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1. Introduction 

In society today, technological advancements are being made at ever-increasing rates.1,2,26 One 

group of materials proven to be key to these advancements are those incorporating the lanthanide 

elements, referred to as lanthanide-based luminescent materials.1-10,13,14,26 Traditionally, our 

display screens relied off the use of phosphors doped with lanthanides, which served the key role 

of producing visible light from cathode rays.1-7,10,26 Additionally, the lanthanides (particularly 

neodymium) have had a vital role in the development of lasers.1-5,10,13,14,26 These examples 

represent just a few of the applications where the lanthanides have established vital roles.1-6,10,26 

Currently, a large amount of research is being focussed towards extending these applications of 

these lanthanide-based luminescent materials through the development of novel advanced 

materials, such as OLEDs (Organic Light Emitting Diodes) and luminescent lanthanide bio-

probes (LLBs).1-6,8-11,13,15-18,28,30 One example is research into the development of rapid, low-

invasive methods of COVID-19 detection using lanthanide-doped materials, highlighting the 

importance of such materials in society today.19,20 

The scope of this study focusses on the development of switchable luminescent lanthanide-based 

interlocked/supramolecular architectures, a field currently of high value.3,6-8,13,17,23,29 These 

architectures have recently gained significant attention as highly valuable targets for the 

development of molecular machines, switches and sensors due to their responsive nature.7,13,17 

This property, combined with the photophysical features of lanthanide ions paves the way for the 

development of a range of responsive luminescent interlocked/architectures whereby changes in 

conformation (in response to an input) can be tracked/sensed through changes in lanthanide ion 

emission.1-4,7,14,15,17,22-24,27-29 
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1.1.2 The key Ln3+ photophysical properties  

The photophysical properties of the luminescence displayed by Ln3+ complexes have made them 

highly valuable targets for the development of advanced technologies/materials.1-5,8-10,12-18,21-24 

The emission spectra of lanthanide ions are dominated by a multitude of peaks (Fig. 3).2,4-11,12-

18,21-26 This is because within Ln3+ 4f orbitals, the repulsive Coulombic interactions between 

electrons result in a large energy separation between ground and excited states (Fig. 3).5,10-12,17,26 

Furthermore, spin-orbit coupling, splits each of these states into different J-levels (Fig. 3).1-5,8,10-

12,14,17,18,26,33 It is the transition of electrons from the excited emissive Ln3+ state to these different 

J-levels within the ground Ln3+ state that is responsible for the multiple peaks in the Ln3+ emission 

spectra (Fig. 3).2-5,8,10-12,14,17,18,22,26,28 

 Sharp characteristic peaks 

The first photophysical property of value is that the peaks are defined, sharp, and characteristic 

with widths of up to 10 nm in their luminescence spectra, irrespective of the external environment 

(Fig. 3).1-18,21-28,30 This property results from the low interaction of the Ln3+ 4f orbitals with the 

covalent ligand orbitals, making this bond largely electrostatic in nature (i.e. only approximately 

5 to 7 % covalency).2-8,10-14,17,21-23,25,26,28,30 Consequently, perturbations in the bond resulting from 

f-f transitions are small giving sharp peaks at defined, characteristic wavelengths (Fig. 3).1-18,21-

28,30  

Figure 2. Jablonski diagram showing the ligand and Ln3+ energy levels involved in Ln3+ luminescence via the antenna 

effect. Image adapted from: 3-5, 7, 12-14, 18, 23 
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to high energy bonds (e.g. O-H, C-H, and N-H bonds) present in the coordination sphere of the 

Ln3+ (Fig. 4).1-5,7-9,11-16,18,21-28,30 

To avoid this quenching effect, different strategies can be adopted to exclude molecules 

containing these high energy bonds (such as water) from the lanthanide coordination sphere.1-

5,7,8,11-16,18,21-24,26-28,30 One strategy is to shield the Ln3+ from these high energy bonds by saturating 

the coordination sphere of the Ln3+.2-5,7,8,11,13-15,21,22,24,26-28,30 This shielding can be further enforced 

through using bulky, rigid ligands as well as through using multidentate ligands (due to the 

macrocyclic/chelate effect).2-5,7,8,11,13-15,21-24,26-28,30   

 

 

 

 

 

 

 

 

Figure 5. Simplified schematic showng the quenching of the Ln3+ excited state by high energy O-H bonds. Image 

adapted from: 3, 4, 11, 12, 14-17, 23, 24, 27 
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1.3.1 Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)  

One key class of click reactions is the copper(I)-catalyzed azide alkyne cycloaddition reaction, 

the CuAAC reaction, specifically, the copper(I)-catalyzed alkyne-azide 1,3-cycloaddition 

derivative which was first developed in 2002 by two separate research groups.51-64 This CuAAC 

click reaction is known for its ability to regioselectivly form 1,4-disubstituted 1,2,3-triazoles (as 

opposed to a mix of the 1,4- and 1,5-disubstituted products in the uncatalyzed version) from a 

copper(I) catalysed reaction between an alkyne and an azide.51-64 One desirable feature of this 

reaction is that generally, it only requires three key components, an alkyne, an azide and a copper 

(I) source and can proceed despite the presence of a range of different functional groups in the 

molecule (Fig. 7).51-64  

 

 

 

 

 

 

 

In order to achieve the copper(I) source (i.e. copper in its +1 oxidation state), many researchers 

use copper(II) sulfate pentahydrate (copper in its +2 oxidation state) along with a reducing agent 

such as sodium ascorbate, whereas others use salts and complexes of copper(I) such as copper 

iodide and [Cu(CH3CN)4]PF6 (respectively).52-63 In saying this, based off the separate works of 

Simmons, Merrill, Ciavatta and co-workers (as cited in ref [62]), Cu(I) has a low thermodynamic 

stability meaning that it has a large tendency to form Cu(II) through oxidative processes as well 

as its tendency to form Cu(II) and Cu(0) through disproportionation.52,53,58-63 Certain additives 

may be added to supplement and enhance the click reactions.52-55,58,59,62-64 An example of one of 

Figure 7.  The copper(I)-catalyzed azide-alkyne cycloaddition reaction showing the 1,4-disubstituted 1,2,3-triazole 

product  
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triazole intermediate, ending with demetallation and protonation of the triazolide carbon.52-

55,57,59,60,63,64 

1.3.2 Clicking to the 4-pyridyl motif of DPA 

A family of 4-pyridyl functionalised DPA ligands have been synthesised through CuAAC click 

chemistry (typically through carrying out the click reaction on a 4-azido DPA intermediate) (Fig 

8).65-76 The resulting Ln3+ complexes have been used for a range of applications, from their use 

for the development of luminescent nanoparticles to their use for the determination of protein 

structure.65-74 One study in 2020 used this ligand synthesis method with 4-azido DPA and 2-

ethynylpyridine to develop a 3:1 DPA ligand:Eu3+ complex which was able to act as a switch-on 

probe for the detection of hydrogen sulfide.65,74 This family of studies were important as they 

proved that ligand modifications (via CuAAC chemistry) at the 4-pyridyl position of DPA can 

result in changes in lanthanide ion photophysics.65-74 In this way, they display how Ln3+ emission 

can be tuned, a vital property for the development of responsive materials.65-74  

 

Figure 9. Examples of various DPA ligands reported in the literature via directly clicking to the 4-pyridyl motif (a) 

as well as via an ether linker (b). Image adapted from: 65-74 
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1.3.3 Performing click chemistry on lanthanide complexes 

As discussed in section 1.3.2, there are many studies that use CuAAC chemistry for ligand 

synthesis and subsequent lanthanide complexation however, there are also extensive examples of 

studies which have carried out click reactions on lanthanide complexes, thus a achieving post-

complexation modification.77-113 However, these studies are limited such that the majority of these 

click reactions appear to be carried out on kinetically stable lanthanide complexes containing 

ligands of the cyclen macrocycle family, such as 1,4,7,10-tetraazadodecane-1,4,7,10-tetraacetic 

acid (DOTA) (Fig. 10).77-113,162 This limitation is likely due to the reduced stability of non-cyclen 

complexes comparative to the cyclen complexes (as the macrocyclic effect is absent).87,90-93,95,97-

113 This is important as many of these complexes are synthesized for contrast agent development 

where, based off separate studies by Caravan, Polasek and their respective co-workers (as cited 

in ref [92]) the Ln3+ cannot be released due to toxicity (which may occur in the presence of copper 

via competitive binding).4,79-87,90-93,95,97-113  

Click reactions have been carried out on these cyclen complexes containing azide functional 

groups appended to one (or more) of the cyclen nitrogen atoms (Fig. 10).77-84,107,110,116 

Alternatively, researchers also use alkyne groups appended to one (or more) of the cyclen 

nitrogens for the click reaction (Fig. 10).81,85-109,113 Various studies have also coupled lanthanide 

complexes containing click-compatible functional groups together through click chemistry for the 

development of multi-metallic systems.77,79-83,85,87-89,91,93,95-97,99,100,105-113  

In many of these cases, when the distance between the cyclen nitrogen and the click active 

component is short, one of the triazole nitrogen atoms which form during the click reaction 

appears to coordinate with the lanthanide centre.84-93,98,104,107,108,110,113 This appears to be avoided 

by adding a functional group (such as an amide linker, alcohol or ketone) containing a donor atom 

(such as an oxygen atom of the carbonyl bond) that can coordinate with the lanthanide as opposed 

to the triazole nitrogen or by increasing the alkyl appendage (Fig. 10).77-83,86,94-107,109,110 
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This family of complexes have a vast range of applications, however by far the main use appears 

to be associated with contrast agent development.77,79-83,86,87,89,91-93,95-103,105-110,112,113,136 Below are 

some examples of lanthanide complexes which click reactions have been carried out on (Fig. 10). 

