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Abstract 

 

Dendrimeric metallacrowns (DMCs) combine both dendrimers and metallacrowns as 

viable luminescent probes. Three approaches were investigated, these included functionalizing 

luminescent Ln2Ga8 metallacrowns at either the bridging or ring sites, or simultaneously at both 

positions, to then use them as the core of dendrimers. Investigation of the physical and optical 

properties of each DMC was performed, their solution behavior characterized, and in some cases 

their ability to label cells was investigated.  

Ln2Ga8 metallacrowns were functionalized with maleimide appendages at the bridging 

ligands to undergo thiol-coupling reactions. Complete coupling of cysteamine to the functionalized 

metallacrown confirmed thiol-coupling reactivity and that there was no degradation of the 

luminescent signal. Toroidal-DMCs could then be prepared by coupling poly(amidoamine) 

dendrons (G0.5-2.0) to Yb2Ga8 metallacrown-cores. Increased solution stability in mixed-

aqueous/organic media was observed in DMCs compared to metallacrowns. YbIII-sensitization 

yielded long lifetimes (62-64μs) and high quantum yields (7.03-9.38%) in solution. The observed 

luminescent enhancement of the metallacrown core was attributed to the solvent protection by the 

dendrons. Depending on the solvent, generation size, and sample preparation, these DMCs showed 

various degrees of self-aggregation as determined by dynamic light scattering. HeLa cells 

incubated with G0.5- and G1.5-DMCs exhibited strong luminescence from non-specific binding 

at the cell membrane, while G1.0 toroidal-DMCs were internalized with luminescent signals 

localized at cell nucleoli. Altogether, these results show that toroidal-DMCs are more viable as 

imaging probes than non-functionalized metallacrowns.  

The more challenging functionalization occurred at the ring position. Four new ligands 

with allyl- and propargyl-appendages at the para- or meta-position were synthesized, and then 

LnGa4 and Ln2Ga8 metallacrowns were prepared (SmIII and YbIII) with each ring ligand. It was 

shown that the functionalization position (para vs. meta) had an effect on the ligand-centric singlet 

(29412 vs 26667cm-1) and triplet (23450 vs 21630cm-1) energies, as well as on thiol-coupling 
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reactivity (para>meta). The SmIII and YbIII metallacrowns exhibited quantum yields in solution 

ranging 1.4-2.9% and 3.7-8.1%, which includes the highest value among YbIII-compounds (e.g., 

DMSO: F15TPPYb-H (Yb-2) 3.5% and PAN-DOTA(Yb) 0.054%). Synthetic trials revealed that 

Yb2Ga8 metallacrowns with para-allyl ring ligands were the best cored for the photocatalytic 

synthesis of hyperboloidal-DMCs with G1.0 poly(amidoamine)  dendrons based on completeness 

of coupling. Photophysical characterization confirmed sensitization of YbIII-emission and 

enhancement of the luminescent properties, resulting in long lifetimes (69μs) and high quantum 

yields (8.7%) in solution.  

Since the templating ligands were functionalized independently, bifunctional 

metallacrowns could be prepared, and the synthesis of symmetric and asymmetric molecules to 

form more versatile dendrimers constructs was achieved. Three different DMCs were prepared 

using bifunctionalized Yb-metallacrowns. The first was a symmetric-DMC with twelve 

poly(amidoamine) dendrons coupled to both ligand positions, matching the highest number of 

dendron-growth/attachment sites in the literature. Asymmetric coupling was then investigated by 

preparing Janus-DMCs with orthogonally-positioned biotin and G1.0-dendrons. Finally, 

controlling the degree of thiol-coupling by selecting redshifted ring ligands with low thiol-

reactivity was investigated, yielding a redshifted Yb-metallacrown that selectively coupled thiol-

groups at the bridges. Photophysical characterization of the Janus- and redshifted-DMCs exhibited 

excellent YbIII-emission, with long lifetimes (62-66μs) and high quantum yields (7.4-8.8%).  

In summary, functionalization of metallacrowns at the templating ring and bridging ligands 

with thiol-active groups allowed the preparation of DMCs, which have high quantum yields and 

long luminescent lifetimes for this molecular class. Altogether, this work provides a new strategy 

toward the versatile design of luminescent DMCs, metallacrowns, and dendrimers. 
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Chapter 1  

Dendrimers, Metallodendrimers, and Luminescent Metallacrowns  

 

1.1 Introduction  

In this section, I begin by introducing the concepts of dendrimers, metallodendrimers, and 

metallacrowns (MCs), focusing on their synthesis, families, and applications. I then concentrate 

on the luminescent behavior of metallacrowns, by first going over the basics of lanthanide 

luminescence, as well as the structural requirements for the design of lanthanide scaffolds. This is 

followed by the introduction of the zinc and gallium family metallacrowns, and their applications 

as optical imaging probes. I additionally describe the synthetic evolution of metallacrowns by 

ligand functionalization and incorporation of coupling sites to the scaffold. I also highlight the 

versatile, but delicate, ligand design requirements necessary to ensure formation of metallacrowns 

and the conservation of their photophysical properties. Finally, this section ends with a brief 

overview of the thesis aims.  

 

1.2 Dendrimers  

The design and development of novel nanostructures (≤100 nm) with polymeric 

backbones, well-defined topologies, and attractive properties is a challenging endeavor, but 

synthetically attainable. While polymers with traditional morphologies (i.e., linear, cross-linked, 

and branched) have been prepared with nanoscale dimensions in one-pot reactions, they produce 

highly polydisperse complexes that can hinder their utility as nanocomposites. Furthermore, the 

precise structural control over the size, shape, and end-group functionality and location, which 

influence the overall properties of the complex, can be hard to fine-tune with traditional synthetic 

methods.1 Thus, hyperbranched polymers such as dendrimers, with tunable structural control and 

high monodispersity, have attracted much attention from synthetic chemists and material scientists 

over the past several decades. 
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Figure 1.1 Architecture of a third-generation dendrimer (left) and dendron (right), with multiple end groups, several 

internal cavities, and color-coded structural features. 

 

First reported in the late 1970’s and early 1980’s by Vögtle et al. 2 and Tomalia et al.,3 

dendrimers are highly branched spherical nanostructures unique among polymeric nanoparticles. 

As seen in Figure 1.1, the molecular architectures of dendrimers consist of multivalent surfaces 

that control their solubility and coupling ability, covalently linked branching interiors called 

generations (G), and a multifunctional core out of which the dendrimer grows.4 The shape of a 

dendrimer is mainly dictated by both the type, size, and functionality of the templating core, and 

the type and number of generations. Small dendrimers tend to be more open and flexible, while 

large ones are more spherical. This is explained by the fact that dendrimer diameter increases 

linearly with increasing generation while the number of surface groups increases exponentially. 

Thus, at a given generation, steric crowdedness at the periphery determines the final globular 

shape.3 Furthermore, based on the radial growth and expansion of the internal generations, cavities 

form within the dendrimer architecture. The cavities’ shape, size, and flexibility are also influenced 

by both the core morphology and generation size. Under optimal conditions, the cavities can be 

utilized to host smaller molecular complexes. However, generations that are too small or too large 

would be too flexible or too stiff to allow encapsulation of guest molecules.5  
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1.2.1 Synthesis 

The distinctive structural features, multivalency, and narrow polydispersity (measure of 

ideal size deviation) of dendrimers arises from the precise control over their preparation. 

Dendrimers are traditionally prepared in a stepwise fashion in one of two ways: divergently or 

convergently. The divergent approach was first introduced by the seminal work of Vögtle et al.,2  

and optimized by Tomalia et al.3 In this method, dendrimer growth starts from the center outward, 

with multifunctional cores that can react with multivalent monomeric units to form generations, as 

seen in Figure 1.2a. Monomers must have a readily active site that can couple to the core, and a 

protected (or less reactive) site that can later be activated to continue growth at the dendrimer 

periphery. This difference in reactivity from the monomers’ extremities is what prevents 

uncontrolled hyperbranched polymerizations from happening.6 To achieve a given generation, 

monomers have to be added in a repetitive sequential fashion and in a large excess to drive the 

additions to completion. The generation number of the final product can be calculated by counting 

the number of synthetic additions to form the dendrimer.  

Because of its gradual synthetic approach, the divergent method is well suited for both 

large-scale and large-generation synthesis – with dendrimers up to generation eleven previously 

reported.7 However, that same attractive exponential increase of surface groups with increasing 

generation catalyzes the formation of defects (imperfections) within the dendrimer shell during 

synthesis. Generational defects (e.g. trailing generations and oligomers) and branching 

imperfections (e.g. incomplete monomer addition, missing dendrons, and cyclization) are the 

major culprits behind dendrimer irregularities.8 Special care should be taken to help mitigate the 

formation of defects in the first place since their removal can be very challenging due to the 

structural similarities between the intended dendrimer and its flawed counterparts.3,4,6 For 

example, the addition of a large excess of monomer must be followed by extensive purification 

steps, and careful temperature control (<50°C) must be ensured at all times. For this reason, while 

dendrimers are well-known to be polymers with low polydispersities (~1.01), they should not be 

mistaken for defect-free polymers. 
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Figure 1.2 Traditional dendrimer synthesis approaches. In the divergent approach (a), reactive surfaces are shown in 

purple, while monomer reactive sites are shown in red and protected ones in magenta. In the convergent approach (b), 

monomer reactive sites are shown in orange and its deactivated focal point is shown in cyan. As for the dendron, 

reactive focal point is shown in red.  

 

The convergent approach was first reported a few years later in 1990 by Fréchet et al.9 

Unlike the divergent approach, it proceeds from the periphery inward. In this case, dendrons (i.e., 

dendrimer branches) are prepared first with repeating cycles of monomer addition. Monomers 

must have an unreactive focal point, which can later be activated, and at least two reactive sites 

for dendritic growth. Once the desired generation is achieved, the final step is the attachment of 

the preformed dendrons to a functional core, as seen in Figure 1.2b. In general, relatively purer 

dendrimers are prepared with this approach over the divergent one. This is because there is a 

significant reduction of generational defects and branch imperfection during synthesis since fewer 

active sites are present per reaction. Additionally, purification steps are more efficient since 

coupling reactions only require slight excess of starting materials to drive them to completion.6,10 

However, while less imperfect material can be made, the convergent approach limits the assembly 

of large generations (G>6) and in large scales.6 This is due to the steric hindrance that dendrons 
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develop with increasing size, which makes coupling to relatively small cores more challenging. 

Therefore, the convergent approach is better suited for smaller (G≤5) dendrimer synthesis.  

Two other less popular dendrimer synthesis pathways are the double stage convergent and 

the double exponential approaches.11,12 In the former, small generation dendrimers are used as 

multifunctional cores to which small dendrons are coupled. In the latter approach, small dendrons 

are treated as monomeric units by selectively activating or deactivating them at their focal points 

or surfaces. They are then coupled together to produce larger dendrons. In the final step, these 

dendrons are convergently coupled to multifunctional cores. Both approaches are considered to be 

hybrids of the traditional protocols since the dendrons (and the cores, in the case of the double 

stage convergent method) can be synthesized convergently or divergently, and are coupled to the 

cores in a convergent fashion. Since these approaches produce dendrimers of a given generation 

in fewer coupling steps, they are regarded as accelerated synthetic protocols. However, the tedious 

preparation of its parts or the rapid steric crowding, for the case of double stage convergent and 

double exponential, respectively, have limited their applicability compared to the original 

approaches.11 

 

1.2.2 Families and Applications  

Since first developed over forty years ago, numerous dendrimer families have been 

prepared with various chemical compositions and multiple applications.13,14 The most referenced 

dendrimer families in the literature include the following: Tomalia’s poly(amidoamine) 

(PAMAM);3 Fréchet’s poly(arylether) (Fréchet’s dendrimer);9 Denkewalter’s poly(L-lysine) 

(PLL);15 Vögtle’s/Meijer’s poly(propylenimine) (PPI);2,16 Hult’s aliphatic polyester (bis-MPA);17 

Grinstaff’s polyester (PGLSA-OH);18 Newkome’s polyamide;19 Simanek’s poly(melamine);20 and 

glycodendrimers.21 The monomeric units of these families are shown in Figure 1.3. Their 

tunability, chemical stability, monodispersity, and host-guest capability at their cavities, make 

dendrimers interesting structures with broad applications in chemical, physical, and biological 

processes.13 

 



 6 

 

Figure 1.3 Building blocks of the most highly referenced dendrimers. Without any further surface functionalization, 

these would be the dendrimer surfaces.   

 

The structural diversity, supramolecular properties, and surface multivalency in 

dendrimers have catalyzed their role in biomedical applications,14,18 overviewed in Figure 1.4. The 

structural diversity is easily exploited since dendrimer synthesis can be based virtually on any type 

of chemistry. One can imagine utilizing dendrimers made with backbones that resemble those of 

proteins (i.e., PAMAM, PPI, or PLL), or with biodegradable groups, (i.e., bis-MPA or PGLSA-

OH) for any number of biological applications.22 As for their supramolecular properties, 

dendrimers can form host-guest complexes with substrates within their cavities via H-bonding, 

ionic interactions, hydrophobic solvation, or coordination with any of the monomeric units within 

the dendrimer shell. This feature has been exploited in biomedical research by encapsulation of 

hydrophobic drugs or imaging agents by water-soluble dendrimers.13 Furthermore, since multiple 

guests can be encapsulated in a single dendrimer, high concentrations of payload can be rapidly 

achieved, which is an important feature for drug delivery systems in therapeutic applications.23  
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Figure 1.4 Multiple applications of dendrimers by surface modification or cavity encapsulation.  

 

Lastly, the surface multivalency of dendrimers is probably their most exploited feature in 

the biomedical field, given the nature and number of groups that dendrimers can have at the 

periphery. Molecules of biological interest, such as targeting agents, detection labels, or affinity 

ligands, can be covalently attached to one or all of the surface groups of dendrimers. For example, 

coupling of multiple gadolinium complexes to one dendrimer resulted in sharper and more detailed 

MRI images, and because of its large size (compared to commercially available MRI contrast 

agents), longer retention times were possible.4 The chemistry of surface modification depends on 

the functional group at the dendrimer periphery and on the molecule of choice, with most 

dendrimers requiring common coupling methods, like amine coupling to PAMAM or PPI 

dendrons.5 Additionally, dendrimer multivalency on its own, without further functionalization, 

allows for multipoint-membrane interactions, which further highlights the utility of dendrimers as 

macromolecular carriers in therapeutic applications.10 

The multiple available dendrimer families also open up the possibility to develop 

asymmetric structures, better known as Janus dendrimers. Named after Janus the god of duality in 

ancient Roman religion, asymmetric dendrimers enable the development of structures with 

contrasting chemical or physical properties on the same molecule.24 Typically, Janus dendrimers 
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are prepared in one of two ways: i) by coupling together two dendrons of different families or 

generation size with a multifunctional core in a convergent fashion; or, ii) by coupling two different 

dendrons with complementary focal points (e.g., azide and alkyne) together.25 Since the synthesis 

of Janus dendrimers tends to be more involved than the synthesis of standard dendrimers, there are 

fewer published examples of asymmetric dendrimers. Nevertheless, the possibility of developing 

dendrimers with heterofunctionality on the same complex is still an attractive feature in fields such 

as material science and biology.  

Even though dendrimers seem to be the perfect nanopolymer for biomedical research, their 

progress toward clinical trials is moving at a slow pace. This is because their toxicity – which is 

dependent on their concentration, surface charge, and size – remains an area requiring great 

improvement.26,27 Nevertheless, there are two commercially- and FDA-approved dendrimers 

currently in the market: VivaGel® (Starpharma),28 a PLL dendrimer-based microbicide for the 

prevention and treatment of bacterial vaginosis, HIV, and other sexually transmitted infections; 

and Stratus® CS (Siemens),29 a diagnostic system for quantitative cardiac assays made with G5 

PAMAM dendrimers. However, dendrimer technology still needs more time to mature to clinical 

applications.   

While the majority of dendrimer research has focused on their development as biological 

agents, fundamental research has also been done in areas of catalysis30–32 and photophysics.33,34 In 

the former, homogenous catalysts have been incorporated within the dendrimer or at the surface, 

providing increased solubility (depending on the dendrimer family); unique microenvironments 

that resemble those of enzymes with buried catalytic centers; and multiple catalytic sites in the 

same molecule.13 Also, due to the large diameters of dendrimers compared to small molecule 

catalysts, they can more easily be recovered, and thus recycled. As for the photophysical studies, 

this is the second most researched application of dendrimers. Some examples include light 

harvesting35,36 through the dendrimer architecture, organic light-emitting diodes (OLED),37,38 

photovoltaic devices,39,40 and fundamental energy transfer studies.41,42 Pioneer work with Fréchet-

type dendrimers encapsulating an accepting species (e.g., a chromophore or metal complex),13 

confirmed that energy transfer through the dendrimer can occur via Dexter or Förster processes. 

Additionally, dendrimers can enhance the development of microenvironments that protect 

the accepting species from non-radiative quenchers during energy transfer events; this is 

collectively termed “dendrimer effect”. Furthermore, the larger the dendrimer, the more potent the 
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“dendrimer effect” since there is a higher density of absorbing and donor species – either by having 

more Fréchet-type dendrons per dendrimer or more surfaces to couple donors. In total, this 

provides considerable advantages over small molecules and regular polymers. Further discussion 

of metal-based dendrimer activity is presented in later sections.  

 

1.2.3 PAMAM Dendrimers 

PAMAM dendrimers are the most studied dendrimer family since they had the first well-

detailed synthesis protocol among dendrimers, and were commercially available soon after being 

published for the first time. Their research has heavily focused on biomedical applications43,44 due 

to their intrinsic biocompatibility and water solubility. As seen in Figure 1.5, PAMAM dendrimers 

have ethylenediamine (EDA) and methyl acrylate repeating units that together make up each 

generation. The internal generations are prepared by sequential reaction of methyl acrylate with 

EDA in a two-step repeating fashion: first, alkylation of an EDA with methyl acrylate by Michael 

addition; and second, amide coupling to the ester from the previous step with more EDA. Each 

reaction cycle requires both steps to form a new generation. Ester-terminated dendrimers, after 

methyl acrylate addition, are designated as half-generation, while full generations are obtained 

after the EDA introduction. PAMAM dendrimers have also been prepared with ammonia or 

cystamine (both with amine reactive sites) as initiator cores to provide different branch 

multiplicity, and with other linear diamines with longer carbon chains (e.g., 

dodecamethylendiamine) to manipulate the size of internal cavities.12,43 
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Figure 1.5 Ethylenediamine (EDA) cored PAMAM dendrimer. Synthesis follows two repetitive steps: i) Michael 

addition of EDA to Methyl acrylate; followed by, ii) ester amidation with EDA. Steps are repeated until the desired 

generation is achieved. 
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PAMAM dendrimer divergent growth results in a linear increase of diameter (~1 nm per 

generation), an exponential increase on the number of peripheral groups, and doubling of the 

overall molecular weight with every new generation.43 As a result of this, and its chemical 

composition, PAMAM dendrimers can have a large number of internal amides and tertiary amine 

groups, as well as a high number of primary amine groups open for further functionalization. The 

basic interiors of PAMAM dendrimers have a great influence on their structural behavior in 

solution. In low pH environments (pH ≤4), PAMAM dendrimers tend to have extended 

conformations due to the electrostatic repulsion of the internal ammonium groups. At neutral pH, 

moderate dendrimer back-folding (i.e., dendrons folding into the interior of the dendrimer) arises 

as a result of H-bonding of tertiary amine groups in the interior with the ammonium groups at the 

surfaces. As for high pH solutions (pH ≥10), high levels of back-folding occur due to the lack of 

any electrostatic repulsion since dendrimers become more neutral. At this pH, PAMAM 

dendrimers have their most globular shape.45 Furthermore, buffer interaction can also influence 

the hydrodynamic radius of PAMAM dendrimers. With phosphate-based buffers, such as PBS, 

HPO4
2-/H2PO4

- ions can penetrate the dendritic shell, and form H-bonds with internal amine groups 

at pH 5-8. The buffer-dendrimer interaction then catalyzes back-folding, which results in a 

decrease of hydrodynamic diameter (~1 nm reduction in G5 dendrimers).46 The high concentration 

of primary amine groups at the periphery of PAMAM dendrimers are positively charged at 

physiological pH (7.35-7.40). Thus, they tend to have high cytotoxicity levels when compared to 

anionic or neutral multivalent compounds.27 However, simple surface modification to suppress 

dendrimer toxicity is routinely employed. This is most commonly done with hydroxyl (-OH) and 

carboxylic (-COOH) groups, or with more elaborate groups such as long hydrocarbons or 

polyethylene glycol (PEG) chains. 

Another important aspect to highlight about PAMAM dendrimers is their tendency to have 

imperfections with increasing generation. As previously explained, divergent synthesis opens up 

sites for defect formation, but high temperature (>40°C), or drastic changes in pH and/or 

concentration can also result in further defect formation of premade PAMAM dendrimers. The 

most common events are due to retro-Michael reactions. But in the presence of impurities due to 

inadequate purification, intramolecular lactam formation and dimerization can potentially also 

arise, as seen in Figure 1.6.4,12 However, these post-synthesis defect events are not limited to only 
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PAMAM – dendrimers such as PPI and PLL can have similar shortcomings. Thus, proper storage 

and handling precautions must be followed to avoid structural defect formation.  

 

 

Figure 1.6 PAMAM dendrimer structural defects. 

 

1.3 Metallodendrimers 

Pioneering dendrimer research began with the development of effective synthetic 

methodologies, followed by their exploitation as payload carriers and delivery systems. However, 

over the years their utility flourished from the incorporation of metal ions into their structures. 

Metallated dendrimers, or metallodendrimers, are dendrimers that have one or multiple metal ions 

or metal clusters encapsulated, coordinated, or coupled to any part of a dendrimer.13,47–50 They are 

capable of exploiting the intrinsic physical and chemical properties of metal ions, while also 

exploiting those of dendrimers – such as dendrimer effects. In metallodendrimers, generation 

dependent dendrimer effects51 manifest as enhanced metal reactivity due to: metal cooperativity 

of species placed in close proximity; high and localized densities of metal ions within nanoscopic 

scaffolds; and, the formation of microenvironments that isolate and protect metal species within 

the dendrimer shell. Thus, a growing subfield of dendrimer research, and an expansion on both 
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metal coordination and nanomaterial synthesis, is the complexation of dendrimers with metals, 

and in particular, transition and rare-earth metals.  

 

1.3.1 Classification and Examples  

Metallodendrimers can have metal units incorporated at different positions within the 

dendritic shell (core,52–56 cavities,30,57–61 and branching units62–64) or around it (surfaces65–71). 

Additionally, albeit less common due to its synthetic complexity, multiple positions can be 

coordinated to metal ions at the same time (e.g., core + branching units,72 branching units + 

surface,73 and core + branching units + surface72,74). Preparation of the different classes of 

metallodendrimers is dictated by the location of the metal ion. Metal ions can be surrounded by 

dendrons (Figure 1.7a), incorporated into dendrimers (Figure 1.7b-d), chelated at the surface 

(Figure 1.7e), or synthetically included during dendrimer growth (Figure 1.7f). 

 

 

Figure 1.7 Different metal unit positions in metallodendrimers. a) Dendrimer with a metal ion core; b) dendrimer with 

a macrocyclic metal complex core; c) dendrimer with metal units encapsulated in cavities; d) dendrimer with metal 

ions coordinated to cavities with ligand centers; e) dendrimers with metals at the periphery; and f) dendrimers with 

metal complexes as branching units. 

 

From a structural and synthetic point of view, metallodendrimers are most commonly 

assembled by placing metals at either the surface, at the ligand sites within generations, or at the 
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core. Metal incorporation at the surface, shown in Figure 1.7e, is usually done with preformed and 

prefunctionalized dendrimers. Surfaces with chelating ligand centers are able to bind multiple 

metal ions within a limited space. The proximity and number of metal centers per dendrimer can 

lead to cooperation and enhanced metal reactivity – a feature rarely seen in smaller metallic 

complexes. As an example, PAMAM and PLL dendrimers (G4-10) decorated at the surface with 

multiple gadolinium chelators, such as DOTA or DTPA groups, demonstrated enhanced sensitivity 

of detection and excellent imaging contrast, as well as high relaxivity (up to sixfold) compared to 

single Gd(III)-ion chelators.75,76 This was both due to an increase in concentration of Gd-chelators 

per dendrimer, and the high molecular weight of the compounds. In a more fundamental study, 

G1-3 PPI dendrimers were functionalized at the surface with 17-electron 

pentamethylamidoferrocenyl [Fe(η5-C5Me5)(CO)3](PF6) species to study their molecular 

recognition capabilities as a function of size.77 The metallodendrimers behaved as photoredox 

sensors for anion recognition of H2PO4
-/HSO4

- species in solution. The study concluded that 

generation-dependent effects on the anion recognition were observed, with increasing interaction 

going from G1 to G3. This can be attributed to the increasing number of [Fe(η5-C5Me5)(CO)3](PF6) 

groups per dendrimer (G1:4ferrocenyls, G2:8ferrocenyls, and G3:16ferrocenyls).  

Metallation is also commonly done by chelation of metal ions at the multiple ligand centers 

in the interior of dendrimers such as PAMAM, PLL, or PPI, as seen in Figure 1.7d. With 

metallodendrimers of this class, metal ion concentration can be somewhat controlled by adjusting 

the molar ratios of the metal and the dendrimer. But due to the multiple chelating centers, the exact 

location of metal species cannot be accurately determined, which can become more problematic 

with bigger dendrimers. Nevertheless, this metallation approach is an advantageous one since the 

dendrimer architecture offers an isolated environment that shields the chelated metal ions from the 

surrounding environment (e.g., solvent molecules). Furthermore, just as with dendrimers with 

metallated surfaces, multiple metal ions can be coordinated within the same complex in a limited 

space.30 Numerous photophysical and energy transfer studies have been done utilizing this class 

of metallodendrimers. By first functionalizing PLL dendrimers with 24 dansyl chromophores, 

Vicinelli et al.59 investigated the energy transfer from the periphery to the interior of the dendrimer 

chelated with a single lanthanide ion (Ln: NdIII, EuIII, GdIII, TbIII, ErIII, and YbIII). Quenching of 

the fluorescent excited states of the dansyl units was observed, accompanied with the sensitization 

of near-infrared (NIR) emissions of NdIII, ErIII, and YbIII. When utilizing a PAMAM dendrimer 
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decorated with 32 naphthalimide groups, Petoud et al.57,58  prepared a polymetallic complex 

capable of chelating approximately eight lanthanide ions (Ln: EuIIIand SmIII). The dendrimer 

demonstrated good sensitization of both lanthanide ions in the visible range, as well as the ability 

to label HeLa cells capable of emitting in the NIR when using the SmIII metallodendrimer.  

Dendrimers with metallated cores can be prepared by coordinating dendrons with suitable 

focal points around a metal ion (Figure 1.7a), or by having a well-defined metal macrocycle from 

which dendrons grow outward (Figure 1.7b). For metal ion-cored metallodendrimers, dendrons 

with appropriate focal points can self-assemble around a metal ion. Classic examples include RuII- 

and LnIII-cored metallodendrimers. RuII-cored metallodendrimers have been prepared with 

bipyridine focal point dendrons (Fréchet-type) to yield  luminescent and redox active 

dendrimers.55,78 Photophysical studies of these compounds with naphthyl peripheral units in 

organic solutions (e.g., acetonitrile or dichloromethane) demonstrated excellent (~90%) energy 

transfer from the naphthyl chromophores, through the polyaryl dendritic shell, and into the 

[Ru(bpy)3]
2+ core. As a result, the [Ru(bpy)3] cored metallodendrimers exhibited strong 

luminescent signal in the visible region (ʎmax: 610 nm) upon excitation in the UV region. 

Furthermore, in aerated solutions or solutions with dissolved methylviologen, the rate of 

quenching events was significantly reduced due to the protection of the core by the dendritic shell. 

In fact, luminescent intensities twice as large as compared to the nondendritic [Ru(bpy)3]
2+ 

complex were observed.79 

Similar energy transfer and luminescent sensitization was observed when three carboxylic 

acid focal point polyaryl dendrons were self-assembled around LnIII ions (Ln: ErIII, TbIII, and 

EuIII).56 Photophysical experiments in toluene solutions and in the solid state irradiated with UV-

light (280-290nm), demonstrated that strong luminescent signal arises from the LnIII-cored 

metallodendrimers. The dendrimer shell offered good chelating sites only at the core, and 

protection from self-quenching events (Ln-Ln) by coordinating only one metal ion per dendrimer, 

while also protecting the metal ion from the surrounding environment. Generation-dependent 

effects were also observed, with larger dendrimers having enhanced luminescent properties. This 

was attributed to the antenna effect of the dendrimer framework (described in detailed in later 

sections). Therefore, the dendrimer served as a good chelating and sensitizing ligand system.  

In general, metal ion-cored dendrimers offer better control of the location and 

concentration of metal species compared to surface or cavity metallation. However, well-defined 
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macrocyclic units as the core of dendrimers offers a more secure encapsulation of the metal ion. 

Examples of macrocyclic-cored metallodendrimers are scarce, with porphyrin- and cyclam-core 

complexes as the leading standards (Figure 1.8). Porphyrin-cored dendrimers were intended to 

resemble hemoproteins.80 In order to protect the heme activity from the surrounding environment, 

the hemoprotein active site is buried within a protein matrix. Likewise, the core of porphyrin 

metallodendrimers is buried within the dendritic shell offering similar protection. Furthermore, 

due to the tunability of dendrimers, this class of metallodendrimers offers significant advantages 

over smaller systems.52 Pioneering work from Aida et al. utilizing G4 Fe(II) porphyrin-cored 

dendrimers demonstrated that the metallodendrimers were capable of carrying O2 in a similar 

fashion to hemoproteins.81 The O2-Fe adduct was long lived (t1/2: +2 months) and when N2 (g) was 

bubbled into the reaction solution, deoxygenation occurred. The study concluded that oxygenation 

and deoxygenation cycles could be repeated due to the dendritic shell protection of the porphyrin 

core. Additionally, they observed low gas permeability, which signifies that the FeII core has high 

resistance to carbonylation in a CO atmosphere. Thus, this early study confirmed the ability to 

combine the intrinsic properties of the macrocyclic core with those of the surrounding dendrimer. 

Many more studies have been performed ever since with an array of dendrimer families (Fréchet-

type, PAMAM, polyamide, etc.), and have investigated multiple areas of porphyrin chemistry 

(luminescence,54,82 spectroscopy,63,83 energy transfer,42,84 and biological applications85). 

 

 

Figure 1.8 Schematic representation of a) meso-porphyrin-cored and b) cyclam-cored metallodendrimers. 
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Metallodendrimers with a 1,4,8,11-tetraazacyclodecane (cyclam) cores are capable of 

coordinating an array of transition metals (CoII-ZnII) and lanthanide ions with large stability 

constants.86 Just as with the porphyrin-cored dendrimers, these metallodendrimers have a well-

defined metal-coordinating macrocyclic center. But unlike the porphyrin complexes, cyclam-cored 

dendrimers tend to form dimers when metallated with transition metals87 and trimers with 

lanthanide ions.88 This structural conformation is driven by the steric hindrance of the surrounding 

dendrons, and the need to fulfill the metal ion coordination sphere.  

As for their application, cyclam-cored metallodendrimers have been studied for their 

spectroscopic properties as sensors86,89,90 and molecular antennae.91,92 Interestingly, while 

lanthanide ions are securely encapsulated at the core of cyclam metallodendrimers, luminescent 

sensitization has not been observed. This seems to be due to inefficient energy transfer from the 

excited states of the surrounding dendrons to the emissive states of the lanthanide core.88 This is 

true even when prepared with Fréchet-type dendrons (known for their excellent energy transfer) 

or with multiple naphthyl units at the surfaces. Thus, the energy transfer efficiency and the nature 

of the LnIII coordination sphere are closely related to each other.  

Generally, metallodendrimers have been heavily exploited as multivalent ligand systems 

for transition-metals and lanthanide ions. This is because the dendritic architecture offers (i) a 

shielded environment for metals from quenching processes (when encapsulated or at the core); (ii) 

metal-signal amplification due to high concentrations or close proximity (or both); and (iii) light 

harvesting and energy transfer pathways to the metal ions. Their synthesis depends on the location 

and number of the metal ions, while its application is determined by the position, nature, and 

concentration of metal species. Moreover, while metallodendrimers with metal ion only at the core 

limit the amount of metal concentration per dendrimer, they offer stoichiometric and more stable 

(in the case of macrocyclic-cored) metal incorporation, which results in an overall higher synthetic 

control of the complex. From these qualities and the examples described above, it is apparent that 

the complexation of dendrimers with metal ions has inspired (and continuous to inspire) the 

development of a variety of novel compounds – from catalysts, to spectroscopic probes, to optical 

materials. 
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1.4 Metallacrowns  

Metallacrowns (MCs), inorganic analogues of crown ethers with a [Metal-N-O]n repeating 

unit, are polymetallic macrocycles inspired by the molecular topology and chelating properties of 

crown ethers, as well as by the ligand coordination principles and ease of self-assembling 

systems.93 MCs’ composition arises from hydroxamic acid ligands (M-N-O) coordinating to two 

metal ions (M-N-O) in the hydroximate form (the doubly deprotonated form of a hydroxamic acid) 

to generate a macrocyclic ring. As seen in Figure 1.9, the oxygen atoms in the MC ring point 

inward, creating a metal chelating site at its cavity. Therefore, just like crown ethers, MCs are able 

to encapsulate a wide range of metal ions in their cores.94 As for their nomenclature, MCs also 

follow crown ethers’ approach, but with added details to describe the type of ring metal ions (M) 

and central metal ions (M’), the heteroatom in the ring (Z), the hydroxamate ligand (L), the bound 

anions or bridging ligands (L’), the counter ions (X), and the solvent molecules (Y) that template 

the MC scaffold.95 Thus, the explicit MC nomenclature in this thesis is as follows: M’[ring size-

MCM(n)Z(L)-ring oxygens]L’•Xn+•Y. However, since this nomenclature is rather long, a shorthand 

version is used in which ions and solvent molecules that are not essential are omitted. For example, 

the scaffold Ln[12-MCGa(III)N(shi)4](benzoate)4(pyridinium)(MeOH)(Pyridine)2 is written as 

LnGa4Shi4(benzoate)4. 

 

 

Figure 1.9 Structural comparison of crowns ethers (left) and metallacrowns (right). Both named based on their ring 

size and number of oxygen atoms. Both structures as representing a 12-membered ring with [C-C-O]4 repeating units 

for the crown ether and [M-N-O]4 repeating units for the MC. 
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1.4.1 Structural Design, Synthesis, and Applications  

To narrow down the discussion regarding the design and synthesis of MCs, this section 

mainly focuses on heterometallic 12-MC-4 scaffolds with 3d+4f metal ions or group-13+4f metal 

ions (ring metal + central metal, respectively). Brief references to 15-MC-5 scaffolds are done to 

emphasize their structural differences and stability compared to 12-MC-4 complexes. Ample 

discussion on the selection of 4f metals is done in later sections.  

Since being first discovered in 1989,96 a wide array of MC sizes95,97,98 with a variety of 

metal combinations93,94,99–102 have been prepared. When developing novel MC scaffolds, their 

design requires delicate control of all of the synthetic variables (i.e., ligands, metals, solvent, 

counterions, stoichiometry, and crystallization conditions). However, with careful attention to the 

principles of coordination chemistry, one can successfully design and predict specific structures93 

– an attribute that is sought after in any self-assembled complex. The high degree of geometric and 

structural control of MCs arises from the templating ring ligands. As seen in Figure 1.10, with 

MCs such as 12-MC-4 and 15-MC-5 (the two most commonly studied scaffolds), ligands such as 

salicylhydroxamic acid (H3Shi) and picoline hydroxamic acid (picHa), can coordinate metal ions 

at 90° and 108°, respectively. This coordination arrangement generally results in a squared-shaped 

12-MC-4 and a pentagonal 15-MC-5.103  However, in some instances, and under specific reaction 

conditions mainly driven by the metal ion of choice, this ring arrangement can be partially 

circumvented. For example, 12-MC-4 structures with picHa or α-amino hydroxamic acids have 

been prepared with NiII, CuII, or ZnII as both the ring and central metal ions. The templating ligands 

adopt a 90° conformation over the preferred 108° to compensate for the encapsulation of the 

relatively small central metal ions. In other words, since the cavity radius of a 15-MC-5 is too large 

(~1.05 Å) to securely encapsulate the divalent transition metal ions (NiII: 0.70 Å, CuII: 0.74 Å, and 

ZnII: 0.74 Å), the ring ligands must endure structural adjustments at each metal site to 

accommodate the four-fold symmetry assembly of the 12-MC-4 scaffold.104 However, these MC 

scaffolds are not stable in solution, and have been identified  as the primary intermediate in the 

assembly of MIII15-MC-5 compounds, where MIII is a trivalent metal ion with a larger ionic radius. 

This was proven by adding lanthanide salts  (LnIII: Nd-Yb) to the preformed MII12-MC-4 scaffolds, 

and observing the formation of the new 15-MC-5 species with LnIII as the central metal.104,105 
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Figure 1.10 Diagram showing ring ligand coordination and its influence on ring geometry. Salicylhydroxamate ligand 

(middle top) templates a square-shaped 12-MC-4, while picoline hydroxamate ligand (middle bottom) generates a 

pentagonal-shaped 15-MC-5.103 

 

As for their syntheses, given the fact that MCs are self-assembled structures, their 

preparation simply requires the mixture of their components in an appropriate solvent system. 

Stoichiometric addition of bases, such as sodium hydroxide or pyridine, are often added to ensure 

full deprotonation of the organic ligands, and as counterions for charge balance. MC crystals then 

precipitate as a result of slow solvent evaporation; vapor diffusion of solvents; or delicate layering 

with water on top of the dissolved reaction. Either approach can be used to ensure supersaturation 

of the solution that then foments MC crystallization. With regard to the solvent of choice, one has 

to keep in mind different factors: (a) it must be able to dissolve all of the individual ingredients; 

(b) it should not interfere with MC formation (i.e., strongly bind to reaction components); (c) it 

should non solvate the MC too well as to inhibit crystallization; and ideally, (d) it should only 

produce one type of MC. Regarding the last point, an interesting study by Jankolovits et al. 

demonstrated the solvent-dependence behind the assembly of MC with picoline hydroxamic acid 

(picHa), ZnII, and LnIII ions with a series of different solvent systems (DMF, MeOH, Pyridine, 

H2O/Pyridine, and DMF/Pyridine).103 This study suggested that both the metal ions’ polarization 

and geometries are determining factors behind solvent-dependent effects in MC formation. This 

reinforces the ease of MC self-assembly synthesis, while also highlighting the importance of 

thoughtful design. 
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Figure 1.11 Crystal structures of different MCs illustrating the different bridges (or lack of) needed to complete the 

coordination sphere of their lanthanide cores.101,102,106,107 

 

The metal selection, nature, valency, geometry, and intrinsic properties of the ring and 

central metal ions must be taken into consideration when preparing MC complexes. The ring metal 

ions in MCs are most commonly 3d transition metal ions or group-13 metal ions (Al-In). In order 

to provide charge balance to the MC scaffold, trivalent metal ions are commonly paired up with 

triprotic ring ligands (such as H3Shi). Similarly, divalent metal ions  and diprotic ligands (such as 

picHa) are combined together.93 As for the central metal ion, the first MCs consisted of 

homometallic complexes with 3d metal ions encapsulated in their cavities.108 But this was soon 

expanded to make heterometallic complexes with different metal groups.93–95,109 Depending on the 

central metal ionic radius, MC scaffolds arrange their configuration to ensure a cavity size of 

matching diameter. Furthermore, if necessary, bridging ligands (or sometimes counter ions or 

solvent molecules) can complete the coordination sphere of the central metal. For example, in 

Ln[12-MCGa(III)N(shi)-4](benzoate)4(pyridinium)(MeOH)(Pyridine)2 (shorthand: 

LnGa4Shi4(benzoate)4)
102 and  dimeric Ln2[[12-MCGa(III)N(shi)-

4]2(isophthalate)4(ammonium)(DMF)2 (shorthand: Ln2Ga8Shi8(Ip)4)
106 metallacrowns, the 

benzoate and isophthalate ligands coordinate to each of the four ring metals and the central 

lanthanide metal to fulfill the eight-coordinate sphere of the ring metals and the lanthanide core 

(Figure 1.11a and b). In the case of the Ln2Ga8Shi8(Ip)4, the isophthalate ligands are also bridging 

two LnGa4Shi4 MCs together. As for 15-MC-5 motifs with LnIII at their core, metallacrowns such 

as Ln[15-MCCu(II)N(pheHa)-5](NO3)3 (shorthand: LnCu5pheHa5, pheHa: phenylalanine 

hydroxamate),110 three nitrate groups complete the coordination sphere of the LnIII ion (Figure 

1.11c). However, the solvents can be easily displaced and leave behind open coordination sites for 

other ligands, such as carboxylates. For this reason, LnIII15-MC-5 motifs have been extensively 
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studied as molecular recognition agents.109 In instances where the MC scaffold is able to fulfill the 

coordination sphere, no extra ligands or solvent molecules are required. This is the case of Ln[12-

MCZn(II)N(picHa)-4]2[24-MCZn(II)N(picHa)-8](triflate)3(pyridine)8 (shorthand: LnZn16picHa16), where 

the LnIII ion is coordinated to two 12-MC-4 scaffolds and surrounded by a 24-MC-8 belt (Figure 

1.11d).101 In this MC, the eight-coordination sphere of the metal core is completely fulfilled by the 

MC’s ring ligands. It should be also noted that, in many cases, solvent molecules still coordinate 

to MCs through the secondary coordination sphere. Additionally, counter ions can also coordinate, 

and in most cases are necessary to provide charge balance to the overall structure.  

Due to their broad structural diversity, the ease of their self-assembling construction, and 

the wide variety of metal ions that can be used to template their rings, MCs have been studied for 

a broad range of applications. To narrow down the discussion of these applications, emphasis is 

given to scaffolds with lanthanide ions as the central metal, and 3d transition metal ions at the ring. 

The first MCs were studied for their metal ion sequestration capabilities, and proven early on to 

be able to encapsulate transition, alkali, lanthanides, and a few actinide metal ions in solution.109 

Eventually, heterometallic MCs were prepared with the aim to further exploit the intrinsic 

chemical and physical properties of 3d transition metals and rare-earth metal ions.  

Host-guest and molecular recognition applications of MCs have been best studied with 15-

MC-5 scaffolds where the central ion is a lanthanide metal (LnIII: LaIII, GdIII ), and the ring ligands 

are either CuII or NiII. With these scaffolds, dimeric compartments assemble for selective 

recognition of carboxylate guests coordinated to the LnIII core. This host-guest behavior and 

selective recognition has been observed in both solution and solid state.107,110,111  

The magnetic properties of several MC scaffolds with lanthanide ions (LnIII: DyIII, GdIII, 

TbIII, SmIII ) and MnIII, CuIII, or GaIII have also been of great interest.112–117 Since MCs are able to 

accommodate multiple metal ions within a small volume and at well-defined locations, metal-

metal interactions can be enhanced. This is of special interest in the field of single-molecule 

magnets (SMM), where such interactions result in large spin densities. Furthermore, their well-

defined and varied topologies allow to better control and study the magnetic anisotropy of MCs.95 

Lastly, in the past decade, the application of lanthanide-based MCs as luminescent probes has 

grown drastically. With numerous publications,101,102,106,118–124 patents,125–127 and preliminary 

biological studies,128,129 luminescence has become one of the most sought-after applications in MC 

research.  
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1.4.2 Lanthanide Ion Luminesce  

Before going into more detail about lanthanide-based luminescent metallacrowns, a brief 

review on the basics of lanthanide (LnIII) ion luminescence and probe design, is presented. The 

interesting luminescent properties of LnIII ions arise from their characteristic electronic 

configuration ([Xe]4fn (n: 0-14)). These metals exhibit sharp emission bands, long luminescent 

lifetimes, and strong resistance to photobleaching. Luminescent emission occurs from intra-

configurational f-f transitions that,  because they are shielded by their outer 5s25p6 subshells, are 

minimally perturbed by their surrounding crystal field environment. This translates into well-

defined and narrow emission spectra characteristic of each LnIII ion, and that are mainly unaffected 

by the metal coordinating environment.130,131 With the exception of LaIII (4f0), CeIII (impending 

4f-5d transitions), PmIII (radioactive), GdIII (UV emission), and LuIII (4f14), LnIII ion luminescence 

can be observed with a wide range of colors, and throughout the visible (PrIII -TmIII) and near-

infrared (PrIII-SmIII, DyIII-YbIII) spectrum,119 making them interesting metal ions for tailorable 

luminescent spectroscopy.   

 

 

Figure 1.12 Diagram of the antenna effect (top). Simplified Jablonsky diagram representing (bottom) energy 

absorption, transfer, and radiative emissions of the lanthanide ion. S0 and S*: ground and excited singlet states, 

respectively. T*: excited triplet state. ISC: intersystem crossing. ET: energy transfer. 
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The same electronic configuration that endows LnIII ions with their unique spectroscopic 

attributes and long luminescent lifetimes, is also responsible for their low molar absorptivity (<10 

M-1cm-1) due to the Laporte and spin selection rules. Therefore, direct excitation of the LnIII ions 

intro their 4f excited states is inefficient, and rarely yields strongly luminescent signals unless 

excited by a high-power source (like a laser). However, indirect excitation of LnIII emission can 

be done by placing highly absorbing ligands in close proximity to the metal ion, followed by 

energy transfer to the LnIII ion emissive state.132,133 Illustrated in Figure 1.12, this sensitization 

mechanism, known as the antenna effect, features a main energy transfer pathway that starts at the 

ligand-centered absorption through the singlet states (S0 → S*), followed by intersystem crossing 

to the ligand-centered triplet state (S* → T*). From there, the final energy transfer to the LnIII 

emissive states occurs (T* → Ln*), ending with the relaxation to the J ground state of the LnIII ion, 

and its luminescent emission. Metal to ligand charge transfer (MLCT) and inter/intra-ligand charge 

transfer (ILCT) events can also contribute to the lanthanide sensitization. Lastly, it is important to 

mention that the intramolecular energy transfer from antennas to LnIII ions can follow either 

Förster (through space) or Dexter (through bond) processes depending on the ligand system 

surrounding the metal ion.131 The excitation and emission bands of LnIII ions excited through the 

antenna effect tend to have very large separations, known as pseudo-Stokes shifts. This is because 

the antenna usually absorbs in the 300-400 nm range, while the LnIII emission is always above 400 

nm extending up to the NIR. This simplifies signal quantification and experimental design by 

allowing obvious spectra discrimination of the absorbed and emitted light.  

Competitive energy transfer can also occur, hindering the overall energy transfer and 

luminescent intensity of the lanthanide. Nonradiative deactivation by the ligand system or solvent 

molecules are most commonly attributed to the vibrational overtones of X-H (X: O, N, C).134 To 

minimize such vibrational quenching, careful design of the lanthanide probe is needed to keep X-

H groups away. For example, encapsulating the LnIII ion in a sterically bulky ligand system where 

solvent molecules cannot access the metal ion, such as a metallodendrimer, or a rigid metallated 

ligand system with limited X-H groups at a fixed distance from the LnIII ion, such as a MC. Low-

lying ILCT states can also nonradiatively quench the luminescent signal through photo-induced 

electron transfer, mainly affecting the more redox-sensitive LnIII ions (i.e., SmIII, EuIII, and 

YbIII).135,136 As for radiative quenching processes (e.g., ligand fluorescence or phosphorescence), 

careful ligand design is also necessary to minimize their effects. Since the energy difference (ΔE) 
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between the antenna’s T* and the LnIII emissive state is a well-established parameter influencing 

sensitization efficiencies,131 one common approach is to design ligands with triplet states that are 

between 2500-3000 cm-1 away from the emissive states of the LnIII ion, as shown in Figure 1.13. 

If the ΔE is too small, energy back transfer events occur (T*  Ln*), which often results in 

molecular phosphorescence and lower quantum yields (φ). Similarly, the ΔE between the S* and 

T* ligand states should be close to 5000 cm-1 from each other to ensure efficient intersystem 

crossing. 

 

 

Figure 1.13 Partial energy diagram of LnIII ion highlighting the emissive states of each metal ion and the singlet and 

triplet energy position of an efficient Ln[12-MCGa(III)N(shi)-4]2 scaffold,119 with the following emissive states for each 

lanthanide: Pr(3P0): 20475cm-1, Nd(4F3/2): 11460cm-1, Sm(4G5/2): 17900cm-1, Eu(5D0): 17260cm-1, Tb(5D4): 20400cm-

1, Dy(4F9/2): 21100cm-1, Ho(5F5): 155000cm-1, Er(4I13/2): 6700cm-1, Tm(1G4): 21350cm-1, and Yb(2F5/2): 10300cm-

1.137,138 

Two important parameters for the quantification and basic understanding of luminescence 

are quantum yield (φ) and luminescent lifetime (τobs).
130,131 Luminescent quantum yield is the 

measurement of emission efficiency of any luminescent complex, and in simple terms it is defined 

as  

 

 𝜑 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
   . (1.1) 
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For the overall quantum yield of lanthanide complexes (φ𝐿𝑛
𝐿 ), defined as the LnIII 

luminescence under ligand excitation, the following equation is used, 

 

 𝜑𝐿𝑛
𝐿 = 𝜂𝑠𝑒𝑛𝑠 𝜑𝐿𝑛

𝐿𝑛  . (1.2) 

 

Here 𝜂sens is the efficiency of sensitization of the ligand system, and 𝜑𝐿𝑛
𝐿𝑛 is the intrinsic 

quantum yield of the LnIII ion. This latter term is the yield of the metal-centered luminescence 

upon direct excitation. The 𝜑𝐿𝑛
𝐿𝑛 is directly related to rate constant of radiative (krad) and 

nonradiative (knrad) deactivation processes, as follows: 

 

 𝜑𝐿𝑛
𝐿𝑛 =  

𝑘𝑟𝑎𝑑

𝑘𝑟𝑎𝑑 + 𝑘𝑛𝑟𝑎𝑑
=  

𝑘𝑟𝑎𝑑

𝑘𝑜𝑏𝑠
  . (1. 3) 

 

While the radiative (τrad) and luminescent (τobs) lifetimes relate to each other, as follows: 

 

 

𝜑𝐿𝑛
𝐿𝑛 =  

𝜏𝑜𝑏𝑠

𝜏𝑟𝑎𝑑
     . 

(1.4) 

 

And τobs is defined as 1 𝑘𝑜𝑏𝑠
⁄ . 

Understanding the basics of lanthanide ion luminescence is important when developing 

new ligand systems as luminescent probes. To design an effective LnIII ion probe, the antenna must 

absorb and transfer energy efficiently, as well as secure the metal ion in place, and minimize 

nonradiative quenching events. If the LnIII probe were to be used in solution state, solvent 

protection and solution stability are also required. Lastly, for biological imaging applications, LnIII 

probes should be soluble, stable, and luminescent in aqueous environments. As well as excitable 

at >400 nm in order to avoid photoinduced damage of biological samples in in vitro analysis or at 

NIR for in vivo experiments. Furthermore, sensitization of the NIR LnIII ion emitters would be of 

great interest since this wavelength range is well suited for biological imaging applications.134,139 
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1.4.3 LnIII-Based Luminescent Metallacrowns  

Careful design of the surrounding LnIII environment is key to obtain: secure metal ion 

encapsulation; large molar absorptivity; efficient energy transfer; solvent protection; reduction of 

nonradiative deactivating pathways; intense luminescent signal; and sensitization of a variety of 

LnIII ions. To this end, MCs provide an ideal environment for LnIII ion luminescence. This is due 

to several unique features: oxime rings that securely encapsulation the metal ion; bridging ligands 

that complete the coordination sphere of the LnIII and further stabilize it in place; a framework with 

multiple antennas resulting in large extinction coefficients; a rigid polymetallic architecture with 

limited bonded X-H vibrational oscillators; and a scaffold able to sensitize a wide range of LnIII
 

while nullifying the need to synthesize different scaffolds for different LnIII ions.   

 

 

Figure 1.14 Crystal structure of Nd[12-MCZn(II)N(pyzHa)-4]2[24-MCZn(II)N(pyzHa)-8] metallacrown (top left), showing the 

host(host-guest) motif (right), and the three different ring ligands used to prepare LnZn16L16 MCs. Figure adapted 

from ref. 125 and 126.128,129 

 

Luminescent MCs can be divided into the zinc family and the gallium family based on the 

ring metal ions. The Zn-family was the first reported example of MCs exhibiting NIR 

luminescence by efficiently sensitizing NdIII, ErIII, and YbIII.101,118,128  As previously described, 

these MCs have an overall chemical formula of Ln[12-MCZn(II)N(L)-4]2[24-MCZn(II)N(L)-8] 

(shorthand: LnZn16L16, L: ring ligand ), where a single LnIII ion is surrounded by sixteen antennas. 

The LnZn16L16 scaffold was also the first reported MC prepared with ZnII metal ions as the ring 

metal, and the first MC with a host(host-guest) like scaffold as seen in Figure 1.14. The closed-
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shell ZnII was selected as the ring metal since its full 3d10 shell prevents luminescent quenching 

through d-d transitions, and it is optically transparent in the visible and NIR spectrum. The first 

LnZn16L16 MC was prepared with picHa as the ring ligand, but in an effort to red-shift the 

absorbance maxima, the second member of the Zn-family utilized quinaldichydroxamate 

(quinHa), which shifted the absorption to 380nm. The next generation aimed to improve the water 

solubility of the MC, so the ring ligand was switched to pyrazinehydroximate (pyzHa). With this 

ligand, LnZn16pyzHa16 became the first luminescent water-soluble MC. Furthermore, all of these 

MCs have the same host(host-guest) like conformation, are highly stable in solution, and have the 

special structural feature that no O-H or N-H vibrational oscillators are in close proximity to the 

LnIII metal, and that the nearest C-H bond is at 6.7 Å with picHa and pyzHa, and at 7.0 Å with 

quinHa. 

As for their photophysical properties, the presence of sixteen absorbing antennas resulted 

in high molar absorptivity (ε: 5.5x104 M-1cm-1 at 380 nm in methanol for LnZn16quinHa16; and 

ε:4.8x104M-1cm-1 at 360 nm in water for LnZn16pyzHa16), and absorption bands in the range of 

200-450 nm – well into the minimum range to avoid photoinduced damage of biological samples. 

Luminescent sensitization of visible LnIII emitters was not observed, and attributed to inefficient 

antenna sensitization. This is because the MC’s T* is located at about 21000 cm-1, which is too 

close to the emissive state of most LnIII ions. The emissive level of each LnIII can be seen in Figure 

1.13. However, excellent sensitization of the NIR LnIII emitters was observed. The photophysical 

data detailed in Table 1.1 shows a significant increase in the solid and solution state quantum yields 

(𝜑𝐿𝑛
𝐿 ), as well as luminescent lifetimes of LnZn16quinHa16 compared to LnZn16picHa16. This can 

be attributed to better overlap of the antenna T* state and Ln* states as seen in Table 1.2, as well as 

the presence of inter- and intraligand CT states. Additionally, the 4.4% increase in distance of C-

H oscillator to the LnIII core of LnZn16quinHa16 also reduces quenching through nonradiative 

vibrational coupling. Of equal importance is the solution state quantum yield (𝜑𝐿𝑛
𝐿 ) of 

YbZn16pyzHa16 fully dissolved in water, which made it the brightest YbIII compound in water at 

the time of its report. Furthermore, the quantum yields of all the MCs in deuterated solvents (D2O 

and CD3OD) are significantly higher than those dissolved in protonated solvents (H2O and 

CH3OH), demonstrating that the O-H high-energy vibration from small solvent molecules can still 

get close enough to the LnIII ion. 

 



 29 

Table 1.1 Luminescent lifetimes (τobs) and LnIII-centered quantum yields under ligand excitation (𝜑𝐿𝑛
𝐿 ) for LnZn16L16 

(Ln: Yb, Nd, Er; L: picHa, quinHa, and pyzHa) in the solid and solution state (methanol: 1 mg/mL and water 200μM)a 
101,118,128

 

Compound State/Solvent τobs [μs]b 𝝋𝑳𝒏
𝑳  [%]c 

YbZn16picHa16 

Solid 34.5(1) 0.40(2) 

CH3OH 12.1(1) 0.13(1) 

CD3OD 133(1) 1.60(3) 

YbZn16quinHa16 

Solid 47.8(4) 2.44(4) 

CH3OH 14.88(1) 0.25(1) 

CD3OD 150.7(2) 2.88(2) 

YbZn16pyzHa16 

Solid 45.6(3) 0.659(4) 

CH3OH 5.57(1) 0.0112(7) 

CD3OD 81.3(1) 0.257(3) 

NdZn16picHa16 

Solid 1.18(2) 0.40(1) 

CH3OH 0.90(1) 0.22(2) 

CD3OD 3.52(2) 0.98(1) 

NdZn16quinHa16 

Solid 1.79(2) 1.13(4) 

CH3OH 1.16(1) 0.38(1) 

CD3OD 4.11(3) 1.35(1) 

NdZn16pyzHa16 

Solid 1.71(1) 0.444(9) 

CH3OH 0.214(4) 0.0077(1) 

CD3OD 1.29(1) 0.0617(9) 

ErZn16picHa16 

Solid 5.73(2) 1.042(1) 

CH3OH 1.25(1) 0.00099(3) 

CD3OD 11.40(3) 0.036(1) 

a At room temperature. b Standard deviation (2σ) between parentheses. Estimated experimental error: τobs, ±2%; 𝜑𝐿𝑛
𝐿  

±10%. b Under excitation at 355nm. c Under excitation at 370 nm. 

 

Table 1.2 Absorbance maximum (Absmax) of MCs and energy levels of the singlet (S*), triplet (T*) and inter-/intra 

ligand charge transfer (ILCT) 

Compound Absorbance max S* [cm-1]a T* [cm-1] b ILCT [cm-1] c 

GdZn16picHa16 325 nm 31250 24250 25000 

GdZn16quinHa16 380 nm 29850 21000 21560 

GdZn16pyzHa16 360 nm 28570 25035 22220 

a Determined as the edge of absorption spectrum of the corresponding ligand. b Determined as 0-0 transition of the 

phosphorescence spectrum of the corresponding GdIII MC. c Determined as the edge of the absorption spectrum of the 

corresponding GdIII MC. 
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The Ga-MCs are currently the most studied of the luminescent MC families due to their 

functionalization potential (further discussed in later sections), and ability to sensitize both the 

visible and NIR LnIII emitting ions.102,106,119,122 This family consists of 12-MC-4 scaffolds with 

optically transparent GaIII as their ring metal. Just like with ZnII, GaIII has a full 3d10 shell which 

prevents d-d luminescent quenching. The Ga-family has three independent members: the 

monomeric Ln[12-MCGa(III)N(L)-4]L’4 (shorthand: LnGa4L4(L’)4, L: ring ligand, L’: bridge ligand); 

the dimeric Ln[12-MCGa(III)N(L)-4]2L’4 (shorthand: LnGa8L8(L’)4); and, the recently reported 

Ln2[12-MCGa(III)N(L)-4]2OH4 (shorthand: Ln2Ga8L8(OH)4). As seen in Figure 1.15, the 

LnGa4L4(L’)4, is a canonical 12-MC-4 structure with salicylhydroxamate derivatives as the ring 

ligands, carboxylate derivatives as the bridging ligands, and a LnIII ion core. The Ln2Ga8L8(L’)4 

consists of two 12-MC-4 scaffolds bridged together by four isophthalate derivatives. Lastly, the 

LnGa8L8(OH)4 is also a dimeric 12-MC-4, but with four bridging hydroxides. A major attribute of 

the Ga-family over the Zn-family is the luminescent sensitization of a broader spectrum of LnIII 

(both in the solid and solution state) due to having an antenna with a T* (~22200-22620 cm-1) that 

better overlaps with the emissive Ln* states of each metal ion (Figure 1.13). LnGa4Shi4(benzoate)4 

is capable of sensitizing Sm, Tb–Yb, while Ln2Ga8Shi8(ip)4 can sensitize Pr–Sm, Tb–Er, and Yb, 

and LnGa8L8(OH)4 is able to efficiently sensitize the entire series of luminescent trivalent ions 

from Pr to Yb. 

 

 

Figure 1.15 X-ray crystal structures of the three members of the Ga-family. (Top) Top view and (bottom) side view 

of the three MCs. Blue: LnIII, pink: GaIII, red: O, purple: N, and gray: C. Solvent molecules, counterions, and hydrogen 

atoms have been omitted for clarity.102,106,119 
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Pulse gradient spin echo diffusion ordered spectroscopy (PGSE-DOSY) done in methanol 

solutions of the three MCs119,140 demonstrated that the monomeric LnGa4Shi4(benzoate)4 scaffold 

is significantly less stable than the other two MCs. This was determined by comparing the diffusion 

of a ring ligand proton and a bridge ligand proton (benzoate, isophthalate, or hydroxyls depending 

on the MC under study). As seen in Figure 1.16a, the carboxylate proton and Shi proton of a 

YGa4Shi4(benzoate)4 MC diffuse at different rates; therefore, it was determined that the benzoate 

bridges in the metallacrown dissociate in methanol. To further test this, excess of benzoate ligand 

was added to the MC solution which then resulted on an even larger disparity of the diffusion rates. 

This suggested that the instability of the YGa4Shi4(benzoate)4 MC was due to a continuous and 

rapid exchange between bound and free benzoates. Similar experiments were performed on a 

Y2Ga8Shi8(ip)4 MC and YGa8L8(OH)4. In the case of both MC dimers, the diffusion coefficient of 

their ring and bridge ligands were similar, suggesting no instabilities (Figure 1.16b and c). 

 

 

Figure 1.16 PGSE-DOSY on  (a) YGa4miShi4(benzoate4), (b) Y2Ga8Shi8(iip4), and (c) YGa8L8(OH4) MCs showing 

diffusion rates of the bridge (red, a and b) and ring (blue, a and b; multiple colors in c) protons in methanol solutions. 

The black (a and b) or purple (c) trace is from a TMMS standard.119,140 

 

As for their photophysical properties, the three members of the Ga-family are one of the 

few examples to date capable of sensitizing a broad spectrum of LnIII ions. Of special interest is 

the fact that LnIII such as TmIII and HoIII were sensitized, as well as the rarely seen NIR emission 

of SmIII and DyIII.133,141,142 The presence of multiple absorbing antennas (4 or 8) per lanthanide 

translates into good molar absorptivity (ε:3.9x104 M-1cm-1 for LnGa4Shi4(benzoate)4; ε:4.1x104 M-

1cm-1 for Ln2Ga8Shi8(ip)4; and ε:3.6x104 M-1cm-1 for LnGa8Shi8(OH)4) in methanol, with 

absorption bands between 200-350 nm, and a maximum at ~310 nm. Compared to the LnZn16 

MCs, these values are only slightly smaller, but a significant blue shift on the absorption bands 

takes over. However, by preparing the MC scaffold with a more conjugated system, such as a 
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naphthalene hydroxamic acid (Nha), the excitation energy can be redshifted, as in the case of 

Ln2[12-MCGa(III)N(Nha)-4]2(ip)4, (shorthand: Ln2GaNha8(ip)4) with an excitation energy at 380 nm.  

Table 1.3 lists the photophysical measurements of the YbIII-based MCs of the Ga-family. 

When first reported, YbGa4Shi4(benzoate)4 scaffold had the highest quantum yield for a YbIII 

complex with C-H bonds. A significant increase in both solution and solid-state quantum yields is 

observed when compared to the Zn-family MCs. This is due to the larger ΔE values (~11900-

12300 cm-1) of the ligand T* and Yb* states. The decrease in quantum yield in the solid state of the 

dimeric YbGa8Shi8(ip)4 is attributed to self-quenching due to the proximity of the LnIII  ions to 

each other. While the decrease in YbGa8Shi8(OH)4 is attributed to its bridging ligands being high 

energy oscillators. Excitation of the deuterated MC solutions once again show a large increase of 

luminescence sensitization, which is especially large with YbGa8Shi8(OH)4. This makes sense 

since this MC, compared to YbGa4Shi4(benzoate)4, has twice as many antennas. From this, it is 

obvious that nonradiative and solvent quenching are a bigger problem with the Ga-family than the 

Zn-family due to a less protective architecture. Nonetheless, meticulous ligand design can offer 

the opportunity to build a more protective MC scaffold capable of effectively sensitizing LnIII 

luminescence.  

 

Table 1.3 Luminescent lifetimes (τobs) and YbIII-centered quantum yields under ligand excitation (𝜑𝐿𝑛
𝐿 ) for each 

MC scaffold in solid and solution state (50μM in methanol) a 102,119,124 

Compound State/Solvent τobs [μs]b 𝝋𝑳𝒏
𝑳  [%]c 

YbGa4Shi4(benzoate)4 

Solid 55.7(3) 5.88(2) 

CH3OH 2.06(4) 0.26(1) 

CD3OD 36.6(1) 4.29(1) 

YbGa8Shi8(ip)4 Solid 37.1 4.82(4) 

YbGa8Shi8(OH)4 

Solid 27.4(9) 2.8(1) 

CH3OH 15.6(2) 0.78(4) 

CD3OD 196(1) 8.4(1) 

a At room temperature. b Standard deviation (2σ) between parentheses. Estimated experimental error: τobs, ±2%; 𝜑𝐿𝑛
𝐿  

±10%. b Under excitation at 355nm. c Under excitation at 340nm for the sampled in the solid state and at 310nm  for 

solution. 

