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Abstract 
 

The present work concerns the synthesis and photophysical characterisation of novel 

europium(III) complexes that are versatile, robust, bright, linkable, and can display same-

sign circularly polarised luminescence (CPL) spectra, i.e. all positive or negative 

transitions within a single emission manifold. Broad, intense, same-sign CPL emission 

manifolds are expected to aid spectroscopic detection using low-cost broad band pass 

filters or wider slit opening, increasing signal without opposite sign CPL bands cancelling 

out.  

Highly conjugated arylalkynylpyridyl antennae attached to the 1,4,7-triazacyclononane 

macrocycle, and mixed donor moieties, i.e. both carboxylate and phosphinate donor 

groups to coordinate the central europium(III) ion, were incorporated in the complexes. 

Different peripheral linking groups, such as carboxylate anions and para-nitro groups, are 

embedded in the structure to allow facile late-stage conjugation of the complex. The 

effects of chemical modifications on CPL spectra were investigated. 

A terbium(III) chiral complex was designed and tested as a green dopant for the fabrication 

of Circularly Polarised Organic Light Emitting Diodes (OLEDs). Despite some preliminary 

good results, the limited choice of available commercial host materials with an adequately 

broad bandgap is a problem that needs to be overcome to achieve efficient CP-OLEDs. 

A europium(III) complex was found to display same-sign CPL transition for the ΔJ = 1 and 

ΔJ = 2 emission manifolds. Further investigation of the dependence of CPL properties 

(both shape and intensity) on solvent polarity highlighted that CPL emission tends to be 

brighter and mono-signate in low polarity solvents. Racemisation kinetics of enantiopure 

europium(III) complexes in different solvents was investigated. Kinetic stability is key to 

designing durable lanthanide(III) doped polymeric films with definite CPL properties. 

Unlocking same-sign CPL emission allowed a further advancement in the field of CPL 

imaging. A handheld non-moving parts setup that can acquire a CPL image in a single 

shot, called Circularly Polarised Luminescence Photography (CPLP), was designed and 

validated using the europium(III) complex described above. This high-throughput 

instrument will integrate five layers of security readout comprising of multi-coloured, multi-

spectral, opposing-helicity, combined with high spatial and temporal resolution in 

unclonable luminescent QR codes, which was prototyped in the present study. 
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Chapter One: Introduction 

1.1. Luminescence of Lanthanides 

1.1.1. Introduction to Luminescence  

Luminescence is the spontaneous emission of light by a substance. Being non-

thermal, it is a non-equilibrium phenomenon. There are several types of luminescence, 

categorised according to the physical nature of the phenomenon that generates the 

excitation leading to light emission. The most commonly found forms of luminescence 

include: photoluminescence, where the excitation of the emitting species is achieved 

through the absorption of a photon; electroluminescence, where excitation is 

accomplished by recombination of charge carriers of opposite sign in the presence of 

an applied electric field; chemiluminescence, where a chemical reaction produces an 

excited species (known as bioluminescence if it takes place within a living being); 

triboluminescence, if the excitation is caused by mechanical actions on the material. 

The work presented in this thesis primarily concerns photoluminescence and 

electroluminescence. Here, the two phenomena are briefly contrasted.  

The processes involved in photoluminescence are well represented using a Jabłoński 

diagram, (Figure 1.1), which shows the quantised energy levels within vibrational 

manifolds corresponding to the different electronic states of the relevant species.   

Figure 1.1. A representative Jabłoński diagram showing the major processes involved in 

photoluminescence. 

 

In photoluminescence, the excitation is generated through the absorption of a photon 

of appropriate energy (or more than one photon with inversely proportional energies, 
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as will be discussed in Section 1.1.5). In general, photon absorption leads to electronic 

excitation of the photoluminescent species from the ground singlet state (S0) to an 

excited vibrational level of a higher energy singlet state, the gap being equal to the 

energy of the absorbed photon. Absorption takes place on a 10-15 s timescale. Non-

radiative vibrational relaxation dissipates part of the absorbed energy through 

molecular vibration and rotation (10-14 – 10-11 s). On a similar timescale, internal 

conversion (IC) brings the system to lower energy electronic singlet states. IC is a non-

radiative relaxation process that does not alter the spin state, i.e. it is a fast, spin-

allowed process. Eventually, the system reaches the lowest excited singlet state (S1). 

Relaxation may happen either non-radiatively or result in the emission of a photon with 

a wavelength that is longer than the absorbed one due to non-radiative energy losses. 

This process is called fluorescence and occurs on a 10-9 – 10-7 s time scale. Through 

fluorescence, the system may reach any of the higher vibrational states of the S0 

manifold, so photons of different wavelength may be observed. It is observed that 

luminescence occurs only from the lowest excited state of a given multiplicity or, 

equivalently, that the emission wavelength is independent of the excitation 

wavelength. This empirical observation is known as Kasha’s rule,1 and is a 

consequence of the large overlap between vibrational wavefunctions that lay close in 

energy: non-radiative vibronic relaxation to the lowest excited state within the manifold 

is faster than the competing longer-lived fluorescence process. As an alternative, the 

excited species can undergo intersystem crossing (ISC) from the S1 state to a triplet 

state of similar energy by flipping the spin of an electron. ISC is forbidden by electronic 

selection rules, accounting for its longer timescale (10-8 – 10-3 seconds). The system 

relaxes non-radiatively until it reaches the lowest excited triplet state (T1). De-

excitation from T1 to S0 may happen both non-radiatively and radiatively. The latter is 

termed phosphorescence and happens on a much slower timescale (10-4 – 10-1 

seconds), reflecting the spin-forbidden nature of this phenomenon.   

In the case of electroluminescence, excitation is accomplished by recombination of 

charge carriers of opposite sign (electrons and holes) in the presence of an applied 

electric field.2,3 Electroluminescence from organic crystals was first observed by Sano 

and Pope from single crystals of anthracene in 1963.4 The wavelength of the emitted 

photon depends on the energy gap of the semiconducting material hosting the exciton. 

Electrons and holes are spin ½ quasiparticles and produce 25% singlet and 75% triplet 
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excitons when they recombine, obeying the spin-statistic rule.5 Since only singlet 

exciton relaxation can result in the emission of a photon, the efficiency of 

electroluminescent devices is inherently capped at 25%. Noteworthy examples of 

electroluminescent devices based on inorganic compounds are light-emitting diodes 

(LEDs). The active materials in LEDs are often based on compounds of elements from 

groups III and V of the periodic table, e.g. GaAs, Ga, AlGaAs, InGaP. The topic of 

electroluminescence and its applications, namely organic light emitting diodes 

(OLEDs)6 is further expanded in Section 1.3.  

 

1.1.2. Sensitised Lanthanide Emission  

Lanthanide ions have unique optical properties, including sharp emission bands and 

long emission lifetimes, of the order of milliseconds for Tb(III) and Eu(III). These 

features are unusual for metal ion emitters in the condensed phase, especially when 

comparing their behaviour to transition metal ions: emission spectra of transition metal 

ions are very broad, spanning hundreds of nm, and have relatively short-lived excited 

states (order of 10-6 s). Overlayed lanthanide emission spectra are shown in Figure 

1.2. 

Figure 1.2. Selected low resolution emission spectra of lanthanides (left) and the electronic 

transitions they arise from (right). Adapted from 7,8. 

 

The optical properties of lanthanides arise from their partially filled 4f orbitals. The 5s 

and 5p orbitals are filled and their average radial distances are such that 

⟨𝑟5𝑠⟩, ⟨𝑟5𝑝⟩ > ⟨𝑟4𝑓⟩, so outer electrons shield the inner 4f orbitals. For this reason, 

external perturbations have a relatively minor effect on the intensity and the energy of 

the emission bands.  
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Lanthanide optical bands arise from 4f → 4f transitions. The matrix element of the 

electric dipole operator d, i.e. ⟨4𝑓|𝒅|4𝑓⟩, vanishes for parity. This selection rule is 

known as the Laporte selection rule and means that electric dipole transitions are 

forbidden for lanthanides. This selection rule accounts for the intrinsically low molar 

extinction coefficients (typically in the range 0.5 – 3 M-1 cm-1) of the free ions.9 

However, in the presence of an external perturbation, electronic states with different 

parity are mixed into the 4f orbitals of the free ion. This results in very small but non-

vanishing transition amplitudes, giving rise to the so-called induced electric dipole 

transitions.10 These small radiative rates account for the strikingly long emission 

lifetimes that are observed. Moreover, bilinear processes, such as energy transfer, up-

conversion, and cross-relaxation, which are also characterised by slow rates, have 

sufficient time to occur, unlike in analogous transition metal ion systems. These 

intrinsic, unique spectroscopic properties allow for a vast number of applications, such 

as in the laser industry11, scintillators used to detect charged particles12, optical 

fibres13, and time-gated sensing14–16. 

Direct excitation of the lanthanide ion is inefficient due to their low molar extinction 

coefficients. This issue can be overcome by excitation through an indirect pathway, 

usually termed sensitisation. By placing a carefully designed coordinating organic 

ligand close to the ion and exciting the ligand at its own absorption wavelength, its 

excitation energy can be transferred to the lanthanide ion via an efficient 

intramolecular energy transfer (ET) process. This indirect excitation pathway of the 

Ln(III) ion is termed the antenna effect, and results in a substantial improvement in 

brightness when compared to direct excitation of the lanthanide, (Figure 1.3).  

Figure 1.3. Schematic representation of the steps involved in the antenna effect. UV light is 

absorbed by the organic fluorophore (1); energy transfer to the Eu(III) occurs (2); Eu(III) emits 

visible light (3). 
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The lanthanide ion may relax from its excited state by emitting light. As a consequence 

of the shielding of the 4f orbitals, the energies of f-f transitions are generally insensitive 

to changes in the ligand field, i.e. the local electromagnetic field due to the surrounding 

chemical species. However, the overall spectral form is sensitive to changes in local 

symmetry, coordination geometry, and ligand polarisability, especially for Eu(III) and 

Yb(III).17 The ligand is commonly referred to as either the donor, antenna, or sensitiser, 

while the emitting ion is the acceptor. Single photon excitation of the ligand usually 

occurs in the UV region, whereas the lanthanide emission is observed in the visible or 

near-IR (450 – 1600 nm, Figure 1.2). The wavelength difference between the photon 

absorbed by the antenna and the one emitted by the lanthanide is called the pseudo-

Stokes’ shift and usually spans a few hundred nm, (Figure 1.4).10 Despite the inherent 

energy losses associated with pseudo-Stokes’ shift, this phenomenon simplifies the 

detection of emitted light since the wavelength range of the emitted light is far from the 

optimal excitation wavelength (λexc), preventing the detection of stray excitation light. 

Figure 1.4. Pseudo-Stokes’ shift between absorption (by the organic ligand) and emission 

(from the lanthanide centre) spectra of a nine-coordinate Eu(III) complex. Total angular 

momentum variations ΔJ are used to label the emission manifolds. Adapted from 18. 

 

The energy gap between the ligand donor state and the lanthanide accepting state 

must satisfy constraints to achieve efficient sensitisation of the lanthanide centre. 

These conditions are most easily seen by representing energy levels using Jabłoński 

diagrams, (Figure 1.5) First, the ideal antenna should have a high molar extinction 

coefficient at the excitation wavelength to ensure efficient energy harvesting. Second, 
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the energy gap between the S1 and T1 states of the ligand should be small to 

encourage ISC over competing deactivation pathways, such as antenna fluorescence 

and non-radiative decay of the excited state, which reduce the efficiency of the overall 

lanthanide sensitisation process. Third, intramolecular ET from the excited electronic 

state of the antenna to the acceptor excited level of the lanthanide needs to be 

optimised. This ET process is described using either the Förster or Dexter 

mechanisms.19,20 The Dexter mechanism involves a short-range electron transfer from 

a donor to an acceptor; the Förster mechanism consists of a non-radiative ET 

mediated by a long-range dipole-dipole interaction. The latter  mechanism is 

characterised by an r-6 dependence. For the ET process to happen efficiently, the T1 

state of the antenna should match closely the energy gap of the accepting excited 

state of the lanthanide. However, there is a trade-off: while the energy mismatch 

should be as small as possible not to hinder direct ET, an excessive reduction of the 

energy difference would favour the disadvantageous back energy transfer process 

(BET). For instance, the trade-off energy difference is around 9 kBT, i.e. about 1800 

cm-1 at room temperature for Eu3+ and Tb3+.  

Figure 1.5. An expanded Jabłoński diagram showing the major processes involved in 

sensitised lanthanide emission.  

 

An alternative sensitisation pathway involves an internal charge transfer (ICT) excited 

state. In this case, the excited triplet state is not required for the ET step from the 

ligand to the lanthanide. The precise mechanism is still unclear, and it is thought that 

in some cases both ICT and ET are to be considered to explain sensitisation. ICT Is 

typically observed in antennae consisting of spatially separated electron-rich and 
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electron-deficient moieties which are strongly  conjugated, (Figure 1.6).21 The 

antenna is characterised by the simultaneous presence of an electron-rich terminal 

aryl system, functionalised with electron donating groups, and an electron poor pyridyl 

ring, made even more electrophilic by the proximity of the Eu(III) ion acting as a charge 

sink. The ground state electron density is therefore mainly localised on the peripheral 

aryl group, whereas the ICT excited state is localised on the pyridyl ring. From a 

spectrophotometric point of view, ICT manifests itself in absorption spectra as broad, 

intense, structureless bands, whose energy and intensity show a strong dependence 

on medium polarity.   

 

Figure 1.6. An example of a broad absorption spectrum due to an ICT transition (left) and a 

generalised Eu(III) complex structure with three pyridylalkynylaryl sensitisers (right), which 

shows ICT transitions. R = Me or Ph, X = electron donating groups. Adapted from 22. 

 

 

The efficiency of the sensitisation of lanthanides is highly dependent on the nature of 

the ligand, especially in terms of the energy levels of the involved species. The local 

symmetry and strength of the ligand field around the lanthanide ion also plays a role 

in the overall emission profile. This sensitivity towards the chemical environment of the 

lanthanide can be exploited to devise highly sensitive analytical luminescent switches 

and probes: the interaction of the analyte with the ligand alters the geometry of the 

structure and its energy levels, affecting both the symmetry of the ligand field, the ET 

rate equations and, ultimately, the emission spectrum. The modulation of properties 

such as emission intensity, lanthanide paramagnetic shift, lifetimes, circularly 

polarised luminescence (CPL, vide infra - Section 1.2) in response to variation in 

properties such as pH and temperature or upon binding to analytes such as human 

serum albumin (HSA), urate, glyphosate, ADP/ATP, and Mg2+ has been extensively 

exploited by Parker et al. to devise lanthanide molecular sensors.14–17  
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To maximise the efficiency of the antenna effect, the lanthanide ion must be securely 

attached to the antenna. To achieve this, the lanthanide ion is typically bound to a 

chelating moiety onto which are grafted chromophore moieties. The energy levels of 

the antennae should be carefully chosen to match those of the lanthanide ion to 

sensitise and preferably match common excitation sources such as 365 nm UV LEDs 

or laser sources such as the Nd:YAG (Yttrium Aluminium Garnet) 355 nm 3rd 

harmonic. The energy levels of Tb(III) and Eu(III) ions are shown in Figure 1.7. The 

ground state of Tb(III) is a 7F6 spectroscopic term. All spins in the six half-filled 4f 

orbitals are parallel to maximise the exchange interaction, stabilising the system.23 

According to Kasha’s rule, only the lowest excited state is emissive.1 For Tb(III), the 

emissive state corresponds to the excited 5D4 state. The most intense emission band 

of Tb(III) is the 5D4 → 7F5, which lies at around 544 nm, in the green region. The ground 

state of Eu(III) is a 7F0 term and the emissive excited state is the 5D0 state.  

 

Figure 1.7. Partial Jabłoński diagram of Tb(III) (left) and Eu(III) (right) and the observed 

transitions in the visible from the 5D4 and 5D0 excited states respectively.  

 

For Eu(III) complexes, the character of the various ΔJ transitions varies according to 

their electric or magnetic dipole nature. Table 1.1 provides information about the 

intensity and the sensitivity to environment properties of the transitions.24 In particular, 
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the brightest transition is the 5D0 → 7F2, which lies at around 614 nm, in the red region, 

corresponding to the ΔJ = 2 manifold in the emission spectrum.  

Selection rules predict when vanishing intensity is to be expected for an optical 

transition in terms of changes in the values of quantum numbers L and S and J 

describing the states that are involved. For instance, considerations about the parity 

of the quantum mechanical operator governing a certain transition, e.g. electric or 

magnetic dipole, quadrupole, etc., restrict the parity properties of the initial and final 

states that may have non-vanishing transition matrix elements. In particular, all electric 

dipole f-f transitions are formally forbidden for centrosymmetric systems by the orbital 

selection rule, known as Laporte rule. Selection rules hold true when these quantum 

numbers are exactly conserved. This is not the case for lanthanides due to the impact 

of spin-orbit coupling. Moreover, if the ion is in a chemical environment having a lower 

degree of symmetry, the Laporte rule may be relaxed by mixing between orbitals of 

different parity. This can be due to a mixing between the orbitals of the metal centre 

and the ligands, known as ligand field, or through asymmetric molecular vibrations that 

transiently lower the symmetry, known as vibronic coupling. In this case, transition 

dictated by electric interaction are called induced electric dipole transitions. Magnetic 

dipole transitions are normally inherently weaker than electric dipole transitions. In the 

case of lanthanides, induced electric dipole transitions due to a relaxation of Laporte 

rule are of similar intensity when compared to the inherently weak, but Laporte-allowed 

magnetic dipole transitions.25 Considerations about the electric or magnetic character 

of transitions seen for Eu(III) ions and their intensity are reported in Table 1.1. 

 

Table 1.1. Different 5D0 to 7FJ transitions seen for Eu(III), with wavelengths, intensities, and 

main character of the transition indicated. Table extracted from ref26.  

ΔJ Character Region (nm) Intensity Comments 

0 ED 577-581 V. weak Absent in high symmetry 

1 MD 585-600 Strong Environment dependent 

2 ED 610-625 V. weak to v. strong Absent if centrosymmetric 

3 ED 640-655 V. weak ‘Forbidden’ 

4 ED 680-710 Medium to strong Environment dependent 
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1.1.3. Ligands for Lanthanide Sensitisation 

As a consequence of the 4f orbitals contraction, interactions between Ln(III) ions and 

the surrounding ligands are dominated by electrostatic effects. The preferred 

coordination number of lanthanide ions in solution is eight or nine. The number of 

coordinated donors deeply affects properties such as radiative lifetimes, quenching, 

and differential responses upon binding to analytes. For this reason, the choice of the 

coordination number must correspond to the intended purpose of the synthetic target. 

Careful selection of the chemical nature of the ligands allows for fine control over 

thermodynamic and kinetic stability, solubility, photophysical properties, and response 

to environmental properties, such as solvent and/or the presence of target analytes.   

In most applications, stability towards lanthanide ion dissociation is a key requirement. 

Chelating ligands show improved binding stability due to the chelate effect: the 

dissociation of the complex would involve the liberation of the chelating agent at the 

expense of coordinating multiple solvent molecules, effectively removing them from 

the bulk. This is a more ordered configuration; hence the dissociation is entropically 

disfavoured. Podate complexes exploit the chelate effect and strongly bind Ln(III) ions, 

saturating their coordination sphere and shielding them from other coordinating 

molecules, such as water, which may lead to non-radiative quenching of the lanthanide 

excitation. An example of a podate complex was reported by Raymond, (Figure 1.8), 

in which four 2-hydroxyisophtalamide pendant arms are bound to ethylendiamine.27,28 

This ligand efficiently sensitises Sm(III), Eu(III), Tb(III), and Dy(III) and shows CPL 

activity. Unfortunately, the detailed geometry of these coordination complexes remains 

unknown.  

Figure 1.8. Conjectural structure for the podate lanthanide complexes reporter by Raymond, 

where Ln = Sm, Eu, Tb, Dy. Adapted from 28. 
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The macrocyclic effect makes complexes even less prone to metal dissociation: in 

addition to the entropic advantage due to the presence of multiple coordinating atoms, 

there is an additional entropically favourable contribution due to the preorganised 

nature of the coordinating species within the macrocycle. Moreover, the geometric 

constraint provided by the macrocycle limits the speciation of the complex and makes 

it easier to determine its structure and coordination modes. An example of a 

macrocyclic ligand that provides both chelating coordination and sensitisation is the 

tris-bipyridine cryptand shown in Figure 1.9. The ligand has a cage shape and provides 

eight donor nitrogen atoms. However, such compounds suffer from low aqueous 

solubility and low quantum yields due to luminescence quenching operated by solvent 

molecules in the first coordination shell of the lanthanide ion, (vide infra - Sections 

1.1.3 and 1.1.6).29   

 

Figure 1.9. The Eu(III) complex of the tris-bipyridine cryptand ligand. Adapted from 29. 

 

A complex may be chiral even in the absence of a stereogenic centre in its ligands. 

This is the case when propeller chirality arises from the twisted arrangement of ligands 

around the metal centre, (Figure 1.10). According to the helicity of the ligands, the two 

enantiomers of the complex are labelled Δ or Λ. More precisely, these complexes can 

only exist in the (SSS)-Δ(λλλ) and (RRR)-Λ(δδδ) conformers due to steric effects 

limiting the number of accessible combinations of conformation with the three 

instances of chirality within the complex. For this reason, the configuration of 

enantiomer will be specified by indicating the propeller chirality Δ or Λ for the sake of 

simplicity.  



Davide De Rosa PhD Thesis                 Single-sign CPL emitting Ln(III) complexes and their applications 

 23 

Figure 1.10. Stereochemistry of (SSS)-Δ(λλλ) (left) and (RRR)-Λ(δδδ) (right) enantiomers 

characteristic of TACN-based Eu(III) complexes. Stereochemistry at P (green) and Newman 

projections of the C-C bond of ring NCCN (red) and NCCNpy (blue) chelates are shown.30 

 

Such complexes are known as dynamically racemic complexes. Being racemic, they 

show no chiroptical properties such as Circular Dichroism (CD) and Circularly 

Polarised Luminescence (CPL). In the presence of a chiral additive, the equilibrium 

between the Δ and Λ enantiomers shifts in favour of the enantiomer most stabilised 

by diastereomeric interactions with the chiral additive. This induced chirality 

phenomenon is known as the Pfeiffer effect.31–33. Responsivity towards chiral species, 

such as amino acids34,35 and sugars36 make dynamically racemic complexes 

interesting to probe living systems37. It is worth noting that the Pfeiffer effect does not 

arise from displacement of one of the achiral ligands with the chiral additive. The 

chemical structure of the complex does not change: the effect originates from the 

interaction of the complex with the outer-sphere hydrogen bonding network of the 

chiral additive.35 
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β-Diketonates are bidentate ligands widely used to sensitise lanthanides. β-

Diketonates bind lanthanide ions tightly due to their high oxophilicity. They can be 

used to prepare anionic eight-coordinate tetrakis or neutral tris complexes. The latter 

require at least a molecule of solvent or other donors, frequently bipyridines or 

phenanthrolines, to complete the coordination sphere. In the case of Eu(III), the 

distance between the ion and the donor oxygen atoms is commonly only 2.3 – 2.4 Å, 

favouring the ET mechanism; and the diketonate-centred π → π* transition is strong 

and falls in the near UV. Functionalisation of the 1 and 3 carbon atoms allows 

modulation of the energy of the excited state and permits the introduction of chirality, 

which is essential to obtain CPL activity. The remarkable β-diketonate complex 

Eu(TTA)3·2(DBSO) (TTA = 2-thenoyltrifluoroacetate, DBSO = dibenzylsulfoxyde) 

displays the highest quantum yield, (vide infra - Section 1.1.4), reported for a Eu(III) 

complex (85%) in the solid state thanks to the rigidity of the fused ring system and the 

presence of the fluorine atoms.38,39 CsEu(hfbc)4 shows the highest reported absolute 

value of the dissymmetry factor (|1.38|) for lanthanide-based small molecule 

emitters.40,41 With a structure similar to CsEu(hfbc)4, Eu(facam)3 in dimethylsulfoxide 

shows a dissymmetry factor, (vide infra - Section 1.2.2), of |0.78| and is used as a 

standard for the calibration of CPL instruments, (Figure 1.11).42  

Figure 1.11. Examples of notable β-diketonate Eu(III) complexes: Eu(TTA)3.2(DBSO) (left); 

CsEu(hfbc)4 (centre); Eu(facam)3 (right). Adapted from 43. 

 

The macrocycle effect has been extensively exploited in the literature to afford highly 

stable lanthanide complexes. One of the earliest examples of this, for a non-

luminescence application, is the Gd(III)-DOTA (DOTA = 1,4,7,10-

tetraazacyclododecanetetraacetic acid), used as contrast agent for magnetic 

resonance imaging (MRI) (Figure 1.12).44 The high binding constant of [Gd(DOTA)]- 

(log K = 24.9)44 and its slow rate of acid-catalysed dissociation ensure the stability 

against dissociation required for in vivo applications. 
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Figure 1.12. Typical structure of Gd(III)-DOTA MRI contrast agent. DOTA = 1,4,7,10-

tetraazacyclododecanetetraacetic acid. Adapted from 44. 

 

The 12-membered macrocyclic core shown in Figure 1.12 is known as cyclen 

(1,4,7,10-tetraazacyclododecane, 12-N4). Its smaller analogue, TACN (1,4,7-

triazacyclononane, 9-N3), has extensively been used to coordinate lanthanide ions and 

plays the central role in the present work. Both cyclen and TACN do not provide 

enough donor atoms to complete the coordination sphere of the lanthanide. Extra 

donor atoms must be introduced through appropriate functionalisation of the 

macrocycle. Typical ligand designs include anionic donors such as carboxylates, 

phosphinates, and sensitising antennae endowed with donor atoms (Figure 1.13). 

Direct evidence of the antennae providing coordination sites to the lanthanide ion is 

gathered by absorbance shift upon complexation or using IR spectroscopy to monitor 

the frequency of aromatic ring or carbonyl vibrations. The choice of the antenna is 

highly dependent on the specific lanthanide ion to sensitise, as the donor antenna 

excited state energy should match the lanthanide acceptor excited state energy, e.g. 

5D4 for Tb(III) (20,500 cm-1); 5D1 and 5D0 for Eu(III) (19,000 and 17,400 cm-1, 

respectively)45. In the case of Eu(III), good sensitisation is provided by antennae based 

on phenanthroline46 and 8-benzyloxyquinoline47 moieties, (Figure 1.13). The 

favourable ET mechanism can be rationalised in terms of the triplet energy of 1,10-

phenanthroline, which is reported to be ~22,100 cm-1, which is ~4,500 cm-1 above the 

Eu(III) 5D0 state. The triplet energy of 8-benzyloxyquinoline is found to be  

~17,700 cm-1, above that of the Eu(III) 5D0 but below 5D1.  
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Figure 1.13. Examples of ligands used to functionalise cyclen and sensitise Eu(III): 

phenanthroline (centre left), 8-benzyloxyquinoline (centre and right).  

 

Other chromophores used in cyclen-based Eu(III) complexes include 

tetraazatriphenylene, acridone, and azaxanthone or azathioxanthones. Azaxanthone 

and azathioxanthones have been used to make in cellulo probes for bicarbonate and 

citrate.48 Functionalised azaxanthone have triplet energies in the range ~ 21,200 – 

25,400 cm-1. Competitive ligand fluorescence is typically observed for azaxanthone 

derivatives.49 

 

A recent development in cyclen-based Eu(III) molecular sensors was made by Butler 

et al. and concerns the selective recognition of adenosine monophosphate (AMP) in 

the presence of ADP and ATP,50 as these species are often simultaneously present in 

vivo. Discrimination among those species poses a particular challenge due to their 

structural similarity and to the smaller negative charge of AMP compared to ADP and 

ATP, which in turn disfavours interaction with cationic binders. The goal was achieved 

by careful toggling of steric hindrance to exclude larger interfering anions such as ATP 

and with the installation of a phenylboronic acid moiety to reversibly bind the ribose 

ring of AMP, (Figure 1.14). 
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Figure 1.14. Structure of [Eu·pBOH2]+ showing preferential binding to AMP over ATP. Image 

adapted from 50. 

 

The macrocyclic ligands described so far are based on a cyclen scaffold. TACN-based 

ligands will be discussed below. The TACN analogue of DOTA, known as NOTA 

(Figure 1.15, left), only provides six donor atoms. However, it forms a very stable C3 

symmetric complex of Ga(III) (log K = 31) which is used in positron emission 

tomography.51 Analogues of NOTA where the carboxylate donor arms have been 

replaced with phosphinate groups have also been made, (Figure 1.15, centre). 

Phosphinate donors have various advantages over carboxylates. Firstly, they have 

lower pKa values (1.4 vs. 3.1 for the carboxylates), rendering the resulting ligand more 

stable to metal dissociation under acidic conditions.51 Secondly, the pentavalency at 

P enables further functionalisation of the ligand, e.g. to introduce extra donor atoms to 

complete the lanthanide coordination sphere or to control properties such as solubility. 

Thirdly, the phosphinate moiety is bulkier than the carboxylate, contributing to better 

shielding of the metal ion from the solvent.52  

 

Figure 1.15. TACN-based ligand for lanthanide ions: TACN-N,N’,N’’-triacetic acid (NOTA) 

(left), the triphosphinic acid derivative of TACN (centre), and the tris-picolinic acid derivative 

of TACN (right). Adapted from 52. 
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The use of sensitising moieties with donor atoms, such as pyridine rings, allows the 

antennae to also function as coordinating moieties, (Figure 1.15, right). Single pyridine 

chromophore arms, such as the one shown in Figure 1.15, do not have the right energy 

gap to excite lanthanides. More conjugated systems have energy levels which are 

more suited for the excitation of lanthanides. Common extended chromophores 

include pyridylalkynylaryl and bi-aryl antennae, predominantly used to sensitise Eu(III) 

and Tb(III), respectively.  

Early examples of the use of pyridylalkynylaryl chromophores to sensitise Eu(III) are 

shown in Figure 1.16. Pyridylalkynylaryl chromophores were first used in the context 

of lanthanide sensitisation in the early 1990s, incorporated into chelating 

aminopolycarboxylate ligands.53 The excitation mechanism of pyridylalkynylaryl 

chromophores differs from that of all the previously discussed antennae, which exploit 

either n → π* or π → π* transitions to sensitise lanthanide luminescence. 

Pyridylalkynylaryl chromophores utilise an ICT excited state, which corresponds to 

higher values of the molar extinction coefficient, leading to improved overall complex 

brightness. The presence of an ICT excited state arises from the peculiar electronic 

structure of pyridylalkynylaryl chromophores: electron rich aryl groups and electron 

deficient pyridine groups are linked by a conjugated alkyne. This creates a large 

charge separation along the chromophore, resulting in a broad, intense ICT absorption 

band. The charge separation is increased upon binding to the Ln(III) ion: the Lewis 

acidic metal centre makes the pyridyl moiety more electron deficient and acts as a 

charge sink, stabilising the ICT state with its electron withdrawing properties. For 

instance, the Eu(III) complex of the ligand shown in Figure 1.16 (right) has a molar 

extinction coefficient of 48 400 M-1 cm-1 and a luminescence quantum yield of 22% in 

water.54 For comparison, rhodamine B, a widely employed organic fluorophore, has a 

molar extinction coefficient of 100 000 M-1 cm-1. Ligands used for Eu(III) usually do not 

sensitise Tb(III) effectively, since its excited state is too low-lying, favouring BET from 

the Tb(III) ion. 
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Figure 1.16. Early examples of pyridylalkynylaryl chromophores for Eu(III) sensitisation. 

Adapted from 53,54.  

 

The absorption maximum of unfunctionalised pyridylalkynylaryl chromophores such 

as the ones shown in Figure 1.16 lies around 315 nm, which is unsuitable for biological 

applications where prolonged irradiation at short wavelengths damages cells. 

Functionalisation of the aryl group (constituting the top half of the antenna) with an 

electron donating group exacerbates the charge disparity along the chromophore, 

reducing the energy gap between the HOMO and the ICT excited state. This results 

in the red shifting of the absorption maximum of the chromophore. Typical 

functionalisation of the aryl group exploits methyl or methoxy groups, (Figure 1.17). 

Absorption maxima up to 355 - 360 nm can be achieved,22,55 allowing for the excitation 

with a low-cost 365 nm LEDs as well as safer use for biological applications. This 

bathochromic shift is not accompanied by a reduction in the molar extinction 

coefficient, which remains consistently in the range of 45 000 – 60 000 M-1cm-1 for the 

trisubstituted ligand.22 

Figure 1.17. Examples of pyridylalkynylaryl-based Eu(III) complexes, containing differently 

functionalised aryl groups. Adapted from 22.  
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The geometry of analogous phosphinate complexes has been investigated by means 

of DFT (Density Functional Theory) computational analyses22 and X-ray 

crystallography56, revealing that the crystal structure involves a distorted tri-capped 

trigonal prismatic coordination polyhedron with pseudo-C3 symmetry. This behaviour 

is paralleled in solution: complexes exhibit only one 31P NMR resonance and the 1H 

NMR spectrum is consistent with time averaged C3 symmetry. The replacement of 

carboxylate donors with phosphinate groups also slightly affects the absorption 

wavelength, resulting in a small additional redshift,22 which can be interpreted in terms 

of the geometry of the complex. The tetrahedral geometry at the P atoms produces a 

more constrained chelate than the carboxylate analogue. Moreover, the P-O bond is 

longer than C-O, which in turn makes the Npy-Ln bond slightly longer in the 

phosphinates than in the carboxylates. As a result, there is a stronger coordination in 

the carboxylate complex with the Lewis acidic metal centre, which acts as a charge 

sink, making the pyridine more electron deficient. For this reason, the chromophore 

has a larger charge separation leading to a slightly more red-shifted absorption band.  

The ICT excited state of pyridylalkynylaryl chromophores is not sufficiently high in 

energy to sensitise Tb(III). For this reason, ligands that sensitise Eu(III) well are usually 

ineffective for Tb(III). Tb(III)-Specific sensitisers that exploit ICT transitions similarly to 

pyridylalkynylaryl chromophores include bi-aryl chromophores, (Figure 1.18).45 It is 

interesting to note that functionalisation of the top aryl moiety results in twisting around 

the aryl-aryl bond and the resulting disruption of the conjugation causes a significant 

decrease in the molar extinction factor. Surprisingly, the overall effect of the 

functionalisation of the top aryl moiety is an overall increase in brightness: the 

substituents sterically hinder non-radiative relaxation through the rotation about the 

aryl-aryl bond. For this reason, the decrease in the molar extinction factor is balanced 

by the increase in quantum yield. 
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Figure 1.18. Example of a Tb(III) complex with bi-aryl antennae (PEG = polyethylene glycol). 

Adapted from 45. 

 

The modulation of spectroscopic properties of lanthanide complexes upon changes in 

the environment or binding to analytes led to their use as analytical probes.57 Notable 

examples include human serum albumin,58 urate,59 glyphosate,60 ADP/ATP,61 Mg2+,62 

and to devise pH probes (Figure 1.19)55. In the Eu(III) complex shown in Figure 1.20, 

protonation of a tertiary amine group grafted onto the aryl ring of pyridylalkynylaryl 

antennae results in a dramatic improvement in the emission intensity and lifetime.  

 

Figure 1.19. Variation of Eu(III) emission spectrum and lifetime with pH (right) for an Eu(III) 

complex (left). Adapted from 55. 

 

If endowed with suitable chemical functionalities, e.g. carboxylate, amino, nitro, thiol, 

lanthanide complexes may be coupled a posteriori to different substrates, such as 
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targeting vectors or proteins (bioconjugation). Ideally, the presence of the extra 

chemical functionality used for the coupling should not disrupt the photophysical 

properties of the unfunctionalised complex. Moreover, the introduction of linking 

functionalities should not complicate the synthesis excessively: late-stage 

functionalisation is hence preferred, allowing for a modular, easier synthetic route. 

  

Extra functional groups, typically alkyl chains bearing a suitable functionality at one 

end, may be grafted onto different positions on the ligand. The various possibilities 

include alkylation of the carbon atoms of the TACN scaffold, incorporation of the alkyl 

chain on the substituents of the aryl ring of pyridylalkynylaryl antennae, and 

replacement of one of the antennae with an appropriately functionalised single arm, 

(Figure 1.20). The first possibility involves the preparation of functionalised derivatives 

of the macrocycle, disadvantageously making it compulsory to insert the extra 

functionality already at the earliest stages of the synthetic route.63 The second 

possibility offers a more versatile synthetic approach, since the appropriately 

functionalised extended chromophore can be prepared separately and grafted onto 

the TACN scaffold at a later stage of the synthetic route. However, functionalisation of 

the antennae may alter their finely gauged photophysical properties either by changing 

their electronic properties or geometrical distortion operated by the interactions with 

the linker itself. The third possibility presents the advantage of introducing the extra 

functionality at the latest stages of the synthesis, but also requires the addition of the 

two types of pendant arms to be carried out in two separate stages. Precise control 

over the number of added arms can be achieved by exploiting protective group 

chemistry on the TACN scaffold. The complex loses its C3 symmetry due to the three 

substituents not being identical. However, using functionalised pyridyl rings as single 

arms, which have a structure that resembles the one of the ‘bottom’ components of 

the pyridylalkynylaryl chromophores, makes the ligand field experienced by the central 

Ln(III) ion quasi-C3 symmetric. Indeed, inequalities in the peripheral region of the 

complex do not heavily affect the symmetry of the ligand field at the core of the 

complex. Evidence supporting this hypothesis is provided by the symmetry properties 

of 31P and 1H NMR spectra.15 The use of a linker arm with two chromophores 

constitutes the main strategy throughout the present work, allowing for late-stage 
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insertion of the extra functionality in the complexes and minimal perturbation of their 

original photophysical properties. 

 

Figure 1.20. Example of possible sites for functionalisation of Eu(III) complexes (blue): carbon 

atoms of the TACN scaffold (left); aryl rings of pyridylalkynylaryl antennae (centre); single 

pyridyl arm (right). Adapted from 64. 

 

Thoughtful choice of the specific chemical functionality used allows for facile 

successive conjugation of the complex. For example, the use of an alkyl chain bearing 

an amine functionality (Figure 1.20, right) allows for conjugation to thiol-bearing 

species via the introduction of a maleimide linker, (Figure 1.21).15 The reaction 

conditions required for these steps are gentle and do not damage the complex, even 

when present as the enantiomerically pure species that are often prone to 

racemisation upon exposure to heat.65 

Figure 1.21. Example of a Eu(III) complex whose single pyridyl arm was used for 

bioconjugation to glutathione by means of a maleimide linker. Adapted from 18. 

 

Bioconjugation of Ln(III) complexes to species such as targeting vectors and proteins 

opens the door to applications involving in vivo cell studies and selective biological 
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targeting. For example, Eu(III) complexes functionalised with ER-Targeting Vector 

AcCFFKDEL (ER = endoplasmic reticulum) showed good localisation in the 

endoplasmic reticulum after 23 hours of incubation in mouse embryonic fibroblast 

cells.15 Localisation of the Eu(III) complexes has been verified by comparison with the 

ER-Tracker Green dye. Multiple Eu(III) complexes were found to be non-toxic for 

cells.18,55,66 Non-toxicity, combined with the possibility of targeting specific cellular 

districts, fuels future studies of Eu(III) complexes as targeted biological probes. 

Cell uptake studies have been trialled also using unfunctionalised complexes. 

Remarkably, it was observed that the two enantiomers making the racemic mixture 

localise in different cellular districts upon uptake. In particular, the racemic mixture of 

a C3-symmetric unfunctionalised Eu(III) complex was used to incubate cells. Upon 

uptake, the selective mitochondrial localisation of the Λ enantiomer and the lysosomal 

localisation of the Δ enantiomer was observed, (Figure 1.22).67 These observations 

suggest that chiral Eu(III) probes have great potential as chiral probes to investigate 

chiral environments, such as living organisms.  

Figure 1.22. Confocal microscopy images of cells show the predominant mitochondrial and 

lysosomal localisation profiles respectively (red for Eu(III) emission, green for Mitotracker 

Green and LysoTracker Green). Scale bars in white refer to 10 µm, adapted from 66. 



Davide De Rosa PhD Thesis                 Single-sign CPL emitting Ln(III) complexes and their applications 

 35 

Prolonged UV irradiation, especially of short wavelength, damages cells. Moreover, 

UV light is scattered and absorbed by the cellular medium. For these reasons, it is 

desired to devise complexes capable of two-photon excitation, i.e. the simultaneous 

absorption of two photons of half energy, in order to circumvent the use of UV light. 

An example of a chelate Eu(III) complex with a significant two-photon absorption 

cross-section is shown in Figure 1.23.68 The exploitation of two-photon absorption for 

Eu(III) complexes is part of the aims of the present work and is discussed in more 

detail later, (vide infra – Section 1.1.5). 

Figure 1.23. (A) One photon excitation (solid purple line) and two-photon excitation (maroon 

dots) spectra (λem = 615 nm) of a chelate Eu(III) complex. (B) Excitation power dependency 

(green diamonds) of the 2PE induced photo luminescence (PL) intensity. (C) One 

(λex = 365 nm, solid red line) and two-photon (λex = 720 nm, solid blue line) induced emission 

spectra of the depicted complex [Eu.L10]. (D) One photon and (insert) two-photon CPL spectra 

of Λ- and Δ-Eu:[Eu.L10] (solid black and red line respectively). Spectra recorded in MeOH and 

cross section found σ2 = 73 ± 3 GM (10−50 cm4s/photon). Adapted from 69.  
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1.1.4. Observables and Parameters in Luminescence Spectroscopy 

The excited state of the lanthanide ion, sensitised by the antenna, is long lived (order 

of milliseconds in systems where deactivation pathways are suppressed) due to the 

forbidden nature of the f-f transitions involved. Neglecting other de-excitation 

pathways, the luminescence signal decays over time according to a first order rate 

equation, i.e. a mono-exponential decay, where It and I0 are the emission intensities 

at times t and zero respectively and τ is the lifetime of emission.  

𝐼t = 𝐼0e− 
𝑡
𝜏 (1.1) 

The lifetime can be obtained experimentally by monitoring the emission intensity at 

several time points after excitation. The plot of ln(It) as a function of time has a slope 

equal to -1/τ. The radiative rate constant for the decay of the lanthanide excited state 

k is defined as the inverse of its lifetime, i.e. k = 1/τ.  

The emission of radiation is the desired outcome for the lanthanide excited state 

relaxation, but it is not the only possible one. Several phenomena compete with it, 

such as vibrational quenching and BET. The interplay between the various processes 

can be rationalised in terms of appropriate rate constants. Unlike lifetimes, rate 

constants are additive, meaning that the global rate of deactivation of a state is the 

sum of all the constant rates of the deactivation processes that act upon said state. 

The total relaxation rate (ktot) can be expressed as the sum of radiative and non-

radiative contributions (krad and knonrad respectively). 

𝑘tot =  𝑘rad + ∑ 𝑘nonrad  (1.2) 

From a more general point of view, it is possible to consider all the mechanisms in 

which energy is transferred that take place along the process of lanthanide 

sensitisation, starting from ligand excitation to lanthanide relaxation. This is 

summarised in Figure 1.24, where an appropriate rate constant is attributed to each 

mechanism involved. The relative magnitude of the rate constants for a given excited 

state determines the population of the various intermediate states, and the overall 

efficiency of photon emission. To achieve optimal lanthanide luminescence, it is 

important to devise the system in a way such that kISC, kET, and kLn* are maximised 

and, at the same time, all the other deactivation processes are inhibited. Quenching 

of the antenna excited singlet state may happen via electron transfer (eT) or through 
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collision with a quencher (Q). Molecular oxygen, having a triplet ground state, may 

quench the excited triplet state of the antenna. The excited lanthanide state can be 

quenched by several processes, such as ET to a different species, eT, or BET. 

Remarkably, energy is easily transferred from the lanthanide to neighbouring X-H 

vibrational oscillators (X = C, N, O). The N-H and O-H oscillators are most efficient at 

quenching the europium 5D0 excited state at 17,200 cm-1 as it closely matches the 

higher vibrational levels of such oscillators.70 For this reason, the presence of water 

molecules in the first coordination sphere of lanthanides reduces emission intensity 

and lifetime. Conversely, deuterated water does not present this issue, as the 

oscillators levels are spaced differently due to the higher mass of the deuterium 

isotope.  

 

Figure 1.24. Schematic representation of the ET pathways between the various ligand and 

lanthanide excited states. Adapted from 17. 

 

The overall efficiency of the system is best described by the photoluminescence 

quantum yield, ϕ. Operationally, this is defined as the ratio between the number of 

emitted and absorbed photons: 

𝜙 =
number of emitted photons

number of absorbed photons
 (1.3) 

An intrinsic quantum yield ϕLn can be defined for an isolated lanthanide centre as the 

quantum yield of the luminescence that arises from f-f transitions upon direct 
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excitation. ϕLn
 Is linked to rate constants: it can be expressed as the ratio between the 

radiative rate constant (krad) and the total relaxation rate (ktot): 

𝜙Ln =
𝑘rad

𝑘rad + ∑𝑘nonrad
=  

𝜏obs

𝜏rad
 (1.4) 

In the presence of a suitable sensitising antenna, the overall quantum yield ϕ of the 

system is greatly improved. Defining ηISC as the efficiency of the ISC process from the 

antenna excited singlet state to the excited triplet state and ηET as the efficiency of the 

ET process from the antenna excited triplet state to the excited lanthanide state, ϕ can 

be expressed as: 

𝜙 = 𝜂ISC𝜂ET𝜙Ln (1.5) 

Whilst the overall quantum yield ϕ represents the probability of the lanthanide centre 

to emit a photon once the antenna is excited, the brightness (B) of the system is 

defined as the product between the quantum yield and the molar extinction coefficient 

(ε); it accounts for the likelihood of the antenna being excited after irradiation at a given 

wavelength, λ. 

𝐵(𝜆) = 𝜀(𝜆) 𝜙 (1.6) 

 

1.1.5. Multiphoton Excitation  

Multiphoton absorption is a non-linear optical phenomenon consisting of the 

simultaneous absorption of two or more photons simultaneously (within 10-15 – 10-16 

s).8 This is particularly useful to improve the signal-to-noise ratio since other 

fluorescent species potentially present in the system do not usually exhibit multiphoton 

fluorescence. Increasing the excitation wavelength moves the absorption out of the 

biological window, a region in which photons interact strongly with cells and tissues, 

causing detrimental loss of signal.  
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Figure 1.25. A Jabłoński diagram depicting multiphoton excitation where hν1 = 2hν2, and V is 

a virtual transition state (left). Schematisation of the effect of fluorescence arising in a cuvette 

from 2-photon and 1-photon excitation (1PE): excitation volume of 2-photon excitation (2PE) 

is a small volume (right). 

