transitions as the barriers are
compressed and the monolayer is assembled. In the case of Tb.81; a disordered gaseous
behaviour is displayed by the amphiphilic complex at areas greater than 160 A%, Further
compression results in a steep exponential increase in surface pressure (during which the
system enters the LE phase) where the molecules begin to organise and assemble at the
interface. The Tb.813 material undergoes a phase transition to the LC phase which is signified
by a change in the surface pressure-area isotherm at an area of 91 A* where surface pressure
steeply increases upon organisation of the molecules. The exact nature of the complex
Langmuir monolayer is again unknown; however, film collapse takes place at a surface
pressure of 30 mN m™ for Tb.815 (while film collapse for Tb.823 occurs at 33 mN m™") which
corresponds to a cross-sectional area occupancy for approximately three alkyl chains, as was
shown for Eu™ and Nd™ systems in previous sections above. We can therefore assume that
the system assumes a similar structural behaviour to the Eu'" and Nd"' systems in which the
polar Tb"™ coordination spheres are closely packed and orientated towards the water phase
with the hexadecyl chains pointing out. All eight complexes organise into Langmuir
monolayers of the same structural integrity, evidenced by their surface-pressure area
isotherm graphs in Appendix Figure A2.60 — see Table 2.8 for mean molecular area values

estimated upon Langmuir monolayer collapse.
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Figure 2.39. (a) Surface pressure-area isotherms of Ln.81; (S). (b) Surface pressure-time
profiles for Langmuir monolayers of Ln.815 (S), Ln = Th™, Sm™ L™ Dy".

The stability of 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 of time
(>30 mins). As shown by the surface pressure-time profiles for the Langmuir monolayers of
Ln.815 (S) and Ln.82; (R), (Ln = Tb™, 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 of developing multilayers composed of different visibly/NIR emitting
(Eu"/Nd"™/Tb"/Sm™) immobilised layers.

Table 2.8. Surface-pressure and corresponding mean molecular area values upon film
collapse for Ln.Ls (Ln = Eu"™ Nd™ T6"™ Sm™ Lu™ Dy" and L = 81 and 82).

Surface-pressureat | Mean molecular area
Complex collapse (mN/m) (A%/molecule)

=81 L=82 L=—81 L=82

EuL, 29 34 76 74
Nd.L, 33 32 74 71
Tb.L, 30 33 71 66
Sm.L, 30 35 70 70
Lol 33 34 71 62
DyL, 33 32 65 58
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2.27 Langmuir-Blodgett film formation of Ln.81; (S) and Ln.82; (R) complexes (Ln =
T S ;D' , La'™)
High quality films possessing dimensions of 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 of the slide by means of an upward stroke
(at a speed of 4 mm min™") resulted in monolayer transfer with transfer ratios of ~ 1 obtained

in all cases, indicating transfer of high quality films possessing Z-type architecture.
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Figure 2.40. (a) UV-visible absorption spectra and (b) Th™-centred phosphorescence
spectra of Th.81; (S) immobilised on quartz slide (excitation at A.x = 281 nm).

The photophysical properties of the LB films were then evaluated and as before showed
retention of UV-visible absorption and emissive characteristics upon solid state fabrication.
The photophysical properties of 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 (Aem = 545 nm) were also recorded for both
monomolecular complex films, both matching closely the structure of 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 indicating the
presence of two luminescent species in the film. Lifetime values of 1.312 ms and 0.071 ms
were obtained for the Tb.81; monolayer and values of 1.514 ms and 0.225 ms were obtained
for the Tb.82; monolayer. The longer lived excited state species (possessing lifetimes of

1.312 ms and 1.514 ms) is representative of the fully saturated 1:3 complexes Tb.81; 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 films.'” The 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 H,O
subphase coordination. The chiral nature of 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 of these films is not at the complete
detriment of the desirable photophysical features.

Typical UV-visible absorption spectra were exhibited by LB films of Sm.813 and Sm.825
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.