 

1.4.4 Luminescent Metallacrowns as Optical Imaging Probes  

Due to their remarkable LnIII sensitization abilities, their retention of luminescent signal in 

solution (even in protic solvents), and their distinctive synthetic modularity, MCs have the 
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potential to become attractive optical imaging probes. To be considered a suitable luminescent 

imaging agent, any probe must met the following requirements: water solubility and colloidal 

stability at physiological conditions; retention of luminescent properties in solution; and 

biocompatibility.23 To this end, Martiníc et al. utilized the fully water soluble YbZn16pyzHa16 MC 

to image HeLa cells, as shown in Figure 1.17.128 It was shown that this MC has the following 

properties: noncytotoxic at concentrations required for cell imaging (45μM and >90% cell 

viability); chemically stable and photostable under physiological conditions; and, of even greater 

intertest, and an ability to selectively accumulate and label the cytoplasm and nucleus of necrotic 

HeLa cells. The latter point was confirmed with epifluorescence microscopy images of incubated 

cell with the MC, and were also compared to those incubated with propidium iodide (PI) – the 

standard dye for this type of cell labeling. From this it was confirmed that both compounds image 

the cells similarly. Furthermore, the intrinsic resistance to photobleaching of LnIII ions is of great 

importance for biological imaging that requires long or repeated period of illumination. Once again 

comparing the HeLa cells labeled with YbZn16pyzHa16 and the organic-based PI, it was shown that 

after 500s of constant illumination, the MC remained photostable while the PI signal decreased 

over time due to photodecomposition. Thus, LnZn16pyzHa16 MC has the potential to be a better 

alternative to commercially available organic dyes for necrotic cell labeling.  

 

 

Figure 1.17 (Top) Comparison of necrotic cell labeling with YbZn16pyzHa16 (b, blue) and PI (c, red). White arrows 

on (a) point at necrotic cells. (d) Overlap of both images showing colocalized labeling. (d) Merge of all images. 

(Bottom) Images comparing photostability of PI (red) and MC (blue) after (a) 10sec, (b) 50sec, (c) 100sec, (d) 200sec, 

and (e) 500sec. Most of the luminescent signal of PI is gone while the MC’s remains.128 
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A follow up study on the same LnZn16pyzHa16 (Ln: NdIII and YbIII) MC demonstrated its 

ability to simultaneously fix and counter stain the nucleus and cytoplasm of HeLa Cells.129 Cell 

fixation, which is the preservation of cell morphology, is a valuable first step when labeling cells. 

While several fixation approaches have been developed,143 no single perfect technique works for 

all cells, and often numerous ones have to be combined, adding extra steps to an already delicate 

experiment setup. Furthermore, often a counter staining agent is used to increase labeling contrast. 

Counter staining can be problematic if it overlaps with the excitation and emission bands of the 

main cell dye. Thus, it was noteworthy when Martiníc et al. reported the simultaneous counter 

staining and fixation of HeLa cells with MCs, as shown in Figure 1.18. The cells were fixed by 

incubation with 150 μM YbZn16pyzHa16 for fifteen minutes, followed by illumination with UV-A 

for ten minutes. Staining was then performed after UV-A illumination by further incubation for 

one hour. Incubation with PI was also done to have a comparison of colocalization in the nucleus 

and localization in the cytoplasm. The adequacy of fixation and labeling of cells by the MC, 

combined with the intrinsic luminescent properties of LnIII ions, and great sensitization of 

luminescent signal in solution and cell conditions, corroborated once again the utility of 

LnZn16pyzHa16
 as imaging probes. 

 

 

Figure 1.18 Epifluorescence microscopy images of fixed HeLa cells. (a) brightfield, (b) NIR emission of YbZn-

16pyzHa16 MC, (c) visible emission of PI, (d) merged of (b) and (c) to demonstrate colocalization of both complexes, 

and (d) merge with brightfield.129 

 

While the water solubility and great photostability of LnZn16pyzHa16 are attractive features 

of this MC family, its utility is limited to NIR emitters. However, as previously discussed, the Ga-

family can expand MC utility as imaging probes. Since the monomeric LnGa4Shi4(benzoate)4 

demonstrated limited solution stability in the presence of excess carboxylate, which is abundant in 

biological samples, the dimeric Ln2Ga8Shi8(ip)4 was chosen to perform preliminary cell studies. 

As reported by Nguyen et al.,106 incubation of HeLa cells with Yb2Ga8Shi8(ip)4 was proven to be 
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noncytotoxic up to 200 μM concentrations. Furthermore, epifluorescence microscopy images 

showed strong YbIII ion luminescent signal from non-specific interactions of MC aggregates at the 

surface of the cells. Unfortunately, internalization of the MC into the cell was not observed due to 

the poor water solubility of the Ln2Ga8Shi8(ip)4 in both cell culture media and water.  

One way around the limited aqueous solubility and biocompatibility of Ln2Ga8Shi8(ip)4 is 

to insert them into biocompatible matrixes, such as polystyrene nanobeads.144 This approach was 

partially investigated by Salerno et al.121 where Sm2Ga8Shi8(ip)4 and Tb2Ga8Shi8(ip)4 MCs were 

embedded in amino-functionalized polystyrene nanobeads. The main focus of the study was to 

investigate the ratiometric luminescent behavior of each MC and a 1:1 MC-mixture as molecular 

nanothermometers. This report demonstrated a larger temperature dependence on the emission of 

the TbIII- based MC over the SmIII
  one due to smaller T*-Tb* ΔE, which led to greater Boltzmann 

dependent back transfer (T*
Tb*), and temperature dependent emissions. Thus, as seen in Figure 

1.19, back transfer events are even more prevalent with increasing temperature, where the TbIII 

luminescent intensities decrease with increasing temperature (300-328 K), while the SmIII 

intensities remain constant. While no cell studies were done to test the ability of the polystyrene 

beads to enhance the MC uptake by cells, the luminescent studies were performed in aqueous 

suspension of the nanobeads loaded with the MCs. Given the very low water solubility of 

Ln2Ga8Shi8(ip)4, similar data collection would have been unattainable without the nanobead 

matrix.  

 

 

Figure 1.19 Luminescent intensities of a 1:1 mixture of  Sm2Ga8Shi8(ip)4/Tb2Ga8Shi8(ip)4 suspended in amino 

functionalized polystyrene nanobeads. TbIII transitions are labeled in black, while SmIII transitions are labeled in 

blue.121 
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1.4.5 Expansion of Metallacrown Functionalization  

A lot of work has been done to expand the functionality of MCs. Ring ligand alternation 

of the Zn-family MCs, shown in Figure 1.14 (top), resulted in enhanced luminescent sensitization 

and the red-shift of the excitation energy of LnZn16quinHa16; while with LnZn16pyzHa16, it 

enhanced water solubility that promoted its application as a cell imaging agent. With the Ga-

family, a broader range of ring and bridge ligands variation can be expected since numerous 

salicylic acid derivatives (parent material of the hydroxamic acid ligands) and isophthalic acid 

derivatives are commercially available. Furthermore, a step beyond is the synthetic modification 

of the ligands to introduce new functionalities, such as new coupling sites, absorbance shifting, or 

enhanced water solubilization. To this end, several ligands have been prepared from commercially 

available sources or synthetically modified in order to prepare MC scaffolds with increase 

functionalization potentials. Figure 1.20 illustrates some of the numerous ligands that have been 

used to prepared MCs.109,118,122,128,140,145–147  

 

 

Figure 1.20 Selection of ligands used to prepare metallacrowns. Abbreviated names are color coded to determine 

original ligand (blue), commercially available carboxylic acid starting material (green), synthetically modified (red). 

(top) Ring ligands for LnZn16 MCs. (middle) Ring ligands and (bottom) bridge ligands for Ga-family MCs. 
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Red shifting of the excitation energy can be achieved with MCs prepared with ring ligands 

such as Nha, moShi, eShi, and MShi for Ga MCs (Abs. max: 380 nm, 345 nm, 340 nm, and 325 

nm respectively), or quinHa for Zn MCs (Abs. max: 380 nm); however, aqueous solubility is 

hindered with these ligands. MCs made with NO2Shi are very water soluble, but LnIII sensitization 

is quenched. Therefore, careful selection of the ligand system based on the desired application is 

required. For example, Lutter et al.124 utilized the iodinated H3miShi  ring and H2iip bridge ligand 

to prepare Ln2[12-MCGa(III)N(mishi)-4]2(ip)4 (shorthand: Ln2Ga8miShi8(Ip)4) and Ln2[12-

MCGa(III)N(mishi)-4]2(iip)4 (shorthand: Ln2Ga8miShi8(iIp)4) MCs. The goal was to produce a scaffold 

capable of multimodal imaging by combining the LnIII luminescent sensitization with the X-ray 

attenuation properties of the halogen appendage. NIR emission from each scaffold prepared with 

YbIII was observed both in the solid state and in DMF solutions. X-ray attenuation characterization, 

which is an analysis of the reduction of x-ray intensity as it passes through a medium,148 

demonstrated competitive attenuation concentrations (14.10 and 17.62 HUmol-, respectively) that 

were almost 40-45 times higher than the commercially available contrast agent iobitridol (0.38 

HUmol-1). This is due to the fact that the two LnIII metal ions are great absorbers of X-rays. 

Incorporation of coupling sites (or attachment points) to the ring ligands was also 

investigated. Lutter et al.122,140 and Plenk et al.147 independently reported the synthetic introduction 

of alkyne groups to the ring ligands of the dimeric and monomeric (respectively) 12-MC-4 scaffold 

via Sonogashira cross-coupling.149 While Plenk’s CuII-based MC was studied for SMM 

development, Lutter prepared GaIII MCs for luminescent studies. However, both exploited the 

copper-catalyzed alkyne-azide cycloaddition (CuAAC) by clicking small azide molecules onto the 

MC scaffold. The luminescent Sm2[12-MCGa(III)N(eshi)-4]2(ip)4 (shorthand: Sm2Ga8eShi8(Ip)4) was 

prepared and characterized for both its luminescent properties and its coupling ability. The 

excitation and emission characterization of the MC showed a redshift of the absorbance maxima 

to ~335 nm (compared to Shi, ~310 nm), as well as excellent sensitization of the SmIII ion in the 

visible range. Next, benzyl azide was clicked via CuAAC. Mass spectrometry analysis 

corroborated complete coupling of eight equivalents of the small azide to the MC. Luminescent 

characterization was once again done to corroborate that the click reaction did not affect the 

sensitization ability of the MC. Luminescence of the SmIII was once again observed. This report 

demonstrated the ability to synthetically incorporate coupling sites for further functionalization, 

while maintaining the luminescent signal of the lanthanide core. These results are an encouraging 
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path to overcome some of the limitations of luminescent metallacrowns, such as poor water 

solubility or limited solution stability, that have historically delayed their practical applications as 

optical imaging probes. Furthermore, this opens up the possibility of investigating the synthetic 

incorporation of other coupling groups (e.g., thiol-ene coupling, radical bond formation, Michael 

addition), and the attachment of other interesting groups (e.g., small molecules, antenna, bioactive 

molecules) to expand the application of MCs into other material chemistry fields.  

 

1.5 Thesis Aims 

While understanding the limitation of luminescent metallacrowns and metallodendrimers, 

but also taking advantage of their modularity and synthetic variability, this thesis aims to exploit 

the functionalization potential of both dendrimer and MCs further. This is done by utilizing the 

dimeric Ln2Ga8 MC as the new polymetallic core of dendrimers, creating a new class of 

metallodendrimers: dendrimeric metallacrowns (DMCs). The hypothesis behind this work is that 

lanthanide-based dendrimeric metallacrowns will combine the photophysical properties of MC 

with those of dendrimers, specifically PAMAM dendrimers.  

Chapter 2 will focus on the synthetic development and characterization of toroidal 

dendrimeric metallacrowns, where PAMAM dendrons are coupled to the bridging ligands of 

Ln2Ga8 MCs. Photophysical characterization and luminescent cell imaging studies are presented 

as well. In Chapter 3, the intricate and meticulous design of ring ligands is presented, with 

emphasis on the synthetic methodologies to develop effective thiol-ene and -yne coupling site to 

Ln2Ga8 MCs. Synthesis and characterization of hyperboloidal dendrimeric metallacrowns with 

PAMAM dendrons coupled to the ring ligands is discussed. As well and photophysical and 

luminescent characterization of the dendrimers. In Chapter 4, incorporation of bifunctional 

coupling sites at the bridge and ring ligands of Ln2Ga8 MCs is presented. Synthesis and 

characterization of PAMAM dendrons coupled to both ligand positions, as well as Janus 

dendrimers are presented. Lastly, in Chapter 5 concluding remarks on this thesis work, as well as 

the numerous future directions of dendrimeric metallacrowns are discussed.  
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Chapter 2  

Toroidal Dendrimeric Metallacrowns from Luminescent 

Ln2Ga8Shi8Mip4 Scaffolds 

 

2.1 Introduction 

As introduced in Chapter 1, the well-defined architecture of dendrimers can be tailored to 

have specific applications depending on the dendrimer family, size, surface functionality, and core. 

When combined with metal ion species, dendrimers are better known as metallodendrimers. 

Metallodendrimers are capable of exploiting the intrinsic properties of metal ions while exhibiting 

distinct behaviors (e.g., colloidal, electronic, and optical properties) from their small molecule or 

linear polymer counterparts. Metal coordination in metallodendrimers can happen at the surface, 

within generations, and at the core. While metalation only at the core reduces the amount of metal 

species within the dendrimer, it is an advantageous approach since it offers better control of the 

position and concentration of metal ions.  

Regarding their photophysical properties, metal free luminescent dendrimers have been 

prepared with organic chromophores at the periphery or within the dendrimer shells.34,150,151 But 

like with any other organic-based luminescent compounds, this type of functionalized luminescent 

dendrimer is prone to photobleaching.152,153 Furthermore, narrow Stoke shifts, and emission 

signals that are altered by the surrounding chemical environment can reduce the quality of the 

collected data. Therefore, metallodendrimers, especially the ones prepared with LnIII ions, can 

have a significant advantage over traditional organic-based luminescent dendrimers.   

Unfortunately, the unique intrinsic luminescent properties of LnIII ions (i.e., long lifetimes, 

photostability, and sharp emissions bands in the visible and NIR) have been exploited only by a 

handful of metallodendrimers. The main mechanism of metallation has been either incorporating 

one or several LnIII ions in the cavities of dendrimers functionalized with absorbing antennas, or 

by coordination of a single LnIII ion with carboxylate focal point Fréchet-type dendrons. In the 
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former example, work by Vicinelli et al.59 and Petoud et al.,57,58 demonstrated that LnIII ions 

encapsulated by dendrimers can be sensitized though the antenna effect. In the study by Vicinelli, 

only one LnIII ion was incorporated into the framework of a G2 PLL dendrimer that was previously 

functionalized with twenty-four dansyl antennas. Of the several LnIII ions tested, only the NIR 

emitters were sensitized. This was due to the poor energy overlap of the dansyl excited states (S* 

or T*) with the visible LnIII
 ion (Ln*) emissive states. Since no photophysical data was reported, it 

is difficult to make a direct comparison with this system. Moreover, the exact concentration and 

location of the LnIII could not be determined. Studies by Petoud et al. showed an average of eight 

LnIII ions (SmIII or EuIII) incorporated into the cavities of a G3 PAMAM dendrimer functionalized 

with thirty-two naphthalene antennas. With this metallodendrimer, both visible and NIR (in the 

case of SmIII) emission was observed. However, each Ln-metallodendrimer had moderately low 

quantum yields – 0.06% for EuIII, and 0.022(2)% in the visible and 0.00085(5)% in the NIR for 

SmIII. Emission spectra plots corroborated that the low quantum yields were due to inefficient 

energy-transfer of the antennas since naphthalene fluorescence was also observed. The radiative 

quenching of the LnIII
 emission was attributed to the large distance between the antennas and the 

LnIII metals.  

With the carboxylate focal point Fréchet-type dendrons, metallodendrimers can assemble 

around a single LnIII ion. The aryl dendrons work both as a protective dendritic shell and as the 

absorbing antenna. The work of Kawa et al.56 and Pitois et al.154 is representative of this type of 

metallodendrimers. Both demonstrated luminescence signals characteristic of LnIII
 ions (EuIII, 

TbIII, and ErIII), and showed efficient energy transfer through the dendrimer architecture. However, 

the self-assembled metallodendrimers were incredibly fragile since the LnIII
 core is held by 

relatively weak coordinating sites. Thus, solution state characterization such as NMR or mass 

spectrometry could not be performed without destroying the dendrimers. In other words, while 

sensitization seemed to be effective, secure encapsulation was not.  

Inefficient sensitization, concentration, undefined location, and unsecured encapsulation 

of the LnIII ion are the main problems of Ln-based metallodendrimers. The concentration, location, 

and encapsulation issues can be overcome by using a well-defined coordinating macrocycle as the 

core of metallodendrimers, such as porphyrin- or cyclam-cored dendrimers. However, while 

efficient energy harvesting and transfer has been observed with both when prepared with Fréchet-

type dendrimers, sensitization of LnIII luminescence has not being reported with either core.88,155 
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Furthermore, even if either metallodendrimer was capable of sensitizing LnIII luminescence, their 

application would still be somewhat limited by the dendron family of choice since aromatic 

dendritic systems are necessary for optimal energy transfer. Therefore, metallodendrimers with 

cores that can be stimulated independently of the dendrimer family would offer more flexibility in 

the synthesis and application of the system – for example, a more biocompatible dendrimer like 

PAMAM could be utilized.  

To this end, this thesis chapter presents the development and characterization of toroidal-

shaped dendrimeric metallacrowns prepared with dimeric Ln2[12-MCGa(III)N(shi)-4]2(5-maleimide 

isophthalate)4 (shorthand: Ln2Ga8Shi8Mip4) MC cores.  This report is the first study to utilize 

metallacrowns as the core of metallodendrimers, affording a new class of metallodendrimers 

capable of sensitized lanthanide luminescence. This is also the first report of toroidal shaped 

metallodendrimers. I first demonstrate the effective synthetic introduction of thiol-active 

maleimide coupling sites to the bridging ligands of Ln2Ga8 MCs. I then show the efficient thiol 

coupling capabilities of Ln2Ga8Shi8Mip4 with small molecules, and the luminescence 

characterization pre- and post-thiol coupling. I follow this by presenting data that shows 

conclusively the formation of dendrimeric metallacrowns, as well as their luminescence properties. 

Lastly, I investigate the potential of toroidal dendrimeric metallacrowns to become luminescent 

imaging probes. Altogether, this chapter investigates and exploits both the functionalization 

potential and photophysical properties of metallacrowns.  

 

2.2 Experimental  

2.2.1 Chemical and Materials 

All reagents and chemicals were purchased from commercial sources and used without 

further purification. Cysteamine (Sigma-Aldrich, 95%), cysteamine hydrochloride (Alfa Aesar, 

98+%), Extra dry dichloromethane (Acros, 99.9%), Trifluoro acetic acid (Fisher, Peptide synthesis 

grade), Trityl chloride (Acros, 98%), Chloroform (Fisher, ACS grade), Sodium hydroxide (Fisher, 

ACS grade), Magnesium sulfate anhydrous (Fisher), Methanol (Fisher, ACS grade), Methyl 

acrylate (Acros, 99%), Ethylenediamine (Alfa Aesar, 99%), Toluene (LabChem, ACS grade), 

Dichloromethane (Fisher, ACS grade), Triethylsilane (TCI, 98+%), Petroleum ether (Fisher, ACS 

grade), Gallium (III) nitrate hydrate (Acros, 99.9998%), Ytterbium nitrate pentahydrate (Sigma 

Aldrich, 99.9%), Samarium nitrate hexahydrate (Sigma Aldrich, 99.9%), Terbium nitrate 
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pentahydrate (Sigma-Aldrich 99.9%), Gadolinium nitrate hexahydrate (Sigma-Aldrich. 99.999%), 

Yttrium nitrate hexahydrate (Alfa Aesar, 99.9%), Salicylhydroxamic acid (Alfa Aesar, 99%), 

Sodium benzoate (Fisher), Pyridine (Fisher, ACS certified), 5-Amino isophthalic acid (Chem-

Impex International), Maleic anhydride (Sigma-Aldrich, 99%), N,N-dimethylformamide (Fisher, 

Sequencing grade), Acetone (Fisher), Acetic anhydride (Fisher, ACS certified), Sodium acetate 

trihydrate (Sigma-Aldrich, 99.5%), 4-(Dimethylamine)pyridine (DMAP, Acros, 99%), Dialysis 

membrane Spectra/Por 7 (MWCO 2 kDa, regenerated cellulose), Dialysis membrane Spectra/Por 

7 (MWCO 3.5 kDa, regenerated cellulose), Dimethyl sulfoxide (Fisher, HPLC grade), 

Chloroform-d 0.03% v/v% TMS (Acros, 99.8+%), Dimethyl sulfoxide-d6 0.03% TMS (Acros, 

99.9%), Methanol-d4 (Acros, 99.8%), Methanol (Sigma-Aldrich HPLC Plus, 99.9%), and 

NanoStar Disposable MicroCuvette (Wyatt). 

 

2.2.2 General Characterization Methods  

Electrospray Ionization Mass Spectrometry (ESI-MS) was performed on an Agilent 6230 

TOF HPLC-MS in negative or positive ion mode with fragmentation voltage of 250-350V. 

Samples were prepared by dissolving approximately 0.5-1 mg of compound in 2 mL of HPLC 

grade methanol. Samples of 5-10 µL were manually injected. Methanol was employed as eluent 

in negative ion, and acetonitrile with 0.1% formic acid in positive ion. The flow rate was 0.5-1 

mL/min. Data were processed with Agilent MassHunter Qualitative Analysis Software.  

CHN elemental analysis was performed in a Carlo Erba 1108 elemental analyzer and a 

PerkinElmer 2400 elemental analyzer by Atlantic Microlab.  

1H NMR spectra were acquired on a 400 MHz Varian MR400 or 500 MHz Varian 

VNMRS500 NMR Spectromer. Samples were prepared in Chloroform-d, Dimethyl sulfoxide-d6, 

or Methanol-d4, and spectra were proceessed using MestraNOVA software.  

Dynamic Light Scattering (DLS) was performed on a DynaPro NanoStar instrument at 

25ºC with a scattering angle of 90º. Samples were prepared by dilution in  DMSO, followed by 

centrifugation for five minutes at twelve rpm. Scans were done with five second acquision time 

seta and twenty runs. Data was plotted using OriginPro 2020 software. 

 

2.2.3 Synthetic Procedures  

I now describe the synthetic procedures followed in this chapter. All reactions were 
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completed under aerobic conditions and at room temperature, unless otherwise noted. 

Characterization figures (ESI-MS, NMR, and DLS) not shown under the result section can be 

found in Appendix (Appx.) A. 

 

Metallacrown bridge ligand:  

5-(3-carboxylacrylamide)isophthalic acid was prepared by dissolving 5-

aminoisophthalatic acid (19.92 g, 100 mmol, 1 eq.) and maleic anhydride (10.79 g, 110 mmol, 1.1 

eq) in DMF (200 mL). The mixture was stirred for 6-12 hours at room temperature. Then, the DMF 

was removed with a stream of N2 (g) over the reaction mixture. The solid was then washed with 

copious amounts of acetone to yield a tan color powder (70% yield, >99% pure). 1H NMR (Figure 

appx. A1, 400 MHz, dmso-d6) δ 13.18 (s, 3H), 10.66 (s, 1H), 8.46 (d, J = 1.5 Hz, 2H), 8.18 (t, J = 

1.6 Hz, 1H), 6.33 (d, J = 12.7 Hz, 0H), 6.33 (d, J = 11.9 Hz, 1H). Elemental analysis calcd. (%) 

for C12H9NO7: C 49.10, H 3.92, N 5.45; found: C 49.09, H 4.13, N 5.33. 

5-maleimidoisopthalic acid (H2Mip) was prepared by adding 5-(3-

carboxylacrylamide)isophthalic acid (2.79 g, 10.0 mmol, 1 eq) and sodium acetate trihydrate (0.68 

g, 5.0 mmol, 0.5 eq) into acetic anhydride (15.0 mL). The mixture was refluxed while stirring at 

60°C for 2.5 hours. Acetic anhydride was then removed under reduced pressure at 50-60°C. Water 

(20.0 mL) was then added and the slurry mixture was stirred at 70°C for another 2 hours. The 

reaction was then cooled to room temperature, filtered, and rinsed with copious amounts of water. 

The product was dried under vacuum overnight to yield a white powder (80% yield, >99% pure). 

1H NMR (Figure appx. A2 400 MHz, dmso-d6) δ 8.46 (t, J = 1.7 Hz, 1H), 8.23 (d, J = 1.6 Hz, 3H), 

7.23 (s, 3H). Elemental analysis calcd. (%) for C12H7NO6: C 55.18, H 2.70, N 5.36; found: C 55.10, 

H 2.71, N 5.48. 

 

LnGa4Shi4(benzoate)4 Metallacrowns:  

General synthesis procedure for Ln[12-MCGa(III)N(shi)-

4](benzoate)4(pyridinium)(pyridine)2(MeOH)2 metallacrowns (LnIII: YIII, SmIII, GdIII, TbIII, or 

YbIII), LnGa4Shi4(benzoate)4. MCs were prepared by slight modification of previous literature 

procedures102 that follow three different protocols depending on the nature on the LnIII ion. The 

synthetic yields were 20-40%. 

SmGa4Shi4(benzoate)4 was prepared by fully dissolving salicylhydroxamic acid (H3Shi, 
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0.1531 g, 1.0 mmol, 4 eq), sodium benzoate (0.4323 g, 3.0 mmol, 12 eq), and pyridine (2 mL) in 

methanol (20 mL). Then Sm(NO3)3·xH2O (0.5 mmol, 2 eq) and Ga(NO3)3·xH2O (1.0 mmol, 4 eq) 

were dissolved in methanol (20 mL) separately. The three methanol solutions were combined and 

stirred at room temperature for 5 – 10 minutes. The mixture was then filtered, and let to slowly 

evaporate in a glass jar covered with aluminum foil with several holes. Crystals were collected by 

gravity filtration and rinsed with methanol. MS (Figure appx. A13, ESI): m/z calcd. for 

C56H36N4O20SmGa4: 1519.8 [M]-; found: 1519.8 [M]-. Elemental analysis calcd. (%) for 

SmGa4C73H60N7O22: C 48.27, H 3.33, N 5.40; found: C 48.29, H 3.16, N 5.51. 

YbGa4Shi4(benzoate)4 was prepared by fully dissolving salicylhydroxamic acid (H3Shi, 

0.1531 g, 1.0 mmol, 4 eq), sodium benzoate (0.5764 g, 4.0 mmol, 12 eq), and pyridine (2 mL) in 

methanol (20 mL). Then Yb(NO3)3·xH2O (0.25 mmol, 1 eq) and Ga(NO3)3·xH2O (1.0 mmol, 4 

eq) were dissolved in methanol (20 mL) separately. The three methanol solutions were combined 

and stirred at room temperature for 5 – 10 minutes. The mixture was then filtered, and let to slow 

evaporate in a glass jar covered with aluminum foil with several holes. Crystals were collected by 

gravity filtration and rinsed with methanol. MS (Figure appx. A14, ESI): m/z calcd. for 

C56H36N4O20YbGa4: 1535.8 [M]-; found: 1535.8 [M]-. Elemental analysis calcd. (%) for 

YbGa4C73H60N7O22: C 47.67, H 3.29, N 5.33; found: C 47.69, H 3.10, N 5.49. 

 

LnGa4Shi4(benzoate)4 (Ln: Gd, Tb, Y) was prepared by fully dissolving salicylhydroxamic 

acid (H3Shi, 0.1531 g, 1.0 mmol, 4 eq), sodium benzoate (0.4323 g, 3.0 mmol, 12 eq), and pyridine 

(2 mL) in methanol (20 mL). Then L(NO3)3·xH2O (0.25 mmol, 1 eq) and Ga(NO3)3·xH2O (1.0 

mmol, 4 eq) were dissolved in methanol (20 mL) separately. The three methanol solutions were 

combined and stirred at room temperature for 5 – 10 minutes. The mixture was then filtered, and 

let to slow evaporate in a glass jar covered with aluminum foil with several holes. Crystals were 

collected by gravity filtration and rinsed with methanol.  

GdGa4Shi4(benzoate)4 MS (Figure appx. A15, ESI): m/z calcd. for C56H36N4O20GdGa4: 

1519.8 [M]-; found: 1519.8 [M]-. Elemental analysis calcd. (%) for GdGa4C73H60N7O22: C 48.09, 

H 3.32, N 5.38; found: C 48.18, H 3.07, N 5.59.  

TbGa4Shi4(benzoate)4. MS (Figure appx A16, ESI): m/z calcd. for C56H36N4O20TbGa4: 

1522.8 [M]-; found: 1522.8 [M]-. Elemental analysis calcd. (%) for TbGa4C73H60N7O22: C 48.04, 

H 3.31, N 5.37; found: C 48.33, H 3.12, N 5.54.  



 45 

YGa4Shi4(benzoate)4. 
1H NMR (Figure appx. A3 400 MHz, cd3od) δ 8.57 (dt, J = 4.4, 1.7 

Hz, 6H), 8.12 (d, J = 7.4 Hz, 4H), 8.04 (s, 8H), 7.90 (tt, J = 7.7, 1.8 Hz, 3H), 7.48 (ddd, J = 7.7, 

4.4, 1.5 Hz, 7H), 7.31 (t, J = 7.8 Hz, 6H), 7.02 (d, J = 8.3 Hz, 4H), 6.82 (t, J = 7.5 Hz, 4H). MS 

(Figure appx. A17, ESI): m/z calcd. for C56H36N4O20YGa4: 1450.9 [M]-; found: 1450.9 [M]-. 

 

Ln2Ga8Shi8Mip4 Metallacrowns:  

General synthesis procedure for Ln2[12-MCGa(III)N(shi)-4]2(Mip)4 metallacrowns (LnIII: YIII, 

SmIII, GdIII, TbIII, or YbIII), Ln2Ga8Shi4(Mip)4. MCs were synthesized according to previous 

literature procedures.122 LnGa4Shi4(benzoate)4 (1.0 mmol, 1 eq) and H2Mip (2.1 mmol, 2.1 eq) 

were dissolved in DMF (10-20 mL) and stirred at room temperature for 6-12 hours. DMF was then 

removed with a stream of N2 (g) over the reaction mixture. The product was then rinsed with cold 

methanol to yield a pale orange to yellow MC powder. The synthetic yields were 80-90% based 

on the metallacrown.   

Sm2Ga8Shi8(Mip)4. MS (Figure appx. A18, ESI): m/z calcd. for Sm2Ga8C104H52N12O48: 

1549.7 [M]2-; found 1547.7 [M]2-. Elemental analysis calcd. (%) for Sm2Ga8C170H102N12O70Na2: 

C 35.89, H 2.89, N 4.69; found: C 35.94, H 2.84, N 4.76. 

Yb2Ga8Shi8(Mip)4. MS (Figure appx. A19, ESI): m/z calcd. for Yb2Ga8C104H52N12O48: 

1569.7 [M]2-; found 1570.7 [M]2-. Elemental analysis calcd. (%) for Yb2Ga8C112H76N14O55Na2: C 

39.02, H 2.22, N 5.69; found: C 39.15, H 2.24, N 5.71. 

Gd2Ga8Shi8(Mip)4. MS (Figure appx. A20, ESI): m/z calcd. for Gd2Ga8C104H52N12O48: 

1554.7 [M]2-; found 1570.7 [M]2-. Elemental analysis calcd. (%) for Gd2Ga8C117H89N15O59Na2: C 

39.39, H 2.51, N 5.89; found: C 39.36, H 2.53, N 5.90. 

Tb2Ga8Shi8(Mip)4. MS (Figure appx. A21, ESI): m/z calcd. for Tb2Ga8C104H52N12O48: 

1556.2 [M]2-; found 1556.7 [M]2-. Elemental analysis calcd. (%) for Tb2Ga8C117H89N15O59Na2: C 

39.36, H 2.51, N 5.88; found: C 39.36, H 2.53, N 5.90. 

Y2Ga8Shi8(Mip)4. 
1H NMR (Figure 2.3, 400 MHz, dmso-d6) δ 8.92 (d, J = 35.7 Hz, 4H), 

8.18, 8.02 (dd, J = 15.1, 1.5 Hz, 8H), 7.87 (t, J = 6.9 Hz, 8H), 7.22 (t, J = 7.6 Hz, 8H), 7.07 (d, J = 

1.2 Hz, 8H), 6.89 – 6.82 (m, 8H), 6.69 (t, J = 7.4 Hz, 8H). MS (Figure 2.2, ESI): m/z calcd. for 

Y2Ga8C104H52N12O48: 1486.2 [M]2-; found 1486.7 [M]2-. 
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Trityl-protected PAMAM dendrons:  

 

2-(tritylthio)ethanamine (1), was prepared by adding anhydrous dichloromethane (DCM) 

(25 mL) to cysteamine hydrochloride (5.00 g, 44 mmol) under N2 (g), and placed in an ice bath. 

Then, while stirring TFA (10 mL) was added to the mixture dropwise, followed by the addition of 

trityl chloride (8.70 g, 44 mmol) at once. The solution turned dark yellow, and was stirred under 

N2 (g) atmosphere at 0°C for 2 hours. After this time, the reaction was concentrated under reduced 

pressure, and then redissolved in chloroform (25 mL). While vigorously stirring the redissolve 

reaction, 10 M NaOH (15 mL) was added to it, and stirred at room temperature for one hour. The 

reaction solution turned clear and was then successively extracted 3 x 50 mL chloroform. The 

organic layers were combined, and then washed with 3 x 50 mL brine. Finally, the organic layer 

was dried over anhydrous MgSO4, and concentrated to yield a colorless oil (12.7 g, 98.0% yield, 

~98% pure). 1H NMR (Figure appx. A4, 400 MHz, CDCl3): δ=7.53 – 7.49 (d, 6H), 7.30 (t, J = 8.8, 

6.8 Hz, 6H), 7.25 – 7.20 (t, 3H), 2.57 (t, J = 6.6 Hz, 2H), 2.35 (t, J = 6.6 Hz, 2H), 1.47 (s, 2H). 
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Trityl-G0.5 dendron (2) was prepared by dissolving 1 (11.50 g, 36 mmol) in methanol (25 

mL). The solution was then added dropwise to a stirring solution of methyl acrylate (17 mL, 180 

mmol, 5 eq per amine) in methanol (50 mL) placed in an ice bath. Addition was done over a period 

of thirty minutes. Then, the reaction was stirred at room temperature for three days. After this time, 

the reaction was concentrated under reduced pressure at a maximum of 35°C. The product was re-

dissolved in methanol and concentrated once again to remove any leftover excess of methyl 

acrylate. This yielded a colorless to light-yellow oil (99.0% yield, 95% Pure).1H NMR (Figure 

appx. A5, 400 MHz, CDCl3): δ=7.46 (d, J = 8.2, 1.2 Hz, 6H), 7.32 (t, 6H), 7.24 (t, 3H), 3.66 (s, 

6H), 2.64 (t, J = 7.2 Hz, 4H), 2.35 (t, 8H). 

 

 

Trityl-G1.0 dendron (3) was prepared by first dissolving 2 (17.70 g, 36.0 mmol) in 

methanol (50 mL), and ethylenediamine (EDA) (67.0 mL, 1 mol, 12.5 eq per ester) in methanol 

(150 mL) separately. The EDA solution was placed in an ice bath, and while stirring, the 2 solution 
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was added dropwise. The addition of 2 was slow enough such that the reaction’s temperature was 

kept under 40°C. The reaction was allowed to warm up to room temperature, and the stirred for 

four days. After this time, the reaction was concentrated under reduced pressure at 35°C maximum. 

To remove the excess of EDA, azeotropic distillation with Toluene:Methanol (9:1, 150 mL) was 

performed using a rotary evaporator at 35-40°C. Distillation was repeated until the EDA peak (δ= 

2.74 ppm) was no longer seen by NMR. After purification, the product was a light-orange oil 

(98.7% yield, 94.0% Pure). 1H NMR (Figure appx. A6, 400 MHz, CDCl3): δ=7.54 (t, 2H), 7.42 

(d, 6H), 7.35 (t, J = 7.0 Hz, 6H), 7.28 (t, 3H), 3.26 (q, J = 5.9 Hz, 4H), 2.78 (t, 4H), 2.63 (t, J = 6.3 

Hz, 4H), 2.40 (t, 4H), 2.30 (t, J = 6.3 Hz, 4H), 2.03 (s, 8H). 

 

 

Trityl-G1.5 dendron (4) was prepared following the same steps as in 2. The product was a 

yellow oil (97.0% yield, 94% Pure). 1H NMR (Figure appx. A7, 400 MHz, CDCl3) δ=7.39 (d, 6H), 

7.27 (t, 10H), 7.21 (t, 3H), 7.11 (t, J = 5.4 Hz, 2H), 3.65 (s, 12H), 3.25 (q, J = 5.9 Hz, 4H), 2.73 (t, 

J = 6.8 Hz, 8H), 2.63 (t, J = 6.8 Hz, 4H), 2.50 (t, J = 6.1 Hz, 4H), 2.43 – 2.33 (m, 12H), 2.25 (t, J 

= 6.8 Hz, 4H). 
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Trityl-G2.0 dendron (5) was prepared following the same steps as 3. The product was a 

yellow oil (97.0% yield, 94% Pure). 1H NMR (Figure appx. A8, 400 MHz, CDCl3) δ 7.90 (t, J = 

5.8 Hz, 2H), 7.69 (t, J = 5.3 Hz, 3H), 7.30 (d, 6H), 7.21 (t, 6H), 7.15 (t, 3H), 3.18 (q, J = 5.8 Hz, 

8H), 3.11 (q, J = 6.2 Hz, 4H), 2.70 (t, J = 5.9 Hz, 7H), 2.63 (t, J = 6.4 Hz, 14H), 2.50 (t, J = 6.5 

Hz, 3H), 2.41 (t, J = 6.4 Hz, 3H), 2.26 (q, J = 7.7, 6.3 Hz, 12H), 2.16 (t, J = 6.4 Hz, 4H). 

 

PAMAM dendron deprotection:  

General synthesis procedure for deprotection of trityl-protected dendrons. Trityl protected 

dendron of a giving generation was dissolved in a round bottom flask with dry DCM. TFA was 

added slowly dropwise while stirring and with N2 (g) blowing over the flask. This was followed 

by a one-shot addition of triethylsilane. The reaction was left stirring at room temperature for four 

hours under N2 (g) atmosphere. The solvent was removed under reduced pressure at  a maximum 

of 35°C, followed by trituration with petroleum ether five times for fifteen minutes each. Final 

product was once again dried under reduced pressure and stored at -80°C. 
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HS-G0.5 dendron (6) was prepared by dissolving 2 (0.51g, 1.04 mmol, 1 eq) in 10 mL of 

DCM. The reaction required 0.597 mL of TFA (7.80 mmol, 7.5eq) and 1.25 mL of triethylsilane 

(7.80 mmol, 7.5eq) for proper deprotection. For the trituration step, five 10 mL aliquots of 

petroleum ether were used. The product was a light-yellow oil (1.03 mmol, 99% yield). 1H NMR 

(Figure appx. A9 400 MHz, CDCl3) δ 3.72 (s, 6H), 3.45 (t, J = 6.9 Hz, 4H), 3.30 (dd, J = 9.1, 6.4 

Hz, 2H), 2.90 (dt, J = 9.7, 7.2 Hz, 6H). 

 

 

HS-G1.0 dendron (7) was prepared by dissolving 3 (1.10g, 2.0 mmol, 1 eq) in 20 mL of 

DCM. The reaction required 2.30 mL of TFA (30.0 mmol, 15eq) and 2.40 mL of triethylsilane (15 

mmol, 7.5eq) for proper deprotection. For the trituration step, five 20 mL aliquots of petroleum 

ether were used. The product was a light-amber oil (1.03 mmol, 99% yield).  1H NMR (Figure 

appx. A10, 400 MHz, CD3OD) δ 3.48 (q, J = 5.2, 4.5 Hz, 8H), 3.41 (t, J = 6.8 Hz, 2H), 3.08 (t, J 

= 6.0 Hz, 4H), 2.96 (t, J = 6.8 Hz, 2H), 2.82 (t, J = 6.1 Hz, 4H). 

 



 51 

 

HS-G1.5 dendron (8) was prepared by dissolving 4 (0.32g, 0.36 mmol, 1 eq) in 10 mL of 

DCM. The reaction required 0.85 mL of TFA (10.8 mmol, 30eq) and 0.90 mL of triethylsilane 

(5.4 mmol, 15eq) for proper deprotection. For the trituration step, five 10 mL aliquots of petroleum 

ether were needed. The product was a light-orange oil (0.94 mmol, 99% yield). 1H NMR (Figure 

appx. A11, 400 MHz, CD3OD) δ 3.70 (s, 12H), 3.62 (t, J = 5.9 Hz, 4H), 3.52 (t, J = 6.8 Hz, 8H), 

3.47 (t, J = 6.2 Hz, 4H), 3.39 (t, J = 6.9 Hz, 2H), 3.35 (t, J = 5.9 Hz, 4H), 2.91 (q, J = 6.8, 5.3 Hz, 

10H), 2.80 (t, J = 6.2 Hz, 4H). 

 

 

HS-G2.0 dendron (9) was prepared by dissolving 5 (1.42g, 1.37 mmol, 1 eq) in 20 mL of 

DCM. The reaction required 4.7 mL of TFA (62 mmol, 60eq) and 1.2 mL of triethylsilane (7.78 

mmol, 7.5eq) for proper deprotection. For the trituration step, five 20 mL aliquots of petroleum 

ether were used. The product was an amber oil (1.2 mmol, 90% yield). 1H NMR (Figure appx. 

A12, 400 MHz, dmso-d6) δ 8.61 (t, J = 5.8 Hz, 2H), 8.51 (t, J = 5.9 Hz, 4H), 3.62 – 3.55 (m, 4H), 
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3.53 – 3.45 (m, 12H), 3.44 – 3.34 (m, 8H), 3.31 (t, J = 8.5, 6.6 Hz, 4H), 2.98 (q, J = 6.0 Hz, 8H), 

2.92 (t, J = 8.8 Hz, 2H), 2.80 – 2.70 (m, 12H), 2.59 (d, J = 4.8 Hz, 2H). 

 

Small molecule coupling to Ln2Ga8Shi8Mip4: 

Sm2Ga8Shi8Mip4(Cys)4 was prepared by dissolving Sm2Ga8Shi8Mip4 (0.020 mmol, 1 eq) 

and cysteamine (0.18 mmol, 9 eq) in degassed DMF (5-10 mL). The reaction was stirred for 6-12 

hours, and the DMF was removed with a stream of N2 (g) over the solution. Once dried, the product 

was rinsed with cold methanol to yield an off-white product (>95% yield). MS (Figure 2.10, ESI): 

m/z calcd. Sm2Ga8C112H80N16O48S4: 1704.2 [M]2-; found: 1702.2 [M]2-. Elemental analysis calcd. 

(%) for Sm2Ga8C116H148N16O78S4Na2: C 34.43, H 3.69, N 5.54; found: C 34.38, H 3.56, N 5.45. 

 

Toroidal Dendrimeric Metallacrown (DMC) synthesis and purification: 

Synthetic details: Ln2Ga8Shi8Mip4 was dissolved in degassed DMF to a final concentration 

of 10 mg/mL. This was followed by the addition of dendron dissolved in minimum amount of 

degassed DMF. DMAP was added to solutions prepared with dendrons HS G1-2. Reaction was 

stirred in a sealed vial flushed with N2 (g) for 1-10 days depending on the dendron generation. 

Completion of the reaction was corroborated by ESI-MS. If partial completion, ¼ of the initial 

dendron concentration was added to the reaction, and stirred for 2 more days as previously 

described. Once completed, the reaction was concentrated with a stream of N2 (g) prior 

purification.  

Purification details: Ln2Ga8Shi8Mip4 G0.5 was purified by rinsing a concentrated solution 

with copious amount of water, followed by overnight drying under vacuum at room temperature. 

For Ln2Ga8Shi8Mip4 G1-2, purification was done using RC dialysis bags with a MWCO of 2 or 

3.5 kDa, depending on the complex’s molecular weight. Once all of the initial DMF was removed, 

the DMC was redissolved in DMSO, and dialysis was done against DMSO as the dialysate. The 

volume of dialysate was 200 times the volume of the sample inside the dialysis bag. To avoid 

dialysis bag decomposition, new bags were used every 24 hrs and dialysate was also exchanged 

daily. Mass spectra of the sample was taken daily to monitor the removal of free dendron. Once 

the dendron peak was not observed by ESI-MS, the dialysis was stopped, and the sample was 

slowly concentrated to about ¼ of the original volume with a stream of N2 (g). Sample 

concentration was determined by UV-Vis spectrometry by using the extinction coefficient of the 
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metallacrown core. It is important to avoid complete removal of all the solvent, or temperatures 

above 35°C so as to avoid defect formation. DMCs were stored as DMSO solutions for further 

characterization.  

General synthesis procedure for Ln2Ga8Shi8Mip4 G0.5 DMCs: Ln2Ga8Shi8Mip4 (0.050 

mmol, 1 eq) and 6 (0.50 mmol, 10 eq) were dissolved in degassed DMF. The solution was stirred 

for 24 hours at room temperature. After purification, the final product was an off-white powder 

with quantitative yields based on metallacrown.  

 

Sm2Ga8Shi8Mip4 G0.5. MS (Figure appx. A22, ESI): m/z calcd. for 

Sm2Ga8C144H128N16O64S4: 2047.43 [M]2-; found: 2046. 92 [M]2-. Elemental analysis calcd. (%) for 

Sm2Ga8C144H138N16Na2O69S4: C 40.89, H 3.29, N 5.30; found: C 39.90, H 3.26, N 5.42. 

Tb2Ga8Shi8Mip4 G0.5. MS (Figure appx. A23, ESI): m/z calcd. for 

Tb2Ga8C144H128N16O64S4: 2054.44 [M]2-; found: 2054.93 [M]2-. Elemental analysis calcd. (%) for 

Tb2Ga8C144H140N16Na2O70S4: C 40.56, H 3.31, N 5.26; found: C 40.64, H 3.36, N 5.23. 

Gd2Ga8Shi8Mip4 G0.5. MS (Figure appx. A24, ESI): m/z calcd. for 

Gd2Ga8C144H128N16O64S4:  2053.43 [M]2-; found: 2053.32 [M]2-. Elemental analysis calcd. (%) for 

Gd2Ga8C140H136N16O68S4: C 40.70, H 3.32, N 5.42; found: C 40.63, H 3.31, N 5.38.  

Yb2Ga8Shi8Mip4 G0.5. MS (Figure appx. A25, ESI): m/z calcd. for 

Yb2Ga8C144H128N16O64S4: 2068.45 [M]2-; found: 2068.94 [M]2-. Elemental analysis calcd. (%) for 

Yb2Ga2C148H150N16O71Na2S4: C 40.71, H 3.46, N 5.13; found: C 40.73, H 3.46, N 4.83. 

 

Yb2Ga8Shi8Mip4 G1.0 was prepared by dissolving Yb2Ga8Shi8Mip4 (0.050 mmol, 1 eq), 7 

(1.00 mmol, 20 eq), and DMAP (0.050 mmol, 1 eq) in DMF. The solution was stirred for four days 

under N2 (g) atmosphere. After purification and concentration, the product was a bright orange 

solution. MS (Figure appx. A26, ESI): m/z calcd. Yb2Ga8C152H164N32O56S4: 2183.13 [M+2H]2+; 

found 2183.71 [M+2H]2+. Reaction yield post purification ~80% as determined by UV-Vis 

concentration. 

 

Yb2Ga8Shi8Mip4 G1.5 was prepared by dissolving Yb2Ga8Shi8Mip4 (0.014 mmol, 1 eq), 8 

(0.29 mmol, 20 eq), and DMAP (0.014 mmol, 1 eq) in DMF. The solution was stirred for six days 

under N2 (g) atmosphere. After purification and concentration, the product was a dark orange 
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solution. MS (Figure appx. A27, ESI): m/z calcd. Yb2Ga8C216H260N32O88S4: 2871.43 [M+2H]2+, 

and C216H261Ga8N32O88S4Yb2: 1914.62 [M+3H]3+; found 2872.52 [M+2H]2+, and 1915.36 

[M+3H]3+. Reaction yield post purification ~70% as determined by UV-Vis concentration. 

 

Yb2Ga8Shi8Mip4 G2.0 was prepared by dissolving Yb2Ga8Shi8Mip4 (0.011 mmol, 1 eq), 9 

(0.23 mmol, 20 eq), and DMAP (0.011 mmol, 1 eq) in DMF. The solution was stirred for 10 days 

under N2 (g) atmosphere. After purification and concentration, the product was a dark orange 

solution. MS (Figure appx. A28, ESI): m/z calcd. Yb2Ga8C232H325N64O72S4: 2063.85 [M+3H]3+; 

found 2064.81 [M+3H]3+. Reaction yield post purification ~70% as determined by UV-Vis 

concentration. 

 

2.2.4 Solution Stability  

Mixtures of Y2Ga8Shi8Ip4/Y2Ga8Shi8Mip4, and Tb2Ga8Shi8Mip4/Tb2Ga8Shi8Mip4 G0.5 

were dissolved in i) DMF or ii) a mixture of DMF/H2O to assess their solution stability over time. 

ESI-MS was used to monitor the mixtures stability over a period of several hours or days. 

Experimental details are described below.  

Y2Ga8Ip + Y2Ga8Mip Organic Solvent Mixture: 1.5 μmol of each MC were dissolved 

separately in 1 mL of DMF. Solutions of 50 μL of each were then mixed together and diluted with 

1 mL of methanol. Analysis of the mixture by ESI-MS was done daily over a period of five days. 

MS (Figure 2.4, ESI): m/z calcd. for Y2Ga8C88H48N8O40: 1295.71[M]2-; found 1296.71 [M]2-; and 

for m/z calcd. Y2Ga8C104H52N12O48: 1486.21 [M]2-; found 1486.70 [M]2-, respectively.  

Y2Ga8Ip + Y2Ga8Mip Mixed Media Mixture: 1.5 μmol of each MC were dissolved 

separately in 0.5 mL of DMF, followed by the addition of 0.5 mL of DI H2O. Solutions of 50 μL 

of each were then mixed together and diluted with 1 mL of methanol. Analysis of the mixture by 

ESI-MS was done daily over a period of two days. MS (Figure 2.5, ESI): m/z calcd. for 

Y2Ga8C88H48N8O40: 1295.71 [M]2-; found 1296.71 [M]2-; m/z calcd. for Y2Ga8C92H49N9O42: 

1343.21[M]2-; found 1344.20 [M]2-; m/z calcd. for Y2Ga8C96H50N10O44: 1391.21 [M]2-; found 

1391.70 [M]2-; m/z calcd. for Y2Ga8C100H51N11O46: 1438.71 [M]2-; found 1439.20 [M]2-; and for 

m/z calcd. Y2 Ga8C104H52N12O48: 1486.21 [M]2-; found 1486.70 [M]2-, respectively.  

Tb2Ga8Mip + Tb2Ga8Mip G:0.5 Mixed Media Mixture: 1.5 μmol of the MC and DMC were 

dissolved separately in 0.5 mL of DMF, followed by the addition of 0.5 mL of DI H2O. 50 μL of 
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each solution were then mixed together and diluted with 1 mL of methanol. Analysis of the mixture 

by ESI-MS was done daily over a period of seven days. MS (Figure 2.16, ESI): m/z calcd. for 

Tb2Ga8C104H52N12O48: 1556.23 [M]2-; found 1556.72 [M]2-; and m/z calcd. for 

Tb2Ga8C144H128N16O64S4: 2054.44 [M]2-; found 2054.93 [M]2-, respectively. 

 

2.2.5 Luminescence Studies  

Solution state absorbance was collected using a Cary 100Bio UV-Vis spectrometer in 

absorbance mode. MC samples were prepared by dissolving them in 3 mL of DMSO with a final 

concentration of 1-20 μM, while DMC samples were recorded as DMSO solutions post 

purification. Data were processed using OriginPro 2020 software.  

Solution state emission of MC coupled to small molecules was collected using a Horiba 

Quanta Master spectrometer in emission state mode. Samples were prepared by dissolving them 

in 3 mL of DMSO or methanol with a final concentration of 1-20μM. Data were processed using 

OriginPro 2020 software. 

Photophysical measurements were performed and analyzed by Dr. Svetlana Eliseeva at the 

Centre de Biophysique Moléculaire, Orleans, France. Luminescence data of MCs  and G0.5 DMCs 

were collected on freshly prepared solutions in DMSO,  in H2O/DMSO (96:4), or in the solid state 

placed into 2.4 mm i.d. quartz capillaries, while G1.0-2.0 DMC samples were diluted to 50 μM 

solutions and only recorded in solution state. Emission and excitation spectra were measured on a 

Horiba-Jobin-Yvon Fluorolog 3 spectrofluorimeter equipped with either a visible photomultiplier 

tube (PMT) (220-800 nm, R928P; Hamamatsu), a NIR solid-state InGaAs detector cooled to 77 K 

(800-1600 nm, DSS-IGA020L; ElectroOptical Systems, Inc., USA), or a NIR PMT (950-1650 nm, 

H10330-75; Hamamatsu). All spectra were corrected for the instrumental functions. Luminescence 

lifetimes were determined under excitation at 355 nm provided by a Nd:YAG laser (YG 980; 

Quantel). Luminescent signals were detected in the visible or NIR ranges with a R928 or H10330-

75 PMTs connected to the iHR320 monochromator (Horiba Scientific), respectively. The output 

signals from the detectors were fed into a 500 MHz bandpass digital oscilloscope (TDS 754C; 

Tektronix) and transferred to a PC for data processing with the Origin 8 software. Luminescence 

lifetimes are reported as the average of three or more independent measurements. Quantum yields 

were determined with a Fluorolog 3 spectrofluorimeter based on the absolute method using an 

integration sphere (GMP SA). Quantum yield measurements were performed utilizing the 
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modified de Mello et al.131,156 approach which requires three individual measurements: i) the 

exiting integrated light intensity of an empty capillary (La) irradiated at the excitation wavelength 

(i.e., the Rayleigh scattering band); ii) the exiting integrated light intensity of the sample (Lc); and 

iii) the exiting integrated light intensity of the entire emission spectrum (Ec). A simplified diagram 

of the set up is shown in Figure 2.1.  

 

 

Figure 2.1 Exemplified notations required for the absolute quantum yield measurements.131 

 

The absolute quantum yield (𝜑𝐿𝑛
𝐿 ) can then be calculated with the following equation, 

 

 𝜑𝐿𝑛
𝐿 =

𝐸𝑐

[𝐿𝑐(𝜆𝑒𝑥)−𝐿𝑎(𝜆𝑒𝑥)]𝐹𝑎𝑡𝑡(𝜆𝑒𝑥)
   . (1) 

 

Where Fatt(λex) represents the correction for the attenuators used in the measurements. To ensure 

careful correction the instrument was regularly calibrated using quartz tungsten halogen lamp 

(45W, Newport). Each sample was measured several times varying the position of samples. 

Estimated experimental error for the determination of quantum yields is estimated as 10%. 

Determination of the quantum yields for each chapter in this thesis follows the same methodology.  
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2.2.6 Cell Studies  

Cell studies were performed and interpreted by Dr. Guillaume Collet at the Centre de 

Biophysique Moléculaire, Orleans, France. 

Cell culture: HeLa cells (human cervical cancer cells collected from Henrietta Lacks) were 

cultured in EMEM medium (Sigma) supplemented with 10% (vol:vol) fetal bovine serum (FBS, 

Sigma), 100 U/mL penicillin (Sigma), and 100 μg/mL streptomycin (Sigma). Cells were routinely 

cultured at 37 °C in a humidified incubator in a 95% air/5% CO2 atm and passaged by detaching 

cells with trypsin/EDTA 0.25% (Gibco). HeLa cells were seeded in an eight chambers Lab-Tek 

(1.0 borosilicate coverglass system) at 10 000 cells/chamber in a final volume of 400 μL of 

complete EMEM medium. After 48 h, cell culture medium was removed and after three washes 

with 500 µL of saline (9 g/L NaCl), Yb2Ga8Shi8Mip4 DMC was added to cells at a dilution of 100 

µM in saline with 1 % DMSO (vol:vol) for 2 hours of incubation. Prior collecting images, HeLa 

cells were washed three times with 500 µL of saline. For the microscopy imaging, HeLa cells were 

kept in 200 µL of OptiMEM (Gibco) without phenol red, supplemented with 2% (vol:vol) fetal 

bovine serum (FBS, Sigma), 100 U/mL penicillin (Sigma), and 100 μg/mL streptomycin (Sigma). 

Optical microscopy imaging: Epifluorescence microscopy was performed with an inverted 

Nikon Eclipse Ti microscope equipped with an EMCCD Evolve camera from Photometrics. The 

Nikon Intensilight C-HGFIE mercury-halide lamp was used as the excitation source. For imaging 

of Yb2Ga8Shi8Mip4 DMC, the YbIII signal was observed using the following set of filters: a 377 

nm with 50 nm bandwidth in the pass band excitation filter, a 506 nm dichroic beam splitter, and 

a long pass 785 nm emission filter. Fluorescent images were obtained with Nikon Plan Fluor 40x 

objective after two seconds of exposure time. An Okolab incubation chamber adapted to the 

microscope allowed the incubation parameters to be maintained at a constant 37 °C with a 

humidified atmosphere of 95% air/5% CO2. All microscopy images were acquired and processed 

with Nikon NIS Elements AR software.  
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2.3 Results 

2.3.1 Ln2Ga8Shi8Mip4 Metallacrown 

 
Figure 2.2 (Top) ESI-MS of Y2Ga8Shi8Mip4 metallacrown in negative ion mode. (Bottom) (Bottom) expansion of the 

major peak corroborating the -2 isotopic distribution of the complex. 

 

Synthesis and physical characterization of Ln2Ga8Shi8Mip4. The reaction between 

LnGa4Shi4(benzoate)4 (Ln = YIII, SmIII, GdIII, TbIII, and YbIII) and 5-maleimidoisopthalic acid 

(H2Mip) in DMF led to the formation of Ln2Ga8Shi8Mip4 with the general formula Ln2[12-

MCGa(III)N(shi)-4]2(Mip)4. Solids were collected as crystalline powder material, and characterized by 

ESI-MS, 1H NMR (for YIII compounds), and elemental analysis. As seen in Figure 2.2, the ESI-

MS spectrum of Y2Ga8Shi8Mip4 shows a single distribution with a -2 charge of consistent mass 

for the MC scaffold. Figures in Appendix (appx.) A18-21 show the ESI-MS spectra of the same 

MC prepared with different LnIII ions. Figure 2.3 shows the 1H NMR spectrum of Y2Ga8Shi8Mip4, 

suggesting a fourfold symmetry where integration gives a 2:1 ratio between Shi and Mip ligands.  
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Figure 2.3 1H NMR spectrum of Y2Ga8Shi8(Mip)4 in d6-DMSO. Labeled peaks from ring and bridging ligands. 

Pyridine peaks labeled separately. 

 

Solution stability of Ln2Ga8Shi8Mip4. The solution stability of these MCs was investigated 

using ESI-MS. Mixtures of Y2Ga8Shi8Ip4 (m/z:1295.7) and Y2Ga8Shi8Mip4 (m/z:1486.2), which 

are MCs with similar structures but different bridging ligands and molecular weights, were 

dissolved in i) DMF solely or ii) in a mixture of DMF/H2O (1:1 v/v%). Mass spectrometry analysis 

was used to monitor the mixture’s stability over a period of several hours or days. Both solutions 

were diluted in methanol to equal concentrations to ensure proper desolvation in the mass 

spectrometer. If unstable, gradual bridge ligand exchange was observed by ESI-MS. As seen in 

Figure 2.4, bridge ligand exchange was not observed in the MC mixture for several days when 

dissolved only in DMF. On the other hand, when dissolved in DMF/H2O, the MC mixture 

underwent bridge exchange immediately after mixed. Complete exchange was observed after one 

day, as seen in Figure 2.5. 
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Figure 2.4 ESI-MS spectra of Y2Ga8Shi8Ip4 and Y2Ga8Shi8Mip4 MC mixture dissolved in DMF. Top spectrum 

collected immediately after mixing (Day 0), and bottom spectrum taken after five days. 

 

 

Figure 2.5 ESI-MS spectra of Y2Ga8Shi8Ip4 and Y2Ga8Shi8Mip4 MC mixture in DMF/H2O (1:1. v/v%). Top spectrum 

collected immediately after mixing (Day 0), and bottom spectrum taken after one day.  
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Photophysical properties of Ln2Ga8Shi8Mip4 (Ln: YbIII and GdIII). As seen in Figure 2.6, 

the DMSO solution of Yb2Ga8Shi8Mip4 MC exhibits a broad absorption band attributed to the 

π→π* transitions located in the range of 250-350 nm. A low-energy maximum is located between 

317-319 nm, with an absorption coefficient of ~4.1x104 M-1 cm-1. The energy of the ligand singlet 

(S*) determined from the edge of the absorption spectrum is located at about 349 nm (28650 cm-

1). Figure 2.7 shows that the energy position of the ligand triplet state (T*) is located at 430 nm 

(23280 cm-1). The T* value was determined from the phosphorescence spectrum of the GdIII-MC 

as the 0-0 transition which is the lowest energy fit shown in red. Bandwidth of the fits differ due 

to the complexity of the sensitizing ligand system which has several inter- and intramolecular 

interactions. Additionally, some distortions of the widths are also observed since the spectra are 

plotted against wavelength. Fits for the subsequent transitions (e.g., 0-3, 0-4, etc.) are less reliable, 

and therefore, have been excluded from these analyses. 

 

 

Figure 2.6 UV-Vis absorbance spectrum of 39.5 μM Yb2Ga8Shi8Mip4 MC in DMSO at room temperature. Absorbance 

maxima is at 317 nm, and an extinction coefficient of 4.1x104 M-1cm-1. 
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Figure 2.7 Solid state phosphorescence spectrum of Gd2Ga8Shi8Mip4 MC (black trace), and 0-0, 0-1 and 0-2 phonon 

transitions (colored traces) fitted with multiple Gaussian functions and Origin9 program. Data collected upon 

excitation at 340 nm, and after a 200-500 μs time delay at 77K. Fits differ in bandwidth due to the complexity of the 

ligand system, with several inter- and intramolecular interactions. Some distortion of the widths is also observed since 

the fits are plotted against wavelength. Subsequent fits (e.g, 0-3, 0-4, etc.) are less reliable, and in general omitted 

from these analyses. 

 

Solution and solid-state excitation and emission spectra of Yb2Ga8Shi8Mip4 are shown in 

Figure 2.8. The excitation spectra collected upon monitoring the YbIII-centered emission at 980 

nm show broad ligand-centered bands up to 350-400 nm. Due to saturation effects,157 a slight 

expansion of the excitation bands is observed for the solid-state data compared to the solution data. 

Upon excitation in the ligand centered region (320 or 340 nm), the characteristic emission of YbIII 

is observed at the range of 920-1100 nm with a maximum at 980 nm in the solution-state, and at 

1010 nm in the solid-state arising from the 2F5/2 → 2F7/2 transition. Luminescent lifetimes (τobs) 

and the lanthanide’s quantum yields upon ligand excitation (𝜑𝐿𝑛
𝐿 ) were also acquired and 

summarized in Table 2.1. For the sake of comparison, values of other previously reported YbIII-

MCs are also shown. Shown in Figure 2.9 are the luminescent decay curves of Yb2Ga8Shi8Mip4 in 

both solid and solution state. Both curves demonstrate biexponential decay with the dominating 

contribution arising from the long-lived components (23 and 49 μs, respectively). Both the τobs and 

𝜑𝐿𝑛
𝐿  values for Yb2Ga8Shi8Mip4 in DMSO are 2.1 and 22.1 times higher than those in the solid 

state. Furthermore, comparing the 𝜑𝐿𝑛
𝐿  of the parent Yb2Ga8Shi8Ip4 MC to the functionalized 

Yb2Ga8Shi8Mip4, a significant decreased is observed in both solid state (~97% decrease) and in 
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DMSO (~63% decrease). This is likely due to the quenching effects of the pyridinium counter ions 

(that the parent material lacks), and the quenching effects of the maleimide groups.  

 

 

Figure 2.8 Corrected and normalized excitation (left, λem: 980 nm) and emission (right, λex: 320–340  nm) spectra of 

Yb2Ga8Shi8Mip4 in the solid state (dashed traces) and 50 μM solutions in DMSO (solid traces) at room temperature.   

 

Table 2.1 Luminescence lifetimes (τobs) and YbIII-centered quantum yields collected under ligand excitation (𝜑𝑌𝑏
𝐿 )a  

Compound State/Solvent τobs [μs]b τav [μs]c 𝝋𝑳𝒏
𝑳  [%]d 

Yb2Ga8Shi8Mip4 

Solid 
23.2(3) : 89.8(4)% 

4.75(7) : 10.2(4)% 
22.7(8) 0.126(3) 

DMSO 
48.7(6) : 84.6(5)% 

6.9(2) : 15.4(5)% 
45.3(9) 2.78(6) 

Yb2Ga8Shi8Ip4 

Solide 37.1(1) : 100% -- 4.82(4) 

DMSO 60.9(4) : 100% -- 7.56(3) 

YbGa4Shi4(benzoate)4 

Solidf 55.7(3) : 100% -- 5.88(2) 

DMSO 
33(2) : 34(5)% 

15.4(5) : 66(5)% 
24(1) 2.2(1) 

a For samples in the solid state or for 50 µM solutions in DMSO, at room temperature, 2σ values between parentheses. 