 

In particular, two-photon excitation (2PE) involves two photons with energy hν2 being 

absorbed to overcome the excitation energy hν1, where ν1 = 2ν2, (Figure 1.25). This 

non-linear process proceeds through a virtual transition state V. The requirement for 

simultaneous absorption means that laser light sources are needed to produce high 

intensities such that two photons can be present at the site of the absorption within 10-

15 – 10-16 s. For applications in cell imaging, detection with longer wavelength excitation 

also reduces the risk to healthy cells, which are damaged by higher energy UV light. 

For a single-photon excitation (1PE) process, the number of photons absorbed NA1 

displays a linear dependence on excitation laser power I, related by an effective cross-

section σ1.71  

NA1 = 𝜎1I                                                                 (1.7) 

For 2PE, the number of photons absorbed NA2 now displays a quadratic dependence 

on excitation laser power I, related by an effective cross-section σ2.  

NA2 = 𝜎2𝐼2                                                              (1.8) 

The number of absorbed photons and the number of emitted photons are related 

through the quantum yield, (vide supra - Section 1.1.4). Hence, plotting the logarithm 

of the emission intensity for a luminescent compound vs the logarithm of laser 

excitation power results in a linear plot with a gradient of two, corresponding to two 

photons absorbed. The cross-section is usually obtained more conveniently by 
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comparison with a reference with a known cross-section such as rhodamine B in 

methanol. The cross-section of a sample S against a reference R is obtained by 

equation 1.9, where σ is the cross section, F is the fluorescence intensity, C is the 

sample concentration, and ϕ is the quantum yield.72 

σs
2 = 

Fs

ϕ
s
Cs

 × 
ϕ
R
CR σ2R

2

FR

                                                 (1.9) 

The requirement for simultaneous absorption of two photons means 2PE can put very 

small volumes under investigation; only points where the intensity of excitation light is 

high enough will have enough photons present for 2PE, which has added benefits in 

biological applications. 2PE has further scope for development; in one example, the 

CPL behaviour of a Eu(III) complex was maintained upon 2PE.69  The complex had 

previously been used in 1PE chiroptical imaging of chiral environments in live cells, 

meaning 2PE could be used in similar studies in the future for this complex.  

 

1.1.6. Effects of Medium Polarity on Emission  

The reversible change in spectral properties induced by variation of the energy 

difference between the ground and excited states, as a result of the local solvent, is 

referred to as solvatochromism. Ligand fields in complexes that lie close to trigonal 

symmetry are often very small, so they are among the most susceptible to variation in 

the size and sign of the ligand field splitting.65 The optical properties of such complexes 

are sensitive to solvent polarity, even when the solvent is not present in the first 

coordination sphere. This is the case with nine-coordinate systems based on 1,4,7-

triazacyclononane (TACN).  

The main factors that determine the ligand field at a lanthanide centre are the 

symmetry and constitution of the coordination complex.73 Additional factors include 

local symmetry and geometry distortions, the presence of metal and ligand solvent 

dipolar interactions, as well as hydrogen bonding, the polarisability of the ligand and 

of its donor atoms.74 Variations in the ligand field affect the energies, intensities, and 

spectral form of emission. Different solvents may also affect the balance between the 

rate of radiative and non-radiative deactivation pathways, e.g. solvents containing O-

H oscillators are good quenchers of Eu(III) excited states. Solvent polarity affects the 
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molar absorption coefficient of the ligand, as it alters its oscillator strength, but also the 

dissymmetry factor of CPL, changing the rotatory strength of the system.  

Some C3 symmetric Eu(III) complexes show remarkable solvent dependence: 

increasing solvent polarity results in a hypsochromic shift in λmax
 of 30 nm.65 The most 

intense variations are observed in the energy splitting and relative intensity ratios of 

the transitions within the hypersensitive ΔJ = 2 and ΔJ = 4 manifolds. For instance, the 

relative energies of the sublevels in the 7F2 manifold increased as the solvent polarity 

is decreased. This variation can be rationalised by considering the Stark splitting of 

the 7F2 manifold in water and chloroform, (Figure 1.26).65  

 
Figure 1.26. Representation of the change in the Stark splitting of the 7F2 manifold in water 

and chloroform (right) for a C3 symmetric Eu(III) complex (left). Adapted from 65. 

 

Concerning total emission spectral changes, the overall integrated emission intensity 

ratio for the ΔJ = 2 vs ΔJ = 1 manifolds exhibits a modest increase with increasing 

solvent polarity, consistent with enhanced ligand polarisability in more polar media.65 

There are reasons to believe that the effect of solvent polarity could be attributed to 

perturbations in the donor ability and/or polarisability of the pyridyl and phosphinate 

groups, and not simply to effects associated with dipolar coupling involving the 

extended chromophore dipole.65 For Ln(III) complexes where ICT state transitions play 

a major role, the energy of the ground and the excited state of the sensitising 

chromophore is dependent on solvent polarity. This has been exploited to devise 

‘switch on’ lanthanide probes, as the energy increase of the ICT excited state in less 

polar media allows for more efficient downhill energy transfer to the lanthanide 

centre.75 
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These observations about the importance of solvent show that polarity of the medium 

in which the lanthanide-based system is embedded must be taken into serious 

consideration when designing applications. A similar dependence of emission on the 

polarity of the medium can be expected under different experimental settings, such as 

in solid state. Clarifying this point is one of the aims of the present work, (vide infra – 

Chapter Three).  

 

1.2. Circularly Polarised Luminescence (CPL)   

1.2.1. Theory of CPL 

Circularly polarised luminescence (CPL) involves the emission of left and right 

circularly polarised light of differing intensity from a chiral non-racemic luminescent 

species. The first observation of CPL by Samojlov in 1948 was made while studying 

the light emission of sodium uranyl acetate single crystals. The theoretical 

interpretation of CPL was developed by Riehl and Richardson during the 1970’s and 

1980’s,42 according to which CPL should be understood as the emission counterpart 

of circular dichroism (CD), a phenomenon that concerns the differential absorption of 

left and right circularly polarised light.  

The classical description of light consists of a propagating electromagnetic wave, 

constituted by oscillating electric and magnetic fields perpendicular to each other. The 

polarisation of the wave is defined as the direction of the electric field vector. If the 

electric field vector oscillates in a single plane, the light is said to be linearly polarised. 

More generally, the electric field vector can be decomposed into two perpendicular 

components with equal oscillation frequency on the plane perpendicular to the 

direction of propagation of the wave. When these two perpendicular components have 

identical amplitude, but a quarter wavelength phase shifted from one another, the 

wave is said to be circularly polarised. In this case, the total electric (and magnetic) 

electric field vector describes a helical wave about the propagation axis, (Figure 1.27). 

Circularly polarised light is chiral: two possible helical configurations exist, i.e. left- and 

right-handed, which are non-superimposable mirror images.  

From a quantum mechanics standpoint, each photon has intrinsic helicity, which is 

related to its spin state. Photons are massless particles that can be in two spin states, 
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namely ±1, which correspond to an angular momentum value of ±ℏ, describing left- 

and right-handed photons respectively. In this model, linearly polarised light is 

constituted by a superposition of equal amounts of left and right-handed photons.  

 

Conversion between linearly and circularly polarised light is possible using a quarter-

wave plate at 45° with respect to the plane of linear polarisation. Due to the 

birefringence of the quarter-wave plate, one of the two components of the incident 

linearly polarised light is retarded by a quarter of a wavelength, resulting in circularly 

polarised light.  

Figure 1.27. Representation of linearly polarised light (left), left circularly polarised light 

(centre), and right circularly polarised light (right).  

 

Since circularly polarised light is chiral, CD and CPL are used to investigate chiral 

properties of materials. The two techniques are complementary to each other: CD 

spectroscopy measures the difference in absorption of circularly polarised light, hence 

providing information about the ground state of the absorptive species; CPL 

spectroscopy measures the difference in emission intensity of circularly polarised light, 

allowing to investigate chirality in the emissive excited states.  

 

1.2.2. Observables and Parameters in CPL Spectroscopy 

CPL Spectroscopy quantifies the differential emission of circularly polarised light from 

a sample after excitation with unpolarised light. To do so, the instrument measures 

two independent quantities: the emission circular intensity differential, Δ𝐼(𝜆), and the 

total luminescence intensity, 𝐼(𝜆), which are equal to the difference and sum of the 

intensities of left and right circularly polarised light respectively. To factor out variations 

in recorded intensities due to the specific instrument used, the entity of the differential 

L-CPL R-CPL
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emission of circularly polarised light is quantified by a ratio called the dissymmetry 

factor, 𝑔𝑒m(𝜆) (also denoted as 𝑔𝑙𝑢m(𝜆) in the literature), defined as: 

 Δ𝐼(𝜆) = 𝐼L(𝜆) − 𝐼R(𝜆)            𝐼(𝜆) = 𝐼L(𝜆) + 𝐼R(𝜆)    (1.10) 

𝑔em(𝜆) =
2Δ𝐼(𝜆)

𝐼(𝜆)
 (1.11) 

The minimum absolute value of gem, zero, corresponds to no circular polarisation, i.e. 

𝐼L(𝜆) = 𝐼R(𝜆). The theoretical maximum value is ±2, corresponding to the emission of 

light which is purely left or right circularly polarised.  

This experimental definition of the dissymmetry factor can be linked to the physical 

properties of the emitting species. For a transition i →  j, gem can be expressed in terms 

of the rotational strength, Rij, related to the magnitude of CPL of the transition, and the 

dipole strength, Dij, related to the total emission intensity. These two quantities are 

functions of the transition electric and magnetic dipole vectors, μ and m respectively.76  

𝑅ij = |𝛍𝒊𝒋| ∙ |𝐦𝒊𝒋| 𝑐𝑜𝑠𝜃𝛍,𝐦               𝐷𝑖𝑗 = |𝛍𝒊𝒋|
2

+ |𝐦𝒊𝒋|
2

  (1.12) 

𝑔em(𝜆) =
4𝑅ij

𝐷ij
 (1.13) 

where 𝜃𝛍,𝐦 represents the angle between the electric and magnetic transition dipole 

vectors. Since the magnetic dipole transition moment is usually significantly smaller in 

magnitude than its electric counterpart, the expression for gem simplifies to: 

𝑔em(𝜆) = 4
|𝐦𝑖𝑗|

|𝛍𝑖𝑗|
cos 𝜃𝛍,𝐦 (1.14) 

From this expression it follows that the most dissymmetric bands are to be sought 

among transitions that are magnetic dipole allowed but electric dipole forbidden. At the 

same time, the factors controlling CPL emission are different from those regulating 

total emission. Whilst the oscillator strength of a given transition is proportional to the 

square of the transition dipole moment, the dissymmetry factor is inversely 

proportional to it. For this reason, emission bands that are simultaneously highly 

dissymmetric and bright are rarely observed. 



Davide De Rosa PhD Thesis                 Single-sign CPL emitting Ln(III) complexes and their applications 

 45 

On average, chiral lanthanide complexes have the highest values of dissymmetry 

factors, (Table 1.2). In particular, enantiopure chiral Eu(III) and Tb(III) complexes have 

gem values which fall typically in the range ±(0.1 – 0.5).77 At the time of writing, the 

highest gem value for a small molecule emitter (+1.38) was reported for the ΔJ = 1 band 

of (+)-CsEu(hfbc)4 in ethanol, thanks to the rigidity of the fused ring system and the 

fluorine atoms.41  

By analogy to the definition of the fluorescence brightness, B, (vide supra – Section 

1.1.4), the brightness of CPL-active systems is calculated as:78  

𝐵CPL(𝜆) = 𝜀(𝜆) 𝜙 
|𝑔em(𝜆)|

2
=  𝐵(𝜆) 

|𝑔em(𝜆)| 

2
 (1.15)  

This quantity expresses the total amount of circularly polarised photons emitted and 

allows for a direct comparison among emitting systems belonging to different classes, 

(Table 1.2). In the case of two-photon excitation of a CPL emitter, an analogous 

brightness to Circularly Polarised Brightness (CPB) can be defined as shown in eq. 

1.16.69 

 𝐶𝑃𝐵2PE =  𝜎2  ×  𝜙em  ×  
𝑔lum

2
                                (1.16) 

The spectral changes due to polarity, (vide supra – Section 1.1.6), are also seen in 

CPL. Whilst the magnetic transition dipole is expected to be unaffected by a change 

in the local solvent, the magnitude and direction of the electric transition dipole change. 

Since the value of gem also depends on the angle 𝜃𝛍,𝐦, variations in the direction of the 

electric transition dipole moment strongly affect the dissymmetry factor, even to the 

point of reversing its sign. This has been observed in a C3 symmetric Eu(III) system: 

the gem of the ΔJ = 2 transition decreased by more than a factor of 10 on changing 

from chloroform to ethanol. The same transition has the opposite sign in the case of 

methanol.65 Paralleling the behaviour observed in total emission, the ratio of CPL 

intensity in ΔJ = 2 and ΔJ = 4 manifolds can also change dramatically with solvent 

polarity. The change in glum due to a variation in the rotatory strength is not the only 

factor to affect the CPL brightness, BCPL: both 𝜀(𝜆) and 𝜙 vary due to the effect of 

medium polarity on the ligands and to the solvent effect on the ET rate equations that 

determine the overall ET efficiency respectively. It follows that accurate a priori 
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prediction of the CPL brightness is not currently approachable, due to the high number 

of factors affecting it, although significant progress is being made, particularly in the 

case of organic emitters.31,79  

 

 

Table 1.2. Maximum representative values of glum and average BCPL of the relevant transition 

for CPL-active systems; N.D., not determined. Adapted from 80. 

CPL-active system Maximum 

representative gem 

Average BCPL 

(M−1cm−1) 

Ln complexes ~0.1–1.4 (100) Eu (ΔJ = 1): 286 

Eu (ΔJ = 2): 69 

Tb: 146 

Yb: 4 

Cr complexes ~10−1 174 

Chiral nanotubes from 

CPL-active chiral 

subunits 

~10−1 N.D. 

Helicenes ~10−2 5 

Ketones ~10−2 1.1 

Helical polymers ~10−2 N.D. 

Cyclophanes ~10−2 68 

Chiral nanotubes with 

achiral dopants 

~10−3 N.D. 

BODIPY derivatives ~10−3 47 

Self-assembled chiral 

nanoparticles 

~10−3 N.D. 

Quantum dots ~10−3 N.D. 

Proteins ~10−4 N.D. 

Nanographene ~10−4 N.D. 

Organoboranes ~10−5 N.D. 

 

 

 

1.2.3. CPL Instrumentation 

The availability of commercial CPL spectrometers is a recent development. This, 

combined with the high cost of such commercial apparatus (over £100,000 at the time 

of writing), explains the common use of custom-built CPL spectrometers for most CPL 

studies present in the literature. The vast majority of these custom-built CPL 
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spectrometers share a similar underlying set-up. The schematics of the instrument 

present at Durham University and used to record the spectra in the present work is 

represented in Figure 1.28. 

Figure 1.28. Simplified scheme of the set-up of the home-built CPL spectrometer used at 

Durham University. SM = scanning monochromator, PEM = photoelastic modulator, LP = 

linear polariser, PD = photodiode, PMT = photomultiplier tube. Circles with arrows represent 

circularly polarised light; vertical and horizontal arrows represent linearly polarised light. 

Adapted from reference 81. 

 

Unpolarised light coming from a laser source and monochromated by a scanning 

monochromator (SM) is shone on the sample. This allows for the selection of light with 

wavelength corresponding to the absorption maximum of the luminescent sample 

under analysis. The emitted light is collected through a slit at an angle of 90° relative 

to the direction of the incoming radiation to minimise collection of any undesired 

scattered excitation light. The emitted light then passes through a circular analyser 

module which consists of a photo-elastic modulator (PEM) and a linear polariser (LP). 

The PEM works as an oscillating quarter-wave: periodic physical stress is applied to 

a clear isotropic material, such as quartz, making it anisotropic. Under operating 

conditions, the left and right circularly polarised components that make up the incident 

light beam are alternatively converted into linearly polarised light, which is 

subsequently selected by the LP. An emission SM is used to select the wavelength to 

detect using a photomultiplier tube (PMT). To measure the intensity of light that 
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corresponds to the left- and right-handed components of the emitted beam, detection 

must be synchronous with respect to the PEM oscillations. To do so, a lock-in amplifier 

latched on the PEM oscillation frequency is used. The instrument records the 

difference signal (AC) and the total signal (DC), which are then converted into the CPL 

and total emission signals.82 Since lower energy photons have a lower probability of 

producing an electric current in the light detector, a red correction is applied when 

scanning higher wavelengths.  

This setup (from here on referred to as PEM-CPL) presents a few drawbacks despite 

being predominant in the sector, one of which is the cost of constructing such 

instruments being still considerably high (~ £50,000 at the time of writing). Moreover, 

the time required to record a CPL spectrum with an adequate signal-to-noise ratio is 

long, e.g. tens of minutes for a single CPL scan and approximately 45 minutes for a 

typical scan protocol for a chiral lanthanide system. Such a protocol typically involves 

5 accumulated scans over a 150 nm range with 0.5 nm integration steps and a 500 μs 

integration time per step. Such a long exposure of the sample to intense light is 

detrimental for species that are prone to photobleaching, hence the need for imaging 

instrumentation with high throughput. 

Recent work by Mackenzie et al. led to the development of a new design for CPL 

spectrometers based on the parallel acquisition of two emission spectra, one for each 

component of circularly polarised light, (Figure 1.29).81 This allows for the 

simultaneous acquisition of the whole spectrum, as well as for a substantial cost 

reduction (~ £12,000 at the time of writing). 

 Figure 1.29. A new CPL spectrometer set-up designed at Durham University. LS = light 

source, L = lens, QWP = quarter wave plate, 50/50 PBS = 50/50 polarising beam splitter, SS 

spectrometer = solid state CCD spectrometer. Adapted from reference 81.  
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In this setup, the sample is excited using the light produced by a 365 nm LED and 

passed through a short pass filter (SPF, < 400 nm). The emitted light is again collected 

at an angle of 90° relative to the direction of the incoming radiation. When contrasted 

with the former design, the PEM is replaced with a static achromatic quarter wave 

plate (QWP) and a 50/50 non-polarising beam splitter (50/50 BS). The QWP converts 

the left- and right-handed components of the emitted light into two orthogonal linearly 

polarised components. The 50/50 BS splits the linearly polarised light into two 

physically distinct detection channels, each of which is independently capable of 

analysing both components of the beam through the automated rotation of LP placed 

immediately after the BS. A schematic representation of the functioning of the QWP 

and LP is shown in Figure 1.30. A long pass filter (LPF, > 450 nm) used to cut out any 

light coming from the LED precedes the detection module. The scanning 

monochromator of the traditional design is replaced with two solid state (SS) charge 

coupled device (CCD) spectrometers, one for each channel. Within this module, the 

incoming light beam is diffracted, and each wavelength is recorded at the same time 

on a SS CCD array. The simultaneous operation of spectrometers in both channels 

allows for the real-time and time-gated acquisition of CPL spectra. Since the SS CCD 

does not contain moving parts, the scan times drop from several minutes to 10 

milliseconds. This drastic improvement opens up many applications, including real-

time CPL spectra acquisition, time-dependent CPL measurements, experiments 

involving photosensitive emissive species, and the possibility of routinely averaging 

several acquisitions in a short time window to significantly improve the signal-to-noise 

ratio. 

 

Figure 1.30. Schematic representation of the functioning of the quarter wave plate (QWP) and 

linear polariser (LP). The QWP converts circularly polarised light into linearly polarised light; 

the LP selects one of the two orthogonal linear polarisation states to selectively analyse each 

one alternately. 
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1.2.4. The Necessity for Improved Calibration Standards  

The advancement in instrumentation due to the introduction of solid-state dual-channel 

parallel detection is a significant step forwards in the field of CPL spectroscopy. 

However, the potential and limitations of this new device have not been fully explored 

at the time of writing.81 Instrumentation progress requires an accompanying 

improvement in the available CPL active emitting species used to validate and 

calibrate the spectrometers. 

Eu(facam)3 in dimethylsulfoxide shows a dissymmetry factor of |0.78| and is used as 

a standard for the calibration of CPL instruments, (Figure 1.31, left).42 Its widespread 

use, first promoted in 1986 by Riehl and Richardson, can be justified in terms of its 

availability (the (-) enantiomer is available at ~ £110/g at the time of writing) in high 

purity due to its widespread use as an NMR shift reagent; it can easily be excited using 

lamps at 350 nm or a 466 nm laser; the magnitude of gem for different transitions spans 

over an order of magnitude. However, the use of Eu(facam)3 as a calibration standard 

for CPL spectroscopy has been criticised.83 The (+) enantiomer is not as readily 

available. In 1999, Maupin showed that the CPL spectrum of Eu(facam)3 in 

dimethylsulfoxide is sensitive to the presence of small amounts of water.84  

In 2007, Muller proposed a new Eu(III) complex as a CPL calibration reference, i.e. 

Eu(BPEPC)3
3+ in MeCN (BPEPC = N,N′-bis(1-phenylethyl)-2,6-

pyridinedicarboxamide), (Figure 1.31, centre).85,86 This chelate complex is cheaper 

and comes in both enantiomers; it is stable in solution over several months and under 

continuous UV irradiation for three days; the gem values of its transitions span the 0.24 

– 0.001 range, making it suitable to calibrate CPL spectrometers over a two orders of 

magnitude range. However, the use of Eu(BPEPC)3
3+ as a CPL calibration standard 

requires the use of dangerous short wavelength excitation (290 nm, 308 nm) and high 

concentration solutions (~ 6.6 mM).  

A more highly conjugated analogue of BPEPC was developed by Starck et al. in 2019, 

(Figure 1.31, right).86 Functionalisation of BPEPC in the para position of the 

dipicolinate ring with terminal arylalkynes extends the conjugation of the antenna, 

allowing excitation with cheap 365 nm LEDs. The good photophysical properties of the 

original BPEPC chelate are preserved: the gem values of its transitions span the 0.26 
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– 0.05 range and the complex has been reported to be stable in solution for 4 months. 

However, it was reported that emission in MeCN abruptly diminishes at concentrations 

below ~1.2 × 10-5 M due to ligand dissociation.  

     

Figure 1.31. Commonly used CPL calibration standards: Eu(facam)3 (left), BPEPC ligand 

(centre), and para-arylalkynyl functionalised BPEPC ligand (right), (BPEPC = N,N′-bis(1-

phenylethyl)-2,6-pyridinedicarboxamide). Adapted from 83,86.  

 

The ideal CPL calibration standard should be chemically stable, not prone to ligand 

exchange and metal ion dissociation, not racemise, and insensitive to photobleaching. 

Chelate complexes, such as BPEPC derivatives, suffer from these issues. Macrocyclic 

Eu(III) complexes, such as the ones based on the tightly binding TACN scaffold, (vide 

supra – Section 1.1.3), are much more resilient to metal ion dissociation, even at very 

low concentrations. Such complexes are more stable towards racemisation because 

of the cumulative effect of several stabilising effects, including the geometric 

constraints introduced by the macrocycle and steric hindrance among the extended 

chromophores and the functionalised phosphinate moieties. Due to these reasons, 

interconversion between the Δ and Λ enantiomers is highly hindered. Examples of 

such complexes were reported to have racemisation half-lives on the scale of 

hundreds of hours or greater with heating at 60 °C. The rate of interconversion was 

observed to be highly solvent dependent.64,68 Further investigations on these topics 

were performed in the present work, (See Chapters Three and Four). These kinds of 

complexes overcome the limitations of state-of-the-art CPL reference standards. The 

design of macrocyclic Eu(III) complexes for CPL calibration is one of the aims of the 

present work.  
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1.3. Circularly Polarised Organic LEDs (CP-OLEDs) 

1.3.1. Introduction to OLEDs 

Organic light emitting diodes (OLEDs) are coloured light sources used in modern 

displays for smartphones, computers, and televisions. Unlike their older competitor 

liquid crystal displays (LCDs), OLEDs do not require backlighting,87 allowing for a ‘true 

black’, higher energy efficiency, and thinner profiles.88 OLED devices can also be 

prepared as flexible displays.89  

OLED technology had a fast development, as it only traces back to 1987, when it was 

firstly introduced at Eastman Kodak.90 Early prototypes suffered from several issues, 

most of which have been addressed in the last four decades. There are two main 

issues with OLEDs: short operational lifetimes compared to LCDs, due to the higher 

instability of organic emitters,91 particularly in the blue;92  large energy requirements 

compared to LCDs.  

Light emission in OLEDs is the result of electroluminescence occurring upon radiative 

recombination of excitons formed within the emissive layer, (Figure 1.32). Electrons 

and holes pair up to form excitons. Excitons in organic semiconductors are usually 

Frenkel excitons, i.e. strong interacting small radius excitons, where the distance 

between the bound electron and hole is of the order of one or a few unit cells. The 

theoretical efficiency of fluorescent OLEDs is capped at 25% due to spin-statistics 

reasons: only 25% of the excitons arising from the combination of two spin ½ particles 

are in a singlet state, and therefore able to emit light. New phosphorescent and TADF 

materials93 are able to harvest the energy of both singlet and triplet excitons94 through 

different mechanisms.  
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Figure 1.32. Formation of singlet and triplet excitons upon electron-hole recombination. 

Traditional fluorescent semiconducting materials only exploit singlet exciton energy, as light 

emission from the more populated triplet T1 is spin forbidden. 

 

 

1.3.2. Structure of OLEDs 

OLEDs typically consist of thin multilayer assemblies of organic semiconductors, 

(Figure 1.33).91 The unique structure of OLEDs plays a pivotal role in their functionality, 

enabling the efficient generation of light through electroluminescence. 

Techniques used to deposit the various layers include vacuum deposition, sputtering, 

and solution processing. In vacuum deposition organic or inorganic materials are 

heated in a high-vacuum chamber, causing them to sublime and deposit onto the 

substrate in thin layers, allowing for nanometric control over the thickness of the film. 

Sputtering involves the use of lasers or electron beams to dislodge molecules of the 

material, which then deposit onto the desired substrate. Solution processing involves 

the use of organic solutions that are deposited on the substrate, followed by 

evaporation of the solvent. This methodology is compatible with flexible OLED display 

fabrication.95 
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The main layers in an OLED are the cathode, the anode, and the active (or emissive) 

layer. Electrons and holes are injected from the cathode and anode, respectively, and 

move towards the opposite electrode. Charge carrier recombination occurs in the 

emissive layer after formation of an exciton, which may decay radiatively resulting in 

the emission of a photon. Optionally, more layers can be inserted between the 

electrodes and the active layer to modulate and optimise charge carrier transport 

properties (transport and blocking layers). The sequence and thickness of the layers, 

the choice of organic materials, and the position of the recombination zone significantly 

influence the device's performance.  

Figure 1.33. Layered structure of a common OLED. Image adapted from 91. 

 

Charge transport in amorphous organic solid is not band-like, meaning it does not 

follow a linear relationship between current and voltage. Instead, it is often rationalised 

using Marcus' charge hopping model.96 According to this model, charges hop between 

localised states within the disordered organic material, influenced by the energy 

landscape and the reorganisation energy associated with the charge transfer process, 

(Figure 1.34). Electrons and holes are injected from the cathode and anode, 

respectively (I), transported through the organic materials (II), and recombine in the 

active layer (III), where radiative de-excitation may occur. Charge hopping is affected 

by the presence of defects, impurities, and the morphology of the organic layers, 

ultimately shaping the electrical characteristics of the OLED.  
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Figure 1.34. Schematic description of the steps involved in the charge hopping transport of 

charge carriers from electrode injection to charge recombination in the active layer. Electrons 

(blue circles) and holes (red circles) are injected from the cathode and anode, respectively (I), 

transported through the organic materials (II), and recombine in the active layer (III). 

 

Due to the localised nature of the states involved in the charge hopping mechanism, 

the interaction between contiguous layers is usually described in terms of a plot of the 

work function associated with each layer. Careful matching of the energy differences 

between the various bands leads to optimal charge transport and efficiency properties 

in OLEDs. Interlayers such as charge injection and transport layers add an 

intermediate energy level to reduce the gap between two adjacent layers and therefore 

facilitate the charge injection process. Conversely, blocking layers may be added for 

the opposite reason of preventing leakage of charges to adjacent layers to ensure that 

the recombination zone be strictly contained in the active layer only. 

The structure of the active layer is highly varied. The two main categories of active 

layers are emissive polymers or small molecules, and host-guest systems. In the case 

of emissive polymers or small molecules, the same chemical entity hosts the exciton 

and its radiative de-excitation process. In the case of host-guest systems, the exciton 

is formed on the host (usually a semiconductive polymer) and then energy is 

transferred to the luminescent guest (usually a small organic molecule or a metal 

complex).  
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1.3.3. Materials for OLEDs 

Because of the strong dependency of electric properties on the energy bands of each 

layer, the functionality and efficiency of OLEDs crucially depend on the materials 

employed in their construction. A brief overview of the most used materials for different 

layers include:  

• Substrate: A transparent glass or quartz substrate. 

• Anode: Indium Tin Oxide (ITO) is commonly used as the anode material due 

to its high transparency and conductivity, allowing efficient hole injection into 

the organic layers. 

• Hole Injection Layer: A high work-function material like PEDOT:PSS (poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate) improves the brightness and 

performance of OLEDs by a factor of up to 10 times by aiding holes to reach 

the active layer and by reducing damaging charge accumulation at interfaces.97 

• Hole Transport Layer (HTL): Organic materials like N,N'-diphenyl-N,N'-bis(1-

naphthyl)(1,1'-biphenyl)-4,4'-diamine (NPB) are often used as HTL, facilitating 

the transport of holes from the anode to the emissive layer. Nitrogen-rich 

materials are usually selected as the hole transport properties arise from 

available lone pairs.  

• Active Layer: Small molecules and polymer emitters in active layers include 

tris(2-phenylpyridine)iridium (Ir(ppy)3), tris(8-hydroxyquinolinato)aluminum 

(Alq3), polyfluorenes, Poly(N-vinylcarbazole) (PVK), and poly(9,9-

dioctylfluorene-co-benzothiadiazole) (F8BT). 

• Electron Injection/Transport Layer (ETL): Organic materials like 2,2',2''-

(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) aid the electron 

transport from the cathode to the emissive layer. Injecting electrons is easier 

than injecting holes due to their larger mobility. 

• Cathode: Metals with a low work function such as aluminium and calcium are 

commonly used to inject electrons into the organic layers. They can be 

reflective (around 100 nm thickness) or semi-transparent (30 nm or below).  

Transition metal ion complexes are commonly used as a dopant in polymeric blends 

that constitute the active layers in OLEDs.98 These complexes themselves support all 

three processes of charge injection, charge transport, and emissive recombination. 

These properties arise from their excellent stability in multiple redox states.99 The 
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emission bands of transition metals usually have full width at half maximum (FWHM) 

values of the order of 100 nm. State-of-the-art emitters in OLEDs have FWHM in the 

20-40 nm range.100 For this reason, the saturation of colours on displays built using 

transition metal ion complexes is not optimal. Conversely, the energy of the emission 

band can be tuned by careful engineering of the ligands.99  

In the last 30 years, great attention has been paid to the development of lanthanide-

based OLEDs. Lanthanides’ unique optical properties (vide infra – 1.1.2) such as 

emission bands with FWHM less than 10 nm can be exploited in OLEDs to achieve 

high colour purity and fixed emission wavelength. Lanthanide ions unlock 100% of the 

theoretical efficiency in OLEDs: the energy of both singlet and triplet excitons is 

harvested by the lanthanide ion and can result in radiative de-excitation,(Figure 

1.36).94  

Figure 1.36. Typical Jabłoński diagram of doped emitting layer in lanthanide complex-based 

OLEDs. Electrical excitation populates the singlet and triplet excited states of the host. Energy 

is transferred from the singlet to the triplet excited states of the ligand.ISC and intramolecular 

ET allow for the excitation of the lanthanide ion. Adapted from 94.  

 

Eu(III)-based OLEDs constitute an established technology for standard 

electroluminescent devices.101,102 Typical examples of eight-coordinate 

electroluminescent Eu(III) complexes exploit β-diketonate ligands: the volatility of such 

complexes favours thermal deposition processes used to manufacture OLEDs on the 

industrial scale.94 Very diverse ligands have been studied in association to lanthanides 
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for electroluminescence purposes, including carboxylates, terphenyls, and porphyrins 

as either dopant complexes or integrated into polymeric structures. 

  

 

1.3.4. Circularly Polarised OLEDs  

A future, ambitious technological improvement is the implementation of chiroptically 

active OLEDs, which would overcome some intrinsic limitations of state-of-the-art 

OLEDs. Circularly Polarised OLEDs (CP-OLEDs) represent a specialised category of 

OLEDs that emit light with circular polarisation, unlike conventional OLEDs that emit 

unpolarised light. This unique characteristic has sparked significant interest in both the 

scientific and industrial communities due to its potential applications in advanced 

display technologies, 3D imaging, emerging optical communication systems, and 

improving energy consumption of displays.  

All common displays have an anti-glare filter which exploits the inversion of CP light 

upon reflection to absorb all incident light, (see Figure 1.37). This allows displays to 

be used even in broad daylight. The downside is that anti-glare filters also cut out 50% 

of the radiation arising from an unpolarised light emitter. Ideally, a CPL emitter would 

not suffer such loss, effectively doubling up the display’s energy efficiency.   

Figure 1.37. Schematic structure of an anti-glare filter. 

The circular polarisation in CP-OLEDs is achieved by incorporating chiral organic 

molecules within the device structure. They can either be emissive chiral polymers, 

achiral emissive polymers with chiral additives, or achiral hosts with chiral emissive 
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guests. Non-racemic lanthanide complexes have high dissymmetry factors in circularly 

polarised luminescence (vide infra – Section 1.2.2). This property makes 

electroluminescent lanthanide complexes interesting in the pursuit of chiral OLEDs. A 

first step in this direction was taken by Zinna et al., who employed the lanthanide salt 

caesium tetrakis(3-heptafluoro-butylryl-camphorato) Eu(III) complex (CsEu(hfbc)4), 

displaying the highest available circularly polarised photoluminescence, as a chiral 

dopant in OLEDs, (see Figure 1.10).103 Several difficulties in terms of efficiency, 

stability, chiral materials, and fabrication techniques need to be overcome before CP-

OLEDs can find applications in the broad electronics market. 

 

 

1.3.5. OLED Parameters 

The key measurements used to characterise the performance and efficiency of OLEDs 

in the present work include: 

• Luminance (L): Luminance measures the intensity of light emitted by an OLED 

device in units of candela per square meter (cd/m²). Typical commercial OLEDs 

used in computers and smartphones have a luminance of 100 – 1000 cd/m². 

• External Quantum Efficiency (EQE): EQE quantifies the number of photons 

emitted per injected electron-hole pair and is expressed as a percentage. A 

higher EQE indicates a more efficient conversion of electrical energy into light, 

signifying superior device efficiency.  

• Lifetime: OLED lifetime measures the duration an OLED device can maintain 

a specified level of luminance before reaching a defined degradation threshold. 

Different lifetimes between different coloured pixels implies a loss of colour 

fidelity over time. 

• Electroluminescence Spectra: The electroluminescence emission spectra of 

OLEDs describe the specific wavelengths of light emitted by the device. Precise 

control of emission spectra is crucial for achieving desired colours in displays 

and lighting applications, as narrow electroluminescence spectra provide high 

colour purity light, improving the CRI.  

• J-V-L Curves: The J-V-L curves provide a comprehensive understanding of an 

OLED's behaviour concerning current density (J), voltage (V), and luminance 
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(L). These curves reveal the device's operational characteristics, highlighting 

their semiconduction properties and the typical diode opening profile in current 

density, as well as the turn-on voltage above which light is emitted. 
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1.4. Aims and Objectives 

The present work concerns devising TACN-based Ln(III) complexes that are versatile, 

bright, linkable, chemically robust, and that display desirable CPL behaviour.  

1) The first aim is to synthesise complexes that display same-sign CPL transitions 

within a single emission manifold and provide synthetic design rules for Eu(III) 

complexes with such properties. This is important because having a broad, intense, 

unique sign CPL emission manifold will greatly aid spectroscopic detection using low-

cost broad band pass filters. Same-sign CPL bands do not suffer from sign 

cancellation effects that would lead to a smaller apparent dissymmetry factor. This will 

be achieved by investigating the effects of the nature of the coordinating moieties 

employed, which are either carboxylate or phosphinate groups. The nature of the 

coordinating groups is expected to affect the stability towards racemisation and 

spectral properties.  

2) The second aim is to design TACN-based Eu(III) complexes having different 

substituents, to test their late-stage conjugation properties. Having a stable, bright tag 

that can be easily attached to different species makes these complexes interesting for 

applications such as CPL imaging in cell uptake studies. One of the Eu(III) complexes 

will bear a single pyridyl pendant arm, enabling linkage of the complex to various 

molecules via a para-nitro group to allow for facile late-stage functionalisation with a 

broad set of substituents in a previous study. Pursuit of a larger scale preparation via 

simplification of the synthetic route opens the possibility of testing novel conjugation 

reactions, such as thiol-bearing polymer end-group modification to obtain Eu(III)-

tagged CPL emissive polymers. This is possible since conjugation reactions are mild 

and are expected to preserve the enantiopurity of the complex. 

3) The third aim is to devise a novel Tb(III) chiral complex to be used as a green dopant 

for the fabrication of Circularly Polarised OLEDs. TACN-based complexes have ideal 

robustness and racemisation stability to perform well in electrochemical environments. 

State-of-the-art lanthanide-based OLEDs only feature Eu(III) complexes, due to their 

smaller band gap. The larger band gap of Tb(III) complexes is likely to pose a problem 

due to the limited choice of available commercial host materials having an adequately 

broad band gap. 
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4) The fourth aim is to clarify the effect of the nature of the solvent on racemisation 

kinetics and CPL spectral properties. The driving force is the idea to use Eu(III)  

complexes as local environment molecular probes and as dopants in polymer-based 

films with appropriate polarity to achieve desired spectral specifications. This is 

particularly relevant when envisioning applications where lanthanide-based films 

producing bright monosignate CPL can be used for calibration of CPL instrumentation. 

In particular, the effects of solvent on enhancing CPL emission will be thoroughly 

investigated. 

5) The fifth aim is to investigate the temperature dependence of emission intensity, 

CPL, and lifetime of Eu(III) complexes that also display known pH responsivity. The 

remarkable sensitivity of such complexes to temperature makes them ideal candidates 

for applications as small molecule thermometers. The first proposed interpretation to 

account for the temperature dependence in terms of relying on the same quenching 

mechanism that has been used to account for pH responsivity is challenged by new 

experimental evidence. Mechanistic insight is sought to account for the temperature 

sensitivity of Eu(III) complexes that are not pH responsive. 

6) The sixth aim is to exploit the superior CPL properties of lanthanide complexes, 

namely their high dissymmetry and brightness, as an additional extra layer of security 

in advanced security inks. This is largely attributed to the limitations posed by current 

CPL instrumentation, where high throughput detection of L-CPL and R-CPL is not 

available. The difficulty with lanthanide complexes is that their emission manifolds are 

narrow and comprise of multiple transitions that often have discordant signs in CPL 

spectra. Unfortunately, any high throughput instrument cannot at the same time have 

a resolution sufficient to differentiate between the individual opposing-sign transitions 

and this polarisation cancellation effect manifests as a loss of signal even for emitters 

with a high dissymmetry factor and brightness. Another aspect that needs to be 

addressed is the necessity of complexes to be stable towards racemisation at the high 

temperatures used in industrial lamination processes. 
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7) The previous aim calls for a further innovation in the field of CPL instrumentation. A 

novel handheld non-moving parts setup that can acquire a CPL image in a single shot, 

called Circularly Polarised Luminescence Photography (CPLP) will be constructed. 

The core idea is to adapt a commercially available polarisation sensitive camera 

having a built-in polariser array and lens array and coupling it with a quarter-wave 

plate to convert circular polarisation into linear polarisation before it reaches the 

camera module. The instrumental setup will be validated using the complexes 

presented in this work. Such a tight-bound system of instruments and emitters will be 

able to integrate five layers of security readout comprising of multi-coloured, multi-

spectral, opposing-helicity, combined with high spatial and temporal resolution. This 

innovation will likely ignite new research avenues especially in the field of lanthanide 

chemistry and luminescent security ink development for enhanced security 

applications. CPLP will play a vital role in the new era of layered information 

photography enabling the development of physically unclonable stochastically micro-

patterned CPL-active security inks.  
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Chapter Two: Synthesis and Photophysical Study of Lanthanide 

Complexes 
 

The main objectives of the work presented in this Chapter are: 

1) Synthesis of a Eu(III) complex that displays mono-signate CPL transitions 

within a single emission manifold; 

2) Design of a Eu(III) complex with linkers that enable late-stage functionalisation; 

3) Synthesis of a Tb(III) complex with the potential to be used as the CPL-active 

green emitter to fabricate circularly polarised OLEDs; 
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2.1. A series of Eu(III) mixed donor complexes 

The aim of the present work is to devise TACN-based Eu(III) complexes that are 

versatile, bright, linkable, and display desirable CPL behaviour. The ideal target should 

be chemically robust, display same sign CPL transitions within a single emission 

manifold, bear a functionalised alkyl chain to be exploited for late-stage conjugation of 

the complex with different species, and be suitable for cell uptake studies. Having a 

broad, intense, unique sign CPL emission manifold should greatly aid spectroscopic 

detection, as it would be possible to use low-cost broad band pass filters, allowing a 

large number of photons to reach the detector without opposite sign CPL bands 

cancelling each other out within the wavelength interval of interest. One of the aims of 

the present work is checking the effect of replacing one or more phosphinate donors 

with carboxylates on the coherence of the sign of CPL emission within one or more 

manifolds, (Figure 2.1).52 However, the presence of the phosphinate donors is 

beneficial as it enhances the stability of the complex against enantiomer 

interconversion due to its stronger binding to the central lanthanide ion, and facilitates 

chiral HPLC resolution, (vide supra – Section 1.1.3). For these reasons, the synthetic 

targets are mixed donor complexes, i.e. possess carboxylate and phosphinate donor 

groups.  

 Figure 2.1. Comparison of phosphinate and carboxylate donors in Ln(III) complexes. 
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The synthetic target should be easily functionalised in order to use the complex as a 

CPL tag for imaging. The need for a functionalised alkyl chain that allows for late-stage 

conjugation of the complex can be fulfilled by designing a different type of pendant 

arm: two pyridylalkynylaryl arms provide effective sensitisation of the Eu(III) ion, 

whereas a single arm bears the desired functionalised alkyl chain, (Figure 2.2).  

 
Figure 2.2. Pictorial representation of the structure of Eu(III) complexes and their components. 

 

The single arm was chosen to be a pyridine derivative mimicking the ‘bottom’ 

component of the extended chromophore arm to afford a high degree of local 

symmetry about the Eu(III) centre. For the same reason, the functionalised alkyl chain 

should be grafted onto the peripheral end of the single arm, i.e. at the para position. 

The single arm will also bear the desired carboxylate donor for metal complexation, 

whereas the two extended arms are endowed with phosphinate donors. A selection of 

eight possible target complexes is shown in Figure 2.3.  
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Figure 2.3. Selection of possible synthetic target complexes [Eu.L1-4] and [Eu.L1’-4’].   

 

These complexes differ in the functionalised alkyl arm, which can be either a 

carboxylate anion or a protonated amine, and in the functionalisation of the peripheral 

phenyl ring in the extended chromophore. Having chemically different single arms 

(amine or carboxy groups) permits the conjugation with a wide variety of chemical 

species, whereas the functionalisation of the extended chromophore with electron 

donating methyl or methoxy groups shifts the absorption maximum to more suitable 

longer wavelengths, (vide supra - Section 1.1.3). 

The eight possible target complexes that can be synthesised by combining the R = R1-

4 antennae with the R’ = R5-6 are termed [Eu.L1-4] for the series where R’ = R5 and R 

= R1-4, and [Eu.L1’-4’] for the series where R’ = R6 and R = R1-4 to improve variety and 

versatility of the linking moiety for bioconjugation. The focus of this work will be to seek 

to prepare complexes [Eu.L1-4] and to explore their photophysical behaviour. The 

amino series [Eu.L1’-4’] is only presented as a future investigation that is not part of 

this work, except for the investigation of the synthesis of the amino linking pyridyl arm 

(vide infra – compound 6) from a common precursor shared with the carboxylate 

linking pyridyl arm (vide infra - compound 4). 
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2.2. Synthesis of the Complexes 

The retrosynthetic analysis emphasises the similarities between the targets and how 

these similarities exemplify the modularity of the synthetic route. The synthetic work 

has been broken down into three subsections: the synthesis of the precursor arms, 

the preparation of ligand intermediates containing two antennae and an extra available 

slot for the single arm, and the addition of the single arm to the dialkylated TACN and 

the subsequent hydrolysis and metal complexation step to afford the desired complex.   

 

2.1.1. Retrosynthetic Analysis 

The synthesis of the complexes [Eu.L1-4] was envisaged to exploit the advantages of 

common intermediates. For the sake of clarity, a partial retrosynthetic analysis of 

[Eu.L1] is shown, (Figure 2.4). The disconnection of the ligand to appropriate synthetic 

precursors is shown, i.e. the extended chromophore precursor arm, the single 

precursor arm, and the commercially available macrocycle 1,4,7-triazacyclononane 

(TACN). The complexes [Eu.L1-4] and [Eu.L1’-4’] may be obtained by changing the 

single pyridyl precursor arm and/or the top component of the extended chromophore 

arm. This analysis highlights the ease of introducing synthetic variety to such 

complexes. The synthesis of L1 consists of the stepwise alkylation of two different 

kinds of pendant arm: two extended pyridylalkynylaryl chromophores and one single 

pyridyl arm bearing an appropriately functionalised alkyl chain. Fine control over the 

number of alkylated arms of each type is achieved by exploiting Boc protecting group 

chemistry on the TACN macrocycle.  
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Figure 2.4. Disconnection of [Eu.L1] to its precursor compounds (Boc = tert-butyloxycarbonyl).  

 

Similarly, a retrosynthetic analysis was performed for the extended pyridylalkynylaryl 

chromophore arm, (Figure 2.5). The target antenna was disconnected into two 

compounds, i.e. the ‘top’ and ‘bottom’ components of the antenna. The synthesis of 

the ‘bottom’ component, i.e. the 4-bromopyridine derivative, has been reported104 and 

the ‘top’ component can be disconnected to appropriate commercially available 

precursors.  

 

Figure 2.5. Retrosynthetic analysis of the pyridylalkynylaryl chromophore precursor (TMS = 

trimethylsilyl). 
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2.1.2. Single Arm Precursor Synthesis 

The single pyridine precursor arm 2 was synthesised in two steps, (Figure 2.6). 

Figure 2.6. Synthesis of the common intermediate 2 through bromination, esterification, and 

reduction of the commercially available chelidamic acid.  

 

Compound 1 was prepared form the commercially available chelidamic acid as 

previously described.105 Bromination of chelidamic acid using PBr5 resulted in 

bromination at three positions, i.e. the alcohol and the two carboxylic acids, with the 

corresponding liberation of three equivalents of gaseous HBr. Subsequent same-pot 

esterification of the acyl bromide groups with EtOH in chloroform at 0 °C afforded the 

ethyl diester. Following quenching of the reaction with cold water, the pure product 

was obtained by recrystallisation from hexane (80% yield). 

