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Abstract

This thesis, titled “Studies of a series of Benzene-1,3,5-derivatives and some other
supramolecular building blocks and their self-assembly properties”, describes the
synthesis and characterisation of novel tripodal systems based on the benzene-1,3,5-
tricarboxamide (BTA) motif. As will be outlined in the introduction, the ability to design,
tune and control supramolecular materials formed through self-assembly processes is an
area of great importance and increasing interest. The introduction will provide the reader
with an overview of functional supramolecular materials, the various interactions that
drive their formation and their properties. Some of the most relevant advances in the
literature are reviewed, with a particular focus on soft materials showing gelation. While
gelation is a behaviour very well known for high molecular weight systems, such as
covalent polymers, the field of low-molecular weight gelators (LMWGS), i.e. systems
able to achieve gelation through networks of supramolecular interactions has gained
increased attention in the last few decades and will be hereby discussed. Several tripodal
systems based on the BTA motif possessing these properties will be outlined.
Furthermore, the introduction will present an overview of the lanthanide metal ions,
detailing their photophysical properties, their role in the formation of the metal-directed
self-assemblies, supramolecular polymers etc, and finally the chapter will close
describing some of the most relevant advancement to supramolecular chemistry achieved
by the Gunnlaugsson group in the recent years.

Chapter 2 will describe the design rationale and the synthesis of the tripodal BTA systems
presented in the thesis, their purification procedures and the chemical characterisation.
An alternative synthetic pathway will also be presented, and a second family of
supramolecular building blocks will be shown.

Chapter 3 will focus on the spectroscopic and morphologic investigations of the systems
presented in the previous chapter. The interactions of the BTA ligand with the Eu(lll)
ions is investigated by performing titration at two different ligand concentrations;
ultraviolet-visible spectroscopy as well as fluorescence is recorded and used to gain some
insight on the ground and excited states of the ligands, while metal-centred emission
studied through phosphorescence spectroscopy. The data obtained from these titrations is
processed using non-linear regression analysis to determine speciation and stability
constants, while proposing a mode for the formation of the self-assembled species. The
formation of such aggregates in solutions is then investigated including their morphology



using scanning electron microscopy (SEM) of their dried solutions; furthermore, the
formation of various gels is investigated using the same technique.

Chapter 4 will describe a collaboration work performed with a fellow Gunnlaugsson
group member in which one of the BTA systems will be used in conjunction with a Th(l11)
cyclen-based complex to form a ternary system able to self-assemble into a higher order
aggregates. The synthesis of the ternary system, as well as the spectroscopic and
morphologic characterisation is presented.

Chapter 5 will present a series of aggregating systems based on two well-known motifs,
squaramide and 1,8-naphthalimide. The studies highlight the processes leading to their
self-assembly properties and how the appropriate design influences the forces that lead to
the aggregation, correlating the structures with the morphologies observed through SEM
imaging.

Chapter 6 contains the experimental details and will be followed by references in Chapter
7. The additional information, such as data for the work described, characterisation etc,

can be found in the Appendix.
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Chapter 1 - Introduction

1.0 Introduction

Since Jean Marie Lehn defined it as ‘chemistry beyond the molecule,” supramolecular
chemistry has become an increasingly researched area within chemistry that encompasses
the study of systems forming networks of reversible, non-covalent interactions, like
hydrogen bonds and metal ion coordination.'™ These networks result in structures of high
complexity through autonomous processes of self-assembly between small, and
structurally simple units. Examples of supramolecular systems are extremely common in
nature and form the basis of many biological processes such as protein folding
mechanisms, enzymatic activities and self-replication processes. The most common
biological example is the structure of deoxyribonucleic acid (DNA); but DNA is
composed of two strands of covalently bound monomers that interact through hydrogen
bonds to form the eminent double helical structure on which life relies, though
complementary supramolecular interactions, consisting of dominantly hydrogen bonding
and n—= stacking. Both these features will be central to the work described in this PhD
Thesis.

The self-assembly interactions, through the balance of the repulsive and attractive forces
lead to a thermodynamic minimum for the final structure,® resulting in a stable
macrosystem. The novel class of materials formed through these interaction are
commonly referred to as ‘soft” or ‘responsive,” and have found applications in many
fields, including sensors,®’ next-generation LEDs,®° probes to study biological
matrices!®® and gels.}*!8 Such a vast range of applications for these materials is due to
unique properties, such as the ability to respond to external stimuli.*® Furthermore, the
materials display various morphologies like nanoarchitectonics,?® gels® % 8 and porous
structures.® 1 These properties are consequently dependant on the nature of the units
forming the networks. Therefore, an understanding of how small structural changes (e.g.
different functional groups, physical properties, and structure) in the ‘starting blocks’
(also refereed to herein as supramolecular building blocks) will correlate to the final
aggregate becomes the challenge researchers face in order to design systems aimed at
specific tasks. Being able to correlate structure with the morphological outcome is a
challenge that has not been easily achieved to date. However, the establishment of such
correlation, and understanding of such effects, can help in achieving control over self-
assembly pathways, which ultimately, should allow for the formation of building blocks

that have predictable hierarchical (or higher order) structure, and hence, properties. The
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aim of this PhD thesis is to address this with the formation, characterisation and analysis
of several novel structures possessing building blocks that can partake in various
supramolecular binding interactions and self-assemble in solution. In more detail, the
main focus of the PhD project described in this Thesis is the development of novel
tripodal systems based on the benzene-1,3,5-tricarboxamide (BTA) framework using
aromatic and chiral spacers connected to a 2,2°,6”,2”’-terpyridine (tpy) unit. These
systems showed the ability to form supramolecular aggregates through self-assembly
processes, and metal ion coordination chemistry. The effect of the nature of the spacers
was observed in order to achieve a deeper understanding of such systems, their effect
upon new materials formation; to do so the properties of these resulting materials, were
investigated both, as free ligands and complexes with metal ions. Other systems will also
be featured in this Thesis.

This Introduction chapter will briefly cover topics related to the current state-of-the-art,
beginning with a general introduction on the formation of what has been defined as
supramolecular polymers, which are systems related to conventional polymers (see
below), consisting of repeatable units, formed through weak and non-covalent bonding
interactions. This is then followed by a more detailed description of how the target BTA
scaffolds form part of this context, both on a molecular level and as macroscopic
materials. A short description of the general characteristics of the lanthanide metal ions
to contextualize their use in the formation of complexes, and as bridging or crosslinking
ions, is then provided before finishing with a brief description of the content of this
Thesis.

1.1 Supramolecular polymers
Polymers are defined by the IUPAC as substances composed of macromolecules.?

Macromolecules are generated by the formation of covalent bonds between smaller
molecules in a repetitive pattern, and possess a larger relative molecular mass than the
individual repeating units. These systems present a vast range of properties that make
them ubiquitous in life.?? Systems in which the units forming the final substance are not
bonded covalently, but by networks of reversible, directional, weak interactions, such as
n-n stacking, hydrogen bonds, metal-ligand interactions, etc. are defined as
supramolecular polymers. The aggregate formed is not defined a macromolecule in this
case, but instead, as a supramolecule or supramolecular assembly, and by tuning the

conditions, the properties displayed are analogous to polymeric materials.?




Chapter 1 - Introduction

Analogous to ‘traditional’ polymeric materials, supramolecular polymers are commonly
classified depending on their formation mechanism in three macrocategories: isodesmic,
chain-ring and cooperative supramolecular polymerization. In the first case, the
aggregation is a linear process, where all the steps involve the same interaction. It can be
compared with the polycondensation of esters, leading to a polydispersed final result, and
in coil-like structures lacking interactions strong enough to establish a long range order.
In the second case, chain-ring supramolecular polymerization, the use of ditopic
monomers leads to the formation of cyclic aggregates via the interaction of the end
groups. Contrary to the covalent case, where the control of these processes is kinetic in
nature, the supramolecular ring polymers are formed under thermodynamic control and
the resulting systems are composed of both rigid rings and coil-like systems in
equilibrium. Finally, the cooperative mechanism can be compared to the ‘live’ chain
polymerization. The key-concept to highlight, is the fact that this processes happens in
two steps, nucleation and elongation, with the latter being the more thermodynamically
favourable. This translates into linear chains that possess a higher degree of order and
results in fibrous aggregates.?®

Lehn and co-workers obtained the first synthetic supramolecular polymer through the use
of molecular recognition between tartaric acid derivatives with complementary pyridinc
units, which assembled into monodimensional arrays with liquid crystal-like behaviour,
Figure 1.1.2* The use of tartaric acid derivatives found that the three different isomers (D-
, L-and meso-forms) influenced the chirality of the final helical aggregate (Figure 1.1).24

C12H25
|
e C EaUS S
/&O O\ A!(
CiaHos
C12H25
(TP2) 1 l (TU2)2
H o o)
N7y /L ﬁ/
\ N O CWZH% N‘H«
Ny o 0 == -0 CiaHas
SN o~ o H o
5 \ o o LN ] Q S
TUH 0T S N o © 1w Ve
o \ o NH__ “H-
/‘\\o Ci2H2s Q/\ -0 u o © é\ Nl\
CizHos TeH. /
N
/go

- -(TP2-TU2)u- 3 -

Figure 1.1 Molecular structure of 1 (TP2) and 2 (TU,) and schematic representation of their interaction to
form a supramolecular liquid crystalline polymer 3, reproduced from ref.?*
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Following this ‘all organic’ work, the focus of this area of research widened, with an aim
of designing compounds capable of assembling into more complex structures, ranging
from bidimensional arrays to extremely complex nanoarchitectonics, often with the help
of classical coordination chemistry.> Within this field, the underlying principal is the
understanding that an appropriate design of the building block will be cardinal in the
assembly processes it is involved in, and therefore, in the properties of the resulting
aggregate including; which functionalities it contains, its structure, and aromaticity, etc.
The problem remains, as was eluded to above, that normally, minor structural changes
can have detrimental effect on the material outcome, and controlling these can be difficult
to achieve, particularly for systems of high structural complexity.

Expanding upon Lehn’s work, Meijer et al. increased the complexity of the pyridinic unit
and designed a self-complementary unit capable of forming four hydrogen bonds, 2—
ureido-4-pyrimidone (UPy, 4).25-%" In this case, UPy, 4, was used as the terminal moiety
at each end of an alkyl chain (5, Figure 1.2, B), which resulted in a monodimensional
aggregate forming fibres. Adding to the solution molecules containing three UPy moieties
induces a reticulation that connects the single strands into a network with completely
polymer-like behaviour (Figure 1.2, E). On the macroscale, this allows the resulting
materials to display good mechanical properties, akin to covalent polymer ones, while
still maintaining the ability to reverse to their monomeric form due to their

supramolecular nature.

0 0
A) CHs B) N\?_\>*(CH2)14 / N
oM N )—NH HN—
)|\ )\\ HN NH
ANONTONTSN S0 =0 o=
b HN NH
4 C4Hg C4Hg

C) picture and D) AFM imaging supramolecular material derived from 5; E) schematic representation of
the four-fold interaction between UPy units. Reproduced from ref.26-27

As previously mentioned, analogous to the covalent macromolecules, assemblies can also

be formed between different partners leading to supramolecular co-polymers. Schenning
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et al. obtained materials suitable for the production of OLEDs with tuneable emissions.?

To do so, they designed three z-conjugated oligomers able to emit under UV irradiation,
a blue-emitting oligofluorene (OF, 6), a green-emitting oligo(phenlene vinylene) (OPV,
7) and a red-emitting perylene bismide (Pery, 8), all of which were functionalised with

two UPy moieties.

B)

{\':F Self H-| |nteract|on_ E+

Energy Transfer Energy Transfer

PEHI«EHIE%

Figure 1.3 A) Chemical structures of the UPy di-functionalised chromophores OF (6), OPV (7) and Pery
(8); B) Representation of the aggregation mechanism for pure 5 (top) and after mixing with 5 and 7
(bottom); C) CHCI; solutions of pure 7, 6, 5 and mixture upon irradiation at 365 nm. Images reproduced
from ref.8

These systems showed the ability to aggregate into supramolecular polymers both in
CHClIs solution and in bulk. The electronic configuration of the oligomers leads to an
energy transfer from the OF unit to OPV and Pery, causing all three oligomers to emit
light; the final emission being dependant on the composition of the aggregates involved.
In fact the authors showed that a white light could be achieved through a fine tuning
between the three components.?®

Following this, work from Meijer et al. expanded on the assembly properties of the OPV
systems.?*3° To do so, the OPV core was functionalised with long alkyl chains on one
end and a ureidotriazine moiety the other; this was coupled with the presence of a chiral
centre on the side chains connected to the core, to obtain a S-oligo-(p-phenylene vinylene,
SOVP) (Figure 1.4: A). The presence of the ureido functionality on one end directs these
systems to assemble into dimers. Such dimeric units were observed to undergo a n-n

stacking process with a small dihedral angle, which upon elongation, led to a chiral helical
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aggregate of length and properties tuneable for modifying the environmental conditions

it was exposed to, such as temperature or solvent polarity.

Nucleation Elongation
CiaHs=0
C'ZHK'_O ~ — g - ¢ =
N—~ um—" — = —
O \ O SOPV
H-bonded  Disordered Nucleus Helical
dimer aggregate aggregate

Final Aggregate

Figure 1.4: A) Molecular structure of 9 and B) schematic representation of the assembly process with the
nucleation driven by quadruple hydrogen bond to form the dimeric seeds, followed by the stacking into
nuclei that then elongate into helical aggregates. Images reproduced from ref.*

The co-assembly approach was used by Aida et al. in order to obtain a nanostructured
material with optoelectronic properties employable as a platform to study the behaviour
of charge carriers.3! In particular, they were able to obtain an organic heterojunction using
two gemini-shaped hexa-peri-hexabenzocoronene (HBC) derivatives, HBC 1 and HBC 2
(10 and 11), respectively. A solution of 10 in THF showed the formation of bundles of
nanotubular aggregates upon CH3OH diffusion, with the geminal arms on the outer
surface of the single nanotubes. Upon treatment with a Cu?* salt solution, and sonication,
these bundles separated into discrete nanotubes with a charged surface due to the ions

bound to the bypiridinic arms.
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Figure 1.5 A) Schematic illustration of 10 self-assembling into bundled nanotubes NT;; B) formation of
the NTi.cy dispersed nanotubes; C) formation of the block NT1.c,/NT2 nanotubes and D) cross-section at

the supramolecular heterojunction. Images reproduces from ref.3!
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The resulting charged nanotubes NTi.cy were treated with 11, which would stack on the
already formed nanotubular scaffolds of NT1.cy, forming the heterojunction (Figure 1.5).
This elongation process was observed to be preferential to the formation of nanotube
bundles of 11, which would normally occur in the absence of NTi.cu. Furthermore, the
presence of multi-block nanotubes was not found, hinting to the lack of post-connection
of the two different families of nanotubes.

The NT1.co/NT2 was studied through the use of high-resolution microscopy and optical
spectroscopy, with the first confirming the (morphological) block nature of the
nanotubular aggregates, and the second confirming that these systems behave exactly as
a m-n junction, displaying fluorescent properties, not present in the singularly assembled
of NTi.cuand NT2, derived from the efficient communication between the segments over

the heterojunction interface.®
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Figure 1.6 A) General chemical structures of compounds 12(a - €), 13(a - d) and 14(a - d); B) schematic
representation of the formation of the fluorescent exciplex in case of matching spacer (top) and the
formation of a non-emissive aggregate in case of non-matching spacer (bottom). Images reproduced from
ref.32

Following upon the idea of exploiting the high directionality of hydrogen bonds, Sijbesma
et al. used a bisurea motif in conjunction with covalent oligomers to obtain micellar
aggregates with highly hydrophobic compartments.? In their work, the use of a series of
bisurea bolaamphiphiles (UnU, 12a-11e) demonstrated that the micellar aggregates are

formed in a very selective way and have a dynamic nature. Adding a small percentage of
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two bisurea functionalised with luminescent probes (pyrene, Py-U4U, 13b and
dimethylaniline, DMA-U4U, 14b) to different bolaamphiphiles in aqueous solution, they
observed that the probes were easily integrated into the micelles. The assembling would
lead to luminescent emission only when the main bisurea system has the same length,
with a solution of 12b resulting into an excimer, while 12c would not (Figure 1.6).

Another interesting series of supramolecular polymers based on a bisurea system were
prepared and studied by Boué et al.3® In their work, they prepared a series systems, 15(a-
d) with a bisurea core, connected via nonpolar alkylene chains (used to drive and stabilise
association through hydrophobic effect), to ethylene oxide moieties, which would allow
better solubility both in aqueous and organic media (Figure 1.7: A). The formation of
assemblies was studied and observed through Small-Angle Neutron Scattering (SANS)

measurements in three reference solvents; water, acetonitrile and toluene, respectively.
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Figure 1.7 A) General structure of compounds 15 (a - d); schematic structure for the cross-section of the
aggregated compound 15b in water (B), acetonitrile (C) and toluene (D). Images reproduced from ref.33

The results show that in water and dilute acetonitrile solutions; the aggregates assemble
into long filaments, with the ones formed in water showing a relatively large cross-section
diameter. In contrast, the filaments formed in acetonitrile, were basically shown to be
monomolecular. Considering this, the authors speculated that hydrogen bonding is
responsible or directing the stacking interactions between the layers, while the cross-
section packing interactions are based on a solvophobic effect. This provides a reasonable
explanation as to why the system is more strongly packed in water compared to the
acetonitrile solution, as the alkylene chains will interact with the organic solvent in a more
efficient way compared to that in water. The measurements in toluene show a much
shorter length of the filaments, due to the fact that the akylene chains present no

solvophobic effect, therefore they behave in a more flexible way. Hence, the authors
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assumed that here a different conformation (in this solvent) occurred, which was dictated
by the formation of intra-molecular hydrogen bonding between the oxygen atoms of the
ethylenoxy moieties and the bisurea cores. In this case, the accurate design of the target
molecules allowed for the development of systems that assemble differently as a function
of the solvent.

In a series of work starting in the early 2000s, Stupp et al. designed the (large) peptide
amphiphile 16, capable of forming an aggregate similar to a collagen derivative,3* with
the goal of obtaining a supramolecular polymer able to mimic biological systems. To
achieve such a result, the molecule was designed with a hydrophobic chain, an amino acid
sequence and a highly polar unit, with a phosphate group bound to a serine molecule. This
design ensured an aggregation driven initially by the hydrophobic interaction between the
alkyl chains. The amino acid segment chosen has a tendency to form B-sheets and this
would lead the system, together with the polar component, to twist itself into a helical
structure. The single conical units then assemble into higher-order cylindrical micelles,
with the hydrophobic chains shielded in the inner area and the polar component on the
outer surface. The phosphate functionality allows for the mineralisation into a filament of
the micellar aggregate by surface diffusion of CaCl. and NazHPOg.

The resulting system was found to interact with cells and had the advantage, over a
covalent collagen-like structure, of being reversible and therefore more able to fit into the
cell, assemblying itself in situ to accommodate the preferred orientation in the cellular
environment.® These early studies led to more complex systems that Stupp and co-
workers proved to be bioactive in vivo, thus paving the way for a possible new class of
prosthetic bones and cartilage.>**” Furthermore, Stupp et al. demonstrated that systems
designed, following the same rationale, were able to interact with a linear negatively
charged biopolymer, consisting of a macromolecule containing a disaccharide repeat unit
of N-acetylglucosamine and glucuronic acid.*®3°® Such interaction would result in highly
packed fibrous bundles that formed microsacs. This was of high interest, as they managed
to prove that such capsules were able to entrap and encompass proteins that had been

structurally modified by conjugation of a fluorescent emitting functionality.38-39
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A)

Figure 1.8 A) Schematic representation of 16. The hydrophobic moiety is highlighted in yellow; the amino
acid segment that allows for the secondary interactions is shown in blue and in green: the highly polar head
group. B) Molecular model of 15 and self-assembly into cylindrical micelles. Images reproduced from ref.3*

As outlined above, the systems featured have all consisted of organic molecules that
capitalise on the use of weak non-covalent binding interactions. However, the use of metal
ions together with hierarchical assembling to obtain complex systems was explored in a
recent study by Hua and co-workers.*® A linear supramolecular polymer was initially
obtained through the assembly of two homoditopic monomers, a 2,2'-bipyridine-bridged
pillar[5]arene dimer 17, and a symmetric chain containing two triazole rings and cyano
terminations 18 (Figure 1.9: A). The aggregate was formed through the host-guest
interactions between the arene aromatic pockets and the triazole rings, and it was

observed and studied in CHClI3z using NMR techniques.

_5‘-'-'.. . c;.' i Q‘.'-"l " -;‘.* " Cl_..-‘.--.u . ,-;'.— - . o

Figure 1.9 A) schematic structures and representation of the pillar[5]arene dimer 17 and symmetric host
18; B) linear supramolecular polymer formed via host-guest interactions. Images reproduced from ref.*

The linear polymer was then treated with a Zn(Il) salt solution, which led to an
exponential increase in the relative viscosity of the system. Electron microscopy

investigation confirmed a change in the morphology, with a 3D network formed through

11
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areticulation induced by the Zn(I1) ions (Figure 1.10: A). The reticulated systems formed
stable and thermo-reversible organogels in CHCIlz which were characterised using
rheological measurements. It is clear that the use of metal ions has a major impact, or
influence, on the formation, stability, morphology, and the properties of the resulting self-
assembly. Hence, it is of no surprise that the use of metal ions in the constructions of
robust self-assembly structures has become an active area of research. The next sections

deals with some examples of such structures.
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Figure 1.10: A) Schematic representation of the crosslinking between linear chains of 17-18 induced by
the coordination of Zn?* ions and B) picture of the resulting gel. Images reproduced from ref.*

1.2 Metal-organic frameworks (MOFs)

One of the approaches that supramolecular chemistry has been widely exploited is the use
of metal ions as template to guide the formation complex mono-, bis and three-
dimensional structures. These ordered structures, formed through extended metal-ligand
interactions, potentially extending infinitely, are generally referred as coordination
polymers, or porous coordination polymers. Metal-organic frameworks, or MOFs,* is the
term, which is commonly used to refer to microcrystalline, porous materials containing
polynuclear clusters, has been extended to include and describe any extended array
composed of metal nodes.*! The materials that arise from MOFs are of particular interest
because of their large internal surface area and high porosity. Indeed, such properties have
allowed MOFs to find applications in various fields, such as energy storage, chemical
purification, heavy metal removal from water, catalysis, as well as biomedical application

and sensing.**

12
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In a recent work, Schmitt and co-workers*® presented a photoactive MOF with a large
tubular aperture. The system used two d-metal ions, Cu(ll) and Ru(ll), in conjunction
with a carboxylate derivative of 1H-imidazo [4,5-f][1,10]-phenanthroline, 19 (Figure
1.11). The system was designed in order to possess a main binding unit, the carboxylate,
and a secondary binding unity, a polypyridyl phenanthroline group. The phenanthroline
moiety bound the Ru(ll) ions that act as photosensitizers, allowing for the population of
the excited states of the ligand through Metal-to-Ligand Charge Transfer (MLCT). This
consequently activated the ligand-centred emission, while the carboxylate group allowed
for the binding of the Cu(ll) ions.

OH
Figure 1.11 A) Crystal structure of Photo-MOF, hexagonal channel along the [001] direction, highlighting
the diameter of the channel of ca. 2.1 A. B) Key attributes of Photo-MOF, including Rull/phenanthroline-
based photosensitisers (in yellow); nodes with opposite helicity and imidazole-based binding sites. C)
Extended structure of Photo-MOF along the crystallographic c-axis. D) Structure of metallo-ligand
[H319Ru]?* that directs the assembly into a hexagonal topology. Image reproduced from ref. 6

13
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The system, starting from [H3z19RY]** assembles into honeycomb structures with the metal
centres of Cu(Il)/Ru(ll) possessing alternate A/A helicity while maintaining the
spectroscopic properties of the single molecule. The cavities showed a regular diameter
of ca. 2.1 A through which the system proved itself able to adsorb reversibly gas such as
CO2 and N2, with a higher selectivity towards the first, making 19 an interesting material
for catalytic purposes upon further development.

1.3 Benzene tricarboxamide (BTA) systems
Amidst the frameworks able to form supramolecular aggregates, benzene-tricarboxamide

(BTA) has received significant interest in the last decades. The three amide moieties are
connected to the benzene core in alternate positions, 1, 3 and 5, and are able to form
networks of intermolecular hydrogen bonds, often consisting of high symmetry, which
can translate, under appropriate conditions, to supramolecular polymers that have found
several applications.*’
It is possible to divide BTA molecules into two families according to which atom (-C or
-N) of the amide group is connected directly to the benzene core, resulting in C-/N-
centred BTA molecules as shown in Figure 1.12. The work described in this Thesis
focuses on the latter of these molecules, and in particular on the ones bearing the same
substituents on all three the amide groups, thus displaying Cs symmetry.
After a facile synthetic protocol was established by Konigstein et al,*® a wide range of
BTA scaffolds with different properties have been prepared over the years.*” This has
made them a useful and versatile tool to study how functional groups, solvent and
structures will affect the assembly processes in supramolecular aggregates. These studies
have become reference points to design and obtain defined and complex nanostructures
with a large range of possible applications.*’
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Figure 1.12 General structures for C=0 and N centred BTA molecules

O

Following these studies, it became possible to predict some general properties of the

resulting materials, depending on the nature of the R group. Functionalising the amide
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moiety with non-polar aromatic groups display a tendency to form organogels,*® and
linear alkyl chain functionalisation leads to liquid crystalline behaviour.>%->2 When the R
group is a polar, water soluble group, the resulting BTA molecules have been shown to
form hydrogels, often through modulation in either or both pH or ionic strength.>**° By
employing sterically hindered, or bulky groups, has been shown to induce the formation
of aggregates with less compact packing, introducing voids that translate into organic
materials with higher degrees of porosity.**>" Substituent groups of particular interest
include those that can be used to form specific secondary interactions. Metal-binding
groups have been shown to form metallogels (as was eluded to above),*®° while systems
containing structures capable of forming ternary interactions can lead to complex final
higher order structures such as microspheres.®

Although as a class of compounds, BTAs are known since Curtius reported their synthesis
at the beginning of the 20th century,®® studies that focused on their assembly processes
came much later. Banerjee et al. reported one of the earliest cases and employed the use
of simple chains with a carboxylic group.5? In their work, the use of an enantiomeric pair
(D- and L-valine) bound to the BTA core showed the formation of fibrous aggregates
with higher order structures. In particular, the two different enantiomers led to the
formation of two chiral helical secondary structures; the resulting handedness of which
depends on the enantiomer bound to the BTA core, showing that the point chirality can
be transferred to the bulk (supramolecular) material. These systems (20 R/S) were of
particular interest due to the packing arrangement of the resulting helices, which were
found to pack into a hexagonal cell observed using single crystal X-ray diffraction (XRD).
This particular arrangement then led to a quaternary structure, observed by Transmission
Electron Microscopy (TEM) imaging, made up of a triple helix of such ternary hexagonal
tertiary structures. These higher order aggregates are formed not only through the
hydrogen bonding of the amide groups, but also through different non-covalent

interactions such as m-w stacking between the aromatic cores.®?
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Figure 1.13 A) Molecular structures of compounds 20 R/S and 21. B) Schematic representation of the
aggregations into fibres. C) TEM images from ref.?

A large contribution to the BTA material research has been provided by Meijer and co-
workers. In one of their earliest reports,®® they investigated the effect induced on the
aggregation when the alkyl chain bound to the BTA core, lacked or contained a chiral
center, in a similar manner to that described above They found that the resulting
aggregates showed a remarkable “Cotton effect” when a chiral centre was present within
the alkyl chain of the structure, while no such phenomena in the case of achiral group was
observed, indicating a preferential aggregation into one helical structure (Figure 1.14),

again, being dictated by a point chirality on the three arms.
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Figure 1.14 A) Structures of compounds 20 and 21. B) Absorption (top) and CD (bottom) spectra for 20
(dotted line) and 21 (solid line). Images reproduced from ref .63

This work was expanded on®4-% to show that the chirality of the centre in the side chain
would direct the aggregation towards one helical orientation preferentially. Furthermore,
subsequent work,% showed that the use of mixtures of chiral and achiral derivatives

would lead to a chiral aggregate; this is due to the so-called ‘sergeants-and-soldiers’
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principle, where a much smaller quantity of the chiral BTA (in this case, down to 4% in
concentration) directed the self-assembly process towards the formation of a chiral
aggregate. The reversibility of all these supramolecular processes was also proved in the
studies, as the use of solvents that would compete with the self-association of BTAs (i.e.
in the formation of hydrogen bonds) such as acetonitrile, induced a depolymerisation,
with the system returning from the ‘gel state’ to the ‘sol state’.

This early work showed how these moieties can significantly affect the assembly
processes of BTA structures, and therefore, why these systems are such a versatile tool in
the study of assembly processes, at the same time as they can lead to the formation of
unexpected products, but that area has been investigated by the Gunnlagusson group over
the last few years and will be discussed in some details later on in this chapter.*” A
breakthrough was made in this field of research when amino acids were studied in
conjuction with BTA molecules. Their well known chemistry, variety and large
availability as enantiomers all aided in the understanding of the effect of the introduction
of a chiral centre on the aggregation processes of BTAs.

In a following study by Palmans and co-workers,®” the effect of the chirality on the
aggregation in conjunction with a sterically hindered system was examined. This was
achieved by designing and comparing the behaviours of BTAs with a C3 symmetry to
asymmetric ones. In their study, two families of enantiomeric couples were synthesized.
Long alkyl chains were used in conjunction with phenylalanine (Phe) to examine the
effect of chirality and steric encumbrance on the aggregation.

Compounds 24R and 24S were prepared by functionalising one of the arms of the BTA
with the Phe spacer, while compounds 25R and 25S were prepared with all of the arms
containing it. In both cases, CD spectra highlighted a chiral behaviour of the helical
aggregates, but most importantly that the two systems undergo aggregation via different
mechanisms: in methylcyclohexane (MCH) 24 showed a positive (for 24S) and negative
(for 24R) CD effect between 205 and 275 nm, indicating the formation of a chiral
aggregate. Compound 25 showed mirrored CD spectra typical of entantiomeric systems.
However, in this case the intensity was higher (with a Ae of 76 L mol*cm™ versus 30 L
mol-tcm™ for 24) in the range 200-270 nm. To gain a deeper understanding of these
aggregation processes, the systems were investigated spectroscopically at variable (90 -
20 °C) temperature. In these conditions, a linear dependence in CD intensity variation

was observed for 25, paired with minor changes in the absorption spectra.
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Figure 1.15 A) Chemical structures of asymmetrical and symmetrical BTA molecules with chiral side
chains. B) CD spectra of 24R (dashed black line) and 24S (solid black line). C) CD spectra of 25R (dashed
black line) and 25S (solid black line). Images reproduced from ref.®”

In contrast, the signal from 24 showed a sigmoidal behaviour both in the CD and in the
UV-Vis absorption spectrum. These results proved that the presence of a single sterically
hindered group affects the aggregational behaviour of 24, that switches from the
cooperative procedure previously observed for linear chains® to an isodesmic mechanism
of aggregation. Furthermore, the spectra of 25 suggests that in this case, the aggregation
is ill-defined and shows no evidence

Following this, Mejer, Palmans et al.%® attempted to translate their previous studies in
aqueous environment. To do so, they designed and studied the properties of BTAs
functionalised with a glycol chain, both in absence and presence of chiral centres. These
systems were found to be soluble in water at higher temperature (26, achiral) or via
methanol injection (27, chiral). At room temperature, the systems were described as being
highly viscous solutions, which is typical for the formation of large aggregates, which
were then studied using transmission electron microscopy at cryoscopic temperatures (by

using cryo-TEM). of cooperative behaviour.
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Figure 1.16 A) Structures of compounds 26, 27 and 28. B) Cryo TEM showing the formation of aggregates

of 26 in water. C) CD (black) and UV-vis absorption (grey) spectra of 27. Images reproduced from ref.%°

In both cases, fibrous aggregates with high aspect ratios were observed. This result was
unusual when compared to other BTA-based hydrogelators previously reported,> 7
where the aggregates were thicker fibrils. Of even greater interest was the difference in
the nature of the two aggregates, as while the two fibers looked initially analogous, with
a cross-section diameter around 5 nm, then at higher resolution it was possible to discern
that the diameter for 26 was slightly larger, and a subtle and periodic variation in the
contrast and diameter was observed. This is a behaviour typical of systems that form
helical bundles or ribbons, which is not observed for 27. Both the use of UV-Vis
absorption and CD spectroscopy confirmed that 27 formed helical aggregates similar to
those formed in organic solutions. However, it was not possible to identify the exact type
of packing that aggregates of 26 formed; showing once more that the presence of a single
enantiogenic methyl group deeply affects the aggregation process. In the same study, the
amidic nitrogen atom was methylated (28), to observe the differences that such a change
would induce. The lack of the NH group from the amidic core prevented the system from
aggregating, confirming that the process is driven by the formation of H-bonds.