" complex and

Efforts were made to initially coat a quartz slide with a monolayer of the Eu
then to attach a second layer composed of the i system. The transfer of two films (Tb.81;
and Eu.813) was achieved with good transfer ratios (~1) but examination of the photophysical
properties of such immobilised films elucidated that the sensitisation via energy transfer from

i} 11 ; il
in comparison to the Tb

the ligand to the Ln centre was much more efficient for Eu
system, i.e. Tb"-centred emission could not be detected using the same parameters as those
implemented for the exhibition of 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 of 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 of a more efficient TH¥ 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 of Langmuir monolayer assembly
at an air-water interface with a view to then fabricate highly ordered Ln" luminescent
monomolecular LB films.

I

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

M metal ions, namely Th'™, Sm™,

project was then expanded to include a number of other Ln
Lu" and Dy", all of 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.L; (Ln = Tb'“,
Sm", Lu™ and Dy", L = 81 and 82) species in CH;CN. All eight Ln.L; 1:3 complexes
exhibited facile monolayer formation at an air—water interface. LB films of Tb.L3 and Sm.L3
(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 of Tb.L; or
Sm.L;3 (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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Chapter Three - Chiral helical assemblies for enhanced solubility in competitive solvent media

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
of polypeptides, representing the complexity of self-organisation and cooperativity found in
nature.'”?**’" By 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 of biologically
relevant double-helical macromolecules.”® The potential variations in such structures has led

167,271-275

to the development of a vast number of transition metal based helicates, and to a

11 21,162,165,174,276

lesser extent, Ln" based helicates. As 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/H,O solvent systems) for a better understanding of
biochemical mechanisms in nature.””” In addition to this, water serves as a ‘greener’ more
environmentally friendly non-toxic alternative solvent system.278 Furthermore, water
solubilisation of functional supermolecules is of utmost importance for the development of
supramolecular technologies in biological diagnostic applications such as optical biosensors,
bioprobes and cellular imaging agents.277

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

= "4 Carboxylic acid and

successfully sensitise Ln in a 100% aqueous environment.
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
probes.I Y e e Evidently, appropriate functionalisation of self-assembly constituents

" architectures which not only retain their photophysical

can harness stable water soluble Ln
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 of 62 — 66 gave rise to highly
stable enantiomerically pure dinuclear triple stranded helicates with CPL spectra confirming
transfer of 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 CH;CN or in an CH;CN:CHCl; (50:50)
mixed organic meda. Modification of this system for future advances towards bio-
conjugation and/or exploitation of complex chirality requires water solubility. By carefully
considering the introduction of substituents to the 4 pyridyl position of such systems an
enhancement in solubility in more competitive media may be achieved while a detrimental
effect to the photophysical properties may be simultaneously avoided.'® With 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 of the system while imparting
some degree of 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 (5,5) and 88 (R,R)

The design of ditopic ligands 87 (S,S) and 88 (R,R) for Ln""-directed self-assembly of
dimetallic triple stranded helicates was based on the aforementioned chiral ligand 62. Both
87 and 88 consist of a symmetric bis(tridentate) structure in which both diamidopyridyl

(NO3) chelating units are linked via an m-xylylenediamine spacer group.

O O
o g N e

87: (S, S)
88: (R R)

As seen for 62, the 1-(1-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,5) or (R,R) ligand stereochemistry.
Derivatisation of the 4-para position of the two pyridine units with polyoxyethylene groups
shall, in theory, enhance the solubility of such systems in more competitive media.

Preparation of ligands 87 and 88 involved a two part synthetic procedure in which the
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polyoxyethylene chain precursor 1-iodo-2-(2-methoxyethoxy)ethane 91 was synthesised in
parallel to the enantiomeric pair 94 (S) and 95 (R).

The first step in the synthetic pathway towards 91 was an Sn2 substitution reaction, as
illustrated in Scheme 3.1 in which diethylene glycol methyl ether 89 (in THF) was added to a
solution of NaOH in H,O at 0 °C followed by the addition of 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 CHCI; and washed with 1 M aq. NaOH, H,O and dried over MgSO4 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, CDCls), *C NMR (100 MHz,
CDCl3) and high resolution mass spectrometry (HRMS) data for 4 correlated well with

. , 279,280
previously reported literature values.”””