Whilst the synthesis of the methyl ester analogue of compound, 2, has also been 

reported106, the ethyl analogue was pursued here owing to concerns about 

displacement of the Me group in subsequent SN2 reactions and its lower hydrolytic 

stability. The synthesis of 2 was achieved analogously. The reduction of compound 1 

with sodium borohydride in EtOH and DCM was performed at 0 °C. The controlled, 

slow reduction of the relatively unreactive ester functionalities by sodium borohydrate 

on compound 1 was monitored by TLC (3% MeOH in DCM) and was observed to 

proceed very slowly. The two carboxylic acid moieties within compound 1 are identical, 

eliminating the possibility of pursuing a regioselective approach and chemically 

distinguishing between the two groups. Hence, a method using kinetic control, 

exploiting the slow rate of reduction described, was envisaged to obtain the desired 

product, avoiding complete reduction and formation of the undesired diol. The reaction 

was closely monitored via TLC with the slow, gradual addition of fresh sodium 

borohydride to drive the reaction to completion, whilst minimising the formation of the 

unwanted diol. The reaction was quenched with 1 M HCl prior to the complete 

consumption of the starting material to prevent the unwanted reduction of the target 

product, and the product was purified by silica column chromatography (59% yield).  
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The para-brominated picolinate 2 can be functionalised in a Pd(0)-catalysed Heck 

coupling at the para position with a terminal alkene species. Methyl acrylate and tert-

butyl N-allylcarbamate were used as the terminal alkene species to give the 

carboxylate and amine single arm precursor in two steps each (protected as the methyl 

ester and Boc derivative respectively). The Heck reaction favours the formation of the 

E stereoisomer. Analysis of the 1H NMR spectra confirmed that compounds 3 and 5 

were obtained as the E stereoisomers: the two alkene hydrogen atoms show large 

values of the 3JH-H coupling (~16 Hz), indicating that they are trans with respect to the 

double bond.  

 

Figure 2.7. The common intermediate 2 can be functionalised in the para position to an 

appropriate terminal alkene via a Pd(0)-catalysed Heck coupling reaction, yielding compounds 

3 and 5. Hydrogenation is performed to obtain the two single arm precursors 4 and 6, bearing 

an ester functionality and a Boc-protected amine, respectively.  

 

In the synthetic route to obtain compound 4, the methyl ester functionality was 

introduced using a Heck coupling reaction between 2 and methyl acrylate. The robust 

nature of this metal cross-coupling methodology allows for flexibility in the choice of 

solvent, base, and catalyst. The target compound is a common intermediate that may 

be used as the single arm for the synthesis of several complexes. As it is likely to be 

required in sizeable quantities, it is crucial to identify the optimal conditions for its 
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preparation. Therefore, a series of conditions was trialled, the results of which are 

detailed in Table 2.1.  

Table 2.1. Summary of the various conditions trialled in the Heck coupling of compound 2 with 

methyl acrylate (not shown in the reagents for clarity). 

Reagents Conditions Yield  

Pd(OAc)2, PPh3, Et3N, Toluene Ar, 75 °C, 5 d(a) 58%(b) 

Pd2(allyl)2Cl2, P(tBu)3, Piperidine, MeCN Ar, 75 °C, 18 h 68%(c) 

Pd(dppf)Cl2.DCM, Pyrrolidine, THF Ar, 60 °C, 18 h N.D.(d) 

(a) Multiple additions of fresh reagents were required to push the reaction forward; (b) Starting 

material 2 still detected by LC/MS after stated reaction time; (c) Complete starting material 

consumption observed; (d) Traces of product detected after stated reaction time. 

 

Palladium acetate is known to be a commonly used catalyst for reactions involving aryl 

bromides and terminal alkenes and was trialled in the first instance.107 Monitoring of 

the reaction by LC/MS suggested the presence of significant starting material after a 

reaction time of five days. Given the lack of complete reaction, the reaction mixture 

was extracted using an aqueous wash before purification by reverse-phase HPLC 

(water/MeCN) to estimate the yield. Despite obtaining a reasonable yield of compound 

3 (58%), the reaction time required for this catalyst was found to be excessively long. 

Accordingly, a different palladium catalyst was examined. Given the success of the 

palladium(II) allyl chloride dimer, Pd2(allyl)2Cl2, in reported Sonogashira cross-

coupling reactions,55,108 similar reaction conditions were trialled. In this instance, the 

palladium(II) allyl chloride dimer was found to afford the product in high yield (68%) 

following reaction overnight and purification via aqueous wash and reverse-phase 

HPLC (water/MeCN). Notably, TLC and LC/MS analysis confirmed the complete 

consumption of the starting material, in contrast to the palladium acetate catalysed 

reaction.  

Concurrently, the performance of a bulkier catalyst, Pd(dppf)Cl2.DCM, was 

investigated. After 18 hours, LCMS analysis indicated the minor formation of some 

product as well as the presence of conspicuous amounts of leftover starting material. 

Given the previous dimer catalyst was found to achieve a superior result (reaction 

completion in good yield) within this time frame, the reaction was abandoned, and the 
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yield was not determined. From these preliminary the dimer catalyst was identified as 

the most suitable for the Heck cross-coupling reaction to yield compound 3.  

In the synthetic route to obtain compound 5, the Boc-protected primary amine 

functionality was introduced using a Heck coupling reaction between 2 and tert-butyl 

N-allylcarbamate. In a similar fashion to the trials performed for the synthesis of 

compound 3, a series of reaction conditions was investigated, the results of which are 

detailed in Table 2.2.  

Palladium acetate was trialled in two different solvents, i.e. MeCN and toluene. In the 

first case, the reaction did not proceed to completion and required the further addition 

of reagents to yield the desired product in moderate yield (42%). After 48 hours, LC/MS 

suggests the absence of starting material. Notably, the reaction mixture turned black 

immediately even before the addition of the base. This observation may be attributed 

to the coordinating capability of the MeCN solvent. For this reason, the reaction was 

tested under the same conditions, replacing MeCN with non-coordinating toluene. In 

this case, the reaction mixture did not turn black and proceeded to completion in 18 

hours, giving an amber-coloured crude product. LC/MS indicates the presence of 

unreacted starting material. Purification of the amber-coloured crude product by 

reverse-phase HPLC (water/MeCN) following an aqueous wash afforded the pure 

product (47%).  

Allylpalladium(II) chloride dimer proved to be the best catalyst for the synthesis of the 

methyl ester analogue compound 3. For this reason, the same reaction conditions 

were tested for the synthesis of compound 5. After 18 hours, LC/MS suggests that the 

reaction is complete. The amber crude product was purified via aqueous wash and 

reverse-phase HPLC (water/MeCN) to give the pure product (47%).  

The use of palladium acetate in toluene and allylpalladium(II) chloride dimer in MeCN 

were equivalent in terms of yield. However, the purification of the latter reaction 

mixture by reverse-phase HPLC proved easier due to the lack of formation of other 

undesired absorbent species, evidenced by a cleaner chromatogram. Moreover, 

compound 2 is completely used in the reaction carried out using allylpalladium(II) 

chloride dimer as the catalyst. Overall, the Heck reaction to synthesise compound 5 is 

not as straightforward as the one to make compound 2. Not only was the yield 

considerably lower, but the presence of starting material in the reaction mixture was 
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confirmed via LC/MS. The lack of complete reaction here may be attributed to a 

difference in reactivity of the substrates. The greater reactivity of methyl acrylate with 

respect to tert-butyl N-allylcarbamate is due to the presence of the electron 

withdrawing carbonyl group conjugated to the alkene.  

 

Table 2.2. Summary of the various conditions trialled in the Heck coupling of compound 5 with 

tert-butyl N-allylcarbamate (not shown in the reagents for clarity). 

Reagents Conditions Yield  

Pd(OAc)2, PPh3, Et3N, MeCN Ar, 50 °C, 2 d(a) 42%(c) 

Pd(OAc)2, PPh3, Et3N, Toluene Ar, 75 °C, 18 h 47%(b) 

Pd2(allyl)2Cl2, P(tBu)3, Piperidine, MeCN Ar, 70 °C, 18 h 47%(c) 

(a) Further additions of fresh reagents required to push the reaction forward; (b) Starting 

material 2 still detected by LC/MS; (c) Complete starting material consumption observed.  

 

The alkene functionality in compounds 3 and 5 was converted to the alkane via 

palladium-catalysed hydrogenation. The reaction was performed using a Parr 

hydrogenator set-up at 40 psi H2 in EtOH and quantitative conversion to compounds 

4 and 6 was achieved, respectively. The primary alcohol functionality in these 

compounds will be converted to the mesylate immediately prior to use in the following 

steps to facilitate SN2 alkylation. 

 

2.1.3. Extended Chromophore Precursor Synthesis 

The synthesis of the single phosphinate pyridine precursor arm, i.e. ethyl (6-

(hydroxymethyl)-4-(bromopyridin-2-yl)(methyl)phosphinate, 11, corresponding to the 

‘bottom’ component of pyridylalkynylaryl antennae, was previously described in the 

literature, (Figure 2.8).104 The compound was prepared in five steps from 2-bromo-6-

methyl-4-nitropyridine with only minor deviations to the reported procedure. 

  



Davide De Rosa PhD Thesis                 Single-sign CPL emitting Ln(III) complexes and their applications 

 76 

Figure 2.8. Synthesis of the common precursor for the bottom half of pyridylalkynylaryl 

antennae, compound 11, ethyl (6-(hydroxymethyl)-4-(bromopyridin-2-yl)(methyl)phosphinate 

(dppf = 1,1'-bis(diphenylphosphino)ferrocene, mCPBA = meta-chloroperoxybenzoic acid, 

TFAA = trifluoroacetic anhydride).  

 

The phosphinous ester MePO(OEt)H was prepared by hydrolysis of 

methyldiethoxyphosphine, liberating one equivalent of EtOH. This phosphinous ester 

was grafted onto the 2-position of the pyridine ring using a palladium-catalysed 

coupling reaction with 2-bromo-6-methyl-4-nitropyridine (61% yield). Conversion of the 

nitro group to a bromine atom was performed quantitatively using acetyl bromide. This 

reaction involves nucleophilic aromatic substitution, facilitated by intermediate 

formation of an N-acetyl pyridinium cation. Collaterally, these reaction conditions result 

in the undesired hydrolysis of the ethyl phosphinate ester, which can be restored to 

the phosphinate ethyl ester functionality by refluxing in triethylorthoformate (85% 

yield). 

The pyridine nitrogen atom was converted to the N-oxide using meta-chloroperbenzoic 

acid (mCPBA) with a 92% yield followed by a [3,3]-sigmatropic Boekelheide 

rearrangement with trifluoroacetic anhydride (TFAA).109 The rearrangement results in 
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the trifluoroacetic ester of the pyridine ring. Room temperature hydrolysis results in the 

final pyridine precursor 11 as the primary alcohol (65% yield).  

 

2.1.4. Synthesis of the Antennae Precursor for L3-4 

The para-methoxy-ortho-dimethyl alkynylaryl chromophore precursor, compound 14, 

was prepared in three steps from the commercially available 3,5-dimethyl-4-

iodophenol, (Figure 2.9).  

 

Figure 2.9. Synthesis of the para-methoxy-ortho-dimethyl alkynylaryl chromophore precursor, 

compound 14. 

 

Firstly, the phenol was methylated by an SN2 alkylation reaction with iodomethane, 

using potassium carbonate as the base to give compound 12 in high yield (94%) and 

without the need for further purification, as confirmed by 1H NMR spectrum analysis. 

Secondly, the alkyne functionality protected by a trimethylsilyl (TMS) group was 

introduced through a Pd(0)-catalysed Sonogashira cross-coupling reaction between 

12 and trimethylsilylacetylene. Usually, a Cu(I) co-catalyst is used to facilitate the 

reaction.110 However, the presence of copper leads to the formation of undesired 

homo-coupled alkyne side products and the need for strict exclusion of oxygen from 

the reaction.111 A copper-free protocol circumvents these issues and its use will be 

particularly beneficial in later stages of the synthetic route, where the Sonogashira 

coupling reaction will centre on more ‘valuable’ late-stage synthetic intermediates. 

Purification of the crude material by column chromatography (silica, 0 to 10% EtOAc 

in hexane in 2% increments) afforded the pure product in moderate yield (53%). 

Thirdly, the TMS protecting group was removed to expose the terminal alkyne 14. The 

deprotection step was carried out using a nucleophilic fluoride source, i.e. 
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triethylamine trihydrofluoride to give 14 in high yield (93%) following an aqueous wash 

to remove excess hydrofluoride reagent and resulting salts.  

The alkynylaryl chromophore precursor, 14, was reacted with the bottom part of the 

chromophore, 11, in a copper(I) co-catalysed Sonogashira cross-coupling reaction to 

afford the pyridylalkynylaryl extended chromophore 15 as the primary alcohol, (Figure 

2.10). The Sonogashira coupling reaction was performed using Pd(dppf)Cl2.DCM as 

the catalyst, CuI as the co-catalyst, triethylamine as the base, and THF as the solvent, 

paralleling the conditions reported for the synthesis of the phosphinate analogue of 

compound 14.22 The alkyne 14 was used in a small excess (1.1 eq.) with respect to 

the bottom pyridyl 11: it was reported previously that compound 11 and 

pyridylalkynylaryl primary alcohols possess similar retention times in reverse-phase 

HPLC, rendering purification hard if the crude product contains any leftover 11.64 To 

make sure that oxygen is excluded from the reaction, anhydrous reagents were used 

and the reaction mixture was degassed by multiple freeze-pump-thaw cycles. The 

reaction was heated at 65 °C for 18 hours and the crude material was purified via 

reverse-phase HPLC (MeOH/water) after an aqueous wash to yield the pure product 

15 (63%).  

Figure 2.10. Copper(I) co-catalysed Sonogashira cross-coupling reaction between 

compounds 14 and 11 to afford the pyridylalkynylaryl antenna precursor 15 for the synthesis 

of L3.   

 

A similar synthetic route to prepare the trimethoxy analogue of the pyridylalkynylaryl 

antenna for the ligand L4 was tested without success, (Figure 2.11). 
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Figure 2.11. Analogue synthetic route failed to afford the alkynylaryl antenna precursor 17 for 

the synthesis of the ligand L4.  

 

Three different reaction conditions were trialled, (Table 2.3). First, a copper-free 

Sonogashira coupling reaction was tested using Pd(dppf)Cl2.DCM and pyrrolidine in 

THF. After 18 hours, LC/MS suggested the presence of traces of the product 16. 

Second, a different copper-free Sonogashira coupling reaction was tried using 

allylpalladium(II) chloride dimer, P(tBu)3, and piperidine in MeCN. The failure of this 

second attempt led to the trial of a Cu(I) co-catalysed Sonogashira coupling reaction, 

performed using Pd(dppf)Cl2.DCM, CuI, and Et3N in THF. No undesired homo-

coupling side products were detected, as well as no product 16. In all three runs, 

LC/MS suggested the presence of large amounts of unreacted starting material, 

implying that 1-bromo-2,4,6-trimethoxybenzene, unlike its less sterically hindered 

analogues, is a poor substrate for Sonogashira coupling reactions. For this reason, 

this synthetic route has been discarded. 

 

Table 2.3. Summary of the various conditions trialled in Sonogashira coupling reaction 

between trimethylsilylacetylene and 1-bromo-2,4,6-trimethoxybenzene (not shown in the 

reagents for clarity). 

Reagents Conditions Yield  

Pd(dppf)Cl2.DCM, Pyrrolidine, THF Ar, 40 °C, 18 h(a,b) 0% 

Pd2(allyl)2Cl2, P(tBu)3, Piperidine, MeCN Ar, 35 °C, 18 h(a) 0% 

Pd(dppf)Cl2.DCM, CuI, Et3N, THF Ar, 40 °C, 18 h(a,c) 0% 

(a) Starting material still detected by LC/MS; (b) Traces of product 16 were detected by LC/MS 

; (c) The reaction mixture was degassed by freeze-pump-thaw (4 cycles).  
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A different procedure to make compound 17 was reported to be successful, (Figure 

2.12).52 This two-step Corey-Fuchs reaction starts from a different starting material, 

i.e. 2,4,6-trimethoxybenzaldehyde.112 

Figure 2.12. Successful synthetic route for 17 consisting in a two-step Corey-Fuchs reaction. 

 

In the first step, 2,4,6-trimethoxybenzaldehyde was reacted with carbon tetrabromide 

and triphenylphosphine to afford the dibromoalkene 18 after an aqueous wash and 

silica column chromatography in isocratic DCM (36%). Quantitative conversion of the 

dibromoalkene 18 to the terminal alkyne 17 was performed using n-butyllithium as a 

base: the dibromoalkene undergoes an elimination reaction to give a bromoalkyne 

that, upon a lithium-halogen exchange, affords the terminal alkyne after an aqueous 

work up.   

The alkynylaryl chromophore precursor, 17, was reacted with the bottom part of the 

chromophore, 11, in a copper-free Sonogashira cross-coupling reaction to afford the 

pyridylalkynylaryl extended chromophore 19 as the primary alcohol, (Figure 2.13). In 

this copper-free Sonogashira reaction, allylpalladium(II) dimer chloride was used as 

the catalyst, P(tBu)3 and piperidine as the base, and MeCN as the solvent with heating 

at 40 °C, to give the product in moderate yield (43%) after purification by aqueous 

wash and reverse-phase HPLC (water/MeCN).  
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Figure 2.13. A copper-free Sonogashira cross-coupling reaction between compounds 17 and 

11 to afford the pyridylalkynylaryl antenna precursor 19 for the synthesis of L4.   

 

2.1.5. Synthesis of L2-4 

The pyridylalkynylaryl antenna used as the precursor for the ligand L2, i.e. compound 

20, had already been made by Dr M. Starck as the primary alcohol following a reported 

procedure.22 The preparation of the antenna precursors for ligands L3 and L4, i.e. 

compounds 15 and 19, has been described in Section 2.2.5. The subsequent steps, 

i.e. selective dialkylation of each antenna on the TACN macrocycle and alkylation of 

the third ring nitrogen atom with the single arm picolinate, do not depend on the 

substituents present on the top half of the pyridylalkynylaryl antenna. For this reason, 

the following steps in the synthesis of ligands L2-4 are described in detail only for the 

L2 precursor.  

With the required precursor compounds prepared, the ligands L2-4 were synthesised 

from a TACN scaffold. For this purpose, a TACN macrocycle bearing a single Boc 

protecting group was chosen to facilitate controlled stepwise alkylation of the two 

pyridylalkynylaryl arms onto the scaffold. The Boc-protected TACN was prepared in 

three steps following a reported procedure.113 The macrocycle was used as the 

hydrochloride salt for convenience, without prior conversion to the free amine. The 

single arm 20 was converted to the mesylate ester 21 immediately prior to its use in 

the following SN2 alkylation step. Conversion of the primary alcohol to the mesylate 

was performed using methanesulfonic anhydride in THF. LC/MS analysis indicated 

that quantitative conversion to the mesylate had occurred within 1 hour. The product 

was used in the next step after a water wash to remove methanesulfonic acid. 
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Introduction of the two pyridylalkynylaryl antennae onto the TACN scaffold was 

performed through an SN2 alkylation reaction between the Boc protected macrocycle 

and the mesylate 21 in MeCN, in the presence of potassium carbonate, (Figure 2.14). 

The reaction was carried out under argon to prevent water from hydrolysing the 

mesylate. A small excess of the mesylate 21 was used (2.4 eq.) and the reaction was 

left overnight to ensure completion of the double alkylation reaction and was confirmed 

by LC/MS analysis. Filtration and purification by reverse-phase HPLC (water/MeCN) 

afforded the dialkylated TACN 22 as the Boc protected compound in high yield (80%). 

1H and 13C NMR spectra show that restricted rotation about the carbamate NCO bond 

of the Boc group makes the pyridylalkynylaryl arms non-equivalent on the NMR 

timescale at room temperature. 

 

Figure 2.14. Synthesis of the dialkylated TACN derivative 22, the precursor of ligand L2.  

 

The syntheses of the dialkylated TACN derivatives 24 and 26, the precursors of 

ligands L3-4 respectively, were carried out analogously. Conversion of the primary 

alcohol pyridylalkynylaryl antennae 15 and 19 to the mesylates 23 and 25 each 

proceeded in quantitative yield. The following SN2 alkylation steps afforded 

compounds 24 and 26 in good yields (78% and 59% respectively) after filtration and 

reverse-phase HPLC purification (water/MeCN). 

Boc deprotection of compounds 22, 24, and 26, the precursors of ligands L2-4 

respectively, proved unsuccessful using trifluoroacetic acid (TFA) in DCM (10% v/v). 

Mass spectrometry showed a mass increase equal to the molecular weight of a water 

molecule. NMR spectrometry showed evidence of loss of replacement of the triple 
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bond with a double bond. This evidence can be rationalised in terms of the formation 

of a hydrated side product where the triple bond of the pyridylalkynylaryl antenna turns 

into a double bond, irreversibly disrupting its photophysical properties. This aspect will 

be investigated in further detail in Section 2.2.6. 

 

Figure 2.15. Synthesis of the dialkylated TACN derivatives 24 and 26, the precursors of 

ligands L3-4 respectively. 

 

 

2.1.6. Synthesis of [Eu.L1] 

The dialkylated TACN intermediate 27, used as a precursor for the synthesis of the 

ligand L1, was already made by Dr J.D. Fradgley as the Boc protected amine following 

a reported procedure.18 The preparation of the single picolinate arm 4 bearing an ester 

functionality that will constitute the third pendant arm of L1 has been discussed in 

Section 2.1.2. Compound 27 was de-protected using trifluoroacetic acid (TFA) in DCM 
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(10% v/v) to quantitatively afford the dialkylated TACN as the trifluoroacetate salt of 

the secondary amine, 28, (Figure 2.16).  

The single arm 4 was converted to the mesylate 29 immediately prior to its use in the 

following SN2 alkylation step. The deprotected dialkylated compound, 28 was used as 

its trifluoroacetate salt in an SN2 alkylation with an excess (2.5 eq.) of the mesylate 

ester, 29. Reaction monitoring by LC/MS after 18 hours indicated complete 

consumption of compound 17 and the presence of remaining hydrolysed mesylate, 

i.e. the primary alcohol 4. Purification by reverse-phase HPLC (0.1% formic acid in 

water/0.1% formic acid in MeCN) afforded the ligand L1 (57%).  

 

Figure 2.16. Synthesis of the ligand, L1. TFA = trifluoroacetic acid, DIEA = N,N-

diisopropylethylamine.  

 

The target complex [Eu.L1] was obtained through a well-established complexation 

protocol, (Figure 2.17).18,55 The ligand L1 was dissolved in MeOH/water and the pH 
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adjusted at 12 through dropwise addition of NaOH(aq). The solution was stirred at 60 

ºC for 18 hours to hydrolyse the two phosphinate ester groups and the methyl and 

ethyl esters of the single picolinate arm to give the salt, 30. Evidence of reaction 

completion was obtained by LC/MS analysis. In the following step, the pH of the 

reaction mixture was adjusted to 6 using HCl(aq). EuCl3.6H2O was added (1.1 eq.) and 

the reaction stirred at 60 ºC for 18 hours. Metal complexation of 30 to give the target 

complex [Eu.L1] was monitored via LC/MS. Purification by reverse-phase HPLC 

(water/MeCN) afforded the complex [Eu.L1] with a 29% yield over the two steps.  

 

Figure 2.17. Hydrolysis and metal complexation of the ligand L1 with Eu(III) to afford the 

complex [Eu.L1]. 
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2.1.7. Analysis of Racemic [Eu.L1] 

The absorption, excitation, and emission spectra of [Eu.L1] in MeOH are shown in 

Figure 2.18 and a summary of its photophysical properties in different solvents is given 

in Table 2.4. The excitation spectrum closely parallels the absorption of the antennae, 

confirming that the sensitisation is due to energy transfer occurring from the antennae 

to the central Eu(III) ion. The shape of the observed broad absorption transition is 

typical of an internal charge transfer state, (vide supra – Section 1.1.2). The symmetry 

about the metal ion in mixed-donor complexes is lower than in same-donor complexes, 

(vide supra – Section 1.1.3). A greater number of transitions are allowed in a less 

symmetrical environment. In particular, it is possible to identify three bands within the 

ΔJ = 2 manifold of [Eu.L1] instead of the two bands that are typically visible in C3 

symmetric Eu(III) complexes.114 

Figure 2.18. Absorption (blue), excitation (green, recorded at em = 614 nm), and emission 

spectra (red, excited at exc = 332 nm) of [Eu.L1] in MeOH. Compared to C3-symmetrical Eu(III) 

complexes, a greater number of transitions are allowed due to the lower symmetry about the 

metal centre. A detail of the ΔJ = 2 manifold is shown in the central insert.  
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Quantum yields are usually measured indirectly against a literature reference standard 

having a known quantum yield or, more recently, using an integrating sphere. The 

reference standard used within this work is [Ru(bpy)3]Cl2 in water.115 The ratio between 

the quantum yield to determine and that of the reference is related to more 

conventionally accessible spectrophotometric properties via the following equation:  

𝜙

𝜙ref
=

𝑛2

𝑛ref
2 ×

𝑆

𝑆ref
×

𝐴ref

𝐴
×

𝐼lamp
𝜆

𝐼
lamp

𝜆ref
 (2.1) 

Where n is the refractive index of the solvent in which the measurements are carried 

out, S is the integral of the emission spectrum between appropriate limits, A is the 

absorbance of the species at the chosen wavelength, and Ilamp is the intensity of the 

lamp at the wavelength of excitation. 

 

 

2.1.8. Chiral resolution of [Eu.L1] 

The complex [Eu.L1] exists as a racemic mixture of the SS-Δ(δδδ) and RR-Λ(λλλ) 

isomers, analogously to other similar Eu(III) complexes based on TACN scaffolds with 

phosphinate pyridylalkynylaryl pendant arms.116 S and R refer to the absolute 

configurations at the stereogenic phosphinate centres assigned using the Cahn-

Ingold-Prelog priority rules; Δ and Λ to the sign of the torsion angle defined by the 

NpyCCNTACN atoms, which define the chiral conformation arising from the twist of the 

three pendant arms around the metal centre; and δ and λ to the torsion angle defined 

by the NTACNCCNTACN atoms, which define the chelate ring conformation on the TACN 

macrocycle. Despite multiple sources of chirality being present in such complexes, 

Table 2.4. Summary of photophysical properties 

of [Eu.L1] in various solvents (295 K). 

Solvent exc / nm  / ms  ϕ(a) / % 

H2O 324 1.00  N.D. 

D2O 328 1.24  21 

MeOH 332 1.20  34 

(a) Parameter calculated at the stated excitation 

wavelength. Experimental errors of lifetime and 

quantum yields are ±5 and 15% respectively. N.D. = 

not determined. 
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only the SS-Δ(δδδ) and RR-Λ(λλλ) isomers are observed due to steric hindrance 

reasons which inhibit formation of any other isomers, as confirmed by X-ray 

crystallography studies of structurally related complexes.117 For the sake of brevity, 

the SS-Δ(δδδ) and RR-Λ(λλλ) isomers will be referred to as the Δ and Λ isomers 

respectively.  

In order to investigate the CPL behaviour of [Eu.L1], it is necessary to separate the 

two enantiomers. Previously, resolution of racemic Eu(III) complexes was achieved by 

chiral HPLC. In particular, the enantiomers of Eu(III) complexes featuring methoxy-

substituents on the aryl rings have been separated using a Daicel CHIRALPAK-ID 

column, (Figure 2.19).66,118 However, the previously separated Eu(III) complexes 

contained three phosphinate donors, whereas [Eu.L1] contains two phosphinate and 

one carboxylate donor groups. For this reason, elution of [Eu.L1] was trialled on two 

different chiral columns, i.e. Daicel CHIRALPAK-IC and ID, to investigate which one 

would provide the best separation.  

 

Figure 2.19. The chiral stationary phases used in Daicel CHIRALPAK-IC and ID columns. 

 

The complex [Eu.L1], bearing a negatively charged carboxylate anion arm, failed to 

be retained on both the IC and ID chiral columns. The negative charge of [Eu.L1] was 

removed by conversion into the methyl ester [Eu.L1]a, (Figure 2.20, left). This was 

achieved by stirring [Eu.L1] in MeOH containing a drop of acetyl chloride at room 
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temperature under argon for 48 hours (34%). Chiral resolution of the racemic mixture 

of [Eu.L1]a failed on both the IC and ID chiral columns. 

 

Figure 2.20. Structure of the methyl (left) and ethyl ester (right) of [Eu.L1], compounds 

[Eu.L1]a and [Eu.L1]b respectively. 

 

To make the ester arm more apolar, [Eu.L1] was converted to its ethyl ester [Eu.L1]b
 

(58%), (Figure 2.20, right). The reaction conditions used for the esterification reaction 

were the same used for the synthesis of [Eu.L1]a, with the difference that EtOH was 

used as the solvent instead of MeOH. The ethyl ester successfully [Eu.L1]b separated 

into the Δ and Λ isomers on the analytical and semi-preparative CHIRALPAK-IC 

columns with an isocratic methanol eluent on a 3.5 milligram scale, (Figure 2.21). 

Figure 2.21. Chiral HPLC trace showing the resolution of the enantiomers of [Eu.L1]b using a 

CHIRALPAK-IC column (semi-preparative, 295 K, MeOH, 4 mL min-1, UV detector  = 335 

nm). The absolute configuration of the enantiomers was determined by CPL analysis, (vide 

infra – Section 2.2.2). 
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2.1.9. CPL characterisation of [Eu.L1b] 

CPL spectra were recorded for each enantiomer of the complex [Eu.L1b] in various 

solvents, i.e. MeOH, EtOAc, N-methyl-2-pyrrolidone (NMP), and water, (Figure 2.22). 

In every case, mirror imaged CPL spectra were observed for the two enantiomers. The 

signs of the lines within the ΔJ = 4 manifold (680 - 710 nm) are stable across all 

solvents and directly correlate with the absolute configuration of the complex, 

previously determined from X-ray crystal structure analysis.116,117 Notably, the sign 

sequence of the five observed transitions in the ΔJ = 4 manifold are - / + / - / - / + for 

the Λ enantiomer, (orange lines in Figure 2.22). This allows for the spectroscopic 

assignment of the configuration of the enantiomers without having to resort to X-ray 

diffraction. 

The ΔJ = 1 and ΔJ = 2 manifolds, i.e. the brightest two, display emission bands having 

the same CPL sign in NMP and EtOAc, successfully achieving the same-sign CPL 

emission within a single manifold presented earlier. It is interesting to note that the 

CPL spectra show more sign variations in the case of water. The signs of CPL 

emission bands vary also in the case of MeOH. However, the bands within the ΔJ = 1 

and ΔJ = 2 manifolds have the same sign, effectively keeping opposite CPL sign 

cancellation low. Since one of the aims of this work is fabricating polymer-based films 

containing CPL-active Eu(III) complexes, EtOAc was chosen as it is a solvent that 

mimics the monomeric units constituting polymethylmethacrylate (PMMA). The bright, 

same sign emission observed in EtOAc suggests that similar favourable CPL emission 

may be achieved in PMMA films, (vide infra – Section 3.2). 

CPL spectra have also been recorded for a different Eu(III) complex, [Eu.L1”], (Figure 

2.23). This complex had already been made and chirally resolved by Dr J.D. Fradgley 

following a reported procedure,18 but its CPL properties had not been investigated. 

[Eu.L1”] differs from the proposed target compound [Eu.L1’] only in the absence of 

mixed donors and is therefore a good predictor of the expected CPL properties of the 

[Eu.L1’-4’] amino series. 
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Figure 2.22. CPL spectra of the Δ (blue) and Λ (orange) enantiomers of [Eu.L1b] in different 

solvents. Clockwise from top left: MeOH, EtOAc, NMP, and water. Excitation at exc = 328 nm.  

 

 

 

Figure 2.23. Absorption (blue), excitation (green, recorded at em = 614 nm), and emission 

spectra (red, excited at exc = 328 nm) of complex [Eu.L1”] in water, an analogue of the 

proposed target complex [Eu.L1’] bearing three phosphinate donors. Adapted from 18. 

 

The CPL spectra of [Eu.L1”] show that same sign emission in the ΔJ = 1 and ΔJ = 2 

manifolds in NMP and EtOAc, (Figure 2.24). As expected, the spectral properties of 
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the carboxylate linker and the amino linker are similar to each other, with the 

advantage of different possibilities for late-stage conjugation of the complexes. 

 

Figure 2.24. CPL spectra of the Δ (blue) and Λ (orange) enantiomers of [Eu.L1”] in different 

solvents. Clockwise from top left: CD3OD, NMP, and EtOAc. Excitation at exc = 325 nm. 



Davide De Rosa PhD Thesis                 Single-sign CPL emitting Ln(III) complexes and their applications 

 93 

2.1.10. Multiphoton studies of [Eu.L1b] 

As previously discussed, the excitation of Eu(III) complexes in the UV region of the 

spectrum may pose issues for cell studies and for the use in LED-based 

spectrophotometers, (vide supra – Section 1.2.3). One way of overcoming this issue 

is to exploit multiphoton absorption. Multiphoton absorption involves the simultaneous 

absorption of two or more photons to excite a chromophore. Multiphoton processes 

are non-linear phenomena, hence the quadratic dependence on the intensity of the 

excitation light. For this reason, the observation of multiphoton processes requires the 

use of powerful light sources. The multiphoton instrument at Durham University 

exploits a 5 W tunable femtosecond pulsed laser in the 680 – 1300 nm region. 

Previous studies have proven that Eu(III) complexes display two-photon absorption, 

effectively shifting the excitation wavelength from the UV to the near IR region (710 to 

850 nm).119,120   

Multiphoton excitation spectra of the Λ enantiomer of [Eu.L1b] were recorded in NMP, 

(Figure 2.25). First, the integrated two-photon emission intensity was plotted as a 

function of excitation energy on a logarithmic scale, (Figure 2.25, right). The slope of 

the fitting line is close to 2, confirming that the emission arises from a two-photon 

process. The red circles in Figure 2.25-left represent the emission intensity of the two-

photon process (red axes), superimposed to the one-photon excitation spectrum 

(black axes). Saturation of the molecules available in the small excitation volumes 

accounts for the non-linearity at large power in Figure 2.25-left. 

Figure 2.25. Multiphoton excitation spectrum of [Eu.L1b] in NMP (red circles, left) compared 

with single photon excitation (black line, left); excitation power dependency on the integrated 

multiphoton luminescence intensity (right).  
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The NIR laser was used to excite the Λ enantiomer of [Eu.L1b] in NMP and record a 

CPL spectrum, (Figure 2.26). The recorded CPL spectrum only spans the 570-650 nm 

region since a 650 nm short-pass filter was used to protect the detector from scattered 

laser radiation. It is possible to distinguish two distinct CPL bands arising from the ΔJ 

= 1 and ΔJ = 2 manifolds. 

 

Figure 2.26. CPL spectrum of [Eu.L1b] in NMP obtained upon two-photon absorption at 680 

nm, 70% power at 680 nm, 980 mW. 

 

The total emission intensity and CPL intensity arising from the excitation of the Λ 

enantiomer of [Eu.L1b] in NMP at different excitation wavelengths were compared, 

(Figure 2.27). The absolute CPL intensity is lower with the two-photon excitation at 

680 nm than the one-photon excitation due to the large difference in the total number 

of excited molecules between the multiphoton laser’s focal volume compared to the 

lamp’s light beam. When factoring out this effect due to an imbalance in the number 

of emitting molecules involved, the total emission intensity arising from the two-photon 

excitation is much higher than the one-photon excitation happening at 365 nm, i.e. the 

operating wavelength of the LED excitation source of the novel solid-state CPL 

spectrophotometer, (vide supra – Section 1.2.3). It is therefore plausible that it will be 

possible to achieve higher CPL brightness for the two-photon process rather than the 

one-photon process. This topic will be the subject of further investigation in the future, 

along with the evaluation of the two-photon absorption cross section.  



Davide De Rosa PhD Thesis                 Single-sign CPL emitting Ln(III) complexes and their applications 

 95 

 

Figure 2.27. Comparison between total emission (left) and CPL spectra (right) of the Λ 

enantiomer of [Eu.L1b] in NMP at various excitation wavelengths. 

 

 

2.2. p-NO2 Eu(III) complex [Eu.L5] 

2.2.1. Introduction 

A novel Eu(III) complex, [Eu.L5], was synthesised, comprising a functionalised 

macrocycle based on 1,4,7-triazacyclononane (TACN) with three pyridyl-based 

carboxylate donor groups which saturate the coordination sphere of Eu(III). Two 

pyridylalkynylaryl antennae were grafted onto the macrocycle to enable efficient 

sensitisation of Eu(III) emission both in the UV region with single-photon excitation 

and in the near-infrared (NIR) with two-photon excitation (2PE). A third macrocycle 

site was functionalised with a single pyridyl pendant arm, enabling linkage of the 

complex to various molecules via a para-nitro group, which has previously been shown 

to allow for facile late-stage functionalisation with a broad set of substituents. The work 

in the present section was performed in collaboration with a Master’s student in the 

Pal group, Samuel Parr. 

The main aim of this work was to study how the total emission and CPL spectral profile 

of all-carboxylate complexes differ from those of all-phosphinate complexes, which 

have been thoroughly characterised previously by the Parker group and the Pal group. 

An additional advantage is the shorter synthetic route: phosphinate-based complexes 

require a synthetic precursor to the chromophore that is prepared in five steps, 

whereas the analogous precursor to carboxylate donors is prepared in only two steps. 
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For this reason, the feasibility of scaling up the synthesis from the usual milligram scale 

to tens of milligrams was significantly increased. A more conspicuous amount of 

complex would also enable the possibility of thin film and polymer conjugation studies 

via RAFT (Reversible Addition Fragmentation Chain Transfer) thiol end-group 

modifications. The reactivity of thiols towards the p-NO2 group of the complex can be 

exploited for conjugation to thiol-bearing biological vectors for in vivo cell 

internalisation studies and CPL imaging. 

 

2.2.2. Retrosynthetic analysis of [Eu.L5] 

Retrosynthetic analysis was conducted on the target compound [Eu.L5] and is 

presented in Figure 2.28, establishing the requirement of two precursor intermediates 

and commercially available 1,4,7-triazacyclononane (TACN). 

Figure 2.28. Retrosynthetic analysis of [Eu.L5]. 

 

2.2.3. Chromophore Arm Precursor Synthesis 

Compound 31, the precursor to the chromophore arm, was synthesised using a 

Sonogashira cross-coupling, (Figure 2.29) between commercially available 1-ethynyl-

4-methoxy-2-methylbenzene and the previously reported bottom component 

compound 2, (vide supra - Section 2.1.2). Sonogashira cross-couplings form a new 
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C–C bond between an aryl halide and terminal alkyne over a Pd(0) catalyst and a Cu(I) 

co-catalyst. The methyl ester analogue of compound 31 has been reported using the 

4-iodo analogue of compound 2 in the reaction.22 The analogous procedure was 

followed here to afford compound 37 with a 37% yield.  

Figure 2.29. Synthesis of the precursor to the chromophore arm compound 31, prepared 

using a Sonogashira cross-coupling reaction. 

 

2.2.4. Photophysical Characterisation of the Chromophore Arm 

Absorption, excitation, and emission spectra were recorded for the chromophore arm 

precursor, compound 31 in DCM, MeOH, H2O, and MeCN, (Figure 2.29-30, Table 2.5). 

Figure 2.30. Absorption (blue), excitation (green, em = 421 nm), and emission spectra (red, 

exc = 334 nm) of the chromophore arm in DCM. 

 

The values in Table 2.5 are maximum emission wavelengths (em) of the chromophore 

arm in each of the four solvents stated above. The absorption, excitation, and emission 

spectra of the chromophore arm are presented in Figure 2.31 and Table 2.5. The 

absorption profile is broad, intense, and structureless, characteristic of ICT states. In 
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each solvent, the absorption and emission spectra also appear to be mirror images of 

each other, a consequence of Franck-Condon factors that is characteristic of an 

organic fluorophore.  

 

Table 2.5. Maximum emission wavelength (em) of the chromophore arm in various solvents 

with the normalised Reichardt solvent polarity parameters ET
N

 of each solvent. 

 

 

 

Figure 2.31. Emission spectra of the chromophore arm in various solvents. 

 

Stokes shifts of a minimum of 84 nm in H2O and a maximum of 122 nm in MeOH were 

observed across the four solvents studied. For the chromophore arm precursor in the 

four solvents studied, no correlation between the emission wavelength and the 

normalised Reichardt solvent polarity parameter ET
N
 was observed and the absorption 

maximum remained constant at 330 nm. A lack of correlation points to the existence 

of specific solvent interactions with the fluorophore which are not included in the usual 

model where the fluorophore is treated as being spherical and the solvent treated as 

a dielectric medium, not accounting for specific solvent effects. The assumption of a 

spherical chromophore does not describe well the elongated pyridylalkynylaryl 

chromophore but will be a better approximation for the resulting complex due to its 

globular shape.  

 

 

Solvent em / nm ET
N

 [29] 
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2.2.5. Single Arm Precursor Synthesis 

The para-nitro single arm precursor compound 36 was synthesised in four steps from 

the commercially available starting material 6-methylpyridine-2-carboxylic acid, 

(Figure 2.32). 

Figure 2.32. Synthesis of the previously reported intermediate compound 36 from 

commercially available 6-methylpyridine-2-carboxylic acid via N-oxide formation, nitration of 

the activated pyridyl, esterification, and a Boekelheide rearrangement. 

 

Compound 33 has been previously reported in the literature121 and was synthesised 

here using the following adapted procedure. Commercially available 6-methylpyridine-

2-carboxylic acid was dissolved in dry acetonitrile (MeCN). To the solution, two 

equivalents of mCPBA were added and the reaction mixture was stirred at 60 °C 

overnight. Oxidation of pyridine occurs in the presence of mCPBA to generate the N-

oxide. The ring activation imparted by the N-oxide allows the nitration performed in the 

following step. The crude product was purified by column chromatography to yield 

compound 33 (24% yield, silica, 50:50 EtOAc:hexane, increasing to 100% EtOAc in 

10% increments, then 1% acetic acid in EtOAc). 

Compound 34 was synthesised as reported previously in the literature.121 Use of the 

N-oxide 33 activates the pyridyl ring making it more nucleophilic while preventing 

reaction at the nitrogen atom; the N-oxide has a higher HOMO and so is more reactive 

to electrophiles while the oxygen blocks reaction at the nitrogen.122 Under nitrating 
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conditions, compound 33 is selectively nitrated at the para-position to the N-oxide. 

Inspection of the resonance structures of compound 33 demonstrates that the most 

nucleophilic sites are at the ortho and para-positions to the N-oxide, (Figure 2.33). 

Since both ortho-positions are already substituted in compound 33, selective nitration 

occurs at the para-position. Subsequent proton loss to regain aromaticity forms 

compound 34. The reaction was monitored by LCMS and upon completion the mixture 

was quenched by ice and used in the next step without further purification (73% yield).  

 

Figure 2.33. Resonance structures of compound 33. 

 

 

Compound 35 was synthesised exploiting an acid catalysed esterification reaction.121 

Compound 34 was stirred at 70 °C under argon in excess EtOH and in the presence 

of sulfuric acid. Sulfuric acid protonates the carbonyl oxygen, which promotes 

nucleophilic attack at the carbon by EtOH. The adduct tautomerises and water is 

eliminated to form the ester compound 35, which was used in the next step without 

further purification (quantitative conversion). 

Compound 36 was obtained through a Boekelheide rearrangement. The mechanism 

for a Boekelheide rearrangement is shown in Figure 2.34. Upon addition of 

trifluoroacetic anhydride to a solution of compound 35 in CHCl3, the N-oxide O- 

performs a nucleophilic attack on the trifluoroacetic anhydride. Trifluoroacetate is 

liberated leaving the intermediate with a positive charge on the nitrogen atom. The 

acidic α-methyl group is deprotonated by trifluoroacetate to form an alkene. A 

subsequent [3,3]-sigmatropic shift affords the trifluoroacetylated methyl pyridine 

derivative of compound 35. Hydrolysis of the trifluoroacetic ester derivative in 1:1 

water/EtOH liberates compound 36 (65% yield). 
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Figure 2.34. Boekelheide rearrangement of compound 35 to form compound 36 in the 

presence of TFAA. 

 

2.2.6. Synthesis of pro-L5 and [Eu.L5] 

Once the precursors to the pendant arms and diBoc TACN required to synthesise the 

ligand precursor pro-L5 were obtained, a study was conducted to determine the 

optimal order of alkylation of the chromophore arm precursor and nitro single arm 

precursor, compounds 31 and 36 respectively, onto a TACN scaffold. Control over the 

number of TACN sites alkylated is achieved via Boc protection chemistry. A priori, one 

could either alkylate by adding both chromophore arms first followed by the single arm 

or the opposite way round.   

Both the chromophore arm precursor and nitro single arm precursor were 

quantitatively converted to their mesylate analogues, compounds 32 and 37 

respectively, prior to alkylation. Formation of the mesylates was confirmed by the 

appearance of an additional resonance in their 1H NMR spectra corresponding to the 

mesylate methyl group. An SN2 alkylation reaction to graft the chromophore arms onto 

the TACN scaffold was performed in the presence of potassium carbonate in 

acetonitrile under an argon atmosphere at 60 °C (72% yield). Subsequent removal of 

the Boc protection group required use of trifluoroacetic acid and was carried out in 

DCM (20% v/v TFA in DCM). Under alkylation or deprotection conditions two possible 

side reactions were identified that would form undesired by-products: under alkylation 

conditions, the p-NO2 group may be susceptible to nucleophilic aromatic substitution; 

under deprotection conditions, the alkynyl group of the chromophore precursor in 

trifluoroacetic acid is susceptible to hydration to give the corresponding enol, (Figure 

2.35).52 For this reason, a preliminary study of the optimal alkylation order was 

performed. 
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Figure 2.35. Proposed mechanism for hydration of the chromophore arm. Adapted from 52. 

 

 

The para-nitro substituent in the single arm precursor was designed to be easily 

substituted by nucleophiles such as thiols for late-stage functionalisation. Previously 

reported para-nitro complexes have demonstrated nucleophilic substitution in 

relatively mild conditions.123 Hence, the basic conditions employed in the alkylation 

steps present a potential obstacle to the formation of the synthetic target [Eu.L5]. Two 

alternative synthetic routes were proposed, (Figure 2.36), differing in the order of 

grafting, and corresponding deprotection of the various compounds involved.  
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Figure 2.36. Proposed synthetic route options for the synthesis of [Eu.L5], differing in the 

order of addition of the chromophore arms and the nitro single arm. 
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In route 1, the mesylate of the single arm precursor is first grafted onto diBoc TACN. 

