
   

 
 

Exploring the Behaviour and Catalytic 

Properties of Cyclen Derived DO3A Triamide 

Derivatives 

 

Louis Lamont 

 Keble College, University of Oxford  

 

 

 

 

A thesis submitted for the degree of  

 

Doctor of Philosophy in Inorganic Chemistry 

 

 



Louis Lamont 

2 

 

Trinity Term 2023 

  



  Abstract 

i 
 

Abstract 

Exploring the Behaviour and Catalytic Properties of Cyclen 

Derived DO3A Triamide derivatives 

Catalysts have played, and will continue to serve, a vital role in an increasing range 

of processes. While the role of lanthanides in catalysis is well known, the 

development of homogenous water-soluble lanthanide-containing catalysts is 

relatively understudied and includes various desirable properties. 

Chapter-1 introduces lanthanide chemistry, covering their coordinative abilities, 

photophysics, definitions of stability and local magnetic fields. Including a 

description of their current catalytic uses. 

Chapter-2 focuses on the study of Ln.p.DO3A (Ln = Eu, Tb) complexes as a 

prototype system. These systems are shown to catalyse the fluorination of 

halocarboxylic acid substrates, via a proposed ternary complex.  

Chapter-3 details the synthesis of DO3AM derivatives, conceived to favour binding 

of fluoride and carboxylic acids. A number of synthetic routes to these systems were 

explored, and it was found that amide coupling of DO3A free acids offered the best 

combination of yield and synthetic flexibility.  

Chapter-4 focuses on luminescence measurements of the eight DO3AM-derived 

complexes synthesised in chapter-3, and on the binding of fluoride and carboxylate 

guests. The affinity of these complexes for anionic guests was found to be 

dependent on the nature of the amide side chains, which provide structural rigidity 

and influence solubility. Quantification of binding with anionic guests using 

DynaFitÈ and measurement of luminescence lifetimes was used to select three 
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complexes which resist self-aggregation and display significant affinity for 

carboxylates and fluoride.   

Chapter-5 explores the use of these three candidate complexes in the fluorination 

of halocarboxylic acid substrates with fluoride ions. 19F NMR spectroscopy was 

used to follow the course of fluorination. All the candidate complexes were shown 

to accelerate the rate of reaction relative to the control. These results indicate that 

practical fluorination using these methods is a realistic possibility. 

Chapter-6 summarises and draws conclusions from the work covered in this thesis, 

with comments on potential future work. 

Chapter-7 describes the experimental procedures followed in accomplishing the 

results reported in chapters 2-5. 

The appendix includes some spectroscopic data not included in chapters 2-5.
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Chapter-1: Introduction 

1.1 General lanthanide chemistry 

Lanthanide (Ln) chemistry is a field of study that rose to prominence in the 1970s, 

and while initial study was slow, research into them has increased greatly moving 

into the 21st century.1,2 Initially there was difficulty associated with isolating them 

in their pure form, this prevented the exploration of their chemistry, but with the 

advent of modern separation techniques exploration into individual lanthanides 

became possible.3ï5 The use of more sophisticated chelators in solvent extraction 

systems has made separation more facile, while also generating a lot of interest and 

research into more effective chelators.6ï8 This separation is so difficult due to their 

similar ionic radii (Figure-1.1) and prevalence for the +3 oxidation state, giving 

them similar effective nuclear charges (Zeff) and hence very similar chemical 

reactivity in biological systems.9ï11 

 

Figure-1.1. Graph illustrating the change in Atomic (Black) and Ionic (Ln(III)) (Red) radii of the 

lanthanides (lanthanum-lutetium) with increasing atomic number. 
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The similarity of the lanthanide series, in terms of oxidation state and reactivity is 

derived from the 4f valence orbitals. This partial occupation of the 4f orbitals has 

led to lanthanides also being referred to as óthe 4f elementsô. The 4f orbitals, in 

comparison to the 5s, 5p and 6s subshells, have a small radial extent leading the 

valence electrons to be deemed ócore-likeô.12 This ócore-likeô electron distribution 

is down to the phenomenon known as the ólanthanide contractionô. This effect 

describes the effect of the poor electron shielding of the 4f orbitals, leading to the 

observation that the 4d and 5d transition metals have comparatively similar atomic 

radii.13 This poor shielding effect means the addition of electrons into the 4f orbitals 

does not have a profound effect on the reactivity, but instead leads to a decreasing 

ionic radius.14 This decreased ionic radius means that the radial extent of the 4f 

orbitals will not enable effective overlap between the 4f and ligand orbitals. This 

results in ligand-field effects on the order of 500cm-1 (6 kJ mol-1), much lower than 

the associated ligand fields for d-metal complexes. This leads to complex formation 

governed by steric factors rather than electronic factors.15ï18 While these relatively 

small splitting values lead to a less well defined coordination sphere in comparison 

to transition metal complexes, they are not negligible and cause conformational 

preferences in solution.19 The ratio of such conformations in solution can be altered 

by designing ligands to yield specific coordination spheres for targeted purposes. 

Modification of groups on the ligands in question can give desirable effects such as 

solubility, rigidity and specific complex geometry.20 

1.2 Coordination chemistry of lanthanide complexes 

The coordination chemistry of the f-elements differs greatly from all other metal 

complexes, most notably from transition metal complexes. The low crystal field 
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splitting in lanthanide complexes leads to sterics being the main driving force in 

determining a complexes geometry. This differs greatly from the strong electronic 

driving force in transition metal complexes, which leads  to highly organised 

complex geometries with high barriers to conformational interconversion. 

Therefore, while transition metal complex geometry would favour structures with 

4-6 coordinate geometries, lanthanide complex coordination numbers can vary 

from 3 to 12, dependant on the steric constraints of the ligand (Figure-1.2).21,22 This 

makes the conformations of lanthanide complexes difficult to predict, due to small 

energetic differences between conformations making interconversion very facile. 

 

Figure-1.2. Structures of tetrabutylammonium hexanitrate cerium(III) (left) and [Ce(OAr)3] 

(Ar = 1,6-(tBu)2-4-MeC6H2) (right). 

As aforementioned, due to the lack of orbital overlap the interaction between the 

ligand and the metal is predominantly electrostatic in nature, meaning there is no 

overall directionality in their bonding.15,23 This combination of factors along with 

the decreasing size of lanthanide ions from across the period, means that the earlier 

lanthanides favour higher coordination numbers (9-coordinate) and the later prefer 

lower coordination numbers (8-coordinate).2,15,24,25 Overall, the lanthanides that are 

relatively smaller in size with a high charge density, facilitate the formation of 

complexes with a high coordination number. Forming many metal-ligand bonds 



Chapter-1 

4 

 

which is the main thermodynamic driving force. They preferentially bind with hard 

Lewis bases due to their own hard Lewis acidic nature.26 The coordination 

chemistry is therefore difficult to predict in comparison to other groups in the 

Periodic Table, leading to an initial lack of interest, but the increasing knowledge 

and development of new chelators and macrocyclic ligands has caused a great 

amount of interest in this area.27 

1.2.1 Macrocyclic chemistry of lanthanides 

To render these complexes kinetically inert to ligand substitution, specific ligands 

must be used to achieve this and other desirable properties. Macrocycles offer the 

entropic benefits of the chelate effect and a strong degree of pre-organisation, 

enabling favourable binding to cations of a certain size. This pre-organisation can 

create cavities causing favourable binding of specific lanthanides. The preference 

for matching the size of the cavity with the metal ion is exemplified by the 

selectivity of crown ethers with group 1 metals, and by the release of steric strain 

upon complexation. (Figure-1.3).28ï30 
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Figure-1.3. Top: Chemical structure of [Ca2H2(Me4TACD)2]2+ and its application in catalysing the 

HD exchange between H2 and D2 and the hydrogenation of unactivated 1-alkenes. Bottom: Chemical 

structure of 18-crown-6 with stability constants (log K) in methanol (MeOH), showing greater 

stability hence preference for K+ ions. 

The widely studied ligand in the field of lanthanide complex chemistry is DOTA. 

In combination with Gd(III), it is used as an FDA approved MRI contrast agent, 

with this utility leading to further exploration of the DOTA ligand and its 

derivatives (Figure-1.4).31,32  

 

Na
+

K
+

Rb
+

Cs
+

logK 4.42 >5.5 5.35 4.37
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Figure-1.4. Chemical structures of FDA approved and commercially available MRI contrast agent  

DOTAREMÈ (left) and radiopharmacutical for peptide receptor radionuclide therapy LutatheraÈ 

(right).31,32 

This organic motif has become very valued. The nitrogen atoms on the central 

cyclen ring provide an ease of functionalisation, enabling extensive modification of 

the ligand which allows incorporation of desirable features.33ï36 Modifications 

range from sterically demanding groups to increase the energetic barrier to 

demetallation, to the inclusion of strongly absorbing chromophores to enable 

sensitisation of Ln(III) ions.37,38 Polyazacarboxylate macrocylic ligands are thus 

researched heavily, with their complex variants playing an increasing role in several 

biomedical imaging modalities.20,39ï42 

 

Figure-1.5. Structures of DOTAM (left) and DO3AM (right) 

While DOTAM has seen comparatively less interest in the imaging field, the 

inclusion of an amide linker increases the potential for functionalisation.43,44 
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DOTAM is used for theranostics and drug delivery as a ligand but not as a metal 

complex.45,46 The potential for functionalisation has seen DOTAM based Ln(III) 

complexes grow in popularity.45,47ï49 While DOTA based complexes have an 

overall negative charge, Ln(III) DOTAM complexes are positively charged. This 

positive charge has seen their investigation in numerous fields of biological 

chemistry including reaction catalysis and biological imaging.46,49 [Ln(DOTAM)]3+ 

complexes display similar properties to analogous [Ln(DOTA)]- complexes, 

however some of their physical properties differ in magnitude. The use of amides 

instead of acetate groups as ligands, leads to a decrease in the thermodynamic 

stability of these complexes, with log KML values 10-15 orders of magnitude lower 

than the corresponding DOTA complexes.50 In opposition to this, DOTAM based 

complexes display a high kinetic inertness, having longer lifetimes for inner sphere 

water molecules than [Ln(DOTA)(H2O)]
- (Eu[DOTAM]3+=1.79 ms-1), while also 

having lower rate constants for demetallation in Cu2+ and proton assisted 

dissociation.50 This could be due to the preformed cavity in DOTAM having a high 

affinity for lanthanide ions, as the hard acetate binding groups of DOTA should 

play an important role based on the electrostatic interactions between ligand and 

metal.51  

1.2.2 Isomerism in Lanthanide complexes 

Isomerism in DOTA, DOTAM and similar cyclen based complexes has been 

investigated extensively.52ï55 This is partly due to the potential applications 

requiring particular conformations, such as DOTAREMÈ (Figure-1.4) requiring 

fast water exchange to facilitate rapid water exchange, thus favouring the Twisted-

Square-Anti-Prism (TSAP) form.31,56 With this TSAP form in exchange with the 
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Square-Anti-Prism (SAP) form, ligands must be designed to have a specific 

conformational preference.57,58
 Cyclen based complexes exist in two different forms 

(two pairs of enantiomers) (Scheme-1.1).  

 

Scheme-1.1. g-/g+ ring conformations57 

All cyclen based ligands have good conformational freedom when in solution. 

Upon complexation to a Ln(III) ion, only the [3.3.3.3] conformation is possible.
55 

[3.3.3.3] denotes the four straight segments of three bonds. The geometry of the 

N-C-C-N moieties renders only two possible enantiomers.54 Switching between 

these two enantiomers requires an inversion of the ring, commonly called a 

óring-flipô. The pendant arms bearing the donor groups in both tetra and tri-

substituted cyclen, must also all lean the same way due to steric repulsion between 

the neighbouring arms. The concerted arrangement describes either a positive 

(clockwise) or negative (anti-clockwise) N-C-C-O dihedral angle, giving rise to ȹ 

and ȿ forms of each enantiomer (Scheme-1.2).52,57,58  
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Scheme-1.2. ȹ and ȿ metal coordination modes. 

These two conformational chirality elements (ȹ/ȿ and (ɚɚɚɚ)/(ŭŭŭŭ)) covering the 

macrocycle and side-arms combined provide four stereoisomers. This comprises 

two pair of enantiomers and the remaining relationships being diastereomeric 

(Scheme-1.3). 

 

Scheme-1.3. Illustrations of the possible diastereoisomers in DOTA, detailing the orientation of the 

macrocycle and pendant arms, along with the interconversion between isomers. 
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Conformational preference of DOTA-like complexes is also affected by the identity 

of the Ln(III) used, with earlier lanthanides (La(III)-Pm(III)) favouring TSAP, and 

later lanthanides (Sm(III)-Lu(III)) favouring the SAP geometry.59 Exchanging 

DOTA for DO3A decreases the energetic barrier to arm rotation, meaning that on 

the NMR timescale this interconversion is faster, thus broadening peaks within the 

NMR spectrum (Eu(III) chemical shifts; TSAP å 30-40 ppm, SAP å 15-

20 ppm).60,61  

1.3 Thermodynamic vs kinetic stability 

When referring to the stability of complexes, traditionally the thermodynamic 

stability is enough to justify whether a complex is stable for the associated use e.g. 

in vivo applications. For use in solution, this definition is inappropriate: transition 

metal complexes exhibit very high thermodynamic stabilities as do lanthanide 

complexes.62 While hexa-aquo transition metal complexes show variation in their 

kinetic lability, hydrated lanthanide complexes all have very high ligand exchange 

rates.63 A new definition for stability must be employed to quantify this. Ligand 

lability as detailed in Equation-1.1 can be used to describe the inner solvation 

sphere. This is important for lanthanide complex applications, making tailoring of 

the rate of exchange a priority.64 

,,Î8 9 ,,Î9 8 

Equation-1.1. equilibria detailing the exchange of ligand X with ligand Y at a complexed lanthanide 

centre (LnLn), with equilibrium defined by equilibrium constant K1. 

1.3.1 Thermodynamic stability 

The thermodynamic stability of these complexes is of importance but does not 

describe the full picture of the complex in question. Thermodynamic stability is 
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defined as the stability constant in a complex equilibrium formation (log KML), with 

the value detailing a ligands affinity for the metal ion in question (Equation-1.2).65 

   ὒὲ ὒ ὒὲὒȟ             ὑ  
ὒὲὒ

ὒὲὒ
 

Equation-1.2. Complex formation between a Ln(III) ion and a ligand (L), with KLnL detailing the 

affinity of Ln(III) for a given ligand. 

KLnL alone does not provide the full picture, the value of KLnL mentions the relative 

activities of complex LnL against free Ln and L. A high value of KML indicates that 

L binds more strongly than the previous ligand, enabling comparison of the binding 

strength of different ligands. Quantification of the thermodynamic selectivity 

between metal ions is also possible, this being the difference between the log KML. 

values (Equation-1.3).66 

ȹlog KLn/M = ȹlog KLnL ï ȹlog KML 

Equation-1.3. Logarithmic operation defining thermodynamic selectivity for Ln(III) ion in 

comparison to another metal ion (M). Positive value indicating preference for Ln(III), negative 

indicating a preference for M. 

With the sequential difference between lanthanides being small, this is of particular 

interest. With these methods of quantification, the labels óstableô and óunstableô 

refer to the energy change that occurs in complex formation, specifically the Gibbs 

free energy change (Equation-1.4). 

ЎὋ  ЎὌ 4ЎὛ  24ÌÎὑ 

Equation-1.4. Gibbs free energy change (ȹG) as a function of the entropy change (ȹS) and enthalpy 

change (ȹH) or of the equilibrium constant (K). 

A negative value of ȹG would indicate a stable complex and a positive value an 

unstable complex. However, this does not provide any kinetic information about 
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this reaction. Another definition is needed if ligand exchange is to be correctly 

explored and interpreted.67,68  

However, despite the appeal of using affinity constants to assess the stability of a 

complex, it needs to be borne in mind that these numbers reflect thermodynamic 

equilibria. As such, the central tenet of establishing a binding constant is that an 

equilibrium can be established between free and bound metal ions. In many cases 

where polydentate macrocyclic ligands are used, this is emphatically not true over 

a normal experimental timescale. Furthermore, in cases where equilibrium is 

established, the low solubility of many lanthanide salts can mean that kinetic traps 

exist in vivo that can remove metals from the mixture. In a clinical context this 

lability can constitute a real problem, leading to serious side effects and 

nephrogenic systemic fibrosis (NSF), as demonstrated for Gd(III) MRI contrast 

agents in renally impaired patients.69 Both extremes illustrate the importance of 

considering kinetic rather thermodynamic stability, as will be discussed next.  

1.3.2 Kinetic stability 

While thermodynamic stability details the feasibility of a reaction and the stability 

of the resulting complex, kinetic stability details the complexesô ability to undergo 

ligand substitution, specifically the speed at which it occurs.20 The terms ólabileô 

and óinertô are used to describe ligand exchange reactions that occur quickly and 

slowly respectively. In labile complexes the rate of ligand substitution is high.70 

While in inert complexes, even if they are thermodynamically unstable, the rate of 

reaction is so low that substitution will not occur unless excessive time or forcing 

conditions are used (Table-1.1).20 



Louis Lamont 

13 
 

 

Table-1.1. Comparison of the thermodynamic and kinetic parameters describing the stability of 

[Eu.DOTA]- and [Eu.DOTAM]3+ (Figure-1.6). Where K is the association constant in, k0 is the rate 

of spontaneous dissociation, k1 rate of dissociation of mono protonated species, and k1[H+] is the rate 

of protonation at varying pH. 

Complex K (M-1) k0, s-1 k1, s-1M-1 

k1[H+] at pH = 

7 

k1[H+] at pH = 

1 

[Eu.DOTA]-* 1023.6 <5 Ĭ 10-8 5 Ĭ 10-6 5 Ĭ 10-13 5 Ĭ 10-7 

[Eu.DOTAM]
3+# 1013.7 1.5 Ĭ 10-7 5.6 Ĭ 10-7 5.6 Ĭ 10-14 5.6 Ĭ 10-8 
*Values taken from the averages of references.71ï73 
#Values taken from reference.74 

 

 

Figure-1.6. Chemical structures of [Eu.DOTA]- (left) and [Eu.DOTAM]3+ (right). 

Thermodynamic and kinetic stability are related to one another, but it is still 

necessary to describe them using separate terms. These stabilities can run parallel 

to one another, but they often differ (Table-1.2).75 

Table-1.2. Detailing the basic details between thermodynamic and kinetic stability.50,76 

 Thermodynamic Kinetic 

Definition The tendency to exist under 

equilibrium conditions. 

The speciation of complexes 

in solution. 

Quantifiable values Equilibrium constants Rate of dissociation 

Classification Stable/Unstable Labile/Inert 

What this table shows is that there is great variability in both definitions of stability. 

Therefore, in a set of elements with high kinetic lability in their hydrated form in 
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solution, such as that of the lanthanides, enforcing kinetic stability is of paramount 

importance if they are to be functionalised effectively. 

1.4 Photophysics of lanthanides 

The lanthanides in their +3 oxidation state with unpaired electrons (all lanthanides 

covered in this thesis are +3) each exhibit their own characteristic absorption and 

emission spectra, arising from the specific electronic transitions within their 

manifold of 2S+1LJ states.
77,78 Lanthanides may óluminesceô in two distinct ways; 

fluorescence (ȹS = 0, lifetime order of 10-7 s) and phosphorescence (ȹS Í 0, 

lifetimes range between 10-6 and 1 s).79 In combination these two processes detail 

lanthanide luminescence, with the vast majority of these transitions involving a 

change in spin.80  

Due to the large number of microstates resulting from the 2S+1LJ manifold, 

absorption and emission spectra show more peaks in comparison to d-block 

metals.81 With the associated difference in wavelengths being related to the 

energetic gaps between these electronic microstates, unique to each lanthanide 

(Figure-1.7).82,83 
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Figure-1.7. Partial energy level diagrams for the lanthanide aquo ions, with main luminescent levels 

(red) and fundamental levels (blue), taken from reference. 84 

Some of the transitions within Ln(III) ions are deemed hypersensitive transitions.85 

The form/shape and intensity of these transitions is highly dependent on the local 

coordination environment, making interpretation of these peaks useful in 

determining changes at the Ln(III) centre.86,87 These are sensitive to external factors 

such as pH, local site symmetry, temperature and chelators (along with dependence 

on the nature of the chelator in question).84,88 While several explanations have been 

proposed for this the most successful, proposed by Mason et al.89 details a dynamic 

coupling mechanism where the intensity of the hypersensitive transitions arises 

from the induced electric dipoles in the ligands by the transition quadrupole 

moment of the metal ion. Thus, meaning they obey the selection rules, covering 

óelectric quadrupolesô.90 Through this research these hypersensitive transitions have 

been exploited as a spectroscopic probe to detail the solution phase interactions of 

lanthanides with an assortment of ligands (Table-1.2).91   
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Table-1.2. Selected hypersensitive transitions of the Ln(III) ions observed in absorption and 

emission spectra.* 

1.4.1 Selection rules 

The f-f transitions detailed above (Table-1.2) are governed by the Laporte selection 

rule which states that for an electronic transition to be allowed, the parity between 

the final and initial states must change.89,90 Due to the partially forbidden nature of 

these transitions, arising from there being no change in parity, these transitions have 

low absorption coefficients and hence low intensity spectra in the visible region of 

the electromagnetic spectrum.92 The long luminescence lifetimes of lanthanides 

arise from this also, with lower transition probabilities, resulting in long-lived 

excited states.93 This makes the use of time-gated or time-resolved techniques 

particularly advantageous, allowing separation of the desire signal from 

background fluorescence, through the use of a delay time after an initial excitation 

pulse.94 

Ln(III) ion Transition Approx. Wavelength (nm) 

Sm 4F1/2, 
4F3/2Ÿ

6H5/2 1560 

 

4G5/2Ÿ
6H5/2 560 

Eu 5D2Ÿ
7F0 465 

 

5D1Ÿ7F1 535 

 

5D0Ÿ7F2 613 

Gd 6P5/2, 
6P5/2Ÿ

8S7/2 308 

Dy 6F11/2Ÿ
6H15/2 1300 

 

4G11/2, 
4I15/2Ÿ

6H15/2 427 

Ho 3H6Ÿ
5I8 361 

 

5G6Ÿ
5I8 452 

* The highlighted transitions are extensively studied in this thesis 
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1.4.2 Indirect and Direct excitation 

To circumvent the low probability of direct excitation, indirect excitation through 

óantennaô has been extensively used.95ï97 A chromophore is appended to the Ln(III) 

ion by ligation to the metal centre (Figure-1.8). Suitability of this chromophore is 

determined by the degree of overlap and energetic match with the lanthanide 

f-orbitals.96 This occurs via the chromophore absorbing a photon and forming an 

excited singlet state, undergoing intersystem crossing to form a triplet, which then 

energy transfers to the lanthanide using a Fºrster or Dexter mechanism.98,99 While 

direct chromophore singlet to lanthanide singlet energy transfer has been observed 

it is not the predominant pathway.  

