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Nature has inspired chemists to develop complex assemblies that perform functions 

in biologically relevant solutions. Yet this is not a trivial task. Not only does water act as a 

competitive medium but the salts that are inevitably present hamper supramolecular hosts 

from properly binding and carrying out their programmed function.  

This work was inspired by a serendipitous discovery of water-soluble 

functionalized calix[4]arenes that self-assemble into homodimers in salty water, mock 

serum and real urine. This thesis aims to explore this homodimerizing motif to learn more 

about self-assembly in salty water and to develop useful supramolecular tools. First the 

structural limits of the calixarene motif was explored by the transformation into a clip-like 

host that assembled similarly in water. NMR titrations revealed that the homodimers 

responded to hydrophobic cationic guests by dissociating to form new host-guest 

complexes.  

The resilience of the self-assembling motif was then tested against extreme co-

solute conditions. In this part of the study, reversible covalent bonds were introduced 

within the dimer scaffold to afford a dynamic library of exchangeable hosts. Quantitative 

NMR was used to monitor each host in response to molar concentrations of urea and salt. 

This work also reports on a new class of salt-tolerant supramolecular chemosensors, 

called DimerDyes. These sensors form quenched homodimers in water but dissociate in 

the presence of hydrophobic cations to form new emissive complexes. Its mode of action 

was characterized by DOSY, 1H NMR and fluorescence spectroscopy. DimerDyes 

successfully monitored enzymatic reaction in real-time despite the presence of competitive 

salts and co-factors. The DimerDye concept was quickly expanded by the parallel synthesis 

of crude DimerDyes and efficient testing for illicit drugs without the need for purification. 

“Hit” dimers were then purified, characterized and were able to detect multiple different 

drug classes in real saliva.  
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Dedications 

To Nature. You are one salty gal.   
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Chapter 1: Supramolecular chemistry that operates in varying 
degrees of aqueous complexity 

 

Supramolecular chemistry, or chemistry beyond the molecule, involves the design 

and study of simple components interacting through non-covalent bonds to form larger, 

more complex assemblies.1-2 These assemblies can take on functions and characteristics 

that differ from the components they comprise. The evidence of supramolecular 

interactions and complexes was noted in the early 20th century and since then has gained 

significant recognition with Nobel Prizes in Chemistry in 1987 and 2016. Each 

achievement has broadened the scope of what is possible. For example, the 2016 prize 

rewarded the advances in the design of synthetic molecular machines that resemble kinesin 

proteins that walk along microtubules in cells.3 This was not only an example of complex 

assembly but one that carried out a function of motion.   

One goal to further develop supramolecular chemistry aims at mimicking Nature’s 

sophisticated assemblies, but with unique characteristics that chemists can program into 

the system.  Although there are many strategies to develop such assemblies one common 

strategy is to synthesize a ‘host’ molecule that contains a recognition motif for a specific 

secondary ‘guest’ molecule. Upon recognition of the two components, a complex is formed 

based on the strength of non-covalent bonds that are shared between each component. The 

medium that solvates each component influences the strength of the non-covalent bonds 

and in turn the complex. Early supramolecular systems were almost entirely studied in 

organic solvents. Yet mimicking Nature requires systems to operate in water which 

interacts with the assembling components much differently than organic solvents. 

Chemists have reported many systems that mimic different aspects of natural molecular 

recognition and self-assembly, and from this history we can identify key lessons. This 

chapter will highlight those key lessons, building towards the creation of organic molecules 

that function in complex, salty, competitive aqueous media and real biofluids. 
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1.1 Key lessons of host-guest binding in water 

Biology has mastered the art of directing intricate molecular assemblies in water, 

yet supramolecular chemists are still learning the rules. Within a cell, many types of 

assemblies carry out functions to propagate itself forward. These assemblies can generate 

compartments that eventually produce an energy source, or multi-protein complexes that 

are involved in replication. All such assemblies need to form in aqueous solutions that 

contain various salts, competitive co-solutes, and other proteins. Although we want to 

mimic Nature, we also have the synthetic tools to create unique systems that bring their 

own properties. However, it remains challenging to create molecules that are soluble in 

water, have limited interactions with salts and co-solutes, and still carry out their 

programmed binding function.  

There are hundreds of different hosts that are reported in the literature but to limit 

the scope of this Chapter we will report on an informative subset, including cyclophanes, 

cucurbiturils, and cyclodextrins. Cyclophanes are macrocyclic hosts consisting of an 

aromatic repeating unit connected by a bridging component.4 A general structure of these 

hosts is illustrated in Figure 1. 1a. This family of cyclophanes contains many members that 

vary structurally in number and types of bridging components and aromatic repeating units 

that ultimately change their binding properties. A central member of the cyclophane family 

are known as calix[n]arenes. Shown in Figure 1. 1b, the calix[4]arene is comprised of 

phenol units repeated n=4 times and bridged by methylenes. To solidify key lessons and 

highlight important comparisons, some non-cyclophane hosts such as cucurbiturils and 

cyclodextrins will be included. Their general structures are illustrated in Figure 1. 2.  

Figure 1. 1 a) Generic structure of a cyclophane-based host and b) calix[4]arene is a 

popular example of a cyclophane. 
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Briefly, cucurbiturils (CBs) are cyclic hosts that contain glycoluril units that can be 

repeated 5 – 8 times to yield larger hosts (CB6 – CB8, respectively) although even larger 

hosts have been reported. Cyclodextrins (CDs) are cyclic oligosaccharides that contain a 

repeating glucose molecule joined by a glyosidic bond. The number of glucose units vary 

from 6 – 8 to afford α-CD, β-CD, and γ-CD, respectively.  Examples of each host, CB7 

and γ-CD are presented in Figure 1. 2c and Figure 1. 2d. 

 

Figure 1. 2 Cucurbiturils and cyclodextrins are non-cyclophane hosts that make notable 

host-guest complexes. a) Cucurbiturils vary by the number of glycoluril units while b) 

cyclodextrins are formed from glucose. Examples of each include c) CB7 and d) γ-CD 

To further define the scope of this Chapter, we will focus on hosts that interact with 

guests via ‘host-guest’ mode instead of a ‘scaffold’-mode.5 An advantage of many hosts is 

that they offer a pre-organized scaffold to append larger recognition sites. When binding 

partners interact with these recognition motifs external to the macrocycle’s binding pocket, 

then it is known as the ‘scaffold’-mode. When the binding partner binds inside the 

recognition pocket itself, it is called ‘host-guest’ mode.    

 



 

 

4 

 

 

Figure 1. 3 Water solubility of cyclophane hosts are increased with a) tetra-cationic and 

b) tetra-anionic charged groups. 

The first step towards making organic hosts functional in aqueous medium is to 

ensure they are water-soluble. Early work in host-guest chemistry with cyclodextrins, 

which are water-soluble by virtue of being completely decorated with hydroxyl groups, 

demonstrated that a hydrophobic cavity is necessary to bind with organic guests in aqueous 

solutions.6 Therefore, cyclophanes became an interesting target as they also provide 

hydrophobic pockets yet can be synthetically manipulated to form unique recognition sites. 

Many cyclophane derivatives were then synthesized with varying charged functional 

groups that successfully rendered them both water-soluble and efficient at encapsulating 

guests from water. For example, a tetra-cationic cyclophane 1.1 was rendered water-

soluble at pH 2 by functionalization of ammonium motifs (Figure 1. 3a),7 while tetra-

anionic cyclophane 1.2 shown in Figure 1. 3b, is decorated with carboxylates and is water-

soluble at neutral-basic pH.8 This latter cyclophane inspired further modifications and 

invention of various macrocyclic hosts through the formation of dynamic disulfide bonds. 

Similar carboxylate analogues were cyclized from dithiol monomers through the formation 

of disulfide bonds illustrated in Figure 1. 3c.9-11  
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Figure 1. 4 Typical negatively charged functional groups used to render calixarenes 

water-soluble. a) Sulfonates along the upper rim have created a popular host (SC4A) 

among other hosts that include b) phosphonates, 1.3, and c) carboxylates, 1.4. 

 

Figure 1. 5 Oppositely charged pillar[5]arenes bear ammonium (1.5) and carboxylate 

groups (1.6). 

As introduced earlier, calixarenes were first synthesized and used in organic solvents. It 

was found that sulfonation along the upper rim yielded water-soluble variants.  One of 

these variants, para-sulfonatocalix[4]arene (SC4A), has found itself in many 

supramolecular systems and will be re-introduced throughout this thesis (Figure 1. 4a).12-

13 The sulfonates provide both favourable electrostatic interactions and an entropic gain 

when encapsulating organic cationic guests.14 Other negatively charged groups have been 

used to solubilize calixarenes including phosphonates or carboxylates and examples like 

1.3 and 1.4 are shown in Figure 1. 4b and c.15-17 There are also cationic versions of many 

of these host classes that typically incorporate ammonium, pyridinium and guanidinium 

groups.18-19 For example, a pair of oppositely charged pillar[5]arenes (Figure 1. 5), hosts 

that are structurally related to calixarenes, have been decorated with either ammonium, 1.5, 

or carboxylates groups, 1.6, to render them water-soluble.20  
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Figure 1. 6 Polyethylene glycol tails improve water-solubility without unfavourable 

electrostatic interactions from charged functional groups. a) A single glycol tail improves 

solubility (1 mM with 10% DMSO) while b) two glycol tails renders it completely water-

soluble (1 mM). 

 

Figure 1. 7 Structurally modifying cucurbiturils improve their water solubility. a) CB5 

and b) CB7 are moderately water-soluble (10 – 20 mM). c) Cyclohexyl-CB5, Cy5CB5, 

and b) dimethyl-CB7, Me2CB7 have improved water solubility (200 mM). 

Neutral polar functional groups are an alternate strategy to increase water solubility 

while avoiding potentially unfavourable electrostatic interactions with guests. For 

example, in Figure 1. 6, when polyethylene glycol tails have been appended to only a single 

rim of pillar[5]arenes (1.7) they become water-soluble with the aid of 10% DMSO.21 When 

both rims display polyethene glycol tails (1.8) then the host is fully soluble in water without 

the aid of any organic solvent and assemble into large complexes without electrostatic 

repulsion. Cucurbiturils contain neutral polar groups they are intrinsically water-soluble. 
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However, many of these hosts are only moderately water-soluble at best (20 – 30 mM for 

CB5 and CB7, structures in Figure 1. 7a and b).22 Although synthetically modifying these 

hosts is not trivial, there exist functionalized CBs that are more water-soluble in 

comparison to their unfunctionalized counterparts.  For example, cyclohexyl-CB5 

(Cy5CB5) derivative increased water solubility to ~200 mM, while the addition of two 

methyl groups on CB7 (Me2CB7) increases the water solubility to 264 mM (Figure 1. 7c, 

d).22-23   

 

 

Figure 1. 8 Calixarene-induced aggregation (CIA) has been used to make drug delivery 

systems. 

Hosts that are water-soluble are further challenged by amphiphilic aggregation and 

charge neutralization. Integrating charged functional groups within a “greasy” organic host 

improves water solubility but can create an amphiphilic host that is prone to aggregation. 

At certain concentrations in water, the hydrophobic regions of the host can aggregate into 

micelles or other structures, while the charged groups maximize their contacts with water. 

Often the hosts’ critical aggregation concentration is determined to ensure that further host-

guest studies are conducted under conditions where the monomer is dominant, instead of 
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studying guest binding by an ill-defined aggregate. However, even at low host 

concentrations the addition of the guest itself can cause aggregation and precipitation. In 

one set of examples, it has been observed that guests like fluorescent dyes, drugs, 

surfactants or proteins form large assemblies with sulfonated calixarenes. This 

phenomenon is so general that it was given a name: “calixarene-induced aggregation” 

(CIA).24-25 In one series of studies, this potential nuisance was transformed into a strategy 

to form stimuli-responsive drug delivery vesicles among other novel materials. For 

example, SC4A formed a host-guest complex with an amphiphilic guest, 1.9, and further 

assembled into a bilayer vesicle that encapsulated the drug doxorubicin, 1.10 (Figure 1. 

8).26 In a related set of challenges, precipitation can occur when charged solubilizing 

groups encounter certain oppositely charged binding partners that render them effectively 

neutral and lower the solubility. For example, in Figure 1. 9 tetra-anionic (1.11) and tetra-

cationic (1.12) calixarenes form capsules with each other in polar organic solvents, driven 

by complementarity of electrostatic charges.27 Yet, this perfect charge complementarity 

causes the complex to become water-insoluble and precipitate from aqueous solution. This 

can be overcome if one of the members of the capsule is modified with a different 

solubilizing group. For example, by changing the upper-rim sulfonates to carboxylates 

(1.13) while also replacing the lower rim alkyl groups for polyethylene chains (1.14) the 

capsule forms and remains soluble in water.28 In our own group, we have synthesized 

unpublished calixarenes that contain a symmetric arrangement of two anionic and two 

cationic functional groups, and we noticed this internal charge neutralization routinely 

renders the molecules almost perfectly insoluble in water (See Chapter 2). We have also 

heard many tales at conferences of work in which the study of a host-guest system in water 

was impeded because of charge-neutralization-induced precipitation. This work is well 

known by many, but is almost always unpublished, because of the significant barriers to 

publishing negative results. The presence of counter-ions from the host, buffer or salt from 

biological solutions can also changes the solubility of hosts in water. This effect will be 

explored more in depth in Section 1.3. 
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Figure 1. 9 a) Oppositely charged solubilizing groups on 1.11 and 1.12 neutralize each 

other rendering the assembly insoluble in water. b) Changing the sulfonates for 

carboxylates and propyl chains for ethyl glycol groups increases the solubility of the 

assembly of capsule.   

 

Figure 1. 10 Six resorcinarenes, 1.15, form a stable capsule, (1.15)6 in wet organic 

solvent, where 8 water molecules stabilize the hexameric assembly; the latter falls apart 

in a polar protic solvent. 

Water interferes with supramolecular interactions by competing directly for 

binding interactions. We often look to Nature for guidance as to which interactions are 
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more prevalent and perhaps most important when forming large assemblies in water. For 

example, hydrogen bonds are non-covalent interactions that are responsible for nucleotide 

base pairing in DNA. However, when implemented in synthetic hosts, we don’t observe 

assemblies as strong as predicted. Hexameric resorcinarene, (1.15)6, capsules assemble in 

wet organic solvent, often chloroform, through intermolecular hydrogen bonding between 

phenol groups and 8 molecules of water (Figure 1. 10).29-31 Yet, it is hard to find examples 

where the capsule assembles using similar building blocks that work in polar and/or protic 

solvents (methanol, DMSO, water). Although the structural integrity of the capsule relies 

on water-mediated host-host hydrogen bonds, if water is the solvent there is too much 

competition for hydrogen bonds and the capsule falls apart. Urea and thiourea are motifs 

commonly used to recognize anionic guests, but they suffer from similar problems.32-33 In 

organic solvents strong hydrogen-bond driven association is observed with squaramides, 

and triazolophanes that sequester inorganic anions,34-36 but the addition of water (0.5 – 25% 

by volume) causes a decrease in the binding strength. It seems that, if the receptor relies on 

a single or a few of the same interactions then it fails in water because it cannot outcompete 

the solvent. However, if it instead contains multiple recognition motifs displayed as an 

array in three-dimensional space, then the ability of water to outcompete the host is 

lessened. For example, we can compare the sulfate binding strengths of two similar 

receptors that differ by one or two amide-urea motifs (1.16 and 1.17) in varying degrees of 

water in DMSO (Figure 1. 11).37 The receptor with two motifs, 1.17, offers 8 coordination 

sites, and remain able to bind with sulfate in 50% water, although the affinity is 

considerably weakened (~2000-fold) in comparison to 0.5% water. Yet 1.16 bearing a 

single motif, which offers half the coordination sites, completely loses affinity for sulfate 

at 50% water. This highlights the strength of the chelate effect where more recognition 

sites offered by the host can help combat the competition with water for the guest. A high-

level look at these data show that the transition of host-guest chemistry from organic 

solvent to aqueous medium is not as simple as just solving a solubility problem. 

Interactions that were once strong in organic solvents become weak in water. One possible 

remedy is to implement multiple interactions that function in synchronization to yield 

strong complexes in water.  
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Figure 1. 11 The effect of doubling the recognition motifs stabilizes the sulfonate in 

water. a) 1.16 loses affinity (no binding detected in 1:1 DMSO:H2O, Kd = 0.1 mM in 

DMSO) while b) 1.17 engages weakly with the sulfonate by providing double the 

coordination sites (Kd = 21 mM in 1:1 DMSO:H2O, Kd = 0.1 mM in DMSO).   

 

Figure 1. 12 Directional non-covalent interactions of a) the cryptand-like cage aids in the 

complexation of chloride (Kd = 10 aM in wet dichloromethane) in comparison to b) the 

planar derivative (Kd = 125 nM in wet dichloromethane). 

Topologically enveloping noncovalent interactions help stabilize guest complexes 

in competitive water. The convergent arrangement of strong non-covalent interactions 

helps optimize recognition while also shielding the guest from water. For example, a 

cryptand-like cage, 1.18, in Figure 1. 12a contains 9 C-H derived hydrogen bonds that all 

point inwards to sequester Cl– and successfully transfers the anion from water into 

dichloromethane (Kd = 10 aM in wet dichloromethane).38 In contrast, the planar analog, 

1.19, contains 8 C-H derived hydrogen bonds and encapsulates chloride strongly (Kd = 125 

nM in dichloromethane) but does not effectively protect the anion from water (Figure 1. 

12b). Numerous directional electrostatic interactions are also important when considering 

guests that bind with CBs. Many highly electronegative ureido groups (5 – 8) all point 
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inwards at each portal to stabilize polar or positively charged groups. For example, in 

Figure 1. 13, CB7 binds to neutral guest diamantane (1.20) strongly (Kd = 0.25 nM) but 

binds to the di-cationic analog, 1.21, 35-fold stronger (Kd = 7.1 pM).39 The directional non-

covalent interactions between the two ammonium groups and the carbonyls further 

stabilize the diamantane core when bound inside the cucurbituril. From these two 

examples, it may be tempting to conclude that directional non-covalent interactions are the 

key to developing strong, and selective hosts in water. Yet there are countless examples of 

hosts with similar pre-organization that are not as successful. This could be attributed to 

many reasons but the competition with water still remains a challenge for both host and 

guest. New topologies and types of interactions are needed to afford strong complexes that 

utilize the unique features of water instead of attempting to outcompete water.  

 

Figure 1. 13 Directional non-covalent interactions provided by cucurbiturils carbonyl 

portals further stabilizes dicationic guest a) diammonium diamantane, 1.21, over neutral a 

guest like the b) diamantane core, 1.20 

 

Figure 1. 14 Aromatic faces provide an electron rich surface to interact strongly with 

cationic guests. a) A simple benzene ring participates in cation-π interactions which can 

be further stabilized when b) the aromatic rings are arranged in a cyclic array. 
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Figure 1. 15 Cation-π interactions are the primary driving force for the selectivity of 

cationic guests. a) Cyclophane 1.2 binds preferably to 1.22 over the isosteric, non-

cationic version 1.23. b) Calix[5]arene 1.24 sequesters 1.22 in organic solvent despite no 

assistance of anionic functional groups. 

Cation-π interactions are important in cyclophane-based hosts. Aromatic rings 

provide an electron rich surface for strong non-covalent interactions with organic and alkali 

metal cations (Figure 1. 14a).  This interaction is amplified with cyclophane hosts, as there 

are multiple aromatic rings arranged in a cyclic array to provide an electron-rich box for 

the cationic guest to occupy (Figure 1. 14b).40-41 This inherently provides these hosts 

powerful selectivity for cationic guests over the many other neutral or anionic guests that 

could potential interfere with binding. Cyclophane 1.2 introduced previously and others 

were noted to bind organic cationic guests with moderate affinities. Notably the binding of 

cationic N-methylquinolinium, (1.22) was nearly 80-fold stronger than its neutral, isosteric 

counterpart, 4-methylquinoline (1.23) (Figure 1. 15a).42  This trend extends to other 

cyclophanes including calix[n]arenes, pillar[n]arenes, resorcin[n]arenes, and 

cyclotriveratrylenes that are all cable of binding cationic guests more strongly than neutral 

guests in water.43-49 For example, SC4A binds more strongly with a cationic 

ethylammonium guest (Kd = 560 μM) than with a similar sized neutral ethanol guest (Kd = 
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100 mM).50 It could be argued that the sulfonates are responsible for the additional binding 

strength through ion-ion interactions. However, a few examples that support the significant 

contributions of cation-π interactions should be noted. The first is that cationic guests such 

as 1.22 are complexed by neutral calix[5]arenes like 1.24 in organic solvents, shown in 

Figure 1. 15b.51 This eliminates ion-ion interactions as sulfonates are not needed in these 

hosts and eliminates any hydrophobic driving forces that are common in aqueous systems. 

Furthermore, comparing the binding affinities of trimethyllysine (Kme3) for penta-anionic 

SC4A with di-anionic carboxycalixarene 1.25 in water shows similar binding affinities 

(Figure 1. 16).52 Both examples, do not rely on electrostatic interactions between negatively 

charged solubilizing groups to sequester cationic guests and only cation-π interactions are 

responsible.   

 

Figure 1. 16 Calix[4]arenes with and without sulfonates both bind to cationic guest, 

trimethyllysine (Kme3), through cation-π interactions with equimolar affinities. 

 

Figure 1. 17 The hydrophobic effect contributes to the extremely strong complex formed 

between CB7 and bis(trimethylammonium) diamantine, 1.26. 

The hydrophobic effect is responsible for strong and unlikely assemblies. Unlike 

the previous topics covered, the hydrophobic effect is not an electrostatic interaction but a 
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consequence of hydrophobic molecules existing in water, a uniquely cohesive solvent. 