a0k

O
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Scheme 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 CHCl; and washed with H,O, brine and dried over
MgSOs4. Solvent was removed in vacuo yielding a brown oil, 91, in 85% yield which was
characterised by 'H NMR (400 MHz, CDCls), *C NMR (100 MHz, CDCl3) 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 NaHCO;. 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 H,O 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-d;), >C NMR (100 MHz, DMSO-ds), HRMS and
IR analysis with the appearance of a singlet resonance at 5.38 ppm, representing the CH,
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 of the (R,R) enantiomer 88
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have been carried out by him. For the purpose of this chapter results obtained for the (S,S)
enantiomer 87 will be discussed more with regular relevant referencing to the results

obtained for 88.
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Scheme 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'-HCI peptide coupling reaction. A mixture of 6-(benzyloxycarbonyl)-4-
hydroxypicolinic (93), HOBt, NEt; and 1 equiv. of (S)-(-)-1-(1-naphthyl)ethylamine in THF
were placed under Ar and cooled to 0 °C. After 30 mins of stirring EDCI'-HC] 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 CH,Cl,. The solution was then washed with 2.0 M HCI,
sat. aq. NaHCOj;, H,O and brine and the organic phase dried over MgSO4 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,
CDCls) of 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, CDCls;), HRMS and IR

analysis and was shown to give identical results.
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The polyoxyethylene chain 91 was grafted onto (S)-benzyl 4-hydroxy-6-(1-(naphthalen-
1-yl)ethylcarbamoyl)picolinate (94) by means of another Sy2 substitution reaction. Ligand 94
and K,CO; 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 CH,Cl, and
washed with 1% acetic acid, H,O and dried over MgSOy4. 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 CH,
and CHj3 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, CDCls) of 96. Compound 96 was also verified by "*C
NMR (150 MHz, CDCls), HRMS and IR analysis.

Removal of the benzyl protecting group was achieved by hydrogenolysis using a Parr
hydrogen shaker apparatus. Compound 96 was placed with a 10% Pd/C catalyst in CH;0H
under 3 atm of H;, for 48 hrs. The reaction mixture was then filtered through celite and
solvent removed in vacuo yielding the half helicate precursor 98 in 84% yield. The half
helicate precursor 98 was identified by '"H NMR (400 MHz, DMSO-d,), *C NMR (100
MHz, DMSO-ds), HRMS, elemental and IR analysis with the disappearance of the CH, 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-(1-(naphthalen-1-yl)ethylcarbamoyl)picolinic acid (98), HOBt,
DMAP, NEt;, and 0.5 equiv. of m-xylylenediamine in THF were placed under Ar and cooled
to 0 °C. After 30 mins of stirring EDCI'HCI 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 CH,Cl,. An acid-base extraction yielded
a brown fluffy solid which was redisssolved in CH,Cl, 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, CD;CN), *C NMR (150 MHz,
CD;CN), HRMS, elemental and IR analyses. A detailed assignment of all the protons for 87
and 88 was performed by a combination of 1D 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 88), signals corresponding to the two
CH; methylene group protons of 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 CH, 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 NMR spectrum (600 MHz, CD;CN) of 87 (S.S).

3.2 Formation of dimetallic triple stranded helicate complexes Eu,.87; (5.,5) and
Eu,.88; (R,R)

Following successful synthesis of 87 and 88 the dimetallic triple stranded helicate

complexes, Eu,.87; (S,S) and Eu,.88; (R,R), were prepared by complexing the appropriate

ligand with Eu(CF3S0;); in a 2:3 stoichiometric M:L ratio in HPLC CH;0H.

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 Eu,.87; and Eu,.88; as white solids in 78% and 71% yields respectively. Both
Eu,.87; and Eu,.88; were characterised by '"H NMR (see Figure 3.2 and Appendix Figure
A3.7), but neither Eu,.87; nor Eu,.88; were detectable by HRMS in the range of solvents
(CH;30H, CH)Cl,, CH3CN) 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 of Eu" complexes FEu,87; and Eu, 88; carried out under

microwave irradiation at 70 °C.
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Figure 3.2. "H NMR spectrum (400 MHz, CD;OD-dy) of Eu,.87; (S,S.).
il