Haldar et al.”* investigated the effects of the interactions between side chains using two
BTAs functionalised with a p-alanine (29) and a y-aminobutyric acid (30), both
containing a chiral centre, a carboxylic group and differing only by a methylene group.
The experiments showed that in aromatic solvents, like toluene and xylene, 30 self-

assembles yielding thermoreversible and opaque organogels, while compound 29 did not
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show any significant assembling property. An explanation to these behaviours was found
through electron microscopy and crystallographic analysis. After drop casting solutions
of both 29 and 30 in 1,2-dichlorobenzene, it was possible to observe that while the shorter
chain derivative 29 displays a more prominent rigidity, 30 displays an entangled network
that extends from the core of the aggregate analogously to what happens to it in its xerogel
form. Through crystallography, it was noted that while both the derivatives form
columnar aggregates through the triple H-bonding interactions, the longer chain and
higher flexibility of 30 led to secondary interactions, hydrophobic in nature, that support

the formation of supramolecular networks, while 29 self assembled into bundle-like

structures.

g
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Figure 1.1
solution of 29 in 1,2-dicholorobenzene. C) SEM of the xerogel of 30 from toluene. Images reproduced from
ref.”

Kumar et al,’? in their 2004 work, used pyridil amides with BTA.. In their work, the use
of two different isomers bound to the BTA core, 31 and 32 enabled them to observe, for
the first time, the presence of N-H---N hydrogen bond networks, which lead to the
formation of bidimensional networks. In such networks, the presence of a strongly
hydrophobic cavity was observed in the crystal structures for the two BTA derivatives,
obtained solving X-ray diffraction data. The balance between the hydrophobicity of the
system and the hydrogen interactions, allowed them to assume that both 31 and 32 could

behave as aggregators in appropriate conditions. Such conditions were found and met
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using solvent mixtures of water and several polar organic solvents such as DMSO, DMF,
MeOH and EtOH.
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Figure 1.18 A) Structure for LMWG 31 and 32, B) Tge plots in different conditions for gels of 31 (top) and
32 (bottom); & Tge at 0.1 wt % varying the DMSO fraction, e Tge at 7:3 DMSO: H,0 varying the wt %.
C) SEM images for gels of 31 (top) and 32 (bottom). Image reproduced from ref.”

The gels were studied both thermally and morphologically; the SEM imaging showing
the formation of networks of fibres, with cross section diameters of ca. 160 - 400 nm for
31, and 110 - 280 nm for 32, that could trap the solvents and therefore lead to the gelation.
The thermal stability of the HO/DMSO gels was studied as a function of both the quantity
of the gelators (normally reported in mol %) as well as the fraction of organic solvent
used. It was found that for both systems, that a sharp increase in the Tge could be observed
upon increasing the quantity of the gelator, indicating that a greater amount of interactions
would stabilize the gels further. On the other hand, fixing the amount of gelator and

increasing the fraction of DSMO, resulted in a decrease in the Tg. This was to be
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expected, as DMSO, was considered by the authors to be a very good solvent for both 31
and 32, as well as a competitive solvent for hydrogen bonds, would break down the
intermolecular interactions.

An interesting behaviour for a BTA system was observed by Wang, Liu and co-workers.”
In their work, they observed that in a 60% DMF/H.O mixture, a BTA functionalised with
ethyl cinnamate, 33 (BTAC, Figure 1.19 A) formed gels with a concentration of 1.5%,
due to the formation of twisted aggregates via hydrogen bond and z-z interactions. Such
aggregates were expected to form following a stochastic distribution, but instead a non-
null Cotton effect was observed, as both left and right (M and P respectively) handed
twisted aggregates formed, but in an uneven amount. This is due to the formation, during
the early gelation phases, of preorganised columnar aggregates. This could be considered
the slow step of the aggregation process and the handedness of such ‘chiral seeds’ will

lead to a predominant M or P conformation.
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Figure 1.19 A) Structure of 33 and stochastic assembly into non-chiral aggregates, with P and M twists. B)
traces of chiral 35R/S formed upon reaction of 33 with 34R/S lead to the formation of pure M or pure P
aggregates and consequently to chiral organogels. Images reproduced from ref.”

Of particular interest were the results obtained by the use of a chiral dopant, 1-cyclohexyl
ethylamine 34 (R/S). The dopant was added to the solution of 33 before gelation ina 1:3
molar ratio and it was possible to observe that the only one type of twist was observed (P
twists for the 34R and M twists for 34S). This demonstrated how the presence of the
dopant stabilises only one type of aggregation; furthermore, after the removal of 34, the
system observed the same aggregation pattern and retained the previous configuration, as

a small amount of it had reacted with 33 through amide-ester exchange. These traces of
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35 were not detectable by NMR spectroscopy, but still directed the aggregation, leading
it to retain the chirality.

Another example of system containing an increased m surface area was reported by
George et al.”* In their study, they designed and characterised a BTA functionalised with

a highly conjugated aromatic system, a naphtalenediimide (NDI), 33.
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addition of toluene as anti-solvent. D) AFM heigh image of the left-handed twisted coils formed in the
TCE/Toluene mixture. Images reproduced from ref.”

The NDI was connected to the BTA via an aromatic spacer and possessed a gallate
extremity bearing three chains containing a chiral centre, in order to direct the chiral
aggregation process. Compound 36 was found to form organogels in methylcyclohexane
(MCH) and toluene, while no macroscopic signs of aggregation were found in more polar
solvents such as tetrahydrofuran (THF) or 1,1,2,2-tetrachloroethane (TCE). 36 was shown
to exist in a completely dissolved state in pure TCE, as evident from the characteristic
NDI absorption features, and the absence of a circular dichroism (CD) signal (Figure
1.20). Upon increasing the percentages of toluene in the toluene—-TCE mixtures, the
absorption spectra showed a gradual decrease in the maxima of NDI at 358 and 378 nm,

with a concomitant increase in the blue-shifted absorption at 344 nm, characteristic of the
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H-aggregates of NDI,” was observed, which confirmed the formation of the aggregates.
By plotting the CD intensity at 365 nm as a function of the toluene content (of the solution
mixture), it is possible to observed sigmoidal behaviour, indicating the isodesmic nature
of the process, rather than a cooperative one. The quantum mechanical calculation
showed that in the optimal disposition for the aggregation, the hydrogen bonds from the
core were not oriented in the same direction. This was speculated by the authors to be
related to the aromatic spacer that determines the configuration of the amide bonds.
Furthermore, X-ray diffraction experiments show that the aggregation was strongly
directed by z-7 stacking interactions and the hydrophobic interactions of the peripheral

chains.

] H

Figure 1.21 A) Chemical structure of 37. B) layered (left) and double interpenetrated framework formed
by the Zn(11) complex. C) three-dimensional model and double interpenetrated network formed by 37 with
CoCl,. D) polyhedral representation of the network formed upon reaction of 37 with Co(NOs).. Images
reproduced from ref.”®

In a study presented by Zhao et al. on compound 37 (Figure 1.21, A), the intermolecular
H-bonding interactions drove the aggregation process leading to coordination polymers
with different structures upon solvothermal reaction with Zn(ll), Co(ll) and Cd(ll)
(Figure 1.21 B, C and D respectively).”® The systems all formed a core-rosette, but
reactions with the various salts differentiated the final structures. As an example, the
addition of zinc nitrate formed a twofold interpenetrating architecture, while the use of
cobalt chloride formed a twofold interpenetrating three-dimensional architecture. Cobalt

nitrate and cadmium nitrate formed grid layered architecture with interplanar n-r stacking
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interaction. The work demonstrated the potential ability to form a large variety of
structures with the use of coordination chemistry.

Lloyd, Tan and co-workers designed and studied the properties of a family of BTAs
functionalised with aromatic carboxylic acids, including 37.>* The eight derivatives were
all found to be insoluble in deionised water, but upon addition of three equivalents of
NaOH they became solubilised, with the exception of 43, which was found to be insoluble
even in highly basic pH conditions. Upon protonation with diluted HCI, 44 formed an
insoluble precipitate, while compounds 37-41 formed hydrogels. Solutions of
deprotonated 42 showed no changes upon protonation; over a few weeks, crystallization
of trimesic acid was observed, pertaining to the hydrolysis of the amide bond. Gels
obtained from 36-40 were found to be dishomogeneous, which was considered to be due
to a kinetic factor. The gelators were then protonated using glucono-d-lactone (GdL),
yielding homogenous hydrogels. Analysis of rheological measurements determined the
Avrami constants for these systems, which suggests that the gelation mechanism for
compounds 37-39 and 41 are based on homogeneous spontaneous nucleation, interfacial
control, and one-dimensional growth. On the other hand, 40 show a gelation mechanism

based on heterogeneous nucleation, interfacial control, and one-dimensional growth.
R
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Figure 1.22 Structures of BTA tricarboxylic derivatives 37 - 44. Reproduced from ref.5

Electronic microscopy images show the fibrous nature of the systems and while electron
diffraction confirms that such fibres are amorphous, they allowed to verify that the d
distance for 37 - 41, which was found compatible with the average distance for H-
bonding, indicating that this interaction, integrated with the n-x stacking, are happening

among the gelators units inside the fibres.
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Figure 1.23 A) hydrogels of compounds 37 - 41. B) TEM and C) Cryo-SEM of the hydrogel formed by 36
that show the fibrous nature of the aggregate. Images reproduced from ref.>

In a recent work, Webber and co-workers expanded on the use of carboxylic moieties to
trigger the gelation process.>® In their work, they designed 45 (Figure 1.24 A), a
derivative of 37, functionalised with glutammic acid. This allowed for the evaluation of
the effect of the addition of a chiral centre and two carboxyl groups on the gelation in a
buffered environment. Compound 45 was present in a transparent sol state in aqueous
environment at neutral pH; upon alteration of pH and ionic forces, the formation of
supramolecular ~ aggregates ~ was  observed. 45  was  dissolved in
tris(hydroxymethyl)aminomethane (Tris) buffer in the presence of CaCOz and NacCl, in
its fully deprotonated form; the acidification step was performed with a strong, fast
reacting acid such as HCI and with a slower-reacting acid, GSL. Upon maturation of the
samples to their observable steady state, SEM was used to examine the bulk material for
evidence supporting the presumed pathway dependence, visible on the macroscopic scale.
Measured diameters in the GSL-treated sample are comparable to the dimensions reported
in previous works.””

The electron microscopy (TEM and SEM) imaging on the bulk of the aged hydrogels
(Figure 1.24 C) showed the formation of hierarchical superstructures that were
reminiscent of some of the wide, smooth structures formed under the HCI stimulus,
differing in the size, with the first reaching up to 1 um in diameter against the typical 30
nm observed in the latter. Chiroptical measurements show that the presence of the chiral
centre on the side chain induces chirality on the hydrogel formed through G&L

protonation, while no Cotton signal was observed for the aggregate formed by HCI.
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Figure 1.24 A) Structure of 45. B) Assembly processes of 45 upon protonation with HCI (bottom, "fast"
route) or GJL (top, "slow" route): i. 45, ii. disordered nuclei, iii. chiral nuclei, iv. helical fibril (top view),
v. helical fibril (side view), vi. oligomers, vii. honeycomb lattice, viii crystalline fibers. C) TEM (left,
middle) and SEM (right) images of the 45 hydrogel obtained using the “slow” route. Images reproduced
from ref.%
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Considering all of the results discussed above, allowed for speculation on the aggregation
mechanisms involved in the two processes. Under fast kinetic condition, it was proposed
that protonated monomers undergo a lateral association through H-bonding, together with
the axial stacking of monomers through core amide H-bonds. This results in the formation
of short oligomers that position themselves into a honeycomb lattice arrangement and
ultimately to crystalline fibers with hexagonal columnar packing with high aspect ratios,
on the order of 10 molecules wide. The slow GJL route instead, proceeds through a
nucleation-elongation pathway where the stacking is the favoured process after the
formation of aggregation seeds; the single helices will then form higher order triple or
multihelical bundles. Eventually the slow-catalysed pathway manifests the same
hexagonal columnar packing structure as is observed in the fast pathway, albeit with
width dimensions more than an order of magnitude greater, much higher crystallinity and

regularity.

1.4 Lanthanide Metal ions

As previously mentioned, the coordination of metals in supramolecular chemistry has

been largely explored by many research groups.*! In the recent years, particular attention
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has been given to lanthanide ions due to their unique physical and coordination
properties,’®"® leading to the design of novel structures. These novel structures allowed
to obtain materials functional for specific applications.2®8! The properties of the
lanthanides have been explored unveiling their abilities to interact with organic ligands
to form hybrid materials such as gels with luminescent properties,®? organic light emitting

diodes (OLEDs),® sensors®+®° and even MRI contrast agents, to name just a few.887

1.4.1 Properties

The lanthanides comprise elements of the first row of the f-block in the periodic table,
from the first, lanthanum (°’La, from which they bear their name) through to lutetium
("*Lu). Although in the recent years systems containing stable lanthanides in different
valence states have been explored,® lanthanides are most stable in the trivalent state.
Lanthanides gradually fill the 4f orbitals, shielded by 5s and 5p subshells, with a general
electronic configuration of: [Xe]4f " (n = 0 - 14). A gradual decrease of the ionic radii is
observed with increasing atomic number, a characteristic referred to as lanthanide
contraction.® 8°

The lanthanides are usually referred to as strong Lewis acids (due to their +3 oxidation
state), as they possess high ionisation potentials and high charge densities that enables
them to interact with a wide variety of ligands containing atoms with Lewis basic
behaviours, such as oxygen, nitrogen and fluorine. The lanthanides usually have high
coordination requirements, reaching from 9 in solution to 12, and that the formation of
stable complexes is usually achieved through the use of several chelating ligands, or the
use of macrocyles with high number of coordination sites (such as cyclen, which will be
feature later in this Thesis).***! These atomic and ionic characteristics translate into very

distinctive photophysical properties that will be discussed in the following sections.

1.4.2 Photophysical properties of the lanthanides

As previously mentioned, lanthanides possess 4f valence electrons that are shielded by
their filled 5s and 5p? orbitals, which translates into minor changes to the electronic
configuration through the interaction with ligands.%? These shielded electrons have the
ability to undergo f-f transitions, which is observed as sharp singlet-like signals in their
emission spectra, characteristic of each specific Ln ion, covering the spectrum from the
ultraviolet-visible (UV-vis) to the near-infrared (NIR) regions.®-* The ability to undergo
such transitions renders all of the ions luminescent, which is either fluorescent or

phosphorescence in nature,®® with the obvious exceptions of La(lll) (empty f shell) and

28



Chapter 1 - Introduction

Lu(l) (full f shell). The colour of the observed emission is characteristic of the single
ion, with Eu(l11) being red and Th(l1l) being green, for example.

Although both fluorescence and phosphorescence are radiative relaxation processes, they
are fundamentally quite different. In the case of fluorescence, the emission of a photon is
due to the radiative decay of the S1—Sp transition; in this case, there is no variation of the
spin multiplicity (AS = 0), making it a spin-allowed transition and therefore, the process
is quite fast, with the decay happening in a timeframe of 10"? to 10 s. On the other hand,
phosphorescence is a process involving a variation of the spin multiplicity (AS # 0),
making this kind of transition spin-forbidden; the T1—So transitions thus require more
time, occurring between 10° s and 1 s.2° The characteristic f-f transitions of Ln(l11) ions
are also Laporte forbidden, as they do not involve a change in the symmetry for the
system; this puts their lifetimes closer to the latter time frame, with the longest emission
lifetimes being in the range of milliseconds for Eu(l11) and Th(lI1) and the shortest being
in the microsecond range for Yb(IIl) and Nd(I1). Such long lifetimes can be exploited
for the design of luminescent probes for systems where a delay between the excitation of
the probe and the detection of the luminescence emission is needed, such as for in vivo
measurements on biological materials, in order to bypass the background signal due to
the autofluorescence of the probe, resulting in more accurate time gated measurements
(Figure 1.25).95%
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Figure 1.25 Illustration of the time gated setup to measure Ln(lIl)-centred emissions avoiding
autofluorescence. Image reproduced from ref.%

Although Ln(lll) ions may seem like ideal candidates for the development of optical

probes, they do not lack drawbacks; the main of these being their relatively low molar
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absorption coefficients, ¢, often lower than 1 M cm™, making direct excitation of the
metal an inefficient process. The most effective way around this issue, is the so called
“antenna effect”, which involves the use of an organic chromophore, or a metal ion
complex (such as Ru(ll) based polypyridyl complexes) with high absorptivity that acts as

a “light harvester” for the metal ion that is then excited indirectly.%"-%
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Figure 1.26: A) Representation of the processes involved in the antenna-driven sensitization of Ln(l1) ions.
B) Jablonski diagram representing the pathways for the sensitization of Eu(lll) ions. Images reproduced
from ref.%

The schematic representation shown in Figure 1.26: B) illustrates the sequence of
processes involved in the sensitization of Eu(l11) ions using a modified Jablonski diagram.
The exciting radiation first hits the sample and a photon elevates the chromophore from
the singlet ground state, So, to the singlet excited state, S1, (blue transition). From Sy, the
system can completely dissipate the energy via non-radiative processes (dashed
transition) and decay back to the ground vibrational state of the electronic excited state
and then either decay through fluorescent emission or undergo intersystem crossing (ISC)
to the excited triplet state, T:. From Ty, the system can again decay without radiating,
emit molecular phosphorence transitioning from T1 to So, or finally, transfer the energy
to the metal centre in a non-radiative process of energy transfer (ET) which populates the
lowest excited state of the lanthanide. In the case of Eu(lll), this state is °Do, from which
it will dissipate the energy, emitting phosphorescence. As the ground state electronic
levels 'F; (AJ = 0 - 5) are quantized, the transitions are therefore discreet and give rise to
the line-like emission spectra.® %

In order for the energy transfer to be effective, the ligand needs to be designed so that the
energy gap (AE) is in a suitable frame. This AE needs to be then close enough to maximize
the quantum vyield of the process, but steep enough to minimize the chance of back-
transfer processes; suitable values to avoid this range between 2500 cm™ and 3500 cm™?

for the two most explored ions, Eu(l1l) and Tb(Ill), and similar values can be expected
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for the onther Ln(111) ions. On the other hand, where efficient ISC takes place, the energy
gap between the singlet and triplet states is around 5000 cm™. Therefore, to design
efficient ligands, the two parameters requested are that AE(*S*—*T*) =~ 5000 cm™ and
AECT*-Ln* emissive level) is in the 2500-3500 cm™* range.100-102

As previously discussed, the radiative processes are in competition with the non-radiative
decays. The two most commonly observed forms of decay are the quenching of the triplet
excited state, T1, by molecular oxygen and the deactivation of the singlet excited state,
S1, through collisional and vibrational quenching.® & The following section will describe

these processes in detail.

1.4.3 Lanthanide luminescence quenching
The process of quenching, as explained in the previous section, involves the decay of the

excited state in non-radiative ways. Quenching normally involves molecules that
complete the coordination sphere of the metal, or molecules of diffusing solvent®® and
can happen through vibration modes, like stretching of the O-H, N-H and C-H bonds of
the coordinating groups. Although these processes could be thought to be parasitic
towards the efficiency of the emission of the systems, they allow researchers to obtain
precious data regarding the coordination environment of the metal ion. The most common
information derived is the number of water molecules that are bound to the Ln(lll) ion,
or the hydration state, also called the q value of the complex. Horrock and et al.103-104
were the first to propose a method that would determine a mathematical relationship
between the g value of a system and the life times of Eu(l1l) complexes coordinated by
H>O and D»O. The hypothesis they presented was based on the fact that the stretching
motion along the O-H axis of coordinated molecules of H20 and D20 would differently
affect the deactivation of the Eu(l11) excited state, as the heavier deuterium atoms would
contribute less toward the process.!® This idea was expanded upon by Parker and co-
workers'% in order to consider the vibrational contribution of N-H and C-H groups and

the parametric equation was obtained (Formula 1.1).

gl = A [( 1 ) - ( ! ) —0.25 — 0.075x] Formula 1.1

TH0 TDy0
In the equation, which was derived using amidic ligands, the T terms represent the lifetime
of the Eu(111) species recorded in H>O and D20 and A is a proportionality constant equal
to 1.2 ms. The remaining terms are correction factors for the effect induced by second
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sphere water molecules and the contribution of N-H oscillators, with x being the number
of amidic N-H oscillators bound to the metal.

The information presented in the last two sections shows that to minimise the vibrational
deactivation of the Ln(lll) luminescence and maximise the emission, it is important to
focus on choosing and designing ligands able to stabilise the system while minimising
the vibrational energy contributions, as well as selecting solvents with a low tendency to
coordinate. This can be achieved using multidentate ligands capable of stabilising the
complex while shielding the metal ion from solvent coordination. Ligands containing
suitable chromophores are therefore the best choices for the development of functional
supramolecular materials based on Ln(II1) luminescent emission.®” The Gunnlaugsson
research group has been a major contributor in this field, developing several functional
luminescent materials, a few examples of which will be discussed in the following

section.

1.4.4 Advances in the Gunnlaugsson Group
In recent years, the Gunnlaugsson group has centred its research on the design and

development of supramolecular soft materials, such as gels and polymers. These materials
were integrated with the use of d-block and Ln(lll) ions able to emit luminescence with
ligands in order to use metal-directed aggregation and integrate optical properties to such
materials.

Kotova et al. firstly combined the use of BTA and metal-directed gelation processes to
obtain a luminescent hydrogel.1% In this work, the use of tripodal BTA core unit, the
properties of which were described in section 1.2, was conjugated with the ligand
properties of three 2,2';6',2"-terpyridyl (tpy) moieties, a chelating tridentate ligand, to
obtain 46. The tpy ligand was chosen because of its ability to form supramolecular
aggregates, which has been reported widely!?®-11% and the ability to bind Ln(llI) ions and
form higher-order aggregates. 46 showed the ability to form gels in hydroalcoholic
mixtures. In particular, a 70:30 water:methanol mixture and 0.25-0.3 wt% 46 led to the
formation of a transparent gel upon slow evaporation of the solvent at room temperature.
When the ligand was dissolved with a EuCls-6H,0 salt in various stoichiometries (1:1,
1:2 and 1:3 L/Eu ratios), the resulting gels were luminescent, confirming the ability of the
tpy ligand to act as an antenna to populate the °Dg excited state of the Eu(lIl) ion. The
systems were investigated spectroscopically in solution and morphologically as a gel,
leading to interesting results. Spectroscopic studies of the solutions revealed that initially
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the main species to form are the 1:1 and the 3:2 Eu:46 complexes. This showed that the
interaction between the ligand and metal ion is regulated by an equilibrium that can be
pushed towards the formation of higher-order supramolecular aggregates. Electron
microscopy (SEM and HRTEM) imaging confirmed this, as the two gels showed

drastically different morphologies.
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Figure 1.27 A) Molecular structure of BTA-tpy ligand 46. B) Schematic representation of the triple H
bonding in helices of 46, with the Eu-binding tpy units are directed outside the helix. Reproduced from
ref.108

The gel formed by the ligand presented intertwining bundles of strings, while the
metallogel was shown to possess a more ordered structure, where the strings are aligned
locally; a schematic model for the aggregate is shown in Figure 1.28. It was also found

to be more mechanically robust.

(A)

Figure 1.28 SEM imaging of the gels formed from (A) 46 and (B) Eu-46. Images reproduced from ref.108

A following study!! also performed in collaboration with the Boland team at TCD and
co-workers revealed a peculiar behaviour of the systems. On the surface of the gel, it was
possible to observe the growth of halide salts into nanowires with high aspect ratios; this
was obtained by dropcasting the supramolecular gel formed from solutions containing the
corresponding halide salt (NaCl, KCI or KI) and slowly allowing the gel to dry over three
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to four days. The resulting wires had diameters of 130-200 nm and a length of up to 10
pum. Although the role of the supramolecular gel within this process was not completely
defined, it was speculated that the gel affected the diffusion of the ions inside its matrix,
leading to the crystallisation of the ions at the interface with the gel, with the wires
growing by being ‘pushed’ from the bottom up. These “supramolecular nanogardens”
could therefore be used as a model for studying the growth and the properties of highly
ordered nanomaterials.

A series of Eu(l11) and Tb(l11) metallogels were also reported by Gunnlaugsson et al.®
which displayed self-healing properties. Ligand 47 was initially designed to induce the
formation of aggregates with 1:3 and 1:2 (M:L) stoichiometries that would afterwards
bundle into luminescent supramolecular gels. The precipitation of the gels was achieved
by irradiating the formed complex in the presence of excess Ln(l11). The gels obtained
were opaque in natural light and highly luminescent under UV light irradiation; and their
deposition on quartz slides allowed for spectroscopic and morphological studies. UV-Vis
absorption analysis showed the line-like spectra expected for Eu(lll) and Tb(Ill)
complexes; upon simple mechanical mixing, it was possible to observe an emission
spectrum which could be considered the sum of the spectra from the single components,

with an overall yellow-orange emission.

Figure 1.29 Molecular structure of 47. Top right) Gel resulting from Eu(l11):47 u;1der normal light (A), UV
irradiation (B), immediately after cutting (C) and after self-healing over time (D). E) Comparison between

Tb(111):47 (left) and Eu(ll):47 (right) gels. F) Samples of the Tb(lll) (left), Eu(lll) (right) and
Th(111)/Eu(I11) mix gels on quartz slides. Images reproduced from ref.

TEM analysis of the gels on quartz showed that although similar, Eu(l11) and Tb(lll) led
to slightly different cotton-like fibrous aggregates. Interestingly, the Tb(l1l) metallogels

displayed more densely packed fibers in comparison with the Eu(lll) analogue, which
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correlated with the difference in volume when they are prepared under the same
conditions. Finally, the systems ability to self-heal was verified by comparing its
rheological properties before and after cutting a sample of each of the gels.

The work presented in the PhD Thesis of Dr. Savyasachi AJ gave further insight on the
properties of the behaviour of BTA-terpyridine systems where a variety of amino acids
had been introduced on the side arms (Figure 1.30 A). The use of the achiral amino acid
glycine led once more to the formation of a robust gel in MeCN/H20 mixtures (Figure
1.30 B), but the use of similar conditions with chiral amino acid derivatives only yielded
viscous solutions in several different solvents, suggesting the formation of aggregates. To
get a better understanding of the nature of such aggregates, the samples were investigated
using several techniques and the most conclusive results were yielded by microscopy
studies. In fact, the SEM images revealed that the molecules had assembled into spheres,
with diameters of 0.5 and 2 um in MeOH and EtOH respectively (Figure 1.30 C). In
MeCN, the systems displayed the most uniformity where upon addition of Ln(lll) ions, a
network of cross-links among the spheres was observed. The microspheres were also
investigated using Atomic Force Microscopy (AFM), which showed solid-like behaviour.

P 48 R=H
Sl 49R R =CH; (R)
o P 498 R =CH; (S)

50R R =CH, -Ph (R)

N: i 50S R =CH, -Ph (8)

Figure 1.30 A) Molecular structures for compound 48 - 50 presented by Savyasachi in his thesis work. B)
SEM imaging performed on the gels formed from 48. C) SEM of the microspheres formed by 49.
Reproduced from ref.

A remarkably different behaviour was observed in a family of BTA derivatives presented
by Dr. Amy Lynes in her PhD thesis (Figure 1.31).1%?
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RO 51,R=CH,

o) 52, R=H
Figure 1.31 Molecular structure for compounds 51 and 52. Reproduced from ref.12

In these systems, the BTA core had been functionalised using an aromatic substituent, a
phenylacetate group, to study the effect of these bulky and structurally rigid blocks on the
aggregation behaviour. In fact, the presence of the phenyl ring completely blocked the
ability of these system to form stable gels; instead, it was observed that 51 and 52 had the
ability of forming complex structures while coordinating Cd(ll) ions. These structures
were found to be porous and 52 was found to be able to adsorb high quantities of CO»,

because of its higher structural flexibility.

1.5 Work described in this PhD Thesis

As discussed in the previous sections, the ability of controlling the self-assembly
processes of supramolecular “soft” materials is an area of increasing importance. The
BTA motif, presented in section 1.3, has been proved to be a very interesting and versatile
tool for the understanding the processes that through supramolecular interactions lead to
the formation of these soft materials, thanks to the possibility of binding different moieties
to a scaffold able to form hydrogen bonds via its amidic units. Previous work in the
Gunnlaugsson group also demonstrated, as was outlined above, that minor changes in the
BTA structures can have major impact on the materials output and there clearly exists a
need to further study and understand what factors governs that. In particular, the differing
results by Savyasachi and Lynes attracted particular interest; this project was designed in
order to combine the properties of amino acids functionalised BTAs together with the
structural rigidity introduced by a phenyl ring in proximity to the BTA core.

Chapter 2 will describe the design and development of a family of BTA derivatives
containing a rigid aromatic spacer, an amino acid component and a metal-binding
terpyridine moiety, as well as the formation of a Eu(lll) complex with one of these

derivatives. An alternative synthetic pathway will also be shortly presented.
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Chapter 3 will focus on spectroscopic and morphologic studies performed on these BTA
derivatives both as free ligand and as Eu(l1l) complex.

Chapter 4 will describe a work in collaboration with a fellow Gunnlaugsson group
member where a BTA derivative will be used to form a higher order structure with a
cyclen-based Tb(l11) complex.

Chapter 5 will present a series of different aggregators designed within the Gunnlaugsson
group or in collaboration with it, that were studied morphologically to highlight the
differences induced by the different interaction in the final aggregates on a micro- and

nanoscopic scale.
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2.0 Introduction
As seen in Chapter 1, compounds 48 - 50 (Figure 2.1 A) were found to aggregate forming

complex structures, with the achiral derivative forming organogels and microspheres
through the formation of the threefold hydrogen bonds and = - m stacking of the BTA
cores. It was found that the side interactions through the tpy moieties and the amino acidic
components also directed the aggregation. It was speculated that the introduction of an
aromatic spacer would induce a shielding of the core of the ligands and therefore
influence the properties of the resulting supramolecular systems. The aim of the work
described in this thesis is to study these effects by building on the knowledge and
expertise previously obtained within the Gunnlaugsson group in this field.

In order to achieve this aim, the following considerations were taken into account:

o Design of the ligand in order to have a BTA core, an aromatic spacer, achiral
(glycine) and chiral (alanine and phenyl alanine) amino acid connected via a short
aliphatic chain to the terpyridine moiety;

o Synthesise and characterisation of the ligands spectroscopically and
morphologically;

o Complexation and spectroscopic studies with Ln(l11) ions;

o Aggregation studies of the new ligands and complexes into gels and
nanostructured materials.

The result of such rationale was the design of ligands 53 - 55. The structure for these
ligands is shown in Figure 2.1 B, where the different “building blocks” that make up

these ligands are color-coded.