 

Figure-1.8. Simplified Jablonski diagram for a Eu(III) complex with an appended chromophore and 

associated transitions. Electronic transitions highlighted (green) investigated extensively in this 

thesis via direct excitation. ISC, intersystem crossing; ET, energy transfer.  
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These luminescing moieties often necessitate inclusion of aromatic groups or 

groups deemed undesirable for the purposes of this thesis, making indirect 

excitation only possible for one complex (detailed in chapter-2). Lack of a suitable 

chromophore necessitates a return to direct excitation of the Ln(III) ion, for all other 

luminescence measurements taken within this thesis. Therefore, due to a lack of 

signal strength due to the inefficiency of direct as opposed to indirect excitation, 

higher concentrations of Ln(III) complex must be used to create a strong signal. For 

the purpose of luminescence Eu(III) and Tb(III) are good candidates due to their 

high quantum yields and detectable visible range emissions.93,100 Where the 

quantum yield (ū) is the ratio of absorbed to emitted photons (between 0 and 1 for 

systems in which a single photon is emitted from the excited state). 

1.4.3 Quenching 

Quenching of lanthanide excited states can occur in multiple ways.101 Most 

apparent is luminescence by emission of a photon. Vibrational quenching is a 

process which predominates when small molecule oscillators in the coordination 

sphere, typically O-H or N-H bonds, facilitate non-radiative energy loss thus 

quenching the excited state.102 This is another reason to encapsulate Ln(III) ions in 

polydentate ligands, to hinder the approach of quenching species.103 Observation of 

the deactivation processes can also provide relevant structural information. From 

these deactivation processes further information about the speciation of the 

complex under investigation in solution can be gained (Equation-1.5).104,105 
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Ë ḳ Ë  Ë ḳ Ë 4 Ë 4 Ë  

Equation-1.5. Overall deactivation rate constant (kobs, inversely proportional to the observed 

lifetime) represented as the sum of radiative (kr) and non-radiative (knr) rate constants. Non-radiative 

rate constants being the sum of vibrational (Ë ), photoinduced-electron transfer (Ë ) (PeT) and 

other minor processes (Ë ). 

The hydration number (q) describes the number of solvent molecules in the Ln(III) 

ions first coordination sphere, calculated using the modified Horrocks equation 

(Equation-1.6).106 

ή !Ë Ë "  

Equation-1.6. Modified Horrocks equation, where q is the hydration number, A is a proportionality 

constant detailing the sensitivity of each Ln to O-H vibronic quenching, B represents additional 

sources of quenching in the outer-sphere. 

While originally only made to measure hydration numbers in water, it was further 

modified by Parker et al.102 to include MeOH and deuterated methanol (MeOD). 

The equation assumes that O-D oscillators have a negligible contribution to 

vibrational relaxation. Therefore, this equation can be simplified to Equation-1.7 

and in combination with values for factors A and B (Table-1.3), can calculate the 

hydration number for a range of Ln(III) complexes.  

Table-1.3. Parameters for determination of q for Eu(III) complexes, ɖOH represents the number of 

O-H oscillators present and ɖCONH represents the number of amide oscillators present.102 

Lanthanide Solvent A (ms)*  B (ms)* 

Eu(III) water 1.2 0.25 + 0.44ɖOH + 0.075ɖCONH 

  MeOH 2.4 0.125 + 0.44ɖOH + 0.075ɖCONH 

* A = inner-sphere contribution, B = outer sphere contribution. A and B are determined using a 

series of complexes of known q value from X-ray crystal structures 
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Equation-1.7. Simplified Horrocks equation allowing calculation of hydration numbers from 

observed lifetime data. 

This equation gives good results for complexes with fewer than three bound water 

molecules.107 q is rarely  an integer, due to A and B being averaged across all 

previous crystallographic data. Variations of the Ln-O distance are amplified due 

to the through-space dependency of quenching (r-6).104,105 While the number of 

assumptions and inherent errors means this equation loses its utility in multimetallic 

systems, for the purposes of this thesis and wider research into mononuclear 

complexes it remains regularly used.107,108  

1.5 Paramagnetic NMR spectroscopy  

NMR spectroscopy is one of the most widely used spectroscopic techniques, 

providing highly accurate information on both local and neighbouring chemical 

environments with atomic resolution.109 For extended structural information, the 

nuclear Overhauser effect (NOE) is one of the most useful techniques.110 The 

óOverhauser effectô also known as ódynamic nuclear polarisationô, is the observed 

change in the integrated intensity of an NMR spectroscopy resonance when the 

sample is irradiated with a specific radio-frequency corresponding to another NMR 

spectroscopy resonance.111 The observed change in resonance corresponds to the 

distance from the specific nuclei being irradiated.112 This observation of the dipolar 

interactions within a molecules local environment allows determination of 

internuclear distances. This effect becomes especially pronounced in molecules 

containing paramagnets.113 Unpaired electron spins have considerably larger 

magnetic moments, roughly 658 times that of a proton nucleus.109 The ease of 
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detection and ability to generate long-range structural information (100 ¡) from the 

paramagnetic centre, made this the key method in structural determination of 

proteins and biomolecules.114  

All Ln(III) ions, with the exception of La(III) and Lu(III), are paramagnetic due to 

the presence of unpaired electrons in their valence shell.115 The interaction of the 

unpaired electrons with NMR active nuclei affects the spectra, the spectral change 

has been referred to as the Lanthanide Induced Shift (LIS). The interaction between 

these spins can cause large chemical shift changes (ŭ), substantial broadening of the 

resonances is also possible, making the interpretation of conventional 1H NMR 

impossible due to being impossible to resolve in comparison to the surrounding 

nuclei.116 In comparison to paramagnetic transition metals, lanthanides always 

result in shifted NMR spectra. In transition metal complexes due to the extensive 

orbital overlap between metal and ligand, electron spin pairing leads to complexes 

with paramagnetic electron configurations being diamagnetic.117 With Ln 

complexes, due to the minimal covalency involved in their complexes, this effect 

persists upon complexation. Making manipulation of the LIS a powerful tool in 

structural elucidation.43,118 The chemical shift observed is a result of through-space 

or through-bond interactions, resulting in the equation describing the LIS being split 

into two parts. These two parts being the Fermi contact shift (through-bond) and 

the psudeocontact shift (through-space) (Equation-1.8).119,120 

ŭLIS = ŭF + ŭpc 

Equation-1.8. The components the lanthanide induced shift (ŭLIS) as a combination of the Fermi-

contact shift contribution (ŭF) and the pseudocontact shift contribution (ŭpc). 



Chapter-1 

22 

 

1.5.1 Fermi contact shift 

The contact shift arises from the interaction and transmission of residual electron 

spin from lanthanide-based f-orbitals, through bonds, to the observed NMR active 

nucleus.121 The magnitude of this shift depends on multiple factors such as the 

number and length of separating bonds, the identity of the observed nucleus and the 

spatial orientation of the bonds and nuclei.122 In transition metal complexes this 

effect is very pronounced due to the high degree of covalency. The extensive 

overlap between orbitals means this transmission is the most effective and hence 

predominant mechanism. Due to the emphasis on orbital overlap within this 

interaction, in lanthanide complexes this interaction is assumed to be negligible due 

to the poor radial extent of the 4f-orbitals thus minimal covalency. 

1.5.2 Pseudocontact shift 

The predominant effect on the NMR of paramagnetic lanthanide complexes arises 

from the pseudocontact or óthrough-spaceô interaction.119 This effect arises from the 

interaction of the unpaired electron spins on the paramagnet and the nuclear spin of 

the observed nuclei. This dipolar interaction is observable over much larger 

distances, their independence from bonds and bond angles, renders easily 

interpretable information for spatial determination (Equations-1.9,1.10).123,124 

ɿ
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Equation-1.9. Pseudocontact shift contribution (ŭpc) to the chemical shift is quantified by Bleaney, 

as a combination of the nuclear coordinates ({r, ɗ, ɣ} spherical polar coordinates), ɛB the Bohr 

magneton, parameters are second order ligand field parameters (dependant on local symmetry and 

polarisabiltiy where n = 0, 2) and the Bleaney constant (CJ) quantified in (Equation-1.10). 
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Equation-1.10. Bleaney constant (CJ) as a result of the Land® factor (g), with
3JHH terms marking 

the Bleaney constant as unique to each Ln ion. 

The values gained from this equation can be used to interpret the magnetic field 

distribution around the central metal ion, quantifying both the sign and the 

magnitude at points around the ion. While this equation is useful for rough 

calculations, the assumptions inherent to the equation limit its use for in depth 

study.125 The main assumption is that the ligand field splitting is less than kT, yet 

there are an increasing number of complexes with splitting greater than kT. This 

invalidates Equation-1.9 as it relies upon a well isolated ground state, where the 

overall splitting of the ground multiplet3JHH state is smaller than kT. Even at room 

temperature, the value of kT is exceeded by the ligand field splitting in many 

complexes, with Equation-1.9ôs predicted trends being invalidated by many 

isostructural lanthanide complex series.125 While this theory provides a rough 

guide, its limitations make it unreliable for very similar complexes with high 

degrees of symmetry and completely inaccurate for asymmetrical complexes. This 

rough idea is somewhat useful, yet for more in depth analysis of the magnetic field 

distribution around the lanthanide ion, more sensitive techniques are needed. 

1.6 Magnetic anisotropy 

In Bleaney, Land® and van Vleckôs approximations to address lanthanide 

paramagnetism, many of the above-mentioned limitations continue to make these 

theories inaccurate for application to Ln complexes.126,127 These theories assume 

independence of notable ligand field splitting values, yet it has been proven 

extensively that not only are these non-negligible but the ligand field splitting can 
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be quite large (~1500 cm-1).128,129 In most cases the ligand field splitting is still a 

small effect, yet it does still affect the distribution of mJ states around the lanthanide 

centre thus affecting the population of these states. Sievers et al.130 initially, 

followed by Long et al.131 generated pictorial representations of the lowest occupied 

mJ states for the lowest
3JHH states of the Ln(III) free ions. 

 

Figure-1.9. Pictorial representations of the lowest occupied mJ state for the lowest
3JHH states of the 

free Ln(III) ions. Showing the prevalence for oblate (principal axis in the easy plane, left) in certain 

ions and prolate (aligned with the magnetic easy axis, right). Taken from reference.131  

Additionally the thermal population of low-lying mJ states must be accounted for, 

with the ordering of these states affected by the ligand field, changes in local 

coordination environments can skew relative populations in each mJ  state.
132  Many 

factors can affect the exact anisotropy of a complex, such as coordination 

environment, donor set, temperature.133 Of great importance for this thesis is the 

anisotropic change on the binding of anionic guests, with this having the potential 

to cause great change in the distribution around the Ln(III) centre (Figure-1.10). 
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Figure-1.10. Representation of the variation in observed magnetic anisotropy for a series of Yb(III) 

complexes based on a DOTAM framework, in the presence and absence of fluoride. Taken from 

reference.134 

Anion binding causing local magnetic fields to change, or in extremes óflipô, shows 

the importance local magnetic field have. Opening up new avenues for anion 

detection.135 This also shows the importance of the aforementioned ligand field 

splitting in determining mJ states. Previously this was believed to be independent of 

the ligand, only depending on the Ln(III) identity, with these constants tabulated in 

the literature.136 However, while this does work for some experimental 

observations, it does not fit with a growing number of observed Ln(III) complexes. 

With this being proven to not apply to isostructural Ln(III) complexes, showing the 

serious limitations inherent within this original theory.125 This prompts further 

investigation into the field of anion recognition and selective binding, with probing 

the anisotropic distribution around a Ln(III) centre with various methodologies, 

widely regarded as one of the best methods for structural elucidation. 
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1.7 Catalysis at lanthanide centres 

Lanthanides have seen great utility in the field of catalysis, with two prevalent uses 

being catalytic cracking and petroleum refining.137 This has prompted further 

research into alternative methods of use where they range from being the majority 

to the minority component in the catalysts employed. The catalysts range from plain 

oxides to complex organometallics, with the more advanced catalysts being capable 

of stereoselectivity. 

There are several reactions that can be catalysed by lanthanide oxides alone, 

primarily concerning the oxidative ability of Ce(IV). Cerium carboxylates have 

seen wide use as smoke suppressants, forming very small lanthanide oxide particles 

and catalysing the oxidation of soot and carbon monoxide to CO2 in the combustion 

chamber (Figure-1.11).138 Lanthanide oxides act to support the catalysts already 

used in these reactions, particularly to influence oxygenate production.  

 

Figure-1.11. Conversion of CO into CO2 by ceria oxide lattice oxygen, figure from reference.138 

Other catalysts seek to make use of the unique size and ionic charge around Ln(III) 

ions. Their inclusion in perovskite-like structures stabilises these structures.139 In 

catalysts such as zeolites or aluminosilicates, lanthanides are doped into these 

structures to stabilise them against the high temperature environments; stabilising 



Louis Lamont 

27 
 

these structures prevents their thermal degradation and hence sintering of the 

catalysts (Figure-1.12). Most exhaust catalysts use ceramic monoliths which 

lanthanides form an essential part of. In alumina-based structures they serve to 

prevent degradation of high surface area gamma-alumina to low surface area alpha-

alumina. While these compounds work well as catalysts within their area, they 

cannot be said to create any of their products selectively. 

 

Figure-1.12. Hypothesised oxygen transition cycle during tar cracking over fresh LaNi1-xFexO3 

catalyst, figure from reference.140 

Lanthanides have also been a key part in non-oxide systems. Development of 

complexes that can catalyse specific reactions through the formation of temporary 

Ln-C or Ln-H bonds has seen much interest. This has resulted in the creation of 

highly active and homogeneous polymerisation catalysts along with other 

applications. The large size, coordination number and non-directionality in bonding 

is made use of, facilitating many different reaction geometries.141 This can be 

achieved due to the low energy barrier to conformational interchange, allowing 

lanthanides to act as a template for catalytic reactions to take place upon. These 
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reactions vary greatly from coordination rearrangements, reductions and some 

catalysts being stereoselective (Figure-1.13). In comparison to other catalysts 

lanthanides have several desirable qualities, their hydrophilic behaviour enables the 

use of aqueous media as a solvent in these reactions. This negates the use of organic 

solvents which other Lewis acidic catalysts would require, making Ln based 

catalysts an attractive option as they are deemed more ógreenô.142,143         

 

Figure-1.13. Figure depicting lanthanides in catalytic roles. Top: Reaction of naothoquinone with 

cyclopentadiene in a stereoselective Diels-Alder reaction in aqueous media, recreated from 

reference.141 Middle: Cycloaddition of 1,3-dimethoxy-1-trisilyloxybutadiene to cinnamaldehyde 

catalysed by Lewis acidic Eu(fod)3 to create kawain, recreated from refernce.144 Bottom: 

Enantioselective silylcyanation of aldehydes catalysed by [YbCl3(S-Pri-pybox)2], recreated from 

reference.145 

The current generation of stereoselective catalysts achieve this selectivity by a rigid 

defined coordination sphere. This area is continuing to expand to other reactions, 

thus necessitating new motifs upon which these are based. Due to the facility of 

modification via the four nitrogen groups on the ring, cyclen based derivatives have 

always been of interest. The first notable example was by Dickins et al, who 
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demonstrated that a chiral lanthanide complex could impart an enantioselective 

preference upon the outcome of the Henry reactions that it catalysed 

(Figure-1.14).146  

 

Figure-1.14. Henry reaction between simple pyruvate salts and nitromethane in aqueous media to 

give a single major product, recreated from reference.146 

The ability to alter the spread of enantiomers in the reaction output is highly 

desirable and has prompted further research. One of the best examples of 

enantioselectivity by cyclen based macrocycles comes from research by Mei et 

al.147  which involves the synthesis of new hexadentate systems, which create 

multiple binding modes. Modification of the arms of this hexadentate motif can 

change the stereochemical preferences of the products of this catalysed reaction 

(Figure-1.15).148 

 

Figure-1.15. Chemical structure of polyaminopolycarboxylate-based ligand motif for 

stereoselective catalysis of aldol reactions, modification of R-group identity influences 

stereoselectivity, recreated from reference.148 



Chapter-1 

30 

 

Through further research Mei et al148. hypothesised a stereoselective transition state 

to rationalise their observations, showing a steric element that resulted in a facial 

preference for an aldol reaction to proceed (Figure-1.16). 

Figure-1.16. Proposed general transition state for the asymmetric Mukaiyama aldol reaction with 

polyaminopolycarboxylate-based europium complexes imparting a stereoselective preference. 

Reproduced from reference.148  

Despite the degree of stereoselectivity varying, the field of lanthanide macrocyclic 

complexes in catalysis is a burgeoning one. With the ability to impart an 

enantiomeric preference on reaction output which is highly desirable in many 

chemical fields, this area will continue to see further research, including in this 

thesis.   

The importance of the macrocycle in catalysis involving Ln(III) ions is evident in 

work done by Morrow et al.149 which details the use of a specific complex in RNA 

cleavage (Figure 1.17).  
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Figure-1.17. Chemical structure of Ln(III) containing complex for RNA cleavage.149 

With this complex working to increase the rate of RNA cleavage, whereas other 

Ln(III) complexes containing EDTA, another hexadentate ligand, are completely 

inactive under similar conditions. Once again, this shows that macrocycles must be 

designed for specific purposes to render them catalytically active for specific 

reactions, with the main purpose being to prevent decomplexation of the Ln(III) ion 

once in solution. 

1.8 Aim and Scope 

The aim of this thesis is to create a series of coordinatively unsaturated heptadentate 

Ln.DO3A and Ln.DO3AM derivatives, in an effort to catalyse fluorination of 

halocarboxylic acid derivatives in a one-pot manner, with an eye towards increasing 

the ease of selective fluorination of biomolecules for PET imaging. 

Chapter-2 explores the use of kinetically inert Ln.p.DO3A for use in catalysis. This 

Chapter details the synthesis of these complexes, followed by monitoring their 

interactions with guest anions (fluoride and acetate) by luminescence spectroscopy. 

After quantification of the respective binding strengths, the catalytic activity of 
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these complexes with regard to fluorination of a group of halocarboxylic acid 

derivatives is investigated. Coulombic laws of attraction suggest the importance of 

cationic hosts for the reaction of anionic guests in solution. The complexes detailed 

serve as prototype systems for the Ln.p.DO3AM derivatives synthesised later in the 

thesis. 

Chapter-3 details the synthetic considerations and challenges in developing cationic 

Ln.p.DO3AM derivatives bearing amino-acid side-chains. In the hope that through 

novel ligand design, complexes with more desirable properties can be created 

through inclusion of amino acids appended to a central cyclen ring. A total of eight 

different Ln.p.DO3AM derivatives, categorised into three families based on amino 

acids used (proline, lysine, phenylalanine), are successfully synthesised and 

characterised. 

Chapter-4 accounts for the speciation of the Ln.p.DO3AM complexes, synthesised 

in Chapter-3. This was achieved through observation of luminescence spectra upon 

the addition of anionic guests (fluoride and acetate). This is explored using steady-

state luminescence, time-resolved phosphorescence and measurement of 

luminescence lifetimes. To probe the complexes in solution phase in protic (MeOH) 

and aqueous media. 

Chapter-5 studies the catalytic behaviour of the Ln.p.DO3AM derivatives, upon 

addition to a suitable set of fluorination reactions with a range of halocarboxylic 

acid substrates. 
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Chapter-2: Exploring the catalytic behaviour of 

p.DO3A complexes 
 

2.1 Aim and scope 

The aim of this chapter is to fluorinate halocarboxylates using Ln.p.DO3A in a 

catalytic capacity, as a proof of concept for the use of heptadentate lanthanide 

complexes as homogenous catalysts. With this being exploited to label 18F in select 

biomolecules containing haloacids, opening up new avenues for radiolabelling in 

the field of medical imaging, specifically positron emission tomography (PET) 

imaging in which radiolabelling is a significant part.1ï4 This Chapter initially covers 

the synthesis and characterisation of these systems, followed by observation of their 

solution phase interactions with suitable anions through the use of luminescence, 

with the information then processed using DynaFitÈ.5 The Ln.p.DO3A systems 

observed in this Chapter will confirm previous observations seen, detail the effects 

of a change in Ln(III) identity, and act as an experimental template for the DO3AM 

derivatives investigated in Chapters 3-5.6 

2.2 Ln.p.DO3A a prototype system 

Propargyl DO3A was the first ligand to be synthesised. This ligand has been 

synthesised extensively in the literature and is a good example of a heptadentate 

ligand, the subject of investigation in this thesis.7ï10 The propargyl group was 

selected due to the synthetic ease of addition and the precedent of use within the 

Faulkner group.11,12 For the purposes of this thesis the propargyl group serves to 

saturate the fourth amine group on the ring, preventing unwanted side reactions.13 
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The presence of two inner-sphere solvating molecules in heptadentate complexes 

(DO3A based complexes), will facilitate the binding of  mono- and bidentate anions 

for recognition at the metal centre. This will create two different sites for anion 

binding, an equatorial position as opposed to the axial binding position which is 

most often exploited in MRI contrast agents.14ï16 This equatorial binding position 

has a much greater binding strength than the axial binding position.6 While the axial 

binding guests will be in fast exchange, which is required for them to be an effective 

contrast agent (CA), the equatorially binding guests will be in slower exchange 

(Figure-2.1).17  

  

Figure-2.1. Structure of Ln.p.DO3A with two coordinating H2O molecules in an axial binding mode 

(red) and equatorial binding mode (blue). 

Luminescence measurements will be the primary source of data when investigating 

the nature of binding around the lanthanide centre, with the data processed using 

DynaFitÈ. Allowing determination of the number of binding anions and other 

information, such as the strength and denticity of binding.5 

In comparison to other lanthanide complexes acting as CAôs, the rate of guest 

exchange is of less importance in this thesis. With both anions chelating to the 

Eu(III) ion, this holds them in close proximity favouring a reaction between the 

species.6 This process has been observed previously for the Eu.p.DO3A complex, 
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with the complex providing an increase in the initial rate of reaction for the 

fluorination of halocarboxylic acid derivatives.6 More information has to be 

gathered on this complex to observe if the reaction goes to completion and the 

relevant timescales, with observations hoping to show a noticeable difference over 

a prolonged period. This system should provide a way of standardising 

measurements, which can then be used to compare with the DO3AM complexes 

studied later in this thesis. Although the field of lanthanides working within or as 

catalysts themselves is well established, cyclen based lanthanide complexes as 

catalysts is an area that is comparatively less researched.18 

2.3 Previous applications and uses of p.DO3A 

Propargyl DO3A has been the subject of investigation for many purposes within 

lanthanide chemistry.19ï22 The DO3A structure is derived from DOTA, which is a 

desirable ligand for lanthanide encapsulation due to the high kinetic stability of the 

formed complexes.23,24 While DO3A is not as kinetically stable due to the loss of 

an acetate arm on the periphery of the ligand, this gives a vacant fourth position on 

the cyclen ring, enabling functionalisation on this position.13 This has been explored 

extensively to create CAôs and other useful molecules that are more targeting or 

sensitive to specific environments (e.g. pH, oxygen concentration etc.).25ï27 The 

alkyne functional group and its reactions have been observed extensively in organic 

chemistry, with a history of use within reactions such as Diels-Alder and óclickô 

reactions being two of its most well-known uses (Scheme-2.1).28,29  
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Scheme-2.1. General Cu(I) catalysed click reactions. 