Estimated experimental errors: τobs, ±2%; 𝑄Yb
L  , ±10 %. b Under excitation at 355 nm. If biexponential decay was 

observed, population parameters 𝑃𝑖 =
𝐵𝑖𝜏𝑖

∑ 𝐵𝑖𝜏𝑖
𝑛
𝑖=1

 in % are given after the colon. c Lifetime averages calculated as: 𝜏𝑎𝑣 =

Σ𝑖𝐵𝑖𝜏𝑖
2

Σ𝑖𝐵𝑖𝜏𝑖
; Bi are the population parameters given in % after the lifetime values. d Quantum yield under excitation at 320-

360 nm. e J. Am. Chem. Soc. 2016, 138, 5100−5109. f Chem. Eur. J. 2018, 24,1031 –1035. 
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Figure 2.9. Experimental luminescence decay curves (black) of Yb2Ga8Shi8Mip4 MC in the (a) solid state and (b) in 

50 μM DMSO solutions. Experimental excitation at 355 nm and monitoring the YbIII emission at 980 nm at room 

temperature. Both curves are fitted to biexponential decay with adjusted R2 parameters of  >0.99 for both fittings.  

 

2.3.2 Ln2Ga8Shi8Mip4 Functionalization. 

 

Figure 2.10  (Top) ESI-MS of Sm2Ga8Shi8Mip4(Cys)4 metallacrown in negative ion mode (m/z calcd. 

Sm2Ga8C112H80N16O48S4: 1704.2 [M]2-; found: 1703.7 [M]2-). (Bottom) expansion of the major peak corroborating the 

-2 isotopic distribution of the complex. The mass spectrum confirms the lack of any uncoupled MC.  
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Small molecule coupling to Sm2Ga8Shi8Mip4. The reaction between Sm2Ga8Shi8Mip4 and 

cysteamine in DMF led to the coupling of four equivalents of the small molecule to the SmIII-MC 

– with the shorthand formula of Sm2Ga8Shi8Mip4(Cys)4. Product was collected as an off-white 

powder that was characterized by ESI-MS, elemental analysis, UV-Vis absorbance spectroscopy, 

and fluorescence spectroscopy. Figure 2.10 shows the ESI-MS spectrum of 

Sm2Ga8Shi8Mip4(Cys)4 as a single peak and with an isotopic distribution of 0.5 m/z, corroborating 

the intrinsic -2 charge of the metallacrown 

The UV-Vis absorbance spectra of Sm2Ga8Shi8Mip4 in methanol before and after 

cysteamine coupling is shown in Figure appx. A29. Both scaffolds display a π→π* transition band 

extending up to 350 nm. The absorbance maxima (λmax) are located at about 310–315nm, and have 

molar absorption coefficients of ~4.4E+4 M-1cm-1 in methanol. Solution state excitation and 

emission spectra in methanol are shown in Figure 2.11. Excitation spectra of both Sm2Ga8Shi8Mip4 

and Sm2Ga8Shi8Mip4(Cys)4 upon monitoring the SmIII emission at 595 nm are dominated by broad 

ligand-centered bands in the UV region between 250-360 nm. The emission spectra excited at 315 

nm exhibit sharp characteristic emission bands in the visible range at 560 nm (4G5/2 → 6H5/2), 595 

nm (4G5/2 → 6H7/2), 645 nm (4G5/2 → 6H9/2), and 700 nm (4G5/2 → 6H11/2). All of which are specific 

to SmIII f-f transitions.  

 

 

Figure 2.11 (left) Solution state excitation (λem: 595 nm) and (right) emission (λex: 315 nm) spectra of Sm2Ga8Shi8Mip4 

and Sm2Ga8Shi8Mip4(cysteamine)4 compounds collected in ~2 μM solutions in methanol at room temperature. 

Background spectrum was subtracted to remove second harmonic artifacts.  
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2.3.3 Toroidal Dendrimeric Metallacrowns (T-DMCs) 

Synthesis and physical characterization of Toroidal DMCs. The reaction between 

Ln2Ga8Shi8Mip4 and thiol-focal point PAMAM dendrons (HS-G: 0.5-2.0) in DMF led to the 

formation of T-DCMs of multiple generations. Referred with the general formula Ln2Ga8Shi8Mip4 

GX (X: 0.5-2.0), DMCs were purified by dialysis, and characterized by ESI-MS and dynamic light 

scattering (DLS). Ln2Ga8Shi8Mip4 dendrimeric metallacrowns can be prepared with numerous 

LnIII ions (SmIII, TbIII, GdIII,  and YbIII) as seen in Figure appx. A22-24, but emphasis was placed 

on preparing YbIII-based complexes of larger generations. DMCs were characterized by ESI-MS 

to corroborate complete coupling of four dendrons to the four maleimide appendages of the MC 

core. Figure 2.12 shows the increasing m/z ratios of YbIII-DMCs with increasing generation. The 

MC core and DMC G0.5 were seen as -2 charged complexes, while the next three larger 

generations were better characterized in positive ion mode and seen as +2 or +3 charged 

complexes. Structural imperfections arising from synthetic protocols or ESI-MS characterization 

can be observed as peaks with smaller m/z values (Figure appx. A25-28). 

 

 

Figure 2.12. Normalized ESI-MS spectra of Yb2Ga8Shi8Mip4 Core and G:0.5-2.0 DMCs in methanol solutions. Core 

and G0.5 are -2 species, while G1-1.5 are +2 and G2 is +3 species. 
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Size distribution analysis of samples in DMSO using DLS confirmed increasing diameters 

with increasing generations, as seen on Figure 2.13. The average measured hydrodynamic 

diameters (Dav), polydispersity indexes (PdI), and diffusion coefficients (Dc) of the MC core and 

each DMC generation are the following: 2.19 nm (PdI: 0.20, Dc: 9.98e-7 cm2s-1); 2.50 nm (PdI: 

0.18, Dc: 8.75e-7 cm2s-1); 4.00 nm (PdI: 0.34, Dc: 5.47e-7 cm2s-1); 4.12 nm (PdI: 0.23, Dc: 5.35e-

7 cm2s-1); and 4.62 nm (PdI: 0.59, Dc: 4.73e-7 cm2s-1). The increasing diameters and decreasing 

Dc values confirm an increase in size, volume, and weight of each complex. Low intensity peaks 

to the right of the DLS graphs shows that the MC core and DMC G1.0 have a small degree of 

aggregation in solution, most likely due to sample concentration (5-10 mg/mL) or solvent 

interaction.  

 

 
Figure 2.13 DLS size distribution of Yb2Ga8Shi8Mip4 MC core and each dendrimeric metallacrown generation (G0.5-

2.0) in DMSO and at room temperature. 

 

The solution behavior of G1.0-2.0 DMCs in more aqueous environments was also 

investigated through DLS. Each of the T-DMCs were diluted with water to a final solution mixture 

of 99:1 H2O:DMSO (v/v%) at pH 7.5. Under such conditions, the DLS plots shown in Figure 2.14, 

display two sets of peaks for each DMC. The G1.0- and G1.5-DMCs each have a small Dav values 

of 8.5 and 3.1 nm, respectively, which match closely the Dav values in DMSO solutions. This 

suggest that some of the DMC in aqueous solution remain as single particles or undergo mild 
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aggregation. In addition to this, larger diameter aggregates with narrow polydispersities are 

observed for the three DMCs, with G2.0-DMC having the largest diameter aggregates. In contrast 

to what is observed with the DLS in DMSO, the large aggregates in aqueous solutions have higher 

intensities than the smaller diameter species.  The Dav, PdI, and Dc of each DMC generation and 

each of its peaks are as follows: G1.0-DMC Dav: 8.5/278.4 nm, PdI: 0.14/0.09 and Dc: 5.65e-

7/1.73e-8 cm2s-1; G1.5 Dav: 3.1/159.6 nm, PdI: 0.02/0.04 and Dc: 1.57e-6/3.02e-8 cm2s-1; and G2.0 

Dav: 87.1/404.8 nm, PdI: 0.04/0.05 and Dc: 5.53e-8/1.19e-8 cm2s-1. 

 

 

Figure 2.14 DLS size distribution of G1.0-2.0 toroidal-DMCs in 99:1 H2O:DMSO solutions at concentrations of 30-

68 μM at room temperature and at pH: 7.5.  

 

Sample aggregation was also observed to increase based on sample preparation for DLS 

analysis. Figure 2.15 shows the DLS plot of the same Yb2Ga8Shi8Mip4 G1.5 complex, but with 

two different diameters. Both sample A and B had the same concentration (~1.5 mM) and were 

characterized under similar conditions, but prepared for DLS analysis differently. Sample A, with 

the larger average hydrodynamic diameter, was prepared by first drying the sample to completion 

and then redissolving it in DMSO. Sample B, with the smaller diameter, was never dried. In the 

timescale of sample preparation and analysis, sample A’s aggregates are stable in solution and 

show narrower polydispersity. 
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Figure 2.15 Average hydrodynamic diameter (Dav) difference of Yb2Ga8Shi8Mip4 G1.5 dendrimeric metallacrowns 

due to aggregation arising from different sample preparation approaches.  

 

Solution stability of Ln2Ga8Shi8Mip4 dendrimeric metallacrowns. The solution stability of 

DMCs was investigated using ESI-MS. Mixtures of Tb2Ga8Shi8Mip4 (m/z: 1556.23) and 

Tb2Ga8Shi8Mip4 G0.5 (m/z:2054.94) were dissolved in DMF/H2O (1:1 v/v%) and monitored daily 

by mass spectrometry. As seen in Figure 2.16, bridge ligand exchange was not observed for the 

seven days the sample was monitored. This suggests that in mixed aqueous media, the DMC is 

stable in solution and does not undergo ligand exchange with the MC core.  
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Figure 2.16 ESI-MS spectra of Tb2Ga8Shi8Mip4 MC and Tb2Ga8Shi8Mip4 G0.5 dendrimeric metallacrown in 

DMF/H2O (1:1, v/v%). Top spectrum collected immediately after mixing (Day 0), and bottom spectrum taken after 

seven days. 

 

Photophysical properties of Ln2Ga8Shi8Mip4 G:0.5 – 2.0 DMCs (Ln: SmIII, TbIII, GdIII, 

YbIII). As seen in Figure 2.17, the DMSO solution of each of the four DMC generations 

(Yb2Ga8Shi8Mip4 G:0.5-2.0) exhibit a broad absorption band attributed to the π→π* transition 

located in the range of 250 -350 nm, with a low-energy maximum between 317-319 nm, just like 

the parent Yb2Ga8Shi8Mip4 MC core. The energy of the ligand singlet (S*), determined from the 

edge of the absorption spectra, is identical to that of the MC core alone, 349 nm (28650 cm-1). As 

for the triplet state (T*), it was determined as the 0-0 transition at about 447.5 nm (22350 cm-1) of 

the Gd2Ga8Shi8Mip4 G:0.5 DMC phosphorescence. The Gaussian decomposition of the spectrum 

of for this DMC is shown in Figure 2.18. Bandwidth of the fits differ due to the complexity of the 

sensitizing ligand system which has several inter- and intramolecular interactions. Additionally, 

some distortions of the widths are also observed since the spectra are plotted against wavelength. 

Fits for the subsequent transitions (e.g., 0-3, 0-4, etc.) are less reliable, and therefore, have been 

excluded from these analyses.  
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Figure 2.17 UV-Vis absorption of Yb2Ga8Shi8Mip4 MC and Yb2Ga8Shi8Mip4 G0.5-2.0 DMCs dissolved in DMSO. 

Solutions made of 1-20 μM at room temperature. Absorbance maxima is at 317 nm with an extinction coefficient of 

4.1x104 M-1cm-1. 

 

 

Figure 2.18 Solid state phosphorescence spectrum of Gd2Ga8Shi8Mip4 G0.5 DMC (black traces). 0-0, 0-1, and 0-2 

transitions (colored traces) for the DMC are fitted with multiple Gaussian functions and Origin9 program. Data 

collected upon excitation at 300 nm, and after 100 μs time delay at 77K. Fits differ in bandwidth due to the complexity 

of the ligand system, with several inter- and intramolecular interactions. Some distortion of the widths is also observed 

since the fits are plotted against wavelength. Subsequent fits (e.g, 0-3, 0-4, etc.) are less reliable, and in general omitted 

from these analyses. 
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The excitation and emission spectra shown in Figure 2.19 of Yb2Ga8Shi8Mip4 G:0.5 - 2.0 

DMCs were collected as DMSO solutions. Solid state measurements were not collected since 

sample concentration induces undesired dendritic defects – such as trailing generations, oligomers, 

incomplete monomer addition, missing dendrons, and cyclization. The excitation spectra collected 

upon monitoring the YbIII emission at 980 nm show broad ligand-centered bands up to 350 nm. As 

for the emission spectra, upon excitation in the ligand-center region (320 nm), characteristic YbIII 

luminescent signal was observed for all generations. Emissions are located at the range of 900-

1200 nm, with a maximum at 980 nm arising from the 2F5/2 → 2F7/2 transition. Luminescent 

lifetimes (τobs) and absolute quantum yields (𝜑𝐿𝑛
𝐿 ) in DMSO were also acquired and are 

summarized in Table 2.2. Luminescent decay curves of Yb2Ga8Shi8Mip4 G:0.5-1.5 DMCs in 

Figure 2.20 show that all compounds are monoexponential, with τobs between 62-64 μs. Compared 

to the Yb2Ga8Shi8Mip4 core, the DMCs have τobs and 𝜑𝑌𝑏
𝐿  values that are ~1.3 and ~2.5-3.4 times 

higher, respectively.  

 

 

Figure 2.19 Corrected and normalized (left) excitation (λem = 980 nm), and (right) emission (λex = 320 nm) spectra of 

50 μM DMSO solution of Yb2Ga8Shi8Mip4 core and G:0.5 – 2.0 at room temperature.  
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Table 2.2 Luminescence lifetimes (τobs) and YbIII-centered quantum yields collected under ligand excitation (𝜑𝑌𝑏
𝐿 )a  

Compound State/Solvent τobs [μs]b 𝝋𝒀𝒃
𝑳  [%]c 

Yb2Ga8Shi8Mip4 DMSO 
48.7(6) : 84.6(5)% 

6.9(2) : 15.4(5)% 
2.78(6) 

Yb2Ga8Shi8Mip4 G0.5 DMSO 62.3(4) 7.03(1) 

Yb2Ga8Shi8Mip4 G1.0 DMSO 63.8(8) 9.38(2) 

Yb2Ga8Shi8Mip4 G1.5 DMSO 62.9(3) 9.02(8) 

Yb2Ga8Shi8Mip4 G2.0 DMSO 63.6(4) 8.73(8) 
a For 50 µM solutions in DMSO at room temperature and with 2σ values between parentheses. Estimated experimental 

errors: τobs, ±2%; 𝑄Yb
L  , ±10 %. b Under excitation at 355 nm. If biexponential decay was observed, population 

parameters 𝑃𝑖 =
𝐵𝑖𝜏𝑖

∑ 𝐵𝑖𝜏𝑖
𝑛
𝑖=1

 in % are given after the colon. c Under excitation at 320 nm.  

 

 

Figure 2.20 Experimental luminescent decay curves (black) and monoexponential fits (cyan) of 50 μM 

Yb2Ga8Shi8Mip4 DMCs G: 0.5 – 2.0 in DMSO at room temperature. Excitation at 355 nm and YbIII emissions at 980 

nm. a) Yb2Ga8Shi8Mip4 G0.5, b) Yb2Ga8Shi8Mip4 G1.0, and c) Yb2Ga8Shi8Mip4 G1.5. Adjusted R2 parameters of 

>0.99 for all fittings. 

 

Toroidal dendrimeric metallacrowns were also prepared with SmIII and TbIII ions and their 

luminescence was investigated. Solution and solid-state excitation and emission spectra of 
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Ln2Ga8Shi8Mip4 G0.5 DMCs (Ln: SmIII, TbIII, and YbIII) are shown in Figure 2.21 and Figure 2.22. 

Luminescent lifetimes (τobs) and absolute quantum yields (𝜑𝐿𝑛
𝐿 ) were also acquired and are 

summarized in Table 2.3. Excitation spectra in the solid state upon monitoring the main emission 

bands of the corresponding LnIII ion (TbIII: 545 nm, SmIII: 640 nm, and YbIII 980 nm) show broad 

ligand-centered bands up to ~375 nm. For the SmIII-DMC, sharp features that correspond to the f-

f transitions are observed at ~376 nm (6P7/2
6H5/2), ~404.5 nm (6P3/2

6H5/2), ~417-420 nm 

(6P5/2
6H5/2), ~442 nm (4G9/2

6H5/2), ~465 (4I13/2
6H5/2), ~475 nm (4I11/2

6H5/2), ~480 nm 

(4I9/2
6H5/2), and ~500 nm (4G7/2

6H5/2). Excitation spectra measured in solutions of H2O/DMSO 

(96%:4%) present only broad ligand-centered bands up to 350 nm. Once again, due to saturation 

effects,157 the solid state spectra is slightly broader than the solution state data. Upon excitation in 

the ligand-centered region (320-340 nm), characteristic LnIII emission was observed in both 

solution and solid state.  

For the Sm2Ga8Shi8Mip4 G0.5 DMC, solid and solution state emission in the visible range 

is observed between 550-725 nm arising from the 4G5/2 level. The multiple sharp emission bands 

can be assigned to 4G5/2→
6HJ (J = 5/2-11/2) transitions as follows: 4G5/2→

6H5/2 at ~560 nm; 

4G5/2→
6H7/2 at ~595 nm; 4G5/2→

6H9/2 at ~640 nm; and 4G5/2→
6H11/2 at ~700 nm. The most intense 

emission band at ~595 nm is responsible for the distinctive pink-orange emission of the complex. 

Both the solid state τobs and 𝜑𝐿𝑛
𝐿  values for Sm2Ga8Shi8Mip4 G0.5 are 1.2 and 2.1 higher than those 

in solution state, respectively.  

For the Tb2Ga8Shi8Mip4 G0.5 DMC, solid and solution state emission in the visible range 

is observed between 480-685 nm and displays a vibrant green color. The multiple sharp emission 

bands can be assigned to 5D4→
7FJ (J = 6-0) transitions as follows: 5D4→

7F6 at ~490 nm; 5D4→
7F5 

at ~540 nm; 5D4→
7F4 at ~580 nm; 5D4→

7F3 at ~620 nm; 5D4→
7F2 at ~650 nm; 5D4→

7F1 at ~660 

nm; and 5D4→
7F0 at ~490 nm. Experimental luminescent decays of this complex in solution and 

solid state are best fitted with biexponential functions, with dominating contributions arising from 

the long-lived components (980 and 1090 μs, respectively). Both the τobs and 𝜑𝐿𝑛
𝐿  values for 

Tb2Ga8Shi8Mip4 G0.5 in the solid state are 1.1 and 2.0 times higher than those in the solution state, 

respectively.  

The luminescent description of Yb2Ga8Shi8Mip4 G0.5 DMC in H2O/DMSO and solid state 

are similar to those previously described in just DMSO. As for the τobs and 𝜑𝐿𝑛
𝐿 , values in the solid 

state are 2.7 and 3.7 higher than those in the solution state, respectively.  
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Figure 2.21. Corrected and normalized excitation spectra of G0.5 DMCs in the solid state (dashed traces) and in 200 

μM H2O/DMSO (96%/4%) solutions (solid traces) upon monitoring the main transitions LnIII ion at room temperature.  

 

 

Figure 2.22. Corrected and normalized emission spectra of G0.5 DMCs in the solid state (dashed traces) and in 200 

μM H2O/DMSO (96%/4%) solutions (solid traces) under ligand excitation (320-340 nm) at room temperature. 
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Table 2.3. Luminescence lifetimes (τobs) and LnIII-centered quantum yields collected under ligand excitation (𝜑𝐿𝑛
𝐿 )a 

Compound State/Solvent τobs [μs]b 𝝋𝑳𝒏
𝑳  [%]c 

Yb2Ga8Shi8Mip4 G0.5 

Solid 35.3(6) 3.24(9) 

H2O/DMSO 

(96%/4) 
13.2(1) 0.868(9) 

Tb2Ga8Shi8Mip4 G0.5 

Solid 
1090(12) : 88(1)% 

258(6) : 12(1)% 
11.9(3) 

H2O/DMSO 

(96%/4) 

980(30) : 89.7(8)% 

170(10) : 10.3(8)% 
6.1(3) 

Sm2Ga8Shi8Mip4 G0.5 

Solid 112(1) 2.31(2) 

H2O/DMSO 

(96%/4) 
96.2(9) 1.1(1) 

a For samples in the solid state or 1 mg/mL in H2O/DMSO, at room temperature, 2σ values between parentheses. 

Estimated experimental errors: τobs, ±2%; 𝑄Yb
L  , ±10 %. b Under excitation at 355 nm. If biexponential decay was 

observed, population parameters 𝑃𝑖 =
𝐵𝑖𝜏𝑖

∑ 𝐵𝑖𝜏𝑖
𝑛
𝑖=1

 in % are given after the colon. c Under excitation at 340 nm for samples 

in the solid state and 320 nm for solutions.  

 

2.3.4 Cell studies  

Yb2Ga8Shi8Mip4 G0.5 - 1.5 DMC were used to investigate their ability to label cells. To 

this end, HeLa cells were incubated with 100 μM solutions of each DMC dissolved in 

water/DMSO (99:1%, v/v%) or saline/DMSO (99:1%, v/v%) mixtures. Epifluorescence 

microscopy images of the cells exhibit strong YbIII luminescent signal arising from the core of 

each DMC; however, as seen in Figure 2.23, G0.5 and G1.5 DMC images show significant 

aggregation and localization mostly at the surfaces of the cells – with some substrate interaction 

when incubated with G0.5 DMC. As for G1.0 DMC, non-specific interaction with cell membranes 

can be seen as an intense luminescent signal at the edges of the cells. Additional labeling can be 

also observed at the nucleoli of several cells, as seen in Figure 2.24.  
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Figure 2.23. Microscopy images of HeLa cells incubated with 100 μM of Yb2Ga8Shi8Mip4 G0.5 and G1.5 DMCs in 

aqueous solutions with 1% DMSO. (Top) YbIII NIR epifluorescence image for G0.5 (λex: 377 nm, band pass 50 nm; 

λem: 805 nm, long pass; 40 s of exposure) and G1.5 (λex: 377 nm, band pass 50 nm; λem: 805 nm, long pass; 10s of 

exposure).  

 

 
Figure 2.24. Microscopy images of HeLa cells incubated with 100 μM of Yb2Ga8Shi8Mip4 G1.0 DMC in saline 

solution with 1% DMSO. A) Brightfield image, and B) NIR epifluorescence image (ʎex = 377nm, band pass 50nm; 

ʎem = 785nm, long pass; 2s of exposure). Objective 40X. Scale bar = 20μm. 
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2.4 Discussion 

2.4.1 Synthesis, Characterization, and Small Molecule Functionalization of 

Ln2Ga8Shi8Mip4 Metallacrowns 

The Ln2Ga8Shi8Mip4 scaffold represents the first MC with coupling sites at the bridging 

ligands. The maleimide appendage was chosen as the coupling group for this scaffold due to its 

ease of synthesis, and high reactivity towards thiol-coupling under mild conditions. The reaction 

between maleimide and thiols is driven by the withdrawing effects of its two carbonyl groups, 

along with the enhanced reactivity of the alkene site due to ring strain.158  Unlike previously 

reported LnxGay (x: 1 or 2; y: 4 or 8) MCs,102,106,119 this scaffold was not prepared by slow 

crystallization, but rather by carboxylate substitution on the LnGa4Shi4(benzoate)4 with 5-

maleimide isophthalic acid. This approach was adopted due to the maleimide group’s sensitivity 

to alkaline reaction conditions. Under basic conditions, the maleimide ring can be hydrolyzed 

resulting in the opening of the ring and a significant decrease of its thiol-coupling reactivity. 

Therefore, since LnxGay MC synthesis requires addition of bases, such as NaOH or NH4HCO3, a 

different synthetic methodology was adopted for the preparation of Ln2Ga8Shi8Mip4 scaffolds. 

Taking advantage of the difference in pKa between benzoic acid (~4.20) and isophthalic acid 

derivative (~3.46, ~4.46), the four benzoate bridging ligands of the monomeric 

LnGa4Shi4(benzoate)4 can be replaced by four 5-maleimide isophthalate ligands, yielding the 

dimeric Ln2Ga8Shi8Mip4 MC, as shown in Scheme 2.1 

Since Ln2Ga8Shi8Mip4 was not isolated as a crystalline material, crystallographic data was 

not collected. However, the structural morphology is expected to be analogous to the 

Ln2Ga8Shi8Ip4 MC106 where the two LnGa4Shi4 subunits are crystallographically inequivalent, but 

virtually similar. Furthermore, they are structurally similar to the monomeric 

LnGa4Shi4(benzoate)4. Each of the 12-MCGa(III)N(shi)-4 scaffolds have a slightly concave ring 

morphology, and contains four d10 GaIII metal ions linked together by four Shi3- ring ligands. Each 

of the LnIII ions are located at the center of each of the two 12-MCGa(III)N(shi)-4 scaffolds, and are 

bridge together by four Mip2- ligands. The LnIII ions are eight-coordinate, where the four oxime 

oxygens from the MC and the four carboxylate oxygens from the bridging ligands complete the 

coordination sphere of each LnIII. 
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Scheme 2.1. a) Synthesis of LnGa4Shi4(benzoate)4 from free ligands and metal salts via slow crystallization. b) 

Synthesis of Ln2Ga8Shi8Mip4 by carboxylate substitution of benzoate with H2Mip on the monomeric MC.  

 

Due to the lack of crystallography data, the chemical composition of Ln2Ga8Shi8Mip4 was 

corroborated by ESI-MS and 1H NMR, as shown in Figure 2.2 and Figure 2.3. With both 

techniques, the exclusive presence of the dimeric MC scaffold was observed, thus confirming the 

composition and purity of the compound. Looking at the isotopic distribution of the MC’s mass 

spectrum, the overall charge of the complex was confirmed to be -2 – just as expected based on 

the crystallographic composition of the Ln2Ga8Shi8Ip4 scaffold. Charge neutrality, however, is 

likely achieved with pyridinium counter ions. This can be expected since charge neutrality of the 

precursor LnGa4Shi4(benzoate)4 is maintained with a single pyridinium ion, as confirmed by 

crystallographic data. But potentially more convincing is the fact that in the 1H NMR spectrum of 

Y2Ga8Shi8Mip4, pyridine peaks can be seen with higher ppm values (δ: 8.75, 8.19, 7.70) from the 

expected ones (δ: 8.58, 7.76, 7.35) in d6-DMSO. The NMR also further confirms the presence of 

a 2:1 ratio of Shi:Mip ligands, as expected for the Ln2Ga8Shi8Mip4 scaffold. Peak splitting of the 

bridging ligand protons (labeled 13,17, and 15 on Figure 2.3) arises from the non-equivalence 

between the two 12-MCGa(III)N(shi)-4 scaffolds in the dimeric MC. This has also been observed in 

previously reported analogous Ln2Ga8 complexes.106,122,124 
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As for the MC behavior in solution, the scaffold is fully soluble in polar aprotic solvents 

such as DMSO and DMF, but insoluble in water. The solution stability in organic solvents was 

investigated by mixing together equimolar solutions of Y2Ga8Shi8Mip4 and Y2Ga8Shi8Ip4 solely 

dissolved in DMF. The mixture was monitored by ESI-MS daily over a period of five days. As 

seen in Figure 2.4, no bridge exchange events are observed, and each of the MC mass spectrum 

signals are seen as discrete species; thus, confirming that under such conditions both MC scaffolds 

are stable in solution. However, when the same experiment was done under more aqueous 

conditions (DMF/H2O 1:1, v/v%), bridge ligand exchange between Y2Ga8Shi8Mip4 and 

Y2Ga8Shi8Ip4 occurs rapidly. As shown in Figure 2.5, exchange events are seen as low intensity 

signals of a single bridge ligand exchange between both compounds immediately after mixing. 

The entire spectrum of ligand exchange events (3:1, 2:2, 1:3; Mip:Ip) is seen just after one day. 

Therefore, making the solution mixture more aqueous decreases the unsubstituted Y2Ga8Shi8Ip4 

and unfactionalized Y2Ga8Shi8Mip4 MCs’ solution stability by catalyzing bridge ligand exchange 

events. It is important to highlight that other MC scaffolds, such as LnZn16pYzHA16 is stable in 

both organic and aqueous environments. Thus, it seems that the aqueous instability of  

Y2Ga8Shi8Ip4 and unfactionalized Y2Ga8Shi8Mip4 MCs arise from their structural morphology. 

Furthermore, as detailed in later sections, aqueous instability of the Y2Ga8Shi8Mip4 MC is deterred 

once functionalized with dendrons.  

The solution ligand-centered optical properties of Ln2Ga8Shi8Mip4 in DMSO demonstrated 

that the scaffold has an absorbance between 250-350 nm, with a low energy maximum at ~317 

nm. The MC’s singlet state (S*: 28650 cm-1) and triplet state (T*: 23280 cm-1) have a favorable 

energy difference (5370 cm-1) that ensures good ligand intersystem crossing (S*
→T*). This is of 

great importance for LnIII ion sensitization since the T* state of the antenna is regarded as the main 

feeding level to the metal ion emissive state.131 Regarding the T* calculation for Ln2Ga8Shi8Mip8 

, its energy position was determined using the GdIII-based scaffold since that LnIII has an accepting 

energy level located at 32000 cm-1. Such energy level is too high to be populated by the T*, thus 

the phosphorescent emission upon excitation at the ligand-centered region is determined to be the 

T* state of the MC.159 The T* value of Gd2Ga8Shi8Mip8 was found to be close to values of 

previously reported LnxGay (x: 1 or 2; y: 4 or 8) MCs: GdGa4Shi4(benzoate)4 with 22170 cm-1;102 

GdGa48Shi8(OH)4 with 22620 cm-1;119 and Gd2Ga8Shi8Ip4 with 21980 cm-1.106  
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As for the LnIII-centered photophysical properties, the good spectral overlap between the 

absorbance and excitation spectra of the Yb2Ga8Shi8Mip4 scaffold, seen in Figure 2.6 and Figure 

2.8, further demonstrates the favorable antenna effect of the MC scaffold to the LnIII ions. 

Additionally, the T* state is located at a higher energy level than the main emissive state of all 

luminescent LnIII ions. However, significant back transfer should be expected for LnIII ions with 

emissive states too close to the T* level, such as TbIII (20400 cm-1), DyIII (21100 cm-1), and TmIII 

(21350 cm-1). Other electronic events, such as ligand-to-metal charge transfer (LMCT), can also 

impede LnIII ion sensitization, just as with the LnGa4 and Ln2Ga8 scaffolds where many, but not 

all, LnIII ions can be sensitized by these MCs.  

Upon excitation into the ligand-centered bands at 320-340 nm of Yb2Ga8Shi8Mip4, 

characteristic YbIII luminescence emission in the NIR is observed in both solution and solid state, 

as seen in Figure 2.8. Quantitative photophysical data listed in Table 2.1, show that τobs and 𝜑𝑌𝑏
𝐿  

in the solid state of Yb2Ga8Shi8Mip4 are significantly lower compared to the previosuly reported 

YbIII-based MCs of the Ga-family. The large drop in both values in the solid state can be attributed 

to two effects: i) the prescence of the pyridinium counter ions (with N-H oscillators); and, ii) the 

quenching behavior of malemide. In the former, the vibronic oscillator of pyridinium counter ions 

can be in close enough proximity when in solid state to quench the luminescence of YbIII. This is 

corroborated by the fact that in DMSO (an aprotic solvent) solutions, τobs and 𝜑𝑌𝑏
𝐿  values increase 

likely due to the dissociation/solvation of the pyridinium ions. For the latter, unsubstituted 

maleimide groups are known to be efficient quenchers of luminescent emission.160,161 Quenching 

arises from direct conjugation of maleimide groups to fluorophores due to the low lying n→π* 

transition of the ring, and through photoinduced electron transfer (PET) to the C=C bond. Thus, 

the presence of such LMCT states provide a favorable environment for non-radiative decay and 

are responsible for the pale orange to yellow color of the compound. Lastly, the biexponential 

nature of the scaffold’s τobs is also due such quenching effects. Fortunately, the quenching effects 

of maleimide rings are improved once the C=C bonds becomes saturated – e.g., by thiol coupling.  

The Michael addition of cysteamine was carried out onto the four maleimide appendages 

of Sm2Ga8Shi8Mip4 by simply reacting a small excess of cysteamine (9 eq) to the MC (1 eq) 

dissolved in DMF. Complete coupling of four cysteamine per MC was corroborated by ESI-MS 

as seen in Figure 2.10. The luminescent characterization of Sm2Ga8Shi8Mip4 and 

Sm2Ga8Shi8Mip4(Cys)4 (pre- and post-functionalization, respectively) demonstrated that SmIII 
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emission is sensitized in both scenarios. The solution state absorbance and excitation spectra of 

Sm2Ga8Shi8Mip4 and Sm2Ga8Shi8Mip4(Cys)4 are identical and have a low energy maximum at 

~311 nm in methanol. The same is observed for the emission spectra, where the f-f transition 

remain identical in both complexes. Thus, these results demonstrate the efficient and simple thiol 

coupling of small molecules onto MCs, and, even more importantly, that LnIII sensitization is still 

observed after coupling.  

An important structural aspect of Ln2Ga8Shi8Mip4 scaffolds is the fact that the thiol-

Michael addition to each of the four maleimide appendages can happen at either of two carbon 

positions in the maleimide’s C=C bond. Thus, resulting in the possibility of forming two different 

isomers per appendage. In the case of a Ln2Ga8Shi8Mip4 MC, the four maleimide appendages each 

can have four possible configurations. As seen in Figure 2.25, each maleimide group has the 

potential to have two different isomers (A and B), each with a 180° of rotational freedom. The 

presence of several potential isomers could influence the overall chirality of the complex, which 

could also have an influence on the behavior as an imaging agent – e.g., cell uptake or polarized 

luminescence. Furthermore, the presence of multiple isomers can also have an influence on the 

measured polydispersity of the complex by DLS. While having multiple chiral centers in a single 

molecule results in an ensemble of diastereomers, each potentially possessing different physical 

properties, at this point there is no method for separating these distinct complexes. Therefore, for 

the remainder of this thesis each generation of DMCs is largely treated as if it corresponds to a 

single isomer; however, the reader should be aware of this added complexity. 

 

 

Figure 2.25 Possible set of isomer for a single thiol-Michale addition to a maleimide group. Thiol coupling can yield 

two sets of isomer, and each isomer has a 180° of rotational freedom.  
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2.4.2 Toroidal Dendrimeric Metallacrowns 

After corroborating that luminescent sensitization is still possible with functionalized MCs, 

the next step was to exploit such functionalization potential to expand the application of 

luminescent MC into the field of dendrimers. To this end, Yb2Ga8Shi8Mip4 MCs were used as the 

core of PAMAM dendrimers, as shown in  Scheme 2.2, in order to develop a new class of LnIII ion 

luminescent metallodendrimers. 

 

 
Scheme 2.2. Simplified representation of dendrimeric metallacrown preparation. Left, thiol-focal point dendron. 

Middle, model of LnIII
2[12-MCGa(III)N(shi)-4]2(Mip)4 MC. Right, top view of toroidal dendrimeric metallacrowns.  

 

To start, thiol-focal point PAMAM dendrons of four generations (G:0.5-2.0) were prepared 

with modified standard procedures.162 Briefly, dendron synthesis began with thiol trityl protection 

of cysteamine, followed by sequential reaction with methyl acrylate and ethylenediamine in 

methanol. Once the desired generation was achieved, deprotection was done under acidic 

conditions to yield free thiol focal point dendrons to couple readily to Yb2Ga8Shi8Mip4 MCs. The 

trityl protection and deprotection for PAMAM dendron synthesis is a relatively uncommon 

synthetic approach. So far only two papers published by Wängler et al.163,164 have used such an 

approach, but instead of cysteamine used as the thiol source, they used long polyethylene glycol 

(PEG) linkers with a thiol-focal point. The synthetic methodology described in this chapter was 

developed independently of Wängler et al.’s work, and follows more of a peptide protecting and 

deprotecting approach. More commonly, disulfide compounds, such as cystamine (H2NCH2CH2S-

SCH2CH2NH2),
165,166 are employed for the dendron synthesis. This synthetic approach requires the 

reduction of the disulfide bond with reducing agents such as dithiothreitol (DTT) or tris(2-
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carboxyethyl)phosphine) (TCEP) to yield free thiol-focal point dendrons. However, for the 

synthesis of DMCs, this approach was not suitable. This is because both DTT and TCEP have been 

shown to interfere with thiol-maleimide coupling.167,168 Thus, in order to avoid complicated 

oxygen free purification methods (as to avoid the re-oxidation of the free thiol dendron) to remove 

DTT and TCEPT, the trityl protection-and-deprotection approach was used instead. 

DMCs were then prepared by reacting an excess of freshly deprotected thiol-focal point 

dendrons with Yb2Ga8Shi8Mip4 under mildly basic conditions and an inert atmosphere. The 

addition of 4-dimethylaminopyridine (DMAP) as base to the reaction solution was to ensure the 

formation of thiolate ions of dendrons to start the catalytic cycle of Michael addition.158 The 

maleimide coupling mechanism has largely been explained as first needing the formation of some 

thiolate anion that then further deprotonates other thiols. As seen in Scheme 2.3, two methods to 

form the initial enolate are widely accepted: based-initiated and nucleophile-initiated. Since 

DMAP is nucleophilic base, either mechanism can play a role. Addition of DMAP was not required 

when the MC was only coupled to cysteamine. This is most likely since the thiolate formed from 

the amine site deprotonating the thiol site in cysteamine.  

 

 

Scheme 2.3. (Top) Formation of thiolate anion from a) acid-base equilibrium reaction, and b) nucleophilic-initiated 

pathway. (Bottom) Accepted Michael addition of thiolates to maleimides by catalytic formation of thiolate.  
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Reaction length between dendrons and the MC increased with increasing dendron 

generation, requiring 7-10 days for complete coupling with the largest dendron (G2.0). Purification 

of G1.0 - 2.0 DMCs was done by dialysis against DMSO for over a week. Dialysate and dialysis 

bags were changed every 24 hours, and removal of excess uncoupled dendron was monitored by 

ESI-MS daily. The samples were deemed pure once the free dendron peak was no longer visible 

by mass spectrometry. However, it is important to remember that dendrimer defects (e.g. 

incomplete monomer addition, missing dendrons, and cyclization) are not remove by this method, 

since their removal is almost impossible due to the structural similarities between perfect and 

unperfect dendrons.3,4,6 Thus, “pure product” is defined as a fully coupled MC center with four 

dendrons, and with no left over unreactive material -such as Ln2Ga8Shi8Mip4 MC or unreacted 

dendrons. Purification of G0.5 DMC only required solvent concentration, followed by rinsing with 

copious amounts of water due to the significantly lower water solubility of this DMC compared to 

the other generations.   

As seen in Figure 2.12 characterization by ESI-MS corroborated complete coupling of four 

dendrons to the MC core, and the lack of unreacted MC. The increasing molecular weight of DMC 

with increasing generation was corroborated by ESI-MC seen as increasing m/z values. 

Interestingly, as the number of internal amide and amine groups increased with each generation, 

protonation of the compounds was more easily achieved; thus, DMC of G1.0-2.0 were better 

detected by the mass spectrometer in positive mode, and with multiple protonation states – unlike 

the MC core and G0.5 DMC which were only visible in negative ion mode, as a -2 species. 

 Analysis by DLS also confirmed increasing size of the DMC since the approximated 

hydrodynamic diameters increased with increasing generation. Compared to standard PAMAM 

dendrimers, DMC are shown to be more polydisperse. The four DMCs (G0.5-2.0) had 

polydispersity index (PdI) values ranging from 0.18-0.59, while regular PAMAM dendrimers tend 

to have narrow polydispersities of 0.0 – 0.1 by DLS (or 1.0-1.1 by GPC). Since polydispersity is 

a measure of homogeneity of compounds in solution, the greater the PdI, the more heterogenous 

the sample (i.e., more variation in particle size). However, while by DLS standards these DMCs 

have moderate polydispersity, this is not necessarily a reflection of heterogenicity – which could 

be interpreted as samples with varying particle size due to incomplete dendron coupling to the MC 

core, or as high degrees of aggregation. This is because the DLS instrument calculates a PdI and 

average hydrodynamic diameter from the measured diffusion coefficient with the assumption that 
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particles in solution are perfect spheres. In other words, the DLS delivers diameters of spheres that 

diffuse the same way as the DMC particles. Thus, since the toroidal DMCs are not spherical and 

depending on the angle of diffusion measure by the instrument, the calculated diameter can 

moderately vary in size – thus, yielding larger PdI values. Furthermore, the presence of isomers 

arising from the two different coupling sites in a maleimide appanage could be interpreted as a 

measure of low homogeneity by the DLS; thus, yielding broader polydispersities. Yet, more 

importantly is the fact that the measured diffusion coefficient of each DMC generation decreases 

with increasing generation, further confirming, in conjunction with ESI-MS characterization, that 

the complexes increase both in size and molecular weight. If future applications of DMCs required 

greater definition of the size distribution, there are further experimental169 and mathematical170 

analyses that could be employed to approximate the dendrimer diameters better based on shape 

and diffusion rates. 

Another important piece of information observed by DLS is the aggregation behavior of 

particles in solution dependent on solvent composition and sample preparation, and depicted as 

larger diameter values than expected. Solvent dependent aggregation was clearly observed when 

comparing the DLS plots of the DMCs in DMSO and in H2O/DMSO (99:1, v/v%) solutions 

(Figure 2.13 and Figure 2.14). While in DMSO solutions a small degree of aggregation was 

observed, in H2O/DMSO solutions large aggregates (160-405 nm) were more prominent. The G1.5 

DMC had the smallest size aggregates in H2O/DMSO compared to the G1.0 and G2.0 DMCs. This 

is likely due to the less hydrophilic surface groups (-OMe) of the G1.5-DMC which make the 

dendritic shell contract in the more aqueous environment. This contraction is common among 

standard dendrimers, and its heavily dependent on dendron composition (i.e., surface and family), 

solvent composition, and overall solution pH.45,46 This contraction behavior is also observed when 

looking at the smaller diameter peak of the same G1.5-DMC plot, which has a smaller average 

hydrodynamic diameter (~3 nm) in water than in DMSO (~4 nm). As for the full generation 

toroidal-DMCs, G2.0 has significantly larger aggregates than the G1.0 DMC. The fact that G2.0-

DMC has twice as many -NH2 surface groups (16) compared to G1.0-DMC (8) suggests that the 

observed aggregation behavior in water is not due to the lack of solubility. This is because the 

higher the number of hydrophilic surface groups in a dendrimer, the higher its water solubility. 

Thus, other self-aggregation mechanisms, such as dendron entanglement or enhanced hydrogen 

bonding, may be the main reason behind the larger diameter species. More extensive DLS analysis 
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is needed to understand such aggregation behavior better and minimize its effects.   

As for sample preparation aggregation, as seen in Figure 2.15, two G1.5 DMC samples 

dissolved in DMSO and with similar concentrations have different hydrodynamic diameters (4.12 

nm and 89.5 nm). The main difference between Sample A and Sample B is the way they were 

prepared for analysis. Sample A was concentrated to completion (i.e., all its solvent was removed) 

and then redissolved in DMSO, while Sample B was always dissolved in DMSO. The large 

difference in diameters is attributed to aggregation that is catalyzed when samples are 

concentrated. As solvent volume is reduced and the solution becomes more concentrated, the 

dendrimer arms are more likely to interlink with each other and form oligomers (dimer, trimer, 

etc.). Interestingly, the PdI values are also different with the larger diameter sample having a much 

narrower polydispersity. This is most likely due to the fact that as the DMCs particles aggregate, 

they take on more globular shapes. Overall, this solution behavior further exemplifies the need to 

not over concentrate dendrimer solutions as to avoid defects formation and unwanted aggregation.  

One more piece of information that can be subtracted from the DLS data is an 

approximation of the maximum number of solvent molecules encapsulated/associated to the DMC 

and the MC. This can be extrapolated from the density (ρm) of the measured sample by DLS, and 

comparing it to the maximum density of the sample, which can be determined from the crystal 

structure of a given scaffold. Three assumptions would be made in this case: i) the density of the 

Yb2Ga8Shi8Mip4 would be assumed to be the same as the one measured for the Yb2Ga8Shi8Ip4 MC 

from crystallographic data106 (ρ:1.445); ii) the density of each DMC is extrapolated from the 

difference in the measured values of the MC and the DMC, and the assumed MC density; and iii) 

the molecules associated/encapsulated are only DMSO (MW: 78 g/mol). Values to perform the 

calculations are listed in Table 2.4, and detailed step-by-step calculations are shown in Appendix 

B. With this approach, a reasonable estimation for the maximum level of solvation of the MC and 

each of the DMCs can be determined. The increase in DMSO molecules associated with the DMCs 

is to be expected since the addition of four sets of dendrons arms with increasing generation size 

also increases the number of cavities and sites for solvent encapsulation.   
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Table 2.4 Calculated solvent molecules encapsulated or associated with samples in DLS. 

Sample Ra 

(nm) 

Vb (mL) MWc 

(g/mol) 

Massd (g) ρm
e 

(g/mL) 

ρ (g/mL) #DMSO 

molecules 

MC 1.10 5.58e-21 3140 5.21e-21 0.93 1.445f 14 

DCM G0.5 1.25 8.18e-21 4140 6.87e-21 0.84 1.31 19 

DMC G1.0 2.00 33.51e-21 4360 7.24e-21 0.22 0.34 20 

DCM G1.5 2.06 36.62e-21 5740 9.53e-21 0.26 0.40 26 

DCM G2.0 2.31 51.63e-21 6190 10.28e-21 0.20 0.31 28 
a From DLS estimated hydrodynamic radius. b Volume assuming sample is a sphere; V=3/4πR3. c From ESI-MS. d 

MW/Avogadro’s number. e Calculated density. f From crystal structure.
106

 

 

Both the ESI-MS and DLS data highlight the structural and morphological difference of 

regular dendrimers and dendrimeric metallacrowns. For example, with relatively small dendron 

generations, DMCs reach diameter sizes comparable to those of larger PAMAM dendrimers made 

with EDA cores – with G1-2 toroidal DMS close in size to standard G4-5 PAMAM dendrimers.171–

173 The same is true for the molecular weight as seen by mass spectroscopy. The four DMCs 

generations range from 3.1 kDa to 6.2 kDa, which is comparable to G2-3 PAMAM dendrimers.173 

The obvious size difference arises from the much larger DMC cores compared to EDA-cored 

PAMAM dendrimers, which are about five times smaller (EDA, 0.38nm), as seen in Scheme 2.4. 

This influences the overall shape of DMCs as well as the cavity formation within the dendritic 

shell. With more massive cores but shorter dendron length, PAMAM DMC cavities are expected 

to be more open and flexible. However, depending on the desired application, cavity size can be 

tailored by the chosen dendrimer family coupled to the core, with more sterically hindered 

dendrons making less flexible DMCs. Shell tailoring with different dendron families, and large 

diameter in conjunction with high molecular weight after fewer synthetic cycles are qualities 

sought when developing nanomaterials, especially for those with biomedical application where 

cell uptake and retention times are factors driven by size and weight.23 
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Scheme 2.4 Comparison between a G4.0 EDA-cored PAMAM dendrimer with a Ln2Ga8Shi8Mip4 MC highlighting 

that the MC has a diameter (measured by DLS) half as large as a large PAMAM dendrimer. Also, the MC used as the 

core of DMCs has the same amount of coupling sites for dendron grow, as EDA-cored PAMAM dendrimers. 

 

Furthermore, compared to EDA-cored PAMAM dendrimers, Ln2Ga8Shi8Mip4-cored 

DMCs have a more toroidal, or disk-like, shape. This is as a result of dendron attachment taking 

place at the waist of the MC core, which already has protruding maleimide appendages pointing 

out from the midsection. The location of the dendrimer arms also offers the benefit of protecting 

the core from undesirable solvent interaction even with the smallest dendrimer. As seen in Figure 

2.16, when combining Tb2Ga8Shi8Mip4 with Tb2Ga8Shi8Mip4 G0.5 in DMF/H2O (1:1, %v/v), 

bridge exchange does not occur even after several days. Since ligand exchange occurred rapidly 

under similar conditions between Y2Ga8Shi8Ip4 and Y2Ga8Shi8Mip4, the increase in solution 

stability was attributed to the added protection that the dendrons arms offer to the MC core from 

solvent molecules. This is of particular importance not only for the solution stability of the DMCs, 

but also for the efficient sensitization of the core that can be hindered by solvents with non-

radiative quenchers.  

Since luminescent PAMAM dendrimers most often rely on surface modification or 

encapsulation of organic-based chromophores, their emission is limited by their photostability and 

surrounding chemical environment. Metallodendrimers have expanded this avenue, but still very 
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few examples of LnIII-based luminescent dendrimers exist.56–59,88,155 To evaluate the luminescent 

properties of DMCs and the influence of the dendrimer shell on the core sensitization, the 

photophysical properties of each YbIII-based DMC generation were investigated. Absorption 

spectra of each generation in DMSO exhibit π→π* transition bands in the range of 250-350 nm, 

with a low-energy maximum between 317-319 nm (ε≈4.1x104 M-1 cm-1). Just as with the 

unfunctionalized MC core, the singlet state (S*: 28650 cm-1) and the triplet state (T*: 22350 cm-1) 

are 6300 cm-1 apart, which is favorable for efficient intersystem crossing. The T* energy level was 

measured using G0.5 GdIII DMC and is not expected to change much between dendrimer 

generations since the absorbance contribution of the complex arises from the ring ligands, with 

little or no contribution from the bridging ligands. Furthermore, PAMAM dendrons are poor 

antennas – i.e., they are not particularly good at energy transfer. 

Based on the Figure 2.17, the size of the dendron generation does not seem to affect the 

electronic properties of the organic ligands in the MC scaffold since the absorbance spectra is 

identical for each generation. The good overlap of the absorbance spectra and excitation spectra 

indicates effective energy absorbance and transfer by the MC rings. Excitation at 320 nm exhibited 

characteristic YbIII emission from 950-1150 nm for all generations, as seen in Figure 2.19. 

Photophysical data shown in Table 2.2 demonstrates that, as expected, the quenching effects of 

the maleimide rings are eliminated when coupled with dendrons. Both the values of YbIII DMCs’ 

τobs and 𝜑𝑌𝑏
𝐿  increase significantly (by a factor of ~1.3, and  ~2.5 – 3.4, respectively) compared to 

the MC core. The lifetimes are also best fitted with monoexponential decay, unlike the MC core, 

most likely due to the elimination of the maleimide rings’ quenching behavior. Increasing quantum 

yield could also be due to solvent protection by the dendritic shell; however, longer generations 

can also have the hindering effect of encapsulating solvent molecules within cavities. This may 

explain why going from G0.5 to G1.0 the 𝜑𝑌𝑏
𝐿  increases by a factor of ~25%, but going to longer 

generations slightly reduce such values by ~4% and ~7%, respectively. Nevertheless, the high 

quantum yields, and longer lifetimes are exciting results for the first YbIII-based DMCs.  

As seen in Figure 2.21, Figure 2.22, and Table 2.3, solid state and H2O/DMSO 

photophysical data of G0.5 Ln2Ga8Shi8Mip4 DMCs (Ln: YbIII, TbIII, and SmIII) were collected. 

Sharp emission bands corresponding to each of the LnIII ions’ f-f transitions are observed in the 

visible and NIR regions under excitation at 320-340 nm. In general, these DMCs have comparable 

quantum yields and luminescent lifetimes to other MCs.102,106,119,129 The solid state 𝜑𝑌𝑏
𝐿  of 3.24% 
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for Yb2Ga8Shi8Mip4 G0.5 DMC is higher than most YbIII-based MCs – with the exception of the 

monomeric parent MC YbGa4Shi4(benzoate)4 with 5.88%. The SmIII-based DMC has similar 𝜑𝑆𝑚
𝐿  

(2.31%) values to other SmIII-based MCs, with the exception of SmGa8Shi8(OH)4 (10.4%). Lastly, 

the TbIII-based DMC has the lowest 𝜑𝑇𝑏
𝐿  (11.9%) value of all published MCs. This is due to energy 

back-transfer events (T*
Tb*) since the DMC’s T* and emissive Tb* levels are too close to each 

other (ΔE: 1950 cm-1). Such back energy transfer is likely also responsible for the biexponential 

character of the TbIII-DMC luminescent decay. To study the luminescent behaviors of these DMC 

in more aqueous environments, solution state data in H2O/DMSO (~96:4, v/v%) was collected. 

This solvent ratio was found to be the solubility limit in water with 1 mg/mL concentrations of 

each DMC. As expected, the τobs/𝜑𝑌𝑏
𝐿  decreased by a factor of  ~2.7/~3.7 for YbIII, ~1.2/~2.1 for 

SmIII, and ~1.1/~1.9 for TbIII; nevertheless, luminescent emission was still strong enough to be 

detected. Additionally, compared to the only fully water soluble YbZn16PyzHa16 MC with a 𝜑𝑌𝑏
𝐿  

of 0.0112%, the 𝜑𝑌𝑏
𝐿  of  the YbIII-DMC is ~77.5 times larger. This is due in part to the better ΔE 

between the T* and Yb* states and the lack of ILCT levels of the DMC compared to the 

YbZn16PyzHa16 MC, but is also due to the solvent protection by the dendron arms, as seen in the 

ESI-MS stability experiments. It is important to point out that solid state luminescent 

characterization was only performed on the smallest of the DMCs as so avoid defect formation 

from solvent concentration with the larger generations.  

 

2.4.3 Cell Studies 

PAMAM dendrimers have been extensively researched in areas of nanomedicine as 

payload carriers of agents, such as therapeutic drugs, contrast agents, and imaging probes.174 

Therefore, due to the nature of the dendrimer shell, and the improvement of water stability and 

luminescent sensitization, DMCs were used to label HeLa cells in order to assess their luminescent 

imaging potential. As seen in Figure 2.23, while bright luminescent signal was detected with cells 

incubated with Yb2Ga8Shi8Mip4 G0.5 and G1.5 DMCs, cell uptake was not observed. Instead, both 

compounds form aggregates, and have non-specific interaction with the cells surfaces. Since 

aggregate formation was not observed in DMSO solutions by DLS, this behavior must arise from 

their interaction with a more aqueous environment and the fact that both DMC have methyl ester 

(-OMe) surfaces. Improved behavior was observed when cells were incubated with 

Yb2Ga8Shi8Mip4 G1.0 DMC. A strong epifluorescence signal in the NIR was detected arising from 
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the MC core. The localization of an intense signal around cells suggests non-specific labeling 

interactions of the DMC to the cell membrane. But a bright signal localized at the nucleoli of most 

cells, as seen in Figure 2.24, indicate that part of the G1.0 DMC was internalized by the cells – 

with a cell trafficking up to the nucleus. Furthermore, cells images also demonstrate the three DMC 

generations are stable, and capable of sensitizing the YbIII luminescence under cell culture 

conditions. Thus, DMCs, especially full generation ones, have the potential to become NIR 

luminescent payload delivery systems with photostable cores. This would be a great improvement 

to standard PAMAM dendrimers that require functionalization with organic luminescent probes. 

Furthermore, the toroidal shape of DMCs could offer an advantage over spherical dendrimers 

when adhering to cells since elongated shapes would have higher surface areas that can facilitate 

multivalent interactions with cell surfaces.175 Altogether, this demonstrates the great imaging 

potential of DMCs.  

 

2.5 Conclusions 

The work presented in this chapter demonstrates the functionalization potential of LnIII-

based metallacrowns, and their expansion into the dendrimer field. I described the synthetic 

incorporation of thiol-active maleimide groups to the bridging ligands of dimeric Ln2Ga8 MCs. 

The Ln2Ga8Shi8Mip4 MC scaffold was characterized by ESI-MS and NMR to corroborate 

chemical and structural composition. Solid state photophysical characterization demonstrated that 

the maleimide groups have a strong quenching effect on the luminescence of the YbIII-based 

scaffold, with its τobs and 𝜑𝑌𝑏
𝐿  values drastically decreasing compared to the parent monomeric MC 

YbGa4Shi4(benzoate)4 and the structurally analogous dimeric MC Yb2Ga8Shi8Ip4. Fortunately, 

such quenching effects are eliminated once the maleimide groups are coupled to thiol-bearing 

compounds. The functionalization ability of Ln2Ga8Shi8Mip4 was corroborated by coupling four 

cysteamine groups to the four maleimide appendages of the MC. The SmIII emission of the pre- 

and post-cysteamine coupled event corroborated that the luminescence signal is not hindered by 

such functionalization. However, the limited solution stability and insolubility of this scaffold in 

water restricts its application to non-aqueous environments.  

To exploit the optical properties of  MCs, improve their aqueous stability, and expand their 

applications, Ln2Ga8Shi8Mip4 were used as the core of dendrimeric metallacrowns, combining the 

photophysical characteristic of MC with those of dendrimers. For this, I showed the synthesis and 
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characterization of a new family of dendrimeric metallacrowns with Ln2Ga8Shi8Mip4 MC cores 

and PAMAM dendritic shells. ESI-MS and DLS corroborated the formation of DMCs of four 

different generations, while the photophysical characterization in DMSO solution demonstrated 

excellent sensitization of the YbIII ions and high 𝜑𝑌𝑏
𝐿 . Furthermore, the distinct structural features 

of DMCs, such as the toroidal shape, large diameters, and high molecular weight with smaller 

generations, offer an ample opportunity to investigate their physiochemical properties. An increase 

in solution stability in aqueous mixed media (DMF/H2O) was observed, with nullification of 

bridge ligand exchange events once the MC core is functionalized with four PAMAM dendrons. 

This corroborates the solvent protection that the dendrimer shell offers to MC cores, as it has been 

observed with other macrocyclic cored metallodendrimers. Photophysical analysis and cell studies 

demonstrated excellent LnIII sensitization, as well as robust stability in cell culture conditions. 

Furthermore, it could be expected that Ln2Ga8Shi8Mip4 MC undergoing thiol-Michael addition has 

an array of isomer combinations based on the fact that each of the maleimide appendages can yield 

two sets of isomers upon thiol coupling. This could have interesting pharmacokinetic properties 

since depending on the cell, cell uptake can be selective based on chirality. Additionally, 

interesting polarizable luminescent signals could be obtained if the chirality of the system can be 

somewhat controlled or diastereomers separated.  

With this work, I was able to demonstrates that by combining dendrimers with LnIII-base 

MC, it is possible to combine the photophysical properties of the core and the properties of 

dendrimers, while developing a new class of metallodendrimers. Additionally, the tunability of 

dendrimers and MCs opens up the possibility to customize the application of dendrimeric 

metallacrowns by attaching the dendrons to other positions on the MC core or coupling 

biologically interesting molecules such as antibodies or vitamins to the core and/or dendrimer 

architecture. 
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Chapter 3  

Light-Catalyzed Functionalization of Luminescent Metallacrowns 

and Hyperboloidal Dendrimeric Metallacrowns 

 

3.1 Introduction 

As introduced in Chapter 1, lanthanide-based luminescent metallacrowns have been 

prepared with an array of Zn(II) picolinehydroxamate and  Ga(III) salicylhydroxamate derivatives 

in order to enhance their optical properties (e.g., energy transfer or absorbance red-shifting). 

However, synthetic modification of their templating ring ligands in order to increase their 

functionalization is still at an early stage. Chapter 2 examined the functionalization of the bridging 

ligands of Ln2Ga8 MCs to introduce efficient coupling sites for thiol-bearing molecules. This 

functionalization then led to the development of Ln2Ga8 MCs capable of being used as the core of 

dendrimers. In this chapter, emphasis is placed on the modification of the ring ligands of LnGa4 

and Ln2Ga8 MCs in order to introduce coupling sites to each scaffold (four and eight, respectively).  

Previous work by Plenk et al.,147 and Lutter et al.122,140 demonstrated that via Sonogashira 

coupling, alkyne groups capable of undergoing copper-catalyzed alkyne-azide cycloaddition 

(CuAAC) can be incorporated to the ring ligands of LnGa4 and Ln2Ga8 MCs. Both authors were 

able to couple small azide-bearing molecules onto the MCs, and study the luminescent and 

magnetic properties of the functionalized scaffolds. Additionally, with the Ln2Ga8 MCs, Lutter et 

al.122,140 also observed a red-shift of the scaffold’s excitation energy that was retained pre- and 

post-azide coupling. However, while CuAAC is a well-studied coupling approach, its synthetic 

requirements, such as a CuI source and aqueous solvent system, can limit their application as a 

functionalization approach – especially with systems with limited aqueous solubility or with 

copper chelating sites. Furthermore, since azide compounds can be heat- and shock-sensitive with 

the potential of explosively decomposing,176 the application of CuAAC coupling is further limited 

to small scale reactions, and small azide compounds. Thus, in order to further expand the 
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functionalization capabilities of LnGa4 and Ln2Ga8 MCs at their ring ligands, a more synthetically 

flexible and safe approach is required.  

To this end, this thesis chapter presents the synthesis and characterization of light-catalyzed 

metal-free thiol-yne and -ene coupling systems incorporated into two different positions on the 

ring ligands of luminescent LnGa4 and Ln2Ga8 MCs. A total of four different ring ligands capable 

of undergoing thiol coupling were prepared and investigated for their coupling and luminescent 

properties. This report is the first study to utilize light-catalyzed coupling methods to 

functionalized metallacrowns. Furthermore, Ln2Ga8 MCs prepared with the most reactive ring 

ligand were utilized as the core of a new class of luminescent metallodendrimer, hereon known as 

hyperboloidal dendrimeric metallacrowns (H-DMCs). The hyperboloidal description arises from 

the fact that dendrons are attached to the ring ligands of dimeric Ln2Ga8 MCs, making the complex 

take on the shape of a hyperboloid (or hourglass) where the “top” and “bottom” of the DMC are 

wider than its “waist”. This is also to distinguish them from the toroidal dendrimeric metallacrowns 

(T-DMCs) described in Chapter 2. 

For this chapter, I first describe the synthetic requirement to develop thiol-active ring 

ligands for 12-MC-4 metallacrowns. I then demonstrate the thiol-coupling capabilities of both 

LnGa4 and Ln2Ga8 scaffolds prepared with each of the four new ring ligands, and their 

luminescence characterization pre- and post-thiol coupling. Lastly, I follow this by presenting data 

on the formation of DMCs, as well as their luminescent properties. Altogether, this chapter 

investigates the functionalization requirements of metallacrowns at an orthogonal position to that 

described in chapter 2, which focused on isophthalate bridges, and their photophysical properties. 

 

3.2 Experimental  

3.2.1 Chemical and Materials  

All reagents and chemicals were purchased from commercial sources and used without 

further purification. Cysteamine (Sigma-Aldrich, 95%), cysteamine hydrochloride (Alfa Aesar, 

98+%), Extra dry dichloromethane (Acros, 99.9%), Trifluoro acetic acid (Fisher, Peptide synthesis 

grade), Trityl chloride (Acros, 98%), Chloroform (Fisher, ACS grade), Sodium hydroxide (Fisher, 

ACS grade), Magnesium sulfate anhydrous (Fisher), Methanol (Fisher, ACS grade), Methyl 

acrylate (Acros, 99%), Ethylenediamine (Alfa Aesar, 99%), Toluene (LabChem, ACS grade), 

Dichloromethane (Fisher, ACS grade), Triethylsilane (TCI, 98+%), Petroleum ether (Fisher, ACS 
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grade), Gallium (III) nitrate hydrate (Acros, 99.9998%), Ytterbium nitrate pentahydrate (Sigma 

Aldrich, 99.9%), Samarium nitrate hexahydrate (Sigma Aldrich, 99.9%), Gadolinium nitrate 

hexahydrate (Sigma-Aldrich. 99.999%), Methyl-2,4-dihydroxy benzoate (TCI America, 98.0%), 

Methyl-2,5-dihydroxy benzoate (TCI America, 98.0%), Allyl bromide (Acros Organics, 99% 

stabilized), Propargyl bromide 80% toluene (Alfa Aesar, stabilized with MgO), Anhydrous 

potassium carbonate (Fisher, Certified ACS), Acetone (Fisher), Diethyl ether (Fisher), 

Hydroxylamine hydrochloride (Alfa Aesar, 99%), Potassium hydroxide pellets (Alfa Aesar, 85%), 

Ethyl acetate (Fisher, ACS grade), Hydrochloric acid (Fisher, 36.5-38.0%), Sodium benzoate 

(Fisher), Pyridine (Fisher, ACS certified), Isophthalic acid (Alfa Aesar, 99%), N,N-

dimethylformamide (Fisher, Sequencing grade), 2-Mercapto ethanol (Fisher), 2,2-Dimethoxy-2-

phenylacetophenone (DMPA, Sigma, 99%), 4,4′-Bis(dimethylamino)benzophenone (Michler’s 

Ketone, Sigma, 98%), Azobisisobutyronitrile (AIBN, Sigma, 98%), SnakeSkin Dialysis Tubing 

3.5 MWCO 22 mm (Themo Scientific), Dimethyl sulfoxide (Fisher, HPLC grade), Chloroform-d 

0.03% v/v% TMS (Acros, 99.8+%), Dimethyl sulfoxide-d6 0.03% TMS (Acros, 99.9%), 

Methanol-d4 (Acros, 99.8%), Methanol (Sigma-Aldrich HPLC Plus, 99.9%), NanoStar Disposable 

MicroCuvette (Wyatt), LED Emitter UV 365 nm flat lens 14 W (Digikey), AC/DC Wall mount 

adapter (Digikey), Computer fan (Newark), Aluminum foil tape (Newark).  