 

 

 

 

 

 

 

 

Leigh and co-workers represent one of the few research groups that have performed click 

chemistry on lanthanide complexes with non-cyclen chelating motifs.114,115,136 The researchers 

made lutetium complexes with a ligand containing three pyridine-dicarboxamide chelating motifs 

which, based off separate studies by Carina, Adams, Gil-Ramírez and Leigh (as cited in ref [115]) 

were known to coordinate to the Ln3+ in an orientation resembling an overhand knot.13,29,114,115,117-

120 These ligands were also functionalized at one end with an either an alkyne or an azide 

functional group such that one complex (containing an alkyne group) could be joined to another 

complex (containing an azide group) through CuAAC to form knotted lutetium 

complexes.114,115,136 Thus, this study provided an example whereby CuAAC was carried out on a 

non-DOTA containing Ln3+ complex without copper-induced decomplexation.114,115,136 

In a study Candelon and co-workers (2013) performed click chemistry on tris-4-azido DPA (i.e. 

non-cyclen) Ln3+ complexes and the resulting triazole-containing complexes displayed large 

changes in the photophysical properties when compared to their tris-4-azido DPA complex 
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Figure 10. Examples of cyclen-containing lanthanide complexes which have been used in CuAAC reactions  
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derivatives.73 In saying this, a specific type of click chemistry called strain-promoted azide-alkyne 

cycloaddition (SPAAC) was used which does not require the use of copper.73,103,104,117,121-125 In 

SPAAC, strained alkynes, such as bicyclononyne (BCN) (used in this study), are used due to their 

increased reactivity.73,103,104,121-125 The researchers also used CuAAC to couple an alkyne 

appended peptide to the 4-azido-DPA Eu3+ and Tb3+ complex which, after gel electrophoresis, 

gave bands that were luminescent at 254 nm.73 In saying this, the results were only analysed 

through gel electrophoresis and were giving luminescent bands at approximately 24,500 Da 

suggesting that the click reaction had only been carried out on a single azide group (as opposed 

to all three).73 

Despite these studies, overall, the idea of carrying out click reactions on lanthanide complexes 

(specifically, non-cyclen lanthanide complexes) remains underdeveloped, restricting the 

possibility of developing large functional supramolecular and mechanically interlocked 

molecules and materials.1,4,59,79-87,89-93,96,97-113 Studies in this field are important as the ability to 

achieve a range of different architectures from simple and adaptable pre-cursors is of high 

interest.89,90,102,105,112-116  

1.4 Mechanically interlocked molecules 

A family of molecules called mechanically interlocked molecules (MIMs) or mechanomolecules 

have established vital roles in science since their early establishment.126-132,134,135,137,148 Most (but 

not all) MIMs contain a mechanical bond which is a type of physical bond that can only be broken 

on the destruction of one (or more) interatomic covalent bond.126-128,130,131,133-135,137,138,148 This bond 

exists between molecular components/entities, and results in the entanglement of these 

components in space.126-128,130-132,134,135,138,148 Currently, there are four main types of mechanically 

interlocked molecule (MIM) structures consistently reported including rotaxanes, 

pseudorotaxanes, catenanes and knots (some of which, i.e. pseudorotaxanes, have overlap with 

other chemical fields such as supramolecular chemistry) (Fig. 11).126-139,141,147,148  
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1.4.1 Rotaxanes and pseudorotaxanes 

The scope of this project focuses on a specific type of MIM called a rotaxane (and its 

supramolecular analogue, pseudorotaxanes).126-128,130-141,147,148 The simplest rotaxane consists of 

three main parts, an axle, a macrocycle, and stopper groups (Fig. 11).126-128,130-135,138,148 These 

components are organised such that the macrocycle loops around the linear axle component which 

is terminated by bulky stopper groups on each end (Fig. 11).126-128,130-140,142,143,148 In this way, the 

axle and stopper groups form a dumbbell-like unit, preventing the de-threading (or slippage) of 

the macrocycle, which is free to move along its axle (Fig. 11).126-128,130-136,138-140,148 Overall, 

because covalent bonds (either on the axle or macrocycle) would be required to break the system, 

the rotaxane structure formed can be referred to as a MIM such that a mechanical bond exists 

between the macrocycle and dumbbell components.126-135,137,138,143,148 These rotaxanes are 

described as [2]rotaxanes as they consist of two separate components, however multiple different 

types of rotaxanes can be achieved including [3]-, [4]- rotaxanes with three and four separate 

components (respectively).126-129,133,137,148 

A similar subset of rotaxanes, pseudorotaxanes differ from rotaxanes such that they contain an 

axle and a macrocyclic wheel component, however there are no bulky stopper groups.126,128,130-

132,135,138-141,148 Because of this, pseudorotaxanes cannot strictly be considered as interlocked 

molecules, but more accurately fit the description of a supramolecular unit.126-128,130-

132,134,135,138,140,141,148   

 

Figure 11. Schematic showing the interlocked nature of the rotaxane and catenane 
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Rotaxanes (and pseudorotaxanes) have been established in literature for a relatively long time and 

have emerged as highly value targets for the development of advanced materials such as systems 

for drug delivery (i.e. shuttles), artificial molecular machines (AMMs), and responsive molecular 

switches.126-141,143,148 This interest stems from the intrinsic ability of rotaxanes to undergo different 

types of movement, particularly the shuttling and rotation of the macrocycle along and around its 

axle (respectively).126-136,138,139,143,148 For instance, if the macrocyclic component can shuttle in 

response to an external signal, responsive interlocked systems may be achieved.126-

132,134,135,138,139,141,143,148 By incorporating photo-physically active lanthanides ions into these 

systems, information regarding changes in rotaxane/pseudorotaxane conformation may be 

detected (or other properties of lanthanides may be coupled to this).126,127,132,135,136,141  

1.4.2 Synthesis of rotaxanes/pseudorotaxanes 

Different methods/strategies have evolved over time for the development of MIMs from early 

statistical synthetic methods to covalent-directed methods to template-directed synthetic 

methods.126-139,142-148,282 The templated synthetic methods make use of non-covalent interactions 

(e.g. hydrogen bonding and ionic interactions) for MIM synthesis.126-139,142-144,147,148 This study 

will focus on metal-templated synthetic methods, particularly the passive and active metal-

templated methods.126-129,131-137,139,142,143,147,148  

1.4.2.1 Metal-templated methods taken over time 

Overall, the metal-templated approaches make use of the predictable geometry of certain metal 

ions (such as tetrahedral Cu(I) ions) and non-covalent interactions to position covalent 

components/ligands together in a suitable configuration for the formation of the specific MIM.126-

129,131-136,139,142-144,147,148,282 One type of metal-templated approach is referred to as the passive 

metal-templated approach as the catalytic abilities of the metal are ignored throughout the 

process.126-129,131-136,139,142-144,147 

The first report of MIM formation through passive metal-templated synthesis was in 1983 by 

Dietrich-Buchecker and co-workers (as cited in ref [131]) (from the Sauvage research group), 

whereby a catenane was obtained in 42 % yield through a reaction templated by a tetrahedral 
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predict how the rotaxane was assembled, however other researchers disagree with this term as the 

rotaxane product still contains the macrocycle with its Cu(I) binding recognition site.127,129,131-

133,142,143 In saying this, overall, because rotaxanes made via AT-CuAAC methods only require a 

single recognition site (as opposed to two in those made via passive templated methods), there 

are a more diverse range of products obtainable.127,129,131,132,135,142,143,148  

Another advantage of the AT-CuAAC reaction is that it is driven by kinetics as opposed to the 

thermodynamically driven passive template method.129,131-133,135,137 The result of this is that the 

product that forms can have a reduced thermodynamic stability when compared to starting 

components.131-135,137,143,152 This has been shown in a study by Lahlali and co-workers (2011) 

where small macrocycles were used to synthesize sterically strained rotaxanes in high 

yields.127,131,132,134,135,137,152  

 

 

 

 

Figure 13. The active template CuAAC reaction. Image adapted from: 129, 131-133, 142, 143 
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The research group led by David Leigh has provided a few examples whereby AT-CuAAC 

reactions have been carried out on lanthanide-complexes.114,115,136 In their 2018 study, a tris-

pyridine-dicarboxamide knotted ligand containing a terminal alkyne group was complexed with 

Lu3+, forming a knotted structure.114,115,136 Next, the alkyne-appended Lu3+ complex knot was 

incorporated in an AT-CuAAC reaction with a bulky tert-butyl-containing azide and a 

macrocycle which formed a rotaxane structure whereby the lanthanide coordination sphere was 

acting as one stopper and the bulky azide group was acting as another stopper with the 

macrocycle threaded around the axle formed resulting from the click reaction.114,115,136 However, 

in general this field still appears to be relatively under-studied.  