Its uses in óclickô reactions is what made the propargyl group interesting within the 

Faulkner Group, with the ability to óclickô specific moieties to the DO3A 

ligand.20,21,28,30 However, within this thesis, the propargyl group will be used to 

saturate the fourth amine position on the ring. The reasons to use propargyl arm is 

the synthetic ease of addition to the cyclen ring and its small size should mean that 

sterically it will not hinder the binding of any guest anions in solution.6,13 

2.4 Synthesis of p.DO3A 

The synthesis of p.DO3A is a well-known pathway in the Faulkner group 

(Scheme-2.2).31ï33  

 

Scheme-2.2: Synthesis of Ln.p.DO3A (LnL2.3) for investigation as a prototype system. 

 

Direct alkylation of cyclen with tert-butyl bromoacetate produces the protected 

ester of DO3A, DO3A(tBuO)3 (2.1) in a good yield. DO3A(
tBuO)3 was further 

reacted with propargyl bromide which as aforementioned works well to yield the 

protected ester of p.DO3A (2.2). 2 undergoes removal of the ester groups in acidic 
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conditions to yield 2.3 as the TFA salt. 2.3 is then mixed with the appropriate 

lanthanide triflate salt and after appropriate basification and time, affords the 

complex Ln.p.DO3A (LnL2.3) (Ln(III)=Eu, Tb, Gd, Y, Yb) in good yield. The 

overall reaction proceeds with a good overall yield of 26 % and is highly 

reproducible.  

Complexes were fully characterised by NMR, MS and luminescence 

spectroscopies. These values all corresponded well with literature values for the 

Ln.p.DO3A complexes (Figure-2.2).11,20  

 

Figure-2.2. 1H NMR spectrum of Eu.p.DO3A (EuL2.3) (298 K, D2O, 500 MHz), Highlighting peaks 

due to SAP isomer (blue box) and TSAP isomer (black box). 

Eu(III) was prioritised due to previous research being focused on Eu(III) containing 

complexes, the emphasis being to confirm previous observations, then move on to 

more complex systems while retaining the same lanthanide.6 Eu(III) is the only 
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metal in the lanthanide series where NMR spectroscopy and luminescence 

measurements are easily attainable.34 While Tb(III) is more luminescent (higher 

quantum yield) and NMR spectroscopic data can be gained from the complexes, the 

NMR spectra are more difficult to assign in comparison to Eu(III) analogues.35ï37 

Yb(III) was also considered but due to the lack of a spectrometer with a NIR (Near 

Infra-Red) detector, this was abandoned.38 

 Tb(III) was of interest as in comparison to Eu(III), Tb(III) is further along the 

period specifically the other side of the ógadolinium breakô.39 This effect details the 

shift in conformational preference of óDOTA-likeô compounds from SAP to TSAP. 

This conformational change will have far reaching effects within this thesis. The 

SAP conformation for DOTA like complexes has a lower hydration number (q) 

than the TSAP conformation for the same complex.40 Therefore, exploring Eu(III) 

and Tb(III) shows the effect of the ógadolinium breakô and to see how the impact 

of this conformational shift will affect the complexes ability to act as a catalyst. For 

Yb(III), being so far along the period, the mole fraction of TSAP in solution will be 

very high, theoretically providing less space for anion binding. As such it is of less 

significance in this thesis, making the focus of this chapter on the Eu(III) and Tb(III) 

analogue of p.DO3A (Figure-2.3).41  
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Figure-2.3. 1H NMR spectrum of Tb.p.DO3A (298 K, D2O, 500 MHz) 

2.5 Luminescence studies of Ln.p.DO3A complexes 

Luminescence titrations of Ln.p.DO3A complexes were carried out on the 

Fluorolog-3 spectrometer using a non-dilution method to maintain complex 

concentration.42 Once a suitable spectrum was obtained, detailing the relevant 

transitions, suitable peaks were monitored and processed to generate a binding 

isotherm using DynaFitÈ. 

2.5.1 Eu.p.DO3A 

Upon completion of this luminescence titration, suitable peaks were chosen for 

observation. In Eu.p.DO3A the peaks correspond to the transitions 5D0Ÿ
7F1, 

5D0Ÿ
7F2, 

5D0Ÿ
7F3 and 

5D0Ÿ
7F4.

43 These transitions can afford a large amount of 

information about the local lanthanide environment (Table-2.1).44 
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Table-2.1. Table detailing transitions observed in luminescence spectra of europium (III) 

compounds, highlighted transitions are studied extensively in this thesis. Reproduced from 

reference.44 

Transitiona 

Dipole 

characterb 

Wavelength 

range (nm) 

Relative 

intensityc Remarks 

5D0Ÿ7F0 ED 570-585 vw to s 
Only observed in Cn, Cnv and C5 

symmetry 

5D0Ÿ7F1 MD 585-600 s 
Intensity largely independent of 

environment 

5D0Ÿ7F2 ED 610-630 s to vs 

Hypersensitive transition; 

Intensity very strongly dependent 

on environment 

5D0Ÿ7F3 ED 640-660 vw to w Forbidden transition 

5D0Ÿ7F4 ED 680-710 m to s 
Intensity dependent on environment, 

but no hypersensitivity 

5D0Ÿ7F5 ED 740-770 vw Forbidden transition 

5D0Ÿ7F6 ED 810-840 vw to m Rarely measured and observed 

a Only transitions starting from the 5D0 level are shown 
b ED = induced magnetic dipole transition, MD magnetic dipole transition 
c vw = very weak, w = weak, m = medium, s = strong, vs = very strong 

 

While all the transitions can impart some useful information about this complex, 

the 5D0Ÿ
7F2 (ȹJ=2) is of particular interest as it is a hypersensitive transition. This 

transition is particularly sensitive to the local environment, so is useful in 

elucidating structural information. Combined with the 5D0Ÿ
7F1 (ȹJ=1) transition, 

which is magnetically sensitive, these transitions provide structural information 

throughout the titration reaction (Figure-2.4).44. 
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Figure-2.4. Steady-state luminescence spectrum of Eu.p.DO3A (1Ĭ10-3 mol dm-3) in HEPES buffer 

(0.02 mol dm-3) (ɚex = 394 nm). 

This information can be gathered by monitoring the change in intensity of the 

individual transitions or specific wavelengths. These methods were used depending 

on the identity of the anionic guest. For ósofterô anions such as acetate (AcO-) there 

is an overall change in the intensity but peak shape remains consistent, integration 

of the transition peak to quantify the associated change with increasing anion 

concentration.45,46 For óhardô anions such as fluoride (F-), due to the strength of the 

binding, this can cause a change in magnetic field orientation.42 A óflipô from 

prolate to oblate or vice versa, causes a change in peak shape as the local magnetic 

field around the lanthanide changes upon anion binding.47 This change in peak 

shape is a result of the reordering of mJ states in each transition. Reordering of the 

energy levels leads to different occupation of the states based on a Boltzmann-like 

distribution.42,47,48 The change in peak shape means monitoring of the overall 

change in peak area upon guest addition is inaccurate. Instead, the magnitude of 
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individual wavelengths must be monitored, with the wavelengths selected being 

peak maxima which remain constant throughout the titration.46 

 

Figure-2.5. Steady-state luminescence spectra of Eu.p.DO3A (1Ĭ10-3 mol dm-3) showing the change 

in peak shape and intensity before (blue) and after (red) fluoride addition (8.57 eq), ɚex = 394 nm. 

Inset: magnification on the ȹJ=1 transition showing the change in the anisotropic field surrounding 

the lanthanide centre, initial (blue), final (red). 

A graph of peak or wavelength vs guest anion concentration can then be plotted. 

This data was processed using DynaFitÈ; this is an iterative fitting package that 

allows assignation binding events. These binding events correlate to changes in 

intensity, with the values of the binding constants being dependent upon factors 

such as the gradient of the curve, and the existence of any intermediate species.5 Of 

interest is whether the intensity changes correspond to one or more binding events. 

This allows differentiation between one- and multiple-binding events, which is of 

interest in this thesis due to the proposed method of catalytic action of the 

complexes being studied.6 The data used for fitting with DynaFitÈ was the guest 

anion concentration against the peak area of transitions ȹJ=1, ȹJ=2, ȹJ=3 and ȹJ=4 
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along with peak ratios ȹJ=2/ȹJ=1 and ȹJ=2/ȹJ=4. Tracking the changes in 

intensity for each individual peak, but also how the peaks change with regard to 

each other.  

As in Table-2.1 the 5D0-
7F1 (ȹJ=1) peak remains largely independent of 

environment, the hypersensitive 5D0-
7F2 (ȹJ=2) peak is strongly dependent on 

environment so will change greatly upon anion binding.44 Determination of the ratio 

ȹJ=2/ȹJ=1 is advantageous, ȹJ=2 describing in detail the changes in the local 

coordination sphere. While ȹJ=1 includes changes during the titration, such as 

changes in solvent polarity and magnetic field, with these factors affecting the 

observed luminescence intensity. 45,46,49 This should allow observation of more 

pronounced changes in comparison to the guest anion concentration.  

2.5.1.1 Eu.p.DO3A binding studies 

Luminescence titrations of Eu.p.DO3A (1Ĭ10-3 mol dm-3) were carried out in 

HEPES and Tris buffered solutions of MilliQ water (0.01 mol dm-3). In both cases 

these were titrated against known concentrations of acetate and fluoride as aliquots 

from a stock solution (0.02 mol dm-3). 

When titrating against fluoride, the change in peak shape upon addition of a óhardô 

guest anion must be taken into account.42 Meaning, instead of the integral of 

transition ȹJ=1, ȹJ=2, ȹJ=3 and ȹJ=4, the peak maxima are selected and the 

corresponding wavelength and associated intensity changes are monitored and these 

are used when attempting to generate binding events/constants.46  
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Upon the addition of fluoride to a solution of Eu.p.DO3A, a change is observed in 

the intensity of the peak at 587 nm highlighted in Figure-2.6. Due to the variance 

in the baseline upon changing ionic strength of the solution, this peak is baselined 

against the value at 582 nm: this serves to normalise the 5D0 O 
7F0 transition from 

which a binding isotherm is generated. In this experiment the metal is directly 

excited (ɚex = 394 nm,
 5D0O

7FJ) due to the lack of a chromophore for efficient 

electron transfer (eT).  

 

Figure-2.6. Graph showing the change in luminescence spectra of Eu.p.DO3A (1Ĭ10-3 mol dm-3) in 

HEPES buffer (0.01 mol dm-3), upon the addition of increasing amounts of KF. With starting (blue) 

and end (red) concentrations highlighted, ɚex = 394 nm. Inset: binding isotherm from DYNAFITÈ, 

plot of intensity of peak at 587 nm (baselined against 582 nm value, dark-green) vs concentration of 

F-.    

The first binding event observed (K1 = 3,350 M
-1 (Ñ8.2 %)) indicates strong binding 

of the fluoride to the central lanthanide. While this fits well, there is some shape to 

the scatter of the points, indicating that there could be another potential binding 

event, however this is too weak to be fully resolved as a separate binding event. 
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This supports the working hypothesis that there is one anion bound and the second 

is only weakly bound in the axial position.6,31  

Under the same conditions, an increasing concentration of acetate was added. This 

causes an increase in intensity reflected in the Inset of Figure-2.8. The initial lack 

of change in peak area is due to competitive binding, from HEPES buffer, or from 

deprotonation creating the isoelectronic -OH ion which in turn binds to the 

lanthanide centre. While this initial competitive binding is weak, it is a noticeable 

effect in titrations with weakly binding anions such as acetate in this case.50,51 This 

quickly turns into acetate binding to the lanthanide centre. The shape of the curve 

shows similarities to the fluoride analogue, the sigmoidal nature of the curve 

implies a binding event which cannot be fully distinguished. What could account 

for this is acetate binding in a bidentate fashion, input of this stoichiometric reaction 

into DynaFitÈ produced a binding isotherm for the theoretical termolecular 

collision. This physically corresponds to the initial binding of one of the oxygens 

on the acetate group, followed sequentially by the non-independent binding of the 

second oxygen, yielding a bidentate ligand with one overall binding constant 

(K1 = 954 M
-1 (Ñ6.6 %)). 
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Figure-2.7. Graph showing the change in luminescence spectrum of Eu.p.DO3A (1Ĭ10-3 mol dm-3) 

in HEPES buffer (0.01 mol dm-3), upon addition of increasing amounts of NaOAc. With starting 

(blue) and end (red) concentrations highlighted, ɚex = 394 nm. Inset: binding isotherm from 

DYNAFITÈ, plot of Intensity ratio of the ȹJ=2/ȹJ=1 (dark-green) vs concentration of AcO-.    

To confirm the effects and to explore the effect of buffer on binding strength, the 

same reaction was repeated in Tris buffer. The Tris buffer analogous experiment 

generated a weaker binding constant (K1 = 1,155 M
-1 (Ñ2.9 %)) than the HEPES 

analogue (Figure-2.8). The shape of the curve was similar to the HEPES analogue, 

yet what was noticeable is the marked decrease in variability of the baseline. One 

contrasting observation is the decresae in spectral intensity when titrating with 

fluoride versus acetate as guest. This is due to fluoride being a more effective 

photoinduced electron transfer (PeT) quencher, leading to a decrease in spectral 

intensity. This is a notable effect reported in the literature, so is unsurprising to see 

reflected throughout this thesis.52,53  
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Figure-2.8. Graph showing the change in luminescence spectrum of Eu.p.DO3A (1Ĭ10-3 mol dm-3) 

in Tris buffer (0.01 mol dm-3), upon addition of increasing amounts of KF. With starting (blue) and 

end (red) concentrations highlighted, ɚex = 394 nm. Inset: binding isotherm from DYNAFITÈ, plot 

of intensity of peak at 587 nm (baselined against 582 nm value, dark-green) vs concentration of F-. 

From work done by Lai et al.50, on buffer binding to divalent metal ions, it is shown 

that HEPES exhibits stronger and thus more competitive binding with respect to 

Tris. The displacement of HEPES by fluoride in Figure-2.6 leads to a high rate of 

change in luminescence intensity, resulting in a higher binding constant in 

comparison to that observed in Figure-2.8. The higher binding affinity for HEPES 

as opposed to Tris is very apparent on comparison of Figure-2.7 and Figure-2.9.  
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Figure-2.9. Graph showing the change in luminescence spectrum of Eu.p.DO3A (1Ĭ10-3 mol dm-3) 

in Tris buffer (0.01 mol dm-3), upon addition of increasing amounts of NaOAc. With starting (blue) 

and end (red) concentrations highlighted, ɚex = 394 nm. Inset: binding isotherm from DYNAFITÈ, 

plot of Intensity ratio of the ȹJ=2/ȹJ=1 (dark-green) vs concentration of AcO-.    

With Figure-2.9 showing none of the competitive binding exhibited by the HEPES 

analogue, both titrations against acetate (HEPES and Tris buffered) show good 

correlation in binding constants. 

Eu.p.DO3A and the luminescence titrations show good agreement with current 

comparable literature sources in the same area (Table-2.2).31 The titrations confirm, 

what has long been suspected, that acetate binds in a bidentate fashion to the 

lanthanide centre.6 The greater binding strength of fluoride as an anionic guest is 

apparent, allowing it to displace acetate from one binding mode. This should hold 

the anions in close proximity to one another and enable catalysis through the 

aforementioned hypothetical mechanism in Section-2.2.42,45,47  
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Table-2.2. Binding constants of anions with Eu.p.DO3A complexes in aqueous media. Ä 

Anion Media* Binding constant (M-1)# 

   K1 = [EuLX]- 

   Eu.p.DO3A 

F- water-HEPES 3,350 (Ñ270) 

 water-Tris 1,160 (Ñ33) 

AcO- water-HEPES 954 (Ñ6.3) 

  water-Tris 1,260 (Ñ71) 
*All buffers are maintained at 0.01 M, pH 7.4; HEPES = N-(2-Hydroxyethyl)piperazine-Nǋ-(2-

ethanesulfonic acid) saline, Tris = trisaminomethane saline 
# Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval. 
Ä The binding of anions was studied by steady-state fluorescence titrations of the complexes 

with varying concentrations of potassium fluoride and sodium acetate with binding isotherms 

generated using DynaFitÈ. 

 

The difficulty of rationalising a second binding event in the fluoride titrations can 

be explained in terms of the increased electrostatic repulsion. The addition of a 

second fluoride ion to the anionic [Ln.p.DO3A.F]- complex is highly unfavourable, 

leading to a weak and indistinguishable second binding event. This is corroborated 

by lifetime data and associated óqô values from work done by Alexander et al.31 

2.5.2 Tb.p.DO3A  

To explore the effect of changing the central lanthanide ion in the same reaction set, 

the same titration experiments were repeated using Tb.p.DO3A (1Ĭ10-4 mol dm-3) 

as the complex under investigation. The concentrations of the buffered solutions 

(0.001 mol dm-3) and anionic guests (0.002 mol dm-3) were modified accordingly. 

Tb(III) is more emissive with larger quantum yields than Eu(III) in isostructural 

complexes, as demonstrated by Kucher et al.54 This necessitates a decreased 

concentration of host to not overwhelm the detector being used. 
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To address the issue of background luminescence, time-gating techniques were 

employed. As mentioned in Section-1.4, certain lanthanides exhibit long lanthanide 

luminescence lifetimes; this can be used to exclude the short-lived autofluorescence 

from other sources. This offers enhanced signal-to-noise ratios and very low limits 

of anion detection, making it highly advantageous in this case. This also allows 

direct comparison of how the individual bands increase either independently or with 

regard to other bands, offering high spatial and temporal resolution. Although this 

technique does not allow distinction of spectral fine structure and hence a decreased 

amount of information about the lanthanide environment, this data is more 

conducive to the determination of binding constants using DynaFitÈ.  

An unexpected benefit of the change in lanthanide ion was the associated change in 

energy levels of the triplet excited state, as aforementioned in Section-1.4 this is the 

state which receives energy transfer from the ligand excited states when exploiting 

the óantenna effectô. With a change in lanthanide ion identity comes a change in the 

triplet energy level, this brings it into proximity of the propargyl group triplet 

energy level, enabling effective sensitisation through this antenna. An observation 

not seen in the analogous Eu.p.DO3A complex. This allows exploitation of the 

propargyl group as a suitable antenna group. While not as efficient as other 

chromophore containing terbium complexes, it nonetheless facilitates indirect 

excitation.  

This change from fluorescence to phosphorescence was accompanied by a change 

in instrumentation from the FluorologÈ to the PerkinElmer LS55. This instrument, 

while less sensitive than the FluorologÈ, was much more time-efficient and 

decreased the signal-to-noise ratio even more, providing an optimised route to carry 
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out titrations. Tb.p.DO3A measurements were thus carried out using this 

instrument. The shape of the luminescence spectrum changed with lanthanide 

identity giving 5D4 as the ground state (Figure-2.10).55 

 

Figure-2.10. Fluorescence spectrum of Tb.p.DO3A (1x10-4 mol dm-3) in Tris buffer (0.001 mol 

dm-3), ɚex = 226 nm (high initial intensity at 450 nm due to 2ɚ peak from Raman scattering). 

2.5.2.1 Tb.p.DO3A binding studies 

Time-gating techniques allowed removal of background auto-fluorescence, yet due 

to the low excitation wavelength (226 nm) the double excitation peak around 

450 nm results in some interference within the spectral data. Due to Terbiumôs 

smaller size and similar charge, it has a greater charge density which makes it much 

more polarising in solution. The associated binding constants for fluoride binding 

in HEPES (K1 = 71,400 M
-1 (Ñ9.0 %), K2 = 90 M

-1 (Ñ18.9 %)) are much higher than 

the Eu(III) analogue (Figure-2.11). 
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Figure-2.11. Graph showing the change in luminescence spectrum of Tb.p.DO3A (1Ĭ10-4 mol dm-3) 

in HEPES buffer (0.001 mol dm-3), upon addition of increasing amounts of KF. With starting (blue) 

and end (red) concentrations highlighted, ɚex = 226 nm. Inset: binding isotherm from DynaFitÈ, plot 

of Intensity ratio of the ȹJ=6/ȹJ=5 (dark-green) vs concentration of F-.    

 This reflects an increase in binding strength expected upon change of the 

lanthanide identity, making a second binding event distinguishable within the 

binding isotherm. This carries over into observations on Figure-2.12 where a 

second binding mode for acetate to the lanthanide centre is distinguishable. This 

shows that even though acetate can bind in a bidentate fashion, there is the 

propensity for it to bind multiple times in a monodentate fashion, due to the 

preference for multiple hard anion donors due to the increasing Lewis acidity upon 

changing from Eu(III) to Tb(III).56 
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Figure-2.12. Graph showing the change in luminescence spectrum of Tb.p.DO3A (1Ĭ10-4 mol dm-3) 

in HEPES buffer (0.001 mol dm-3), upon addition of increasing amounts of NaOAc. With starting 

(blue) and end (red) concentrations highlighted, ɚex = 226 nm. Inset: binding isotherm from 

DynaFitÈ, plot of the integrated intensity of ȹJ=6 (dark-green) and ȹJ=5 (purple) vs concentration 

of F-.    

The binding constants for the Tris buffered titrations show similar values for the 

associated binding constants, also exhibiting the presence of a second binding event 

(Table-2.3). 

Table-2.3. Binding constants of anions with Tb.p.DO3A complexes in aqueous media. Ä 

Anion Media* Binding constant (M-1)#   

    K1 = [TbLX]- K2 = [TbLX2]
2- 

    Tb.p.DO3A   

F- water-HEPES 106,000 (Ñ11,000) 66.0 (Ñ4.9) 

 water-Tris 176,000 (Ñ37,000) 97.3 (Ñ2.7) 

AcO- water-HEPES 71,400 (Ñ6,500) 93.0 (Ñ18.0) 

  water-Tris 37,600 (Ñ3,080) 75.0 (Ñ14.0) 
*All buffers are maintained at 0.01 M, pH 7.4; HEPES = N-(2-Hydroxyethyl)piperazine-Nǋ-(2-

ethanesulfonic acid) saline, Tris = trisaminomethane saline 
# Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval. 
Ä The binding of anions was studied by steady-state fluorescence titrations of the complexes 

with varying concentrations of potassium fluoride and sodium acetate with binding isotherms 

generated using DynaFitÈ 
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These luminescence titrations have further explored the nature of the binding 

around these p.DO3A based complexes, confirming previously observed results 

and seeing the dramatic increase in binding strength with the use of a more charge 

dense lanthanide. Exploring the nature of the binding around the lanthanide centre 

is of importance as this serves to construct an image of how the anions will behave 

in a potential catalytic situation. Both complexes exhibit strong binding constants 

for anionic guests, this combined with the observation of two binding modes makes 

them good candidates for catalytic studies. 

2.6 Catalytic studies  

In scoping studies done by Laura Mason.6 The ability of lanthanide containing 

complexes to catalyse basic fluorination reactions was explored with the aim to 

create a facile way of fluorinating specific molecules. The reaction chosen to 

explore whether this was possible was the fluorination of halocarboxylic acids. A 

range of substrates were chosen that varied based upon several different factors 

such as steric constraints and electronic stability. 

Chloroacetic acid was the most basic substrate, providing very little steric 

hindrance, with the leaving chloride group being in close proximity to the 

lanthanide at the centre of the complex. 3-Chloropropanoic acid introduces a -CH2- 

group in between the acetate binding moiety and the leaving group, probing the 

effectiveness of the catalyst over varying distances, as well as to observe any 

potential regioselectivity (Figure-2.13). With 2-chloro-2-phenylacetic acid, the 

presence of a phenyl group introduces a large degree of steric hindrance, yet also 

serves to stabilise the transition state of this substitution reaction. The product of 

this reaction will also be an enantiomer due to the presence of a chiral centre, 
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allowing the observation of whether there is an enantiomeric preference within 

these complexes.  