DiBoc TACN has only one nitrogen atom available for alkylation, hence ensuring 

precise control over the number of substituents installed on the macrocycle. The 

resulting compound is deprotected using trifluoroacetic acid prior to installation of the 

chromophore arms. Route 1 avoids exposure of the chromophore arm to trifluoroacetic 

acid. Route 2 follows the alternative order: the mesylate of the chromophore precursor 

is first grafted onto a TACN scaffold this time with only one protecting Boc group 

(monoBoc-TACN). The resulting compound is deprotected using trifluoroacetic acid 

prior to installation of the single arm, limiting exposure of the nitro group on the single 

arm to basic conditions to one reaction rather than two. 

A study was conducted to determine which of the two previously described routes was 

the most viable. The aim of the study was to test the stability of the chromophore 

precursor in trifluoroacetic acid and compare this to the stability of the nitro group of 

the nitro single arm precursor in 4 equivalents K2CO3. A solution of the nitro single arm 

precursor 36 (14 mg, 0.061 mmol) in MeCN was stirred with K2CO3 (34 mg, 0.25 mmol) 

for 72 h under argon at room temperature. The single arm precursor was observed to 

be completely stable, with LC/MS monitoring demonstrating no substitution of the 

starting material. At the same time, a solution of the chromophore arm precursor (12 

mg, 0.037 mmol) in trifluoroacetic acid in DCM (20% v/v) was monitored over time 

when it was stirred at room temperature under argon for 72 h. Significant hydration of 

the chromophore arm precursor was observed. Figure 2.37 demonstrates the amount 

of the hydrated product, reported as a percentage of the total amount of chromophore 

and hydrated product as a function of time, obtained from the relative integrals of the 

total ion count peaks in the LC/MS.  

Figure 2.37. Amount of hydrated product formed over time (green triangles), reported as a 

percentage of the total amount of chromophore and hydrated product when the chromophore 

precursor was stirred in TFA in DCM (20% V/V) solution. 
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The results from the study demonstrate the vulnerability of the alkynyl group in the 

chromophore precursor and its subsequent derivatives to hydration in acidic 

conditions. Based on these results and the apparent stability of the nitro group on the 

single arm to potassium carbonate, it was decided to proceed using route 1, avoiding 

exposure of the alkynyl group to trifluoroacetic acid, as shown in Figure 2.36. In the 

alkylation steps the inorganic salts formed were removed by centrifugation. Di-tert-

butyl 7-((6-(ethoxycarbonyl)-4-nitropyridin-2-yl)methyl)-1,4,7-triazacyclononane-1,4-

dicarboxylate, compound 39, was formed in 67% yield and deprotected without further 

purification. The deprotection step proceeded with a quantitative yield and subsequent 

alkylation afforded pro-L5 in 72% yield. 

Once the precursor to the ligand pro-L5 had been isolated, the complex [Eu.L5] was 

synthesised using the established procedures of hydrolysis and complexation (Figure 

2.38) as previously reported.18 

 

Figure 2.38. Hydrolysis and complexation of pro-L5 to form [Eu.L5]. 

 

 

First, the three ethyl ester groups on pro-L5 are hydrolysed. 1 M NaOH solution was 

used to adjust a 50/50 v/v solution of pro-L5 in MeCN and H2O to pH 12. The hydrolysis 

was monitored by LCMS and once complete, 1M HCl was added to adjust the solution 

to pH 6.5, prior to the addition of Eu(III) chloride hexahydrate. The presence of the 

nine donor atoms on the now hydrolysed ligand provides a stable coordination site for 

Eu(III), and complexation occurs to form [Eu.L5] (51% yield over two steps). The 

complex was obtained in large amounts (50 mg) compared to the usual scale of 

phosphinate-based complexes (order of milligrams), allowing for the exploration of 

bulk applications such as thin films and polymer conjugation studies. 
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2.2.7. Stability of [Eu.L5] in Nucleophilic Solvents 

[Eu.L5] is formed as a racemic mixture of the Δ(λλλ) and Λ(δδδ) enantiomers. To 

enable potential future use as a chiral CPL emitter, the complex [Eu.L5] must be 

resolved into the two enantiomers using chiral HPLC. Prior to attempting chiral 

resolution, the stability of [Eu.L5] in MeOH and H2O was investigated at room 

temperature and at 60 °C to determine if the complex would be robust for attempted 

chiral HPLC using these solvents and for future applications. The stability tests were 

carried out due to concerns that the nitro group on the single arm could undergo 

nucleophilic substitution, preventing the use of MeOH, the solvent of choice for chiral 

resolution on the available chiral columns (Daicel ChiralPak IC & ID). The complex 

was observed to be completely stable under the conditions at room temperature and 

at 60 °C, as confirmed via LCMS. 

The stability of [Eu.L5] in MeOH allowed for the testing of chiral HPLC resolution 

conditions in isocratic methanol, isocratic ethanol, and isocratic acetonitrile. However, 

no chiral separation was achieved. A more thorough investigation needs to be 

performed to resolve the two enantiomers of [Eu.L5] on chiral HPLC.  

 

2.2.8. Thiol Substitution of [Eu.L5] as a Proof-of-concept for Bioconjugation 

Previous studies have reported the synthesis of a diphosphinate analogue of [Eu.L5] 

that was shown to undergo nucleophilic aromatic substitution of the nitro group, 

allowing for late-stage functionalisation of the complex for biological targeting and 

imaging, (vide supra - Section 1.4.1).18 To demonstrate the potential of [Eu.L5] in 

analogous applications, a proof-of-concept investigation was undertaken in which the 

racemate [Eu.L5] was stirred with reduced L-glutathione under various conditions.  

A preliminary test was carried out mimicking the conditions used in the reported study, 

where ammonium bicarbonate buffer solution (25 mM) was used.18 MeOH was 

required to assist dissolution of the complex due to its poor solubility in aqueous media. 

[Eu.L5] (1 mg) was dissolved in MeOH (1 mL). Ammonium bicarbonate solution (3 mL, 

25 mM) was added to ensure the reaction was carried out at physiological pH, as being 

able to perform conjugation under these mild conditions is important for devising 

biological sensing applications in the future. Two equivalents of reduced L-glutathione 
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were added and the solution was stirred at 293 K, with monitoring by LCMS. After 6 h, 

conversion of the complex to [Eu.L5B], the L-glutathione substituted derivative of 

[Eu.L5], (Figure 2.39) was observed but the starting complex was still present. The 

reaction was confirmed to have occurred, so a brief optimisation was attempted 

varying the ratio of ammonium bicarbonate buffer and methanol used as the reaction 

solvent. To each test solution, varying stoichiometries of reduced L-glutathione were 

added relative to the amount of [Eu.L5]. Full conversion was observed with 25 

equivalents of reduced L-glutathione in pure methanol. Future work will aim to optimise 

the process further, attempting to lower the equivalents of reduced L-glutathione while 

still obtaining a satisfactory yield. Importantly, [Eu.L5B], was able to be formed under 

extremely mild conditions: room temperature, exposed to the atmosphere, at 

physiological pH, and without using harsh conditions or catalysts. The mild conditions 

mean that the proof-of-concept study has demonstrated that [Eu.L5] can be further 

investigated for its uses in biological applications. A brief photophysical 

characterisation of [Eu.L5B] was obtained, (Table 2.6).  

Figure 2.39. Structure of the L-glutathione substituted complex [Eu.L5B]. 

 

Table 2.6. Absorption maximum abs, quantum yield ϕ, and emission lifetime τ of [Eu.L5B] in 

methanol. 

Complex abs / nm ϕ / % τ (± 0.03) / ms 

[Eu.L5B]  344 7 0.94 

 

2.2.9. Photophysical Studies and Solvatochromism of [Eu.L5] 

The racemic complex [Eu.L5] was fully characterised by obtaining UV-Vis absorption, 

excitation, and emission spectra in different solvents. The molar extinction coefficient 
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ε() was measured in DCM to be (46 ± 6) x 103 M-1 cm-1
 at 348 nm. The quantum yield 

ϕ, brightness B(), and emission lifetime τ of the complex in various solvents were also 

measured, (Table 2.7). 

 

Table 2.7: Absorption maximum abs, quantum yield ϕ, brightness B(), and emission lifetime 

τ of [Eu.L5] in various solvents, with normalised Reichardt polarity parameters ET
N

 of the 

solvents. a It is assumed here that quantum yields are constant across the absorption band for 

[Eu.L5]. b The complex was dissolved in minimal MeOH prior to dissolution in H2O, due to low 

solubility in H2O (final solution 10% v/v MeOH in H2O). N.D. = not determined. 

 

Solvent exc / nm ET
N

 [29] ϕ / % 
B(λ) at 348 nma / mM-1 

cm-1 

τ (± 0.03) / 
ms 

H2Ob 352 1.000 <1 0.2 0.52 

MeOH 348 0.762 14 6.4 0.97 

EtOH 346 0.654 13 6.1 0.95 

Isopropanol 344 0.546 21 9.5 1.01 

MeCN 340 0.460 12 5.7 1.13 

DMSO 340 0.444 13 5.8 0.96 

DMF 338 0.404 10 4.5 1.02 

Acetone 338 0.355 15 6.9 1.12 

NMP124 332 0.355 ND ND 0.99 

DCM 348 0.309 11 5.2 1.01 

 

A plot of the absorption, emission, and excitation spectra of [Eu.L5] in MeOH is shown 

in Figure 2.40, displaying a large pseudo-Stokes shift of over 250 nm, that is the 

difference between the absorption maximum of the sensitising ligand and the 

characteristic Eu(III) emission at approximately 615 nm. 
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Figure 2.40. Absorption (blue), excitation (green, em = 615 nm), and emission spectra (red, 

exc = 348 nm) of [Eu.L5] in methanol. The central insert shows three clear bands in the ΔJ = 

2 manifold. 

 

The excitation spectrum closely follows the curve of the absorption spectrum, 

confirming that Eu(III) centred emission is occurring in [Eu.L5] as a result of the 

antenna effect. In the free chromophore arm, the energy absorbed during excitation is 

re-emitted as short-lived fluorescence. When the chromophore is bound in the 

complex, the energy transfer rate is larger than the rate of radiative emission from the 

chromophore. As a consequence, it is the long-lived emission from Eu(III) that is 

observed while fluorescence from the ligand is completely suppressed.121 
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Figure 2.41: Maximum absorption frequency as a function of normalised Reichardt solvent 

polarity parameter EN
T (purple) for [Eu.L5] in various solvents, exhibiting positive 

solvatochromism. 

 

With the exception of DCM, [Eu.L5] displays an increase in abs as the relative polarity 

of the solvent increases (Table 2.7, Figure 2.41). The increase in exc with increasing 

solvent polarity results from the relative stabilisation of the ground and excited charge 

transfer states of the complex. The excited charge transfer state is preferentially 

stabilised compared to the ground state, with a larger relative stabilisation in more 

polar solvents, (discussed in Section 1.2.5). In more polar solvents, the absorptive 

transition has lower energy, resulting in the so-called positive solvatochromism 

observed here. The inverse dependence of the absorption maximum with increasing 

solvent polarity is consistent with an increased stabilisation of the internal charge 

transfer state in more polar solvents, previously discussed in Section 1.2.5. An 

analogous complex previously reported, bearing three chromophore arms of identical 

nature to [Eu.L5] but with all phosphinate donors instead of carboxylate donors, also 

demonstrated positive solvatochromism.65 The point in Figure 2.41 resulting from 

[Eu.L5] in DCM is an outlier and suspected to be due to the presence of specific 

solvent effects in DCM, such as H bonding. 

 
No correlation between the solvent polarity and the quantum yield and lifetime of 

[Eu.L5] in solution was observed. Notably, [Eu.L5] in water had an exceptionally low 

quantum yield, which can be rationalised considering the effective quenching of the 

europium excited states by O–H oscillators (vide supra – Section 1.1.4), which can 
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interact more with the central lanthanide ion due to their weaker binding affinity 

compared to phosphinate-based ligands. 

The spectral form of the total emission spectrum of [Eu.L5] was found to be solvent 

dependent, (Figure 2.42.A). Previous studies have shown that the ΔJ = 2 and ΔJ = 4 

manifolds in Eu(III) complexes are sensitive to solvent effects65 so these were 

investigated in more detail for [Eu.L5], (Figure 2.42.B-C). The most intense transition 

A, in the ΔJ = 2 manifold centred around 614 nm, showed a very minor change in the 

maximum; with increasing solvent polarity a small bathochromic shift was observed. 

The shoulder  of the main transition results from another transition that has been 

resolved previously for complexes with all phosphinate donors65 but cannot be 

resolved for the complex [Eu.L5] which has all carboxylate donors. [Eu.L5] displays 

two main bands in the ΔJ = 2 manifold, consistent with previously reported all 

carboxylate donor analogues106 and with the quasi-C3 symmetry of the ligand field. A 

longer wavelength transition B centred around 622 nm is also visible and with 

increasing solvent polarity a hypsochromic shift of the maximum was observed. 
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Figure 2.42: (2.42.A) Total emission spectra of [Eu.L5] in various solvents (excitation at λexc 

for each solvent). Expanded emission spectra of [Eu.L5] in various solvents to show the ΔJ = 

2 (2.42.B) and ΔJ = 4 (2.42.C) manifolds. Legend for all three figures shown in top right. 
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In the ΔJ = 4 manifold, the most intense transition D was observed around 689 nm 

with a transition C not clearly resolved around 685 nm and a third transition E around 

696 nm. The transition C appears to display little variation in intensity or position with 

solvent polarity. With increasing solvent polarity, the most intense transition D was 

observed to undergo a bathochromic shift. In contrast, transition C appears to undergo 

a hypsochromic shift as solvent polarity increases. 

Figure 2.43: Ratios of the intensity of emissive transitions A vs. B (red) and D vs. E (green) 

in [Eu.L5] as a function of solvent polarity. Transitions are labelled as described in Figure 2.42. 

 

The intensity ratios of emissive transitions A vs. B (red, 614 – 621 nm) and D vs. E 

(green, 688 – 697 nm) in the ΔJ = 2 and ΔJ = 4 manifolds respectively were compared 

to determine if there was any correlation with solvent polarity, (Figure 2.43). For the 

intensity ratio of D vs. E, a negative correlation was observed with increasing solvent 

polarity. 

In the total emission spectra of [Eu.L5], the ΔJ = 2 manifold and the ΔJ = 4 manifold 

were found to be highly solvent dependent as seen in previous studies.52,65 As will be 

demonstrated in the following pages, [Eu.L5] was shown to have no water molecules 

present in its primary coordination sphere, (vide supra - Section 2.1.11). It is 

reasonable to suggest that solvent polarity effects on the ligand field are not due to 

first-shell interaction but rather to the influence the hypersensitive transitions and that 

the coupling of the solvent dipole to the chromophore arm dipole, especially in the 

internal charge transfer state, affect its polarisability and therefore the emission 

spectra of the complex. 
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2.2.10. Effect of Deuterated Solvents on the Photophysical Properties of [Eu.L5] 

The photophysical properties of [Eu.L5] in deuterated ethanol (EtOD) and deuterium 

oxide (D2O) were also measured. A comparison between the photophysical properties 

of [Eu.L5] in the deuterated solvents and their hydrogenated analogues is presented 

in Table 2.8. 

 

Table 2.8: Absorption maximum exc, quantum yield ϕ, brightness B(), and emission lifetime 

τ of [Eu.L5] in H2O and EtOH and their deuterated analogues.  
a It is assumed here that quantum yields are constant across the absorption band for [Eu.L5]. 
b The complex was dissolved in minimal MeOH prior to dissolution in H2O, due to low solubility 

in H2O (final solution 10% V/V MeOH in H2O). 

Solvent exc / nm ϕ / % B(348 nm)a / mM-1 cm-1 τ (± 0.03) / ms 

H2Ob 348 0.50 0.2 0.52 

EtOH 348 13 6.1 0.95 

D2O 350 0.78 0.4 0.60 

EtOD 352 21 9.8 1.07 

 
 

A 56% increase in quantum yield was observed going from H2O to D2O, along with a 

15% increment in emission lifetime. Analogously, a 62% increase in quantum yield 

and a 12% increase in emission lifetime were observed going from EtOH to EtOD. 

These increases can be attributed to a reduced amount of vibrational quenching of the 

Eu(III) excited state in the deuterated solvents. As seen in Section 1.1.4, quenching of 

the 5D0
 state by five vibrational quanta of the O–D bond is less efficient than quenching 

by three vibrational quanta of the O–H bond.125  

Using equation 2.2,126 the number of solvent molecules in the first coordination sphere 

of [Eu.L5] was calculated to be 0.27 ± 0.13, i.e. no water molecules are present in the 

first coordination sphere of [Eu.L5]. This result provides direct evidence for the 

complete saturation of the primary coordination sphere of [Eu.L5] by the TACN-based 

ligand. 

𝑞 = 1.11  [𝜏H2O
−1 − 𝜏D2O

−1 − 0.31]                                          (2.2) 
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2.2.11. Multiphoton Excitation of [Eu.L5] 

The requirement for simultaneous absorption of two photons means 2PE can put small 

voxels under investigation; only points where the intensity of excitation light is high 

enough will have enough photons present for 2PE.69 2PE was attempted for [Eu.L5] 

in ethanol as a proof-of-concept study, assessing the viability for [Eu.L5] to be excited 

in this way. The excitation maximum of [Eu.L5] in ethanol had been determined 

previously as 346 nm, so the emission spectrum of [Eu.L5] was recorded at excitation 

wavelengths from 680 – 710 nm. The two-photon emission intensities were 

superimposed on the single-photon absorption spectrum, (Figure 2.44.A). The form of 

the emission spectrum of [Eu.L5] in ethanol being unchanged when excited at 355 nm 

or 710 nm (a detail of the ΔJ = 2 manifold is shown in Figure 2.44.B) confirms that the 

emission does not depend on the pathway used to populate the emissive excited state. 

The dependence of the emission intensity on the laser power was measured, (Figure 

2.44.C), and the slope was found to be 1.75 ± 0.15, confirming that excitation does 

indeed occur via a 2PE process. Finally, using equation 11, with comparison to 

rhodamine B in methanol,72 the 2PE cross-section of [Eu.L5] in ethanol was calculated 

to be 460 GM, where 1 GM = 10-50 cm4 photon-1.  
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Figure 2.44: (2.44.A) Single-photon absorption spectrum (solid purple line) and 2PE emission 

intensity (black triangles) for [Eu.L5] in EtOH. (2.44.B) Emission spectra of [Eu.L5] from 1PE 

(λexc = 355 nm, red) and 2PE (λexc = 710 nm, blue) in ethanol. (2.44.C) Power dependency of 

the emission intensity (red circles) of the 2PE at λexc = 700 nm.  
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2.2.12. Late-stage substitution of the para-nitro group of [Eu.L5] 

Failure of chiral resolution of [Eu.L5] is attributed to its poor solubility in MeOH, i.e. the 

solvent of choice for chiral HPLC using the DAICEL ChiralPak-IC and -ID columns, as 

well as to the strong electron withdrawing effect of the nitro group, effectively reducing 

the intensity of the π-stacking interactions with the aromatic moieties in the chiral 

stationary phase. Other solvents that provide better solubility were trialled as the 

mobile phase for chiral resolution, such as EtOH, MeCN, EtOAc, but without success. 

For this reason, late-stage substitution of the electron withdrawing para-nitro group of 

[Eu.L5] for an electron donating para-methoxy group was attempted, (Figure 2.45).  

 

Figure 2.45: Late-stage substitution of the para-nitro group with a para-methoxy group. 

 

Sodium methoxide formed in situ by oxidising metallic sodium with methanol was used 

as the nucleophile to readily displace the para-nitro group via nucleophilic aromatic 

substitution, exploiting a late-stage functionalisation concept previously described in 

the literature.123 The reaction proceeded to completion as soon as the sodium 

methoxide solution was added to the [Eu.L5] complex. This was evident due to the low 

solubility of the para-nitro complex in MeOH, as opposed to the para-methoxy product, 

resulting in the immediate disappearance of the white suspension to afford a clear 

light-yellow solution. Chiral HPLC failed in this case too: the next step consists of the 

exploration of different chiral stationary phases with which the complex interacts more 

strongly. A screening approach is necessary since it is not possible to predict how the 

complex will interact with different chiral stationary phases.  
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2.3. Tb(III) Complexes for OLEDs 

2.3.1. Definition of the target 

The structures of three possible synthetic targets, hereinafter collectively referred to 

as [Tb.LA-C], are shown in Figure 2.46. These complexes are based on a 1,4,7-

triazacyclononane (TACN) scaffold possessing C3 symmetry about the central metal 

ion. The TACN macrocycle is grafted with three identical pendant biaryl arms. Biaryl 

chromophores are efficient sensitisers for Tb(III) emission due to their excited state at 

around 22,000 cm-1 (the emissive level of Tb(III) 5D4 is 22,450 cm-1).17,127 The large 

steric hindrance afforded by the phenyl phosphinate donor arms make these 

complexes good candidates for chiral resolution via chiral HPLC.  

Figure 2.46. Structure of the three proposed synthetic targets [Tb.LA-C]. 

 

Diversity is easily included using different commercially available top aryl rings with 

varying substituents, for example compounds A-C. The substituents are expected to 

affect the solubility of the complex while only marginally affecting the sensitisation 

efficiency of the antenna, therefore allowing tailoring of solubility in chlorinated solvent 

usually preferred to make OLEDs via solution-based processing. High brightness due 

to efficient biaryl antenna sensitisation and highly dissymmetric CPL arising from 

Tb(III), coupled with high thermal and racemisation stability due to the high steric bulk 

of the phenyl phosphinate donors are expected to afford good CP-OLEDs with a long 

lifespan. 
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The photophysical characterisation of racemic and enantiopure complexes was 

carried out in Durham, whereas electrochemical characterisation and OLED trialling 

were performed at Imperial College by Dr Francesco Furlan. Identification of the 

HOMO – LUMO of the complex was performed by cyclic voltammetry following a 

procedure previously reported at University of Pisa.128  

 

2.3.2. Synthesis of [Tb.LA-C] 

A schematic description of the synthetic route to afford [Tb.LA-C] is presented in 

Figure 2.47. 

Figure 2.47. Schematic synthetic route to make [Tb.LA-C] from a common intermediate 

prepared in 5 steps, compound 1, and three commercial arylboronic acids, compounds A-C. 

 

The common precursor 1 can be reacted with three different arylboronic acids, 

compounds A-C, in palladium(0)-catalysed Suzuki-Miyaura cross-couplings to afford 
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the chromophores as alcohols (compounds 2A-C). Similar coupling reactions on 

analogous substrates have been reported in detail.45 To probe the feasibility of this 

synthetic step, a small scale proof-of-concept test were carried out successfully. 

Mesylation of the antenna to facilitate the subsequent trialkylation of TACN, followed 

by hydrolysis of the phosphinate esters and complexation with a suitable Tb(III) salt 

will afford the targets [Tb.LA-C] as a racemic mixture.55,123 [Tb.LA] was selected as the 

representative of the [Tb.LA-C] series and synthesised to perform the preliminary work 

described in the present section.  

Suzuki coupling reaction conditions were optimised using a different, easier to prepare 

precursor compared to the phenyl phosphinate pyridyl shown in Figure 2.47, i.e. the 

previously synthesised dicarboxylate ester, compound 1. This was done under the 

assumption that the specific nature of the ester groups does not affect the reactivity of 

the para-bromo group towards the arylboronic acid. Three reaction conditions were 

trialled based on previous examples in the literature, all using caesium carbonate as 

the base, in different solvents and with different palladium catalysts, (Figure 

2.48).45,123,129 Reactions were performed at 90 °C after degassing the solution for 15 

minutes prior to the addition of the catalyst. LC/MS was performed after 48 hours 

revealing that all conditions resulted in yields around 60%. However, condition number 

2 was picked due to the absence of side products for the sake of an easier purification. 

Figure 2.48. Three conditions to test solvent and palladium catalyst for Suzuki coupling.   

 

Reaction conditions 2 were used to prepare compound 2A as shown in Figure 2.48. 

The crude product showed no starting material in LC/MS after 48 hours. The product 

was extracted in EtOAc/10% LiCl w/w in water to remove DMF. The black residue 

obtained by evaporating the organic layer was further purified on reverse phase HPLC 

in MeCN/water to afford the product with a 58% yield. Analogous reaction conditions 

were used to prepare compound 2B from the corresponding top aryl B. However, the 
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reaction proceeded at a slower rate due to the larger steric hindrance at the boronic 

acid reaction site. Compound 2A was selected over its counterpart 2B to explore the 

rest of the synthetic route due to its easier preparation. 

Figure 2.49. Preparation of the biaryl antenna 2A from its precursors 1 and A. 

 

Mesylation of 2A in quantitative yield with methylsulphonic anhydride and DIEA in 

anhydrous THF and following alkylation on TACN with potassium carbonate basic 

catalyst in anhydrous MeCN of the ligand LA. The complex [Tb.LA] was obtained via 

alkaline hydrolysis of the three phosphinate esters of LA followed by acidic metallation 

with terbium(III) chloride hexahydrate. The crude complex was purified via reverse 

phase HPLC in MeOH/water to afford [Tb.LA] as a white powder, with an overall 57% 

yield over two steps. 

 

2.3.3. Characterisation of the HOMO – LUMO system of [Tb.LA]  

The HOMO and LUMO energy levels of [Tb.LA] were measured using a joint 

spectrophotometric and electrochemical investigation. Measuring the HOMO and 

LUMO is essential to find hosts that have energy levels suitable to transfer energy to 

the host [Tb.LA]. Absorption, excitation, and emission spectra of [Tb.LA] were 

acquired in chloroform, (Figure 2.50). Lifetime was measured to be (1.88 ± 0.02) ms. 

The band gap is the energy threshold for photons to be absorbed by a material. In the 

case of [Tb.LA], as shown in Figure 2.50, the band gap is equal to 320 nm (= 3.9 eV). 

Although not identical, the band gap provides a good first approximation of the HOMO 

– LUMO gap.  
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Figure 2.50. Absorption, excitation, and emission spectra of [Tb.LA] in chloroform.  

 

Cyclic voltammetry (CV) was performed according to a previously reported 

procedure128 (vide infra - Experimental Methods Chapter) and is shown in Figure 2.51 

and was measured in collaboration with Dr Francesco Furlan and Dr Martina Rimmele 

at Imperial College London. Cyclic voltammetry is an electrochemical measurement 

employed to measure redox properties using an electrochemical cell with a 3-electrode 

configuration: a working electrode, hosting the redox process of interest, a counter 

electrode, to complete the electrical circuit, and a reference electrode, with a well-

defined potential to reference the potential of the other electrodes. All electrodes are 

immersed in an electrolyte solution and a potential sweep is applied over time, allowing 

redox reaction to occur at the working electrode. The collected current provides the 

current-voltage (I-V) characteristics, defined as a voltammogram. The sequence of 

three reversible reduction peaks corresponds to the sequential reduction of each biaryl 

antenna to afford the corresponding anionic radical. In the voltammogram shown in 

Figure 2.51, the first reduction process corresponds to the filling of the LUMO of 

[Tb.LA]. The absolute reduction potential was determined by addition of ferrocene to 

the solution to reference the potential since its redox potential is known to be +0.4 eV. 

Combining this absolute measurement with the estimated HOMO – LUMO difference 

of 3.9 eV, the energies of the HOMO and LUMO of [Tb.LA] were calculated to be -6.8 

eV and -2.7 eV, respectively. 
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Figure 2.51. Voltammogram of [Tb.LA]. 10-5 M [Tb.LA] in a 0.1 M solution 

of  tetrabutylammonium hexafluorophosphate in MeCN. 

 

2.3.4. Investigation of hosts for OLEDs 

Commercially available hosts that are solution processable usually range between a -

2.3 eV LUMO and a -6.2 eV HOMO. Efficient charge injection and exciton trapping on 

the emissive material can occur if the HOMO and LUMO of the active material are 

contained between those of the host. The remarkably deep HOMO energy of -6.8 eV 

of [Tb.LA] poses a great challenge, since most commonly used host materials have 

an insufficiently deep HOMO. Two commercially available compounds were identified 

as potential host material candidates: BSB (4,4'-di(triphenylsilyl)-biphenyl) and TSPO1 

(diphenyl[4-(triphenylsilyl)phenyl]phosphine oxide), (Figure 2.52). These were 

benchmarked against the very commonly used host material PVK:OXD-7 (poly(9-

vinylcarbazole : 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene), (Figure 

2.53). Due to the expected difficulties, the OLED fabrication tests described in this 

chapter were carried out with racemic [Tb.LA], since its energetic properties are not 

affected. 

Figure 2.52. Structure and HOMO – LUMO energy levels of BSB and TSPO1. 



Davide De Rosa PhD Thesis                 Single-sign CPL emitting Ln(III) complexes and their applications 

 124 

 

Figure 2.53. Structure of PVK:OXD-7. HOMO (PVK) = -5.6 eV, LUMO (OXD-7) = -2.7 eV. 

 

Benchmark OLEDs were made using a 10% weight [Tb.LA] guest in a PVK:OXD-7 

host with the following structure: ITO/HTL/Active layer/TPBi/Ca/Al, where TPBi 2,2',2''-

(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) constitutes the electron 

transport layer. Three different types of device configuration with different HIL/HTL 

were tested: PEDOT:PSS; PEDOT:PSS/TFB and PEDOT:PSS/PVK, where TFB = 

Poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine). The J-V-L curve in 

the case of PEDOT:PSS/PVK is reported in Figure 2.54. Despite the low turn-on 

voltage (5.1 V), the light emission was white, meaning that there were no energy 

transfer or charge injection processes occurring from the host to the guest. The white 

emission was attributed to emission from the exciplex of PVK:OXD-7, as reported in 

the literature.130  

Figure 2.54. J-V-L curve of the ITO/PEDOT:PSS/PVK/PVK:OXD-7:[Tb.LA]/TPBi/Ca/Al 

OLED. 
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An electroluminescence spectrum was recorded, (Figure 2.55). A small peak at 550 

nm, corresponding to the strongest emission peak of Tb(III) is superimposed to the 

broad exciplex electroluminescence spectrum that accounts for the white emission. 

Evidence of emission arising from [Tb.LA] suggests that it can work as an OLED 

emitter, provided that a more suitable host-guest system can be found.  

Figure 2.55. Electroluminescence spectrum of PVK:OXD-7. The 550 nm Tb(III) emission peak 

is highlighted in the red circle. 

 

A similar ITO/PEDOT:PSS/PVK/Active layer/TPBi/Ca/Al architecture was tested, 

where the active layer consisted of a blend of BSB and [Tb.LA] with different 

proportions, ranging from 2% to 20% weight of [Tb.LA] in BSB. The best performances 

were obtained with a 10% weight ratio and the relative J-V-L curve is shown in Figure 

2.56, left. The insert shows a picture of the pale green emission obtained at low 

luminance (< 1 cd/m2). At higher luminance, white emission arising from TPBi 

electromer formation overcomes the green emission. Due to the low luminance, a 3 h 

accumulation was performed to record an electroluminescence spectrum with a good 

signal-to-noise ratio, (see Figure 2.56, right). Observation of the emission intensity at 

different times during this measurement proved the stability of the device when 

powered at 7.5 V. The first two emission manifolds of Tb(III) are highlighted in the red 

circles. 
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Figure 2.56. J-V-L curve (top) and electroluminescence spectrum (bottom) of the 

ITO/PEDOT:PSS/PVK/BSB:[Tb.LA]/TPBi/Ca/Al OLED. 

 

Finding a host that can match the very deep HOMO of [Tb.LA] is a challenge that 

needs to be overcome to use it as a green emissive guest to fabricate OLEDs. 

However, the good optical properties of its emission, namely sharp emission peaks 

and excellent colour purity, were confirmed by electroluminescence spectra. 
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One further step ahead could be using TSPO1 as a host, with its remarkably low -6.8 

eV HOMO. Pursuit of an ETL other than TPBi would also prevent the formation of the 

electromer responsible for the white background electroluminescence. More exotic 

hosts, including custom-made ones, may be explored and could provide better energy 

transfer and charge trapping properties, leading to higher efficiency and higher colour 

purity spectra.  

 

 

2.4. Summary  

The following aims were achieved: 

1) Synthesis of a Eu(III) complex that displays mono-signate CPL transitions 

within a single emission manifold; 

2) Design of a Eu(III) complex with linkers that enable late-stage functionalisation; 

3) Synthesis of a Tb(III) complex with the potential to be used as the CPL-active 

green emitter to fabricate circularly polarised OLEDs; 
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1) The TACN-based complex [Eu.L1] was identified as the target and synthesised. 

Chiral separation failed due to its negative charge. Conversion into its more apolar 

ethyl ester counterpart [Eu.L1]b allowed resolution of the two enantiomers. It was 

found that the two brightest emission manifolds (ΔJ = 1 and ΔJ = 2) of [Eu.L1]b are 

monosignate in NMP and EtOAc, effectively keeping opposite CPL sign cancellation 

low. NMP and EtOAc were chosen as solvents as they mimic the monomeric units 

constituting polyvinylpyrrolidone (PVP) and polymethylmethacrylate (PMMA), 

respectively. Embedding [Eu.L1]b in PMMA and PVP proved that the CPL spectrum 

sign features are retained when going from solution to films. This is particularly 

relevant when envisioning applications where bright, monosignate lanthanide-based 

films are used for calibration of CPL instrumentation. Strong CPL spectra of the Λ 

enantiomer of [Eu.L1]b
 in NMP were recorded using two-photon excitation (2PE).  

2) A novel TACN-based Eu(III) complex, [Eu.L5], was synthesised, comprising three 

pyridyl-based carboxylate donor groups which saturate the coordination sphere of 

Eu(III). Two pyridylalkynylaryl antennae are grafted onto the macrocycle to enable 

efficient sensitisation of Eu(III) emission both in the UV region with single-photon 

excitation and in the NIR near-infrared via 2PE. A third macrocycle site is 

functionalised with a single pyridyl pendant arm, enabling linkage of the complex to 

various molecules via a para-nitro group that allows for facile late-stage 

functionalisation with a broad set of substituents. One of the aims of this work was to 

study how the total emission and CPL spectral profile of all-carboxylate complexes 

differ from those of all-phosphinate complexes. This objective was not pursued due to 

the failure of chiral resolution of the carboxylate-based [Eu.L5].  
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The shorter synthetic route of carboxylate donors compared to phosphinate ones 

afforded a larger amount of final product (50 mg, one order of magnitude larger than 

the usual mass obtained in the case of phosphinate donor-based complexes). The 

alkylation order necessary to install two different types of arms on the TACN scaffold 

was optimised to avoid the exposure of the alkynyl group to trifluoroacetic acid, which 

was shown to be the cause of the degradation of the triple bond of the antenna. 

Conjugation reactions, such as thiol-bearing polymer end-group modifications to 

obtain Eu(III)-tagged CPL emissive polymers. This is possible since conjugation 

reactions are mild and are expected to preserve the enantiopurity of the complex. A 

successful proof-of-concept conjugation test reacted racemate [Eu.L5] with reduced 

L-glutathione under various conditions.  

3) A novel Tb(III) chiral complex, [Tb.LA], characterised by the presence of three 

strongly sensitising biaryl arms was synthesised with the intention of preparing a green 

dopant for the fabrication of Circularly Polarised OLEDs. Combined photophysical and 

electrochemical characterisations via fluorescence spectroscopy and cyclic 

voltammetry were performed to estimate the energy of the HOMO and LUMO of 

[Tb.LA], calculated to be -6.8 eV and -2.7 eV, respectively. Commercially available 

hosts that are solution processable usually range between a -2.3 eV LUMO and a -6.2 

eV HOMO. The remarkably deep HOMO energy of -6.8 eV of [Tb.LA] poses a great 

challenge since a host with an insufficiently deep HOMO level does not ensure charge 

injection or exciton trapping on the emissive material. Preliminary attempts using 

commercially available hosts with similar, although not perfectly matching energy 

levels were performed. The presence of the signature green Tb(III) emission was 

proven via electroluminescence spectrometry, showing the potential of [Tb.LA] as an 

emitter in OLEDs once better novel host materials with a large bandgap are found. 
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Chapter Three: Solvent Dependence and Racemisation Kinetics 
 

The content presented in this chapter is based on the following publication:  

Davide F. De Rosa, Matthieu Starck, David Parker, Robert Pal, Unlocking same-sign 

CPL: solvent effects on spectral form and racemisation kinetics in nine-coordinate 

chiral europium(III) complexes, Chemistry – A European Journal, Vol. 30, Issue 9, 

February 12, 2024, /doi.org/10.1002/chem.202303227 

 

The main goal of the work presented in this Chapter is to study of the dependence of total 

and CPL emission of Eu(III) complexes on solvent polarity and investigation of solvent effects 

on racemisation kinetics.  

 

3.1. Introduction 

3.1.1. Motivation for the Study 

Understanding the factors that shape the circularly polarised luminescence (CPL) 

emission profiles of Eu(III)-based CPL emitters to have specific sign properties, e.g. 

monosignate individual CPL transitions, is key to the design of novel chiral complexes 

for applications ranging from advanced security inks to bio-probes for live cell imaging.  

Additionally, in terms of solvent polarity, solvent-specific effects influencing the kinetic 

stability of Eu(III) complexes with respect to enantiomer interconversion were 

investigated. The interactions between the chosen donor moieties that coordinate 

Eu(III) and the nature and polarity of the solvent determine the rate of racemisation 

and are crucial in the pursuit of chiral lanthanide emitters that are stable towards 

racemisation for applications at room temperature. 

 

3.1.2. Properties of the Complexes 

It is often assumed that lanthanide luminescence is fundamentally independent of the 

metal coordination environment, owing to the effective shielding experienced by the 4f 

orbitals. Recent findings highlight the striking effect of solvent polarity in determining 

emission spectra in coordinatively saturated complexes.65 The present work extends 

the scope of the study performed by Fradgley et al. to quasi-C3 symmetric complexes, 
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named [Eu.L7-9], (Figure 3.1), synthesised and chirally separated by Dr Matthieu 

Starck.114,131 A photophysical and kinetic investigation has been conducted on this 

series of coordinatively saturated nine-coordinate Eu(III) systems based on 1,4,7-

triazacyclononane to correlate structure and spectral features. 

The lower symmetry removes the degeneracy of some transitions, leading to greater 

complexity in the spectral profile. The structurally related complexes [Eu.L7-9], 

possessing one, two, and three antennae, are used to probe the effect of small 

variations in the coordination environment.  

Figure 3.1. Structures and schematic representation of [Eu.L7-9].30  

 

The ligand field and hence the spectral properties of Eu(III) complexes, are also 

affected by the nature and polarisability of the chromophores’ donor groups. Since the 

polarisability of the chromophores is a function of solvent polarity, solvent dependent 

changes in luminescence are expected for such complexes. Understanding how 

solvent polarity shapes the CPL emission profile is a prerequisite in devising novel 

Eu(III) complexes with desirable chiroptical properties for applications such as in vivo 

sensing and security tagging. This issue is particularly relevant, as the rapid detection 

of CPL is facilitated by having relatively broad monosignate transitions within a given 

manifold in the CPL fingerprint spectrum.   
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Macrocyclic Eu(III) complexes of nonadentate ligands do not normally suffer from 

ligand dissociation in aqueous media and are not quenched by dissolved oxygen.131,132 

The presence of pyridylalkynylaryl chromophores in the ligand also allows efficient 

multiphoton excitation.69,86 Controlling the sign and intensity of individual CPL 

transitions within a single emission manifold is key to tailor CPL spectra for specific 

purposes. Compared to total emission, CPL spectra may have increased resolution of 

individual transitions,43 providing valuable insight into fine splitting states. In this case, 

the ideal highly resolved and informative CPL spectrum often consists of a sequence 

of opposing sign transitions within a single emission manifold. An interesting potential 

application of such a situation is in tailored CPL spectral fingerprint barcoding.133 

Conversely, a monosignate spectrum is ideal in circumstances where the goal is to 

maximise the number of photons having a defined CP handedness within a single 

emission manifold,. In this case, applications include CPL microscopy69 and 

photography134 using low-cost broad bandpass filters. 

 

3.1.3. Theory of Solvatochromism 

Solvatochromism refers to the reversible change in either absorption or emission 

spectral features of a fluorophore in different solvents. These changes are typically 

rationalised in terms of the differential effect that solvent polarity has in shifting the 

ground and first excited states of the emissive species, thereby affecting this energy 

difference. Fluorophores typically have a larger electric dipole moment in the excited 

state compared to the ground state. Emission wavelengths increase with increasing 

solvent polarity because while both the ground state and excited state of a fluorophore 

can be stabilised, the excited state is usually stabilised to a greater extent, resulting in 

a red shifted (bathochromic) emission in more polar solvents. In certain cases, e.g. for 

fluorophores which can access an internal charge transfer (ICT) state, solvent polarity 

effects are also observed in absorption spectra.71 Being an excited state characterised 

by a strong charge separation and therefore a high electric dipole moment, the energy 

of the internal charge transfer state is altered by solvent polarity. As a consequence, 

variations in the spectral profile and shifts in absorption maxima can also be observed, 

in addition to the more commonly observed changes in emission spectra.71 The 

Reichardt solvent polarity parameter ET is commonly used to classify solvent polarity 

and is calculated using the longest wavelength absorptive transition of a pyridinium-
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N-phenoxide betaine dye. More often, the normalised Reichardt solvent polarity 

parameter ET
N
 is used, where the values of ET

N
 of tetramethylsilane and water are 

normalised to 0 and 1, respectively.135 

Recent work from Fradgley et al. has continued to challenge the dogma that lanthanide 

emission is insensitive towards changes in the ligand field, by showing that 

solvatochromism behaviour is not restricted to hypersensitive transitions.65 The 

reference compounds examined were coordinatively saturated chiral Eu(III) 

complexes, in which solvent molecules cannot access the first coordination shell of 

the lanthanide ion due to preferential nonadentate binding of the ligand donor atoms. 

This situation excludes the possibility that the observed change is due to first-shell 

solvent-ion interactions. As anticipated, Eu(III) complexes that can access ICT excited 

states show marked solvatochromism in absorption. The small wavelength shifts in 

emission and variations of emission intensity were rationalised in terms of the changes 

of the ligand field experienced by the lanthanide centre in different solvents.  

Solvent polarity exerts a complementary effect on total emission and CPL spectra. An 

increase in the magnitude of the electric dipole transition moment, usually favoured in 

polar solvents, leads to increased total emission intensity, since the oscillator strength 

of a transition is proportional to its square. Conversely, the dissymmetry factor, gem, is 

inversely proportional to the magnitude of the electric dipole transition moment, usually 

leading to a decrease of CPL in more polar solvents, (eq. 3.1):  

𝑔em(𝜆) = 4
|𝐦𝑖𝑗|

|𝛍𝑖𝑗|
cos 𝜃𝛍,𝐦                                  (3.1) 

Notwithstanding the contribution of the magnitude of the electric (µij) and magnetic 

(mij) dipole transition moments, the dissymmetry factor (gem) is modulated by the angle 

between these two vectors and relates to the rotatory strength of the transition. The 

relative orientation of the two vectors is also expected to be affected by solvent polarity 

up to the point of being sufficient even to reverse the sign of gem. A similar effect, where 

variation in the magnetic susceptibility tensor causes dramatic changes in NMR 

pseudocontact shifts, has been previously described.136 The effect of solvent polarity 

on CPL spectra is examined here accordingly. 
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3.1.4. Theory and Modelling of Enantiomer Interconversion 

The enantiomeric purity of enantioenriched samples decreases with time in the 

presence of an accessible pathway for enantiomer interconversion. This general 

phenomenon is termed racemisation. The energy barrier to the enantiomer 

interconversion process determines the time-dependence of the stability of a given 

compound towards racemisation. Enantiomers may be not isolable in the case of rapid 

interconversion or, conversely, can be virtually impossible to racemise. Fast 

racemisation of samples is undesirable for applications such as security inks,137 CPL 

calibration standards, and CPL microscopy standards.69 High stability towards 

racemisation is crucial for applications where the temperature can range from 

prolonged exposure to 37 °C (e.g. live cell imaging) to brief 150 °C incursions (e.g. 

bank note lamination which takes place at a speed of 1 cm s-1).  

TACN-based Eu(III) complexes possess a tricapped trigonal prismatic coordination 

geometry. Such complexes exists as a racemic mixture of two enantiomers (RRR)-

Λ(δδδ) and (SSS)-Δ(λλλ), where R and S refer to the configuration of the phosphorus 

atom (since metal coordination renders the P centre stereogenic), δ and λ refer to the 

torsion angle in the NCCN chelate ring, and Δ and Λ to the propeller chirality imparted 

by the arms and defined by the NCCNpy torsion angles, (see Figure 1.10). Although a 

larger number of diastereomeric combinations is possible in principle, interlinked steric 

requirements force the complex to exist as the two enantiomers (RRR)-Λ(δδδ) and 

(SSS)-Δ(λλλ) only. The high energy barrier to racemisation allows for enantiomer 

isolation by chiral HPLC. 

In principle, the process of enantiomer interconversion could involve cooperative arm 

rotation or inversion of the nine-membered macrocycle ring. The energy barrier 

increases dramatically with the degree of steric hindrance. It is known that the three 

donor groups carboxylate, methylphosphinate, and phenylphosphinate display 

increasing stability towards racemisation.138 In the present work, other factors 

impacting the racemisation kinetics of TACN-based Eu(III) complexes were 

investigated, including solvent polarity and the size and nature of the electric dipole 

moment of the chromophore. 
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The kinetic stability of the complexes towards enantiomer interconversion was 

quantified by monitoring the change in enantiomeric purity as a function of time. A 

solution of each complex was prepared in four solvents of different polarity, i.e. water, 

methanol, N-methyl pyrrolidone, ethyl acetate, held at 60 °C. Aliquots were sampled 

over time and examined by analytical chiral HPLC to measure the enantiomeric excess 

of each sample.  

Mathematically, a kinetic relationship that correlates the concentration of each 

enantiomer with time can be derived based on the racemisation equilibrium, as 

previously reported,64  

Assuming the rate constants for enantiomeric interconversion between the 

enantiomers are equal (k1 = k-1 = k), the rate of interconversion can be written as 

follows. 

−
d[𝛬]

d𝑡
= 𝑘[𝛬] − 𝑘[𝛥]                                     (3.2) 

Knowing that [Δ] = [Λ]0 – [Λ], the differential equation can be integrated to give 

ln
[𝛬]0

2[𝛬] − [𝛬]0
= 2𝑘𝑡                                      (3.3) 

The left-hand term is calculated using the ratio of the integrals from analytical chiral 

HPLC traces for each enantiomer, and correlates linearly with time with a slope of 2k. 

The racemisation half-life can be defined as the time required for an enantiomeric 

excess of 50% to be reached, starting from an enantiomerically pure sample, i.e. the 

time to go from a ratio of 100:0 to a 75:25 scalemic mixture.  