Because water makes many strong contacts with itself, as well as charged and polar motifs, 

it is by exclusion from water that neutral and non-polar motifs associate. How water 

interacts with a guest and host before and after complexation is a major factor in 

determining how strong the association will be. The cucurbituril family produces some of 

the strongest synthetic complexes to date. For example, CB7 associates with bis 

(trimethylammonium) diamantane, 1.26, to yield an attomolar complex of Kd 1.4 aM in 

water (Figure 1. 17).53 The hydrophobic effect strongly contributes to the strength of this 

complex as well as important electrostatic interactions. It also heavily influences the 

formation of electrostatically unfavourable assemblies. For example, 1.27 can assemble 

into 1:1 homodimer nanocontainers that form despite an overall charge of –16 (Figure 1. 

18).54  

 

Figure 1. 18 Cavitand 1.27 forms an –16 anionic dimeric capsule in the presence of a 

hydrophobic guest, despite a strong electrostatic repulsion.    

One of the first explanations of the hydrophobic effect considered that hydrophobic 

species often associate to increase entropy of the system.55 To explain the observed 

entropic driving force, it was considered that the layer of water solvating hydrophobic 

surfaces was more rigid and had fewer degrees of freedom in comparison to bulk water. 

This is a consequence of strengthening adjacent hydrogen bonds in response to a loss of 

non-covalent interactions with the hydrophobic species. When two hydrophobic species 

associate the surface area of the complex is smaller than each individual species. This 
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liberates water back into the bulk and increases entropy, as shown in Figure 1. 19. 

Typically, this is coupled to little or no change in the enthalpic term upon association. This 

entropy-driven model is sometimes called the ‘classical hydrophobic effect’. However, as 

more systems were created and tested, the thermodynamic data suggested a second look 

into the driving forces behind the hydrophobic effect.  

 

Figure 1. 19 Cartoon illustration of the classical hydrophobic effect between a 

hydrophobic host and guest. The release of highly ordered water molecules solvating the 

solutes is released which drives complexation. 

There is often also an enthalpic gain when encapsulated water is released from a 

host’s cavity. The few encapsulated water molecules can no longer make the same number 

of hydrogen bonds as they would in the bulk. This is considered to be a pool of high-energy 

water molecules, and the displacement of this water back into bulk water by a guest allows 

more water-water hydrogen bonds to form, giving an explanation for the observed 

favorable enthalpies of binding. This is illustrated in Figure 1. 20a. Contrary to the 

interpretation discussed before, this enthalpic-driven association of hydrophobic molecules 

is called the ‘non-classical hydrophobic effect’. Keeping these two definitions in mind – 

classical vs. non-classical – we will explore the parameters that influence the strength of 

the hydrophobic effect.  
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Figure 1. 20 Cartoon illustration of the non-classical hydrophobic effect. a) The release of 

water encapsulated forms fewer stabilizing hydrogen bonds than in bulk deeming it as 

“high” energy. b) Larger hosts encapsulate clusters of water molecules that stabilize each 

other rendering them as “low” energy by comparison.  

The volume and topology of the host can influence solvation and in turn modulate 

the strength of guest complexation.56 The volume within the cavity influences the number 

of these high-energy water molecules. If a cavity is large enough to contain many “high-

energy” water molecules, then the enthalpic gain when releasing them will be significant 

and can give rise to strong association with a guest. The size of the cavity depends on the 

depth and diameter – approximately 8 high-energy water molecules is optimal.57 However, 

a large cavity doesn’t necessarily lead to a proportionally strong association due to a large 

enthalpic gain. Once the diameter of the portal becomes too large (~10 Å), the water inside 

the cavity can start making stabilizing hydrogen bonds with neighbouring encapsulated 

water molecules, as illustrated in Figure 1. 20b. The release of this water leads to a much 

smaller gain in hydrogen bonds, and therefore a smaller enthalpic driving force. On the 

other hand, if the hosts volume becomes so small that not even a single water molecule can 

be encapsulated this then creates a vacuum or a void within the host. At this point, the host 
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is considered prematurely “de-solvated” from water and welcomes a suitably sized guest. 

It has been proven both experimentally and computationally that CB5 – the smallest 

member of the cucurbituril family – is too small to encapsulate any water molecules and 

that only a vacuum exists within the cavity.58 This was shown to help in the encapsulation 

of noble gases in water. Although there is a de-solvation penalty to transfer the noble gas 

from bulk water into the cavity, this is greatly made up for as CB5 is already considered 

“de-solvated” illustrated in Figure 1. 21. Interestingly, similar sized hosts like SC4A and 

α-CD were not able to sequester noble gases. Both SC4A and α-CD cavities are more 

exposed to bulk water and do not have “de-solvated” empty cavities like CB5 (Figure 1. 

21). This is an example of how different host topologies change host solvation and 

ultimately control binding properties.   

 

Figure 1. 21 CB5 is the only host that sequesters Radon from water. CB5 contains an 

empty de-solvated cavity that is filled perfectly when noble gases complex. Similar sized 

hosts, α-CD and SC4A, have different topologies and make favourable interactions with 

water and not with Radon. 

The hydrophobic effect is also responsible for the selectivity towards “greasier” 

guests. We previously discussed that the cation-π interaction is responsible for the 

selectivity of cationic over anionic guests for cyclophane hosts. However, when comparing 

the binding strengths between two cations like tetramethylammonium, N(CH3)4
+ and 

ammonium, NH4
+, many cyclophanes prefer the “softer” hydrophobic cation, N(CH3)4

+ 

over its “harder” hydrophilic counterpart, NH4
+.13, 18, 47, 59-62 For example, SC4A binds to 
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N(CH3)4
+

 with a dissociation constant of 40 μM while the more hydrophilic counterpart, 

N(CH3)H3
+, bound much more weakly (Kd = 1.8 mM), as shown in Figure 1. 22a and b.50 

This trend extends to biologically relevant cations. For example, in Figure 1. 22 SC4A is 

70-times more selective for a greasy cation, trimethyllysine (Figure 1. 22c) over the un-

methylated counterpart, lysine in Figure 1. 22d.63 This trend cannot be explained by the 

cation-π interaction alone, as the this interaction decreases as the ionic radius of a guest 

increases, hence the hydrophobic effect is the best explanation for this observed selectivity.  

 

Figure 1. 22 SC4A binds more strongly to “softer” hydrophobic cations a) N(CH3)4
+ and 

c) trimethyllysine over their “harder” hydrophilic counterparts b) N(CH3)H3
+ and d) 

lysine. 
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1.2 A note on host flexibility and shape matching 

 

Figure 1. 23 Host flexibility facilitates an induced fit for larger guests. a) Acyclic 

cucurbituril, 1.28, can flex to bind with large guests like morphine whereas b) cyclic 

cucurbiturils are inflexible and bind poorly to morphine.    

Increased host flexibility governs the types of guests that will form strong 

complexes. Creating rigid hosts is thought to help guest selectivity and limits the 

differential loss of degrees of freedom between free host and host complexed.64 Yet, there 

are advantages in making hosts more flexible to encourage an induced fit with the guest. 

For example, acyclic CB are U-shaped derivatives of their respective cyclic parents that 

bind strongly to a diverse suite of larger guests. In Figure 1. 23, 1.28 binds to morphine 

with micromolar affinities (Kd = 2 μM) whereas CB7 does not associate at all.65 The 

contraction of the acyclic hosts backbone allows them to accommodate guests that would 

not be as easily retained by their cyclic counterparts.66 SC4A provide a rigid, well-defined 

pocket that is known to bind strongly to organic cations such as trimethyllysine (Kd = 28 

μM) and lucigenin, 1.29 (Kd = 35 nM).63, 67 Increasing the flexibility of these hosts is 

achieved by increasing the cavity size to afford 6- and 8- membered calixarenes. This 

ultimately changes the binding topology which is reflected in the binding strengths to the 

same guests. In Figure 1. 24, SC6A, the 6-membered variant, does not bind strongly with 

trimethyllysine (Kd = 1.1 mM) yet has a strong affinity with 1.29 (Kd = 52 nM).68 SC6A 

easily interconverts to adopt many conformations which changes guest selectivity and 

affinity.   
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Figure 1. 24 SC6A offers two binding topologies when either in cone or partial cone 

conformation which modulates the size of guest that binds. a) Trimethllysine (Kme3) is 

too small to bind effectively to the cone conformation while b) lucigenin, 1.29, is large 

enough to occupy both cone (not shown) and partial cone. 

If it fits, it sits. Complementary host-guest shape aids in the formation of strong 

complexes. Although a lot of emphases have been placed on host design, the guest shape 

is also an important consideration. A great example is a pair of cyclophanes, 1.30 and 1.31, 

that vary in size and hydrophobicity which creates different binding cavities for closely 

related guests (Figure 1. 25).69 1.30 contains a single carboxyphenyl linker that selectively 

binds to trimethyllysine (Kme3), a spherical cation. While 1.31 contains a carboxynaphthyl 

linker instead and selectively binds to asymmetric dimethylarginine (aRme2), a more 

rectangular-shaped cation. The slight change in cavity shape increases the selectivity by 

2.5-fold for aRme2 over Kme3.   
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Figure 1. 25 Different cavity shapes influence guest binding. a) 1.30 displays a spherical 

cavity that complements Kme3 while b) 1.31 yields a rectangular cavity that is more ideal 

for a planar guest like aRme2.  

Despite improvements, computational methods are still not able to fully understand 

or predict host-guest chemistry in water – especially where salt is involved. Computational 

and supramolecular chemists have collaborated to model binding interactions through the 

SAMPL (Statistical Assessment of the Modelling of Protein and Ligand) host-guest blind 

challenge exercises. SAMPL aims to evaluate and improve existing computational tools by 

asking computational chemists to predict binding energies for a set of pre-determined 

experimental values that are kept blinded until the predictions are submitted for evaluation. 

The initial efforts of the first and second SAMPL challenges were aimed toward predicting 

drug structures for protein targets. However, in the third challenge (SAMPL3) host 

molecules were included as these structures were less complex than proteins and had faster 

binding dynamics.70 Since then, three more SAMPL challenges have been initiated: 

SAMPL4 in 2014,71 SAMPL5 in 2017,72 and SAMPL6 in 2018,73 with the intention of 

improving computational tools to better predict binding energies of established host-guest 

systems. This work is necessary to further understand how water and co-solutes interact 
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with hosts and guests. Overall these exercises show improvements in predicting binding 

affinities of a suite of guests with selected hosts. In both SAMPL5 and SAMPL6 

challenges, hosts 1.32 and 1.27 (Figure 1. 26) were used as model hosts (but with different 

guests) which helped to evaluate computational improvements. For example, the range of 

predicted binding affinities by SAMPL5 and SAMPL6 decreased for both hosts. In order 

to evaluate the quality of the predicted free energies of binding many statistical analyses 

were performed including root mean square error (RMSE) and coefficient of determination 

(R2). When considering the binding energies of both hosts to their full suite of guests, the 

RMSE decreased from 3.00 kcal/mol to 2.76 kcal/mol and the median R2 improved from 

0.0 to 0.5. Further challenges remain to accurately define a host-guest system 

computationally that considers buffers, salts, and protonation states. For example, the 

predictive power weakened and the RMSE increased for both hosts 1.32 and 1.27 with a 

method that included the same ionic strength as reported experimentally. Yet, the opposite 

was true when considering a neutral host, CB8. This highlights the need to further develop 

methods that accurately describe the effects of salt. The goals for future SAMPL challenges 

are to consider not only different hosts, but also efforts to predict the effects of common 

biological salts and cosolvents that modulate the hydrophobic effect. As we will see in the 

next sections, these different factors can have a tremendous impact on the strength of host-

guest interactions.  

 

Figure 1. 26 Two hosts used in both SAMPL5 and 6 that were used to predict the free 

energies of binding. 
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1.3 Salts perturb host-guest systems in aqueous solution 

The type and concentrations of salts often negatively impact host-guest systems. In 

order to design hosts that will eventually function in biological medium, the system is 

typically studied in buffered water to mimic the pH levels (and sometimes ionic strength) 

of the natural solution. The type of salt and the choice of buffer used can drastically change 

how the host behaves. Understanding how salts and buffers interact may help to design a 

system that will have a better chance at functioning in biological solutions.   

 

Figure 1. 27 High concentrations of Na+ from buffers act as guests for SC4A. 

Metal cations act as competitive guests for supramolecular cavities. The counter-

cation in most buffers is often overlooked but can bind to hosts especially those with 

anionic solubilizing groups or electron-rich motifs. SC4A is best known to bind with 

cationic ammonium guests, but also binds Na+ with Kd = 5.3 mM.74 Although this is a 

weaker association constant than other ammonium guests, if one considers the buffer 

concentration to be at least 10-times the concentration of SC4A (100 – 150 mM), then 

nearly every host can be occupied by Na+, as illustrated in Figure 1. 27. The addition of 

salt or acid (H3O
+) helps increase the solubility of cucurbiturils in water because the cation 

binds to the electronegative ureido carbonyls.75 It is evident from extensive mechanistic 

studies that Na+ and other simple cations can bind to both carbonyl portals and modulate 

guest encapsulation.76-78 This is accomplished by either weakening the complex when the 

cation acts as a competitive guest or acting as a lid, increasing the strength of host-guest 

complex. For example, CB7 binds with a ditopic guest, 1.33, via the phenyl or naphthyl 

ring but prefers the latter.79 At high concentrations of Na+, the cation acts as a competitor 

and weakens the naphthyl inclusion yet when Na+ ions are bound, it acts as a stabilizing 

cap for the phenyl inclusion complex (Figure 1. 28). To avoid negative interactions of salt 

with various hosts, a lower buffer concentration is ideal. However, when translating these 
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systems to real biological solutions, it is hard to escape the 100’s of mM concentrations of 

various salts that exist in Nature.  

 

Figure 1. 28 Na+ binds with the carbonyl portals of cucurbiturils and modulates guest 

binding orientation. a) Na+ acts as a competitor and increases the dissociation of the 

naphthyl motif in 1.33 and b) acts like a cap which stabilizes the phenyl motif. 

 

Figure 1. 29 Cartoon illustrating the Hofmeister anions effect on solvated water. a) 

Kosmotropes are small and preserve water structure while b) chaotropes are large and 

disrupt water structure. 

Soft polarizable anions act as direct competitors for hydrophobic cavities. These 

anions are a subset of the Hofmeister anion series that were first described to change the 

solubility of proteins.  The anions are ranked either by rendering proteins insoluble 

(kosmotropes) or soluble (chaotropes) in water: F–, SO4
2–, AcO–, Cl–, Br–, NO3

–, ClO3
–, I–

, ClO4
–, SCN–. This observation has been extended to include salt effects on polymers, 

peptides, hydrophobic solutes and hosts.80-83 The combination of interactions between the 
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anion-water and anion-solute help explain their effects on solutes. The early anions in the 

series are charge dense and preserve the solvated water structure hence their name as 

kosmotropes (kosmo = good order) (Figure 1. 29a). The later anions in the series are 

polarizable and disrupt water structure, giving them the name chaotropes (khaos = chaos) 

(Figure 1. 29b). Chaotropes also associate with hydrophobic surfaces and can outcompete 

for the binding pocket with native guests. For example, the host-guest system 1.27 and 1.34 

weakens in the presence of NaI, NaClO4, and NaSCN (Figure 1. 30). Notably, in the 

presence of NaClO4 there is an unfavourable binding enthalpy yet a greater but opposite 

gain in entropy which weakens the complex by 1.5 kcal/mol.84 This was explained by NMR 

studies that indicate perchlorate was encapsulated within the 1.27, preventing 1.34 from 

binding. This effect becomes more dramatic when chaotropic anions increase in size and 

polarizability and are referred to as super-chaotropic.85    

 

Figure 1. 30 The association between 1.27 and 1.34 is perturbed by chaotropes like ClO4
– 

as it directly competes for the hydrophobic binding pocket. 
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Figure 1. 31 Super-chaotropic anion, BSH, binds strongly to 1.35 providing an anchor 

between a Gold surface and the supramolecular bilayer that detects DNA in complex 

mixtures. 

Super-chaotropic anions have been utilized to generate functional hierarchal 

supramolecular materials. As the anionic size increases, so does the entropy from the 

surrounding dis-ordered water molecules and in turn an even greater gain upon association 

with a hydrophobic surface. These anions include borate clusters, like B10H10
2–, and 

polyoxometalates, like P2W18O62
6–, which are 2- to 3-fold larger than the former chaotropic 

anions. Although the competition of chaotropic anions for a hydrophobic cavity has been 

considered a problem, others have utilized this association to create materials for biological 

purposes. For example, the superchaotropic anion, decahydro-mercapto-closo-

dodecaborate (BSH), coated and stabilized gold nanoparticles while also providing a host-

guest anchor point for an amphiphilic cationic calixarene, 1.35, that further assembled into 

a bilayer structure (Figure 1. 31).86 This assembly remained stable and able to detect 

biological cations such as DNA and enzymatic reactions. The chaotropic effect is 

considered relatively new yet is already responsible for developing complex 
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supramolecular structures that function in water and is anticipated to lead to more advances 

in the near future.  

 

Figure 1. 32 Millimolar concentrations of salt neutralize the charge on highly charged 

hosts rendering them insoluble in water. 1.36 and SC4A both precipitate from solution by 

varying degrees of added NaCl.   

High concentrations of salt induce precipitation when ions condense on charged 

hosts. Earlier in section 1.2, there was discussion regarding precipitation of charged species 

upon the association of a guest or an oppositely charged molecule. Host solubility in water 

can also be affected by salt when the buffer or solution counterions neutralize the charge 

on the host (Figure 1. 32). The addition of large excess of salt to precipitate both sulfonated 

thio-calixarenes and SCnA have been reported.87-89 The Na+ ions condense on the 

sulfonates which neutralizes the host rendering it insoluble in water. For example, SC4A 

and its corresponding thio-derivative (1.36) were used to encapsulate ketones and alcohols 

guests in water and then a 100-fold excess of NaCl was added to precipitate the host-guest 

complex (Figure 1. 32).90 In this case the neutralization of SC4A by Na+ was used as a 

successful technique to isolate a host-guest complex but it is difficult to predict how 

different hosts with behave in the presence of salt. From the same example, it was clear 

there was a preference for 1.36 to capture guests and salt-out more readily than SC4A 

despite both bearing four sulfonates along the upper rim. This suggests that it is not as 
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simple as translating these observations into reasonable predictions of how one class of 

host will behave given a certain concentration of a salt.   

1.4 Exemplary systems that operate in the presence of salts and buffers 

Supramolecular tools have been developed to function in aqueous mixtures of 

buffer and salts. The current understanding of how hosts behave in salty water aids in the 

design of supramolecular systems that carry out a function in a biological context. There 

are many examples of hosts that bind with protein surfaces to inhibit protein function,91-92 

increase stability,93-96 and induce crystallization.15 There are hosts that form responsive 

supramolecular polymers,97 micelles and vesicles with targeted guests.97-98  Some act as 

nanoreactors by facilitating photochemical reactions in buffered water.99-101 Other 

biologically aimed tools are those that enable peptide enrichment,102 and there are also 

sensors that detect various biological analytes.103-105 These sensors are particularly 

interesting for the current discussion, as the supramolecular systems that target biological 

analytes need to generate a detectable output for the user while using mechanisms that are 

resistant to salts.   

 

Figure 1. 33 Indicator Displacement Assay (IDA) is used to detect analytes by 

displacement of a quenched dye. Salt can affect IDAs either acting as a competitor or 

quenching the dye. 

Transforming a host into a chemosensor requires the integration of a reporter motif 

or molecule that communicates when an analyte has been bound by the host. Dyes are 

common reporters as their optical properties can be sensitive to the environment and to the 

presence of other molecules. There are various photophysical mechanisms that modulate 

the response of dyes, but one common strategy is through indicator displacement, as 

illustrated in Figure 1. 33. The dye/indicator is encapsulated by the host which creates an 
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“analyte absent” optical state. Once an analyte is present, it displaces the indicator (dye) 

into the bulk water, which induces another optical state of “analyte present”.106-107 When 

supramolecular systems detect an analyte through this mechanism it is referred to as an 

Indicator Displacement Assay (IDA). Some examples of hosts exist in which the hosts have 

been structurally modified to include this dye molecule tethered covalently to their 

structure. However, many more supramolecular sensors simply use an added, external dye 

molecule to avoid the synthetic challenges of creating dye-integrated hosts. Although these 

sensors are often easily constructed, they suffer from the same challenges as any aqueous 

supramolecular system: chemosensors that target biological analytes must work in salty 

water. Salts can not only act as competitors, but also can directly perturb the photophysical 

properties of the indicators. 

  

Figure 1. 34 SC4A and 1.29 are used to monitor a methyltransferase reaction with a turn-

on fluorescence response when trimethyllysine is formed. The reaction is conducted in 

low salt concentrations to eliminate any negative effects.   

In spite of these challenges, there are some examples of supramolecular sensors 

that teach key lessons about compatible buffers and how to use salt effects as an advantage. 

For example, SC4A was used to detect the product formation of an enzymatic reaction in 

real-time when combined with lucigenin (1.29) as the dye component in an indicator 

displacement assay. SC4A binds to 1.29 and quenches its emission. One SC4A-1.29 assay 

monitored 1.29’s fluorescence increase as the dye was displaced from the SC4A cavity by 

a trimethyllysine-containing peptide, which was the product of an enzymatic methylation 

reaction. A glycine buffer (5 mM, pH 10) was chosen to avoid the presence of large 

amounts of Na+ and Cl– (Figure 1. 34).108 As discussed previously, SC4A binds weakly 

with Na+. More importantly, Cl– and other halides bind to 1.29 directly and quench its 

fluorescence.109 The enzyme worked well in the chosen buffer, and the assay proceeded 
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smoothly. A different example shows how salt effects can provide a functional advantage. 