The paramagnetic nature of Eu" induces large chemical shifting and broadening of
signals in its 'H NMR complex spectra (400 MHz, CD30D-d,). As is evident from those
shown for Eu,.87; and Eu,.88s, which display identical 'H NMR spectra, signals appear
broadened and shifted, clearly signifying successful complexation. Elemental and IR
analyses were also employed to verify successful formation of both complexes. Elemental
analysis confirmed formation of the desired 2:3 species in both cases while IR was also

- complexation via a shift of the amide carbonyl group stretching

representative of Eu
frequency. A reduction in the IR stretching frequency of the amide carbonyl band (from 1657

em™ to 1629 ecm™ for Eu,.87; and from 1655 cm™ to 1623 ¢cm™ for Eu,.883) in each case

115



Chapter Three - Chiral helical assemblies for enhanced solubility in competitive solvent media

signified a lengthening of the bond upon complexation and thus further justified Eu,.87; and
Eu,.88; formation. Furthermore, both white solid compounds were found to appear red under
the UV lamp, again signifying complexation of the ligand to the metal centre.

Once complexes Eu,.87; and Eu,.88; had been synthesised and characterised their

photophysical properties in solution were then examined.

3.3 Photophysical characterisation of complexes Eu,.87; and Eu,.88;

The photophysical properties of Eu,.87; and Eu2.88; were evaluated in CH3;0OH, CD;0D and
CH;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
Amax = 281 nm with two shoulders appearing at 270 nm and 293 nm in CH3;0H and CD;0D
but which were less pronounced in CH3;CN. This band is assigned to the naphthalene antenna

So — S; ® — w* transition while the So — S, m — =* transition was also evident at Ap.x =

223 nm.
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Figure 3.3. UV-visible absorption spectra of (a) Eu,.87; (S,S) (2.6 x 10° M) and (b) Eu,.88;
(R.R) (2x 10°° M) in CH;0H.

Excitation of the naphthalene chromophore at Am. = 281 nm gave rise to Eu''-centred
luminescence from both complexes in all three solvent systems studied indicating effective
population of the °D, excited state and subsequent deactivation to the B0 ground
states with line-like emission bands appearing at 579 nm (Do — "Fo), 593 nm (*Dy — "Fy),
614 nm (°Dy — 'F,), 649 nm (°Dy — 'F3), and 695 nm (°Dy — 'Fy), 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 of (a) Eu>87; (S.S) (2.6 x 10° M)
and (b) Eu.883 (R.R) (2 x 10° M) in CH;OH.

The excitation spectra of Eu,.87; and Eu,.88; were also recorded in CH3;0H, CH;0D and
CH;CN and displayed maximum intensity (Aem= 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)

11

again signifying successful sensitisation of the Eu" centre by indirect excitation of the

antenna moiety.
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Figure 3.5. Excitation spectra of (a) Eu».87; (S.S) (2.6 x 10° M) and (b) Eu>.88; (RR) (2 x
10° M) in CH;0H (Gepy = 615 nm).

Ligand centred emission was also recorded in both CH3;0H and CH3;CN, as shown in
Figure 3.6 and Appendix Figure A3.14, with a band centred at A,.x = 400 nm. This band was
shown to undergo a decrease in emission intensity following the formation of 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 of (a) ligand 87 (S,S) (I x 1 g’ M) and (b) 88 (R,R) (I x 1 g
M) recorded in CH;0H before and after the addition of 0.65 equiv. Eu(CF;S0;3);.

According to previously studied helicate systems 62 — 66 it was expected that both Eu'

ions in Eu,.87; and Eu,.88; would reside in a fully saturated coordinative environment free
from any binding solvent oscillators, expressing g values of 0. To investigate if this was in
fact the case for Eu,.87; and Eu,.88; lifetime measurements for both complexes were
recorded. However, since Eu,.87; and Eu,.88; were not readily soluble in H,O it was
necessary to carry out lifetime experiments in a different solvent. Measurements were
therefore carried out in CH;OH, CD30OD and CH3CN. By measuring the excited state decay
in CH30H, CD;0D, and inputting data into the modified version of Equation 1 (Equation 9
shown below) developed by Faulkner and co-workers,®’ the number of inner sphere metal
bound solvent molecules (hydration state g) could be calculated. Luminescent emission
lifetimes observed in CD3;0D and CH3CN were best fit to a mono-exponential decay function
while that observed for CH;OH was best fit to a bi-exponential decay function, indicating the
presence of possibly more than one luminescent species in the methanolic solution. Excited
state lifetimes, population percentages and g values obtained for both complexes in the

various solvents are summarised in Table 3.1.
Equation 9: g =2 Al 1semion)-1 /ropson)-025]