𝑡1
2⁄ =

ln 2

2𝑘
                                               (3.4) 

The present work generalises this result to the case where the starting point of the 

experiment does not correspond to a perfectly enantiopure sample, but rather an 

enantioenriched sample at any concentration. Two linear first order differential 
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equations describe the racemisation kinetics. Due to the independence of the rate on 

absolute concentration, the linear system can be solved exclusively in terms of the 

ratio ρ defined at any time as: 

ρ =
[𝛬]

[𝛥]
                                                   (3.5) 

The initial condition is [Λ] + [Δ] = [Λ]0 + [Δ]0 and assuming that [Λ]0 > [Δ]0 for simplicity, 

the differential equation can be solved as: 

−
d

d𝑡
[
𝛬
𝛥

] = 𝑘 [
−1 1
1 −1

] [
𝛬
𝛥

]                                  (3.6) 

[
𝛬
𝛥

] = 𝑒
𝑘[

−1 1
1 −1

]𝑡
[
𝛬0

𝛥0
]                                      (3.7) 

The matrix M can be diagonalised as M = S J S-1 as 

[
−1 1
1 −1

] = [
−1 1
1 1

] [
−2 0
0 0

] [
−1/2 1/2
1/2 1/2

]                (3.8) 

Substituting the diagonalised matrix in the solution gives 

[
𝛬
𝛥

] =
1

2
[
−1 1
1 1

] [𝑒−2𝑘𝑡 0
0 1

] [
−1 1
1 1

] [
𝛬0

𝛥0
]                   (3.9) 

Expanding and dividing by [Δ]0  

[
𝛬/𝛥0

𝛥/𝛥0
] =

1

2
[ 𝑒−2𝑘𝑡 + 1 −𝑒−2𝑘𝑡 + 1
−𝑒−2𝑘𝑡 + 1 𝑒−2𝑘𝑡 + 1

] [
𝜌0

1
]              (3.10) 

Dividing the first equation by the second one 

𝜌 =  
1 +

𝜌0 − 1
𝜌0 + 1 𝑒−2𝑘𝑡

1 −
𝜌0 − 1
𝜌0 + 1 𝑒−2𝑘𝑡

                                            (3.11) 

Solving for 2kt gives 

2𝑘𝑡 =  − ln (
𝜌 − 1

𝜌 + 1
) − ln (

𝜌0 + 1

𝜌0 − 1
)                              (3.12) 
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The second logarithmic term vanishes in the case of an initially enantiopure sample, 

as ρ0 = ∞, recovering the limit case in the simplified equation used by Fradgley et al.65 

A plot of the right-hand side as a function of time gives a line passing through the 

origin, with a slope equal to 2k. Equation 3.12 will be referred to as the Corrected 

Racemisation Rate (CRR) hereafter.  

3.2. Solvent Dependence 

Investigation of the variation of spectral form in total emission and CPL as a function 

of solvent polarity was performed with [Eu.L7-9], i.e. the uncharged Eu(III) complexes 

bearing one, two, and three extended chromophore antennae, respectively. The 

spectral form of both total emission and CPL spectra was found to be solvent 

dependent, (Figures 3.2-3).  

Figure 3.2. Total emission spectra of [Eu.L7] in solvents of varying polarity with the six relevant 

transitions labelled. λexc = 336 nm, scanning step = 0.5 nm.  

 

Previous studies have highlighted the sensitivity of the electric dipole allowed ΔJ = 2 

and ΔJ = 4 manifolds in Eu(III) complexes to solvent effects.65 The three bands within 

the ΔJ = 2 manifold are labelled A, B, and C; the five transitions within the ΔJ = 4 

manifold are labelled D-H, where G and H are resolved only in CPL spectra. In the 

total emission spectra of [Eu.L7-9], the wavelength of the most intense transition A 

centred at 613.5 nm does not show any solvent dependence, whereas transition B 
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exhibits a bathochromic (red-) shift (Δλ = 1.5 nm going from EtOAc to MeOH), and 

transition C a Δλ = 1.0 nm hypsochromic (blue-) shift, more pronounced in the C3-

symmetric complex [Eu.L9]. In the ΔJ = 4 manifold, the two stronger transitions D and 

E are well resolved in polar media (686.5 vs 690.0 nm in MeOH across the series, Δλ 

= 3.5 nm difference) but coalesce as solvent polarity decreases, merging into a single 

unresolved band centred at 688.0 nm. The transition F displays a Δλ = 1.0 nm 

bathochromic shift. The solvatochromic shifts in total emission are highly consistent 

across the series. The intensity ratio of selected transitions exhibits a modest 10-20% 

change with polarity. 

Figure 3.3. Total emission spectra of complex [EuL8] (top) and [EuL9] (bottom) in solvent with 

varying polarity. λexc = 336 nm, scanning step = 0.5 nm.  
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CPL spectra for [Eu.L7-8] have transitions in the ΔJ = 2 manifold that undergo very 

small shifts of around 0.5 nm, (Figures 3.4-5). The intensity of transition A, however, 

displays a tenfold increase with respect to the intensity of either B or C as polarity is 

decreased. This increase in CPL intensity is consistent with the decrease in the 

magnitude of the electric dipole moment in less polar solvents, since the dissymmetry 

factor is inversely proportional to the magnitude of the electric dipole moment, 

highlighting the potential of this system as a more sensitive polarity probe. In the ΔJ = 

4 manifold, the D and E transitions are always resolved as they are of opposite sign in 

CPL. All the transitions display very small shifts (order of Δλ = 0.5 nm) as the polarity 

of the medium is varied. Only transition E shows a more substantial 2.0 nm 

bathochromic shift, consistent with the trend observed in total emission spectra, where 

D and E coalesce as solvent polarity is decreased.  

Figure 3.4. CPL spectra of -[Eu.L8] in solvents with varying polarity with the eight relevant 

transitions labelled. λexc = 336 nm, scanning step = 0.5 nm. 
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Figure 3.5. CPL spectra of complex [EuL7] (top) and [EuL9] (bottom) in solvent with varying 

polarity. λexc = 336 nm, scanning step = 0.5 nm. 
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The changes in intensity of transitions within the ΔJ = 4 manifold are much smaller 

than those observed in the ΔJ = 2 manifold. The stability of sign and intensity with 

respect to the nature of the solvent parallels the behaviour observed in previous 

studies, where it was shown that the sign sequence of transitions within the ΔJ = 4 

manifold correlates with the propeller chirality of each enantiomer, e.g. the 

  enantiomer has a  - / + / - / - / + sequence. The complex absolute configuration was 

independently determined via X-ray crystallography22,56. The simultaneous presence 

within the same emitting species of transitions that are highly sensitive towards solvent 

polarity (ΔJ = 2) and comparatively insensitive (ΔJ = 4) allows internally referenced 

ratiometric measurements of medium polarity to be undertaken, with greatly enhanced 

sensitivity. To exemplify this point, the intensity ratio between the CPL transitions A 

(belonging to the ΔJ = 2 manifold) and H (belonging to the ΔJ = 4 manifold) can be 

considered, (Figure 3.6). The intensity of transition A undergoes a 20-fold increase 

with respect to the intensity of transition H as solvent polarity decreases from MeOH 

to EtOAc.  

Figure 3.6. Intensity ratio for the CPL A and H transitions of [Eu.L7] (left) and [Eu.L8] (right) 

as a function of Reichardt’s polarity parameter. 
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3.3. Racemisation Kinetics 

3.3.1. Experimental Methodology 

The complexes [Eu.L7-9] were dissolved in the chosen solvent (water, MeOH, NMP, 

EtOAc; 0.5 mg of complex in 400 µL of solvent) in a closed LC/MS sample vial with a 

stirrer bar. The 12 sample vials were floated in a water bath held at 60 °C on a hotplate. 

Aliquots were taken (20 µL) at different times using a variable 2-20 µL pipette and 

stored at -18 °C in LC/MS sample vials to prevent any further undesired racemisation 

prior to the determination of the enantiomeric excess via analytical chiral HPLC. 

The aliquots from the MeOH and NMP experiments were analysed on the chiral HPLC 

set up without any further preparation. The injection of samples in water and EtOAc 

resulted in noisy, unresolved HPLC traces. For this reason, aliquots in water and 

EtOAc were lyophilised and evaporated, and redissolved in 20 µL of MeOH each. A 

change in the carrier solvent does not affect enantiomeric excess, which was 

estimated as the ratio between the integrals of the peaks in the analytical HPLC traces 

corresponding to the two enantiomers of each complex, (Figure 3.7). 

Figure 3.7. Analytical chiral HPLC traces of selected aliquots at different times of the complex 

[EuL7] in H2O at 60 °C. The first peak is an impurity; the second and third peaks are the Δ and 

Λ enantiomers of [EuL7] respectively. The enantiomer excess is reported for each aliquot and 

was calculated as the ratio of the integrals of peaks corresponding to the enantiomers of 

[EuL7].  
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3.3.2. Racemisation Kinetics Studies 

The kinetic plots for enantiomer interconversion of [Eu.L7] at 60 °C in various solvents 

are shown in Figure 3.8. The slopes of the kinetic plots for [Eu.L7-9] were used to 

calculate the racemisation half-lives at 60 °C according to the mathematical model, 

(Table 3.1). With the overarching goal of using such stable complexes for commercial 

security applications, half-lives at room temperature (25 °C) were estimated under the 

crude assumption that kinetic rates double upon a ten-degree temperature increase.  

Figure 3.8. Kinetic plots for the corrected enantiomer interconversion rate (adjusted for a 

starting enantiomeric excess of 90:10, see eq. 12) for [Eu.L7] at 60 °C in various solvents 

(black triangle = water; blue square = methanol; magenta circle = NMP). Ethyl acetate is not 

shown as no enantiomer interconversion was detected over a period of 300 h. 

 

No evidence for racemisation was found for [EuL8] and [EuL9] within the limit of 

detection (1% enantiomeric excess, as measured by integrating the two peaks in the 

analytical chiral HPLC chromatogram) after two weeks in solution at 60 °C for both of 

the aprotic solvents NMP and EtOAc, (Figure 3.9). The complex [EuL7] is the only one 

in the series showing slow, but unequivocable racemisation in NMP. 
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Figure 3.9. Kinetic plots for the corrected enantiomer interconversion rate for [EuL8] (left) and 

[EuL9] (right) at 60 °C (starting enantiomeric excess of 100 : 0 for both complexes) in various 

solvents (black triangle = water; blue square = methanol). Ethyl acetate is not shown as no 

enantiomer interconversion was detected over a period of 300 h. NMP is not shown as only 

an upper limit for enantiomer interconversion rate was estimated, (Table 3.1). 

 

A lower limit to the racemisation half-life was estimated by assuming a racemisation 

rate equal to the instrumental error occurring between the first and last measured 

points in time. Half-lives in non-polar media at room temperature ranged therefore from 

centuries to millennia, highlighting the remarkable stability imparted by the phenyl 

phosphinate donor groups.  

Table 3.1. Summary of half-lives for racemisation, t1/2, for [Eu.L7-9] in solvents of 
decreasing polarity (Reichardt’s polarity parameters in parentheses).  alf-lives measured 
at 60 °C are reported in days and estimated lifetimes at room temperature (25 °C) are 
expressed in years (in parentheses). 

 Water (1.000) MeOH (0.762) NMP (0.355) EtOAc (0.228) 

[Eu.L7]  2.4 d (22 y) 6.0 d (56 y) 36 d (340 y) > 110 d (1000 y)a 

[Eu.L8]  5.3 d (50 y) 8.5 d (79 y) > 400 d (3800 y)  > 1900 d (18,000 y)a  

[Eu.L9]  6.1 d (58 y) 4.5 d (42 y) > 220 d (2000 y)  > 1900 d (18,000 y)a 

(a) No evidence of racemisation within experiment error over a period of two weeks. The estimate 

given corresponds to the lower limit calculated for the racemisation half-time. 

 

The enantiomer interconversion process requires sequential breaking of each bond 

between the phosphinate oxygen and the Eu(III) ion. The complex must pass through 

a short-lived charged intermediate, where the europium ion is bound to seven or less 

ligand donor atoms, with additional coordination sites taken up by the solvent. For 
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instance, water and MeOH are polar protic solvents capable of stabilising such a 

charged intermediate that arises from breaking a Eu-O and a Eu-Npy bond, facilitating 

the arm rotation step necessary for enantiomer interconversion. 

Both NMP and EtOAc are aprotic solvents that are less effective at solvating the 

putative ionic intermediate (particularly local anionic charge centres), and hence are 

associated with a higher activation energy barrier and much longer racemisation half-

lives. It is reasonable to assume that the cleavage of the ionic Eu-O bond is involved 

in the rate-limiting step, as it is thermodynamically stronger than the Eu-Npy bond. The 

complex with two extended chromophores (three in the case of water) exhibited the 

highest stability towards racemisation. These results are interesting for applications, 

as it allows the structure of the complex to be tailored more easily, e.g. by late-stage 

functionalisation of the simpler, single arm pyridyl donor moiety.123  

In particular, low-polarity aprotic solvents such as NMP and ethyl acetate give rise to 

a more intense CPL signal in the ΔJ = 2 manifold and seem to have a tendency to 

promote same sign transitions.  

 

 

3.4. Polymeric Films Preliminary Studies 

The solvents NMP and EtOAc bear a strong resemblance to the monomers of 

polyvinylpyrrolidone (PVP) and polymethylmethacrylate (PMMA) respectively. For this 

reason, enantiopure lanthanide complexes are expected to be kinetically stable 

towards racemisation in such a polymeric matrix, as well as preserving the desirable 

CPL spectral feature shown in solution state. It is expected that in a more viscous 

medium, such as a polymer film, the racemisation half-lives with respect to the solution 

state would tend to increase, as the arm rotation motion required for enantiomer 

interconversion is likely to be disfavoured. Additionally, low-polarity aprotic solvents 

such as NMP and ethyl acetate were found to give more intense CPL signal in the ΔJ 

= 2 manifold and seem to promote same sign transitions. It is expected that a similar 

low polarity environment in a PMMA or PVP matrix may result in a similar CPL profile. 

A proof-of-concept investigation of the spectral properties of Eu(III) complexes in such 

polymers was performed using two different complexes, (Figures 3.10.C and 3.11.C). 
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The complex [Eu.L1b] was embedded in PMMA films and [Eu.L10], a structurally 

related Eu(III) complex previously prepared in the Parker group, was embedded in 

PVP by spin coating, (vide infra - Section 7.7). 

Inhomogeneity at the edges of the deposited film caused internal reflections that 

resulted in phase-inversion and degradation of CPL signal. For this reason, only the 

bulk of these test-targets was considered suitable for the study. Solid state CPL was 

recorded adapting the existing custom-built PEM-CPL apparatus with a 3D printed 

custom-built 45° film holder inserted in the cuvette holder of the instrument. Complete 

CPL spectrum recovery when comparing lanthanide complexes in polymers to their 

corresponding solvent analogues was proven. Pairing our monosignate CPL emitters 

reported herein with our ambition to optimise the properties of CPL-active polymeric 

films, these parent systems will serve as a testbed for future generations of purposely 

engineered Eu(III) complexes for applications where broad monosignate CPL 

emission is needed, such as calibration of CPL instrumentation. 
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Figure 3.10. CPL spectra of the Λ and Δ enantiomers of a structurally related parent 

complex [EuL1b] in (A) EtOH and in (B) drop cast PMMA matrix, 100 µm thickness, C = 5 × 

10-5 M, (C) structure of [EuL1b] for comparison.134 

 

Figure 3.11. CPL spectra of the Λ and Δ enantiomers of a structurally related complex 

[Eu:L10] in (A) NMP and in (B) spin coated PVP matrix, 15 µm thickness, C = 5 × 10-5 M, (C) 

structure of [Eu:L10] for comparison.69 

 

 

3.5. Discussion 

This study draws attention to the crucial, albeit often neglected, relationship between 

the choice of solvent and the nature of the CPL active Eu(III) complex. The nature of 

the solvent can affect both the magnitude and sign of the emitted CPL signal, 

especially in the electric dipole allowed ΔJ = 2 and ΔJ = 4 transitions. For the sake of 

the above detailed specific CPL applications, the complex and the solvent should be 

considered as an inseparable pair. Although these conclusions are only qualitative, 

and not yet predictive, the present study represents a first step in the ambition to 

engineer bright, high glum and monosignate Eu(III) complexes by controlling their 

photophysical parameters. Further investigation with particular emphasis on varying 
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the nature and polarisability of the ligand donor atoms and the overall symmetry and 

stereochemistry at the Ln(III) centre is underway.  

In particular, low-polarity aprotic solvents such as NMP and ethyl acetate give rise to 

a more intense CPL signal in the ΔJ = 2 manifold and seem to have a tendency to 

promote same sign transitions. Moreover, complete CPL spectrum recovery was 

shown in PVP and PMMA films, whose monomers are structurally similar to NMP and 

EtOAc, respectively. Pairing our monosignate CPL emitters reported herein with our 

ambition to optimise the properties of CPL-active polymeric films, these parent 

systems will serve as a prototype for future generations of purposely engineered 

Eu(III) complexes for applications where broad monosignate CPL emission is needed. 

A deeper insight into racemisation kinetics and environmental factors has been 

gained. The comparatively lower racemisation half-lives in water and methanol, while 

still long enough for most applications, were interpreted in terms of assistance of the 

dissociative process by these small polar solvent molecules, via stabilisation of the 

transient ion pair in the transition state, through hydrogen bonding or specific solvation 

effects. The water molecule is especially efficient at coordinating to Eu(III) due to its 

high oxophilicity, completing its coordination sphere, and thereby lowering the energy 

of the transition state leading to its formation.138,139 Indeed, the smallest racemisation 

half-life values were consistently obtained in water, followed by methanol. The abrupt 

increase in the racemisation half-life for low polarity solvents NMP and EtOAc can be 

ascribed to the absence of this stabilisation effect. 

Extended chromophore antennae are expected to increase the structural stability of 

the complex by increasing the overall steric bulk of the system and the magnitude of 

the electric dipole moment. The enhanced polarisability of the pyridyl nitrogen atom 

and the pyridyl moiety itself can be associated with enhancement of the Eu-Npy bond 

strength and is expected to inhibit dissociation of the Eu-Npy bond, and hence increase 

the energy barrier to formation of a partly dissociated intermediate, thereby limiting the 

rate of enantiomer interconversion. The complexes with two extended chromophores 

showed the highest stability towards racemisation. Coincidentally, these systems have 

one pyridyl moiety available for applications such as functionalisation with a unique 

recognition motif that can be used as a recognition element for host-guest bio-
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imaging.18,123 The enhanced stability towards racemisation of this structure is a 

desirable property for the development of responsive chiral bio-probes.66  

The unique photophysical phenomenon of circularly polarised emission can be utilised 

to monitor medium polarity. The solvation-induced changes in the shape of the CPL 

were found to be up to an order of magnitude larger and were more informative than 

those revealed by analysis of total emission variations.  

This study highlights the importance of the solvent in both CPL fingerprint engineering 

of CPL-active Eu(III) complexes and their stability towards thermally assisted 

racemisation, to the point where complex design and solvent choice cannot be 

decoupled. Ultimately, by understanding the effect and influence of these vital external 

parameters a new generation of CPL active Eu(III) probes can be developed, that 

display either bright monosignate or well resolved opposing sign emission when paired 

with an adequate solvent. Additionally, examination of the effect of photo-irradiation 

on racemisation kinetics may be of interest. Previous work has shown the impact of 

photo-irradiation on the integrity of the coordinating bonds within Eu(III) complexes, 

e.g. in labilising the Eu-Npy bond.140  

The present study has examined Eu(III) complexes but can be extended to other 

lanthanide complexes. For instance, Tb(III) complexes display more intricate CPL 

spectra owing to the multiplicity of the emissive and ground states.132,141 For this 

reason, further work is necessary to verify if it is possible to exploit solvent effects to 

obtain monosignate CPL emission for chiral Tb(III) systems, for example over a narrow 

emission range. 
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Chapter Four: Temperature Responsiveness of Europium(III) 

Complexes 
 

The work presented in this Chapter aims at measuring and analysing properties of 

temperature sensitive Eu(III) complexes and the underlying mechanism of such behaviour 

 

4.1. Luminescence thermometry 

4.1.1. Introduction to luminescence thermometry  

Temperature affects the emission properties of virtually all luminescent species,71 as 

it is evident from the T dependence on the Boltzmann distribution regulating the 

population of the salient ground and excited state energy levels.142 The T dependence 

of emission properties is usually small. Compounds exhibiting high temperature 

sensitivity find applications in luminescence thermometry143 and temperature sensors 

make up 75-80% of the market for sensors.144 Luminescence thermometry offers 

remarkable advantages over more established techniques, such as liquid-filled glass 

thermometers145 and Seebeck effect thermocouples146. Optical sensors and more 

specifically molecular T probes possess the inherent advantage of embedded 

contactless measurements that allow monitoring of temperature. This form of 

luminescence thermometry can achieve spatial resolution of down to 10 µm, allowing 

measurements and imaging to be facilitated on small systems, such as microfluidic 

devices, integrated electric circuits or during live cell thermometry.143   

Two relevant parameters that quantify the performance of T probes candidates are 

sensitivity, i.e. the slope of the chosen reporter signal change expressed as the 

percentage variation per degree Kelvin ([% K-1]), and resolution, i.e. the temperature 

change corresponding to the minimum detectable signal change ([K]). Changes in 

luminescence caused by T are preferably detected by measurement of intensity ratios, 

in order to eliminate probe concentration dependence of the measurement and any 

potential fluorescence artifact. On the other hand, luminescence lifetime 

measurements may also be used and have the advantage of not requiring external 

referencing and are, to a wide extent, independent of concentration, optical thickness, 

geometry, and photobleaching.71 In the case of lifetime measurements, long-lived 

emitters such as d-metal (order of µs) or f-metal complexes (ms regime) are preferred, 
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as less sophisticated excitation sources and detection methodologies are required to 

accurately measure small lifetime variations.  

The mechanisms that account for a sensitive thermal response are diverse and 

numerous. Some fluorophores form exciplexes or excimers that display T-dependent 

properties; examples include perylene and N-allyl-N-methylalanine in a polystyrene 

matrix. Temperature driven dissociation of the excimer imparts thermal sensitivity.147 

Triarylboron-based fluorescent molecular thermometers have been described that are 

in thermal equilibrium between the local excited state emission (LE) and the twisted 

intramolecular charge transfer (TICT). As T increases, the TICT excited state is 

transferred into LE emission, inducing a thermochromic shift from green to blue 

emission. Molecules such as acridine yellow or fullerene exhibit highly T-dependent 

thermally activated delayed fluorescence (TADF).148,149 

 

4.1.2. Lanthanide based luminescent thermometers 

Metal-ligand complexes are good candidates for fluorescence thermometry as they 

possess orders of magnitude longer lifetimes, moderate brightness, and large pseudo-

Stokes’ shifts compared to purely organic emitters. The major disadvantages were 

traditionally considered to be their lability towards dissociation and quenching by 

oxygen, often obviated by encasing the probes in gas-impermeable polymers.143  The 

long radiative lifetimes of f-metal ions make lanthanide complexes appealing 

candidates for luminescence thermometry. The europium thenoyltrifluoroacetonate 

chelate complex,  Eu(TTA)3, has been used in a PMMA matrix to image T via lifetime 

imaging on an integrated circuit.150 The spatial resolution of this sensor was reported 

to be 0.7 mm. The probe was also injected into cells for thermal imaging of receptor-

activated heat production in living cells.151 Emission from this complex is not quenched 

by oxygen and the thin films responded to T change over the range of 47 – 97 °C with 

a sensitivity of 1.2% K-1.  

Lanthanide-based molecular thermometers described in the literature are suitable for 

applications in the physiological range, but often possess limited stability in aqueous 

solutions due to ligand dissociation.17 An additional limitation of most lanthanide 

complexes is that they require excitation in the UVA range (315 – 400 nm) which can 

trigger notable bio-autofluorescence background and cellular damage under 
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prolonged irradiation. Therefore, longer wavelength excitation is preferable. Thermal 

imaging in cells is an emerging field of research, and intracellular heat mapping has 

been accomplished with a spatial resolution at the diffraction limit (200 nm) and a 

resolution of 0.18 – 0.58 K via the use of polymeric nanogels, establishing that the 

intracellular T map and its gradient are not uniform.152 

 

4.2. Europium(III) pH responsive probes 

4.2.1. Previous results 

Recent studies by Fradgley et al.114 attributed the pH sensitivity of some Eu(III) 

complexes to photo-induced electron transfer (PET) quenching of the Eu(III) excited 

state involving the lone pair of the peripheral amino nitrogen atom. This quenching 

pathway is only accessible when the lone pair is not engaged in a dative bond, and 

therefore only occurs for the unprotonated form of the complex. For this reason, the 

emission lifetime and intensity of the complex showed the typical sigmoidal shape of 

a titration curve as a function of pH, (Figure 4.1). 

Figure 4.1. Variation of Eu(III) emission and lifetime with pH (left) of the Eu(III) complex, 

[EuL11] (right), λexc = 331 nm. Image adapted from 114. 

 

4.2.2. Remarkable temperature dependence of europium(III) pH probes 

In the present study, the same pH sensitive Eu(III) probes are shown to exhibit 

remarkable temperature dependent quenching along with their pH dependence. An 



Davide De Rosa PhD Thesis                 Single-sign CPL emitting Ln(III) complexes and their applications 

 155 

investigation of the rationale of this temperature dependence and whether it is linked 

to pH sensitivity was carried out. C3 Symmetric and quasi-C3 symmetric Eu(III) 

complexes were examined, [Eu.L12-13], and the pH insensitive complexes131 [Eu.L8] 

and [Eu.L14] were used as controls to test the photophysical properties and their 

dependence on temperature of two structurally related pH responsive complexes, 

[Eu.L12-13], (Figure 4.2).55,114,131 

The temperature dependence of the emission properties of the pH probes [Eu.L12-13] 

was studied over the range 25 - 50 °C in order to establish the impact of variable 

temperature on probe pH response. The origin of the pH responsive emissive 

properties of these complexes has been previously discussed and was initially 

attributed to a p  driven ‘switch on off’ mechanism that arises from the PET quenching 

of the Eu(III) excited state by the lone pair of the peripheral amino group.17  

Figure 4.2. Structure of the pH probes [Eu.L12-13] under investigation, along with the two 

reference complexes used as control samples, [Eu.L8-14]. 
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Emission from the complex [Eu.L12] was studied at pH 4 (over 99% protonated form 

[H3Eu.L12]3+, calculated from the pKa value of 6.2 at room temperature)114 and at pH 7 

(ca. 8% protonated). Lifetimes and their percentage variation are presented in Figure 

4.3.  

Emission from [Eu.L12] is quenched at pH 7 as the nitrogen lone pair on the peripheral 

aryl ring of the extended chromophore quenches the 5D0 Eu(III) excited state via 

intramolecular PET, and is switched on in the triprotonated form accompanied by the 

lowering of the energy of the ICT excited state. 

Figure 4.3. Lifetimes (left) and their percentage variation (right) of [Eu.L12] at pH 4 (blue dots) 

and 7 (red dots). 

 

To serve as a control, analogous experiments were carried out on the complexes 

[Eu.L8] and [Eu.L14], whose emission are known to be pH-insensitive.131 Interestingly, 

these experiments revealed a strong T dependence for each of the pH sensitive 

probes [Eu.L12-13], with significant thermal deactivation observed in the case of the 

quenched probes at pH 7. A maximum T relative sensitivity of 2.1% K-1 was found in 

the range 25 - 50 °C, a value higher than most other reported T probes in this range.143 

The calibration graph is linear over the T range investigated, thereby providing a 

constant sensitivity. 
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4.2.3. First hypothesis: T dependence of probes stems from their pH sensitivity 

The pH-insensitive complex [Eu.L14] has a temperature sensitivity of 0.25% K-1, one 

order of magnitude smaller than [Eu.L12-13]. The complex [Eu.L8] shows a temperature 

sensitivity below 0.1% K-1. Such behaviour is analogous to that exhibited by each of 

the pH probes in their protonated state, (Figure 4.4). This very small temperature 

dependence suggests that the T dependence observed for [Eu.L12-13] may be 

correlated with its pH responsiveness. Figure 4.4 shows an overlay of the percentage 

lifetime variation of the control complex [Eu.L8], and the pH probe with the largest 

temperature dependence, [Eu.L12], at pH 4 and 7. The behaviour of [H3Eu.L12]3+ at 

pH 4 closely matches the trend observed for the control complex. At this pH, the 

complex is over 99% protonated and the PET quenching pathway is vigorously 

suppressed with the emission spectral properties being akin to those of a complex 

lacking the amino substituent. This observation supports the hypothesis that the 

observed temperature dependence is a consequence of a thermally activated process 

involving population of a low-lying charge transfer state.  

Figure 4.4. Percentage lifetime variation for the control complexes [Eu.L8] (purple squares) 

and [Eu.L14] (green triangles) compared to [H3Eu.L12]3+ at pH 4 (blue dots) and [Eu.L12] at pH 

7 (red dots). The behaviour of the protonated [H3Eu.L12]3+ complex matches that of the pH-

insensitive controls.  
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The total emission intensity shows an analogous decrease with increasing 

temperature. This decrease has the same magnitude over the whole emission 

spectrum (there are no emission manifolds that are quenched preferentially) equal to 

a 2% K-1 decrease for the quenched probe, consistent with a common process for 

deactivation of the Eu(III)-centred excited state. The lifetime decrease can also be 

measured indirectly by integrating the total emission spectrum over a set integration 

time, as the recorded intensity decreases accordingly.  

The T dependence of emission arising from the anionic pH probe [Eu.L13]2-, with 

analogous PET driven switch on/off properties, was studied at pH 7 (switched off). The 

results closely parallel those found for [Eu.L12], this time with a 1.1% K-1 decrease in 

total emission intensity and a lifetime decrease of 2.0% K-1.  

Further investigations were carried out to clarify the underlying mechanism and 

elucidate the origin of this strong thermal deactivation. The T sensitivity of the 

unprotonated probe [Eu.L12] is 20 times higher than its conjugate acid [H3Eu.L12]3+. 

This observation suggests a higher rate of PET quenching for [Eu.L12] with respect to 

[H3Eu.L12]3+. The processes involving the ground and excited states of each species 

are presented in Figure 4.5.  

Figure 4.5. Processes and their rate constants for the ground and excited states of the 

protonated and unprotonated species of [Eu.L12]. k1 and k-1 = protonation and deprotonation 

rate constants (protonation at each site is considered independent on the others due to the 

large distances between the protonation sites); kPET and kPET’ = PET rate constants for the 

protonated and deprotonated complex; krad = radiative decay rate constant; knr and knr’ = non-

radiative decay rate constants for the protonated and deprotonated complex. 
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In the absence of light, only the ground state of each species is populated. The position 

of the equilibrium is determined by the pH of the solution, and the rates of protonation 

and deprotonation are k1 and k-1 respectively. Proton transfer to and from the aryl 

amino groups is fast, of the order of 1010 s-1. A priori, four possible species could be 

present in solution, i.e. the unprotonated, mono-, di-, and tri-protonated complex. 

However, the pKa of each peripheral amino group can be considered to be unaffected 

by protonation of the other amino groups as they are more than 10 Å apart. For this 

reason, the concentration of the mono- and di-protonated species can be neglected at 

pH values far from the pKa, like those in this study carried out at pH 7 and 4. Absorption 

of a photon promotes either of the two major species to their excited state, labelled 

[H3Eu.L12]3+* and [Eu.L12]*. These species also experience a fast proton transfer 

equilibrium. Radiative decay results in the emission of light with a rate constant krad of 

the order of 103 s-1. The rates of PET quenching are kPET and kPET’ for the protonated 

and unprotonated complex respectively, and are such that k1, k-1 >> kPET’ > kPET > krad. 

All the non-radiative decay pathways other than those of kPET and kPET’ have been 

included in the knr term, which is smaller than krad. The available spectroscopic 

evidence presented suggests that the protonated and unprotonated species of the 

excited probe equilibrate quickly with respect to all the other processes. For this 

reason, the ratio of the two excited species is determined by the pH of the solution, in 

the same way as the ground state protonation equilibrium. The excited complex 

[Eu.L12]* has a comparatively larger kPET’ term that competes with krad, effectively 

quenching its luminescence.  

The role of the potential energy barrier in determining the thermal activation of the 

quenching pathway was examined by comparing Arrhenius plots. The slope is 

proportional to the activation energy Ea for that process, based on the simple Arrhenius 

approximation, (eq. 4.1): 

𝑘 = 𝐴𝑒−
𝐸𝑎
𝑅𝑇                                                               (4.1) 

where R is the universal gas constant, T is the absolute temperature, and A is a pre-

exponential factor. The Arrhenius plots obtained for [Eu.L12-13] are presented in Figure 

4.6 and the inferred activation energies are reported in Table 4.1.   

  



Davide De Rosa PhD Thesis                 Single-sign CPL emitting Ln(III) complexes and their applications 

 160 

Figure 4.6. Arrhenius plots for [Eu.L12] at pH 4 and 7 (left) and [Eu.L13]2- and [Eu.L14] at pH 

7 (right). 

 

The data reported in Table 4.1 show that the two pH probes [Eu.L12-13] display 

comparable lifetime percentage decreases at pH 7. The activation energy found for 

the PET quenching pathway is large enough when compared with the value of the 

thermal energy (kT) at room temperature to account for the remarkable temperature 

sensitivity in this range.  

The sensitivity over the ambient and physiological temperature range is particularly 

interesting for the application of such complexes in luminescence thermometry. 

Conversely, the behaviour of the protonated pH probe [H3Eu.L12]3+ perfectly matches 

the trend observed in the control complex, [Eu.L8],  both in terms of percentage total 

emission and lifetime decrease, leading to the hypothesis that the availability of the 

nitrogen lone pair is key to explain the temperature dependence in this series of 

complexes. 
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Table 4.1. Summary of the data obtained from [Eu.L12-13] and [Eu.L8] in the range 25 – 50 °C. 

Complex % Emission a  
decrease / K 

% Lifetime a 

decrease / K 
Ea 

b,c 

(kJ mol-1) 

[Eu.L13]2-, pH 7 1.1% 2.0% 12 

[Eu.L12], pH 7 2.0% 2.1% 13 

[H3Eu.L12]3+, pH 4 0.4% 0.1% 0.6  

[Eu.L8], pH insensitive 0.5% <0.1% N.D. 

[Eu.L14], pH insensitive N.D. 0.25% N.D. 

a Errors in the percentage emission and lifetimes are 0.1%. b Errors on Ea values are 0.3 kJ mol-1. c Ea 

values are to be compared to kT at 298 K equal to 2.5 kJmol-1.   

 

4.2.4. Second hypothesis: a more general quenching pathway 

A remarkable sensitivity of luminescence on temperature variations has more recently 

been found on complexes that have no available N lone pairs, effectively disproving 

the generality of the first hypothesis involving a temperature-assisted quenching 

mechanism operated via lone pair electron donation. Parallel work is currently 

underway in Hong Kong Baptist University, identifying Eu(III) complexes whose 

photophysical properties display a strong temperature dependence despite the lack of 

lone pair donor atoms. New water-soluble Eu(III) complexes were synthesised by Tsz-

Lam Cheung using a 1,4,7,11-tetraazacyclododecane (cyclen) scaffold. The 

structures of the two complexes are shown in Figure 4.7. The synthetic route, not 

described here, closely parallels the modular approach extensively detailed in Chapter 

Two regarding the synthesis of TACN-based lanthanide complexes. 
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Figure 4.7. Structure of the complexes [Eu-L1-DO3A] and [Eu-L1-DO2A]+ that exhibit 

temperature dependent and pH independent luminescence. Image courtesy of Tsz-Lam 

Cheung. 

 

A different decay pathway to account for the thermally activated non-radiative decay 

of the Eu(III) excited state can now be proposed, (Figure 4.8). This hypothesis is more 

general as it involves the crossing of the potential energy surface (PES) of the 

chromophore ICT excited state, rather than focusing on the properties of the nitrogen 

lone pair in isolation with respect to the highly conjugated chromophore that hosts it. 

The proposed decay pathway, (Figure 4.8), can be hypothesised to proceed as 

described by the following photophysical sequence: 

• Excitation of the chromophore internal charge transfer (ICT) state follows the 

absorption of a UV photon; energy transfer from the ligand ICT state to the 5D1 

Eu(III) excited state occurring at the conical intersection between the ICT and 

5D1 potential energy surfaces; fast non-radiative relaxation to the radiatively 

long-lived 5D0 Eu(III) excited state occurring as usual, (vide supra - Section 

1.1.2); 

• The 5D1 Eu(III) excited state can either decay radiatively with a small rate 

constant krad to any of the 7Fn states constituting the ground state manifold of 

Eu(III), or 
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• A back energy transfer (BET) process occurs characterised by a rate constant 

kBET that competes with the radiative decay pathway. This transition is 

conditional on overcoming a thermal energy barrier Ea to populate the lower 

vibrational levels of the ICT PES, followed by fast relaxation until the conical 

intersection with the PES associated with the 7Fn states provides a non-

radiative decay pathway. 

Figure 4.8. Schematic representation of the energy levels and potential energy surfaces of 

[Eu-L1-DO3A], with a particular focus on the position of conical intersections. Energy transfer 

pathways are indicated with arrows. Image courtesy of Tsz-Lam Cheung. 

 

The magnitude of Ea determines the observed temperature dependence and is of the 

order of a few kBT at room temperature. Due to Arrhenius law, a small variation in 

Ea/kBT can result in a large variation of kBET competing with krad. As kBET increases, the 

emissive 5D0 state gets depopulated and the Eu(III) emission is quenched. The same 

process may well occur with the shorter-lived Eu 5D1 excited state. A rate equation can 

be written for the population of the 5D state considering all the phenomena that 

depopulate it, namely radiative decay (krad), the suggested thermally activated back 

energy transfer quenching pathway (kBET), and all other non-radiative decay pathways, 

summarised in the overall kQ rate constant. Note the dependence of the BET term on 

the ICT excited state effective concentration [CT]. 
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𝑑[ 𝐷]5

𝑑𝑡
=  − 𝑘rad[ 𝐷]5 − 𝑘Q[ 𝐷]5 −  𝑘BET[ 𝐷][𝐶𝑇]5                               (4.2) 

Assuming that the population of the 5D state following absorption of a photon is equal 

to [5D]0 at t = 0, the rate equation can be integrated for t > 0 (positive terms on the right 

term of eq. 1 vanish for t > 0 as the 5D state is no longer being populated) as: 

[ 𝐷]5 =  [ 𝐷]5
0 𝑒−(𝑘rad+ 𝑘Q+ 𝑘BET[𝐶𝑇])𝑡                                          (4.3) 

This implies an observed depopulation rate constant kobs equal to: 

𝑘obs =  𝑘rad +  𝑘Q +  𝐴 𝑒−
𝐸a
𝑅𝑇                                                 (4.4) 

where the back energy transfer rate is expressed in term of the activation energy Ea 

according to Arrhenius law. A plot of ln(kobs) with inverse temperature T-1 is expected 

to be approximately linear with a form correlated to the value of Ea; it shows some 

deviation from linearity due to the competing depopulation processes characterised by 

the krad and kQ rate constants, (Figure 4.9.D).  

Experimental results and data analysis are reported in Figure 4.9. The complex [Eu-

L1-DO3A] in water displays a marked lifetime reduction of 1.2 % K-1, making it 

appealing for potential applications as a molecular thermometer, (Figure 4.9.C). The 

observed sensitivity is attributed to the thermal activation energy being estimated as 

Ea = (17 ± 2) kJ mol-1, accessible around room temperature, (Figure 4.9.D).  

 ork is currently underway in Parker’s group to find experimental evidence to support 

the energy crossover hypothesis. Furthermore, preliminary microscopy investigations 

have revealed the low cytotoxicity of the complex in live HeLa cells and demonstrated 

its ability to internalise into cells. The complex [Eu-L1-DO2A]+ holds the potential to 

further this thanks to its versatile peripheral azide group that can be used for late-stage 

functionalisation, enabling the addition of lysosome- and mitochondria-targeting 

peptides to monitor temperature changes in specific organelles.  
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Figure 4.9. Experimental results and data analysis of the photophysical properties of [Eu-L1-

DO3A]. (A) Decrease in emission intensity with temperature. (B) Evolution of lifetime with 

temperature. (C) Decrease in lifetime with temperature. (D) Activation energy estimation. 

Images courtesy of Tsz-Lam Cheung. 

 

4.3. Summary 

Temperature measurements are ubiquitous in science and technology. New small 

molecules that display large temperature sensitivity are appealing in the field of 

molecular thermometry, as opposed to highly engineered nanomaterials that currently 

dominate the field.  

In this chapter, the state-of-the-art in molecular thermometry was presented. A novel 

approach to the problem was proposed, exploiting the recently discovered large 

temperature sensitivity of certain luminescent Eu(III) complexes. These complexes 

display exceptionally large temperature sensitivities in lifetime and emission 

intensities, rivalling those of composite nanomaterials. 

These complexes were previously synthesised as pH probes, their sensitivity arising 

from photo-induced electron transfer (PET) quenching operated by the peripheral 

nitrogen lone pair in the unprotonated complex. For this reason, an investigation to 
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check if the temperature dependence is correlated with the pH sensitivity, sharing a 

similar mechanism, was performed. As a first hypothesis, the temperature sensitivity 

was interpreted as a consequence of the small PET energy barrier: the quenching rate 

displays a strong T dependence as the quenching pathway is favoured at a larger 

temperature. 

However, the empirical evidence of Eu(III) complexes that are pH insensitive and still 

display an equally large T dependence found at Hong Kong Baptist University urges 

an alternative explanation to this phenomenon. A more general decay pathway was 

proposed to account for the thermally activated non-radiative decay of the Eu(III) 

excited state, involving the potential energy surface crossing of the chromophore ICT 

excited state, rather than focusing on the properties of the N lone pair in isolation with 

respect to the highly conjugated chromophore that hosts it.  

Preliminary investigations provide results that are compatible with the proposed 

model. Further investigations need to be carried out to fully validate the hypothesis. 

Fully understanding the mechanism that accounts for T sensitivity in Eu(III) complexes 

is key to the design of novel temperature probes. This discovery makes the design of 

molecular temperature probes easier because a pH sensitive temperature probe 

provides an ambiguous output in an environment with controlled, but unknown pH, 

such as in cells. On the other hand, a temperature probe that is intrinsically 

independent of pH would provide an absolute temperature measurement of its 

environment.  
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Chapter Five: CPL Photography 
 

The content presented in this chapter is based on the following publication:  

Davide F De Rosa, Patrycja Stachelek, Dominic J Black, Robert Pal, Rapid handheld 

time-resolved circularly polarised luminescence photography camera for life and 

material sciences, Nature Comm., 14, 1537 (2023) 

The two main objectives of the work presented in this Chapter are the development of novel 

ink-based security tags that incorporate mono-signate CPL-active Eu(III) complexes as an 

additional layer of security; and the development of a novel compact, high-throughput CPL 

camera for facile scanning of CPL-based security tags. 

 

5.1. Introduction 

5.1.1. Critical analysis of state-of-the-art instrumentation 

State of the art PEM-CPL spectrometers were thoroughly described earlier, (vide 

supra - Section 1.2.3). Previously published innovations at the frontier of CPL 

detection by Pal et al., such as SS-CPL and CPL confocal microscopy,153,154 were also 

presented earlier, (vide supra - Section 1.2.3). The present chapter focuses on building 

and benchmarking the first rapid handheld time-resolved CPL photography camera, a 

design that overcomes several limitations in instrumentation and has the potential of 

promoting well diversified commercial applications of CPL.134 

PEM-CPL setups are bulky, relatively expensive (> £50k) instruments with slow 

spectral data acquisition rates (~1 h for a typical CPL spectrum, 100 nm spectral 

range, 5 averages with a 0.5 nm/s resolution).155,156 More importantly, time-resolved 

detection of CPL is virtually inaccessible due to the fixed oscillating mechanically 

induced birefringence resonating nature of the PEM (@ 42 kHz). These issues explain 

why CPL is not currently used as a routine spectroscopic technique.  

The more cost effective, smaller footprint SS-CPL circumvents part of the issues with 

the traditional PEM-CPL architecture, (Figure 5.1). The SS-CPL spectrometer 

replaces the PEM with a dual channel optical layout and two distinct rapid readout 

solid state linear CCD detectors, allowing the one-shot acquisition of individual left- 

and right-handed CPL spectra in as little as 10 ms. Signal-to-noise ratio can be 

substantially improved by averaging thousands of acquisitions, taking only a few 
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seconds in total. Furthermore, the SS-CPL spectrometer provides a simple way to 

enable time-gated CPL acquisition, a technique especially useful to distinguish long-

lived lanthanide emitters from short-lived emission of other fluorescent species. The 

SS-CPL is also significantly cheaper than the standard PEM-CPL setup (£14,000 vs 

£57,800 at time of writing for in-house built setups). Although the SS-CPL was 

validated against the standard PEM-CPL setup for emitters with glum above 0.05, 

further studies need to be performed to assess potential sources of systematic error 

and how they affect the sensitivity of the SS-CPL for lower glum emitters. Despite this 

limitation, the SS-CPL spectrometer setup is particularly relevant to the present works 

as it represents the first high-throughput instrument in the literature.  

Figure 5.1. Schematic comparison between standard PEM-CPL spectrometers (a) and next-

generation rapid SS-CPL spectrometer (b). Image adapted from 157.  

 

In particular, the scheme of a SS-CPL spectrometer shown in Figure 5.1 can have two 

possible realisations, (Figure 5.2): the polarising beam splitter cube (left) can be 

replaced by a non-polarising beam splitter cube, provided that two orthogonal linear 

polarisers are placed in front of the CCDs (right).  

Figure 5.2. Comparison of SS-CPL spectrometers using a polarising beam splitter (left) and 

a non-polarising beam splitter with two linear polarisers (right). 
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The advantage of the latter rests on the easier calibration and alignment of the non-

polarising beam splitter cube. These issues are particularly problematic in the case of 

emission arising from Eu(III) because the polarising beam splitter cube has a non-

uniform retardation of the orthogonal S and P polarisation states in the red region of 

the visible spectrum, (Figure 5.3, left). The design shown on the right of Figure 5.2, 

i.e. with the non-polarising beam splitter cube, was preferred as it allows observation 

of the Δ  = 4 emission manifold of Eu(III) without adding any spurious distortions, as 

the retardation of transmission is wavelength independent in this case, (Figure 5.3, 

right). The small difference in transmission between the two polarisation states can be 

effectively corrected in the 400 – 800 nm region using a standard calibration lamp. 

Figure 5.3. Transmission of the S and P polarisation states through the polarising beam 

splitter cube (left) and through the non-polarising one (right). The orange insert on the left 

highlights how the stray transmission of S-polarisation overlaps with the Δ  = 4 emission 

manifold of Eu(III). Reference files can be found on the ThorLab website 

(https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=13033).  

 

 

5.1.2. Security inks 

This research is fuelled by the ever-increasing need for authenticating products and 

documents with luminescent security inks that are vital to global commerce, health, 

and personal identity documents. Dyes incorporated into security inks should be 

invisible to the unaided eye and luminesce brightly upon UV-A irradiation, such as that 

of 365 nm LEDs commonly used in commercial optical document readers.158 Suitable 

dyes are resistant towards photobleaching and retain their photophysical properties 

upon deposition, which often include lamination at temperatures often exceeding 150 

°C.159 
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Lanthanide complexes are widely used in luminescent security inks due to their large 

pseudo-Stokes’ shift, long-lived emission, reduced self-quenching, resistance to 

photobleaching, and narrow line-like emission profiles.160–168 Multicomponent, 

multicolour inks presenting different colours under different time-gating regimes are 

employed on documents such as passports, (Figure 5.4).  