A)

R=H

R=CH; (R R=H

R=CH; (S) R=CH; (5

R =CH, -Ph (R) R =CH, -Ph ()
R =CH, -Ph(S)

Figure 2.1 Schematic structures of tripodal compounds 48 - 50 synthesised in previous works in the
Gunnlaugsson group (A) and 53 - 55 including an aromatic spacer, highlighted in yellow (B).
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The central BTA core is shown in red; the use of this core will ensure the Cz symmetry
for the final systems and ensure the ability of the various ligands to interact. The novel
aromatic spacers are highlighted in yellow; their introduction will allow for an
understanding of the effect that an extra aromatic ring would induce on the aggregation
of the final ligands. Following that, the amino acid components are highlighted in green;
their presence will allow for an introduction of a chiral centre in the final ligands, together
with the ability to further increase the complexity of the system. The tpy moieties are
highlighted in sky blue; their photophysical properties, together with their chelating
capabilities can be exploited for the binding of lanthanide ions. Finally, connecting the
amino acid groups to the terpy moieties are short aliphatic chains, highlighted in orange;
their presence allows for a moderate mobility for the terpy moieties.

The following sections will follow the step-wise addition of all these components,

beginning with the aromatic core and following a building-up procedure.

2.1 Synthesis of tripodal ligand 37

The first step for the formation of the target molecules involved the synthesis of 37. To
do so, the literature method developed by Zhang™® was used with some slight
modifications as shown in Scheme 2.1; full description for the synthesis can be found in
the Experimental Details chapter, while characterization details can be found in the
Appendix chapter.

In the first step, 1,3,5-benzenetricarbonyl trichloride (BTC) was reacted with an excess
of methyl 4-aminobenzoate in hot acetone, using potassium carbonate as base to
neutralise the hydrochloric acid formed by the reaction, pushing the reaction to

completion.

CHj

o]
Cl 0]
0.0 o /©)LOCH3
0] Cl KoCOs4 N
+ - H
RT, Acetone, 56
oo . 12 h
0] 0]
0 /©)L00H3 o) /O)LOH
N NaOH 1N N
H > > H
MeOH:THF 75:25, HCI
56 reflux 70 °C, 6 h 37

Scheme 2.1 Synthesis of tripodal ligand 37.
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This step proved straightforward and compound 56 provided both high yield (87%) and
purity. The methyl ester was hydrolysed with an aqueous solution of NaOH in a
MeOH/THF mixture and the carboxylate was later obtained pure as a precipitate as a
hydrochloride salt from the mixture upon acidification with HCI in a 80% yield. Both
'H-NMR and HRMS analysis confirmed the formation of pure product and the full
characterisation for these compounds can be found in the Appendix chapter.

The ability of 37 to form MOFs had been reported by Zhang et al.”® and as such, an
attempt at replicating the solvothermal syntheses of such systems using several d- and f-
block metals was made. In particular, two d-block ions, Zn(ll) and Cu(ll) and three
lanthanides, Eu(l1), Th(I1I) and Gd(I11) were employed. Solutions of 37 and the relative
ion salt (nitrate for Zn(I1) and Eu(ll), trifluoromethyl sulfonate for Th(lIl) and Gd(1l1)
and sulphate for Cu(ll)) in DMF containing traces of water were sealed in Teflon capped
vials and heated at 100 °C for 24 and 48 hours in a heat block. In all cases, the process
lead to the precipitation of solids that were found to be amorphous in nature. This inability
to obtain such MOFs, or even a simple crystalline structure for 37, was speculated to be
due to the nature of the ions used, the lack of a controlled cooldown ramp from 100 °C to
RT, or a combination of the two factors. The aggregation properties of 37, and in
particular, its ability to form hydrogels, will be discussed further in Chapter 3. The
investigation to expand the use of 37 in the formation of coordination polymers and MOFs
was not pursued any further after this attempt.

2.2 Design and synthesis of amino acid-functionalised

derivatives
Once 37 was obtained, the following step involved the functionalization with three

different alpha amino acids, namely: achiral glycine, and chiral L-alanine and
L-phenylalanine. To do so, the rationale was to form amide bonds between the carboxylic
moieties of 37 and the amine groups of the protected amino acids, and then remove those
protecting groups from the amide product. The coupling reaction occurs in two steps:
first, activation of the carboxyl group; followed by reaction of the resulting activated
species with the desired amine. The activation of the carboxyl group could be achieved
using acid halides, azides, anhydrides, or carbodiimides; it is also possible to form active
esters via pentafluorophenyl or hydroxysuccinimido as reactive intermediates; some of

these approaches were explored. Reactive intermediates derived from generation of acyl
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chlorides or azides are highly efficient for amide coupling; however, these processes
involve harsh condition and the resulting compounds have very high reactivity, leading
often to formation of side products. Therefore, the use of reagents which operate in milder
conditions are broadly preferred.

, B) 0O
e OO
- N=C=N N=C=N

D) E) P o

£

N
N~ N, "N pRg
o | N N °
S~ TH\CN [\! )Q {
OH N
O “‘N\ \

Figure 2.2 Chemical structure of reagents and co-reagents used in amide coupling reactions. A)
EDCI-HCI, B) DCC, C) DIC, D) OxymaPure, E) HOBt, F) HBTU.

A)

Figure 2.2 shows some of the reagents broadly used for amide coupling reactions; among
them, there are carbodiimides such as N-ethyl-N-(3-dimethylamino-propyl)carbodiimide
hydrochloride (EDCI-HCI), dicyclohexylcarbodiimide (DCO) or
diisopropylcarbodiimide (DIC), as well as ethyl cyano(hydroxyimino) acetate
(OxymaPure®), benzotriazol derivatives such as 1-hydroxybenzotriazole (HOBt), and
N,N,N’,N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU).
The coupling reactions require the presence of a base able to act as a proton carrier without
interfering with the main reaction mechanism. Examples of such bases are triethyl amine
(TEA), dimethylamino pyridine (DMAP) or diisopropyl ethylamine (DIPEA, or Hiinig's
base). The conditions that maximize the efficiency are not absolute and depend on the

nature of the reagents involved.'*3
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H
37 57 - 60

57: R=H; R’ =CH,CHj;; 58: R =H; R’ = C(CH;);; 59: R =CHj;; R’ = C(CHj;);;
60: R =CH, —Ph; R’ = C(CH;);

0 O R
R 0O /'\fo
0 /@AOH . N)_{OR‘ o) /@)‘LH r
N 2 - N

Scheme 2.2 General scheme for the synthesis of protected amino acids derivatives 57 - 60.

In this work, the amide coupling reactions involving 37 (Scheme 2.2) proved to be
challenging. The reactions with the three different amino acids were tuned using alanine
as a model system. This allowed for optimisation of the protocol while ensuring that the
absolute configuration of the chiral centres would be maintained. The summary of the

synthetic protocols used in this case is represented in Table 2.1.
Table 2.1 Synthetic protocols and their efficiency for the synthesis of 59.

Coupling Reagents Organic Base Solvent Yield (%)  Reaction time
EDCI-HCI; HOBt TEA DCM 28 72 hrs
EDCI-HCI; HOBt TEA THF 16 72 hrs
EDCI-HCI; HOBt TEA 3:1 DCM:DMF 10 72 hrs
EDCI-HCI DMAP DCM N/A 72 hrs
DCC; Oxyma Pure DIPEA DMF N/A 12 hrs
HBTU; HOBt DIPEA DMF 37 12 hrs

The first reaction involved the use of EDCI-HCI in conjunction with HOBt. 37 was
stirred at 0 °C in anhydrous DCM under argon atmosphere, for 15 min with EDCI-HCI,
HOBt and TEA for 15 min before adding L-Alanine as tert-butyl ester hydrochloride.
The reaction was left to stir at RT for 72 hours under inert atmosphere, after which the
solvent and most of TEA were removed under reduced pressure, forming an oil, which
was dissolved in DCM and washed with a sat. solution of NaHCO3, H20, a sat. solution
of NaCl and then dried over Na2SOs. The solid sulphate was removed by gravity filtration
and the dried organic layer was reduced in vacuo to yield a yellow oil. The oil was slightly
diluted and added dropwise to diethyl ether (Et2O) to obtain a white precipitate, which
was filtered and dried in vacuo. This procedure was the initial choice because EDCI-HCI
and its by-product are water soluble, making it easy to remove with simple washes; HOBt
is effective in suppressing racemization;'** and both TEA and DCM are easy to remove
under reduced pressure.

Although the desired products were obtained successfully in this way, this procedure

presented several issues. The reaction and work-up times were not optimal and the
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reaction presented a low yield, reaching a maximum of 28%. The work-up, in fact, proved
to be extremely difficult because of the excessive amount of emulsions formed upon
addition of the washing solutions to the organic phase, which could not be broken by
addition of small quantities of sat. NaCl solution or MeOH, and would not break up
completely, ultimately causing the loss of product and longer times to complete the
workup. The main cause for the low yield was speculated to be due to issues with the
solubility of 37, which is only fully soluble in dimethyl sulfoxide (DMSO),
dimethylformamide (DMF) and dimethylacetamide (DMA), other than basic aqueous
solutions. To overcome this, the reaction was repeated using both neat anhydrous THF
and a 3:1 DCM/DMF mixture. In the first case, the reaction produced an even lower yield
of 16%, while in the second case the reaction was found to be unsuccessful, with no
product isolated.

These unexpected issues led to attempting the reaction using different coupling reagents
combinations. Initially, EDCI-HCI was kept as the carboxyl group activator, while HOBt
was removed, and as organic base either TEA or 4-(Dimethylamino)pyridine (DMAP)
were used in DCM. These experiments were designed to probe if HOBt was affecting the
overall reaction efficiency, or if TEA was not favouring the reaction itself. The lack of
HOBTt was instead found to lower the efficiency of the reaction, with the yield capping at
10%, while the use of DMAP seemed to worsen the conditions and made the reaction
unsuccessful. This was speculated to be due to the nucleophilic catalytic action of HOBE,
which favoured the reaction completion.

The following step replaced EDCI-HCI with a different carbodiimide; the choice fell on
DCC, which when reacted, formed an insoluble by-product, dicyclohexyl urea (DCU),
which could be removed by filtration. To suppress racemization, DCC was paired with
the use of Oxyma Pure® (ethyl 2-cyano-2-(hydroxyimino) acetate); TEA was replaced
by DIPEA and DCM was replaced with DMF as solvent, to allow for higher reaction
temperatures (80 °C) and reduce the reaction time down to 12 hours. Once again, the
results did not show any significant improvement when compared to those obtained using
the EDCI/HOBLt system. Although the protocol reduced sensibly the reaction time, the
work-up presented further challenges in line with those outlined in the first synthetic
protocol. Furthermore, the yield proved to be only slightly better, at 32% and the *H-NMR

showed traces of impurities over several attempts.
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After all these attempts failed to give a highly efficient synthesis, the use of carbodiimide
was set aside and attention was drawn to the use of uronium salts. In particular, 37 was
dissolved in anhydrous DMF and an excess of HBTU was added in conjunction with
HOBt and DIPEA. The resulting mixture was stirred at 0 °C for 10 min; the protected
amino acid was then added and the reaction was left stirring at RT for 24 hours, after
which the reaction was quenched by pouring it onto an ice/water mixture. The resulting
white solid was isolated by using suction filtration. The NMR spectra (400 MHz,
DMSO-de) of the crude product showed the successful formation of compound 59, with
traces of protected amino acid still present. Compound 59 was dissolved in DCM and this
solution was then washed with a sat. solution of NaHCOs3, H20, sat. NaCl solution and
then dried over Na>SOs. The dried organic layer was reduced in vacuo to give a yellow
oil. The oil was slightly diluted again with DCM and added dropwise to diethyl ether
(Et20) to obtain a white precipitate, which was filtered and dried in vacuo. The use of this
protocol was found to give the highest yield among the ones attempted, at 37% of the
desired product and allowed for scaling up without a loss in efficiency, as it was observed
through several attempts that used up to 1 gram of 37 as starting material. The same
protocol was then used with the other two amino acids and characterisation of 57 - 60
(see the Experimental Details and Appendix Chapter) was performed. A comparison of
these various methods is shown in Table 2.1. The work-up procedure for the following
reaction step, i.e. the deprotection of the carboxyl group, involved a precipitation of the
solids in H20. This step eliminates the purification processes of 57 - 60, as the unreacted
excess of protected amino acids become deprotected and were subsequently removed due
to the high water solubility of Gly, Ala and Phe (249.9, 167.2 and 29.6 g/L, respectively)
in the precipitation step.

As stated previously, the carboxylic moieties of the amino acids were protected using
their esters. Tertiary butyl ester was used for alanine and phenylalanine, in both cases as
their hydrochloride salts. Initially, methyl and ethyl esters were also employed for
glycine. The use of aqueous solutions of NaOH and KOH was initially chosen in the
design for the deprotection of the methyl and ethyl esters, but an appropriate condition
for the ester cleavage was not found. At lower temperatures (T < 70 °C) no formation of
the product was observed, while at higher temperatures (T > 70 °C) a degradation of
amino ester derivatives was observed. The use of tert-butyl ester was then extended to

glycine derivatives, initially as dibenzenesulfonimide salt, then as hydrochloride salt.
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58,61: R=H; 39, 62: R=CHj;; 60, 63: R=CH, -Ph

Scheme 2.3 Reaction scheme for the cleaving of the tert-butyl esters from compounds 58 - 60 to obtain
61 - 63.

The formation of 57 - 60 was confirmed by the use of various characterisation
techniques; in Figure 2.3 the *H-NMR spectrum (400 MHz, DMSO-dg) of 59 is shown
as an example. It is also possible to observe the presence of unreacted alanine tert-butyl
ester by observing the presence of an impurity multiplet next to the quintet for proton 6,

as well in the integration value relative to the protons 7 and 8.
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Figure 2.3 *H-NMR (400 MHz, DMSO-dg) spectrum of 59. It is possible to see the presence of unreacted
alanine as contaminants in the peaks at 4.34, 1.42 and 1.38 ppm.

Figure 2.4 'H-NMR (400 MHz, DMSO-ds) spectrum of 62. No tert-butyl protons or unreacted alanine
observed.

The deprotection of tert-butyl esters was performed using trifluoroacetic acid (TFA) in
anhydrous DCM overnight, with a CaCl. drying tube. Upon reaction completion, the
solvent was removed in vacuo, and the resulting solid was redissolved in MeOH and
reprecipitated in water. This process was designed taking into account the solubility of

the used amino acids in water after their deprotection. The deprotected amino acids,
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become solubilised in water and allow to by-pass the necessity of separating the unreacted

amino acids, used in excess to ensure the full functionalization of 37, from 58 - 60.
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This design obtained 61, 62 and 63 in high yields (> 80%) and purity. An experimental
proof of this can be seen in Figure 2.4, where the *H-NMR spectrum for 62 is shown. It
is in fact possible to observe, comparing this spectrum to the one shown in Figure 2.3 the
lack of the peak relative to the tert-butyl protons and, more importantly, the lack of signals

relative to unreacted alanine impurities, confirming the effectiveness of the method.

2.3 Synthesis of the terpyridine moiety and ligands 53 - 55

As explained in Section 1.3, a ligand capable of sensitising Ln(I11) ions needs to fulfil
certain requirements. Section 1.4 detailed how the terpyridyl unit has been reported to
possess such requirements and have been investigated in several previous works in the
Gunnlaugsson group. This work builds upon advancements achieved previously and also
uses these moieties in the ligands 53 - 55. The synthetic strategy used was the same as
reported,**® shown in Scheme 2.4, and confirmed after characterisation (see Experimental

Details and Appendix Chapters).
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HN™>""NH,
HQN/\/\NH2

Y

120 °C, 24 h

Scheme 2.4 Synthesis of terpyridine moiety in 64.

The terpyridyl moiety 64 was to be coupled with ligands 61 - 63 via its amino group,
therefore, once more employing amide coupling reactions. Again, this proved to be quite
challenging. The coupling was attempted using several different combinations of reagents
and conditions, to optimize the results. Initially, the use of EDCI-HCI in conjunction
with HOBt and TEA in a 3:1 DCM:DMF mixture for 72 hours was investigated. The
reaction showed low efficiency, with a low yield, inferior to 10%, and a constant metal
impurity issue. This was quite evident in the work-up procedure where the solutions
displayed a bright, purple colour, characteristic of [Fe(tpy)2]>* complexes. These
solutions were washed using the disodium salt of 2,2'2"2"-(Ethane-1,2-
diyldinitrilo)tetraacetic acid (EDTA) solutions, but no effect was observed. A reason for
this can be found with the binding constant of such complexes, which is well known to
be very high,'%11" reaching logP of 20.9 in water. Such strong interaction was found
extremely difficult to break and therefore these impurities would reduce the yield of the

reaction further.
HoaN™~""NH

[0} R
o}
Y
OH
M
H OxymaPure, DCC,
61 - 63 DIPEA, DMF,

80 °C, MW, 8 h

61,53 R=H;62 54 R=CH,; 63,55 R=CH,-Ph
Scheme 2.5 Synthesis of tripodal ligands 53 - 55.

Despite previous drawbacks, the target molecule was obtained in good yield and
very high purity using DCC together with OxymaPure and DIPEA in anhydrous DMF
under microwave irradiation at 80 °C for 8 hours; this allowed to speculate that the Fe3*
ions would be present as contaminant in traces either in the reagents used for the previous
protocol, or in the ones used for the workup. The reaction mixture, after cooling to RT,
was poured into an ice/water mixture. The resulting precipitate was filtered to obtain the
target molecule. The *H-NMR spectrum (600 MHz, DMSO-ds) showed the successful

48



Chapter 2 — Synthesis of tripodal BTA systems functionalised with tpy moieties

formation of the desired product, as well as the presence of DCU impurities in the
precipitate obtained this way. To completely remove the presence of such impurities, the
low solubility of DCU in organic solvents was exploited. The solid was dissolved in DMF
(first cycle) or DCM (second and third cycle) and exposed to sub-zero temperature for 6
hours; the solution was then filtered to remove the precipitated DCU and the solvent was
removed under reduced pressure. The schematic representation of this process and the
effect on the *H-NMR of 57 is depicted in Figure 2.5. In the orange circles the signals
relative to the DCU and starting material impurities that were not found in the purified

compound.
A)
i Freeze i Filter D\:)E::n pcm | Freeze Filter
B)
M_.Juu'udid'u.,.«lt J LA l J “-.vLJ'J'U L‘J\M L
O
q._rluAuuLLu‘ . L b

9.0 8.5 8.0 75 7.0 6.5 6.0 55 50 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0
1H Chemical Shift

Figure 2.5 Schematic representation for the removal of the DCU impurities from solutions of 54 (A).
Comparison between the (*H-NMR 600 MHz, DMSO-dg) before (B) and after (C) the purification process.

After three cycles, the compound was further purified by column chromatography on
silica gel using a 90:10 CHCIs/EtOH mixture, achieving a high degree of purity, as shown
by the *H-NMR, in Figure 2.6 and was further confirmed by Elemental Analysis (see
Experimental Details and Appendix Chapters for further characterisation).
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A further confirmation of the purity of 54 was obtained by means of elemental analysis,

which confirmed the percentage quantities of carbon, hydrogen and nitrogen atoms within

experimental error.

Although it was possible to use this method to obtain 54 in high purity, as confirmed by
elemental analysis and other characterisation techniques, high purity samples of 53 and
55 eluded isolation; further studies will thoroughly investigate the purification of such
compounds and to expand the library of these tripodal systems.

The use of this method was attempted for the synthesis of compounds 61 - 63, but the

spectra showed products with major impurities, which led to ceasing this study and focus

turned to the HBTU derivative.
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Figure 2.6 'H-NMR (600 MHz, DMSO-ds) spectrum of 54 after the purification cycles.

2.4 Alternative synthetic pathways
The synthesis of compound 54 was also attempted through a slightly different synthetic

approach from the one described above. Having assessed the formation of the amide units
as the most difficult to achieve, a different strategy was devised, which would involve the
synthesis of the single moieties and to couple them on a BTC core as the final step of the
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synthesis. This would be possible by building up the moieties using 4-nitrobenzoic acid
as a starting block. The nitro group would in fact be an oxidised amino group, that could
be reduced to the desired amine group, which in turn, would be able to react with the acid
chloride. To further facilitate these reactions, the 4-nitrobenzoic acid was replaced with
its acid chloride, which was reacted with the protected amino acids in freshly distilled
CHCls, in the presence of a base (NEts) to neutralise the excess of hydrochloric acid
formed in situ (Scheme 2.6). The reaction was left stirring at RT for 16 hours, after which
the solvent was removed under reduced pressure. The resulting solid was redissolved in
DCM and washed with a sat. solution of NaHCO3, H»0, a sat. NaCl solution and dried
over Na>SOs. The dried organic layer was reduced to give a yellow oil. The oil was
slightly diluted and added dropwise to diethyl ether (Et2O) to obtain 65 - 68 as a white
precipitate which was filtered and dried in vacuo as described previously.

(0] Cl
o R 0 R
R (0] _' OR' B OH
) 0]
HaN OR Dry CHCI3OZN 9] O,N
NO, 65- 68 69-71

65,69 R=H; 66,67, 71 R=CH; 68 71R=CH,Ph;
65,66 R’ = CH, 67,68 R =CH(CH.),

Scheme 2.6 Synthesis of compounds 69 - 71. The deprotection of the carboxylic moieties for 65 - 68 varies
depending on the protecting group.

Figure 2.7 'H-NMR (400 MHz, DMSO-ds) spectrum of 70.

The derivatives obtained were deprotected using methods chosen as a function of the
individual protecting groups. For 65 and 66, the method chosen was a basic hydrolysis in
methanol using NaOH at RT for 8 hours. The reaction mixture was quenched by dropwise
addition of TFA to precipitate white solids. For 67 and 68 the protecting tert-butyl groups
were cleaved using TFA in anhydrous DCM for 8 hours. The solvent was then removed

at reduced pressure to obtain target molecules 70 and 71 (Scheme 2.6).
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Scheme 2.7 Synthesis of 72 - 74. The reactions were performed using a Biotage microwave reactor.

Once deprotected, 70 was reacted with 64 in microwave reactor, using the same
conditions used to obtain 54 (Scheme 2.7). The reaction was far easier to work up; the
urea by-product solubility was extremely low compared to the target molecule,
precipitating completely from the reaction mixture and removed by gravity filtration.

HN™ " NH
0 o R
/©)J\N /@A.LH/\[‘(
02N OxymaPure, DCC, O2N
69-71 DIPEA, DMF,

80 °C, MW, 8 h

69,72 R=H. 70,73 R=CH,; 71,74  R=CH,-Ph

The DMF reaction mixture was then added to cold water, yielding compound 73 as beige
precipitate that was recovered by suction filtration, with the *H NMR shown in Figure
2.8. The reaction, which yielded good results for both 73 and 74, did not show the
successful formation of 72. Further studies will help understand the reason for this.
Complete characterisation for 73 and 74 can be found in the Experimental Details and

Appendix chapters.
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Figure 2.8 *H-NMR (400 MHz, DMSO-ds) spectrum of 73.
In order to obtain the tripodal ligand, the nitro group of 73 had to be reduced to amino
and reacted with BTC. To do so, the hydrogenation reaction was performed using a Parr
Hydrogenation Shaker apparatus. A solution of 73 in MeOH was placed in the apparatus
together with palladium on carbon catalyst (20% w/w) and it was exposed to 3 atm of
gaseous H> for 24 hours while shaking.

Hs (3 atm)

Pd/C (20% wiw)
MeOH

Scheme 2.8 Synthesis of compound 75. The reaction was performed in a Parr Hydrogenation Shaker.

The reaction mixture was diluted using ethyl acetate and filtrated on celite to remove the
solid catalyst. The resulting solution was then washed using a solution of
ethylenediaminetetracetic acid disodium salt (Na2H2EDTA) in ammonium buffer, to
remove traces of metal that could “poison” the tpy ligand. The organic layers were then
dried over MgSQO4 and the solvent was removed under reduced pressure and then further
in vacuo to obtain a bright yellow solid with a yield of 48%. Figure 2.9 shows the
'H-NMR spectrum of 75 as an example of such solid in DMSO-ds, further

characterisation can be found in the Experimental Details and Appendix chapters.
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Figure 2.9 'H-NMR (600 MHz, DMSO-ds) spectrum of 75.

The solid was dried in vacuo and stirred with BTC and NEtz in anhydrous DCM for 24
hours. Upon assumed reaction completion, the solvent was removed under reduced
pressure to obtain a yellow oil. The oil was diluted using a small amount of DCM and
then precipitated using Et,O to obtain a solid. Upon *H-NMR analysis, it became evident
that the reaction had actually yielded a mixture of the mono-, bi- and trifunctionalised
BTC product. The use of chromatography on both silica and alumina stationary phase
failed to issue a separation of the various fractions upon the use of simple eluent mixtures
(CHCI3z or DCM with cyclohexane, MeOH, EtOH or iPrOH, EtOAc with hexane). The
issue was then addressed by varying the reaction conditions, by both using longer reaction
times (48, 72 and 96 hours) and larger equivalents of 75 (3.5, 4.5 and 5 equivalents) to
further the reaction towards the formation of the tripodal ligand, however, with no
success. This behaviour was speculated to be to the reduced reactivity of the aromatic
amine in the 4 position from an amide group; the presence of the carbonyl prevents the
delocalization of the electrons over the aromatic ring, activating it instead towards
electrophilic substitution.

The use of d-block metals, and in particular Zn(ll), to form supramolecular polymers has
been reported in a previous work from the Gunnlaugsson group.!'® An attempt at using
75 as a ligand to form a Zn(ll) complex was made with the aim of obtaining a
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“supramolecular monomer” suitable for the formation of supramolecular polymers. 75
was dissolved in MeOH and stirred for 24 hours in presence of ZnCl,, after which the
solvent was removed under reduce pressure and the resulting solid was characterised. In

Figure 2.10 the mass spectrum obtained using an ESI instrument is shown.

Intens. +MS, 0.2min #13
x10%
8_
2+
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2+
24 155.0693
806.9682
200 400 600 800 1000 1200 1400 1600 1800 m/z

Figure 2.10 ESI* Mass spectrum for Zn-75 complex, with the [M+Zn] peak.

The mass spectrum shows clearly the formation of the 1:1 M:L complex, but not the
formation of the 1:2, or higher molecular weight aggregates. This confirmed the ability
of 75 to bind to the metal, but nothing seemed to hint at the formation of higher
complexity structures. Further studies will be performed using different metals and
conditions to attempt to achieve the supramolecular polymerization.

Although this method did not prove too suitable in obtaining ligands 53 - 55, it still
yielded some interesting building blocks that could be used for different project in the
Gunnlaugsson Group. Furthermore, it was possible to obtain the crystal structures for
intermediates 66 and 70 using X-Ray Diffraction (XRD) neither of which had been
reported before. More details about this, will be discussed in the following section.

2.5 Crystallographic studies of 66 and 70

Suitable single crystals of 66 were obtained from vapor diffusion of Et.O into MeOH.
Crystallographic data and refinement parameters, resolved by fellow Gunnlaugsson group
member June Lovitt, are summarised in Table 2.2. The X-ray diffraction analysis of white
block crystals provided a structural model in the triclinic P1 space group. The asymmetric
unit contains two unique molecules of the ligand with full chemical occupancy and no
solvent or guest molecules present within the unit cell lattice as illustrated in Figure 2.11
A.
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Figure 2.11 Structure of 66 with heteroatom labelling scheme. Asymmetric unit (A, Hydrogen
omitted for clarity) and extended structure (B) with H-bonding among adjacent units highlighted
in cyan.

The extended structure of 66, shown in Figure 2.11 B. features a hydrogen bond
interactions between the N-H of one ligand molecule and the carbonyl group of the
neighbouring molecule with (N7---09) distance of 2.91721(18) A and (N7---H7---09)
angle of 153.805(2)°. There are also weak C-H---heteroatom interactions between
adjacent molecules, for instance there are C-H---O interactions with a (022---C23)
distance of 3.4780(2) A and an angle of 170.2158(7)° (022---H23---C23 angle). Finally,
there are C-H---O interactions between the nitro group of one ligand molecule and the
ester group of the neighbouring ligand molecule (036---C1) distance of 3.39685(17) A
and an angle of 141.378(3)° (0O36---H1A.--C1). These interactions support the adjacent

ligand units assembling in a head to tail arrangement as illustrated in Figure 2.12.

p 4 -
@ o e <o’ ° cq?
Ny A e
v i ot °
e Lo . ¢ to* » c _tg°
L] ° .' ’
" = e <o’ ® <o’
e A _»
S ot i
o ¢ To® ¢ To?®

Figure 2.12 Extended structure of 66 illustrating the head to tail packing interactions of the ligand supported
through H-bond and C-H---O interactions.

Suitable single crystals of 70 from Et,O diffusion from MeOH solutions. Crystallographic
data and refinement parameters are summarised in Table 2.2. The X-ray diffraction

analysis of white block crystals provided a structural model in the monoclinic P2; space
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group. Again, the asymmetric unit contains two unique molecules of the ligand with full
chemical occupancy and no solvent or guest molecules present within the unit cell lattice

as illustrated in Figure 2.13 A.
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Figure 2.13 Structure of 70 with heteroatom labelling scheme (A, Hydrogen omitted for clarity)
and extended structure (B) with H-bonding among adjacent units highlighted in cyan.

Again, looking at the extended structure of 70, it is possible to observe hydrogen bond
interactions. In this case, these interactions form between the carboxylic acid groups of
adjacent ligand molecules and the carbonyl group of the neighbouring molecule with
(03---01) distance of 2.673(3) A and (O1---H1---03) angle of 162.63(16)°. There are
also weaker hydrogen bonds between the amine N-H in one ligand molecule and the
carbonyl group of the adjacent molecule with a (N6---O3) distance of 2.926(4) A and an
angle of 132.48(19)° (O3---H6---N6 angle). These interactions support the adjacent

ligand units assembling as illustrated in Figure 2.13 B.

Table 2.2 Crystal data and structure refinement for 68 and 72.

Identification code 66 70
Empirical formula C12H12NOs C20H20N4010
Formula weight 250.23 476.40
Temperature/K 100.0 273.15
Crystal system triclinic monoclinic
Space group P1 P2;

alA 4.9378(3) 6.9360(4)
b/A 8.5248(5) 7.1749(4)
c/A 14.3646(9) 10.4969(6)
/° 75.251(4) 90

B/° 89.912(4) 96.510(4)
y/° 89.924(4) 90
Volume/A3 584.74(6) 519.01(5)
Z 2 1
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peaicg/cm?® 1.421 1.524
p/mm 0.951 1.068
F(000) 262.0 248.0
Crystal size/mm?® 0.03 x 0.04 x 0.03 0.04 x 0.1 x 0.05
Radiation CuKo (A =1.54178) CuKoa (A =1.54178)
20 range for data collection/° | 6.362 to 119.248 19.142 to 117.846
Index ranges -5<h<5,-9<k<9,-15< | -7<h<7,-7<k<7, -
1<15 11<1<11
Reflections collected 6189 3149
Independent reflections 3255 [Rint = 0.0366, 1462 [Rint = 0.0434,
Rsigma = 0.0487] Rsigma = 0.0500]
Data/restraints/parameters 3255/3/329 1462/1/157
Goodness-of-fit on F? 1.052 1.060
Final R indexes [[>=2c (I)] | R1=0.0322, wR> =0.0830 | R1 =0.0390, wR> =
0.1028
Final R indexes [all data] R1=0.0334, wR2 =0.0844 | R1 =0.0407, wR2 =
0.1042
Largest diff. peak/hole / e A= | 0.17/-0.17 0.27/-0.21
Flack parameter 0.06(10) -0.1(2)

2.6 Synthesis of Eu-54 1:1 complex

The formation of the Ln(lll) complexes was achieved employing the procedure
established in the Gunnlaugsson group for the synthesis of 1:1 L:M Ln(I1l) complexes
under thermodynamic control. The ligand was reacted with 1 mole equivalent of
Eu(CF3S0Oz3)3 in CH3OH at 70 °C under microwave irradiation for 60 minutes (Scheme
2.9). The reaction mixture obtained was then concentrated under reduced pressure and
then the complexes were precipitated by ether diffusion to yield Eu-54 as off-white solid

in near quantitative yield.
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Scheme 2.9 Synthesis for complex Eu-54. The reaction was performed in a Biotage microwave reactor.