Overall, the synthesis of interlocked molecules has come a long way since its initial 

development in the 1960s and, accordingly, their presence in literature is increasing rapidly.126-

135,139,142-148  
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The emission lifetime of Eu2 was studied in both a CH2Cl2:CH3OH (1:1) and a CD2Cl2:CD3OD 

(1:1) solvent mixture to confirm the axial donation of the pyridine-N-oxide oxygen to Eu3+.136,166 

Using the assumption that only the methanol would coordinate to the Eu3+, the lifetime in the 

CH2Cl2:CH3OH (1:1) solvent mixture was 0.94 ms which increased to 1.18 ms when using the 

deuterated derivative.136,166 Consequently, the hydration number (q) (which allows a prediction of 

the amount of water molecules occupying the Ln3+ coordination sites) was calculated to be 0, 

suggesting that no methanol molecules were coordinated to Eu3+ and supporting the idea of axial 

donation of the pyridine-N-oxide oxygen to Eu3+.3,8,14,136,166 

In saying this, the binding pocket within the rotaxane between the macrocycle and axle which had 

previously been used for sensing the binding of chloride through changes in Ln3+ luminescence, 

was absent due to the presence of the pyridine-N-oxide motif.90,166 Thus to further develop these 

responsive lanthanide-based rotaxanes, there was a need to develop a removable template 

method.13,166 

1.5.3 Lanthanide-based rotaxanes synthesized through removable anion templates 

The next year, a slightly similar system was developed by the Beer and Faulkner group, inspired 

both by the architecture developed by Zapata and co-workers in 2013 and the anion templation 

method used by Allain and co-workers in 2011.13,90,136,166,167 However, as opposed to using 

chloride as the templating anion, the bidentate nitrite anion was used which at the time had not 

been reported before as a templating anion.13,90,136,167 The resulting luminescent lanthanide-based 

rotaxane structure was able to sense fluoride.13,136,167 

The synthetic procedure began with the same macrocycle as used in the study carried out by 

Zapata and co-workers (2013), LuM and EuM.13,136,166,167 Moreover, a similar axle to that used 

by Allain and co-workers (2013) was synthesized such that it also contained a pyridinium motif, 

however one side of the axle was already stoppered prior to threading and the counter ion was a 

nitrite anion as opposed to chloride.13,90,136,167 The non-stoppered side of the axle was terminated 

by an azide group so that after threading, the axle could be stoppered through CuAAC 

chemistry.13,136,167 Thus, combining the mono-stoppered axle with the macrocyclic complex, a 
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to intramolecular PET occurring from TbL2 to the electron-accepting fullerene motif located on 

the threaded axle.17,136,168 

 

 

As observed with TbL1.FcBA, when KPF6 was added to TbL2.FuBA, the Tb3+ emission was re-

established, implying that FuBA (responsible for the quenching PET process) had been de-

threaded and replaced with K+ (forming TbL2.K) (Fig. 19).17,136,168 The quenching effect could be 

regained through the addition of 18C6 (as observed for the TbL1 system) and this process could 

be repeated multiple times (Fig. 19).17,136,168  

Later in 2013, the same research group developed a lanthanide based [2]-pseudorotaxane with 

Ln3+ photophysical properties switchable by two factors, the addition of an axle, and optical 

input.17,136,164 The system was analogous to that reported in 2011, containing a terpy chelating 

group along with an appended dibenzo-24-crown-8 motif for the ligand (L3).17,136,164,168 However, 

instead of a ferrocene or fullerene group substituted on the axle, a diarylethene (DAE) derivative 

was used to exploit the photochromic properties intrinsic to this class of molecules.17,136,164  

Figure 19. Schematic showing the responsive luminescent lanthanide-based pseudorotaxane developed by Ding and 

co-workers (2011). Image adapted from: 136, 168 
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Following this, the responsiveness of the complex to different axles was analysed due to earlier 

findings on similar systems in 2008 and 2011.48,136,164,168 All threading and de-threading was 

supported by NMR analysis.164 In terms of the photophysical changes, on the addition of KPF6 to 

EuL3.OF, there was only a small increase in the emission intensity of the resulting EuL3.K + 

OF complex compared to that obtained for EuL3.OF (Fig. 20).136,164 On the exposure of EuL3.K 

+ OF to 365 nm light, the emission intensity was decreased only by a small amount (Fig. 20).136,164 

However, when EuL3.K + OF was exposed to 18C6 followed by 365 nm irradiation, the large 

quenching associated with the OF threading followed by CF formation was observed (Fig. 

20).136,164 In comparison, when EuL3.CF was exposed to KPF6, the emission intensity was 

regained, suggesting that the RET process that was once inhibiting the emission had been removed 

due to the substitution of CF for K+ (forming EuL3.K + CF) (Fig. 20).136,164 On the subsequent 

Figure 20. Schematic showing the responsiveness of the luminescent lanthanide-based system developed by Cheng 

and co-workers in 2013 depending on pseudorotaxane formation and axle type. Image adapted from: 164 
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1 for 5D0 for Eu3+ and 5D4 for Tb3+ respectively, thus are visibly emissive.1-

5,8,9,11,13,14,16,18,21,26,30,45,178,184,198-200,221,228,229 Accordingly, as mentioned by Wenkert and co-workers 

(as cited in ref [177]), lanthanum contains no unpaired electrons, making it diamagnetic in nature 

and enabling its use in 1H NMR spectroscopy.4,41,177,193,197,202,209 

There appears to be a research gap regarding the use of the DPA-lanthanide complex family for 

the development of MIMs through click chemistry (i.e. studies which combine click chemistry, 

lanthanide chemistry and the properties of MIMs). Thus, the systems under investigation have 

been designed to combine these features by using AT-CuAAC to synthesise quasi-[4]-rotaxanes 

incorporating a central luminescent Ln3+ edifice.137 In this way, changes in the Ln3+ coordination 

sphere (such as the shuttling of the macrocycle along the axle) in response to different 

environments may lead to changes in Ln3+ luminescence. 

These systems can be considered as quasi-[4]-rotaxanes as they contain three separate 

macrocycles which are separated from a single Ln3+ complex (containing both the stopper groups 

and the axle) by a mechanical bond.137  

2.2 Synthetic procedures 

Two synthetic procedures are referred to throughout this project, one where the ligand is made 

prior to Ln3+ complexation (preformed ligand method, section 2.4) and another whereby a 

complex containing adaptable functional groups is first synthesized, and the ligand is modified 

through a reaction carried out on the adaptable complex (the post-complexation modification 

method, section 2.5).106,116 For both methods, the key intermediate is an alkyne-functionalized 

DPA motif (2), the protected form of which was used as a reagent for CuAAC chemistry (in the 

preformed ligand method) and the deprotected form of which complexes with Ln3+ for post-

complexation modifications. Following this, the ability of using AT-CuAAC to synthesize quasi-

[4]-rotaxanes is investigated. 
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2.3.4 Crystal structure of Na3[Eu(L1)3]·16H2O 

Rod-shaped crystals of [Eu(L1)3]3- suitable for X-ray diffraction were collected through the slow 

vapour diffusion of 2-propanol into water at room temperature (Fig. 35). Na3[Eu(L1)3]·16H2O 

was found to crystalize in the triclinic P-1 space group and the low temperature (150 K) structure 

revealed that complexes inherited the expected 3:1 L1:Eu3+ binding.  