Figure 5.4. Multicomponent, multicolour inks presenting different colours under different time-

gating regimes are employed on a contemporary UK passport. Short-lived blue emission from 

stilbene can be removed with a 1.5 μs time gate; longer-lived green emission from Ir(III) 

tert(bipyridyl) can be removed with a 10 μs time gate; long-lived (order of 1 ms) red emission 

from a Eu(III) complex. Image adapted from 157.  

 

The superior CPL properties of lanthanide complexes, namely the high glum values and 

high CPB, have not been exploited as an added extra layer of security in advanced 

security inks. This is largely attributed to the limitations posed by current CPL 

instrumentation, where high throughput hand-held full frame/spectra detection and 

discrimination of L-CPL and R-CPL are not available. Embedding CPL features into 

security inks would prove particularly important in fighting counterfeiting as it is not 
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possible to make enantio-enriched dyes without advanced chiral chemistry expertise 

and expensive dedicated equipment, such as chiral HPLC.169  

The solution hereby proposed to the instrumentation bottleneck that needs to be 

overcome to incorporate CPL features into security inks is to utilise a full frame/field of 

view (FOV) high sensitivity scientific camera aided by a chiroptical separator unit 

containing a rotating quarter waveplate (QWP) and precisely aligned stationary linear 

polariser (LP). The latter is important as, due to the unique birefringence of each CCD 

or CMOS camera chip, rotation of the LP as opposed to the QWP will result in light 

helicity mismatch and randomisation of CPL due to the induced light wave retardance 

by the detector chip itself. Subsequent spectral and chromatic (colour) selectivity can 

be achieved by employing an appropriate band pass filter (BPF) to match unique 

helicity transitions in the emitted light. 

The best efforts to date on macroscale enantiomeric contrast imaging to demonstrate 

the potential of advanced CPL-active security inks belong to Frawley et al.169 and 

Kitagawa et al.170 The former provides a demonstration of chiral image contrast at 

selected wavelengths using enantiopure Eu(III) complexes blotted on brightener-free 

paper using a home-made detection setup based on a commercial camera; the latter 

concerns a luminescent glass containing an enantiopure Eu(III) complex using a 

similar imaging setup. 

In Frawley’s work, a Eu(III) complex, named [Eu·L1] in the original work, was applied 

as a solution in methanol to non-optically brightened white paper and allowed to dry in 

air.154 A time-resolved Zeiss Axiovert 200M epifluorescence microscope setup171 was 

equipped with a variable pulse sequence generator, which allows both continuous and 

time-resolved operation. The microscope was fitted with a 365 nm pulsed UV LED 

(2W, 24V) and a 395 nm dichroic mirror to allow epifluorescence detection. A broad 

(400 – 800 nm) wavelength, 10 mm aperture achromatic quarter-wave plate, converts 

circularly polarised light into linearly polarised light, and is followed by a pair of high 

extinction (1:4000) linear polarisers that allow selection and differentiation of 

generated vertically and horizontally linearly polarised light. Enantioselective chiral 

contrast is demonstrated in Figure 5.5. 
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Figure 5.5. Proof-of-concept enantioselective chiral contrast on a CPL microscopy setup. 

Differential CPL images and relative CPL spectra (left), picture of the blotted paper under a 

365 nm UV illumination (top right), and schematic layout of the dual channel chiroptical 

separator (bottom right).154 

 

In Kitagawa’s work, the well-characterised (±)-3-(trifluoroacetyl)camphor (±tfc) chiral 

ligand was used to form a complex with Eu(III) along with the achiral glass promoter 

tris(2,6-dimethoxyphenyl)phosphine (tmpo) ligand. Its glass formation properties arise 

from its multiple coordination sites provided by the phosphine oxide and methoxy 

moieties.172,173 Additionally, the weakly coordinating tmpo ligand is expected to 

enhance CPL.174 Solutions of Eu(±tfc)3(H2O)2 and varying equivalents of tmpo in 

dichloromethane were drop cast onto glass substrates and allowed to evaporate at 

room temperature to afford a glassy homogeneous substrate, (Figure 5.6). Its 

amorphous structure was confirmed by X-ray diffraction spectroscopy. 

Figure 5.6. Photographs of Eu(III) lumino-glass without (a) and with UV light illumination (b, 

λexc = 365 nm). Image adapted from 170. 
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The Eu(III) lumino-glass is transparent to the naked eye and displays a very bright red 

emission upon UV light illumination. The brightness of the lumino-glass is 1000 times 

larger than that of other Eu(III) luminophores embedded in polymer films of similar 

thickness and concentration.170 An interesting future development could be adapting 

Kitagawa’s procedure to spin coating to obtain thinner films of reproducible thickness 

– a technique that is routinely used to cast polymer films.  

A proof-of-concept demonstration of Eu(III) lumino-glass as a CPL paint was provided 

by Kitagawa et al.170 Transparent glasses made with the two enantiomers were cast 

on a substrate in the shape of a sun and moon. CPL was visualised using a camera 

with a LP, a rotatable QWP, and a BPF, allowing the separate observation of the sun 

and moon shapes, (Figure 5.7). Most notably, the intensity and contrast were large 

enough to allow human detection of enantioselective contrast with the sole aid of the 

LP, QWP, and BPF. It is worth noting that the edges of the sun and moon shapes in 

the left- and right-CPL images have a noticeably different intensity when compared to 

the bulk, (Figure 7.d,e). This is due to helicity inversion of CP light upon reflection on 

the glass substrate or internal reflection in the material.  

Lumino-glass has the disadvantage of not being flexible and that it cannot be 

laminated onto documents. For this reason, having in mind the goal of achieving CPL-

active security inks, the present study will focus on lanthanide-doped solution-

processed polymer matrices as a continuation of the previously discussed work by 

Frawley et al.169 building on the recent advancements with CPL microscopy in the Pal 

group.154  
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Figure 5.7. Photographs of Eu(III) lumino-glass under UV light illumination (a, λexc = 365 nm) 

and the simple CPL detection setup (b) used to acquire the enantiomeric chiral contrast 

pictures (c, total intensity; d, left-CPL, e, right-CPL). Image adapted from 170. 

 

 

5.1.3. The necessity of tackling polarisation cancellation 

The characteristic high dissymmetry factor and high brightness of lanthanide 

complexes alone are not sufficient to use a CPL-active lanthanide complex as a 

security ink. The difficulty with lanthanide complexes is that their emission manifolds, 

labelled by their Δ  value, are narrow (order of 10 nm) and yet comprise of multiple 

transitions. The individual transitions within a single Δ  manifold of lanthanide 

complexes often have discordant sign in CPL spectra, significantly lowering the overall 

CPB when integrated over the whole manifold. Unfortunately, any high throughput 

instrument cannot have a resolution sufficient to differentiate between the individual 

opposing-sign transitions (in other words, it has a large passing bandwidth). This 

polarisation cancellation effect manifests as a loss of signal even for emitters with a 

high dissymmetry factor and brightness. An example of this is shown in Figure 5.8. 

The absolute value of the integral of the negative and positive peaks of the CPL 

spectrum are comparable for either the ΔJ = 1 and 2 manifolds. This complex would 

therefore be unsuitable for the purpose of this chapter due to extensive CPL sign 

cancellation effects. 
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Figure 5.8. CPL spectrum of the ΔJ = 1 and 2 manifolds (left) for the two enantiomers of a 

Eu(III) complex (right). Orange and yellow shadings mark the positive and negative transitions, 

respectively, of each shown manifold of the red CPL spectrum. Image adapted from ref.37 

 

The lack of fine resolution from putative cheap, high throughput spectrometer puts 

constraints on the properties of the emitters used for CPL-active security inks: suitable 

lanthanide emitters need to have at least one monosignate CPL manifold, i.e. a 

manifold where all the individual transitions have the same sign. If this requirement is 

satisfied, the bandwidth does not hinder the apparent glum as CPL sign cancellation 

does not occur. By adopting this approach, part of the difficulty with instrumental 

design is transferred over to the synthetic design to achieve suitable photophysical 

properties of lanthanide complexes. Instrumentation and synthetic design go hand in 

hand and cannot be decoupled from each other, as observed in Chapter Three, where 

the crucial dependence of the CPL spectral profile on solvent polarity was proven. 

 

5.2. Engineering lanthanide complexes as security dyes 

Spurred on from our advancements in the field of CPL research,153,154,157,169,175 we 

have coined the term Chameleon Security Inks (CSI) as a new class of intelligent 

security dyes. These blends of luminescent materials combine organic short-lived (ns) 

blue/green and red fluorophores and chiral CPL-active, high brilliance and circularly 

polarised brightness (CPB) red/green (europium/terbium) long-lived (ms) emitters 
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embedded into a transparent polymer matrix which are collectively invisible to the 

naked eye. The chiral molecular fingerprints encoded in the luminescence spectra of 

CPL active Ln(III) complexes, alongside the possibility of time-resolved colour 

separation, adds two extra layers of security to existing security inks. This allows for 

multi-layered unclonable QR or bar code generation. CSIs possess an unprecedented 

five-tiers of security comprised of multi-coloured, multi-spectral, opposing-helicity, 

combined with high spatial and temporal resolution. The increasing use of polymer-

based banknotes, mainly made from biaxially oriented polypropylene (BOPP), allows 

the introduction of hidden in plain sight security features that can facilitate ad hoc 

verification greatly advancing security and authenticity checking when combined with 

the right high throughput read-out instrument.  

Besides the restraint on their CPL properties, i.e. the aforementioned requirement to 

display monosignate CPL emission manifolds, there are several additional physical 

criteria that need to be mitigated in order to fully utilise luminescent lanthanide 

complexes as part of intelligent security inks.176 A key characteristic of all security dyes 

is that they need to be readily soluble to be used as inks and retain required properties 

on deposition. They must be resistant toward fading caused by photobleaching and 

be thermally robust to survive conditions such as the relatively high temperatures 

(often excess of 150 °C for seconds – lamination speed 1 s cm-1) necessary for 

document lamination or integration into modern plastic bank notes. Sufficient thermal 

stability is not trivial in the case of lanthanide emitters, as their CPL activity arises from 

the degree of enantiopurity which can in turn be decreased by heating due to thermally 

assisted enantiomer interconversion. For this reason, extra care needs to be put into 

the synthetic design of such emitters in order to increase the energy barrier to the 

enantiomer interconversion process. For a more detailed discussion on this aspect, 

refer to Chapter Four. Once all the above requirements have been met, the CSIs can 

easily be embedded into a suitable transparent polymer matrix via simple drop casting 

or spin coating techniques.  

As highlighted above, a suitable Eu(III) complex for successful use in combination with 

a handheld high throughput CPL photographic (CPLP) camera needs to exhibit 

monosignate (single sign, either positive or negative), broad emission bands with high 

CPB. The sign of individual CPL bands within the ΔJ = 1 and 2 manifolds depends on 

the nature of the donor atoms used to chelate the central lanthanide ion and on the 
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polarity of the environment, as detailed in Chapter Three. Based on previous 

knowledge on the design and synthesis of luminescent lanthanide complexes,162,176–

179 a compound displaying the desired single sign properties in both ΔJ = 1 and 2 

transitions of the CPL emission in low polarity environments was designed and 

synthesised. The Eu(III) complex [Eu.L1b] (Figure 5.9), bearing an ethyl ester 

functionality and mixed carboxylate and phosphinate donors, was synthesised and 

chirally resolved with complete photophysical characterisation as detailed in Section 

2.1 and will be termed [Eu.L1] in the present chapter for the sake of simplicity. 

 

Figure 5.9. Photophysical characteristics of [Eu.L1]. (A) Absorption (green), excitation 

(blue, λem = 61  nm) and total emission spectra (red, λex = 355 nm) of [Eu.L1] (c = 5.4 x 10-5 

M) in Et Ac. (B) CPL emission spectra of Δ- (red) and Λ- (blue) enantiomers of Eu:L1. Single 

sign bands are highlighted with orange and yellow shading under and above the red curve. 

Both spectra were recorded in Et Ac, 2 5 K, 5 μM complex, λexc = 355 nm, 5 scans averaged 

with 0.5 nm resolution and 1 ms integration time.  

 

The first CPL spectrum of lanthanide complexes obtained via multiphoton (MP) 

excitation was only recently achieved,154 along with the determination of their two 

photon excitation (2PE) cross section.180 One of the great advantages of 

arylalkynylpyridyl based complexes is that they may be efficiently sensitised via 

biologically favourable multiphoton – 2PE at λexc = 680 - 720 nm. The 2PE cross 

section of [Eu.L1] measured according to established procedures180,181 is σ2 = 65 ± 3 

GM (1 GM = 10−50 cm4 s photon−1) for both the Λ- and Δ-enantiomers, with complete 

CPL spectrum recovery recorded upon MP excitation at 680 nm, (vide supra - Section 

2.1.10). 
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Preliminary solution-state multiphoton studies were performed both in EtOAc and 

NMP, (Figures 5.11-12, respectively). Total emission and CPL spectra are shown to 

be equivalent for one-photon and two-photon excitation of the complex [Eu.L1]. 

Figure 5.10. Key photophysical parameters and spectra of Λ- and Δ-[Eu.L1] in EtOAc. (A) 

 ne photon excitation (solid purple line) and two photon excitation (maroon dots) spectra (λem 

= 614 nm) of [Eu.L1]. (B) Excitation power dependency (green diamonds) of the 2PE induced 

photo luminescence (PL) intensity, slope 1.70 ± 0.1, σ2 = 65 ± 3 GM (10 - 50 cm4s/photon). 

(C)  ne (λex = 3 0 nm, solid red line) and two photon (λex = 680 nm, solid blue line) induced 

emission spectrum of the depicted (insert) Λ- and Δ-[Eu.L1]. (D) One photon and (insert) two 

photon CPL spectra of Λ- and Δ-[Eu.L1] (solid black and red line respectively). Spectra 

recorded in EtOAc (C = 5 × 10-5 M). 
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Figure 5.11. Comparison between total emission (A) and CPL spectra (B) of the Λ enantiomer 

of [Eu.L1] in NMP at various excitation wavelengths (C = 5 × 10-5 M).  

Figure 5.12. CPL spectra in EtOAc (A) and in PMMA (B) of Λ- and Δ-[Eu.L1] (C) (C = 5 × 10-

5 M), and in NMP (D) and in PVP (E) of [Eu.L10] (F).154 Note that the main spectral features of 

the solution-state CPL spectrum are preserved in polymeric films. 
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5.3. Circularly Polarised Luminescence Photography (CPLP) 

5.3.1. Compact enantioselective CPL photography camera 

As shown in the previous paragraph, the difficulty of finely resolving opposing-sign 

CPL transitions usually present in Eu(III) spectra was successfully shifted from the 

instrument to the synthetic design of a suitable Eu(III) complex displaying mono-

signate CPL emission within a single emission manifold. This advancement allows for 

the use of cheaper instrumentation with a larger bandwidth and lower resolution, 

collecting all the radiation from a single monosignate manifold using a 10 nm wide 

bandpass filters without any CPL sign cancellation, (Table 5.1).  

Table 5.1. Appropriate bandpass filters to select Eu(III) and Tb(III) CPL emission manifold that 

display strong CPB. 

CPL Manifold Bandpass filter 

Eu(III) ΔJ = 1 BP594/10 

Eu(III) ΔJ = 2 BP610/10 

Tb(III) ΔJ = 5 BP546/10 

 

The next challenge consists of exploiting the freedom to adapt optical components 

that are usually considered too coarse to detect lanthanide CPL to develop a solid 

state, small footprint single snapshot CPL photography camera. Portability is key to 

allow for the widespread use of CPL as an extra layer of security in the field of security 

inks. Systems that exploit a single detector equipped with a linear polariser (LP) and 

quarter waveplate (QWP), such as the setup used by Kitagawa et al., (Figure 5.7), or 

two independent detectors, such as the SS-CPL setup presented in Section 1.2.3, are 

prone to systematic error due to issues with calibration and alignment. Benchtop home 

built optical setups are sensitive to misalignment due to vibrations, touch, and just 

regular, correct use. This is particularly problematic if calibration files also depend on 

the configuration of the setup at any given time, especially the angle of the linear 

polariser. The ideal camera detector for such a setup should come as a single unit 

and, therefore, not suffer from the issue of misalignment over time. This is especially 

important as the CPLP setup is intended to be used for handheld detection, a situation 

more prone to impacts and vibration than a benchtop laboratory instrument. A robust, 
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all solid state, free of moving parts design is essential for the widespread commercial 

use of the CPLP setup. 

Our proposed solution to the problem is to incorporate a scientific (CCD or CMOS 

array) camera where individual pixel alignment with respect to linear polarisation 

orientation is achieved resulting in a solid-state linear polarisation sensitive camera. 

Such a setup does not require beam splitting and measures CPL using a fixed QWP 

and a single detector, allowing for single-shot CPL image capture. The intrinsically 

simultaneous acquisition of the two channels required to compute the CPL image 

provides more reliable results compared to calculating enantioselective chiral contrast 

based on two images, one for each channel, taken at successive times. The latter 

relies on the hypothesis that the total and CPL emission are constant in time. This is 

not true in general, as is the case of OLEDs, which are prone to degradation via 

different mechanisms.182 For instance, the difference between two successive shots 

to compute the enantioselective contrast image where the second one is dimmer due 

to degradation would provide a larger apparent dissymmetry in CPL emission.  

The QWP needs to be carefully aligned at the time of construction of the instrument to 

match the intrinsic unique birefringence properties of the detector but have the 

advantage of being fixed at the time of measurement. This ensures reproducibility and 

portability from instrument to instrument.  

The detector consists of a commercial linear polarisation sensitive camera (Kiralux® 

CS505MUP1, ThorLabs, Figure 5.13) which has never previously been used in the 

field of CPL imaging. Polarisation sensitive cameras were marketed in response to an 

increasing industrial interest in using linearly polarised light to probe stress in reflected 

or transmitted light in materials that exhibit stress-induced linear birefringence. The 

intended commercial applications of prime importance for polarisation sensitive 

cameras include stress detection for quality checks of car front shields and large 

double-glazed window panels for skyscrapers. Niche scientific applications of this 

camera are also on the rise. For example, this camera has been recently used in the 

field of life sciences for a high throughput analysis of differences in gene structures 

using polarisation coding, and validated on the spike protein gene sequences for three 

different model variants of the SARS-CoV-2 virus183, and to characterise natural fibres 
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such as spider silk using chromaticity plots.184 However, the present work constitutes 

the first adaptation of a polarisation-sensitive camera to CPL. 

Figure 5.13. Picture of the Kiralux® CS505MUP1 polarisation sensitive camera from ThorLabs 

(left) and detailed schematics of its pixel layout and polarisation selector wire-grid alignment, 

displaying its wavelength-dependent quantum efficiency. 

 

When light hits the Kiralux® CS505MUP1 camera, an array of microlenses focuses it 

on each pixel of the detector. Polarisation sensitivity is imparted by a linear polariser 

array embedded between the microlens array and the photodiodes. This way, the light 

reaching each pixel is filtered via a polariser at 0°, +45°, -45°, or 90°, (Figure 5.13). 

The design of the Kiralux® CS505MUP1 camera naturally lends itself to readaptation 

for CPL detection applications: the key idea is to convert left- and right-CPL emission 

coming from the sample into two orthogonal linear polarisations to be detected by the 

camera with a QWP, (Figure 5.14). This requires careful alignment of the QWP so that 

the directions of the linearly polarised light arising from it matches the direction of the 

polariser array in the camera to maximise the signal.  
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Figure 5.14. Schematic diagram of the CPLP camera layout (A) and the real apparatus (B) 

with its synchronised 365 nm LE  (5.2 V, 500 m ) flash illuminator. The handheld USB 

powered apparatus comprises of a linear polarisation sensitive externally triggered camera 

(Kiralux®), a precisely aligned broad wavelength quarter waveplate (QWP, λex =  00 – 00 nm), 

a machine vision objective lens (f = 25 mm F1. ) and a selectable filter wheel containing long-

pass or narrow band-pass filters (L/BPF, d = 1”) to achieve chromatic discrimination. 

 

This setup not only allows instant pixel position decoded discrimination of L-CPL and 

R-CPL of photons emitted from a preselected spectral range, facilitated by precise fast 

axis orientation of the QWP to a pre-aligned polarisation angle (0°), but is also capable 

of simultaneous light detection regardless of circular polarisation state. In essence, all 

components required to calculate an EDCC image are encoded in one captured full 

field of view (FOV) frame. Total emission mapping of the frame is captured extracting 

pixel intensity values attributed to the sum of -45° and +45° wire grid alignment, with 

individual L-CPL and R-CPL captured using pixels with 0° and 90° polarisation 

orientation respectively. In practice, this is facilitated by recording an image with the 

camera in quad-view mode, where each of the four wire grid alignment attributed 

individual 8-bit images is presented as an array of 2 x 2 images in one frame. A post 

image acquisition protocol using a custom macro written in ImageJ (v.1.49r) crops the 

individual images and subsequently calculates the total emission and both (L-R and 

R-L) EDCC final images. The resultant three images are then saved as separate 8 bit 

greyscale images.  
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This setup can acquire CPL images in a single shot (as quickly as 27 µs per frame), 

allowing for time-gated acquisition. To do that, the CPLP camera system was 

synchronised to a pulsed 365 nm LED. This is facilitated by the camera’s native 

P X bulb exposure trigger mode linked to the camera’s global shutter operation 

circuit. The time gating sequence has been established and miniaturised in a USB (5.2 

V) or battery powered custom built signal generator.171,185 Due to the documented rise 

and fall time of the LED, 11 and 6 µs respectively, the time delay (td) has been set to 

20 µs (incorporating the camera’s inherent 13.72 µs post-exposure (tacq) integration 

period) to allow gating of any short-lived organic fluorescence out from long-lived 

Ln(III) emission in the spectral window of interest. To provide maximum customisation 

and to harness the variable triggered total accumulated acquisition time of 27 µs to 14 

s, the signal generator has been designed with variable illumination (up to 1 s) 

sequences operating at 0.1, 1, and 10 Hz overall frequency.  

Besides the astounding technical benefits, the components required to build the CPL 

photography setup are cheaper than a home-built PEM-CPL by a factor of 7 and even 

than a new-generation SS-CPL by a factor of 2, (Table 5.2). The most significant price 

reduction when moving from a traditional PEM- to a SS-CPL spectrometer is due to 

the elimination of the PEM and the laser driven light source (LDLS). The major 

contributors to the price of the SS-CPL are the two CCDs (£ 2,000), which are not 

required for the CPLP setup. This allows a further, significant cost reduction when 

moving to the Kiralux® camera as it eliminates the need for two channels with two 

distinct detectors. 

 

Table 5.2. Comparison of the total cost at time of writing of the component required to build a 

standard PEM-CPL spectrometer, a new-generation SS-CPL, and the CPL-P Camera setup 

described. 

PEM-CPL SS-CPL CPL-P Camera 

Item Cost (£) Item Cost (£) Item Cost (£) 

LDLS 14,500 LED + Pow 50 + 300 LED 100 

PEM  23,800 QWP 700 Kiralux® 2,200 

APD 3,500 LP + Mount 1,300 × 2 Signal gen. 2,000 

PD 900 CCDs 6,000 × 2 QWP 700 
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LIA 2,700 LPF 200 × 2 LPF/BPF 200 × 6 

Monoch’s 6,900 × 2 Diffuser 25 Mounts 500 

 £ 59,200  £ 16,075  £ 6,700 

LDLS = laser driven light source, PEM = photo-elastic modulator, APD = avalanche photo 

diode, PD = photo diode, LIA = lock-in amplifier, CCD = coupled charge detector, QWP = 

quarter wave plate, LP = linear polariser, LPF = long pass filter, BPF = band pass filter. 

 

5.3.2. Enantioselective CPL photography  

The solid-state CPLP camera system has been extensively tested using our library of 

legacy samples (called [Eu.L2-5] in the present chapter, Figure 5.15.B) previously used 

for validating both the CPL-LSCM (Laser Scanning Confocal Microscope) and CPL-

epifluorescence microscope,154,169 as well as a newly constructed complex proof-of-

concept (POC) CSI test targets using the newly synthesised ([Eu.L1], Figure 5.15.A) 

and commercial organic fluorophores anthracene, fluorescein, and rhodamine B. This 

section focuses on presenting the validation experiments in order of increasing 

complexity to describe the potential and limitations of the new CPLP camera.  

 

Figure 5.15. Chiral lanthanide complexes discussed as candidates for CPL-active security 

inks. (A) [Eu.L1], a newly synthesised complex that exhibits desirable strong single sign 

(exclusively left or right helicity)  ΔJ = 1 and ΔJ = 2 transitions. (B) [Eu.L2-5], legacy complexes 

demonstrating suitable CPL spectra to be used for time-resolved CPLP (TR-CPLP). 

 

Previous studies involved embedding bright, high CPB enantiopure europium 

complexes within a uniform polymer matrix (PVP-40).154 Herein, the possibility of 

embedding [Eu.L1] in the more widely used poly(methyl methacrylate) (PMMA, MW = 

15,000 g mol-1) is shown. Two different techniques were tested: spin coating and drop 
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casting onto a glass surface. The solutions were prepared by blending PMMA with 

enantiopure solutions of Δ- and Λ-[Eu.L1] (5 × 10-5 M, MeOH) as previously 

reported.154 Complete CPL spectrum recovery has been achieved for luminescent 

PMMA films prepared with both enantiomers, (Figures 5.16-19; see Figures 3.10 and 

3.11 for a comparison of the CPL spectra in solution vs film). 

 

Figure 5.16. Solid state time-resolved EDCC photography of an organic emitter and a 

CPL active Eu(III) complex. (A) Conventional photo of Rhodamine B and Λ- and Δ-[Eu.L1] 

in embedded into a PMMA matrix (C = 3 × 10-6 M) using 365 nm UV illumination. Scale bar = 

1 cm. (B) CPL emission spectra of (green, RhB) rhodamine B, Δ- (red) and Λ- (blue) 

enantiomers of [Eu.L1] in PMMA (λexc = 365 nm) highlighting the spectral window selected for 

photography using an BP594/10 (OD4.0) filter. (C) Time-resolved (td = 20 µs) images extracted 

from the quad polarisation view camera highlighting the recorded total emission, right- and 

left-handed emission with respect to the built-in polariser orientation to the fixed QWP fast 

axis. Numbers in red are avg. 8-bit pixel intensity values for each image region, tacq. = 400 ms, 

10 avg. image, 100 total image accumulation. 
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Figure 5.17. Solid state enantioselective differential chiral contrast (EDCC) photography of an 

organic emitter and a CPL active Eu(III) complex. (A) Conventional photo of Rhodamine B and 

Λ-[Eu.L1] in embedded into a PMMA matrix (C = 3 × 10-6 M respectively) using 365 nm UV 

illumination. Scale bar = 1cm. (B) CPL emission spectra of (green, Rh B) rhodamine B, Δ- 

(red) and Λ- (blue) enantiomers of [Eu.L1] in PMMA film (λexc = 365 nm) highlighting the 

spectral window selected for photography using an BP594/10 (OD4.0)  filter. (C) Images 

extracted from the quad polarisation view camera highlighting the recorded total emission, 

right- and left-handed emission with respect to the built-in polariser orientation to the fixed 

QWP fast axis. The calculated EDCC image (R-L) shows clear CPL based emission only for 

Λ-[Eu.L1]. Numbers in red are avg. 8-bit pixel intensity values for each image region, tacq = 

300 ms, 10 avg. image, 100 total image accumulation. 

 

 

Figure 5.18. Solid state time resolved EDCC photography of an organic emitter and a CPL 

active Eu(III) complex. (A) Conventional photo of Rhodamine B and Λ-[Eu.L1] in embedded 

into a PMMA matrix (C = 3 × 10-6 M respectively) using 365 nm UV illumination. Scale bar = 

1cm. (B) CPL emission spectra of (green, RhB) rhodamine B, Δ- (red) and Λ- (blue) 

enantiomers of [Eu.L1] PMMA film (λexc = 365 nm) highlighting the spectral window selected 

for photography using an BP594/10 (OD4.0) filter. (C) Time resolved (td = 20 µs) Images 

extracted from the quad polarisation view camera highlighting the recorded total emission, 

right- and left-handed emission with respect to the built-in polariser orientation to the fixed 

QWP fast axis. Under time-resolved conditions no emission from the organic fluorophore is 

detected, whilst the calculated EDCC image (R-L) shows clear CPL based emission only for 

Λ-[Eu.L1]. Numbers in red are avg. 8-bit pixel intensity values for each image region, tacq = 

400 ms, 10 avg. image, 100 total image accumulation.  
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Figure 5.19. Solid state time resolved EDCC photography of an organic emitter and a CPL 

active Eu(III) complex. (A) Conventional photo of Rhodamine B and Λ-[Eu.L1] in embedded 

into a PMMA matrix (C = 3 × 10-6 M respectively) using 365 nm UV illumination. Scale bar = 1 

cm. (B) CPL emission spectra of Δ- (red) and Λ- (blue) enantiomers of [Eu.L1] in PMMA film 

(λexc = 365 nm) highlighting the spectral window selected for photography using an BP594/10 

(OD4.0) filter. (C) Time resolved (td = 20 µs) Images extracted from the quad polarisation view 

camera highlighting the recorded total emission, right- and left-handed emission with respect 

to the built-in polariser orientation to the fixed QWP fast axis. Under time-resolved conditions 

no emission from the organic fluorophore is detected, whilst the calculated EDCC image (L-

R) shows clear CPL based emission only for Δ-[Eu.L1] whilst R-L shows clear CPL based 

emission only for Λ-[Eu.L1]. Numbers in red are avg. 8-bit pixel intensity values for each image 

region, tacq = 400 ms, 10 avg. image. Opposite sign observations were made using BP610/10 

(OD4.0), tacq = 500 ms, 10 avg. image, 100 total image accumulation (Figure D, E and F in 

dashed black box). 
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First experiment: solution of Rhodamine B vs Λ-[Eu.L1] 

The very first attempt at CPLP was performed using the Λ enantiomer of the custom 

synthesised monosignate [Eu.L1] complex in ethyl acetate solution. [Eu.L1] in ethyl 

acetate displays bright, monosignate CPL emission from the ΔJ = 1 and 2 manifolds 

as opposed to more polar solvents, (see Chapter Three). Solution conditions were 

preferred over films for the first experiment with CPLP as solution CPL is better 

characterised and reproducible. An ethyl acetate solution of achiral rhodamine B, a 

species that is bright in the 594/10 nm range, was used as a reference to be compared 

to Λ-[Eu.L1]. The calculated EDCC image (R-L) shows clear CPL based emission only 

for Λ-[Eu.L1]. 

Figure 5.20. Solution state EDCC photography of an organic emitter and a CPL active Eu(III) 

complex. (A) Conventional photo of Rhodamine B and Λ-[Eu.L1] in EtOAc using 365 nm UV 

illumination (C = 3 × 10-6 M respectively). Scale bar = 1 cm. (B) CPL emission spectra of 

(green) rhodamine B, Δ- (red) and Λ- (blue) enantiomers of [Eu.L1] in Et Ac (λexc = 365 nm) 

highlighting the spectral window selected for photography using an BP594/10 (OD4.0) filter. 

(C) Images extracted from the quad polarisation view camera highlighting the recorded total 

emission, right- and left-handed emission with respect to the built-in polariser orientation to 

the fixed QWP fast axis. The calculated EDCC image (R-L) shows clear CPL based emission 

only for Λ-[Eu.L1]. Numbers in red are avg. 8-bit pixel intensity values for each image region, 

tacq. = 250 ms, 10 avg. image, 100 total image accumulation. 
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Second experiment: [Eu.L3] blotted paper and PVP film  

Recording EDCC on an embedded system, not in the solution state, was first 

attempted on available, previously studied samples consisting of paper blotted with 

the two enantiomers of [Eu.L3] as well as [Eu.L3] doped spin coated PVP-40 films, 

(Figure 5.21), prepared and tested for homogeneity using a laser scanning confocal 

microscope as described in reference.154 The sequence of steps used to process the 

raw data from the polarisation sensitive camera to extract L- and R-CPL images is 

shown in Figure 5.21. 

Figure 5.21. Example of data processing to extract EDCC images from raw images. (A) 

Conventional photography image. Scale bar = 1 cm, 365 nm LED illumination. (B) Quad-view 

one shot image of the FOV using ThorCam™ software, 16-bit. (C) Individual 8-bit image 

generation with respect to built-in wire grid polariser array to extract L-CPL, R-CPL and two 

half intensity total emission image using a custom written macro in ImageJ (v1.49j). (D) EDCC 

and calculated final image contrast bearing images using ImageJ’s built-in calculator plus 

feature.  

 

Previous findings using the same sample of paper blotted enantiopure Λ and Δ [Eu.L4] 

used to demonstrate EDCC for the first time in 2016 were successfully replicated, 

(Figure 5.22).175 Using the calculated EDCC images: L-R shows clear CPL based 

emission only for Δ-[Eu.L4] whilst R-L shows clear CPL based emission only for Λ-

[Eu.L4] demonstrating the ability of this CPLP system to be used as a facile rapid 

methodology for enantioselective CPL readout. 
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Figure 5.22. Solid state time-resolved EDCC photography of a CPL active Eu(III) 

complex on paper substrate. (A) (top) Conventional photo and (bottom) time-resolved CPLP 

of Λ and Δ-[Eu.L4] in embedded into optical brightener free paper (c = 5 × 10-6 M) using 365 

nm UV illumination from the smooth side of the paper. Scale bar = 0.5 cm. (B) CPL emission 

spectra of Δ- (red) and Λ- (blue) enantiomers of [Eu.L4] in Me   (λexc 365 nm) highlighting 

the spectral window selected for photography using an BP594/10 (OD4.0) filter. (C) Time-

resolved (td = 20 µs) Images extracted from the quad polarisation view camera highlighting the 

recorded right- and left-handed emission with respect to the built-in polariser orientation to the 

fixed QWP fast axis. Numbers in red are avg. 8-bit pixel intensity values for each image region, 

tacq = 300 ms, 10 avg. image, 100 total image accumulation. 

 

It is worth noting that, similarly to the measurements performed using the CPL-LSCM, 

films deposited on glass showed partial randomisation of CPL due to reflection from 

jagged or smooth reflective surfaces. This is because, unlike linearly polarised light, 

which reflects by preserving its polarisation, the handedness of CPL is reversed upon 

reflection. 

 

Third experiment: polymeric film [Eu.L1] vs Rhodamine B 

CPLP images of Λ- and Δ-[Eu.L1] embedded into a PMMA matrix with an analogous 

film prepared using the short lived, organic, CPL inactive fluorophore rhodamine B 

were recorded. CPL emissive polymeric blends constitute an additional step forward 

to prototyping Chameleon Security Inks (CSIs) containing enantiopure CPL emitters. 

Multiple conditions were trialled, including the selection of either of the monosignate 

ΔJ = 1 or 2 emission manifolds with a suitable 10 nm bandpass filter and ungated or 

time-gated acquisition mode, (Figure 5.23). Remarkable enantioselective contrast was 

achieved in all cases for the two enantiomers of [Eu.L1], whereas the emission of 
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rhodamine B vanishes in the two CPL channels. The calculated L-R EDCC images  

show clear CPL emission arising from the Δ enantiomer of [Eu.L1] only, whilst R-L 

shows CPL emission only from the Λ enantiomer of [Eu.L1], demonstrating the 

capability of CPLP. Under time-resolved conditions no organic emission is detected 

even in the total emission channel. CPL active lanthanide emitters can be 

distinguished from achiral organic fluorophores by solely using the ungated EDCC 

mode described above, without time-gating. However, time-gated EDCC mode allows 

full discrimination among the four categories of emitters arising from the combinations 

of long- and short-lived chiral and achiral emitters, further increasing the level of 

embedded security. 
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Figure 5.23. Solid state EDCC photography of an organic emitter and a CPL active Eu(III) 

complex. (A) Conventional photo of Rhodamine B and Λ- and Δ-[Eu.L1] embedded into a 

PMMA matrix (C = 3 × 10-6 M) using 365 nm UV illumination. Scale bar = 1 cm. (B) CPL 

emission spectra of (green, Rh B) rhodamine B, Δ- (red) and Λ- (blue) enantiomers of [Eu.L1] 

in PMMA (λexc = 365 nm) highlighting the spectral window selected for photography using an 

BP594/10 (OD4.0) filter. (C) Images extracted from the quad polarisation view camera 
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highlighting the recorded total emission, right- and left-handed emission with respect to the 

built-in polariser orientation to the fixed QWP fast axis. Using calculated EDCC images: L-R 

shows clear CPL based emission only for Δ-[Eu.L1] whilst R-L shows clear CPL based 

emission only for Λ-[Eu.L3]. Numbers in red are avg. 8-bit pixel intensity values for each image 

region, tacq = 400 ms, 10 avg. image, 100 total image accumulation. Opposite sign 

observations were made using BP610/10 (OD4.0) in both steady state (Figure D, E and F in 

dashed black box) and time-resolved mode (Figure G, H and I in dotted black box), tacq = 700 

ms respectively, 10 avg. image, 100 total image accumulation. 

 

 

Fourth experiment: solution of [Tb.L6] vs fluorescein  

The next step consisted of testing the CPLP camera setup in a different visible 

wavelength range. To access the green region of the spectrum a solution of the Δ 

enantiomer of a previously synthesised chiral Tb(III) complex, [Tb.L6], was prepared 

in water, (Figure 5.24).141 A solution of fluorescein was used as an achiral organic 

emitter in a similar wavelength range. 

Figure 5.24. Photophysical characteristics of [Tb.L6].141 (A) Chemical structure (B) Absorption 

(green), excitation (blue, λem = 544 nm) and total emission spectra (red, λexc = 344 nm) of 

[Tb.L6] complexes (c = 5.4 x 10-5 M) in water. (C) CPL emission spectra of Δ- (red) and Λ- 

(blue) enantiomers of [Tb.L6]. Both spectra were recorded in water, 2 5 K, 5 μM complex, λexc 

= 344 nm, 5 scans averaged with 0.5 nm resolution and 1 ms integration time. 

 

The high CPB magnetic dipole-allowed ΔJ = 5 emission manifold was selected using 

a 10 nm bandpass filter centred at 546 nm. CPL spectra of Tb(III) are often complex 

and characterised by several opposing-sign transition within a single manifold. As 

extensively discussed earlier, these conditions are not ideal to detect CPL with fast, 

large bandwidth instrument such as the CPLP camera due to CPL sign cancellation 
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occurring. However, the integral on the CPL spectrum of the ΔJ = 5 manifold within 

the BP546/10 region is a positive non-zero number, i.e. the sign cancellation is present 

but not complete. The CPLP camera setup proved to be sensitive enough to provide 

good contrast EDCC images despite the apparent glum being smaller due to CPL sign 

cancellation, (Figure 5.25). 

Figure 5.25. Solution state enantioselective differential chiral contrast (EDCC) photography 

of an organic emitter and a CPL active Tb(III) complex. (A) Conventional photo of fluorescein 

and Δ-[Tb.L6] in water using 365 nm UV illumination (C = 3 × 10-6 M respectively). Scale bar 

= 1cm. (B) CPL emission spectra of (light green, Fluo) fluorescein, (green) Δ-enantiomers of 

[Tb.L6] in water (λexc = 365 nm) highlighting the spectral window selected for photography 

using an BP546/10 (OD4.0) filter. (C) Images extracted from the quad polarisation view 

camera highlighting the recorded total emission, right and left-handed emission with respect 

to the built-in polariser orientation to the fixed QWP fast axis. Time-resolved (td = 20 µs) images 

show no detectable fluorescein emission throughout. The calculated EDCC images (L – R) 

shows clear CPL based emission only for Δ-[Tb.L6] in both ungated and time-gated images. 

Numbers in red are avg. 8-bit pixel intensity values for each image region, tacq. = 2 s, 10 avg. 

image, 200 total image accumulation 

 

 

Fifth experiment: proof-of-concept of CSIs  

A proof-of-concept (POC) invisible hidden in plain sight CSI security tag was 

constructed to comprehensively demonstrate the validity of the claim that the all-solid 

state one-shot CPLP camera system developed herein is capable of five layers of 

security readout comprising of multi-coloured, multi-spectral, opposing-helicity, 

combined with high spatial and temporal resolution. This CSI tag (Figure 5.26) was 
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constructed using three different coloured - anthracene (blue), fluorescein (green), and 

rhodamine B (red) - commercially available short-lived organic fluorophores and 

enantiopure and racemic (50:50) mixtures of Λ- and Δ-[Eu.L1]. The individual 

components (C = 2.8 × 10-6 M) of this CSI dye mixture were embedded onto an optical 

brightener free paper substrate under a standard UV document reader (365 nm lamp), 

with each layer homogeneously overdrawn multiple times to ensure that all tag 

features appear to be of comparable brightness to the naked eye. To add an extra 

layer of complexity, the paper had been pre-printed with black text prior to security tag 

construction using a commercial laser printer and the final POC CSI tag was laminated 

using a standard PET/EVA (polyethylene terephthalate/ethylene-vinyl acetate) 

laminating sheet and a laminator at 150 ⁰C (1 cm s), and left in the dark for three days 

prior to CPLP imaging.  

 

Figure 5.26. Design and composition of the proof-of-concept CSI security tag. (A) 

Schematics of the fluorophore composition and UV (365 nm, standard document reader) 

illuminated actual image of the concept invisible rudimentary Chameleon (CSI) security tag, 

scale bar 1 cm. (B) Individual emission spectra of the CSI’s luminophores, highlighting the 

colour coded emission filters used for revealing five tiers of embedded security features. (C) 

Detection methodology and proposed CPLP imaging sequence of the POC CSI security tag. 

One image encodes six different images that can be individually revealed. Chromatic 

separation can be facilitated using a combination of appropriate bandpass filters and time-

resolved (TR) detection as depicted using CPLP, whilst opposing helicity information can be 

read out using individual CPL channel detection. 

 

A sequence of five one-shot CPLP images was recorded to highlight the POC CSI 

tag’s invisible five tiers of security features. Three ungated images were recorded 
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(Figure 5.27.A-C) using chromatic RGB (red-green-blue) separation, facilitated by 

appropriate long pass filters - LP390 nm for RGB, LP495 nm for RG and LP570 nm 

for R. A time-resolved image collection mode was employed using the same red 

LP570 filter to gate out the short-lived red (rhodamine B) feature of the tag, revealing 

embedded additional ‘secondary red’ features due to long-lived [Eu.L3] emission, 

(Figure 5.27.D).  

 

Figure 5.27. Decoding the RGB EDCC layering of the laminated POC CSI security tag. 

Images of the P C CSI security tag (λexc = 365 nm) using various colour and time resolution 

filtered CPLP. (A-C) Total emission under steady state illumination using a (A) LP390 nm (B) 

LP495 nm and (C) LP570 nm filter. (D) Time-resolved image (td = 20 µs) using a LP570 nm. 

(E) L-R EDCC image using a BP594/10 nm filter demonstrating clear CPL based emission for 

Δ-[Eu.L1] whilst (F) R-L shows clear CPL based emission for Λ-[Eu.L1]. Numbers in red are 

avg. 8 bit pixel intensity values for each image region, tacq = 70-700 ms, 10 avg. image, 1-100 

total image accumulation.  Scale bar = 2 mm. 

 

Finally, a time-resolved image was recorded (Figure 5.27.E,F) to reveal the left- or 

right-handed emitted CPL dominance of the employed enantiopure Eu(III)-complex 

features using a BP594/10 nm filter. The calculated EDCC L-R image shows clear 
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CPL emission arising exclusively from the Δ enantiomer, whilst the R-L image shows 

CPL emission only from the Λ enantiomer of [Eu.L1].  

This rudimentary POC CSI invisible tag demonstrated the capability and simplicity of 

CPLP. Firstly, the imaging sequence and chromatic separation element can be further 

simplified by omitting the red channel (LP570 nm filter) element and only recording the 

steady state or time resolved red CPL spectral region of interest (BP594/10 nm) 

directly. EDCC images can still be calculated with high accuracy as the differential 

chiral contrast of a bright CPB luminophore is independent of the applied time domain 

(steady state vs time-resolved) mode of collection of CPLP. Secondly, the POC CSI 

tag has been constructed using stencils and calligraphy pens. However, this could 

have been made using inkjet printing adaptations for large scale commercial purposes. 

Furthermore, an extra dye and subsequent additional image feature could be 

introduced in the form of a second time-resolved green ink containing [Tb.L6] using 

an additional BP546/10 nm filter. This extra layer of security was deliberately omitted 

to ensure simplicity when presenting monochromatic EDCC POC images. 

 

5.4. Summary 

This work constitutes a breakthrough in the intertwined disciplines of CPL detection, 

chiral luminescence imaging, and enhanced security applications. First and foremost, 

a handheld non-moving part CPLP system capable of rapid and simultaneous 

differentiation of left- and right-handed CPL was developed. It allows one-shot full field 

of view enantioselective differential chiral contrast imaging and photography. This is 

accompanied with the inherent advancement of differentiation between short-lived 

organic and long-lived lanthanide emission via time-resolved detection. Secondly, a 

simple protocol was defined to generate mixed chemical entities to act as rudimentary 

proof-of-concept chameleon security inks, encompassing five tiers of security, where 

both time-resolved colour separation and pattern recognition can be facilitated with the 

added possibility of further patterning using EDCC. These test targets consist of 

enantiopure high CPB europium complexes specifically designed to have exclusively 

positive or negative sign CPL within an emission manifold embedded into a PMMA 

matrix. Deposition of thick films was achieved by calligraphy or drop casting and spin 

coating. A rudimentary POC CSI security tag was constructed to evidence the 
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adaptability of CPLP. This invisible to the unaided eye tag demonstrates the capability 

and simplicity of CPLP and its of five layers of chromo-spatio-temporal-spectral-chiral 

discrimination. Importantly, these simple test target generation protocols can serve to 

compare and validate future CPLP devices capable of EDCC that may subsequently 

be developed by the multidisciplinary imaging community.  

These developments may ignite research avenues especially in the field of lanthanide 

chemistry and luminescent security ink development for enhanced security 

applications. CPLP will play a vital role in the new era of layered information 

photography enabling the development of physically unclonable stochastically micro-

patterned CPL-active chameleon security inks157,176,186 and will promote EDCC to be 

adopted and utilised by a wider research community. Ultimately the work presented 

here could promote sufficiently high CPB luminescent chiral molecules to be used in 

many aspects of materials and life science. The development of such a compact 

multifunctional camera system and image differentiation methodology can also take 

centre stage and dictate the development and applications of chiral molecular emitters. 