In this case a deep-walled cavitand, 1.37, was paired with a trimethylamine-fluorescein 

conjugate, 1.38, as the displaceable indicator and was used to detect an enzymatic 

demethylation reaction (Figure 1. 35).62 In this case the IDA works as a turn-off sensor: 

1.37 first binds the trimethyllysine substrate peptide, leaving 1.38 uncomplexed and 

emissive, once the enzyme creates the unmethylated counterpart, 1.38 associates with the 

host. However, 1.38 is not quenched when encapsulated by 1.37; instead the amphiphilic 

dye-host complex forms micelles in which the dye is quenched by aggregation effects. The 

complex assembly strength was tested in the presence of various chaotropes and 

kosmotropes. Each salt had a unique influence on the sensor’s aggregation, which in turn 

can affect the sensitivity. For example, NaI decreased the stability of the quenched 

aggregate while chloride promoted its formation. In both examples, the effects of buffer 

and salt were considered and evaluated to yield supramolecular chemosensors that can 

operate in a complex aqueous mixture.    

 

Figure 1. 35 Aggregation quenched IDA detects a demethyltransferase reaction. The 

sensitivity is influenced by Hofmeister anions that modulate the formation of the 

quenched aggregate. 
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1.5 Systems that function in real biological media 

The goal for most water-compatible supramolecular systems is to operate in real 

biological solutions. But such solutions can be both complex and unpredictable. 

Supramolecular hosts offer selective and potent recognition sites that mimic those of 

biomolecules in Nature. However, an additional challenge for these supramolecular tools 

is to operate in solutions that are even more complex and less controlled than the salty, 

buffered aqueous solutions that have been discussed above. Biofluids such as serum and 

urine contain a mixture of different salts, proteins, and organic analytes that vary in 

concentrations between individuals.110-111 This complexity and heterogeneity is further 

amplified in cells and whole organisms. Examples of biofluid-compatible chemosensors 

and medicinally relevant systems that operate in cells and whole organisms are discussed 

below.  

 

1.5.1 Chemosensors that function in biofluids 

 

Figure 1. 36 An array of different dyes and hosts detect many different analytes 

producing a complex output which is simplified through chemometric analysis to 

distinguish each analyte. 

Chemosensors become more powerful when implemented as an array of related 

sensor elements. Often, a single chemosensor is not enough to selectively target one analyte 

in a complex mixture that contains a number of structurally similar analytes and co-solutes. 

Instead of re-designing a chemosensor to improve selectivity, the original IDA can be 
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expanded to form an array of promiscuous chemosensors that detect many analytes but to 

different extents. The output is a unique pattern or fingerprint for a given analyte, that is 

simplified and visualized through chemometric analyses. The most common methods 

(principal component analysis and linear discriminant analysis) each can provide a 

dimensionally reduced scores plot that distinguishes different analytes from one another 

(Figure 1. 36). Anslyn popularized this approach to take advantage of the inherent cross-

reactivity of supramolecular chemosensors, while avoiding pain-staking synthetic efforts 

to yield a single, selective receptor.112  

 

Figure 1. 37 A combination of two different calixarenes (1.39, 1.42) and dyes (1.41, 1.43) 

detect and discriminate a cancer biomarker, lysophosphatidic acid (1.40), from an off-

target molecule, adenosine triphosphate, ATP, in plasma. 
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Figure 1. 38 An array of 7 dye-integrated calix[4]pyrrole chemosensors detect over-the-

counter carboxylate drugs in urine despite high detection fidelity with inorganic anions. 

Many published chemosensors that function in biofluids operate within a sensor 

array to overcome the challenges of sensing in competitive solutions. For example, a 

guanidinium-modified calix[5]arene, 1.39, was able to detect an ovarian cancer marker, 

lysophosphatidic acid (1.40), at nM concentrations in plasma through the displacement of 

a fluorescein dye, 1.41 (Figure 1. 37).113 Despite high selectivity over most other co-

solutes, ATP was found to be a major competitor. An array of similar calixarenes (1.42) 

and different dyes (1.43) were used in combination with chemometrics to distinguish ATP 

from the desired biomarker, 1.40. In another example, a library of dye-conjugated 

calix[4]pyrroles detected and discriminated between different over-the-counter 

carboxylate drugs in urine (Figure 1. 38).114 Once a drug is bound to the pyrrole, the dye 

turns on through an intramolecular partial charge transfer. The authors initially found that 

each calix[4]pyrrole chemosensor bound more strongly to competitive biological anions 

like Cl– and H2PO4
– than with benzoate, a structural similar compound to the tested over-

the-counter drugs. However, the library of calix[4]pyrroles in combination of 

chemometrics was able to detect and successfully discriminate between the carboxylate 

drugs in urine.  

1.5.2 Hosts that operate in whole cells and cell lysates 
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Figure 1. 39 An acetamidocalix[4]arene conjugated to an agarose bead, 1.44, is used to 

“fish” proteins from a cancer cell lysate to discover high binding proteins. 

 

Figure 1. 40 An arginine-functionalized calix[4]arene, 1.45, encapsulates DNA plasmids 

and successfully transfects cells. 

Some supramolecular hosts can function in whole cells and cell lysates, in spite of 

the variation of salts, metabolites and other biomolecules that exist in living systems. In 

one example, a host was used as a biomolecular enrichment tool that functioned in a cell 

lysate to “fish out” a protein from a complex mixture (Figure 1. 39).115 An 

acetamidocalix[4]arene, 1.44, was conjugated to an agarose bead and mixed with HeLa 
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cell lysate. The goal was to allow the calixarene to form complexes with a few strong 

protein partners from the thousands of proteins contained in the cancerous cell. “Hit” 

proteins were identified after a pull-down, cleavage from the bead, and proteomics 

analysis. Subsequent re-testing confirmed the biological activity of the calixarene on its 

newly discovered protein target.  

Cells have lipid bilayers and other barriers that prevent foreign substances from 

entering, yet there are supramolecular hosts that successfully pass membranes. For 

example, an arginine-functionalized calix[4]arene, 1.45, was able to encapsulate nucleic 

acids such as DNA plasmids and transfect cells (Figure 1. 40).116 The arginine groups 

assisted in DNA condensation and are also known to assist with internalization of cargo 

inside cells. These cell-penetrating motifs are not always necessary, as demonstrated by 

the pre-formed complex of SC4A and lucigenin dye (1.29) penetrating and working as an 

IDA sensor within live cells (Figure 1. 41).117 The sensing abilities were strongly affected 

by the chloride-containing cell medium (binding strength decreased 100-fold, quenching 

efficiency decreased 5-fold) yet the differential response was enough to detect guests such 

as acetylcholine. CB7s are known to bind with N-terminal phenylalanine residues on full 

proteins such as insulin with nM affinity (Figure 1. 42).93 Many protein unfolding diseases 

such as Alzheimer’s and amyloidosis contain hydrophobic residues, like phenylalanine, 

that form β-sheets which promote unfolding and sequential formation of toxic fibrils. CB7 

was able to prevent this mechanism by sequestering phenylalanine residues on insulin and 

amyloid proteins in cells.  
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Figure 1. 41 SC4A and 1.29 enter cells and detect acetylcholine. 

 

Figure 1. 42 CB7 encapsulates terminal phenylalanine on insulin preventing toxic fibril 

and amyloid formation in cells. 

1.4.3 
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Figure 1. 43 Acyclic cucurbituril, 1.46, binds to methamphetamine to reduce 

hyperactivity in rats and rocuronium to restore muscular activity in mice. 

 

Figure 1. 44 SC4A binds with paraquat and prevents the toxic herbicide from absorption 

in the body of mice. 

1.5.3 Supramolecular systems can function in whole organisms  

For a supramolecular system to be successful in a whole organism requires the host 

to be both tolerant to co-solutes and to behave well pharmacokinetically. When a synthetic 

drug is introduced within an organism, the location, biochemical pathway and waste 

product must be considered safe. The same expectations are necessary when introducing a 

supramolecular host in an organism. Cucurbiturils, SC4A and γ-cyclodextrin all have 

shown to be non-toxic to mice at concentrations up to 250 mg/kg, 100 mg/kg, and even 16 

000 mg/kg, respectively.118-120 SC4A showed rapid clearance through the urine and no 

accumulation in vital organs. While, the fast clearance of CBs indicates that the macrocycle 

exits the body by excretion or by metabolism. Since these macrocycles seem to be 



 

 

39 

 

relatively inert in the body, many hosts can act as drug carriers, aid in bioimaging, act as 

disease inhibitors, and drug reversal agents.  

Supramolecular hosts can act as drug reversal agents. Many hosts including SC4A, 

cyclodextrins, cyclic and acyclic cucurbiturils form strong complexes with various illicit 

drugs in water with association constants ranging from 0.1 mM to 10 nM.65 1.46 was 

successful at binding and removing methamphetamine in rats and reducing its hyperactivity 

effects.65 It was also successfully able to bind and remove rocuronium, a neuromuscular 

blockade agent from mice, to restore normal muscular control (Figure 1. 43).121 Yet there 

is currently a FDA approved cyclodextrin drug called Sugammadex that also removes 

rocuronium and restores muscular activity in humans.122 Similarly, SC4A has been shown 

to act as a drug reversal agent by lowering the concentration of a toxic herbicide, paraquat, 

from rats (Figure 1. 44).123-124  

Hosts can also act as carriers for beneficial drugs and therapies.125-130 This helps 

reduce harmful side-effects, improves drug stability and solubility, and the host can 

sometimes release the drug at the diseased site due to an environmental change. For 

example, carboxylatopill[6]arene (1.47) encapsulated and transported a toxic cancer drug, 

oxaliplatin, to tumor cells in mice (Figure 1. 45).131 The release of the drug is triggered by 

a pH drop in cancer tissue as oxaliplatin loses affinity for protonated 1.47. In another 

strategy, a host can encapsulate a reactive molecule in vivo rendering it temporarily inert. 

A specific biomarker localized at a diseased site can then displace the reactive guest from 

the host in order to kill the diseased cells. An example of this used a modified calixarene, 

1.48, which formed a strong complex with a photosensitizer (1.43), rendering it 

photochemically inert (Figure 1. 46).132 The large abundance of ATP present in those cells 

displaces 1.43. Here free 1.43 is irradiated by a localized source of light where it converts 

inert triplet oxygen to highly toxic singlet oxygen to kill the tumor cells in mice. This 

biomarker displacement technique is similar to indicator displacement in sensing but in 

this case was used to improve phototheranotics.  
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Figure 1. 45 Carboxypillar[6]arene, 1.47, complexes a potent cancer drug, oxaliplatin, 

when deprotonated in the bloodstream but releases the drug in acidic tumour tissue. 

 

Figure 1. 46 An amphiphilic calix[5]arene, 1.48, quenches a photosensitizer, 1.43, when 

bound and forms stable micelles that remain inert in mice. 1.43 is displaced by ATP and 

converts inert triplet oxygen into the reactive singlet oxygen, killing cancer cells. 



 

 

41 

 

1.6 A serendipitous discovery of a salt tolerant self-assembly 

 

Figure 1. 47 Two copies of tBu1-SC4A form yin-yang like homodimer assemblies in 

water. 

Much of this thesis work grows from a serendipitous discovery that occurred while 

creating water-soluble calixarenes to target certain guest proteins. The goal was to 

synthesize different functionalized water-soluble calix[4]arenes for the purpose of 

selective recognition of post-translationally methylated proteins and peptides.133 During 

this process, a mono-aryl tri-sulfonated calixarene was synthesized and yielded an 

unexpected 1H spectrum in D2O — aromatic resonances were shifted significantly upfield 

and were broadened.134 The explanation that supported this observation was a self-

assembly of two copies of the host molecule. The pocket of one host encapsulated the 

aromatic pendant group of the other, yielding a yin-yang type structure shown in Figure 1. 

47. Following this initial discovery, seven analogues were synthesized and tested in order 

to characterize the scope of the assemblies. The dimers can dissociate upon dilution. 1H 

NMR resonances of encapsulated protons sharpen and shift downfield towards their 

expected chemical shifts upon dilution. The heat of dimer dissociation can be measured 

with ITC dilution experiments, and an equilibrium constant can be derived.  tBu1-SC4A 

was the strongest dimer that formed with a dissociation constant of 1.1 mM in sodium 

phosphate buffer. Further evidence to support self-assembly came from an X-ray crystal 

structure that showed the pendant group of one calixarene occupying the recognition 

pocket of another (Figure 1. 48). The measured radius from the X-ray crystal structure 
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(11.1 Å) also matched Diffusion-Ordered Spectroscopy (DOSY)-derived hydrodynamic 

radius of 11.3 Å.  

 

 

 

Figure 1. 48 X-ray crystal structure further confirms tBu1-SC4A dimerizes with a 

measured radius of 11.1 Å which matches the DOSY- derived rH of 11.3 Å. 

The yin-yang dimers are stabilized by the hydrophobic effect and destabilized by 

mutual electrostatic repulsion. A single calixarene, with three sulfonates and one 

deprotonated phenol, carries an overall –4 charge at neutral pH. Hence the dimer is a –8 

assembly. Despite this electrostatic repulsion from the sulfonates along the upper rim, the 

hydrophobic effect overcomes this. The role of hydrophobicity is made even clearer when 

comparing the 1H spectra of tBu1-SC4A in D2O and CD3OD shown in Figure 1. 49. The 

upfield and broadened resonances that indicate self-assembly in D2O are not found in 

CD3OD. Instead, an expected 1H spectrum is observed with sharp aromatic resonances 

found between 7 – 9 ppm. ITC data revealed a significant favourable enthalpic contribution 

and an unfavourable entropic contribution upon assembly. Clearly, there is a significant 

energy gain upon de-solvation of water from each calixarene drives the assembly.  

Although over-interpretation of thermodynamic should be avoided, this suggests that the 

self-assembly can be governed by the non-classical hydrophobic effect.    
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Figure 1. 49 1H NMR supports homodimerization of tBu1-SC4A. a) In water tBu1-SC4A 

dimerizes with characteristic upfield shifts and broadening of pendant group resonances 

while b) in organic solvent this does not occur, and resonances are in expected chemical 

shifts. 1D NOE further confirms self-assembly with intermolecular correlations (blue 

arrows) between dimers are observed along with intramolecular correlations (red arrows) 

The homodimers remain stable to salt and co-solutes. Dimers become stronger in 

the presence of salts from a PBS buffer that contains added NaCl, KCl and MgCl2. 

Comparing the thermodynamic data of tBu1-SC4A between buffer with and without these 

extra salts shows a decrease in the enthalpic contribution from –11.0 kcal/mol to –10.3 

kcal/mol. However, there is an opposite but greater compensating change in entropy from 

–6.9 kcal/mol to –5.9 kcal/mol, ultimately creating a stronger dimer (Kd = 0.73 mM). The 

assemblies were further tested and were even resilient to real urine which contains salts 

(total ~200 mM), urea (~137 mM), and other organic co-solutes (up to 15 mM).  
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 1.7 Summary of thesis 

The calixarene dimers described in Section 1.6 are the starting point for my research and 

thesis. I was interested in pursuing three goals in order to further understand and extend 

their yin-yang mode of self-assembly.  

The first goal involves modifying the calixarene to expand the scope of structures 

that can dimerize in water. Chapter 2 explores the overall topology of the calixarene to 

form clip-like calixarene-based assembles. These assemblies are also tested for their 

responsiveness to the presence of various guests.  

The second goal is to explore the limits of solute tolerance. Chapter 3 explores 

modifying the upper rim to include a dynamic covalent bond that allows exchangeable 

hosts to form from four distinct components, yet still assemble in the overall yin-yang 

topology of the parent compounds. The four-component hosts are systematically tested in 

the presence of solutes and shown to survive in molar concentrations of salt and urea.  

The third goal involves transforming the self-assembly into systems that carry out 

a sensing function in real biological solutions. In Chapter 4, I integrate a solvatochromic 

dye within the calixarene pocket to form a chemosensor, coined DimerDye, that can 

monitor enzymatic reactions in real-time by a novel disassembly-induced supramolecular 

sensing mechanism. In Chapter 5, I expanded the DimerDye by developing a parallel 

synthesis and screening method to afford a small library of new DimerDye derivatives that 

can detect illicit drugs in aqueous buffer and in saliva.  
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Chapter 2: A clip-like host that undergoes self-assembly and 
competitive guest-induced disassembly in water 

 

This work was adapted from a previously published paper.  

Meagan A. Beatty, Jil A. Busmann, Noah G. Fagen, Graham A. E. Garnett, Fraser Hof 

Supramol. Chem., 2019, 31, 101-107  

 

GG and FH conceived of the molecular design and MB conceived the idea of guest 

responsiveness. NF first synthesized and characterized the calixarenes and performed ITC 

experiments. JB and MB conducted NMR guest titrations. MB designed, conducted and 

analysed data for variable temperature-NMR, 1D DOSY and UV-Vis/fluorescence 

experiments. MB and FH co-wrote the paper.  

 

2.1 Foreword 

Soon after the discovery of calixarene-based dimers discussed in Chapter 1.6, 

we wanted to explore the structural limits of calixarenes that were prone to dimerize. 

It was noted that there was a balance between hydrophobicity, charge and 

complementary shape that drove the self-assembly, and that these parameters could 

be tested by varying the calixarenes’ upper rim functionality. The new design added 

a second aryl group, and in doing so took on a different clip-like host topology that 

is often found in the literature to have unique recognition properties.   

I was also interested in testing the responsiveness of the homodimers to good 

guests. The previous dimers were tested for their resilience to urine and mock serum 

but not to the presence of hydrophobic cationic guests.  I hypothesized that a guest 

could cause dimer disassembly and the formation of new calixarene-guest 

complexes.  

2.2 Introduction 

Molecular clips and tweezers are important motifs for molecular recognition in 

water. The combination of a rigid, U-shaped hydrophobic surface with peripheral 

solubilizing groups creates a poorly hydrated concave surface that is predisposed to strong 
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binding of hydrophobic partners in water. For example, a U-turn topology has been 

achieved using acyclic cucurbiturils discussed throughout Chapter 1 135-137 that have strong 

affinities towards hydrophobic cationic drugs in vivo.138 There are examples of norbornene-

derived structures that recognize biologically relevant guests such as neurotransmitters, 

nucleotide derivatives, peptides and even lysine residues that disrupt important protein-

protein interactions.139-141 Yet in aqueous solution, both types of clips are involved self-

complementary assemblies that form homo- or heterodimers.142-144 Often these two binding 

modes – self-association and host-guest binding – compete. For example, norbornene clip 

2.1 forms a strong homodimer, (2.1)2, in water which diminishes the fluorescence of the 

two anthracene motifs. Once a guest is present such as the acetylcholine (ACh), the dimer 

disassembles to form a new 2.1•ACh complex that is strongly fluorescent in pure, 

unbuffered water (Figure 2. 1).145 

 

Figure 2. 1 Clip 2.1 assembles into a weakly fluorescent homodimer in water. The 

addition of acetylcholine induces dis-assembly of the homodimer and assembly of a 

strongly fluorescent 2.1•ACh complex. 
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Figure 2. 2 a) Previously reported dimeric monofunctionalized calix[4]arene, tBu1-SC4A, 

and b) the new difunctionalized clip-like calix[4]arene, tBu2-SC4A. 

We converted the original yin-yang calixarene homodimer into a new structure that 

has both clip-like character and a higher level of symmetry. We were interested in 

modifying our strongest dimer, tBu1-SC4A, that included a single t-butylphenyl group and 

carried a total charge of –4 (Figure 2. 2a). By adding a second t-butylphenyl group to tBu1-

SC4A, we produced a clip-like calixarene with a net charge of –3 at neutral pH. This 

created an overall C2v symmetry with two opposing similar arms and increased 

hydrophobic surface area in the form of an extended cleft (tBu2-SC4A, Figure 2. 2b). 

Unlike prior water-soluble clips and tweezers, the clip incorporates a sulfonated 

calix[4]arene binding pocket of a type that offers an unique recognition site for biological 

guests 146-149. As mentioned in Chapter 1, calixarenes have been documented to bind with 

protein surfaces, peptides, drugs and other biological analytes. This provides a multifaceted 

clip that has the potential to self-assemble yet engage to form a complex in the presence of 

a “good guest.” 
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We report here our studies of the new molecule’s homodimerization in water. We 

also report the response of this homodimer to a variety of guests in competitive buffered 

water solutions.   

2.3 Results and Discussion 

The synthesis of tBu2-SC4A is achieved through selective upper-rim 

functionalization reactions. It starts with the selective dibromination of 1,3-dibenzoyl 

calix[4]arene (2.2) 150 which occurs selectively at the two positions para to unprotected 

phenols to give 2.3. The benzoyl groups are removed (2.4) and the newly exposed phenols 

are para sulfonated along the upper rim upon treatment with H2SO4 to yield the key 

precursor 2.5. The final compound, tBu2-SC4A, is obtained by a double Suzuki coupling 

with t-butylphenyl boronic acid and obtained in 40% yield after HPLC purification 

(Scheme 2. 1). Compound tBu2-SC4A is most soluble in slightly basic water, at which it 

is expected to have a net charge of –3 due to the low pKa for the first phenol deprotonation 

in calix[4]arenes 151. We decided to study only clip tBu2-SC4A as a previously synthesized 

clip 2.6, obtained from similar Suzuki coupling conditions contained two 

methylammonium groups was found to be insoluble in water. As mentioned in Chapter 1, 

the symmetric arrangement of two cationic and two anionic functional groups renders the 

molecule insoluble in water due to an internal charge neutralization.  

 

Scheme 2. 1 The synthesis of the calix[4]arene clip, tBu2-SC4A. 

Dimerization of tBu2-SC4A was apparent when comparing the 1H NMR spectra in 

CD3OD and D2O. In CD3OD, the pendant phenyl and t-butyl resonances were found as 

sharp peaks at 7.45 ppm, 7.40 ppm and 1.32 ppm, as expected for an unaggregated 
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monomeric state. In D2O both the phenyl and t-butyl resonances broadened and shifted 

upfield to 7.25 ppm, 7.0 ppm and 0.33 ppm, respectively (Figure 2. 3). This pattern of 

upfield shifts is diagnostic for encapsulation of a t-butylphenyl substituent within a 

calix[4]arene’s electron-rich pocket 134. The fact that this is not observed in pure CD3OD 

(or even upon addition of small amounts of CD3OD) indicates that the dimerization is 

primarily driven by the hydrophobic effect.  