Excited state lifetimes of 1.39 ms and 1.32 ms were exhibited by the major species in
CH3;OH, which were present in 80% and 83% in solution for Eu,;.87; and Eu,.88;
respectively, correlating to g values of 0.2 in both cases. These values suggest that the
dimetallic triple stranded helicate species Eu,.87;3 and Eu,.88; are the most predominant in

I

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 lifetime observed in CH3OH corresponds to a partially dissociated species in which one
of 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 molecules, corresponding to the estimated ¢
value of 3.

Table 3.1. Eu'"-centred lifetimes (ms), species population percentages and calculated
hydration state (q) values for Eu™ in Eu,.87; and Eu,.88; as measured in CH;OH, CD;0D

and CH;CN at RT.
Temson (MS)

% population Major Minor

Complex

species species
Eu,.87; 510%’/?; 30?,2 2.49 152 0.2E05 2.6H05
1.32 0.49 02L£0:5 3:3-£0.5

Eu,.88; 83% 17% 2.36 1.49

A relative method was used to calculate the quantum yields and the efficiency of
lanthanide sensitisation (nsens) for both complexes in CH3;CN and CH3;OH solutions. This
method compares both the absorbance and emission intensity of the unknown sample

(Eu,.87; or Eu,.885) to a standard reference solution according to:'*>%%2%!

Bl it Ox - S Ey Ar(Ay) Ir (A) n%
bl - = 8 =5 %0 s
Qr Er  Ax(Ax) Ix(Ax) nf

Equation 10:
where subscript r represents the reference and x the sample under investigation; E is the
integrated luminescence intensity, A is the absorbance at the excitation wavelength, I is the
intensity of the excitation light at the same wavelength, and n is the refractive index of the
solution. The standard solution employed is that of Cs;[Eu(dpa)s] (7.5 x i M) in tris buffer
0.1M (absorbance = 0.20) for which the quantum yield is @y =24 + 2.5% (under excitation
at 279 nm).I05 1% Since the magnetic dipole allowed (MD) transition Dy — 'Fy) is

I

independent of the environment surrounding the Ln™" it may be used therefore as an ‘internal

reference’ for the calculation of the radiative lifetime (tg) given by: O

¢ . ;SO0 3 . (Lot
Equation 11: : Ampo 1 ( )

ImD
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where Ayp,o (= 14.65 s") is the spontaneous emission probability of the Dy — 'F transition,
n is the refractive index of the medium, and Ii/Iyp is the ratio of the integrated total
emission from the *Dy — ’F, transitions (where J = 0 — 6) to the area of the Eu(5 Dot Fy)

transition. T, (determined experimentally) and tg may then be used to evaluate the intrinsic

n

quantum yield of the Eu" (dLn) by implementing equation 12;'%%0%187.281

Equation 12:

The efficiency of lanthanide sensitisation (7, ) is equal to the ratio between @,

(determined experimentally) and D" as given by equation 13:

_ Dot
Nsens oin

Equation 13:

_centred emission from Eu,.87; and

Quantum yields (®,,) were measured for the Eu
Eu,.88; and were found to be 3.55 % and 3.19 % in CH3OH and 4.14% and 4.41% in CH3;CN
for Eu,.87; and Eu,.88; respectively, see Table 3.2 below. These quantum yield values, in
particular for CH3;CN, were slightly lower than those estimated for the parent chiral
mononuclear Eu"' Trinity sliotar’ complexes recently reported in our laboratory (4.4% for
Eu.56; and Eu.57; in CH30H and 7.3% and 7.6% for Eu.56; and Eu.57; in CH;CN,
respectively).'® Lifetime values were relatively similar in both solvents for Eu,.87; and
Eu,.88; (see Table 3.2) but slightly shorter in comparison to those calculated for the parent
mononuclear structures Eu.56; and Eu.57; (1.76 ms and 1.75 ms in CH;OH and 1.85 ms and
1.84 ms in CH3CN for Eu.56; and Eu.57;, respectively).187 However, comparison of CD',:R
values calculated for the helicate complexes Eu,.87; and Eu,.88; (see Table 3.2) and
mononuclear complexes Eu.56; and Eu.57; (13.0 in CH30H and 14.8 and 15.0 in CH3CN for
Eu.56; and Eu.57;, respectively) indicates that non-radiative deactivation via quenching
(giving slightly lower lifetimes) does not play such a prominent role in reducing @y, It is in
fact the efficiency of the sensitisation step (Nsens, (Prot = Nise-NetPE7 = Neens®EM where 1 is the
efficiency of intersystem crossing and me the efficiency of energy transfer) which is
responsible for these reduced quantum yield values for Eu,.87; and Eu,.88; in comparison to
Eu.56; and Eu.573 (Mgens = 33.5% and 33.6% in CH;0H and 49% and 51.3% in CH;CN for
Eu.56; and Eu.57;, respectively) — quantum yield values which are still significantly high in

282

comparison to values obtained by either Piguet®™ or Muller'®” for similar systems. This

120



Chapter Three - Chiral helical assemblies for enhanced solubility in competitive solvent media

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 (Hsens) of
Eu" complexes measured in CH;CN and CH30H at 25 °C calculated using equations 10 - 13
(upon excitation at & = 279 nm) — note the estimated error for quantum yields is +10%."°

Eu,.87, 1.453 (= 0.001) 4.14(x0.10) 10 23.08 18.07 CH;CN
Eu,.88; 1.424 (£ 0.002) 4.41(x0.04) 10 2525 17.47 CH;CN

Eu,.87, 1.398 (£ 0.004) 3.55(=0.04) 6.7 21.07 16.90 CH;0H

Eu,.88; 1.413 (£0.002) 3.19 (£ 0.05) 6.3 22.34 14.32 CH;0OH

34 Chiro-Optical properties of 87 (S.5), 88 (R,R), Eu,.87; (S,S) and Eu,.88; (R,R) -
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 88 (R,R) and their

corresponding helicate complexes were evaluated by CD and CPL spectroscopy.

The CD spectra for ligands 87 (S.,S) and 88 (R,R) and complexes Eu,.87; (S,S) and
Eu,.883 (R,R) were recorded in CH3CN, as shown in Figure 3.7, with the latter being formed
in solution upon the addition of 0.67 equiv. of Eu(CF3S03);. As shown, the enantiomeric
relationship between stereoisomers 87 (S,5) and 88 (R,R) was clearly evident with both CD
spectra displaying mirror images of one another. In the case of 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 88 (R,R). A disappearance of the
two shoulders at 250 nm and 270 nm was observed upon the addition of 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 of the helical assemblies reflect ligand conformational changes and induction of
additional topological chirality as Eu,.87; (S.S) and Eu,.88; (R,R) are formed. Slight

discrepancies in CD spectra can be attributed to minor differences in concentrations.
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Figure 3.7. Circular dichroism spectra of ligands 87 (S,S) and 88 (R.R) (I x 10° M)
recorded in CH;CN at RT before and after the addition of 0.67 equiv. Eu(CF3S03);.

As discussed in chapter two CPL spectra can be employed 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, CH3;OH and a mixed CH3;OH:H,O (75:25) solvent system as
shown in Figure 3.8 and Appendix Figure A3.15. Excitation of the naphthalene antennae at A

I

= 281 nm gave rise, in all cases, to Eu" -centred chiral emission with the o N J=1-

4) transition bands of the complexes being of equal magnitude and opposite sign,

I excited states and again confirming the optical

demonstrating the chiral nature of the Eu
purity of enantiomers Eu,.87; (§.S) and Eu,.88; (R,R).

Positive bands were located at 598 nm and 653 nm, corresponding to the o e -3 J=
1, 3) transitions, in the CPL spectrum of the Eu,.87; (S,S) complex. The 0y — 'F; J=2,4
transition bands were split, in which the Dy — 'F, transition appeared as a negative signal at
618 nm and a positive signal at 624 nm. Similarly, the >Dy — '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 emission spectrum of Eu,.87; (R,R) displayed a CPL
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profile which was exactly the mirror image of the (S,S) enantiomer, possessing signals of the

same amplitude but of opposite sign.
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Figure 3.8. Total Eu"-centred emission and CPL spectra of complexes Eu>87; (S.S) and
Eu,.88; (R.R) recorded in (a) CH;0H and (b) a CH3;0H:H,O (75:25) solvent system
(excitation at A = 281 nm).