 

Figure-2.13. Chemical structures of chloroacetic acid (left), 3-chloropropanoic acid (centre) and 2-

chloro-2-phenylacetic acid (right) 

2-chloro-2-phenylacetic acid is insoluble in a D2O reaction medium. Therefore, it 

was converted to the sodium salt (sodium 2-chloro-2-phenylacetate) through 

addition of sodium hydroxide (Figure-2.14). 

  

Figure-2.14. Conversion of 2-chloro-2-phenylacetic acid to sodium 2-chloro-2-phenylacetate.   

 

2.6.1 NMR spectroscopy studies of fluorination 

Chloroacetic acid was the first substrate studied. Physically for each measurement, 

for a volume of 0.6 mL the appropriate amounts were weighed out to have 

concentrations for TBAF, 0.1 mol dm-3; halocarboxylic acid substrate, 

0.1 mol dm-3; catalyst under investigation, 0.01 mol dm-3. An initial control reaction 

was done to ensure that the reaction proceeded when the substrate and a fluoride 

source were combined in the same reaction vessel. This, and subsequent reactions 

were monitored for 12 hours, plotting the change in intensity of the fluorinated 

productôs NMR signal (Figure-2.15).    
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Figure-2.15. 19F NMR spectra of the control reaction between TBAF and chloroacetic acid over a 

12-hour period. 

This integrated intensity was then compared to the catalysed reactions. Particular 

interest was paid to the difference in initial rates of reaction, the effect of the catalyst 

on this and whether the reaction was believed to have gone to completion. Over the 

course of the reactions there is a change in the ionic charge of the solvent as the 

identity of the free ions in solution change during the course of the reaction.  

This has the effect of the location of the TBAF fluoride peak migrating over the 

course of the reaction, causing it to cross the fluorinated product peak location, 

giving rise to an apparent spike in the intensity of the product peak. The points 

corresponding to this area are omitted to get an accurate description of the reaction 

progress, this was repeated for Eu.p.DO3A and some other examples further into 

this thesis. The first data set for Eu.p.DO3A (Figure-2.16, top) and Tb.p.DO3A 

(Figure-2.16, bottom) show a curious set of observations. Eu.p.DO3A works as 
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desired, causing an increase in both the initial rate and long-range rate. Despite this, 

the reaction does not appear to have gone to completion over the course of 12 h. 

Tb.p.DO3A initially exhibits a higher reaction rate butt shows a decrease in reaction 

rate over time in comparison to the control reaction. This may indicate that, at lower 

concentrations of reactant, the concentration of reactants may become rate limiting 

as the reaction progresses. 
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Figure-2.16. Graph of catalysed (10%mol) (red-scatter) and control (blue-scatter) reactions for the 

reaction of TBAF with chloroacetic acid with catalysts Eu.p.DO3A (top) and Tb.p.DO3A (bottom). 

Inset: Comparison of the initial rates of reaction between catalysed (dark-green) and control (purple) 

reactions, deduced by determining the gradient of a linear fit for the first 1800 s of the reaction being 

catalysed by Eu.p.DO3A (top) and Tb.p.DO3A (bottom).  

To determine whether there was a regio-dependency of the observed catalysis, the 

experiment was repeated with a 3-chloropropanoic acid substrate. The control 
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reaction shows greatly decreased initial and overall reaction rates. This is to be 

expected due to the lack of a neighbouring carbonyl group to stabilise transition 

state formation through hyperconjugation (Figure-2.17).  

A similar set of observations for the reactions with 3-chloropropanoic acid is 

observed. Eu.p.DO3A (Figure-2.17, top) works well to catalyse the progress of the 

reaction (points removed due to migration of the TBAF peak). Tb.p.DO3A 

(Figure-2.17, bottom) complex shows a similar observation as previously seen, 

with the complex initially catalysing then inhibiting the reaction as it progresses. 

This could be due to reagent concentrations limiting reaction rate or may reflect 

demetallation of the complex by precipitation of the associated lanthanide fluoride 

(LnF3). 
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Figure-2.17. Graph of catalysed (10%mol) (red-scatter) and control (blue-scatter) reactions for the 

reaction of TBAF with 3-chloropropanoic acid with catalysts Eu.p.DO3A (top) and Tb.p.DO3A 

(bottom). Inset: Comparison of the initial rates of reaction between catalysed (dark-green) and 

control (purple) reactions, deduced by determining the gradient of a linear fit for the first 1800 s of 

the reaction being catalysed by Eu.p.DO3A (top) and Tb.p.DO3A (bottom).  

To investigate how the presence of steric bulk would affect the catalytic ability of 

the complexes in question. The experiment was repeated using sodium 
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2-chloro-2-phenylacetate as the carboxylate substrate. This allowed observation of 

the potential for enantioselectivity and steric bulk dependence with the latter 

potentially hindering the reaction. The presence of a phenyl ring should serve to 

stabilise the transition state through conjugation with the -́system of the phenyl 

ring. The shape of the graphs differs greatly from the previous observations 

(Figure-2.18). The rate of reaction, for both control and catalysed variants, is 

greatly decreased and thus over the 12 h timescale an exponential decay cannot be 

fitted. The graph would imply initial inhibition of the reaction, potentially by the 

sodium ion in solution, with the slow initial increase in product peak intensity. With 

this being followed by the reaction rate increasing and proceeding at a uniform rate 

from 7500 s to the end of the 12 h period at 42900 s. In concordance with previous 

observations, both complexes catalyse the initial rate of reaction to the same degree. 

However, due to the slow rate of reaction, the reagent concentration does not get 

low enough to observe any reaction inhibition by the Tb.p.DO3A complex.  
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Figure-2.18. Graph of catalysed (10%mol) (red-scatter) and control (blue-scatter) reactions for the 

reaction of TBAF with sodium 2-chloro-2-phenylacetate with catalysts Eu.p.DO3A (top) and 

Tb.p.DO3A (bottom).  Comparison of rates of reaction through corresponding linear fits (black).  
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The lack of solubility of the pure substrate and thus inclusion of a sodium ion 

introduces unwanted variables into this reaction, such as  solvent polarity due to the 

inclusion of a cation. However, there is an overall effect on the rate of reaction as 

observed by the change upon inclusion of either of the complexes. This along with 

an associated change in the gradient of the linear fit, in this case representing the 

reaction rate, shows the complexôs impact on the rate of reaction showing their 

activity as catalysts. 

2.6.2 Conclusions on catalytic studies 

The investigation into the potential catalytic abilities of the Ln.p.DO3A complexes 

was promising. Confirming and expanding upon previous observations, while 

exploring how the variation of lanthanide identity affected these properties.6 

Solubility limitations in the third substrate (2-chloro-2-phenylacetic acid) meant 

less useful data could be extracted, yet they were still deemed to provide significant 

evidence of catalysis of the sodium salt of the substrate (sodium 2-chloro-2-

phenylacetate). The first two substrates provided compelling evidence for catalysis 

of fluorination reactions in aqueous media, with Eu.p.DO3A proving to be an 

effective catalyst. In both support and contrast of this, Tb.p.DO3A showed high 

initial rates of reaction, but the rate decreased over the course of the 12 h time 

period. This decrease in reaction rate could be due to several factors, chiefly 

lanthanide precipitation. The high binding constants observed in Table-2.2, 

demonstrate a strong interaction between Tb(III) and F-, the extreme of this would 

be formation of TbF3. TbF3 being insoluble in aqueous media would precipitate out 

of solution, resulting in removal of both the fluoride source and the reaction 

catalyst. This hypothesis seems the most likely case, precipitation is observed for 
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all of the catalytic reactions due to the instability of heptadentate complexes in both 

aqueous media and fluoride containing solutions over time. This combined with 

observations by Cordfunke et al 57. on the formation enthalpies of lanthanide oxides, 

demonstrating the greater binding strength of Tb(III) with hard anions in 

comparison to Eu(III), leading to the conclusion that precipitation of terbium 

fluoride, or alternatively terbium hydroxide as the most likely cause of reaction 

inhibition. 

2.7 Summary and conclusions 

This Chapter has covered the initial synthesis of a series of Ln.p.DO3A complexes, 

to act as prototype systems for the DO3AM derivatives covered later in this thesis. 

From initial synthesis an Eu(III) and Tb(III) complex were carried forward. 

Luminescence titrations were carried out on both complexes with KF and NaOAc, 

in aqueous media. This data was processed and through the use of DynaFitÈ 

iterative fitting software, binding events and their associated binding constants were 

assigned and quantified respectively.5 From this data was concluded that these 

complexes exhibit two binding modes, with one of greater strength (equatorial) and 

the other comparatively weaker (axial). As such, they were deemed suitable for use 

as catalysts in an appropriate reaction set. The fluorination of halocarboxylic acids 

was chosen as a suitable reaction set, with the application of selective fluorination 

for PET imaging being deemed of interest. Catalytic studies were carried out, this 

comprised observing the appearance of a given product peak over a 12 h period and 

monitoring the rate of change at different points, most importantly in the initial 

rection stages. This provided conclusive evidence for these complexes acting as 

catalysts. The Eu(III) containing complexes showed an acceleration in reaction rate 
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across all reactions and all timeframes. However, the Tb(III) analogues showed 

limitations upon prolonged exposure as they precipitated out of solution, removing 

both substrate and catalyst from the reaction. As such it was decided to proceed 

with only Eu(III) containing complexes later in this thesis, to prevent repetition of 

the same observations covered in Section-2.7.1.   
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Chapter 3: Synthesis of DO3AM derivatives 

3.1 DO3AM and DOTAM complexes 

DOTAM is the tetra amide analogue of DOTA (Figure 3.1).1,2 Like DOTA, 

DOTAM forms lanthanide complexes with high kinetic stability but comparatively 

lower thermodynamic stability; yet the high kinetic stability makes it suitable for 

purposes similar to DOTA, as contrast agents and in medical imaging 

applications.3ï5 One of the main points of interest of DOTAM is the possibility of 

further functionalisation of the amide pendant arms on the periphery of the ligand.6 

With two hydrogen atoms available for substitution, this allows for the creation of 

more diverse ligands.  

 

Figure 3.1. Chemical structures of DOTA (left) and DOTAM (right). 

For the purposes of this thesis, the inclusion of an amide pendant arm enables 

modification of the coordination sphere significantly by exploiting electronic 

effects on amide substituents.7 Desirable properties such as solubility and rigidity 

can be incorporated and these could potentially influence a complexes first 

solvation sphere.8 DO3AM is the tri-amide analogue of DO3A (Figure 3.2). 

DO3AM differs from DOTAM, as it forms complexes with dramatically reduced 

kinetic stability, as does its acidic analogue, DO3A to DOTA. This makes tailoring 
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the ligand properties of paramount importance as creation of a rigid ligand through 

the inclusion of specific arms will help prevent demetallation and hence a loss of 

functionality.  

 

Figure 3.2. Chemical structures of DO3A (left) and DO3AM (right). 

Incorporation of rigid and bulky groups is necessary in these cases, so the selection 

of pendant arms played a major role in deciding which complexes to make. 

3.1.1 Applications and uses of DO3AM and DOTAM 

DOTAM based macrocycles have been used as chelating ligands to create novel 

Ln(III) complexes, for many applications.9,10 Investigations by Dunand et al.11 

sought to optimise water exchange rates in DOTAM, DTMA and DOTMAM 

complexes (Figure-3.3). Where the presence of a methyl group bound to an amide 

or Ŭ to the cyclen ring affects both the number of potential isomers present, and 

their specific water exchange rates. To probe their structure the Eu(III) complexes 

were made, showing the ratio of TSAP/SAP isomerism present. With water 

exchange being favoured in the TSAP form over the SAP form 

([Eu(dtma)(H2O)]
3+:Ὧ  SAP = 8.2 ° 0.2 ³ 103 s-1, TSAP = 352 ° 97 ³ 103 s-1), the 

rate of water exchange was shown to depend upon the ratio of these isomers hence 

the rate of interconversion of the TSAP and SAP isomers. 
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Figure-3.3. Chemical structures of DOTAM (1,4,7,10-tetrakis(carbamoylmethyl)-1,4,7,10-

tetraazacyclododecane, left), DTMA (1,4,7,10-tetrakis- (N-methylcarbamoylmethyl)-1,4,7,10-

tetraazacyclododecane, centre) and DOTMAM (1,4,7,10-tetrakis(methylcarbamoylmethyl)-

1,4,7,10-tetraazacyclododecane, right) 

DOTAM has also been exploited as a ligand separate for inclusion in metal 

complexes. For example, Nazare et al. altered the DOTAM scaffold.12 Onto this 

ligand was appended three targeting groups and one fluorescent moiety, with the 

macrocyclic cavity remaining empty (Figure-3.4). Ligands such as these are 

becoming more prevalent as their use as multimodal imaging agents becomes more 

researched. 

Figure-3.4. Chemical structure of (AcWYRGRL)3-DOTAM-Cy5.5 3TP, containing three collagen 

II targeting peptides (blue) and a fluorescing (Cy5.5) moiety (red). AcWYRGRL = acetylated-

tryptophan-tyrosine-arginine-glycine-arginine-leucine, Cy 5.5 = Cyanine-5.5.
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Other research carried out by Hudson et al. has investigated DOTAMs applications 

for in vivo cartilage imaging (Figure-3.5).13  

 

Figure-3.5. Tm(III) DOTAM alkyl complexes for application as PARACEST and MRI contrast 

agents. 

In combination with a central lanthanide ion (Tm(III)) these have seen promising 

potential as CEST or PARACEST agents, with the overall aim to decrease the 

positive charge associated with these molecules thus increasing their 

biocompatibility. Despite these myriad uses and research into DOTAM, both as a 

ligand in complexes and as a molecule, DO3AM has not seen such extensive 

research. Its relatively low kinetic and thermodynamic stability renders it 

ineffective for most complex applications, especially for in vivo applications, as 

lanthanide in vivo deposition can lead to extensive health issues.14  

3.2 Aim and scope  

The aim of this work is to further explore the nature of lanthanide complexes based 

upon a DO3AM framework and to utilise them for catalytic fluorination. This area 

has been underexplored in comparison to DOTA, DO3A and DOTAM based 

complexes. The initial aim will be to synthesise an appropriate set of ligands with 
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desirable qualities such as rigidity and solubility. These ligands will be complexed 

with Eu(III), and their photophysics explored. Photophysical and NMR 

spectroscopic characterisation of the complexes will allow deduction of the 

conformational preference of each complex. This will yield more information on 

the local solvation sphere, and provide information on the potential catalytic ability 

of the complexes. The catalytic activity is investigated in Chapter-6. This Chapter 

focuses on investigating the effect these ligands have on chirality at the metal centre 

and provide the means to explore enantioselectivity in fluorination reactions. 

Furthermore, these systems give the option to retain positive charge, as neutral 

coordinating amide groups create an overall positive charge on the complex. 

Variation of the functional groups present in the ligands created will allow 

exploration of the role of charge in various factors primarily the solubility of 

DO3AM derived complexes. A specific aim being to increase the positive charge 

on the ligand periphery, such that upon formation of a complex with a positively 

charged periphery, this will prevent aggregation between neighbouring molecules 

through electrostatic interactions. This overall positive charge will persist 

throughout the complexation of a pair of anionic guests, making them an ideal 

candidate for application as homogeneous catalysts (Figure-3.6).  
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Figure-3.6. General chemical structure of [Eu.p.DO3AM.Lys.OR]6+ (R= -Me, -tBu) with amine 

arms protonated in aqueous solution. 

3.3 Design strategy for p.DO3AM ligands 

The DO3AM motif initially required modification by blocking the fourth amine 

position on the ring. Blocking this position with a small group allows for anion 

binding in this empty coordination site. Previous work done by the Faulkner group 

has proved the existence of two different anion binding modes in complexes based 

on a DO3AM motif, with this initially being discovered for the 

Eu.p.DO3AM.Asp.OtBu complex (Figure-3.7).15 

 

Figure-3.7. Chemical structure of Eu.p.DO3AM.Asp.OtBu with axial (red) and equatorial (blue) 

binding modes. 
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These two binding modes, one axial and one equatorial, have different binding 

constants with the axial being smaller than the equatorial.13 The axial binding mode 

is much weaker hence the ligand in this position is deemed to be in fast exchange. 

The equatorial binding mode is comparatively stronger, with this position being 

exchanged on a slower timeframe.13 This was a promising catalyst for fluorination 

reactions. However, Eu.p.DO3AM.Asp.OtBu was insoluble in water, a desirable 

solvent for this reaction. This, along with Eu.p.DO3AM.Asp.OH aggregating in 

solution made these unfeasible catalysts (Figure-3.8). 

 

Figure-3.8. Chemical structures of Eu.p.DO3AM.Asp.OH (left) and Eu.p.DO3AM.Asp.OtBu 

(right). 

 

To allow ion coordination at both positions, a suitably small blocking group must 

be utilised to prevent unwanted side reactions on the unsubstituted amine position 

on the ring. Previous research carried out in the Faulkner group sought to compare 

the anion binding positions of the complexes Eu.p.DO3A and Eu.m.DO3A 

(Figure 3.9). 
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Figure-3.9. Chemical structures of Eu.p.DO3A (left) and Eu.m.DO3A (right). 

Inclusion of a methyl group as in Eu.m.DO3A (Figure-3.9, left), as opposed to a 

propargyl group Eu.p.DO3A (Figure-3.9, right), led to comparatively lower 

solubility of the overall complex. Studies were therefore continued with propargyl, 

due to the synthetic ease with which this group could be appended to the cyclen 

ring, along with the increased solubility of the complex. The propargyl group is a 

well-researched addition to DO3A and DO3AM based ligands. It has been 

researched extensively as a handle for óclickô chemistry, providing a facile way to 

append desirable groups to a large macrocycle.16,17 Based upon the synthetic ease 

and precedent within this field it was selected as a blocker for the fourth amine 

position on the ring.  

 

3.3.1 Selection of pendant arms 

The pendant arms on the periphery of the cyclen based macrocycles dictate a lot of 

the overall properties of the complex. This allows engineering of desirable 

properties by the inclusion or exclusion of specific functional groups, combined 

with well-known protecting groups and facile protecting strategies, this can afford 

multiple ligands for investigation. For example, in previous research done by the 

Faulkner group on the Eu.p.DO3AM.Asp.OH complex (Figure-3.7)  in water; 

aggregation was observed and the complex precipitated out of solution, meaning 
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the ligand must be designed to avoid this observation.15 From evidence gathered 

from photophysical studies, it was deduced that this was due to binding between 

neighbouring complexes by bridging acetate groups. This demonstrates that 

modification of the pendant arms can cause drastic changes in solution phase 

properties such as hydrophilicity, hence the opportunity for modification can vary 

greatly. This has mainly been exploited to add targeting moieties onto the ligand 

periphery, such as in work carried out by Brennecke et al (Figure-3.10), this aspect 

of DOTAMs structure continues to encourage novel research in this area.18  

 

Figure-3.10. Example of a DOTAM based macrocycle with modified pendant arms that can act as 

targeting, quenching and fluorescing moieties. Top: Schematic representation of a targeted, 

activatable cathepsin S fluorescent probe on a DOTAM based macrocycle. Bottom: structural 

representation of the appended moieties, including cRGDfK targeting unit, BHQ-2 quencher, and 

Cy3 dye. Reproduced from reference.18 
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Chiral catalysis is a growing and important field and to achieve enantioselectivity 

a catalyst must contain a pre-organised active site, this enables the reaction to 

proceed via a specific conformational reaction pathway resulting in one 

enantiomer.19 Inclusion of chiral pendant arms enforces this chirality around the 

lanthanide centre, leading to a predominant isomer for the ligand and complex as a 

whole. A series of chiral molecules was therefore needed, an easy source of chiral 

molecules is the Ŭ-amino acid series.  The amino acids used are available 

commercially as one enantiomer, allowing the potential for a conformational 

preference due to the use of a single isomer, in this thesis L-enantiomers were used. 

The Ŭ-amino acid series has many structural attributes, the presence of a chiral 

carbon and a R group that can be varied. The R group allows incorporation of 

desired functional groups, with these groups having good aqueous solubility, high 

rigidity and exhibiting chirality. A specific aim is to negate the propensity for 

complex aggregation, as seen in complexes with negatively charged complex 

arms.15 L-lysine contains an amine group as the óRô sidechain, with a pKa in the 9.5-

11.0 range this will be protonated in aqueous media (Figure-3.11). Decreasing the 

propensity for aggregation and promoting solubility through charge separation.This 

thesis employs a range of protected lysine amino acid derivatives. Orthogonal 

protection is of great importance in these arms. The inclusion of two different 

protecting groups on lysine, one on the side chain amine and the second on the 

carboxylic acid, allows selective deprotection of the amine group. Four such mixed 

systems were chosen (Figure-3.11). 
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Figure-3.11 Chemical structures of L-lysine (furthest-left), tert-butyl N6-((benzyloxy)carbonyl)-L-

lysinate (centre-left), tert-butyl N6-(tert-butoxycarbonyl)-L-lysinate (centre-right) and methyl N6-

(tert-butoxycarbonyl)-L-lysinate (furthest-right). Referred to as Lys, Lys.CBz.OtBu, Lys.OtBu.OtBu 

and Lys.OtBu.OMe respectively. 

Due to synthetic constraints mentioned later in this thesis Lys.OtBu.OMe became 

desirable due to the ease of removal of the amine óBocô protecting group. 

Phenylalanine (Figure-3.12) was the second pendant arm. With a phenyl group as 

the óRô group in this case. While having a negative impact upon the solubility in 

aqueous media, the phenyl group could act as a chromophore for the lanthanide 

centre.  

 

Figure-3.12. Chemical structures of L-phenylalanine (left), tert-butyl L-phenylalaninate (centre), 

methyl L-phenylalaninate (right). Referred to as Phen, Phen.OtBu, Phen.OMe respectively. 

This efficient method of lanthanide excitation proved to be less useful for these 

complexes due to poor overlap between the phenyl chromophore and lanthanide 

excited states. This chromophore does not offer an effective excitation pathway for 

these complexes, as excitation at the chromophores absorption wavelength did not 

yield a characteristic Eu(III) luminescence spectrum. Despite this, direct excitation 

still worked well for this complex, enabling probing of the coordination 

environment around the Eu(III) ion. 
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Proline (Figure-3.13) differs from the other ligands in that the side chain group 

includes a five-membered ring that includes the amine group. 

  

Figure-3.13. Chemical structures of L-proline (left), tert-butyl L-prolinate (centre), methyl L-

prolinate (right). Referred to as Pro, Pro.OtBu, Pro.OMe respectively. 

This secondary amine changes to a tertiary amine upon formation of the final ligand. 

The formation of a tertiary amine removes any amide oscillators on the complex, 

with amide oscillators offering a quenching pathway for lanthanides in solution.20 

Yet the main motivation behind the inclusion of proline is that the five-membered 

ring should enforce rigidity in the pendant arms. Rigidity in the complex should 

prevent conformational interconversion of the complex between TSAP and SAP 

conformations, preserving the ideal catalytic TSAP configuration, with this 

conformer having much faster exchange rates.21 Faster exchange rates are sought to 

make sure that there is exchange of anions between the inner and outer coordination 

sphere, as if the anions irreversibly bind then the catalyst is rendered inert after one 

reaction cycle. Due to its rigidity proline was deemed the most likely to demonstrate 

a conformational preference. 