 

 

 

 

 

 

 

The asymmetric unit contained two crystallographically independent Na3[Eu(L1)3] units, one 

belonging to Eu1 and another belonging to Eu2 (Fig. 36). These two complexes were linked 

together through a sodium bridge between carboxylate oxygen atoms (O55 of Eu2 and O31 and 

O24 of Eu1) (Fig. 36 and Fig. S203).219 This was expected as sodium carbonate was used as a 

base in the synthesis. There appeared to be a large amount of water in the asymmetric unit, with 

19 molecules bound to Na+ and 13 interstitial H2O molecules (36 H2O molecules in total). This 

also was expected as the complexes were synthesized, and the crystals were grown from H2O. 

Each [Eu(L1)3]3- complex possessed an overall -3 charge (i.e. two negative charges per ligand 

plus 3 for Eu3+), which were countered by 6 Na+ ions in the asymmetric unit, achieving charge 

balance. The packing showed that [Eu(L1)3]3- forms a polymeric network that is linked by sodium 

ions coordinated to the L1 carboxyl C=O bonds.214  

 

Figure 35. Rod-shaped crystals of [Eu(L1)3]3- grown from the vapour diffusion of 2-propanol into H20 
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The X-ray data supported the formation of [Eu(L1)3]3- in the expected 3:1 L1:Eu3+ ratio.214,218 Each 

L1 chelating unit contained one nitrogen atom and two oxygen atoms, all of which coordinated 

with the Eu3+ ion forming a O^N^O chelating pocket (Fig. 7).214,215,218 Additionally, there did not 

appear to be any water molecules occupying any Eu3+ coordination sites and [Eu(L1)3]3- appeared 

to be a nine-coordinate complex (achieving coordinative saturation for Eu3+).214,215,218  

 

 

Overall, [Eu(L1)3]3- appeared to adopt a distorted tricapped trigonal prism geometry, common for 

Ln3+ complexes containing DPA ligands with coordination numbers of 9 (Fig. 37).8,38,213,218,267 

The triangular prism is made up of the total 6 oxygen atoms, with two belonging to each DPA 

motif. Oxygen atoms O1, O24 and O31 make up one triangular face whereas O4, O21 and O34 

make up the other (Fig. 38).38,267 The oxygen atoms also form the rectangular sides and for each 

Figure 36. (Right) Asymmetric unit of Na3[Eu(L1)3]·16H2O (Left) Packing diagram obtained for Na3[Eu(L1)3]·16H2O 

Figure 37. Capped stick representation of the two crystallographically distinct Eu1 (left) and Eu2 (right) complexes 

in the asymmetric unit with key atoms labelled 
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side, a nitrogen atoms sticks out, thus forming the caps of the tricapped trigonal prism (Fig. 

38).38,218,267 

  

 

 

 

 

 

 

In further analysing the coordination geometry about the Eu3+ centre as well as other important 

motifs of L1, a table of selected bond lengths and angles was obtained and compared to the crystal 

structure of a 1:3 Eu3+:ligand complex whereby the ligand was DPA containing an amino group 

(-NH2) attached directly to the 4-pyridyl position. Because there were two complexes in the 

asymmetric unit, values for both are supplied. 

 

 

 

 

 

 

 

 

Figure 38. Ball and stick representation showing the coordination polyhedra for Eu1 (left) and 

Eu2 (right) and the tricapped trigonal prismatic geometry 

Table 2. Selected bond length and angle ranges for Na3[Eu(L1)3]·16H2O  
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overnight enabled the solid to settle on the bottom of the vial which, after decanting off the top 

water layer, could be isolated as the product. 

 

 

 

 

 

 

As for the [Ln(L1)3]3- complexes, the NMR spectra of [Ln(L2)3]3- complexes were collected in 

DMSO-d6 (Fig. 43). As shown in the image below comparing the 1H NMR spectra of [La(L2)3]3-

, [Eu(L2)3]3- to L2 ([Tb(L2)3]3- was omitted as its 1H NMR spectrum appeared broad), relatively 

large differences were observed in terms of peak shifts and splitting (Fig. 43). In saying this, in 

general, all NMR spectra gave one set of peaks, hence suggested successful complexation of L2 

to the respective Ln3+ in the 3:1 L2:Ln3+ ratio (i.e. each ligand was 

equivalent).37,38,41,188,189,193,199,201,207    

 

 

 

 

 

 

Figure 42. General reaction scheme for the synthesis of [Ln(L2)3]3- complexes where Ln = La3+, Eu3+ and 

Tb3+ 

Figure 43. 1H NMR spectra of [Eu(L2)3]3- (top, red), [La(L2)3]2- (middle, green) and L2 (bottom, blue) in DMSO-d6 
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In comparing the 1H NMR spectrum of [Eu(L2)3]3- to that of L2, the similar up-field shifting 

pattern exhibited by the protons in [La(L2)3]3- was observed, but to a larger extent (expected due 

to the paramagnetic nature of Eu3+) (Fig. 44).4,177,187,188,190,199,207,208,210,254 The quintet peak at 2.05 

ppm (being resolved as a triplet) and the triplet peaks at 4.26 and 3.97 ppm were assigned to the 

CH2 linkers between the triazole group and the naphthalimide nitrogen (being shifted from 4.50, 

4.11 and 2.24 ppm (respectively) in L2) (Fig. 44). The aromatic naphthalimide protons were 

assigned to the triplet at 7.81 ppm and the two singlets at 8.42 and 8.40 ppm (thus experiencing a 

different splitting pattern when compared to L2) (Fig. 44). Although the two singlets at 8.42 and 

8.40 ppm were in the ppm range expected for the triazole hydrogen, they were each integrating 

as two, thus were assigned to naphthalimide aromatic protons (further proved by the COSY 

spectrum) (Fig. S75). 

 

Figure 44. 1H NMR spectrum of [Eu(L2)3]3- in DMSO-d6 

Table 3. Summary of the main shifts observed in the 1H NMR spectrum on the complexation of L2 to La3+ and Eu3+ 
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Because these peaks could not be assigned based on the 1H NMR spectrum alone, further analysis 

of the COSY spectrum was required. In the [Eu(L2)3]3- COSY spectrum, the four peaks which 

made up the multiplet at 4.41 ppm appeared to each couple to the triazole hydrogen whereas the 

singlet at 4.55 ppm did not (Fig. 45). On the basis that the CH2
DT group is situated closer to the 

triazole group when compared to the pyridyl motif (making them more likely to show this 

coupling with the triazole protons), the multiplet was loosely assigned to CH2
DT hydrogens. This 

left the singlet peak at 4.55 ppm which was loosely assigned to the pyridyl hydrogen atoms. These 

assignments were later supported through analysis of the 13C and HSQC NMR data. In saying 

this, although the [La(L2)3]3- CH2
DT hydrogens showed the same up-field shifting, it did not 

display the same splitting observed as for [Eu(L2)3]3-. Accordingly, these differences suggested 

that the different lanthanide ions were eliciting different environments on the L2 protons.  

The lanthanide ions display what is referred to as the lanthanide contraction, or the gradual decline 

in the ionic radii across the periodic table.1,4,5,13,21,30,188,208,216,219,255 This results from the poor 

shielding (by the 4f orbitals) of the outer 5s and 5p orbitals from an increase in the nuclear charge 

meaning that as the nuclear charge increases, the relative effect of this felt by the 5s and 5p orbitals 

increases, causing a decrease in their ionic radii.1,4,5,13,21,188,208,216,255 Thus, the ionic radii of La3+ 

(103.2 ppm) differs largely compared to that of Eu3+ (94.7 ppm).1,4,5,201 In Ln3+ complexes 

 

Tz-H 

CH2
DT 

splitting 

Interaction of CH2
DT 

with Tz-H 

Figure 45. Close-up of COSY spectrum obtained for [Eu(L2)3]3- in DMSO-d6 showing the interaction of the 

multiplet at 4.41 ppm with the triazole singlet at 7.74 ppm 
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The broad peaks centred at approximately 3375 cm-1 for [Ln(L2)3]
3- supported the presence of 

water in the complexes, expected due to their water-based synthesis (Fig. 48).38,187,218 

[Eu(L2)3]
3- mass spectrum analysis 

The full mass spectrum obtained for [Eu(L2)3]3- (i.e. [C75H51N15O21Eu]3-) is supplied in the 

supplementary information (Fig. S79). The mass spectrum for [Eu(L2)3]3- was obtained using 

negative mode and showed successful formation of the 3:1 L2:Eu3+ complex based on the peak at 

550.0883 m/z which agreed with the monoisotopic mass calculated for [C75H51N15O21Eu]3- (i.e. 