Ln(I1l) complexes, due to the paramagnetic nature of these ions, make the use of
magnetic-based techniques such as *H-NMR very limited, as the proton resonances

broaden and shift significantly, resulting in spectra that are hardly interpretable.
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Figure 2.14 FTIR spectrum of Eu-54 complex formed upon MW irradiation.

The complex was then characterised using infrared (IR) spectroscopy (Figure 2.14) and
the formation of the complex was further confirmed by the appearance of the Eu(lll)
characteristic peaks in emission spectroscopy. The presence of a very broad pyridinic
signal at 3500 cm™ shows the formation of the complex through the tpy units. UV-Vis
spectroscopy, shown in Figure 2.15, allowed to confirm the formation of Eu-54 from the
emission spectrum in phosphorescence mode, where it is possible to see (orange curve)
the presence of peaks relative to the SDo—'Fn transition between 460 and 600 nm. A
characterization though mass spectrometry was also attempted, through MALDI-MS.
Unfortunately, using different matrices it was not possible to observe signals, relative to

the complex, with the characteristic peak distribution for Europium complexes.
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The spectroscopic and morphologic characterization of the complex will be widely
discussed in the following chapter together with that of the free ligand, to show further

evidence of the formation of the complex.
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Figure 2.15 Absorbance (black), fluorescence (purple) and normalised phosphorescence (orange) spectra
for Eu-54 (c = 10 uM) obtained in microwave reactor. Phosphorescence low-intensity was increased four
times to be comparable to fluorescence.

2.7 Conclusion
The synthesis of a family of tripodal ligands containing a rigid aromatic group, an amino

acid moiety and a metal-binding terpyridine functionality was outlined in this chapter.
Numerous setbacks were encountered during the development of adequate and satisfying
synthetic procedures and in the characterization of these systems. These issues were
addressed and a synthetic procedure capable of overcoming such setbacks was obtained
and described. The use of this procedure to further widen the library of tripodal ligands,
in order to further study their potential aggregator properties was detailed and will
continue to be employed in future studies.

An alternative synthetic pathway to the target molecule was also presented. Although this
desired goal was not fully achieved, another series of potential building blocks were also
presented and synthesized, with a specific synthetic protocol. Two of such derivatives
were recrystallized and the structure, which had not yet been reported, was obtained and
resolved through the use of single crystal X-Ray crystallography. An attempt at obtaining

60



Chapter 2 — Synthesis of tripodal BTA systems functionalised with tpy moieties

supramolecular complexes through the use of metal ions was also performed and will be
further investigated in the future.

The following chapter will further introduce characterization techniques involved in
probing the behaviour of the tripodal system synthetized herein both spectroscopically

and morphologically.
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3.0 Introduction
Once the synthesis of ligands 53 - 55 was achieved as described in the previous chapter,

these ligands were investigated to gain a better understanding of their self-assembly
behaviour in solution. In this Chapter, the study will focus on the behaviour of 54, which
was chosen for the smaller size of the side group linked to the chiral atoms, by using
various spectroscopic studies, such as monitoring the changes in the ground and the
excited states upon formation of supramolecular self-assemblies in methanol. Previous
studies in the Gunnlaugsson group have demonstrated that probing these changes can lead
to information about stoichiometry, distribution of the species in solution, etc., while the
use of Circular Dichroism (CD) and NMR spectroscopy can get information about
changes in the local environment of some parts of the ligands.

Hence, this would allow to evaluate the effect of the chiral group on the aggregation while
not increasing further the complexity of the system. To do so, the ligand was initially
investigated in solution at low concentration, both as a free ligand and while forming
metal complexes or conjugates (supramolecular polymers). These same solutions were
then dropcasted on to silicon wafers and studied using morphologic techniques such as
Scanning Electron Microscopy (SEM).

Overall, the studies described in this Chapter will highlight the behaviour of ligand 54
and for complex Eu-54 in solution, from where the properties such as the molar
attenuation coefficient, g, the number of solvent molecules bound to the metal in the
complex, g value, the life times for the species in solution, T, emissive behaviour and the
binding constant for the 1:1, 1:2 and 1:3 (L:M) complexes. The morphology studies
allowed to gain an understanding of the structure that the system acquires on the micro-
and nano-scale. Further spectroscopic and morphologic studies, in particular for
compound 55, will be shown and discussed in Chapter 4, as they adopt particular

relevance to the work described there.

3.1 Dilution studies for 54 as a free ligand
For these studies it was decided to use competitive and hydrogen bonding solvents.

Hence, at first instance the use of MeOH was decided upon. A 10 uM solution of 57 in
CH3OH was prepared and the absorbance spectrum was recorded between 200 and 400
nm. The spectrum showed the presence of a band centred at 277 nm, indicating the
presence of a m—m* transition. The solution was then progressively diluted to 0.52 uM

while monitoring the behaviour of absorbance and emission as a function of the
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concentration. Upon dilution, it was possible to observe a linear decrease in absorbance,
with no shifts in the Amax Of the band (Figure 3.1 A). This would indicate that no ground
states interactions were observed within this concentration range, in this competitive
medium.
Hence, this behaviour seems to exclude the formation of aggregates in the concentration
range studied, which makes such concentration range ideal for single molecule solution
spectroscopic studies. Absorbance values at 277 nm were plotted as a function of
concentration (Figure 3.1 B), and through linear fitting, it was possible to obtain the
molar extinction coefficient at 277 nm, &7mm. The value averaged over three
measurements was found to be 119450+1260 M cm™ (logez77nm = 5.077+3.100).
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Figure 3.1 Absorbance spectra (A) and binding isotherm at 277 nm (B) for 54 in MeOH (0.52 uM—10
UM).

Upon exciting at 277 nm, a fluorescence emission centred at 408 nm was observed in
MeOH. Concomitantly to the absorbance studies, the emission spectra were recorded
(Figure 3.2 A). Plotting the intensities at 408 nm against concentration (Figure 3.2 B) it
was possible to observe a linear behaviour at low concentration range (¢ = 0.5 — 3.5 uM)
that reaches the saturation at higher values (c > 8.15 uM) (Figure 3.2). This result was
initially considered as an effect of inner filters induced by interactions between the
molecules in the solution; this hypothesis was contested by the absence of a shift in the
wavelength of the maximum. It was then considered that over the threshold found (8.15
pMM) molecules of 54 undergo a self-assembly processes to form supramolecular
aggregates.

To address the two different behaviours observed in the fluorescence isotherms, two

separate sets of titrations at different initial concentration for ligand 54 were performed.
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This choice was made in order to gain a better understanding on the self-assembly

processes happening at different concentration ranges.
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Figure 3.2 Fluorescent spectra of 54 upon dilution (A) and fitted isotherm (B) with the intensity at 408 nm
against concentration (B, black dots) and asymptotic fit (B, red line).

3.2 Lifetime studies for Eu-54 complexes and q values

Having studied the ground and excited states properties of 54, the Eu-54 complex,
synthesized in Chapter 2 was investigated next. The optical properties of the Ln(llI)
complexes were investigated using various spectroscopic techniques in CH3OH solution.
Initially, the complexes investigated were formed under thermodynamic control and
followed by kinetic control. In this section, the focus will be on the complex formed under

thermodynamic control.
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Figure 3.3 Eu(l1l)-centred emission decay recorded for Eu-54 solution (¢ = 10 uM) in CH3OH (Aex = 277
nm).
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Solutions of Eu-54 were prepared as described in Section 2.6 with the
concentration of 10 pM in CH3OH and their absorption, fluorescence and
phosphorescence spectra, were recorded at 21 °C and have been shown in Chapter 2.
The Ln(Il) ions, as discussed in Chapter 1, Section 1.3.1 possess high coordination
requirements; in particular, Eu(111) and Tb(lll) have a coordination number of nine.%
When the donor atoms of the ligands are unable to fulfil the coordination sphere of the
Ln(I) ion, it is completed by solvent molecules. To determine the presence of solvent
molecules bound to the metal ion core, the excited state of Eu-54 at 1:1 (L:M)
stoichiometry was investigated. The hydratation state, or the number of bound water
molecules, q value, was derived following Formula 1.1 by Parker et al,*%® shown already
in the Introduction Chapter, presented using the luminescence lifetimes of each complex
in both in CH30H (tcH3on) and CD30D (tcpsob).

q=4|(=—-——)-0.25-0.075x] Formula 3.1

TCH30H TcD30D

The life times were determined upon fitting the of Eu(lll) excited state decay profiles,
using the most intense Eu(ll1) transition, corresponding to the °Do—'F, band centred at
617 nm. The decays were fitted using monoexponential curves that yielded a value
averaged over three measurements resulting in tcHzon = 0.56£0.01 ms and tcpsop =
0.83%£0.01 ms. In the Formula 3.1 the term A is a proportionality constant relative to the
solvent used, equal to 2.1 ms in the case of methanol, while the final term, 0.075x, was
introduced by Parker and it takes into account the quenching induced by second sphere
solvent molecules and the vibration relative to the N-H bonds. Parker, who was using an
amide functionalised cyclen as ligand, defined x as the number of amide N-H oscillators
bound directly to the metal via the oxygen atom of the carbonyl group; in the case of
terpyridine ligand, this contribution becomes irrelevant as in this case x = 0. The g values
calculated for the 1:1 complex Eu-54 showed the value of 0.4+0.5, indicating that the
terpyridine groups are able to saturate the metal, as it had been previously reported.1%8: 119
Furthermore, this is consistent evidence of the 1:1 stoichiometry, as each Eu(lll) ion
would complex three different terpyridine units of one ligand, and each ligand would be
binding one Eu(l1) ion overall.
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3.3 Spectroscopic Titration of 54 with Eu(CF3SOz3)3

The formation of the Ln(111) complexes under kinetic control was investigated performing
spectroscopic titrations of the ligand with Eu(CF3SOs)z in CH3OH solution at 25 °C. To
perform these measurements, stock solutions of the ligand were prepared and then diluted
to the desired final concentration in the (1 cm) cuvette. As reported in Section 3.1, the
different behaviour of the isotherms for absorbance and fluorescence spectra suggests the
possibility of the ligand aggregation at higher concentration, initiated the solution
self-assembly studies at different concentrations with the goal to understand how the
behaviour would change upon addition of the metal ions.

Initially, the titration was performed with a starting concentration of 54 of 10 uM in
MeOH, at which absorbance was found to be within linear range of the absorbance vs
concentration curve (Figure 3.1 B) while on the plateau for the same fluorescence curve
(Figure 3.2 B) suggesting the possibility of supramolecular polymer formation between
ligand molecules. These solutions were then titrated using a stock solution of the metal
in MeOH at 1 mM for the additions. The second set of measurements was performed
using solutions of 57 at a concentration of 3 uM in MeOH, to which solutions of the
f-metal ions were added. In this case, the ligand concentration is within linear range of
absorbance and fluorescence changes vs concentration suggesting the presence of the
ligand in solution as the single molecule (i.e. no aggregation occurs).

In both cases, the absorbance, excitation, fluorescence and phosphorescence spectra were
recorded upon every addition. The titration was repeated several times for both conditions
to ensure the reproducibility of the behaviours observed as stated above. These
measurements would obtain titration data for the complexes formed under kinetic control
and would be compared to those obtained for the complex formed under thermodynamic
conditions. This would enable the similarities and differences in the nature of these

systems to be directly compared.

3.3.1 UV-Vis absorption titration of 54 (c. = 10 pM) with
Eu(CF3S03)s3

The absorbance spectra at a higher concentration range (Figure 3.4 A) confirmed the
presence of a band centred at 277 nm that upon addition of f-metal ions showed
hypochromic effect, decreasing until reaching a minimum value of absorbance.

Furthermore, it was possible to observe an hyperchromic effect that leads to the formation
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of a shoulder around 320 nm. This becomes particularly evident observing the binding
isotherms at different wavelengths (Figure 3.4 B), as they clearly show the presence of

the absorbance values reaching a plateau after 2 equivalents of metal ions added.
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Figure 3.4 Absorbance spectra (A) and binding isotherm curves at different wavelengths (B) upon the

addition of Eu(CF3S0s)s to ligand 54 (c = 10 uM). The titration, performed at 25 °C, was repeated several

times and showed the trend to be fully reproducible.
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From the absorption spectra it is possible to see what initially appeared to be an isosbestic
point at 290 nm; upon magnification, as well as observing the isotherms in Figure 3.4 B
(red dots), the absorbance at 290 nm remains constant up to until 1 eq of Eu(l11) added,
followed by a slow increase up to 2 eq, after which the absorbance is constant again.

This kind of spectroscopic changes indicate the formation of species with a different
stoichiometry upon the addition of the metal; in particular, judging by the isotherms, it
would seem that in this concentration range, the system does not undergo any changes
after two equivalents of the metal are added. The distribution of the species as a function
of the metal equivalents will be further discussed in section 3.4.7 as this data was further
analysed using non-linear regression analysis software, which would allow further

understanding of the process that leads to the formation of the Eu(l11) complex.

3.3.2 Fluorescence titration of 54 (c. = 10 pM) with
Eu(CF3S0s3)s3

Concomitantly to the recording of the absorption spectra, the ligand-centred emission was
also studied upon the addition of Eu(lll) ions. Fluorescence spectra were recorded using
an excitation wavelength of 277 nm. The ligand fluorescence spectra (Figure 3.5 A) show
the same band centred at 408 nm already observed in Section 3.1, which upon the addition
of the metal ions undergoes a progressive quenching. At the same time, excitation spectra,

exciting at 408 nm, were recorded and are shown in the Appendix chapter. The quenching
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progresses up to a minimum value of intensity after about 2.1 equivalents of metal are
added. This is also in agreement with the changes observed in the absorption spectra.
Contextually with such quenching, it is also possible to observe a change in the spectra
shape, indicating the formation of a different species as shown as a function of added
Eu(l1). This behaviour becomes more evident observing the binding isotherm at 408 nm,
plotted in Figure 3.5 B. The emission intensity of 54 decreases until about 2 equivalents
of Eu(lll) are added; after such value, it is possible to observe the intensity to increase
again with a different trend, indicating a different species forming in solution. This data,
which is consistent with the one observed for the absorption titration, further confirms the
formation of the Eu(l11) complex.

This behaviour is associated with a different processing of the energy absorbed after the
irradiation: initially, the free ligand would emit fluorescent radiation after vibrational
decay; after the addition of the metal, the energy is transferred from the excited level of
the ligand to the metal centre, resulting in the quenching of the direct emission from the
ligand. Although no signal relative to the Eu(lll)-centred emission was observed in
fluorescence mode, it was still possible to speculate that the quenching is proof of the
close proximity of the metal ion centre to the ligand and, consequently, to the formation
of the complexes; further confirmation of this will be given in the following section,

where the metal-centred emission in phosphorescence mode was observed.
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Figure 3.5 Fluorescence spectra (A) and isotherm at 408 nm (B) upon the addition of Eu(CF3SOs)s to ligand
54 (c = 10 uM), Xex = 277 nm. The titration, performed at 25 °C, was repeated several times and showed
the trend to be reproducible.

3.3.3 Phosphorescence titration of 54 (c. = 10 pM) with
Eu(CF3S0Oz3)3

The emission of Eu(lll) was recorded and measured in phosphorescence mode upon

excitation at 277 nm as a function of increasing Eu(lll) concentration. The
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phosphorescence of the Eu(l1l) emission spectra are shown in Figure 3.6, A. The most
intense signal is the one relative to the SDo—F2 transition, with a band centred at 617 nm;
note, it is possible to see all the five transition, although the >Do—F3 transition is low in
intensity. The high intensity of the band relative to the >Do—'F2 transition is due to the
band being a so-called “hypersensitive transition”. These transitions, that have a |AJ| <
2, are strongly dependent on the geometry of the Eu(l1) ion and in particular of the local
asymmetry around it.*?° It is particularly interesting to observe the phosphorescence
isotherms for the bands centred at 591, 617 and 690 nm, plotted in Figure 3.6 B. The
emission intensity increases with the addition of 1 equivalent of Eu(l11) added, after which
it reaches a plateau for the bands at 591 and 690 nm; while 617 nm trends show a slow
decrease. This was speculated to be related to small changes in the coordination

environment around the metal ion.
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Figure 3.6 (A) Phosphorescence spectra for the titration of 54 (¢ = 10 uM) with Eu(l11), Aex =277 nm. The
five Laporte-forbidden transitions can be observed. (B) Binding isotherms for the bands at 591, 617 and
690 nm. It is possible to notice a linear increase up to about 1 equivalent of Eu(l11) added.

These results suggest that the species with 1:1 stoichiometry are the most emissive
in solution. It is important to consider that a single ligand molecule of ligand possesses
three binding moieties; this in fact leads to the consideration that a 1:1 M:L stoichiometry
effectively means that every metal ion is bound by three terpyridine units. This result is
in line with what was observed in previous works in the Gunnlaugsson group.1%

The isotherms show a slow decrease of the intensity for the SDo—’F2 transition, while the
’Do—'F1 and °Do—'F4 remain substantially constant; this confirms that the species
formed in the 1:1 stoichiometry have the most effective LMCT, while further addition of
the metal ions induce the formation of species where the energy transfer is not as
effective. This behaviour is reflected in the absorbance and fluorescence spectra; the

disparity may be related to a series of factors, such as a change in the efficiency of the
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energy transfer between ligand and metal centres and self-quenching processes taking
places. To gain a better understanding of this, the results will be compared to the ones
obtained for the system at lower concentration and processed using non-linear regression

analysis.

3.3.4 UV-Vis absorption titration of 54 (c. = 3 uM) with
Eu(CF3SOs3)s3

Upon first inspection, the behaviour at lower concentration was found to be similar to the
one at higher concentration. As expected, examining the spectra, Figure 3.7 A, it is
possible to see the band centred at 277 nm gradually decreases its absorption values upon
the addition of the metal: while simultaneously the shoulder appears at around 320 nm.

Conversely, when plotting the binding isotherms at four different wavelengths (Figure
3.7 B), it is possible to observe a marked difference in the behaviour of the system. At
lower concentration the plot shows significant changes in the absorbance values with the
addition of two equivalents of metal ions; while a plateau is observed after the addition

of three and a half equivalents.
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Figure 3.7 Absorbance spectra (A) and isotherm curves at different wavelengths (B) upon the addition of
Eu(CF3S0s)s to ligand 54 (¢ = 3 UM), Aex = 277 nm. The titration, performed at 25 °C, was repeated three
times and showed the trend to be reproducible.

These differences will be further analysed in the later sections, after investigating

the emission spectra.

3.3.5 Fluorescence titration of 54 (cL. = 3 uM) with
Eu(CF3S0Oz3)3

The ligand-centred emission was recorded and studied upon the addition of Eu(lll) ions
for the low concentration system. Once again, fluorescence spectra were recorded using

an excitation wavelength of 277 nm. Due to the low concentration, the intensity recorded
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for the fluorescence spectra was subsequently quite low; hence, the spectra shown on
Figure 3.8 A details quite high levels of background noise.
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Figure 3.8 Fluorescence spectra (A) and isotherm at 408 nm (B) upon the addition of Eu(CF3sSOs)s to ligand
54 (c = 3 UM), Aex = 277 nm. The titration, performed at 25 °C, was repeated three times and showed the
trend to be reproducible.

In this case, as well, it was possible to observe the quenching of the ligand-centred
emission. Analogously to findings observed for the absorbance spectra, the changes in
the emission induced by the presence of the metal come at higher equivalents when
compared to the higher concentration system. The slight increase in the luminescence
after the quenching was observed after about 3.5 equivalents of metal had been added to

the ligand.

3.3.6 Phosphorescence titration of 54 (c. = 3 pM) with
Eu(CF3S0s3)s3

Finally, the metal-centred emission was investigated for the low concentration system,
once again using an excitation wavelength of 277 nm. The phosphorescence spectra,
shown in Figure 3.9 A, demonstrate an enhancement in the emission for all of the AJ
values, with °Do — “F3 being the less intense and °Do — F2 being the more prominent.
As with the results witnessed in the fluorescence spectra, the initial emission intensity
recorder was low; it is hypothesised that this was induced by a significant instrument
noise, and upon revised instrumental tuning, it was possible to obtain satisfying intensity
values.

Nonetheless, the emission spectra, and in particular the binding isotherms (Figure 3.9 B),
confirm the trend shown by absorbance and fluorescence. The system demonstrates a

linear trend up to 2 equivalents, particularly for the intensity at 617 nm (red dots), where
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a plateau is observed between 2 and 3.5 equivalents, thereafter the intensity starts

increasing again (although at a different rate).
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Figure 3.9 (A) Phosphorescence spectra for the titration of 54 with Eu(ll) (¢ = 3 UM), Aex = 277 nm. The
five Laporte-forbidden transitions can be observed. (B) Binding isotherm for the bands at 590, 617 and 694
nm. It is possible to notice a linear increase up to about 2 equivalent of Eu(l11) added.

This seems to suggest a weaker influence of the metal at lower concentration,
subsequently yielding lower amount of M:L assemblies in the solution and in turn to a
lower binding constants of the species formed. Having examined the ground state and the
excited state properties of 54, the changes in the absorption and emission spectra were

studied using non-linear regression analysis; these results will be discussed below.

3.3.7 Non-linear regression studies for the spectroscopic data
The spectroscopic data shown so far allowed to gain an insight on the behaviour for the

ligand 54 both free and upon the addition of metal ions. In order to deepen this
understanding and gain behavioural knowledge of the various species distribution in
solution, the data was further processed using the SPECFIT software.*?! The program,
which makes use of non-linear regression analysis, applies mathematical methods in order
to minimise the differences between the experimental data and theoretical curves that the
software generates according to a user-defined model; therefore, it was necessary to
define the equilibria and the consequent species that could form. The equilibria take into

account the formation of the different M:L species:

Eu+L S Eul Kyq= [ﬁﬁ] Formula 3.2
Eul +L S Eu,L Ky = % Formula 3.3
Eu,L + L S Eusl Ksy = [E[ZE]L[]L] Formula 3.4
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and so on; it is possible to write a single equilibrium equation that takes into account the

formation of consecutive species, such as

nEu+mL S Eu,lL, Formula 3.5

For which it is possible to write a global aggregation constant, fn:m:

Bnm =

As the software yielded the association constants as their logarithmic values, the global

[Eup L]
[Eu]™[L]™

Formula 3.6

aggregation constant will also be addressed as its logarithmic value, logSn:m. The software
models were compiled with data obtained in both concentrations ranges in absorbance.
Initially, the data from the high concentration was processed. The initial model used for
the fitting program considered three different species, the complexes in 1:1, 1:2, and 1:3
(L:M) stoichiometries, together with the free ligand. Figure 3.10 A shows the
recalculated and consolidated spectra of the four different species. The quality of the
fitting was initially valued by plotting the binding isotherms together with the relative fits
(Figure 3.10 B).
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Figure 3.10 Recalculated spectra of the single species (A) and experimental binding isotherms (and relative
fitting) (B) obtained processing the system at cs7 = 10 uM using the fitting model which included the 1:1,
1:2 and 1:3 L:M complexes.

0

Table 3.1 Binding constants obtained for the titration of 54 (¢ = 10 uM) with Eu(CFsSQOs)s showing three
species using the SpecFit software

Stoichiometry (L:M) logp StD
1:1 10.03 =1.02
1:2 17.13 =1.03
1:3 23.59 +1.03

Upon obtaining the fitting, the software successfully delineated the binding

constants for the three species, that are summarised in Table 3.1. The value obtained for
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these constants show that the 1:1 complex is the most stable, with a constant of 10.03; the
1:2 and the 1:3 are less stable, with constants of respectively 7.10 and 6.46. Comparing
these values with the ones obtained in a previous work from the Gunnlaugsson group,1?2
it can be seen that the three binding constants for 54 are generally greater than the ones
for both 49R and 49S (logfi:1 = 8.49 + 0.16, logfi2 = 7.11 £ 0.17, logf1:3 = 5.0 £ 0.19
and logfi1 = 8.51 + 0.36, logf2 = 7.59 £ 0.40, logfis = 5.5 + 0.41 respectively), with
the only exceptions being the 1.2, which was greater in both cases. This seems to suggest
that, in this three species model, 54 binds Eu(I11) more strongly when compared to 49R/S.
These values allowed the software to plot the formation diagram for the three species,
shown in Figure 3.11. The speciation distribution diagram reflects the overall changes in
solution upon adding Eu(lll). The formation of the 1:3 species is favoured at higher

equivalents of metal added, being formed in over 90% after adding 3.5 equivalents of
Eu(lll).

—— Free Ligand
— 11
—1:2
— 13

Formation (%)

Eu(lll) added (eq)

Figure 3.11 The speciation distribution diagram for the species obtained using the binding model which
included the formation of 1:1, 1:2 and 1:3 L:M complexes.
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Figure 3.12 Schematic representation of the binding mode for the system that progressively forms the L:M
1:1, 1:2 and 1:3.

The fit, although allowing to obtain the binding constants, presented relatively high values
of standard deviations for them; to address this, a fitting attempt that involved a different
binding model was attempted. In this case, the species taken into account were the 1:1
and the 3:2; this binding model had been proved successful in describing similar systems
previously presented in the Gunnlaugsson group.108 122

This second fit allowed to get, once again, the recalculated spectra of the three species
(Figure 3.13 A). It is particularly interesting to notice how the molar absorptivity for the
2:3 species was found to be higher than the “simple” species; this is to be expected,
considering the 2:3 species contains two absorbing centres. The isotherms and the
relative fits, shown in Figure 3.13 B, can again be considered a good measure of the

quality of the fit.
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Figure 3.13 Recalculated spectra of the single species (A) and experimental binding isotherms (and relative
fitting) (B) obtained processing the system at cs7 = 10 uM using the binding model which included the 1:1
and 2:3 L:M complexes.
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The binding constants obtained from the software are reported in Table 3.2. In
this case, comparing the values of the binding constants to previous studies in the
Gunnlaugsson group'® (logfi:1 = 7.2 + 0.3, logf.:s = 23.3 + 0.4), it was possible to see
that while the 1:1 species presents Si:1 lower than the one previously observed; the f:3 is
almost two order of magnitudes higher for 54, again hinting a higher stability for this
Eu-54 specie.

Table 3.2 Binding constants obtained for titration of 54 (c = 10 uM) with Eu(CF3;SOs); showing the two
complexes obtained fitting absorbance data using the SpecFit software.

Stoichiometry (L:M) logp StD
1:1 6.66 +0.20
2:3 25.55 +0.28

The two binding constants demonstrate that in this second model, the 1:1 species
has a much lower binding constant, B1:1 = 6.66, while the B2:3 species present a very high
global aggregation constant, 25.55; this was unsurprising, when considering the
exponents that such stoichiometry would introduce using Formula 5. Furthermore, the
standard deviations were found to be much lower, indicating a more accurate fitting.
Through the constants, it was again possible to obtain the speciation distribution diagram,
Figure 3.14.
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Figure 3.14 The speciation-distribution diagram for the species obtained using the fitting model which
included the 1:1 and 2:3 complexes.

Studying the speciation distribution diagram, it was possible to observe that

although the 1:1 L:M species started forming upon the addition of the metal, shortly after

reaching 0.5 equivalents, the formation of the 2:3 species became predominant. The two
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species (as well as the free ligand) initially coexist, until a total predominance of the 2:3

species upon reaching 1.5 equivalents of metal added, with a formation over 80 %.

Figure 3.15 Schematic representation of the binding mode for the system that progressively forms the L:M
1:1, and 2:3. The stoichiometry suggests the formation of dimers.

A possible third model to consider involved the formation of the 1:1, 2:3 as well
as the 1:3 species. Although mathematically the fit would present reliable values, it was
not considered effective in the description of the system from a chemical point of view.
Nevertheless, the possibility to use different binding models for this system indicates its
complex self-assembly behaviour: not only does one have to consider the interactions
between ligand and metal ions that occur in solution; but also the interaction between the
ligands themselves, and how they affect the overall metal-ligand species formation.

The information gathered while processing the data for the high-concentration
suggested that in such conditions, 54 forms aggregates that involve species with more
complex stoichiometries. It was possible to understand that 54, like other BTA derivatives
reported by the Gunnlaugsson group, might undergo self-assembly processes through
n - and hydrogen bonding interactions. It was speculated that the formation of such
self-assembly is the defining factor for observing one binding mode over the other in
solutions with different concentrations.

To gain further insight, the data obtained at low concentration was then processed. Hence,

analogously to the analysis of the changes of 54 at high-concentration, the diluted system
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was initially fitted using the 1:1, 1:2 and 1:3 L:M species as reference, together with the
ligand. The fit allowed consolidated spectra for the single species (Figure 3.16 A): where
it is again possible observe the binding isotherms and the relative fits in Figure 3.16 B.
It is possible to consider the quality of the fitting process taking into consideration the
sum of the standard deviations for the fitting curves, which was found to be 0.03243, a

very low value.
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Figure 3.16 (A) Recalculated spectra of the single species (A) and binding isotherms (and relative fitting)
(B) obtained processing the system at cs7 = 3 uM (lower) concentration using the binding model which
included the 1:1, 1:2 and 1:3 L:M complexes.

In this case, too, the fit yielded the binding constants, which are shown in Table
3.3. From these binding constants, it is possible to see that the most stable system is the
1:1 (logK =9.06), followed by the 1:2 (logK = 8.42) and finally the 1:3 (logK = 6.72).
This is reflected in the speciation distribution diagram that was possible to obtain, shown
in Figure 3.17.

Table 3.3 Binding constants obtained for titration of 54 (c = 3 uM) with Eu(CF3SQOz)3 showing the three
complexes obtained using the SpecFit software.

Stoichiometry logp StD
1:1 9.06 +0.58
1:2 17.48 +0.76
1:3 24.20 +0.75

The speciation distribution diagram shows how the system main species switch
progressively from the free ligand, to the 1:1, 1:2 and 1:3 species at when 0.5, 1.5 and 2.5
equivalents of Eu(lll) are added, respectively, as expected considering the exponential
dependence to the metal concentration.
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Figure 3.17 Speciation distribution diagram for the species obtained using the fitting model which included
the 1:1, 1:2 and 1:3 complexes.

The fitting of the data obtained at low concentration involving the formation of
the 2:3 species was attempted; the software was unable to yield data that would support
such hypothesis. Therefore it is possible to speculate that the system switches from
simpler stoichiometries that involve a single ligand which bind metal ions to more
complex ones at higher concentration ranges, as in this case with the formation of
supramolecular polymers between the ligand molecules.

The fits, as previously said, were obtained using only the data obtained in the absorbance
spectra. Although the fitting of the emission data was attempted several times, the
software was unable to fit these data sets. The following hypotheses were proposed to
explain such behaviour: for the ligand-centred emission, in the higher concentration
range, the fluorescence for the ligand was found not to follow linear trends; this could
have impacted the ability of the software to process such data. On the other hand, at lower
concentration the fluorescence emission intensity was very low, resulting in very low
intensity signals even after enhancement, which would, in any case, lead to weakened
signal-to-noise ratio, and hence higher errors. A similar behaviour could be speculated
for the metal-centred emission, therefore leading to an inability to gain a further
confirmation. Nonetheless, the exclusive use of absorbance data advanced understanding
of the stoichiometries for the system in two different concentration ranges.