 
Figure 2. 3 tBu2-SC4A in CD3OD (top) as a monomer and in D2O (bottom) as a dimer. 

The upfield shift and sharpening of the t-butyl singlet, and Ph doublets are diagnostic of 

encapsulation. 

The existence of dimer in solution was confirmed by DOSY. The diffusion 

coefficient of monomeric tBu2-SC4A was obtained by 1D DOSY in 20% CD3OD in 

Na2HPO4/NaH2PO4 (50 mM, pD 8.5) buffer—conditions under which 1D chemical shifts 

show that pure monomer is present. The Stokes-Einstein equation was used to determine 

the monomer’s hydrodynamic radius as 8.51 Å (Table 2.1 and Supp. Info.).  This value is 

similar to the value determined in the same CD3OD/buffer conditions for the control 

compound para-sulfonatocalix[4]arene (SC4A), which can’t undergo dimerization. In 

100% aqueous Na2HPO4/NaH2PO4 (50 mM, pD 8.5) buffered solution the hydrodynamic 
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radius of the dimer was found to be 11.31 Å consistent with the value observed for its 

thoroughly characterized dimeric analogue tBu1-SC4A.134  

Table 2. 1 Diffusion coefficients (D) obtained by 1D DOSY and corresponding 

hydrodynamic radii (rH) 

 D (m2/s) rH (Å) 

SC4A(a) (monomer control) 2.20 x 10-10 7.1 

tBu2-SC4A(a) (monomer) (1.92 ± 0.03) x 10-10 8.2 ± 0.4 

tBu2-SC4A(b) (dimer) (2.18 ± 0.02) x 10-10 11.2 ± 0.3 

(a) 20% CD3OD in Na2HPO4/NaH2PO4 (50 mM, pD 8.5) buffer, [SC4A] or [tBu2-SC4A] 

= 1 mM. (b) Na2HPO4/NaH2PO4 (50 mM, pD 8.5) buffer (c) previously reported data 134, 

in D2O. 

ITC dilution titrations show that compound tBu2-SC4A forms stronger dimers than 

tBu1-SC4A, with different enthalpic and entropic contributions. The Kd decreased from 

1.0 mM (tBu1-SC4A) to 0.54 mM (tBu2-SC4A) with the addition of a second t-butylphenyl 

group (Table 2. 2). In spite of the relatively small structural change, the association of 

tBu1-SC4A was less enthalpically favoured while tBu2-SC4A was more entropically 

driven. NMR data suggest dimers of similar structures, so we attribute the slight differences 

mainly to the swap of a sulfonate for a second t-butylphenyl group. Additional hydrophobic 

surface area must be de-solvated upon dimerization of tBu2-SC4A. The increase in entropic 

driving force follows the classical view of the hydrophobic effect, which is appropriate 

considering that the new appended hydrophobic group is not in a confined space and is 

largely exposed to solvent in the free state.  

Table 2. 2 ITC-derived thermodynamic parameters for homodimerization of tBu1-SC4A 

and tBu2-SC4A.(a) 

 Kd (mM) ΔG (kcal/mol) ΔH (kcal/mol) TΔS (kcal/mol) 

tBu1-SC4A (b) 1.0 –4.2 –11 –6.9 

tBu2-SC4A 0.57 –4.5 –5.5 –0.98 

(a) ITC dilution titrations in H2O containing Na2HPO4/NaH2PO4 (100 mM, pH 7.4). (b) 

Data taken from literature.134 
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Figure 2. 4 a) Cartoon depiction of dimeric tBu2-SC4A dissociating to form new host-

guest complex which can be observed by the change in chemical shift of the t-butyl 

singlet (blue circle) with b) various hydrophobic cationic guests. 

Table 2. 3 Guest-induced chemical shift perturbation of resonances for tBu2-SC4A away 

from the positions observed in the pure tBu2-SC4A homodimer. 

Guest  of resonances from 

tBu2-SC4A (ppm)(a) 

 t-butyl ortho-aryl 

2.7 0.71 0.18 

2.8 0.79 0.24 

2.9 0.80 0.26 

N(CH3)2H2
+ 0.01 0.01 

N(CH3)3H+ 0.39 0.24 

N(CH3)4
+ 0.67 0.40 

2.10(b) 0.83 0.48 

2.11 0.03 0.06 

2.12 0.15 0.06 

(a) All solutions are 1:1 mixtures of tBu2-SC4A and guest at 1 mM in Na2HPO4/NaH2PO4 

(50 mM, pD 8.5)-buffered D2O. See Supporting Information for full titrations and spectra 

for selected guests. (b) This ditopic guest was studied at a ratio of 0.5:1 for 

2.10:tBu2-SC4A ([tBu2-SC4A] = 1 mM).  

 

Upon guest addition, 1H NMR proved the formation of host-guest complexes with 

concomitant dimer dissociation (Figure 2. 4). All resonances for these simple guest binding 

studies were in fast exchange. Under these conditions, the position of the chemical shift 

between the extremes expected for free and bound states qualitatively indicate the relative 

amounts of each state (Table 2. 3). The diagnostic position and shape of the t-butyl singlet 

was used to track monomer-dimer equilibrium: a strong hydrophobic guest like N-ethyl-4-

methyl-pyridinium (2.8) caused the t-butyl singlet of tBu2-SC4A to sharpen and shift 
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downfield (blue diamonds,  +0.76 ppm) to the position expected for monomeric 

tBu2-SC4A (Figure 2. 5). The guest’s CH3 triplet broadened and shifted upfield (red circle, 

 –0.25 ppm). This indicated that while the dimer dissociated, the guest was encapsulated 

to form a host-guest complex of the type that is well known for sulfonated calix[4]arenes 

50, 152. Similar observations were made with other N-alkylated pyridinium guests (Figure 2. 

14, Figure 2. 15 and Table 2. 3). Complete NMR titrations showing the evolving response 

upon addition of selected guests are shown in the Supp. Info.  

 

 

Comparison of simple methylammonium ion guests showed that more hydrophobic 

guests are more effective at disrupting dimerization. The t-butyl singlet of tBu2-SC4A 

travels from 0.4 ppm (Figure 2. 6c) to 0.79 ppm (2.6b) and to finally 1.06 ppm (2.6a) when 

treated with the same concentrations of di-, tri- and tetramethylammonium, respectively 

(blue diamonds). Similarly, the guest methyl resonances show upfield shifts from their free 

chemical shifts that are proportional to the expected strength of guest binding: 2.39 ppm 

(dimethylammonium), 1.88 ppm (trimethylammonium), and 1.49 ppm 

(tetramethylammonium). Weaker guests like imidazole (2.11) did not perturb the dimer at 

all (Figure 2. 6g, Figure 2. 16 and Table 2. 3). Yet its methylated counterpart, N-CH3-

imidazole (2.12), partially formed a complex, as supported by the methyl singlet shifting 

 –0.37 ppm and the t-butyl shifting  +0.2 ppm (Figure 2. 6e and Table 2. 3). A bis-

(trimethylammonium) guest, suxamethonium (2.10), also induced dissociation of 

Figure 2. 5 NMR spectra demonstrate 

competition between tBu2-SC4A 

homodimerization and host-guest binding. 

a) 1:1 (1 mM) host-guest complex formed 

with N-ethyl-4-methyl-pyridinium (2.8) 

indicated with an upfield shift of guest 

protons (red dot) from its b) unbound 

resonance and the downfield shift of 

tBu2-SC4A (blue diamond) c) from its 

dimeric state. Buffer = 

Na2HPO4/NaH2PO4 (50 mM, pD 8.5) in 

D2O. 
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tBu2-SC4A by  +0.83 and the guest protons upfield shifted and broadened by  –1.44 

ppm at 0.4 eq. (Figure 2. 17 and Table 2. 3) 

 

Lucigenin (1.29), a quinaldinium dye, showed unusual host-guest behaviour with 

tBu2-SC4A and allowed fluorescence characterization of the complexes. 1.29 is quenched 

upon binding sulfonated calixarenes.106 A 1:1 mixture of 1.29 and tBu2-SC4A, each at 1 

mM, yielded a perfectly flat 1H NMR spectrum — all host and guest resonances are in 

intermediate exchange, and the solution is clear and homogeneous, suggesting the 

formation of an undefined soluble aggregate (Figure 2. 7b). The 1.29 emission is mostly 

quenched in a 1:1 solution prepared at lower concentrations that are appropriate for 

fluorescence measurements ([1.29] = [tBu2-SC4A] = 1 µM), as ≤10% of the intensity of 

free 1.29 emission is observed in this sample. Upon changing the stoichiometry only ≥20% 

away from 1:1 ratio in either direction, resonances for whichever species is in  

excess start to appear alongside an otherwise flat NMR spectrum. This indicates that the 

soluble aggregate, although not structurally understood, is something that requires a 1:1 

ratio of tBu2-SC4A and 1.29. When tBu2-SC4A is in excess the resonances for 

homodimeric tBu2-SC4A are observed in the NMR spectrum (Figure 2. 7a). Fluorescence 

is completely quenched under these conditions, showing that the 1.29 is fully engaged in 

an aggregate with tBu2-SC4A (Figure 2. 7a). Conversely, when 1.29 is in excess, the NMR 

Figure 2. 6 NMR spectra show that more hydrophobic guests disrupt tBu2-SC4A 

homodimer more effectively. The downfield shift of tBu2-SC4A (blue diamonds) 

upon dimer disruption, and the upfield shift (red dot) of guests upon host-guest 

complex formation are apparent. a) N(CH3)4
+; b) N(CH3)3H

+; c) N(CH3)2H2
+; d) no 

guest added; while e) N-methyl imidazole (2.12) shifts upfield in comparison to f) 

2.12 alone and g) imidazole (2.11). Each spectrum contains a 1:1 (1 mM) mixture of 

tBu2-SC4A and guest in Na2HPO4/NaH2PO4 (50 mM, pD 8.5) in D2O. 
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resonances for the uncomplexed dye are observed emerging from the flat NMR spectrum 

that arises from the tBu2-SC4A •1.29 aggregate. Partial (30%) fluorescence intensity is 

observed, as expected for a solution containing a small amount of free 1.29. Upon heating 

the solution, we observed at 80°C by NMR the appearance of resonances of monomeric 

tBu2-SC4A and free 1.29, as both the soluble aggregate and the homodimer dissociate 

(Figure 2. 7d).  

 

Figure 2. 7 Aggregation behaviour of 1.29 and tBu2-SC4A monitored by 1H NMR and 

fluorescence spectroscopy. a) At 1.29:tBu2-SC4A ratio of 1:0.5 – free 1.29 resonances 

observed in the NMR, with significant fluorescence emission observed to arise from free 

1.29. b) At 1.29:tBu2-SC4A ratio of 1:1, no NMR resonances are observed which 

indicates a soluble aggregate undergoing intermediate exchange with complete line 

broadening. Low fluorescence emission is observed, showing that most 1.29 is bound to 

calixarene under these conditions. c) At 1.29:tBu2-SC4A ratio of 1:2, homodimer 

tBu2-SC4A is observed by NMR and no free 1.29 emission is seen by fluorescence 

spectroscopy. d) The flat 1H spectra of the 1:1 1.29:tBu2-SC4A complex fully dissociates 

at 80⁰C and resonances appear from the unbound dye (red dot) and monomeric 

tBu2-SC4A (blue diamond) in Na2HPO4/NaH2PO4 (50 mM, pH 8.5). 
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Data suggesting a similar hetero-aggregate behaviour was also observed for 

mixtures of tBu2-SC4A and Brooker’s merocyanine (2.13) – another cationic pyridinium 

dye. The NMR spectrum of a 1:1 mixture of 2.13: tBu2-SC4A was completely flat which 

suggested 2.13 also formed soluble aggregates with tBu2-SC4A in solution as it did with 

1.29. Although the fluorescent quenching effects were not as drastic because calixarenes 

do not effectively quench merocyanines to the same extent as for 1.29 (Figure 2. 8b). A 2:1 

mixture of 2.13:tBu2-SC4A showed only resonances for 2.13, as a mixture of trans and cis 

isomers, and no resonances from tBu2-SC4A. The fluorescence spectrum of the mixture 

showed a slight increase in comparison to the 1:1 (Figure 2. 8a). 

 

Figure 2. 8 Aggregation behaviour of 2.13 and tBu2-SC4A monitored by 1H NMR and 

fluorescence spectroscopy. a) At 2.13:tBu2-SC4A ratio of 2:1 (2 mM:1 mM) – free 2.13 

resonances observed in the NMR, as a mixture of cis and trans isomers, with strong 

fluorescence observed. b) At 2.13:tBu2-SC4A ratio of 1:1 ([tBu2-SC4A] = [2.13] = 1 

mM), no NMR resonances are observed which indicates a soluble aggregate undergoing 

intermediate exchange with complete line broadening. The fluorescence intensity 

decreases slightly. [2.13] = 10 μM, (λex. 382 nm, λem. 420 – 700 nm) in 

Na2HPO4/NaH2PO4 (10 mM, pH 8.5) buffered H2O for fluorescence experiments and in 

Na2HPO4/NaH2PO4 (50 mM, pH 8.5) buffered D2O for the NMR experiments. 

2.4 Conclusions 

We synthesized a new calix[4]arene clip, tBu2-SC4A, characterized its 

homodimeric self-assembly in buffered water, and studied the effects of competing guests. 

The addition of a second t-butylphenyl pendant group was tolerated. The expected 

dimerization occurred and was stronger than its analogue tBu1-SC4A. The dimer was also 



 

 

56 

 

responsive to various guests and in particular hydrophobic cations. The synthesis of 

difunctionalized tBu2-SC4A involves a Suzuki coupling that could be applied to several 

other binding arms in order to expand on these new topologies that undergo self-assembly 

133. Multiple research groups have used trisulfonated calixarenes with a single upper-rim 

functionalization to modulate guest binding, and/or to impart many different functionalities 

to the host structure 91, 147, 153-156. This work opens the door to a wide variety of clip-like 

hosts that combine self-assembly and guest responsiveness in competitive aqueous 

solutions.  

2.5 Supplementary Information 

2.5.1 General information and materials 

1H, 13C, 1D DOSY and variable temperature-NMR experiments were recorded on 

a Bruker Avance 500 MHz spectrometer unless otherwise indicated and processed with 

MestReNova by Mestrelab Research S.L. All reported chemical shifts were reported in 

ppm with respect to an internal standard: cis-butenedioic acid at 6.2 ppm. Deuterated 

solvents were purchased from Sigma Aldrich and NaH2PO4/Na2HPO4 (50 mM, pD 8.5) in 

D2O were prepared in lab and the pD was adjusted with 5% NaOD/DCl solutions. 

Isothermal calorimetery experiments were conducted at 303 K in buffered water on a 

MicroCal VP-ITC and fitted to include heat of dilution outlined below. Mass spectra of 

novel compounds were collected on a Thermo Scientific Ultimate 3000 ESI-Orbitrap 

Exactive. All UV-Vis and fluorescence spectra were collected on a Molecular Device 

Spectra M5 spectrometer in NUNC 96-well black walled plate. Infrared (IR) spectra were 

obtained using a Perkin Elmer 1000 FT-IR spectrometer. Data are represented as follows: 

frequency of absorption (cm–1), intensity of absorption (s = strong, m = medium, w =weak, 

br = broad). Melting points were collected on a Gallenkamp Melting Point apparatus. 

Compound tBu2-SC4A was purified using a Shimadzu Prominence HPLC system on a 9.4 

mm x 250 mm semi-preparative Agilent Eclipse XDB-C18 5 μm with UV detection at 280 

nm.  
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2.5.2 Synthesis of novel compounds  

5,17-dibromo-26,28-dibenzoyloxy-calix[4]arene (2.3). Compound 2.2 (0.9 g, 1.5 

mmol) was dissolved in CHCl3 (30 mL) and Br2 (0.8 mL, 15 mmol) was added. The 

mixture was stirred at room temperature for 4 h. The mixture was then diluted with CH2Cl2, 

the organic layer was washed with Na2S2O3 (5 g/100mL) aqueous solution, followed by 

water, brine and dried over Na2SO4. The solution was decanted, reduced under pressure to 

a pure yellow solid (0.99 g, 83%). Mp: decomposed > 230 °C. FT-IR (cm-1): 3537 (br.), 

1733 (m), 1706 (m), 1451 (m), 1265 (s), 1173 (s), 1023 (m), 1056 (m), 861 (w), 754 (m), 

709 (s). 1H NMR (300 MHz, CDCl3): δ 8.24 (dd, J = 8.5 Hz, 1.5 Hz, 4H), 7.77 (tt, J = 7.4 

Hz 1.4 Hz, 2H), 7.62 (t, 7.9 Hz, 4H), 7.11 (s, 4H), (m, 6H), 5.22 (s, 2H), 3.85 (d, J = 14.6 

Hz, 4H), 3.53 (d, J = 14.6 Hz, 4H). 13C NMR (125 MHz, CDCl3): δ 164.6, 152.0, 146.1, 

134.0, 132.0, 131.7, 130.5, 129.8, 129.7, 129.3, 126.8, 111.8, 33.1. HR-ESI-MS ([M−H]−, 

m/z): Calculated for C42H29Br2O6
− 787.03364, Found 787.03363 

5,17-dibromo-25,26,27,28-tetrahydroxy-calix[4]arene (2.4). Compound 2.3 (1 

g, 1.25 mmol) was dissolved in MeOH (50 mL) and NaOH (1 g, 18 mmol) was added. The 

mixture was heated to reflux for 4 h. The product was precipitated out of solution by the 

addition of 1 M HCl. The solid was vacuum filtered and washed with hexanes to afford a 

light yellow solid (530 mg, 72%). Mp: decomposed > 230 °C. FT-IR (cm-1): 3141 (br), 

1448 (s), 1209 (s), 856 (w), 828 (w), 750 (s), 665 (m) 514 (m). 1H NMR (500 MHz, CDCl3): 

δ 10.06 (s, 4H), 7.17 (s, 4H), 7.08 (d, J = 7 Hz, 4H), 6.80 (t, J = 6.8 Hz, 2H), 4.20 (br. s, 

4H), 3.52 (br. s., 4H). 13C (125 MHz, CDCl3): δ 148.8, 147.9, 131.6, 130.2, 129.3, 127.5, 

122.52, 114.0, 31.5.  HR-ESI-MS ([M−H]−, m/z): Calculated for C28H21Br2O4
− 578.98121, 

Found 578.98106. 

5,17-dibromo-25,26,27,28-tetrahydroxy-11,23-disulfonatocalix[4]arene (2.5). 

Compound 2.4 (50 mg, 86 μmol) was dissolved in CH2Cl2 (2 mL) followed with conc. 

H2SO4 (100 μL). The reaction was heated to reflux for 24 h to afford a residue. The CH2Cl2 

was decanted, and the residue was rinsed with fresh CH2Cl2. The solid was suspended in 

EtOAc, transferred into a conical tube and diluted with cold Et2O. The suspension was 

centrifuged to a pellet, the supernatant was decanted and the 

resuspension/centrifugation/decanting process was repeated three times. The pellet was left 
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to air dry overnight to afford a gray solid (51 mg, 81%). Mp: decomposed > 178 °C. IR 

(KBr disc) (cm-1): 2408 (br), 3221 (br), 2961 (w), 1651 (m), 1204 (m), 1163 (m), 1036 (m), 

625 (m). 1H NMR (500 MHz, d6-DMSO): δ 9.62 (br. s, 7H), 7.43 (s, 4H), 7.28 (s, 4H), 

3.89 (br. s, 8H). 13C NMR (125 MHz, d6-DMSO): δ 151.6, 149.8, 140.0, 131.5, 131.3, 

127.6, 127.0, 112.3, 41.0, 30.6. HR-ESI-MS ([M−2H]2−, m/z): Calculated for 

C28H20Br2O10S2
2− 368.94378, Found 368.94376. 

5,17-di(4-t-butylphenyl)-25,26,27,28-tetrahydroxy-11,23-

disulfonatocalix[4]arene (tBu2-SC4A). Compound 2.5 (50 mg, 67 μmol), tert-butyl-

phenylboronic acid (20 mg, 148 μmol), K2CO3 (74 mg, 0.51 mmol) and Pd(OAc)2 (5 mg, 

22 μmol) were dissolved in a microwave vial with 3 mL of 1:1 EtOH:deionized water.  The 

reaction was irradiated to a temperature of 150 °C for 5 min with cooling air and stirring 

on (Biotage Initiator Microwave Reactor). After, thiourea (1 M, 0.5 mL) was added and 

the reaction stirred at 90°C for 1 h. The solution was filtered through a PDVF syringe filer 

(0.45 um), and concentrated until solution became cloudy. The slurry was re-dissolved with 

small amounts of CH3CN and purified by HPLC purification with a gradient running from 

90% H2O (+ 0.1% TFA)/10% CH3CN (+ 0.1% TFA) to 40% H2O (+ 0.1% TFA)/60% 

CH3CN (+ 0.1% TFA) over 18 min. Lyophilization of collected fractions afforded a white 

powder in 40% yield (0.022 g). Mp: decomposed > 190 °C. FT-IR (cm-1): 3398 (br), 2962 

(m), 2874 (w), 1456 (m), 1268 (m), 1153 (m), 1038 (s), 832 (m), 750 (s), 629 (s), 542 (s). 

1H NMR (500 MHz, CD3OD): δ 7.69 (s, 4H), 7.44 (s, J = 7.4 Hz, 4H), 7.41 (s, 4H), 7.39 

(d, J = 7.4 Hz, 4H), 4.07 (br. s, 8H), 1.31 (s, 18H). 13C NMR (125 MHz, d6-DMSO): δ 

151.0, 149.52, 149.50, 140.2, 137.5, 133.7, 129.2, 128.3, 127.5, 126.9, 126.4, 125.9, 34.6, 

31.6, 31.1.  HR-MS ([M−2H]2−, m/z): Calculated for C48H46O10S2
2−423.12717, Found 

423.12712. 
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2.5.3 1H and 13C spectra of novel compounds 

 

 



 

 

60 

 

 

 



 

 

61 

 

 

 



 

 

62 

 

 

 
  



 

 

63 

 

2.5.4 ITC characterisation of tBu2-SC4A 

 
 

The modified dimer dissociation equation used with a second heat term (highlighted 

yellow) to account for the heat of dilution, (Qd). Normalized heat change for injection 

(NDH), heat resulting from injections (dH), syringe concentration (syringe_C_%Q), 

volume injected (injv), concentrations of injected solute in sample cell (xt), the sample cell 

volume (ITC_CELL_VOL).    
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Figure 2. 9 ITC dilutions of tBu2-SC4A fitted with the above dimer dissociation model. 