1650.260 g mol-1 which, when considering the -3 charge of the complex gives a m/z ratio of 

550.0867) (Fig. 49). As shown by the insert in Fig. 49, the peaks belonging to this series were 

separated by m/z values of approximately 0.33, confirming the 3- charge of the ion corresponding 

to the peak.  

 

 

 

 

Another peak was observed at an m/z of 825.6360 in the mass spectrum of [Eu(L2)3]3- which was 

assigned to the {[Eu(L2)3]3- + H+}2- ion (Fig. 50 and Table 4). This value was in good agreement 

with the calculated monoisotopic mass value of 825.6335 g mol-1 (for {[C75H51N15O21Eu]3- + 

H+}2-) (Table 4). Additionally, the series belonging to this peak were separated by m/z values of 

approximately 0.50, confirming the 2- charge of the ion (Fig. 50).  

 

 

 

Figure 49. HRMS of [Eu(L2)3]3- showing the peak corresponding to the [Eu(L2)3]3- ion at m/z = 550.0883 (calc. for 

[C75H51N15O21Eu]3-, 550.0867 g mol-1). (Insert) m/z labelled relative to the [Eu(L2)3]3- peak, confirming the 3- charge    

[Eu(L2)3]3- 
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The mass spectrum also showed peaks indicative of the 2:1 L2:Eu3+ complex (i.e. [Eu(L2)2]- or 

[C50H34N10O14Eu]-) with the calculated monoisotopic mass of 1151.147 g mol-1 being in good 

agreement with the peak observed at the m/z 1151.150. The peaks in this series were separated by 

m/z values of 1 (although being overlapped with other peaks showing complex splitting), 

confirming the -1 charge of the 2:1 species (Fig. S83). There was also a relatively large peak 

observed at an m/z of 500.1219, being in close agreement to the monoisotopic mass of 

deprotonated L2 with one hydrogen counterion (i.e. [(C25H17N5O7)2- + H+]-) of 500.1206 g mol-1 

(Fig. S82). It is difficult to tell whether the peaks corresponding to the 2:1 and free ligand are due 

to impurities in the solution or the result of ionization causing the complex to fall apart.  

 

 

[Tb(L2)3]
3- mass spectrum analysis 

The full mass spectrum obtained for [Tb(L2)3]3- (i.e. [C75H51N15O21Tb]3-) is supplied in the 

supplementary information (Fig. S97). As observed for [Eu(L2)3]
3-, key peaks were observed 

which were highly suggestive of the successful formation of the 3:1 L2:Tb3+ complex. Firstly, the 

Table 4. Summary table showing the peaks observed in the HRMS indicative of [Eu(L2)3]3- formation 

Figure 50. HRMS of [Eu(L2)3]3- showing the peak corresponding to the {[Eu(L2)3]3- + H+}2- ion at m/z = 825.6360 

(calc. for {[C75H51N15O21Eu]3- + H+}2-, 825.6335 g mol-1). (Insert) m/z labelled relative to the {[Eu(L2)3]3- + H+}2- 

peak, confirming the 2- charge 

{[Eu(L2)3]3- + H+}2- 
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peak was observed at the m/z value of 552.0894 which agreed with the value calculated for the 

[C75H51N15O21Tb]3- ion of 552.088 g mol-1 (i.e. the monoisotopic mass was calculated to be 

1656.264 g mol-1 which, when considering the -3 charge of the complex gives a m/z of 552.088) 

(Fig. 51 and Table 5). Additionally, the peaks belonging to this series were separated by m/z 

values of approximately 0.33, confirming the 3- charge of the ion (Fig. 51).  

 

 

 

 

 

Another peak was observed in the mass spectrum of [Tb(L2)3]3- at an m/z of 828.6374 (Fig. S99) 

which could be assigned to {[Tb(L2)3]3- + H+}2-, in good agreement with the calculated 

monoisotopic mass of 828.6360 g mol-1 (Table 5). As observed for the corresponding peak 

obtained in the mass spectrum of [Eu(L2)3]3-, the series belonging to this peak at 828.6374 were 

separated by m/z values of approximately 0.50, confirmed the 2- charge on the ion (Fig. S99).  

 

There was also a peak in the mass spectrum of [Tb(L2)3]3- observed at an m/z value of 1157.1534 

which could be assigned to 2:1 L2:Tb3+ complex (i.e. [Tb(L2)2]- or [C50H34N10O14Tb]-) with a 

calculated monoisotopic mass of 1157.1510 g mol-1 (Fig. S101). The peaks belonging to this series 

were separated by m/z values of approximately 1, confirming the -1 charge of this complex (Fig. 

S101). Additionally, as observed in the mass spectrum of [Eu(L2)3]3-, a peak at an m/z value of 

Table 5. Summary table showing the peaks observed in the HRMS indicative of [Tb(L2)3]3- formation 

[Tb(L2)3]3- 

Figure 51. HRMS of [Tb(L2)3]3- showing the peak corresponding to the [Tb(L2)3]3- ion at m/z = 552.0894 (calc. for 

[C75H51N15O21Tb]3-, 552.0880 g mol-1). (Insert) m/z labelled relative to the [Tb(L2)3]3- peak, confirming the 3- charge    
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As for [Ln(L1)3]
3- and [Ln(L2)3]

3-, the NMR spectra of [Ln(L3)3]
3- was obtained in DMSO-d6 

despite the competitive binding nature of this NMR solvent.  

 

 

 

 

 

 

Peaks belonging to hydrogen atoms on the distal tert-butyl benzyl group were only shifted by 

small amounts (Fig. 69). The doublet at 7.10 ppm in the 1H NMR spectrum of L3 (assigned to 

2,6-protons of the tert-butyl benzyl group) was shifted down-field to 7.20 ppm in [La(L3)3]3- 

however in [Eu(L3)3]3- it was shifted up-field to 7.01 ppm. The triplet at 7.33 ppm in the 1H NMR 

spectrum of L3 (assigned to the 4-proton of the tert-butyl benzyl group) was shifted downfield to 

7.35 ppm in [La(L3)3]3- however in [Eu(L3)3]3- it was shifted up-field to 7.25 ppm. The singlet at 

1.22 ppm in L3 (assigned to the methyl groups of the tert-butyl motif) was shifted downfield to 

1.26 ppm in [La(L3)3]3- and up-field to 1.15 ppm in [Eu(L3)3]3-. The singlet peak observed at 5.58 

ppm in L3 (assigned to CH2
TB) was shifted up-field to 5.57 ppm in [La(L3)3]3- and to 5.33 ppm in 

[Eu(L3)3]
3-. 

 

 

Figure 69. 1H NMR spectra comparing [Eu(L3)3]3- (red, top), [La(L3)3]3- (green, middle) and L3 (blue, bottom) in 

DMSO-d6 

Table 6. Summary of the main shifts observed on the complexation of L3 to La3+ and Eu3+ 

7.82 ppm 

7.40 ppm 

4.53 ppm 
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The lifetimes of [Eu(L3)3]
3- and [Tb(L3)3]

3- on excitation at 230 and 229 nm (respectively) in 

MeOH were best fit to double exponential decay curves. For [Eu(L3)3]3-, the lifetime calculated 

for the longer emitting species was 1.906 ms, whereas for the shorter emitting species it was 0.631 

ms. For [Tb(L3)3]3-, the lifetime calculated for the longer emitting species was 1.683 ms, whereas 

for the shorter emitting species was 0.622 ms. Additionally, the phosphorescence emission 

spectrum of both [Eu(L3)3]3- and [Tb(L3)3]3- on excitation at 274 nm showed sharp emission 

bands characteristic of Eu3+ and Tb3+ (respectively) (Fig. S149 and Fig. S158).28 

2.4.3 Anthracene ligand (L4) and complex Ln(L4)3 

2.4.3.1 Synthesis and characterisation 

Next, the ability of clicking an anthracene motif to the 4-pyridyl position was explored. This 

group was chosen for two key reasons, the first being its bulky nature, thus inherent ability to 

potentially act as a stopper group for M1 and the second being its possible ability to interact with 

singlet oxygen.260-262 

 

 

 

 

 

As for the synthesis of L2 and L3, the key step involved in the synthesis of L4 was a CuAAC click 

reaction between 2 and 9-(azidomethyl)-anthracene (4N3) to generate the methyl-protected form 

of L4, MeOL4 (Fig. 74). In saying this, 4N3 was synthesized in two steps from 9-

anthracenemethanol.263 In the first step, 9-anthracenemethanol was converted to its 9-

(bromomethyl)- anthracene derivative using phosphorus tribromide.263 Next, 4N3 was synthesized 

by stirring 9-(bromomethyl)-anthracene with sodium azide in DMSO whereby it could be isolated 

as a yellow solid in 66 % yield.264  
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Figure 74. General reaction scheme for the synthesis of L4 
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Key signs were observed in the 1H NMR spectrum of [La(L4)3]3- in DMSO-d6 which supported 

L4 complexation with La3+ in a 3:1 L4:La3+ ratio (Fig. 76). Although only small shifts were 

observed for the aromatic anthracene hydrogens of [La(L4)3]3- when compared to L4, the peaks 

assigned to the pyridyl and CH2
DT protons were significantly affected by La3+ complexation (Fig. 