The spectroscopic studies allowed further insight on the behaviour of 54 in MeOH
solution as free ligand and upon addition of Eu(lll). Studying the ground and excited state
of 54 it was possible to observe a chromophore behaviour for the ligand and a

ligand-centred emission in fluorescence mode. The absorption and emission were found
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to have a dependency from the concentration, but while the first showed a linear
behaviour in the concentration range studied (1 - 10 uM), allowing to obtain the molar
extinction coefficient for 54, the fluorescent emission presented a non-linear behaviour
after a concentration threshold (8.15 pM). The spectroscopic titration using Eu(l1) that
followed were then performed at two different ligand concentration, 3 uM and 10 pM.
Processing the data obtained in these titration using non-linear regression analysis, it was
possible to find that the ligand prefers to form different species depending on the starting
concentration of the ligand. Single-ligand species (1:1, 1:2 and 1:3) were found to form
more favourable in diluted conditions upon the addition of Eu(lll), while species
containing ligand dimers, formed though n-n and hydrogen bonding interactions, are
preferred by the system at higher ligand concentration. The behaviour of 54 to form these
species and aggregates was found in accordance to previous works in the Gunnlaugsson
group'®® 22 and was further investigated with morphology studies, which will be

described in the following section.

3.4 Morphologic studies of self-assemblies from tripodal

systems
As described in Chapter 1, the ability of the BTA systems to form supramolecular

aggregates has been vastly proven and studied,*” °' therefore, the ability to form such
aggregates was investigated for the systems presented in this thesis. In particular, such
molecules were generally (although not always, as seen in the Gunnlaugsson group®?)
able to form helical aggregates through the hydrogen bonding between neighbouring
molecules of BTA ligands via carbonyl oxygen atom and hydrogen atom of the amide
group. Also, the addition of the metal ions to the system brings further complexity to
connect ligand molecules together leading to the systems extending in several dimensions
with higher hierarchy in its morphology. An example for this, shown in Figure 3.18, was
observed in a previous study in the Gunnlaugsson group, which this work extends upon.
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Figure 3.18 Structures for ligands 49R/S (A) and relative Eu(lll) complexes (B). SEM imaging from
solutions before (C) and after the addition of the Eu(l11) ions. Images reproduced from ref.122

3.4.1 Scanning Electron Microscopy (SEM) Studies

The studies described in this section were performed using a Scanning Electron
Microscope (SEM).'?® When a material is irradiated with electron beams, a series of
outgoing electron particles are generated (Figure 3.19) such as backscattered electrons
which are beam electrons that emerge from the sample, and also secondary electrons that
escape the sample surface. From the energy (and direction) of these particles, it is possible
to obtain information of the surface composition of the material hit by the primary
electron beam. Different particles will possess different ranges of energy, and
consequently, a different mean free path, A(E). The parameter of which is of particular
importance, as it defines the depth from the surface, from which each different type of
particle is able to escape, following the correlation expressed in Formula 3.7. This means
that an appropriate selection of the emitted particle allows to gain an understanding on

the characteristics of a specific depth of a material among the ones closest to the surface.

1= 4 0.054VE Formula 3.7

E2
In the case of SEM, the particles analysed are secondary electrons, particles with an
energy of ~50 eV, which translates, through Formula 3.7, to a mean free path that allows
to gain insight on the top ~100 nm from the surface, i.e. an ideal depth to gain

morphologic information about the surface of a material.
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Figure 3.19 Schematic representation of the particles emitted from a surface irradiated with electron beams.
Secondary Electrons allow to obtain morphological information on the surface and are detected by SEM.

The quantity of electrons able to escape the surface of the sample in a fixed period is
inferior to the amount of primary electrons in the beam used to irradiate the sample. For
conductive samples, this does not represent an issue, as the charge is free to move in the
bulk of the material and can be discharged on the metallic support that acts as a “ground”.
For non-conductive samples, like the ones presented in these studies, this is not possible,
and therefore charging phenomena are observed.!?#1% These phenomena can have
different effects,*?* with the most common result being the presence of extremely bright
spots, due to the strongly localised emission from the excess of electrons.

Although different methods to address the charging effects have been proposed,*?°>?" the
most common solution to charging issues is represented by the coating of non-conductive
samples with thin layers of conductive material using techniques that would preserve the
aspect ratio and the morphology of the underlying sample. This was the solution of choice
in the work presented here, with the samples coated using a magnetron sputtering
technique using a Pd/Au target to form the coating layer. This allowed to minimize the

charging effects and obtain information of the samples.
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The imaging shown in this study was performed using a Carl Zeiss ULTRA instrument
in the Advanced Microscopy Laboratory facility from CRANN. More details on the
conditions can be found in the Experimental Details Chapter.

3.4.2 Gelation experiments on 37
Among the systems obtained through the synthesis shown in Chapter 2, 37 was the

simplest. As mentioned in Chapter 1, it was found able to form hydrogels upon pH tuning
by Howe et al.>* The formation of the gel was observed repeating the experiment

performed by Howe.

Ir=

37

Figure 3.20 Chemical structure of gelator 37.

To obtain the gelator, 37 was initially dissolved in deionised water using 3 equivalents of
strong base (NaOH) and then precipitated as sodium salt (Naz37) using a large amount of
isopropanol (‘PrOH). This salt was dissolved in deionised water and reprotonated by
adding the slow-reacting 4 equivalents of solid GSL (glucono-3-lactone), with the slow
formation of a transparent gel observed over the course of 6 hours. The use of GoL
allowed for the protonation processes to happen in a slower fashion, allowing the systems
to rearrange themselves into aggregates. The hydrogel shows the presence of aggregates
that trap the solvent molecules, similar to the ones reported by Howe et al (Figure 3.21).
These aggregates resemble short fibres; the presence of a twisting along the main axis,
which is hinted at high magnification (Figure 3.21, C and D). The aggregates were
measured to have an average cross-section of 47.7 nm (x 6.0 nm); this value is in line
with the one reported by Howe, which found cross-sections ranging between 50 and 200

nm for the systems reported.
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Figure 3.21 SEM images of 37 hdroel formed upon reprotonation with GSL. Scale bars 20 um (A), 2
pm (B), 600 nm (C) and 200 nm (D).

Several attempts at modifying these gels were made. Initially, they were exposed to two
different metals. In one case, a CuCl; solution (0.1 eq) was added to observe the ability
of the ions to diffuse through the gel. On a macroscopic scale, it was possible to observe

the diffusion of the Cu(ll) ions through the gel, as the characteristic blue colour diffused

through the whole gel (Figure 3.22), while on the nanoscale, no major change in the

structure of the fibres of the hydrogel was observed.(Figure 3.23 A, B).

Figure 3.22 Effect on the 37 hydrogel of the diffusion of Cu(ll) ions.

A different experimental setup was also attempted in which the Cu(ll) would be dissolved
in the carboxylate solution before the addition of GoL, though the SEM imaging of these
samples did not show significant differences. This setup was then used for the following

experiments, as well.
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An experiment was designed in which the Cu(Il) ions were replaced by Tb(lll) ions, in
order to exploit its spectroscopic properties. The experiment was performed by adding
four equivalents of Th(CF3S0Os3)s to solution prior to gelation; although no luminescence
was visible to the naked eye under UV irradiation (Aex = 254 nm), the SEM imaging was
performed to investigate the potential effect of the ions to distort or affect differently the

structure of the gel.

A) B)

reprotonation with GSL. Scale bars 2 um (A), 400 nm (B) and 2 um (C, D).

In this case, a major change in the cross-section was observed (168.1 = 37.7 nm), with
the aggregates maintaining their fibrous nature (Figure 3.23 C, D). It was observed that
the solvent had not completely been used for the swelling of the gel by 37, indicating that
in presence of the Th(lll) salt, part of the solvent is seized for the solvatation of the ion
and the smaller amount of a competitive solvent such as water might induce the formation
of longer-range interactions. More experiment to verify such hypothesis will be
performed in situation of higher ionic strength.
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3.4.3 Synthesis and effect of UPy additive on 37 hydrogels

Even though the gels of 37 sustained the reverse vial test (Figure 3.22) they were not
strong enough to study their rheological properties, it was thought to use an additive able
to enhance its mechanical properties. This kind of strategy has been widely used on
materials obtained from macromolecular systems, such as collagen. One method, cited in
Chapter 1, is the use of additive containing UPy (Ureido-Pyrimidone) moieties.'?® UPy
moieties, as explained in the Introduction Chapter, are able to form 4-fold hydrogen
bonds, which are therefore able to form very strong and directional supramolecular
“joints”. Here we anticipated that UPy could interact with 37, either covalently, through
its isocyanate moiety, or through supramolecular interactions, through hydrogen bonding
with partners present on 37. In this work in order to attempt a strengthening of 37
hydrogels, a UPy additive was synthesised starting from

2-Amino-4-hydroxy-6-methylpyrimidine, 76, shown in Figure 3.24.

A) B)
L
OCN N
HoH S
@) N N N\/\/\/\ I I
Y NCO HH
x_NH O ! | | |
b M N
Y e
~NH ©

Figure 3.24 A) Molecular structure of UPy-functionalised additive 76. B) Self-complementary hydrogen
bonding interaction in a 76 dimer.

Compound 76 was synthesised following a literature procedure!?®. The pyrimidine
precursor was dispersed in an excess of neat 1,6-hexamethylene diisocyanate and the
reaction was carried at 100 °C for 18 hours (Scheme 3.1). The resulting solution was then
diluted 10:1 with hexane to induce the precipitation of a fine white powder which was
then suction filtered and dried in vacuo. The formation of the additive, was confirmed
using *H-NMR, with the presence of the three NH signals at 7.32, 9.64 and 11.54 ppm
(Figure 3.25), as well as by mass spectrometry, with the peak at 325.18 (m/z). This signal
is due to the formation of the urethane derivative of 76 with methanol used to prepare the

sample.
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Scheme 3.1 Synthesis of UPy-functionalised additive 76.
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Figure 3.25 'H NMR spectrum (400 MHz, DMSO-ds) of 76.
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Following this procedure, 76 was obtained in very high yield (78 %) and was used to
observe the effect that its presence would induce on the gelation of 37. To do so, 76 (0.3
eq) was added to the aqueous solution of Naz37 in conjunction with GSL; the resulting
suspension was briefly placed in ultrasound bath and the sample was left to rest. The
formation of a white, opaque gel was observed over 4 hours, after which it was subjected
to the inversion test. In Figure 3.26 it is possible to see the effect of 76 on the aggregation.
The fibres aggregate into a tighter packing, with a measured cross-section diameter of
28.9 (£ 6.0 nm), and appeared to be less microcrystalline in nature. These changes on the
nanoscale, though, were not met on the macroscopic scale. The formed gel, in fact, did
not show to be mechanically stronger, as once more it was not possible to perform
rheologic studies on the materials. A possible explanation could be a higher self-affinity
of 76 compared to the affinity with the H-bond partners on 37; this would exclude 76

from interfering with the formation of the fibres, with dimers of 76 acting as inert

reinforcing particles.
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Figure 3.26 SEM images of hydrogels of 37 formed upon protonation with GSL in presence of 76. A
slightly tighter packing of the fibrous aggregate can be seen. Scale bars 4 um (A), 2 um (B), 1 um (C) and
600 nm (D).

Scheme 3.2 Synthesis of 77. The reaction was performed at high temperature for 72 hours.

Although it was not found to be able to induce the mechanic properties of the gels 37, 76
was used as a building block for different structures. In particular, having obtained
compound 75 an attempt of forming a supramolecular building block possessing a UPy

moiety on one end and a terpy moiety at the other was considered (77, Scheme 3.2).

89



Chapter 3 — Spectroscopic and morphologic studies of BTA-based tripodal systems

Such a design would result in a molecule that would be able to self-interact forming
dimers through the hydrogen bonding interaction between UPy moieties of the
neighbouring molecules and, through the terpy group, to form supramolecular polymers

using metal ions as bridging points or “supramolecular glue” (Figure 3.27).
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Figure 3.27 Schematic representation of the envisioned aggregation of 77. In yellow, the UPy
self-interacting UPy moiety, in blue the metal-binding terpy moiety and in orange the metal to act as
“supramolecular glue”.

0

The reaction, shown in Scheme 3.2, was attempted by suspending 76 in an aprotic
solvents such as CHCIs, to prevent the isocyanate group to undergo parasite reactions and
then adding solid 77 while stirring at high temperature. The reaction mixture remained as
a suspension for 72 hours, after which the reaction was stopped and the solid was retrieved
by suction filtration. The solid, which was examined using 'H-NMR and mass
spectrometry, did not show the signals relative to 77; once again, the reason for this was
speculated to be linked with the low reactivity of the aromatic amine group. Initially, this
was thought to be bypassed by the high reactivity of the isocyanate moiety to form a urea
group, but this was not seen in the condition used in this experiment. Further studies could
optimise the conditions to obtain 77, as well as other relevant UPy-functionalised

derivatives.

3.4.4 Gelation experiments on 62
After confirming the ability of 37 of forming hydrogel upon protonation of the carboxylic

groups, a similar experiment was attempted for compound 62, as it possessed analogous
acidic moieties. In this case, though, it was not possible to isolate the tri sodium salt, as
the procedure used to obtain Naz37 involved precipitating the gelator upon addition of a
large quantity of 'PrOH. The equivalent salt for 62, Nas62, was found very soluble in the
organic solvent. The gelation was then attempted by dissolving 62 using 3 equivalents of

aqueous NaOH, with the pH then adjusted using HCI or GSL. A slow addition of diluted
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solutions of HCI, solid G&L and aqueous GSL solutions lead to the almost instantaneous

precipitation of an off-white solid.

I=

OH

I=

62

Figure 3.28 Chemical structure for 62.

The aggregation properties of 62 in MeOH solutions will be discussed in detail in Chapter
4; this section will discuss the behaviour of this BTA derivative in mixed solvents.
Solutions of 62 were prepared dissolving the solid in MeOH and adding a secondary
solvent in different ratios to observe any differences that would arise. The solvents used
for these experiments were MeCN, THF, DCM and water, in order of increasing polarity.
The behaviour for each potential anti-solvent was observed at 25, 50, and 75% of the total
composition; THF and DCM did not show any change in the system, that remained a
simple yellow solution; MeCN induced the precipitation of 62 when it consisted of 50%
or more of the solvent mixture; the most interesting results were observed in water. In
aqueous mixtures, it was possible to observe a change in behaviour at 75%: the system
switched from a yellow solution to a gel. At this point, to gain a better understanding, two
further solvent mixtures were tested, at 70% and 80% of water, with the first behaving
like a slightly viscous solution and the second showing the precipitation of 62 as a solid
(Figure 3.29).
% water in MeOH _

1 2 3 /4 5

0 25 50 70 75

Figure 3.29 Behaviour of 62 in water:MeOH mixtures. The BTA derivative starts precipitating at water
fractions of 80% or higher (not shown).

91



Chapter 3 — Spectroscopic and morphologic studies of BTA-based tripodal systems

The gel formed using this method was not mechanically strong. And once again, this
prevented rheological measurements to be performed. The system was then spotted on a
silicon chip and imaged using SEM. The SEM images of the gel, shown in Figure 3.30,
showed a remarkably different behaviour from 37. At low magnification, it was possible
to observe the formation of layer (Figure 3.30 A). Upon increasing magnification, it was
found out that such layer is composed by spherical aggregates. These aggregates,
observed in all the parts of the layer, are not regular in size, but seem to be composed by
fibrous aggregates, that can be observed at very high magnification (Figure 3.30, D).

%

Figure 3.30 SEM images of 64 gel formed in MeOH:H,O (1:3) mixture. The aggregation into irregular
micro- and nano- spheres can be observed. Scale bars 5 um (A), 3 um (B), 2 um (C) and 600 nm (D).

In Figure 3.31 A it is possible to see the size distribution diagram for the radii of
spherical aggregates, calculated over 143 measurements. The distribution shows that the
majority of spheres have a weighted mean radius of 302.6 nm, making them effectively
nanospheres; the high standard deviation from this average (£179.78 nm) is a further
confirmation of the dispersity of the diameters. However, much bigger aggregates, with
a diameter over a micron were present. Although it was not possible at this stage to gain
a better understanding on the aggregation mechanism leading to the formation of the

nanospheres, it would appear when considering the details of the microscopy images in
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Figure 3.31 B, that 62 aggregates initially into fibrous structures that in turn form the
microspheres possibly indicating an equilibrium between the gelation and precipitation

processes due to the hydrophobic nature of the initial gelation assemblies.
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Figure 3.31 Size distribution diagram for the radii of the microspheres composing the gel 62 (A). Detail of
a microsphere with the fibres composing the nanospheres (B).

3.4.5 Morphology studies on 54

Once 54 was obtained, in parallel to the spectroscopic studies, morphologic studies were
also performed. Initially, attempts at inducting the gelation of the system were performed
that involved pH modulation and MeOH/H>O mixtures. These attempts, however, did not
lead to gelation. At low pH, 54 showed a moderate solubility in water, but upon reaching
neutrality or higher pH values, precipitation of 54 was observed. Analogous behaviour
was observed attempting to use dilute MeOH solutions in H>O, with precipitation being
observed almost immediately. The focus of the morphology studies was then shifted to
the behaviour of 54 in MeOH solutions, and samples were prepared by spotting a 54
solution 10 puM in MeOH onto silicon wafers, which were left to dry in air for 24h and
in vacuo for 2h prior to the SEM imaging. The wafer would then be sputter-coated with
Pd/Au and imaged using SEM, as shown in Figure 3.32.

The SEM results demonstrate that upon slow evaporation of the solvent, spotted solutions
of 54 formed nanospheres. Like the nanospheres obtained from the gels of 62, at high
magnification (Figure 3.32 D), it was possible to observe that these nanospheres appear
to form a spheric structure. It was our hypotesys that the formation of such spheres would
take place after an initial aggregation into fibers; further studies would allow to verify
this. Unlike the nanospheres observed for the gel sample of 62, though, the size
distribution for these nanospheres was found to be much more regular. This behaviour

was speculated to be induced by the initial aggregation, furthered by the hydrogen
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bonding, into fibres. The hydrophobicity of these fibres could trigger either the

precipitation or the formation of a higher order aggregate, i.e., the spheres.

A)

7\‘ 1um

Figure 3.32 SEM images of 54 dropcasted from 10 puM MeOH solution. It is possible to observe the
formation of regular nanosphere for this ligand. Scale Bar 15 pm (A), 2 um (B), 1 um (C) and 200 nm (D).

In the case of 54, the radius for the spheres was found to be much lower if compared to
the gel of 62, with a weighted average of 107.2 nm per nanosphere. Looking at the
distribution diagram relative to the diameters, Figure 3.33 A, it can also be observed that
the nanospheres obtained from 54 are more monodispersed (standard deviation +13.02
nm) when compared to the those obtained for 62. This could be due to the timescale of
the aggregation processes being different. In the case of 62, it is legitimate to speculate
that the formation of the spheres is “forced” during the gelation process, i.e. upon the
addition of the MeOH solution into water; this would induce a much more repentine
change in the system, and subsequently accounting for the formation of more irregular
aggregates.

For 54, on the other hand, the process is slower, as it happens during the evaporation of
the solvent after the spotting of the silicon wafer. Furthermore, some of the nanospheres
that form appear to be hollow (Figure 3.33 B). Understanding the reason for which some

samples contain more hollow nanospheres when compared to other, could lead to a grasp
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of the process that leads the system to switch from the fibrous structures to the higher
order nanospheres.

An additional remark that can be noted is that the nanospheres appear to “pack” further,
forming networks and partially merging with each other. This packing, although not

close, seems to happen upon different levels, leading to a porous, multi-layered material.

A) 404 = S0 Radius B)

150 200 250 300 350 400 450 500

Radius (nm)

Figure 3.33 Size-distribution diagram for the diameters of the microspheres of 54 (A). Detail of some
hollow microspheres (B).

3.4.6 Morphology studies on Eu-54

The ability of forming supramolecular aggregates of 54 was also investigated after the
formation of the Eu(l1l) complex, in order to gain further understanding of the changes
that the presence of the metal would induce in the final structures. The studies were
performed both on the system formed under kinetic control, i.e. upon mixing of the two
species in methanol in 1:1, 1:2 and 1:3 stoichiometries, as well as the 1:1 species formed
under thermodynamic control, i.e. investigating the aggregates formed upon microwave
irradiation as described in section 2.6.

In order to obtain the M:L species formed under kinetic control, three different solutions
of 54 with the concentration of 10 uM were prepared in MeOH. To each of these solutions
one, two or three equivalents of Eu(CF3SOs)s were added at room temperature. These
mixed systems were allowed to stand for 2-4 hours before being dropcasted on silicon
chips, dried initially in air for 16 hours and later for two hours in vacuo prior to coating

and imaging, with the SEM images of the samples shown in Figure 3.34.
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B)

Figure 3.34 SEM images of Eu-54 (n = 1, 2, 3) dropcasted from 10 uM MeOH solution in various
stoichiometries. (A) and (B) 1:1 stoichiometry, scale bars 1 pm and 400 nm. (C) and (D) 2:1 stoichiometry,
scale bars 2 um and 400 nm. (E) and (F) 3:1 stoichiometry, scale bars 4 um and 600 nm.

The SEM images show different morphologies upon the addition of the metal solutions.
Examining the SEM images taken at 1 equivalent of Eu(lll) added, it is possible to see
that the system switched from the smaller, and monodisperse sized nanospheres formed
by 54, to much less regular spheroidal aggregates. (Figure 3.34 A). These bigger
aggregates seem to form larger arrangements for which a diameter was averaged over
several samples as 519.34 + 348.57 nm. Furthermore, the aggregates seem to lack the

well-defined shapes seen for the free ligand (Figure 3.34 B). This loss of order seems to
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become more prominent upon adding more Eu(lll), as can be seen in the images taken
when 2 equivalents of Eu(l1l) have been added, in Figure 3.34 C and D, respectively.
For these examples, the images seem to confirm the trend seen for the smaller aggregates,
that coalesce into networks composed of units of very irregular shapes. Upon the addition
of three equivalents of Eu(lll), it was possible to observe the formation of larger layers
rather than aggregates, as it can be easily seen in Figure 3.34 E. Imaging sections far
from the main Eu-54 layer, it is possible to find amorphous aggregates with a different
morphology, in which the fibrous component can be distinguished. It was speculated that
this behaviour might be indicative of Eu(l1l) ions to behave as bridging points between
units of 54, bound by the three terpyridine units; this would be coherent with the reduced
hydrophobicity of the complex, caused by the charge of the metal.

Comparing these results to the ones seen previously within the Gunnlaugsson group,'?? it
was observed that 54, like 49R/S, aggregates into fibrous structure that further arrange
themselves to form nanospheres. The main difference between the two systems are
noticed in the size distribution of the nanospheres: the structures formed by 57 possessing
a diameter much smaller (200 - 300 nm) if compared to the ones from 54 (750 - 1000
nm). The most remarkable difference could be noticed upon the changes induced on the
morphology by the addition of Eu(lll). While the previous work from Savyasachi'??
showed how the presence of the metal ions would induce the formation of networks of
microspheres, the effect on Eu(l11) on the spheres of 54 would cause the loss of evident

structural features, forming compact films.

3.4.7 Morphology studies on 55

Although, as reported in Chapter 2, it was not possible to obtain compound 55 in high
purity, a 10 uM solution of the BTA derivative in MeOH was prepared and imaged. The
result of such experiment, although not universally valid, would still allow to gain an
insight on the aggregation and on the effect that the presence of small quantities of DCU
(impurity identified within compound 55) would have on the formation of the
supramolecular structure. The presence of the urea functionality is proven to interfere
with the aggregations in systems that undergo assembly processes based on the formation

of H-bonds between amide moieties, such as proteins,*?**° or J-aggregates.*31-132
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Figure 3.35 SEM images of 55 dropcasted from 10 uM MeOH solution. It is possible to observe once again
the formation of spherical aggregates. Scale Bar 10 pm (A), 2 um (B), 1 um (C) and 400 nm (D).

Initially, the SEM images show the formation of a system composed of round
aggregates similar in shape and size to those formed by 55, paired with larger layer-like
structures (Figure 3.35 A); at higher magnification (Figure 3.35 C and D), the
morphology appears less regular. These spheres, although nanoscopic, were harder to
measure, as they were quite dispersed on the wafer with the value varying between 371
nm and 845 nm. Furthermore, in the areas were more material was present, they would
coalesce to form the larger structures, sizing over the micron (Figure 3.35 A and B).

Particularly interesting images of the sample were taken when focusing on a
different region of the sample; such images, shown in Figure 3.36, indicate a possible
effect of the urea on the aggregation. In particular, in Figure 3.36 B where it is possible
to observe a “broken” microsphere. It was speculated that the spheroidal aggregates
formed by 55, and presumably those formed by 54 as well, are actually hollow and the
aggregation leads to the formation of a shell rather than a solid sphere. Developing a
protocol to obtain 55 in high purity will allow to obtain further understanding on its ability

to form complex structures through self-assembly.
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B)

Figure 3.36 SEM images of 57 dropcasted from 10 uM MeOH solution, taken in a region rich in layer-like
structures. It is possible to observe a hollow spherical aggregate. Scale Bar 1 um (A) and (B), 600 nm (C)
and 400 nm (D).

3.4.8 Conclusions
In this Chapter the behaviour of the synthesised ligands 37, 62, 54 and 55 using

spectroscopic and morphologic techniques was shown and discussed. The spectroscopy
experiments, focused on 54 and allowed to gain insight on its photophysical properties,
both as free ligand and Eu(l11) complex.

The ability of the ligand to sensitise the metal centre through the terpy moiety allowed to
record Eu(lI1)-centred phosphorescence emission. These spectra, along with absorbance
and fluorescence, were recorded for Eu(l11)assemblies with 54 in methanol solution after
forming under thermodynamic and kinetic control. This allowed for better understanding
of the characteristics of the M:L self-assembly formation in the solution. The complex
Eu-54 formed under thermodynamic control was found to have no solvents molecules
coordinated to the metal centre (g value), strengthening the hypothesis that in these
conditions the complex was formed in 1:1 stoichiometry.

The formation of metal complexes under kinetic control was further studied by

performing spectroscopic titration at two different concentrations. This choice was taken
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as a consequence of the behaviour observed in the preliminary dilution studies. The
process was found to be concentration-dependant, as using solutions at different
concentrations lead to different stoichiometries found to be the most likely within this
system. After performing non-linear regression analysis on this data it was found that in
the presence of an excess of Eu(lll), the system would prefer the formation of the 2:3
ligand to metal stoichiometry when measured at higher ligand concentration (10 uM). In
contrast, it would prefer the formation of a 1:3 stoichiometry when measured at lower
concentration (3 uM).

Morphological studies were performed on 37, 62, 54 as well as Eu-54 using SEM
imaging. It was found that 37 formed a hydrogel possessing a fibrous structure upon
dissolution in H20O as trisodic salt and slow reprotonation using glucono-3-lactone, as
literature reports. The functionalisation of such gel with a d- (Cu(l1)) and f- (Tb(111)) metal
ions introduced witnessed changes in the size of the resulting fibers, while maintaining
the overall structure of the fibres. This was speculated to be related to the high
hydrophobicity of the aggregates of 37, conjugated to a low affinity for the metal used.
Addition of 76 containing a UPy moiety to the gel of 37, in the hope that such a mixed
gel might possess different properties, lead to a tighter packing of the fibres, although the
final gel did not show improved mechanical properties. Hence, no further modification
for these systems was attempted.

76 was also used to attempt the synthesis of novel building block possessing UPy and
terpy moieties at opposite ends, ideally able to form supramolecular polymers. Even
though the chosen synthetic route did not result in the desired compound, further studies
will be attempted in the future to find appropriate conditions that would consent such
achievement. The use of activators for the amino groups involved in the reaction, different
solvents or performing the reaction at a combination of higher temperature and pressure,
such as using a microwave initiator, are all possible options.

Ligand 62 was found to form a weak gel-like system upon addition of water to a MeOH
solution in a 75:25 ratio; such gel-like material was found to be composed by irregular
nanospheres with an average radius of 167 nm. These nanospheres were hypothesized to
be composed by fibres; further investigation will have to be performed on this system to
gain a better understanding on the aggregation process that leads to the formation of the
gel from the spheres. The behaviour of this system in solution will be discussed in the

following chapter.
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Ligand 54 was also found to aggregate into very regular nanospheres, almost
monodispersed with an average diameter of 50 nm. In this case as well, a fibrous structure
could be found to be further aggregate to form the nanospheres. Moreover, it was found,
through imaging of Eu(l1l) assemblies with 54, in the ratio of 1:1, 2:1 and 3:1, that the
presence of the metal ion lead to the coalescence of the nanospheres, corroborating the
hypothesis that the ions are able to behave as bridging units between the terpy moieties.
The formation of lateral interactions would happen together to the amide core and =
stacking, resulting ultimately in the generation of large structures, where the spheroidal
shape is lost. At the same time the binding of terpy moieties to the Eu(lll) ions would
potentially change the overall charge of the system, which would also modify the
solvation properties of the overall assembly, its solubility and, hence, lead to the
destruction of the nanospheres. These results are in line with the behaviours observed in
the spectroscopy studies, as 54 was found to form higher M:L assemblies at higher
concentrations. A condition that is met during the slow evaporation of the solvent, the
aggregates gain a higher overall charge, which increases with the equivalents of metal
added, leading to a more charged (and in turn, more hydrophilic) system, that will
consequently form larger, film-like aggregates.

Finally, preliminary imaging of compound 55 in presence of DCU impurities allowed to
confirm that the spheres, formed upon the aggregation, are hollow and that the formation
of the spheres, hindered by the presence of the urea contaminant is the result of a
combination of hydrophobic and hydrogen bonding contribution.

Further studies on these systems will allow to gain a deeper understanding on the
aggregation processes involved in their self-assembly, as well as on the mechanical
properties of the resulting materials. AFM measurements would allow either confirming
or denying the hollowness of the spheres and the use of controlled amounts of urea would

allow to understand the mechanism that leads to the formation of the nanospheres.
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Chapter 4 — Preparation and Characterisation of ternary Ln(l11) complexes using BTA and cyclen ligands

4.0 Introduction

The use of lanthanide ions for the formation of hierarchical materials of higher order has
attracted growing interest in the recent decades; their high coordination requirements are
suitable to direct self-assembly using different ligands, which could lead to desired
hierarchy in the aggregation processes.®! Although various materials were obtained
following this rationale, as seen in some of the examples presented in Chapter 1,808
designing such systems presents challenges that make them relatively rare. The
Gunnlaugsson group, as reported in Chapter 1, has approached this challenge by
designing molecules capable of undergoing self-assembly processes in the presence of
Ln(I11) ions, where the metal directs the assembly process to form higher-order structures.
Exerting control of such processes is highly challenging and one of the main research
objectives for supramolecular chemistry. In one of their recently published work in the
Gunnlaugsson group,'3 the formation of a higher order material formed using a Ln(111)
ions complex was reported. The formation of a higher-order structure was observed via
the self-assembly of a heptadentate cyclen (1,4,7,10-tetraazacyclodecane)-based ligand,
79, where the coordination of the Ln(lll) ion was completed by a tripodal ligand,
1,3,5-benzene-trisethynylbenzoate, 78 (Figure 4.1). The tripodal ligand was found to be
a suitable antenna to sensitize the Ln(l11) ions through the carboxylic moieties, with the
resulting aggregate displaying luminescent properties. The subsequent investigation into

the resulting ternary system gave key insights into its properties.
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Figure 4.1 Chemical structure of tripodal ligand 78 and cyclen-based ligands 79 and 80.

In this chapter, a study expanding upon this work will be described. The tripodal ligand
62, shown in Chapter 2, will be used in place of 78 to saturate the coordination sphere of
the Tb(Ill) ions containing the heptadentate cyclen ligand 80. Ligand 80 was initially
designed as a derivative of 79, whereby one of the cyclen’s NH group is functionalised

with a methyl gallate, which is then functionalised with three alkyl chains. The design
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and synthesis of 80 was performed by fellow Gunnlaugsson group member Bruno
D’Agostino, who was involved in this study, in order to obtain an amphiphilic system
capable of forming Langmuir-Blodgett films, with the ultimate goal of obtaining a solid-

state sensor.
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Figure 4. 2 A) Schematic representation of Th-80 and the formation of the double layer Langmuir-Blodgett
bilayer. B) Schematic representation of the sensing process via dipping of the LB films.