2.5.5 General protocol for all 1D DOSY in thesis 

For each DOSY experiment, the 90° pulse is determined by measuring the pulse 

length (P1) at 360° by a zg pulse sequence and divided by four. The longitudinal 

relaxation (T1) was estimated through an inversion recovery (t1ir1d) pulse sequence. The 

relaxation delay time (D1) for each experiment was set to be 10-times the estimated T1. 

For each experiment, the big delta, Δ, was set to 50 or 100 ms. The small delta, δ, was 

determined by finding a 90-95% intensity difference between the first and last spectra in 

the power array via a stebpgp1s1d pulse program. The pulse sequences used for 1D 

DOSY was stebpgp1s. After pre-processing through TopSpin, the area under the peaks of 

interest was selected and plotted as a function of the field gradient (G). These points were 

fitted to the below equation to extract the diffusion coefficient, (D).  

𝐼 = 𝐼(0)𝑒𝑥𝑝
(−𝛾2𝐺2𝛿2(∆−

𝛿
3

)𝐷)
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The average diffusion coefficient was calculated along with an uncertainty. The 

hydrodynamic radius (rH) is calculated using the Stokes-Einstein equation (shown below) 

along with an uncertainty. The Stokes-Einstein equation assumes the particle is a sphere 

which are assumptions in these cases. kB is the Boltzmann constant, temperature (T) is 

297 K ± 1 K and viscosity (η) of water at 297 K is 8.94 x 10-4 ± 2.78 x 10-5 Pa·s or the 

viscosity of 20% methanol in water at 297 K is 1.39 x 10-3 ± 2.78 x 10-5 Pa·s either are 

used when appropriate throughout the thesis.157  

𝑟𝐻 =
𝑘𝐵𝑇

6𝜋𝜂𝐷
 

2.5.5a 1D DOSY analysis for tBu2-SC4A (monomer and dimer)  

Solution prep: SC4A and tBu2-SC4A were mixed together (1 mM ea.) in 20% CD3OD in 

Na2HPO4/NaH2PO4 (50 mM, pD 8.5) buffer to ensure the diffusion coefficients obtained 

for both hosts came from the same sample conditions. 

 

Table 2. 4 Parameters used for diffusion analysis of tBu2-SC4A (monomer) and PSC  

Parameters used for diffusion analysis  

used γ: 26752 rad/(s*Gauss) 

used δ: 0.0062000 s 

used Δ: 0.049950 s 

used gradient strength: variable 

Random error estimation of data: RMS per spectrum (or trace/plane) 

Systematic error estimation of data: worst case per peak scenario 

Fit parameter Error estimation method: from fit using arbitrary uncertainties 

Confidence level: 95% 

Used peaks: automatically picked peaks 

Used integrals: area integral 

Used Gradient strength: all values (including replicates) used 

 

Table 2. 5 Diffusion coefficients calculated from indicated resonances in tBu2-SC4A and 

PSC from 1D DOSY in 20% methanol in water. 

Peak name F2 [ppm] D [m2/s] error 

1 (tBu2-SC4A) 7.552 1.92 x 10-10 1.189 x 10-12 

2 (PSC) 7.513 2.20 x 10-10 1.118 x 10-12 

3 (tBu2-SC4A) 7.409 1.91 x 10-10 1.912 x 10-12 

7 (tBu2-SC4A) 7.329 1.92 x 10-10 1.349 x 10-12 

11 (tBu2-SC4A) 1.089 1.92 x 10-10 7.697 x 10-13 
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Figure 2. 10 1H NMR of tBu2-SC4A (monomer) and PSC mixture with integrals 

highlighted (gray boxes) used to calculate diffusion coefficients for each resonance along 

with the corresponding 2D DOSY spectrum.  
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Figure 2. 11 1D DOSY plots of each integral from tBu2-SC4A (monomer) and PSC 

mixture along with corresponding residuals. 
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Table 2. 6 Parameters used for diffusion analysis of tBu2-SC4A (dimer) 

Parameters used for diffusion analysis  

used γ: 26752 rad/(s*Gauss) 

used δ: 0.0054000 s 

used Δ: 0.049950 s 

used gradient strength: variable 

Random error estimation of data: RMS per spectrum (or trace/plane) 

Systematic error estimation of data: worst case per peak scenario 

Fit parameter Error estimation method: from fit using arbitrary uncertainties 

Confidence level: 95% 

Used peaks: automatically picked peaks 

Used integrals: area integral 

Used Gradient strength: all values (including replicates) used 

 

Table 2. 7 Diffusion coefficients calculated from indicated resonances in tBu2-SC4A 

(dimer) in buffered water. 

Peak name F2 [ppm] D [m2/s] error 

1 7.651 2.19 x 10-10 3.235 x 10-12 

4 7.346 2.16 x 10-10 3.618 x 10-12 
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Figure 2. 12 1H NMR of tBu2-SC4A (dimer) with integrals highlighted (gray boxes) used 

to calculate diffusion coefficients for each resonance along with the corresponding 2D 

DOSY spectrum. 
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Figure 2. 13 1D DOSY plots of each integral from tBu2-SC4A (monomer) and PSC 

mixture along with corresponding residuals. 
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2.5.6 1H NMR titrations of guests with tBu2-SC4A 

 
Figure 2. 14 1H titrations of N-methyl-4-methyl-pyridinium (2.7) (20 mM) into 

tBu2-SC4A (1 mM) shows fast exchange resonances of the methyl singlet (red) travel 

from encapsulated and upfield towards to unbound state, downfield. 
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Figure 2. 15 1H titrations of iso-propyl-4-methyl-pyridinium (2.9) (20 mM) into 

tBu2-SC4A (1 mM) shows the fast exchange resonances of the iso-propyl doublet (red) 

travel from encapsulated and upfield towards to unbound state, downfield. 

 

Figure 2. 16 1H titrations of imidazole (2.11) (20 mM) into tBu2-SC4A (1 mM) shows 

slight change in chemical shift of the t-butyl singlet (red) even with excess hence 

imidazole is not a strong guest to dissociate the dimer. 
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Figure 2. 17 1H titrations of suxamethonium (2.10) (20 mM) into tBu2-SC4A (1 mM) 

shows the fast exchange resonances of the guest’s quaternary methyl ammonium singlet 

(red) travel from upfield as an encapsulated guest towards the unbound state, downfield. 
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Chapter 3: Using reversible non-covalent and covalent bonds to 
create assemblies and equilibrating molecular networks that 

survive 5 molar urea 

 

This work was adapted from a previously published paper. 

Meagan A. Beatty, Aidan T. Pye, Alok Shaurya, Belim Kim, Allison J. Selinger, and 

Fraser Hof 

Org. Biomol. Chem., 2019,17, 2081-2086  
 

MB, AS and FH conceived of the idea. AJS provided starting material, AS provided 

guidance and MB designed the experiments. BK conducted preliminary NMR experiments. 

AP and MB conducted the majority of the NMR titrations and competition experiments, 

while MB analysed and interpreted the data. MB conducted and interpreted the data for 1D 

DOSY and 1D NOE experiments. FH and MB co-wrote the paper with the initial outline 

written by FH. MB did additional writing and figures for the Chapter. 
 

3.1 Foreword 

In the previous chapter, one lesson we learned was that a calixarene with a clip-like 

topology can self-assemble into dimers and can even afford a stronger dimer than the 

previously discussed mono-functionalized series of compounds. These previous dimers 

remained assembled in highly competitive aqueous mixtures like mock serum and real 

urine. Some of these derivatives were observed to become stronger in high salt 

concentrations while others were weakened. This suggested that there were some structures 

better able to survive competitive co-solutes than others. We wanted to continue to learn, 

by finding out what structures would self-assemble even under extreme solution 

conditions.  

This motivated two goals for this chapter: The first was to test the resilience of new 

dimers to ‘extreme’ conditions. The second goal was to introduce reversible covalent bonds 

within the dimer scaffold to afford a dynamic library of exchangeable hosts that are 

dependent on the solution conditions.  
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3.2 Introduction 

Molecular recognition and self-assembly in water — once a frontier of discovery 

— is increasingly well understood. Many examples of systems now exist in which 

assembly and recognition are predictable and can be used to solve important problems in 

biochemistry and biology.97, 158-164 But Nature is a salty place, and the influences of co-

solutes on self-assembly remain hard to understand, model, and predict. Mentioned in 

Chapter 1, Hofmeister anions compete for hydrophobic hosts such as the 1.27 and weaken 

the binding strengths with native guests.165-166 Other systems tolerate and function in 

biological media like urine and plasma that contain millimolar concentrations of various 

salts and co-solutes.114, 131, 167-169 Salts are also responsible for dynamic morphology 

changes between peptide amphiphiles by mediating intermolecular electrostatic 

peptides.170 Despite these systematic studies, the programmed assembly of molecules in 

complex solutions containing mixtures of solutes at high concentrations remain hard or 

impossible to predict. 

This work is motivated by two fundamental questions: 1) How extreme of a 

condition could a simple host-guest system survive? 2) Which functional groups would be 

useful for guiding self-assembly under extreme conditions? We were inspired by some 

extreme solute concentrations that exist in Nature. Mammalian kidney cells generally 

contain ca. 1.5 M urea,171-172 and urea can even reach 5 M in the kidneys of certain desert 

mammals.173 Halophilic microbes thrive in 100’s of millimolar NaCl, and their proteomes 

contain an overabundance of anionic amino acids as a key adaptation that allows their 

proteins to stay folded and functional under high-salt conditions.174 While there is evidence 

of residual protein structure within a denatured protein when exposed to solutions of 8 M 

urea.175  
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Figure 3. 1 Two previously published calixarenes that differ by an ethyl, 3.1, and a 

methyl ammonium group 3.2, both self-assemble in water but respond differently in the 

presence of salt. 

Our previously reported self-assemblies were tolerant to moderate concentrations 

of salt and urea. As mentioned in Chapter 1.6, the yin-yang like dimers remained assembled 

in complex medium that contained NaCl (≤150 mM), creatinine (≤13 mM), and urea (≤220 

mM).134 It seemed so far that some small level of resistance to competing co-solutes is a 

general feature of molecules in this family. Yet, we noticed different dimers responded 

differently to the addition of salts. For example, 3.1 which contained an ethylphenyl 

pendant group became stronger in the presence of salts as the Kd value strengthened from 

4.7 mM to 3.3 mM. An isosteric ammonium ion containing analogue, 3.2, became slightly 

weaker, with Kd changing from 1.1 mM to 1.4 mM upon addition of salt (Figure 3. 1). We 

wanted to further explore the salt tolerance of these dimers while exploring the pendant 

group preference upon exposure to extreme conditions such as molar concentrations of 

urea and salt.  
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Figure 3. 2 Cartoon illustrating the incorporation of reversible covalent bonds into our yin-

yang dimer structures. b) Aldehyde-trisulfonatocalixarene, 3.3, condenses with various 

acyl hydrazides to form AB monomers which self-assemble into (AB)2 dimers.    

In order to test the limits of these systems, we created a new design in which the 

aforementioned yin-yang bowl and arm are separate molecules that can be stitched together 

by dynamic covalent chemistry Figure 3. 2a. This is based on the idea that reversible 

covalent bonds would tolerate salty and competitive aqueous conditions, while allowing 

comparison of the non-covalent interactions that different binding arms would confer upon 

the resulting monomers. We wanted to build from our previous observations of 3.2 and 

learn how different functional groups (neutral or charged, polar or hydrophobic) would 

dimerize best while under the influence of competing co-solutes. In order to make these 

comparisons on an equal footing, we minimized steric effects by choosing three binding 

arms with nearly isosteric binding elements. Hydrazides H-Bz, H-MeO, and H-Py+ have 
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neutral hydrophobic (CAr-Et), neutral polar (CAr-OMe), and charged hydrophobic (N+Ar-

Et) groups in similar positions, respectively (Figure 3. 2b), each one appended with an acyl 

hydrazide that could form reversible covalent hydrazone bonds with an aldehyde partner. 

Condensation with aldehyde-functionalized sulfonated calixarene 3.3 would provide an 

AB-type monomer, which might then assemble into (AB)2 dimers, D-Bz, D-MeO and D-

Py+. We were also interested in establishing a molecular network in which multiple 

hydrazide building blocks are competing and equilibrating, such that we could observe 

changes in that network in response to different co-solutes.  

3.3 Results and Discussion 

 

Scheme 3. 1 Synthesis of reactive aldehyde-trisulfonatocalix[4]arene, 3.3. 

The reactive aldehyde-calixarene was efficiently synthesized by site-specific 

functionalization of the calix[4]arene skeleton. The triprotected calix[4]arene 3.4176 was 

selectively formylated by treatment with hexamethylenetetramine (HMTA) to produce 3.5. 

Subsequent ester removal (3.6, not shown) and sulfonation produced the aldehyde 

trisulfonate 3.3 after reverse-phase HPLC purification (Scheme 3. 1).  
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Figure 3. 3 NMR proves formation of hydrazone and subsequent self-assembly in D2O 

containing citrate buffer (50 mM pD 5.0). NMR stackplots of a) 3.3 alone, b) 1:1 mixture 

of H-Py+:3.3, and c) H-Py+ alone (all compounds are at 5 mM). The blue box highlights 

the disappearance of the starting material aldehyde peak confirming hydrazone 
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formation. The red arrows emphasize the upfield shift of protons of the encapsulated 

pendant group that indicate self-assembly. d) Intermolecular NOE interactions between 

the pendant group CH3 and upper-rim protons are indicated by bold arrows and 

intramolecular NOE by dotted arrows. 

Mixtures of 3.3 and H-Py+ spontaneously form the predicted four-component, 

(AB)2 assemblies in buffered water. We chose citrate at pH 5 as the supporting buffer for 

all solution phase studies, because it allows for rapid exchange of hydrazone 

components.177 The disappearance of the aldehyde peak (9.40 ppm, Figure 3. 3a) proves 

the formation of the expected hydrazone (Figure 3. 3b). The simultaneous upfield shift of 

resonances on the pendant arm in comparison to the hydrazide arm (Δδ: CH3 +2.73 ppm, 

CH2 +2.97 ppm (not shown), ortho-protons +0.83 ppm, meta-protons +0.40 ppm) strongly 

support end-on inclusion of the N-Et component into the calixarene pocket, in the form of 

structure D-Py+ (Figure 3. 3c).134, 178 Nuclear Overhauser Effect (NOE) correlations 

between the pendant arm CH3 and upper-rim protons further confirm end-on complexation 

(Figure 3. 3d). Hydrazone dimers were also observed by NMR in both the neutral 

hydrophobic, D-Bz, and neutral polar derivatives, D-MeO, although not to the same extent 

as D-Py+ (Figure 3. 10, Figure 3. 11). The existence of the assembled dimer, as opposed 

to a folded-in, self-included monomer, or higher-level aggregates, is proven by Diffusion-

Ordered NMR SpectroscopY (DOSY) (Table 3. 1, see Support. Info.). All three dimers had 

diffusion coefficients (D) and calculated hydrodynamic radii (rH) close to that of the 

similarly sized assembly tBu1-SC4A.134, 178  

Table 3. 1 1D DOSY-derived parameters for self-assembled components. 

Dimer D (m2/s) rH (Å) 

D-Bz (2.20 ± 0.04) x 10-10 11.1 ± 0.4 

D-MeO (2.23 ± 0.03) x 10-10 10.9 ± 0.6 

D-Py+ (2.28 ± 0.13) x 10-10 10.7 ± 0.9 

All samples were prepared by combining 3.3 with each respective hydrazide in a 1:1 

mixture (5 mM) in D2O containing citrate buffer (50 mM, pD 5.0) 
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Figure 3. 4 1H NMR shows a) D-MeO b) D-Bz c) D-Py+ all remain assembled in the 

presence of 5 M urea. Solutions contain 1:1 hydrazide:3.3 (5 mM, ea.) and maleic acid as 

the internal standard (3 mM) in D2O containing citrate buffer (50 mM, pD 5.0).    

All three hydrazone dimers remain assembled in solutions containing up to 5 M 

urea. Quantitative NMR using maleic acid as an internal standard was used to track 

absolute concentrations of species. Surprisingly, introducing urea up to this level caused 

insignificant changes in both the covalent and non-covalent equilibria that stitch each dimer 

together. Figure 3. 4 shows all three hydrazone dimers assembled in the presence of 5 M 

urea as the chemical shifts of pendant arm resonances indicate dimerization.  D-Py+ 

remained the strongest assembly with 100% of the hydrazide converted to the hydrazone 

dimer (Figure 3. 5a, circles), followed by both neutral dimers, D-MeO and D-Bz existing 

at 93% and 97%, respectively (Figure 3. 5a, squares and triangles).  

The addition of NaCl induced precipitation of varying degrees from each dimer. 

We were able to use quantitative NMR to determine the amounts of each species remaining 

in solution, and by mass balance the extent of precipitation. The neutral hydrophobic 

derivative, D-Bz, remained assembled and in solution in the presence of 200 mM NaCl 

(Figure 3. 5b, triangles). The polar and charged derivatives, D-MeO and D-Py+ partially 

precipitated, leaving only 22% and 20% in solution, respectively (Figure 3. 5b, squares and 

circles). The species remaining in solution in each case were intact hydrazone dimers. At 
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400 mM NaCl both D-MeO and D-Py+ were completely precipitated from solution, while 

1 M NaCl was required to cause complete precipitation of D-Bz (Supp. Info for all NaCl 

titrations).  

 

Figure 3. 5 Dimer concentrations and overall solubilities change with increasing 

concentrations of co-solutes. a) Dimers (5 mM) remain assembled with increased 

concentrations of urea (0.2 – 5 M). b) Dimers (5 mM) precipitate from solution with 

increased concentrations of NaCl (0.2 – 1 M). In 5 M urea and increased NaCl 

concentrations (0.2 – 1 M) c) dimers exist with d) limited precipitation. Solid lines show 

% dimer (=[dimer]/[dimer+3.3]) in solution for D-Py+ (circles), D-Bz (triangles), D-

MeO (squares). Dashed lines show % dimer in solution (=[dimer]/[dimer]0). All solutions 

contain 3.3 (5 mM) with H-Py+, H-Bz, or H-MeO (5 mM) in citrate buffer (50 mM, pD 

5). TSP (1 mM) was used as an internal standard for 5 M urea experiments, in all other 

experiments maleic acid (3 mM) was used. Error is calculated from the maximum 

standard deviation of duplicates. 

The coupling between solute effects on non-covalent assembly and hydrazone 

formation was evident when studies included both NaCl and urea. Precipitation caused by 

the increasing concentrations of NaCl was limited when 5 M urea was also present. In 

terms of overall effect on solubility, increasing NaCl in the presence of 5 M urea caused 

greatest amount of precipitation for Py+ species and the least amount for Bz species (Figure 
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3. 5c). The neutral hydrophobic dimer, D-Bz, decreased from 93% (200 mM NaCl) to 88% 

(1 M NaCl), and when the amount of dimer decreased the appearance of resonances for 3.3 

and H-Bz showed that disassembly is accompanied by unstitching of the hydrazone bond 

(Figure 3. 5c, triangles, spectra in Figure 3. 20). The neutral polar derivative, D-MeO 

decreased from 90% (200 mM NaCl) to 69% (1 M NaCl), also showing that the hydrazone 

reverted to aldehyde and hydrazide components 3.3 and H-MeO (Figure 3. 5c, squares, 

spectra in Figure 3. 19) The charged hydrophobic dimer, D-Py+, remained assembled 

throughout the addition of NaCl (Figure 3. 5c, circles, spectra in Figure 3. 18), with no 

changes in the amount of dimer or aldehyde 3.3 in solution. The overall picture shows 

different coupling between the (AB)2 non-covalent assembly equilibria and the covalent 

AB formation equilibria for each of the compounds under study. 

 

Figure 3. 6 Cartoon illustration of ion condensation around charged groups on D-Py+ 

rendering it neutral and insoluble in D2O. 

Solubility changes are best attributed to direct co-solute interactions with the 

dissolved macrocycles. We propose that ion condensation (ie. ion pairing between Na+ and 

sulfonates) and charge neutralization are the major drivers of precipitation.87, 89, 179 As 

mentioned in Chapter 1.3, alkali cations bind weakly with calixarene sulfonates (Kd = 5.3 

mM).74, 180-181 This does not likely compete with the much stronger host-guest type binding 

at the ~50 mM Na+ concentrations present in the parent buffer, but becomes significant at 

higher NaCl concentrations (0.2 – 1 M). D-Py+ is the dimer that is most sensitive to NaCl-

induced precipitation. This offers more indirect support for the ion condensation model, 
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because D-Py+ is the only molecule with a cationic pendant arm that is subject to ion 

condensation by excess Cl– (Figure 3. 6).  

 

Figure 3. 7 1H NMR stack plots of D-Py+ in the presence of a) both NaCl (400 mM) and 

urea (5 M), b) urea (5 M) only, c) NaCl (400 mM) only, and d) no solute added, suggests 

urea binds and shields sulfonates from cations and mediates precipitation. This is 

supported by resonances ortho to the sulfonates either upfield shift (dotted red line) or 

become inequivalent (highlighted in blue) in the presence of both solutions containing 

urea.   