Future work in the area will build on the findings about solvent dependence detailed in 

Chapter Three. The main features of CPL spectra, especially the monosignate nature 

of the ΔJ = 1 and 2 manifolds, were shown to be preserved when going from solution 

to polymer matrices with similar chemical structures and polarity. Further steps include 

the fabrication of reliable polymer-based films for calibration of CPL instrumentation 

and appropriate functionalisation of Eu(III) complexes to make them soluble in water-

based inks without affecting their chiroptical properties. This reinforces the idea that 

synthetic design of suitable emitters and instrumentation development go hand in hand 

and provide the best results when considered together.  
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Conclusions 

The aim of the present work was to devise TACN-based Ln(III) complexes that are 

versatile, bright, linkable, and display desirable CPL behaviour. Ideal CPL tags should 

be chemically robust, display same sign CPL transitions within a single emission 

manifold, bear a functionalised alkyl chain to be exploited for late-stage conjugation of 

the complex with different species, and be suitable for cell uptake studies. Having a 

broad, intense, unique sign CPL emission manifold should greatly aid spectroscopic 

detection, as it would be possible to use low-cost broad band pass filters, allowing a 

larger number of photons reaching the detector without opposite sign CPL bands 

cancelling each other out. The hypothesis that replacing one or more phosphinate 

donors with carboxylates results in the coherence of the sign of CPL emission within 

one or more manifolds was verified. Great insight into the factors shaping spectral 

profiles as well as synthetic design rules was gained. 

The aims of this thesis were broken down into the following seven objectives that will 

be reviewed, in turn, in the subsequent paragraphs: 

4) Synthesis of Eu(III) complexes that display mono-signate CPL transitions within 

a single emission manifold; 

5) Design of Eu(III) complexes with mixed donors and endowed with linkers that 

enable late-stage functionalisation; 

6) Synthesis of a Tb(III) complex to be used as the CPL-active green emitter to 

fabricate circularly polarised OLEDs; 

7) Study of the dependence of total and CPL emission of Eu(III) complexes on 

solvent polarity and investigation of solvent effects on racemisation kinetics; 

8) Study of the properties of temperature sensitive Eu(III) complexes and the 

underlying mechanism of such behaviour; 

9) Development of novel ink-based security tags that incorporate mono-signate 

CPL-active Eu(III) complexes as an additional layer of security; 

10) Development of a novel compact, high-throughput CPL camera for facile 

scanning of CPL-based security tags. 
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1) The TACN-based complex [Eu.L1] was identified as the target and synthesised. 

Chiral separation failed due to its negative charge. Conversion into its more apolar 

ethyl ester counterpart [Eu.L1]b allowed resolution of the two enantiomers. It was 

found that the two brightest emission manifolds (ΔJ = 1 and ΔJ = 2)  of [Eu.L1]b are 

monosignate in NMP and EtOAc, effectively keeping opposite CPL sign cancellation 

low. NMP and EtOAc were chosen as solvents as they mimic the monomeric units 

constituting polyvinylpyrrolidone (PVP) and polymethylmethacrylate (PMMA), 

respectively. Embedding [Eu.L1]b in PMMA and PVP proved that the CPL spectrum 

sign features are retained when going from solution to films. This is particularly 

relevant when envisioning applications where bright, monosignate lanthanide-based 

polymeric films are used for calibration of CPL instrumentation. Strong CPL spectra of 

the Λ enantiomer of [Eu.L1]b
 in NMP were recorded using two-photon excitation (2PE).  

2) A novel TACN-based Eu(III) complex, [Eu.L5], was synthesised, comprising three 

pyridyl-based carboxylate donor groups which saturate the coordination sphere of 

Eu(III). Two pyridylalkynylaryl antennae were grafted onto the macrocycle to enable 

efficient sensitisation of Eu(III) emission both in the UV region with single-photon 

excitation and in the NIR near-infrared via 2PE. A third macrocycle site was 

functionalised with a single pyridyl pendant arm, enabling linkage of the complex to 

various molecules via a para-nitro group that allows for facile late-stage 

functionalisation with a broad set of substituents. One of the aims of this work was to 

study how the total emission and CPL spectral profile of all-carboxylate complexes 

differ from those of all-phosphinate complexes. This was not pursued due to the failure 

of chiral resolution of the carboxylate-based [Eu.L5].  
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The shorter synthetic route of carboxylate donors compared to phosphinate ones 

afforded a larger amount of final product (50 mg, one order of magnitude larger than 

the usual mass obtained in the case of phosphinate donor-based complexes). The 

alkylation order necessary to install two different types of arms on the TACN scaffold 

was optimised to avoid the exposure of the alkynyl group to trifluoroacetic acid, which 

was shown to cause the degradation of the triple bond of the antenna. Conjugation 

reactions, such as thiol-bearing polymer end-group modifications to obtain Eu(III)-

tagged CPL emissive polymers. This is possible since conjugation reactions are mild 

and are expected to preserve the enantiopurity of the complex. A successful proof-of-

concept conjugation test reacted racemate [Eu.L5] with reduced L-glutathione under 

various conditions.  

3) A novel Tb(III) chiral complex, [Tb.LA], characterised by the presence of three 

strongly sensitising biaryl arms was synthesised with the intention of preparing a green 

dopant for the fabrication of Circularly Polarised OLEDs. Combined photophysical and 

electrochemical characterisation via fluorescence spectroscopy and cyclic 

voltammetry was performed to estimate the energy of the HOMO and LUMO of 

[Tb.LA], calculated to be -6.8 eV and -2.7 eV, respectively. Commercially available 

hosts that are solution processable usually range between a -2.3 eV LUMO and a -6.2 

eV HOMO. The remarkably deep HOMO energy of -6.8 eV of [Tb.LA] poses a great 

challenge since a host with an insufficiently deep HOMO level does not ensure charge 

injection or exciton trapping on the emissive material. Preliminary attempts using 

commercially available hosts with similar, although not perfectly matching energy 

levels were performed. The presence of the signature green Tb(III) emission was 

proven via electroluminescence spectrometry, showing the potential of [Tb.LA] as an 

emitter in OLEDs once better novel host materials with a large bandgap are found. 

4) Photophysical characterisation of racemic [Eu.L5] evidenced a strong increase in 

abs as the relative polarity of the solvent increases due to preferential stabilisation of 

the excited state with respect to the ground state. The solvatochromic properties of 

the complex suggest potential applications as a probe for local environment polarity. 

Photophysical studies in deuterated solvents proved that the solvent sensitivity of 

[Eu.L5] cannot be attributed to first-shell solvent-lanthanide interaction. The strong 

solvent effect is due to the coupling of the solvent dipoles to the chromophore arm 

dipole, especially in the internal charge transfer state. 
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CPL emission of structurally related complexes [Eu.L7-9] was found to increase as 

polarity decreases, consistently with the decrease in the magnitude of the electric 

dipole moment in less polar solvents. The simultaneous presence within the same 

emitting species of transitions that are highly sensitive towards solvent polarity 

variations (ΔJ = 2) and comparatively insensitive (ΔJ = 4) allows internally referenced 

ratiometric measurements of medium polarity to be undertaken, with greatly enhanced 

sensitivity. This ratiometric index undergoes an increase of up to a factor of 20 as 

solvent polarity decreases from MeOH to EtOAc, an order of magnitude larger than 

the same parameter when calculated using total emission.  

Additionally, solvent-specific effects influencing the kinetic stability of Eu(III) 

complexes with respect to enantiomer interconversion were investigated in the pursuit 

of chiral lanthanide emitters that are stable towards racemisation for applications at 

room temperature. A generalised model of enantiomer interconversion was derived 

and used to measure racemisation half-lives, resulting in half-lives in non-polar media 

at room temperature ranging from weeks to millennia, highlighting the remarkable 

stability imparted by the phenyl phosphinate donor groups. The lower half-lives in 

water and MeOH can be rationalised in terms of the stabilisation of the charged 

intermediate that arises from breaking a Eu-O and a Eu-Npy bond, facilitating the arm 

rotation step necessary for enantiomer interconversion. Both NMP and EtOAc are 

aprotic solvents that are less effective at solvating the putative ionic intermediate 

(particularly local anionic charge centres), and hence are associated with a higher 

activation energy barrier and much longer racemisation half-lives. More interestingly, 

low-polarity aprotic solvents such as NMP and EtOAc give rise to a more intense CPL 

signal in the ΔJ = 2 manifold and seem to promote same sign transitions. 

Due to the strong resemblance of the solvents NMP and EtOAc to the monomers of 

polyvinylpyrrolidone (PVP) and polymethylmethacrylate (PMMA) respectively, 

enantiopure lanthanide complexes are expected to be kinetically stable towards 

racemisation in such a polymeric matrix. Polymeric films doped with Eu(III) complexes 

were prepared and  were shown to preserve the same monosignate CPL spectral 

feature shown in solution state.  

5) In this study, pH sensitive Eu(III) probes were shown to also exhibit remarkable 

temperature dependent quenching. An investigation of the rationale of this 

temperature dependence and whether it is linked to pH sensitivity was carried out. A 
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maximum T sensitivity in luminescence intensity and lifetime of 2.1% K-1 was found in 

the range 25 - 50 °C, a value higher than most other highly engineered T probes in 

this range. The calibration curve was linear over the T range investigated, thereby 

providing a constant sensitivity. The sensitivity over the ambient and physiological 

temperature range is particularly interesting for applications in luminescence 

thermometry. Small molecule T probes are very appealing in the field of molecular 

thermometry, as opposed to highly engineered nanomaterials that currently dominate 

the field.  

The behaviour of the protonated pH probes perfectly matches the trend observed in a 

T-insensitive control complex, both in terms of percentage total emission and lifetime 

decrease, leading to the hypothesis that the availability of the nitrogen lone pair is key 

for this series of complexes in the temperature dependence. A remarkable sensitivity 

of luminescence on temperature variations has more recently been found on 

complexes that have no available N lone pairs, disproving the formulated hypothesis. 

A more general mechanism involves the potential energy surface crossing of the 

chromophore ICT excited state to account for the thermally activated non-radiative 

decay of the Eu(III) excited state, rather than focusing on the properties of the N lone 

pair in isolation with respect to the highly conjugated chromophore that hosts it. 

Preliminary investigations provide results that are compatible with the proposed 

model. This discovery makes the design of molecular temperature probes easier 

because a pH sensitive temperature probe provides an ambiguous output in media 

with controlled, but unknown pH, such as in cells.  

6) The superior CPL properties of lanthanide complexes, namely the high glum values 

and high CPB, have not been exploited as an added extra layer of security in advanced 

security inks. This is largely attributed to the limitations posed by current CPL 

instrumentation, where high throughput detection of L-CPL and R-CPL is not available. 

The difficulty with lanthanide complexes is that their emission manifolds are narrow 

and comprise of multiple transitions that often have discordant sign in CPL spectra. 

Unfortunately, any high throughput instrument cannot at the same time have an 

acquisition method capable of differentiating between the individual opposing-sign 

transitions and this polarisation cancellation effect manifests as a loss of signal even 

for emitters with a high dissymmetry factor and brightness. 
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This instrumental requirement puts a restraint on the properties of the emitters used 

for CPL-active security inks: suitable lanthanide emitters need to have at least one 

monosignate CPL manifold, i.e. a manifold where all the individual transitions have the 

same sign. If this requirement is satisfied, the lack of resolution does not hinder the 

apparent glum as CPL sign cancellation does not occur. By adopting this approach, 

part of the difficulty with instrumental design is transferred over to the synthetic design 

to achieve suitable photophysical properties of lanthanide complexes.  

Chameleon Security Inks (CSI) are defined as a new class of intelligent security dyes. 

These blends of luminescent materials combine organic short-lived (ns) blue/green 

and red fluorophores and chiral CPL-active, high brilliance and circularly polarised 

brightness (CPB) red/green (europium/terbium) long-lived (ms) emitters embedded 

into a transparent polymer matrix and are collectively invisible to the naked eye. The 

chiral molecular fingerprints encoded in the luminescence spectra of CPL active Ln(III) 

complexes, alongside the possibility of time-resolved colour separation, adds two extra 

layers of security to existing security inks. This allows for multi-layered unclonable QR 

or bar code generation. 

Sufficient thermal stability is not trivial in the case of lanthanide emitters, as their CPL 

activity arises from the degree of enantiopurity which can in turn be decreased by 

heating due to thermally assisted enantiomer interconversion. For this reason, extra 

care needs to be put in the synthetic design of such emitters to increase the energy 

barrier to the enantiomer interconversion process. 

7) A breakthrough CPL imaging technique was developed to exploit the features of 

monosignate CPL emitters and was called Circularly Polarised Luminescence 

Photography (CPLP). This handheld non-moving parts setup can acquire a CPL image 

in a single shot (as quickly as 27 µs per frame), allowing for time-gated acquisition. At 

its core, the CPLP camera consists of a commercial polarisation-sensitive camera 

having a built-in linear polariser array and lens array coupled with a precisely aligned 

quarter-wave plate to convert circular polarisation into linear polarisation. Besides the 

astounding technical benefits, the components required to build the CPL photography 

setup are cheaper than a home-built PEM-CPL by a factor of 7 and even than a new-

generation SS-CPL by a factor of 2. The CPLP apparatus was validated with a series 

of tests employing racemic organic emitters as well as racemic and enantiopure red-
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emitting Eu(III) and green-emitting Tb(III) complexes. To comprehensively 

demonstrate the validity of our claim that the all-solid state one-shot CPLP camera 

system developed herein is capable of five layers of security readout comprising of 

multi-coloured, multi-spectral, opposing-helicity, combined with high spatial and 

temporal resolution we have constructed a proof-of-concept (POC) invisible hidden in 

plain sight CSI security tag. This CSI tag was constructed using three different 

coloured - anthracene (blue), fluorescein (green), and rhodamine B (red) - 

commercially available short-lived organic fluorophores and enantiopure and racemic 

(50:50) mixture of Λ- and Δ-[Eu.L1].  

This innovation will likely ignite new research avenues especially in the field of 

lanthanide chemistry and luminescent security ink development for enhanced security 

applications. CPLP will play a vital role in the new era of layered information 

photography enabling the development of physically unclonable stochastically micro-

patterned CPL-active chameleon security inks. Further steps include the fabrication of 

reliable polymer-based films for calibration of CPL instrumentation and appropriate 

functionalisation of Eu(III) complexes to make them soluble in water-based inks 

without affecting their chiroptical properties. This reinforces the idea that synthetic 

design of suitable emitters and instrumentation development go hand in hand and 

provide the best results when considered together. 
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Experimental Methods 

7.1. General Procedures  

Commercially available reagents were used as received. Solvents were laboratory 

grade and were dried over appropriate drying agents when required. Where 

appropriate, solvents were degassed using freeze-pump-thaw cycles.  

Thin layer chromatography (TLC) was carried out on aluminium-backed silica gel 

plates with 0.2 mm thick silica gel 60 F254 (Merck), and visualised by UV irradiation 

at 254 nm or 366 nm. Preparative flash column chromatography was performed using 

flash silica gel 60 (230-400 mesh) from Merck or Fluorochem.  

1H, 13C, and 31P NMR spectra were recorded in commercially available deuterated 

solvents on a Bruker Avance-400 (1H at 400.06 MHz, 13C at 100.61 MHz, and 31P at 

161.95 MHz), a Mercury 400 (1H at 399.95 MHz), a Varian VNMRS-600 (1H at 599.67 

MHz, 13C at 150.79 MHz and 31P at 242.75 MHz), or a Varian VNMRS-700 (1H at 

699.73 MHz, 13C at 175.95 MHz and 31P at 283.26 MHz). All chemical shifts are in 

ppm and coupling constants are in Hz.  

Electrospray mass spectra were obtained on a TQD mass spectrometer equipped with 

an Acquity UPLC system, an electrospray ion source, and an Acquity photodiode array 

detector (Waters Ltd., UK). Accurate masses were recorded on an LCT Premier XE 

mass spectrometer or a QToF Premier Mass spectrometer, both equipped with an 

Acquity UPLC, a lock-mass electrospray ion source and an Acquity photodiode array 

detector (Waters Ltd., UK). MeOH or MeCN were used as the carrier solvents. 

7.2. HPLC Analysis 

Reverse-phase HPLC was performed at 295 K using a Shimadzu system comprising 

of a Degassing Unit (DGU-20A5R), a Prominence Preparative Liquid Chromatography 

pump (LC-20AP), a Prominence UV-Vis Detector (SPD-20A), and a Communications 

Bus Module (CBM-20A). A preparative XBridge C18 OBD column was used (19 × 100 

mm, 5 µm) with a flow rate of 17 mL min-1. Fraction collection was performed manually. 

The solvent system used to achieve purification is specified in the text. In general, a 

solvent system of water / MeCN (with or without 0.1% formic acid) was used with 

gradient elution as follows: 
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Step Time / min % H2O % MeCN/MeOH 

0 0 90 10 

1 4 90 10 

2 14 0 100 

3 19 0 100 

4 22 90 10 

 

Chiral HPLC analysis was carried out on a Perkin Elmer Series 200 system comprising 

of a Perkin Elmer Series 200 pump, autosampler, and UV-Vis detector, using a Daicel 

CHIRALPAK-IC or ID column (4.6 × 250 mm for analytical with a flow rate of 1.0 mL 

min-1, 10 × 250 mm for preparative with a flow rate of 4.4 mL min-1, all 5 µm particle 

size). Isocratic methanol, ethanol, and acetonitrile were used as the mobile phase. 

Fraction collection was automated. 

7.3. Optical Measurements 

All solution state optical analyses were carried out in quartz cuvettes with a path length 

of 1 cm. UV-Vis absorbance spectra were measured on an ATI Unicam UV-Vis 

spectrometer (Model UV2) using Vision software (version 3.33). Emission spectra 

were recorded using either an ISA Jobin-Yvon Spex Fluorolog-3 luminescence 

spectrometer using DataMax software (version 2.2.10) or a HORIBA Jobin-Yvon 

Fluorolog-3 luminescence spectrometer equipped with an iHR320 module, which 

selects either a HORIBA FL-1073 (Hammatsu R928P) photomultiplier tube or a 

HORIBA Synapse BIDD CCD for detection of emitted light, using FluorEssence 

software (based on Origin® software). Quantum yields were recorded using against 

the reference standard [Ru(bipy)3]Cl2, as described elsewhere.115 Lifetime 

measurements were carried out using a Perkin Elmer LS55 spectrometer using FL 

Winlab software.  

CPL spectra were recorded on a custom-built spectrometer consisting of a laser driven 

light source (Energetiq EQ-99 LDLS, spectral range 170 – 2100 nm) coupled to an 

Acton SP2150 monochromator (600 g nm-1, 300 nm blaze) that allows excitation 

wavelengths to be selected with a 6 nm FWHM band-pass. The collection of the 

emitted light was facilitated (90° angle setup) by a Lock-In Amplifier (Hinds Instruments 

Signaloc 2100) and Photoelastic Modulator (Hinds Instruments Series II/FS2AA). The 
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differentiated light was focused onto an Acton SP2150 monochromator (1200 g nm-1, 

500 nm Blaze) equipped with a high sensitivity cooled Photo Multiplier Tube 

(Hamamatsu H10723-20 PhotoSensor). Red correction is embedded in the detection 

algorithm and was constructed using a calibrated Ocean Optics lamp. Spectra were 

recorded with 0.5 nm spectral intervals and 500 µs integration time, using a 5 spectral 

average sequence for Eu(III) complexes. The monochromators, PEM control unit and 

lock-in amplifier were interfaced with a desktop PC and controlled by LabView code. 

7.4. PEM-CPL132  

CPL was measured with a home-built (modular) spectrometer. The excitation source 

was a broad band (200 – 1000 nm) laser-driven light source EQ 99 (Elliot Scientific). 

The excitation wavelength was selected by feeding the broadband light into an Acton 

SP-2155 monochromator (Princeton Instruments); the collimated light was focused 

into the sample cell (1 cm quartz cuvette). Sample PL emission was collected 

perpendicular to the excitation direction with a lens (f = 150 mm). The emission was 

fed through a photoelastic modulator (PEM) (Hinds Series II/FS42AA) and through a 

linear sheet polariser (Comar). The light was then focused into a second scanning 

monochromator (Acton SP-2155) and subsequently on to a photomultiplier tube (PMT) 

(Hamamatsu H10723 series). The detection of the CPL signal was achieved using the 

field modulation lock-in technique. The electronic signal from the PMT was fed into a 

lock-in amplifier (Hinds Instruments Signaloc Model 2100). The reference signal for 

the lock-in detection was provided by the PEM control unit. The monochromators, 

PEM control unit, and lock-in amplifier were interfaced to a desktop PC and controlled 

by a Labview code. The lock-in amplifier provided two signals, an AC signal 

corresponding to (IL- IR) and a DC signal corresponding to (IL + IR) after background 

subtraction. The emission dissymmetry factor was therefore readily obtained from the 

experimental data, as 2 AC/DC. 

Spectral calibration of the scanning monochromator was performed using a Hg-Ar 

calibration lamp (Ocean Optics). A correction factor for the wavelength dependence 

of the detection system was constructed using a calibrated lamp (Ocean Optics). The 

measured raw data was subsequently corrected using this correction factor. The 

validation of the CPL detection systems was achieved using light emitting diodes 

(LEDs) at various emission wavelengths. The LED was mounted in the sample holder 

and the light from the LED was fed through a broad band polarising filter and λ/4 plate 



Davide De Rosa PhD Thesis                 Single-sign CPL emitting Ln(III) complexes and their applications 

 213 

(Ocean Optics) to generate circularly polarised light. Prior to all measurements, the 

λ/4 plate and a LED were used to set the phase of the lock-in amplifier correctly. The 

emission spectra were recorded with 0.5 nm step size and the slits of the detection 

monochromator were set to a slit width corresponding to a spectral resolution of 0.25 

nm. CPL spectra (as well as total emission spectra) were obtained through an 

averaging procedure of several scans. The CPL spectra have been smoothed using 

Savitzky-Golay smoothing (polynomial order 5, window size 9 with reflection at the 

boundaries) to enhance visual appearance; all calculations were carried out using raw 

spectral data. Analysis of smoothed vs raw data was used to help to estimate the 

uncertainty in the stated gem factors, which was typically ±10%. 

7.5. Multi-photon spectroscopy154  

Two photon CPL spectroscopy has been achieved by coupling (beam routing using 

mirrors, Thor Labs BB1-E03) a tunable femtosecond pulsed laser (680 – 1300 nm, 

Coherent Discovery TPC, 100 fs, 80 MHz) to the pre-existing PEM-CPL spectrometer 

detailed above. Initial proof of concept two photon spectroscopy has been achieved 

by perpendicularly mounting an Ocean Optics HR2000Pro (2048-pixel linear CCD 

Sony ILX5 chip, 200 µm slit, H3 grating, 350 – 850 nm spectral region) spectrometer 

as a ‘third arm’ to the  iscovery TPC laser. The laser beam was focused onto the 

centre of the 1 cm path sample holder (Thor labs CVH100) by a dedicated ultrafast 

laser lens (Edmund Optics 11711, 50 mm focal length). The spectrometer has also 

been equipped with a perpendicularly mounted 365 nm LED (nichia, 1W) and been 

operated using a custom time resolved detection and accumulation algorithm written 

in Labview2013 program. In order to eliminate unwanted artefacts associated with MP 

excitation each spectrometer have been equipped with a rotating filter wheel (Thor 

Labs, CFW6) housing an LP420 (Comar Optics, for 365 nm UVLED excitation) and 

SP650 and SP700 (Edmund Optics, 8472 and 8474 for MP excitation) filters.  
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7.6. Cyclic Voltammetry 

CV measurements are collected with an Autolab PGSTAT101 potentiostat in a 3-

electrod configuration electrochemical cell comprising of a glassy-carbon electrode, a 

Pt counter electrode, and an Ag+/Ag reference electrode. The investigated material 

was also present in solution with a concentration of 10-5 M. All electrodes were 

immersed in a 0.1 M solution of  tetrabutylammonium hexafluorophosphate electrolyte 

in acetonitrile and measured with a scan speed of 0.1 V/s.  

 

7.7. Film Preparation 

Films of [Eu.L1b] in PMMA were prepared by drop casting a 2% solution of the 

lanthanide complex in poly(methylmethacrylate) (PMMA) (Mw ~ 15,000 g/mol, Sigma-

Aldrich) matrix as follows. The polymer was stirred in dichloromethane (DCM) (40 

mg/mL) and refluxed at 40 oC for 15 minutes. The lanthanide complex was dissolved 

in DCM and added to the polymer solution and refluxed at 40 oC for 5 minutes. A layer 

of the solution of the above mixture was deposited on a glass substrate using a glass 

Pasteur pipette. The carrier solvent was allowed to evaporate at room temperature to 

afford a film.  

Films of [Eu.L10] were prepared in PVP by spin coating a 2% solution of the lanthanide 

complex in a PVP (Mw ~ 40,000 gmol-1, Sigma-Aldrich) matrix as follows. The polymer 

was dissolved in methanol (MeOH) (55 mg/ml) and left stirring overnight at room 

temperature. The lanthanide complex was dissolved in Me  . 500 μL of the PVP 

solution was subsequently mixed with 100 μL of the lanthanide complex solution. The 

above mixture was deposited on a glass substrate at 1,500 RPM for 1 minute. The 

resulting film was annealed on a hot plate for 5 – 10 minutes at 35 oC after each layer 

was deposited to ensure the absence of cracks on the surface of the film.  

The thickness of all films was verified using Phase Modulation Nanoscopy (PhMoNa) 

enhanced Laser Scanning Confocal Microscopy capable of achieving 380 nm axial 

resolution using a x63 NA objective and a 355 nm (Nd:YAG laser, 3rd harmonic) 

excitation wavelength.187 Thickness of the films was determined to be 15 ± 3 micron 

(µm) via fluorescence emission tracking using diffraction-limited z-stack images.  
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7.8. OLED Fabrication and Characterisation 

Pre-patterned indium tin oxide (ITO) was cleaned in a succession of ultrasonic baths 

using de-ionised water, acetone, and isopropanol, followed by O2 plasma treatment 

for 7 min. A 40-50 nm layer of PEDOT:PSS (Heraeus Al 4083) was deposited via spin 

coating at 2500 rpm for 60 s and annealed at 135 °C for 15 min. The hole transport 

layer, PVK, was spin-coated from a 1,2-dichlorobenzene solution (5 mg/mL) and 

annealed at 150°C for 15 min under nitrogen. The active layer was then processed, 

followed by thermal evaporation of top contacts with of 30nm of TPBi (30 nm), Ca (10 

nm) and Al (100 nm), defining a pixel area of 0.045 cm2.  

J-V-L curves of fabricated OLEDs were characterised with a Keithley 2400 source 

meter and a luminance meter (LS-160), assuming a Lambertian emission profile. 

Electroluminescence spectra were characterised with a CCD detector (Ocean Optics 

fl-400).  

 

7.9. Variable Temperature Setup 

Variable temperature experiments were performed using a Temperature-37 

microscope objective lens collar temperature control unit and a Zeiss objective lens 

(range 20 – 60 °C) heating element, in conjunction with a small contact thermometer 

capable of 1 °C resolution (–20 – +70 °C, Thorlabs, TSP01). This setup was used to 

maintain the temperature of the all-aluminium cuvette holder of a Perkin Elmer LS 55 

spectrometer while recording emission spectra and measuring radiative lifetimes. 
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7.10. Synthetic procedures 

Diethyl 4-bromopyridine-2,6-dicarboxylate, 1 

Compound 1 was prepared following a literature method.105 Chelidamic acid (1.70 g, 

9.30 mmol) and phosphorus pentabromide (12.0 g, 27.9 mmol) were stirred at 95 °C 

for 3 h. Anhydrous chloroform (25 mL) was added to the melted mixture and filtered 

while hot. Anhydrous EtOH (35 mL) was added at 0 °C under argon and stirred for 20’. 

Solvents were evaporated under reduced pressure to afford a brown oil. Ice-cold water 

(150 mL) was added to form a brown precipitate that was vacuum filtered. The 

precipitate was washed with ice-cold water (3 × 10 mL) and desiccated under high 

vacuum. The solid was recrystallised in hexane and the crystals washed with cold 

hexane to afford the product as a white powder (2.24 g, 80%); 1H-NMR (400 MHz, 

CDCl3) δ 8.40 (2H, s, H3), 4.47 (4H, q, 3JH-H 7, H6), 1.43 (6H, t, 3JH-H 7, H7); 13C-NMR 

(101 MHz, CDCl3) δ 163.6 (C5), 149.5 (C2), 135.0 (C4), 131.2 (C3), 62.8 (C6), 14.3 (C7); 

ESI-LRMS (+) m/z 302 [M+H]+; ESI-HRMS (+) calc. for [C12H13NO4Br]+ 302.0028, 

found 302.0038.  

 

Ethyl 4-bromopyridine-2-carboxylate, 2 

Compound 1 (960 mg, 3.18 mmol) was dissolved in anhydrous DCM (9 mL) and 

anhydrous EtOH (6 mL). The solution was stirred at 0 °C under argon and sodium 

borohydride (175 mg, 4.62 mmol) was added slowly. The solution was stirred for 90 

min with monitoring by TLC every 15 min (3% MeOH in DCM; Rf 0.3). After 90 min, 

further sodium borohydride (61 mg, 1.6 mmol) was added to ensure reaction 

completion. After 3.5 h, the reaction was quenched by slow addition of hydrochloric 

acid (1 M HCl, 2 mL). The solution was stirred for 10 min before addition of DCM (20 
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mL) and water (25 mL). The aqueous phase was extracted with DCM (3 × 10 mL), and 

the combined organic extracts were washed with water (2 × 10 mL), dried over Na2SO4 

and the solvent evaporated under reduced pressure to yield a yellow oil. The residue 

was purified by silica column chromatography (0 to 2.5% MeOH in DCM in 0.5% 

increments) to afford a white solid (489 mg, 59%); 1H-NMR (600 MHz, CDCl3) δ 7.57 

(1H, d, 4JH-H 2, H3), 7.26 (1H, d, 4JH-H 2, H5), 4.32 (2H, s, H7), 3.91 (2H, q, 3JH-H 7, H9), 

3.70 (1H, br s, OH), 0.87 (3H, t, 3JH-H 7, H10); 13C-NMR (151 MHz, CDCl3) δ 163.9 (C8), 

162.6 (C6), 134.5 (C4), 127.1 (C5), 126.9 (C3), 64.4 (C7), 62.4 (C9), 14.2 (C10); ESI-

LRMS (+) m/z 260 [M+H]+; ESI-HRMS (+) calc. for [C9H11NO3Br]+ 259.9922, found 

259.9932; MP 63.1 - 66.0 °C. 

 

Ethyl 6-(hydroxymethyl)-4-[3-methoxy-3-oxoprop-1-en-1-yl]pyridine-2-

carboxylate, 3 

 

Compound 2 (101 mg, 0.390 mmol) was dissolved in anhydrous acetonitrile (2 mL). 

Allylpalladium(II) chloride dimer (19 mg, 0.052 mmol), piperidine (0.15 mL, 1.5 mmol), 

methyl acrylate (0.20 mL, 1.3 mmol), and tri-tert-butylphosphine (0.10 mL, 0.42 mmol) 

were added under argon. The solution was heated at 75 °C for 18 h. The solvents 

were removed and the residue dissolved in DCM (40 mL) and washed with water (4 × 

50 mL). The combined aqueous phases were extracted with DCM (3 × 40 mL). The 

organic phases were combined, dried over Na2SO4, and the solvent evaporated under 

reduced pressure to afford a dark red oil. The crude residue was purified by reverse-

phase HPLC (10 to 100% MeCN in H2O over 10 min, tR = 9.0 min) to yield the E 

stereoisomer as a yellow residue (88 mg, 85%); 1H-NMR (600 MHz, CDCl3) δ 8.09 

(1H, s, H1), 7.65 (1H, d, 3JH-H 16, H11), 7.60 (1H, s, H5), 6.69 (1H, d, 3JH-H 16, H12), 4.88 

(2H, s, H7), 4.47 (2H, q, 3JH-H 7, H9), 3.83 (3H, s, H14), 1.43 (3H, t, 3JH-H 7, H10); 13C-

NMR (151 MHz, CDCl3) δ 166.2 (C13), 164.6 (C8), 161.4 (C6), 148.2 (C2), 143.6 (C4), 

140.9 (C11), 123.7 (C12), 121.9 (C5), 121.7 (C3), 64.5 (C7), 62.2 (C9), 52.1 (C14), 14.3 
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(C10); ESI-LRMS (+) m/z 266 [M+H]+; ESI-HRMS (+) calc. for [C13H16NO5]+ 266.1028, 

found 266.1051. 

 

Ethyl 6-(hydroxymethyl)-4-[3-methoxy-3-oxopropyl]pyridine-2-carboxylate, 4 

Compound 3 (99 mg, 0.37 mmol) was dissolved in ethanol (20 mL). Palladium on 

carbon (Pd content 10%, 15 mg) was added and the vessel was loaded onto a Parr 

hydrogenator (pressure 40 psi H2) and the reaction mixture was agitated for 4 h. The 

completion of the hydrogenation reaction was confirmed via LC/MS. The catalyst was 

removed by filtration and the solvent removed under reduced pressure to yield a white 

solid (99 mg, quant.); 1H-NMR (600 MHz, CDCl3) δ 7.83 (1H, s, H3), 7.38 (1H, s, H5), 

4.81 (2H, s, H7), 4.43 (2H, q, 3JH-H 7, H9), 3.65 (3H, s, H14), 3.01 (2H, t, 3JH-H 8, H11), 

2.67 (2H, t, 3JH-H 8, H12), 1.40 (3H, t, 3JH-H 7, H10); 13C-NMR (151 MHz, CDCl3) δ 172.5 

(C13), 165.2 (C8), 160.8 (C6), 151.6 (C4), 147.6 (C2), 123.9 (C3), 123.8 (C5), 64.6 (C7), 

62.0 (C9), 52.0 (C14), 34.1 (C12), 30.2 (C11), 14.4 (C10); ESI-LRMS (+) m/z 268 [M+H]+; 

ESI-HRMS (+) calc. for [C13H18NO5]+ 268.1205, found 268.1185. 

 

Ethyl 6-(hydroxymethyl)-4-{[3-(tert-butoxy)carbonyl]aminoprop-1-en-1-

yl}pyridine-2-carboxylate, 5 
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Compound 2 (49 mg: 0.19 mmol), tert-butyl N-allylcarbamate (130 mg: 0.827 mmol), 

and allylpalladium(II) chloride dimer (12 mg: 0.045 mmol) were dissolved in  anhydrous 

MeCN (2 mL). Tri-tert-butylphosphine (0.10 mL, 0.42 mmol) and piperidine (0.10 mL, 

1.0 mmol) were added under argon. The solution was heated at 70 °C for 18 h. The 

solvents were removed and the residue dissolved in DCM (40 mL) and washed with 

water (4 × 50 mL). The combined aqueous phases were extracted with DCM (3 × 40 

mL). The organic phases were combined, dried over Na2SO4, and the solvent 

evaporated under reduced pressure to afford an amber oil. The crude residue was 

purified by reverse-phase HPLC (10 to 100% MeCN in H2O over 10 min, tR = 9.0 min) 

to yield the E stereoisomer as a yellow residue (30 mg, 47%); 1H-NMR (600 MHz, 

CDCl3) δ 7.97 (1H, d, 4JH-H 1.4, H3), 7.40 (1H, d, 4JH-H 1.4, H5), 6.56 – 6.48 (2H, m, H11 

+ H12), 4.82 (2H, s, H7), 4.46 (2H, q, 3JH-H 7.2, H9), 3.19 – 3.14 (2H, m, H13), 1.47 (9H, 

s, H16), 1.43 (3H, t, 3JH-H 7.2, H10); 13C-NMR (151 MHz, CDCl3) δ 165.3 (C8), 160.7 

(C6), 155.8 (C14), 147.9 (C2), 146.3 (C4), 121.2 (C3), 120.9 (C5), 79.8 (C15), 64.5 (C7), 

62.1 (C9), 40.2 (C13), 32.6 (C11), 30.7 (C12), 28.5 (C16), 14.1 (C10); ESI-LRMS (+) m/z 

337 [M+H]+; ESI-HRMS (+) calc. for [C17H25N2O5]+ 337.1763, found 337.1769. 

 

Ethyl 6-(hydroxymethyl)-4-{[3-(tert-butoxy)carbonyl]aminopropyl}pyridine-2-

carboxylate, 6 

 

Compound 5 (26 mg, 0.077 mmol) was dissolved in ethanol (20 mL). Palladium on 

carbon (Pd content 10%, 10 mg) was added and the vessel was loaded onto a Parr 

hydrogenator (pressure 40 psi H2) and the reaction mixture was agitated for 3 h. The 

completion of the hydrogenation reaction was confirmed via LC/MS. The catalyst was 

removed by filtration and the solvent removed under reduced pressure to yield a white 

solid (26 mg, quant.) that was used in the next step without further purification; 1H-
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NMR (600 MHz, CDCl3) δ 7.86 (1H, s, H3), 7.35 (1H, s, H5), 4.83 (2H, s, H7), 4.61 (1H, 

br s, NH), 4.45 (2H, q, 3JH-H 7.1, H9), 3.19 – 3.14 (2H, m, H13), 2.75 – 2.70 (2H, m, 

H11), 1.89 – 1.82 (2H, m, H12), 1.44 (9H, s, H16), 1.43 (3H, t, 3JH-H 7.1, H10); 13C-NMR 

(151 MHz, CDCl3) δ 165.2 (C8), 160.3 (C6), 156.1 (C14), 153.2 (C2), 147.3 (C4), 124.2 

(C3), 124.1 (C5), 79.6 (C15), 64.5 (C7), 62.2 (C9), 40.1 (C13), 32.6 (C11), 30.8 (C12), 28.5 

(C16), 14.1 (C10); ESI-LRMS (+) m/z 339 [M+H]+; ESI-HRMS (+) calc. for [C17H27N2O5]+ 

339.1920, found 339.1902. 

 

Ethyl (4-nitro-6-methylpyridin-2-yl)methylphosphinate, 8 

Compound 8 was prepared by adapting a literature method.188 2-Bromo-6-methyl-4-

nitropyridine (2.70 g, 12.3 mmol), ethyl methyl phosphinate (1.60 g, 14.8 mmol) and 

NEt3 (6.0 mL, 43 mmol) were added to anhydrous toluene (20 mL) before freeze-

pump-thaw was carried out three times to degas the solution. [1,1’-

Bis(diphenylphosphino)ferrocene]dichloropalladium (II) (0.56 g, 0.68 mmol) was 

added and freeze-pump-thaw was repeated. The red solution was stirred at 110 °C 

under argon for 18 h. Solvents were evaporated and the resulting black residue was 

dissolved in DCM (50 mL) and dispersed on silica. Purification was performed by dry-

loaded column chromatography (0 to 75% EtOAc in hexane) to give the product as a 

yellow solid (1.82 g, 61%); 1H NMR (400 MHz, CDCl3) 𝛿 8.57 (1H, dd, 3JH-P 8, 4JH-H 2, 

H3), 7.91 (1H, s, H5), 4.20-4.13 (2H, m, H9), 2.75 (3H, s, H7), 1.73 (3H, d, 2JH-P 15, H8),  

1.40 (3H, t, 3JH-H 7, H10); ESI-LRMS (+) m/z 245 [M+H]+. 
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Ethyl (4-bromo-6-methylpyridin-2-yl)methylphosphinate, 9 

Compound 9 was prepared by adapting a literature method.188 Compound 8 (1.81 g, 

7.41 mmol) was dissolved in acetyl bromide (28.0 mL, 380 mmol) and stirred at 70 °C 

under argon for 18 h. The solution was cooled in an ice bath and ice-cold methanol 

(60 mL) was added and the solution stirred at 0 °C for 1 h. Solvents were removed 

under reduced pressure to afford a brown oil. Triethyl orthoformate (65 mL) was added 

and the solution was stirred at 140°C for 48 h. Solvents were evaporated to yield a 

brown solid that was purified by column chromatography (0 to 2% MeOH in DCM) to 

give yellow crystals (1.75 g, 85%); 1H NMR (400 MHz, CDCl3) 𝛿 8.08 (1H, dd, 3JH-P 7, 

4JH-H 2, H3), 7.41 (1H, s, H5), 4.20-4.10 (2H, m, H9), 2.56 (3H, s, H7), 1.74 (3H, d, 2JH-

P 15, H8),  1.38 (3H, t, 3JH-H 7, H10); ESI-LRMS (+) m/z 279 [M+H]+. 

 

Ethyl (4-bromo-6-methylpyridin-N-oxide-2-yl)methylphosphinate, 10 

Compound 10 was prepared by adapting a literature method.188 Compound 9 (1.70 g, 

6.11 mmol) and m-chloroperbenzoic acid (3.75 g, 21.7 mmol) were dissolved in 

anhydrous chloroform (40 mL) and the solution was stirred at 65 °C for 24 h.  

Solvents were removed under reduced pressure and the resulting yellow solid was 

dissolved in DCM (50 mL). The solution was washed with 4% NaHCO3 in water (3 x 

50 mL) and the aqueous layer was extracted with DCM (3 x 30 mL). The organic layers 

were combined and dried over Na2SO4, filtered, and evaporated under reduced 

pressure to give a yellow oil used without further purification (1.65 g, 92%); 1H NMR 
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(400 MHz, CDCl3) δ  .08 (1H, dd, 3JH-P 8, 4JH-H 3, H3), 7.45 (1H, d, 4JH-H 3, H5), 4.19-

4.09 (2H, m, H9), 2.32 (3H, s, H7), 1.74 (3H, d, 2JH-P 15, H8), 1.37 (3H, t, 3JH-H 7, H10); 

ESI-LRMS (+) m/z 294 [M+H]+. 

 

 

 

 

Ethyl (4-bromo-6-hydroxymethylpyridin-2-yl)methylphosphinate, 11 

Compound 11 was prepared by adapting a literature method.188 Compound 10 (1.65 

g, 5.61 mmol) was dissolved in anhydrous chloroform (45 mL). Trifluoroacetic 

anhydride (17.0 mL , 25.7 mg, 122 mmol) was added and the solution was stirred at 

60 °C for 5 hours. Solvents were removed under reduced pressure and the residue 

dissolved in a 1:1 EtOH:water mixture (10 mL) then stirred for at r.t. for 18 h. Organic 

solvent was removed under reduced pressure and the aqueous layer was extracted 

with DCM (3 x 70 mL). Combined organic layers were dried over Na2SO4, filtered and 

evaporated to give a viscous orange oil. The crude material was purified by column 

chromatography (30 to 100% EtOAc in hexane) to yield an orange oil (702 mg, 48 %);; 

1H-NMR (400 MHz, CDCl3) δ 8.05 (1H, d, 3JH-P 6, H3), 7.71 (1H, s, H5), 4.78 (2H, s, 

H7), 4.33 (1H, br s, OH), 4.12-3.80 (2H, m, H9), 1.73 (3H, d, 2JH-P 15, H8), 1.24 (3H, d, 

3JH-H 7, H10); 13C-NMR (101 MHz, CDCl3) δ 163.5 (d, 3JC-P 20, C6), 154.7 (d, 1JC-P 156, 

C2), 134.6 (d, 3JC-P 13, C4), 129.4 (d, 2JC-P 22, C3), 126.5 (d, 4JC-P 3, C5), 64.3 (C7), 

61.8 (d, 2JC-P 6, C9), 16.6 (d, 3JC-P 6, C10), 13.8 (d, 1JC-P 104, C8); ESI-LRMS (+) m/z 

294 [M+H]+. 
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1-Iodo-2,6-dimethyl-4-methoxybenzene, 12 

3,5-Dimethyl-4-iodophenol (735 mg, 2.96 mmol) and K2CO3 (830 mg, 6.01 mmol) were 

dissolved in MeCN (6 mL). Iodomethane (6.0 mL, 96 mmol) was added and the mixture 

refluxed at 40 °C under argon for 4 h. The reaction mixture was washed with water (3 

× 20 mL) and extracted with DCM (3 × 20 mL). The combined organic layers were 

dried over Na2SO4, filtered, and evaporated to afford the crude intermediate 14a as 

white crystals (731 mg, 94%) used in the next step without further purification; 1H-NMR 

(600 MHz, CDCl3) δ 6.69 (2H, s, H2), 3.80 (3H, s, H5), 2.48 (6H, s, H6); ESI-LRMS (+) 

m/z 263 [M+H]+. 

 

1-Trimethylsilylacetilene-2,6-Dimethyl-4-methoxybenzene, 13 

Compound 12 (731 mg, 2.79 mmol) and allylpalladium chloride dimer (101 mg, 2.79 

mmol) were dissolved in anhydrous MeCN (10 mL). Ethynyl trimethyl silane (0.76 mL, 

5.6 mmol), P(tBu)3 (0.10 mL, 0.41 mmol), and piperidine (0.83 mL) were added and 

the mixture stirred at 35 °C under argon for 18 h. The solvents were removed under 

reduced pressure and the resulting residue dry loaded onto silica using DCM (50 mL). 

The crude was purified via column chromatography (0 to 10% EtOAc in hexane) to 

afford the product as a white solid (341 mg, 53%); 1H NMR (600 MHz, CDCl3) δ 6.59 
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(2H, s, H2), 3.76 (3H, s, H5), 2.42 (6H, s, H8), 0.25 (9H, s, H9); ESI-LRMS (+) m/z 233 

[M+H]+. 

 

 

2,6-Dimethyl-4-methoxyphenylacetylene, 14 

Compound 13 (210 mg, 0.904 mmol) was dissolved in anhydrous THF (2.8 mL). 

Et3N.3HF (2.8 mL, 17 mmol) was added and the solution stirred at 30 °C under argon 

for 24 h. Solvents were evaporated and the residue dissolved in DCM (40 mL), washed 

with water (3 × 40 mL). Combined aqueous layers were extracted with DCM (3 × 40 

mL). Combined organic layers were dried over Na2SO4, filtered, and evaporated to 

afford the product as a brown oil (155 mg, 93%); 1H NMR (600 MHz, CDCl3) δ 6.59 

(2H, s, H2), 3.79 (3H, s, H5), 3.43 (1H, s, H7), 2.45 (6H, s, H8); ESI-LRMS (+) m/z 161 

[M+H]+. 
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3,5-Dimethyl-4-((2-(ethoxy(methyl)phosphoryl)-6-(hydroxymethyl)pyridine-4-

yl)ethynyl)methoxybenzene, 15 

Compounds 14 (69 mg, 0.43 mmol) and 11 (115 mg, 0.391 mmol) were dissolved in 

anhydrous THF (3 mL) and the solution was degassed (3 × freeze-pump-thaw cycle). 

Anhydrous triethylamine (0.30 mL, 2.2 mmol) was added and the solution was further 

degassed (1 × freeze-pump-thaw cycle). [1,1’-

Bis(diphenylphosphino)ferrocene]dichloropalladium(II) complex with DCM (42 mg, 

0.052 mmol) and copper(I) iodide (7.6 mg, 0.040 mmol) were added and the solution 

was stirred at 65 °C under argon for 18 h. The solvents were removed under reduced 

pressure and the resulting residue dissolved in DCM (50 mL) and washed with water 

(4 × 30 mL). The combined aqueous phases were extracted with DCM (3 × 30 mL). 