In each of these pendant arms there is a selection of different protecting groups. The 

main driving reason behind this is synthetic ease, to prevent unwanted side 

reactions. Secondary to this was to investigate the role that steric bulk could have, 

on the solution phase coordination chemistry of the complexes under investigation. 

While other pendant arms were theorised if not explored, these substrates were 
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picked as the most suitable to explore the role of charge, lipophilicity and rigidity 

within Ln(III) complexes. 

3.3.2 Initial synthetic pathway 

The initial synthetic pathway comprised the use of protecting chemistry to achieve 

a monoalkylated propargyl cyclen intermediate, before direct alkylation to yield the 

final ligands (Scheme-3.1). 

 

Scheme-3.1. Initial synthetic route for Eu.p.DO3AM derivatives. 

The initial synthetic pathway has been used previously within the Faulkner group 

and in the wider community there is extensive literature on this topic.15,22 This 

method involves a protection/deprotection methodology. Initially alkylating cyclen 

with Boc anhydride to create the protected ester 3.1, this molecule 3.1 has been used 

extensively to access monoalkylated products due to the great degree of difficulty 
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directly alkylating the cyclen ring. This protected ester 3.1 was then alkylated with 

propargyl bromide to give product 3.2. The protecting ester groups of 3.2 were then 

removed by an ester acidic hydrolysis, yielding the cyclen ring with one position 

substituted with a propargyl group (3.3) (Figure-3.14): this molecule is then used 

for all syntheses of the different DOTAM derivatives.  

 

Figure-3.14. 1H NMR spectrum of compound 3.3, with the propargyl protons highlighted in blue 

and red. 

To create suitable pendant arms the respective L-amino acids were functionalised 

using chloroacetyl chloride, allowing them to be appended to the cyclen ring. These 

functionalised amino acids 3.4a-c were then reacted with 3.3 to yield the 

trisubstituted products 3.5a-c before being complexed with Eu(OTf)3 to give 

[EuL3.6a-c]. 

3.3.3 Synthetic adaptation and optimisation. 

The original synthetic pathway (while well-established) has significant drawbacks. 

The use of protecting group chemistry and lack of facile purification leads to low 
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yields in the initial steps of the synthesis to create compound 3.3 (22 % overall 

yield). To reach 3.6a, the overall yield is 1.1 %, with the other final complexes 

being synthesised in yields too low to be measurable. 

The chloroacetylation procedure was the most limiting factor initially. The reaction 

is carried out in the presence of base, literature sources quote Et3N as a viable base 

for this reaction, with a pKa of 10.64 at room temperature.23 Yet upon addition to 

the reaction mixture, the colour became black and after work up according to 

literature procedures, no product was observed.24 Reactions with substitute bases 

such as DIPEA (pKa = 10.98) also resulted in no observable product, so it was 

considered to use a more sterically hindered base. 2,6-di-tert-butylpyridine 

(pKa = 3.58) is a highly sterically hindered base, preventing it from acting as a 

nucleophile. Based on initial success with 2,6-ditert-butyl pyridine, a similar, 

equally effective but cheaper analogue 2,6-lutidine (pKa = 6.67) was used (Figure-

3.15). 

 

Figure-3.15. Chloroacetylation of amino acid derivatives with differing bases: Et3N (top left), 

DIPEA (bottom left), 2,6-lutidine (top right) and 2,6-ditert-butylpyridine (bottom right) 

The synthesis of protected ester 3.1, commonly known as ótri-boc cyclenô has been 

well documented and used to access monoalkylated cyclen. Despite this, the 

presence of the tetra-substituted variant posed synthetic issues as separation from 

the desired tri-protected ester is difficult due to their chemical similarity, with 
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similar Rf values in both silica and alumina-based chromatography. This prompted 

investigation into an efficient way to monoalkylate cyclen with a suitable protecting 

group, which upon protection with boc-anhydride and removal of the first 

protecting group, would yield the desired protected ester 3.1.  

Direct alkylation of cyclen with propargyl bromide would be the most direct 

method, thus was investigated. While this reaction is cited in the literature, when 

attempted practically, it instead formed a mix of di- and unsubstituted cyclen, while 

little propargyl cyclen (3.3) that was formed was inseparable from the reaction 

mixture (Figure-3.16).16 Despite continued effort to optimise the reaction 

conditions and/or purification, the ratio of propargyl cyclen compared to the 

generated by-products did not improve, prompting no further exploration down this 

synthetic pathway.   

 

Figure-3.16. Attempted alkylation of cyclen with propargyl bromide to create intermediate 3.3. 

Direct protection of a single position with a carboxybenzyl óCBzô protecting group 

on the cyclen ring (Figure-3.17) via benzyl chloroformate was considered. This 

reaction works well and is achieved with a moderate yield, and has a well-known 

deprotection pathway (Figure-3.18).25 
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Figure-3.17. Monoalkylation of cyclen with a carboxybenzyl (CBz) group to afford a 

monosubtituted cyclen based ligand. 

 

 

 

Figure-3.18. Theorised deprotection reaction of -CBz protected DO3AM derivatives. 

This monoalkylation, while working well, increases the number of synthetic steps, 

which while improving selectivity does not change the overall yield as desired 

(Scheme-3.2). 
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Scheme-3.3. Theoretical reaction scheme for alkylation of compound 3.7 and subsequent steps. 

This scheme also introduced other problems such as deprotection of Lys.Cbz.OtBu 

over the course of the reaction scheme, due to no longer being orthogonally 

protected, in summary this new pathway introduced more problems than it solved 

and was thus abandoned.  

Appending the amino acid pendant arms to propargyl cyclen (3.3) had many 

difficulties, with the propensity for variable substitution being the main one. 

Despite various attempts varying the reaction conditions, temperature, equivalents, 

time etc. with all amino acid pendant arms, these reactions continued to give a 

spread of mono-, di- and trisubstituted products. While purification is possible 
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through the use of alumina and silica flash column chromatography, multiple 

columns are required to give the desired DO3AM products, reducing an already low 

yield. The pathway shown in Scheme-3.1 only gave EuL3.6a in quantities to proceed 

with further studies. Therefore, another method had to be found to synthesise the 

desired ligands in high enough yields to enable creation of the complexes indicated. 

3.3.4 Acid-amide coupling 

After analysis of the literature concerning the synthesis of DOTAM derivatives. A 

paper by Leɧn-Rodrɑguez et al. was of particular interest.26 It concerned the creation 

of DOTAM derivatives and the limitations surrounding direct alkylation of the 

cyclen ring. It included further ways to optimise the above synthetic process. Yet 

the fundamental limitation is summarised as óN-substitution of cyclen as a first step 

increases the steric hindrance around the macrocycle and thereby restricts further 

substitutionsô. Meaning that upon addition of one of the functionalised 

intermediates 3.4a-c it becomes increasingly more difficult to create further 

substituted products. To synthesise DOTAMR4 derivatives, an acid-amide coupling 

pathway is proposed which circumvents the issues summarised in Table-3.1. 

 Table-3.1. Summary of advantages of acid-amide coupling condensation reactions versus 

nucleophilic substitution reactions. 

 

 Advantages 

(1) Quarternarisation of compounds containing tertiary amines is 

eliminated. 

(2) Steric hindrance is minimal since the reaction centers will be the non-

constrained COOH substituents of DOTA instead of the amino groups 

of cyclen. 

(3) The reaction rates are faster for condensation-type reactions than for 

nucleophilic substitutions. 
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This inspired a different approach to synthesis of ligands 3.5a-c. This new method 

combines the effective synthetic pathway to produce ligand 2.3 (p.DO3A), along 

with commercially available protected amino acid derivatives (Figures-3.11, 3.12, 

3.13).  

Initial coupling reactions with this method proved to be highly successful with the 

synthesis of ligand 3.5d achieving a 65% yield after optimisation of this reaction 

by variance of reaction time (16 h to 48 h), equivalents of coupling agent (3 eq to 6 

eq) and coupling agent identity (switched from 2-(1H-Benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium tetrafluoroborate (TBTU) to Hexafluorophosphate 

Azabenzotriazole Tetramethyl Uronium (HATU)) (Figure-3.19). 

 

 

Figure-3.19. Proposed general reaction route for ligand synthesis. Reaction proceeds via an acid-

amide coupling mechanism. HATU = Hexafluorophosphate Azabenzotriazole Tetramethyl 

Uronium, DIPEA = N,N-Diisopropylethylamine ,HOBt = Hydroxybenzotriazole,DMF = N,N-

Dimethylformamide. 

 A standard procedure was developed that worked in both DMF and MeCN, the 

solvent being important for ligand solubility. This method was then applied to all 

future ligand syntheses within this thesis. This method enabled amino acids to be 

rapidly incorporated onto the p.DO3A motif, creating a whole new range of 
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p.DO3AMR3 derivatives, along with a reproducible synthetic method. This resulted 

in Scheme-3.4 being the final optimised synthetic route for ligand synthesis. 

  

Scheme-3.4. Full synthetic route implementing an acid-amide coupling mechanism to achieve 

ligands 3.5a-g.  

This updated synthesis pathway allows incorporation of any desired amino acid 

derivatives. One problem encountered was the removal of the CBz protecting group 

on the pendant arm of the p.DO3AM.Lys.CBz.OtBu complex (3.5a, Scheme-3.4), 

this was resistant to gaseous hydrogenation (10% Pd/C, H2 balloon, EtOH) and 

transfer hydrogenation (10% Pd/C, ammonium formate, IPA) conditions. Due to 

the high yield and ease of coupling to 2.3, another amino acid derivative methyl N6-

(tert-butoxycarbonyl)-L-lysinate (Lys.OtBu.OMe) was used. The deprotection of 

which was much easier, with a simple TFA deprotection reaction working well 

(Figure-3.20). 
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Figure-3.20. Reaction Schemes for the unsuccessful removal of a CBz group by hydrogenation 

(top left), transfer hydrogenation (top right) and the successful Boc deprotection reaction (bottom).  

3.3.5 Final steps and complexation 

To explore the potential catalytic activity of DO3AM derivatives, several different 

Eu(III) complexes were made. The aim being to gain more structural information 

from photophysical studies, allowing a more informed choice to be made as to 

which to carry forward for catalytic studies later in the thesis. While deprotection 

of the carboxylic acids group on the pendant arms was discouraged, due to the 

propensity for complex aggregation, it was deemed of interest. Firstly, to see 

whether aggregation would occur, and secondly, to see the impact this would have 

on the observed spectra and associated binding constants produced. Most 

importantly though, deprotecting the carboxylic acid groups should assist in 

aqueous solubility of these complexes in water. With catalytic studies being carried 

out in aqueous media, as it has been observed that fluorination reactions occur faster 

in aqueous rather than organic media, such as MeOH.15  
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The removal of the carboxylic acid protecting groups (Scheme-3.5) went smoothly 

in TFA and DCM to give the final deprotected ligands appended with amino acid 

arms based on proline (3.6f), phenylalanine (3.6d) and lysine (3.6b and 3.6c). 

 

Scheme-3.5. TFA deprotection reactions of 3.5b-d,f to yield final ligands 3.6b-d,f. 
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The final ligands (Table-3.2) were then complexed with Eu(OTf)3 in a range of 

solvents. 

 

 

Table-3.2. DO3AM derivatives for complexation with Eu(OTf3). 

Final Ligands   

p.DO3AM.Lys.CBz.OtBu 3.5a 

p.DO3AM.Lys.OMe 3.6c 

p.DO3AM.Phen.OtBu 3.5d 

p.DO3AM.Phen.OMe 3.5a 

p.DO3AM.Phen.OH 3.6d 

p.DO3AM.Pro.OtBu 3.5e 

p.DO3AM.Pro.OMe 3.5g 

p.DO3AM.Pro.OH 3.6f 

 

The solvent mixes varied depending on the nature of the protecting groups used, 

the aim being to prevent scrambling of the ester protecting groups, while also trying 

to ensure solubility of both ligand and lanthanide to enable effective complexation 

(Scheme-3.6). Depending on the basicity or acidity of the ligand in question, 

basification was required to deprotonate the cyclen ring nitrogens, allowing the 

lanthanide to be fully encapsulated by the ligand and the pendant arms.27  

 

Scheme-3.6. General complexation reaction with Eu(OTf)3, differing solvents due to identity of 

protecting groups used. 
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3.3.6 Characterisation 

The ligands were fully characterised by NMR and luminescence spectroscopy with 

the latter detailed in Chapter-4. The LIS gives rise to proton spectra with a much 

greater spectral width as aforementioned in Section-1.5.  

These spectra also give an indication of the relative presence of both SAP and TSAP 

isomers. The TSAP configuration has the pendant arm protons in closer proximity 

to the lanthanide centre, promoting a stronger contribution to the pseudocontact 

(through space) shift. This pushes these protons to higher chemical shifts indicating 

the presence of the TSAP isomer. In DOTA and DOTAM based complexes it is 

common to see preference for one isomer over the other, they are deemed to be 

conformationally locked due to the high energetic barrier for interconversion.28 This 

is the not the case for DO3A and DO3AM based complexes, the lack of a fourth 

pendant arm lowers this energetic barrier, making it common to see the presence of 

SAP and TSAP as both of these isomers will be thermally populated at room 

temperature.  

Due to the low barrier to interconversion of the isomers of DO3AM-based 

complexes, it is expected to observe both isomers present in solution. Figure-3.21 

shows the presence of both isomers in Eu.p.DO3AM.Lys.OMe in solution at a 

roughly 1:1 ratio, showing that there is no conformational preference for this 

complex. This is an observation seen for all other complexes synthesised. 
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Figure-3.21. 1H NMR spectrum of Eu.p.DO3AM.Lys.OMe (298 K, D2O, 500 MHz). Highlighting 

peaks due to SAP isomer (blue box) and TSAP isomer (black box). 

3.4 Summary and conclusions 

After considerable adjustment to the original synthetic route, the complexes 

EuL3.5a,c-g and EuL3.6b-d,f were successfully synthesised. There is much scope to 

improve upon this synthetic method to increase yields, with purification being a 

critical step. The use of size-exclusion chromatography and preparative HPLC 

would be of great use in this pursuit. Yet the research covered in this chapter shows 

that successful methods for DOTAM synthesis can be applied to specific DO3AM 

derivatives with good results. Preliminary studies with NMR spectroscopy for 

characterisation purposes have shown that there is a mix of TSAP and SAP isomers 

which was to be assumed due to fluxional nature of the ligands involved. Full 

luminescence titrations and lifetimes are detailed in Chapter-4 to investigate their 

anion specific binding in solution.   
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Chapter-4: Photophysical studies on DO3AM 

derivatives 

4.1 Aim and Scope 

In the previous Chapter the synthesis of a series of heptadentate DO3AM derived 

complexes was detailed. This Chapter details the motivation behind creating each 

of these distinct complexes alongside its luminescence behaviour in aqueous and 

organic media. Several of these complexes are similar to one another leading them 

to be grouped into sets, for phenylalanine, proline and lysine (Figure-4.1). Within 

each set there are differing degrees of steric hindrance and different functional 

groups present, the effect of which will be studied in this Chapter.  
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Figure-4.1. Chemical complexes studied in this Chapter. Top-left: Eu.p.DO3AM.Phen.OR motif 

variants (phenylalanine), top-right: Eu.p.DO3AM.Pro.OR motif variants (proline), bottom: 

Eu.p.DO3AM.Lys.OR.X motif variants (lysine). 

The primary method of investigation in this Chapter will be luminescence titrations, 

allowing the distinction of binding events and their quantification. Luminescence 

lifetimes will be taken for the complexes in non-deuterated solvent, complex in non-

deuterated solvent with anionic guests and complex in deuterated solvent. This 

allows observation of the change in lifetime upon binding of anions giving 

information about potential quenching pathways due to anion binding. And the 
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combination of deuterated and non-deuterated observed lifetimes allowing 

determination of hydration number óqô for each complex. From these 

measurements, a suitable set will then be chosen to progress to catalytic studies 

detailed in Chapter-5. 

4.2 Introduction to luminescence studies methodology 

To investigate the local magnetic field around each of the lanthanide centres and to 

assign values for the binding of anionic guests to the lanthanide centre, 

luminescence titrations were carried out. Employing the same method and 

instruments, as used and detailed for Tb.p.DO3A in Chapter-2. For each of the 

complexes synthesised in Chapter 3, luminescence titrations were performed. Due 

to the catalytic measurements detailed in Chapter-5 being in aqueous media, the 

titrations in MilliQ water were prioritised. MeOH titrations were also carried out as 

some of the complexes were insoluble in aqueous media. To investigate this 

reaction between halocarboxylic acids and fluoride, luminescence titrations were 

carried out with anionic guests, acetate and fluoride. Fluoride will come from two 

sources, potassium fluoride (KF) and tert-butylammonium fluoride (TBAF). This 

is due to the solubility of potassium fluoride in MeOH being different to its 

solubility in water, making TBAF a useful comparison as it is very soluble in both 

solvents, sodium acetate was again used as the acetate source.  Therefore, for most 

complexes six datasets were acquired, three for MeOH and three for H2O. 

4.3 Eu.p.DO3AM.Phen 

The p.DO3AM.Phen ligand-based systems were initially designed to incorporate a 

chromophore to enable antenna sensitisation. However, it is not an effective antenna 
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due to poor overlap between the excited states of the chromophore and the Eu(III) 

ion (Figure-4.2). Yet the inclusion of the phenyl group enables investigation of the 

effect of a lipophilic groupôs inclusion onto the ligand. This could either prevent 

the potential for aforementioned aggregation through the inclusion of more steric 

bulk or could promote aggregation through introduction of potential -́stacking 

interactions. From the p.DO3AM.Phen framework, protecting groups of -OtBu and 

-OMe will show how steric bulk can affect a system. An OH group included on the 

ligand will show the effect an O-H oscillator will have on the electronic 

(luminescence investigated) and solution phase properties in comparison to the 

other Eu.p.DO3AM.Phen.OR compelxes. 

 

Figure-4.2. General chemical structure of Eu.p.DO3AM.Phen.OR complexes. 

4.3.1 Eu.p.DO3AM.Phen.OtBu 

Luminescence studies began with bulky lipophilic complex 

Eu.p.DO3AM.Phen.OtBu. Due to ineffective sensitisation there was a return to 



Louis Lamont 

108 

 

direct excitation as seen in Section-2.5 where similar studies were done on 

Eu.p.DO3A. Due to insolubility of the complex in water, measurements were only 

carried out in MeOH. 

4.3.1.1 Luminescence in MeOH 

Initial measurements with acetate showed a trend which became more prevalent as 

titrations progressed. The decrease in intensity at an acetate concentration 

å 0.0015 mol dm-3 is one of many similar observations in these luminescence 

titrations (Figure-4.3). The working hypothesis is that this concentration is the 

equilibrium point between the binding of two acetate guests or an acetate guest 

binding in a bidentate fashion to the Eu(III) centre. Which upon further anion 

addition, leads to the bidentate binding mode being chosen preferentially. 

Corresponding to one binding constant being resolvable instead of two separate 

binding events. 
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Figure-4.3. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Phen.OtBu 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of NaOAc (0.02 mol dm-3). With 

starting (blue) and end (red) concentrations highlighted, ɚex = 393 nm. Inset: binding isotherm from 

DynaFitÈ, plot of intensity area of ȹJ=2 (dark green) and area of ȹJ=1 (purple) vs concentration of 

AcO-.   

This exemplifies a trend seen in most of the acetate binding where, dependant on 

the binding strength, it is observed that the equilibrium between a bidentate acetate 

binding and two monodentate binding events are energetically very similar. 

 The luminescence titrations carried out with potassium fluoride proved to be more 

difficult to converge to a specific binding constant (Figure-4.4). While the titration 

curves would imply the presence of two binding events, due to the change  in 

intensity at fluoride concentration å 0.0015 mol dm-3. This could not be resolved 

into binding events, likely due to the sharp nature of the intensity decrease of peaks 

ȹJ = 1 and ȹJ = 2.   

 

Figure-4.4. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Phen.OtBu 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of KF (0.02 mol dm-3). With 

starting (blue), maximum intensity (orange) and end (red) concentrations highlighted, ɚex = 393 nm. 

Inset: Change in intensity of area ȹJ=2 (dark green) and area ȹJ=1 (purple) vs concentration of F-.    

https://unioxfordnexus-my.sharepoint.com/personal/orie3376_ox_ac_uk/Documents/Chapters/Chapter%204/Graphs/Eu.p.DO3AM.Phen.OtBu/Eu.p.DO3AM.Phen.OtBu_Fluoride_MeOH.jpg
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For the analogous titration with TBAF as the fluoride source, this fitted well to two 

separate binding events (Figure-4.5). This reiterates the differences between the 

two different anion sources, potassium fluoride exhibits poor solubility at higher 

ionic strengths, potentially making this the reason for being unable to resolve the 

binding constants in Figure-4.4. The improved solubility of TBAF allows ready 

binding of fluoride in MeOH, making these binding constants clearly resolvable 

and quantifiable. 

 

Figure-4.5. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Phen.OtBu 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of TBAF (0.02 mol dm-3). With 

starting (blue), maximum intensity (orange) and end (red) concentrations highlighted, ɚex = 393 nm. 

Inset: binding isotherm from DynaFitÈ, plot of intensity of peak at 591 nm (amber), 616 nm (cyan), 

area of ȹJ=2 (dark green) and area of ȹJ=1 (purple) vs concentration of F-.    
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Table-4.1 Summary of binding constants of Eu.p.DO3AM.Phen.OtBu with anionic guests in 

MeOH. 

Anionic source Media Binding constant (M-1)#   

  K1 = [EuLX]- K2 = [EuLX2]
2- 

  EuL3.5d  

NaOAc MeOH 2,180 (Ñ175) - 

KF MeOH - - 

TBAF MeOH 590,000 (Ñ190,000) 5,160 (Ñ671) 
#
 K1 = first binding event; K2 = second binding event-deduced from binding isotherm generated 

from DynaFitÈ 
Ñ
 Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 
Ä The binding of anions was studied by time-gated phosphorescence titrations of the complexes 

with varying concentrations of sodium acetate, potassium fluoride and tetrabutylammonium 

fluoride with binding isotherms generated using DynaFitÈ 
 

The binding constants summarised in Table-4.1 show the differences between 

fluoride (hard anion) and acetate (relatively soft) binding strength and the 

preference between them. This is ideal for the proposed catalytic system with tightly 

bound fluoride and acetate-based substrate in equilibrium with bulk solvent. 

Despite the binding of fluoride in MeOH being assignable to a binding event, due t 

the magnitude of the binding constant 

4.3.1.2 Luminescence lifetimes 

Luminescence lifetimes of the complex before and after addition of guest were 

measured, to further understand the coordination sphere around the lanthanide. 

With the increase in lifetime upon addition of anionic guest being higher due to the 

replacement of solvent molecules, hence offering less efficient quenching pathways 

(Table-4.2).  
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Table-4.2 Summary of luminescence lifetimes* of Eu.p.DO3AM.Phen.OtBu before and after 

anionic guest addition in MeOH (Conc of host is 0.001 mol dm-3, guest conc is 0.02 mol dm-3). 