76). This was expected based off previous results showing that these protons, situated closest to 

the La3+ centre, experience larger shifts in their NMR spectra on complexation.  

The singlet peak at 8.18 ppm in the 1H NMR spectrum of [La(L4)3]3- was assigned to the triazole 

hydrogen which had been shifted down-field by 0.05 ppm when compared to L4 (Fig. 76). The 

doublet at 7.36 ppm was assigned to the pyridyl hydrogens as this peak was in the expected range 

based off the analogous [La(L2)3]3- and [La(L3)3]3- complexes with pyridyl hydrogen shifts of 

7.42 and 7.40 ppm (respectively). In saying this, a key difference was observed when compared 

to [La(L2)3]3- and [La(L3)3]3- complexes such that the pyridyl peak was experiencing splitting 

into a doublet. There was also a doublet at 5.20 ppm, in the range expected for the CH2
DT protons 

which had not been observed for L2 or L3 on La3+ complexation. Thus, although the shifts were 

Figure 76. 1H NMR spectrum of [La(L4)3]3- in DMSO  

CH2
DT 

Py-H 

Tz-H 
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in the range expected for La3+ complexation, the splitting was unexpected. This was predicted to 

be due to dynamics occurring on the NMR time scale causing these protons to experience different 

environments which has been observed for DPA ligands with different lanthanides.188,207,208,254 

Despite this splitting, complexation in the 3:1 L4:La3+ ratio was predicted to be successful as only 

one signal was showing for the triazole hydrogen and aromatic anthracene hydrogens, which 

would not be the case if the splitting of the CH2
DT

 and pyridyl protons was due to the presence of 

other 1:1 or 2:1 species.  

Due to time constraints, L4 complexation was only attempted with Eu3+. In the 1H NMR spectrum 

of the crude [Eu(L4)3]3- complex, the similar pyridyl and CH2 shifts and splittings as was observed 

for [Eu(L2)3]3- and [Eu(L3)3]3- was seen and the peaks were shifted compared to free L4, indicative 

of successful complexation (Fig. S189 and Fig. S190). However, there appeared to be impurities 

remaining in the reaction mixture which was not purified due to time constraints. Interestingly, 

the crude mixture under short wave UV light did not show the same bright red emission as [Eu(L1-

3)3]3- complexes suggesting that the anthracene may quench Eu3+ emission or that ACQ processes 

may be active however further studies are required to confirm this.221,222,239-241,243,245  

2.5 Post-complexation modification method 

To perform AT-CuAAC reactions on the [Ln(L1)3]3- complex family, it was important to carry 

out a proof-of-concept study to prove that reactions can be carried out on these complexes in the 

presence of copper, despite competitive binding. Moreover, developing a method for clicking to 

[Ln(L1)3]3- complexes,  would provide a modular way to functionalize the 4-pyridyl position of 

DPA complexes for the synthesis of new complexes with a range of different applications.  
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In the 1H NMR spectrum of [La(L2*)3]
3- was collected in DMSO-d6. A comparison of the 1H 

NMR spectrum obtained for [La(L2)3]3- (made through the preformed ligand method) compared 

to that obtained via the post-complexation modification method ([La(L2*)3]3-) is shown in Fig. 

78. Since the final product should be the same, irrespective of the method used, for the post-

complexation modification method to have worked, both spectra should be the same, which was 

observed (with slight differences discussed below). 

 

 

The doublet of doublets at approximately 8.49 ppm, assigned to four aromatic naphthalimide 

protons in [La(L2*)3]3-, were observed at almost identical shifts compared to those obtained for 

[La(L2)3]3- (appearing at 8.48 ppm) (Fig. 78). The triplet peak at 7.87 ppm in the 1H NMR 

spectrum of [La(L2*)3]3- lined up perfectly with that obtained for [La(L2)3]3- (7.87 ppm), assigned 

to the remaining two aromatic naphthalimide protons (Fig. 78). The alkyl peaks situated between 

the naphthalimide and triazole motifs also showed identical shifts (and splitting) between 

complexes, being at 4.50 ppm (triplet), 4.14 ppm (triplet), and 2.25 ppm (quintet) in both 

[La(L2*)3]3- and [La(L2)3]3- (Fig. 78). 

When comparing the shifts (and splitting) of the peaks corresponding to the hydrogen atoms 

observed to be most impacted by complexation (i.e. triazole, CH2
DT and pyridyl), only slight 

differences were observed (Fig. 78). Interestingly, the sub-peaks that were observed in the 1H 

[La(L2)3]3- 

[La(L2*)3]3- 

Figure 78. 1H NMR spectrum of [La(L2*)3]3- (made via the post-complexation modification method) (red, top) 

compared to [La(L2)3]3- (made via the preformed ligand method) (blue, bottom) 
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NMR spectrum of the [La(L2)3]
3- complex for the triazole, CH2

DT and pyridyl hydrogens (which 

were attributed to exchange processes) were not observed. However, in all cases, the peaks 

corresponding to the triazole, CH2
DT and pyridyl hydrogens in the 1H NMR spectrum of 

[La(L2*)3]3- lined up better with the sub-peaks observed for the corresponding hydrogen atoms 

in the 1H NMR spectrum of [La(L2)3]3- (Fig. 78). For instance, the singlet peak corresponding to 

the triazole hydrogen was observed at 8.29 ppm in [La(L2*)3]3- compared to 8.27 ppm (for the 

main peak) and 8.28 ppm (for the sub-peak) in [La(L2)3]3-. Similar results were found for the 

CH2
DT and pyridyl peaks, being observed at 5.30 and 7.43 ppm (respectively) in [La(L2*)3]3- 

compared to 5.27 ppm (with a sub-peak of 5.30 ppm) and 7.42 ppm (with a sub-peak at 7.44) for 

the CH2
DT and pyridyl peaks (respectively) in [La(L2)3]3-.  

The 13C DEPT spectra of [La(L2*)3]3- compared to [La(L2)3]3- also suggested that a successful 

click reaction had occurred between [La(L1)3]3- and 2N3 as the shifts observed were either the 

same or differed by only 0.1 ppm (Fig. 79). 

 

 

 

 

 

 

 

In comparing the IR spectra obtained for [La(L2*)3]3- compared to [La(L2)3]3- all stretches were 

almost identical (within experimental error) (Fig. 80). For instance, the peaks at 1587 and 1345 

cm-1 corresponding to the COO- asymmetric and symmetric stretches (respectively) in 

[La(L2*)3]3- were observed at 1586 and 1347 cm-1 (respectively) in the IR spectrum of [La(L2)3]3- 

(Fig. 80).40,47,49,185-187,193,199,201,203-206 The broad bands observed at 3378 cm-1 for [La(L2)3]3- and 

[La(L2)3]3- 

[La(L2*)3]3- 

Figure 79. 13C DEPT spectrum of [La(L2*)3]3- (made via the post-complexation modification method) (red, top) 

compared to [La(L2)3]3- (made via the preformed ligand method) (blue, bottom) 
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crude solid appeared to have patches of red-emitting solid which also appeared blue under a 

standard long-wave UV lamp, showing the dual-emission expected for [Eu(L2)3]3-. 

 

 

 

 

 

 

However, was a need to separate water-soluble product from unwanted side products. Due to the 

limited solubility of the complex in solvents other than water (restricting purification methods) 

and because of the large differences in mass between [Eu(L2*)3]3- and the likely water-soluble 

impurities (i.e. Cu(II) and unreacted [Eu(L1)3]3-), purification was attempted through dialysis, as 

had been carried out by the Faulkner research group.87,89-92,101,110,268-271 Dialysis works by 

selectively allowing molecules of a molar mass smaller than the molecular weight cut-off 

(MWCO) defined by the membrane lining the dialysis tubing to pass through the membrane 

through diffusion (Fig. 82 and Fig. S116). The mass of Na3[Eu(L2*)3] was calculated to be 1719.2 

g mol-1 and the mass of [Eu(L2*)3]3- (i.e. without its associated counter ions) was calculated to be 

1650.3 g mol-1. Thus, membranes with a 1000 g mol-1 MWCO were used as any water-soluble 

impurities smaller than this cut-off would be able to diffuse through the membrane, leaving 

purified [Eu(L2*)3]3- physically restricted to the dialysis tubing (Fig. 82).   