 

3.2.2 General Characterization Methods  

Electrospray Ionization Mass Spectrometry (ESI-MS) was performed on an Agilent 6230 

TOF HPLC-MS in negative or positive ion mode with fragmentation voltage of 250-350V. 

Samples were prepared by dissolving approximately 0.5-1 mg of compound in 2 mL of HPLC 

grade methanol. Samples of 5-10 µL were manually injected. Methanol was employed as eluent 

in negative ion, and acetonitrile with 0.1% formic acid in positive ion. The flow rate was 0.5-1 

mL/min. Data were processed with Agilent MassHunter Qualitative Analysis Software.  

CHN elemental analysis was performed in a Carlo Erba 1108 elemental analyzer and a 

PerkinElmer 2400 elemental analyzer by Atlantic Microlab.  

1H NMR spectra were acquired on a 400 MHz Varian MR400 or 500 MHz Varian 

VNMRS500 NMR Spectromer. Samples were prepared in Chloroform-d, Dimethyl sulfoxide-d6, 

or Methanol-d4, and spectra were proceessed using MestraNOVA software.  

Dynamic Light Scattering (DLS) was performed on a DynaPro NanoStar instrument at 
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25ºC with a scattering angle of 90º. Samples were prepared by dilution in DMSO, followed by 

centrifugation for five minutes at twelve thousand rpm. Scans were done with five second 

acquision time seta and twenty runs. Data was plotted using OriginPro 2020 software. 

 

3.2.3 X-Ray Crystallography  

Data collection and structural refiment was performed by Dr. Jeff W. Kampf at the 

University of Michigan. Collection was done on single crystals mounted on a Rigaku AFC10K 

Saturn 944+ CCD-based X-ray diffractometer equipped with a low T device and Micromax-007HF 

Cu-target micro-focus rotating anode ( = 1.54187 Å) operated at 1.2 kW power (40 kV, 30 mA).  

The X-ray intensities were measured at 85(1) K with the detector placed at a distance 42.00 mm 

from the crystal. The structure was solved and refined with the Bruker SHELXTL (version 2018/3) 

software package. All non-hydrogen atoms were refined anisotropically with the hydrogen atoms 

placed in idealized positions. The SQUEEZE subroutine of the PLATON program suite was used 

to address the disordered solvent contained in solvent accessible voids present in the structure.  

  

3.2.4 UV Photocatalytic Setup  

UV-light catalyzed thiol-yne and -ene coupling of small molecules and dendrons to 

metallacrown was done using the set up (LED Box) shown below in Figure 3.1. The LED Box and 

lid (not shown in the picture) were made using fiberboard, and all of its interior was coated with 

aluminum tape or foil as to increase light reflectance. An aluminum coating was chosen for its 

high reflectivity (>85%) in the UV region177 and its low cost. The light source is a UV LED emitter 

with a 15 Watts of output power and a narrow emission at 365 nm. To avoid overheating of the 

LED emitter, a copper metal plate was used as a heat sink with a computer fan placed in the back 

to expel hot air. Vials with samples were placed at 5-7 cm from the light source. 
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Figure 3.1 Photograph of LED Box highlighting key components. Coupling reaction using this set up were performed 

by covering the box with a lid (not shown in picture) and placing the assembly inside a hood. 

 

3.2.5 Synthetic Procedures 

I now describe the synthetic procedures followed in this chapter. All reactions were 

completed under aerobic condition and at room temperature, unless otherwise noted. 

Characterization figures (ESI-MS, NMR, and DLS) not shown under the result section can be 

found in Appendix (Appx.) C. 

 

Metallacrowns ring ligands:  

Methyl 2-hydroxy-4-(prp-2-yn-1-yloxy)benzoate (1) was prepared by adding methyl 2,4-

dihydroxy benzoate (10.00 g, 59.5 mmol, 1 eq.), propargyl bromide (7.50 mL, 82 mmol, 1.4 eq.), 

and anhydrous potassium carbonate (32.9 g, 238 mmol, 4.0 eq.) to acetone (150 mL) in a round 

bottom flask. The mixture was refluxed while stirring for five hours at 65°C. After this time, the 

reaction mixture was cooled down to room temperature and concentrated under reduced pressure 

with a rotary evaporator at 40°C. The product was then redissolved with DI water (100 mL) and 

extracted thrice with diethyl ether (3 x 100 mL). The organic layers were combined and extracted 

thrice with a solution of 1M NaOH (3 x 50 mL). The aqueous layers were combined and then 

acidified to pH~1 with concentrated HCl. The precipitate was filtered off and rinsed with copious 

amounts of water. If a precipitate did not form after acidifying the solution, the reaction mixture 
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was extracted thrice with ethyl acetate, dried over magnesium sulfate, and concentrated under 

reduced pressure. The product was an off-white to yellow powder (39.5 mmol, 66.3% yield) that 

was dried over vacuum overnight. 1H NMR (Figure Appx. C30, 500 MHz, dmso-d6) δ 10.76 (s, 

1H), 7.73 (d, J = 8.5 Hz, 1H), 6.57 (d, J = 7.9 Hz, 2H), 4.87 (d, J = 2.5 Hz, 2H), 3.87 (s, 3H), 3.64 

(t, J = 2.4 Hz, 1H). 

N,2-dihydroxy-4-(prop-2-yn-1-yloxy)benzamide (H3pYneShi, 2) was prepared by first 

dissolving hydroxylamine hydrochloride (21.89 g, 315.0 mmol, 8 eq.) in methanol (100 mL), and 

potassium hydroxide (20.99 g, 374.1 mmol, 9.5 eq.) in methanol (50 mL) separately. Once fully 

dissolved, both solutions were combined, and the potassium chloride was removed by filtration. 

This solution mixture was then added to a solution of  1 (8.14 g, 39.5 mmol, 1 eq.) in methanol 

(50 mL). The reaction mixture was then stirred for 7-10 days at room temperature. After this time, 

the mixture was concentrated under reduced pressure with a rotary evaporator at 35°C. To this, 

water (100 mL) was added, followed by the addition of concentrated HCl until the solution pH 

was close to 1. This was followed by filtration under vacuum and rinsed with copious amounts of 

water. The precipitate was then triturated twice with DCM (2 x 100 mL) for 15 minutes each time, 

filtered again, and dried under vacuum overnight. If after acidifying the reaction mixture no 

precipitate formed, the solution was extracted thrice with ethyl acetate (3 x 50 mL), dried over 

magnesium sulfate, concentrated under reduced pressures, and triturated twice with DCM. The 

product was an off-white powder (16.6 mmol, 42.1% yield). 1H NMR (Figure Appx. C31, 400 

MHz, dmso-d6) δ 12.72 (s, 1H), 11.35 (s, 1H), 9.24 (d, J = 10.9 Hz, 1H), 7.66 – 7.57 (m, 1H), 6.47 

(dt, J = 7.6, 1.9 Hz, 2H), 4.82 (d, J = 2.3 Hz, 2H), 3.62 (q, J = 2.3 Hz, 1H). 

 

Methyl 2-hydroxy-5-(prp-2-yn-1-yloxy)benzoate (3) was prepared in the same fashion as 1. 

The final product was an off-white to orange powder (31.5 mmol, 57.0% yield). 1H NMR (Figure 

Appx. C32 400 MHz, dmso-d6) δ 10.14 (s, 1H), 7.33 (dd, J = 3.3, 1.5 Hz, 1H), 7.21 (ddd, J = 9.1, 

3.4, 1.5 Hz, 1H), 6.95 (dd, J = 9.0, 1.6 Hz, 1H), 4.77 (d, J = 2.1 Hz, 2H), 3.90 (d, J = 1.6 Hz, 3H), 

3.56 (q, J = 2.1 Hz, 1H). 

N,2-dihydroxy-5-(prop-2-yn-1-yloxy)benzamide (H3mYneShi, 4) was prepared in the same 

fashion as 2, but with 3 as the starting material. The final product was an off-white powder (~13 

mmol, ~40% yield). 1H NMR (Figure Appx. C33 400 MHz, dmso-d6) δ 11.75 (s, 1H), 11.36 (s, 

1H), 9.38 – 9.33 (m, 1H), 7.31 (d, J = 2.8 Hz, 1H), 7.07 (dd, J = 9.1, 2.9 Hz, 1H), 6.89 – 6.83 (m, 
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1H), 4.72 (t, J = 2.2 Hz, 2H), 3.55 (t, J = 2.5 Hz, 1H). 

 

Methyl 4-(allyloxy)-2-hydroxybenzoate (5) was prepared by adding methyl 2,4-dihydroxy 

benzoate (15.5 g, 92.4 mmol, 1 eq.), allyl bromide (10.0 mL, 115.6 mmol, 1.25 eq.), and anhydrous 

potassium carbonate (51.1 g, 370.0 mmol, 4.0 eq.) to acetone (250 mL) in a round bottom flask. 

The mixture was refluxed while stirring for five hours at 65°C. After this time, the reaction was 

cooled down to room temperature and concentrated under reduced pressure with a rotary 

evaporator at 40°C. The product was then redissolved with DI water (200 mL) and extracted thrice 

with diethyl ether (3 x 150 mL). The organic layers were combined and extracted thrice with a 

solution of 1M NaOH (3 x 100 mL). The aqueous layers were combined and then acidified to 

pH~1 with concentrated HCl. The precipitate was filtered off and rinsed with copious amounts of 

water. If a precipitate did not form after acidifying the solution, the reaction mixture was extracted 

thrice with ethyl acetate, dried over magnesium sulfate, and concentrated under reduced pressure. 

The product was an off-white to pale amber powder (30.4 mmol, 32.9% yield) that was dried over 

vacuum overnight. 1H NMR (Figure Appx. C34, 500 MHz, dmso-d6) δ 10.78 (d, J = 1.5 Hz, 1H), 

7.73 – 7.65 (m, 1H), 6.56 – 6.49 (m, 2H), 6.11 – 5.95 (m, 1H), 5.39 (dt, J = 17.3, 1.7 Hz, 1H), 5.31 

– 5.23 (m, 1H), 4.61 (dd, J = 5.3, 2.0 Hz, 2H), 3.85 (d, J = 1.6 Hz, 3H). 

4-(allyloxy)-N,2-dihydroxybenzamide (H3pAlShi, 6) was prepared by first dissolving 

hydroxylamine hydrochloride (16.90 g, 243.2 mmol, 8 eq.) in methanol (150 mL), and potassium 

hydroxide (16.20 g, 288.8 mmol, 9.5 eq.) in methanol (100 mL) separately. Once fully dissolved, 

both solutions were combined, and the potassium chloride was removed by filtration. This solution 

mixture was then added to a solution of  5 (6.33 g, 30.4 mmol, 1 eq.) in methanol (30 mL). The 

mixture was then stirred for 7-10 days at room temperature. After this time, the solution was 

concentrated under reduced pressure with a rotary evaporator at 35°C. To this, water (100 mL) 

was added, followed by the addition of concentrated HCl until the solution pH was close to 1. The 

solution mixture was then filtrated under vacuum and rinsed with copious amount of water. The 

precipitate was then triturated twice with DCM (2 x 100 mL) for 15 minutes each time, filtered 

again, and dried under vacuum overnight. If after acidifying the reaction mixture no precipitate 

formed, the solution was extracted thrice with ethyl acetate (3 x 50 mL), dried over magnesium 

sulfate, concentrated under reduced pressures, and triturated twice with DCM. The product was an 

off-white powder (9.76 mmol, 32% yield). 1H NMR (Figure Appx. C35, 400 MHz, dmso-d6) δ 
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12.71 (d, J = 5.4 Hz, 1H), 11.32 (s, 1H), 9.23 (s, 1H), 7.60 (d, J = 8.7 Hz, 1H), 6.49 – 6.37 (m, 

2H), 6.02 (ddd, J = 22.4, 10.4, 5.2 Hz, 1H), 5.38 (dd, J = 17.3, 1.8 Hz, 1H), 5.26 (dd, J = 10.5, 1.7 

Hz, 1H), 4.58 (dt, J = 5.3, 1.6 Hz, 2H). 

 

Methyl 5-(allyloxy)-2-hydroxybenzoate (7) was prepared in the same fashion as 5. The final 

product was an off-white to pale yellow powder (26.1 mmol, 50.6% yield). 1H NMR (Figure Appx. 

C36 400 MHz, dmso-d6) δ 10.12 (s, 1H), 7.31 – 7.23 (m, 1H), 7.18 (ddd, J = 8.9, 3.2, 1.3 Hz, 1H), 

6.97 – 6.87 (m, 1H), 6.10 – 5.96 (m, 1H), 5.43 – 5.34 (m, 1H), 5.30 – 5.22 (m, 1H), 4.52 (dt, J = 

5.1, 1.8 Hz, 2H), 3.92 – 3.87 (m, 3H). 

5-(allyloxy)-N,2-dihydroxybenzamide (H3mAlShi, 8) was prepared in the same fashion as 

6, but with 7 as the starting material. The final product was an off-white to pale yellow powder 

(~5 mmol, ~40% yield). 1H NMR (Figure Appx. C37 400 MHz, dmso-d6) δ 11.76 (s, 1H), 11.39 

(s, 1H), 9.34 (s, 1H), 7.27 (d, J = 3.0 Hz, 1H), 7.03 (dd, J = 9.1, 2.9 Hz, 1H), 6.83 (d, J = 8.9 Hz, 

1H), 6.03 (ddt, J = 16.3, 11.0, 5.4 Hz, 1H), 5.38 (dt, J = 17.2, 1.7 Hz, 1H), 5.25 (dd, J = 10.4, 2.2 

Hz, 1H), 4.49 (dd, J = 5.6, 1.9 Hz, 2H). 

 

LnGa4x-Shi4(benzoate)4 Metallacrowns:  

General synthesis procedure for Ln[12-MCGa(III)N(pYneShi)-

4](benzoate)4(pyridinium)(pyridine)2(MeOH)2 metallacrowns (LnIII: YbIII, SmIII, or GdIII; 

shorthand: LnGa4pYneShi4(benzoate)4),. MCs were prepared by slight modification of previous 

literature procedures102 that follow three different protocols depending on the nature on the LnIII 

ion. The synthetic yields were 10 – 25%.   

YbGa4pYneShi4(benzoate)4 was prepared by fully dissolving 2 (H3pYneShi, 0.150 g, 7.24 

mmol, 1 eq), sodium benzoate (4.17 g, 28.96 mmol, 4 eq), and pyridine (15 mL) in methanol (50 

mL). Then Yb(NO3)3·xH2O (1.81 mmol, 0.25 eq) and Ga(NO3)3·xH2O (7.24 mmol, 1 eq) were 

dissolved in methanol (50 mL) separately. The three methanol solutions were combined and stirred 

at room temperature for 5 – 10 minutes. The mixture was then filtered, and left to evaporate slowly 

in a glass jar covered with aluminum foil with several holes. Crystals were collected by gravity 

filtration and rinsed with pyridine. MS (Figure Appx. C44, ESI): m/z calcd. for 

YbGa4C44H28N4O24: 1447.75 [M]-; found: 1449.75 [M]-. Elemental analysis calcd. (%) for 

YbGa4C89H63N4O32Na4: C 47.63, H 2.83, N 2.50; found: C 46.90, H 2.81, N 2.50. Single-crystal 
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unit cell: monoclinic; space group P2(1)/n; a = 18.14950(9) Å, b = 25.65520(11) Å, c = 

18.57270(8) Å; β = 90.9420(4)°; V = 8646.82(7) Å3. 

SmGa4pYneShi4(benzoate)4 was prepared by fully dissolving 4 (H3pYneShi, 0.91 g, 4.19 

mmol, 1 eq), sodium benzoate (1.81 g, 12.57 mmol, 3 eq), and pyridine (9 mL) in methanol (100 

mL). Then Sm(NO3)3·xH2O (2.10 mmol, 0.5 eq) and Ga(NO3)3·xH2O (4.19 mmol, 1 eq) were 

dissolved in methanol (50 mL) separately. The three methanol solutions were combined and stirred 

at room temperature for 5 – 10 minutes. The mixture was then filtered, and left to evaporate slowly 

in a glass jar covered with aluminum foil with several holes. Crystals were collected by gravity 

filtration and rinsed with pyridine. 1H NMR (Figure Appx. C38, 500 MHz, dmso-d6) δ 7.41 (d, J 

= 7.3 Hz, 4H), 7.25 (t, J = 7.5 Hz, 4H), 6.37 (ddd, J = 20.1, 8.9, 2.6 Hz, 4H), 4.79 (dd, J = 20.6, 

2.3 Hz, 8H), 3.57 (d, J = 6.2 Hz, 4H). MS (Figure Appx. C45, ESI): m/z calcd. for 

SmGa4C44H28N4O24: 1427.73 [M]-; found: 1427.73 [M]-. Elemental analysis calcd. (%) for 

SmGa4C78H57N6O25: C 49.11, H 3.01, N 4.41; found: C 49.10, H 3.06, N 4.53. 

GdGa4pYne(benzoate)4 was prepared by fully dissolving 4 (H3pYneShi, 0.11 g, 0.53 mmol, 

1 eq), sodium benzoate (0.2291 g, 1.59 mmol, 3 eq), and pyridine (1 mL) in methanol (10 mL). 

Then Gd(NO3)3·xH2O (0.13 mmol, 0.25 eq) and Ga(NO3)3·xH2O (0.53 mmol, 1 eq) were dissolved 

in methanol (10 mL) separately. The three methanol solutions were combined and stirred at room 

temperature for 5 – 10 minutes. The mixture was then filtered, and left to evaporate slowly in a 

glass jar covered with aluminum foil with several holes. Crystals were collected by gravity 

filtration and rinsed with pyridine. MS (Figure Appx. C46, ESI): m/z calcd. for 

GdGa4C44H28N4O24: 1431.73 [M]; found: 1433.73 [M]-. Elemental analysis calcd. (%) for 

GdGa4C90H67N8Na2O30: C 48.63, H 3.04, N 5.04; found: C 48.61, H 3.02, N 4.57. 

 

General synthesis procedure for Ln[12-MCGa(III)N(mYneShi)-

4](benzoate)4(pyridinium)(pyridine)2(MeOH)2 metallacrowns (LnIII: YbIII, SmIII, or GdIII; 

LnGa4mYneShi4(benzoate)4). MCs were prepared following the same protocol described above. 

The synthetic yields were 15 – 30%.   

YbGa4mYneShi4(benzoate)4 MS (Figure Appx. C47, ESI): m/z calcd. for 

YbGa4C68H44N4O24: 1751.87 [M]-; found: 1753.87 [M]-. Elemental analysis calcd. (%) for 

YbGa4C90H69N8O30: C 49.26, H 3.17, N 5.11; found: C 49.25, H 3.13, N 5.20.  

SmGa4mYneShi4(benzoate)4 
1H NMR (Figure Appx. C39, 500 MHz, dmso-d6) δ 7.14 – 
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7.09 (m, 4H), 6.95 (s, 4H), 6.79 (s, 4H), 4.71 (d, J = 16.7 Hz, 8H), 3.53 – 3.45 (m, 3H), 3.31 (s, 

1H). MS (Figure Appx. C48, ESI): m/z calcd. for SmGa4C44H28N4O24: 1427.73 [M]-; found: 

1427.73 [M]-. Elemental analysis calcd. (%) for SmGa4C93H76N8O39Na5: C 45.15, H 3.10, N 4.53; 

found: C 45.13, H 3.03, N 4.51.  

GdGa4mYneShi4(benzoate)4 MS (Figure Appx. C49, ESI): m/z calcd. for 

GdGa4C44H28N4O24: 1431.73 [M]-; found: 1433.73 [M]-. Elemental analysis calcd. (%) for 

GdGa4C93H77N9O28Na: C 50.14, H 3.48, N 5.66; found: C 50.64; H 3.42, N 5.64.  

 

General synthesis procedure for Ln[12-MCGa(III)N(pAlShi)-

4](benzoate)4(pyridinium)(pyridine)2(MeOH)2 metallacrowns (LnIII: YbIII, SmIII, or GdIII; 

LnGa4pAlShi4(benzoate)4).MCs were prepared following the same protocol described above. 

The synthetic yields were 15 – 25%.   

YbGa4pAlShi4(benzoate)4 MS (Figure 3.2, ESI): m/z calcd. for YbGa4C68H52N4O24: 

1759.94 [M]-; found: 1761.93 [M]-. Elemental analysis calcd. (%) for YbGa4C97H80N7O28: C 

51.93, H 3.59, N 4.34; found: C 52.45, H 3.61, N 4.52.  

SmGa4pAlShi4(benzoate)4 
1H NMR (Figure 3.3, 500 MHz, dmso-d6) δ 7.42 (t, J = 7.3 Hz, 

4H), 7.24 (t, J = 7.5 Hz, 4H), 6.41 – 6.31 (m, 4H), 6.05 (tdd, J = 18.1, 10.5, 5.2 Hz, 4H), 5.46 – 

5.18 (m, 8H), 4.67 – 4.47 (m, 8H). MS (Figure Appx. C50, ESI): m/z calcd. for 

SmGa4C44H36N4O24: 1433.79 [M]-; found: 1435.79 [M]-. Elemental analysis calcd. (%) for 

SmGa4C78H65N6O25: C 48.91, H 3.42, N 4.39; found: C 48.83, H 3.44, N 4.37.  

GdGa4pAlShi4(benzoate)4 MS (Figure Appx. C51, ESI): m/z calcd. for GdGa4C44H36N4O24: 

1441.80 [M]-; found: 1441.80 [M]-. Elemental analysis calcd. (%) for GdGa4C81H74N6O27Na: C 

48.36, H 3.60, N 4.19; found: C 48.10, H 3.69, N 4.16.  

 

General synthesis procedure for Ln[12-MCGa(III)N(mAlShi)-

4](benzoate)4(pyridinium)(pyridine)2(MeOH)2 metallacrowns (LnIII: YbIII, SmIII, or GdIII), 

LnGa4mAlShi4(benzoate)4. MCs were prepared following the same protocol described above. 

The synthetic yields were 15 – 40%.   

YbGa4mAlShi4(benzoate)4 MS (Figure Appx. C52, ESI): m/z calcd. for 

YbGa4C44H36N4O24: 1455.81 [M]-; found: 1457.82 [M]-. Elemental analysis calcd. (%) for 

YbGa4C99H81N8O36Na2: C 48.40, H 3.32, N 4.56; found: C 48.33, H 3.35, N 4.53. Single-crystal 
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unit cell: monoclinic; space group P2(1)/n; a = 18.71481(14) Å, b = 23.81150(16) Å, c = 

18.83666(11)Å; β = 90.3922(7)°; V = 8393.94(10) Å3. 

SmGa4mAlShi4(benzoate)4 
1H NMR (Figure Appx. C53, 500 MHz, dmso-d6) δ 7.42 – 7.38 

(m, 4H), 7.22 (t, J = 7.6 Hz, 4H), 6.91 (d, J = 9.0 Hz, 4H), 6.05 (tdd, J = 23.4, 10.2, 5.0 Hz, 4H), 

5.47 – 5.16 (m, 8H), 4.51 (dd, J = 32.8, 5.1 Hz, 8H). (Figure Appx. C41, ESI): m/z calcd. for 

SmGa4C44H36N4O24: 1433.79 [M]-; found: 1435.79 [M]-. Elemental analysis calcd. (%) for 

SmGa4C99H79N9O39Na5: C 46.40, H 3.11, N 4.92; found: C 46.21, H 3.11, N 4.88.  

GdGa4mAlShi4(benzoate)4 MS (Figure Appx. C54, ESI): m/z calcd. for 

GdGa4C44H36N4O24: 1441.80 [M]-; found: 1441.79[M]-. Elemental analysis calcd. (%) for 

GdGa4C78H65N6O25: C 48.73, H 3.41, N 4.37; found: C 48.69, H 3.47, N 4.49. 

 

Ln2Ga8x-Shi8Ip4 Metallacrowns:  

General synthesis procedure for Ln2[12-MCGa(III)N(x-shi)-4]2(Ip)4 metallacrowns (LnIII: 

YbIII, SmIII, or GdIII; x: pYne, mYne, pAl, and mAl; Shorthand: Ln2Ga8xShi4(Ip)4). MCs were 

synthesized by slight modification of previous literature procedures.122 LnGa4xShi4(Benzoate)4 

(1.0 mmol, 1 eq) and H2Ip (2.1 mmol, 2.1 eq) were dissolved in DMF (10-20 mL) and stirred at 

room temperature for 6-12 hours. DMF was then removed with a stream of N2 (g) over the reaction 

mixture. The product was then rinsed with cold methanol to yield off-white to pale orange MC 

powder depending on the ring ligand used for synthesis. The synthetic yields were ~80% based on 

the metallacrown.   

 

Ln2Ga8pYneShi8Ip4 Metallacrowns (LnIII: YbIII, SmIII, or GdIII):  

Yb2Ga8pYneShi8(Ip)4. MS (Figure Appx. C55, ESI): m/z calcd. for Yb2Ga8C112H64N8O48: 

1596.78 [M]2-; found 1597.28 [M]2-. Elemental analysis calcd. (%) for Yb2Ga8C176H166N16O66: C 

47.34, H 3.75, N 5.02; found: C 47.34, H 3.78, N 5.04. 

Sm2Ga8pYneShi8(Ip)4. 
1H NMR (Figure Appx. C42, 500 MHz, dmso-d6) δ 8.38 (dd, J = 

26.7, 8.0 Hz, 8H), 8.17 (dd, J = 7.7, 1.8 Hz, 4H), 7.63 (t, 8H), 7.58 (t, J = 7.9 Hz, 4H), 6.54 (q, J 

= 4.3, 3.1 Hz, 8H), 6.40 – 6.33 (m, 8H), 4.80 (s, 16H), 3.57 (d, J = 2.3 Hz, 8H). MS (Figure Appx. 

C56, ESI): m/z calcd. for Sm2Ga8C112H64N8O48: 1575.76 [M]2-; found 1574.76 [M]2-. Elemental 

analysis calcd. (%) for Sm2Ga8C147H121N11O58: C46.12, H 3.19, N 4.02; found: C 46.09, H 3.21, 

N 4.04. 
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Ln2Ga8mYneShi8Ip4 Metallacrowns (LnIII: YbIII, SmIII, or GdIII):  

Yb2Ga8mYneShi8(Ip)4. MS (Figure Appx. C58, ESI): m/z calcd. for Yb2Ga8C112H64N8O48: 

1596.78 [M]2-; found 1596.78 [M]2-. Elemental analysis calcd. (%) for Yb2Ga8C153H126N12O61: 

C45.80, H 3.17, N 4.19; found: C 45.80, H 3.15, N 4.15. 

Sm2Ga8mYneShi8(Ip)4. 
1H NMR (Figure Appx. C43, 500 MHz, dmso-d6) δ 8.35 (d, J = 

28.2 Hz, 8H), 8.22 (s, 4H), 7.56 (d, J = 8.3 Hz, 4H), 7.46 (d, J = 10.6 Hz, 8H), 6.92 (d, J = 23.1 

Hz, 16H), 4.73 (s, 16H), 3.49 – 3.45 (m, 8H). MS (Figure Appx. C59, ESI): m/z calcd. for 

Sm2Ga8C112H64N8O48: 1575.76 [M]2-; found 1575.63 [M]2-. Elemental analysis calcd. (%) for 

Sm2Ga8C149H125N11O60: C 46.03, H 3.24, N 3.96; found: C 46.11, H 3.24, N 3.94. 

Gd2Ga8mYneShi8(Ip)4. MS (Figure Appx. C60, ESI): m/z calcd. for Gd2Ga8C112H64N8O48: 

1580.77 [M]2-; found 1581.64 [M]2-. Elemental analysis calcd. (%) for Gd2Ga8C131H107N11O58Na2: 

C 42.74, H 2.93, N 4.19; found: C 42.83, H 2.92, N 4.14. 

 

Ln2Ga8pAlShi8Ip4 Metallacrowns (LnIII: YbIII, SmIII, or GdIII):  

Yb2Ga8pAlShi8(Ip)4. MS (Figure 3.5, ESI): m/z calcd. for Yb2Ga8C112H80N8O18: 1604.84 

[M]2-; found: 1605.72 [M]2-. Elemental analysis calcd. (%) for Yb2Ga8C141H135N11O59: C 44.20, H 

3.55, N 4.02; found: C 44.18, H 3.53, N 4.00.  

Sm2Ga8pAlShi8(Ip)4. 
1H NMR (Figure 3.6, 500 MHz, dmso-d6) δ 8.37 (dd, J = 26.3, 8.0 

Hz, 8H), 7.62 (t, J = 7.5 Hz, 4H), 7.59 (t, J = 7.9 Hz, 4H), 7.50 (t, J = 7.6 Hz, 8H), 6.47 (dd, J = 

4.9, 2.4 Hz, 8H), 6.35 (dt, J = 8.8, 3.2 Hz, 8H), 6.05 (ddt, J = 16.1, 10.6, 5.2 Hz, 8H), 5.40 (d, J = 

17.3 Hz, 8H), 5.26 (d, J = 10.5 Hz, 8H), 4.56 (dt, J = 13.1, 6.0 Hz, 16H). MS (Figure Appx. C61, 

ESI): m/z calcd. for Sm2Ga8C112H80N8O48: 1583.83 [M]2-; found 1583.70 [M]2-. Elemental analysis 

calcd. (%) for Sm2Ga8C121H111N11O56Na2: C 41.29, H 3.18, N 4.38; found: C 41.23, H 3.20, N 

4.39.  

Gd2Ga8pAlShi8(Ip)4. MS (Figure Appx. C62, ESI): m/z calcd. for Gd2Ga8C112H80N8O48: 

1588.83 [M]2-; found 1589.70 [M]2-. Elemental analysis calcd. (%) for Gd2Ga8C122H112N10O58: C 

41.65, H 3.21, N 3.98; found: C 41.55, H 3.22, N 4.01. 

 

Ln2Ga8mAlShi8Ip4 Metallacrowns (LnIII: YbIII, SmIII, or GdIII):  

Yb2Ga8mAlShi8(Ip)4. MS (Figure Appx. C63, ESI): m/z calcd. for Yb2Ga8C112H80N8O18: 

1604.84 [M]2-; found 1605.85 [M]2-. Elemental analysis calcd. (%) for Yb2Ga8C151H126N10O58: 
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C46.35, H 3.25, N 3.58; found: C 46.43, H 3.21, N 3.60. 

Sm2Ga8mAlShi8(Ip)4. 
1H NMR (Figure Appx. C44, 500 MHz, dmso-d6) δ 8.30 (d, J = 85.6 

Hz, 8H), 7.60 (q, J = 9.0, 8.2 Hz, 4H), 7.50 (t, J = 7.6 Hz, 12H), 7.04 – 6.77 (m, 16H), 6.05 (dt, J 

= 15.5, 5.6 Hz, 8H), 5.39 (d, J = 17.3 Hz, 8H), 5.22 (d, J = 11.2 Hz, 8H), 4.55 – 4.49 (m, 16H). 

MS (Figure Appx. C64, ESI): m/z calcd. for Sm2Ga8C112H80N8O48: 1583.83 [M]2-; found 1582.83 

[M]2-. Elemental analysis calcd. (%) for Sm2Ga8C159H146N12O65: C 46.31, H 3.57, N 4.08; found: 

C 46.39, H 23.55, N 4.07. 

Gd2Ga8mAlShi8(Ip)4. MS (Figure Appx. C65, ESI): m/z calcd. for Gd2Ga8C112H80N8O48: 

1588.83 [M]2-; found 1588.69 [M]2-. Elemental analysis calcd. (%) for Gd2Ga8C124H118N10O59: C 

41.78, H 3.34, N 3.93; found: C 41.77, H 3.37, N 3.99. 

 

Small molecule coupling to LnGa4xShi4(Benzoate)4 and Ln2Ga8xShi8Ip4: 

General coupling procedure of β-Mercaptoethanol to LnGa4xShi4(Benzoate)4 (LnIII: YbIII 

and SmIII; x: pYne, mYne, pAl, and mAl). The coupling reaction was done by dissolving the 

metallacrown (1 eq, 15-25 mg), β-Mercaptoethanol (βME, 20 eq), and 2,2-Dimethoxy-2-

phenylacetophenone (DMPA, 0.16 eq) in degassed DMF to a concentration of 50 mg/mL based 

on the MC mass. The reaction mixture was sealed with a septum lid and then flushed with N2 (g) 

for a minimum of 10 minutes. After this time, the reaction lid was wrapped with parafilm to ensure 

a complete seal, and placed in the LED Box for two hours. The reaction was monitored by ESI-

MS. If partial coupling was observed, driving the reaction to completion was attempted by adding 

¼ of the initial β-Mercaptoethanol concentration to the mixture, and stirred for two more hours as 

previously described. Once finished, the reaction was concentrated with a stream of N2 (g) prior 

to purification. The dried product was then rinsed with copious amount of water to yield an off-

white to pale orange powder that was dried under vacuum at room temperature overnight (>75% 

yield, post purification). It is important to ensure that the reaction mixture is flushed with N2 (g) 

prior to shining it with UV light since left over O2 (g) can catalyzed unwanted radical formation 

that can interfere with the coupling reaction or induce unwanted side reactions.  

 

YbGa4pYneShi4(βME)8-6. MS (Figure 3.13 (top) and Appx. C66, ESI): m/z calcd. for 

Yb2Ga8C84H92N4O32S8: 2378.08 [M]-1; found: 2378.02 [M]-1. m/z calcd. for YbGa4C78H88N4O32S8: 

2301.95 [M]-1; found: 2302.00 [M]-1. m/z calcd. for YbGa4C72H80N4O32S8: 2223.92 [M]-1; found: 
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2223.99 [M]-1. m/z calcd. for YbGa4C74H76N4O30S6: 2145.93 [M]-1; found: 2145.97 [M]-1. m/z 

calcd. for YbGa4C68H72N4O30S6 2067.90 [M]-1; found: 2067.96 [M]-1. 

YbGa4mYneShi4(βME)6-0. MS (Figure 3.14 (top) and Appx. C67, ESI): m/z calcd. for 

YbGa4C80H80N4O30S6: 2220.96 [M]-1; found: 2222.01 [M]-1. m/z calcd. for YbGa4C78H74N4O29S5: 

2141.95 [M]-1; found: 2143.99 [M]-1. m/z calcd. for YbGa4C76H68N4O28S4: 2065.93 [M]-1; found: 

2065.98 [M]-1. m/z calcd. for YbGa4C74H62N4O27S3: 1985.92 [M]-1; found: 1987.96 [M]-1. m/z 

calcd. for YbGa4C72H56N4O26S2: 1907.90 [M]-1; found: 1909.95 [M]-1. m/z calcd. for 

YbGa4C70H50N4O25S: 1831.89 [M]-1; found: 1833.93 [M]-1. m/z calcd. for YbGa4C68H44N4O24: 

1751.88 [M]-1; found: 1753.91 [M]-1. 

 

YbGa4pAlShi4(βME)4. MS (Figure 3.15 (top) and Appx. C68, ESI): m/z calcd. for 

YbGa4C76H76N4O28S4: 2073.99 [M]-1; found:  2074.04 [M]-1. m/z calcd. for YbGa4C70H72N4O28S4: 

1997.96 [M]-1; found:  1998.01 [M]-1. m/z calcd. for YbGa4C64H68N4O28S4: 1921.93 [M]-1; found:  

1921.98 [M]-1. m/z calcd. for YbGa4C58H64N4O28S4: 1845.90 [M]-1; found:  1845.95 [M]-1. m/z 

calcd. for YbGa4C53H64N4O29S4: 1799.89 [M•MeOH]-1; found:  1799.94 [M•MeOH]-1. 

YbGa4mAlShi4(βME)4. MS (Figure 3.16 (top) and Appx. C69, ESI): m/z calcd. for 

YbGa4C76H76N4O28S4: 2073.99 [M]-1; found:  2074.04 [M]-1. m/z calcd. for YbGa4C70H72N4O28S4: 

1997.96 [M]-1; found:  1998.04 [M]-1. m/z calcd. for YbGa4C64H68N4O28S4: 1921.93 [M]-1; found:  

1922.03 [M]-1. m/z calcd. for YbGa4C58H64N4O28S4: 1845.90 [M]-1; found:  1844.02 [M]-1. m/z 

calcd. for YbGa4C53H64N4O29S4: 1799.89 [M•MeOH]-1; found:  1799.99 [M•MeOH]-1. 

 

SmGa4pAlShi4(βME)4. MS (Figure 3.17 (top) and Appx. C70, ESI): m/z calcd. for 

SmGa4C76H76N4O28S4: 2051.97 [M]-1; found: 2052.02 [M]-1. m/z calcd. for SmGa4C70H72N4O28S4: 

1975.94 [M]-1; found: 1976.01 [M]-1. m/z calcd. for SmGa4C64H68N4O28S4: 1899.91 [M]-1; found: 

1899.99 [M]-1. m/z calcd. for SmGa4C58H64N4O28S4: 1823.88 [M]-1; found: 1821.97 [M]-1. 

SmGa4mAlShi4(βME)4. MS (Figure 3.17 (bottom) and Appx. C71, ESI): m/z calcd. for 

SmGa4C76H76N4O28S4: 2051.97 [M]-1; found: 2052.02 [M]-1. m/z calcd. for SmGa4C70H72N4O28S4: 

1975.94 [M]-1; found: 1976.01 [M]-1. m/z calcd. for SmGa4C64H68N4O28S4: 1899.91 [M]-1; found: 

1898.00 [M]-1. m/z calcd. for SmGa4C58H64N4O28S4: 1823.88 [M]-1; found: 1823.99 [M]-1. 
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General coupling procedure of β-Mercaptoethanol to Yb2Ga8xShi8(Ip)4 (x: pYne, mYne, 

pAl, and mAl). The coupling reaction was done by dissolving the metallacrown (1 eq, 10-30 mg), 

β-Mercaptoethanol (βME, 40 eq), and 2,2-Dimethoxy-2-phenylacetophenone (DMPA, 0.32 eq) in 

degassed DMF to a concentration of 50 mg/mL based on the MC mass. The reaction mixture was 

sealed with a septum lid and then flushed with N2 (g) for a minimum of 10 minutes. After this 

time, the reaction lid was wrapped with parafilm to ensure a complete seal, and placed in the LED 

Box for four hours. The reaction was monitored by ESI-MS. If partial coupling was observed, 

driving the reaction to completion was attempted by adding ¼ of the initial β-Mercaptoethanol 

concentration to the mixture, and stirred for two more hours as previously described. Once 

finished, the reaction was concentrated with a stream of N2 (g) prior to purification. The dried 

product was then rinsed with copious amounts of water to yield an off-white to pale orange powder 

that was dried under vacuum at room temperature overnight (>65% yield after purification). Once 

again, N2 (g) flushing is necessary to remove as much O2 (g) as possible.  

 

Yb2Ga8pYneShi8Ip4(βME)16-14. MS (Figure 3.13 (bottom) and Appx. C72, ESI): m/z calcd. 

for Yb2Ga8C144H160N8O64S16: 2221.39 [M]-2; found: 2221.88 [M]-2. m/z calcd. for 

Yb2Ga8C142H154N8O63S15: 2181.39 [M]-2; found: 2183.88 [M]-2. m/z calcd. for 

Yb2Ga8C140H148N8O62S14: 2141.88 [M]-1; found: 2160.87 [M]-1. 

Yb2Ga8mYneShi8Ip4(βME)16-11. MS (Figure 3.14 (bottom) and Appx. C73, ESI): m/z calcd. 

for Yb2Ga8C144H160N8O64S16: 2221.39 [M]-2; found: 2221.87 [M]-2. m/z calcd. for 

Yb2Ga8C142H164N8O63S15: 2181.39 [M]-2; found: 2182.87 [M]-2. m/z calcd. for 

Yb2Ga8C140H148N8O62S14: 2141.88 [M]-2; found: 2143.36 [M]-2. m/z calcd. for 

Yb2Ga8C138H142N8O61S13: 2104.37 [M]-2; found: 2104.85 [M]-2. m/z calcd. for 

Yb2Ga8C136H136N8O60S12: 2064.37 [M]-2; found: 2065.84 [M]-2. m/z calcd. for 

Yb2Ga8C135H134N8O60S11: 2041.37 [M]-2; found: 2046.84 [M]-2. 

 

Yb2Ga8pAlShi8Ip4(βME)8-6. MS (Figure 3.15 (bottom) and Appx. C74, ESI): m/z calcd. for 

Yb2Ga8C128H128N8056S8: 1917.40 [M]-2; found: 1916.93 [M]-2. m/z calcd. for 

Yb2Ga8C126H122N8O55S7: 1878.68 [M]-2; found: 1879.43 [M]-2. m/z calcd. for 

Yb2Ga8C124H116N8O54S6 :1838.39 [M]-2; found: 1841.43 [M]-2. 

Yb2Ga8mAlShi8Ip4(βME)8-5. MS (Figure 3.16 (bottom) and Appx. C75, ESI): m/z calcd. for 
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Yb2Ga8C128H128N8O56S8: 1917.40 [M]-2; found: 1917.44 [M]-2. m/z calcd. for 

Yb2Ga8C126H122N8O55S7: 1878.39 [M]-2; found: 1878.94 [M]-2. m/z calcd. for 

Yb2Ga8C124H116N8O54S6: 1838.39 [M]-2; found: 1840.94 [M]-2. m/z calcd. for 

Yb2Ga8C122H110N8O53S5: 1798.89 [M]-2; found: 1802.94 [M]-2. 

 

Thiol focal point PAMAM dendrons:  

General synthesis, protection, and deprotection procedures of thiol focal PAMAM 

dendrons of different generations (HS-GX; X: 1 or 1.5) are detailed in the experimental section of 

Chapter II of this thesis. Freshly deprotected dendrons were used for the coupling reactions to 

metallacrowns.  

 

Hyperboloidal Dendrimeric Metallacrown (H-DMC) synthetic trials and purification: 

This section details the different synthetic reaction conditions and approaches (UV-light 

catalyzed and heat catalyzed) explored in order to synthesized hyperboloidal dendrimer 

metallacrowns. Both thiol-yne and thiol-ene coupling reactions were explored with the four set of 

metallacrowns described above (Ln2Ga8xShi8Ip4; x: pYne, mYne, pAl, and mAl). 

 

Purification details: Sample purification was done using RC dialysis bags with a MWCO 

of 3.5 kDa, and with DMSO as the dialysate. To start, DMC samples were concentrated slowly 

with a stream of N2 (g) as to remove the initial DMF, and then redissolved with DMSO to the same 

initial concentration. The volume of dialysate was 200 times the volume of the sample inside the 

dialysis bag. To avoid dialysis bag decomposition, new bags were used every 24 hours, and 

dialysate was also exchanged daily. Mass spectra of the sample was taken daily to monitor the 

removal of free dendron. Once the dendron peak was not observed by ESI-MS, the dialysis was 

stopped, and the sample was slowly concentrated to about ¼ of the original volume with a stream 

of N2 (g). Sample concentration was determined by UV-Vis spectrometry by using the extinction 

coefficient of the metallacrown core prior dendron coupling. It is important to avoid complete 

removal of all the solvent, or temperatures above 35°C so as to avoid defect formation. DMCs 

were stored as DMSO solutions for further characterization.  
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Thiol-yne coupling of PAMAM dendrons to Yb2Ga8pYneShi8Ip4. The general procedures 

for each synthetic approach are described below, with the specific reaction conditions detailed 

under the Result section.  

UV light-catalyzed Approach A: This coupling reaction was done by dissolving the 

metallacrown (5-10 mg, 1 eq), HS-GX (X: 1.0 or 1.5) dendron (40 eq), and 2,2-Dimethoxy-2-

phenylacetophenone (DMPA) in degassed DMF. The reaction mixture was sealed with a septum 

lid and then flushed with N2 (g) for a minimum of 10 minutes. After this time, the reaction lid was 

wrapped with parafilm to ensure a complete seal, and placed in the UV LED Box for the designed 

number of hours. Reactions were monitored by ESI-MS. If partial coupling was observed, driving 

the reaction to completion was attempted by adding ¼ of the initial dendron concentration to the 

reaction, and stirred again under the UV light for the initially designated amount of time.  

 

Yb2Ga8pYneShi8Ip4 G1.08-1. MS (Figure 3.20, ESI): m/z calcd. for 

Yb2Ga8C208H285N48O64S8: 1880.37 [M]3+; found: 1880.37 [M]3+. m/z calcd. for  

Yb2Ga8C196H258N43O62S7: 1778.31 [M]3+; found: 1778.97 [M]3+. m/z calcd. for  

Yb2Ga8C184H231N38O60S6: 1676.91 [M]3+; found: 1676.90 [M]3+. m/z calcd. for 

Yb2Ga8C172H203N33O58S5: 2361.27 [M]2+; found: 2363.23 [M]2+. m/z calcd. for 

Yb2Ga8C160H176N28O56S4: 2209.67 [M]2+; found: 2208.14 [M]2+. m/z calcd. for 

Yb2Ga8C148H149N23O54S3: 2056.08 [M]2+; found: 2056.06 [M]2+. m/z calcd. for 

Yb2Ga8C136H122N18O52S2: 1902.98 [M]2+; found: 1903.97 [M]2+. m/z calcd. for 

Yb2Ga8C124H95N13O50S1: 1751.89 [M]2+; found: 1751.38 [M]2+. 

 

Yb2Ga8pYneShi8Ip4 G1.58-4. MS (Figure 3.21, ESI): m/z calcd. for 

Yb2Ga8C336H479N48O128S8: 1679.26 [M]5+; found: 1679.84 [M]5+. m/z calcd. for 

Yb2Ga8C308H427N43O118S7: 1936.49 [M]4+; found: 1937.48 [M]4+. m/z calcd. for 

Yb2Ga8C280H375N38O108S6: 2365.21 [M]3+; found: 2366.85 [M]3+. m/z calcd. for 

Yb2Ga8C252H324N33O98S5: 2148.09 [M]3+; found: 2149.36 [M]3+. m/z calcd. for 

Yb2Ga8C224H273N28O88S4: 1931.98 [M]3+; found: 1932.62 [M]3+. 

 

UV light-catalyzed Approach B: The coupling reaction was done by dissolving the 

metallacrown (5-10 mg, 1 eq), HS-GX dendron (40 eq), and 4,4′-
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Bis(dimethylamino)benzophenone (Michler’s Ketone, 0.32 eq), in degassed DMF to a 

concentration of 10 mg/mL based on the MC mass. The reaction mixture was sealed with a septum 

lid and then flushed with N2 (g) for 10 minutes minimum. After this time, the reaction lid was 

wrapped with parafilm to ensure a complete seal, and place in the LED Box for 2 hours. Reactions 

were monitored by ESI-MS. If partial coupling was observed, driving the reaction to completion 

was attempted by adding ¼ of the initial dendron concentration to the reaction, and stirred again 

under the UV light for the initially designated amount of time.  

 

Yb2Ga8pYneShi8Ip4 G1.06-4. MS (Figure 3.22, ESI): Yb2Ga8C184H231N38O60S6: 1676.91 

[M]3+; found: 1678.89 [M]3+. m/z calcd. for Yb2Ga8C172H203N33O58S5: 2361.27 [M] 2+; found: 

2361.75 [M] 2+. m/z calcd. for Yb2Ga8C160H176N28O56S4: 2209.67 [M] 2+; found: 2209.67 [M]2+. 

 

Yb2Ga8pYneShi8Ip4 G1.58-6. MS (Figure 3.23, ESI): m/z calcd. for 

Yb2Ga8C336H479N48O128S8: 1679.26 [M]5+; found: 1679.64 [M]5+. m/z calcd. for 

Yb2Ga8C308H427N43O118S7: 1936.49 [M]4+; found: 1936.97 [M]4+. m/z calcd. for 

Yb2Ga8C280H375N38O108S6: 2365.21 [M]3+; found: 2365.85 [M]3+. 

 

Heat-catalyzed Approach C: The coupling reaction was done by dissolving the 

metallacrown (5-10 mg, 1 eq), HS-GX dendron (40 eq), and azobisisobutyronitrile (AIBN, 0.32 

eq) in degassed DMF to a concentration of 25 mg/mL based on the MC mass. The reaction mixture 

was sealed with a septum lid and then flushed with N2 (g) for 10 minutes minimum. After this 

time, the reaction lid was wrapped with parafilm to ensure a complete seal, and stirred at 80°C for 

3 hours. 

 

Yb2Ga8pYneShi8Ip4 G1.04-1. MS (Figure 3.22, ESI): m/z calcd. for 

Yb2Ga8C160H176N28O56S4: 2209.67 [M]2+; found: 2207.65 [M]2+. m/z calcd. for 

Yb2Ga8C148H149N23O54S3: 2056.08 [M]2+; found: 2056.05 [M]2+. m/z calcd. for 

Yb2Ga8C136H122N18O52S2: 1902.98 [M]2+; found: 1903.98 [M]2+. m/z calcd. for 

Yb2Ga8C124H95N13O50S1: 1751.89 [M]2+; found: 1751.89 [M]2+. 
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Thiol-ene coupling of PAMAM dendrons to YbGa4pAlShi4(benzoate)4,  Yb2Ga8pAlShi8Ip4, 

and Yb2Ga8mAlShi8Ip4. The general procedures for each synthetic approach are described below, 

with the specific reaction conditions detailed under the Result section. 

UV light-catalyzed Approach A: The coupling reaction was done by dissolving the 

metallacrown (5-30 mg, 1 eq), HS-GX dendron (80 eq), and 2,2-Dimethoxy-2-

phenylacetophenone (DMPA) in degassed DMF. The reaction mixture was sealed with a septum 

lid and then flushed with N2 (g) for 10 minutes minimum. After this time, the reaction lid was 

wrapped with parafilm to ensure a complete seal, and place in the UV LED Box. If partial coupling 

was observed, driving the reaction to completion was attempted by adding ¼ of the initial dendron 

concentration to the reaction, and stirred again under the UV light for the initially designated 

amount of time.  

 

YbGa4pAlShi4(benzoate)4 G1.04. MS (Figure 3.24, ESI): m/z calcd. for 

YbGa4C146H190N30O32Na3S4: 1763.46 [M•3Na•3Py]2+; found: 1764.01[M•3Na•3Py]2+. m/z calcd. 

for YbGa4C136H183N28O32S4: 1651.44 [M•4Py]2+; found: 1648.45 [M•4Py]2+. m/z calcd. for 

YbGa4C131H178N27O32S4: 1610.42 [M•3Py]2+; found: 1609.94 [M•3Py]2+. m/z calcd. for 

YbGa4C121H166N25O32Na2S4: 1554.36 [M•2Na•Py]2+; found: 1554.94 [M•2Na•Py]2+. m/z calcd. for 

YbGa4C116H162N24O32NaS4: 1503.85 [M•Na]2+; found: 1505.91 [M•Na]2+. m/z calcd. for 

YbGa4C110H157N24O32Na2S4: 1476.82 [M•2Na]2+; found: 1475.86 [M•2Na]2+. m/z calcd. for 

YbGa4C104H153N24O32Na2S4: 1438.81 [M•2Na]2+; found: 1439.79 [M•2Na]2+. Reaction yield post 

purification ~70% as determined by UV-Vis concentration. 

 

Yb2Ga8pAlShi8Ip4 G1.08-6. MS (Figure 3.25, ESI): m/z calcd. for Yb2Ga8C192H236N16O80S8: 

2602.78 [M]2+; found: 2604.30 [M]2+. m/z calcd. for Yb2Ga8C182H217N15O76S7: 2479.72 [M]2+; 

found: 2479.75 [M]2+. m/z calcd. for Yb2Ga8C172H198N14O72S6: 2354.67 [M]2+; found: 2355.20 

[M]2+. m/z calcd. for Yb2Ga8C162H179N13O68S5: 2231.13 [M]2+; found: 2231.65 [M]2+. m/z calcd. 

for Yb2Ga8C152H160N12O64S4: 2106.58 [M]2+; found: 2106.60 [M]2+. Reaction yield post 

purification ~65-80% as determined by UV-Vis concentration.  

 

Yb2Ga8mAlShi8Ip4 G1.08-6. MS (Figure 3.26, ESI):  m/z calcd. for 

Yb2Ga8C208H301N48O64S6: 1885.74 [M]3+; found: 1885.72 [M]3+. m/z calcd. for 
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Yb2Ga8C196H274N43O62S7: 1783.68 [M]3+; found: 1784.66 [M]3+. m/z calcd. for 

Yb2Ga8C184H247N38O60S6: 1682.29 [M]3+; found: 1683.61 [M]3+.  

Yb2Ga8mAlShi8Ip4 G1.07-1. MS (Figure 3.27, ESI):  m/z calcd. for 

Yb2Ga8C196H273N43O62S7: 2674.52 [M]2+; found: 2675.49 [M]2+. m/z calcd. for 

Yb2Ga8C184H246N38O60S6: 2522.43 [M]2+; found: 2523.42 [M]2+. m/z calcd. for 

Yb2Ga8C172H219N33O58S5: 2369.33 [M]2+; found: 2380.81 [M]2+. m/z calcd. for 

Yb2Ga8C160H192N28O56S4: 2217.74 [M]2+; found: 2218.73 [M]2+. m/z calcd. for 

Yb2Ga8C148H165N23O54S3: 2064.14 [M]2+; found: 2066.14 [M]2+. m/z calcd. for 

Yb2Ga8C136H138N18O52S2: 1911.05 [M]2+; found: 1913.03 [M]2+. m/z calcd. for 

Yb2Ga8C124H111N13O50S1: 1759.95 [M]2+; found: 1761.46 [M]2+. 

 

Heat-catalyzed Approach C: The coupling reaction was done by dissolving the 

metallacrown (5-10 mg, 1 eq), HS-GX dendron (80 eq), and azobisisobutyronitrile (AIBN, 10 eq) 

in degassed DMF to a concentration of 10 mg/mL based on the MC mass. The reaction mixture 

was sealed with a septum lid and then flushed with N2 (g) for 10 minutes minimum. After this 

time, the reaction lid was wrapped with parafilm to ensure a complete seal, and stirred at 80°C for 

14 hours. 

 

Yb2Ga8mAlShi8Ip4 G1.02-1. MS (Figure 3.28, ESI): m/z calcd. for Yb2Ga8C136H138N18O52S2: 

1911.05 [M]2+; found: 1913.51 [M]2+. m/z calcd. for Yb2Ga8C124H111N13O50S1: 1759.95 [M]2+; 

found: 1761.44 [M]2+. 

 

3.2.6 Luminescence Studies  

Solution state absorbance was collected using a Cary 100Bio UV-Vis spectrometer in 

absorbance mode. MC samples were prepared by dissolving them in 3 mL of DMSO with a final 

concentration of 1-200 μM, while DMC samples were recorded as DMSO solutions post 

purification. Data were processed using OriginPro 2020 software.  

Solution state emission of MCs coupled to small molecules were collected using a Horiba 

Quanta Master spectrometer in emission state mode. Samples were prepared by dissolving them 

in 3 mL of DMSO or methanol with a final concentration of 1-20μM. Data were processed using 

OriginPro 2020 software. 
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Photophysical measurements were performed and analyzed by Dr. Svetlana Eliseeva at the 

Centre de Biophysique Moléculaire, Orleans, France. Luminescence data of MCs were collected 

on freshly prepared solutions in DMSO or in the solid state placed into 2.4 mm i.d. quartz 

capillaries, while DMC samples were diluted to 50 μM solutions and only recorded in solution 

state. Emission and excitation spectra were measured on a Horiba-Jobin-Yvon Fluorolog 3 

spectrofluorimeter equipped with either a visible photomultiplier tube (PMT) (220-800 nm, 

R928P; Hamamatsu), a NIR solid-state InGaAs detector cooled to 77 K (800-1600 nm, DSS-

IGA020L; ElectroOptical Systems, Inc., USA), or a NIR PMT (950-1650 nm, H10330-75; 

Hamamatsu). All spectra were corrected for the instrumental functions. Luminescence lifetimes 

were determined under excitation at 355 nm provided by a Nd:YAG laser (YG 980; Quantel). 

Luminescent signals were detected in the visible or NIR ranges with a R928 or H10330-75 PMTs 

connected to the iHR320 monochromator (Horiba Scientific), respectively. The output signals 

from the detectors were fed into a 500 MHz bandpass digital oscilloscope (TDS 754C; Tektronix) 

and transferred to a PC for data processing with the Origin 8 software. Luminescence lifetimes are 

reported as the average of three or more independent measurements. Quantum yields were 

determined with a Fluorolog 3 spectrofluorimeter based on the absolute method using an 

integration sphere (GMP SA). Each sample was measured several times varying the position of 

samples. Estimated experimental error for the determination of quantum yields is estimated as 

10%. Details on the instrument set up to measure quantum yields is descried in the experimental 

section of Chapter 2, under luminescent studies. 

 

3.3 Results  

3.3.1 LnGa4xShi4(Benzoate)4 and Ln2Ga8xShi8Ip4 Metallacrowns  

Synthesis and physical characterization of  LnGa4xShi4(Benzoate)4. The reaction between 

H3xShi (x: pYne, mYne, pAl, and mAl), Ga(NO3)3·xH2O, Ln(NO3)3·xH2O (LnIII = YbIII, SmIII, and 

GdIII), and sodium benzoate in a mixture of methanol and pyridine resulted in the formation of 

metallacrown scaffolds with the general formula Ln[12-MCGa(III)N(xShi)-

4](C6H5CO2)4(C5H6N)(C5H5N)2(CH3OH)2 (shorthand: LnGa4xShi4(Benzoate)4). Solids were 

collected as crystalline material that were characterized by ESI-MS, 1H NMR (for SmIII 

compounds), elemental analysis, and single crystal X-ray diffraction. As seen in Figure 3.2, the 

ESI-MS spectrum of YbGa4pAlShi4(Benzoate)4 is consistent with the MC structure, and displays 
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a single distribution with an isotopic separation of 1.0 m/z, corroborating the intrinsic -1 charge of 

the metallacrown. ESI-MS spectra of scaffolds prepared with each of the four ring ligands 

(pYneShi, mYneShi, pAlShi, and mAlShi), and three different LnIII-ions (YbIII, SmIII, and GdIII) 

can be found in Appendix C Figures 44-54.  

 

 

Figure 3.2 (Top) ESI-MS of YbGa4pAlShi4(Benzoate)4 MC in negative ion mode. (Bottom) expansion of the major 

peak corroborating the -1 isotopic distribution of the complex. 

 

Figure 3.3 shows the 1H NMR spectrum of SmGa4pAlShi4(Benzoate)4 in d6-DMSO, which 

is consistent with a pseudo-four-fold symmetry axis within the scaffold. On the spectrum below, 

three signals are assigned to the aromatic protons of the pAlShi3- ring (~6.4, 7.2, and 7.4 ppm), 

while three more signals are assigned to the alkene chain (~4.6, 5.3, and 6.1 ppm). For the alkyne 

derivatives, two signals are assigned around the same region. 1H NMR spectra of each SmIII 

metallacrown derivative suggest that all complexes possess the same composition – i.e., four ring 

ligands and four benzoate bridging ligands. The 1H NMR spectra for the other three monomeric 

SmIII derivatives (SmGa4mAlShi4(Benzoate)4, SmGa4pYneShi4(Benzoate)4, and 

SmGa4mYneShi4(Benzoate)4) are shown in Appendix C Figures 38-40. 
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Figure 3.3 1H NMR spectrum of SmGa4pAlShi4(Benzoate)4 in d6-DMSO. Labeled peaks from the ring ligands. 

Pyridine and benzoate peaks labeled separately. 

 

X-ray quality crystals were collected and analyzed for YbGa4pYneShi4(Benzoate)4, 

YbGa4mYneShi4(Benzoate)4 and YbGa4mAlShi4(Benzoate)4 scaffolds. The crystal structures of 

the three metallacrowns are shown in Figure 3.4. YbGa4pYneShi4(Benzoate)4 and 

YbGa4mAlShi4(Benzoate)4 scaffolds were solved using the monoclinic P21/n space group, while 

YbGa4mYneShi4(Benzoate)4 was solved using the triclinic P1 space group. Due to the solvation 

of YbGa4mYneShi4(Benzoate)4, the crystal structure was solved as a dimer; however, no covalent 

bonds linking the two units are observed. This is further corroborated by the fact that by ESI-MS 

and NMR the LnGa4mYneShi4(Benzoate)4 is seen as a single monomeric unit. Structurally, the 

MC rings of each structure are slightly concave and are templated by four xShi3- ligands bridging 

four GaIII ions. The YbIII ion is located at the center of the MC ring, bound by four hydroximate 

oxygen ions. The central YbIII ion is also bridged to the central ring by four benzoate ligands, and 

adopts an 8-coordinate square antiprism geometry. Both scaffolds possess pseudo-C4 symmetry 

about the LnIII (as was indicated by the 1H NMR above) and the negative charge is balanced with 

a single pyridinium counterion. Additional crystallographic details are provided in Table 3.1. 
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Figure 3.4 Top-down views of molecular structures of YbGa4pYneShi4(Benzoate)4, YbGa4mYneShi4(Benzoate)4, and 

YbGa4mAlShi4(Benzoate)4 scaffolds obtained from X-ray diffraction. Hydrogen atoms, counterions, and solvent 

molecules haven been omitted for clarity. Color code: YbIII, blue; GaIII, pink; N, violet; O, red; C, gray.  
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Table 3.1 Crystallographic details for YbGa4pYneShi4(Benzoate)4, YbGa4mYneShi4(Benzoate)4, and 

YbGa4mAlShi4(Benzoate)4 metallacrowns 

 YbGa4pYneShi4 YbGa4mYneShi4 YbGa4mAlShi4 

Formula C85H68Ga4N7O26Yb C164.5H121.5Ga8N13.5O49Yb2 C85H76Ga4N7O26Yb 

FW (g/mol) 2055.38 3975.08 2063.44 

Crystal 

System/Space 

Group 

Monoclinic, 

P2(1)/n 
Triclinic, P1 Monoclinic, P2(1)/n 

T (K) 85(2) 85(2) 85(2) 

λ (Å) 1.54184 1.54184 1.54184 

a (Å) 18.14950(9) 14.1115 18.71481(14) 

b (Å) 25.65520(11) 18.3934 23.81150(16) 

c (Å) 18.57270(8) 19.0983 18.83666(11) 

α (deg.) 90 63.216(2) 90 

β (deg.) 90.9420(4) 85.747(2) 90.3922(7) 

γ (deg.) 90 78.619(2) 90 

Volume (Å3) 8646.82(7) 4337.65(15) 8393.94(10) 

Z 4 1 4 

Density, ρ 

(g/cm3) 
1.579 1.522 1.633 

Abs. Coeff., μ 

(mm-1) 
4.004 3.957 4.125 

F(000) 4116 1983 4148 

Crystal size 

(mm) 

0.220 x 0.200 x 

0.160 
0.110 x 0.040 x 0.040 0.120 x 0.120 x 0.100 

θ range for data 

coll. (deg.) 
2.938 to 69.470 2.592 to 69.356 2.991 to 69.632 

Limiting Indices 

-22≤h≤21 

-30≤k≤30 

-22≤l≤22 

-16≤h≤15 

-22≤k≤22 

-23≤l≤23 

-22≤h≤22 

-27≤k≤28 

-22≤l≤22 

Reflections 

collected/unique 
130078 / 16019 62518 / 23774 118911 / 15623 

Completeness to 

θ (%) 
99.6 97.5 99.9 

No. of 

Data/Restrain/Par

ams 

16019 / 0 / 1121 23774 / 406 / 2227 15623 / 165 / 1160 

GoF on F2 1.062 1.065 1.096 

aR1 
0.0353 [I>2α(I)]; 

0.0363 (all data) 

0.0490 [I>2α(I)]; 0.0509 (all 

data) 

0.0436 [I>2α(I)]; 0.0443 

(all data) 

bwR2 
0.0900 [I>2α(I)]; 

0.0907 (all data) 

0.1326 [I>2α(I)]; 0.1420 (all 

data) 

0.1175[I>2α(I)]; 0.1187 

(all data) 

Largest Diff. 

Peak, Hole (e· 

Å3) 

1.417 and -0.660 2.057 and -2.087 1.058 and -1.008 

aR1=Σ(||Fo|-|Fc||)/Σ|Fo|; bwR2=[Σ[w(Fo2–Fc2)2]/Σ[w(Fo)2]]1/2; w=1/[σ2(Fo2)+(mp)2+np]; 

p = [max(Fo2,0) + 2Fc2]/3 (m and n are constants); σ = [Σ[w(Fo2 – Fc2)2/(n – p)]1/2 
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Synthesis and physical characterization of Ln2Ga8xShi8Ip4. The reaction between 

LnGa4xShi4(Benzoate)4 (Ln = YbIII, SmIII, and GdIII; x: pYne, mYne, pAl, and mAl) and isophthalic 

acid (H2Ip) in DMF led to the formation of Ln2Ga8xShi8Ip4 MCs with the general formula of 

Ln2[12-MCGa(III)N(xshi)-4]2(Ip)4. Solids were collected as crystalline powder material, and 

characterize by ESI-MS, 1H NMR (for SmIII compounds), and elemental analysis. As seen in 

Figure 3.5, the ESI-MS spectrum of Yb2Ga8pAlShi8Ip4 is consistent with the MC structure, and 

displays a single distribution with an isotopic separation of 0.5 m/z, corroborating the intrinsic -2 

charge of the metallacrown. ESI-MS spectra of scaffolds prepared with each of the four ring 

ligands (pYneShi, mYneShi, pAlShi, and mAlShi), and three different LnIII-ions (YbIII, SmIII, and 

GdIII) can be found in Appendix C Figures 55-65. 