 

The decrease in lifetime with the addition of TBAF is likely due to the presence of 

a more efficient quenching pathway, facilitating fast quenching something not seen 

by the more insoluble KF. A value for óqô was determined through measurement of 

a lifetime in the analogous deuterated solvent. A value of 3.6 indicates a very high 

hydration number, despite the tendency for overestimation of óqô for high values.1 

This indicates the presence of an alternate quenching pathway within this complex, 

as the fluoride binding constants would indicate the presence of only two guest 

binding modes. 

Table-4.3 Luminescence lifetimes in MeOH and MeOD of Eu.p.DO3AM.Phen.OtBu (Conc of host 

is 1Ĭ10-3 mol dm-3)*. 

 

This observation is not what was expected for this complex, but nonetheless is 

useful in determining its suitability for catalytic applications.   

EuL3.5d Lifetime in MeOH (ms) 

Complex 0.45 (Ñ 0.84%) 

Complex + 8.57 eq NaOAc 0.50 (Ñ 0.43%) 

Complex + 8.57 eq KF 0.72 (Ñ 0.64%) 

Complex + 8.57 eq TBAF 0.26 (Ñ 4.9%) 
Ñ Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 

* Lifetimes were best fit to a mono-exponential decay unless otherwise stated. 

Media EuL3.5d   

  

Lifetime in Hydrated 

solvent (ms) 

Lifetime in Deuterated 

solvent (ms) 

Hydration 

number (q) 

MeOH 0.45 2.64 3.6 

*  All lifetime values are subject to an error of Ñ 10% or less. 
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4.3.2 Eu.p.DO3AM.Phen.OMe 

By changing the acid protecting group from a tert-butyl ester to a methyl ester group 

in this complex, the aim was to create a similar complex which experienced less 

steric hindrance. The aims were to improve solubility and space for anion binding, 

while retaining some steric bulk to prevent complex aggregation and fluxional 

isomerism between TSAP and SAP, with the TSAP being preferred for 

aforementioned reasons. 

4.3.2.1 Luminescence in MeOH 

Measurements in MeOH began with acetate binding, a similar perturbation in the 

curve å 0.00075 mol dm-3 was observed (Figure-4.6-Inset) due to the equilibrium 

between binding options upon increasing acetate concentration. 

 

Figure-4.6. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Phen.OMe 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of NaOAc (0.02 mol dm-3) , 

ɚex = 393 nm. With starting (blue) and end (red) concentrations highlighted. Inset: binding isotherm 

from DynaFitÈ, plot of intensity of area ȹJ=2 (dark green) vs concentration of AcO-. 
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For the fluoride binding studies, in both KF and TBAF luminescence titrations 

produced very similar datasets (Figure-4.7). The observation of a sudden decrease 

in spectral intensity could be a consequence of multiple factors. The first and most 

apparent is lanthanide precipitation, removal of the lanthanide from the complex 

through formation of the insoluble europium fluoride (EuF3).
2  

Figure-4.7. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Phen.OMe 

(1Ĭ10-3 mol dm-3in MeOH, upon addition of increasing amounts of KF (0.02 mol dm-3). With 

starting (blue), maximum intensity (orange) and end (red) concentrations highlighted, ɚex = 393 nm. 

Inset: Change in intensity of area ȹJ=2 (dark green) and area ȹJ=1 (purple) vs concentration of F-.    

The shape and changes in the titration with KF are replicated in the titration with 

TBAF, with no binding constant being able to be assigned. This could reflect two 

very strong binding events that cannot be assigned due to the change in gradient 

(which correlates with the binding strength) being too great to quantify. 
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4.3.2.2 Luminescence in H2O 

Eu.p.DO3AM.Phen.OMe exhibited low solubility in MilliQ water, but at the low 

concentrations that the titrations were carried out at it was soluble enough. This was 

important as over the course of anionic addition, the ionic strength of the aqueous 

medium gets stronger, solubilising the complexes an observation that is not seen 

for the -OtBu analogue. It was of obvious importance to observe intensity changes 

due to an increase in binding intensity, rather than an increase in solubility over the 

course of the titration. There is evidence of acetate binding to the complex in 

solution, though very weak, meaning the anion is likely in fast exchange with bulk 

(Figure-4.8).  

 

Figure-4.8. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Phen.OMe 

(1Ĭ10-3 mol dm-3) in MilliQ water, upon addition of increasing amounts of NaOAc (0.02 mol dm-3). 

With starting (blue) and end (red) concentrations highlighted, ɚex = 393 nm. Inset: binding isotherm 

from DynaFitÈ, plot of intensity of area ȹJ=2 (dark green) and area ȹJ=1 (purple) vs concentration 

of AcO-.    

Titrations with both fluoride sources (KF and TBAF) showed strong binding with only 

one binding event present (Figure-4.9), exhibiting graphs of similar shape and change. 
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Figure-4.9. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Phen.OMe 

(1Ĭ10-3 mol dm-3) in MilliQ water, upon addition of increasing amounts of KF (0.02 mol dm-3). With 

starting (blue) and end (red) concentrations highlighted, ɚex = 393 nm. Inset: binding isotherm from 

DynaFitÈ, plot of intensity ratio of ȹJ=2/ȹJ=1 (dark green) vs concentration of F-.    

Despite the low solubility of this complex, binding constants are assignable, showing that 

solubility is not a limiting factor at this low concentration. This could also prove potentially 

useful, as the variable solubility dependent on anion concentration could provide a facile 

method of separation. As the reaction progresses, the complex could precipitate out of 

solution as it is insoluble at lower anion concentrations, making separation easy in 

comparison to the more soluble complexes.  

The binding constants observed for Eu.p.DO3AM.Phen.OMe show great variability 

(Table-4.4). The difference in binding constants with acetate as the guest anion, will be 

down to the competitive nature of the solvent. Water is a strongly coordinating solvent, 

resulting in the small change observed. The large change in the MeOH analogue is due to 

the poor solvating nature of MeOH, meaning that upon binding, there is a large change in 

the intensity and hence a larger binding constant. The lack of a second binding event here 

is not a cause for concern, acetate can bind in a bidentate fashion to these complexes, while 
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fluoride exhibits good binding strengths likely to result in a weak unresolvable second 

binding event. 

Table-4.4. Summary of binding constants of Eu.p.DO3AM.Phen.OMe with anionic guests in MeOH 

and water. 

 

4.3.2.3 Luminescence lifetimes 

Luminescence lifetimes for the complexes before and after anion addition were 

taken (Table-4.5). For the MeOH system, there is an increase in lifetime for the 

complex with bound fluoride, due to replacement of solvent molecules capable of 

quenching the lanthanide. For acetate there is a decrease in observed lifetime, 

replacement of a solvent molecule with a more effective acetate quencher will cause 

this decrease. For the water system, there is a decrease in lifetime with all guests, 

this is due to the increasing ionic strength enabling more effective solvation and 

hence more effective quenching pathways, resulting in a small decrease for all 

values despite anionic substitution. With acetate showing a larger than expected 

decrease as guest binding also cause a decrease in lifetime as aforementioned. 

Anionic source Media Binding constant (M-1)# 

   K1 = [EuLX]- 

   EuL3.5a 

NaOAc MeOH 6,340 (Ñ907) 

  Water 137 (Ñ7.12) 

KF MeOH - 

  Water 8,400 (Ñ1,000) 

TBAF MeOH - 

  Water 4,520 (Ñ203) 
# K1 = first binding event; K2 = second binding event-deduced from binding isotherm generated 

from DynaFitÈ 
Ñ Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 
Ä The binding of anions was studied by time-gated phosphorescence titrations of the complexes 

with varying concentrations of sodium acetate, potassium fluoride and tetrabutylammonium 

fluoride with binding isotherms generated using DynaFitÈ 
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Table-4.5. Summary of luminescence lifetimes* of Eu.p.DO3AM.Phen.OMe before and after 

anionic guest addition in MeOH and water (Conc of host is 1Ĭ10-3 mol dm-3, guest conc is 0.02 mol 

dm-3). 

EuL3.5a Lifetime in MeOH (ms) Lifetime in H2O (ms) 

Complex 0.73 (Ñ 0.50%) 0.69 (Ñ 0.86%) 

Complex + 8.57 eq NaOAc 0.54 (Ñ 0.32%) 0.33 (Ñ 1.1%) 

Complex + 8.57 eq KF 0.93 (Ñ 0.63%) 0.57 (Ñ 0.95%) 

Complex + 8.57 eq TBAF 1.05 (Ñ 0.62%) 0.59 (Ñ 0.80%) 
Ñ Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 

* All lifetime values are subject to an error of Ñ 10% or less. 

 

Lifetimes in deuterated and non-deuterated solvents were taken to determine a value 

for óqô (Table-4.6). These values make apparent the problems of solubility with this 

complex. A value of 0.9 for the complex in MeOH fits well with the observed data 

which shows the presence of one binding event. The value of 0 is believed to be 

due to the presence of aggregation between the complex molecules, potentially 

from ́-stacking between the aryl rings, and would indicate an increased solvent 

interaction in a deuterated solvent.3 This would correspond with an increase in 

solubility upon anion addition, as the anion binding would break up these 

aggregates, increasing their solubility and decreasing their lifetime as observed in 

Table-4.5. 

Table-4.6. Luminescence lifetimes in deuterated and undeuterated solvent of 

Eu.p.DO3AM.Phen.OMe (Conc of host is 1Ĭ10-3 mol dm-3)*. 

 

Media EuL3.5a     

  

Lifetime in Hydrated 

solvent (ms) 

Lifetime in Deuterated 

solvent (ms) 

Hydration 

number (q) 

MeOH 0.73 1.52 0.9 

H2O 0.69 0.93 0 

* Lifetimes were best fit to a mono-exponential decay unless otherwise stated. 
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While this system does have issues with solubility, the ability to adjust the solubility 

through anion addition nevertheless makes it an interesting subject for catalytic 

studies. 

4.3.3 Eu.p.DO3AM.Phen.OH 

The removal of the protecting groups was out of curiosity. With the acetate groups giving 

the option to either promote aggregation, by acting as a bridging ligand between ligand 

arms and lanthanide centres, or by enabling more effective solvation and hence solubility.  

4.3.3.1 Luminescence in MeOH 

Titrations began with the complex in MeOH, titrating against acetate as the guest 

anion (Figure-4.10). This fit to a single binding event but with a very high error in 

this measurement. The equilibrium between the acetate binding in a bidentate 

versus two monodentate ligand binding modes can be seen clearly, with the slowing 

increase to å0.0025 mol dm-3 detailing the first binding event. The large increase 

after that showing the preference for the bidentate mode. If the curve were to 

describe a second binding event, there would be a negative gradient after 

å 0.0025 mol dm-3. 
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Figure-4.10. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Phen.OH 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of NaOAc (0.02 mol dm-3). With 

starting (blue) and end (red) concentrations highlighted, ɚex = 393 nm. Inset: binding isotherm from 

DynaFitÈ, plot of change in intensity ratio of ȹJ=2/ȹJ=1 (dark green) vs concentration of AcO-.    

This was followed by a titration against KF (Figure-4.11). While two binding 

events were observed in this titration, the error in these values was very high, with 

the shape of the peak also being a curious observation. The overall shape of the 

curve is one which would describe two binding events with an initial increase and 

then decrease. Yet there is a small dip at the top of the curve which gives rise to 

most of the uncertainty detailed by the errors within the binding constants. Despite 

this large error the figure does show two binding events as expected for this 

complex, with increased strength in comparison to the similar complexes detailed 

earlier in this Chapter.   
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Figure-4.11. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Phen.OH 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of KF (0.02 mol dm-3). With 

starting (blue), maximum intensity (orange) and end (red) concentrations highlighted, ɚex = 393 nm. 

Inset: binding isotherm from DynaFitÈ, plot of change in intensity of area ȹJ=2 (dark green) vs 

concentration of F-.    

Although two binding events were resolvable from this titration in MeOH, due to 

the complex being completely insoluble in water, it was determined early on to not 

continue with measurements for this system. As the investigation was to focus on 

those soluble in aqueous media. The binding constants for these systems showed 

increased values in comparison to earlier iterations of this complex (Table-4.7). 

With the values of the second binding constant being large enough to be clearly 

resolvable into distinct separate binding events.   
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Table-4.7. Summary of binding constants of Eu.p.DO3AM.Phen.OH (1Ĭ10-3 mol dm-3) with anionic 

guests (8.57 eq)in MeOH and water. 

 

4.3.3.2 Luminescence lifetimes  

Luminescence lifetimes were taken before and after anionic additions, showing the 

expected decrease upon acetate addition, aswell as an increase in fluoride addition 

for aforementioned reasons (Table-4.8). 

Table-4.8. Summary of luminescence lifetimes* of Eu.p.DO3AM.Phen.OH before and after anionic 

guest addition in MeOH (Conc of host is 1Ĭ10-3 mol dm-3, guest conc is 0.02 mol dm-3). 

 

Lifetimes in deuterated and non-deuterated solvents were taken to determine a value for óqô 

(Table-4.9). These observations corroborated well with the results of the luminescence 

titrations, a value of 1.3 for q would indicate variation between one and two guests binding, 

showing the presence of two binding modes with one weaker than the other.  

Anionic source Media Binding constant (M-1)#  

    K1 = [EuLX]- K2 = [EuLX2]
2- 

    EuL3.6d  
NaOAc MeOH 8,000 (Ñ2,000) - 

KF MeOH 34,000 (Ñ16,000) 1,080 (Ñ367) 
# K1 = first binding event; K2 = second binding event-deduced from binding isotherm generated 

from DynaFitÈ 
Ñ Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 
Ä The binding of anions was studied by time-gated phosphorescence titrations of the complexes 

with varying concentrations of sodium acetate, potassium fluoride and tetrabutylammonium 

fluoride with binding isotherms generated using DynaFitÈ 

EuL3.6d Lifetime in MeOH (ms) 

Complex 0.71 (Ñ 0.54%) 

Complex + 8.57 eq NaOAc 0.50 (Ñ 0.14%) 

Complex + 8.57 eq KF 0.92 (Ñ 0.70%) 
Ñ Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 

* All lifetime values are subject to an error of Ñ 10% or less. 
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Table-4.9. Luminescence lifetimes in MeOH and MeOD of Eu.p.DO3AM.Phen.OH (Conc of host 

is 1Ĭ10-3 mol dm-3)*. 

 

The complex Eu.p.DO3AM.Phen.OH has many of the attributes desired for an 

efficient fluorination catalyst. The combination of luminescence titrations and 

lifetimes demonstrates a good fit for two binding modes with different binding 

strengths. However, the complete insolubility of the complex in water limits its 

application for the experiments detailed in Chapter-5 of this thesis, hence fewer 

experiments were done on this complex because of this crucial limitation. 

4.3.4 System summary 

The p.DO3AM.Phen.OR ligand motif offered some promising observations, yet 

also some limiting factors as well. Solubility is the main factor in these complexes, 

with Eu.p.DO3AM.Phen.OtBu exhibiting insolubility due to the bulky alkyl groups, 

Eu.p.DO3AM.Phen.OH aggregating within solution and Eu.p.DO3AM.Phen.OMe 

exhibiting variable solubility dependent on ionic strength. The -OtBu and -OH 

analogues insolubility meant no luminescence titrations were carried out in water, 

meaning catalytic studies could not be carried out on these complexes. The -OMe 

analogue was partially soluble due to providing a balance between steric bulk and 

functional group coverage, as such it exhibited partial solubility. This partial 

solubility could be desirable for purification processes where the catalyst needs to 

be removed at the end of the reaction, which can be difficult for homogenous 

reactions where everything is in the same phase. Therefore, while the complexes 

Media EuL3.6d     

  

Lifetime in Hydrated solvent 

(ms) 

Lifetime in Deuterated 

solvent (ms) 

Hydration 

number (q) 

MeOH 0.71 1.91 1.3 

*  All lifetime values are subject to an error of Ñ 10% or less. 
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made did not offer facile excitation through the antenna or water solubility as was 

their design aim, they nonetheless offer exciting opportunities for catalysis in the 

Eu.p.DO3AM.Phen.OMe complex which is detailed in Chapter-5. 

4.4 Eu.p.DO3AM.Pro 

The Eu.p.DO3AM.Pro complex-based systems, incorporate the rigid 5-membered ring 

from the amino acid proline into the ligand backbone. Creating a higher degree of rigidity 

will create a greater stereochemical preference at room temperature, which is desirable in 

these systems where the presence of three arms instead of four means there is less 

conformational rigidity. This system should therefore form only one major isomer creating 

the possibility for an enantioselective catalyst if the coordination sphere around the 

lanthanide is much more rigid and defined. The inclusion of -OtBu, -OMe and -OH groups 

are for the same reasons mentioned in Section 4.2 (Figure-4.12). While the initial aim of 

the inclusion of these arms was rigidity, the aqueous solubility and small size of the 

surrounding ligand made it of great import in the aqueous catalytic studies carried out in 

Chapter-5. 

 

Figure-4.12. General chemical structure of Eu.p.DO3AM.Pro.OR complexes. 
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4.4.1 Eu.p.DO3AM.Pro.OtBu 

Starting with the -OtBu analogue of this complex, investigations were carried out to 

observe the effect of increased steric bulk.  

4.4.1.1 Luminescence in MeOH 

Luminescence titrations started with titrating against a solution of sodium acetate 

(Figure-4.13). Two binding events were clearly observed with the first 

(K1 = 10,460 M-1 (Ñ 397 M-1)) being much stronger than the second (K2 = 3.8 M
-1 

(Ñ 0.40 M-1)), which is such a small value that while it was assignable, it implies 

that the second ligand will be in very fast exchange. This shows a notable difference 

in comparison to the Eu.p.DO3AM.Phen.OMe system. In those complexes, the 

curve shape showed a local minimum which was ascribed as the equilibrium point 

between acetate binding in a bidentate fashion versus two separate binding events. 

That local minimum is not present in this graph, showing the preference for two 

individual binding events. This could also be due to less sterically demanding 

groups around the lanthanide, allowing more anionic guests to approach the 

lanthanide.  
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Figure-4.13. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Pro.OtBu 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of NaOAc (0.02 mol dm-3). With 

starting (blue) and end (red) concentrations highlighted, ɚex = 393 nm. Inset: binding isotherm from 

DynaFitÈ, plot of intensity of area of ȹJ=2 (dark green) and area of ȹJ=1 (purple) vs concentration 

of AcO-.    

The complex was then titrated against KF (Figure-4.14). A similar set of 

observations were recorded for this titration, with a strong first binding event 

(K1 = 60,000 M
-1 (Ñ 11,000 M-1)), followed by a weaker second binding event 

(K1 = 173 M
-1 (Ñ 3.50 M-1)). This provides further evidence for more space 

available for the binding of anionic guests, as there are two binding constants of 

appreciable strength. It is to be expected that the magnitude of the binding events 

would be larger than those of acetate, due to the hard binding nature of fluoride 

anions in solution. This provides further evidence for the in-solution binding of both 

acetate and fluoride in two differing modes, one in slow and the other in fast 

exchange.  
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Figure-4.14. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Pro.OtBu 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of KF (0.02 mol dm-3). With 

starting (blue), maximum intensity (orange) and end (red) concentrations highlighted, ɚex = 393 nm. 

Inset: binding isotherm from DynaFitÈ, plot of intensity of area of ȹJ=2 (dark green) and area of 

ȹJ=1 (purple) vs concentration of F-.    

The combination of both the observed binding constants and óqô values give great 

certainty in the assignation of two binding events to this complex (Table-4.10, 

4.12). 

Table-4.10. Summary of binding constants of Eu.p.DO3AM.Pro.OtBu (1Ĭ10-3 mol dm-3) with 

anionic guests in MeOH. 

 

Anionic source Media Binding constant (M-1)#   

    K1 = [EuLX]- K2 = [EuLX2]
2- 

    EuL3.5f   

NaOAc MeOH 10,460 (Ñ397) 3.8 (Ñ0.40) 

KF MeOH 60,000 (Ñ11,000) 173 (Ñ3.50) 
# K1 = first binding event; K2 = second binding event-deduced from binding isotherm generated 

from DynaFitÈ 
Ñ Error in brackets is represented as standard deviation. All data were plotted at the 95% 

confidence interval 
Ä The binding of anions was studied by time-gated phosphorescence titrations of the complexes 

with varying concentrations of sodium acetate, potassium fluoride and tetrabutylammonium 

fluoride with binding isotherms generated using DynaFitÈ 
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4.4.1.2 Luminescence lifetimes  

The luminescence lifetimes taken of this complex before and after anion addition, 

indicate extensive ligation by the observation of an increase in lifetimes upon 

binding of anionic guests (Table-4.11). With the guests displacing solvent 

molecules and preventing more efficient quenching pathways, causing an increase 

in lifetime. An observed increase in lifetime for the binding of acetate, as the 

complex itself offers efficient quenching pathways, rather than inefficient pathways 

as observed in Eu.p.DO3AM.Phen.OR complexes. 

Table-4.11. Summary of luminescence lifetimes* of Eu.p.DO3AM.Pro.OtBu before and after 

anionic guest addition in MeOH (Conc of host is 0.001 mol dm-3, guest conc is 0.02 mol dm-3). 

 

Lifetimes were taken in deuterated and non-deuterated solvents to determine a value 

for óqô (Table-4.12). A q-value of 1.9 correlates very well with the results of the 

luminescence titrations, showing the presence of two binding events, with an 

appreciable but not fully bound second ligand. The Eu.p.DO3AM.Pro.OtBu is 

therefore a very suitable complex for the purposes of complex catalysis, with the 

smaller ligand enabling more effective ligation and solvation. 

 

 

 

EuL3.5f Lifetime in MeOH (ms) 

Complex 0.55 (Ñ 0.52%) 

Complex + 8.57 eq NaOAc 0.67 (Ñ 0.42%) 

Complex + 8.57 eq KF 0.93 (Ñ 0.49%) 
Ñ Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 

* Lifetimes were best fit to a mono-exponential decay unless otherwise stated. 
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Table-4.12. Luminescence lifetimes in MeOH and deuterated MeOD of Eu.p.DO3AM.Pro.OtBu 

(Conc of host is 1Ĭ10-3 mol dm-3)*. 

Media EuL3.5f     

  

Lifetime in Hydrated solvent 

(ms) 

Lifetime in Deuterated 

solvent (ms) 

Hydration 

number (q) 

MeOH 0.55 1.47 1.9 

* All lifetime values are subject to an error of Ñ 10% or less. 
 

4.4.2 Eu.p.DO3AM.Pro.OMe 

The -OMe analogue of the Eu.p.DO3AM.Pro.OR motif was investigated 

extensively in this thesis. The reduction in steric hindrance could allow for the 

potential of greater space for binding, yet the reduction of steric hindrance also 

lessens the energetic barrier to demetellation.  

4.4.2.1 Luminescence in MeOH 

Luminescence titrations began in MeOH with acetate as the first anionic guest 

(Figure-4.15). Only one strong binding event (K1 = 5,250 M
-1 (Ñ 158 M-1)) is seen, 

as opposed to two binding events seen with the -OtBu analogue. A small 

perturbation in the curve å 0.001 mol dm-3 shows the point of equilibrium between 

bidentate and multiple monodentate binding events.  