To do this, crude [Eu(L2*)3]3- was suspended in H2O (20 mL) and added into the dialysis tubing 

(Fig. S116). Next, this tube was placed in a floating rack and suspended in a beaker full of H2O 

(Fig. S116). This mixture was left to stir for 2 days at room temperature, with the bulk water being 

swapped daily (due to the nature of diffusion). After 2 days, the [Eu(L2*)3]
3- solution inside the 

dialysis appeared visibly less yellow, suggesting the removal of Cu(II) (Fig. S116).  

Figure 81. Crude [Eu(L2*)3]3- under short wave UV light (left) compared to long-wave UV light (right) 

showing the dual emission expected for the successful clicking of 2N3 to [Eu(L1)3]3- 
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In saying this, an NMR of the solid after removing H2O gave a broadened spectrum and peaks 

could not be distinguished suggesting that the dialysis was unsuccessful. This may be due to many 

reasons, such as the large amount of water causing [Eu(L2*)3]3- dissociation.  

One option for future studies may be to attempt the dialysis with the presence of a Cu(II) chelating 

agent, such as EDTA, in the bulk solution to encourage the Cu2+
 out of the reaction mixture within 

the dialysis tubing.273 Other methods for aqueous purification such as carrying out an aqueous 

column or investigating the possibility of using copper-free click reactions to synthesize the 

complexes may be possible alternative methods of generation more pure [Eu(L2*)3]3- in aqueous 

conditions. 

 

 

 

 

 

 

 

Figure 82. (Left/a) Experimental setup showing crude [Eu(L2*)3]3- dissolved in deionised H2O (20 mL) within 

the dialysis tube which was suspended in deionised H2O via a floating rack. (Right/b) Simplified schematic 

showing the proposed dialysis mechanism for the removal of water-soluble impurities leaving purified 

[Eu(L2*)3]3- (red spots) 

a) b) 







116 
 

In recognising this, a different method for the synthesis of the quasi-[4]-rotaxanes was proposed. 

With preliminary studies supporting that [La(L1)3]3- remains in its complexed form in the 

presence of copper, the possibility of performing AT-CuAAC reaction on this complex was 

proposed. The AT-CuAAC reaction was to be carried out with 2N3, 3N3 and 4N3 however due to 

time limitations, initial studies were only carried out on 2N3. The ability of the naphthalimide 

group to act as a complete stopper group for M1 was met with caution.152 Whilst some studies had 

reported the ability of naphthalimides with N-substituted ethyl groups to act as a full stoppers for 

M1, other studies with slightly different axles had reported the de-threading of M1 with the same 

naphthalimide stopper.152,169 This suggested that whether M1 de-threads or not in the presence of 

a naphthalimide stopper group depends on multiple components including axle flexibility.152,169 

In saying this, there was a high desire to develop this system due to the attractive photophysical 

properties which may be achieved from the development of such a rotaxane.152 
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The 1H NMR spectrum of the orange waxy solid was obtained in CDCl3 and was compared to 

that of 2N3 and M1 in CDCl3 (the 1H NMR spectrum [La(L1)3]3- could not be obtained in CDCl3 

due to solubility issues) (Fig. 87). There are key features in the 1H NMR spectrum of rotaxanes 

that indicated successful threading via a AT-CuAAC reaction.152,155,157 One of these features 

includes the presence of a down-field shifted singlet peak corresponding to the triazole hydrogen, 

however this was absent in the 1H NMR spectrum obtained for the orange waxy solid (Fig. 

S207).152,155,157 In saying this, studies carried out by the Goldup research group have shown that 

when a rotaxane is sterically crowded (i.e. through using short half threads as well as a small 

macrocycle), the mechanical bond elicits stability upon a triazolide intermediate of this reaction, 

with Cu(I) bound to the C-atom of the triazole ring.127,133,157 This finding suggested that the lack 

of a peak corresponding to the triazole hydrogen does not necessarily mean the lack of rotaxane 

formation.127,157  

Figure 87. (Top) Full 1H NMR spectra comparing the orange waxy solid product (blue) made using conditions 1, M1 

(red) and 2N3 (green) in CDCl3. (Bottom) Zoom in on the aromatic section of the 1H NMR spectra showing the sub-

peaks observed for the aromatic naphthalimide protons of the orange waxy solid product 

2N3 

M1 

Product 
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Product 
Sub-peaks 





121 
 

darker orange in colour and appeared to have a green/blue precipitate surrounding the side of the 

vial (suggestive of Cu(II) present) (Fig. 88). A slightly different workup procedure was also used 

such that the copper removal was carried out using a 0.5 M EDTA/NH4OH solution as had been 

used in the method by Neal and Goldup (2015) (as opposed to a 0.5 M EDTA/NaOH 

solution).152,155-157 A waxy pale orange/colourless solid was extracted which appeared blue under 

UV light. The 1H NMR spectrum obtained for this waxy solid appeared very similar to that 

obtained for the product obtained using conditions 1, containing sub-peaks but no M1 shifts. There 

was a very small down-field peak observed at 10.17 ppm, the large shift of which had been 

observed for the triazole hydrogen of a range of rotaxanes developed by Lahlali and co-workers 

(2011) however it was difficult to determine whether this peak was stemming from the triazole 

hydrogen present in [La(R2*)3]3- or impurities (Fig. S210). 

Taking the results from these two attempts together, the reaction conditions were altered further, 

forming conditions 3. Due to the water-soluble nature of [La(L1)3]3-, a different solvent mixture, 

THF:H2O (1:1) was used, which contained an aqueous component.155 Due to this solvent change, 

the Cu(I) source was also changed back to the copper(II) sulfate pentahydrate and sodium 

ascorbate combination.155  These conditions had been reported by Acevedo-Jake and co-workers 

(2020) to be successful in a AT-CuAAC reaction between two oligonucleotides and a small 

macrocycle related to M1.155  

 

 

 

 

 

Figure 89. (Left) Reaction mixture using conditions 3 on day one. (Right) Reaction mixture using conditions 3 on day 

two, with the lack in colour change suggesting that Cu(I) remained in its +1 oxidation state 
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One equivalent of [La(L1)3]
3- and three equivalents of M1 and 2N3  were combined in a pressure 

vial and suspended in THF. In a separate vial, three equivalents of copper(II) sulfate pentahydrate 

and fifteen equivalents of sodium ascorbate were suspended in deionised H2O and subsequently 

added to the pressure vial, formed a bright orange reaction mixture. Next, N,N-

Diisopropylethylamine (DIPEA) (3.3 equivalents) (a base known to speed up AT-CuAAC 

reactions) was added to the reaction mixture which was subsequently flushed with N2 and left to 

stir at room temperature under N2 for 2 days. After 2 days, the reaction mixture appeared darker 

orange in colour, suggesting that the copper remained in its +1 oxidation state (Fig. 89).155-157 The 

workup procedure included a DCM extraction and a washing step with a 0.5 M EDTA/NH4OH 

solution, resulting in the formation of a pale yellow/white waxy solid. The resulting 1H NMR 

spectrum (Fig. S213) showed no evidence of a successful AT-CuAAC reaction, with no M1 peak 

shifts as well as no triazole peak or sub-peaks evident.  

Taking all the attempts for [La(R2*)3]3- synthesis into account, the AT-CuAAC reaction 

conditions between [La(L1)3]3-, 2N3 and M1 requires further optimization. Thus, with restrictions 

in the amount of M1 available, the focus was turned to the development of a slightly different 

system, as explained in section 2.6.2. 
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2.6.2 Rotaxane ligands and their potential self-assembling properties 

With attempts of performing AT-CuAAC on [La(L1)3]3- posing synthetic difficulties, the focus 

was turned to the possibility of developing rotaxanes ligands able to form pseudo-[4]-rotaxanes 

through self-assembly with lanthanide ions.209 For this to be successful, one end of the ligand 

must contain a group that is able to act as both a stopper as well as a Ln3+ chelator.156 In 

recognising this, two weaker chelators related to the DPA family were investigated; one 

containing ester groups substituted at the 2- and 6- positions of the pyridine ring (referred to as 

the methyl-protected DPA motif) and another containing amide groups substituted at the 2- and 

6- positions of the pyridine ring (referred to as the amide-protected DPA motif) (Fig. 90).156,196 

 

 

 

 