In this study, the Th(I11) complex of 80 was used to form a tertiary system with 62 (Figure
4.3) in two solvent systems. This was followed by spectroscopic characterization and
SEM imaging of the samples, which allowed us to gain a better understanding of the
aggregation processes and the effect that a chiral centre could induce onto the final

aggregate.
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Figure 4.3 Schematic representation of the formation of the ternary system 62-(Tb-80) and consequent
aggregation model.

4.1 Synthesis of the cyclen ligand

As mentioned previously, the synthesis of 80 was carried out by fellow Gunnlaugsson
group member Bruno D’Agostino, however, a short summary of the synthesis and
characterization of this ligand will be provided. After the successful synthesis of 80, the
ligand was used to form a Tb(lll) complex. The use of the Tb ion results from the fact
that the excited state of the tripodal ligand is assumed to be appropriate to populate the
°D, excited states of the metal. Hence, it is presumed that we would be able to observe
the self-assembly formation between 80 and 62 in real time by performing various
spectroscopic titrations. The results of these investigations will be described in section
4.2.

Cyclen-based ligand 80 was obtained through a convergent multistep synthesis, outlined
in Scheme 4.1. Methyl gallate was initially treated with 1-bromo octadecane to
functionalise the ring with long-chain ethers. The methyl ester protecting group was
cleaved using KBHa in presence of LiCl to obtain the deprotected carboxylic acid, 82; the

carboxylic functionality was then reacted with PBr3, obtaining the bromo-derivative 83.

_0._0 _0._0 HO__O Br
KCO3, KI
C4gH37Br KBHjy, LiCl PBr3
—_—— —_— —_—
90 °C Reflux B
Ho OH DMF/THF CigHsrO Oy 08 "CROMix ¢ yghi0 OCgHy 5o CigHyO OC+gHyr

OH 48 h OC+gH37 ! OCqgH37 OC1gH37
81 82 83
Scheme 4.1 Schematic representation for the synthesis of 83.
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This bromo-derivative was reacted with cyclen using the mono-alkylation procedure
developed within Gunnlaugsson group,'** forming the mono-functionalised derivative
84, that upon reaction with 2-chloro-dimethylacetamide, formed compound 80 (Scheme
4.2). This molecule contains four nitrogen atoms possessing a lone electron pair each and

three amidic carbonyl groups, allowing it to behave as a heptadentate chelating ligand.

N
-N_o \N
Vet —
NH HN ANf et
N/H H\N ] 2-Chloro-N,N-dimethylacetamide o [ j ©
NH N
NEts, 83 Cs,C0Os, Kl
B v \ = - N
NH HN 75 °C Reflux 7 85 °C Reflux, \ —
p— CHCl,, 24 h W CH4CN, 120 h 7 \
CigHz70 | CoaHerd
OCygHaz 1837 OC1gHa7
84 80

Scheme 4.2 Synthesis of macrocyclic ligand 80.

The size of the inner cavity of the cyclen has been proven suitable to host various Ln(l11)
ions, and the presence of the acetamide should increase its ability to stabilise Ln(lI1l) ions
that possess very high coordination requirements. Once formed, such complexes possess
high binding constants and can be used for various imaging applications in vivo.’® 97135

After formation of the ligand, it was used to form the Tb(Ill) complex by microwave
irradiation of a methanol solution of the ligand with a 10% excess of Th(CF3S0O3)s. Once
the reaction was complete, the solvent was reduced under reduced pressure, and triturated
in diethyl ether, yielding a white solid that was isolated by centrifugation.

As seen in Chapter 2, the presence of paramagnetic Ln(l1l) renders the use of
NMR techniques unreliable, and therefore unsuitable, for the characterization of these
complexes (see Appendix, FigXX). Instead, FT-IR was used to confirm the formation of
the complex. By monitoring the characteristic stretching of the C=0O bond, it was
observed that the peak for this vibrational mode shifted from 1667 cm™ for 80 to 1643
cm? for the Th(I1l) complex. Further confirmation was obtained by ToF-MALDI mass
spectrometry, which confirmed the presence of the Tb(I11)-80 complex (Figure 4.4).
Further characterisation of ligand 80 and complex Th-80 can be found in the experimental
and appendix chapter.
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Figure 4.4 Experimental MALDI mass spectrum for Th-80 complex (bottom), compared to the calculated
one (top). The characteristic molecular weight distribution of Th complexes can be observed.

4.2 Ternary Tb(l1l) complex formation

Once the Th-80 complex was obtained and characterised, the formation of a ternary
complex using ligand 62 was attempted. As discussed in Chapter 1, Tb(Ill) prefers high
coordination numbers, such as 8 or 9, and as a heptadentate chelator, 80 would leave two
vacant coordination sites on the Th(lll) ion, which are occupied by solvent molecules.
The ternary complex can form upon displacement of these solvent molecules followed by

coordination of the carboxyl groups from 62 (Figure 4.3).
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Figure 4.5 Schematic representation of ternary complex 62-(Th-80), in a 1:3 stoichiometry.

As anticipated in the previous section, the formation of the ternary complex was assumed

to enhance the metal-centred emission. The energy gap between the excited state of the
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tripodal ligand, and the excited states °Dn of the metal ion, would be suitable for
ligand-to-metal charge transfers that would populate the latter. The increased population
of this state should enable emissive relaxation and, as a result, the phosphorescent
emission can therefore be used as a tool to study the aggregation process of this ternary

system.

The formation of the ternary system was investigated using spectroscopic and
microscopic techniques. Absorbance spectra of a solution of complex Th-80 in methanol
shows only one absorption band centred at 225 nm which corresponds to the presence of
the gallate ring. Although the presence of a benzene ring has been proven to partially
sensitize the Tb(111)*¢, the intensity of the resulting emission was found to be of very low
intensity. A successful displacement of the coordinated solvent molecules by carboxylic
groups of 62 would result in coordination of the tripodal ligands to the lanthanide centres
through both oxygen atoms, forming a 1:3 stoichiometry between 62 and Tb-80, Figure
4.5. As a consequence of this coordination, 62 behaves as a light-harvesting antenna and

allows for an enhancement of Tb(l11)-centred emission in the 62:(Th-80) assembly.

The method used to investigate the formation of the ternary system was to observe the
changes in the absorbance and phosphorescence spectra of a 10 UM methanol solution of
Tb-80 upon the addition of 0.1, 0.2 and 0.3 equivalents of 62 in methanol. The spectra
were recorded starting from a solution 10 uM of Tb-80 to which the equivalents of the
tripodal system were added again as methanol solution.
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Figure 4.6 A) Absorbance and B) phosphorescence spectra (Aex = 288 nm) of Th-80 (¢ = 10 uM) upon
addition of 62 (0 — 0.3 eq) in MeOH.

As shown in Figure 4.6 A, upon the addition of 0.1 equivalents of 62, it was possible to
see the appearance of the absorbance band at 288 nm. This band increases to a maximum

when the system reaches a stoichiometry of 1:3 between 62 and Tb-80 in the range
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explored in this study. Simultaneously, the phosphorescence emission spectra were
recorded and are shown in Figure 4.6 B (Aex = 288 nm). It was possible to observe the
bands associated with the terbium emission, i.e. the ones relative to the °Ds — "Fos,
increase upon the formation of a 3:1 62:(Th-80) stoichiometry. To consider the presence
of kinetic effects, the spectra were recorded both immediately after the additions of 62,
and after a 10 minute delay. As no difference was found between the two sets of spectra
in the three titrations performed, it was concluded that the system is not subject to kinetic
effects and hence the titration could be proceeded without any delay between additions.
The formation of the ternary complex can be observed by the naked eye through exposing
the methanol solution of complex Th-80 to 62. Figure 4.7 shows pictures taken under
UV irradiation (hex = 254 nm) of the solution of Tb-80 before the addition of 62 (A) and
when 0.3 equivalents of 62 were added (B), in which the presence of a bright green
emission is observed.

A)

Figure 4.7 Picture of methanol solutions of Th-80 before (A) and after (B) the addition of 0.3 equivalents
of 62, under UV light (Aex = 254 nm) irradiation.

To gain further understanding of the effect that the solvent would have on the
self-assembly processes, both UV-Vis absorption and emission (in phosphorescence
mode) titrations were carried out using THF as a solvent. Starting from a 10 uM solution
of Th-82 in THF, 0.1, 0.2 and 0.3 equivalents of 64 were added, and the spectra were
recorded immediately after the mixing, and after 10 minutes of the addition. The
absorbance spectra (Figure 4.8 A) shows the formation of two bands, centred at 296 and
371 nm for Th-80. After the addition of 62, these bands undergo a hyperchromic effect,
as already observed in the methanol spectra. At the same time, it is possible to observe a
hypsochromic shift for the bands, which leads to the bands being centred at 288 and 356
nm respectively after the addition of 0.3 equivalents of 62. Another factor that was
considered is that the reduced solubility of 62 in THF might aid to produce a solvophobic
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effect on the assembly, which would then facilitate the formation of ternary complexes
with 1:1, 1:2 and 1:3 stoichiometries - as these would be charged species and better
accommodate 62 in solution.

The phosphorescence spectra in THF (Aex = 296 nm) are of particular interest (Figure 4.8
B) as they also allowed us to monitor the formation of the desired ternary complexes. The
initial luminescence spectrum of Tb-80 shows a small signal for the (°Do—F3, J = 0-4)
transitions. Again, it is possible that in THF, the benzene ring of 80 is able to act as an
antenna and partially sensitize the Tb(lll) metal centre, with consequent phosphorescent
emission. Upon the addition of 0.1 equivalents of 62 (solid blue line) and following the
mixing of solution, it was possible to observe a hyperchromic effect, with the tripodal
ligand acting as an antenna and activating the phosphorescent emission.

Recording the phosphorescence spectrum after a 10 minute delay (blue dashed lines)
showed the signal increasing further which hints to kinetic effects occurring in this
system. Consequently, the change in the emission were recorded at 10 minute intervals,
with the signals increasing at every measurement, until a plateau was reached after 40

minutes from the addition.
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Figure 4.8 Absorbance (A, B) and phosphorescence (Aex = 296 nm) (C, D) spectra of Th-80 (c = 10 uM)
upon addition of 64 (0 — 0.3 eq) in THF.

Once the plateau was reached and the signal was stable, a second aliquot of 0.1
equivalents of 62 was added to the solution and the spectrum recorded. Again, the

intensity of the signal increases upon this addition (pink solid line), increasing further in
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all the spectra recorded after 10 minutes intervals (pink dashed lines), with the plateau
reached after a total of 40 minutes from the first addition. The third aliquot of 0.1
equivalents was added and the process was repeated (green solid and dashed lines).

The final emission intensity for the ternary system in THF was almost doubled (90%
increase) when compared to the one recorded in methanol under the same conditions.
After repeating the titration several times and observing these phenomena, the
explanation speculated for this behaviour was, again, connected to the less prominent
competitive behaviour of THF. In conjunction with this, the poor solubility of 62 in THF
would, through the solvophobic effect, strengthen the binding between Th-80 and 62 and
possibly modulate the ability to transfer the energy between the antenna and the metal
centre. Furthermore, the poor solubility in THF did not allow for satisfying fits for the
data, therefore making it impossible to obtain the binding constants in this solvent.

To grasp a better understanding of the stability of the system at various
stoichiometries, a different experiment was designed. A methanol solution of Th-80
(from 0O to 4 equivalents) was titrated into a solution of 62 (10 uM) and the effect of the
addition was studied by recording the absorbance, fluorescence and phosphorescence
spectra. Absorbance spectra of 62 shows two bands centred at 279 and 358 nm (Figure
4.9 A), which, upon addition of Tb-80, increases in absorbance. Two binding isotherms
were obtained by plotting the absorbance values at 279 and 358 nm (Figure 4.9 B).
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Figure 4.9 A) Absorbance spectra for a 10 uM MeOH solution of 62 upon addition of Tbh-80 (0 — 4 eq).
B) binding isotherms for the bands at 279 and 358 nm.

There is a single point change in the slope of the binding isotherm plots
corresponding to the addition of 3 equivalents of Th-80 and implying the formation of a
stable 1:3 ternary system. To further investigate this, we examined the fluorescence data

for the same titration (Figure 4.10 A). Upon excitation with Aex = 279 nm, it was possible
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to record the fluorescence of 62, showing a band centred at 352 nm, which was quenched
upon the addition of Th-80.
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Figure 4.10 A) Fluorescence spectra (Aex = 279 nm) for a 10 pM MeOH solution of 62 upon addition of
Tb-80 (0 — 4 eq). B) binding isotherm recorded at 352 nm.

Once again, plotting the intensity for the peak at A = 352 nm against the
equivalents added allowed us to obtain a binding isotherm (Figure 4.10 B). The
quenching of the fluorescence 62 (red) shows two changes in the slope, at 1 and 3
equivalents, indicating the formation of the 1:1 and the 1:3 (M:L) species.

The data was also recorded in phosphorescence mode. Methanol solutions of 62 did not
show any signal, as expected. Upon addition of Th-80, the tripodal ligand sensitized the
metal centre and activated the phosphorescence emission, which was revealed in the
spectra (Figure 4.11 A). The binding isotherms (Figure 4.11 B), in particular the one
relative to the peak at 545 nm, shows two very well-defined changes in the slope, at 1, 2

and 3 equivalents, clearly showing the formation of the 1:1, 1:2 and 1:3 species.
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Figure 4.11 A) Phosphorescence spectra (Aex = 279 nm) for a 10 pM MeOH solution of 62 upon addition
of Tbh-80. B) Binding isotherms recorded at 492, 547, 587 and 622 nm.
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The data was analyzed using the non-linear regression analysis software ReactLab to
determine the binding constants for the three species formed in the solution.’®’ In
particular, reliable fitting was obtained using the data recorded in phosphorescence mode,
and analogously to what was shown in Chapter 3, the binding equilibria and equations

had to be considered:

nTh+mL S Th,L,, Formula 4.1

_ ThpLm]
Prim = trppuium

Formula 4.2

The model with the three species was used with the software to yield the constants shown
in Table 4.1. The values indicate that the three species all present similar stability
constants (logP1:1 = 7.10; logB1:2 = 7.53; logB1:3 = 7.37) indicating very limited, if any,

cooperativity effects in the formation of the ternary species.

Table 4.1 Binding constants for the formation of the 1:1, 1:2 and 1:3 species for 62-(Th-80) complexes.
The fitting was performed using the phosphorescence data.

11 7.10 +0.03
1:2 14.63 +0.05
1:3 22.00 +.0.07

The quality of the fit was considered high, as low values for standard deviation were
found. Comparing these values to the ones observed in the previous work in the
Gunnlaugsson group,'® a similar trend can be observed - the values obtained for the
tripodal benzoate system were found to be close to the ones obtained here: 6.05 + 0.18,
7.45+0.19and 6.24 £ 0.39 for the 1:1, 1:2 and 1:3 (L:M) species respectively. Additional
details on the fit can be in the Appendix chapter.

From the binding constants, the software was able to produce a species distribution
diagram, which is shown in Figure 4.12. This allowed some understanding of the
dynamics of the complexation process. The first ternary system to form is obviously the
1:1 complex, which reached a maximum of 18% at one equivalent of Th-80. The 1:2
species starts forming almost immediately, reaching a maximum of 28% when 2
equivalents are added. The 1:3 complex starts forming upon the first addition as well and
increases quickly to 95% of the ligand-containing species at 3 equivalents, after which
the “conversion” from 1:2 to 1:3 species slows down, reaching a plateau at 3.5

equivalents.
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Figure 4.12 (A) Speciation-distribution diagram for the titration of 62 with Th-80 performed in methanol
and (B) binding isotherms and relative fits obtained from phosphorescence data.

In conclusion, the green emission characteristic of Tb(Il1l) complexes was visible to the
naked eye upon irradiation (Aex = 254 nm), with the spectroscopic studies allowing us to
confirm the formation of the ternary system through the emission spectra in
phosphorescence mode. The titration in the two solvents allowed to see the difference
between a more and less competitive solvent, MeOH and THF, respectively, with the
control over the aggregation switching from thermodynamic to Kinetic. The non-linear
regression data showed the predominance of the 1:3 (L:M) species at 3 equivalents of
metal added, although no cooperativity effects were observed when considering the
values of the single equilibrium constants. The following section will expand the

understanding of the aggregation modes from a morphological point of view.

4.3 Morphology studies

Once 62-(Tb-80) had been obtained under kinetic control and characterised using various
spectroscopic techniques, its aggregation properties in organic solvents was studied using
SEM technique and compared to 62 and Tb-80. As seen in Chapter 3, 62 shows
aggregation properties in MeOH/H>O mixtures and, in this section, the studies will show
the behaviour of the ligand in solution. In particular, the role of the two components will
be discussed to gain some understanding over the interaction directing the aggregation.
The hypothesis proposed for the aggregation involves a preliminary self-assembly of
molecules of 62, that subsequently bind the metal centre.

To test this, samples were prepared using the same procedure described in Chapter 3, by
dropcasting 20 pL of 10 uM solutions on silicon wafers (see Experimental Details). The

wafers with compounds dropcasted on their surface were left to dry for 24 hours in air
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and then under high vacuum for 2 hours prior to the imaging. The fully dried samples,
being non-conductive, were sputter coated with an ultra-thin gold film to allow the

imaging without incurring any charging effect from primary electrons.

The first sample imaged, obtained by casting a 10 uM solution of Th-80 prepared in
methanol, Figure 4.13, shows no particular order or structured aggregation, with only
random aggregation happening on short distance pseudo-bundles.

/ : 3 = 10pm

igur‘4.13 S imags of Tb-80 (20 pL, 10 uM methanol solution). Scale bar (A) 10 um and (B) 2 pm.

Conversely, images taken from a Tb-80 solution in THF seem to show that the
complex appears in a rod-like structure, hinting to an early stage of a crystallization
process for Th-80 (Figure 4.14).

Figure 4.

The preliminary imaging of Tb-80 show that, in MeOH, the intermolecular
interactions do not lead to a well-defined structure. This could be related to a high affinity
to the polar solvent which is able to interact with the polar “head” of the complex,
meaning the non-polar tails do not seem to arrange. On the other hand, in THF a much

more ordered structure was observed - the rod-like structure seem to hint to a better
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packing, presumably do to a stronger solvophobic effect that allows the molecules to form
the rod-like systems.

The imaging was also performed on samples of 62 in solution. In this case, the
poor solubility of 62 in THF made it impossible to obtain images from this solvent,
limiting the imaging to samples casted from a MeOH solution. The images, Figure 4.15,

show the formation of a snowflake-like aggregate which are relatively big in size (ca. 455

Flgure 4 15 éEM images of 62 (10 uM rnethanol solutlon) Scale bar (A) 400 pum, (B) 200 pm, (C) 50 um
and (D) 400 nm. A weak charging effect can be observed in (C).

The formation of self-assembled structures is evident, and as seen in Chapter 3, this was
not unexpected. Upon magnification, it was possible to observe the formation of smaller
spheroidal aggregates that confirm the ability of 62 to aggregate through the hydrogen
interactions of the amide groups.

Subsequently, imaging of the 1:3 (L:M) self-assembly was performed on samples casted
from methanol and THF solutions, obtained upon addition of 3 equivalents of Tb-80 to
10 uM solutions of 62. Although not soluble in THF on its own, 62 completely solubilizes
once Th-80 is added. The images acquired from the samples casted from a methanol
solution show the formation of early aggregates of ca. 17 um in diameter, defined as
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micro-coil or micro-urchins (Figure 4.16, B), with a micro-crystalline structure visible
even on a micrometer scale (Figure 4.16, C). This new structure, different from the ones
observed before for the two single components, seems to indicate that the ternary complex
units interact in methanol and rearrange themselves into regular structures to a certain

extent, as evident from the formation of short-range microcrystalline domains.

[ b h ,ﬂ, - £ 8 . I 3
Figure 4.16 SEM images of 62-(Tb-80) 1:3 mixture (10 uM methanol solution). Scale bar (A) 10 um (B)
and (C) 2 um and (D) 500 nm.

-

The imaging of 62-(Tb-80) prepared in THF upon mixing (Figure 4.17), shows a system
that forms compact films in which smaller (300 - 800 nm), irregular aggregates, can be
seen. This seems to confirm what was seen during the spectroscopic studies, where an
important Kinetic effect could be observed in the titrations performed in THF.
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Figure 4.17 SEM images of 62-(Tb-80) 1:3 mixture (10 uM THF solution). Scale bar (A) 4 pm, (B) 2 pm,
(C) 1 um and (D) 300 nm.

At high magnification (Figure 4.17 C) it is possible to see that the larger clusters are
composed of smaller, irregular aggregates that form in the nanoscale range, with sections
of ca. 300/400 nm. This seems to indicate that upon simple mixing, the formation of the
complex in THF, confirmed by the luminescence, does not lead to ordered structures. The
presence of a much more polar component in the ternary system suggests that in this case,
the solvophobic interactions do not allow the complex to form a regular arrangement. At
the same time, the tripodal system was not able to form the network of hydrogen bonds
necessary for its self-assembly.

The solutions obtained upon simple mixing were then exposed to microwave
irradiation; which should allow the systems to rearrange and assemble under
thermodynamic control, possibly forming a 1:1 species in higher yield by passing any
energy barrier or Kinetic traps, reaching the most stable system, i.e., the one at the lowest
energy minimum. Once more, it was possible to observe different aggregates in the two
solvents. The mixture in methanol casted after the irradiation shows the formation of
larger aggregates that completely replace the urchin-like aggregates that were observed
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upon simple mixing. These aggregates, shown in Figure 4.18, seem to lack a

higher-degree order, with a more amorphous nature.

Figure 4.18 SEM images of 62-(Tb-80) 1:3 mixture (10 uM methanol solution) after 1 hour MW irradiation
at 100 °C. Scale bar (A) 10 um, (B) 2 um, (C) 600 nm and (D) 500 nm.

The microwave irradiation shows an even more interesting effect on the final aggregate
for the system in THF. In Figure 4.19 it is possible to observe the formation of a network

of fibrous aggregates.
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Figure 4.19 SEM images of 62-(Tb-80) 1:3 mixture (10 uM THF solution) after 1 hour MW irradiation at
100 °C. Scale bar (A) 4 um, (B) 2 um, (C) 1 um and (D) 600 nm.

The fibres show a relatively small cross-section diameter of ca. 290 nm and extend over
several pum. The fibres also display a “twist” along their main axis, a behaviour that has
been observed previously on aggregates formed from BTA-based systems.*’ 62 73 They
intertwine to form networks that extend over tens of pm, resulting in a much more
complex structures compared to the one obtained upon simple mixing and possibly
indicating the formation of 1:3 (L:M) complex in the higher yield. The irradiation can be
speculated to allow the complex to overcome energy barriers, allowing the system to
freely rearrange in THF in such a way that the hydrogen bonds network of the tripodal
BTA derivative could form the “backbone” of the aggregate, with the “moieties”

containing the Th-80 unit arranging themselves laterally.

4.4 Conclusions

This chapter focused on the formation and the study of a ternary complex by using one
of the tripodal BTA derivatives described in Chapter 2 and a Tb(lll) cyclen based
complex. The Th(Il) cyclen-based complex was obtained through a multi-step synthetic

approach that allowed us to obtain ligand 80 as a yellow solid which was characterized
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by *H NMR spectroscopy, mass spectrometry and elemental analysis. The ligand was
then used to form the Th(l11) complex Tb-80 upon reaction of 80 with Th(CF3zSO3)3 under
microwave irradiation in methanol solution. The complex was obtained as a white solid,
which was characterised with mass spectrometry techniques, 'H NMR and IR
spectroscopy. Th-80 shows a very small luminescence signal, which was found to be
enhanced by the addition of an antenna system. On addition of 0.3 equivalents of ligand
62, it was possible to observe a significant enhancement of the Th(lll)-centred emission
upon ligand excitation at 288 nm. Performing spectroscopic titrations of 62 with Tbh-80
it was possible to obtain consistent absorbance, fluorescence, and phosphorescence
spectra and observe the changes that Tbh-80 induced during interaction with 62 in two
different solvents, methanol and THF, respectively.

In methanol, the addition of Th-80 allowed observation of a hypochromic effect
in the absorbance spectrum of 62. At the same time, quenching is observed in the
luminesce spectra for the emission of the ligand 62 centred at 352 nm, while there is an
increase in intensity of the band centred at 545 nm. This relates to the emission of the
Th(I1l) ion and in particular to the (°Do—'F; J = 1) transition observed in
phosphorescence acquisition mode. These effects become more and more pronounced
upon every addition, until a plateau was reached at a total of 3 equivalents of Tb-80.
Fitting the data using the non-linear regression analysis software, ReactLab,**" allowed
us to obtain the binding constants for the 1:1, 1:2 and 1:3 species, with the relative values
suggesting the lack of cooperative effects.

The spectroscopic measurements were performed in THF despite the poor
solubility of 62 as a free ligand as Th-80 allowed the tripodal ligand to dissolve upon the
formation of the ternary species. The titrations in this system were therefore performed
by titrating a solution of Tb-80 in THF (10 uM) with 0.1, 0.2 and 0.3 equivalents of 62
from a stock solution prepared in methanol. In this case, the absorbance spectra showed
a hypsochromic effect for the two bands, centred at 296 and 371 nm, which shifted to 288
and 356 nm, respectively, upon reaching 0.3 equivalents of 62, i.e. a 1:3 ratio between 62
and Tb-80. This behaviour was correlated to the formation of a different species, the
ternary complex, that display a strong interaction. A particularly interesting behaviour
that was observed during the titrations conducted in THF was the recording of a strong
kinetic effect in the phosphorescence spectra, with the signal increasing over 40 minutes
after every addition, with a maximum of 60 minutes for the final addition.
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The morphology of these systems was also studied using SEM, obtaining images for the
1:3 species in methanol or THF, both before and after microwave irradiation, in order to
discriminate between assemblies formed under kinetic and thermodynamic conditions.
Imaging of Tb-80 deposited from both solvents, and 62 from methanol, was also
performed. The former did not show the formation of any supramolecular aggregate, with
the molecules arranging into rod-like structures, while the latter shows snowflake-like
structures.

In methanol, the 1:3 species displayed urchin-like aggregates formed under kinetic
control, that replace the seemingly more ordered “snowflake-like” ones. This could be
speculated to be a consequence of the fact that the presence of the Th-80 complex
removes the carboxylate moieties from the aggregation agents, leaving only the BTA core
as main drive for the aggregates. After microwave irradiation, the urchin-like structures
evolved into more complex and extensive ones, with an inferior microcrystalline
character, possibly due to a different rearrangement of the alkyl chains bound to the
gallate.

In THF, upon simple mixing, the ternary species displayed irregular aggregates, with the
network composed of smaller units lacking visible order. Upon irradiation, it was possible
to observe the formation of thin and long fibres capable of intertwining to form an
extended and complex network, which could potentially trap solvent efficiently. The
formation of such an ordered structure suggests that, due to the low affinity demonstrated
by 62 for THF, the overall aggregation can be influenced by a form of the solvophobic
effect which drives the process to a higher degree of order.

The work presented here will be expanded by studying the behaviour of the
fibrous network formed by the ternary complex in THF at different concentrations in
order to gain insight into the aggregation process and the dynamics that lead to these
fibres. At the same time, this ternary system could be studied in different solvent systems
using spectroscopic techniques to gain a wider understanding of the effect of solvent on
the aggregation. This would provide further clarification on the stoichiometry and the
binding mode within the assemblies formed. Finally, the use of different Ln(lIll) ions
capable of forming ternary complexes could be attempted to obtain information on the
effect on not only the overall spectroscopic properties of the system, but also potentially

on the aggregates.
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5.0 Introduction
The work described in this chapter will be a departure from the one described in the

previous ones. Herein, a series of aggregating systems will be presented; the various
supramolecular structures resulting from the self-assembly processes will be studied
morphologically using SEM imaging to highlight the differences arising from the
different forces driving the aggregation processes in different solvents. The systems
presented here are based on two different architectures. The first is the
1,8-Naphthalimide, shown in Figure 5.1, A, a well known aggregator, that has been

vastly studied in the Gunnlaugsson group over the years.
A) H B)
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Figure 5.1 Structures of the core architectures for the systems shown in this chapter, 1,8-naphthalimide (A)
and squaramide (B)

The naphthalimide derivatives presented in the studies presented here were synthesised
in collaboration with members of the Gunnlaugsson group. The second architecture is
based on the squaramide core, shown in Figure 5.1, B. Squaramide derivatives have
been attracting increasing attention in the last few years thanks to their combination of
structural rigidity, hydrogen bonding abilities, which are similar to those found in ureas
and thioureas, which are well known gelators, and electronic properties that make these
system increasingly interesting for formation of supramolecular structures.'® Both the
derivatives described in this work were synthesised in the EImes Group from Maynooth
University. As in the case of the naphthalimides, these squaramide derivatives were
investigated using SEM, similarly to the compounds presented in the previous chapters.
On both occasions, imaging samples were obtained by drop-casting their solutions (from
different solvents) on to Silicon wafers after they had been dried in air and under vacuum.
The discussion below, begins with the work carried out in collaboration with the Elmes

research group.

5.1 Squaramide derivatives
Squaramides are a family of conformationally rigid cyclobutene ring derivatives. This

small molecular scaffold is comprised of two carbonyl hydrogen-bond acceptors in close
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proximity to two NH hydrogen-bond donors rendering it extremely useful as a tool in
areas as diverse as catalysis, molecular recognition, bioconjugation, and self-assembly,
which is particularly interesting for the scope of this work,139-140

These scaffolds possess impressive bonding properties, which arise from a combination
of two factors. The delocalization of a nitrogen lone pair into the cyclo-butenedione ring
system confers the four-membered ring with aromatic character, and at the same time, the
presence of the carbonyl and amidic groups, respectively, acts as acceptors and donors of
hydrogen bonds. This combination makes these systems highly advantageous in self-
assembly processes, as well as molecular recognition ones, as the aromatic character
brings about an increased thermodynamic stability from which these processes benefit,
while the hydrogen bonding character enables these systems to self-associate in a ‘typical’
tape like manner often seen for their related urea systems.'*! These properties have
attracted a lot of attention towards the squaramidic architectures, especially considering
that they possess conformational rigidity and synthetic versatility, thereby lending
themselves as effective model-systems to deepen the insight of aggregation processes.

In this work, the tetrabutylammonium salts of two anionic squaramides derivatives, 85
and 86 shown in Figure 5.2, were studied. Both these systems were designed in order to
include an aromatic moiety, that would be able to act as a sensitising antenna, which
would absorb in the UV-Vis region, as well as possessing an electron withdrawing effect
(in position 4 for 85 and in positions 3 and 5 for 86). The system also has a
methylsulfonate group which will make these overall anionic structures more soluble in
competitive polar solvents. Such a design allowed these systems to overcome the low
solubility issues from which squaramides derivatives usually suffer. Indeed, 85 and 86
were found to be fully soluble in polar organic solvents such as DCM, MeCN and DMSO;
furthermore, they were found to be dissolvable in highly competitive solvents such as
MeOH, EtOH and H20.

W o j:[ R, 85 Ry =H; R, = NO,
O:&'JAH H 86 R1 = CF3; R2 =H

Figure 5.2 Chemical structures of the two squaramides presented in this work, 85 and 86.
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The presence of both hydrogen bond donor and acceptor groups on the squaramides was
found to induce the formation of two-dimensional hydrogen bonds that in turn lead to the
formation of centrosymmetric dimeric units by Ashton et al.*? and the same behaviour
was speculated to be operative for compounds 85 and 86. Immediate confirmation of this
was obtained by the Elmes group upon resolving the XRD structure of 85, which was
obtained by recrystallization from high concentration solutions of DMSO. Figure 5.3 A
shows the formation of the dimer between the anions of 85. Adjacent dimers further
interact, due to n-xt stacking interactions between the aromatic rings of the neighbouring
units (Figure 5.3 B). The structural analysis was carried out by Dr Chris Hawes at Keele
University UK.
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Figure 5.3 Crystal structure of the *NBuj, salt of 85 with heteroatom labelling scheme obtained using XRD.
Cations and selected hydrogen atoms are omitted for clarity. (B) Interaction of adjacent dimers of 85, with
the n-n stacking between conjugated units.