Table 3.3. Summary of dissymmetry factors obtained for Eu,.87; (S,S) and Eu,.88; (R,R) in
CH;CN, CH;0H and CH;0H:H>0 (75:25) solvent systems.

CH,0H:H,0
CH,CN CH,OH (75:28)

(glum) (glum) (glum) (glmn) (glum) (3h4m)
598nm 619nm  598nm  619nm 598 nm 619 nm

Complex

Eu,.87; 0:17 -0.09 0.18 -0.09 0.20 -0.12

Pah a8 0 S1p Bt ot 40

Comparison of the CPL spectra of Eu,.87; (S.,S) and Eu,.88; (R,R) to those of the

#3187 \whose absolute configurations have been

analogous ‘Trinity sliotar’ complexes,
determined by X-ray crystallography, allows us to predict the absolute configurations of
Eu,.87;5 (5,S5) and Eu,.88; (R,R) as being AA and AA, respectively. CPL data demonstrates
the preferential formation of right or left handed helicate self-assembly via ligand
asymmetric induction - similar to that observed for previously studied helicate ligands 62 -
66.°*% Dissymmetry factor values for the Dy — 'F, and Dy — 'F, transitions obtained from
measurements carried out in the three solvent systems were calculated and are summarised in

Table 3.3.

123



Chapter Three - Chiral helical assemblies for enhanced solubility in competitive solvent media

As mentioned in chapter two, dissymmetry factors are a measure of the “degree of
chirality” sensed by an electronic transition.”® Particularly large dissymmetry factors were
estimated for the magnetic dipole allowed transition (SDO — 'E ;) in all cases with g, values
of 0.17 (CH3CN), 0.18 (CH;0H) and 0.20 (CH30H:H,O0, (75:25)) obtained for Eu,.87; (S.S)
and values of -0.19 (CH3CN), -0.18 (CH30H) and -0.21 (CH3OH:H,O0, (75:25)) calculated
for the Eu,.88; (R,R) complex.

The magnitudes of g;,m may be taken as a measure of 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 gi,m values for helicate complexes of 63 — 66, gi,m values for the °Dy — F, transition
(in CH30H) in Eu,.87; (S,S) and Eu,.883 (R,R) were found to be relatively similar (+£0.23 for
Eu,.63; and Eu,.64; and £0.21 for Eu,.65; and Eu,.663). However, slightly larger values for
glum(5D0 — 7F2) were estimated for Eu,.87; (S,S) and Eu,.88; (R,R) (£0.05 for Eu,.63; and
Eu,.64; and +0.06 for Eu,.65; and Eu2.663).64'69 These results suggest a comparable chiral
arrangement of the ligands around the luminescent Eu'-centres in Eu,.87; (S,S) and Eu,.88;
(R,R) to those helicates of 63 — 66.

Having examined the ground and excited state properties of 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 Eu,.87; and Eu,.883 in situ

The Eu'"-directed self-assembly of Eu,.87; and Eu,.88; in situ was investigated by a series of
spectroscopic measurements. This procedure entailed the titration of a 1 x 10° M solution of
either 87 or 88 against increasing amounts of a Eu(CF3;SOs); stock solution and then
analysing the changes in the UV-visible absorption, fluorescence and time-delayed Eu''-
centred emission of the resulting solution. Studies were performed in CH3;CN (to enable
comparison to helicate studies previously reported), CH3;OH and CH3;OH:H,O 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 CH;CN
Prior to metal addition an initial UV-visible absorption spectrum of ligand 87 displayed two
characteristic bands. One band was centred at A,,x = 223 nm, which is characteristic of an S

— S, m — 7* transition within the chromoporic unit. The second band was located at A, =
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281 nm (e = 17100 M™' cm™), which presented hyperfine structure with two shoulders located
at 271 nm and 293 nm. This band is characteristic of a Sg — S; ® — n* transition of a 1-

substituted naphthalene derivative.
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