The origin of the urea effects are revealed by NMR. Urea is known to directly bind 

with sulfonates182 and with hydrophobic moieties,183 increasing the solubility. In the 1H 

NMR spectra containing urea, we observe chemical shift and splitting changes of the upper 

rim proton resonances, indicating that urea interacts directly with this part of the 

calixarenes (Figure 3. 7b). Importantly, the NMR spectra in urea/NaCl mixtures have the 

same characteristic appearance as the urea-only samples (Figure 3. 7a), which suggests 

strongly that urea engages the sulfonates and upper rim directly, and in doing so prevents 

Na+ from condensing onto the sulfonates and causing precipitation, Figure 3. 7e.   

Combining 3.3 with two hydrazides in the same tube creates a complex, 

equilibrating molecular network. We quantified the composition of these dynamic libraries 
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by NMR and created speciation diagrams that help to view the overall state of each system 

under a given set of conditions (Figure 3. 8). We used a molar excess of hydrazides relative 

to aldehyde 3.3 in each tube. This makes the hydrazides compete for a common, scarce 

resource (3.3) to form hydrazone,184 and ultimately to form self-assembled homodimers. 

Under these conditions 3.3 is not observed in NMR spectra. Free hydrazone monomers are 

also not observed, indicating that once a hydrazone forms, its subsequent 

homodimerization is fast and that dimers are thermodynamically stable relative to 

hydrazone monomers. Heterodimers are also not observed. In citrate buffer without 

additional co-solutes, the three pairwise competitions each support the overall order of 

preference D-Py+ > D-Bz > D-MeO. The competition between H-Py+ and H-Bz favours 

D-Py+ by 71:29 (Figure 3. 8a) and the competition between H-Py+ and H-MeO again 

favours D-Py+ by 84:16 (Figure 3. 8b). The neutral hydrazides were nearly similar in 

abundance with a slight preference for D-Bz by 60:40 (Figure 3. 8c). All species are in 

solution under these conditions. 
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Figure 3. 8 Competition among hydrazides produces complex systems that respond 

differently to different co-solutes. Speciation diagrams based on quantitative NMR 

integration data show the composition of different systems and their responses to a – c) 

no solute; d – f) 300 mM NaCl; g – i) 300 mM NaCl and 4.4 M urea. The area of each 

circle corresponds to that species’ concentration, and the locations of each circle show 

how different species are linked to others with which they can equilibrate. All solutions 

contain 3.3 (4 mM) with H-Py+, H-Bz, or H-MeO (4 mM), as indicated, in pH 5 citrate 

buffer and maleic acid (3 mM) as internal integration standard. 

Addition of NaCl leads to varying precipitation from each competitive system. 

Most significantly affected were the competition experiments involving D-Py+, in which 

most of the precipitate formed was derived from Py+. 65% of the precipitate in the Bz/Py+ 

competition (Figure 3. 8d) was derived from Py+, while 94% of the precipitate in the 

MeO/Py+ competition was derived from Py+ (Figure 3. 8e). In both competition 

experiments involving D-MeO (Figure 3. 8e, f) salt induced formation of free, soluble 

hydrazide, instead of completely precipitating from solution, which was not the case in the 

salt experiments with D-MeO alone.  
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The presence of 4.4 M urea allowed the dimers to remain in solution upon addition 

of salt and allowed us to observe the re-distribution of species within the dynamic libraries 

under conditions where all species are in solution. Only small differences are visible when 

comparing dynamic libraries in the absence of co-solute (Figure 3. 8a–c) and in the 

presence of both co-solutes (Figure 3. 8g–i). In each competition experiment involving D-

Py+ with one of the neutral binding arms Bz or MeO, the addition of NaCl and urea caused 

small increases in D-Bz or D-MeO, with compensating small decreases in D-Py+ that 

necessarily lead to an increase in the free hydrazide H-Py+ (compare Figure 3. 8a, b to 

Figure 3. 8g, h). But the overall picture that arises is of two complex networks, each 

governed by reversible hydrazone formation and reversible dimerization equilibria, that are 

remarkably unperturbed by the addition of large amounts of NaCl and urea.  

Covalent hydrazone formation and subsequent non-covalent dimerization are 

strongly coupled under all experimental conditions. Hydrazone monomers (AB) are not 

observed as distinct species in the NMR spectra, and quantitative integration of aldehyde 

and dimer resonances account for all expected calixarene in any given sample. Hydrazone 

formation is rapidly reversible at this pH,177 and to ensure that we were measuring all 

samples at equilibrium we tested samples after several hours to confirm that integrations 

were not changing over time. The overall picture that arises for these self-assembling 

systems is that hydrazone formation leads directly to dimerization, and that the 

unassembled hydrazone monomers are energetically far uphill from either the free 

hydrazide or self-assembled dimeric states. 

Understanding the systems that involve precipitating components is nontrivial. The 

pyridinium arm D-Py+ is consistently the most stable dimer when all species are in 

solution. When many components precipitate (e.g. in the presence of high amounts of 

NaCl, but the absence of urea), the remaining calixarene left in solution is only present as 

D-Py+ (and not, for example, as free aldehyde 3.3). Free aldehyde 3.3 is freely soluble in 

the presence of NaCl when tested alone. When the same amount of NaCl is added in the 

presence of solubilizing urea, the proportion of D-Py+ decreases. This shows how NaCl is 

not necessarily directly increasing or decreasing the dimerization strength of D-Py+ but it 

can also drive changes by the selective precipitation of other competing building blocks.  
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Ion-solute and solute-solute interactions play an important role in solubility. As 

described in Chapter 1.3, salt can heavily influence host and protein solubility and we can 

confer those key lessons to the dimer’s responses. Similar to proteins, hosts that bear 

negatively charged functional groups, like the sulfonates on the calixarene, can associate 

weakly to monovalent cations, like Na+, and induce precipitation.80, 185-186 Furthermore, the 

dimers enhanced solubility by urea resembles that of proteins but in contrast, the dimers’ 

stability is not compromised as is found when urea interacts with proteins.  The 

denaturation process first involves urea directly interacting with the protein surface through 

electrostatic interactions. Urea further penetrates the hydrophobic core by making 

favourable dispersion interactions and ultimately stabilizing a folded state.187 In the case 

of the dimers, urea also seems to interact with the surface of the calixarenes, particularly 

the sulfonates, yet does not create strong enough interactions with the pendant arm to 

outcompete the dimerization process. This urea-calixarene interaction ultimately seems to 

shield the sulfonates from Na+ and limits precipitation. 

The SAMPL challenges discussed in Chapter 1.2 provide further context for the 

challenges in predicting host-guest complexation energies in the presence of salt. The 

SAMPL4 exercise involved the host cucurbit[7]uril, which is known to interact weakly 

with Na+.188 This small and very well understood host-ion interaction led to significant 

errors in calculated host-guest binding energies across almost all methods reported.71 The 

most recent SAMPL5 exercise showed the best results for host-guest binding predictions 

arising from explicit solvent free energy simulations, although the “the level of accuracy is 

still below that sought for reliable computer-aided… design.”72 Considering the 

complexity of molecular recognition interfaces, it isn’t reasonable to predict the energies 

or structures of their many possible interactions with different co-solutes. Given the 

barriers to doing and analyzing explicit solvent simulations and incorporating high 

concentrations of co-solutes, we think that predicting the behaviours of complex systems 

such as those reported here is currently impossible. 

In this work, we purposefully avoid calculations, detailed thermodynamic analysis, 

and accompanying mechanistic conjecture. The highly charged nature of the recognition 

systems and the extremely high concentrations of co-solutes would confound any detailed 
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interpretation. In these experiments, complexes are created and destroyed in response to 

added solutes in ways that are unpredictable and probably not understandable.  

3.4 Conclusions 

This work focuses instead on presenting a new method for achieving recognition 

and self-assembly under highly competitive conditions. Hydrazone exchange is a common 

tool used in dynamic combinatorial chemistry,189-190 especially when the goal is to create 

strong-binding ligands for proteins.191-193 There are also a few examples that rely on DDC 

to discover new hosts that form capsules in organic solvents.194-195  In our current results, 

self-assembly and precipitation are the selective pressures that control the success of 

winning building blocks. Frankly, we were surprised that these studies produced 

compounds that self-assemble faithfully under such extreme urea + salt conditions. We 

think that dynamic combinatorial methods like these will be invaluable in ongoing efforts 

to create self-assembled systems that work under extreme conditions.  

3.5 Supplementary Information 

3.5.1 General information and materials  

 
1H NMR, 13C NMR, 1D DOSY, and 1D NOE were recorded on a Bruker Avance 

Neo 500 MHz spectrometer unless otherwise indicated, and processed with MestReNova 

by Mestrelab Research S.L and TopSpin 3.5. All reported chemical shifts were reported in 

ppm with respect to an internal standard: either maleic acid at 6.2 ppm or 3-

(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TSP) at 0.0 ppm. Deuterated solvents 

were purchased from Sigma Aldrich. Sodium citrate buffer (C6H8O7/Na3C6H5O7, 50 mM, 

pD 5) in D2O was prepared with pD adjustments using NaOD/DCl solutions. Urea was 

dissolved in D2O before lyophilizing to a powder to afford d4-urea, which was used as 

isolated in all NMR experiments in order to minimize signals from exchangeable NH 

protons. NaCl, 4-methoxybenzhydrazide (H-MeO), 3.7 and hydrazine hydrate were 

purchased from Sigma-Aldrich. 4-ethylbenzhydrazide (H-Bz) was purchased from 

Enamine.  
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The following protocol was adapted from previous literature. 3.7 (0.290 g, 1 mmol) was 

dissolved in MeOH (25 mL), 50% hydrazine hydrate (186 μL, 3 mmol) was added and the 

reaction was heated to reflux for 6 h. The orange reaction mixture was concentrated under 

vacuum and the crude was re-crystallized with EtOH to afford yellow crystals of H-Py+ 

(44% yield). Characterization data matched that of reported literature.196  
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3.5.2 Synthesis of novel compounds  

 

5-formyl-26,27,28-tribenzoyloxy-calix[4]arene (3.5). 26,27,28-tribenzoyl-calix[4]arene 

(3.4)176 (3.52 g, 4.7 mmol) was dissolved in TFA (30 mL), followed by the addition of 

hexamethylenetetramine (HMTA) (4.76 mL 44 mmol) and the pink solution was heated 

for 4 h at 70°C. The reaction was reduced to a third of the original volume under reduced 

by vacuum and then diluted with water. The precipitate that formed was dissolved upon 

addition of CH2Cl2. The layers were separated, and the water was extracted with fresh 

CH2Cl2. The organic layers were combined, washed with water, brine, and then dried over 

Na2SO4. The filtered organic layer was concentrated to dryness on a rotary evaporator to 

afford yellow crystals (2.35 g, 64%). Mp: decomposed > 280 °C. FT-IR (cm−1): 3506 (br), 

1726 (m), 1684 (w), 702 (s). 1H NMR (300 MHz, CDCl3): δ 9.69 (s, 1H), 8.01 (d, J = 8.8 

Hz, 6H), 7.76 (t, J = 7.5 Hz, 3H), 7.57 (s, 2H), 7.51 (t, J = 7.7 Hz, 6H), 7.24 (m, 2H), 7.02 

(dd, J = 4.0, 1.0 Hz, 2H), 6.89 (d, J = 7.52 Hz, 2H), 6.72 (dd, J = 7.5, 1.0 Hz, 1H), 6.61 

(m, 4H), 6.17 (s, 1H), 3.90 (d, J = 14.6 Hz, 2H), 3.82 (d, J = 15.3 Hz, 2H), 3.70 (d, J = 

15.3 Hz, 2H), 3.62 (d, J = 14.3 Hz, 2H). 13C NMR (125 MHz, CDCl3):  190.8, 164.3, 

163.8, 158.6, 146.9, 134.0, 133.6, 133.3, 133.2, 131.6, 131.3, 130.9, 130.8, 130.7, 129.4, 

128.8, 128.6, 128.4, 128.0, 127.8, 126.2, 125.2, 37.4, 32.6. HR-MS ([M−H]−, m/z): 

Calculated for C50H35O8
− 763.23374, Found 763.23375. 

 

5-formyl-25,26,27,28-tetrahydroxy-calix[4]arene (3.6). 3.5 (2.35 g, 3.1 mmol) was 

dissolved in MeOH (40 mL). NaOH pellets (4.46 g, 62 mmol) were added and the green 

solution was heated at reflux overnight. The reaction volume was reduced by vacuum until 
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first signs of precipitation. The mixture was quenched with cold 1 M HCl and a precipitate 

formed. This was collected by vacuum filtration and washed with hexanes. The residue 

was purified by column chromatography over silica (CH2Cl2) (856 mg, 62%). Mp: 

decomposed > 280 °C. FT-IR (cm−1): 3157 (br), 1684 (w), 1597 (m), 1450 (m), 756 (s). 1H 

NMR (300 MHz, d6-DMSO): δ 9.66 (s, 1H), 7.68 (s, 2H), 7.10 (m, 6H), 5.76 (s, 0.5H), 

3.90 (br. d, 8H). 13C NMR (75 MHz, CDCl3): δ 190.6, 154.8, 148.5, 131.1, 129.1, 128.5, 

128.0, 127.2, 122.6, 122.4, 31.6. HR-MS ([M−H]− m/z): Calculated for C29H23O5
− 

451.15510, Found 451.15487. 

 

5-formyl-25,26,27,28-tetrahydroxy-11,17,23-trisulfonatocalix[4]arene (3.3). 3.6 (50 

mg, 0.1 mmol) was dissolved in minimum CH2Cl2 (2 mL) and was heated at reflux with 

conc. H2SO4 (100 μL, 180 mmol) for 3 h. An insoluble residue formed. The CH2Cl2 was 

decanted, and the residue was rinsed with fresh CH2Cl2. The solid was suspended in 

EtOAc, transferred into a conical tube and diluted with cold Et2O. The suspension was 

centrifuged to a pellet, the supernatant was decanted and the resuspension/centrifugation/ 

decanting process was repeated three times. The pellet was left to air dry overnight and 

was purified by semi-preparative HPLC (Phenomenex Luna C18, 250 mm x 22 mm, 5 μM, 

UV detection at 280 nm) with a gradient of 90% H2O (+0.1% TFA)/10% CH3CN (+0.1% 

TFA) to 60% H2O (+0.1% TFA)/40% CH3CN (+0.1% TFA) over 20 min. The fractions 

were collected and lyophilized to yield a white fluffy solid (30 mg, 40%). Mp: decomposed 

> 280 °C. FT-IR (cm−1): 3173 (br), 1674 (w), 1131 (s) 1035 (s). 1H NMR (300 MHz, D2O): 

δ 9.39 (s, 1H), 7.59 (s, 2H), 7.54 (d, J = 2.3 Hz, 2H), 7.52 (d, J = 2.2 Hz, 2H), 7.44 (s, 2H), 

3.95 (d, J = 5.3 Hz, 8H). 13C NMR (75 MHz, D2O): δ 194.4, 152.1, 135.6, 131.8, 130.0, 

128.5, 128.2, 126.5, 30.5, 30.3. HR-MS ([M−2H+Na]−, m/z): Calculated for 

C29H22NaO14S3
− 713.00749, Found 713.00749.  

  



 

 

93 

 

3.5.3 1H and 13C of novel compounds 
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3.5.4 Quantitative NMR protocol, solution prep and sample 

calculations 

General protocol for producing hydrazone dimers 

Stock solutions were made in citrate buffer (50 mM, pD 5) containing maleic acid (3 mM) 

of 3.3 and respective hydrazides were measured by NMR, with sufficient D1 relaxation 

delay time (25 s) to determine accurate concentrations. Appropriate volumes of each were 

mixed in an Eppendorf tube to make a 1:1 (5 mM) solution for non-competition 

experiments or 1:1:1 (4 mM) solutions for competitive experiments with a final volume of 

500 μL. The order of addition was as follows: buffer, hydrazide(s), then 3.3.  The 

hydrazone solutions were allowed to mix at room temperature for 2 h before NMR spectra 

were taken.  

 

General protocol for the addition of solute to hydrazone dimers 

Stock solutions of NaCl (5.8 M) and d4-urea (14 M) were made in D2O citrate buffer (50 

mM, pD 5). Appropriate volumes were added to hydrazone solutions and the samples were 

allowed to mix at room temperature for 1 h before NMR spectra were taken. For 

experiments with both NaCl and urea, the order of addition was as follows: buffer, 

hydrazide(s), 3.3, urea then NaCl. 

 

The known concentration of the internal standard was used to calculate the concentration 

of each species in solution from the average of all visible non-overlapped resonances 

assigned to that species.   

 

The percent dimer was calculated as follows:  % dimer=[Dimer]/[Dimer]+[3.3] 

The percent dimer left in solution was calculated as follows:  

% dimer in sol.=[Dimer]/[Dimer]0mM-NaCl 
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3.5.5 1H NMR spectra of D-Bz, D-MeO, D-Py+ 

 

Figure 3. 9 1H spectrum of D-Py+ (5 mM, 1:1 3.3:H-Py+) in citrate buffer (50 mM, pD 

5.0). 
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Figure 3. 10 1H spectrum of D-MeO (5 mM, 1:1 3.3:H-MeO) in citrate buffer (50 mM, 

pD 5.0). 
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Figure 3. 11 1H spectrum of D-Bz (5 mM, 1:1 3.3:H-Bz) in citrate buffer (50 mM, pD 

5.0). 

Table 3. 2 HSQC-assigned carbon and proton hydrazone resonances in DBz, DPy+, and 

DMeO 

Compound 13C chemical shift, 

ppm 

1H chemical shift, 

ppm 

DBza) 149 7.26 

DPy+b) 150 7.88 

DMeOb) 148 8.30 

a) dimer (30 mM) in citrate buffer (50 mM, pD 5.0) with 15% MeOD. b) dimer (30 mM) 

in d6-DMSO 

3.5.6 DOSY analysis of D-Py+, D-MeO, D-Bz 

Table 3. 3 Parameters used for diffusion analysis of D-Bz  

Parameters used for diffusion analysis:  

used γ: 26752 rad/(s*Gauss) 

used δ: 0.0034000 s 

used Δ: 0.049950 s 

used gradient strength: variable 

Random error estimation of data: RMS per spectrum (or trace/plane) 

Systematic error estimation of data: worst case per peak scenario 

Fit parameter Error estimation method: from fit using arbitrary uncertainties 
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Confidence level: 95% 

Used peaks: automatically picked peaks 

Used integrals: area integral 

Used Gradient strength: all values (including replicates) used 

 

Table 3. 4 Diffusion coefficients calculated for D-Bz from 1D DOSY. 

Peak name F2 [ppm] D [m2/s] error 

D-Bz 7.741 2.21 x 10-10 1.581 x 10-12 

D-Bz 7.507 2.23 x 10-10 1.374 x 10-12 

D-Bz 6.641 2.17 x 10-10 2.867 x 10-12 

H-Bz 1.108 6.61 x 10-10 1.580 x 10-11 

 

 

Table 3. 5 Parameters used for diffusion analysis of D-MeO 

Parameters used for diffusion analysis:  

used γ: 26752 rad/(s*Gauss) 

used δ: 0.0050000 s 

used Δ: 0.049950 s 

used gradient strength: variable 

Random error estimation of data: RMS per spectrum (or trace/plane) 

Systematic error estimation of data: worst case per peak scenario 

Fit parameter Error estimation method: from fit using arbitrary uncertainties 

Confidence level: 95% 

Used peaks: automatically picked peaks 

Used integrals: area integral 

Used Gradient strength: all values (including replicates) used 

 

Table 3. 6 Diffusion coefficients calculated for D-MeO from 1D DOSY. 

Peak name F2 [ppm] D [m2/s] error 

D-MeO 7.751 2.22 x 10-10 3.827 x 10-13 

3.3 7.722 3.27 x 10-10 4.641 x 10-12 

D-MeO 7.675 2.22 x 10-10 5.490 x 10-13 

3.3 7.516 3.11 x 10-10 4.161 x 10-12 

D-MeO 7.466 2.23 x 10-10 1.406 x 10-12 

D-MeO 7.404 2.25 x 10-10 6.601 x 10-13 

D-MeO 6.187 2.23 x 10-10 6.793 x 10-13 

3.3 9.498 3.40 x 10-10 1.260 x 10-11 

D-MeO 0.781 2.22 x 10-10 1.424 x 10-12 

D-MeO 0.777 2.24 x 10-10 1.506 x 10-12 
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Table 3. 7 Parameters used for diffusion analysis of D-Py+ 

Parameters used for diffusion analysis:  

used gamma: 26752 rad/(s*Gauss) 

used little delta: 0.0050000 s 

used big delta: 0.049950 s 

used gradient strength: variable 

Random error estimation of data: RMS per spectrum (or trace/plane) 

Systematic error estimation of data: worst case per peak scenario 

Fit parameter Error estimation method: from fit using arbitrary uncertainties 

Confidence level: 95% 

Used peaks: automatically picked peaks 

Used integrals: area integral 

Used Gradient strength: all values (including replicates) used 

 

Table 3. 8 Diffusion coefficients calculated for D-Py+ from 1D DOSY. 