The solution behaviour of the two structures was studied by the Elmes group using *H-
NMR as sell as UV-Vis absorption spectroscopies. The NMR analysis showed that for
both the chemical shifts for the two amidic N-H protons would change as a function of
concentration. This would indicate a different chemical environment at different
concentration (show in Figure 5.4 for 85), which supports the hypothesis that both 85 and
86 were forming self-aggregates in solution.
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Figure 5.4 A) *H-NMR dilution studies (100 mM — 3mM) of 85 in performed in DMSO-ds (0.5 % D,0)
by the Elmes group. B) Plot of the changes in chemical shift of the four different protons against 85
concentration.
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With the view of probing this on the micro-scale, the two systems were studied using
SEM imaging to gain further understanding of the behaviours and morphology of these
aggregates in different solvent or solvent mixtures. The imaging was performed on
samples spotted on the wafers using 1 pM solutions (in different solvents), with the same
experimental methods used for the imaging detailed in the previous chapters, repeating
the measures 3 - 5 times to ensure reproducibility.

The images obtained from MeCN, shown in Figure 5.5, seem to indicate that both of
these squaramide derivatives tend to form compact films in which the presence of
aggregates networks can be seen (A, C). Furthermore, it is possible to observe the
presence of very regular micro domains with (B, D) which further confirm the ability of

these systems to form regular, microcrystal-like structures, possibly through the

formation of rigid dimeric unit discussed above.

- e > Vo > - =2 [ e ‘
i S S o I — =SS
Figure 5.5 SEM images obtained from solutions in MeCN of 85 (A, B) and 86 (C, D). The formation of
layers with microcrystalline domains can be observed. Scale bar 1 um (A, B), 3 um (C) and 600 nm (D).

Switching to a more competitive H-boning solvent such as EtOH (Figure 5.6), it is
possible to observe differences between the two squaramides. Here, 85 formed more
compact films, more amorphous in nature as can be seen in Figure 5.6 A and B. In

contrast to these results, 86 presented a much more microcrystalline nature, with
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micro-domains possessing regular feature visible at low magnification (Figure 5.6 C and
D).

A) B)

Figure 5.6 SEM images obtained from solutions in EtOH of 85 (A, B) and 86 (C, D). The formation of
fibrous layers can be observed for 85, while more crystalline domains are visible for 86. Scale bar 3 um
(A), 600 nm (B), 10 um (C) and 1 pm.

The systems were also investigated in highly competitive solvents, such as H.O and
DMSO:H>0 mixtures. In these solvents, it was possible to again observe the formation of
aggregates, with 85 forming aggregate particle systems, and 86 assumed more rod-like
conformations (Figure 5.7). While it is clear that the solvent has a major effect on the
morphological output, one can also speculate that in such highly polar and hydrogen
bonding solvents, the self-association seen above would very likely not exist to the same
extend due to competition from the local environment. Hence, it is possible that other
forces, such as hydrophobic and polar effect might have a major role in this case.
Nevertheless, the self-association cannot be excluded as such aggregation could take
place due to hydrophobic effect, and subsequently, formation of the dimers might occur
due to close packing, which further stabilises the aggregation formation. However, while
we were unable to confirm that hypothesis, it is clear that given the structure of 85 and
86, i.e. aromatic, hydrogen bonding donor/acceptor abilities and anion character, such

multiple supramolecular interactions are clearly operational.
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L —— —
500 nm 800 nm

Figure 5.7 SEM images obtained from solutions in 85 and 86 in H,O (A and> C respectively) and
H,O:DMSO 0.5:99.5 (B and D respectively). It is possible to observe the predominance of irregular
particles for 85 and rod-like structures for 86. Scale bar 800 nm (A, B, D) and 500 (C).

In summary, the spectroscopic in conjunction with the morphological imaging
investigations, collected through the various experiments outlined above, confirmed that
the two systems 85 and 86 are able to aggregate into complex and diverse structures as a
function of the solvent, and their appility to capitalise on their aromatic, hydrogen
bonding/acceptor abilities and anionic character in these solvents. Furthermore, the use
of different substituents (and patterns) strongly affects the properties of the hydrogen
bonding which in turn, results in different aggregated system, indicating its vital role in

directing the self-assembly processes.

5.2 1,8-Naphthalimide derivatives

The 1,8-naphthalimide fluorophore is a building block commonly employed in modern
supramolecular chemistry, and it has been extensively used in sensor design, and to
develop organic ligands for use in self-assembly, and in the construction of metal-organic
motifs.}*3144 The relative ease of functionalisation and advantageous photophysical

properties, for systems such as thio-, oxo- or amino-1,8-naphtlimide, that such framework
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possesses have found a wide range of diverse applications.'*>146 Functionalising the
“base” structure with different substituents, at the 3- and in particularly the 4-positions of
the ring, allows for facile modulation of the electron density of the system, making it
possible to induce changes to the electronic properties of the system and ultimately in the
spectroscopic and aggregation properties of these system. Recently the Gunnlaugsson
group in collaboration with the Scanlan research team at TCD, have explored such
self-assembly processes for glycosylated amino- and bromo-naphthalimide structures.'4’
The studies presented in this chapter are an extension of that work, and will focus in
particular on naphthalimides that have been functionalised both on the aromatic rings and
at the imide site; the latter possessing either a benzyl, or pyridine units. It is worth
mentioning, that other ongoing work in the group focuses on the incorporation of
polypyridine units in to the naphthalimide structure and the effect that has on their

material properties of such building blocks.

5.2.1 Morpholine functionalised Naphthalimides

The first naphthalimide derivative studied builds on work previously published by the
Gunnlaugsson group,*#® in which the use of several different N-picolyl functionalised 1,8-
naphthalimides were found to be capable of forming stimuli-responsive gels. When the
gelators were further functionalised in the 4™ position of the ring, using a piperidinyl
functionality, the resulting gels were found to be highly coloured; giving rise to typical
green ICT based emission in variety of solvents. However, despite this, it was not
possible to measure the photophysical effects of the gels in full. In this work, the
piperidinic group in the same position was replaced with a morpholinic one, with the N-
position functionalised with a benzyl or picolyl substituent. The synthesis, which yielded
derivatives 87 and 98, the chemical structures of which are shown in Figure 5.8, was
performed by June Lovitt a PhD student in the Gunnlaugsson group.
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Figure 5.8 Chemical structures of the two morpholinic-functionalised naphthalimides, 87 and 88 (A).
Crystal structure of 88 with adjacent units interconnected by H-bonding.
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Although the use of 4-morpholino-1,8-naphthalimides is not unknown, %1% the studies
involving such derivatives mainly focuses on their use as probes for sensing and
medicinal chemistry applications, especially for biological systems, while the
investigation in this work will focus on their coordination behaviour and the effect that
has on their material properties. The pyridyl derivative 87 was found to form colourless
needle-like crystals; upon resolution of the structure using XRD, performed again by Ms.
June Lovitt, it was possible to see that the unit undergoes n-x stacking in a face-to-face
fashion, with the morpholine ring extending the structure through hydrogen bonding with
several water molecules.

To study the ability of the ligand to interact with d-metal ions, 87 was dissolved in MeCN
solution, and MnCl, was added, upon which the system was observed to switch to a
green-coloured metallogel (Mn-87 metallogel), which was found to revert to solution
state upon additions of diluted solutions of HCI (0.1M, 10uL) or NaOH (0.1M, 10uL).
To gain an understanding on the aggregation process, the gel and the solutions were
investigated using SEM imaging. The results are shown in Figure 5.9. The Mn-87
metallogel (Figure 5.9, A and B) shows a morphology composed of irregular reticulate
networks, through which the system is able to trap solvent molecules to gelate. When the
gel is acidified or basified, as said, it reverts to solution state. Hence, these metallo-gels
are stimuli responsive soft-materials. From these solutions, it was possible to obtain
samples suitable for single-crystal XRD, where the structure was resolved and leading to
a very interesting result. The structure for crystals of 87 obtained from the broken
metallogels were found to be remarkably different from the ones obtained initially. The
molecules of 87, in fact, undergo n-n stacking to form a head-to-tail array between
adjacent sheets of ligand, rather than the head-to-head structure that was observed
initially; furthermore, no solvent, water or guest molecules were found in the structure,
preventing the extension of the structure through hydrogen bonding, as seen in the crystal
structure obtained initially.

It was speculated that the reason for this behaviour could be related to the presence of the
pyridinic nitrogen. To gain a better understanding of this phenomenon, the focus of the
study was moved toward the benzyl derivative, 88. It was possible to resolve the crystal
structure of the ligand by performing XRD measurements on crystals that were obtained

from ethyl acetate, and it was possible to observe from this structure that the extended
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packing was more similar to the one observed for 87, obtained above from the metallogel,

than to the one formed directly and discussed above.

Figure 5.9 SEM imaging of Mn-87 metallogel swelled in MeCN. Scale bar 2 umA) and 1 um (B).
Importantly, in this example, the n-n stacking between adjacent naphthalimide molecules
was, in this instance, in the form of head-to-tail arrays. Furthermore, the presence of the
pyridinic nitrogen was also found instrumental to the formation of supramolecular
interactions, as the use of different d-metals (Co(l1), Mn(I1) and Ni(ll)) chloride salts did
not lead to the formation of metallogels for 88. The system aggregation properties were
then studied in solution at three different pH values (4, 6 and 8) and spiked using different
acids (CHsCOOH, HNOs and HCI) as shown in Figure 5.10.

From the SEM imaging carried out on these samples, it was possible to observe that from
solutions spiked with acetic acid, 88 formed mostly amorphous structures containing
geometrically regular microdomains at pH 4 and 8 (Figure 5.10 A and C), while the
aggregates formed at pH 6 (Figure 5.10, B) seem to lack such domains. In the images of
solutions of 88 spiked with nitric acid, the ligand seem to aggregate into branched
structures at lower pH (Figure 5.10, D) that increase in density and lose definition when
the pK is higher (Figure 5.10, E and F). Importantly, an analogous trend was observed
for the solutions spiked with HCI (Figure 5.10, G - 1).

These results show the importance of the pyridinic nitrogen, as it was found that the two
ligands are able to form crystal structures in which the z-7 interaction between the
naphthalene rings is strongly affected by its presence, leading ultimately to opposite
modes of stacking; head-to-head vs head-to-tail. Furthermore, both systems were found
to have different levels of pH-responsiveness in their LMWG-behaviours, with 87
forming pH-responsive metallogels and 88 assuming different aggregation modes. These

results demonstrate that the substituted naphthalimide systems possess wide range of
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possibilities to self-associate and form supramolecular aggregates. This area of research

is now being actively perused within the Gunnlaugsson group.

Figure 5.10 SEM imaging of 88 solutions spiked with CH;COOH (A, B, C), HNOs (D, E, F) and HCI (G,
H,)atpH=4 (A, D, G), 6 (B, E,H)and 8 (C, F, I). Scale bar 4 um (A, H), 400 nm (B-E), 2 um (F) and
1 um (G).

5.2.2 Triphenylamino-functionalised Naphthalimides
As previously mentioned, the naphthalimides have been extensively used as fluorescent

probes in biological systems, thanks to their chemical and thermal stability together with
high fluorescence quantum yields.'"*>2 Such properties make naphthalimides excellent
tools for solution studies, but often fail to translate in the switching to solid state systems,
or for poor solvents, due to a phenomenon called aggregation-caused quenching
(ACQ).1% In the case of naphthalimides, the highly planar and conjugated aromatic
region undergoes n- stacking (as was discussed above) and the resulting systems are able
to relax from their excited states through non-radiative pathways, which become preferred
to the fluorescence in the aggregated state, causing the ACQ.

Many strategies have been attempted to overcome ACQ phenomena. Tang et al.*>*
were the first to observe an opposite phenomenon to ACQ when they reported the
photophysics of a propeller-shaped silole derivative containing five aromatic substituents.

For such a system, the aggregation would force a planarization of the molecule and
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activate the radiative emission for the system. This phenomenon was given the name
aggregation-induced emission (AIE). Chang et al.1> were the first to firstly report that
naphthalimides functionalised with aromatic substituents that were out-of-the plane with
the ring, could give rise to AIE properties that were directly correlated to the angular
shape that the substituent would cause to the molecule. This was considered a successful
model and many studies followed this method; these in turn, overcoming the ACQ
phenomena upon carefully designing the structure modifications, including the study that
will be presented here.

In particular, the derivative presented in this study, 89, was functionalised with two
triphenylamine substituents, as shown in Figure 5.11, that were chosen to introduce AIE
properties in the final compound. The synthesis and purification was achieved by Louisa
Sigurvinsson, a visiting master student in the Gunnlaugsson group, under the supervision
of Dr. Adam Henwood. The triphenylamine groups normally assume a propeller shape,
with the central nitrogen atom being on the same plane of the naphthalimide rings and the
individual aromatic rings twisting out of the plane in order to minimise steric repulsion.
In polar solvent systems, that structure favour solvation, the phenyl groups become
increasingly twisted, limiting the capacity of the nitrogens to donate electron density into
the imide accepting unit, which has an effect on the ICT character of the molecule. This
translates to red-shifted, low intensity (and sometimes fully quenched) emission. By
contrast, in apolar solvents, which are nevertheless capable of solvating this compound,
induce planarization in the phenyl groups that facilitates conjugation throughout the z-
system. This then extends over the entire molecule, blue-shifting the emission and
enhancing its intensity greatly. However, since aggregation can control the proximity of
neighbouring fluorophores, and thus their structural conformation, it is of interest to see
if competing aggregating effects might induce different photophysical behaviour contrary
to these established patters of solvatochromism.

Compound 89 was found to be fully soluble in chlorinated solvents, as well as THF and
DMSO; while it did not show good solubility in MeOH, EtOH and H:O. This is not
surprising given the presence of the two propeller units. Nevertheless, it was possible to

obtain a crystalline solid by vapour diffusion of hexane into a DCM solution.
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T

89

Figure 5.11 Chemical structure of naphthtalimide derivative 89. The planarization of the normally
propeller-shaped triphenyl amino groups enhances the emissive properties.

The crystal structure, obtained by XRD measurements solved by fellow Gunnlaugsson
Group member Deirdre McAdams, is shown in Figure 5.12. The structure confirms that
upon crystallization in compound 89 both the triphenylamino groups assume the
anticipated propeller-like conformation, with the two phenyl rings closest to the NI core
that are twisted from the plane of the naphthalene rings. The packing arrangement shows

that the molecules form head-to-tail arrays, in which n-7 interactions are formed along
the molecule axis, between neighbouring triphenylamino groups.
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Figure 5.12 Crystal structure of compound 89 obtained using XRD (A). Packing arrangement of 89 in the
crystal structure.

In order to study the aggregation properties further, two different experiments were
carried out. In both cases, 89 was dissolved in a favourable solvent, DCM and THF; and
then to these samples, was added to two anti-solvents (MeOH and H20) in different ratios.
The resulting solutions were then dropcasted on silicon wafers and the samples were
prepared for SEM imaging using analogous methods to those described previously in this
Thesis. It was foreseen that this would allow interpretation of the system morphologies
as the ratio of good solvent was changed to anti-solvent, which is understood to encourage
aggregation of 89. The results from these imaging experiments are shown in Figure 5.13.
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1pm

Figure 5.13 SEM imaging of 89 solutions in DCM (A), 50% MeOH in DCM (B), 0.5% DCM in MeO
(C), THF (D), 50% H,0 in THF (E), 0.5% THF in H,O (F). Scale bar 1 um (A), 4 um (A, H), 2 um (F), 1
pm (G) and 400 nm (B-E).

From the SEM imaging it was possible to observe that in the various solvent systems, 89
show markedly different behaviour; as had been anticipated, it was clearly highly solvent
dependent. The SEM images from the sample casted from a DCM solution (Figure 5.13,
A) show that the system formed a compact film, without showing the formation of a well
defined supramolecular aggregates. A remarkable difference was noticed when 89 was
cast from a 1:1 DCM:MeOH solution (Figure 5.13, B), as it was possible to observe the
formation of a structure with sharper features, although these were not well defined. The
starkest change was, however, observed with the sample spotted from 0.5% DCM in
MeOH (Figure 5.13, C), as it was quite clear that the large excess of anti-solvent gave
rise to the formation of very regular microcrystalline domains. On the other hand, it was
possible to observe the formation of irregular spheroidal aggregates from the sample of
89 when spotted from a THF solution, (Figure 5.13, D). These seem to coalesce into
more irregular aggregates than the sample spotted from the more polar 1:1 THF:H2O
solution (Figure 5.13, E). This aggregation becomes extremely evident by observing the
imaging of the sample spotted from a 0.5% THF in H2O solution (Figure 5.13, F), as in
this case, the excess of the very competitive anti-solvent leads to the formation a higher
density film lacking definition or peculiar shape.

These results indicate two different possible scenarios for the spectroscopic studies to
deepen the understanding of the AIE properties of these systems, as the relative ratios of

solvent and anti-solvent gave stark differences in the morphology, and presumably in the
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assembly, of the final supramolecular aggregate, which will translate to diverse emissive

properties. This investigation is currently underway in our laboratory.

5.3 Conclusions
A series of different types of aggregators were presented in this Chapter; two of these

were based on the squaramide, and three were based on the 1,8-naphthalimide building
motives. These systems have demonstrated that the aggregation processes in solutions
can be tuned in a variety of ways; and factors such as small substituent changes or solvent
are able to affect, or direct, the resultant assemblies in solution or in aggregated states.
For example, it was observed that switching from a “simple” benzyl substituent to a
pyridyl one allows pH tunable or depended aggregation formation to a LMWG; and that
the use of dopant additives impacts the aggregation modes. Although further studies will
be conducted, it was possible to obtain very valuable information on the ability of these
two very versatile building blocks to create novel aggregators, and gain a deeper
understanding of the processes that lead to the formation of their supramolecular
architectures. As indicated above, this work is currently on-going in the Elmes and

Gunnlaugsson research groups.
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6.0 General

All chemicals were purchased from Sigma-Aldrich Ireland Ltd., Acros Organics, TCI
Ltd., and Chematech, and were used without further purification, unless otherwise stated.
Dry solvents were prepared in accordance with standard procedures described by VVogel,
with distillation prior to each use. Thin-layer chromatography (TLC) was conducted using
Merck Kiesegel 60 F254 silica plates, and the separation was observed by UV light or
developed in an iodine chamber. Chromatographic columns were run on a Teldyne Isco
Combiflash Rf200 automatic machine using pre-packed silica columns. Melting Points
were determined using an Electrothermal 1A900 digital melting point apparatus.
Deuterated solvents for NMR analysis were purchased from Apollo Scientific. NMR
spectra were recorded using either a Bruker DPX-400 Avance spectrometer, operating at
400.13 MHz for 'H NMR and 100.60 MHz for *C NMR, or a Bruker AV-600
spectrometer, operating at 600.10 MHz for *H NMR and 150.90 MHz for 13C NMR. All
NMR spectra were measured at 293 K. Tetramethylsilane (TMS) was used as an internal
standard and chemical shifts were referenced relative to the internal non-deuterated
solvent signal, with chemical shifts being expressed in parts per million (ppm or ). For
'H NMR spectra, the number of protons, splitting pattern, coupling constant where
applicable, and proton assignment are also reported (in that order). Multiplicities are
abbreviated as follows; singlet (s), doublet (d), triplet (t), quartet (q), quintet (qu),
multiplet (m), and broad (br).

Electro spray mass spectra were recorded on Bruker microTOF-Q Ill spectrometer
connected to Dionex UltiMate 3000 LC detector using HPLC grade CH3CN or CH3OH
as carrier solvents. Accurate molecular weights were determined by a peak-matching
method, using Agilent Technologies ESI-1 low concentration tuning mix as the internal
lock mass. Maldi-Q-Tof mass spectra were carried out on a MALDI-Q-TOF-Premier
(Waters Corporation, Micromass MS technologies, Manchester, UK). High-resolution
mass spectrometry was performed using leucine enkephaline (H-Tyr-Gly-Gly-Phe-Leu-
OH) as the standard reference (m/z = 556.2771); all accurate mass were reported with in
+ 5 ppm of the expected mass.

Infrared spectra were recorded on a Perkin Elmer Spectrum One FT-IR spectrometer
fitted with a universal ATR sampling accessory. Elemental analysis were performed on
an Exter Analytical C3440 elemental analyser at the Microanalysis Laboratory, School
of Chemistry and Chemical Biology, University College Dublin.
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6.1 Ultraviolet-visible Spectroscopy

The UV-visible absorption spectra were recorded at room temperature using 1.0 cm path
length quartz cell in Varian Cary 50 spectrometer. The solvents utilised were of
spectrophotometric grade. The wavelength range was set from 200 to 400 nm with a scan
rate of 300 nm/min. The blank used was a sample of the solvent system in which the
titration was carried out, i.e. CH3OH. Before the start of the titration baseline correction
was used in all spectra. Stock solution of ligand with concentrations either 1x107 or 2x10-
3 M for the titration in CH3sOH were prepared and then diluted to desired concentration
before titration to ca. 1x10° or 3x10® M. The Eu(CF3S0Os3)s stock solution was prepared
in CH3OH (1x10° M) and diluted to 5x10* M for the titration. The titrations were

repeated 3-5 times in order to ensure the reproducibility of the results.

6.1.1 Fluorescence measurements
The fluorescence measurements were carried out on a Varian Cary Eclipse Fluorimeter

equipped with a 1.0 cm path length quartz cell at room temperature (293 K). The solvents
used were all of spectroscopic grade. Fluorescence data were collected between 320 to
700 nm. The concentration of the ligands and the complexes were the same as those used

for the UV-vis absorption measurements.

Table 6.1 Settings of the Varian Cary Eclipse Fluorimeter for ligand-centered emission measurements

Mode: Fluorescence Excitation: 278 nm Scans: 320 - 700 nm
Excitation Slit: 20 nm Emission Slit: 5 nm PMT Voltage: 750 V
Averaging time: 0.1 s Scan rate: 600 nm/min Data Interval: 0.5 nm

6.1.2 Eu(l11) centred emission measurements

The phosphorescence measurements were carried out on a Varian Cary Eclipse
Fluorimeter equipped with a 1.0 cm path length quartz cell at room temperature (293 K).
The solvents used were all of spectroscopic grade. The emission data were collected
between 320 to 700 nm. The concentration of the ligands and the complexes were the

same as those used for the UV-vis absorption measurements.

Table 6.2 Settings of the Varian Cary Eclipse Fluorimeter for Eu(l11)-centered emission measurements

Mode: Phosphorescence Excitation: 278 nm Scans: 575 - 720 nm
Excitation Slit: 20 nm Emission Slit: 5 nm PMT Voltage: 750 V
No. of flashes: 1 Gate Time: 5 ms Delay Time: 0.2 ms
Averaging time: 0.1 s Total decay time: 0.02s  Data Interval: 0.5 nm
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6.1.3 Lifetime measurements for Eu(l11) complexes
emission

The Eu(Il) centred lifetime emission measurements of Eu-57 in CH30H and CD30D
were conducted on a Varian Cary Eclipse Fluorimeter. The settings of the fluorimeter for
the lifetime measurements carried out in Chapter 3 are shown in Table 6.3.

Lifetime values of Eu(l11) (°Do) excited state were measured in solution in time-resolved
mode. For each system the lifetime values are averages of three independent
measurements relative to the emission decay at 617 nm, relative to the Do — 'F2

transition, enforcing a delay.

Table 6.3 Settings of the Varian Cary Eclipse Fluorimeter for measuring Eu(lIl) centred luminescence
decay

Indirect excitation: 278 nm Emission: 617 nm Delay: 0.01 ms
Excitation Slit: 20 nm Emission Slit: 10 nm Gate: 0.02 - 0.03 ms
No. of flashes: 1 Total decay: 600 nm/min  No. of Cycles: 50

6.2 Experimental Details for Chapter 2

Synthesis of Tris-Methylbenzoate-benzene-1,3,5-tricarboxamide (56)

N Compound 56 was synthesised using a method
0
reported by Zhang et al.”® A solution of 500 mg

o] 1,3,5-benzenetricarboxylic acid chloride (1.88

0
HN
HN‘@"/<O mmol, 1 eq), 1 g of methyl 4-aminobenzoate (6.59

o} / mmol, 3.5 equivalents), and K2CO3 911 mg (3.5 eq)

o) in 200 ml of acetone was stirred for 12 h at 80 °C.
The resulting solid was suction filtrated, then
washed with CH3OH water and then air-dried to

obtain a white solid in 87% vyield. The clean white solid is then collected. HRMS (m/z)

(ESI MS+) calculated for CazsH2sN3Og m/z = 610.182006 [M+H], found m/z =

610.180513. *H NMR (400 MHz, DMSO-ds) 6 10.90 (3H, s, N-H), 8.73 (9H, s, Ar-H),

8.00 (12H, dd, Ar-H, J = 8 Hz), 3.83 (9H, s, OCH3). 3C NMR (100 MHz, DMSO-dg) &

166.25, 165.26, 143.77, 135.62, 130,75, 130.68, 125.15, 120.17, 55.42; IR v mac (cm™):

3305.55, 2950.1, 1721.26, 1682.83, 1648.10, 1600.50, 1531.79, 1511.30, 1435.32,

1407.26, 1296.70, 1248.92, 1171.41, 1110.58, 851.67, 767.50, 694.99.
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Synthesis of Tris-Benzoic acid-benzene-1,3,5-tricarboxamide (37)°
o Compound 37 was obtained by basic hydrolysis of

Ho 56. One equivalent of 56 (200 mg, 0.33 mmol) was
< o o suspended in a 3:1 MeOH/THF mixture (40 ml
HN~©—/<OH total) to which an excess of 1 M NaOH (26 eq, 8.5

o mL) was added and the resulting solution was left

v 0 stirring for 6 hours at reflux (60 °C). The reaction
mixture was then left to cool to room temperature

HO ) and subsequently acidified with aqueous HCI (36%
v/v) till pH is about 1. The resulting suspension was filtrated under reduced pressure using
a Buchner funnel to obtain a white solid that was washed with water and then left to dry
in air. The resulting beige solid was collected with a yield of 90%. HRMS (m/z) (ESI
MS") calculated for C3oH20N309 m/z = 566.120503 [M-H], found m/z = 566.119247. 'H
NMR (400 MHz, DMSO-dg) 3: 12.78 (br, OH), 10.93 (3H, s, N-H), 8.77 (3H, s, Ar-H),
7.98 (12H, s, Ar-H). 13C NMR (100 MHz, DMSO-ds) 167.36, 165.18, 143.62, 135.37,
130.91, 130.68, 126.24, 120.03, 67.46. IR v max (cm™): 3049.76, 1668.94, 1593.98,

1526.30, 1404.22, 1315.99, 1237.24, 1173.35, 1113.26, 852.34, 766.00, 713.50.

6.2.1 General procedure for the synthesis of
compounds 57 - 60

One equivalent of 37 (250 mg, 0.44 mmol) was dissolved in anhydrous DMF. The system
was cooled down to 0 °C (using an ice bath) and 4 equivalents (1.76 mmol) of the relevant
amino acid ester (‘But for 58, 59 and 60, Et for 57, all as HCI salts) as well as 10
equivalents of HOBt (666 mg, 4.41 mmol), HBTU (1.671 g, 4.41 mmol), and DIPEA
(770 pL, 4.41 mmol), were added. The bath was subsequently removed and the flask left
to react at RT under Ar atmosphere. The reaction was stopped and quenched after 36
hours pouring the reaction mixture into a water/ice mixture, leading to the formation of a
precipitate, which was collected by suction filtration. The resulting solid was redissolved
in fresh DCM (50 mL) and washed with a sat. NaHCO3 solution (10 mL) three times,
then with H>O (10 mL) once and finally with brine (sat. NaCl solution, 10 ml) three times.
The layers were then dried on MgSO4 and the solvent removed under reduced pressure.

The resulting oil was then redissolved once again in the minimum amount of DCM and
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then added to EtO (200 mL) to obtain white solids, which were filtrated and dried in air

and in vacuo.
Tris-(Glycine-EthylEster Benzoic amide)-benzene-1,3,5-tricarboxamide (57)

0 Compound 57 was obtained following
o
i J@)kﬁﬁof ™ procedure described in section 6.2.1 using
(0] HN
o

C)(\EA”)K@N glycine ethyl ester. Compound 37 (250 mg,
H)K?/g 0.441 mmol, 1 eq) was dissolved in

anhydrous DMF (15 ml) and then reacted

with Glycine Ethyl ester (250 mg, 0.21 mmol,

o 4 eq), HOBt (595 mg, 4.41 mmol, 10.0 eq),

° HBTU (1.671 g, 4.41 mmol, 10 eq) and

DIPEA (770 pL, 4.41 mmol, 10 eq).

Following the workup described above, compound 57 was obtained as a fine white solid
(278 mg, 0.167 mmol) in 38 % vyield. 'H NMR (600 MHz, DMSO-ds) 6: 10.82 (3H, s,
N-H), 8.75 (3H, s, Ar-H), 8.88 (3H, b, N-H), 7.93 (12H, s Ar-H), 4.12 (2H, dd, J = 4.13
Hz, CHy), 4.00 (6H, d, J = 4 Hz, CHy), 1.21 (9H, t, J = 1.22 Hz, C-H3); ¥C NMR (151
MHz, DMSO) 4 170.46, 170.46, 166.54, 166.54, 165.20, 165.20, 142.25, 142.25, 128.63,

128.63, 120.09, 120.09, 60.92, 60.92, 41.79, 41.79, 40.52, 40.40, 40.26, 40.12, 39.99,
39.85, 39.71, 39.57, 14.59, 14.59.

Tris-(L-Alanine-tButEster Benzoic amide)-benzene-1,3,5-tricarboxamide (59)

Compound 59 was obtained following
Oj[O procedure described in section 6.2.1. Starting
NH material 37 (250 mg, 0.441 mmol, 1 eq) was

O)\©\ i J\fo dissolved in anhydrous DMF (15 ml) and then
o g i N@ i o+ reacted with L-Alanine '‘But ester (640 mg,
;\?)LH 1.76 mmol, 4 eq), HOBt (453 mg, 4.41 mmol,

HN™ "0 10.0 eq), HBTU (1.672 g, 4.41 mmol, 10 eq)

and DIPEA (770 pL, 4.41 mmol, 10 eq).
i S0 Following workup, the desired product was
#OYK obtained as a white solid (334 mg, 0.1762

O
mmoles) in 40 % yield. m.p. Decomp > 197
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°C; 'H NMR (400 MHz, DMSO-ds) & 10.81 (3H, s, N-H), 8.76 (3H, s, Ar-H), 8.58 (3H,
d, N-H), 7.94 (12H, s Ar-H), 4.35 (3H, g, CH), 1.41 (27H, s, C-H3), 1.38 (9H, d, C-H3).
13C NMR (100 MHz, DMSO-d6) § 172.47, 166.14, 165.11, 142.09, 135.70, 130.57,
129.60, 128.73, 119.93, 80.73, 49.36, 28.13, 17.27. IR v max (cm'%): 3305.21, 2980.77,
1731.50, 1637.99, 1600.43, 1499.05, 1313.62, 1249.80, 1153.15, 846.11, 764.95

Synthesis of  Tris-(L-Phenylalanine-tButEsterBenzoic amide)-benzene-1,3,5-
tricarboxamide (60)

#/ Compound 60 was obtained following
@:H procedure described in section 6.2.1. Starting
O;\@ o J:f@ material 37 (250 mg, 0.441 mmol, 1 eq) was

NH o @H i ©  dissolved in anhydrous DMF (15 ml) and then

OA?}H #/ reacted with L-Phenylalanine 'But ester (582

a0 mg, 1.76 mmol, 4 eq), HOBt (453 mg, 4.41

mmol, 10.0 eq), HBTU (1.672 g, 4.41 mmol,

N 10 eq) and DIPEA (770 pL, 4.41 mmol, 10

\F’j% eq). Following workup, the desired product

was obtained as a white solid (mg, 41.3 %

yield). m.p. Decomp > 221 °C; HRMS (m/z) (ESI MS+) calculated for CeoH72NeNaO12

m/z = 1199.510042 [M+Na], found m/z = 1199.511027; *H NMR (400 MHz, DMSO-d6)

5 10.80 (3H, s, N-H), 8.74 (3H, s, Ar-H), 8.64 (3H, d, J = N-H), 7.90 (12H, q, Ar-H),

7.30 (12H, q, Ar-H), 7.20 (3H, t, Ar-H), 4.57 (3H, q, CH), 3.11 (6H, m, CH>), 1.36 (27H,

s, CH3). IR v max (cm™): 3290.22, 2972.13, 2926.14, 2161.94, 1997.91, 1725.19,

1650.77, 1599.96, 1525.54, 1497.99, 1455.41, 1404.25, 1366.32, 1313.01, 1251.35,
1150.23, 839.61, 698.12.