The organic phases were combined, dried over Na2SO4, and evaporated under 

reduced pressure to afford a dark red oil. The crude residue was purified via reverse-

phase HPLC (10 to 100% MeCN in H2O over 10 min, tR = 13.4 min) to yield a dark 

yellow solid (92 mg, 63%); 1H-NMR (600 MHz, CDCl3) δ 8.03 (1H, d, 3JH-P  6, H9), 7.48 

(1H, s, H11), 6.63 (2H, s, H2), 4.84 (2H, s, H13), 4.16-4.09 (1H, m, H15), 3.96-3.85 (1H 

+ 1H, m, OH + H15), 3.81 (3H, s, H5), 2.49 (6H, s, H17), 1.80 (3H, d, 2JH-P  16, H14), 1.29 

(3H, t, 3JH-H  7, H16); 13C-NMR (101 MHz, CDCl3) δ 13.6 (d, 1JC-P  105, C14), 16.5 (d, 

3JC-P  6, C16), 21.5 (C17), 55.3 (C5), 61.3 (d, 2JC-P  6, C15), 64.2 (C13), 93.4 (d, 4JC-P  2, 

C7), 94.3 (C6), 112.8 (C2), 113.9 (C4), 124.0 (C11), 128.0 (C9), 133.6 (d, 3JC-P  10, C10),  

143.1 (C3), 153.2 (d, 1JC-P  153, C8), 160.3 (C1), 160.7 (d, 3JC-P  19, C12); 31P-NMR (162 

MHz, CDCl3) δ +39.7; ESI-LRMS (+) m/z 374 [M+H]+; ESI-HRMS (+) calc. for 

[C20H25NO5P]+ 374.1521, found 374.1508. 
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2-(2,2-Dibromovinyl)-1,3,5-trimethoxybenzene, 18 

 

2,4,6-Trimethoxybenzaldehyde (0.50 g, 2.5 mmol) and triphenylphosphine (1.46 g, 

5.57 mmol) were dissolved in anhydrous DCM (2 mL) and stirred at 0 °C. A solution 

of CBr4 (1.71 g, 4.28 mmol) in anhydrous DCM (3 mL) was added dropwise under 

argon. The reaction was allowed to warm to room temperature and was stirred for 24 

h. Solvents were removed under reduced pressure and the dark red slurry was 

washed with water (50 mL) and extracted with DCM (4 × 50 mL). Combined organic 

layers were dried over Na2SO4, and evaporated under reduced pressure to afford a 

red solid, further purified by silica gel column chromatography (0 to 70% EtOAc in 

hexane) to give a white solid (318 mg, 36%); 1H NMR (600 MHz, CDCl3) δ 7.20 (1H, 

s, H6), 6.10 (2H, s, H2), 3.83 (3H, s, H5), 3.81 (6H, s, H8); ESI-LRMS (+) m/z 353 

[M+H]+. 

 

(2,4,6-Trimethoxyphenyl)acetylene, 17 

Compound 18 (310 mg, 0.88 mmol) was dissolved in anhydrous THF (10 mL) and the 

solution was cooled to -78 °C. n-Butyllithium (1.06 mL of a 2.5 M solution in hexane) 

was added dropwise and the yellow solution was stirred for 1 h. Water (20 mL) was 

added slowly and the solution was stirred for 1 h. The organic solvents were removed 
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under reduced pressure and the remaining aqueous solution extracted with EtOAc (4 

x 20 mL). Combined organic layers were washed with brine (40 mL), dried over 

Na2SO4, filtered, and concentrated under reduced pressure to yield a white solid (173 

mg, quant; 1H NMR (600 MHz, CDCl3) δ 6.10 (2H, s, H2), 3.88 (6H, s, H8), 3.84 (3H, 

s, H5), 3.50 (1H, s, H7); ESI-LRMS (+) m/z 192 [M+H]+. 

 

3,5-Dimethoxy-4-((2-(ethoxy(methyl)phosphoryl)-6-(hydroxymethyl)pyridine-4-

yl)ethynyl)methoxybenzene, 19 

Compound 17 (165 mg, 0.863 mmol), compound 11 (235 mg, 0.799 mmol), and 

allylpalladium(II) chloride dimer (31 mg, 0.086 mmol) were combined in anhydrous 

acetonitrile (4 mL). Tri-tert-butylphosphine (0.05 mL, 0.2 mmol) and piperidine (0.30 

mL, 3.0 mmol) were added and the solution stirred under argon at 40 °C for 2 d. The 

solvent was evaporated under reduced pressure and the dark red residue dissolved 

in DCM (30 mL) and washed with water (3 × 30 mL). The combined aqueous phases 

were extracted with DCM (3 × 30 mL). The organic phases were combined, dried over 

Na2SO4, and evaporated under reduced pressure to afford a dark red oil. The residue 

was purified via reverse-phase HPLC (10 to 100% MeCN in H2O over 10 min, tR = 9.5 

min) to afford a yellow solid (140 mg, 43%); 1H-NMR (600 MHz, CDCl3) δ 8.02 (1H, d, 

3JH-P  6, H9), 7.52 (1H, s, H11), 6.06 (2H, s, H2), 4.77 (2H, s, H13), 4.17 (1H, br s, OH), 

4.10-4.03 (1H, m, H15), 3.78-3.86 (1H, m, H15), 3.85 (6H, s, H17), 3.80 (3H, s, H5), 1.74 

(3H, d, 2JH-P  15, H14), 1.22 (3H, t, 3JH-H  7, H16); 13C-NMR (101 MHz, CDCl3) δ 162.9 

(C1), 162.8 (C3), 160.7 (d, 3JC-P  19, C12), 152.8 (d, 1JC-P  156, C8), 133.8 (d, 3JC-P  11, 

C10), 128.1 (d, 2JC-P  22, C9), 124.1 (d, 4JC-P  3, C11), 93.5 (d, 4JC-P  2, C7), 93.2 (C6), 

90.5 (C2), 89.8 (C4), 64.2 (C13), 61.2 (d, 2JC-P  6, C15), 56.1 (C17), 55.5 (C5), 16.5 (d, 
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3JC-P  6, C16), 13.6 (d, 1JC-P  104, C14); 31P-NMR (162 MHz, CDCl3) δ  +39.6; ESI-LRMS 

(+) m/z 406 [M+H]+; ESI-HRMS (+) calc. for [C20H25NO6P]+ 406.1420, found 406.1415. 

 

3-Methyl-4-((2-(ethoxy(methyl)phosphoryl)-6-(hydroxymethyl)pyridine-4-

yl)ethynyl)methoxybenzene, 20 

The compound was prepared according to a literature method by Dr M. Starck.22 1H-

NMR (600 MHz, CDCl3) δ 8.02 (1H, d, 3J H-P  6, H9), 7.51 (1H, s, H11), 7.43 (1H, d, 3JH-

H  9, H19), 6.78 (1H, d, 4JH-H  2, H2), 6.74 (1H, dd, 4JH-H  2, 3JH-H  9, H18), 4.83 (2H, s, 

H13), 4.16-4.09 (1H, m, H15), 3.97 (1H, br s, OH), 3.92-3.84 (1H, m, H15), 3.82 (3H, s, 

H5), 2.49 (3H, s, H17), 1.79 (3H, d, 2JH-P  15, H14), 1.29 (3H, t, 3JH-H  7, H16); 13C-NMR 

(101 MHz, CDCl3) δ 160.9 (d, 3JC-P  19, C12), 160.7 (C1), 153.2 (d, 1JC-P 155, C8), 143.0 

(C3), 134.1 (C19), 133.4 (d, 3JC-P  11, C10), 128.1 (d, 2JC-P  22, C9), 124.1 (d, 4JC-P  3, 

C11), 115.4 (C2), 113.8 (C4), 111.7 (C18), 95.3 (C6), 89.1 (d, 4JC-P  2, C7), 64.2 (C13), 

61.3 (d, 2JC-P  6, C15), 55.4 (C5), 21.1 (C17), 16.5 (d, 3JC-P  6, C16), 13.5 (d, 1JC-P  104, 

C14); 31P-NMR (240 MHz, CDCl3) δ +39.6; ESI-LRMS (+) m/z 438 [M+H]+. 
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Compound 21 

Compound 20 (200 mg, 0.557 mmol) and methanesulfonic anhydride (230 mg, 1.32 

mmol) were dissolved in anhydrous THF (3 mL) under argon. DIEA (0.25 mL, 1.4 

mmol) was added and the solution stirred for 1 h. The solvents were removed under 

reduced pressure and the resulting residue was dissolved in DCM (30 mL) and 

washed with water (3 × 30 mL). The combined aqueous phases were extracted with 

DCM (3 × 30 mL) and the combined organic phases were dried  over Na2SO4 and 

evaporated under reduced pressure to afford a dark yellow oil (243 mg, quant.); 1H-

NMR (400 MHz, CDCl3) δ 8.06 (1H, d, 3J H-P  6, H9), 7.60 (1H, s, H11), 7.43 (1H, d, 3JH-

H  8, H19), 6.76 (1H, d, 4JH-H  2, H2), 6.72 (1H, dd, 3JH-H  8, 4JH-H  2, H18), 5.35 (2H, s, 

H13), 4.10 (1H, m, H15), 3.91-3.82 (1H, m, H15), 3.80 (3H, s, H5), 3.13 (3H, s, H20), 2.47 

(3H, s, H17), 1.76 (3H, d, 2JH-P  15, H14), 1.26 (3H, t, 3JH-H  7, H16); 31P-NMR (162 MHz, 

CDCl3) δ +39.4; ESI-LRMS (+) m/z 438 [M+H]+; ESI-HRMS (+) calc. for 

[C20H25NO6SP]+ 438.1140, found 438.1135. 
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Compound 22 

Compound 21 (240 mg, 0.549 mmol) and Boc-protected TACN (70 mg, 0.23 mmol) 

were dissolved in anhydrous acetonitrile (3 mL) under argon. Potassium carbonate 

(317 mg, 2.29 mmol) was added and the mixture stirred at 60 °C for 18 h. The reaction 

solution was separated from the inorganic salts by centrifugation to yield the crude 

ligand as a yellow residue. The residue was purified via reverse-phase HPLC (10 to 

100% MeCN in H2O over 10 min, tR = 15.0 min) to yield a dark yellow solid (170 mg, 

80%); 1H-NMR (600 MHz, CDCl3) δ 7.96 (2H, app t, H9 + H ’), 7.65 (1H, s, H11), 7.58 

(1H, s, H11’), 7.40 (2H, d, 3JH-H  8, H19 + H1 ’), 6.74 (2H, d, 4JH-H  2, H2 + H2’), 6.71-6.68 

(2H, m, H18 + H1 ’), 4.11-3.04 (2H, m, H15), 3.95 (2H, s, H13), 3.93 (2H, s, H13’), 3.88-

3.81 (2H, m, H15’), 3.79 (6H, s, H5), 3.40-3.34 (4H, m, 9-N3 ring), 3.12-3.04 (4H, m, 9-

N3 ring), 2.74-2.66 (4H, m, 9-N3 ring), 2.45 (6H, s, H17 + H17’), 1.75 (3H, d, 2JH-P 15, 

C14), 1.74 (3H, d, 2JH-P 15, C14), 1.45 (9H, s, H22), 1.23 (6H, 2 × t, 3JH-H 7, H16 + H16’); 

13C-NMR (101 MHz, CDCl3) δ 161.6 (d, 3JC-P  20, C12), 161.4 (d, 3JC-P  20, C12’), 160.6 

(C1), 160.5 (C1’), 155.6 (C20), 153.8 (2 × d, 1JC-P 157, C8 + C ’), 142.8 (2 × s, C3 + C3’), 

133.9 (2 × s, C19 + C1 ’), 132.8 (app t, C10 + C10’), 127.6 (d, 2JC-P 22, C9), 127.5 (d, 2JC-

P 22, C ’), 126.5 (C11), 126.3 (C11’), 115.3 (2 × s, C2 + C2’), 114.0 (C4), 113.9 (C ’), 

111.6 (2 × s, C18 + C1 ’), 94.8 (C6), 94.5 (C6’), 89.4 (d, 4JC-P 2, C7), 89.3 (d, 4JC-P 2, C7’), 

79.5 (C21), 63.0 (C13), 62.6 (C13’), 61.0 (2 × d, 2JC-P 6, C15 + C15’), 55.9 (9-N3 ring), 55.3 

(C5 + C5’), 55.2 (9-N3 ring), 54.6 (9-N3 ring), 54.1 (9-N3 ring), 50.0 (9-N3 ring),  49.8 (9-

N3 ring), 28.7 (C22), 21.1 (2 × s, C17 + C17’), 16.5 (d, 3JC-P 6, C16 + C16’), 13.3 (2 × d, 

1JC-P 104, C14 + C1 ’); 31P-NMR (162 MHz, CDCl3) δ + 0.1 (s, P), + 0.0 (s, P’); ESI-
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LRMS (+) m/z 912 [M+H]+; ESI-HRMS (+) calc. for [C49H64N5O8P2]+ 912.4230, found 

912.4223. 

 

Compound 23 

Compound 15 (90 mg, 0.24 mmol) and methanesulfonic anhydride (89 mg, 0.51 mmol) 

were dissolved in anhydrous THF (3.5 mL) under argon. DIEA (0.10 mL, 0.57 mmol) 

was added and the solution stirred for 1 h. The solvents were removed and the dark 

yellow residue was dissolved in DCM (50 mL) and washed with water (3 × 30 mL). 

The combined aqueous phases were extracted with DCM (3 × 30 mL). The organic 

phases were combined, dried over Na2SO4, and evaporated under reduced pressure 

to give a dark yellow oil (108 mg, quant.); ESI-LRMS (+) m/z 452 [M+H]+; ESI-HRMS 

(+) calc. for [C21H27NO6SP]+ 452.1297, found 452.1285. 
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Compound 24 

Compound 23 (108 mg, 0.241 mmol) and Boc-protected TACN (28 mg, 0.093 mmol) 

were dissolved in anhydrous acetonitrile (3 mL) under argon. Potassium carbonate 

(58 mg, 0.051 mmol) was added, and the mixture stirred at 60 °C for 18 h. The reaction 

solution was separated from the inorganic salts by centrifugation and concentrated to 

yield a yellow residue. The residue was purified via reverse-phase HPLC (10 to 100% 

MeCN in H2O over 10 min, tR = 15.3 min) to afford a dark yellow solid (68 mg, 78%); 

1H-NMR (600 MHz, CDCl3) δ 8.01-7.98 (2H, m, H9 + H ’), 7.66 (1H, s, H11), 7.64 (1H, 

s, H11’), 6.62 (4H, s, H2 + H2’), 4.16-4.07 (2H, m, H15 + H15’), 3.97 (4H, 2 × s, H13 + 

H13’), 3.90-3.84 (2H, m, H15 + H15’), 3.81 (6H, s, H5 + H5’), 3.45-3.37 (4H, m, 9-N3 ring), 

3.15-3.07 (4H, m, 9-N3 ring), 2.78-2.70 (4H, m, 9-N3 ring), 2.47 (12H, s, H17 + H17’), 

1.79 (6H, 2 × d, 2JH-P 15, H14 + H1 ’), 1.47 (9H, s, H20 + H20’), 1.27 (6H, 2 × t, 3JH-H 7, 

H16 + H16’); 13C-NMR (101 MHz, CDCl3) δ 161.6 (d, 3JC-P 20, C12’), 161.5 (d, 3JC-P 20, 

C12), 160.1 (2 × s, C1 + C1’), 155.6 (C18 + C1 ’), 153.9 (d, 1JC-P 157, C ’), 153.8 (d, 1JC-

P 157, C8), 143.0 (C3 + C3’), 133.1 (app t, C10 + C10’), 127.5 (d, 2JC-P 23, C ’), 127.4 (d, 

2JC-P 23, C9), 126.5 (d, 4JC-P 2, C11’), 126.3 (d, 4JC-P 2, C11), 114.1 (2 × s, C4 + C ’), 

112.8 (2 × s, C2 + C2’), 93.8 (C6’), 93.7 (d, 4JC-P 2, C7’), 93.6 (d, 4JC-P 2, C7), 93.5 (C6), 

79.5 (C19 + C1 ’), 63.2 (C13’), 62.8 (C13), 61.1 (C15 + C15’), 55.8 (9-N3 ring), 55.4 (9-N3 

ring), 55.3 (C5 + C5’), 54.6 (9-N3 ring), 54.1 (9-N3 ring), 50.0 (9-N3 ring), 28.7 (C20 + 

C20’), 21.5 (2 × s, C17 + C17’), 16.6 (2 × s, C16 + C16’), 13.4 (2 × d, 1JC-P 104, C14 + C1 ’); 

31P-NMR (162 MHz, CDCl3) δ +40.2; ESI-LRMS (+) m/z 912 [M+H]+; ESI-HRMS (+) 

calc. for [C49H64N5O8P2]+ 912.4230, found 912.4223. 
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Compound 25 

Compound 19 (95 mg, 0.23 mmol) and methanesulfonic anhydride (87 mg, 0.50 mmol) 

were dissolved in anhydrous THF (2.5 mL) under argon. DIEA (0.11 mL, 0.63 mmol) 

was added and the solution stirred for 1 h. The solvent was evaporated under reduced 

pressure and the residue dissolved in DCM (40 mL) and washed with water (4 × 40 

mL). The combined aqueous layers were extracted with DCM (3 × 40 mL). The organic 

extracts were combined, dried over Na2SO4, and evaporated under reduced pressure 

to give a dark yellow oil (112 mg, quant.). The crude product was used for the next 

step without further purification.  

 

Compound 26 

Compound 25 (119 mg, 0.247 mmol) and Boc-protected TACN (32 mg, 0.11 mmol) 

were dissolved in anhydrous acetonitrile (1.5 mL) under argon. Potassium carbonate 
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(56 mg, 0.41 mmol) was added, and the mixture stirred at 60 °C for 18 h. The reaction 

solution was separated from the inorganic salts by centrifugation and concentrated to 

yield a yellow residue. The residue was purified via reverse-phase HPLC (10 to 100% 

MeCN in H2O over 10 min, tR = 12.5 min) to afford a yellow solid (63 mg, 59%); 1H-

NMR (600 MHz, CDCl3) δ 8.02 (2H, 2 × m, H9 + H ’), 7.61 (2H, 2 × s, H11 + H11’), 6.07 

(4H, s, H2 + H2’), 3.95-3.91 (4H, 2 × m, H13 + H13’), 4.08-4.00 (2H, 2 × m, H15 + H11’), 

3.86-3.79 (2H, 2 × m, H15 + H15’), 3.84 (12H, s, H17 + H17’), 3.81 (6H, s, H5 + H5’), 3.40-

3.30 (4H, m, 9-N3 ring), 3.11-3.04 (4H, m, 9-N3 ring), 2.73-2.65 (4H, m, 9-N3 ring), 1.74 

(6H, 2 × d, 2JH-P  15, H14 + H1 ’), 1.44 (9H, s, H20), 1.21 (6H, 2 × t, 3JH-H  7, H16 + H16’); 

13C-NMR (101 MHz, CDCl3) δ 162.9 (2 × s, C1 + C1’ + C18), 162.8 (C3 + C3’), 161.2 

(app t, C12 + C12’), 153.0 (d, 1JC-P  157, C8), 152.9 (d, 1JC-P  157, C ’), 133.4 (app t, C10 

+ C10’), 127.7 (d, 2JC-P  22, C9), 127.6 (d, 2JC-P  22, C ’), 126.4 (2 × s, C11 + C11’), 93.7 

(m, C7 + C7’), 93.4 (C6), 93.3 (C6’), 90.5 (C2 + C2’), 89.1 (C4), 89.0 C ’), 79.5 (C19), 62.8 

C13), 62.5 (C13’), 61.0 (2 × d,  2JC-P 6, C15 + C15’), 56.1 (2 × s, C17 + C17’), 55.5 (C5 + 

C5’), 55.2 (9-N3 ring), 54.3 (9-N3 ring), 53.7 (9-N3 ring), 53.5 (9-N3 ring), 49.9 (9-N3 

ring), 28.7 (C20), 16.5 (2 × s, C16 + C16’), 13.3 (2 × d, 1JC-P 104, C14 + C1 ’); 31P-NMR 

(162 MHz, CDCl3) δ +40.4; ESI-LRMS (+) m/z 1004 [M+H]+; ESI-HRMS (+) calc. for 

[C51H68N5O12P2]+ 1004.434, found 1004.434. 

 

 

 

Ethyl 6-[(methanesulfonyloxy)methyl]-4-(3-methoxy-3-oxopropyl)pyridine-2-

carboxylate, 29 

Compound 4 (66 mg, 0.25 mmol) and methanesulfonic anhydride (85 mg, 0.49 mmol) 

were combined in anhydrous THF (2 mL) under argon. DIEA (0.11 mL, 0.063 mmol) 

was added and the solution stirred for 1 h. The solvent was evaporated under reduced 

pressure and the resulting residue dissolved in DCM (20 mL). The organic phase was 
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washed with water (2 × 20 mL) and dried over Na2SO4 to yield a dark yellow solid (84 

mg, quant.); 1H-NMR (400 MHz, CDCl3) δ 7.93 (1H, s, H3), 7.48 (1H, s, H5), 5.38 (2H, 

s, H7), 4.43 (2H, q, 3JH-H 7, H9), 3.65 (3H, s, H14), 3.15 (3H, s, H15), 3.03 (2H, t, 3JH-H 8, 

H11), 2.69 (2H, t, 3JH-H 8, H12), 1.39 (3H, t, 3JH-H 7, H10); ESI-LRMS (+) m/z 346 [M+H]+; 

ESI-HRMS (+) calc. for [C14H20NO7S]+ 346.0960, found 346.0964. 

 

L1 

Compound 28 (77 mg, 0.098 mmol), compound 29 (85 mg, 0.25 mmol), and potassium 

carbonate (40 mg, 0.29 mmol) were combined in anhydrous MeCN (3 mL) under 

argon. The mixture was stirred at 60 °C for 18 h. The reaction solution was separated 

from the inorganic salts by centrifugation and concentrated to afford the crude ligand 

as a yellow residue (58 mg, 57%); 1H-NMR (400 MHz, CDCl3) δ 7.94 (2H, d, 5JH-P 6, 

H11), 7.83 (1H, s, H18), 7.81 (2H, d, 3JH-P 11, H9), 7.44 (4H, d, 3JH-H 9, H3), 7.39 (1H, s, 

H20), 6.87 (4H, d, 3JH-H 9, H2), 5.27 (1H, s, H22), 4.81 (4H, s, H13), 4.42 (2H, q, 3JH-H 7, 

H24), 4.13-4.02 (2H, m, H15), 3.95-3.83 (8H, m, H15 + 9-N3 ring), 3.81 (3H, s, H5), 3.65 

(3H, s, H29), 3.00 (2H, t, 3JH-H 8, H26), 2.67 (2H, t, 3JH-H 8, H27), 1.73 (3H, d, 2JH-P 16, 

H14), 1.39 (3H, t, 3JH-H  7, H25), 1.22 (6H, t, 3JH-H  7, H16), 2.85 (6H, br s, 9-N3 ring); ESI-

LRMS (+) m/z 1033 [M+H]+; ESI-HRMS (+) calc. for [C55H67N6O10P2]+ 1033.440, found 

1033.444.   
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[Eu.L1] 

 

The crude ligand (58 mg) from the previous step, L1, was dissolved in a mixture of 

MeOH/water (4:1, 3 mL total) and the pH was adjusted to 12 using aqueous NaOH 

solution. The solution was heated at 60 °C for 8 h. The complete hydrolysis of the 

phosphinate and carboxylic acid ester groups was confirmed by LC/MS analysis. After 

cooling and adjustment of the pH to 6.5 using aqueous HCl, EuCl3·6H2O (23 mg, 0.063 

mmol) was added. The reaction mixture was heated to 60 °C for 18 h. The solvent was 

evaporated under reduced pressure to afford a white solid residue. The crude residue 

was purified by reverse-phase HPLC (10 to 100% MeCN in H2O over 10 min, tr = 9.6 

min) to yield a white solid (17.5 mg, 29%); ESI-LRMS (+) m/z 1083 [M+H]+; ESI-HRMS 

(+) calc. for [C48H49
151EuN6O10P2]+ 1083.226, found 1083.229; τMeOH (ms) = 1.20, τH2O 

(ms) = 1.00, τD2O (ms) = 1.24, ΦMeOH = 34%, ΦD2O = 21%. NMR spectra not assigned 

due to the paramagnetic shift induced by the lanthanide ion. 
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[Eu.L1]a
 

[Eu.L1] (5.0 mg, 4.6 µmol) was dissolved in anhydrous MeOH (1 mL). A drop of acetyl 

chloride was added and the mixture stirred under argon at room temperature for 18 h. 

The solvent was removed under reduced pressure to afford a white solid (1.7 mg, 

34%); ESI-LRMS (+) m/z 550 [M+2H]2+. NMR spectra not assigned due to the 

paramagnetic shift induced by the lanthanide ion. 

 

[Eu.L1]b
 

[Eu.L1] (3.0 mg, 2.8 µmol) was dissolved in anhydrous EtOH (1 mL). A drop of acetyl 

chloride was added and the mixture stirred under argon at room temperature for 18 h. 

The solvent was evaporated under reduced pressure to afford a white solid (quant.); 

ESI-LRMS (+) m/z 1113 [M+H]+; ESI-HRMS (+) calc. for [C50H54
151EuN6O10P2]+ 

1113.260, found 1113.255. NMR spectra not assigned due to the paramagnetic shift 

induced by the lanthanide ion. 
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6-Methylpyridine-N-oxide-2-carboxylic acid, 33 

Compound 33 was prepared using a reported procedure.121 6-Methylpyridine-2-

carboxylic acid (3.76 g, 27.4 mmol) was dissolved in anhydrous MeCN (6 mL). m-

CPBA (9.16 g, 53.1 mmol) was added and the solution was stirred at 65 °C for 18 h 

under argon. Solvents were removed to afford pale-yellow crystals purified by flash 

column chromatography (50 to 100% EtOAc in) to yield a white solid (983 mg, 24%); 

1H NMR (400 MHz, CDCl3) δ 8.38 – 8.32 (1H, m, H3), 7.63 – 7.65 (2H, m, H4 + H5), 

2.66 (3H, s, H7); 13C NMR (100 MHz, CDCl3) δ 161.8, 149.4, 137.2, 130.1, 129.9, 

127.4, 17.8; ESI-LRMS (+) m/z 154 [M+H]+. 

 

6-Methyl-4-nitropyridine-N-oxide-2-carboxylic acid, 34 

Compound 34 was prepared using a reported procedure.121 Compound 33 (983 mg, 

6.42 mmol) was dissolved in concentrated H2SO4 (53 mL) at 0 °C, to which 

concentrated HNO3 (48 mL) was added slowly. The mixture was refluxed at 100 °C for 

66 h after which ice (250 g) was added and the mixture was stirred for a further 2 h at 

0 °C. The mixture was extracted with DCM (5 x 70 mL). Combined organic layers were 

dried on Na2SO4, filtered, and evaporated to afford a green solid, used in the next step 

without further purification (925 mg, 73%); 1H NMR (400 MHz, CDCl3) δ 9.07 (1H, d, 

4JH-H 3.0, H3), 8.36 (1H, d, 4JH-H 3.0, H5), 2.74 (3H, s, H7); 13C NMR (100 MHz, CDCl3) 

δ 159.5, 152.4, 144.5, 138.7, 123.1, 121.7, 18.4; ESI-LRMS (+) m/z 199 [M+H]+. 
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2-Ethoxycarbonyl-6-methyl-4-nitropyridine-N-oxide, 35 

Compound 35 was prepared using a reported procedure.121 Compound 6 (251 mg, 

1.27 mmol) was dissolved in anhydrous EtOH (100 mL) with a catalytic amount of 

concentrated H2SO4 (0.5 mL). The solution was stirred under argon at 65 °C for 72 h. 

Solvents were removed under reduced pressure and the residue was dissolved in 

EtOAc (70 mL). The organic layer was washed with 4% aqueous NaHCO3 (2 x 70 mL) 

and with brine (1 x 70 mL). The organic layer was dried over Na2SO4, filtered, and the 

solvent was removed under reduced pressure to give a yellow solid, used in the next 

step without further purification (181 mg, 63%); 1H NMR (400 MHz, CDCl3) δ 8.31 (1H, 

d, 4JH-H 3.0, H3), 8.18 (1H, d, 4JH-H 3.0, H5), 4.50 (2H, q, 3JH-H 7.1, H9), 2.58 (3H, s. H7), 

1.44 (3H, t, 4JH-H 7.1, H10); 13C NMR (100 MHz, CDCl3) δ 160.3, 152.6, 142.5, 140.5, 

121.2, 119.0, 63.4, 18.3, 14.2; ESI-LRMS (+) m/z 227 [M+H]+. 

 

Ethyl 6-(hydroxymethyl)-4-nitropicolinate, 36  

Compound 36 was prepared using a reported procedure.121 Compound 7 (291 mg, 

1.29 mmol) was dissolved in anhydrous chloroform (9 mL) under argon. Trifluoroacetic 

anhydride (4.5 mL, 32 mmol) was added and the solution was stirred at 60 °C for 4 h. 

The solvent was evaporated, and the residue was dissolved in 1:1 EtOH/water (30 

mL), and stirred at room temperature for 18 h. Solvents were removed under reduced 

pressure, and the residue was dissolved in water (20 mL) and extracted with DCM (3 

x 20 mL). The organic layers were combined, dried over Na2SO4, filtered, and the 

solvent was removed under reduced pressure to yield the product as an orange 
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crystalline solid (189 mg, 65%); 1H NMR (600 MHz, CDCl3) δ 8.64 (1H, d, 4JH-H 2.0, 

H3), 8.34 (1H, d, 4JH-H 2.0, H5), 5.02 (2H, s, H7), 4.51 (2H, q, 3JH-H 7.1, H9), 3.60-3.10 

(1H, br, OH), 1.45 (3H, t, 3JH-H 7.1, H10); 13C NMR (150 MHz, CDCl3) δ 164.8 (C4), 

163.4 (C8), 155.5 (C2), 150.3 (C6), 116.5 (C3), 116.4 (C5), 64.8 (C7), 63.0 (C9), 14.4 

(C10); ESI-LRMS (+) m/z 227 [M+H]+. 

 

Ethyl 6-(((methylsulfonyl)oxy)methyl)-4-nitropicolinate, 37 

Compound 37 was prepared by adapting a reported procedure.121 Compound 36 (61.5 

mg, 0.272 mmol) was dissolved in anhydrous THF (3 mL) and DIEA (0.15 mL, 0.86 

mmol) was added under argon at r.t. Methanesulfonic anhydride (94.6 mg, 0.543 

mmol) was added, and the reaction was stirred at r.t. for 50 min, monitored by TLC 

(2% MeOH in DCM, Rf = 0.6). The solvent was removed under reduced pressure and 

the resulting orange crystals were dissolved in DCM (50 mL) and washed with water 

(3 x 50 mL). The aqueous layers were combined and extracted with DCM (2 x 50 mL). 

The organic layers were combined, dried over Na2SO4, and the solvent was removed 

under reduced pressure. The residue was dried in vacuo to yield an orange oil used 

in the next step without further purification (74.2 mg, 90%); 1H NMR (400 MHz, CDCl3) 

δ 8.75 (1H, d, 4JH-H 2.0, H3), 8.38 (1H, d, 4JH-H 2.0, H5), 5.55 (2H, s, H7), 4.54 (2H, q, 

3JH-H 7.0, H9), 3.24 (3H, s, H11), 1.47 (3H, t, 3JH-H 7.0, H10); 13C NMR (101 MHz, CDCl3) 

δ 162.9 (C4), 158.3 (C8), 155.7 (C2), 151.1 (C6), 116.5 (C3), 116.4 (C5), 64.8 (C7), 63.0 

(C9), 38.4 (C11), 14.4 (C10); ESI-LRMS (+) m/z 305 [M+H]+.  
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Di-tert-butyl 7-((6-(ethoxycarbonyl)-4-nitropyridin-2-yl)methyl)-1,4,7-

triazacyclononane-1,4-dicarboxylate, 39  

Compound 39 was synthesised as reported.18 Compound 37 (74.3 mg, 0.244 mmol) 

and compound 38 (69.0 mg, 0.188 mmol) were dissolved in anhydrous MeCN (3 mL) 

and K2CO3 (69 mg, 0.50 mmol) was added under argon. The reaction was stirred 

under argon at r.t. for 18 h. The inorganic salts were removed by centrifugation and 

the solvent was removed under reduced pressure. The residue was dried in vacuo to 

yield an orange oil (67.4 mg, 67%, mixture of conformers). 1H NMR (600 MHz, CDCl3) 

δ 8.60 (0.6H, d, 4JH-H 2.0, H3, isomer A), 8.59 (0.4H, d, 4JH-H 2.0, H3, isomer B), 8.48 

(0.6H, d, 4JH-H 2.0, H5, isomer A), 8.46 (0.4H, d, 4JH-H 2.0, H5, isomer B) 4.51 (2H, 2 × 

q,3JH-H 7.0, H9, isomers A and B), 4.08 (2H, s, H7), 1.49 – 1.40 (m, 21H, H10 + H13, 

isomers A and B); ESI-LRMS (+) m/z 539 [M+H]+; ESI-HRMS (+) calc. for 

[C25H40N5O8]+ 538.2877, found 538.2866. 

 

Ethyl 6-((1,4,7-Triazacyclononan-1-yl)methyl)-4-nitropicolinate Bis-

trifluoroacetate salt, 40 

Compound 39 (67.4 mg, 0.125 mmol) was dissolved in TFA and DCM (20% V/V, 5 mL 

total) and the solution was stirred at r.t. under argon for 75 min. The solvent was 

removed under reduced pressure and the remaining TFA co-evaporated with DCM (4 

× 15 mL) to afford compound 40 as its trifluoroacetate salt as an orange oil (70.0 mg, 

quant.); ESI-LRMS (+) m/z 338 [M+H]+; ESI-HRMS (+) calc. for [C15H24N5O4]+ 

338.1828, found 338.1843.  
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Ethyl 6-(hydroxymethyl)-4-[4-(1-methoxy-3-methylphenyl)ethynyl]pyridine-2-

carboxylate, 31 

Compound 2 (421 mg, 1.62 mmol) and 1-ethynyl-4-methoxy-2-methylbenzene (269 

mg, 1.84 mmol) were dissolved in anhydrous THF (8 mL). The solution was degassed 

using 3 × freeze-pump-thaw cycles. NEt3 (1.2 mL, 8.6 mmol) was added and the 

solution was degassed again using a further freeze-pump-thaw cycle. 

Pd(dppf)Cl2.DCM (136mg, 0.166 mmol) and copper(I) iodide (80.1 mg, 0.421 mmol) 

were added under argon at r.t. to form a brown solution that was stirred at 65 °C for 

21 h. The solvent was removed under reduced pressure before the residue was 

dissolved in DCM (50 mL) and washed with H2O (4 × 50 mL). The aqueous layers 

were combined and extracted with DCM (3 x 30 mL) before the organic layers were 

all combined and dried over Mg2SO4. The solution was filtered, and DCM was removed 

under reduced pressure to afford the crude product as a brown residue. The residue 

was purified by reverse-phase HPLC (10 to 100% MeCN in H2O over 10 min, tR = 11.8 

min) to yield a brown oil (196 mg, 37%); 1H NMR (600 MHz, CDCl3) δ 8.03 (1H, s, H9), 

7.57 (1H, s, H11), 7.44 (1H, d, 3JH-H 8.4, H19), 6.78 (1H, s, H2), 6.73, (1H, d, 3JH-H 8.4, 

H18), 4.85 (2H, s, H13), 4.46 (2H, q, 3JH-H 7.0, H15), 3.81 (3H, s, H5), 3.78 – 3.63 (1H, br 

s, OH), 2.49 (3H, s, H17), 1.43 (3H, t, 3JH-H 7.0, H16); 13C NMR (150 MHz, CDCl3) δ 

164.9 (C14), 160.7 (C12), 160.6 (C1), 147.5 (C8), 142.9 (C3), 134.1 (C19), 134.0 (C10), 

125.5 (C9), 125.2 (C11), 115.4 (C2), 113.8 (C4), 111.7 (C18), 94.9 (C6), 89.1 (C7), 64.6 

(C13), 62.2 (C15), 55.4 (C5), 21.1 (C17), 14.4 (C16); ESI-LRMS (+) m/z 326 [M+H]+; ESI-

HRMSa (+) calc. for [C19H20NO4]+ 326.1392, found 326.1400. 
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Ethyl 6-[(methanesulfonyloxy)methyl]-4-[4-(1-methoxy-3-

methylphenyl)ethynyl]pyridine-2-carboxylate, 32 

Compound 31 (153 mg, 0.470 mmol) was dissolved in anhydrous THF (3 mL) and 

DIEA (0.21 mL, 1.2 mmol) was added under argon. Methanesulfonic anhydride (165 

mg, 0.947 mmol) was added, and the reaction was stirred at r.t. under argon for 1 h, 

monitored by TLC (3% MeOH in DCM, Rf = 0.8). The solvent was removed under 

reduced pressure and the residue was dissolved in DCM (50 mL) and washed with 

water (3 x 50 mL), before the aqueous layers were combined and extracted with DCM 

(2 x 50 mL). The organic layers were combined, dried over Na2SO4, and the DCM was 

removed under reduced pressure. The residue was dried in vacuo to yield a brown oil 

(166 mg, 88%,); 1H NMR (400 MHz, CDCl3) δ 8.12 (1H, s, H9), 7.68 (1H, s, H11), 7.47 

(1H, d, 3JH-H 8.4, H19), 6.79 (1H, s, H2), 6.75, (1H, d, 3JH-H 8.4, H18), 5.42 (2H, s, H13), 

4.49 (2H, q, 3JH-H 7.1, H15), 3.83 (3H, s, H5), 3.19 (3H, s, H20), 2.51 (3H, s, H17), 1.44 

(3H, t, 3JH-H 7.1, H16); ESI-LRMS (+) m/z 404 [M+H]+.  
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Ethyl 6-((4,7-Bis((6-(ethoxycarbonyl)-4-((4-methoxy-2-

methylphenyl)ethynyl)pyridin-2-yl)methyl)-1,4,7-triazacyclononan-1-yl)methyl)-

4-nitropicolinate, pro-L5 

Compound 32 (128 mg, 0.317 mmol) and compound 40 (70.0 mg, 0.124 mmol) were 

dissolved in anhydrous MeCN (3 mL) and K2CO3 (69 mg, 0.50 mmol) was added under 

Ar. The reaction was stirred under argon at r.t. for 18 h. The inorganic salts were 

removed by centrifugation and the solvent was removed to yield a dark orange residue 

(85.0 mg 72%); 1H NMR (600 MHz, CDCl3) δ 8.11 (2H, s, H9), 8.04 (1H, s, H21), 7.67 

(2H, s, H11), 7.56 (1H, s, H23), 7.46 (2H, d, 3JH-H 8.3, H19), 6.79 (2H, d, 4JH-H 2.3, H2), 

6.74 (2H, dd, 3JH-H 8.3, 4JH-H 2.3, H18), 5.41 (3H, s, H25), 5.29 (6H, s, H13), 4.47 (4H + 

2H, q, 3JH-H 7.0, H15 + H27), 3.82 (6H, s, H5), 3.18 (6H, s, H17) 2.53 – 2.40 (12H, m, 

TACN ring), 1.43 (6H + 3H, t, 3JH-H 7.0, H16 + H28); 13C NMR (150 MHz, CDCl3) δ 164.9 

(C22), 164.5 (C14 + C26), 160.9 (C1), 160.7 (C12), 154.6 (C20), 148.3 (C8), 147.6 (C24), 

143.0 (C3), 134.8 (C10), 134.1 (C19), 126.6 (C9), 126.3 (C11), 125.5 (C21), 125.1 (C23), 

115.5 (C2), 113.6 (C4), 111.8 (C18), 96.0 (C6), 88.7 (C7), 71.0 (C25), 63.6 (C13), 62.4 

(C15 + C27), 55.4 (C5), 38.3 (C17), 21.1 (3 x s, TACN ring), 14.4 (C16 + C28); ESI-LRMS 

(+) m/z 953 [M+H]+; ESI-HRMS (+) calc. for [C53H58N7O10]+ 952.4245, found 952.4230. 
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Ethyl 6-((4,7-Bis((6-(carboxylic acid)-4-((4- methoxy-2-

methylphenyl)ethynyl)pyridin-2-yl)methyl)- 1,4,7-triazacyclononan-1-yl)methyl)-

4-nitropicolinate, 41 

Compound pro-L1 (85.0 mg, 0.0893 mmol) was dissolved in MeCN and H2O (50% 

V/V). The pH was adjusted to 12 with NaOH solution and stirred at r.t. for 60 h. 

Monitoring by LCMS showed the formation of compound 41, which was used in a 

same-pot reaction during the next step; ESI-LRMS (+) m/z 869 [M+H]+.  

[Eu.L5] 

The MeCN/H2O solution containing compound 41 was adjusted to pH 6 using HCl 

solution and europium chloride hexahydrate (100 mg, 0.274 mmol) was added. The 

solution was stirred at r.t. for 48 h, after which the solvent was removed under reduced 

pressure to yield the crude product as a pale-yellow solid. The residue was purified by 

HPLC (10 to 100% MeCN in H2O over 10 min, tR = 10.8 min) to yield [Eu.L5] as a white 

solid (46.7 mg, 51% over two steps); ESI-LRMS (+) m/z 1018 [M+H]+; ESI-HRMS (+) 
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calc. for [C47H43EuN7O10]+ 1018.229, found 1018.229. NMR spectra not assigned due 

to the paramagnetic shift induced by the lanthanide ion. 

 

[Eu.L5b] 

Freshly cut Na metal (50 mg, 2.2 mmol) was dissolved under argon in anhydrous 

MeOH (1 mL). The resulting sodium methoxide solution in MeOH was transferred to a 

suspension of [Eu.L5] (2.7 mg, 0.003 mmol) in MeOH (2 mL) under argon. The cloudy 

suspension of the complex becomes clear upon addition of the sodium methoxide 

solution. LC/MS analysis revealed complete conversion after 15 minutes; ESI-LRMS 

(+) m/z 1001 [M+H]+; ESI-HRMS (+) calc. for [C48H46
151EuN6O9]+ 1001.255, found 

1001.254. NMR spectra not assigned due to the paramagnetic shift induced by the 

lanthanide ion. 
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2A 

Compound 1 (234 mg, 0.656 mmol), trimethyl phenylboronic acid (304 mg, 1.85 

mmol), and Cs2CO3 (556 mg, 1.71 mmol) were dissolved in anhydrous DMF (3 mL) 

and degassed with Ar for 15 minutes. Pd(dppf)Cl2·DCM (101 mg, 0.123 mmol) was 

added and the solution stirred at 90 °C. LC/MS analysis revealed complete conversion 

after 48 h. The reaction mixture was diluted in EtOAc (150 mL) and washed with 10% 

LiCl w/w in water (5 × 40 mL). The organic layer was dried over Na2SO4, filtered, and 

evaporated to afford a black residue that was purified via reverse phase HPLC in 

MeCN/water to afford the product (151 mg, 58%); 1H NMR (600 MHz, CDCl3) δ 7.98 

(2H, dd, 3JP-H 12, 3JH-H 8, H9), 7.82 (1H, d, 3JP-H 6, H3), 7.56 (1H, t, 3JH-H 8, H11), 7.49 

(2H, td, 3JH-H 4, 3JH-H 8, H10), 7.13 (1H, s, H5), 6.94 (2H, d, 4JH-H 6, H14), 4.80 (2H, s, H7), 

4.17 (2H, app. qui, 3JH-H 7, H18), 2.32 (3H, s, H16), 1.98-1.93 (3H + 3H, s, H17 + H17’), 

1.37 (3H, t, 3JH-H 7, H19); ESI-LRMS (+) m/z 396 [M+H]+; ESI-HRMS (+) calc. for 

[C23H27NO3P]+ 396.1729, found 396.1726. 

 

3A 
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Compound 2A (150 mg, 0.38 mmol) was dissolved in anhydrous THF (1.2 mL). 

Anhydrous DIEA (0.18 mL, 0.95 mmol) followed by Ms2O (130 mg, 0.76 mmol) were 

added. The reaction was monitored via TLC (3% MeOH in DCM) and stopped after 1 

h. Solvents were evaporated under reduced pressure, the residue dissolved in DCM 

and washed with water (3×). The combined aqueous layer was re-extracted with DCM 

(2×) and the combined organic layer was dried over Na2SO4, filtered, evaporated, and 

used in the next step without further purification; 1H NMR (400 MHz, CDCl3) δ 7.98 

(dd), 7.89 (d), 7.59 (t), 7.51 (m), 7.37 (s), 6.97 (s), 5.40 (s), 5.31 (s), 4.19 (m), 3.02 (s), 

2.34 (s), 1.98 (d), 1.39 (t), 1.27 (s), 1.09 (m); ESI-LRMS (+) m/z 474 [M+H]+; ESI-

HRMS (+) calc. for [C24H29NO5PS]+ 474.1504, found 474.1501. 

 

LA 

Compound 3A, TACN·3HCl (25.8 mg, 0.108 mmol), and K2CO3 (105 mg, 0.758 mmol) 

were added to anhydrous MeCN (2 mL) under Ar and stirred at 60 °C for 18 h. The 

reaction mixture was centrifuged, and the solid residue washed several times with 

fresh MeCN. The solvent was evaporated to afford a brown residue that was used in 

the next step without further purification; 1H NMR (600 MHz, CDCl3) δ 7.93 (6H, dd), 

7.70 (3H, d), 7.41 (3H, t), 7.34 (6H, m), 7.24 (3H, s), 6.87 (6H, d), 4.10 (6H, m), 3.76 

(6H, s), 2.62 (9H, s), 2.29 (9H, s), 1.96 (3H, s), 1.89 (9H, t), 1.84 (9H, t), 1.28 (9H, t); 

ESI-LRMS (+) m/z 1262 [M+H]+; ESI-HRMS (+) calc. 1261.598, found 1261.600. 
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[Tb.LA] 

The crude ligand (150 mg) from the previous step, LA, was dissolved in a mixture of 

MeOH/water (4:1, 3 mL total) and the pH was adjusted to 12 using aqueous NaOH 

solution. The solution was heated at 60 °C for 8 h. The complete hydrolysis of the 

phosphinate and carboxylic acid ester groups was confirmed by LC/MS analysis. After 

cooling and adjustment of the pH to 6.5 using aqueous HCl, TbCl3·6H2O (41 mg, 0.11 

mmol) was added. The reaction mixture was heated to 60 °C for 18 h. The solvent was 

evaporated under reduced pressure to afford a solid residue. The crude residue was 

purified by reverse-phase HPLC in MeOH/water to yield a white solid (78 mg, 57%); 

ESI-LRMS (+) m/z 1333 [M+H]+; ESI-HRMS (+) calc. 1333.411, found 1333.406. NMR 

spectra not assigned due to the paramagnetic shift induced by the lanthanide ion. 
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