F2 [ppm] D [m2/s] error 

8.226 2.38 x 10-10 2.022 x 10-12 

7.812 2.23 x 10-10 1.829 x 10-12 

7.719 2.28 x 10-10 6.549 x 10-13 

7.682 2.37 x 10-10 8.746 x 10-12 

7.481 2.25 x 10-10 1.351 x 10-12 

-1.019 2.25 x 10-10 3.671 x 10-12 

7.919 2.26 x 10-10 6.528 x 10-12 

1.761 2.24 x 10-10 4.377 x 10-12 
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3.5.7 1H NMR of competition experiments 

 

Figure 3. 12 1H NMR spectrum of 1:1:1 mixture of 3.3:H-Py+:H-MeO (4 mM) in citrate 

buffer (50 mM, pD 5.0) 

 

Figure 3. 13 1H NMR spectrum of 1:1:1 mixture of 3.3:H-Py+:H-Bz (4 mM) in citrate 

buffer (50 mM, pD 5.0) 
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Figure 3. 14 1H NMR spectrum of 1:1:1 mixture of 3.3:H-Bz:H-MeO (4 mM) in citrate 

buffer (50 mM, pD 5.0) 
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3.5.8 1H NMR titrations of co-solutes into D-Bz, D-MeO, D-Py+ 

3.5.8a Urea (200 mM, 600 mM, 1 M, 2.5 M, 5 M) 

 

 

Figure 3. 15 1H NMR titrations of urea (14 M stock) into D-Py+ (5 mM) in citrate buffer 

(50 mM, pD 5) shows very little change in the resonances associated to the dimer (CH3 –

1.03 ppm, CH2 1.74 ppm, ortho-protons 8.25 ppm), indicating at high concentrations of 

urea the dimer remains assembled. Solutions contain 1:1 H-Py+:3.3 (5 mM, ea.) and 

maleic acid as the internal standard (3 mM). 
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Figure 3. 16 1H NMR titrations of urea (14 M stock) into D-MeO (5 mM) in citrate 

buffer (50 mM, pD 5) shows very little change in the resonances associated to the dimer 

(OMe 0.78 ppm, ortho-protons 6.20 ppm), indicating at high concentrations of urea the 

dimer remains assembled. Solutions contain 1:1 H-MeO:3.3 (5 mM, ea.) and maleic acid 

as the internal standard (3 mM). 
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Figure 3. 17 1H NMR titrations of urea (14 M stock) into D-Bz (5 mM) in citrate buffer 

(50 mM, pD 5) shows very little change in the resonances associated to the dimer (CH3 –

1.33 ppm, CH2 –0.21 ppm, ortho-protons 6.51 ppm), indicating at high concentrations of 

urea the dimer remains assembled. Solutions contain 1:1 H-Bz:3.3 (5 mM, ea.) and 

maleic acid as the internal standard (3 mM). 
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3.5.8b NaCl (200, 400, 600 mM) 

 

Figure 3. 18 1H NMR titrations of NaCl (5.8 M) into D-Py+ (5 mM) in citrate buffer (50 

mM, pD 5) shows decreasing signal due to precipitation starting at 200 mM NaCl and 

nearly all material is lost at 600 mM NaCl. Solutions contain 1:1 H-Py+:3.3 (5 mM, ea.) 

and maleic acid as the internal standard (3 mM). 
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Figure 3. 19 1H NMR titrations of NaCl (5.8 M) into D-MeO (5 mM) in citrate buffer (50 

mM, pD 5) shows decrease dimer due to precipitation starting at 200 mM NaCl and 

nearly all material is lost at 600 mM NaCl, leaving behind H-MeO. Solutions contain 1:1 

H-MeO:3.3 (5 mM, ea.) and maleic acid as the internal standard (3 mM). 
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Figure 3. 20 1H NMR titrations of NaCl (5.8 M) into D-Bz (5 mM) in citrate buffer (50 

mM, pD 5) shows decrease dimer due to precipitation starting at 200 mM NaCl and 

nearly all material is lost at 600 mM NaCl, leaving behind H-Bz. Solutions contain 1:1 

H-Bz:3.3 (5 mM, ea.) and maleic acid as the internal standard (3 mM). 
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3.5.8c  5 M urea and NaCl (200, 400, 600 mM, 1 M) 

 

Figure 3. 21 1H NMR titrations of NaCl (5.8 M) into D-Py+ (5 mM) with 5 M urea in 

citrate buffer (50 mM, pD 5) shows the presence of H-Py+ resonances at 200 mM NaCl, 

a decrease in dimer intensity due to precipitation starting at 600 mM NaCl yet resonances 

of dimer remain alongside H-Py+ at 1 M NaCl. 1:1 H-Py+:3.3 (5 mM, ea.) and TSP as 

the internal standard (1 mM). 



 

 

111 

 

 

Figure 3. 22 1H NMR titrations of NaCl (5.8 M) into D-MeO (5 mM) with 5 M urea in 

citrate buffer (50 mM, pD 5) shows the presence of H-MeO resonances at 200 mM NaCl, 

a decrease in dimer intensity due to precipitation starting at 400 mM NaCl yet resonances 

of dimer remain alongside H-MeO at 1 M NaCl. 1:1 H-MeO:3.3 (5 mM, ea.) and TSP as 

the internal standard (1 mM). 



 

 

112 

 

 

Figure 3. 23 1H NMR titrations of NaCl (5.8 M) into D-Bz (5 mM) with 5 M urea in 

citrate buffer (50 mM, pD 5) shows a slight decrease in dimer intensity due to 

precipitation starting at 1 M NaCl yet no new resonances from H-Bz become apparent 

during the titration. 1:1 H-Bz:3.3 (5 mM, ea.) and TSP as the internal standard (1 mM).  
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3.5.9 1H NMR stack plots of competition experiments with added co-

solutes  

 

Figure 3. 24 1H spectra show that neutral hydrophobic, D-Bz and neutral polar, D-MeO 

are both equally capable of existing in strongly denaturing conditions. Without solute, D-

Bz is favoured 60:40, while 300 mM NaCl induces precipitation shown by increased H-

Bz resonances and decreased D-MeO resonances. When both 4.4 M urea and 300 mM 

NaCl is present the spectra resembles that of no solute present. 
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Figure 3. 25 1H spectra show that neutral hydrophobic, D-Bz is more resilient to extreme 

solute conditions than the charged hydrophobic, D-Py+ derivative. Without solute, D-

Py+ is favoured 71:29, while 300 mM NaCl induces precipitation of both dimers. When 

4.4 M urea and 300 mM NaCl is added, the spectra shows an increase in D-Bz resonances 

(ortho-protons, 6.54 ppm) and a proportional decrease in D-Py+ resonances (ortho-

protons, 8.13 ppm), shifting the ratio to 64:36. 
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Figure 3. 26 1H spectra show that neutral polar, D-OMe is more resilient to extreme 

solute conditions than the charged hydrophobic, D-Py+ derivative. Without solute, D-

Py+ is favoured 84:16, while 300 mM NaCl induces precipitation of both dimers. When 

4.4 M urea and 300 mM NaCl is added, the spectra shows an increase in D-Bz resonances 

(ortho-protons, 6.2 ppm) and a proportional increase in H-Py+ resonances (ortho-

protons, 8.71 ppm), shifting the ratio to 68:32.  
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Chapter 4: Analyte-driven disassembly and turn-on fluorescent 
sensing in competitive biological media  

 

This work was adapted from a previously published paper.  

Meagan A. Beatty, Jorge Borges-González, Nicholas J. Sinclair, Aidan T. Pye, Fraser 

Hof. 

J. Am. Chem. Soc., 2018, 140, 3500-3504. 

 

FH conceived of the idea. NS developed synthetic protocols to first synthesize the 

precursor and the chemosensor. MB supervised the undergraduates JB and AP as they 

carried out preliminary studies: JB carried out preliminary UV-Vis/fluorescence 

measurements and 1H NMR dilution and titrations experiments. AP contributed synthesis 

of starting materials. Shaun MacLean assisted with molecular modeling. MB designed and 

carried out all assembly characterization and sensing experiments: UV-Vis/fluorescence 

titrations, 1D DOSY, 2D NOESY, 1H NMR titrations, quantitative NMR, and enzymatic 

reactions. MB and FH co-wrote the paper. MB coined the term “DimerDye”.  

 

4.1 Foreword 

Supramolecular chemosensors that detect biological analytes in complex mixtures 

were introduced in Sections 1.4 and 1.5. These types of sensors operated by indicator 

displacement, and the examples presented carried out functions that ranged from detecting 

enzymatic reaction products, to cancer markers in plasma and neurotransmitters inside 

living cells. The supramolecular complexes involved in these examples all were able to 

withstand the negative effects of salt that are inevitably present in the respective media. 

Similarly, our yin-yang self-assemblies in Chapter 3 and Section 1.6 had proven to be 

tolerant to salts and benefited from large amounts of organic co-solutes. From Chapter 2 

we learned that these dimers are responsive and can be disrupted only in the presence of 

hydrophobic cations.   

We wanted to transform the original yin-yang dimers into chemosensors to detect 

biological cations. We hoped that this new self-assembling chemosensor would inherit the 

characteristics from dimers in Chapter 2 and Chapter 3. More specifically, that they will 

disassemble in the presence of a targeted guest yet remain functional in salty solutions. 
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4.2 Introduction   

Indicator displacement assays (IDAs), introduced in Chapter 1.4, are the central 

mechanism by which supramolecular hosts are converted into sensors.106, 197-198 This 

approach has been widely used, having been demonstrated with many different dyes 

complexed with macrocycles62, 199-201 or clefts104, 107, 168 that target analytes of many classes. 

IDAs that are intended to detect analytes in real biological solutions often need case-by-

case optimization. The Kd of host-dye and host-analyte equilibria must be compatible with 

each other, and both of those equilibria are sensitive to co-solutes.106, 202  

Real-world solutions contain salts, organic molecules, complex buffers, and 

biological components that can affect binding equilibria and/or the dye’s emission in ways 

that diminish signal or render the IDA inoperative. There were many examples in Chapter 

1 of sulfonatocalix[n]arene hosts (e.g. SC4A) paired with the dye lucigenin (1.29) (Figure 

4. 1), creating IDAs for sensing neurotransmitters, post-translationally modified peptide, 

and other signaling molecules.67, 203-205 To re-introduce a key example from Chapter 1, 

SC4A and 1.29 were used inside living cells to successfully detect acetylcholine. However, 

anions abundantly found in cells such as chloride quench 1.29 fluorescence by up to 95%, 

reducing the size of signal that can be obtained by this IDA. Furthermore the salts in the 

cell growth medium ultimately weakened the complex by 100-fold.109, 117, 206 Cucurbiturils 

(e.g. CB7, Figure 4. 1) have also been paired with a variety of dyes to detect many different 

amines. 207-209 However, they too operate best in low-Na+ solutions because Na+ binds to 

the oxygen-lined portals and decreases binding of both analytes and indicators.210-211  
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Figure 4. 1 Responses of common IDA assemblies to NaCl. a) Lucigenin (1.29), a 

popular dye used in IDA, is quenched by anions such as chloride. b) Cucurbiturils and 

SC4A have weakened affinities for dyes and guests in the presence of Na+. 

Our collection of self-assembling calix[4]arene hosts are tolerant to salts and other 

co-solutes yet responsive to hydrophobic cations. As discussed in Chapter 1, these dimers 

get stronger in the presence of added salt and remain faithfully assembled in real biological 

fluids.134 While in Chapter 2, dimers were shown to disassemble and encapsulate 

hydrophobic cations such as tetramethylammonium but remain inert to hydrophilic cations 

like methylamine. We sought to translate these unique features to develop a new class of 

supramolecular chemosensors that can sense analytes in biological solutions. 
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Figure 4. 2 Cartoon depiction of a) an Indicator Displacement Assay and b) a DimerDye 

Disassembly Assay which involves an integrated host-dye sensor that disassembles in the 

presence of an analyte to produce a turn-on fluorescence response. 

The new chemosensors integrate both host and dye within a single molecular 

species (a “DimerDye”) that homodimerizes in water and can be implemented as a 

DimerDye Disassembly assay (DDA). DDA would achieve analyte sensing because 1) the 

self-assembly forces two copies of fluorophore to stack upon each other, and 2) guest 

binding causes programmed disassembly of the dimers into a host-guest complex, thereby 

changing the photophysical response (Figure 4. 2).  
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Figure 4. 3 Brooker’s Merocyanine (2.13) is integrated into the calix[4]arene macrocycle 

to form DD1, which dimerizes in a similar fashion to tBu1-SC4A. 

We designed the integrated host-dye merocyanine calixarene (DD1) to test the 

DDA concept. Brooker’s merocyanine (2.13) is a styryl dye that displays strong 

solvatochromism.99, 212 The design of DD1 includes the phenolic ring of 2.13 directly 

within the macrocyclic core of calix[4]arene213 (Figure 4. 3). We anticipated that the 

merocyanine arm would serve as hydrophobic element to bind into the calixarene pocket 

of a second monomer to drive a dimeric self-assembly, wherein each monomer bears a net 

–3 charge.152, 214 

4.3 Results and Discussion 

DimerDyes were efficiently synthesized by site-specific functionalization of the 

calix[4]arene skeleton. The aldehyde trisulfonate 3.3 previously discussed in Chapter 3 was 

used as a key intermediate. Condensation reactions with 3.3 and picolinium derivatives 

produced the targeted merocyanine calixarenes, DD1 (N-methyl) and DD2 (N-ethyl), with 

37% and 30% yield, respectively, after reverse-phase HPLC purification (Scheme 4. 1).  

 

Scheme 4. 1 Synthesis of DD1 and DD2. 
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NMR studies of DD1 and DD2 demonstrate that they self-assemble in water. The 

pyridinium aryl protons of DD1 shift upfield by ≥1 ppm relative to chemical shifts observed 

for free 2.13, while the N-methyl resonance moves >3.5 ppm upfield, which is diagnostic 

of encapsulation deep within the calixarene macrocycle (Figure 4. 4a). All protons on the 

merocyanine arm show upfield shifts in D2O relative to values in d6-DMSO, consistent 

with the existence of an assembled state in water and free monomer in DMSO (Table 4. 2). 

The N-ethyl derivative, DD2, showed similar upfield chemical shifts in the NMR (Figure 

4. 4b and Table 4. 3) while the N-ethyl triplet and quartet provided easily assigned protons 

for structural analysis. 2D NOESY correlations between Et protons (−1.01 ppm) and upper-

rim protons (7.64 ppm) are diagnostic of the assembled state (Figure 4. 4c). The rigidity of 

the E-alkene ensures that intramolecular self-inclusion of pyridinium arms is impossible. 
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Figure 4. 4 1D and 2D NMR data support the formation of the expected dimers. Key 

resonances, N-CH3 singlet (red dots) and ortho-protons (blue dots), are upfield shifted in 

a) DD1 in comparison to the b) parent dye, 2.13, which is indicative of dimerization. c) 

N-ethylpyridinium protons are upfield-shifted in D2O (dimer) relative to their normal 

positions in d6-DMSO (monomer). d) The upfield-shifted DD2 ethyl group shows an 

NOE with calix[4]arene upper rim protons. Solutions all in NaH2PO4/Na2HPO4
 (100 mM, 

pD 7.8). 

DOSY experiments confirm that DD1 and DD2 exist as dimers in water. The 

diffusion coefficient of DD1, DD2 and the monomeric control, SC4A, were measured by 
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1D DOSY, and the hydrodynamic radii (rH) were calculated using the Stokes-Einstein 

equation (Table 4. 1). The rH for both DimerDyes are comparable to predicted radii from 

simple molecular models (Figure 4. 11 and Figure 4. 12). 

Table 4. 1 DOSY characterization of DD1, DD2 dimers and monomeric control 

calix[4]arene, SC4A. 

Compound D (m2/s) rH
a) (Å) r (Å) 

SC4A (3.43 ± 0.07) × 10−10 a) 7.1 ± 0.2 6.6b) 

DD1 (2.37 ± 0.04) × 10−10 10.3 ± 0.5 11.6c) 

DD2 (2.11 ± 0.08) × 10−10 11.5 ± 0.6 11.2c) 

a) Average of two replicates. b) Values for are from X-ray crystal structure. c) Optimized 

modeled structures (see Supp. Info.).  

 

Dimerization of DD1 in water is >500-fold stronger than that of tBu1-SC4A. ITC 

dilutions across many different concentration ranges showed little or no heat evolution 

(data not shown), showing that the dimer dissociation is nearly thermoneutral under these 

conditions and therefore can’t be studied by calorimetry.215 Instead, upfield-shifted NMR 

resonances for [DD1]2 were identified and integrated for samples containing different total 

concentrations DD1. Free monomer concentration was determined by mass balance, 

providing a value for Kd of (3.3 ± 2.0) μM from the mean of 3 different experiments at 2 

different values of [DD1]t (see Supp. Info.).  

The self-assembly of DD1 gives it photophysical properties that are distinct from 

those of 2.13. DD1 forms a yellow solution in neutral water with an extinction coefficient 

of 26,500 M-1cm-1 as a dimer species (see Supp. Info.). Compound 2.13 is fluorescent in 

water and in DMSO (see Supp. Info.), while DD1 is fluorescent in DMSO but is non-

emissive in neutral water (see Supp. Info.). Compound 2.13 remained fluorescent when 

mixed with SC4A (see Supp. Info.), showing that the dark state of DD1 in water arises 

because of the position of two copies of the chromophore within the DD1 dimer, and not 

simply from the binding of a merocyanine dye to a calixarene pocket. Fluorescence and 

NMR data together demonstrate the structural principles of the DimerDye design: 1) NMR 

data show that DD1 is monomeric in DMSO, and dimeric in water. 2) DD1 is emissive as 

a monomer, but not emissive as a dimer due to quenching of the fluorophore’s excited state 

by the second adjacent fluorophore. 
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Figure 4. 5 Absorption (dotted line) and fluorescence (solid line) spectra of DD1 (4 μM) 

in a) Na2HPO4/NaH2PO4 buffer (10 mM, pH 7.4, λex. 382 nm) and b) DMSO (λex. 482 

nm, λem 585 nm). Pictures of DD1 show the lack of fluorescence in water (left vials) and 

visible emission in DMSO (right vials) when irradiated by a handheld UV lamp at 365 

nm. All solutions are homogeneous. 

DD1 is a turn-on fluorescent sensor for guests in water. A panel of amino acids 

were studied by fluorescence (Figure 4. 6, Figure 4. 20) and NMR. Sulfonated calixarenes 

bind Kme3 and other amino acids with Kd values between 30 and 2000 µM, meaning that 

concentrations of these analytes in this range are needed to disrupt the homodimers.216 The 

greatest fluorescence response was observed for Kme3, and a negligible response was seen 

for K (Figure 4. 6b and c). Added salts are tolerated, causing slightly decreased signal 

intensity but better Kme3/K selectivity (Figure 4. 21). NMR titrations of Kme3 into DD1 

provided insight into the interactions between analyte and sensor. Most DD1 resonances 

broadened with the increase of Kme3 concentration indicating intermediate exchange of 

[DD1]2 and [DD1]-Kme3 on the NMR timescale. The resonances that were the most 

broadened were the protons that experience the largest chemical shift change during the 

transition from dimer to analyte-sensor complex, in particular the N-methyl group, and 

pyridinium protons (Figure 4. 7). Controls showed that titrating the weaker guest lysine 

into DD1 produced only slight broadening at significantly higher lysine concentrations 

(Figure 4. 8), while titrations of Kme3 into 2.13 caused no changes in chemical shift (Figure 

4. 19). These data collectively prove that host-guest recognition within the calixarene 

pocket causes disassembly of the dimer, which is accompanied by a turn-on fluorescence 

response. 
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Figure 4. 6 Absorption (dotted line) and fluorescence (solid line) of DD1 (10 µM) in 

Na2HPO4/NaH2PO4 buffer (10 mM, pH 7.4, λex. 382 nm) a) without guest c) with Kme3 

(1 mM, λex. 382 nm, λem. 575 nm). b) Comparison of fluorescence intensities observed 

with various amino acids (250 μM, λex. 382 nm, λem 575 nm). d) The structures of each 

analyte tested show the two hydrophobic cations, trimethyllysine (Kme3) and asymmetric 

dimethyl arginine (aRme2), share a similar shape and induce the strongest responses over 

the hydrophilic cations lysine (K), N-acetyllysine (Kac), arginine (R) and asymmetric 

dimethylarginine (aRme2). 
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Figure 4. 7 1H NMR titration of trimethyllysine (Kme3) (10 mM) into DD1 (250 μM) 

suggest host-guest complexation. Red arrows indicate DD1 resonances broadening and 

decreasing in intensity due to dimer dissociation and complexation with Kme3. 

 

Figure 4. 8 1H NMR titrations of lysine (K) (10 mM) into DD1 (250 µM), arrows indicate 

the lack of change in DD1 resonances as K does not disrupt the dimer under these 

conditions. 

DD1 operates in complex media and on complex analytes. Histone peptide tails are 

home to epigenetic methyllysine marks that are under the control of methyltransferases and 
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demethylases. Calixarenes bearing three sulfonates routinely bind cationic Kme3 peptides 

with Kd values of 0.17–5 µM, while retaining selectivity over unmethylated peptides.15 We 

tested DD1 with histone tails in typical reaction buffers for S-adenyl-methionine (SAM)-

dependent methyl transferases (Figure 4. 23) and Fe2+- and cofactor-dependent 

demethylases (Figure 4. 24). In each case, the methylated histone tail gave a turn-on 

fluorescent signal that was significantly greater than response to its unmethylated 

counterpart. We conducted an enzymatic methylation of a H3K4 21-mer histone tail 

peptide with methyltransferase PRDM9 in 96-well format. DD1 produced a real-time, turn-

on fluorescence signal as the reaction produced methylated product (Figure 4. 9b, c, and 

Figure 4. 25). The assay is also reversible in that DD1 was able to monitor the 

demethylation of a 21-mer H3K9me3 peptide by JMJD2D. In this case, we started with a 

fluorescent signal as the substrate peptide contained trimethyllysine. As JMJD2D de-

methylated the peptide to form the dimethylated product, H3K9me2, the signal decreased 

as it is a weaker guest for calixarenes (Figure 4. 10 and Figure 4. 26).   

 

 

Figure 4. 9 a) Emission spectra of DD1 (8 μM, λex. 384 nm) in the reaction conditions 

(solid gray line), with H3K4me3 (40 μM, solid black line), and H3K4 (40 µM, dotted 

line). b) Fluorescence increases as methyltransferase, PRDM9 (460 nM), methylates 

H3K4 (40 µM) with DD1 (8 µM, λex. 384 nm, λem 585 nm) in the reaction conditions: 

Tris (50 mM, pH 8.5), NaCl (30 mM), DTT (1 mM), SAM (300 μM). c) Reaction scheme 
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of PRDM9-catalysed conversion of H3K4 to H3K4me3, which complexes with DD1 

inducing a turn-on fluorescence response. 