6.2.2 General procedure for the synthesis of
compounds 62 - 63

One equivalent of the respective precursor (59 - 60) was dissolved in anhydrous DCM,
cooled at 0 °C and the solution was added an excess of trifluoroacetic acid. The mixture
was left at RT to react overnight. The reaction was then stopped, the DCM was removed
under reduced pressure and the TFA solution was added to an ice/water mixture to form
a white precipitate that was recovered by suction filtration and washed with water, and

dried in air and in vacuo.
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Synthesis of Tris-(L-Alanine)-benzene-1,3,5-tricarboxamide (62)
ON%(OH Compound 62 was obtained following the
"o procedure 6.2.2. Compound 59 (200 mg 0.211
© mmol, 1 eq) were dissolved in 20 ml of

(@]
O%H)K@ o HN
OH N)‘\?/g
H
anhydrous DCM and reacted with 3 ml of TFA

HN o
(excess). After removal of DCM and

precipitation in water, the compound was
O;)N\ ° retrieved as a white powder (150 mg, 0.190
on mmol) in 91.3 % yield. m.p. Decomp > 204
°C; HRMS (m/z) (ESI MS-) calculated for C3gHz4NsO12 m/z = 389.112284 [M-2H], found
m/z = 389.113096; *H NMR (400 MHz, DMSO-ds) 6 10.77 (3H, s, N-H), 8.72 (3H, s,
Ar-H), 8.55 (3H, d, N-H), 7.90 (12H, s, Ar-H), 4.38 (3H, g, C-H), 1.3 (9H, d, C-H3). 13C
NMR (100 MHz, DMSO-ds) 6: 174.73, 166.00, 165.12, 142.07, 135.72, 130.55, 129.60,
128.74, 119.92, 49.04, 17.39. IR v max (cm™): 3318.74, 2990.75, 1720.34, 1637.12,
1604.58, 1521.02, 1498.75, 1453.89, 1403.20, 1311.76, 1250.80, 1187.78, 846.33,

764.82.

Synthesis of Tris-(L-Phenylalanine)-benzene-1,3,5-tricarboxamide (63)

©\Oj:: Compound 63 was obtained following the
OA\Q o procedure 6.2.2. Compound 60 (200 mg

N O @A” OHO 0.170 mmol, 1 eq) were dissolved in 20 ml of

° H anhydrous DCM and reacted with 3 ml of

HN" 0 TFA (excess). After removal of DCM and

precipitation in water, the compound was
retrieved as a powder (149.7 mg, 0.150
mmol) in 88% yield. m.p. 'H NMR (400
MHz, DMSO-ds) 6 10.79 (3H, s, NH), 8.74
(3H, s, Ar-H), 8.61 (3H, d, NH), 7.88 (12H, q, Ar-H), 7.30 (12H, q, Ar-H), 7.18 (3H, t,
Ar-H), 4.62 (3H, q, CH), 3.14 (6H, m, CH2).
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Synthesis of N-[2,2°;6,2”]terpyridin-4’-yl-propane-1,3-diamine (64)*°

i N SN Compound 64 was obtained following the method
established by Chichak et al.}*®, by reacting 400 mg (1.49
mmol, 1 eq) of 4”-chloro-[2,2’;6,2”]terpyridine in 4 ml

| (excess) 1,3-diamino propane. The initial suspension

N\ heated at 130 °C under reflux for 18 hours. After cooling
to RT, the reaction mixture was added to ice-cold H20, forming a white precipitate that
was filtrated under reduced pressure, redissolved in DCM and washed with H2O. Organic
phase was dried on MgSOs filtered and the solvent removed under reduced pressure to
obtain a white solid (360 mg, 80% yield). m.p. 147 - 149 °C; HRMS (m/z) (ES MS+)
calculated for C1gH19Ns m/z = 306.3734 [M+H], found m/z = 305.3728; *H NMR (400
MHz, DMSO-ds) 8: 8.68 (2H, d, Ar-H), 8.62 (2H, d, Ar-H), 7.84 (2H, t, Ar-H), 7.68 (2H,
s, Ar-H), 7.31 (2H, t, Ar-H), 4.09 (1H, t, N-H), 3.47 (2H, m, NHC-H2), 2.68 (2H, t, C-
H2), 1.68 (2H, m, C-H2). 1*C NMR (400 MHz, DMSO-ds) 8: 156.46, 156.08, 149.36,
137.44, 124.25, 121.03, 32.81; IR v max (cm™): 3286.55, 2976.95, 2545.51, 1606.17,
1582.69, 1564.30, 1496.97, 1463.59, 1403.05, 1317.33, 1228.50, 1109.11, 1089.03,
1045.46, 988.31, 790.28, 622.23

6.2.3 General procedure for the synthesis of
compounds 54 - 55

One equivalent of the respective precursor was dissolved in anhydrous DMF in a 20 ml
microwave vial, which was cooled down to 0 °C (using an ice bath). 3 equivalents of
Oxyma Pure, DCC and DIPEA were added initially, then followed by 3 equivalents of
64. The vial was then sealed and the reaction was performed under microwave irradiation
at 80 °C for 8 hours. The flask content was filtrated to remove crystals of DCU and poured
in a mixture of water and ice, leading to the formation of a precipitate, which was then
suction filtered. The remaining DCC traces were removed by redissolving the compounds
in DMF, lowering the temperature below 0 °C and filtrating the residue, then proceeding
to column chromatography using neutral silica as stationary phase and 90 % CHCIs/EtOH

as mobile phase to yield the pure product.
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Synthesis of N1,N3,N5-Tris-(L,L,L)-1-(3-(2,6-di(pyridine-2-yl)pyridine-4-ylamino)-
alanine)-benzene-1,3,5-tricarboxamide (54)

Compound 57 was obtained following the
procedure described in section 6.2.3. 62 (200
mg, 0.256 mmol, 1 eq) were reacted with 64
(235 mg, 0.768 mmol, 3 eq), Oxyma Pure
(110 mg, 0.768 mmol, 3 eq), DCC (160 mg,
0.768 mmol, 3 eq) and DIPEA (0.140 ml,
0.768 mmol, 3 eq) in 15ml of anhydrous
DMF. After column chromatography, the

desired compound was obtained as a yellow

solid by precipitation from Et2O (x ml) and
dried in vacuum (98 mg, 23.3 % yield). m.p. 195 - 199 °C; HRMS (m/z) (MALDI")
calculated for CozHgsN2109 m/z = 1642.7074 [M+H], found (traces) m/z = 1642.7141. *H
NMR (600 MHz, DMSO-ds) 6 11.13 (3H, s, NH), 9.18 (3H, s, NH), 8.90 (6H, d, Ar-H),
8.87 (3H, s, Ar-H), 8.73 (3H, d, NH), 8.53 (3H, d, NH), 8.19 (12H, d, Ar-H), 7.98 (12H,
g, Ar-H), 7.77 (6H, s, Ar-H), 7.73 (6H, d, Ar-H), 4.45 (3H, quint, CH), 3.27 (12H, m,
CHy), 1.85 (6H, quint, CH), 1.38 (9H, d, CHa3). 3C NMR (600 MHz, DMSO-dg) &
173.26, 166.16, 165.01, 159.99, 150.19, 149.99, 146.76, 146.70, 142.31, 142.27, 135.32,
129.56, 128.74, 127.47, 127.24, 119.75, 49.89, 40.95, 36.62, 28.65, 18.44; IR v max
(cm™): 3422.96, 3323.33, 3041.33, 2950.13, 2863.54, 2494.94, 2163.11, 2017.51,
1972.30, 1665.09, 1639.82, 1604.33, 1582.47, 1563.73, 1521.71, 1466.06, 1341.42,
985.94, 862.72, 790.31, 685.86, 621.95. Elemental Analysis: Calculated for
Ca3Hs7N2109-9H,0 = C, 61.89; H, 5.86; N, 16.30. Found: C, 61.45, H, 4.79, N, 17.91
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Synthesis of N1,N3,N5-Tris-(L,L,L)-1-(3-(2,6-di(pyridine-2-yl)pyridine-4-ylamino)-
phenylalanine)-benzene-1,3,5-tricarboxamide (55)
Compound 55 was obtained following the

procedure described in section 6.2.3. 200 mg
of 63 were reacted with 235 mg of 64 (0.768
mmol, 3 eq), 110 mg of Oxyma Pure (0. 768
mmol, 3 eq), 160 mg of DCC (0. 768 mmol, 3
eq) and 0.140 ml of DIPEA (0. 768 mmol, 3
eq) in 15ml of anhydrous DMF. After column
chromatography the compound was obtained
as a yellow solid by precipitation from Et,O
and dried in vacuo (98 mg, 23.3 % yield).
m.p. Decomposed > 230 °C. HRMS (m/z)
(MALDI) calculated for CgsHs7N2:10Og m/z = 1870.8013 [M—H], found (traces) m/z =
1870.8046. 'H NMR (600 MHz, DMSO-ds) 4 11.09 (3H, s, NH), 9.16 (3H, s, NH), 8.91
(6H, d, Ar-H), 8.86 (3H, s, Ar-H), 8.64 (3H, d, NH), 8.32 (3H, d, NH), 8.18 (6H, d, Ar-
H), 7.99 (6H, d, Ar-H), 7.86 (6H, d, Ar-H), 7.78 (6H, s, Ar-H), 7.74 (6H, t, Ar-H), 7.35
(6H, d, Ar-H), 7.26 (6H, t, Ar-H), 7.16 (6H, t, Ar-H), 4.68 (3H, g, CH), 3.58 (6H, t, CH>),
3.30 (6H, t, CHy), 3.09 (6H, m, CH>), 1.88 (6H, d, CH3). **C NMR (600 MHz, DMSO-
ds) & 172.0 (C=0), 166.3 (C=0), 165.0 (C=0), 160.2 (Ar-C-NH), 154.0 (Ar-C-Ar), 150.5
(Ar-C-N-Ar), 144.0 (Ar-C-C=0), 142.4 (N-C-Ar), 139.3 (Ar-C), 139.1(CH2-C-Ar),
130.8 (Ar-C), 129.6 (Ar-C), 129.2 (Ar-C-C=0), 128.6 (Ar-C), 127.4 (Ar-C), 126.8 (Ar-
C), 123.0 (Ar-C), 121.0 (Ar-C)119.8 (Ar-C), 107.1 (Ar-C), 102.0 (Ar-C), 55.8 (CH), 41.0
(CH2-NH-tpy), 37.8 (CH2-Ar), 36.7 (NH-CH?>), 28.4 (CH2-CH>-CHy).

Synthesis of Eu(l11) complex (Eu-54)

Complex Eu-54 was prepared following the procedure established within the
Gunnlausson group. 30 mg (0.0183 mmol, 1 eq) of 54 were reacted with 11 mg of
Eu(CF3SOs3)3 (1 eq) in 8 ml of CH3OH at 70 °C under microwave irradiation for 60
minutes. The reaction mixture was subsequently cooled to room temperature and
concentrated to about 2 ml and the complex was precipitated by ether diffusion. The

resulting white solid was collected by decanting the liquid and dried in vacuo.
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6.2.4 General procedure for the synthesis of
compounds 65 - 68

One equivalent of 4-nitrobenzoyl chloride was dissolved in anhydrous CHCIs. The system
was cooled down to 0 °C (using an ice bath) and 1.1 equivalents of the relevant amino
acid ester (Me for 65 and 66, ‘But for 67 and 68, all as HCI salts) as well as 1.1 equivalents
of NEts, were added after which the bath was removed and the flask left to react at RT
under Ar atmosphere. The reaction was stopped and quenched after 36 hours. The solvent
was removed under reduced pressure and the resulting solids were dried further in vacuo.
Solids where subsequently redissolved in the minimum amount of CHsOH and then added

to Et,O to obtain white solids, which were filtrated and dried in air and in vacuo.

Synthesis of Methyl (4-Nitrobenzoyl)glycinate (65)'°¢
o} Compound 65 was obtained following the procedure described in section

0~ 6.2.4. 200 mg of 4-nitrobenzoyl chloride (1.08 mmol, 1 eq) were reacted

with 149 mg of methyl glycinate (1.1 eq) and 350 pl of NEts (2.5 eq) in

200 ml of anhydrous CHCI3z. The reaction succeded yielding a white

solid (218 mg, 84.7% yield). m.p. 151-154 °C; H NMR (400 MHz,

NO; DMSO-ds) 6 9.31 (1H bs, NH), 8.22 (4H, dd, J = 8.22 Hz, Ar-H), 4.06
(2H, d, J = 4.06 Hz, N-CH?2), 3.67 (3H, s, OCHa).

Synthesis of Methyl (4-Nitrobenzoyl)-L-alaninate (66)%’
o Compound 66 was obtained following the procedure described in section

\HJ\O/ 6.2.4. 200 mg of 4-nitrobenzoyl chloride (1.08 mmol, 1 eq) were reacted

with 166 mg of methyl L-alaninate (HCI salt) (1.1 eq) and 350 pl of NEt3

(2.5 eq) in 200 ml of anhydrous CHCl3. The reaction succeded yielding

a white solid (234 mg, 91.2% vyield). m.p. (127-129 °C); HRMS (ESI

NO2 MS") (m/z): calculated for C1oHoN20s (M -H) m/z = 237.051695, found

237.051636 'H NMR (400 MHz, DMSO-ds) 6 9.16 (1H, d, NH), 8.22 (4H, dd, Ar-H),

4,51 (1H, quint, N-CHy), 3.66 (3H, s, OCHs3), 1.42 (3H, d, CH-CH3); *C NMR (100
MHz, DMSO-ds) 6 173.24, 129.38, 123.99, 52.43, 48.91, 17.06.
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Synthesis of tert-butyl (4-Nitrobenzoyl)-L-alaninate (67)

K

NO,

Compound 67 was obtained following the procedure described in
section 6.2.4. 200 mg of 4-nitrobenzoyl chloride (1.08 mmol, 1 eq)
were reacted with 215 mg of tert-butyl L-alaninate (1.1 eq) and 350 pl
of NEtz (2.5 eq) in 200 ml of anhydrous CHCIs. The reaction succeded
yielding a white solid (230 mg, 72.3 % yield). m.p. 134-138 °C;
IH NMR (400 MHz, DMSO-ds)  9.03 (1H, d, NH), 8.22 (4H, dd, Ar-

H), 4.36 (1H, quint, N-CH2), 1.41 (9H, s, C(CHs)s), 1.39 (3H, d, CH-CHs); 13C NMR
(100 MHz, DMSO-ds) 171.98, 165.15, 149.56, 139.98, 129.35, 123.96, 80.97, 49.63,

28.08, 17.08.

Synthesis of tert-butyl (4-Nitrobenzoyl)-L-phenylalaninate (68)

Uk

Os_NH

NO,

Compound 68 was obtained following the procedure described in
section 6.2.4. 200 mg of 4-nitrobenzoyl chloride (1.08 mmol, 1 eq)
were reacted with 392 mg of tert-butyl L-alaninate (1.1 eq) and 350 pl
of NEts (2.5 eq) in 200 ml of anhydrous CHCls. The reaction succeded
yielding a white solid (278 mg, 69.4% vyield). m.p. 148-151 °C;
'H NMR (400 MHz, DMSO-ds) 6 9.08 (1H, d, NH), 8.14 (4H, dd, Ar-
H), 7.22 (5H, m, Ar-H), 4.56 (1H, dd, N-CH), 3.10 (2H, dg, C-CH>),

1.34 (9H, s, C(CHs)s): 3C NMR (100 MHz, DMSO-ds)s 170.89, 165.30, 149.57, 139.88,
138.00, 129.54, 129.27, 128.65, 126.92, 124.00, 81.31, 55.46, 46.02, 36.82, 28.01.
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Synthesis of Methyl (4-Nitrobenzoyl) glycine (69)'°8
0 Compound 69 was obtained by basic hydrolysis of 65. 50 mg of 65

OH (0.21 mmol, 1 eq) were dissolved in CH30H 1 ml acqueous 1 M NaOH

Ox NH (5 eq) and stirred at room temperature for 8 hours. The solution was

quenched adding TFA dropwise, to induce the precipitation of off-white

solid, that was retrieved by suction filtration (36 mg, 76.2% yield). m.p.

NO, 128-131 °C; *H NMR (400 MHz, DMSO-dg) § 9.20 (1H, d, NH), 8.22
(4H, dd, Ar-H), 3.96 (2H, d, CH>).

6.2.5 General procedure for the synthesis of
compounds 70 - 71
One equivalent of the respective precursor (67 and 68) was dissolved in anhydrous DCM,
cooled at 0 °C and the solution was added an excess of TFA with a CaCl; drying tube.
The mixture was left at RT to react overnight. The reaction was then stopped, the DCM
was removed under reduced pressure and the TFA solution was slightly diluted in CH:0H
added to an ice/water mixture to form a white precipitate that was recovered by suction
filtration and washed with water, and dried in air and in vacuo.
Synthesis of (4-Nitrobenzoyl)-L-alanine (70)%8
0 Compound 70 was obtained following the procedure described in section
OH 6.2.5. 200 mg of 68 (0.68 mmol, 1 eq) were reacted with 1 ml of TFA
(excess) in 50 ml DCM solution. The reaction succeded giving a white
solid (145 mg, 89.6% vyield). m.p. 168-170 °C; HRMS (m/z) (ESI MS)
calculated for C1oH9N205 m/z = 237.051705 [M -H], found m/z =
NO> 237.051695; *H NMR (400 MHz, DMSO-ds) 6 12.64 (1H, bs, COOH),
9.03 (1H, d, NH), 8.22 (4H, dd, Ar-H), 4.44 (1H, quint, N-CH), 1.41 (3H, d, C-CHj3);
13C NMR (100 MHz, DMSO-ds) & 174.28, 164.99, 149.55, 139.97, 129.37, 123.95,
48.83, 17.21.

Os_NH
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Synthesis of (4-Nitrobenzoyl)-L-phenylalanine (71)*%8
Compound 73 was obtained following the procedure described in section

0 6.2.5. 200 mg of 69 (0.54 mmol, 1 eq) were reacted with 1 ml of TFA

on (excess) in DCM solution. The reaction succeded giving a white solid

Oy, -NH (87.9 % yield). m.p. 167-171 °C; *H NMR (6 12.82 (1H, bs,

COOH), 9.09 (1H, d, NH), 8.16 (4H, dd, Ar-H), 7.21 (5H, m, Ar-H), 4.65

(1H, dg, N-CH), 3.14 (2H, dg, C-CH>); 3C NMR (100 MHz, DMSO-ds)

NO, & 173.23, 165.19, 149.55, 139.89, 138.38, 129.46, 129.23, 128.66,
126.86, 123.99, 54.80. 36.66.

6.2.6 General procedure for the synthesis of
compounds 73 - 74

One equivalent of the respective precursor was dissolved in anhydrous DMF in a 20 ml
microwave vial, which was cooled down to 0 °C (using an ice bath). 1 equivalent of
Oxyma Pure, DCC and DIPEA were added initially, then followed by 1 equivalent of 64.
The vial was then sealed and the reaction was performed under microwave irradiation at
80 °C for 8 hours. The flask content was filtrated to remove crystals of DCU and poured
in a mixture of water and ice, leading to the formation of a precipitate, which was then
suction filtered. The solid was dissolved in CH3OH and then added to Et2O to obtain an
orange (73) or yellow (74) solid which was dried in air and in vacuo.

Synthesis  of  (S)-N-(1-((3-([2,2':6',2"-terpyridin]-4'-ylamino)propyl)amino)-1-
oxopropan-2-yl)-4-nitrobenzamide (73)
o} Compound 73 was obtained following the

O)Lﬁ/kfo H ~ | procedure described in section 6.2.6. 100 mg
HN N x
OaN T Y N7 0f 70 (0.42 mmol, 1 eq) were reacted with 128

_N
mg of 64, 60 mg of OxymaPure, 87 mg of

Z

“ |N DCC. An orange solid was obtained (83 mg,

37.8 % yield). m.p. Decomp. 175-180 °C; HMRS: (m/z) (ESI MS") calculated for
CasH27N7NaO4 = 548.201673 (M+Na), found (m/z) 548.202102; 'H NMR (400 MHz,
DMSO-dg) & 8.87 (1H, d, NH), 8.65 (2H, d, Ar-H), 8.32 (4H, dd, Ar-H), 8.26 (2H, d,
N-Ar-H), 7.95 (2H, d, Ar-H), 7.66 (2H, s, C-CH-C), 7.44 (2H, dd, Ar-H), 6.84 (1H, bd,
NH), 4.46 (1H, quint, N-CH), 3.24 (4H, m, CH,- CH,.CH?>), 1.78 (2H, dt, CH,- CH..CH>),
1.36 (3H, d, CH3). 3C NMR (100 MHz, DMSO-ds) & 172.49, 164.93, 149.40, 140.19,
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137.54, 129.49, 124.42, 123.73, 121.11, 49.83, 36.93, 28.92, 18.33, 16.13, 14.36. IR v
max (cm™): 3326.25, 2975.96, 2930.74, 2848.72, 1730.16, 1640.84, 1599.37, 1523.67,
1339.52, 1222.35, 864.48, 842.14, 723.24, 699.17, 638.85.

Synthesis of (S)-N-(1-((3-([2,2":6",2""-terpyridin]-4'-ylamino)propyl)amino)-1-oxo-3-
phenylpropan-2-yl)-4-nitrobenzamide (74)

Compound 74 was obtained following the
0 LEJ procedure described in section 6.2.6. 100 mg
0

/©)km H Z | of 73 (0.32 mmol, 1 eq) were reacted with 97
HN N N
ON NTNINTNYTNT mg of 64, 45 mg of OxymaPure, 66 mg of

_N
DCC. A yellow solid was obtained (68 mg,
i |N 35.4 % vyield). m.p. Decomp. > 173 °C;

IH NMR (400 MHz, DMSO-ds) & 8.96 (1H, d, NH), 8.63 (2H, d, Ar-H), 8.37 (4H, dd,
Ar-H), 7.99 (2H, d, N-Ar-H), 7.93 (2H, dd, Ar-H), 7.65 (2H, s, C-CH-C), 7.41 (2H, dd,
Ar-H), 7.22 (5H, m, Phe-H), 6.82 (1H, bd, NH), 4.67 (1H, m, N-CH), 3.18 (4H, m,z CHa-
CH,-CHy), 3.06 (2H, m, CH-CH,-Ar), 1.75 (2H, dt, CHz- CH».CHy), 1.36 (3H, d, CHa).

Synthesis  of  (S)-N-(1-((3-([2,2':6',2"-terpyridin]-4'-ylamino)propyl)amino)-1-
oxopropan-2-yl)-4-aminobenzamide (75)
o} Compound 75 was synthesised using a Parr

O)k N HN\O/\/H \/ | Hydrogenation Shaker apparatus. 50 mg of 73
HN | /\N N (0.095 mmol, 1 eq) were in MeOH and
transferred to the apparatus flask, together

i ) with palladium on carbon catalyst (10 mg,

20% wi/w) and it was exposed to 3 atm of gaseous H> for 24 hours while shaking. The
reaction was quenched, the flask vented and the suspension filtrered on celite. The solvent
was removed under reduced pressure and the resulting solid was redissolved in EtOAc.
The resulting solution was washed with solution of ethylenediaminetetracetic acid
disodium salt (Na2H2EDTA) in ammonium buffer (20 ml, three times), H20 (20 ml, once)
and a sat. solution of NaCl (20 ml, three times). The organic layers were collected, dried
over NaxSO4 and the solvent was removed to give a yellow solid (18 mg, 38.2 %). m.p.
Decomp. 147 °C. HMRS: (m/z) (ESI MS’) calculated for CzsHzoN7O2 = 496.245550
(M+H), found (m/z) 496.245686; *H NMR (400 MHz, DMSO-ds) & 8.67 (1H, d, NH),
8.55 (2H, d, Ar-H), 7.94 (3H, m, Ar-H+NH), 7.66 (2H, s, Ar-H), 7.56 (4H, dd, N-Ar-H),
7.44 (2H, dd, Ar-H), 6.84 (1H, bd, NH), 5.59 (2H, bs, NHz), 4.39 (1H, quint, N-CH), 3.22
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(4H, m, CHa- CH».CHy), 1.76 (2H, dt, CH2- CH,.CH), 1.30 (3H, d, CHs); 13C NMR (400
MHz, DMSO-ds) 8 173.29, 166.43, 156.42, 155.96, 152.12, 149.36, 137.45, 129.49,
124.27, 121.18, 121.04, 112.85, 49.23, 36.91, 28.96, 18.70. IR v max (cm™): 3317.82,
3208.21, 3076.37, 2926.14, 2161.94, 2025.51, 1980.28, 1603.93, 1584.49, 1564.77,
1499.88, 1265.75, 1184.69, 1095.15, 984.79, 844.87, 791.19.

Synthesis of Zn(I1) complex (Zn-75)

Complex Zn-75 was prepared dissolving 30 mg (0.06 mmol, 1 eq) of 75 in CH3OH, to
which 8 mg of ZnCl, were added and left stirring for 24 hours at room temperature. The
reaction was then quenched and the solvent removed under reduced pressure. The
resulting solid (24 mg, 63.1% yield) was collected and characterised. HMRS: (m/z) (ESI
MS™) calculated for CssHssN1404Zn = 527.202296 (M+2Zn), found (m/z) 527.202396

6.3 Experimental Details for Chapter 3
6.3.1 Gelation tests on 37

Gelation tests were carried out by dissolving a known amount (% weight/volume) of the
gelator (Nas-37) in millipore quality H20 in a sealable vial (d. 25 mm, I. 60 mm), to which
4 equivalents of glucono-6-lactone were added and the system was closed and left
undisturbed at room temperature. The attempts that involved the use of Cu(Il) and Th(l1I)

ions were performed as described in section 3.4.2.

6.3.2 Gelation tests on 62

Gelation tests were carried out by dissolving a known amount (% weight/volume) of the
gelator (62) in CH3OH and adding different amount of millipore quality H2O in a sealable

vial (d. 5mm, I. 30 mm). The system was closed and left undisturbed at room temperature.

6.3.3 Imaging

The samples were all imaged using a Carl Zeiss ULTRA Plus, field emission scanning
electron microscope (FE-SEM) using beam current of 3 - 8 kV with an SE2 or InLens
detector. Prior to the recording of the images, all the samples were gold coated using a

magnetron sputter to ensure conductivity of the surface.
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6.3.3.1 Scanning Electron Microscopy of gels

Gel samples were prepared by placing a small amount of the relative gel (~10 - 15 uL by
vol.) on silicon wafers and making a thin film by smooth smearing. The samples were

dried initially in air for 5 - 6 hours followed by drying in high vacuum for 2 - 3 hours.

6.3.3.2 Scanning Electron Microscopy of solutions
Solution samples were prepared by dropcasting a small amount of the relative solution (5

- 20 pL) on silicon wafers. The samples were dried in air for 8 hours followed by drying
in high vacuum for 2 - 3 hours.

Synthesis  of  1-(6-isocyanatohexyl)-3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-
yl)urea (76)1%8

H H Compound 76 was obtained following the
(@] N N N\/\/\/\
SO NCO  procedure reported by Folmer et al.}2 300 mg
x~._NH O
(2.4 mmol, 1 eq) of
2-amino-6-methylpyrimidin-4-ol were

suspended in 2 ml (excess) of 1,6 hexamethylene diisocyanate and reacted under reflux
at 100 °C for 18 hours. The resulting solution was cooled down to room temperature and
diluted 10:1 with hexane to induce the formation of a fine white precipitate which was
suction filtered and dried in vacuo (549 mg, 78.1% yield). m.p. 191 - 193 °C; HRMS
(m/z) (ESI MS™) calculated for C13H19NsNaOs m/z = 316.138010 [M+Na], found m/z =
316.138568; 'H NMR (400 Hz, DMSO-ds) & 11.54 (1H, bs, NH), 9.64 (1H, bs, NH), 7.32
(1H, bs, NH), 5.76 (1H, s, Ar-H), 3.13 (2H, dd, NCO-CH>), 2.10 (3H, s, Ar-CHa), 1.55-
133 (10H, m, CH>).

6.4 Experimental Details for Chapter 4
6.4.1 Tb(l11) centred emission measurements

The fluorescence measurements were carried out on a Varian Cary Eclipse Fluorimeter
equipped with a 1.0 cm path length quartz cell at room temperature (293 K). The solvents
used were all of spectroscopic grade. Fluorescence data were collected between 300 and
450 nm. The concentration of the ligands and the complexes were the same as those used

for the UV-vis absorption measurements.
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Table 6.4 Settings of the Varian Cary Eclipse Fluorimeter for ligand-centered emission measurements

Mode: Fluorescence Excitation: 278 nm Scans: 300 - 450 nm
Excitation Slit: 20 nm Emission Slit: 5 nm PMT Voltage: 750 V
Averaging time: 0.1 s Scan rate: 600 nm/min Data Interval: 0.5 nm

6.4.2 Tb(l11) centred emission measurements
The phosphorescence measurements were carried out on a Varian Cary Eclipse

Fluorimeter equipped with a 1.0 cm path length quartz cell at room temperature (293 K).
The solvents used were all of spectroscopic grade. The emission data were collected
between 400 and 675 nm. The concentration of the ligands and the complexes were the

same as those used for the UV-vis absorption measurements.

Table 6.5 Settings of the Varian Cary Eclipse Fluorimeter for Eu(l11)-centered emission measurements

Mode: Phosphorescence Excitation: 278 nm Scans: 400 - 675 nm
Excitation Slit: 20 nm Emission Slit: 2.5 nm PMT Voltage: 750 V
No. of flashes: 1 Gate Time: 5 ms Delay Time: 0.2 ms
Averaging time: 0.1 s Total decay time: 0.02s  Data Interval: 0.5 nm
6.4.3 Scanning Electron Microscopy imaging

The imaging performed in this chapter was performed using the same modalities

discussed in section 6.3.3.

6.5 Experimental details for Chapter 5
6.5.1 Scanning Electron Microscopy imaging

The imaging performed in this chapter was performed using the same modalities

discussed in section 6.3.3.
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Figure A.1 *H NMR (400 MHz, DMSO-ds) of 56.
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Figure A.11 3C NMR (100 MHz, DMSO-ds) of 62.
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Figure A.29 *H NMR (100 MHz, DMSO-ds) of 75.
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A.2 Infrared Spectra
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A.3 Mass Spectra
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A.4 Additional Data

180
160 —
140 — .
120 —
100 —

80 -

Intensity (a.u.)

60 -
40 -

20

T T T T T T T T
260 280 300 320 340
Wavelenght (nm)
Figure A.40 Excitation spectra (/e = 408 nm) for the dilution of 54 performed in Chapter 3.
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Figure A.41 Excitation spectra (1ex = 408 nm) for the titration of 54 with Eu(l11) ions performed in Chapter
3.
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Figure A.42 Chromatogram for the purification of 54 performed as described in Chapter 2.
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