Although being constantly reported as being a weaker chelator when compared to its 

dicarboxylate derivative, multiple studies have reported the formation of 3:1 ligand:Ln3+ 

complexes using the alkyl-protected DPA motif.71,72,196,201-203,207-209 Studies have also shown that 

amide-protected DPA motifs form 3:1 ligand:Ln3+ coordination complexes.196 In saying this, 

differences have been observed between the properties of these 3:1 complexes containing methyl-

protected and amide-protected DPA motifs.194,196,201-203,207,208 

For 3:1 ligand:Ln3+ complexes, ligands containing the amide-protected DPA motif have been 

reported as having much larger stability constants when compared to analogous complexes with 

ligands containing the alkyl-protected DPA motif.194,201-203,207,208 Consequently, the amide-

protected DPA chelators appear to be better at binding to lanthanide ions when compared to alkyl-

protected DPA chelators.194,201-203,207,208 In saying this, the methyl-protected DPA motif has been 

Figure 90. General structures of the chelating motifs designed for both Ln3+ complexation and M1 stoppering 

including (a) the methyl-protected DPA motif (b) the amide-protected DPA motif 
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shown to be a better Eu3+ sensitizer such that it forms 3:1 ligand:Eu3+ complexes that emit with a 

quantum yield 400 times higher compared to that obtained for the amide-protected DPA analogue 

in acetonitrile.196,207,208 Despite these differences, we chose to investigate the ability of these 

groups to act as both a Ln3+ chelator, as well as a M1 stopper group, to form the desired quasi-[4]-

rotaxanes. 

2.6.2.1 Methyl-protected rotaxane ligands- simultaneous chelator and stopper 

Findings from the Goldup research group have shown that a benzyl motif containing methyl 

protected carboxylic acid groups (i.e. methyl esters) at their 2- and 6- positions is able to act as a 

stopper group for a macrocycle similar to M1.156 Thus, we explored the possibility of using the 

methyl-protected DPA motif as both a chelator and a stopper group.  

  

 

 

 

 

 

A family of three different rotaxanes, R2, R3 and R4 were aimed to be synthesized, each differing 

by their stopper group (being a 1,8-naphthalimide for R2, a tert-butyl benzyl group for R3, and a 

9-anthracene group for R4) (Fig. 91). These were planned to be synthesized through an AT-

CuAAC method between 2, M1 and either 2N3, 3N3, or 4N3 depending on the target rotaxane. 

 

 

 

 

N

O

N

N N

O

O O

O

O

O

O

O

N
N

N

O

N

N N

O

O O

O

O

O

O

O

N
N

N

O

N

N N

O

O O

O

N

O

O

O

O

O

O

N
N

R2 R3 R4 

Figure 91. Structures of the target methyl-protected rotaxane ligands R2, R3 and R4 
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Although the major product based off the 1H NMR spectra was R2, there did appear to be a small 

amount of 2N3, M1 and 2 present suggesting that future studies require the optimization of reaction 

conditions or purification (Fig. 93). There was a possibility that the presence of free M1 was 

arising from de-threading processes occurring. In saying this, there were no peaks that lined up 

with those in 1H NMR spectrum of MeOL2 (i.e. free axle) in CDCl3, suggesting that the small 

number of peaks corresponding to free M1 resulted from unreacted M1, however further studies 

are required to confirm this (Fig. 93 and Fig. S220). 

After analysis via NMR spectroscopy, the formation of R2 was supported by HRMS (Fig. 94). 

There appeared to be a peak in the mass spectrum at an m/z ratio of 1012.3859 which was assigned 

to the [R2 + H+]+ ion (with a calculated monoisotopic mass calculated for [C57H54N7O11]+ of 

1012.3880 g mol-1) (Fig. 94 and Table 7). Additionally, as shown by the insert in Fig. 94,  the 

peaks belonging to this series were separated by m/z values of approximately 1, confirming the 

+1 charge of the [R2 + H+]+ ion. 

 

 

 

 

 

 

There was also peak in the mass spectrum of R2 at an m/z ratio of 250.0706, which was in 

agreement with the calculated monoisotopic mass of the [2 + H+]+ ion (calculated for 

[C12H12NO5]+, 250.0715 g mol-1) (Table 7). Additionally, a peak was observed at an m/z ratio of 

483.2274 which was assigned to the [M1 + H+]+ ion due to its good agreement with the calculated 

monoisotopic mass for [C30H31N2O4]+ of 483.2284 g mol-1 (Table 7). Lastly, a peak at an m/z ratio 

of 530.1665 was in good agreement with the calculated monoisotopic mass of the [MeOL2 + H+]+ 

[R2 + H+]+ 

Figure 94. HRMS m/z = 1012.3859 [R2 + H+]+ (calc for [C57H54N7O11]+, 1012.3880 g mol-1). (Insert) m/z labelled 

relative to the [R2 + H+]+ peak, confirming the +1 charge 
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There also appeared to be a small peak with an m/z value of 483.2276, which matched the 

monoisotopic mass calculated for the [M1 + H+]+ ion of 483.2284 g mol-1 (calculated for 

[C30H31N2O4]+), suggesting the presence of free M1 (Fig. 98 & Table 8). This peak was also 

observed alongside a very small peak at an m/z value of 495.2596 which was in good aggreement 

with that based off the calculated monoisotopic mass of [MeOL3 + H+]+ of 495.2607 g mol-1 

(calculated for [C27H35N4O5]+) (Fig. 98 and Table 8). As observed for R2, the presence of these 

M1 and MeOL3 peaks may arise due to multiple reasons such as fragmentation, de-threading or 

unreacted starting materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8. Summary of key peaks observed in the HRMS of R3 compared to their calculated m/z 
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expected for the H9 protons of M1 which appeared to have shifted up-field from 1.96 ppm in M1, 

supporting threading (Fig. S240). In saying this, the splitting that was observed for the analogous 

protons in R3 was not observed which suggested that the M1 had either retained its symmetry 

upon threading, or it had not threaded successfully. However, the M1 peak shifting in combination 

with the shifting of most peaks corresponding to the axle component of R4 (MeOL4) strongly 

disfavoured this latter possibility, supported the successful threading of M1 (Fig. 100).  

The HRMS of R4 was also collected and supported its formation (Fig. 101). There appeared to be 

a peak observed at an m/z ratio of 965.3860 which was in the range expected for the [R4 + H+]+ 

ion based off the monoisotopic mass calculated for [C57H53N6O9]+ of 965.3874 g mol-1 (Fig. 101 

and Table 9) The peaks belonging to this series were separated by m/z values of approximately 1, 

confirming the +1 charge of the [R4 + H+]+ ion (Fig. 101).  

 

 

 

 

 

In saying this, a peak appearing at an m/z value of 250.0708 appeared to dominate the mass 

spectrum of R4, in the range expected for the [2 + H+]+
 ion (250.0715 g mol-1) (Fig. S246). This 

finding, combined with the presence of peaks corresponding to free 2 in the 1H NMR spectrum 

of R4 suggested that the reaction had not gone to completion, thus future studies are required for 

the optimization and/or purification of R4 synthesis (Table 9).  

Next, as had been observed for R2 and R3, any peaks corresponding to free M1 and MeOL4 with 

protons were investigated. The calculated monoisotopic masses of the [M1 + H+]+ and [MeOL4 + 

H+]+ ions were very similar, being 483.2284 and 483.1668 g mol-1 (respectively), thus would have 

some overlapping peaks in the mass spectrum (Fig. S249). There did appear to be a small peak at 

[R4 + H+]+ 

Figure 101. HRMS m/z = 965.3860 [R4 + H+]+ (calc. for [C57H53N6O9]+, 965.3874 g mol-1). (Insert) m/z labelled 

relative to the [R4 + H+]+ peak, confirming the +1 charge 
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2.6.2.2 Amide-protected rotaxane ligands- simultaneous chelator and stopper 

With methyl-protected rotaxanes R2, R3 and R4 synthesized, we next chose to explore the 

possibility of synthesizing the secondary or primary amide derivatives through AT-CuAAC 

chemistry and to investigate the ability of these groups to act as simultaneous stoppers and 

chelators (Fig. 107). Multiple studies that have reported the formation of 3:1 ligand:Ln3+ 

complexes with the ligand containing the amide chelating motif.185,186,196,199,201,203,207-209,275,277  

 

 

 

 

 

 

The target ligands, shown above, were planned to contain the same stopper groups as their methyl-

protected versions (Fig. 107). These were planned to be synthesized through an AT-CuAAC 

reaction between the required azide i.e. 2N3, 3N3 or 4N3, M1 and an amide version of the key 

intermediate 2 (2A) (Fig. 108).  
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Figure 107. Structures of the target amide-protected rotaxane ligands R2A, R3A and R4A 

Figure 108. General reaction scheme for the synthesis of R(2-4)A using AT-CuAAC 
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