Louis Lamont 

130 

 

 

Figure-4.15. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Pro.OtBu 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of NaOAc (0.02 mol dm-3). With 

starting (blue) and end (red) concentrations highlighted, ɚex = 393 nm. Inset: binding isotherm from 

DynaFitÈ, plot of intensity of peak ȹJ=1 (purple) and area of ȹJ=2 (dark green) vs concentration of 

AcO-. 

Luminescence titrations with KF and TBAF gave very similar results 

(Figure-4.16). There is a sharp increase in spectral intensity upon anion addition, 

then a sharp decrease at 0.77 anion equivalents. Despite many attempts to quantify 

the strength of the binding events seen, they were not distinguishable. The shape of 

the curve would correlate with two binding events with the drastic change in the 

gradient of the graph. However, this could be due to precipitation as the critical 

concentration is reached, causing a drop in spectral intensity as the lanthanide is 

removed from solution.  
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Figure-4.16. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Pro.OMe 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of KF (0.02 mol dm-3). With 

starting (blue), maximum intensity (orange) and end (red) concentrations highlighted, ɚex = 393 nm. 

Inset: Change in intensity of area ȹJ=2 (dark green) and area ȹJ=1 (purple) vs concentration of F-.    

This sharp decrease is observed in both KF and TBAF titrations, making the 0.77 

anion equivalents of import, while also giving credence to the theory of lanthanide 

precipitation. 

4.4.2.2 Luminescence in H2O  

The same titrations were repeated in aqueous media. The first titration showed a 

much weaker binding constant, consistent with the observations of decreased 

binding strength when dissolved in a solvent with greater coordinating power 

(Figure-4.17). A clear single binding event is seen (K1 = 664 M
-1 (Ñ 17.3 M-1)), 

with no perturbation in the shape of the curve implying clear preference of the 

bidentate binding mode of acetate. 
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Figure-4.17. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Pro.OMe 

(1Ĭ10-3 mol dm-3) in MilliQ water, upon addition of increasing amounts of NaOAc (0.02 mol dm-3). 

With starting (blue) and end (red) concentrations highlighted, ɚex = 393 nm. Inset: binding isotherm 

from DynaFitÈ, plot of intensity of area ȹJ=2 (dark green) and area ȹJ=1 (purple) vs concentration 

of AcO-.    

The complex was then titrated against both KF and TBAF, exhibiting similar results in both 

cases (Figure-4.18). Only a single binding event was distinguishable (K1 = 3,880 M
-1 

(Ñ 427 M-1)), as opposed to the two binding events seen in the -OtBu analogous complex. 
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Figure-4.18. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Pro.OMe 

(1Ĭ10-3 mol dm-3) in MilliQ water, upon addition of increasing amounts of KF (0.02 mol dm-3). With 

starting (blue) and end (red) concentrations highlighted, ɚex = 393 nm. Inset: binding isotherm from 

DynaFitÈ, plot of intensity ratio of ȹJ=2/ȹJ=1 (dark green) vs concentration of F-. 

This goes against the presupposition that the decrease in steric hindrance would 

lead to greater availability of the lanthanide centre, more space leading to greater 

number of coordinating ligands. The results of the luminescence titrations with 

Eu.p.DO3AM.Pro.OMe show great variability, with great differences occurring 

with a change in the medium of the titration (Table-4.13). With MeOH as medium, 

the values for binding constants are much higher as the anionic guest is vastly 

preferred over the solvent. In aqueous media, strong coordination of water 

molecules offers competitive binding, resulting in comparatively lower binding 

constants. In this regard it may be that fluoride deprotonation of water creates the 

isoelectronic -OH ion, which promotes Eu(III) excited state quenching (O-H 

oscillators), while also competing for the same binding pocket.4 A combination of 

both of these factors results in decreased luminescence. 
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Table-4.13. Summary of binding constants of Eu.p.DO3AM.Pro.OMe with anionic guests in MeOH 

and water. 

 

4.4.2.3 Luminescence lifetimes 

The luminescence lifetimes before and after anion addition were taken (Table-

4.14). They exhibit the expected result upon replacement of a solvating ligand with 

an anionic guest, that is an increase in the lifetime due to removal of quenching 

pathways, with a decrease between MeOH and water due to the greater efficacy of 

water molecules as quenchers. 

Table-4.14. Summary of luminescence lifetimes* of Eu.p.DO3AM.Pro.OMe before and after 

anionic guest addition in MeOH and water (Conc of host is 1Ĭ10-3 mol dm-3, guest conc is 0.02 mol 

dm-3). 

EuL3.5g Lifetime in MeOH (ms) Lifetime in H2O (ms) 

Complex 0.67 (Ñ 0.45%) 0.49 (Ñ 0.57%) 

Complex + 8.57 eq NaOAc 0.70 (Ñ 0.40%) 0.65 (Ñ 0.48%) 

Complex + 8.57 eq KF 1.03 (Ñ 0.44%) 0.61 (Ñ 0.40%) 

Complex + 8.57 eq TBAF 1.03 (Ñ 0.44%) 0.63 (Ñ 0.42%) 
ÑError in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 

*Lifetimes were best fit to a mono-exponential decay unless otherwise stated. 

 

Anionic source Media Binding constant (M-1)# 

    K1 = [EuLX]- 

    EuL3.5g 

NaOAc MeOH 5,250 (Ñ158) 

  Water 664 (Ñ17.3) 

KF MeOH - 

  Water 3,880 (Ñ427) 

TBAF MeOH - 

  Water 5,500 (Ñ440) 
# K1 = first binding event; K2 = second binding event-deduced from binding isotherm generated 

from DynaFitÈ 
Ñ Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 
Ä The binding of anions was studied by time-gated phosphorescence titrations of the complexes 

with varying concentrations of sodium acetate, potassium fluoride and tetrabutylammonium 

fluoride with binding isotherms generated using DynaFitÈ 
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While the results before and after anion addition are as expected, the values for óqô 

in these complexes are not (Table-4.15). It was hypothesised that a reduction in 

steric hindrance would lead to an increase in space for ligating molecules, both 

solvent and guest species. Yet these values of óqô are comparatively lower than the 

more sterically hindered -OtBu analogue.  

Table-4.15. Luminescence lifetimes in non-deuterated and deuterated solvent of 

Eu.p.DO3AM.Pro.OMe (Conc of host is 1Ĭ10-3 mol dm-3)*. 

Media EuL3.5g     

  

Lifetime in Hydrated solvent 

(ms) 

Lifetime in Deuterated 

solvent (ms) 

Hydration 

number (q) 

MeOH 0.67 1.76 1.4 

H2O 0.49 1.37 1.0 

* All lifetime values are subject to an error of Ñ 10% or less. 
 

While these lower óqô values are in agreement with the results from luminescence 

titrations, it was curious to observe the lack of a second binding event in any of the 

titrations. While this does not preclude the existence of a second binding event, it 

does imply that the second binding event is too weak to quantify, there is evidence 

for additional binding events at much higher concentrations of guest elsewhere in 

the literature.5 

4.4.3 Eu.p.DO3AM.Pro.OH 

The deprotected -OH analogue of the Eu.p.DO3AM.Pro.OR complex motif was 

synthesised to explore the potential for improved aqueous solubility. The lack of 

steric hindrance in comparison to the -OtBu and -OMe analogues could also lead to 

differing observations. The presence of -OH groups close to the lanthanide was also 
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of interest as this could affect the solution phase chemistry, as well as affecting the 

luminescence lifetime of the Ln(III) ion in the complex. 

4.4.3.1 Luminescence in MeOH 

Titrations began in MeOH, titrating against acetate as the anionic guest 

(Figure-4.19). There was a large increase in spectral intensity, showing an overall 

single binding event, with a strong binding constant (K1 = 99,000 M
-1 

(Ñ 65,300 M-1)). This is a high value that is expected of complexes like this in 

methanolic solution, yet the error in this measurement is very high. This could be 

due to the presence of an equilibrium between a bidentate binding mode and two 

monodentate binding modes, preventing clear determination hence yielding a large 

error. In this case, the bidentate binding mode is preferred giving a value for a first 

binding event.  
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Figure-4.19. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Pro.OH 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of NaOAc (0.02 mol dm-3). With 

starting (blue) and end (red) concentrations highlighted, ɚex = 393 nm. Inset: binding isotherm from 

DynaFitÈ, plot of intensity ratio ȹJ=2/ȹJ=1 (dark-green) vs concentration of AcO-.  

   

Luminescence titrations with KF and TBAF afforded a similar result, at an anionic 

guest concentration of 1.82 eq. In this case lanthanide demetallation from the 

complex is clearly observed. This is evident by the sharp decrease in spectral 

intensity, along with the observation of a loose precipitate in the cuvette at the time 

of running this experiment (Figure-4.20). The removal of all steric hinderance, 

upon creation of the OH group destabilised the complex to such an extent that upon 

exposure to a hard anionic guest, a precipitate was formed. This precipitate was 

white in colour so is likely EuF3 or Eu(OH)3, this occurred in both titrations which 

eliminates the probability that the fluoride source used caused precipitation.  
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Figure-4.20. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Pro.OH 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of KF (0.02 mol dm-3). With 

starting (blue), maximum intensity (orange) and end (red) concentrations highlighted, ɚex = 393 nm. 

Inset: Change in intensity of area ȹJ=2 (dark green) and area ȹJ=1 (purple) vs concentration of F-.    

In this case, the lattice enthalpy for the europium precipitate is much higher than 

any stabilisation gained from being embedded in a macrocyclic complex.2 This 

demonstrates the drastic decrease in thermodynamic and kinetic stability upon 

reduction of the energetic barrier to demetallation in these complexes.6 

4.4.3.2 Luminescence in H2O 

In aqueous media the same titrations were performed, starting out with a titration 

against anionic guest acetate (Figure-4.21). This titration fits well to one binding 

event with a very weak binding constant (K1 = 89 M
-1 (Ñ 3.03 M-1)). This is a very 

small binding constant, meaning that the guest will likely be in fast exchange with 

the bulk solvent. 
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Figure-4.21. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Pro.OH 

(1Ĭ10-3 mol dm-3) in MilliQ water, upon addition of increasing amounts of NaOAc (0.02 mol dm-3). 

With starting (blue) and end (red) concentrations highlighted, ɚex = 393 nm. Inset: binding isotherm 

from DynaFitÈ, plot of intensity ratio ȹJ=2/ȹJ=1 (dark green) vs concentration of AcO-.    

Titrating against both fluoride sources led to very distinct differences in the shape 

of each curve, with the titration with KF not fitting to any number of binding events, 

while titrating against TBAF fit to two binding events as hypothesised earlier in this 

thesis.  

The titration against KF shows competitive binding through the first initial 

additions of fluoride: this is evident due to the lack of change in spectral intensity 

(Figure-4.22). This competitive binding may arise from the initial deprotonation of 

the hydroxyl groups on the ligand by fluoride anions in solution.  
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Figure-4.22. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Pro.OH 

(1Ĭ10-3 mol dm-3) in MilliQ water, upon addition of increasing amounts of KF (0.02 mol dm-3). With 

starting (blue), maximum intensity (orange) and end (red) concentrations highlighted, ɚex = 393 nm. 

Inset: Change in intensity of area ȹJ=2 (purple) and area ȹJ=1 (dark green) vs concentration of F-.    

This would mean that in the initial stages of the titration, the ligand is being 

deprotonated by the added fluoride, before any binding takes place.7 As upon 

reaching a fluoride concentration of greater than å 0.001 mol dm-3, the spectral 

intensity increases to a maximum before there is a slight decrease, which is the 

shape expected from a two binding event. These two binding events can be observed 

in the titration with TBAF (Figure-4.23). 



Chapter-4 

141 
 

 

Figure-4.23. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Pro.OH 

(1Ĭ10-3 mol dm-3) in MilliQ water, upon addition of increasing amounts of TBAF (0.02 mol dm-3). 

With starting (blue), maximum intensity (orange) and end (red) concentrations highlighted, ɚex = 

393 nm. Inset: binding isotherm from DynaFitÈ, plot of intensity of area ȹJ=1 (dark green) vs 

concentration of F-.    

By masking a few of the initial points in processing this data, a suitable fit for a two 

binding event was deduced. With this being separated into a strong first binding 

event (K1 = 7,000 M
-1 (Ñ 1,020 M-1)) and a weaker second binding event (K1 = 1,410 

M-1 (Ñ 135 M-1)). While there is still some initial competitive binding in this 

complex, there is not the same extent as was present in the titration against KF. 

What differs is the counterion for the fluoride in solution, specifically between a 

potassium ion (K+) and a tetra-n-butyl ammonium ion ([N((CH2)3CH3)4]
+, TBA+). 

The potassium ion will have a greater charge density in comparison with the larger 

TBA+ ion. This greater charge density will lead to it being solvated well by water 

molecules and the acetate groups on the periphery of the complex in solution. This 

coordination to the acid arms on the complex makes the hydrogen atoms on each -

COOH group much more acidic.8 These more acidic protons therefore react first 
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with the fluoride added to solution and as such exhibit a greater extent of 

competitive binding, so causing no change in luminescence intensity until these 

protons have been fully removed by incoming fluoride ions. The binding constants 

would infer a picture of a complex with two binding modes (Table-4.16). Acetate 

binding in a bidentate fashion, fluoride showing two separate binding events. 

However this complex shows severe limitations due to its tendency to precipitate 

on standing in aqueous solution. 

Table-4.16. Summary of binding constants of Eu.p.DO3AM.Pro.OH with anionic guests in MeOH 

and water (ppt. = precipitate). 

Anionic source Media Binding constant (M-1)#   

    K1 = [EuLX]- K2 = [EuLX2]
2- 

    EuL3.6f   

NaOAc MeOH 99,000 (Ñ65,300) - 

  Water 89 (Ñ3.03) - 

KF MeOH ppt. - 

  Water - - 

TBAF MeOH ppt. - 

  Water 7,000 (Ñ1,020) 1,410 (Ñ135) 
#
 K1 = first binding event; K2 = second binding event-deduced from binding isotherm generated 

from DynaFitÈ 
Ñ Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 

Ä The binding of anions was studied by time-gated phosphorescence titrations of the complexes 

with varying concentrations of sodium acetate, potassium fluoride and tetrabutylammonium 

fluoride with binding isotherms generated using DynaFitÈ 

 

4.4.3.3 Luminescence lifetimes  

Luminescence lifetimes before and after anion addition were recorded for the 

luminescence titrations (Table-4.17). In both titrations involving fluoride in MeOH 

there are reduced lifetimes due to quenching of the fluorescence through formation 

of a solid precipitate. The increase in lifetime with acetate again due to the 

replacement of a solvent molecule with a less effectively quenching anion guests. 
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For the titration in water, the values for fluoride titrations are predictable with the 

replacement of solvent with less effective fluoride quenchers.  

Table-4.17. Summary of luminescence lifetimes of Eu.p.DO3AM.Pro.OH before and after anionic 

guest addition in MeOH and water (Conc of host is 0.001 mol dm-3, guest conc is 0.02 mol dm-3). 

EuL3.6f Lifetime in MeOH (ms) Lifetime in H2O (ms) 

Complex 0.41 (Ñ 1.22%) 0.33 (Ñ 1.43%) 

Complex + 8.57 eq NaOAc 0.64 (Ñ 0.38%) 0.20 (Ñ 0.74%) 

Complex + 8.57 eq KF 0.36 (Ñ 1.07%) 0.45 (Ñ 1.64%) 

Complex + 8.57 eq TBAF 0.30 (Ñ 2.8%) 0.41 (Ñ 1.69%) 
Ñ Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 

* Lifetimes were best fit to a mono-exponential decay unless otherwise stated. 

 

Yet upon addition of an acetate guest the lifetime for the complex decreases, 

meaning there is the inclusion of a more effective quenching pathway. This could 

be through photoelectron transfer from the electrons on the oxygen atoms on the 

ligating acetate ligand.9 Lifetimes in deuterated and non-deuterated solvents were 

also collected to determine values for óqô (Table-4.18).  

Table-4.18. Luminescence lifetimes in non-deuterated and deuterated solvent of 

Eu.p.DO3AM.Pro.OH (Conc of host is 0.001 mol dm-3)*. 

 

The óqô values corroborate well with the lifetime observations of one single binding 

event, with the potential for a second very weak binding event, that is too weak to 

be distinguishable by DynaFitÈ as a binding event.   

Media EuL3.6f     

  

Lifetime in Hydrated solvent 

(ms) 

Lifetime in Deuterated 

solvent (ms) 

Hydration 

number (q) 

MeOH 0.41 3.26 1.0 

H2O 0.33 2.68 1.1 

* All lifetime values are subject to an error of Ñ 10% or less. 
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4.4.4 System summary 

The Eu.p.DO3AM.Pro.OR complex exhibits the lowest thermodynamic and kinetic 

stability of any in this thesis, showing precipitation in the presence of fluoride, 

making it highly unsuitable for any further applications in this thesis which require 

it to be in fluoride containing solutions to act as a catalyst. Both the -OMe and -

OtBu analogues showed the presence of two binding events with differing strengths, 

one strong one weak. Contrary to what was hypothesised, the reduction in steric 

hindrance did not lead to stronger binding, with the opposite case being true to an 

extent of second binding events being unresolvable. Due to the second binding 

event in the Eu.p.DO3AM.Pro.OMe complex being much weaker than the second 

binding event in the Eu.p.DO3AM.Pro.OtBu complex, this was deemed to be the 

deciding factor for carrying this complex forward to catalytic studies in Chapter-5. 

The second binding event must be very weak to enable fast exchange with other 

guest anions, as the guests must bind and unbind quickly to give an effective 

catalyst. In the -OtBu analogue, the binding strength is such that the guests would 

remain bound even after a reaction had occurred. 

4.5 Eu.p.DO3AM.Lys 

The Eu.p.DO3AM.Lys based complex systems were designed to localise a positive 

charge on the ligand periphery. This positive charge will act to keep the complexes 

apart and prevent the aggregation previously observed within similarly constructed 

complexes. The inclusion of an amine group should also improve water solubility, 

with this being one of the most desirable properties as the catalytic studies are in 

water. The inclusion of -OtBu, -OMe and -OH groups is for the same reasons 

mentioned in Section-4.2. 
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Figure-4.24. General chemical structure of Eu.p.DO3AM.Lys.OR complexes. 

4.5.1 Eu.p.DO3AM.Lys.OtBu.CBz 

The Eu.p.DO3AM.Lys.OtBu.CBz complex has all bulky protecting groups still in 

place. These groups prevent it from being soluble in aqueous media, yet the binding 

around this complex was investigated to determine the role that steric hindrance 

plays in binding to this complex motif. 

4.5.1.1 Luminescence in MeOH 

Titrations were carried out in MeOH alone for this complex, with the first titration 

being with acetate as the guest anion (Figure-4.25).  The change in spectral 

intensity fit well with the presence of two binding events, a strong first binding 

event (K1 = 2,690 M
-1 (Ñ 70.0 M-1)) followed by a weaker second binding event 

(K2 = 10.4 M
-1 (Ñ 0.30 M-1)). The curve fitting very well to this across all monitored 

peaks. This would indicate that there are two binding modes within this complex. 

Luminescence titrations were then carried out for both fluoride sources. For the 
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luminescence titration with KF, the shape of the graph of peak spectral intensity vs 

guest concentration would appear to correlate with two binding events. Yet this was 

unresolvable into binding events, making determination of the binding strength 

impossible.  

 

Figure-4.25. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Lys.OtBu.CBz 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of NaOAc (0.02 mol dm-3). With 

starting (blue), maximum intensity (orange) and end (red) concentrations highlighted, ɚex = 393 nm. 

Inset: binding isotherm from DynaFitÈ, plot of intensity of area ȹJ=2 (dark green) and area ȹJ=1 

(purple) vs concentration of AcO-.    

The same titration carried out with TBAF as the fluoride source, generated a binding 

isotherm that fit to two binding events. With a strong first binding event 

(K1 = 17,600 M
-1(Ñ 4,750 M-1)) and weaker second binding event (K2 = 30.6 M

-1 

(Ñ 0.83 M-1)) (Figure-4.26). Confirming the difference between KF and TBAF as 

fluoride sources, with KF having limited solubility in MeOH, while TBAF exhibits 

good solubility in MeOH. This could be the limiting factor but there are other 

factors such as the presence of a charge dense K+ ion in solution meaning this 

cannot be said with certainty due to other variables present. However, the titration 

https://unioxfordnexus-my.sharepoint.com/personal/orie3376_ox_ac_uk/Documents/Chapters/Chapter%204/Graphs/Eu.p.DO3AM.Lys.OtBu.CBz/Eu.p.DO3AM.Lys.OtBu.CBz_Acetate_MeOH.jpg
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with TBAF does show the presence of two binding events that were hypothesised 

from the titration with KF. Based on previous luminescence titrations the two 

fluoride sources yield results that are within error of each other, yet in some 

MeOHic systems they show stark differences.  

 

Figure-4.26. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Lys.OtBu.CBz 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of TBAF (0.02 mol dm-3). With 

starting (blue), maximum intensity (orange) and end (red) concentrations highlighted, ɚex = 393 nm. 

Inset: binding isotherm from DynaFitÈ, plot of intensity of area ȹJ=2 (dark green) vs concentration 

of AcO-.    

While frustrating that the binding constant for the KF luminescence titration was 

undeterminable, the results from the other titrations carried out would infer the 

presence of two binding modes (Table-4.19). With the complex exhibiting strong 

binding for all the anionic guests it was titrated against. 
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Table-4.19. Summary of binding constants of Eu.p.DO3AM.Lys.OtBu.Cbz with anionic guests in 

MeOH. 

Anionic source Media Binding constant (M-1)#   

    K1 = [EuLX]- K2 = [EuLX2]
2- 

    EuL3.5d  

NaOAc MeOH 2,690 (Ñ70.0) 10.4 (Ñ0.30) 

KF MeOH - - 

TBAF MeOH 17,600 (Ñ4,750) 30.6 (Ñ0.83) 
#
 K1 = first binding event; K2 = second binding event-deduced from binding isotherm generated 

from DynaFitÈ 
Ñ Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 
Ä The binding of anions was studied by time-gated phosphorescence titrations of the complexes 

with varying concentrations of sodium acetate, potassium fluoride and tetrabutylammonium 

fluoride with binding isotherms generated using DynaFitÈ 

 

4.5.1.2 Luminescence lifetimes  

Luminescence lifetimes of the complex before and after anion additions were taken 

(Table-4.20). These exhibited some curious observations, while the lifetime with 

acetate as guest is in the range that would be expected, the lifetimes with the fluoride 

guests differ greatly. The addition of KF to a complex solution provides the 

expected result with coordination of the fluoride to the Eu (III) centre preventing 

effective luminescence quenching. In contrast, the inclusion of TBAF into the 

solution produces the opposite result, a decrease in the luminescence lifetime, 

corresponding to more effective quenching upon anion addition. This is likely due 

to fluorides effectiveness as a good photoinduced electron transfer (PeT) quencher, 

with this effect not being seen for KF due to solubility constraints. 
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Table-4.20. Summary of luminescence lifetimes of Eu.p.DO3AM.Lys.OtBu.CBz before and after 

anionic guest addition in MeOH (Conc of host is 1Ĭ10-3 mol dm-3, guest conc is 0.02 mol dm-3). 

EuL3.5a Lifetime in MeOH (ms) 

Complex 0.68 (Ñ 0.53%) 

Complex + 8.57 eq NaOAc 0.65 (Ñ 0.38%) 

Complex + 8.57 eq KF 0.98 (Ñ 0.77%) 

Complex + 8.57 eq TBAF 0.56 (Ñ 1.46%) 
Ñ Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 

* Lifetimes were best fit to a mono-exponential decay unless otherwise stated. 