 

 

Figure 3.5 (Top) ESI-MS of Yb2Ga8pAlShi8Ip4 MC in negative ion. (Bottom) expansion of the major peak 

corroborating the -1 isotopic distribution of the complex. 

 

The 1H NMR characterization of Sm2Ga8pAlShi8Ip4 in d6-DMSO shown in Figure 3.6 

suggests that the metallacrown has fourfold symmetry, with an integration ration of 2:1 between 

the pAlShi3- ring ligands (~6.4, 6.5, and 7.5 ppm) and the Ip-2 bridging ligands (~7.6 and 8.4 ppm). 

The 1H NMR spectra for the other three SmIII metallacrown derivatives (Sm2Ga8mAlShi8Ip4, 
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Sm2Ga8pYneShi8Ip4, and Sm2Ga8mYneShi8Ip4) are shown in Appendix C Figures 41-43. 1H NMR 

spectra of each metallacrown suggests that all complexes possess the same composition – i.e., 

eight ring ligands and four isophthalate bridging ligands. 

 

 

Figure 3.6 1H NMR spectrum of Sm2Ga8pAlShi8Ip4 in d6-DMSO. Labeled peaks are from the ring and bridge ligands. 

Pyridine peaks are labeled separately. 

 

Photophysical properties of LnGa4xShi4(Benzoate)4 and Ln2Ga8xShi8Ip4 (Ln: YbIII, SmIII, 

and GdIII; x: pYne, mYne, pAl, and mAl). As seen in Figure 3.7, in DMSO solutions each of the 

four free ring ligands (H3pYneShi, H3mYneShi, H3pAlShi, and H3mAlShi) have broad absorption 

bands attributed to the π→π* transitions located between 250-325 nm for the para-substituted 

ligands, and 250-360 nm for the meta-substituted ligands. Compared to the parent 

salicylhydroxamic acid ring ligand (H3Shi; ~301 nm, ε = 5.5x103 M-1cm-1), the lower-energy bands 

of H3pYneShi and H3pAlShi are slightly blue-shifted to ~297 nm with both having higher 

extinction coefficients: εpYne(297nm) = 6.9x103 M-1cm-1 and εpAl(297nm) = 8.5x103 M-1cm-1. As for 

H3mYneShi and H3mAlShi, their lower-energy bands are red-shifted to ~324 nm, but both have 

lower extinction coefficients: εmYne(324nm) = 4.5x103 M-1cm-1 and εmAl(326nm) = 4.7x103 M-1cm-1. 
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Figure 3.7 Comparison of the UV-Vis absortion spectra of the four new hydroxamic acid derivatives and the salicyl 

hydroxamic acid. All spectra were recorded at room temperature in DMSO at concentration of 50-200 μM. 

 

Compared to the free ligands, the formation of the MC scaffold with each of the four ring 

ligands induces a redshift of the absorption bands, and an increase of the molar extinction 

coefficient for both the monomeric LnGa4xShi4(Benzoate)4 and dimeric Ln2Ga8xShi8Ip4 scaffolds. 

As shown in Figure 3.8, the YbGa4pYneShi4(Benzoate)4 and YbGa4pAlShi4(Benzoate)4 MCs have 

π→π* transitions located between 250-340 nm. Both also have a low-energy maximum located at 

~310 nm, with absorption coefficients of εpYne(310nm) = 4.6x104 M-1cm-1 and εpAl(310nm) = 3.8x104 

M-1cm-1, respectively. The meta-substituted YbGa4mYneShi4(Benzoate)4 and 

YbGa4mAlShi4(Benzoate)4 have their π→π* transitions located between 250-360 nm, with their 

low-energy maximum red-shifted to ~340 nm. Their extinction coefficients are reduced compared 

to the para-substituted scaffold, with values of εmYne(337nm) = 2.6x104 M-1cm-1 and εmAl(341nm) = 

2.9x104 M-1cm-1, respectively. Lastly, π→π* transition bands and lower-energy maximum bands 

of the corresponding dimeric metallacrowns are located at the same position as their monomeric 

counterparts, but with increasing extinction coefficient values: ε=8.8x104 M-1cm-1 for 

Yb2Ga8pYneShi8Ip4; ε=6.8x104 M-1cm-1 for Yb2Ga8pAlShi8Ip4; and ε=4.9x104 M-1cm-1 for both 

Yb2Ga8mYneShi8Ip4 and Yb2Ga8mAlShi8Ip4. The energy positions of the ligands’ singlet states 

(S*), determined form the edge of the absorption spectra, are located at ~340 nm (29412 cm-1) for 

both monomeric and dimeric MCs templated with pYneShi and pAlShi, and at ~375 nm 

(26667 cm-1) for the MCs with mYneShi and mAlShi.  
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Figure 3.8 UV-Vis absorbance spectra of YbGa4xShi4(benzoate)4 (x: pYne, mYne, pAl, and mAl) recorded at room 

temperature in DMSO at concentrations of 2-25 μM. 

 

 

Figure 3.9 UV-Vis absorbance spectra of Yb2Ga8xShi4Ip4 (x: pYne, mYne, pAl, and mAl) recorded at room 

temperature in DMSO at concentrations of 3-50 μM. 

 

The triplet state (T*) energy values for six of the scaffolds were determined as the 0–0 

transition from the phosphorescence spectrum of the GdIII-MCs. T* calculations are determined 

using GdIII-based MCs since the lanthanide’s accepting energy levels are located at 32000 cm-1, 

which are too high to be populated by the ligands’ T*. Therefore, the phosphorescent emission 

upon excitation at the ligand-centered region is determined to be the T* state of the MC.159 Data 

were recorded in the solid state in time-resolved mode at 77K under 340 nm pulse excitation after 
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a 200-500 μs delay between excitation and acquisition. Bandwidth of the fits differ due to the 

complexity of the sensitizing ligand system which has several inter- and intramolecular 

interactions. Additionally, some distortions of the widths are also observed since the spectra are 

plotted against wavelength. Fits for the subsequent transitions (e.g., 0-3, 0-4, etc.) are less reliable, 

and therefore, have been excluded from these analyses. Due to the difficulty to obtain enough 

crystalline product for analysis, data for Gd2Ga8pYneShi8Ip4
 metallacrowns was not collected. 

Shown in Figure 3.10 are the T* energy positions for GdGa4pYneShi4(Benzoate)4 at 426 nm 

(23450 cm-1), GdGa4pAlShi4(Benzoate)4 at 428 nm (23360 cm-1), Gd2Ga8pAlShi8Ip4 at 440nm 

(22740 cm-1) , GdGa4mYneShi4(Benzoate)4 at 466 nm (21480 cm-1), Gd2Ga8mYneShi8Ip4  at 

463nm (21620cm-1), GdGa4mAlShi4(Benzoate)4 at 462nm (21630cm-1), and Gd2Ga8mAlShi8Ip4 at 

467nm (21410 cm-1).  

 

 

Figure 3.10 Solid state phosphorescence spectrum of GdGa4pYneShi4(Benzoate)4, GdGa4mYneShi4(Benzoate)4, 

GdGa4pAlShi4(Benzoate)4, GdGa4mAlShi4(Benzoate)4, Gd2Ga8mYneShi8Ip4, Gd2Ga8pAlShi8Ip4, and 

Gd2Ga8mAlShi8Ip4 MCs (black traces). 0-0, 0-1, and 0-2 transitions (colored traces) for each MC are fitted with 

multiple Gaussian functions and Origin9 program. Data collected upon excitation at 340 nm, and after 200-500 μs 

time delay at 77K. Fits differ in bandwidth due to the complexity of the ligand system, with several inter- and 

intramolecular interactions. Some distortion of the widths is also observed since the fits are plotted against wavelength. 

Subsequent fits (e.g, 0-3, 0-4, etc.) are less reliable, and in general omitted from these analyses. 
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Excitation and emission spectra of LnGa4xShi4(Benzoate)4 and Ln2Ga8xShi8Ip4 (Ln: YbIII 

and SmIII; x: pYne, mYne, pAl, and mAl) were collected and are shown in Figure 3.11 for the 

SmIII-MCs, and Figure 3.12 for the YbIII-MCs. The excitation spectra in the solid state and in 

DMSO solutions collected upon monitoring the main transition of the corresponding LnIII-ion 

show broad ligand-centered bands up to 340-400 nm for the para-substituted metallacrowns 

(pYneShi and pAlShi), and up to 380-430 nm for the meta-substituted metallacrowns (mYneShi 

and mAlShi). Due to saturation effects,157 a slight expansion of the excitation bands is observed 

for the solid-state data compared to the solution-state data. Additionally, for the solid-state data of 

the SmIII-MCs, sharp signals of low intensities can be observed, and are attributed to the ion’s f-f 

transitions.  

Upon excitation in the ligand centered regions (320 or 375 nm), characteristic emissions 

bands for SmIII in the visible, and YbIII in the NIR range can be observed for all MCs in both solid 

state and DMSO solutions. Luminescent lifetimes (τobs) and the lanthanide’s quantum yields values 

upon ligand excitation (𝜑𝐿𝑛
𝐿 ) for each of the SmIII-MC and YbIII-MC derivatives are summarized 

in Table 3.2 and Table 3.3, respectively. For the sake of comparison, values of other previously 

reported YbIII-MCs are also shown. 

For the SmIII-MCs, characteristic emission of SmIII in both solid state and solution is 

observed in the visible range for all compounds upon excitation at 320-360 nm. Emission bands 

are seen at 560 nm (4G5/2 → 6H5/2), 595 nm (4G5/2 → 6H7/2), 645 nm (4G5/2 → 6H9/2), and 700 nm 

(4G5/2 → 6H11/2), all of which are specific to SmIII f-f transitions. The experimental luminescent 

decays of some of the compounds are best fitted with biexponential functions, and in such cases 

the average luminescent lifetime (τav) is reported. In all biexponential decay events, the dominating 

contributors are from the long-lived components. Luminescent lifetimes (τobs) of the monomeric 

scaffolds vary from 141(4) to 166(1) μs in the solid state, and 99(2) to 137(6) in DMSO. As for 

the dimeric MCs, τobs in the solid state range from 95.0(7) to 124(1) in the solid state, and from 

115(6) to 127(3) in solution. The quantum yields (𝜑𝑆𝑚
𝐿 ) for the monomer in solid state and in 

solution vary from 0.90(1) to 5.69(1)% and from 1.34(2) to 1.72(2)%, respectively. As for the 

dimeric MCs, the range is from 0.56 to 3.54(9)% in the solid state, and from 1.08(1) to 2.75(6)% 

in DMSO. Weak and broad bands can be observed in the emission spectra plots between 350-550 

nm corresponding to π→π* transitions within the organic ligands. The quantum yields of those 

ligand-centered (𝜑𝐿
𝐿)  emissions were found to have larger values in solution than in the solid state 
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in all of the eight compounds. Knowing the 𝜑𝐿
𝐿 of the ligand-centered emissions allowed for the 

calculation of the total quantum yield (𝜑𝑇) of each complex, which showed that a significant 

𝜑𝐿
𝐿 contribution is observed for the meta-substituted dimeric metallacrowns.  

Compared to the unfunctionalized SmGa4Shi4
102

 parent MC in the solid state, 𝜑𝑆𝑚
𝐿  values 

for SmGa4pYneShi4 and SmGa4mAlShi4 decreased by ~50% and ~60%, respectively. Yet, 

SmGa4mYneShi4 and SmGa4pAlShi4 𝜑𝑆𝑚
𝐿  values increased by ~60% and ~130%, respectively. As 

for the comparison with Sm2Ga8Shi8Ip4
106

 solid state 𝜑𝑆𝑚
𝐿 , only Sm2Ga8pYneShi8Ip4 had ~70% 

drop, while Sm2Ga8mYneShi8Ip4 and Sm2Ga8mAlShi8Ip4 had similar 𝜑𝑆𝑚
𝐿  values to that of the 

parent MC. Notably, once again Sm2Ga8pAlShi8Ip4 had a ~70% increase in 𝜑𝑆𝑚
𝐿 . 

 

 

Figure 3.11 Corrected and normalized excitation (left, λem: 597 nm) and (right, λex: 320–360  nm) spectra of 

SmGa4pYneShi4(Benzoate)4, Sm2Ga8pYneShi8Ip4, SmGa4mYneShi4(Benzoate)4, Sm2Ga8mYneShi8Ip4, 

SmGa4pAlShi4(Benzoate)4, Sm2Ga8mYneShi8Ip4, SmGa4mAlShi4(Benzoate)4, and Sm2Ga8mAlShi8Ip4 in the solid 

state (dashed traces) and 50 μM solutions in DMSO (solid traces) at room temperature. 
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Table 3.2 Luminescence lifetimes (τobs) and SmIII-centered quantum yields collected under ligand excitation (𝜑𝐿𝑛
𝐿 )a 

Compound State/Solvent τobs [μs]b 
τav 

[μs]c 
𝝋𝑳𝒏

𝑳  

[%]d 
𝝋𝑳

𝑳 [%]e 𝝋𝑻  

[%]f 

SmGa4Shi4
g Solid 148 : 100% -- 2.46 -- -- 

Sm2Ga8Shi8Ip4
h Solid 117 : 100% -- 2.09(5) -- -- 

SmGa4pYneShi4 

Solid 166(1) : 100% -- 1.28(2) -- 1.28 

DMSO 
102(2) : 89(3)% 

37(2) : 11(3)% 
99(2) 1.36(1) 0.106(1) 1.466 

Sm2Ga8pYneShi8 
Solid 124(1) : 100% -- 0.56 0.0072(2) 0.5672 

DMSO 127(3) : 100% -- 1.58 0.119(1) 1.699 

SmGa4mYneShi4 

Solid 
149(3) : 92(3)% 

46(1) : 8(2)% 
146(3) 4.0(1) 0.32(2) 4.32 

DMSO 
140(6) : 86(2)% 

25(1) : 14(2)% 
137(6) 1.34(2) 0.65(1) 1.99 

Sm2Ga8mYneShi8 
Solid 

102(5) : 93(4)% 

24(1) : 7(4)% 
101(5) 2.2(2) 0.104(7) 2.304 

DMSO 127(3) : 100% -- 1.41(5) 1.25(3) 1.66 

SmGa4pAlShi4 

Solid 154(1) : 100% -- 5.69(1) 0.060(1) 6.29 

DMSO 
107(2) : 81(1)% 

32(1) : 19(1)% 
102(1) 1.36(2) 0.113(2) 1.473 

Sm2Ga8pAlShi8 
Solid 95.0(7) : 100% -- 3.54(9) -- 3.54 

DMSO 115(6) : 100% -- 2.75(6) 0.141(5) 2.891 

SmGa4mAlShi4 

Solid 153(3) : 100% -- 0.90(1) 0.0454(5) 0.9454 

DMSO 
143(4) : 91(3)% 

23.0(1) : 9(3)% 
141(4) 1.72(2) 0.429(4) 2.149 

Sm2Ga8mAlShi8 
Solid 

104(2) : 94(2)% 

24.3(5) : 6(2)% 
103(2) 2.1(2) 0.088(5) 2.188 

DMSO 125(9) : 100% -- 1.08(1) 1.43(1) 1.51 
a For samples in the solid state and 50 µM solutions in DMSO at room temperature, 2σ values between parentheses. 

Estimated experimental errors: τobs, ±2%; 𝑄Yb
L  , ±10 %. b Under excitation at 355 nm, if biexponential decay was 

observed, population parameters 𝑃𝑖 =
𝐵𝑖𝜏𝑖

∑ 𝐵𝑖𝜏𝑖
𝑛
𝑖=1

 in % are given after the colon. c Lifetime averages calculated as: 𝜏𝑎𝑣 =

Σ𝑖𝐵𝑖𝜏𝑖
2

Σ𝑖𝐵𝑖𝜏𝑖
; Bi are the population parameters given in % after the lifetime values. d Quantum yield under excitation at 320-

360 nm. e Quantum yield of ligand-centered transition.  f Total quantum yield (𝜑𝐿𝑛
𝐿 + 𝜑𝐿

𝐿). g J. Am. Chem. Soc. 2016, 

138, 5100−5109. h Chem. Eur. J. 2018, 24,1031 –1035. 

 

For the YbIII-MCs, characteristic emissions of YbIII in the solid state and solution are 

observed in the range of 940-1150 nm, with a maximum at 980 nm arising from the 2F5/2 → 2F7/2 

transitions. Biexponential decay was observed with some of the compounds, and in such cases the 

average lifetime (τav) was reported. Once again, the dominating contributors to such decays arise 
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from their long-lived components. The τobs values of the monomeric metallacrowns in DMSO 

solutions are ~1.1-1.6 times longer than those in the solid state – with the exception of 

YbGa4pYneShi4 whose value in the solid state is ~1.4 times longer than in solution. A similar trend 

is observed with the dimeric metallacrowns, where the solution state τobs values are ~1.7-3.1 times 

longer than those in the solid state. As for the monomeric MCs’ 𝜑𝑌𝑏
𝐿 , the solution state values are 

~2.8-7.0 times large than in the solid state – with the exception of of YbGa4pYneShi4 with a 𝜑𝑌𝑏
𝐿  

~1.2 times larger in the solid state. In the case of the dimeric metallacrowns, the DMSO solution 

state 𝜑𝑌𝑏
𝐿  are ~4.6-7.0 times larger than those in the solid state.  

Compared to the τobs and 𝜑𝑌𝑏
𝐿  values of the YbIII-based parent MCs (YbGa4Shi4

102 and 

Yb2Ga8Shi8Ip4
124) shown in Table 2.1 in Chapter 2, these eight new metallacrowns display some 

differences. The τobs and 𝜑𝑌𝑏
𝐿  values in the solid state for the monomeric scaffold (YbGa4pYneShi4, 

YbGa4mYneShi4, YbGa4pAlShi4, and YbGa4mAlShi4)  are lower (~1.2-1.9 and ~1.3-11.1 times) 

than those of the parent material. The most drastic difference in both τobs and 𝜑𝑌𝑏
𝐿  in the solid state 

to the parent YbGa4Shi4, are the values for YbGa4mYneShi4. Since the drop in both values is rather 

steep compared to the other monomeric scaffold, this could indicate the presence of radiative 

quenchers (e.g., solvent molecules) at a much closer proximity to the LnIII center compared to the 

other MCs compounds.  As for the solution state data in DMSO, both the τobs and 𝜑𝑌𝑏
𝐿  values of 

the monomeric scaffolds increase by ~1.4-1.9 and ~1.7 times, respectively, when compared to the 

YbGa4Shi4 MC. In the case of the dimeric scaffolds (Yb2Ga4pYneShi8, Yb2Ga4mYneShi8, 

Yb2Ga4pAlShi8, and Yb2Ga4mAlShi8), solid state data show lower values for both τobs and 𝜑𝑌𝑏
𝐿  for 

the four scaffolds – with a decline of ~1.2-2.4 and ~3.0-4.5 times, respectively – when compared 

to the parent Yb2Ga8Shi8Ip4. As the values in DMSO, both τobs and 𝜑𝑌𝑏
𝐿  of the new four 

metallacrowns are relatively close in value to those of the Yb2Ga8Shi8Ip4 metallacrown.  
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Figure 3.12 Corrected and normalized excitation (left, λem: 980 nm) and (right, λex: 320–375 nm) spectra of 

YbGa4pYneShi4(Benzoate)4, Yb2Ga8pYneShi8Ip4, YbGa4mYneShi4(Benzoate)4, Yb2Ga8mYneShi8Ip4, 

YbGa4pAlShi4(Benzoate)4, Yb2Ga8mYneShi8Ip4, YbGa4mAlShi4(Benzoate)4, and Yb2Ga8mAlShi8Ip4 in the solid state 

(dashed traces) and 50 μM solutions in DMSO (solid traces) at room temperature. 
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Table 3.3 Luminescence lifetimes (τobs) and YbIII-centered quantum yields collected under ligand excitation (𝜑𝐿𝑛
𝐿 )a 

Compound State/Solvent τobs [μs]b τav [μs]c 𝝋𝑳𝒏
𝑳  [%]d 

YbGa4Shi4 

Solide 55.7(30 : 100% -- 5.88(2) 

DMSO 
33(2) : 34(5)% 

15.4(5) : 66(5)% 
24(1) 2.2(1) 

Yb2Ga8Shi8Ip4 
Solidf 37.1(1) : 100% -- 4.82(4) 

DMSO 60.9(4) : 100% -- 7.56(3) 

YbGa4pYneShi4 

Solid 48.3(4) : 100% -- 4.46(1) 

DMSO 
37(1) : 72(3)% 

13(1):28(3)% 
34(1) 3.7(2) 

Yb2Ga8pYneShi8 
Solid 15.3(1) : 100% -- 1.16(4) 

DMSO 47.3(3) : 100% -- 6.26(6) 

YbGa4mYneShi4 
Solid 

31.7(7) : 69(2)% 

7.9(3):31(2)% 
29.3(7) 0.53(1) 

DMSO 48(3) : 100% -- 3.73(9) 

Yb2Ga8mYneShi8 
Solid 

20.1(2) : 83(3)% 

5.4(3):27(3)% 
19.4(3) 1.59(5) 

DMSO 58(4) : 100% -- 7.3(2) 

YbGa4pAlShi4 

Solid 45.6(5) -- 2.42(4) 

DMSO 
40(2) : 63(1)% 

14(1) : 37(1)% 
36(2) 8.10(7) 

Yb2Ga8pAlShi8 

Solid 23.2(3) -- 1.37(8) 

DMSO 
53.5 : 65(1)% 

8.4(1) : 35(1)% 
49.9(7) 7.75(1) 

YbGa4mAlShi4 
Solid 

43.2(7) : 91.1(7)% 

9.5(4):8.9(7)% 

42.5(7) 

 

1.37(1) 

 

DMSO 47(2) : 100% -- 3.80(7) 

Yb2Ga8mAlShi8 
Solid 

28(2) : 87(6)% 

5.7(3):13(6)% 
27(2) 1.07(9) 

DMSO 59(5) : 100% -- 7.46(7) 
a For samples in the solid state and 50 µM solutions in DMSO  at room temperature, 2σ values between parentheses. 

Estimated experimental errors: τobs, ±2%; 𝑄Yb
L  , ±10 %. b Under excitation at 355 nm, if biexponential decay was 

observed, population parameters 𝑃𝑖 =
𝐵𝑖𝜏𝑖

∑ 𝐵𝑖𝜏𝑖
𝑛
𝑖=1

 in % are given after the colon. c Lifetime averages calculated as: 𝜏𝑎𝑣 =

Σ𝑖𝐵𝑖𝜏𝑖
2

Σ𝑖𝐵𝑖𝜏𝑖
; Bi are the population parameters given in % after the lifetime values. d Quantum yield under excitation at 320-

360 nm. e J. Am. Chem. Soc. 2016, 138, 5100−5109. f Chem. Eur. J. 2018, 24,1031 –1035. 

 

3.3.2 LnGa4xShi4(Benzoate)4 and Ln2Ga8xShi8Ip4 Functionalization  

Small molecule coupling to LnGa4xShi4(Benzoate)4 and Ln2Ga8xShi8Ip4. The reaction 

between LnGa4xShi4(Benzoate)4 or Ln2Ga8xShi8Ip4 and β-mercaptoethanol (βME) in the presence 

of DMPA and UV light led to the coupling of up to four, eight, or sixteen equivalents of the small 

molecule to the monomeric and dimeric metallacrowns via thiol-yne coupling (for MCs with 

pYneShi and mYneshi) or thiol-ene coupling (for MCs with pAlShi or mAlShi). The desired 

product was collected as an off-white to light yellow powder that was characterized by ESI-MS, 
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UV-Vis absorbance spectroscopy, and fluorescence spectroscopy. Shown in Figure 3.13 and 

Figure 3.14 are the ESI-MS spectra of thiol-yne coupling to the para- and meta-substituted 

monomeric YbGa4xYneShi4(Benzoate)4 and dimeric Yb2Ga8xYneShi8Ip4 metallacrowns. Both the 

monomeric and dimeric scaffolds templated with pYneShi ligands seem to have higher reactivity 

towards thiol-yne coupling compared to the scaffold with mYneShi ligands. This is corroborated 

by the fact that a narrower distribution of β-mercaptoethanol molecules coupled to 

YbGa4pYneShi4 (six to eight coupled βMEs) and Yb2Ga8pYneShi8 (fourteen to sixteen coupled 

βMEs) is observed by ESI-MS, compared to a broader distribution with YbGa4mYneShi4 (zero to 

six coupled βMEs) and Yb2Ga8mYneShi8 (eleven to sixteen coupled βMEs). 

 

 

Figure 3.13 ESI-MS spectra of UV-light catalyzed coupling of β-Mercaptoethanol (βME) to 

YbGa4pYneShi4(benzoate)4 (top) and Yb2Ga8pYneShi8Ip4 (bottom). Six to eight thiol-yne couplings to the monomeric 

MC are observed, while fourteen to sixteen coupling to the dimeric MC are observed.  
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Figure 3.14 ESI-MS spectra of UV-light catalyzed coupling of β-Mercaptoethanol (βME) to 

YbGa4mYneShi4(benzoate)4 with zero to six couplings (top) and Yb2Ga8mYneShi8Ip4 with eleven to sixteen couplings 

(bottom). The meta-functionalized MCs show lower reactivity toward thiol-yne coupling compared to the para-

functionalized counterpart.  

 

As for the thiol-ene active ligands, Figure 3.15 and Figure 3.16 show the ESI-MS spectra 

of the para- and meta-substituted monomeric and dimeric metallacrowns. Both 

YbGa4pAlShi4(Benzoate)4 and YbGa4mAlShi4(Benzoate)4 show complete coupling of four βME 

molecules to each scaffold. The distribution of peaks observed in both spectra arise from the 

exchange of benzoate (Bz) bridging ligands by formate (Fa) ligands. This is due to the solvent 

composition used to run the mass spectrometer (i.e. acetonitrile with 0.1% formic acid). This is 

commonly observed when characterizing LnGa4xShi4(Benzoate)4 MCs by ESI-MS. Small 

molecule couplings to the dimeric Yb2Ga8pAlShi8Ip4 and Yb2Ga8mAlShi8Ip4 scaffolds show a 

distribution of six to eight couplings to the para-substituted MC, and five to eight couplings for 

the meta-substituted. The observation suggests a slight difference in reactivity based on the 

functionalization position. However, compared to the thiol-yne counterparts (pYne and mYne), 

the thiol-ene active ligands (pAl and mAl) seem to have higher reactivity towards thiol coupling. 
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This tendency is especially true when comparing the meta-functionalized scaffolds, with the 

Yb2Ga8mAlShi8Ip4 MC having a much narrower distribution of coupled βME molecules than the 

Yb2Ga8mYneShi8Ip4 scaffold.  

 

 

Figure 3.15 ESI-MS spectra of UV-light catalyzed coupling of β-Mercaptoethanol (βME) to YbGa4pAlShi4(benzoate)4 

(top) and Yb2Ga8pAShi8Ip4 (bottom). Four thiol-ene couplings to the monomeric MC, while six to eight to the dimeric 

MC.  
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Figure 3.16 ESI-MS spectra of UV-light catalyzed coupling of β-Mercaptoethanol (βME) to YbGa4pAlShi4(benzoate)4 

(top) and Yb2Ga8pAShi8Ip4 (bottom). Four thiol-ene couplings to the monomeric MC, while six to eight to the dimeric 

MC.  

 

Lastly, small molecule coupling to the SmIII-MC analogues of the monomeric scaffolds, 

SmGa4pAlShi4(benzoate)4  and SmGa4mAlShi4(benzoate)4, resulted in complete coupling of four 

βME molecules to each metallacrowns, as seen in Figure 3.17. The distribution of peaks is once 

again observed due to benzoate bridge exchange with formate ligands during ESI-MS 

characterization. As with the unfunctionalized MCs, all of the ESI-MS spectra have a 1.0 m/z 

isotopic distribution for the monomeric scaffolds, and a 0.5 m/z isotopic distribution for the 

dimeric MCs.  
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Figure 3.17 ESI-MS spectra of UV-light catalyzed coupling of β-Mercaptoethanol (βME) to 

SmGa4pAlShi4(benzoate)4 (top) and SmGa4mAlShi4(benzoate)4 (bottom). In both cases, complete coupling of four 

small molecules to each MC was observed.  

 

The UV-Vis absorbance spectra of YbGa4pYneShi4(benzoate)4, Yb2Ga8pYneShi8Ip4, 

YbGa4pAlShi4(benzoate)4, and Yb2Ga8pAlShi8Ip4 in DMSO post βME coupling are shown in 

Figure 3.18. Each of the scaffolds displays a π→π* transition bands extending up to 340 nm with 

absorbance maxima (λmax) located at about 310 nm. The spectral profiles overlap with the 

absorbance bands of the unfunctionalized MCs shown in Figure 3.8 and Figure 3.9. Solution state 

emission spectra of each of the functionalized scaffolds in DMSO are shown in Figure 3.19. Upon 

excitation at 310 nm, characteristic YbIII emission in the NIR is observed for each scaffold with a 

maximum at 980 nm arising from the 2F5/2 → 2F7/2 transition.  
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Figure 3.18 UV-Vis Absorbance spectra of YbGa4pYneShi4(benzoate)4, Yb2Ga8pYneShi8Ip4, 

YbGa4pAlShi4(benzoate)4, and Yb2Ga8pAlShi8Ip4 post β-mercaptoethanol coupling recorded at room temperature in 

DMSO at concentrations of 0.1 mg/mL. 

 

 

Figure 3.19 Solution state emission (λex: 310 nm) spectra of YbGa4pYneShi4(benzoate)4, Yb2Ga8pYneShi8Ip4, 

YbGa4pAlShi4(benzoate)4, and Yb2Ga8pAlShi8Ip4 post β-mercaptoethanol coupling recorded at room temperature in 

DMSO at concentrations of 0.1 mg/mL. 
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3.3.3 Hyperboloidal Dendrimeric Metallacrowns (H-DMCs) 

Synthetic Approaches to Prepare H-DMCs with Yb2Ga8pYneShi8Ip4. Three different 

approaches (UV light-catalyzed Approach A, UV light-catalyzed Approach B, and heat-

catalyzed Approached C) were attempted to synthesize hyperboloidal DCMs with 

Yb2Ga8pYneShi8Ip4 as the core via thiol-yne coupling. Both Approach A and Approach B are 

UV-light catalyzed strategies, but utilizing different photoinitiators: 2,2-Dimethoxy-2-

phenylacetophenone (DMPA) for A; and 4,4′-Bis(dimethylamino)benzophenone (Michler’s 

Ketone) for B. Approach C is a thermally catalyzed approach where azobisisobutyronitrile 

(AIBN) was used as the radical initiator. The three approaches rely on thiol radical coupling to the 

MC core.  

Figure 3.20 shows ESI-MS spectra of the different reaction conditions utilizing Approach 

A, where Yb2Ga8pYneShi8Ip4 and thiol-focal point PAMAM dendrons of G 1.0 were dissolved in 

degassed DMF, and then irradiated with UV light (365 nm) using DMPA as the photoinitiator. 

The reaction conditions (e.g. MC concentration, DMPA concentration, and reaction time) were 

changed for each of the shown spectra, and are detailed in Table 3.4. Utilizing Approach A yielded 

a maximum of six to eight couplings of G1.0 PAMAM dendron to the MC core with the following 

reaction conditions: 45 mg/mL reaction concentration, 40 equivalents of HS-G1.0 PAMAM 

dendron to MC, 0.32 equivalents of DMPA to MC, and two hours under UV light (365 nm) 

irradiation. Increasing reaction time under UV light or increasing photoinitiator concentration did 

not yield better results and, in fact, resulted in lower couplings of the dendron to the MC core. 

Similarly, decreasing MC concentration or decreasing photoinitiator concentration did not yield 

better results either. The worst results were seen when the amount of photoinitiator was reduced 

significantly (0.1 eq) or increased significantly (1.0 eq), where only one to four couplings of the 

dendron to the MC core were obtained. Thus, demonstrating the delicate reaction conditions 

needed for photocatalytic thiol-yne coupling. Furthermore, addition of more dendron and 

photoinitiator in an attempt to drive the reaction to completion did not yield more couplings. While 

only up to eight dendron couplings to the MC core were observed, no unreacted MC (i.e., MC with 

zero dendron couplings) was observed.  
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Figure 3.20. ESI-MS spectra of the synthetic trials to prepare hyperboloidal DMC with Yb2Ga8pYneShi8Ip4 MC cores 

and HS-G1.0 PAMAM dendrons under Approach A.  

 
Table 3.4 Reaction conditions for coupling HS-G1.0 PAMAM dendrons to Yb2Ga8pYneShi8Ip4 under UV light-

catalyzed Approach A. Each of the trials is color coded to match the ESI-MS results on Figure 3.20. 

Plot 
Concentration to 

MC (mg/mL) 

HS G1.0 

Dendron 

(eq) 

DMPA 

(eq) 

Reaction 

Time (hrs) 

Gray 45 40 0.32 2 

Red 4 40 0.32 2 

Blue 45 40 0.5 4 

Green 40 40 1.0 2 

Purple 30 40 0.1 2 

 

Shown in Figure 3.21 are the ESI-MS results of the synthetic trials to prepare DMCs using 

Approach A with Yb2Ga8pYneShi8Ip4 as the MC core, but with HS-G1.5 PAMAM dendrons and 

varying reaction conditions listed on Table 3.5. Under the best reaction condition utilizing 

Approach A, yielded a maximum of six to eight coupling of G1.5 PAMAM dendron to the MC 

core under the following reaction conditions: 3 mg/mL reaction concentration, 40 equivalents of 

HS-G1.5 dendron to MC, 1.0 eq of DMPA to MC, and two hours under UV light irradiation. 
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Attempts to improve results by increasing reaction times (4-14 hours), addition of more dendron 

and photoinitiator to drive reactions to completion, or longer reaction concentration (10 mg/mL) 

did not yield better results.  

 

 

Figure 3.21. ESI-MS spectra of the synthetic trials to prepare hyperboloidal DMC with Yb2Ga8pYneShi8Ip4 MC cores 

and HS-G1.5 PAMAM dendrons under Approach A.  

 

Table 3.5 Reaction conditions for coupling HS-G1.5 PAMAM dendrons to Yb2Ga8pYneShi8Ip4 under UV light-

catalyzed Approach A. Each of the trials is color coded to match the ESI-MS results on Figure 3.21. 

Plot 
Concentration to 

MC (mg/mL) 

HS G1.5 

Dendron (eq) 

DMPA 

(eq) 

Reaction 

Time (hrs) 
Gray 3 40 1.0 2 

Red 10 40 0.32 14 

Blue 4 40 0.5 4 

Green 5 40 0.5 2 

 

Shown in Figure 3.22 are the synthetic trials utilizing Approach B and Approach C in an 

effort to obtained complete coupling of sixteen G1.0 PAMAM dendrons to Yb2Ga8pYneShi8Ip4. 

However, in both cases incomplete coupling was observed by ESI-MS characterization. The 

reaction conditions (e.g. MC concentration, radical initiator concentration, and reaction time) were 

changed for each of the shown spectra, and are detailed in  
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Table 3.6. As seen on the top green plot, under Approach B (with Michler’s ketone as the 

radical initiator) only four to six couplings of dendron to the MC core were observed. Just as with 

Approach A, no unreacted MC was seen by mass spectrometry; however, aside from the lower 

reactivity toward dendron thiol-yne coupling compared to Approach A, a strong discoloration of 

the reaction mixture was observed, likely due to the decomposition of the photoinitiator. After two 

hours under UV light irradiation, the reaction solution turned from colorless to bright yellow – 

something that was not observed under Approach A even after longer reaction times.  

Next, the thermal-catalyzed Approach C (with AIBN as the radical initiator) was also 

investigated. It yielded poor coupling results as seen in the yellow and pink plots. Under varying 

AIBN concentration (0.32 eq vs 1.0 eq), and while keeping the rest of the reaction conditions 

constant (25 mg/mL reaction concentration, 40eq dendron to MC, and 3 hours at 80°C), very 

similar results were observed for both cases including the presence of unreactive MC, and an array 

of one to four dendron couplings to the MC core.   

 

 

Figure 3.22 ESI-MS spectra of the synthetic trials to prepare hyperboloidal DMC with Yb2Ga8pYneShi8Ip4 MC cores 

and HS-G1.0 PAMAM dendrons under Approach B (Green) and Approach C (Yellow and Pink).  
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Table 3.6 Reaction conditions for coupling HS-G1.0 PAMAM dendrons to Yb2Ga8pYneShi8Ip4 under UV light-

catalyzed Approach B (Green) and heat-catalyzed Approach C (Yellow and Pink). Each of the trials is color coded 

to match the ESI-MS results on Figure 3.22. 

Plot 
Concentration to MC 

(mg/mL) 

HS G1.0 

Dendron (eq) 

Radical Initiator 

(eq) 

Reaction 

Time (hrs) 

Green 10 40 0.32 2 

Yellow 25 40 0.32 3 

Pink 25 40 1.0 3 

 

Approach B was also employed for the coupling of HS-G1.5 PAMAM dendrons to 

Yb2Ga8pYneShi8Ip4 as seen in Figure 3.23, and with the different reaction details listed on Table 

3.7 The two reactions conditions were only different in the amount of Michler’s ketone 

photoinitiator added (0.32 eq vs. 4.0 equivalents), and both yielded similar results of six to eight 

dendron couplings per metallacrown. Compared to the results when coupling HS-G1.0 dendrons 

to the MC core, the number of couplings of HS-G1.5 increased. This observation suggests that the 

surface of the dendrons (-OMe for G1.5, vs. -NH2 for G1.0) may play a role on the reactivity of 

the thiol-yne coupling. In both reaction trials, unreactive MC (i.e., MC with zero dendron 

couplings) was not observed, and the number of dendrons coupled to the MC is the same as when 

done with Approach A (with DMPA as the photo initiator). Yet, no more than eight maximum 

couplings were observed by ESI-MS. Furthermore, just as with the coupling trials with HS-G1.0 

under this same approach, an obvious discoloration of the reaction mixture was seen. Investigation 

of the nature of the discoloration when implementing Approach B was not further pursued, 

primarily due to the lack of complete dendron coupling to the MC core, which would complicate 

isolation of the colored component.  
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Figure 3.23 ESI-MS spectra of the synthetic trials to prepare hyperboloidal DMC with Yb2Ga8pYneShi8Ip4 MC cores 

and HS-G1.5 PAMAM dendrons under Approach B.  

 

Table 3.7 Reaction conditions for coupling HS-G1.5 PAMAM dendrons to Yb2Ga8pYneShi8Ip4 under UV light-

catalyzed Approach B. Each of the trials is color coded to match the ESI-MS results on Figure 3.23. 

Plot 
Concentration to MC 

(mg/mL) 

HS G1.5 

Dendron (eq) 

Michler’s 

Ketone (eq) 

Reaction 

Time (hrs) 
Olive 4 40 0.32 2 

Yellow 3 40 4.0 2 

 

Synthetic Approaches to Prepare H-DMCs with YbGa4pAlShi4(benzoate)4, 

Yb2Ga8pAlShi8Ip4, and Yb2Ga8mAlShi8Ip4. The reaction between YbGa4pAlShi4(benzoate)4 and 

HS-G1.0 PAMAM dendrons in degassed DMF, following irradiation with UV light (365 nm) with 

DMPA as the photoinitiator (Approach A), led to the formation of a dendrimeric metallacrown 

with a monomeric MC as the core. As seen in Figure 3.24 the ESI-MS of the reaction shows peaks 

corroborating the complete coupling of four dendrons to the MC core, and the lack of unreactive 

MC (m/z: 1759.94 or 1455.81). The reaction condition are listed in Table 3.8. The dendrimeric 

metallacrowns were best characterized in positive ion mode, and can be seen in ESI-MS as a +2 

charged complex. This differs from the unreacted YbGa4pAlShi4(benzoate)4 core which is best 

observed as a -1 charge complex in negative ion mode. This likely is due to the increasing number 

of internal amide and amine surface groups that can be more easily protonated during ESI-MS 

characterization.  
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Figure 3.24 ESI-MS spectra of DMC G1.0 with YbGa4Shi4(benzoate)4 MC core under Approach A.  

 

Table 3.8 Reaction conditions for coupling HS-G1.0 PAMAM dendrons to YbGa4pAlShi4(benzoate)4 under UV-

light catalyzed Approach A. 

Plot 
Concentration to 

MC (mg/mL) 

HS G1.5 

Dendron (eq) 

DMPA 

(eq) 

Reaction 

Time (hrs) 

Black 35 40 0.25 1 

 

Approach A was also implemented for the coupling of HS-G0.5 dendrons to the dimeric 

Yb2Ga8pAlShi8Ip4 MC. Seen in Figure 3.25 and detailed on Table 3.9, are two different trials 

where the reaction concentration and reaction times were varied. In both cases, an array of dendron 

coupling to the MC core was observed – with four to eight couplings under the first reaction 

condition, and six to eight under the second condition where the reaction concentration was 

reduced and reaction time increased.  Decreasing the reaction concentration or increasing reaction 

times even further did not yield better results. Addition of more thiol focal point dendron to the 

reaction did not increase the number of couplings to the MC core past six to eight.  

 



 143 

 

Figure 3.25 ESI-MS spectra of the synthetic trials to prepare hyperboloidal DMC with Yb2Ga8pAlShi8Ip4 MC cores 

and HS-G0.5 PAMAM dendrons under Approach A. 

 

Table 3.9 Reaction conditions for coupling HS-G0.5 PAMAM dendrons to Yb2Ga8pAlShi8Ip4 under UV- light 

catalyzed Approach A. Each of the trials is color coded to match the ESI-MS results on Figure 3.25 

Plot 
Concentration to MC 

(mg/mL) 

HS G0.5 

Dendron (eq) 

DMPA 

(eq) 

Reaction Time 

(hrs) 
Gray 50 80 0.5 2 

Red 20 80 0.5 4 

 

Under Approach A, the coupling of HS-G1.0 PAMAM dendrons to Yb2Ga8pAlShi8Ip4 

MC was tested under varying reaction conditions listed in Table 3.10. As seen in Figure 3.26, the 

ESI-MS spectra of the four different reaction conditions display six to eight couplings of dendrons 

to the MC core in all cases. Increasing reaction times (0.5-4 hrs), DMPA equivalents (0.50-1.0 eq), 

or dendron equivalents (80-100eq) did not seem to have much influence on the amount of dendron 

couplings, as seen with the coupling of HS-G0.5 dendrons. The narrow distribution of HS-G1.0 

dendron couplings to Yb2Ga8pAlShi8Ip4 is similar to the distribution shown in Figure 3.15 

(bottom) and Figure 3.25 (bottom) were six to eight couplings of βME or HS-G0.5, respectively, 

are coupled to the MC core. Furthermore, no unreactive MC is seen by ESI-MS (m/z 1606.822+), 

corroborating the formation of toroidal dendrimeric metallacrowns with partial to complete 
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dendron coupling to the MC core. The Yb2Ga8pAlShi8Ip4 G1.0 DMC reaction was then scaled up 

to batches of 30-50 mg of MC, purified by dialysis, and characterized by dynamic light scattering 

(DLS) and luminescence.  

 

 

Figure 3.26 ESI-MS spectra of the synthetic trials to prepare hyperboloidal DMC with Yb2Ga8pAlShi8Ip4 MC cores 

and HS-G1.0 PAMAM dendrons under Approach A.  

 

Table 3.10 Reaction conditions for coupling HS-G1.0 PAMAM dendrons to Yb2Ga8pAlShi8Ip4 under UV- light 

catalyzed Approach A. A. Each of the trials is color coded to match the ESI-MS results on Figure 3.26. 

Plot 
Concentration to MC 

(mg/mL) 

HS G1.0 

Dendron (eq) 
DMPA (eq) 

Reaction Time 

(hrs) 
Gray 35 80 0.50 0.5 

Red 35 80 0.50 1.0 

Blue 35 80 1.0 2 

Green 35 100 0.50 4 

 

Dendron coupling (HS-G1.0) to the Yb2Ga8mAlShi8Ip4 MC was also investigated under 

Approach A and Approach C. Shown in Figure 3.27and detailed in Table 3.11 are three different 

trials varying reaction concentrations (10-50 mg/mL) and lengths of reaction time (1-4hrs). A 

lower reactivity toward thiol-ene coupling was to be expected based on the results from βME 
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coupling to the same MC core (Figure 3.16); however, the broad distribution of dendron coupling 

ranging from one to seven, under varying conditions, was surprising. Increase of reaction 

concentration or reaction length under UV light did not yield significantly better results. Thus, 

only incomplete coupling of HS-G1.0 dendron to Yb2Ga8mAlShi8Ip4 was observed by ESI-MS.  

 

 

Figure 3.27 ESI-MS spectra of the synthetic trials to prepare hyperboloidal DMC with Yb2Ga8mAlShi8Ip4 MC cores 

and HS-G1.0 PAMAM dendrons under Approach A.  

 

Table 3.11 Reaction conditions for coupling HS-G1.0 PAMAM dendrons to Yb2Ga8mAlShi8Ip4 under UV- light 

catalyzed Approach A. 

Plot 
Concentration to MC 

(mg/mL) 

HS G1.5 

Dendron (eq) 
DMPA (eq) 

Reaction Time 

(hrs) 
Blue 10 80 0.5 4 

Green 20 80 0.5 2 

Purple 50 80 0.5 1 

 

Approach C was also employed for the same MC and dendron generation to investigate if 

a non-photocatalytic approach was better suited for the meta-substituted MC. However, as seen in 

Figure 3.28 significantly worst results were observed – with a maximum of two dendron couplings 

and observable unreacted Yb2Ga8mAlShi8Ip4. Reaction conditions are listed on Table 3.12. 
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Figure 3.28 ESI-MS spectra of the synthetic trials to prepare hyperboloidal DMC with Yb2Ga8mAlShi8Ip4 MC cores 

and HS-G1.0 PAMAM dendrons under Approach C.  

 

Table 3.12 Reaction conditions for coupling HS-G1.0 PAMAM dendrons to Yb2Ga8mAlShi8Ip4 under Heat-

catalyzed Approach C. 

Plot 
Concentration to MC 

(mg/mL) 

HS G1.0 

Dendron (eq) 

AIBN 

(eq) 

Reaction 

Time (hrs) 
Yellow 10 80 10 14 

 

Characterization of Yb2Ga8pAlShi8Ip4 G1.0 DMC. Size distribution analysis of  

Yb2Ga8pAlShi8Ip4 metallacrown and G1.0 DMC in  DMSO solutions using DLS are seen in Figure 

3.29. The average hydrodynamic diameters (Dav), polydispersity indexes (PdI), and diffusion 

coefficients (Dc) of the MC and the DMC G1.0 are the following: Dav: 3.7 nm, PdI: 0.06, Dc: 1.30e-

6 cm2s-1 for Yb2Ga8pAlShi8Ip4 MC; and Dav: 5.3 nm, PdI: 0.09, Dc: 9.09e-7 cm2s-1 for 

Yb2Ga8pAlShi8Ip4 G1.0 DMC. The increasing diameter and decreasing diffusion coefficients 

confirm that the DMC is larger in size, volume, and molecular weight. The lower intensity peak at 

higher diameters of the DMC plot (Dav: 43.5 nm, PdI: 0.04, Dc: 1.11e-7 cm2s-1) is likely the result 

of a small degree of aggregation in solution due to sample concentration (~3 mM), solvent 

interaction, or dendron interlinking between DMC molecules. The solution behavior of the G1.0 

hyperboloidal-DMC was also investigated in a more aqueous environment. The DMC was diluted 

with water to a final solution composition of 99:1 H2O/DMSO (v/v%) at pH 7.5. The DLS plot in 
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Figure 3.30 shows that under such conditions, the H-DMC forms large aggregates (bigger and 

heavier particle) with an average hydrodynamic diameter of ~340 nm, a slightly broader 

polydispersity (0.12), and a smaller diffusion coefficient (Dc: 1.41e-8 cm2s-1). 

 

 

Figure 3.29 DLS size distribution of Yb2Ga8pAlShi8Ip4 MC and G1.0 DMC at 5 mg/mL and 3.2 mM, respectively, in 

DMSO and at room temperature.  

 

 

Figure 3.30 DLS size distribution of Yb2Ga8pAlShi8Ip4 G1.0 hyperboloidal-DMC at 34.1 μM solution in 99:1 

H2O:DMSO at room temperature and at pH: 7.5. 
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The UV-Vis absorbance of Yb2Ga8pAlShi8Ip4 G1.0 DMC shown in Figure 3.31, exhibit a 

broad absorption band attributed to the π→π* transition located in the range of 250 – 340 nm. The 

spectra also show a low energy maximum at ~310 nm, just as with the unfunctionalized 

Yb2Ga8pAlShi8Ip4 MC. The energy of the ligand singlet (S*), determined from the edge of the 

absorption spectra, is identical to that of the MC core with no dendrons coupled, and it is located 

at ~340 nm (29412 cm-1). The similar absorbance profiles and intensities of the unfunctionalized 

MC and Yb2Ga8pAlShi8Ip4 G1.0 DMC suggest that the absorbance behavior is not affected by the 

addition of the dendrons to the MC core. The slight decrease in absorbance intensity of the 

Yb2Ga8pAlShi8Ip4 G1.0 DMC is due to the small difference in solution concentration between the 

two samples – 12 μM for the MC and 11 μM for the DMC. 

 

 

Figure 3.31 UV-Vis absorption spectrum of 12 μM Yb2Ga8pAlShi8Ip4 MC (top) and 11 μM Yb2Ga8pAlShi8Ip4 G1.0 

DMC (bottom) dissolved in DMSO and at room temperature. Absorbance maxima for both compounds is at 310 nm 

with an extinction coefficient of 6.8x104 M-1cm-1. 

 

The excitation and emission spectra of Yb2Ga8pAlShi8Ip4 G1.0 DMC collected in DMSO 

at room temperature are shown in Figure 3.32. Solid state measurements were not collected so as 

to avoid undesired dendritic defects (e.g., trailing generations, oligomers, retro-Michael addition) 
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during sample concentration. The solution state excitation spectrum was collected upon 

monitoring the YbIII emission at 980 nm, and showed broad ligand-centered bands up to 350 nm. 

Solution state emission upon excitation in the ligand-centered region at 320 nm exhibited 

characteristic YbIII luminescent signals in the range of 900-1100 nm arising from the 2F5/2 → 2F7/2 

transition, and with a maximum at 980 nm. Luminescent lifetimes (τobs) and ligand-centered 

quantum yields (𝜑𝑌𝑏
𝐿 ) in DMSO were also acquired and are summarized in Table 3.13. For the 

sake of comparison, the values for the unreacted MC (Yb2Ga8pAlShi8Ip4), the parent MC 

(Yb2Ga8Shi8Ip4), and the equivalent toroidal DMC (Yb2Ga8Shi8Mip4 G1.0) are also listed. 

Compared to the Yb2Ga8pAlShi8Ip4 core, the DMC has τobs and 𝜑𝑌𝑏
𝐿  values that are ~1.4 and ~1.2 

times higher, respectively. An improvement in both τobs and 𝜑𝑌𝑏
𝐿  values compare to Yb2Ga8Shi8Ip4 

also increased in the DMC by a factor of ~1.1 and ~1.2, respectively. Interestingly, compared to 

the toroidal DMC of the same generation (Yb2Ga8Shi8Mip4 G1.0), τobs increased by a factor of 

~1.1, while 𝜑𝑌𝑏
𝐿  decreased by ~0.9.  

 

 

Figure 3.32 Corrected and normalized excitation (left, λem = 980 nm), and emission (λex = 320 nm) spectra of 50 μM 

DMSO solution of Yb2Ga8pAlShi8Ip4 G1.0 DMC at room temperature. 
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Table 3.13 Luminescence lifetimes (τobs) and YbIII-centered quantum yields collected under ligand excitation (𝜑𝑌𝑏
𝐿 )a 

Compound Solvent τobs [μs]b 𝝋𝒀𝒃
𝑳  [%]c 

Yb2Ga8pAlShi8Ip4 G1.0 DMSO 69.2(3) 8.7(2) 

Yb2Ga8pAlShi8Ip4 DMSO 49.9(7) 7.75(1) 

Yb2Ga8Shi8Ip4 DMSO 60.9(4) 7.56(2) 

Yb2Ga8Shi8Mip4 G1.0 DMSO 63.8(8) 9.38(2) 
a For samples 50 µM solutions in DMSO  at room temperature, and with 2σ values between parentheses. Estimated 

experimental errors: τobs, ±2%; 𝑄Yb
L  , ±10 %. b Under excitation at 355 nm. c Under excitation at 320 nm. 

 

3.4 Discussion  

3.4.1 Synthesis and Characterization of LnGa4xShi4(benzoate)4 and Ln2Ga8xShi8Ip4 

Metallacrowns (Ln: YbIII, SmIII, and GdIII; x: pYne, mYne, pAl, and pAl) 

The LnGa4xShi4(benzoate)4 and Ln2Ga8xShi8Ip4 scaffolds represent the first metallacrowns 

with ring ligands capable of undergoing thiol-yne/ene photocatalytic addition. The monomeric 

LnGa4xShi4(benzoate)4 derivatives were prepared through the reaction of H3xShi and nitrate salts 

of GaIII and LnIII in solutions of methanol and pyridine, followed by the addition of sodium 

benzoates, as shown in Scheme 3.1 (top). The novel LnGa4xShi4(benzoate)4 scaffolds are 

structurally similar to unsubstituted parent material LnGa4Shi4(benzoate)4 previously reported by 

our group.
102 Crystal structures of two of the analogues (LnGa4pYneShi4 and LnGa4mAlShi4) 

shown in Figure 3.4 corroborate that the meta- and para-substituted scaffolds are structurally 

similar, aside from the position of the functional group. Each of the four monomeric derivates were 

prepared with YbIII, SmIII, and GdIII. As for the dimeric scaffolds, Ln2Ga8xShi8Ip4 MCs was 

prepared by carboxylate substitution on the LnGa4xShi4(benzoate)4 with isophthalic acid, as shown 

in Scheme 3.1 (bottom). This synthetic approach was adopted because of the relatively fast product 

formation over the typical slow evaporation approach used to prepare other Ln2Ga8Shi8Ip4 MC 

analogues.106,124 The substitution of the four benzoate ligands by four bridging isophthalic ligands 

is driven by the difference in pKa between them – ~4.20 for benzoate, and ~3.46, ~4.46 for 

isophthalate. Crystallographic data of the dimeric Ln2Ga8xShi8Ip4 MCs was not collected since the 

product was isolated as a powder and not as single crystals. However, the structure is expected to 

be analogous to the unsubstituted parent material Ln2Ga8Shi8Ip4 previously reported by our 

group.106,124 Just as with the monomeric counterparts, dimers were prepared with YbIII, SmIII, and 
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GdIII; however, there is no reason to believe that the full range of Ln(III) ions that have previously 

been used for Ln2Ga8Shi8Ip4 MC cannot be prepared with these ligands. 

In both the monomeric and dimeric MCs, the 12-MCGa(III)N(xshi)-4 scaffolds have a slightly 

concave ring morphology, and contain four d10 GaIII metal ions linked together by four xShi3- ring 

ligands. The LnIII ions are located at the center of each of the 12-MCGa(III)N(xshi)-4 scaffolds and 

their eight-coordination is fulfilled by four oxime oxygens from the MC and the four carboxylate 

oxygens from the bridging ligands. In the case of the dimeric scaffolds, two 12-MCGa(III)N(xshi)-4 

are bridged together by the isophthalate bridges.  

 

 

Scheme 3.1 a) Synthesis of LnGa4xShi4(benzoate)4 from free ligands and metal salts via slow crystallization. b) 

Synthesis of Ln2Ga8xShi8Ip4 by carboxylate substitution of benzoate with H2Ip on the monomeric MC. The same 

reaction scheme was used for all LnGa4xShi4(benzoate)4 and Ln2Ga8xShi8Ip4 prepared with the four different ring 

ligands (H3p/mYneShi and H3p/mAlShi) and the three different LnIII ions (YbIII, SmIII, and GdIII). 

 

Chemical compositions for all the monomeric and dimeric derivatives were further 

corroborated by ESI-MS and 1H NMR (for the SmIII analogues), as shown in Figure 3.2, Figure 
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3.6, and Appx. C Figures 41-43. With both characterization techniques, the exclusive presence of 

the MC scaffold was observed, thus confirming the composition and purity of the compounds. An 

important feature of LnGa4xShi4(Benzoate)4 characterization by ESI-MS is that it is common to 

see an array of five signals arising from the exchange of benzoate by formate ligands during data 

collection. This bridge ligand exchange during ESI-MS characterization arises from the solvent 

composition used to run the mass spectrometer (i.e. acetonitrile with 0.1% formic acid), and the 

susceptibility of benzoate bridging ligands to be substituted by carbonyl-based acids. This can 

often be avoided by careful rinsing of the instrument’s lines with copious amounts of methanol. 

Yet, even after complete exchange of bridging ligands (i.e., LnGa4xShi4(Formate)4), the 12-

MCGa(III)N(xshi)-4 scaffold itself remains intact, and the purity of the sample can still be corroborated. 

Looking at the isotopic distribution in each of the ESI-MS spectra, the overall charge of 

the monomeric and dimeric MCs was confirmed to be -1 and -2, respectively. Charge neutrality of 

the monomers is maintained with a single pyridinium ion, as confirmed by crystallographic data, 

while for the dimeric MCs, charge balance is expected to be maintained by two pyridinium ions. 

This model is corroborated by the presence of pyridine signals in the 1H NMR spectra of these 

compounds. Furthermore, NMR characterization also corroborates the desired dimeric 

composition of Ln2Ga8xShi8Ip4 MCs with the presence of 2:1 integration ratios of xShi-3:Ip-2 

ligands. Peak splitting of the bridging protons (labeled 17 and 19 on Figure 3.6) arises from the 

non-equivalence between the two 12-MCGa(III)N(xshi)-4 scaffolds in the dimeric MC. This has been 

observed in the previously reported Ln2Ga8Shi8Ip4
106,124 MC and in the Ln2Ga8Shi8Mip4

122 

described in Chapter 2.  

The solution absorbance spectroscopy of LnGa4xShi4(benzoate)4 and Ln2Ga8xShi8Ip4 in 

DMSO demonstrate that para-substituted scaffolds have similar profiles, with absorbance between 

250-340 nm, while the meta-substituted have absorbances between 250-360nm. These 

observations demonstrate that while the functional group class (alkene vs alkyne) does not seem 

to have much influence on the absorbance profile, the ring position does. This is seen as a red-shift 

of the lower energy maximum by 2846 cm-1, and the S* energy position by 2745 cm-1 when 

comparing mYne/AlShi to pYne/pAlShi MCs. Another observation is that while the absorbance 

energy is blue-shifted for the para-substituted MC, their extinction coefficients are ~1.3-1.8 times 

larger than those of the meta-substituted ligands. Therefore, there is an effect on the polarizability 

of the MC ligands based on the substituent position. Furthermore, a doubling in extinction 
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coefficient per molecule on going from the monomer to the dimer occurs, which is expected since 

the amount of ring ligand also doubles from  LnGa4xShi4(benzoate)4 to Ln2Ga8xShi8Ip4. 

As shown in Table 3.14, S* states of each para-substituted and meta-substituted MC 

scaffolds have a favorable energy difference (ΔE) to the measured T* states, with values close to 

~5000 cm-1 that ensure efficient ligand intersystem crossing (S*
→T*). Compared to the values of 

the unfunctionalized parent MCs (GdGa4Shi4 and Gd2Ga8Shi8Ip4), the S*-T* ΔE of the new MCs 

are narrower. Thus, suggesting that the new scaffolds have more favorable S*
→T* transitions. This 

is of great importance for LnIII ion sensitization since the T* state of the antenna is regarded as the 

main feeding level to the metal ion emissive state (Ln*).131 Furthermore, to ensure appropriate LnIII 

ion sensitization, a minimum ΔE of 2500-3000 cm-1 between the T* and Ln*
 is required to ensure 

efficient energy transfer and minimize thermally activated back transfer events (T*
Ln*). As seen 

on  Table 3.14, each of the new MC scaffolds fulfills such requirements when YbIII and SmIII are 

used. Scaffolds prepared with LnIII ions with emissive states larger than 18000 cm-1 (<540 nm) will 

likely undergo back transfer(T*
Ln*). Thus, if MCs are prepared with lanthanide ions such as 

TbIII, DyIII, and TmIII, quantum yields would be hindered by the T*
Ln* back transfer.  

 

Table 3.14 Absorbance maximum (Absmax) of MCs, energy levels of their singlet (S*) triplet (T*), and lanthanide (Ln*)  

energies, and energy difference (ΔE) between states. 

Compound 
Absmax 

(cm-1) a 
S* (cm-1)b 

T* 

(cm-1)c 

S*-T* ΔE 

(cm-1) 

T*-Yb*d 

ΔE (cm-1) 

T*-Sm*e ΔE 

(cm-1) 

GdGa4Shi4
f
 310 28571 22170 6401 11870 4270 

GdGa4pYneShi4 310 29412 23450 5962 13150 5550 

GdGa4mYneShi4 340 26667 21480 5187 11180 3580 

GdGa4pAlShi4 310 29412 23360 6052 13060 5460 

GdGa4mAlShi4 340 26667 21630 5037 11330 3730 

Gd2Ga8Shi8Ip4
g 310 28650 21980 6670 11680 4080 

Gd2Ga8pYneShi8Ip4 310 29412 -- -- -- -- 

Gd2Ga8mYneShi8Ip4 340 26667 21620 5047 11320 3720 

Gd2Ga8pAlShi8Ip4 310 29412 22740 6672 12440 4840 

Gd2Ga8mAlShi8Ip4 340 26667 21410 5257 11110 3510 
a Determined from the UV-Vis Absorbance spectrum DMSO solutions. b Determined as the edge of absorption 

spectrum of the corresponding ligand. c Determined as 0-0 transition of the phosphorescence spectrum of the 

corresponding GdIII MC. d EYb(2F5/2) = 10300 cm-1.  e ESm(4G5/2) = 17900 cm-1 f From J. Am. Chem. Soc. 2016, 138, 

5100-5109. g From Chem. Eur. J. 2018, 24, 1031-1035. 

 

Looking at the plotted S* vs. T* of each measured GdIII-scaffold and the parent MCs in 

Figure 3.33, a consistent shift in energy between the two states is observed when going from the 
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monomeric to the dimeric scaffolds. This highlights the relatively small contribution of the 

bridging ligands to the triplet state of the scaffolds, with a 1-3% difference in triplet state going 

from the monomeric to the dimeric scaffold. Moreover, while in general the S*-T* ΔE for the new 

MCs is smaller than that of the parent MCs, the para-substituted scaffolds have more energetic 

singlet and triplet states than both the parent and meta-substituted MCs. This further confirms that 

the functionalization position at the ring ligand has an important effect on the electronic properties 

of the scaffold. This could be of utility when designing MC scaffolds where delicate tuning of the 

optical properties can be done by changing the energy levels of the coordinating ligands, as it was 

recently shown by Salerno et al.120,178 with the white light emission of DyIII-based MCs. This may 

be also useful for the design of MC as imaging probes where lower excitation energies are desired 

since they are both less harmful for biological systems and have much deeper penetration.179  

 

 

Figure 3.33 Plot of singlet energy vs. triplet energy for the parent MCs and all of the measured monomeric and dimeric 

GdIII-MC with thiol-ene/yne appendages. 

 

The LnIII-centered photophysical properties, combined with the good spectral overlap 

between the absorbance and excitation spectra of the each of the LnGa4xShi4(benzoate)4 to 

Ln2Ga8xShi8Ip4 MCs (as shown in Figure 3.8, Figure 3.9, Figure 3.11, and Figure 3.12), illustrates 

the favorable antenna effect of the ring ligands to the LnIII ions. As for the emissive properties, 

upon excitation into the ligand centered bands at 320-360 nm, characteristic SmIII and YbIII 
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luminescence emission in the visible and NIR was observed in both solution and solid state. 

Focusing on the solid state quantitative photophysical data of the YbIII-MCs listed in Table 

3.3, the data show that the τobs and 𝜑𝐿𝑛
𝐿  are lower than the previously reported YbIII-based MCs of 

the Ga-family. This drop in τobs and 𝜑𝐿𝑛
𝐿  could be attributed to: i) the presence of pyridinium 

counter ions; and ii) the introduction of propyne (HC≡CCH2OR) and propene (H2C=CHCH2OR) 

groups to the ring ligands. In the former, the N-H vibronic oscillators from the pyridinium counter 

ions could get close enough to the LnIII center of the metallacrown to induce quenching of the 

luminescent signal. As seen by the values of τobs and 𝜑𝑌𝑏
𝐿  for all of the scaffolds, this is more of an 

effect in the solid state than in solution, likely due to the dissociation/solvation of the pyridinium 

ions in DMSO which results in 𝜑𝐿𝑛
𝐿  that are higher or very close to the values of the parent MCs. 

Furthermore, it is important to highlight that the parent Yb2Ga8Shi8Ip4
124 scaffold used to compare 

the τobs and 𝜑𝑌𝑏
𝐿  values to the dimeric scaffolds in this thesis work has two sodium counterions 

instead of pyridinium cations. This observation demonstrates that the choice of counter ion has a 

very significant effect on the solid-state luminescence of metallacrowns. As for the latter point, 

the presence of the propyne (HC≡CCH2OR) and propene (H2C=CHCH2OR) appendages with a 

certain degree of flexibility and numerous C-H oscillators can potentially be in close enough 

proximity to the LnIII
 ion centers to promote luminescent quenching. 

On the other hand, looking at the solution state 𝜑𝐿𝑛
𝐿  values for all of the monomeric 

scaffolds, they have higher quantum yields than the parent YbGa4Shi4, with the 

YbGa4pAlShi4(benzoate)4 MC having the highest 𝜑𝐿𝑛
𝐿  recorded in DMSO among YbIII-based 

MCs, as seen in Table 3.15. As for the dimeric scaffolds, the 𝜑𝐿𝑛
𝐿  of the new MCs are very close 

or slightly higher than those of the parent Yb2Ga8Shi8Ip4. This suggests that the introduction of 

functional groups such as alkene and alkynes are not detrimental to the solution state luminescent 

emission, and in fact it results in higher quantum yields by positioning the T* of the ligands at 

more favorable distances from the S*
 as to ensure efficient energy transfer. Therefore, this work 

highlights the importance of careful ligand design to ensure attractive functionalization while still 

ensuring efficient luminescent sensitization.  
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Table 3.15 Luminescence lifetimes (τobs) and YbIII-centered quantum yields (𝜑𝐿𝑛
𝐿 ) in DMSO of MCs described in this 

chapter. Compounds have been listed in order of decreasing quantum yields, and divided between monomeric and 

dimeric scaffolds. 

Compounds τobs [μs] 𝝋𝑳𝒏
𝑳  [%] 

YbGa4pAlShi4 36(2) 8.10(7) 

YbGa4mAlShi4 47(2) 3.80(7) 

YbGa4mYneShi4 48(3) 3.73(9) 

YbGa4pYneShi4 34(1) 3.7(2) 

YbGa4Shi4 24(1) 2.2(1) 

   

Yb2Ga8pAlShi4Ip4 49.9(7) 7.75(1) 

Yb2Ga8Shi8Ip4 60.9(4) 7.56(3) 

Yb2Ga8mAlShi4Ip4 59(5) 7.46(7) 

Yb2Ga8mYneShi4Ip4 58(4) 7.3(2) 

Yb2Ga8pYneShi4Ip4 47.3(3) 6.26(6) 

 

3.4.2 Small Molecule Functionalization of LnGa4xShi4(benzoate)4 and Ln2Ga8xShi8Ip4 

Metallacrowns (Ln: YbIII and SmIII; x: pYne, mYne, pAl, and pAl) 

Thiol active appendages were chosen as the functionalization sites of metallacrowns due 

to the relatively mild reaction condition required to perform the desired couplings. Given that the 

maleimide appendages in Ln2Ga8Shi8Mip4 scaffold were highly reactive toward both small 

molecule and thiol-focal point PAMAM dendrons, early attempts to incorporate such groups at the 

ring position were pursued. Unfortunately, due to the synthetic requirement to prepare the 

hydroxamic acids that template MC scaffolds, maleimide (and other highly reactive thiol coupling 

groups) could not be incorporated into the ring ligands. As seen in Scheme 3.2, the most common 

hydroxamic acid synthesis methodologies follow two basic steps: i) esterification of a carboxylic 

acid derivative; and ii) hydroxylamination of the ester derivative. Esterification is often the least 

concerning step, as many functional groups are capable of withstanding such conditions, and 

reactions tend to have good yields after 5-10 hours. On the other hand, the hydroxylamination step 

often requires long reaction times (7-10 days) in order to produce good yields. More importantly, 

if the functional group of interest can undergo Michael-addition reactions with primary amines, as 

in the case of maleimide and other thiol-active groups, hydroxamic acid synthesis is not feasible – 

especially if the functional group is more reactive than the ester site. Therefore, while maleimide 

and acrylate appendages could be incorporated into the hydroxamic acid precursors (i.e., ester 

precursor), their high reactivity towards both thiol- and amine-Michael addition inhibited the 

hydroxylamination step. 
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Scheme 3.2 Basic steps for hydroxamic acid synthesis starting from a carboxylic acid derivative. Introduction of the 

functional group (R) must withstand both reaction steps. Oxygen atoms highlighted in green point out the location for 

hydroxylamination. Oxygen atoms highlighted in red and nitrogen atoms in blue indicate the coordination sites for 

metallacrown formation.  

 

 

Scheme 3.3 (Top) Radical mediated thiol-yne/ene coupling reaction to unsaturated C=C and C≡C bonds. Thiol-

yne/ene addition start with the radical initiator producing thiol radicals, that can then enter the cycle addition. (Bottom) 

Thiol-yne coupling to pYne and Yne and mYne, where two thiols can be added per ring ligand. Thiol-ene coupling to 

pAl and mAl where one thiol per ring ligand is added. 

 

In Michael addition reactions180, strong nucleophiles (such as amino and mercapto groups) 

attack the β-carbon of α,β-unsaturated carbonyl groups, leading to the formation of a new N/S-C 
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bond. Therefore, during the second synthetic step, hydroxylamine is more likely to undergo 

Michael addition to the unsaturated C=C bond of maleimide and acrylate groups than undergo 

amidation at the ester position. Other synthetic methods to incorporate the hydroxamic acid site 

could be used so as to avoid amine-Michael addition (e.g., hydrogenation of O-

benzylhydroximates);145  however, a more careful selection of the functional group to be 

introduced would be required which would potentially limit their synthetic utility even further. 

Therefore, due to the lack of success to introduce a highly thiol-active maleimide and acrylate 

appendages, a compromise was made: incorporate less active thiol-active groups so that the 

functional appendage could tolerate the hydroxylamine synthetic step. To that end, four ring 

ligands were prepared (H3p/mYneShi, and H3m/pAlShi) and investigated towards thiol-yne/ene. 

While highly reactive thiol-coupling groups can undergo Michael addition via acid-base 

equilibrium or nucleophilic-catalyzed addition,180–182 less reactive thiol-coupling groups requires 

a more energetic approach. 183,184 In this case, a photocatalytic radical-mediated thiol-yne/ene 

addition mechanism was employed. As shown in Scheme 3.3 (top), the radical initiator accelerates 

the reaction by producing thiol radicals that then can enter the thiol-yne/ene cycle addition. 

Using this approach, addition of β-mercaptoethanol to metallacrowns was carried out onto 

the four and eight appendages of LnGa4xShi4(benzoate)4 and Ln2Ga8xShi8Ip4, respectively. As seen 

in Scheme 3.3 (bottom), for MCs templated with H3p/mYneShi, up to two couplings per ring ligand 

can be expected, while for MCs templated with H3p/mAlShi a single thiol addition per ring is 

expected. Reactions were done by placing degassed DMF reaction solution under UV light (365 

nm) in the presence 2,2-Dimethoxy-2-phenylacetophenone (DMPA) as the photoinitiator (radical 

initiator). For the monomeric MCs, complete coupling of four βME was observed to YbGa4pAlshi4 

and YbGa4mAlshi4. Partial to complete coupling was seen to YbGa4pYneshi4 with six to eight 

βME. As for coupling to YbGa4mYneshi4, lower thiol-yne coupling reactivity was seen, with an 

array of zero to six couplings. Reaction to the dimeric MC scaffolds were also investigated. A 

slight improvement on the reactivity of Yb2Ga8mYneshi8Ip4 was observed, with eleven to sixteen 

βME coupled to the MC. Best results were seen with Yb2Ga8pYneshi8Ip4 and Yb2Ga8pAlshi8Ip4, 

where partial to complete coupling of 14-16 and 6-8 βME couplings were seen, respectively. 

Furthermore, the ESI-MS peaks for complete coupling on both of these metallacrowns were of 

highest intensity. Since the molecular weight and size of both MCs with partial and complete 

coupling would differ by only two βME (~160 amu max), it is prudent to expect that the intensity 
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of the ESI-MS signal likely represents the density of population of each species. Thus, in both 

cases the most prominent species is the fully coupled Yb2Ga8pYneShi8Ip4(βME)16 and 

Yb2Ga8pAlShi8Ip4(βME)8.  

Absorbance and fluorescence spectroscopy of Yb2Ga8pYneShi8Ip4 and Yb2Ga8pAlShi8Ip4 

pre- and post-βME coupling demonstrate that the luminescent properties of the MC are not affected 

by small molecule coupling. As seen in Figure 3.18, the solution state absorbance of the four 

scaffolds have matching profiles. Likewise, luminescent emission shown in Figure 3.19 show 

characteristic YbIII luminescence in each scaffold. Therefore, these results demonstrate the first 

example of successful photocatalyzed thiol-yne/ene coupling of small molecules to monomeric 

and dimeric metallacrowns. More importantly, these results also demonstrate that LnIII 

sensitization by the MC is still observed after coupling reactions.  

 

3.4.3 Hyperboloidal Dendrimeric Metallacrowns 

After developing MC scaffolds capable of undergoing thiol-coupling at the ring ligands, 

and corroborating that the LnIII sensitization was not detrimentally affected by such 

functionalization, the next step was to expand the novel field of dendrimeric metallacrowns. To 

this end, Ln2Ga8xShi8Ip4 MC were employed as the core of PAMAM dendrimers, as shown in 

Scheme 3.4 in order to develop a new class of dendrimeric metallacrowns with hyperboloidal 

shapes.  

 

Scheme 3.4 Simplified representation of dendrimeric metallacrown preparation. Left, thiol-focal point dendron. 

Middle, model of LnIII
2[12-MCGa(III)N(xshi)-4]2(Ip)4 MC. Right, top view of hyperboloidal dendrimeric metallacrowns. 

 

Thiol-focal point PAMAM dendrons were prepared in the same fashion as described in 

Chapter 2. Next, given the lower reactivity toward thiol coupling of MCs templated with 
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H3myneShi, only MCs with the other three ligands were utilized in the trials to develop dendrimers. 

Chronologically, MCs with H3pyneShi were first examined in an attempt to create a thiol-reactive 

scaffold. Thus, the first trials to develop DMC were exclusively attempted in Yb2Ga8pYneShi8Ip4 

MCs. As detailed in the experimental and result sections, three radical-mediated approaches were 

utilized to obtained sixteen couplings of HS-G1 or 1.5 to a Yb2Ga8pYneShi8Ip4 core. Approach 

A resembles the photocatalytic approach utilized to couple βME to MCs. Approach B is also a 

photocatalytic reaction, but it utilizes 4,4'-Bis(dimethylamino)benzophenone (Michler’s ketone) 

as the photoinitiator. Lastly, Approach C is a thermal radical-mediated approach that employed 

azobisisobutyronitrile (AIBN) as the radical initiator. The least successful approach was 

Approach C, since even after long reaction times and increasing equivalents of AIBN, it only 

yielded one to four coupling of HS-G1.0 to Yb2Ga8pYneShi8Ip4 MC core.  

Both of the photocatalytic approaches yielded only slightly better results, with only partial 

coupling of six to eight HS-G1 to the Yb2Ga8pYneShi8Ip4 under Approach A, and seven to eight 

HS-G1.5 to the Yb2Ga8pYneShi8Ip4 core under Approach B. Attempts to improve the success rate 

by systematically modifying each of the reaction variables did not yield better results. 

Interestingly, Approach B yielded better results with G1.5 than with G1.0 (7-8 couplings, vs. 4-

6, respectively). This suggests that the nature of the photoinitiator and the surface of the dendron 

(-OMe for G1.5 and -NH2 for G1.0) may have an influence on the reactivity of the thiol-yne 

coupling. Additional synthetic trials were not done utilizing Approach B since a yellow 

discoloration due to photodecomposition of the Michler’s ketone was observed in all trials. 

Since for every ring ligand in Yb2Ga8pYneShi8Ip4 MCs, two thiol groups can be coupled, 

the synthesis of H-DMCs under Approach A only had 38-50% success rate with both G1.0 and 

G1.5 dendrons, as seen in Figure 3.20 and Figure 3.23. This could mean that some of the ring 

ligands in the MC core are undergoing a single or double dendron coupling events, while others 

are not coupling any dendrons at all. However, there is also the possibility that a second coupling 

to each of the ring ligands can be hindered by the relatively large size of the dendrons, which 

would render the success rate of the reaction to be 75-100% effective. In other words, while 14-16 

βME can be coupled to a Yb2Ga8pYneShi8Ip4 (two thiols per ring ligand), the relatively larger size 

of the dendrons (G1.0 and G1.5 dendrons are 4-8 times more massive than βME) can impede the 

addition of a second dendron at the same ligand position. Nevertheless, in an effort to obtained 
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complete and effective dendron coupling to the MC cores, a second generation of ring ligands were 

investigated. 

To this end, H3pAlShi and H3mAlShi ligands were synthesized. Given the success of βME 

thiol-ene coupling to YbGa4pAlShi4, coupling of HS-G1.0 dendrons to the monomeric MC was 

performed with the main goal to then form the dimeric scaffold by benzoate exchange with 

isophthalic acid. Shown in Figure 3.24 is the ESI-MS spectrum of YbGa4pAlShi4 metallacrown 

with complete coupling of four HS-G1.0 PAMAM dendrons. While this monomeric MC-cored 

DMC was not the main target behind this thesis work, it is still worth comparing some of its 

structural features with regular PAMAM dendrimers. Based on the crystal structure of the meta-

substituted MC analogue and the previously measured diameters of PAMAM dendrimers,43,185 at 

G1.0 this monomeric MC-cored DMC is about the same diameter as G3.0 ethylenediamine (EDA)-

cored PAMAM dendrimer. Additionally, the overall molecular weight of this G1.0 DMC (~3KDa 

by ESI-MS), is close to the molecular weight of a G2.0 PAMAM dendrimer. As for the overall 

shape, unlike the more globular PAMAM dendrimers, this DMC potentially has a flatter and disk-

like shape. The non-globular shape, more massive luminescent core, and larger overall diameter 

at relatively low generations of this DMC scaffold, should alter the pharmacokinetic properties 

(e.g. longer retention time or cell uptake) from those of regular PAMAM dendrimers. Furthermore, 

this DMC is the closest analogue to metallodendrimers with porphyrin52 or cyclam86 cores, where 

the core is made with a single well-defined macrocyclic scaffold capable of coordinating a metal 

ion at its center. The main difference between porphyrin- and cyclam-cored metallodendrimers 

and this DMC is that the MC core is capable of encapsulating and sensitizing lanthanide ion 

luminescence. Further luminescent characterization of this DMC was not performed for this thesis 

work, but is expected to efficiently sensitize lanthanide luminescence. Furthermore, it may also 

improve the overall solution stability of the MC core by limiting bridging dissociation in solution. 

While exciting results were obtained, the formation of the dimeric scaffold by bridge 

exchange with this monomeric MC-cored DMC was not successful. This is probably due to the 

nature of the dendron, which has -NH2 surfaces and internal amides that can interfere with the 

deprotonation of the isophthalic acid by the benzoates; thus, interfering with the bridge exchange 

events. It could also be due to the protecting effect of the dendron arms limiting bridge ligand 

dissociation. Furthermore, attempts to scale up the thiol-ene dendron coupling to YbGa4pAlShi4 

yielded less favorable results, and very noisy ESI-MS spectra. This is likely due to the fact that 
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benzoates are good radical scavengers that can undergo radical addition.186,187 Thus, scaling up the 

reaction ultimately increases the concentration of benzoates, which then increases the chances of 

radical quenching and unwanted side reactions. This situation could be improved by using different 

carbonyl bridging ligands with lower reactivity towards radical formation, but this was not 

explored further since alternative approaches to make the dimeric DMC proved to be more 

successful. 

The most successful dendron coupling reaction was achieved with Yb2Ga8pAlShi8Ip4 as 

the MC core, and HS-G1.0 PAMAM dendrons. As seen in Figure 3.26, under different reaction 

conditions and employing Approach A, similar results were observed. A narrow distribution of 

six to eight couplings of dendron per MC can be seen by ESI-MS, which translates into a 75-100% 

coupling success rate – a significant improvement to the 35-50% success rate with 

Yb2Ga8pYneShi8Ip4 MC. Scaling up of the reaction of Yb2Ga8pAlShi8Ip4 and HS-G1.0 PAMAM 

dendrons, from 1-5 mg for the trials to 20-40 mg, did not hinder the reactivity of the thiol-ene 

addition. This complex, which from here on will be referred to as Yb2Ga8pAlShi8Ip4 G1.0 DMC, 

was purified by dialysis against DMSO, and then further characterized by DLS and luminescence 

spectroscopy. Interestingly, the reaction of Yb2Ga8pAlShi8Ip4 with HS-G0.5 dendrons, which is a 

slightly smaller dendron, also yielded six to eight couplings. Similarly, as described earlier, βME 

coupling to the same MC also resulted in six to eight couplings. Thus,  the increasing size of the 

thiol compounds (MW: HS G1.0> HS G0.5 >> βME) is not the main culprit hindering the single 

thiol coupling to each of the MC rings. Potentially, 100% coupling rates of dendrons to the MC 

core could be achieved if more reactive thiol-ene groups were employed; however, as described 

earlier, the delicate synthetic requirements of the hydroxamic acid ligands can limit the available 

options for thiol-ene coupling. 

As seen in Figure 3.5 and Figure 3.26, the characterization by ESI-MS of the 

Yb2Ga8pAlShi8Ip4 MC and Yb2Ga8pAlShi8Ip4 G1.0 H-DMC corroborated the expected increase 

in molecular weight between the two compounds. Interestingly, while the Yb2Ga8pAlShi8Ip4 MC 

is best characterized as a -2 species in negative ion mode, the Yb2Ga8pAlShi8Ip4 G1.0 H-DMC 

was better detected by the mass spectrometer as a +3 species in positive ion mode. This is due to 

the easy protonation of the -NH2 surface groups of the DMC. DLS characterization of the 

Yb2Ga8pAlShi8Ip4 MC and the Yb2Ga8pAlShi8Ip4 G1.0 H-DMC in DMSO also confirmed the 

increase in size, showing an expansion in average hydrodynamic diameters (from 3.7 to 5.3 nm) 
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and slower diffusion coefficients (from 1.30e-6 to 9.09e-7 cm2s-1). As for the structural difference 

between standard PAMAM dendrimers and hyperboloidal DMCs, at a given generation the DMC 

is much larger than PAMAM dendrimer of the same generation. For example, the 

Yb2Ga8pAlShi8Ip4 G1.0 DMC is predicted to be close in diameter to a standard G5.0 PAMAM 

dendrimer.43 This is of synthetic importance since while PAMAM dendrimer defects (e.g, 

incomplete monomer addition, missing dendrons, or cyclization) can occur during dendrimer 

synthesis or due to sample concentration, such defects tend to increase with increasing dendrimer 

generation.4,12 Therefore, if a G5.0 EDA-cored PAMAM dendron is needed for its size (~5.5 nm 

in diameter), a G1.0 H-DMC could be used instead as they have similar diameters, but with the H-

DMC having shorter dendron generation and thus a lower defect concentration. Similarly, 

Yb2Ga8pAlShi8Ip4 G1.0 H-DMC has as many surface groups as a larger G2.0 PAMAM dendrimer 

– sixteen compared to eight -NH2 groups, respectively. Lastly, the molecular weight of G1.0 DMC 

as seen by mass spectrometry (~5.7 kDa) is comparable to that of a G2-3 PAMAM dendrimers.173 

Just as with toroidal DMCs (T-DMCs), the structural and physical difference of hyperboloidal 

DMCs arises from the much larger and heavier metallacrowns core compared to the regular EDA-

cored PAMAM dendrimers, as seen in Scheme 3.5. As for the overall shape, dendrimers are known 

for adopting globular shapes in solution. By comparison, the hyperboloidal DMC, as the name 

indicates, could be described as a hyperboloid shaped (or hourglass) complex based on the site of 

dendron attachment. However, based on the narrow PdI values observed in DLS, in solution the 

DMC could potentially adopt a more spherical shape.  
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Scheme 3.5 Comparison between a G4 EDA-cored PAMAM dendrimer with a Ln2Ga8pAlShi8Ip4 MC highlighting 

that the MC has a diameter (measured by DLS) as large as a large PAMAM dendrimer. Also, the MC used as the core 

of H-DMC has twice as many coupling sites for dendron grow, compare to the EDA core in that only has four. 

 

As shown in Figure 3.34, the polydispersity index (PdI) of the Yb2Ga8pAlShi8Ip4 G1.0 H-

DMC (PdI:0.06) is significantly smaller than that of the Yb2Ga8Shi8Mip4 G1.0 T-DMC (PdI: 0.34), 

and closer to the values of standard PAMAM dendrimers (PdI: 0-0.1). This suggest that in DMSO 

solutions, hyperboloidal DMCs are more spherical than the T-DMCs – which are closer to a disk 

shape. Furthermore, through DLS one can investigate the aggregation behavior of particles in 

solution. As seen in Figure 3.34, while the presence of aggregates (peaks with smaller intensity at 

higher diameters) is observed in both DMCs, the H-DMC’s aggregate peak is located at smaller 

diameters and has a much narrower width. This suggests that there is a smaller distribution in size 

of the aggregates and that they are much smaller than those of the T-DMC. This is of importance 

for the potential application of H-DMCs as imaging probes since aggregate formation in solution 

can heavily influence the pharmacokinetic behavior of the probe – e.g., hinder cell uptake.  
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Figure 3.34 DLS size distribution of Yb2Ga8Shi8Mip4 G1.0 T-DMC and Yb2Ga8pAlShi8Ip4 G1.0 H-DMC in DMSO 

at room temperature.  

 

To further investigate the H-DMC behavior in solution, DLS characterization was also 

performed in more aqueous environments (H2O:DMSO, 99:1, v/v%). Just as with the previously 

described toroidal-DMC, the G1.0 hyperboloidal-DMC also showed solvent dependent 

aggregation behavior (Figure 3.30). Aggregates with an average diameter of ~340 nm were the 

only species seen by DLS, which suggest that the G1.0 H-DMC undergoes rapid self-aggregation 

in aqueous solutions. This can be problematic for their application as imaging agents, since 

depending on their size, large aggregates can hinder cellular internalization. More rigorous DLS 

experiments looking at the concentration dependance, pH dependance, solvent system dependance, 

or any other important parameters that influences aggregation would be of great importance in 

order to minimize the formation of large particles in solution, and be able to exploit the excellent 

luminescent properties of hyperboloidal-DMCs. 

Another piece of information that can be subtracted from the DLS data is an approximation 

of the maximum number of solvent molecules encapsulated/associated to the DMC and the MC. 

This can be extrapolated from the density (ρm) of the measured sample by DLS, and comparing it 

to the expected density of the sample, which can be determined from the crystal structure of a 

given scaffold. Three assumptions would be made in the case of Yb2Ga8pAlShi8Ip4 MC and 
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Yb2Ga8pAlShi8Ip4 G1.0 H-DMC: i) the density of the Yb2Ga8pAlShi8Ip4 would be assumed to be 

same as the one measured for the Yb2Ga8Shi8Ip4 MC from crystallographic data106 (ρ:1.445); ii) 

the density of the DMC is extrapolated from the difference in the measured values of the MC and 

the DMC, and the assumed MC density; and iii) the molecules associated/encapsulated are only 

DMSO (MW: 78 g/mol). Values to perform the calculations are listed in Table 3.16, and detailed 

step-by-step calculation are shown in Appendix B. With this approach, a reasonable estimation for 

the level of solvation of the MC and the H-DMC can be determined. An increase in the number of 

DMSO molecules associated with the H-DMC is to be expected since the addition of eight sets of 

dendrons arms also increases the number of cavities for solvent encapsulation. Comparing the 

number of solvent molecules encapsulated/associated to Yb2Ga8Shi8Mip4 G1.0 T-DMC (~20 

DMSOs) and Yb2Ga8pAlShi8Ip4 G1.0 H-DMC, the latter has about three times as many DMSO 

molecules encapsulated and/or associated as the former. This seems reasonable since not only the 

amount of dendron arms per MC core doubles with the H-DMC, but also the position of the 

dendrons arms are in more favorable positions (“top” and “bottom” of the MC core) to encapsulate 

solvent molecules.  

 
Table 3.16 Calculated solvent molecules encapsulated or associated with samples in DLS. 

Sample Ra 

(nm) 

Vb (mL) MWc 

(g/mol) 

Massd 

(g) 

ρm
e 

(g/mL) 

ρ (g/mL) #DMSO 

molecules 

MC 1.85 26.56e-21 3210 5.33e-21 0.20 1.445f 35 

DMC G1.0 2.65 77.95e-21 5660 9.40e-21 0.12 0.90 63 
a From DLS estimated hydrodynamic radius. b Volume assuming sample is a sphere; V=3/4πR3. c From ESI-MS. d 

MW/Avogadro’s number. e Calculated density. f From crystal structure.
106

 

 

Further comparison between H-DMC and T-DMCs demonstrates a significant reduction of 

reaction time for the preparation of DMCs when utilizing the photocatalyzed thiol-ene coupling 

approach. As described in Chapter 2, to prepare G1.0 T-DMCs, 5-7 days were necessary to obtain 

complete couplings of four dendrons to the MC core. In the case of photocatalyzed H-DMCs, only 

0.5-1 hour of reaction time is necessary. However, T-DMC synthesis has the benefit of having 

100% coupling success, and is more easily scalable – with  ~250-500 mg of MC batch sizes. Yet, 

the rapid synthesis of smaller batch sizes (20-40 mg of MC) could potentially outweigh the 

significantly longer reaction times of T-DMCs. The next most significant difference between the 

two DMCs is their shape and number of dendrons coupled to the MC core, shown in Scheme 3.6. 
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As their name indicates and based on the site of dendron attachment, one could imagine the DMCs 

having a toroidal and hyperboloidal shape. The shape difference is also highlighted by the PdI 

difference in the DLS, which shows the T-DMC having a less globular shape in solution than H-

DMCs. Since the number of dendron attachment sites to the MC core doubles from 

Ln2Ga8Shi8Mip4 to Ln2Ga8pAlShi8Ip4, the number of surface groups also doubles for a given 

generation. Therefore, while a Ln2Ga8Shi8Mip4 G1.0 T-DMC has a diameter of 4.00 nm and eight 

-NH2 groups at the surface, a Ln2Ga8pAlShi8Ip4 G1.0 H-DMC’s diameter is 5.30 nm and has 

sixteen surface groups. However, both DMCs are similar in the sense that they are both 

significantly larger and heavier than standard PAMAM dendrimers of the same generation.  

 

 

Scheme 3.6 Simplified representation of toroidal dendrimeric metallacrown (T-DMC, left) and hyperboloidal 

dendrimeric metallacrown (H-DMC, right).  

 

Unlike standard PAMAM dendrimers that required surface modification with organic 

chromophores or encapsulation of organic-based luminescent probes in order to have luminescent 

emissions, the MC core of Yb2Ga8pAlShi8Ip4 G1.0 H-DMC ensures that the complex is 

intrinsically luminescent – with emission in the NIR for this specific case. The photophysical 

properties of Yb2Ga8pAlShi8Ip4 G1.0 H-DMC were investigated, and compared to G1.0 T-DMC 

from Chapter 2 and other YbIII-based metallacrowns. Based on Figure 3.31, absorption spectra of 

Yb2Ga8pAlShi8Ip4 G1.0 DMC exhibit similar π→π* transition bands to those of the MC core, with 

an absorbance in the range of 250-340 nm, with a low-energy maximum at 310 nm (ε=6.8x104 M-
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1cm-1) and a S* at 26667 cm-1. Thus, it can be said that the incorporation of PAMAM dendrons to 

the ring ligand of the MC core does not seem to affect the scaffold’s electronic properties. While 

the triplet state of the DMC was not measured, it is not expected to change much as the PAMAM 

dendrons are poor antennas for energy transfer. 

Good overlap of the solution state absorbance and excitation spectra indicates effective 

energy absorbance and transfer by the MC core ring ligands to the YbIII ions. Excitation at 320 nm 

exhibited characteristic YbIII emission between 950-1150 nm, as seen in Figure 3.32. 

Photophysical data in the solution state detailed on Table 3.13, show that the τobs and 𝜑𝑌𝑏
𝐿  values 

of the DMC are larger  than both the Yb2Ga8pAlShi8Ip4 with no dendrons, and the Yb2Ga8Shi8Ip4 

parent MC – τobs:~1.4/𝜑𝑌𝑏
𝐿 :~1.12 and τobs:1.1/𝜑𝑌𝑏

𝐿 :~1.2 times higher, respectively. The increase in 

both values can be attributed to the added protection that the dendron arms offer to the MC core 

from solvent molecules, and the narrower S*
→T* ΔE of the para-substituted MC core compared 

to the parent MC.  

When compared to G1.0 T-DMC, an increase of  τobs:~1.4 times, but a decrease of 𝜑𝑌𝑏
𝐿 :~0.9 

times was observed with the G1.0 H-DMC. The subtle decrease in quantum yield may be due to 

the position and solvent encapsulation of the dendrons, as seen in Scheme 3.6. In other words, 

while the dendritic shell helps protect the MC from the surrounding environment, it also forms 

cavities capable of encapsulating solvent molecules. Since the dendrons are positioned at the ring 

ligands, the solvent-filled cavities can be relatively close to the LnIII ions. Furthermore, as shown 

by the DLS solvation calculations, H-DMCs can have a significantly larger number of solvent 

molecules encapsulated by the dendritic shell than T-DMCs. This is because the hyperboloidal 

scaffolds have twice as many dendron arms as the toroidal ones. Nonetheless, even with solvent-

filled cavities, the DMCs have larger quantum yields than the MC core or parent MC alone; 

suggesting that solvents molecules in DMCs are kept farther away from the LnIII ions. Overall, the 

high quantum yields of the Yb2Ga8pAlShi8Ip4 G1.0 DMC, long luminescent lifetimes, and NIR 

emission are exciting and encouraging results for the dendrimer and metallacrown fields.  

While cell studies were not performed with the Yb2Ga8pAlShi8Ip4 G1.0 DMC, based on 

the DLS data in both DMSO and H2O/DMSO solutions, it can be expected that self-aggregation 

will hinder the effective cell uptake of G1.0 H-DMCs. Aqueous solubility is not likely the main 

perpetrator behind self-aggregation, since this G1.0 H-DMC has twice as many hydrophilic surface 

groups than the G1.0 T-DCM, which experience a smaller degree of aggregation in cells. Thus, 
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further DLS studies are necessary to better understand the mechanisms of self-aggregation, and to 

investigate the optimal conditions in aqueous solutions that would minimize the aggregation of the 

H-DMC. The great luminescent sensitization, attractive structural features, and the presence of 

twice as many dendrons as standard PAMAM dendrimers of the same generation, grant the 

investigation of the imaging behavior of hyperboloidal-DMCs worthwhile. 

 

3.5 Conclusions 

The work detailed in this chapter demonstrates the remarkable functionalization potential 

of luminescent metallacrowns, and excellent luminescent emissions of dendrimeric 

metallacrowns. In this chapter, I presented the synthetic incorporation of thiol-yne and thiol-ene 

groups to the ring ligands for monomeric LnGa4xShi4(benzoate)4 and dimeric Ln2Ga8xShi8Ip4 

metallacrowns with four different ring ligands (H3pYneShi, H3mYneShi, H3pAlShi, and 

H3mAlShi), and three LnIII ions (YbIII, SmIII, and GdIII). The scaffolds were characterized by 

crystallography, ESI-MS, and NMR to corroborate chemical and structural composition. 

Photophysical characterization of each scaffold demonstrated that the presence of pyridinium and 

other vibrational quenchers near the LnIII ions severely quenches the luminescent signal of the 

MCs in the solid state; however, in DMSO solutions, a significant increase in both lifetimes and 

quantum yields was seen for all compounds. The thiol-yne/ene functionalization ability of 

LnGa4xShi4(benzoate)4 and Ln2Ga8xShi8Ip4 metallacrowns was corroborated by coupling up to 

four, eight, or sixteen β-mercaptoethanol molecules to the four or eight thiol-yne/ene appendages 

of MCs via UV-light photocatalyzed thiol coupling. The YbIII
 emission of the pre- and post-βME 

coupling to MCs confirmed that the luminescent signal is not hindered by the thiol-yne/ene 

functionalization. This work represents the first incorporation of thiol active site to the ring of 

MCs, the first-time photocatalytic coupling reaction has been employed to MC, and the first-time 

up to sixteen molecules have been coupled to a single MC. 

To advance the field of luminescent metallodendrimers, new Ln2Ga8 complexes were 

incorporated as the core of hyperboloidal-DMCs. I investigated the reaction conditions necessary 

to accomplish this, and while most of the new MC scaffolds prepared for this work successfully 

underwent thiol coupling with small molecules, only one of the new structures was able to be used 

as the core of hyperboloidal-DMCs. I was able to show the synthesis and characterization of a new 

type of dendrimeric metallacrown with Ln2Ga8pAlShi8Ip4 cores and PAMAM dendritic shells. 
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Furthermore, while the coupling success rate of Yb2Ga8pAlShi8Ip4 was shown to be 75-100%, the 

short reaction times and mild reaction conditions are to be highlighted. Compared to toroidal-

DMCs that requires 5-10 days to fully react, synthesis of the hyperboloidal-DMC only requires 1 

hour of reaction time. Furthermore, the number of couplings doubles compared to toroidal-DMCs. 

ESI-MS and DLS studies corroborated the formation of the DMCs, while photophysical 

characterization demonstrated excellent sensitization and quantum yield of Yb2Ga8pAlShi8Ip4 

G1.0 DMC in DMSO. Furthermore, the distinct structural features of DMCs, such as the 

hyperboloidal shape, large diameters, and high molecular weight with smaller generations, are 

interesting features that could be exploited in biological settings. With this work, I was able to 

expand the functionalization of MC while also exploiting their luminescent sensitization. 

Furthermore, I was able to demonstrate that MCs can be functionalized at the ring ligand position, 

and be employed as the core of dendrimeric metallacrowns. 
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Chapter 4  

Bifunctional Luminescent Metallacrowns and 

Symmetric/Asymmetric Dendrimeric Metallacrowns 

 

4.1 Introduction  

The scaffolds developed in Chapter 2 (Ln2Ga8Shi4Mip4) and Chapter 3 (Ln2Ga8xShi8Ip4) 

are clear examples of the synthetic functionalization capabilities of metallacrowns. The maleimide 

appendages of Ln2Ga8Shi4Mip4 were introduced by modification of the bridging ligands, yielding 

a scaffold with four maleimide groups capable of coupling to thiol moieties. As for 

Ln2Ga8xShi8Ip4, a more delicate synthetic methodology was implemented,  which culminated with 

the development of scaffolds with eight appendages capable of undergoing thiol-ene/yne 

photocatalytic addition. Both scaffolds represent the firsts MCs able to couple thiol-bearing 

molecules – either small ones like cysteamine or β-mercaptoethanol, or larger ones like PAMAM 

dendrimers. This functionalization led to the development of luminescent Ln2Ga8 MC-cored 

PAMAM DMCs with toroidal and hyperboloidal shapes, and some of the highest YbIII quantum 

yields among MCs. 

The systematic synthetic functionalization of Ln2Ga8 MCs shown in the previous two 

chapters has now enabled the development of luminescent bifunctional scaffolds with twelve 

points of attachment. Additionally, due to the significant difference in reactivity towards thiol 

coupling of each ligand appendage (maleimide >>> thiol-ene/yne), asymmetric coupling to the 

same MC core can also be achieved. Thus, these bifunctional MC can be interesting cores of 

luminescent metallodendrimers. For this chapter, I first describe the synthesis and characterization 

of bifunctional Ln2Ga8xShi8Mip4 (x: p/mAl and p/mYne) metallacrowns. I then demonstrate the 

thiol-coupling capabilities of the MC at both ligands’ positions with small molecules. Next, I 

follow this by presenting data on the formation of symmetric and asymmetric DMCs, as well as 

their characterization and photophysical properties. Lastly, I describe the development and 
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characterization of redshifted toroidal-DMCs. The DMCs described in this chapter are labeled as 

“symmetric” (S-DMC) if both the ring and bridging ligands are coupled to the same PAMAM 

generation dendron, and “asymmetric” or Janus (Janus-DMC) if two different dendron generation 

or molecule are orthogonally coupled. Altogether, this last data chapter combines the two sites for 

thiol functionalization in a Ln2Ga8 metallacrown, and exploits both its coupling capabilities and 

photophysical properties. 

 

4.2 Experimental  

4.2.1 Chemical and Materials  

All reagents and chemicals were purchased from commercial sources and used without 

further purification. Some chemicals have been omitted from the following listing wherever the 

starting materials are the same as those described on previous chapters. Cysteamine hydrochloride 

(Alfa Aesar, 98+%), Extra dry dichloromethane (DCM, Acros, 99.9%), Trifluoro acetic acid 

(TFA, Fisher, Peptide synthesis grade), Trityl chloride (Acros, 98%), Chloroform (Fisher, ACS 

grade), Sodium hydroxide (Fisher, ACS grade), Magnesium sulfate anhydrous (Fisher), D-(+)-

Biotin (Alfa Aesar, 98+%), N-hydroxysuccinimie (NHS, eMolecules), N,N′-

Dicyclohexylcarbodiimide (DCC, Sigma Aldrich, 99%), N,N-dimethylformamide (DMF, Fisher, 

Sequencing grade), Diethyl ether (Fisher), N,N-Diethylethanamine (TEA, Sigma Aldrich, 99+%), 

Ethyl acetate (Fisher, ACS grade), Dichloromethane (Fisher, ACS grade), Triethylsilane (TCI, 

98+%), Toluene (LabChem, ACS grade), Petroleum ether (Fisher, ACS grade), Anhydrous 

methanol (Sigma Aldrich, 99.8%), ethanolamine (Sigma Aldrich, >99%), Anhydrous potassium 

carbonate (Fisher, Certified ACS), Gallium (III) nitrate hydrate (Acros, 99.9998%), Ytterbium 

nitrate pentahydrate (Sigma Aldrich, 99.9%), Sodium benzoate (Fisher), Pyridine (Fisher, ACS 

certified), β-Mercapto ethanol (Fisher), 2,2-Dimethoxy-2-phenylacetophenone (DMPA, Sigma, 

99%), 4-(Dimethylamine)pyridine (DMAP, Acros, 99%), Dialysis membrane Spectra/Por 7 

(MWCO 3.5 kDa, regenerated cellulose), Dimethyl sulfoxide (Fisher, HPLC grade), Dimethyl 

sulfoxide-d6 0.03% TMS (Acros, 99.9%), NanoStar Disposable MicroCuvette (Wyatt), LED 

Emitter UV 365 nm flat lens (Digikey), AC/DC Wall mount adapter (Digikey), Computer fan 

(Newark), and Aluminum foil tape (Newark). 
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4.2.2 General Characterization Methods  

Electrospray Ionization Mass Spectrometry (ESI-MS) was performed on an Agilent 6230 

TOF HPLC-MS in negative or positive ion mode with fragmentation voltage of 250-350V. 

Samples were prepared by dissolving approximately 0.5-1 mg of compound in 2 mL of HPLC 

grade methanol. Samples of 5-10 µL were manually injected. Methanol was employed as eluent 

in negative ion, and acetonitrile with 0.1% formic acid in positive ion. The flow rate was 0.5-1 

mL/min. Data were processed with Agilent MassHunter Qualitative Analysis Software. 

CHN elemental analysis was performed in a Carlo Erba 1108 elemental analyzer and a 

PerkinElmer 2400 elemental analyzer by Atlantic Microlab. 

1H NMR spectra were acquired on a 400 MHz Varian MR400 or 500 MHz Varian 

VNMRS500 NMR Spectromer. Samples were prepared in Chloroform-d, Dimethyl sulfoxide-d6, 

or Methanol-d4, and spectra were proceessed using MestraNOVA software. 

Dynamic Light Scattering (DLS) was performed on a DynaPro NanoStar instrument at 

25ºC with a scattering angle of 90º. Samples were prepared by dilution in  DMSO, followed by 

centrifugation for five minutes at twelve thousand rpm. Scans were done with five second 

acquision time seta and twenty runs. Data was plotted using OriginPro 2020 software. 

 

4.2.3 UV Photocatalytic Setup  

UV-light catalyzed thiol-yne and -ene coupling of small molecules and dendrons to 

metallacrown was done using the set up (LED Box) shown below in Figure 4.1. The LED Box and 

lid (not shown in the picture) were made using fiberboard, and all of its interior was coated with 

aluminum tape or foil as to increase light reflectance. An aluminum coating was chosen for its 

high reflectivity (>85%) in the UV region177 and its low cost. The light source is a UV LED emitter 

with a 15 Watts of output power and a narrow emission at 365 nm. To avoid overheating of the 

LED emitter, a copper metal plate was used as a heat sink with a computer fan placed in the back 

to expel hot air. Vials with samples were placed at 5-7 cm from the light source. 
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Figure 4.1 Photograph of LED Box highlighting key components. Coupling reaction using this set up were performed 

by covering the box with a lid (not shown in picture) and placing the assembly inside a hood. 

 

4.2.4 Synthetic Procedures 

I now describe the synthetic procedures followed in this chapter. All reactions were 

completed under aerobic conditions and at room temperature, unless otherwise noted. 

Characterization figures (ESI-MS, NMR, and DLS) not shown under the result section can be 

found in Appendix (Appx.) D.  

 

Metallacrown bridge and ring ligands:  

Synthetic procedures and characterization of  5-maleimidoisopthalic acid (H2Mip), N,2-

dihydroxy-4-(prop-2-yn-1-yloxy)benzamide (H3pYneShi), N,2-dihydroxy-5-(prop-2-yn-1-

yloxy)benzamide (H3mYneShi), 4-(allyloxy)-N,2-dihydroxybenzamide (H3pAlShi), and 5-

(allyloxy)-N,2-dihydroxybenzamide (H3mAlShi) are detailed in Chapter 2 and 3.  

 

YbGa4xShi4(Benzoate)4 Metallacrowns:  

General synthesis procedure for Yb[12-MCGa(III)N(xShi)-

4](benzoate)4(pyridinium)(pyridine)2(MeOH)2 metallacrowns (x: pYne, mYne, pAl, and mAl). 

Monomeric metallacrowns were prepared in the same fashion as described in Chapter 3.  
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Yb2Ga8xShi8Mip4 Metallacrowns:  

General synthesis procedure for Yb2[12-MCGa(III)N(xshi)-4]2(Mip)4 metallacrowns (x: pAl, 

mAl, and pYne,; shorthand: Ln2Ga8xShi4Mip4). Dimeric metallacrowns were prepared in the 

same fashion as in Chapter 2, but with LnGa4xShi4(benzoate)4 as the monomeric MC. Products 

were pale orange to yellow powders. The synthetic yields were 70-85% based on the metallacrown.  

Yb2Ga8pAlShi8Mip4. MS (Figure 4.2, ESI): m/z calcd. for Yb2Ga8C128H84N12O56: 1794.85 

[M]2-; found 1795.77 [M]2-. Elemental analysis calcd. (%) for Yb2Ga8C143H127N15O70Na: C 41.63, 

H 3.10, N 5.09; found: C 41.61, H 3.08, N 5.04. 

Yb2Ga8mAlShi8Mip4. MS (Figure Appx. D76, ESI): m/z calcd. for Yb2Ga8C128H84N12O56: 

1794.85 [M]2-; found 1795.77 [M]2-. Elemental analysis calcd. (%) for Yb2Ga8C136H113N14O68Na3: 

C 40.79, H 2.84, N 4.90; found: C 40.74, H 2.84, N 4.79. 

Yb2Ga8pYneShi8Mip4. (Figure Appx. D77, ESI): m/z calcd. for Yb2Ga8C128H68N12O56: 

1787.29 [M]2-; found 1787.70 [M]2-. Elemental analysis calcd. (%) for Yb2Ga8C140H104N15O70Na3: 

C 41.12, H 2.56, N 5.14; found: C 41.11, H 2.56, N5.14. 

Yb2Ga8mYneShi8Mip4. (Figure Appx. D78, ESI): m/z calcd. for Yb2Ga8C128H68N12O56: 

1787.29 [M]2-; found 1787.78 [M]2-. Elemental analysis calcd. (%) for Yb2Ga8C112H76N14O55Na2: 

C 45.58 H 2.95 N 5.28; found: C 45.46, H 2.94, N 5.24. 

 

Small molecule coupling to Yb2Ga8xShi8Mip4: 

General coupling procedure of β-Mercaptoethanol (βME) to Yb2Ga8xShi8Mip4 (x: pAl, 

mAl, and pYne). The coupling reaction was done by dissolving the metallacrown (10-30 mg, 1 

eq), βME (100 eq), and 2,2-Dimethoxy-2-phenylacetophenone (DMPA, 1.0 eq) in degassed DMF 

to a concentration of 35 mg/mL to the MC mass. The reaction mixture was sealed with a septum 

lid and then flushed with N2 (g) for a minimum of 10 minutes. After this time, the reaction lid was 

wrapped with parafilm to ensure a complete seal, and placed in the LED Box for four hours. The 

reaction was monitored by ESI-MS. Once finished, the reaction solution was concentrated with a 

stream of N2 (g) prior to purification. The dried product was then rinsed with copious amount of 

water to yield a light-to bright-yellow powder that was dried under vacuum at room temperature 

overnight (>80% yield, post purification). 

Yb2Ga8pAlShi8Mip4(βME)12-11. MS (Figure 4.5 (top), ESI): m/z calcd. for 

Yb2Ga8C152H156N12O68S12: 2263.43 [M]-2; found: 2263.33 [M]-2. m/z calcd. for 
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Yb2Ga8C150H150N12O67S11: 2224.43 [M]-2; found: 2225.33 [M]-2. 

Yb2Ga8mAlShi8Mip4(βME)12-11. MS (Figure 4.6 (top), ESI): m/z calcd. for 

Yb2Ga8C152H158N12O69S12: 2272.44 [M•H2O]-2; found: 2250.93 [M•H2O]-2. m/z calcd. for 

Yb2Ga8C150H156N12O70S11: 2250.94 [M•3H2O]-2; found: 2250.93 [M•3H2O]-2. 

Yb2Ga8pYneShi8Mip4(βME)20-18. MS (Figure 4.7 (top), ESI): m/z calcd. for 

Yb2Ga8C168H188N12O76S20: 2567.92 [M]-2; found: 2566.93 [M]-2. m/z calcd. for 

Yb2Ga8C166H182N12O75S19: 2528.42 [M]-2; found: 2528.93 [M]-2. m/z calcd. for 

Yb2Ga8C165H184N12O75S18: 2506.94 [M•MeOH]-2; found: 2505.42 [M•MeOH]-2. 

 

Thiol focal point PAMAM dendrons:  

General synthesis, protection, and deprotection procedures of thiol focal PAMAM 

dendrons of different generations (HS-GX; X: 0.5-1.5) are detailed in the experimental section of 

Chapter II. Freshly deprotected dendrons were used for the coupling reactions to metallacrowns. 

A modified G1.0 -OH dendron with hydroxyl surface groups was also prepared, and the synthesis 

is described below.  

 

 

 

Trityl-G1.0-OH dendron was prepared by first dissolving Trityl-G0.5 dendron (3.93 g, 8.0 

mmol, 1 eq) in anhydrous methanol (20 mL), followed by the addition of ethanolamine (5.0 mL, 

80 mmol, 10 eq) and anhydrous potassium carbonate (11.07 g, 80 mmol, 10 eq). The reaction 

mixture was then stirred at room temperature for four days. After this time, the reaction solution 

was filtered and then concentrated using a rotary evaporator at 35°C. The product was redissolved 

in water (150 mL) and then neutralized to pH~7 with concentrated HCl. The aqueous solution was 

then extracted thrice with chloroform (3 x 50 mL), dried over magnesium sulfate, and concentrated 

once again under reduced pressure at 35°C. The product was a clear yellow oil (80% yield). 1H 
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NMR (Figure Appx. D79, 400 MHz, CD3OD) δ 7.34 (d, J = 7.7 Hz, 6H), 7.24 (t, J = 7.5 Hz, 6H), 

7.18 (d, J = 7.3 Hz, 3H), 3.52 (t, J = 5.8 Hz, 4H), 3.21 (t, J = 5.8 Hz, 4H), 2.54 (t, J = 6.7 Hz, 4H), 

2.32 (s, 4H), 2.22 (t, J = 6.7 Hz, 4H). 

 

 

HS-G1.0-OH dendron was prepared by dissolving Trityl-G1.0-OH dendron (1.10 g, 2.0 

mmol, 1 eq) in 20 mL of dry DCM. TFA (2.30 mL, 30.0 mmol, 15 eq) was added to the solution 

slowly while stirring and with N2 (g) blowing over the flask. This was followed by the one-shot 

addition of triethylsilane (2.40 mL, 15.0 mmol, 7.5 eq). The reaction was left stirring at room 

temperature for four hours under N2 (g) atmosphere. The solvent was removed under reduced 

pressure at  a maximum of 35°C, followed by trituration with petroleum ether five times (5 x 20 

mL) for fifteen minutes each. Final product was once again dried under reduced pressure, yielding 

a white oil (~75% yield) that was stored at -80°C. 1H NMR (Figure Appx. D80, 400 MHz, CD3OD) 

δ 3.63 (d, J = 5.9 Hz, 2H), 2.80 (s, 2H), 2.74 (d, J = 5.7 Hz, 2H), 2.65 (s, 4H), 2.58 (d, J = 7.2 Hz, 

2H), 2.49 (d, J = 9.8 Hz, 2H), 2.16 – 2.09 (m, 2H), 1.98 (s, 4H). 
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Biotin-thiol synthesis procedure:  

 

2-(tritylthio)ethanamine (1), was prepared by adding anhydrous dichloromethane (DCM) 

(15 mL) to cysteamine hydrochloride (1.14 g, 10 mmol) under N2 (g), and placed in an ice bath. 

Then, while stirring TFA (2 mL) was added to the mixture dropwise, followed by the addition of 

trityl chloride (2.79 g, 10 mmol) at once. The solution turned dark yellow, and was stirred under 

N2 (g) atmosphere at 0°C for 2 hours. After this time, the reaction solution was concentrated under 

reduced pressure, and then redissolved in chloroform (10 mL). While vigorously stirring the 

redissolve reaction, 10 M NaOH (3 mL) was added to it, and stirred at room temperature for one 

hour. The reaction solution turned clear and was then extracted with 3 x 10 mL chloroform. The 

organic layers were combined, and then washed with 3 x 10 mL brine. Finally, the organic layer 

was dried over anhydrous MgSO4, and concentrated to yield a colorless oil (2.99 g, 94% yield, 

98% pure). 1H NMR (Figure Appx. D81, 500 MHz, CDCl3) δ 7.51 (d, 6H), 7.30 (t, J = 8.8, 6.8 

Hz, 6H), 7.23 (t, 3H), 2.57 (t, J = 6.6 Hz, 2H), 2.35 (t, J = 6.6 Hz, 2H), 1.47 (s, 2H).  

 

 

Biotin N-hydroxysuccinimide Ester (2) was prepared by first warming up DMF (30 mL) to 

60°C, and then using it to dissolve D-(+)-Biotin (2.00 g, 8.2 mmol) and N-hydroxysuccinimide 

 

 

 

 

  

  

 

 

  

 

 
Chemical Formula: C1 4 H1 9 N3 O5 S

Molecular Weight: 341.38
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(0.94 g, 8.2 mmol). Then, while stirring, N,N′-Dicyclohexylcarbodiimide was added, and the 

reaction mixture was stirred overnight at room temperature. After this time, the reaction was 

filtered, and the precipitates rinsed with DMF and discarded. The filtrate was concentrated under 

pressure at 40°C using a rotary evaporator. The leftover solid product was triturated thrice with 

diethyl ether for 10 minutes at the time, and then filtered to yield white powder as the final product 

(95% yield, 93% pure). 1H NMR (Figure Appx. D82, 400 MHz, dmso-d6) δ 6.42 (s, 1H), 6.36 (s, 

1H), 4.34 – 4.26 (m, 1H), 4.14 (ddd, J = 7.8, 4.4, 1.8 Hz, 1H), 3.10 (ddd, J = 8.1, 6.4, 4.3 Hz, 1H), 

2.87 – 2.80 (m, 1H), 2.81 (s, 4H), 2.79 (s, 0H), 2.71 – 2.63 (m, 2H), 2.58 (d, J = 12.4 Hz, 1H), 

1.72 – 1.16 (m, 6H). 

 

 

5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(2-

(tritylthio)ethyl)pentanamide (3) was prepared by dissolving 1 (2.99 g, 9.4 mmol), 2 (3.30 g, 9.37 

mmol), and triethylamine (2.60 mL, 18.7 mmol) in DMF (50 mL) for 36 hours at room 

temperature. After this time, DMF was removed under reduce pressure at 40°C using a rotary 

evaporator. The product was then redissolved in ethyl acetate (50 mL) and wash thrice with 

distilled water (3 x 25 mL). Organic layer was dried over magnesium sulfate and concentrated 

under reduce pressure. Product was a clear to light yellow oil (90% yield). 1H NMR (Figure Appx. 

D83, 400 MHz, dmso-d6) δ 7.88 (t, J = 5.8 Hz, 1H), 7.38 – 7.28 (m, 12H), 7.27 – 7.22 (m, 3H), 

6.42 (d, J = 2.3 Hz, 1H), 6.36 (s, 1H), 4.27 (dd, J = 7.7, 5.1 Hz, 1H), 4.08 (ddd, J = 7.8, 4.5, 1.8 

Hz, 1H), 3.38 (dd, J = 14.7, 7.7 Hz, 9H), 3.04 (ddd, J = 8.6, 6.2, 4.4 Hz, 1H), 2.97 (q, J = 6.7 Hz, 

2H), 2.78 (dd, J = 12.5, 5.1 Hz, 1H), 2.56 (d, J = 12.4 Hz, 1H), 2.18 (t, J = 7.0 Hz, 2H), 2.04 – 

1.96 (m, 2H), 1.61 – 1.19 (m, 6H). 

Chemical Formula: C3 1 H3 5 N3 O2 S2

Molecular Weight: 545.76
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N-(2-mercaptoethyl)-5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)pentanamide (4, Biotin-thiol) was prepared by dissolving 3 (1.00 g, 1.83 mmol) in anhydrous 

DMC (40 mL) and placing it in an ice bath. While stirring and with N2 (g) blowing over the 

container, TFA (40 mL) was added dropwise, followed by the addition in one shot of triethylsilane 

(4.15 mL, 2.6 mmol). The reaction was then stirred for four hours at room temperature. After this 

time, the reaction was concentrated under reduced pressure at 30°C in a rotary evaporator. The 

product was then redissolved in toluene (30 mL) and concentrated again under reduced pressure. 

Once again the product was redissolved in dichloromethane (30 mL) and concentrated under 

reduced pressure. The product was then triturated thrice with pet. Ether (3 x 30 mL) for 15 minutes 

each time. Finally, product was redissolved in DCM and concentrated under reduced pressure one 

last time. Product was a white powder (96% yield, >90% pure). 1H NMR (Figure Appx. D84, 500 

MHz, CD3OD) δ 4.50 (dd, J = 7.9, 4.8 Hz, 1H), 4.31 (dd, J = 7.9, 4.5 Hz, 1H), 3.33 (t, J = 7.1 Hz, 

2H), 3.21 (dt, J = 9.9, 5.2 Hz, 1H), 2.93 (dd, J = 12.8, 5.0 Hz, 1H), 2.71 (d, J = 12.8 Hz, 1H), 2.60 

(td, J = 6.9, 1.6 Hz, 2H), 2.41 – 2.20 (m, 2H), 1.83 – 1.22 (m, 6H). 

 

Dendrimeric Metallacrown (DMC) synthesis and purification: 

This section details the different synthetic reaction explored in order to synthesize 

symmetric and asymmetric DMCs with Ln2Ga8mYneShi8Ip4 and Ln2Ga8pAlShi8Ip4 as the MC 

core. 

Purification details: MC cores first reacted with HS-G0.5 or HS-Biotin were purified by 

rinsing a concentrated solution with copious amount of water, followed by overnight drying under 

vacuum at room temperature. For samples with longer dendrons (HS-G1.0 or G1.5), purification 

was done using RC dialysis bags with a MWCO of 3.5 kDa, and with DMSO as the dialysate. To 

start, DMC samples were concentrated slowly with a stream of N2 (g) as to remove the initial 

DMF, and then redissolved with DMSO to the same initial concentration. The volume of dialysate 

 

  

  

 

 

  

 
 

  

Chemical Formula: C1 2 H2 1 N3 O2 S2

Molecular Weight: 303.44
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was 200 times the volume of the sample inside the dialysis bag. To avoid dialysis bag 

decomposition, new bags were used every 24 hours, and dialysate was also exchanged daily. Mass 

spectra of the samples were taken daily to monitor the removal of free dendron. Once the dendron 

peak was not observed by ESI-MS, the dialysis was stopped, and the sample was slowly 

concentrated to about ¼ of the original volume with a stream of N2 (g). Sample concentration was 

determined by UV-Vis spectrometry by using the extinction coefficient of the metallacrown core 

prior dendron coupling. It is important to avoid complete removal of all the solvent, or 

temperatures above 35°C so as to avoid defect formation. DMCs were stored as DMSO solutions 

for further characterization.  

Synthesis procedure of Symmetric G0.5 DMC with Yb2Ga8pAlShi8Mip4 MC: DMC 

synthesis was done in two steps. First, Yb2Ga8pAlShi8Mip4 (10-15 mg, 1 eq) was dissolved in 

degassed DMF to a concentration of 50 mg/mL based on the MC mass. This was followed by the 

addition of  HS-G0.5 (20 eq) and DMAP (1 eq). The reaction mixture was then flushed with N2 

(g) for a minimum of 10 minutes, and then stirred for three days at room temperature. After 

purification, the product was light yellow powder that was immediately used for the next step. For 

the second step, the G0.5 DMC was redissolved in the same initial amount of degassed DMF. 

Then, HS-G0.5 (100 eq) and DMPA (1 eq) were added, and the reaction mixture was flushed with 

N2 (g) for a minimum of 10 minutes before sealing it and placing it in the LED Box for two hours. 

The reaction was monitored by ESI-MS, and if partial coupling was observed, attempts to drive 

the reaction to completion were made by adding ½ of the initial dendron and DMPA concentration 

to the mixture, and stirring for two more hours as previously described. Once finished, the reaction 

solution was concentrated with a stream of N2 (g) prior to purification by dialysis. Final product 

was a clear light-yellow solution with an >70% yield post purification. The product was stored as 

a DMSO solution at room temperature. 

 

Yb2Ga8pAlShi8Mip4(G0.5)4: MS (Figure 4.9 (top), ESI): m/z calcd. for 

Yb2Ga8C168H160N16O72S4: 2293.56 [M]-2; found: 2294.53 [M]-2. 

S-DMC Yb2Ga8pAlShi8Mip4(G0.5)12-10: MS (Figure 4.9 (bottom), ESI): m/z calcd. for 

Yb2Ga8C248H317N24O104S12: 2194.66 [M]+3; found: 2195.62 [M]+3. m/z calcd. for 

Yb2Ga8C238H302N23O102S11: 2124.30 [M]+3; found: 2123.92 [M]+3. m/z calcd. for 

Yb2Ga8C228H283N22O98S10: 2040.60 [M•2H2O]+3; found: 2041.90 [M•2H2O]+3. 



 182 

Synthesis procedure of Asymmetric (Janus) DMCs with Ln2Ga8pAlShi8Mip4 MC cores: 

two different types of Janus DMCs were prepared with either dendrons of different generations 

(G1.0/G0.5) or with Biotin and G1.0 dendron coupled to either the ring or bridge position of a 

dimeric MC core. Each set of reaction conditions are described below.  

 

Janus DMC with G1.0 and G0.5 dendrons: DMC synthesis was done in two steps. First, 

Yb2Ga8pAlShi8Mip4 (25-35 mg, 1 eq) was dissolved in degassed DMF to a concentration of 10 

mg/mL based on the MC mass. This was followed by the addition of  HS-G1.0 (20 eq) and DMAP 

(1 eq). The reaction mixture was then flushed with N2 (g) for a minimum of 10 minutes, and then 

stirred for five days at room temperature. Once complete coupling to the bridge ligands was 

corroborated by ESI-MS, the reaction mixture was first degassed with N2 (g) for 15 minutes, 

followed by the addition of HS-G0.5 (100 eq) and DMPA (1 eq). Once again, the solution was 

flushed with N2 (g) for a minimum of 10 minutes before sealing it and placing it in the LED Box 

for two hours. The reaction was monitored by ESI-MS, and if partial coupling was observed, 

attempts to drive the reaction to completion were made by adding ½ of the initial dendron and 

DMPA concentration to the mixture, and stirring for two more hours as previously described. Once 

finished, the reaction solution was concentrated with a stream of N2 (g) prior to purification by 

dialysis. Final product was a clear amber solution with an ~75% yield post purification based on 

UV-Vis concentration. The product was stored as a DMSO solution at room temperature. 

 

Yb2Ga8pAlShi8Mip4(G1.0)4: MS (Figure 4.10 (top), ESI): m/z calcd. for 

Yb2Ga8C176H196N32O64S4: 2407.24 [M]+2; found: 2408.21 [M]+2. 

Janus-DMC Yb2Ga8pAlShi8Mip4(G1.0)4(G0.5)7-4: MS (Figure 4.10 (bottom), ESI): m/z 

calcd. for Yb2Ga8C246H330N39O92S11: 2186.74 [M]+3; found: 2187.73 [M]+3. m/z calcd. for 

Yb2Ga8C236H311N38O88S10: 2104.04 [M]+3; found: 2105.70 [M]+3. m/z calcd. for 

Yb2Ga8C226H292N37O84S9: 2020.33 [M]+3; found: 2021.00 [M]+3. m/z calcd. for 

Yb2Ga8C216H275N36O81S8: 1943.64 [M•H2O]+3; found: 1945.93 [M•H2O]+3. 

 

Janus DMC with G1.0 dendrons at the ring ligands, Biotin at the bridge ligands, and  a 

Yb2Ga8pAlShi8Mip4 MC core: DMC synthesis was done in two steps. First,  Yb2Ga8xAlShi8Mip4 

(10-15 mg, 1 eq), HS-Biotin (4, 40 eq) and DMPA (1.5 eq) were dissolved in degassed DMF to a 
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concentration of 50 mg/mL based on the MC mass. The reaction mixture was then stirred at room 

temperature for six days. Once complete coupling of four biotin to the MC was confirmed by ESI-

MS, the solvent was removed with a stream of N2 (g). The solid was then washed with copious 

amounts of methanol to yield a purple to dark pink powder that was dried under vacuum overnight. 

Then, the biotinylated MC was dissolved in degassed DMF to a concentration of 35 mg/mL based 

on the MC mass, followed by the addition of HS-1.5 (100 eq) and DMPA (1 eq). The solution 

mixture was flushed with N2 (g) for a minimum of 10 minutes before being sealed, and placed in 

the LED Box for two hours. If partial dendron coupling was observed by ESI-MS, attempts to 

drive the reaction to completion were made by adding ½ of the initial dendron and DMPA 

concentration to the mixture, and stirring for two more hours as previously described. Once 

finished, the reaction solution was concentrated with a stream of N2 (g) prior to purification by 

dialysis against DMSO. Final product was a solution clear faint yellow solution with an overall 

>70% yield post purification based on UV-Vis concentration. The product was stored as a DMSO 

solution at room temperature. 

 

Yb2Ga8pAlShi8Mip4(Biotin)4: MS (Figure 4.12 (top), ESI): m/z calcd. for 

Yb2Ga8C176H168N24O64S8: 2401.06 [M]-2; found: 2402.93 [M]-2. 

Janus-DMC Yb2Ga8pAlShi8Mip4(Biotin)4(G1.0)8-5: MS (Figure 4.12 (bottom), ESI): m/z 

calcd. for Yb2Ga8C272H389N64O80S16: 2416.89 [M]+3; found: 2413.74 [M]+3. m/z calcd. for 

Yb2Ga8C260H362N59O78 S15: 2315.16 [M]+3; found: 2313.74 [M]+3. m/z calcd. for 

Yb2Ga8C248H335N54O76S14: 2213.43 [M]+3; found: 2213.02 [M]+3. m/z calcd. for 

Yb2Ga8C236H310N49O75S13: 2118.0 [M•H2O]+3; found: 2118.60 [M•H2O]+3.  

 

Janus DMC with Biotin at the ring ligands and G1.0 dendrons at the bridge ligands Janus 

DMC with biotin at the ring ligands, G1.0 dendrons at the bridge ligands, and  a 

Yb2Ga8pAlShi8Mip4 MC core: The first reaction step followed the same procedure described 

above, where HS-G1.0 dendrons were coupled to the maleimide appendages of 

Yb2Ga8pAlShi8Mip4. The only difference being that the MC was dissolved with DMF to a 

concentration of 30 mg/mL based on the MC mass. Then, without further purification, the reaction 

mixture was degassed with N2 (g) for 15 minutes, followed by the addition of HS-Biotin (4, 80 eq) 

and DMPA (0.5 eq). The reaction as then with N2 (g) for a minimum of 10 minutes before being 
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sealed, and placed in the LED Box for two hours. If partial biotin coupling was observed by ESI-

MS, attempts to drive the reaction to completion were made by adding the initial concentration of 

HS-Biotin and DMPA, and stirring for two more hours as previously described. Once finished, the 

reaction was concentrated with a stream of N2 (g) prior to purification by dialysis against DMSO. 