A q-value was determined for this complex, through the measurement of the 

lifetime in deuterated and non-deuterated solvent (Table-4.21). A value of 0.7 for 

óqô would imply binding of only one solvent molecule which is in exchange with 

the bulk solvent, which given the size of the complex and associated steric 

hindrance seems likely.  

Table-4.21. Luminescence lifetimes in MeOH and MeOD of Eu.p.DO3AM.Lys.OtBu.CBz (Conc 

of host is 0.001 mol dm-3)* 

Media EuL3.5a     

  

Lifetime in Hydrated solvent 

(ms) 

Lifetime in Deuterated 

solvent (ms) 

Hydration 

number (q) 

MeOH 0.68 1.21 0.7 

* All lifetime values are subject to an error of Ñ 10% or less 
 

This does make sense in terms of the complex binding hard anionic guests. óHardô 

anions bind strongly to the Eu(III) centre, allowing them to overcome steric 

hindrance inherent in the complex, something that the poorly solvating MeOH 

molecules will be unable to do.   
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4.5.2 Eu.p.DO3AM.Lys.OMe 

The Eu.p.DO3AM.Lys.OMe complex was designed to maximise the chance of 

aqueous solubility and prevent aggregation in solution, through the inclusion of 

positively-charged amine groups on the arms of the complex. This complex proved 

to be highly soluble in water, showing the importance of ligand design and how this 

can yield desirable properties. As such, the observations from the experiments in 

aqueous conditions were of great interest, yet the MeOH-based experiments gave a 

good base for comparison with other complexes in this Chapter. 

4.5.2.1 Luminescence in MeOH 

Luminescence titrations began with titration against acetate as the anionic guest 

(Figure-4.27). The complex exhibited a very strong first binding event 

(K1 = 33,800 M-1 (Ñ 7,270 M-1)). With no second binding event it can be inferred 

that the guest bound in a bidentate fashion, with both oxygen atoms binding to the 

central Eu(III) ion. While there is evidence of strong binding, the curve itself is 

sigmoidal, this could be due to aforementioned reasons of the equilibrium between 

two mono- and one bidentate binding modes for acetate, or the inclusion of an 

amine in solution could create targets for offsite interactions. These off-site targets 

would be a competitive binding site at low concentrations of anionic guest, hence 

the perturbation to the curve early in the titration. At higher concentrations the 

preference for anionic guest binding, would be the Eu(III) ion which exhibits a 

much stronger electrostatic force of attraction.  
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Figure-4.27. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Lys.OMe 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of NaOAc (0.02 mol dm-3). With 

starting (blue) and end (red) concentrations highlighted, ɚex = 393 nm. Inset: binding isotherm from 

DynaFitÈ, plot of intensity of area ȹJ=2 (dark green) and area ȹJ=1 (purple) vs concentration of 

AcO-.    

Titrations against both fluoride sources showed a high degree of correlation with 

both showing the presence of two binding events, with the values being within the 

error regions with respect to one another (Figure-4.28). 
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Figure-4.28. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Lys.OMe 

(1Ĭ10-3 mol dm-3) in MeOH, upon addition of increasing amounts of KF (0.02 mol dm-3). With 

starting (blue), maximum intensity (orange) and end (red) concentrations highlighted. Inset: binding 

isotherm from DynaFitÈ, plot of intensity of  area ȹJ=2 (dark green) and area ȹJ=1 (purple) vs 

concentration of F-.    

4.5.2.2 Luminescence in H2O 

The main area of interest for this complex was its aqueous binding with guests, due 

to its applications later in this thesis requiring aqueous solubility. The difference of 

note now being that the amine furthest away from the cyclen ring is protonated, for 

reasons mentioned in Section-3.3.1. The titration against acetate showed a weak 

single binding event (K1 = 147 M
-1 (Ñ0.88)) (Figure-4.29). 
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Figure-4.29. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Lys.OMe 

(1Ĭ10-3 mol dm-3) in MilliQ water, upon addition of increasing amounts of NaOAc (0.02 mol dm-3). 

With starting (blue) and end (red) concentrations highlighted, ɚex = 393 nm. Inset: binding isotherm 

from DynaFitÈ, plot of intensity of area ȹJ=2 (dark green) and area ȹJ=1 (purple) vs concentration 

of AcO-.    

Yet there is small evidence of competitive binding, likely arising from the 

protonated amine. The clustering of points (0-5Ĭ10-4 mol dm-3) initially gives 

evidence for competitive binding of acetate to the peripheral amine groups. Yet this 

competitive binding is almost negligible with the error within this measurement 

being very low despite this. 

The titrations with fluoride were more difficult to resolve into distinct binding 

events. Changing the identity of guest from acetate to fluoride produces a much 

greater degree of competitive binding as evidenced in the initial lack of change in 

the area of peak intensity (Figure-4.30). 
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Figure-4.30. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Lys.OMe 

(1Ĭ10-3 mol dm-3) in MilliQ water, upon addition of increasing amounts of KF (0.02 mol dm-3). With 

starting (blue), maximum intensity (orange) and end (red) concentrations highlighted, ɚex = 393 nm. 

Inset: Change in intensity of area ȹJ=2 (purple) and area ȹJ=1 (dark green) vs concentration of F-.    

 

The presence of this competitive binding makes the titration with KF unassignable 

to any potential binding isotherm. The same can be said for the titration with TBAF, 

yet through removal of the initial competitive binding data points binding events 

are resolvable. While the two binding constants generated cannot be taken to be 

completely accurate, the presence of two binding constants of differential strength 

(K1 = 144,000 M
-1 (Ñ 34,600 M-1), K2 = 115 M

-1 (Ñ 3.11 M-1)) was implied by the 

shape of the curve with an initial decrease followed by a decrease in intensity 

(Figure-4.31). 
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Figure-4.31. Graph showing the change in luminescence spectrum of Eu.p.DO3AM.Lys.OMe 

(1Ĭ10-3 mol dm-3) in MilliQ water, upon addition of increasing amounts of TBAF (0.02 mol dm-3). 

With starting (blue), maximum intensity (orange) and end (red) concentrations highlighted, ɚex = 

393 nm. Inset: binding isotherm from DynaFitÈ, plot of intensity of area ȹJ=2 (purple) and area 

ȹJ=1 (dark green) vs concentration of F-.    

 

This evidence all points towards the presence of two binding events, but with 

distinct competitive binding at the outset of the titration. Likely due to the 

protonated amines in aqueous media binding to the óhardô fluoride anions. The 

binding constants are in good agreement with the current hypothesis of two guests 

binding to the heptadentate Eu(III) complexes (Table-4.22). 
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 Table-4.22. Summary of binding constants of Eu.p.DO3AM.Lys.OMe with anionic guests in 

MeOH and water. 

 

 

4.5.2.3 Luminescence lifetimes 

Luminescence lifetimes were taken before and after anion addition. The results in 

MeOH showed expected values with fluoride inhibiting the quenching of the Eu(III) 

ion by solvent molecules, and acetate showing an overall similarity due to the 

provision of alternate quenching pathways (Table-4.23). For the values in water, 

both fluoride titrations result in a longer lifetime, along with a reduction in lifetime 

with acetate providing more effective quenching pathways for luminescence. 

 

 

 

 

 

Anionic source Media Binding constant (M-1)#   

    K1 = [EuLX]- K2 = [EuLX2]
2- 

    EuL3.5g  
NaOAc MeOH 33,800 (Ñ7,440) - 

  Water 147 (Ñ0.89) - 

KF MeOH 77,000 (Ñ20,800) 271 (Ñ19.0) 

  Water - - 

TBAF MeOH 61,000 (Ñ25,000) 36 (Ñ3.67) 

  Water* 144,000 (Ñ34,600) 115 (Ñ3.11) 
# K1 = first binding event; K2 = second binding event-deduced from binding isotherm generated 

from DynaFitÈ 
Ñ Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 
Ä The binding of anions was studied by time-gated phosphorescence titrations of the complexes 

with varying concentrations of sodium acetate, potassium fluoride and tetrabutylammonium 

fluoride with binding isotherms generated using DynaFitÈ 
* Data points associated with this binding constant were modified considerably to attain values 

for the separate binding constants 
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Table-4.23. Summary of luminescence lifetimes of Eu.p.DO3AM.Lys.OMe before and after anionic 

guest addition in MeOH and water (Conc of host is 0.001 mol dm-3, guest conc is 0.02 mol dm-3). 

EuL3.6c Lifetime in MeOH (ms) Lifetime in H2O (ms) 

Complex 0.55 (Ñ0.59%) 0.57 (Ñ0.39%) 

Complex + 8.57 eq NaOAc 0.62 (Ñ0.25%) 0.43 (Ñ0.86%) 

Complex + 8.57 eq KF 0.95 (Ñ0.55%) 0.59 (Ñ1.16%) 

Complex + 8.57 eq TBAF 0.90 (Ñ0.63%) 0.69 (Ñ0.66%) 
Ñ Error in brackets is represented as standard error in M-1. All data were plotted at the 95% 

confidence interval 

* Lifetimes were best fit to a mono-exponential decay unless otherwise stated. 

Lifetimes in deuterated and non-deuterated solvents were taken to determine the 

solvation number óqô in each solvent (Table-4.24).  

Table-4.24. Luminescence lifetimes in non-deuterated and deuterated solvent of 

Eu.p.DO3AM.Lys.OMe (Conc of host is 0.001 mol dm-3)*. 

 

The óqô number for the complex in MeOH shows good agreement with the data 

from binding titrations, specifically the presence of more than one binding species. 

The óqô value in aqueous media correlates somewhat with previous observations, 

showing that there is coordination of solvent and guest species, yet differs with the 

MeOH value as 0.8 implies binding of only one solvent molecule. This could be 

due to differing binding strengths between solvent molecules and hard anionic 

guests, with the identity of the solvent changing, this impacts degree of competition 

for binding slots. As the complex will bind more anionic guests due to the increased 

binding strength, in comparison to the weaker binding solvent molecules. Yet 

binding of only one acetate molecule, even in a bidentate fashion, would indicate 

there is less room for binding. Leading to the conclusion that only in higher 

Media EuL3.6c     

  

Lifetime in Hydrated solvent 

(ms) 

Lifetime in Deuterated 

solvent (ms) 

Hydration 

number (q) 

MeOH 0.55 2.26 2.5 

H2O 0.57 1.70 0.8 

*  All lifetime values are subject to an error of Ñ10% or less. 
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concentrations of fluoride is the second binding event visible, and the complex is 

capable of binding two guests with one in very fast exchange. 

4.5.3 System summary 

The Eu.p.DO3AM.Lys.OR motif produced interesting results. Confirming the 

hypothesis developed so far that reduction of steric hindrance, through deprotection 

or changing identity of protecting groups, does not necessarily create more room 

for guest binding. In some cases, introducing additional groups can lead to 

interference with guest binding, such as the -NH2 group included in the 

Eu.p.DO3AM.Lys.OMe complex. The design of the macrocyclic ligand worked 

well to solubilise this complex, again showing the effect of hydrophobic protecting 

groups on complex solubility, along with the positive impact of cationic groups on 

aqueous solubility.   
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4.6 Conclusions  

In this Chapter, it has been demonstrated for a large range of heptadentate 

complexes that there are two binding modes with differing strengths, specifically 

one much stronger than the other, with the weaker being in fast exchange as a result. 

This has been confirmed through carrying out luminescence titrations to determine 

the number of binding events and quantifying their strengths, observation of the 

lifetimes before and after guest addition and determination of hydration numbers 

(q) for each complex-solvent pair (Figure-4.32).  

 

Figure-4.32. Summary of all binding constants outlined in Chapter-4 for each complex 

(Eu.p.DO3AM.X). Where KF represents the binding constant with fluoride, KAcO represents the 

binding constant with acetate, black bars represent the associated errors. 
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The complexes exhibited variable solubility with some incapable of dissolving in 

water and preventing results being gained for these complexes in aqueous media. 

Due to the further application of these complexes requiring aqueous solubility, a 

suitable group of water-soluble complexes had to be chosen. This need arises 

because the specific fluorination reactions being investigated, take place faster in 

water than in MeOH.10 Therefore the complexes chosen to carry forward to catalytic 

studies, were selected for their aqueous solubility and stability within solution, the 

chosen complexes are summarised in Figure-4.33. 

 

Figure-4.33. Chemical structures of complexes chosen for catalytic studies. 

Eu.p.DO3AM.Phen.OMe (top left), Eu.p.DO3AM.Pro.OMe (top right), Eu.p.DO3AM.Lys.OMe 

(bottom).  
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The -OMe analogues of each complex motif showed improved aqueous solubility, 

the presence of two binding events and no precipitation upon exposure to hard 

anions. All desirable properties to have for their application as homogenous 

catalysts for the fluorination of halocarboxylic acids in aqueous media. 
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Chapter-5: Catalytic studies on DO3AM 

derivatives 

5.1 Aim and Scope 

To assess the catalytic ability of the DO3AM derivatives (Chapters 3 and 4), and to 

confirm the catalytic cycle observed in Chapter-2, three Eu.p.DO3AM derivatives 

were carried forward to catalytic studies (Figure-5.1).  

 

Figure-5.1. Chemical structures of complexes chosen for catalytic studies. 

Eu.p.DO3AM.Phen.OMe (top left), Eu.p.DO3AM.Pro.OMe (top right), Eu.p.DO3AM.Lys.OMe 

(bottom).  
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With more tailored ligand spheres in contrast to Ln.p.DO3A systems detailed in 

Chapter-2, the aim is to create more effective catalysts while still retaining aqueous 

solubility.  

5.2 Proposed catalytic route 

Previously in the Faulkner group, catalytic activity was observed on 

Eu.p.DO3AM.Asp.OH.OH and Eu.p.DO3AM.Asp.OtBu.OtBu complexes, when a 

series of halocarboxylic acids underwent an SN2 reaction with fluorine 

(Figure-5.2).1 Given the importance of fluorine-18 in radio imaging, this reaction 

has the potential to provide a route for late stage labelling of radiopharmaceuticals 

in water if effective catalysis can be achieved. 

It is proposed that the lanthanide complex acts as a catalyst, holding both reactants 

in close proximity while they are coordinated to the Eu(III) centre. With the addition 

of fluorine regio- and potentially stereoselectively onto specific biomolecules, this 

is of great interest for the creation of novel agents for Positron Emission 

Tomography (PET) imaging. 

 It is proposed that once the SN2 reaction has ocurred, the substrates are exchanged 

with bulk solution, restoring the catalyst to its starting condition. With the catalyst 

being restored due to the transient nature of bonding at the Eu(III) centre in aqueous 

media. As the catalyst is dissolved in aqueous media, this represents the potential 

for an effective, water soluble and homogenous catalyst.  
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Figure-5.2. Formation of a quarternary lanthanide-based complex for the fluorination of 

halocarboxylic acids, with proposed mechanism of SN2 action. Bound Fluoride ion (blue), general 

halocarboxylic acid substrate (red).  

5.3 Catalysis investigation by Multinuclear NMR spectroscopy 

To understand the catalytic ability of each of the complexes, a model set of reactions 

were chosen. The fluorination of halocarboxylic acids. This reaction set was chosen 

due to both fluorine and carboxylic acids being known to bind to lanthanide centres, 

both within this thesis and in wider literature.2ï4 These reactions can occur in MeOH 

and other protic solvents, but have been shown to have higher rate constants in 

aqueous media.1 These catalysts are able to accelerate these reactions at RT, with 

only a chloride ion being produced over the course of the reaction, with this not 

inhibiting the reaction through competitive binding due to the higher binding 

constants associated with fluoride binding.5 The specific halocarboxylic acids and 

their control reactions are detailed in Scheme-5.1. 
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Scheme-5.1. Fluorination of chloroacetic acid (top), 3-chloropropanoic acid (middle), sodium 

2-chloro-2-phenylacetate. Reaction conditions; TBAF (0.1 mol dm-3), halocarboxylic acid substrate 

(0.1 mol dm-3), D2O (0.6 mL), catalyst under investigation (0.01 mol dm-3). * indicates the presence 

of stereogenic centre. 

Chloroacetic acid is the simplest halocarboxylic acid investigated with the chlorine 

alpha to the -COOH functional group, enabling ready substitution upon binding of 

both acetate and fluoride in the proposed catalytic pathway in Figure-5.1. 

3-chloropropanoic acid was investigated to see whether there was a degree of 

regioselectivity with this catalysis, with the -CH2- group increasing the distance of 

the leaving group from the catalyst itself. The last substrate investigated was sodium 

2-chloro-2-phenylacetate, to see the effect of steric bulk and whether the presence 

of a phenyl group would accelerate the reaction by hyperconjugative stabilisation 

of the transition state formed in the course of this reaction (Scheme-5.2).  
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Scheme-5.2. Proposed transition state for the control reaction of TBAF with 2-chloro-2-

phenylacetate, showing resonance stabilisation with neighbouring carbonyl (blue) and phenyl (red) 

-́orbitals. 

The resulting fluorinated product of sodium 2-chloro-2-phenylacetate could also 

show an enantiomeric preference, chiral carbon adjacent to the -COOH group 

(*, Scheme-5.1), enabling exploration of a complexes ability to act as an 

enantioselective catalyst. For all halocarboxylic acids, it was chosen to use the 

chlorinated version. Previous experiments have examined the use of brominated 

reagents, with the corresponding rates for brominated versus chlorinated being 

faster due to the greater stability of the leaving bromide versus chloride group.1 It 

was chosen to keep the leaving group the same to observe how the reaction 

depended on sterics, proximity and electronic factors. 

5.3.1 NMR spectroscopy catalysis lanthanide catalyst choice 

From the results in Chapter-2, Eu.p.DO3A was shown to catalyse the fluorination 

of halocarboxylic acids to a greater extent in both their initial rates and long-range 

rates, as opposed to Tb.p.DO3A. Therefore, Eu(III) was the lanthanide of choice 

for complexation with the DO3AM derivatives synthesised. Of the derivatives 

synthesised in Chapter-4, the Eu.p.DO3AM complexes containing -OMe as a 
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protecting group were selected for catalytic investigation. This was due to a number 

of effects observed in Chapter-4. With some complexes showing precipitation at 

critical fluoride concentrations (Eu.p.DO3AM.Pro.OH), their removal from 

solution preventing their use in these reactions. Others showed limited solubility 

with some being completely insoluble (Eu.p.DO3AM.Lys.OtBu.CBz, 

Eu.p.DO3AM.Phen.OtBu). While some also showed a great degree of competitive 

binding from functional groups located on the macrocyclic ring, such as -OH groups 

requiring deprotonation by fluoride guests before binding is observed to the Eu(III) 

centre (Eu.p.DO3AM.Pro.OH). The -OMe derivatives outlined in Figure-5.1 

remain dissolved in aqueous solution over the entire 12h period, minimise steric 

bulk and provide a degree of comparability between the complexes under 

investigation. While Eu.p.DO3AM.Lys.OMe and Eu.p.DO3AM.Pro.OMe show 

good aqueous solubility, Eu.p.DO3AM.Phen.OMe shows only partial solubility but 

is well solubilised upon anion addition. 

5.4 Catalytic NMR spectroscopy methodology 

The reactions were carried out in D2O (0.6 mL), with the control test consisting of 

1:1 TBAF.3H2O to halocarboxylic acid (0.1 mol dm-3). A 19F NMR spectrum was 

measured every 5 minutes for 12 hours, with the initial point being after 5 minutes 

equilibration time where the solution was allowed to stand after vigorous mixing. 

The catalysed test was performed under the same conditions with the addition of 

10% loading of the complex under investigation. The fluorinated carboxylic acid 

peak was integrated for both the complex and control tests, which were then 

compared over time to determine any catalytic activity.  
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5.5 Eu.p.DO3AM.Pro.OMe catalytic studies 

Eu.p.DO3AM.Pro.OMe was the most promising candidate out of the proline 

derivatives, due to its solubility within water and its improved stability upon 

exposure to anions in aqueous solution. This complex proved to be a highly 

effective catalyst for the fluorination of chloroacetic acid with TBAF (Figure-5.3) 

with a clear increase in catalytic activity upon lanthanide addition compared to the 

control.  

 
Figure-5.3. Graph monitoring the integrated intensity of product (fluoroacetic acid) peak formation 

in the Eu.p.DO3AM.Pro.OMe catalysed reaction (red-scatter) and control reaction (blue-scatter) of 

chloroacetic acid and TBAF over the course of 12h. Inset: Comparison of initial reaction rate for the 

catalysed (dark-green) and control (purple) reactions between 0-1800 s. 

The complex has a much higher initial (cat. = 2.31 s-1, control. = 1.04 s-1) and final 

rate of reaction, alongside these improvements the intensity change in the latter 

stages of the reaction starts to plateau. This would indicate that this reaction is 

reaching completion over the 12-hour observation window.  
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When Eu.p.DO3AM.Pro.OMe is combined with 3-chloropropanoic acid, again 

lanthanide catalytic activity is demonstrated (Figure-5.4). 

Figure-5.4. Graph monitoring the integrated intensity of product (3-fluoropropanoic acid) peak 

formation in the Eu.p.DO3AM.Pro.OMe catalysed reaction (red-scatter) and control reaction 

(blue-scatter) of 3-chloropropanoic acid and TBAF over the course of 12h. Inset: Comparison of 

initial reaction rate for the catalysed (dark-green) and control (purple) reactions between 0-1800 s.  

As expected, the initial rates of reaction are lower (cat. = 0.88 s-1, control. = 0.55 s-

1) in this analogue due to the greater distance between the Eu(III) and substituted 

chlorine atom. Yet the results are still very promising, with a much higher initial 

and long-range reaction rate when catalysed, despite this the reaction has not gone 

to completion over the course of 12 hours. 

Over the course of this reaction, due to the changing ionic strength of the solution, 

the TBAF peak ómigratesô across the NMR spectrum (Figure-5.5); with this 

migration being a reported effect when changes in pH and ionic strength occur.6 

This migration causes the TBAF peak to cross the product peak under observation 

in some cases, causing a large hump in the NMR spectra integration. These data has 
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been cut to allow fitting of an exponential decay curve to this reaction. Upon 

removing this section of data, the experiments fit well to an exponential decay that 

is expected over the course of a rection with limited reagents. 

 

Figure-5.5. Stacked plot of 19F NMR spectra of reaction between TBAF and sodium 2-chloro-2-

phenylacetate (0.1 mol dm-3) with Eu.p.DO3AM.Pro.OMe as catalyst (10% loading) over a 12h 

period. With the emerging product (2-fluoro-2-phenylacetate) peak (red-box) and migrating TBAF 

peak (blue-line) highlighted. 

In contrast to the previous two reactions where the majority of the reaction takes 

place, the analogous reaction with sodium 2-chloro-2-phenylacetate shows a very 

slow rate of reaction preventing the data being fit to an exponential decay. Although 

the 12 h window is not a long enough timeframe to allow fitting to an exponential 

decay, the initial rates of reaction can be determined. The experimental data with 

Eu.p.DO3AM.Pro.OMe plotted in Figure-5.6, show an increase in the initial rate 

of reaction compared to the control reaction (cat. = 0.19 s-1, control. = 0.13 s-1). 
























































































































