Final product was a clear light orange solution with an overall >75% yield post purification based 

on UV-Vis concentration. The product was stored as a DMSO solution at room temperature. 

 

Yb2Ga8pAlShi8Mip4(G1.0)4: MS (Figure 4.10 (top), ESI): m/z calcd. for 

Yb2Ga8C176H196N32O64S4: 2407.24 [M]+2; found: 2408.21 [M]+2. 

Janus-DMC Yb2Ga8pAlShi8Mip4(G1.0)4(Biotin)8: (Figure 4.14, ESI): m/z calcd. for 

Yb2Ga8C272H365N56O80S20: 2414.12 [M]+3; found: 2414.05 [M]+3. m/z calcd. for 

Yb2Ga8C260H344N53O78S18: 2313.08 [M]+3; found: 2313.36 [M]+3.m/z calcd. for Yb2Ga 

8C248H323N50O76S16: 2212.04 [M]+3; found: 2212.05 [M]+3. 

 

Toroidal DMCs with red-shifted ring ligands: Synthesis and purification of DCMs with 

Yb2Ga8mYneShi8Mip4 MC cores and three different generations (G1.0, G1.0 -OH, and G1.5) was 

done in the same fashion as described in Chapter two. Reactions details were Yb2Ga8mAlShi8Mip4 

(0.010 mmol, 1 eq), HS-G1.0 (0.20 mmol, 20 eq), and DMAP (0.010 mmol, 1 eq) dissolved in 

degassed DMF to a concentration of 10 mg/mL based on the MC mass. Solutions were stirred for 

five days with HS-G1.0 dendrons and seven days for HS-G1.5. After purification and 

concentration, the final products were clear light orange solution with an overall >80% yield post 

purification based on UV-Vis concentration. The products were stored as DMSO solutions at room 

temperature. 

Redshifted-DMC Yb2Ga8mYneShi8Mip4 (G1.0)4: MS (Figure 4.19A, ESI): m/z calcd. for 

Yb2Ga8C176H176N32O64S4: 2398.16 [M]-2; found: 2398.15 [M]-2. 

Redshifted-DMC Yb2Ga8mYneShi8Mip4 (G1.0 -OH)4: (Figure 4.19B, ESI): m/z calcd. for 

Yb2Ga8C176H172N24O72S4: 2403.11 [M]+2; found: 2404.11 [M]+2. 

Redshifted-DMC Yb2Ga8mYneShi8Mip4 (G1.5)4: MS (Figure 4.19C, ESI): m/z calcd. for 

Yb2Ga8C240H277N32O96S4: 2058.65 [M]+3; found: 2059.62 [M]+3. 
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4.2.5 Luminescence Studies  

Solution state absorbance was collected using a Cary 100Bio UV-Vis spectrometer in 

absorbance mode. Samples were prepared by dissolving them in 3 mL of DMSO with a final 

concentration of 1-25 μM. Data were processed using OriginPro 2020 software.  

Photophysical measurements were performed by Dr. Svetlana Eliseeva at the Centre de 

Biophysique Moléculaire, Orleans, France. Luminescence data of MCs were collected on freshly 

prepared solutions in DMSO or in the solid state placed into 2.4 mm i.d. quartz capillaries, while 

DMC samples were diluted to 50 μM solutions and only recorded in solution state. Emission and 

excitation spectra were measured on a Horiba-Jobin-Yvon Fluorolog 3 spectrofluorimeter 

equipped with either a visible photomultiplier tube (PMT) (220-800 nm, R928P; Hamamatsu), a 

NIR solid-state InGaAs detector cooled to 77 K (800-1600 nm, DSS-IGA020L; ElectroOptical 

Systems, Inc., USA), or a NIR PMT (950-1650 nm, H10330-75; Hamamatsu). All spectra were 

corrected for the instrumental functions. Luminescence lifetimes were determined under excitation 

at 355 nm provided by a Nd:YAG laser (YG 980; Quantel). Luminescent signals were detected in 

the visible or NIR ranges with a R928 or H10330-75 PMTs connected to the iHR320 

monochromator (Horiba Scientific), respectively. The output signals from the detectors were fed 

into a 500 MHz bandpass digital oscilloscope (TDS 754C; Tektronix) and transferred to a PC for 

data processing with the Origin 8 software. Luminescence lifetimes are reported as the average of 

three or more independent measurements. Quantum yields were determined with a Fluorolog 3 

spectrofluorimeter based on the absolute method using an integration sphere (GMP SA). Each 

sample was measured several times varying the position of samples. Estimated experimental error 

for the determination of quantum yields is estimated as 10%. Details on the instrument set up to 

measure quantum yields is descried in the experimental section of Chapter 2, under luminescent 

studies. 

 

4.2.6 Cell Studies  

Cell studies were performed and interpreted by Dr. Guillaume Collet at the Centre de 

Biophysique Moléculaire, Orleans, France. 

Cell culture: HeLa cells (human cervical cancer cells collected from Henrietta Lacks) were 

cultured in EMEM medium (Sigma) supplemented with 10% (vol:vol) fetal bovine serum (FBS, 

Sigma), 100 U/mL penicillin (Sigma), and 100 μg/mL streptomycin (Sigma). Cells were routinely 
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cultured at 37 °C in a humidified incubator in a 95% air/5% CO2 atm and passaged by detaching 

cells with trypsin/EDTA 0.25% (Gibco). HeLa cells were seeded in an eight chambers Lab-Tek 

(1.0 borosilicate coverglass system) at 10 000 cells/chamber in a final volume of 400 μL of 

complete EMEM medium. After 48 h, cell culture medium was removed and after three washes 

with 500 µL of saline (9 g/L NaCl), Yb2Ga8Shi8Mip4 DMC was added to cells at a dilution of 100 

µM in saline with 1 % DMSO (vol:vol) for 2 hours of incubation. Prior collecting images, HeLa 

cells were washed three times with 500 µL of saline. For the microscopy imaging, HeLa cells were 

kept in 200 µL of OptiMEM (Gibco) without phenol red, supplemented with 2% (vol:vol) fetal 

bovine serum (FBS, Sigma), 100 U/mL penicillin (Sigma), and 100 μg/mL streptomycin (Sigma). 

Optical microscopy imaging: Epifluorescence microscopy was performed with an inverted 

Nikon Eclipse Ti microscope equipped with an EMCCD Evolve camera from Photometrics. The 

Nikon Intensilight C-HGFIE mercury-halide lamp was used as the excitation source. For imaging 

of Yb2Ga8Shi8Mip4 DMC, the YbIII signal was observed using the following set of filters: a 377 

nm with 50 nm bandwidth in the pass band excitation filter, a 506 nm dichroic beam splitter, and 

a long pass 785 nm emission filter. Fluorescent images were obtained with Nikon Plan Fluor 40x 

objective after two seconds of exposure time. An Okolab incubation chamber adapted to the 

microscope allowed the incubation parameters to be maintained at a constant 37 °C with a 

humidified atmosphere of 95% air/5% CO2. All microscopy images were acquired and processed 

with Nikon NIS Elements AR software.  

 

4.3 Results  

4.3.1 Ln2Ga8xShi8Mip4 Metallacrowns 

Synthesis and physical characterization of Ln2Ga8xShi8Mip4. The reaction between 

LnGa4xShi4(Benzoate)4 (Ln = YbIII; x: pYne, mYne, pAl, and mAl) and 5-maleimidoisopthalic 

acid (H2Mip) in DMF led to the formation of Ln2Ga8xShi8Mip4 with the general formula Ln2[12-

MCGa(III)N(xshi)-4]2(Mip)4. Solids were collected as crystalline powder material, and characterized 

by ESI-MS and elemental analysis. As seen in Figure 4.2, the ESI-MS spectrum of 

Yb2Ga8pAlShi8Mip4 is consistent with the MC structure, and displays an isotopic separation of 0.5 

m/z, corroborating the intrinsic -2 charge of the metallacrown. The extra peaks in the ESI-MS at 

higher m/z values are due to solvent adducts (water and/or methanol), while the one at lower m/z 

is due to the loss of an ether allyl group, likely due to the high volage potential (350 V) at which 
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the mass spectrometer was operated. ESI-MS spectra of scaffolds prepared with each of the four 

ring ligands (pYneShi, mYneShi, pAlShi, and mAlShi), can be found in Appendix D Figures 76-

78. 

 

 

Figure 4.2 (Top) ESI-MS of Yb2Ga8pAlShi8Mip4 metallacrown in negative ion mode. (Bottom) expansion of the major 

peak corroborating the -2 isotopic distribution of the complex.  

 

Photophysical properties of Yb2Ga8xShi8Mip4. Absorption spectra of each of the four MC 

scaffolds collected in DMSO are shown in Figure 4.3. The para-substituted MCs have π→π* 

transitions located between 250-340 nm, with a low-energy maximum located at ~310 nm and 

absorption coefficients of εpYne(310nm)=7.86x104 M-1cm-1 for Yb2Ga8pYneShi8Mip4 and 

εpAl(310nm)=8.67x104 M-1cm-1 for Yb2Ga8pAlShi8Mip4. The meta-substituted scaffolds have their 

π→π* transitions located between 250-360 nm, with their low-energy maximum red-shifted to 

~340 nm. Their extinction coefficients are reduced compared to the para-substituted scaffold, with 

values of εmYne(337nm) = 4.36x104 M-1cm-1 for Yb2Ga8mYneShi8Mip4 and εmAl(341nm) = 4.62x104 M-

1cm-1 for Yb2Ga8mAlShi8Mip4. The energy positions of the ligands’ singlet states (S*), determined 

from the edge of the absorption spectra, are located at ~340 nm (29412 cm-1) for the MCs templated 

with pYneShi and pAlShi, and at ~380 nm (26667 cm-1) for the MCs with mYneShi and mAlShi. 
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These values are similar to those of the parent Ln2Ga8xShi8Ip4 MCs described in Chapter 3. The 

triplet state (T*) energy of the scaffolds was not measured, but are likely to be close to those of the 

parent Ln2Ga8xShi8Ip4 MCs introduced in Chapter 3. This is expected because, as shown in 

Chapter 2, the bridging ligands have minimal influence on the overall T*
 energy levels of MCs – 

such as in the case of Ln2Ga8Shi8Ip4 (T
*: 21980 cm-a) and Ln2Ga8Shi8Mip4 (T

*: 23280 cm-1) where 

the only difference was the type of bridging ligand (H2Ip vs. H2Mip) which corresponds to a 5.7% 

difference between T* values. Thus, the T* of the MC in this chapter are as follows: 463 nm (21620 

cm-1) for Ln2Ga8mYneShi8Mip4; 440 nm (22740 cm-1) for Ln2Ga8pAlShi8Mip4; and 467 nm 

(21410 cm-1) for Ln2Ga8mAlShi8Mip4. Due to the difficulty to obtain enough crystalline product 

for analysis, data for Gd2Ga8pYneShi8Mip4
 metallacrowns was not collected. 

 

 

Figure 4.3 UV-Vis absorbance spectra of Yb2Ga8xShi4Mip4 (x: pYne, mYne, pAl, and mAl) recorded at room 

temperature in DMSO at concentrations of 8.5-10.5 μM. 

 

Solution and solid-state excitation and emission of Yb2Ga8pAlShi8Mip4 and 

Yb2Ga8mYneShi8Mip4 show once again that the MC scaffold, regardless of functionalization, is 

able to sensitize lanthanide luminescence. As seen on Figure 4.4, the excitation spectra in the solid 

state and in DMSO solutions collected upon monitoring the YbIII-centered emission at 980 nm 

show broad ligand-centered bands up to 350-400 nm for Yb2Ga8pAlShi8Mip4, and up to 380-430 
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nm for Yb2Ga8mYneShi8Mip4. Due to saturation effects,157 a slight expansion of the excitation 

bands is observed for the solid-state data compared to the solution data. As for the luminescent 

emission in both solid and solution state, upon excitation in the ligand centered region (320 nm or 

375 nm), characteristic YbIII emission is observed (920-1100 nm) from the 2F5/2 → 2F7/2 transition 

with both metallacrowns. The luminescent lifetimes (τobs) and the lanthanide’s quantum yields 

upon ligand excitation (𝜑𝐿𝑛
𝐿 ) were also measured, and are summarized in Table 4.1. For the sake 

of comparison, values of other previously reported YbIII-MCs are also shown – including the MC 

parent materials introduced in Chapters 2 and 3. Biexponential decay is observed with both of 

Yb2Ga8pAlShi8Mip4 and Yb2Ga8mYneShi8Mip4 in the solid state, while in solution only the former 

has biexponential decay. In all cases of biexponential decay, the dominant contribution came from 

the slower decay. The τobs of Yb2Ga8pAlShi8Mip4 are ~1.7 times longer in solution than in solid 

state. While for Yb2Ga8mYneShi8Mip4 solution τobs values are ~3.3 times longer. As for the MCs’ 

𝜑𝐿𝑛
𝐿 , the solution state values for Yb2Ga8pAlShi8Mip4 are ~4.8 times larger than in the solid state. 

Similarly, the  𝜑𝐿𝑛
𝐿  of Yb2Ga8mYneShi8Mip4 in solution is ~13.0 times larger. Compared to each 

other, while the meta-substituted MC has longer τobs values in both solid state and solution, the 

para-substituted MC has higher 𝜑𝐿𝑛
𝐿  in both states.  

 

 

Figure 4.4 Corrected and normalized excitation (left, λem: 980 nm) and emission (right, λex: 320–375  nm) spectra of 

Yb2Ga8pAlShi8Mip4 and  Yb2Ga8mYneShi8Mip4 in the solid state (dashed traces) and 50 μM solutions in DMSO (solid 

traces) at room temperature.  
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Table 4.1 Luminescence lifetimes (τobs) and YbIII-centered quantum yields collected under ligand excitation (𝜑𝑌𝑏
𝐿 )a 

Compound State/Solvent τobs [μs]b τav [μs]c 𝝋𝑳𝒏
𝑳  [%]d 

Yb2Ga8pAlShi8Mip4 

Solid 
16.7(3) : 78(1)% 

6.0(2) : 22(1)% 
15.7(3) 0.553(4) 

DMSO 
53.4(7) : 92(1)% 

13(1) : 8(1)% 
52.5(9) 4.96(6) 

Yb2Ga8mYneShi8Mip4 
Solid 

20.5(5) : 85(2)% 

5.8(1) : 15(2)% 
19.8(4) 0.28(2) 

DMSO 65.1(8) : 100% -- 3.63(5) 

Yb2Ga8Shi8Mip4 

Solid 
23.2(3) : 89.8(4)% 

4.75(7) : 10.2(4)% 
22.7(8) 0.126(3) 

DMSO 
48.7(6) : 84.6(5)% 

6.9(2) : 15.4(5)% 
45.3(9) 2.78(6) 

Yb2Ga8pAlShi8Ip4 

Solid 23.2(3) -- 1.37(8) 

DMSO 
53.5 : 65(1)% 

8.4(1) : 35(1)% 
49.9(7) 7.75(1) 

Yb2Ga8mYneShi8Ip4 
Solid 

20.1(2) : 83(3)% 

5.4(3):27(3)% 
19.4(3) 1.59(5) 

DMSO 58(4) : 100% -- 7.3(2) 
a For samples in the solid state or for 50 µM solutions in DMSO, at room temperature, 2σ values between parentheses. 

Estimated experimental errors: τobs, ±2%; 𝑄Yb
L  , ±10 %. b Under excitation at 355 nm. If biexponential decay was 

observed, population parameters 𝑃𝑖 =
𝐵𝑖𝜏𝑖

∑ 𝐵𝑖𝜏𝑖
𝑛
𝑖=1

 in % are given after the colon. c Lifetime averages calculated as: 𝜏𝑎𝑣 =

Σ𝑖𝐵𝑖𝜏𝑖
2

Σ𝑖𝐵𝑖𝜏𝑖
; Bi are the population parameters given in % after the lifetime values. d Quantum yield under excitation at 320-

360 nm.  

 

Comparing the τobs and 𝜑𝑌𝑏
𝐿  values of the parent Yb2Ga8Shi8Mip4 MC without any ring 

functionalization, the new Yb2Ga8pAlShi8Mip4 MC has larger values in solution (~1.2 and ~1.8 

times, respectively), while in solid state the τobs is smaller (~0.7 times) and the 𝜑𝑌𝑏
𝐿  is larger (~4.4 

times). However, comparing it to the parent Yb2Ga8pAlShi8Ip4 MC that is only functionalized at 

the ring position, the τobs in solution and solid state of the new Yb2Ga8pAlShi8Mip4 are very 

similar, while a more significant difference is observed in the 𝜑𝑌𝑏
𝐿  values – with a  ~36% decrease 

in solution and a ~60% decrease in the solid state. As for the meta-substituted MC, a similar trend 

is observed. Comparing the τobs and 𝜑𝑌𝑏
𝐿  values of Yb2Ga8mYneShi8Mip4 to the parent 

Yb2Ga8Shi8Mip4 MC, the solution values are both ~1.3 times larger, while in the solid state τobs is 

~0.9 times shorter and 𝜑𝑌𝑏
𝐿  is ~2.2 times higher for the bifunctionalized MC. When compared to 

the monofunctionalized Yb2Ga8mYneShi8Ip4, τobs in solution and solid state are very similar, while 

the 𝜑𝑌𝑏
𝐿  values decrease in both solution (by ~50%) and solid state (by ~72%). 

 

4.3.2 Ln2Ga8xShi8Mip4 Functionalization 

Small molecule coupling to Ln2Ga8xShi8Mip4. The reaction between Yb2Ga8xShi8Mip4 and 
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β-mercaptoethanol (βME) in the presence of DMPA and UV light, led to the symmetric coupling 

of up to twelve (four at the bridge and the eight at ring ligands) or twenty (four at the bridge and 

sixteen at ring ligands) equivalents of the small molecule onto the MC core. The thiol coupling to 

the Yb2Ga8pAlShi8Mip4 and Yb2Ga8mAlShi8Mip4 MCs was done via thiol-maleimide and thiol-

ene coupling, while Yb2Ga8pYneShi8Mip4 underwent thiol-maleimide and thiol-yne addition. The 

Ln2Ga8mYneShi8Mip4 MC was not investigated for bifunctional coupling since the templating ring 

ligands (H3mYeShi) were shown to be the least reactive toward thiol coupling in Chapter 3.  

The desired product was collected as a bright yellow powder that was characterized by 

ESI-MS and UV-Vis absorbance spectroscopy. Shown in Figure 4.5 and Figure 4.6 are the ESI-

MS spectra of the thiol-ene coupling to the para- and meta-substituted Yb2Ga8xShi8Mip4 MCs. In 

both cases, a narrow distribution of eleven to twelve couplings of βME to the MC are observed. 

As for the coupling to Yb2Ga8pYneShi8Mip4, Figure 4.7 shows a distribution of eighteen to twenty 

βME couplings. Just as previously observed with the parent Ln2Ga8xShi8Ip4 MCs only 

functionalized at the ring position, the scaffold templated with pYneShi and mAlShi ring ligands 

seem to be slightly less reactive toward thiol addition than the MCs with pAlShi ring ligands. 

Lastly, the UV-Vis absorbance spectra of the three scaffolds taken after thiol coupling shown in 

Figure 4.8, display profiles similar to the MCs prior to functionalization. The absorbance spectra 

display π→π* transition bands extending up to 340 or 360 nm, with absorbance maxima (λmax) 

located at about 310 nm for the para-substituted MCs, and about 340 nm for the meta-substituted 

MC.  
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Figure 4.5 (Top) ESI-MS of Yb2Ga8pAlShi8Mip4βME12-11 metallacrown in negative ion mode. (Bottom) expansion of 

the major peak corroborating the -2 isotopic distribution of the complex. 

 

 

Figure 4.6 (Top) ESI-MS of Yb2Ga8mAlShi8Mip4βME12-11 metallacrown in negative ion mode. (Bottom) expansion 

of the major peak corroborating the -2 isotopic distribution of the complex. 
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Figure 4.7 (Top) ESI-MS of Yb2Ga8pYneShi8Mip4βME20-18 metallacrown in negative ion mode. (Bottom) expansion 

of the major peak corroborating the -2 isotopic distribution of the complex. 

 

 

Figure 4.8 UV-Vis Absorbance spectra of Yb2Ga8pAlShi8Mip4, Yb2Ga8mAlShi8Mip4, and Yb2Ga8pYneShi8Mip4 post 

symmetric β-mercaptoethanol coupling recorded at room temperature in DMSO at concentrations of 10-18 uM.  
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4.3.3 Symmetric and Asymmetric Dendrimeric Metallacrowns 

 

Figure 4.9 (Top) ESI-MS of Yb2Ga8pAlShi8Mip4 (G0.5)4 DMC in negative ion mode. Dendrons (Dx) are only coupled 

to the four maleimide appendages of the metallacrown core. (Bottom) ESI-MS of Yb2Ga8pAlShi8Mip4 (G0.5)12-10 in 

positive ion mode. This time, G0.5 dendrons are attached to both the maleimide appendages and the ring ligands of 

the MC core.  

 

Synthesis of G0.5 Symmetric-DMCs with PAMAM dendrons. The reaction between 

Yb2Ga8pAlShi8Mip4, excess of thiol-focal point G0.5 (HS-G0.5) PAMAM dendron, and one 

equivalent of DMPA in degassed DMF led to the formation of a G0.5 PAMAM toroidal 

dendrimeric metallacrown (T-DMC). As seen in Figure 4.9 (top), the ESI-MS shows the coupling 

of four G0.5 dendrons to the MC core, which, under the employed reaction conditions, are 

expected to be only coupled to the maleimide bridging ligands. After purification, the bright yellow 

product was re-dissolved in DMF and reacted with more HS-G0.5 in the presence of DMPA and 

UV light. This led to the formation of new S-DMCs with up to twelve dendron couplings. As 

shown in Figure 4.9 (bottom), the photocatalytic reaction of the G0.5 T-DMC added six to eight 

more G0.5 dendrons to the ring ligands of the MC core. Both the bridge and ring ligands of the 

Yb2Ga8pAlShi8Mip4 MC core demonstrated similar reactivity towards thiol coupling as in its 

parent materials (Yb2Ga8Shi8Mip4 and Yb2Ga8pAlShi8Ip4), with complete coupling of four 

dendrons to the bridging ligands, and 75-100% coupling success to the ring ligands. 
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Figure 4.10 (Top) ESI-MS of Yb2Ga8pAlShi8Mip4 (G1.0)4 DMC, and (Bottom) Yb2Ga8pAlShi8Mip4 (G1.0)4 

(G0.5)7-4 in positive ion mode. G1.0 dendrons are only coupled to the four maleimide appendages, while the G0.5 

dendrons are coupled only to the ring ligands of the MC core.  

 

Synthesis of G1.0/G0.5 Janus-DMC with PAMAM dendrons. Asymmetric 

functionalization was achieved by exploiting the differential reactivity of the bridging and ring 

ligands. First, a G1.0 T-DCM was prepared by reacting Yb2Ga8pAlShi8Mip4 with HS-G1.0 

PAMAM dendrons and DMPA in DMF. As corroborated by ESI-MS shown in Figure 4.10 (top), 

only four G1.0 dendrons are attached to the MC core, and due to the high reactivity of the 

maleimide appendages, it is reasonable to expect that the dendrons only coupled to the bridging 

ligands. Next, photocatalytic addition of HS-G0.5 dendrons to the G1.0 Yb2Ga8pAlShi8Mip4 DMC 

was done  in the presence of DMPA and UV-light. This led to the formation of a new Janus-DMC 

with up to eleven dendrons coupled to the MC core. As shown in Figure 4.10 (bottom), the 

photocatalytic step added four to seven G0.5 dendrons to the ring ligands of the MC core. Just as 

with the symmetric G0.5 DMC described above, the bridge ligand of the bifunctionalized MC core 

seems to be similar to that of the parent MC. However, the ring ligands seem to be slightly less 

reactive – with a 50-88% coupling success.  

The UV-Vis absorbance of the G1.0/G0.5 Janus-DMC with a Yb2Ga8pAlShi8Mip4 core  is 

shown in Figure 4.11. The spectrum exhibits a broad absorption band at 250-340 nm due to the 
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π→π* transition of the MC core. The spectrum also shows a low energy maximum at ~310 nm and 

a S* is located at  ~340 nm (29412 cm-1), just as with the unfunctionalized Yb2Ga8pAlShi8Mip4 

core. The similar absorbance profiles and intensities of the unfunctionalized MC and the Janus-

DMC confirm that the absorbance behavior is not affected by the addition of dendrons to the MC 

core. 

 

 

Figure 4.11 UV-Vis absorption spectra of 2.60 μM Yb2Ga8pAlShi8Mip4 MC (top) and 2.75 μM 

Yb2Ga8pAlShi8Mip4(G1.04)(G0.5)7-4 Janus-DMC (bottom) dissolved in DMSO and at room temperature. Absorbance 

maxima for both compounds is at 310 nm with an extinction coefficient of 8.67x104 M-1cm-1. The slight decrease in 

absorbance intensity of the Janus-DMC is due to the small difference in solution concentration between the two 

samples. 

 

Synthesis and characterization of biotinylated Janus-DMC with G1.0 PAMAM dendrons.  

Once again, asymmetric functionalization was implemented in a Yb2Ga8pAlShi8Mip4 MC where 

biotin (Bt) groups were first coupled to the maleimide bridging ligands of a Yb2Ga8pAlShi8Mip4. 

The reaction of the MCs with biotin in the presence of DMAP, led to the formation of 

Yb2Ga8pAlShi8Mip4(Bt)4, as seen on Figure 4.12 (top). Complete coupling of four equivalents of 

biotin to the MC core was observed by ESI-MS. After purification, the light purple product was 

re-dissolved in DMF, and reacted with HS-G1.0 PAMAM dendrons under UV-light. The 

photocatalytic addition of the thiol-focal point dendrons to the pre-biotinylated MC core resulted 
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in the coupling of five to eight dendrons to MC, as seen at the bottom of Figure 4.12 (bottom). 

Compared to the G0.5 S-DMC, this new complex, Yb2Ga8pAlShi8Mip4(Bt)4(G1.0)8-5, seems to 

have slightly lower reactivity towards thiol-ene coupling at the ring positions. Thus, a broader 

distribution of ring couplings (five to eight, vs. six to eight) is observed with this Janus-DMC. The 

UV-Vis absorbance spectrum show similar profiles to those of the unfunctionalized MC cores, as 

seen in Figure 4.13, with π→π* transitions located between 250-340 nm, with a low-energy 

maximum located at ~310 nm and S* located at ~340 nm (29412 cm-1). 

 

 

Figure 4.12 ESI-MS of Yb2Ga8pAlShi8Mip4(Bt)4  DMC in negative ion mode, and (Bottom) 

Yb2Ga8pAlShi8Mip4(Bt)4(G1.0)8-5 in positive ion mode. Biotin groups are only coupled to the four maleimide 

appendages, while the G1.0 dendrons are coupled only to the ring ligands of the MC core. 
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Figure 4.13 Absorption spectra of 2.64 μM Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8-5 Janus-DMC dissolved in DMSO and at 

room temperature. Absorbance maximum located at 310 nm with an extinction coefficient of 8.67x104 M-1cm-1. 

 

A different configuration of biotinylated Janus-DMC was also investigated, by first 

preparing a T-DMC with G1.0 PAMAM dendrons in the presence of DMAP in DMF. Once 

complete coupling of four dendrons to the MC core was achieved and corroborated by ESI-MS, 

the next step was the addition of biotin to the ring ligands. This was done by photocatalytic reaction 

of the G1.0 T-DMC with thiol-Biotin (HS-Bt), in the presence of DMPA and UV-light (365 nm). 

This led to the formation of a Janus-DMC with four G1.0 dendrons coupled to the bridging ligands, 

and up to eight biotins groups coupled to the ring ligands of the MC core – 

Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8-6, as seen in Figure 4.14. Both the ring and the bridging ligands 

of the bifunctionalized core exhibited similar reactivity as the parent materials (Yb2Ga8Shi8Mip4 

and Yb2Ga8pAlShi8Ip4) toward thiol-coupling. By ESI-MS, it can be seen that the Janus-DMC is 

better characterized in positive ion more, with isotopic distributions corresponding to +3 and +4 

charged species. The numerous internal amine and surface amine of the dendrons allow for 

multiple protonation states of the complex.  
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Figure 4.14 ESI-MS of Yb2Ga8pAlShi8Mip4 (G1.0)4(Bt)8-6  DMC in positive ion mode. G1.0 dendrons are only 

coupled to the four maleimide appendages, while the Biotin groups are coupled only to the ring ligands of the MC 

core. 

 

Size distribution analysis of the Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 Janus-DMC in DMSO 

using DLS is shown in Figure 4.15. The average hydrodynamic diameters (Dav), polydispersity 

indexes (PdI), and diffusion coefficients (Dc) of the Janus-DMC are the following: Dav: 3.69 nm, 

PdI: 0.19, and Dc: 5.93x10-7 cm2s-1. The complex shows moderate polydispersity, but with no 

observable aggregates in DMSO solutions. This is a change from G1.0 H-DMC and G1.0 T-DMC, 

where low intensity aggregates were observed (Dc: ~100 nm and 40 nm, respectively). In order to 

investigate the solution behavior in more aqueous environment, the Janus-DMC was dissolved 

with 99:1 H2O:DMSO v/v%  (4.6 μM final concentration). The DLS plot shown in Figure 4.16, 

displays two peaks. The smaller signal has a Dav value of 4.0 nm which matches closely the one in 

DMSO solutions signifying the presence of a single Janus-DMC unit. This first peak also has a 

narrower PdI: 0.04, which matches closely the PdI value of standard PAMAM dendrimers (PdI: 

0-0.1) by DLS. A peak of larger diameter (Dav: 60.0 nm), smaller diffusion coefficient (Dc: 

6.99x10-8 cm2s-1), and a narrower polydispersity (PdI: 0.07) is also observed, which indicates the 

presence of bigger and heavier particles due to sample aggregation in more aqueous environments. 
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Figure 4.15 DLS size distribution of Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 Janus-DMC at 1.5 μM solution in DMSO at 

room temperature. 

 

 

Figure 4.16 DLS size distribution of Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 Janus-DMC at 4.6 μM solution in 99:1 

H2O:DMSO at room temperature and at pH: 7.5. 

 

The UV-Vis absorbance spectrum of Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8-6 Janus-DMC 



 201 

shown in Figure 4.17, exhibit a similar profile to that of the unfunctionalized metallacrown core 

and the G1.0/G0.5 Janus-DMC described above, with a  π→π*
 bands between 250-340 nm; λmax 

at 310 with an ε: 8.67x104 M-1cm-1; and the S* located at  ~340 nm (29412 cm-1). Shown in Figure 

4.18 is the solution state excitation and emission spectra of this DMC dissolved in DMSO. 

Emission characterization upon excitation in the ligand-centered region at 320 nm exhibited 

characteristic YbIII luminescent at  900-1100 nm arising from the 2F5/2 → 2F7/2 transition, and with 

a maximum at 980 nm. Excitation spectra was collected upon monitoring the YbIII emission at 980 

nm, and showed broad ligand-centered bands up to 350 nm. Luminescent lifetimes (τobs) and 

ligand-centered quantum yields (𝜑𝑌𝑏
𝐿 ) in DMSO were also acquired and are summarized in Table 

4.2. For the sake of comparison, the values for the unreacted MC core (Yb2Ga8pAlShi8Mip4), and 

the equivalent toroidal-DMC (Yb2Ga8Shi8Mip4 G1.0) and hyperboloidal-DMC 

(Yb2Ga8pAlShi8Ip4 G1.0) are also listed. Compared to the MC core, the Janus-DMC  has a 

monoexponential decay with a τobs that is ~1.15 times higher. Additionally, a significant 

improvement in the 𝜑𝑌𝑏
𝐿  of the DMC is observed with a ~1.5 times increase compared to the MC 

core. When compared to the G1.0 T-DMC and the H-DMC, the new Janus-DMC has a τobs values 

that is similar to that of the T-DMC and slightly shorter than of the H-DMC. As for the 𝜑𝑌𝑏
𝐿 , this 

Janus-DMC has the lowest quantum yield, followed by the H-DMC, and with the T-DMC having 

the highest value of all dendrimeric metallacrowns. Yet, the quantum yield of the Janus-DMC is 

still among the highest compared to other YbIII-based MCs.  

 

 

Figure 4.17 UV-Vis absorption spectrum of 3.4 μM Yb2Ga8pAlShi8Mip4(G1.0)4Bt)8-6 Janus-DMC dissolved in DMSO 

and at room temperature. Absorbance maximum at 310 nm with an extinction coefficient of 8.67x104 M-1cm-1.  
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Figure 4.18 Corrected and normalized excitation (left, λem = 980 nm), and emission (λex = 320 nm) spectra of 50 μM 

DMSO solution of Yb2Ga8pAlShi8Mip4 (G1.0)4(Bt)8 Janus-DMC at room temperature. 

 

Table 4.2 DMSO solution luminescence lifetimes (τobs) and YbIII-centered quantum yields collected under ligand 

excitation (𝜑𝑌𝑏
𝐿 )a 

Compound τobs [μs]b τav [μs] 𝝋𝒀𝒃
𝑳  [%]c 

Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 61.5(2) : 100% -- 7.41(5) 

Yb2Ga8pAlShi8Mip4 
43.4(7) : 92(1)% 

13(1) : 8(1)% 
53.5(9) 4.96(6) 

Yb2Ga8Shi8Mip4(G1.0)4 63.8(8) : 100% -- 9.38(2) 

Yb2Ga8pAlShi8Ip4(G1.0)8 69.2(3) : 100% -- 8.7(2) 

a For samples 50 µM solutions in DMSO  at room temperature, and with 2σ values between parentheses. Estimated 

experimental errors: τobs, ±2%; 𝑄Yb
L  , ±10 %. b Under excitation at 355 nm. c Under excitation at 320 nm. 

 

4.3.4 Redshifted Toroidal Dendrimeric Metallacrowns 

Synthesis and characterization of redshifted-DMCs with PAMAM dendrons. The reaction 

between Yb2Ga8mYneShi8Mip4, excess thiol-focal point PAMAM dendrons, and DMPA in 

degassed DMF led to the formation of toroidal dendrimeric metallacrowns of three different 

generations (G:1.0, 1.0 -OH, and 1.5) and with redshifted absorbance maxima, from here on 

referred to as redshifted-DMCs. The products were purified by dialysis and characterized by ESI-

MS to corroborate complete coupling of only four dendrons to the maleimide appendages of the 

MC core, as shown in Figure 4.19. Structural imperfection arising from synthetic protocols or ESI-

MS characterization can be seen as peaks with smaller m/z values. The lack of more dendron 

couplings to the MC core, and the proven low reactivity towards thiol-yne coupling of the mYneShi 
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ring ligands helps corroborate that dendrons are exclusively coupled to the maleimide appendages.  

 

 

Figure 4.19 Normalized ESI-MS spectra of DMCs with Yb2Ga8mYneShi8Mip4 cores and G: 1.0, 1.0 -OH, and 1.5 in 

methanol solutions. Dendrons are only coupled to the maleimide appendages of the MC core.  

 

Shown in Figure 4.20 is the size distribution analysis of the three redshifted T-DMCs in 

DMSO using DLS. The average measured hydrodynamic diameters (Dav), polydispersity indices 

(PdI), and diffusion coefficients (Dc) of each redshifted T-DMC are the following: Dav: 3.4 nm, 

PdI: 0.48, Dc: 6.43e-7 cm2s-1 for Yb2Ga8mYneShi8Mip4 G1.0; Dav: 3.46 nm, PdI: 0.22, Dc: 6.32e-

7 cm2s-1 for Yb2Ga8mYneShi8Mip4 G1.0 -OH; and Dav: 3.76 nm, PdI: 0.08, Dc: 5.82e-7 cm2s-1 for 

Yb2Ga8mYneShi8Mip4 G1.5. The increasing diameters and decreasing Dc values confirm the 
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increase in size, volume, and weight of each complex. The G1.0 redshifted-DMC shows moderate 

polydispersity that is comparable to that of the original T-DMC in Chapter 2. But with the added 

difference that the aggregate signal at higher diameter is of significant intensity. As for the G1.0 -

OH and G1.5 redshifted-DMCs, they have narrower polydispersities which seems to highlight the 

difference in surface interaction with the surrounding solvent (i.e., -NH2, -OH, and -OMe). 

 

 

Figure 4.20 DLS size distribution of Yb2Ga8mYneShi8Mip4 T-DMC with G1.0, 1.0 -OH, and 1.5 at 1.5 μM 

concentrations dissolved in DMSO at room temperature.  

 

To investigate the solution behavior of each complex in more aqueous environments, each 

of the three new redshifted-DMCs were dissolved with 99:1 H2O:DMSO v/v%, and characterized 

by DLS. Shown in Figure 4.21 are the DLS size distribution plots which demonstrates that G1.0 

and G1.0 -OH DMCs form large aggregates in more aqueous solutions, while the G1.5 DMC 

behaves very differently. From the DLS results, the G1.0 -OH complex also evidently forms large 

and polydisperse aggregates more readily.  The very different behavior between these complexes 

likely arises from the difference in surface interaction with the more aqueous environment (i.e., -

NH2 and -OH for G1.0, and -OMe for G1.5). The average measured hydrodynamic diameters, 

polydispersity indices (PdI), and diffusion coefficients (Dc) of each redshifted T-DMC are the 

following: Dav: 107 and 385 nm, PdI: 0.15 and 0.17, Dc: 7.53e-8 and 1.25e-8 cm2s-1 for 
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Yb2Ga8mYneShi8Mip4 G1.0; Dav: 64 and 96 μm, PdI: 1.4 and 14, Dc: 4.5 and 5043 e-8 cm2s-1 for 

Yb2Ga8mYneShi8Mip4 G1.0 -OH; and Dav: 5.8 nm, PdI: 0.34, Dc: 8.3 e-7 cm2s-1 for 

Yb2Ga8mYneShi8Mip4 G1.5. 

 

 

Figure 4.21 DLS size distribution of Yb2Ga8mYneShi8Mip4 T-DMC with G1.0 (50.4 μM) , 1.0 -OH (27.5 μM) , and 

1.5 (15 μM) in 99:1 H2O:DMSO at room temperature and at pH: 7.5. 

 

The UV-Vis absorbance spectra of the three redshifted-DMCs in DMSO are shown in 

Figure 4.22. An expected shift to longer wavelengths is observed when compared to the para-

substituted MC and DMCs. The absorbance spectra show π→π*
 bands located between 250-360 

nm, with a low energy maximum at ~340 nm, and with the S* energy located at ~380 nm 

(26667 cm-1). As with the other DMCs, the absorbance profiles of these complexes and the 

unfunctionalized MC core are similar. Solution state excitation and emission spectra of each of 

these compounds in DMSO were also collected and are shown in Figure 4.23. Upon excitation at 

340 nm, characteristic YbIII luminescent signals arising from the 2F5/2 → 2F7/2 transition were 

observed between 900-1100 nm, and with a maximum at 980 nm. Excitation spectra was collected 

upon monitoring the YbIII emission at 980 nm, and showed broad ligand-centered bands up to 375 

nm that overlap well with the absorbance spectra. 
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Figure 4.22 UV-Vis absorption spectra of redshifted T-DMCs Yb2Ga8mYneShi8Mip4 G1.0 (25.1 μM) , 1.0 -OH (19.7 

μM) , and 1.5 (9.36 μM) dissolved in DMSO and at room temperature. Absorbance maxima at 340 nm and with an 

extinction coefficient of 4.36x104 M-1cm-1. 

 

 

Figure 4.23 Corrected and normalized excitation (left, λem = 980 nm), and emission (λex = 320 nm) spectra of 50 μM 

DMSO solution of  redshifted T-DMC Yb2Ga8mYneShi8Mip4  G1.0, G1.0 -OH, and G1.5 at room temperature. 

 

Luminescent lifetimes (τobs) and ligand-centered quantum yields (𝜑𝑌𝑏
𝐿 ) in DMSO were also 

acquired and are summarized in Table 4.3. For comparison, the values of the MC core 

(Yb2Ga8mYneShi8Mip4) and the equivalent toroidal-DMCs (Yb2Ga8Shi8Mip4 G1.0 and G1.5) are 

also listed. The three redshifted-DMCs have monoexponential decays with relatively similar τobs 
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value. The 𝜑𝑌𝑏
𝐿  are also very similar, with a ~0.7% decreased in value between the G1.0 -OH and 

G1.0 compounds, and a steeper decrease of ~7% with the G1.5 DMC. Yet, compared to the 

unfunctionalized MC core, the three new DMCs have between ~2.3-2.4 times higher 𝜑𝑌𝑏
𝐿  values, 

once again demonstrating that the quenching effects of the maleimide appendages are eliminated 

upon thiol coupling. When comparing each of the three DMCs to the Yb2Ga8mYneShi8Ip4, a 10-

17% increase in quantum yields and 8-12% elongation of the lifetimes is observed. Compared to 

the original T-DMCs with unfactionalized ring ligands (Shi), the τobs of the redshifted-DMCs are 

slightly longer, while a ~10% reduction in 𝜑𝑌𝑏
𝐿  is observed in all three cases. 

 

Table 4.3 DMSO solution luminescence lifetimes (τobs) and YbIII-centered quantum yields collected under ligand 

excitation (𝜑𝑌𝑏
𝐿 )a 

Compound τobs [μs]b 𝝋𝒀𝒃
𝑳  [%]c 

Yb2Ga8mYneShi8Ip4 58(4) 7.3(2) 

Yb2Ga8mYneShi8Mip4 
65.1(8) 3.63(5) 

Yb2Ga8mYneShi8Mip4 G1.0 64(2) 8.77(7) 

Yb2Ga8mYneShi8Mip4 G1.0 -OH 66(2) 8.83(8) 

Yb2Ga8mYneShi8Mip4 G1.5 63(1) 8.18(4) 

Yb2Ga8Shi8Mip4 G1.0 63.8(8) 9.38(2) 

Yb2Ga8Shi8Mip4 G1.5 62.9(3) 9.02(8) 

a For samples 50 µM solutions in DMSO  at room temperature, and with 2σ values between parentheses. 

Estimated experimental errors: τobs, ±2%; 𝑄Yb
L  , ±10 %. b Under excitation at 355 nm. c Under excitation at 340 nm. 

 

The three redshifted-DCMs Yb2Ga8mYneShi8Mip4 G1.0, 1.0 -OH, and 1.5 were used to 

investigate their ability to label cells. To this end, HeLa cells were incubated for two hours with 

each of the compounds dissolved in cell culture media (99:1 OptiMEM:DMSO v/v%) to a final 

concentration of 50.4 μM, 27.5 μM, and 15 μM, respectively. Epifluorescence microscopy images 

of the cells exhibited YbIII luminescent signals arising from the core of each DMC; however, as 

seen in Figure 4.24 the three DMCs show significant aggregation and localization at the surface of 

the cells. Substrate interaction can be seen with the G1.0 -OH DMC, which is seen as bright dots 

outside the cell area. Yet, strong luminescent signals in the NIR from each of the DMCs is observed 

resulting from non-specific interactions of the aggregates at the surface of living HeLa cells. 
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Figure 4.24 Microscopy images of HeLa cells incubated with Yb2Ga8mYneShi8Mip4 G1.0, 1.0 -OH, 1.5 T-DMC in 

cell culture media solution with 1% DMSO. A) Brightfield image, and B) NIR epifluorescence image (λex = 377nm, 

band pass 50nm; λem = 785nm, long pass; 2s of exposure).  

 

4.4 Discussion  

To aid with the discussion of all the different molecules prepared for this chapter, Table 

4.4 lists them all, with a visual description of the coupled thiol-groups and a brief description on 

the coupling configuration.  

 

Table 4.4 List of MC and DMC prepared for this chapter. Each of the different classifications are highlighted with 

different color, with the small molecule coupling in yellow,  S-DMC in green, Janus-DMC in blue, biotinylated Janus-

DMCs in gray and white, and the redshifted-DMCs in orange. 

Compound Thiol group(s) Comments 

Yb2Ga8pYneShi8Mip4 

(βME)12 

βME 

 

 

Small molecule coupled 

to all of the twelve-ligand 

positions in the Yb2Ga8 

MC.  

Yb2Ga8pAlShi8Mip4 

(βME)12 

Yb2Ga8mAlShi8Mip4 

(βME)12 

Yb2Ga8pAlShi8Mip4 

(G0.5)12 
G0.5  

G0.5 dendrons coupled to 

all of the twelve-ligand 

positions of the MC core, 

yielding a G0.5 S-DMC. 
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Yb2Ga8pAlShi8Mip4 

(G1.0)4(G0.5)8 

G1.0 

 

G1.0 dendrons coupled to 

the bridging ligands, and 

G0.5 dendrons coupled to 

the ring ligands of the MC 

core. This yielded a 

G1.0/G0.5 Janus-DMC 

with PAMAM dendrons 

coupled to all of the 

twelve-ligand positions. 

G0.5 

 

Yb2Ga8pAlShi8Mip4 

(Bt)4(G1.0)8 

 

Yb2Ga8mAlShi8Mip4 

(Bt)4(G1.0)8 

Bt 

 

Biotin (Bt) groups 

coupled to the bridging 

ligands, and G1.0 

dendrons coupled to the 

ring ligands of the MC 

core. This yielded a 

biotinylated Janus-DMC. 

 

G1.0 

 

Yb2Ga8pAlShi8Mip4 

(G1.0)4(Bt)8 

G1.0 

 

G1.0 dendrons coupled to 

the bridging ligands, and 

Biotin (Bt) groups 

coupled to the ring 

ligands of the MC core. 

This yielded a 

biotinylated Janus-DMC. 

Bt 
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Yb2Ga8mYneShi8Mip4 

(G1.0)4 

G1.0 

 

Dendrons were coupled 

only at the bridging 

ligands of MC cores, 

yielding redshifted-

DMCs. 

Yb2Ga8mYneShi8Mip4 

(G1.0 -OH)4 

G1.0 -OH 

 

Yb2Ga8mYneShi8Mip4 

(G1.5)4 

G1.5 

 
 

4.4.1 Synthesis, Characterization, and Small Molecule Functionalization of 

Ln2Ga8xShi8Mip4 (Ln: YbIII; x: pYne, mYne, pAl, and pAl 

 

Scheme 4.1 a) Synthesis of LnGa4xShi4(benzoate)4 from free ligands and metal salts via slow crystallization. b) 

Synthesis of Ln2Ga8xShi8Mip4 by carboxylate substitution of benzoate with H2Mip on the monomeric MC.  
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The Ln2Ga8xShi8Mip4 scaffolds represents the first class of bifunctional metallacrowns 

capable of undergoing thiol coupling at the bridging ligands (via thiol-maleimide addition) and at 

the ring ligands (via thiol-ene/-yne photocatalytic addition). As shown in Scheme 4.1, the four set 

of dimeric MC scaffolds were prepared by carboxylate substitution on monomeric 

LnGa4xShi4(benzoate)4 scaffolds with 5-maleimide isophthalic acid (H2Mip). As described in 

Chapter 3, monomeric MCs were obtained as crystals through the reaction of H3xShi, sodium 

benzoate, and GaIII/LnIII nitrate salts in solutions of methanol and pyridine. Substitution of the 

benzoate bridging ligands by 5-maleimide isophthalic acid yielded the dimeric metallacrowns that 

were characterized by ESI-MS and elemental analysis. Crystallographic data of the dimeric 

Ln2Ga8xShi8Mip4 MCs was not collected since the product was isolated as a powder and not as 

single crystals. However, the structures are expected to be analogues to the unsubstituted parent 

material Ln2Ga8Shi8Ip4 previously reported by our group,106,124 and structurally similar to the 

monomeric LnGa4xShi4(benzoate)4 described in Chapter 3. Thus, the MCs can be generally 

described as two 12-MCGa(III)N(xshi)-4 bridged together by four Mip-2 bridging ligands, leading to 

the formation of MCs with twelve points of attachments (four at bridges and eight at the ring 

ligands). Just like with the other scaffold described in Chapter 2 and 3, these bifunctional MC can 

be prepared with other LnIII ions, but emphasis was placed on YbIII due to its interesting NIR 

emissions. Chemical compositions for all the dimeric derivatives were further corroborated by 

elemental analysis and  ESI-MS, with the purity of the dimeric MCs confirmed by the lack of 

monomeric MC peaks in the mass spectra. Charge neutrality is likely achieved with two 

pyridinium counter ions, as it is in the case of the analogue Ln2Ga8xShi8Ip4 MC described in 

Chapter 3.  

The solution absorbance spectroscopy of each Ln2Ga8xShi8Mip4 MC dissolved in DMSO 

corroborates that the para-substituted scaffolds (Ln2Ga8pAlShi8Mip4 and Ln2Ga8pYneShi8Mip4) 

have similar profiles with absorbance between 250-340 nm, while the meta-substituted have 

(Ln2Ga8mAlShi8Mip4 and Ln2Ga8mYneShi8Mip4) absorbances between 250-380nm. The 

absorbance profiles of the four bifunctionalized MC scaffolds are similar to those of 

Ln2Ga8xShi8Ip4 where only the ring ligands are functionalized, corroborating that the added 

functional group at the bridge ligands does not change the absorbance profiles. Therefore, the 

singlet energy values of these new bifunctional MCs are the same as of the monosubstituted. 

Similarly, while the triplet state levels were not measured for these new MCs, their values are 
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expected to be close to those of the monofunctionalized Gd2Ga8xShi8Ip4 MCs (Table 3.14). Thus, 

the new bifunctional MC scaffolds are expected to have favorable energy gaps between their 

singlet and triplet states (~5000 cm-1) and the triplet and  LnIII ion emissive state to ensure good 

intersystem crossing (S*
→T*

 and T*
→Ln*).  

Photophysical characterization of bifunctional MCs. As seen in Figure 4.3 and Figure 4.4, 

the LnIII-centered photophysical properties, combined with the good spectral overlap between the 

absorbance and excitation spectra of the each of the YbIII-based MC scaffolds, illustrates the 

favorable antenna effect of the ring ligands to the YbIII ions. As for the emissive properties, upon 

excitation into the ligand centered bands at 320-360 nm, characteristic YbIII luminescence emission 

in the NIR was observed in both solution and solid state. Quantitative photophysical data listed in 

Table 4.1 show that the 𝜑𝑌𝑏
𝐿   values of the bifunctionalized Yb2Ga8pAlShi8Mip4 and 

Yb2Ga8mYneShi8Mip4 MCs are significantly lower than those of the monofunctionalized 

Yb2Ga8pAlShi8Ip4 and Yb2Ga8mYneShi8Ip4 MC analogues. This behavior was also observed 

when comparing the Yb2Ga8Shi8Ip4 to Yb2Ga8Shi8Mip4 in Chapter 2 due to the well-known160,161 

quenching effects of unsubstituted maleimide groups. Fortunately, such quenching effects are 

improved once the C=C bonds becomes saturated by thiol coupling. Something important to 

highlight is that while the decrease in quantum yield between Yb2Ga8Shi8Ip4 and the 

monofunctionalized Yb2Ga8Shi8Mip4 was ~97% in solid state and ~63% in DMSO solutions, a 

smaller difference is seen when comparing the unfunctionalized Yb2Ga8Shi8Ip4 and 

bifunctionalized MCs: for Yb2Ga8pAlShi8Mip4 there is a ~60%/~36% decrease in solid/solution 

state; and there is a ~82%/~50% decrease in solid/solution state for  Yb2Ga8mYneShi8Mip4. Thus, 

emphasizing the importance and ability to improve the photophysical properties of MCs through 

synthetic modification. 

Small molecule coupling to bifunctional MCs. The ability of Yb2Ga8pAlShi8Mip4, 

Yb2Ga8mAlShi8Mip4, and Yb2Ga8pYneShi8Mip4 to undergo thiol coupling was investigated by 

photocatalytic addition of β-mercaptoethanol (βME). The Yb2Ga8mYneShi8Mip4 MC was not 

investigated since in Chapter 3 it was shown that scaffolds with mYneShi ring ligands were the 

least reactive towards thiol coupling.  

Maleimide groups do not require the highly energetic photocatalytic approach to yield 

efficient thiol-couplings. This is because thiol-maleimide addition is driven by the withdrawing 

effects of the two carbonyl groups, along with the enhanced reactivity of the alkene site due to ring 
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strain, ultimately rendering maleimide appendages with very high thiol-coupling reactivities. On 

the other hand, thiol-ene/yne addition to propargyl and allyl ether does require photocatalyzed 

radical addition due to their much lower reactivity for thiol-coupling. Therefore, given the 

significant difference in reactivity of both thiol-active groups in the bifunctional MC, the addition 

of thiols can be done in two steps: first to the maleimide bridging ligands, and then to the ring 

ligands via radical-addition.  

In the case of the small molecule coupling to the three MC scaffolds, in situ  addition of 

βME under photocatalytic conditions (UV light and DMPA as the photoinitiator) yielded  scaffolds 

with up to twelve βMEs coupled to Yb2Ga8pAlShi8Mip4 and Yb2Ga8mAlShi8Mip4, and up to 

twenty to Yb2Ga8pYneShi8Mip4. As seen in Figure 4.5-4.7, partial to mostly complete coupling 

was observed with the three MCs, with eleven to twelve couplings to both Yb2Ga8pAlShi8Mip4 

and Yb2Ga8mAlShi8Mip4 (~92-100% coupling success), and eighteen to twenty βMEs coupled to 

Yb2Ga8pYneShi8Mip4 (90-100% coupling success). Similar reactivity behavior toward small 

molecule coupling was observed with these three bifunctional MCs as previously shown for the 

MC functionalized only at the bridge or ring positions. Thus, it is prudent to assume that the thiol-

maleimide addition at the bridge ligand went to completion, while addition to the ring ligands via  

radical thiol-ene or -yne was slightly less reactive, but mostly effective. 

As described in Chapter 2 with the analogous Yb2Ga8Shi8Mip4 MC, thiol addition the 

bridging ligands of Yb2Ga8xShi8Mip4 MCs can occur at either of two carbon positions in the 

maleimide’s C=C bond. Thus, such thiol-coupling results in the formation of two different isomers 

per appendage, with each having 180° of rotational freedom. This means that each of the four 

maleimide appendages of a Yb2Ga8xShi8Mip4 MC can each have four possible configurations once 

coupled to thiol-bearing groups. While each species could possess different physical and optical 

properties, at this point there is no method for separating each of these distinct complexes. 

Therefore, for the remainder of this work, coupling to the maleimide bridging ligands is treated as 

if it corresponds to a single isomer. As for the thiol-ene/yen coupling to the ring ligands, such 

additions have been shown to have high anti-Makovnikov regioselectivity.182,188   

The UV-Vis absorbance spectra profiles in DMSO solutions of the MCs pre- and post-

βME coupling are identical. Similar results were observed for the MC scaffolds with small 

molecules coupled exclusively at the ring ligands or at the bridge ligands. Therefore, this shows 

that the addition of small molecules does not affect the absorbance behavior of the MC cores, and 
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that in general, bifunctional MCs have similar absorption behaviors as the other two 

monofunctionalized MCs. While excitation and emission spectra were not collected for the βME-

functionalized MCs, it is prudent to expect that good luminescent sensitization will be observed. 

This is based on the fact that the cysteamine-functionalized Sm2Ga8Shi8Mip4 and βME-

functionalized Yb2Ga8xShi8Ip4 MC analogues, exhibited excellent LnIII
 sensitization post-small 

molecule coupling. Therefore, altogether these results demonstrate the first example of combined 

thiol-maleimide and photocatalyzed thiol-yne/ene coupling of small molecules to bifunctional 

metallacrowns.  

 

4.4.2 Symmetric and Asymmetric (Janus Dendrimeric Metallacrowns)  

After developing MC scaffolds capable of undergoing thiol-coupling at the bridge and ring 

ligands, the next step was to further exploit the bifunctional MC in order to expand both the fields 

of dendrimers and dendrimeric metallacrowns (DMCs). To this end, Yb2Ga8xAlShi8Mip4 MCs 

were employed as the core of PAMAM dendrimers, as shown in Scheme 4.2, as to develop a new 

class of DMCs with symmetric and asymmetric dendritic shells or targeting groups. The DMCs 

labeled as “symmetric” (S-DMC) represents complexes where both ligand sites of a MC core were 

coupled with dendrons of the same generation. As for the asymmetric DMCs (Janus-DMCs), they 

described complexes where either two different dendron generations, or mixture of dendrons and 

biotin groups that are coupled orthogonally, i.e., with one species at the ring and another at the 

bridging ligands.  

Symmetric and asymmetric dendron addition to the MC core was performed in two steps, 

with thiol-maleimide coupling as the first step, followed by thiol-ene photocatalytic addition. 

Thiol-focal point PAMAM dendrons were prepared in the same fashion as described in Chapter 2. 

Based on the finding from Chapter 3, only Yb2Ga8pAlShi8Mip4 MCs were investigated as the core 

of these new DMCs to ensure high coupling success rates. Similarly, only thiol focal point 

dendrons of generation 0.5 and 1.0 were utilized. To make biotinylated Janus DMCs, thiol focal 

point biotin was synthesized and coupled exclusively at either the ring or the bridging ligands, 

while G1.0 dendrons were coupled at the orthogonal ligand positions. Biotin was chosen as the 

target biomolecule to make Janus DMCs since it is of similar size and weight as a HS-G1.0 

PAMAM dendrons, as seen in Scheme 4.3. Additionally, its incorporation onto DMCs could 
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render the complexes with interesting biological activity, such as high tumor specificity and strong 

affinity to avidin and streptavidin.189  

 

Scheme 4.2 Simplified representation of symmetric and Janus dendrimeric metallacrown preparation (Top). Left, 

thiol-focal point dendron. Middle, model of LnIII
2[12-MCGa(III)N(xshi)-4]2(Mip)4 MC. Right, DMC with twelve dendrons 

attached to the MC core. Compounds with the same dendron generation are described as symmetric-DMCs, while if 

different dendron generation, then they are described as Janus-DMCs. (Bottom). Left, thiol-focal point dendron and 

biotin. Middle, model of LnIII
2[12-MCGa(III)N(xshi)-4]2(Mip)4 MC. Right, biotinylated Janus-DMC with dendrons and 

biotin groups placed orthogonally to each other. Depending on the order of addition, two different Janus-DMCs can 

be prepared.  
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Scheme 4.3 Thiol focal point G1.0 dendrimer and biotin. Both molecules are relatively the same size and length, and 

have very similar molecular weights.  

 

Symmetric dendrimeric metallacrowns. A G0.5 S-DMC was prepared with 

Yb2Ga8pAlShi8Mip4 as the MC core. Shown in Figure 4.9, a narrow distribution of ten to twelve 

G0.5 couplings to the MC core can be seen by ESI-MS. This translates to an overall ~83-100% 

coupling success rate of PAMAM dendrons to the Yb2Ga8pAlShi8Mip4 core. While compared to 

the small molecule coupling to the same MC, a ~8.3% decrease in coupling reactivity is observed 

with the dendrons, this still represents the first dendrimeric metallacrown and LnIII-based 

dendrimer with twelve couplings. Furthermore, this DMC represents one of the few examples 

among both dendrimers and metallodendrimers with cores capable of having twelve dendrons per 

core. The other two known examples are by Finikova et al.190 with a porphyrin-cored  dendrimer 

with twelve poly(ester-amide) dendrons attached to both the meso- and pyrrole-β positions. While 

the second is by Dijkstra et al.191 with a dodecakis(pincer) compounds made out of an aromatic 

core connected by twelve dimethylamine-pincer palladium dendrons via ether bond. Therefore, 

this G0.5 S-DMC is a clear proof of concept that bifunctional MCs can be used as the core of 

dendrimers.  

An attempt was made to prepare a G1.0 S-DMC by following the same reaction steps as 

with the G0.5 complex. While the dendron addition to the maleimide appendages yielded the 

expected product (four dendrons coupled to the MC-core), the photocatalytic addition of HS-G1.0 

did not yield the final G1.0 S-DMC. By ESI-MS, only up to two dendron couplings to the ring 

ligands were observed. In situ addition of dendrons to the unfunctionalized Yb2Ga8pAlShi8Mip4 

MC (as done previously with the small molecule addition) did not yield better results. Since the 

synthesis of G0.5 S-DMC yielded far better results, the poor reactivity observed when preparing 

the G1.0 S-DMC is likely due to the high concentration of amine groups present in the reaction. 

This can be explained by the fact that the amine groups (-NR3 and -NH2) in PAMAM dendrons 
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can become radical co-initiators (synergist) in photocatalytic reactions.192–194 As seen in Scheme 

4.4, in such cases, the C-H group next to the amine group becomes an excellent hydrogen donor, 

and thus a new and very reactive alkyl-amino radical is formed by hydrogen abstraction. The 

highly reactive alkyl-amino radical can potentially then react with itself or the MC core. But in a 

more detrimental and likely scenario, thiol radicals can do the hydrogen extraction of the amine 

groups, and no longer enter the thiol-ene radical addition cycle – thus explaining the low reactivity 

of formation of G1.0 S-DMCs. However, while this DMC preparation was unsuccessful, based on 

the favorable results of both the small molecule- and G0.5 dendron-coupling to 

Yb2Ga8pAlShi8Mip4 MCs, suggest that dendron generations or dendron families with fewer or no 

amine groups could be used to make S-DMCs in the same fashion.  

 

 

Scheme 4.4 (Top) Alkyl-amino radical formation with amine group in the presence of radical groups through hydrogen 

abstraction from the adjacent C-H bond to the nitrogen. (Bottom) Thiol radical reactions possibilities in the presence 

of alkene and amine groups. Deactivation of the thiol radical by hydrogen abstraction of amine groups may be the 

main culprit behind the low reactivity of MC core with HS-G1.0 PAMAM dendrimers.  

 

Janus dendrimeric metallacrowns. To further investigate the bifunctionality of 

Yb2Ga8pAlShi8Mip4 and the unequal reactivity towards thiol-coupling of the templating ligands, 

Janus dendrimers with two different PAMAM dendron generations (G1.0 and G0.5) were 

investigated. First, HS-G1.0 dendrons were coupled to the MC core to form a Yb2Ga8pAlShi8Mip4 

(G1.0)4 DMC. Once the complete coupling of four dendrons was confirmed by ESI-MS, 
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photocatalytic addition of HS-G0.5 dendrons was attempted. As seen in Figure 4.10, incomplete 

coupling to the MC core was obtained, with a broad distribution of eight to eleven dendrons 

coupled to the MC core, and an overall ~67-92% coupling success. The relatively lower coupling 

reactivity of this Janus-DMC was attributed once again to the presence of a high number of amine 

groups (-NR3 and -NH2). In this case, after the successful coupling of G1.0 dendrons to the 

Yb2Ga8pAlShi8Mip4, the photocatalysis addition of G0.5 dendrons was attempted without removal 

of the excess G1.0 dendron. A large excess of dendron (20 eq) is necessary to drive the DMC 

coupling reaction to completion, and in this case the leftover dendron excess is also the source of 

a large amount of amine groups.  

Purification of DMCs is best done with dialysis against DMSO since it allows for the 

removal of excess unreacted dendron under mild conditions and without sample concentration. As 

described in Chapter 2, complete concentration of DMC solutions (and any PAMAM dendrimer 

in general) leads to the formation of defects (e.g., retro-Michael addition or lactam formation), and 

severe sample aggregation. Thus, dialysis seemed to be the best purification method for DMCs. 

However, through dialysis, sample volume increases as each sample component (DMC, excess 

dendron, DMSO) move towards equilibrium in both side of the dialysis membrane. This represents 

an issue since as described in the synthetic trials in Chapter 3, photocatalytic thiol addition to the 

MCs is highly sensitive towards the solution concentration. To this end a compromise was taken, 

and the addition of HS-G0.5 dendron to Yb2Ga8pAlShi8Mip4(G1.0)4 was done without 

purification. From the lack of high dendron coupling success for this Janus-DMC, it is obvious 

that removal of excess PAMAM dendron is necessary; however, this will require the exploration 

of alternative purification techniques. Alternatively, as suggested earlier, utilizing a different 

dendron family with fewer or no amine groups (e.g., bis-MPA or PGLSA-OH) would likely 

improve the coupling success rate of Janus-DMCs by minimizing the hindering effects of high 

amine concentrations during photocatalytic thiol-ene coupling.  

Nonetheless, while not perfect, the coupling of two different generation dendrimers to the 

same MC core was done without further synthetic modification, such as protection or deprotection 

steps of the core prior adding the second dendron,  as it is commonly done with standard Janus 

dendrimers synthesis.25,195 Additionally, this DMC synthesis attempt was also another proof of 

concept that asymmetric coupling is achievable with the bifunctional Yb2Ga8pAlShi8Mip4 MC 

core. 
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Biotinylated Janus dendrimeric metallacrowns. While addition of PAMAM dendrons to 

the twelve coupling sites of a Yb2Ga8pAlShi8Mip4 MC core may face some synthetic challenges, 

interesting Janus-DMCs can still be prepared by placing the dendrons and target molecules at 

orthogonal ligand positions. To this end, two types of biotinylated Janus-DMCs were attempted: 

Yb2Ga8pAlShi8Mip4(Bt)4(G1.0)8 and Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8. With the former having 

four biotin groups at the bridging ligands and eight G1.0 dendrons at the ring ligands, and the latter 

having four G1.0 dendrons and eight biotins at the bridge and ring ligands, respectively. 

Yb2Ga8pAlShi8Mip4(Bt)4(G1.0)8 Janus-DMCs were prepared by first coupling biotin to the 

maleimide appendages. After purification and corroborating the desired product by ESI-MS, 

photocatalytic addition of HS-G1.0 to the ring ligands was done. As seen in Figure 4.12, a total of 

nine to twelve couplings to the MC cores was obtained, which translates to an overall 75-100% 

success coupling rate. While complete coupling of biotin to the MC core was obtained, partial to 

complete addition of five to eight G1.0 dendrons to the ring ligands was observed. While not 

perfect, the coupling success rate of this Janus-DMC is higher than the G1.0/G0.5 Janus-DMC, 

with ~67-92% coupling success rate. This supports the idea that a smaller concentration of amine 

groups in solution improves the overall coupling reactivity of the photocatalytic step, and the 

possibility that other dendron families could improve the coupling success rate of the 

photocatalytic step of Janus-DMCs. 

The orthogonal configuration was also investigated where first a 

Yb2Ga8pAlShi8Mip4(G1.0)4 DMC was prepared, followed by the photocatalytic addition of thiol-

biotin. Coupling of four dendrons, and six to eight biotin groups to the MC core was corroborated 

by ESI-MS, as seen in Figure 4.14. A high success rate of coupling (~83-100%) was observed, 

which is comparable to that of the symmetric G0.5 DMC, and higher than the Janus G0.5/G1.0 

DMC. Furthermore, compared to the Yb2Ga8pAlShi8Ip4 G1.0 H-DMC, this 

Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 Janus-DMC has the same coupling reactivity to the ring ligands, 

with both having six to eight thiol groups coupled to the ring ligands of the MC core. This complex 

was purified by dialysis against DMSO, and then further characterized by DLS and luminescence 

spectroscopy.  

As seen in Figure 4.2 and Figure 4.14, the characterization by ESI-MS of the 

Yb2Ga8pAlShi8Mip4 MC and the Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 Janus-DMC corroborate the 

expected increase in molecular weight with the added dendrons and biotin groups to the MC core. 
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As seen with other DMCs, while the ESI-MS of the MC core is best observed as a -2 species in 

negative mode, the Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 Janus-DMC was better detected by the mass 

spectrometer as a +3 and +4 species in positive ion mode. This is due to the numerous protonation 

sites that both the dendron and the biotin groups have. The DLS size distribution of the DMC in 

DMSO shows that while this compound is mildly polydisperse, no aggregates are observed. This 

is different from T-DMC and H-DMCs with G1.0 dendrons, as seen in Figure 4.25, and of special 

interest since large aggregate in solution can heavily influence behavior of the complex – e.g., 

hinder cell uptake or retard diffusion rates. This Janus-DMC seem to share similar diameters (~4 

nm) and polydispersity as the T-DMC (PdI: ~0.2) which can be attributed to fact that the dendrons 

in both DMCs are coupled to the bridging ligands. The larger polydispersity of the Janus-DMC 

compared to the H-DMCs is likely due to the presence of isomers arising from the two different 

coupling sites in a maleimide appanage.  Such isomers can be interpreted as a measure of low 

homogeneity  by the DLS, and as a result, yield large polydispersity values.  

 

 

Figure 4.25 DLS size distribution comparing Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 J-DMC, Yb2Ga8Shi8Mip4 G1.0 T-DMC 

and Yb2Ga8pAlShi8Ip4 G1.0 H-DMC in DMSO at room temperature. 

 

As seen in Figure 4.26, when comparing the size distribution plots of the same set of G1.0 

DMCs in more aqueous environments (99:1, H2O:DMSO v/v%), it can be seen that while the three 

DMCs tend to form aggregates, the Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8  J-DMC has the smallest 
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aggregates in diameter, while both the T-DMC and H-DMC seem to have similar sized ones. What 

these results are suggesting is that the biotin groups at the ring positions are aiding to keep the 

average hydrodynamic diameter of the aggregates smaller compared to the other two G1.0 DMCs. 

This behavior should influence the pharmacokinetic properties of 

Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 Janus-DMCs differently, and likely positively, compared to the 

other two DMC of the same generation. While cell studies were not performed for this particular 

Janus-DMC, based on the DLS results in both DMSO and water/DMSO, it could be expected that 

cell uptake of the Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8  Janus-DMC would be likely as good as with 

the Yb2Ga8Shi8Mip4 G1.0 T-DMC (where cell internalization was achieved). Additionally, the 

presence of the numerous biotin groups may also help improve the cell uptake of the DMC.  

 

 

Figure 4.26 DLS size distribution comparing Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 J-DMC, Yb2Ga8Shi8Mip4 G1.0 T-DMC 

and Yb2Ga8pAlShi8Ip4 G1.0 H-DMC in solution in 99:1 H2O:DMSO at room temperature and at pH: 7.5. 

 

Both the ESI-MS and DLS data highlight the structural and morphological difference of 

regular PAMAM dendrimers and the biotinylated Janus-DMC. At the same G1.0 dendrimer 

generation, the Janus-DMC is about 1.7 times larger than the standard a G1.0 PAMAM dendrimer, 

and as large in diameter as a G3-4 PAMAM dendrimer.43,196 Additionally, the molecular weight 

of Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 Janus-DMC by mass spectroscopy (~7.2 kDa) is comparable 

to that of a G3.0 PAMAM dendrimer (~7 kDa). Thus, as seen in Scheme 4.5, the Janus-DMC 
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reaches larger diameters and is more massive with smaller generations. Lastly, the 

Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 J-DMC has the same number of surface groups as a standard 

G1.0 PAMAM dendrimer (eight -NH2 total), but also eight biotin groups at a well-defined location. 

A more obvious difference is observable when comparing the other biotinylated G1.0 Janus-DMC, 

which has twice as many surfaces group as a standard G1.0 PAMAM dendrimer and four biotin 

groups. When making such comparisons with the symmetric G0.5 DMC, the number of surface 

groups in the DMC is three times as many as a PAMAM dendrimer of the same generation.  

Just as with T-DMCs and H-DMCs, the structural and physical differences between the 

biotinylated J-DMC and regular PAMAM dendrimers is due to their core. While PAMAM 

dendrimers are normally prepared with ethylenediamine groups as the core (~0.38 nm in diameter), 

the core of the DMCs in this work is significantly larger and more massive. Also, the 

Yb2Ga8pAlShi8Mip4 MC core has a total of twelve sites for dendron coupling while the 

ethylenediamine core only has four. As for the overall shape, the DMCs described here are likely 

to have a more spherical conformations, especially with symmetric dendron coupling to both of 

the ligand positions. 

 

 

Scheme 4.5 Comparison between a G4.0 EDA-cored PAMAM dendrimer with a G1.0 Ln2Ga8pAlShi8Mip4 DMC 

highlighting that the DMC has a diameter (measured by DLS) as large as a large PAMAM dendrimer. Also, the MC 

used as the core of DMC has three times as many coupling sites for dendron grow, compare to the EDA core in 

PAMAM dendrimers that only has four. 
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Additionally, dendrimer functionalization generally occurs by modifying the numerous 

surface groups with the desired molecule (e.g., chromophore, antigen, target drug). This often 

results in low control on the concentration and position of the appended groups, especially with 

large dendrimer that have a high number of surface groups. Therefore, the added benefit of a MC-

cored dendrimers versus regular dendrimers is that the MC offers a much higher control on both 

the number of appendages and their coupling position. Like in the case of both biotinylated Janus-

DMCs, the biotin groups can be exclusively couple to either the bridging ligands, adding four 

biotins per DMC, or at the ring ligands, adding up to eight groups per DMC. This kind of control 

over the position and number of targeted molecules are qualities sought after in the development 

of nanomaterial and biological imaging probes.23 

Unlike luminescent PAMAM dendrimers that rely on surface modification or 

encapsulation of luminescent chromophores, DMCs are intrinsically luminescent due to their LnIII-

based MC cores. The photophysical properties of Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 J-DMC were 

investigated, and compared to G1.0 T-DMC and H-DMC from Chapter 2 and 3, and other YbIII-

based metallacrowns. As seen in Figure 4.17 absorption spectra of 

Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 Janus-DMC exhibit similar π→π* transition bands to those of the 

MC core, with an absorbance in the range of 250-340 nm. This suggest that the incorporation of 

both dendrons and biotin groups do not hinder the MC core’s electronic properties. Furthermore, 

the good overlap of the solution state absorbance and excitation spectra indicates effective energy 

absorbance and transfer by the MC core to the YbIII ions. Excitation at 320 nm exhibited the 

expected characteristic YbIII emission between 950-1150 nm, as seen Figure 4.18. Photophysical 

data in the solution state detailed on Table 4.1, show that the τobs and 𝜑𝑌𝑏
𝐿  values of the DMC are 

larger  than the Yb2Ga8pAlShi8Mip4 with no dendrons. This confirms once again that the 

quenching effects of the maleimide appendages are eliminated once they are bound to thiol groups. 

Compared to the original dimeric Yb2Ga8Shi8Ip4 MC (𝜑𝑌𝑏
𝐿 : 7.56%), the G1.0 T-DMC (𝜑𝑌𝑏

𝐿 : 

9.38%) and the G1.0 H-DMC (𝜑𝑌𝑏
𝐿 : 8.7%), the Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 Janus-DMC 

quantum yield in solution (7.41%) is very close that of the Yb2Ga8Shi8Ip4, but lower than the two 

other DMCs. The 15-20% decreased in quantum yield of the Janus-DMC compared to the other 

two could be a combination of the position of the functionalities – i.e., coupling at the ring ligands 

was shown to result in a ~7% reduction in quantum yield when comparing T-DMC and H-DMC 

(Scheme 4.6); or, due to the higher number of solvent molecules encapsulated by the Janus-DMC 
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since this complex has twelve couplings which are likely to increase the number of solvent 

molecules close to the MC core. As shown before by DLS calculations, the H-DMC (which has 

eight couplings per MC) had a significantly larger number of solvent molecules encapsulated by 

the dendritic shell than T-DMCs. Thus, it would not be surprising if that is the main reason behind 

the drop in  𝜑𝑌𝑏
𝐿  when the MC core has more couplings. Nonetheless, the overall high quantum 

yield, long luminescent lifetimes, NIR emission of Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 J-DMC, 

along with its well-defined synthetic control over the position and concentration of secondary 

groups (i.e., biotin) are exciting results for lanthanide-based luminescent scaffolds and the 

dendrimer field in general.  

 

 

Scheme 4.6 Simplified representation of toroidal dendrimeric metallacrown (T-DMC, left) and hyperboloidal 

dendrimeric metallacrown (H-DMC, middle), and the newest dendrimeric metallacrowns introduced in this chapter 

(S-DMC, right). 

 

4.4.3 Redshifted Dendrimeric Metallacrowns (Redshifted-DMCs) 

Lastly, while the MCs templated with mYneShi ring ligands did not have efficient 

reactivities towards thiol coupling, their less energetic absorbance maxima were still exploited to 

develop redshifted-DMCs. Lower energy absorbances are an important factor when developing 

imaging agents since to be truly used as biological probes, the excitation of the probe should not 

be harmful to the system under study. To this end, three redshifted-DMCs were prepared with 

G1.0, G1.0 -OH, and G1.5 PAMAM dendrons exclusively coupled to the bridging ligands of 

Yb2Ga8mYneShi8Mip4 MC cores. The G1.0 -OH dendron is similar size and molecular weight to 

a regular G1.0 dendron, with the only difference being the hydroxyl surface groups. Since a certain 

degree of aggregation was observed with the Yb2Ga8Shi8Mip4 G1.0 T-DMC, it was of interest to 
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investigate whether the hydrophilic hydroxyl surface groups would behave differently. As seen in 

Figure 4.19 and Figure 4.20, ESI-MS and DLS characterization of each of the three Red T-DMCs 

corroborated both the complete coupling of only four dendrons per MC core, and increasing 

molecular weights and hydrodynamic diameters. While DLS characterization in DMSO showed 

that the G1.0 -OH and 1.5 DMC undergo little or no aggregation, the G1.0 T-DMC showed a 

significant degree of aggregation. Further DLS investigation under more aqueous environments, 

shown in Figure 4.21, demonstrated that both G1.0 and G1.0 -OH DMC form aggregates of large 

diameters, with the latter having the broadest range of aggregate size and high polydispersity. On 

the other hand, the smallest aggregates formed with the G1.5 DMC (Dav: ~6 nm), which is likely 

due to the hydrophobic interactions of its surface groups (-OME) with the surrounding 

environment. Furthermore, when compared to the original G1.0 T-DMC (Figure 4.26, blue), the 

aggregates of the G1.0 and 1.0 -OH redshifted-DMCs are of significantly larger hydrodynamic 

diameters. Since the main difference between the standard T-DMCs and the new DMCs is the ring 

ligands, the alkyl ether group on the MC core worsen aggregation behavior in solution.  

This is further corroborated during the incubation of HeLa cells with the three new 

redshifted-DMCs. As shown in Figure 4.24, the cell experiments demonstrated that the three 

DMCs localized at the surface of the cells, which greatly differs from incubation with G1.0 T-

DMC which showed internalization by the cells. These experiments highlight the delicate balance 

between acquiring optimal pharmacokinetic properties (e.g., solubility and cell uptake), while also 

fulfilling the photophysical requirements (e.g., bright emissions, with low energy excitations). 

While no cell uptake of the DMC was observed, strong YbIII luminescent signals were detected 

with the three redshifted-DMC from non-specific interactions of the aggregates on the surface of 

living HeLa cells. 

More detailed luminescent characterization of the three redshifted-DMCs showed that their 

absorbance profiles are similar to that of the unfunctionalized core, with a low-energy maximum 

at 340 nm. Good overlap between the absorption and excitation spectra in solution also suggest 

effective energy transfer from the antennas in the MC core to the YbIII ions. Emission spectra 

showed characteristic YbIII emission between 950-1150 nm for the three Red T-DMCs. 

Photophysical characterization of each DMC in solution showed similar monoexponential decay 

and quantum yields between 8.18-8.83%.  The original T-DMC still has the largest quantum yields 

(8.73-9.38%)  among all the different DMCs described in this thesis. The slightly lower 𝜑𝑌𝑏
𝐿  of the 
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redshifted-DMCs could be due to the alkyl ether groups (HC≡CCH2OR) in the ring ligands. Since 

these appendages have a certain degree of flexibility and numerous C-H oscillators, they could be 

quenching some of the luminescent signal of the MC core. Yet, these DMCs’ quantum yields are 

among the largest compared to other YbIII-based MCs in solution. The enhanced photophysical 

values  are  attributed to the presence of the dendritic shell. This is corroborated by comparing the 

quantum yield of Yb2Ga8mYneShi8Ip4 (7.3%) to the three redshifted-DMCs, where a 10-17% 

increase in quantum yield is observed. Once again, the photophysical and  functionalization 

potential of MC core were combined to develop DMCs with excellent quantum yields and 

emissions in the NIR.  

 

4.5 Conclusions 

The work presented in this chapter illustrates the that the photophysical properties of LnIII-

based MCs and their remarkable functionalization potential can be combined to develop a new 

class of luminescent metallodendrimer. In this chapter, I developed a series of YbIII-based 

bifunctional metallacrowns capable of undergoing symmetric and asymmetric coupling on to the 

same MC core. I did this by combining the synthetic work and coupling methodologies developed 

in Chapter 2 and 3. The bifunctional MCs were characterized by ESI-MS and elemental analysis 

to corroborate chemical and structural composition, and by UV-VIS and fluorescence 

spectroscopy to study their luminescent behavior. Functionalization ability of Yb2Ga8xShi8Mip4 

(x: pAl, mAl, and pyne) was corroborated by coupling up to twelve or twenty β-mercaptoethanol 

molecules to the templating ligands of MCs via UV-light photocatalyzed thiol coupling. This work 

represents the first incorporation of thiol active sites to both the ring and bridging ligands of MCs, 

and the first-time up to twenty molecules have been coupled to a single MC core. Furthermore, as 

it was discussed in Chapter 2, the incorporation of thiol groups to the maleimide appendages can 

yield an array of isomers combinations since each maleimide appanage can yield two different 

isomers upon thiol coupling. Therefore, if the chirality of the system can be synthetically 

controlled, or the diastereomers separated, interesting polarizable luminescent studies and 

biological studies could be investigated.  

Once the coupling capabilities of the bifunctional MC were demonstrated, 

Yb2Ga8pAlShi8Mip4 MCs were used as the core of dendrimeric metallacrowns with twelve points 

of attachment. Symmetric incorporation of G0.5 to the MC core to yield 
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Yb2Ga8pAlShi8Mip4(G0.5)12 S-DMC was highly successful. However, incorporation of the longer 

G1.0 dendron did not yield such results. This is likely due to the presence of numerous amine 

group that can interfere with the photocatalytic step of the synthesis. Nonetheless, the successful 

synthesis of G0.5 S-DMC represents an important advance in the field of dendrimers, since before 

this work, only two examples of dendrimers with twelve couplings site were known. Furthermore, 

other dendrimer families that have no amine groups, but still share the same biocompatible 

properties of PAMAM dendrimer, could be coupled to the MC core in the same fashion.  

Next, asymmetric or Janus DMCs were prepared. The first one was prepared with G1.0 

and G0.5 dendrons coupled to the bridge and ring ligands, respectively. While the low coupling 

success (~60-80%) of such DMC was attributed to the high concentration of amine groups, it 

opened-up the possibility to perform asymmetric coupling by taking advantage of the different 

reactivity of the bridge and ring ligands. To this end, two biotinylated Janus-DMCs were prepared, 

with the Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 Janus-DMC further characterized for its luminescent 

properties. ESI-MS and DLS studies corroborated the formation of the 

Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 Janus-DMC, while photophysical characterization demonstrated 

excellent sensitization and quantum yield of the scaffold in DMSO solutions. Furthermore, the 

distinct structural features these DMCs, such as more spherical shape compared to T-DMC and H-

DMC, their large diameters and high molecular weight with smaller generations, are appealing 

properties that can have interesting pharmacokinetic advantages over regular PAMAM 

dendrimers. Additionally, DMCs are intrinsically luminescent, and the MC core offer excellent 

control of the position and number of coupled target molecules.  

Lastly, redshifted-DMCs were also prepared with the least reactive ring ligands 

(H3mYneShi). While it was unfortunate that mYneShi ligands had very little reactivity towards 

thiol coupling, this lack of reactivity was exploited to make redshifted-DMCs. Since long 

generation T-DMC (>G1.0) require preparation times up to 10 days in the presence of a large 

excess of PAMAM dendrons, the low reactivity of mYneShi comes in handy to ensure that dendron 

coupling only occurs at the bridging ligands, even after long reaction times. To this end G1.0, G1.0 

-OH, G1,5 redshifted-DMC were prepared. ESI-MS and DLS studies corroborated the formation 

of each of the three DMCs. Luminescent characterization of the three DMCs showed both efficient 

YbIII sensitization, and quantum yields in solution that are among the highest among YbIII-based 

MCs. Cell studies demonstrated excellent LnIII sensitization, as well as robust stability in cell 
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culture conditions, but no cell uptake likely due to aggregation. Despite the lack of cell uptake, 

these are promising results since either the dendritic shell, the MC core, or the cell studies 

conditions can be further optimized to yield better results – e.g, longer dendrimers, different 

dendrimer families, different buffer conditions.  

 With this work, I was able to expand the functionalization of MCs by making bifunctional 

scaffolds capable of undergoing symmetric and asymmetric functionalization, while also 

exploiting their luminescent sensitization. Furthermore, I was able to demonstrate that such MCs 

can be utilized as the core of dendrimeric metallacrowns. Additionally, bifunctional MCs offer the 

possibility of designing Janus-DMCs with attractive biomolecules or target agents (such as small 

peptides), and antennas to further redshift the excitation energy. Thus, altogether, with this work I 

have contributed to the diversification of metallacrown and dendrimer design. 
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Chapter 5  

Conclusions and Future Work 

 

This thesis focuses on the development of dendrimeric metallacrowns (DMCs) from 

lanthanide-based metallacrown-cores (MCs). Metallacrowns have been shown to be especially 

suitable at exploiting the luminescent properties of lanthanides; however, their limited solubility 

and solution stability in aqueous environments has limited their application as imaging probes. 

Similarly, current luminescent dendrimers lack robust photostability since they rely on the 

coupling of organic chromophores, but are known to have excellent biocompatibility. To overcome 

these drawbacks, while also exploiting their individual properties, dendrimers were built from 

luminescent MC-cores. In this work, the functionalization of Ln2Ga8 MCs at the bridging ligands 

(Chapter 2), the ring ligands (Chapter 3), and both (Chapter 4) positions was investigated to 

combine the properties of dendrimers and MCs, creating a new class of metallodendrimers with 

exceptional luminescent properties. The four major contributions of this thesis toward this end are 

now discussed. 

 

5.1 Preparation of DMCs 

The foremost contribution of this thesis is the preparation of dendrimeric metallacrowns. 

This first required the synthetic incorporation of thiol-active sites to the templating ring and 

bridging ligands of Ln2Ga8 MCs, the corroboration of thiol-coupling reactivity, and the 

optimization of the reaction conditions for DMC synthesis. Synthetic functionalization of the 

isophthalate bridging ligands was the most straightforward, and allowed the incorporation of 

highly reactive thiol-active groups. Functionalization of the ring ligands, however, was more 

challenging and required the inclusion of less reactive thiol-coupling appendages. Due to the 

difference in reactivity, coupling reaction conditions differed greatly between ligands, so much so 

that a photocatalytic approach for the coupling at the ring ligands of Ln2Ga8 MCs had to be 

pioneered. For the preparation of DMCs, optimization of the reaction conditions based on ligand 
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functionalization and DMC type was essential. For toroidal-DMCs, reaction length was dependent 

on the size and length of the PAMAM dendrons. For hyperboloidal-DMCs, synthesis was highly 

dependent on reaction concentration and the class and position of the functional group at the rings. 

As for the symmetric- and Janus-DMCs, their preparation depended on the previous optimization 

of the reaction conditions for T-DMCs and H-DMCs  

Altogether, this demonstrates that through synthetic modification of the templating ligands, 

metallacrowns can be used as the core of dendrimers that range between those offering simple 

shapes and compositions, to those nanomaterials that are highly complex, asymmetric, and chiral.  

This work supports the idea that other metallacrown scaffolds could be used as the core of 

dendrimers. It will be insightful to develop new DMCs from the luminescent LnZn16 metallacrown 

given that it has a more globular shape than Ln2Ga8 MCs (Scheme 5.1); it can be intrinsically 

soluble in water when made with H2PyzHa; it can label and simultaneously fix and counterstain 

HeLa cells;128,129 and has sixteen points of attachment, which would make it the dendrimer with 

the highest number of dendrons per core. Furthermore, the incorporation of the dendritic shell 

should improve the water solubility of the LnZn16 MC-core, as well as enhance its luminescent 

properties by protecting the LnIII ion from solvent molecules. Similar synthetic methodologies 

described in Chapter 3 could be used to functionalize LnZn16 MCs with allyl appendages using the 

commercially available ligands shown in Scheme 5.2, and photocatalytic addition protocols can 

be employed for the coupling of dendrons.  

 

 

Scheme 5.1 Overall shape difference between the more cylindrical Ln2Ga8 MC and the more spherical (globular) 

LnZn16 MC. The LnZn16 MC also has a higher number of templating ligands (16) that can be functionalized with thiol-

active groups to serve as MC cores for future DMCs.  
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Scheme 5.2 Commercially available starting material for the incorporation of thiol-ene appendages and subsequent 

formation of thiol active LnZn16 metallacrowns. 

 

Having shown the successful asymmetric synthesis of biotinylated Janus-DMCs with 

bifunctionalized Ln2Ga8 MC-cores, other diverse DMCs could be developed. In the case of Janus-

DMCs, these could be made by using two different dendron families at each ligand position to 

exploit the individual properties of each family and the optical properties of the MC-core. For best 

results, the dendron attached at the ring ligand should have few or no amine sites, as to avoid 

unwanted amine radical formation during the photocatalytic step. For example, Janus-DMCs could 

be made with PAMAM dendrons at the bridging ligands and any of the dendrons shown in Scheme 

5.3a coupled at the ring ligands.  

Additionally, peptide-based dendrons, such as  Poly-L-lysine (PLL) appendages, could 

also be used as the dendritic shell of DMCs. PLL dendrons, known for their intrinsically 

antiangiogenic197 and microbicidal28 properties, were initially studied alongside PAMAM 

dendrons to prepare DMCs. Thiol-focal point G3.0 PLL dendrons, shown in Scheme 5.3b, were 

prepared and purified by commonly employed solid-phase peptide synthesis approaches used in 

the Pecoraro group.198–201 Initial studies corroborated the HS-PLL dendron coupling reactivity to 

the maleimide appendages of functionalized isophthalic acid ligands; however, coupling to the 

Ln2Ga8 MC core was not achieved under the same reaction conditions necessary to prepared 

PAMAM toroidal-DMCs (i.e., based catalyzed conditions). Thus, it will be worthwhile to alter the 

reaction conditions to prepared PLL-based DMCs, and investigate both the luminescent and 

pharmacokinetic behavior of DMCs prepared with this peptide derived dendritic shells. 

Furthermore, Janus-DMCs could also be prepared with other biomolecules of interest of 

size similar to biotin (Scheme 5.3c) and with PAMAM dendrons at the bridging ligands. To 

improve cell uptake through the hydrophilic bilayer, cell-penetrating peptides (CPP) such as 

arginine-glycine-aspartate (RGD) peptide could be coupled to the DMC. Similarly, coupling of 
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transporter groups that resembled specific endogenous substrate on cells, such as folic acid, could 

be photocatalyticically attached to Janus-DMCs to improve the overall intracellular delivery. In 

general, a diverse variety of Janus-DMCs with attractive optical and physical properties can be 

made by exploiting the well-controlled addition of thiol-bearing molecules/dendrons to 

bifunctionalized MC-cores as demonstrated in this thesis. 

 

 

Scheme 5.3 (a) Suggested dendrons for photocatalytic addition at the ring ligands of Janus-DMCs. These dendrons 

are selected for their low concentration of amine site that can hinder the photocatalytic thiol-addition. (b) Thiol-focal 

point Poly-L-lysine dendron. (c) Two proposed target molecules that can be easily synthesized (RGD) or are 

commercially available (FA) to make Janus-DMCs.  

 

5.2 Effect of functional group position 

Another important contribution of this thesis work is the discovery that the optical 

properties of the templating ring ligands of MCs are affected by the position of functional groups. 

This part of the work required the functionalization at the para and meta position of 

salicylhydroxamic acid derivatives, and their subsequent photophysical characterization. 

Functionalization was done with propargyl- and allyl-ether groups that were intended to be used 
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as thiol-active sites, but similar effects are expected from other functional groups appended to such 

ring positions. Absorbance spectroscopy and photophysical characterization of each of the MCs 

demonstrated an interesting trend based on functionalization position. The para-substituted MCs 

had high extinction coefficients, highly energetic singlet and triplet energies, and large energy 

differences between the singlet and triplet energies. With the meta-substituted MCs, the opposite 

was observed. The plot shown in Figure 5.1 illustrates the trend on singlet and triplet energy of 

LnGa4 and Ln2Ga8 metallacrowns synthetically functionalized at the meta- or para-position (this 

work) and of previous metallacrowns prepared with commercially available ring ligands.  

 

 

Figure 5.1 Plot of singlet vs. triplet energies of synthetically functionalized metallacrowns prepared for this thesis 

(GdGa4pYneShi4, GdGa4mYneShi4, GdGa4pAlShi4, GdGa4mAlShi4, Gd2Ga8mYneShi8, Gd2Ga8pAlShi8, 

Gd2Ga8mAlShi8), and previously reported scaffolds (GdGa4Shi4, GdGa4Cl-Shi4, GdGa4Br-Shi4, Gd2Ga8Shi8, Gd2Ga8I-

Shi8, Gd2Ga8MoShi8, and Gd2Ga8MeShi8)102,106,124,178 with appendages at the para- and meta-positions. Para-

substituted MCs are in red, meta-substituted are in blue, and unsubstituted are in gray. LnGa4 are depicted with filled 

symbols, while Ln2Ga8 scaffolds are half-filled. Legend: unsubstituted MCs with rectangles (Shi); propargyl-appended 

MCs with circles (p/mYeneShi); allyl-appended MCs with stars (p/mAlShi); halogenated-appended MCs with 

triangles (x-Shi); alkoxy-appended MC with a diamond (MoShi); and methyl-appended MC with a hexagon (MeShi). 

 

Serendipitously, MCs with functional groups (e.g., halogens, alkyls, alkoxy) have been 

mainly prepared with meta-substituted ring ligands. But now two well-defined trends can be 

defined based on the position of the appended groups on the ring ligands. The first is that meta-

substitution influences the optical properties of MCs by having less energetic singlet and triplet 
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energies than the unsubstituted and para-substituted ring ligands. The second is that the singlet-

triplet energy gaps are the most pronounced for the para-substituted and unsubstituted scaffolds, 

followed by the meta-halogenated, and with the meta-alkyl ether MCs having smallest energy 

gaps. These ligand-centric effects have important implications for the design of MCs as imaging 

probes and as luminescent materials as a whole. Therefore, if for a given application highly 

energetic triplet states and large extinction coefficients are desired, then functionalization at the 

para-position would yield the best optical results as long as high energy excitations are also not 

detrimental for such application. However, for imaging purposes, the meta-position should be 

pursued since lower energy excitations are less harmful to biological systems and also have deeper 

tissue penetration.179 Unfortunately, dendron coupling at the meta-substituted MC cores was less 

effective than at the para-substituted cores. Thus, a better understanding of the electronic 

influences of the functionalization position on coupling reactivity might provide the necessary 

answers to fully exploit these optical trends.  

Future work on DMC synthesis might include investigating the effects of ligand 

functionalization and photocatalytic addition reactivity. This will enable better utilization of the 

meta-substituted MCs as viable DMC cores. The light source wavelength, currently UV 365 nm, 

may be a critical factor in the observed reactivity trend. Thus, one approach might be to utilize a 

visible light photocatalytic approach for thiol-ene addition, which has been shown to work well 

with small molecule and polymer synthesis.183,184,202 Optimization of the reaction conditions and 

photoinitiator (radical initiator) of choice will be of utmost importance. Additionally, a shift from 

PAMAM dendrimers may be also necessary since amine groups are often used as co-photoinitiator 

during visible light photocatalytic reactions. Dendrimer families like the ones shown in Scheme 

5.3 can be good alternatives to PAMAM, as they have no (or few) amine sites and are water 

soluble.  

Another alternative to make DMCs with lower excitation energies is to functionalize more 

conjugated ring ligands at the para-position. Ln2Ga8 MCs have been previously prepared with 3-

hydroxy-2-naphthalene hydroxamic acids (H3nha) and exhibited excitation energies up to 430 nm 

(S*: 23300 and T*: 18150 cm-1).119 Thus, naphthalene hydroxamic acid derivatives functionalized 

at the para-position could be prepared to redshift the absorbance of DMCs while also ensuring 

efficient dendron-coupling reactivity. Functionalization in such conjugated systems has not been 

investigated before, thus photophysical studies of a pre-dendron-coupled metallacrown will also 
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be necessary to ensure that the triplet and singlet energies are at favorable positions for effective 

Ln sensitization. Scheme 5.4 shows two commercially available naphthalene derivatives that could 

be synthetically modified to incorporate allyl-appendages for thiol-ene coupling in the same 

manner as was shown in Chapter 3. 

 

 

Scheme 5.4 Synthetic plan to prepare para-substituted naphthalene hydroxamic acid derivatives with thiol-ene 

appendages. Reagents and conditions based on synthetic work in Chapter 3: (a) allyl bromide, potassium carbonate, 

acetone, and reflux; (b) hydroxyl amine hydrochloride, potassium hydroxide, and methanol. 

 

Potentially, even longer excitation wavelengths (>450 nm) could be pursued by coupling 

additional antennas to the ring or bridging ligands of Janus-DMCs with PAMAM dendrons on the 

orthogonal ligand position. Commercially available antennas, like the ones shown on Scheme 5.5, 

could be functionalized to have thiol-focal points in a similar fashion as thiol-biotin (Chapter 4). 

If coupled to the ring ligands, it would be insightful to investigate if the ligand position (para vs. 

meta) has an effect on the energy absorbance and transfer of the antenna to the MC. On the other 

hand, if coupled to the bridging ligands, adequate energy transfer would need to be confirmed 

through extensive photophysical characterization. Finally, synthetic investigation of the optimal 

Janus-DMC coupling configuration (ring vs. bridge), as well as on the optimal number of coupled-

antennas per MC core, will be required to ensure efficient preparation and luminescent 

sensitization. 
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Scheme 5.5 Potential antennas that could be appended to the ring or bridging ligands of Janus-DMC to lower the 

overall excitation energy.  

 

5.3 Enhancement of luminescence 

A third contribution of this thesis work was the enhancement of  the luminescent properties 

(i.e., longer luminescent lifetimes and higher quantum yields) of MCs through the addition of 

dendritic shells. This was observable through the photophysical characterization of each DMC 

(toroidal, hyperboloidal, and asymmetric), which demonstrated that after the incorporation of 

dendrons, quantum yield values increased significantly compared to each of the MC cores alone. 

Additionally, in all cases (except with the Janus-DMC), the DMCs had better quantum yield and 

longer lifetimes in DMSO than any other YbIII-based MC previously reported, as seen in Table 

5.1.  

It was also observed that, when comparing each of the three classes of DMC prepared with 

G1.0 PAMAM dendrons coupled at different ligand positions, the quantum yields decreased with 

increasing number of dendrons. Dendron size (i.e., generation) had a similar effect on the quantum 
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yield of Toroidal-DMCs. This behavior was attributed to the better encapsulation of solvent 

molecules by the DMCs with increasing number of couplings or generation size (i.e., toroidal-

DMC = 4, hyperboloidal-DMC = 8, and Janus-DMC = 12). Therefore, through the photophysical 

analysis performed in this thesis work, it was confirmed that dendrimeric metallacrowns are 

capable of both exploiting and enhancing the optical properties of metallacrowns, which makes 

DMCs a new class of intrinsically luminescent metallodendrimers. Furthermore, based on the 

photophysical data, in terms of quantum yield alone toroidal-DMCs would make the best 

luminescent probes (Figure 5.2a). On the other hand, in terms of luminescent intensity (brightness) 

which is the product of quantum yield and extinction coefficient, Janus-DMC would be superior 

(Figure 5.2b). Thus, future work must take into consideration the observed dependance that DMC 

configuration (i.e., toroidal vs. hyperboloidal vs. Janus) has on the overall optical parameters of 

the scaffolds when designing new DMCs as luminescent probes.  

 

Table 5.1 Luminescent paraments of YbIII-based MCs and DMCs collected under ligand excitation (𝜑𝐿𝑛
𝐿 ).  

Compound Solvent 
Lifetime a 

[μs] 
𝝋𝒀𝒃

𝑳 b 

[%] 

Brightness 

[x104] 

YbGa4Shi4 DMSO 24(1) 2.2(1) -- 

Yb2Ga8Shi8Ip4 DMSO 60.9(4) 7.56(3) 30.2 

Yb2Ga8Shi8Mip4 DMSO 45.3(9) 2.78(6) 11.4 

Yb2Ga8Shi8Mip4 G0.5 DMSO 62.3(4) 7.03(1) 28.8 

Yb2Ga8Shi8Mip4 G1.0 DMSO 63.8(8) 9.38(2) 38.5 

Yb2Ga8Shi8Mip4 G1.5 DMSO 62.9(3) 9.02(8) 37.0 

Yb2Ga8Shi8Mip4 G2.0 DMSO 63.6(4) 8.73(8) 35.8 

Yb2Ga8pAlShi8 DMSO 49.9(7) 7.75(1) 29.5 

Yb2Ga8pAlShi8Ip4 G1.0 DMSO 69.2(3) 8.7(2) 33.1 

Yb2Ga8pAlShi8Mip4 DMSO 52.5(9) 4.96(6) 43.2 

Yb2Ga8pAlShi8Mip4(G1.0)4(Bt)8 DMSO 61.5(2) 7.41(5) 64.5 

Yb2Ga8mYneShi8Mip4 DMSO 65.1(8) 3.63(5) 16.0 

Yb2Ga8mYneShi8Mip4 G1.0 DMSO 64(2) 8.77(7) 38.6 

Yb2Ga8mYneShi8Mip4 G1.0 -OH DMSO 66(2) 8.83(8) 38.9 

Yb2Ga8mYneShi8Mip4 G1.5 DMSO 63(1) 8.18(4) 36.0 

Each of the MC and DMC classes/families are highlighted in different colors, with the standard Ga-MCs in 

yellow, Toroidal-DMCs in blue, Hyperboloidal-DMC in green, Janus-DMC in purple, and redshifted-DMCs 

in orange. MC-cores of each DMC class are bolded. a
 Under excitation at 355 nm. b Under excitation at 320-

360 nm.  
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Figure 5.2 Plots showing dependance of DMC configuration on quantum yield (a) and brightness (b). Yb2Ga8Shi8Ip4 

represents a MC with zero dendron arms and with no ring/bridge functionalization, Toroidal-DMC has four dendron 

arms, Hyperboloidal-DMC has eight dendron arms, and Janus-DMC has twelve dendron arms. Data used to make 

both plots was collected in DMSO solutions and with G1.0 PAMAM DMCs only. 

 

It is also worthwhile to give a brief comparison of the DMCs studied in this thesis with 

existing luminescent probes. In particular, a comparison can be made to organic- and other 

lanthanide-based probes. For the sake of this discussion, only complexes with NIR emissions are 

considered. Organic luminescent probes tend to be relatively small, have high extinction 

coefficients, and can display high solubility and stability in aqueous environments. However, they 

are not photostable, tend to have short luminescent lifetimes, and have narrow Stokes shifts. 

DMCs, on the other hand, have the enhanced photostability and optical properties of their LnIII-

based MC cores, and have the capability of undergoing synthetic functionalization at the MC core 

or at the dendritic shell, which offers the possibility of developing multimodal compounds. As for 

other LnIII-based luminescent probes, such as cyclam- or porphyrin-based complexes, they have 

been shown to be able to sensitize lanthanide ion luminescence, and in many cases also have high 

water solubility. However, their preparation and synthetic modification are often difficult and tend 

to have relatively low yields. Furthermore, the same cyclam or porphyrin scaffold is almost never 

able to sensitize a broad range of LnIII-ions, and tend to have multiple vibrational oscillators at 

close proximity to the metal ion center that significantly decrease the overall quantum yields of 

the scaffolds. On the contrary, the MC-core of DMCs has no vibrational oscillators at close 

proximity to the LnIII-ions, and the dendritic shell further protects the core from non-radiative 

quenching by solvents molecules. In addition, both MCs and DMCs can withstand more 



 239 

sophisticated synthetic functionalization without affecting their luminescent properties. Below in 

Table 5.2 are shown some examples of NIR-emitting luminescent probes reported in the past few 

years with notable photophysical properties. It is important to keep in mind that due to the 

differences in measurement methodology of the quantum yields (absolute method using a 

integration sphere and comparative method using a known luminescent standard),131,156 and the 

dissimilarities in solvent systems, a direct comparison of DMCs to each of these scaffolds cannot 

be made. However, it does offer a good overview of the fact that DMCs are competitive 

luminescent probes (Table 5.1) not only due to their photophysical properties but also due to their 

better functionalization potential and ability to further exploit the properties of the dendritic shell. 

 

Table 5.2 List of NIR-emitting probes reposted it the past five years with attractive photophysical properties and 

investigated for cell imaging. 

Compound Solvent Lifetime 

Quantum 

Yield 

[%] 

Extinction 

coefficient 

[M-1cm-1] 

Brightness 

Indocyanine 

Green203,204 

DMSO 1.11 ns 12 4.1x104 49x104 

Methylene 

Blue205 

DMSO -- 80 6.7x104 540x104 

Alexa Fluor 680 PBS Buffer 1.2 ns 23 22x104 506x104 

AIEgen10 

(HL3)206 

Water -- 11.7 0.93x104 10.9x104 

F15TPPYb-H 

(Yb-2)207 

DMSO 20.2 μs 3.5 -- -- 

[Yb(dppz)(ttfa)3] 

(Yb-4) 

Water:DMF 

(98:2) 

15.7 μs 0.107 6.8x104 0.7x104 

PAN-

DOTA(Yb)208 

DMSO -- 0.054 -- -- 

 

5.4 Cellular uptake 

Lastly, through this work it was demonstrated that cellular uptake of DMCs was dependent 

on the dendron surface, ring hydrophobicity, self-aggregation behavior and the overall water 

solubility of the complex. This conclusion was reached by performing cell studies with toroidal- 

and redshifted-DMCs of different generations. Cell studies performed with toroidal-DMCs 

suggested that the surface groups have a strong influence on their cell uptake, with the G1.0 DMCs 

(with -NH2 groups at the surface) being internalized by HeLa cells, while G0.5- and G1.5-DMCs 
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(with -OMe groups at the surface) only bind to the cell membrane.  By comparison, cell studies 

with G1.0 and G1.5 redshifted-DMCs showed no observable internalization even with dendrons 

with -OH or -NH2 surfaces, and such behavior was attributed to the more hydrophobic mYneShi 

templating ring ligands. Furthermore, in all cases a degree of sample aggregation at the cell 

membrane was observed. Through dynamic light scattering (DLS) characterization in both DMSO 

and H2O/DMSO (99:1 v/v%) solutions, it was determined that aggregation behavior of DMCs is 

solvent dependent, with a larger degree of aggregation observed in the more aqueous solutions. It 

was also observed that in H2O/DMSO, DMCs with -OMe surface groups had the least degree of 

aggregation, compared to DMCs with -NH2 or -OH surface groups. Thus, these results and the cell 

images suggest that G1.0 DMCs undergo self-aggregation in solution, while G1.5/G0.5 aggregate 

at the cell surfaces. Lastly, no cell studies would have been possible without the increased 

solubility in aqueous solutions that the dendric shell offered to the MC core.  

Altogether these findings have four major implications for the design and application of 

DMCs as viable imaging agents. First, self-aggregation will hinder cell uptake by creating particles 

that are too large for effective cell internalization. Second, incompatible surfaces will promote 

aggregation at the cell surface and inhibit uptake. Third, ring hydrophobicity will hinder cell 

uptake even with surfaces that are compatible with the cell membrane. And fourth, water solubility 

and stability of DMCs are a key parameters for cell studies. Therefore, through cell studies and 

DLS experiments done for this thesis, factors that control the effectiveness of DMCs as imaging 

agents were determined.  

Future work may require a better understanding of the mechanism of self-aggregation of 

DMCs in more aqueous environments, and how to mitigate it without compromising effective cell 

uptake. This will likely involve more comprehensive DLS studies to look at the degree of self-

aggregation as a function of DMC concentration and shape, temperature, pH, and cell medium to 

offer a better insight into DMC behavior during cell incubation and to optimize cell study 

parameters. A synthetic approach that can be explored to reduce self-aggregation and increase cell 

uptake would be the preparation of Janus-DMCs with, for example, G1.5 and G1.0 PAMAM 

dendrons appended orthogonally. The G1.0 dendrons would ensure surface compatibility at the 

cell membrane for effective internalization, while the G1.5 dendrons would help mitigate the self-

aggregation in solution. Similarly, CPP such as RGD (Scheme 5.3b) could be appended 

orthogonally to G1.5 dendrons in a Janus-DMC for the same purpose. Investigation of the optimal 
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configuration (i.e., G1.5 appended at the bridges or at the rings) will be also required. Additionally, 

these Janus-DMC examples might also mitigate the hindering effects of hydrophobic ring ligands 

by effective coupling of dendrons or targeted molecules at the ring appendages. As mentioned 

earlier, for optimal imaging potential meta-substituted ring ligands or the proposed para-

substituted naphthalene ring ligands (Scheme 5.4) should be employed as the templating ligands 

for the MC cores of the proposed Janus-DMCs.  

 

5.5 Summary 

This thesis has described the development of intrinsically luminescent dendrimeric 

metallacrowns by exploiting the functionalization potential of the templating ligands of lanthanide-

based metallacrowns. Previous work on luminescent MCs has mainly focused on the enhancement 

of their optical properties (e.g., absorbance redshifting or higher number of antennas) that required 

minimal or no synthetic modification of the templating ligands. With this thesis, it was shown that 

common organic synthesis protocols such as the Williamson ether synthesis, or more sophisticated 

synthetic approaches such as photocatalyzed thiol-ene coupling, can be used to expand the 

functionalization of MCs. This work additionally clarified the requirements for the careful design 

of synthetic protocols for ligand preparation and metallacrown functionalization, while also 

highlighting the relationship between synthetic modification and overall optical properties of MCs. 

From this work, dendrimeric metallacrowns have been established as a new class of 

metallodendrimers that combines the properties of both metallacrowns and dendrimers. For the 

dendrimer field, the benefit of having an intrinsically luminescent core means that further 

functionalization with organic chromophores is no longer necessary. Additionally, the LnIII-based 

luminescence of the MC core also offers higher photostability and a variety of emission 

wavelengths in both the visible and NIR. For metallacrowns, the addition of a dendritic shell has 

both improved their water solubility and stability, as well as enhanced their luminescent properties. 

Thus, combining the fields of dendrimers and metallacrowns has resulted in the creation of 

dendritic compounds with intrinsic luminescent behavior and with the highest YbIII
 quantum yields 

among MCs and NIR emitters. Furthermore, it has opened up the door to the development of a 

wide range of compounds due to the variety of dendrimer families and the numerous MCs that can 

be functionalized to be the core of dendrimers. In this way, this thesis has only scratched the 
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surface of what type of dendrimeric metallacrowns can be prepared and their applications as 

luminescent probes.  

In conclusion, this thesis yielded thirteen new metallacrown scaffolds capable of 

undergoing thiol addition at both or either ligand position, four new classes of luminescent 

dendrimeric metallacrowns (toroidal-, hyperboloidal, symmetrical, and Janus-DMCs), and a better 

understanding of the synthetic requirements for modifying metallacrowns to expand their 

application as imaging probes. 
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Appendices 
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Appendix A 

Supplemental Information for Chapter 2 
 

1H NMR Spectra 
Bridge ligand NMRs: 

 

Figure A1 1H NMR spectrum of 5-(3-carboxylacrylamide)isophthalic acid. Unlabeled peaks are left over solvent 

molecule, such as acetone, DMF, and water.  
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Figure A2 1H NMR spectrum of 5-maleimideisophthalic acid. Unlabeled peaks are left over solvent molecule, such 

as water. 

Metallacrown NMR 

 

Figure A3 1H NMR spectrum of YbGa4Shi4(benzoate)4. Labeled peaks are from ring ligand. Pyridine and benzoate 

peaks labeled separately. Unlabeled peaks are solvents.  
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Trityl-protected dendron NMRs: 

 

Figure A4 1H NMR spectrum of 1. Small impurity peaks at 2.73 ppm and 2.97 ppm are from cystamine byproduct 

(~2%). 

 

Figure A5 1H NMR spectrum of 2. Small impurity peaks at 2.80-3.20 ppm and 3.70 ppm are from disulfide byproduct 

(~5%). 
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Figure A6 1H NMR spectrum of 3.  

 

Figure A7 1H NMR spectrum of 4. 
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Figure A8 1H NMR spectrum of 5. 

Deprotected HS-Dendron NMRs: 

 

Figure A9 1H NMR spectra of deprotected 6. 



 249 

 

Figure A10 1H NMR spectra of deprotected 7. Left over trityl salt seen between 7.00-7.50 ppm accounts for ≤1%.  

 

Figure A11 1H NMR spectra of deprotected 8. Left over trityl salt seen between 7.00-7.50 ppm accounts for ≤1%.  
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Figure A12 1H NMR spectra of deprotected 9. 
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ESI-MS Spectrum 
LnGa4Shi4(benzoate)4 MC ESI-MS: 

 
 

 
Figure A13 (Top) ESI-MS of SmGa4Shi4(benzoate)4  metallacrown in negative ion. (Bottom) -1 isotopic distribution. 

 
 

 
Figure A14 (Top) ESI-MS of YbGa4Shi4(benzoate)4 metallacrown in negative ion. (Bottom) -1 isotopic distribution.  
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Figure A15 (Top) ESI-MS of GdGa4Shi4(benzoate)4 metallacrown in negative ion. (Bottom) -1 isotopic distribution.  

 

 
 

 
Figure A16 (Top) ESI-MS of TbGa4Shi4(benzoate)4  metallacrown in negative ion. (Bottom) -1 isotopic distribution.    
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Figure A17 (Top) ESI-MS of YGa4Shi4(benzoate)4 metallacrown in negative ion. (Bottom) -1 isotopic distribution. 

Ln2Ga8Shi8Mip4 MC ESI-MS: 

 
 

 
Figure A18 (Top) ESI-MS of Sm2Ga8Shi8(Mip)4 metallacrown in negative ion. (Bottom) -2 isotopic distribution. 
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Figure A19 (Top) ESI-MS of Yb2Ga8Shi8Mip4 metallacrown in negative ion. (Bottom) -2 isotopic distribution. 

 

 
 

 
Figure A20. (Top) ESI-MS of Gd2Ga8Shi8(Mip)4 metallacrown in negative ion. (Bottom) -2 isotopic distribution.  
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Figure A21. (Top) ESI-MS of Tb2Ga8Shi8(Mip)4  metallacrown in negative ion. (Bottom) -2 isotopic distribution. 

 

Ln2Ga8Shi8Mip4 DMC ESI-MS: 

 

Figure A22 ESI mass spectrum of Sm2Ga8Shi8(Mip)4 G0.5 dendrimeric metallacrown in negative ion.   
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Figure A23 ESI mass spectrum of Tb2Ga8Shi8(Mip)4 G0.5 dendrimeric metallacrown in negative ion.   

 

 

Figure A24 ESI mass spectrum of Gd2Ga8Shi8(Mip)4 G0.5 dendrimeric metallacrown in negative ion.   
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Figure A25 ESI mass spectrum of Yb2Ga8Shi8(Mip)4 G0.5 dendrimeric metallacrown in negative ion. 

 

 

Figure A26. ESI mass spectrum of Yb2Ga8Shi8(Mip)4 G1.0 dendrimeric metallacrown in positive ion. 
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Figure A27 ESI mass spectrum of Yb2Ga8Shi8(Mip)4 G1.5 dendrimeric metallacrown in positive ion. 

 

 

Figure A28 ESI mass spectrum of Yb2Ga8Shi8(Mip)4 G2.0 dendrimeric metallacrown in positive ion. 
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UV-VIS Spectrum 
 

 

Figure A29 UV-Vis absorbance spectra in MeOH of Sm2Ga8Shi8Mip4 prior and after cysteamine coupling in at room 

temperature and with 2-3 μM concentrations. 
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Appendix B 

Calculations for the Estimation of Encapsulated/Associated Solvent Molecules 

to MCs and DMCs by DLS 
 

Dendrimers are known for being excellent at encapsulating molecules within their 

shells.209,210 Likewise, some solvent molecules have been shown to coordinate to the ring metals 

templating MCs.101,102 Thus, it can be expected that in solution, numerous solvent molecules can 

be encapsulated or associated within the dendritic shell of DMCs. The following workup of DLS 

data was done in order to estimate the maximum number of solvent molecules 

encapsulates/associated within dendrimeric metallacrowns. An important assumption being made 

for this is that the effective volume in solution  (MC+solvent or DMC+solvent) measured by DLS 

is identical to the volume of the complex in the solid state (MC or DMC). Based on this, the 

following steps described below were taken.  

First, with the average hydrodynamic radius (R) measured by DLS, the volume (V) of the 

uncoupled MC core was determined using   

 

Then, the mass of the complex was determined by dividing the molecular weight of the MC 

(determined by ESI-MS) by Avogadro’s number,  

 

 𝑚𝑎𝑠𝑠 =
𝑀𝑊𝑀𝐶

𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜′𝑠#
=

(𝑚 𝑍⁄ )(𝑍)

6.022𝑥1023 
  , (2) 

 

where m/z is the value recorded by ESI-MS and  Z is the MC’s charge number. Finally, the density 

in solution of the MC core (ρm MC) was calculated by  

 

 𝜌𝑚 𝑀𝐶 =  
𝑚𝑎𝑠𝑠

𝑉
  . (3) 

 𝑉 =  
3

4
𝜋𝑅3 . (1) 
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As for the determination of the number of solvent molecules encapsulated/associated with 

the MC, the following equation was used:  

 

 # 𝑆𝑜𝑙𝑣𝑒𝑛𝑡 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 =  
∆𝑀𝑊 

𝑀𝑊𝑠𝑜𝑙𝑣𝑒𝑛𝑡
=  

𝑀𝑊𝑀𝐶

𝑀𝑊𝑠𝑜𝑙𝑣𝑒𝑛𝑡
(

𝜌𝑀𝐶−𝜌𝑚 𝑀𝐶

𝜌𝑀𝐶
) . (4) 

 

Where ΔMW is the difference between the effective molecular weight of the MC in 

solution (MC+solvent) and the molecular weight in the solid state (MC); MWsolvent is the molecular 

weight of the solvent, in this case DMSO (78 g/mol); and ρMC is the density of the MC in the solid 

state, ideally determined for its crystal structure. For this case, since the crystallography data was 

not collected for the MC cores in this thesis, the density values for the parent Yb2Ga8Shi8Ip4 MC 

was used instead (ρMC:1.445),106 which should be expected to be slightly larger than the actual 

density value for the MC cores. Thus, Equation 4 establishes that there is a proportionality between 

the change in density and the change in molecular weight between the solution (MC+solvent) and 

the solid state (MC), based on the previously stated assumption that the volume in solution and in 

solid state are the same.  

Next, to estimate the number of solvent molecules in the DMCs the assumption that the 

ratio of the measured density in solution and in the solid state is constant for both the MC core and 

each of its DMCs, which is described with the following equation:  

 

 
𝜌𝑀𝐶

𝜌𝑚 𝑀𝐶
=  

𝜌𝐷𝑀𝐶

𝜌𝑚 𝐷𝑀𝐶
 . (5) 

 

Thus, the ρm DMC for a given DMC can be calculated with Equations 1-3, to then determine the 

ρDMC values with Equation 5. Finally, the number of solvent molecules for a given DMC can be 

calculated using Equation 4 with the molecular weight and density values for the DMC. 

 It is important to remember that since several assumptions were made for these 

calculations, that the number of solvent molecules encapsulated/associated with a given MC or 

DMC are just estimations. A second solution state technique, such as DOSY NMR, could be used 

in conjunction to DLS to corroborate the solvent encapsulation estimation. 
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Appendix C 

Supplemental Information for Chapter 3 
 

1H NMR Spectra 
 

 

Figure C30 1H NMR spectrum of Methyl 2-hydroxy-4-(prp-2-yn-1-yloxy)benzoate (1) 
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Figure C31 1H NMR spectrum of N,2-dihydroxy-4-(prop-2-yn-1-yloxy)benzamide (pYneShi, 2). 

 

 

Figure C32 1H NMR spectrum of Methyl 2-hydroxy-5-(prp-2-yn-1-yloxy)benzoate (3). 
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Figure C33 1H NMR spectrum of  N,2-dihydroxy-5-(prop-2-yn-1-yloxy)benzamide (mYneShi, 4). 

 

 

Figure C34 1H NMR spectrum of  Methyl 4-(allyloxy)-2-hydroxybenzoate (5). 
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Figure C35 1H NMR spectrum of 4-(allyloxy)-N,2-dihydroxybenzamide (pAlShi, 6). 

 

 

Figure C36 1H NMR spectrum of Methyl 5-(allyloxy)-2-hydroxybenzoate (7). 
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Figure C37 1H NMR spectrum of 5-(allyloxy)-N,2-dihydroxybenzamide (mAlShi, 8) 

 

 

Figure C38 1H NMR spectrum of SmGa4pYneShi4(Benzoate)4 in d6-DMSO. Labeled peaks from the ring ligands. 

Pyridine peaks labeled separately. 
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Figure C39 1H NMR spectrum of SmGa4mYneShi4(Benzoate)4 in d6-DMSO. Labeled peaks from the ring ligands. 

Pyridine peaks labeled separately. 

 

 

Figure C40 1H NMR spectrum of SmGa4mAlShi4(Benzoate)4 in d6-DMSO. Labeled peaks from the ring ligands. 

Pyridine and benzoate peaks labeled separately. 
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Figure C41 1H NMR spectrum of Sm2Ga8pYneShi8Ip4 in d6-DMSO. Labeled peaks from the ring and bridge ligands. 

Pyridine peaks labeled separately. 

 

 

Figure C42 1H NMR spectrum of Sm2Ga8mYneShi8Ip4 in d6-DMSO. Labeled peaks from the ring and bridge ligands. 

Pyridine peaks labeled separately. 
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Figure C43 1H NMR spectrum of Sm2Ga8mAlShi8Ip4 in d6-DMSO. Labeled peaks from the ring and bridge ligands. 

Pyridine peaks labeled separately. 

 

ESI Mass Spectra 
LnGa4xShi4 Metallacrowns (Ln:YbIII, SmIII, and GdIII; x:pYne, mYne, pAl, and mAl) 

 

Figure C44 (Top) ESI-MS of YbGa4pYneShi4(Formate)4 MC in negative ion. (Bottom) -1 isotopic distribution. 
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Figure C45 (Top) ESI-MS of SmGa4pYneShi4(Formate)4 MC in negative ion. (Bottom) -1 isotopic distribution. 

 

 

 
Figure C46 (Top) ESI-MS of GdGa4pYneShi4(Formate)4 MC in negative ion. (Bottom) -1 isotopic distribution. 

 

[MC]-1 

1427.7274 

 

[MC•MeOH]-1 

1460.7468 

 

[MC]-1 

1433.7307 

 

[MC•MeOH]-1 

1466.7486 
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Figure C47 (Top) ESI-MS of YbGa4mYneShi4(Benzoate)4 MC in negative ion. (Bottom) -1 isotopic distribution. 

 

 

 
Figure C48 (Top) ESI-MS of SmGa4mYneShi4(Formate)4 MC in negative ion. (Bottom) -1 isotopic distribution. 

 

[MC]-1 

1753.8654 

 

[MC]-1 

1427.7280 

 

[MC•MeOH]-1 

1460.7482 

 

[MC•H2O]-1 

1444.7204 

 



 272 

 

 
Figure C49 ESI-MS of GdGa4mYneShi4(Formate)4 MC in negative ion. (Bottom) -1 isotopic distribution. 

 

 

 
Figure C50 (Top) ESI-MS of SmGa4pAlShi4(Formate)4 MC in negative ion. (Bottom) -1 isotopic distribution. 

 

[MC]-1 

1433.7317 

 

[MC]-1 

1435.7912 
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Figure C51 (Top) ESI-MS of GdGa4pAlShi4(Formate)4 MC in negative ion. (Bottom) -1 isotopic distribution.  

 

 

 
Figure C52 (Top) ESI-MS of YbGa4mAlShi4(Formate)4 MC in negative ion. (Bottom) -1 isotopic distribution. 

 

[MC]-1 

1441.7954 

 

[MC]-1 

1457.8151 

 

[MC•H2O]-1 

1474.8033 
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Figure C53 (Top) ESI-MS of SmGa4mAlShi4(Formate)4 MC in negative ion. (Bottom) -1 isotopic distribution. 

 

 

 
Figure C54 (Top) ESI-MS of GdGa4mAlShi4(Formate)4 MC in negative ion. (Bottom) -1 isotopic distribution. 

 

[MC]-1 

1435.7916 

 

[MC]-1 

1441.7917 
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Ln2Ga8xShi8Ip4 Metallacrowns (Ln:YbIII, SmIII, and GdIII; x:pYne, mYne, pAl, and mAl) 

 

 
Figure C55 (Top) ESI-MS of Yb2Ga8pYneShi8Ip4 MC in negative ion. (Bottom) -2 isotopic distribution. 

 

 

 
Figure C56 (Top) ESI-MS of Sm2Ga8pYneShi8Ip4 MC in negative ion. (Bottom) -2 isotopic distribution. 

[MC]-2 

1597.2813 

 

[MC•MeOH]-2 

1613.2887 

[MC]-2 

1574.7604 

[MC•MeOH]-2 

1591.7594 



 276 

 

 
Figure C57. (Top) ESI-MS of Gd2Ga8pYneShi8Ip4 MC in negative ion. (Bottom) -2 isotopic distribution. 

 

 

 
Figure C58 ESI-MS of Yb2Ga8mYneShi8Ip4 MC in negative ion. (Bottom) -2 isotopic distribution. 

 

[MC•MeOH]-2 

1598.1551 

[MC•4MeOH]-2 

1649.1212 

 

[MC]-2 

1581.6417 

[MC]-2 

1596.7840 
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Figure C59 ESI-MS of Sm2Ga8mYneShi8Ip4 MC in negative ion. (Bottom) -2 isotopic distribution. 

 

 

 
Figure C60 ESI-MS of Gd2Ga8mYneShi8Ip4 MC in negative ion. (Bottom) -2 isotopic distribution. 

 

[MC•4MeOH]-2 

1649.1265 

[MC•MeOH]-2 

1598.1545 

[MC]-2 

1581.6434 

[MC]-2 

1575.6342 

[MC•MeOH]-2 

1591.1452 
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Figure C61 (Top) ESI-MS of Sm2Ga8pAlShi8Ip4 MC in negative ion. (Bottom) -2 isotopic distribution. 

 

 
Figure C62 (Top) ESI-MS of Gd2Ga8pAlShi8Ip4 MC in negative ion. (Bottom) -2 isotopic distribution. 

[MC]-2 

1589.7020 

[MC]-2 

1583.6978 
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Figure C63 (Top) ESI-MS of Yb2Ga8mAlShi8Ip4 MC in negative ion. (Bottom) -2 isotopic distribution. 

 

 

 
Figure C64 (Top) ESI-MS of Sm2Ga8mAlShi8Ip4 MC in negative ion. (Bottom) -2 isotopic distribution. 

 

[MC]-2 

1605.8530 

[MC]-2 

1582.8312 
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Figure C65 (Top) ESI-MS of Gd2Ga8mAlShi8Ip4 MC in negative ion. (Bottom) -2 isotopic distribution. 

 

Coupling of β-mercaptoethanol to LnGa4xShi4(benzoate)4 Metallacrowns (Ln:YbIII and SmIII; 

x:pYne, mYne, pAl, and mAl) 

 

 
Figure C66 (Top) ESI-MS of YbGa4pYneShi4(βME)8-6 in negative ion. (Bottom) -1 isotopic distribution.  

                        

                    

[MC]-2 

1588.6944 
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Figure C67 ESI-MS of YbGa4mYneShi4(βME)6-4 in negative ion. (Bottom) -1 isotopic distribution. 

 

 

 
Figure C68 ESI-MS of YbGa4pAlShi4(βME)4 in negative ion. (Bottom) -1 isotopic distribution. 
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Figure C69 ESI-MS of YbGa4mAlShi4(βME)4 in negative ion. (Bottom) -1 isotopic distribution. 

 

 

 

Figure C70 ESI-MS of SmGa4pAlShi4(βME)4 in negative ion. (Bottom) -1 isotopic distribution. 

                    
                            

                    
                                



 283 

 

 

Figure C71. ESI-MS of SmGa4mAlShi4(βME)4 in negative ion. (Bottom) -1 isotopic distribution. 

 

Coupling of β-mercaptoethanol to Ln2Ga8xShi8Ip4 MCs (Ln:YbIIII; x: pYne, mYne, pAl, and mAl) 

 

 

Figure C72. ESI-MS of Yb2Ga8pYneShi8Ip4(βME)16-14 in negative ion. (Bottom) -2 isotopic distribution. 

                                
                    

                    
                    



 284 

 

 
Figure C73 ESI-MS of Yb2Ga8mYneShi8Ip4(βME)16-11 in negative ion. (Bottom) -2 isotopic distribution. 

 

 

 
Figure C74 ESI-MS of Yb2Ga8pAlShi8Ip4(βME)8-6 in negative ion. (Bottom) -2 isotopic distribution. 
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Figure C75 ESI-MS of Yb2Ga8mAlShi8Ip4(βME)8-5 in negative ion. (Bottom) -2 isotopic distribution. 
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Appendix D 

Supplemental Information for Chapter 4 
 

ESI Mass Spectra 
Ln2Ga8xShi8Mip4 Metallacrowns (Ln:YbIII and GdIII; x: mAl and pYne) 

 

Figure D76 (Top) ESI-MS of Yb2Ga8mAlShi8Mip4 MC in negative ion. (Bottom) expansion of the major peak 

corroborating the -2 isotopic distribution of the complex. 



 287 

 

Figure D77 (Top) ESI-MS of Yb2Ga8pYneShi8Mip4 MC in negative ion. (Bottom) expansion of the major peak 

corroborating the -2 isotopic distribution of the complex. 

 

 

Figure D78 (Top) ESI-MS of Yb2Ga8mYneShi8Mip4 MC in negative ion. (Bottom) expansion of the major peak 

corroborating the -2 isotopic distribution of the complex. 
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1H NMR Spectra 
 

 

Figure D79 1H NMR spectrum of Trityl-G1.0-OH dendron. 

 

 

Figure D80 1H NMR spectrum of HS-G1.0-OH dendron. Signals at ~6.9-7.7 ppm are left over trityl salt.  
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Figure D811H NMR spectrum of 1. Small impurity peaks at 2.73 ppm and 2.97 ppm are from cystamine byproduct 

(~2%). 

 

 

Figure D82 1H NMR spectrum of 2. Unlabeled peaks at 2.50 ppm, 2.73 ppm, and 2.89 ppm are from dmso-d6 and 

leftover DMF.  
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Figure D83 1H NMR spectrum of 3.  

 

 

Figure D84 1H NMR spectrum of 3. Peaks at above 7.0 ppm are residual trityl salt.  
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