 

Figure 4. 10 a) Fluorescence decreases as demethyltransferase, JMJD2D (400 nM), 

removes a single methyl from H3K9me3 (50 µM) to form the dimethylated product 

(H3K9me2) with DD1 (8 µM, λex. 384 nm, λem 580 nm) in the reaction conditions: 

NaH2PO4/Na2HPO4 buffer (50 mM, pH 7.4), (NH4)2Fe(SO4)2 (100 μM), 2-oxoglutaric 

acid (200 μM), ascorbic acid (500 μM). The dotted line indicates the level of 

fluorescence response for a control well containing the fully demethylated peptide H3K9 

and DD1 at the same concentrations. b) Reaction scheme of JMJD2D-catalysed 

conversion of H3K9me3 to H3K9me2, which is a weaker guest for DD1 and does not 

induce the same fluorescent response as the substrate peptide. 

The sensing of enzymatic reaction by DD1 is a rare example of real-time analysis 

of methyltransferase activity. All commercial assays for methyltransferases and 

demethylases require the reaction to be halted at various times before undergoing separate 

steps to develop signal through a coupled colorimetric/fluorometric reaction,217 isolation 

and detection of an incorporated radioisotope,218 or by some antibody-mediated binding 

event.219 Only a few continuous assays that use supramolecular approaches have been 

reported. One example introduced in Section 1.4 successfully monitored the 

trimethyllysine product formation in real-time.67, 202 Another example mentioned in Section 

1.4 operates through the dis-aggregation of a micellar aggregate containing a cavitand and 



 

 

129 

 

quenched indicator. This unusual assay reagent gives a turn-off response for a demethylase 

reaction in the presence of salts, co-solutes and transition metals.62, 220-221  

This approach incorporates features of other supramolecular sensing schemes in 

unique ways. Previously published alternatives to IDA fall broadly into three categories: 

intramolecular indicator displacement assays (IIDAs)222 and receptor-spacer-reporter 

(RSR) sensors223 involve hosts covalently linked to chromophores; another collection of 

host-type sensors rely on aggregation-induced emission (AIE) arising in various ways from 

analyte binding.224-226 DimerDyes relate structurally to IIDAs, but differ in that the dye is 

included into a recognition pocket in an assembled, intermolecular complex. This dimer 

assembly is similar to AIE-based sensors in that a change in supramolecular environment 

induces a photophysical response. But it differs by involving a programmed dimeric 

assembly with tight control over chromophore-chromophore interactions instead of 

extended aggregates, and by producing a turn-on response to sensor disassembly that is the 

opposite of AIE. Unlike RSRs, DimerDyes don’t need the analyte to have any direct 

influence on the excited state of the fluorophore.  

4.4 Conclusions 

We successfully transformed the original yin-yang structure into a fluorescent 

chemosensor that operates by disassembly and complexation with select guests. This 

design is general and adaptable, and we anticipate that this mode of disassembly-induced 

turn-on sensing will operate for many different dimeric species that include a host and an 

integrated dye in an appropriate architecture. The DimerDyes reported here have an 

intrinsic tolerance to diverse biological solutions that we will aim to preserve and exploit 

as we expand the DimerDye concept to more hosts, dyes, and analytes. 

4.5 Supporting information 

4.5.1 General information and materials 

1H, 13C, 2D NOESY, and 1D DOSY were recorded on a Bruker Avance 500 MHz 

spectrometer unless otherwise indicated and processed with MestReNova by Mestrelab 

Research S.L. All reported chemical shifts were reported in ppm with respect to an internal 
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standard: either cis-butenedioic acid (maleic acid) at 6.2 ppm or 2,2,3,3-d4-3-

(trimethylsilyl)propionic acid sodium salt at 0.0 ppm. Deuterated solvents were purchased 

from Sigma Aldrich and NaH2PO4/Na2HPO4 (100 mM, pD 7.8) in D2O were prepared in 

lab and the pD was adjusted with NaOD/DCl solutions. Mass spectra of novel compounds 

were collected on a Thermo Scientific Ultimate 3000 ESI-Orbitrap Exactive. All UV-Vis 

and fluorescence spectra were collected on a Molecular Device Spectra M5 spectrometer 

in a quartz cuvette. Titrations and dilutions were conducted in a NUNC black walled, 

optical bottom 96-well plate. Enzyme assay optimization and kinetic experiments were 

conducted on a Cytation-5 BioTek Imaging Reader. Infrared (IR) spectra were obtained 

using a Perkin Elmer 1000 FT-IR spectrometer. Data are represented as follows: frequency 

of absorption (cm–1), intensity of absorption (s = strong, m = medium, w =weak, br = 

broad). Melting points were collected on a Gallenkamp Melting Point apparatus. 

Compounds 3.3, DD1, and DD2 were purified using a Shimadzu Prominence HPLC system 

with UV detection at 280 nm and 370 nm. 

H3K9(7-14) and H3K9me3(7-14) were synthesized on a Liberty 1 solid-phase microwave 

peptide synthesizer (CEM). The peptides were purified by a 9.4 mm x 250 mm semi-

preparative Agilent Eclipse XDB-C18 5 μm on a Shimadzu Prominence HPLC system with 

UV detection at 280 nm. A gradient ran from 95% H2O (+0.1% TFA)/5% CH3CN (+0.1% 

TFA) to 75% H2O (+0.1% TFA) /25% CH3CN (+0.1% TFA) over 18 min. The fractions 

were collected and lyophilized to a white powder.  

H3K4(1-21) and H3K4me3 (1-21) for both enzyme assays were purchased from Anaspec. 

Recombinant JMJD2D was purchased from Active Motif. Recombinant PRDM9 (191-

414) was purchased from Active Motif, and stored as 4 μL (23 µM) aliquots to avoid 

multiple thaw-freeze cycles. S-(5′-Adenosyl)-L-methionine chloride dihydrochloride 

(SAM) was purchased from Sigma Aldrich.   

Compound 3.3 was synthesized as outlined in Chapter 3. 2.13 was synthesized according 

to the literature.227  
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4.5.2 Synthesis of DD1 and DD2 

 

DD1. Compound 3.3 (50 mg, 72 μmol), N-methyl-4-methylpyridinium iodide (17 mg, 80 

μmol) and piperidine (200 uL, 2.1 mmol) were dissolved in MeOH (3 mL) and heated at 

reflux overnight. The reaction mixture was reduced to an oil under reduced pressure and 

purified using a gradient run from 90% H2O (+0.1% TFA)/10% CH3CN (+0.1% TFA) to 

35% H2O (+0.1% TFA)/65% CH3CN (+0.1% TFA) over 25 min the fraction were 

collected, and lyophilized to a pure yellow solid (20 mg, 37%). Mp: decomposed > 280 °C. 

FT-IR (cm−1): 3200 (br), 1637 (w), 1625 (w), 1454 (w), 1168 (br), 1112 (m), 1037 (s), 782 

(m), 625 (s). 1H NMR (500 MHz, 100 mM H2PO4/HPO4 in D2O): δ 7.77 (d, J = 3.6 Hz, 

4H), 7.64 (s, 2H), 7.45 (d, J = 6.7 Hz, 2H), 7.25 (s, 2H), 7.05 (d, J = 16.2 Hz, 2H), 6.61 

(d, J = 16.3 Hz, 2H), 6.52 (d, J = 6.6 Hz, 2H), 4.50 (d, J = 13.1 Hz, 2H), 4.40 (d, J = 13.1 

Hz, 2H), 3.69 (d, J = 13.3 Hz, 2H), 3.60 (d, J = 13.3 Hz, 2H), 0.67 (s, 3H). 13C NMR (125 

MHz, d6-DMSO): δ 153.6, 153.0, 151.3, 144.5, 140.6, 140.5, 140.0, 129.5, 129.4, 128.2, 

128.1, 128.0, 127.8, 126.8, 123.4, 120.5, 44.6, 31.1. HR-MS ([M−2H+Na]−, m/z): 

Calculated for C36H29NNaO13S3
− 802.07042, Found 802.07057. 

 

DD2. Compound 3.3 (50 mg,723 μmol), N-ethyl-4-methylpyridinium iodide (19 mg, 80 

μmol), and piperidine (200 uL, 2.0 mmol) were dissolved in MeOH (3 mL) and heated at 

reflux overnight. The reaction mixture was reduced to an oil under reduced pressure and 

purified by a gradient run from 90% H2O (+0.1% TFA)/10% CH3CN (+0.1% TFA) to 35% 
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H2O (+0.1% TFA)/65% CH3CN (+0.1% TFA) over 25 min, the fraction were collected, 

and lyophilized to a pure yellow solid (20 mg, 30%). Mp: decomposed > 280 °C. FT-IR 

(cm−1): 3400 (br.), 1644 (w), 1618 (w), 1592 (w), 1457 (w), 1159 (m), 1034 (s), 784 (m), 

623 (s). 1H NMR (500 MHz, 100 mM H2PO4/HPO4 in D2O): δ 7.72 (d, J = 2.2 Hz, 2H), 

7.68 (d, J = 2.6 Hz, 2H), 7.64 (s, 2H), 7.45 (d, J = 6.7 Hz, 2H), 7.44 (d, J = 6.6 Hz, 2H), 

7.25 (s, 2H), 7.05 (d, J = 16.2 Hz, 2H), 6.61 (d, J = 16.3 Hz, 2H), 4.50 (d, J = 13.1 Hz, 

2H), 4.40 (d, J = 13.1 Hz, 2H), 3.69 (d, J = 13.3 Hz, 2H), 3.60 (d, J = 13.3 Hz, 2H), 1.16 

(q, J = 7.4 Hz, 2H), −1.01 (t, J = 7.4 Hz, 3H). 13C NMR (125 MHz, d6-DMSO): δ 154.1, 

153.2, 151.9, 150.4, 143.8, 151.1, 143.8, 141.0, 129.3, 128.2, 127.8, 127.7, 127.1, 126.9, 

126.6, 123.5, 120.5, 54.0, 31.3, 31.2, 14.8. HR-MS ([M−2H+Na]−, m/z): Calculated for 

C37H31NNaO13S3
− 816.08607, Found 816.08638. 
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4.5.3 1H and 13C NMR spectra of DD1 and DD2 
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4.5.4 Supplementary characterization of self-assembly  

4.5.4a 1H NMR of DD1 and DD2 in D2O and d6-DMSO 

Table 4. 2 Chemical shift comparison of DD1 in D2O and d6-DMSO.  

Atoma)  D2O d6-DMSO 

Hb 7.77 7.45 

Ha 7.64 7.38 

Hc 7.25 7.33 

Hd 6.62 6.95 

He 7.04 7.51 

Hf 6.52 8.06 

Hg 7.45 7.86 

Hh 0.67 3.13 

a) See above for atom labels 

 

Table 4. 3 Chemical shift comparison of DD2 in D2O and d6-DMSO. 

Atom a)  D2O d6-DMSO 

Hd 6.67 7.02 

He 7.13 7.58 

Hf 7.43 7.94 

Hg 7.62 8.42 

Hh 1.16 4.71 

Hi -1.01 1.51 

a) See above for atom labels 

4.5.4b DOSY analysis of DD1 and DD2  

Table 4. 4 Parameters used for diffusion analysis of DD1 

Parameters used for diffusion analysis:  

used γ: 26752 rad/(s*Gauss) 

used δ: 0.0054000 s 

used Δ: 0.049950 s 

used gradient strength: variable 

Random error estimation of data: RMS per spectrum (or trace/plane) 

Systematic error estimation of data: worst case per peak scenario 

Fit parameter Error estimation method: from fit using arbitrary uncertainties 

Confidence level: 95% 

Used peaks: automatically picked peaks 

Used integrals: area integral 

Used Gradient strength: all values (including replicates) used 
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Table 4. 5 Diffusion coefficients calculated from indicated resonances in DD1 from 1D 

DOSY 

F2 [ppm] D [m2/s] error 

7.768 2.38 x 10-10 7.431 x 10-13 

7.641 2.40 x 10-10 1.606 x 10-12 

7.460 2.39 x 10-10 1.731 x 10-12 

7.247 2.35 x 10-10 1.907 x 10-12 

6.516 2.34 x 10-10 1.555 x 10-12 

0.668 2.38 x 10-10 1.564 x 10-12 

 

Table 4. 6 Parameters used for diffusion analysis of DD2 

Parameters used for diffusion analysis:  

used γ: 26752 rad/(s*Gauss) 

used δ: 0.0054000 s 

used Δ: 0.049950 s 

used gradient strength: variable 

Random error estimation of data: RMS per spectrum (or trace/plane) 

Systematic error estimation of data: worst case per peak scenario 

Fit parameter Error estimation method: from fit using arbitrary uncertainties 

Confidence level: 95% 

Used peaks: automatically picked peaks 

Used integrals: peak intensities 

Used Gradient strength: all values (including replicates) used 

 

Table 4. 7 Diffusion coefficients calculated from indicated resonances in DD2 from 1D 

DOSY. 

F2 [ppm] D [m2/s] error 

6.667 2.14 x 10-10 2.948 x 10-12 

1.148 2.10 x 10-10 4.696 x 10-12 

1.103 2.10 x 10-10 6.426 x 10-12 

 

Table 4. 8 Parameters used for diffusion analysis of PSC in buffered water. 

Parameters used for diffusion analysis:  

used γ: 26752 rad/(s*Gauss) 

used δ: Replicates 1: 0.0050000 s, 2: 0.0048000 s 

used Δ: Replicates 1: 0.049950 s, 2: 0.049950 s 

used gradient strength: variable 

Random error estimation of data: RMS per spectrum (or trace/plane) 

Systematic error estimation of data: worst case per peak scenario 

Fit parameter Error estimation method: from fit using arbitrary uncertainties 

Confidence level: 95% 
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Used peaks: automatically picked peaks 

Used integrals: area integral 

Used Gradient strength: all values (including replicates) used 

 

Table 4. 9 Diffusion coefficients calculated from indicated resonances in PSC from 1D 

DOSY. 

F2 [ppm] D [m2/s] error 

7.571 3.28 x 10-10 6.395 x 10-13 

7.569 3.58 x 10-10 5.729 x 10-13 

 

4.5.4c Molecular models 

DD1 was built in GaussView 5.08 starting from the X-ray crystal structure of tBu2-

SC4A.  The neutral form of the monomer was optimised in Priroda 16 using the PBE 

functional, the L11 basis set (equivalent to cc-pCVDZ), and using four-parameter Dirac 

equation relativistic effects on all atoms.  The monomer structure coordinates were then 

copied and multiplied by –1 to obtain the inverse structure.  A dummy atom was placed 

into the pocket of the monomer structure, and the pyridinium nitrogen from the inverted 

coordinates was remapped to the location of the dummy atom.  The vector of this atom 

translation was applied to all coordinates of the inverted structure, thereby mutually 

inserting each monomer into each other’s pocket.  The dimer of DD1 was then optimised 

using Gaussian09 (rev. B) using the PBE functional and 3-21G basis set.  DD2 was then 

optimised using the same method in Gaussian09 by modifying the DD1 optimised 

structure. 
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Figure 4. 11 Distance (23.16 Å) between light blue carbons of DD1 in optimized 

structure were used to obtain a theoretical radius of 11.58 Å. 
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Figure 4. 12 Distance (22.46 Å) between light blue carbons of DD2 in optimized 

structure were used to obtain a theoretical radius of 11.23 Å. 

4.5.4d Kd values determined by 1H NMR dilutions 

Quantitative NMR was conducted as follows: A concentrated stock of DD1 was 

prepared in NaH2PO4/Na2HPO4 (100 mM, pD 7.8 or 10 mM pD 7.5) buffer with maleic 

acid or 2,2,3,3,-d4-3-(trimethylsilyl)propionic acid sodium salt (TSP) as internal standards. 

T1 relaxation of the internal standard was estimated and all following experiments were 

conducted with D1 = 5*T1 relaxation delay time. An accurate calculation of stock allowed 

[DD1]t to be determined for all dilution experiments. The singlet at 0.66 ppm was used to 

calculate [DD1]2 (dimer) and through mass balance [DD1] (monomer) was calculated.  
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Table 4. 10 Quantitative concentrations calculated by NMR of DD1 total, dimer, 

monomer in NaH2PO4/Na2HPO4 (100 mM, pD 7.8). 

[DD1]t(a) 

μM 

[DD1]2 

μM 

[DD1] 

μM 

Kd 

μM 

355.0 328.8 31.1 3.0 

370.5 328.2 42.4 5.5 

220.9 203.3 17.5 1.5 

    
Kd 3.3 +/- 2.0 

 

Maleic acid (3 mM and 500 μM) was used as the internal standard and three experiments 

were used to find the average Kd of 3.3 µM (± 2.0 µM). This low dissociation constant 

coincides with our fluorescence dilutions experiments as no emission was detected at 

working concentrations (10 – 4 µM). 

 

Table 4. 11 Quantitative concentrations calculated by NMR of DD1 total, dimer, 

monomer NaH2PO4/Na2HPO4 (10 mM, pD 7.4). 

[DD1]t 

μM 

[DD1]2 

μM 

[DD1] 

μM 

Kd 

μM 

192.6 169.4 23.2 3.2 

97.3 83.1 14.1 2.4 

    
Kd 2.8 +/- 0.6 

 

 

TSP (392 or 196 μM) was used to calculate dimer and total concentrations. Two 

experiments were used to find the average Kd of 2.8 µM (± 0.6 µM). The dimer dissociation 

decreases slightly in 10-fold decrease of Na+ concentration from the buffer. 
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4.5.4e Fluorescence experiments with SC4A and parent dye 

  

Figure 4. 13 Parent dye 2.13 (10 µM) undergoes minor changes in absorbance (from gray 

to black dotted line) and upon addition of SC4A (100 µM).  While there are slight 

hypochromic and bathochromic shifts (gray solid line without SC4A, λex. 370nm, λem. 505 

nm) in fluorescence of 2.13 when encapsulated by SC4A (black solid line, λex. 370 nm, 

λem. 495 nm). 

This fluorescence change is not as significant as the quenching observed by the fluorophore 

of DD1 when dimerized in another calixarene pocket. The suggests another photophysical 

phenomenon is contributing to the fluorescent behavior of DD1. 

 

4.5.4f Absorbance and fluorescence spectra of parent dye and 

DD1 in water and DMSO 

 

Figure 4. 14 Characterization of the parent dye 2.13 in buffered water and in DMSO. 

Left: 2.13 (10 μM) is the main species in NaH2PO4/Na2HPO4 buffer (10 mM, pH 7.4). 

The absorbance (dotted line, λmax. 370 nm) and fluorescence (solid line, λex. 370 nm, λem. 

504 nm) spectra align with literature values for H+2.13.228-229 Right: absorbance (dotted 

line) and fluorescence (solid line) spectra indicate that 2.13 (20 μM) exists as both 
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deprotonated (λmax. 572 nm) and protonated (λex. 394 nm, λem. 516 nm) species in neutral 

DMSO.229 

 

Figure 4. 15 Characterization of DD1 in buffered water and in DMSO. Left: DD1 (10 

μM) exists as a dimer in NaH2PO4/Na2HPO4 buffer (10 mM, pH 7.4). This is supported 

by its absorbance maximum (gray dotted line) of 382 nm and its lack of fluorescence 

emission (λex 382 nm, gray solid line). Addition of H3K9me3 (50 μM) red shifts the DD1 

absorbance (black dotted line, λem. 388 nm) and induces emission (black solid line, λex 

388 nm, λem 575 nm). Right: DD1 (2 μM) photochemical data in DMSO is similar to 

literature.229 The absorbance is further red-shifted (black dotted line, λem 480 nm) — due 

to the lower pKa of calixarene phenols, and fluorescent emission (black solid line, λex 480 

nm, λem. 585 nm) is similar to that of DD1 water in the presence of a guest. 

4.5.4g Extinction coefficients of parent dye and DD1 

 

Figure 4. 16 Both DD1 (left) and 2.13 (right) have similar extinction coefficients in 

NaH2PO4/Na2HPO4 (10 mM, pH 7.4) buffer. 

DD1: ε382nm = 26,500 M-1 cm-1 

2.13: ε370nm = 21,000 M-1 cm-1 

 

4.5.5 1H NMR titrations of amino acids into DD2 and parent dye 

4.5.5a Titrations with DD2 
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Figure 4. 17 1H NMR titration of trimethyllysine (Kme3) (20 mM) into DD2 (250 µM) 

host-guest complexation, red arrows indicate DD2 resonances broadening and decreasing 

in intensity due to dimer dissociation and complexation with Kme3. 

 

Figure 4. 18 1H NMR titrations of lysine (K) (20 mM) into DD2 (250 µM). Red arrows 

indicate the lack of broadening as K does not disrupt the dimer under these conditions. 

4.5.5b Titrations with parent dye 
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Figure 4. 19 1H NMR titrations of trimethyllysine (Kme3) into 2.13 (250 µM). Red arrow 

indicates no change in chemical shift position, intensity, or line shape, indicating no 

complexation between 2.13 and Kme3.  

4.5.6 DD fluorescence response to analytes 

 

Figure 4. 20 Most intense fluorescence change is from the strongest binding analyte, 

Kme3. Fluorescence (λex. 370 nm, λem. 575 nm) titrations of amino acids (lysine (K), 

trimethyllysine (Kme3), N-acetyllysine (Kac), arginine (R), symmetric dimethyl arginine 

(sRme2) and asymmetric dimethyl arginine (aRme2)) into DD1 (10 μM) in 

NaH2PO4/Na2HPO4 buffer (10 mM, pH 7.4) indicate Kme3 to be the most favourable 

analyte with the greatest change in fluorescence. 
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Figure 4. 21 DD1 fluorescence detection of Kme3 or K in the presence of different salts 

at varying concentrations. DD1 (10 µM, λex. 382 nm, λem. 585 nm) detects trimethyllysine 

(1 mM, blue bars) in the presence of NaCl (0 mM, 30 mM, 150 mM), and Na2SO4 (0 

mM, 30 mM, 150 mM) but remains non-emissive in presence of lysine (1 mM, orange 

bars). All samples run in NaH2PO4/Na2HPO4 buffer (10 mM, pH 7.4). Selectivity for 

Kme3 over K increases slightly in presence of the varying salts vs. the ‘no salt’ phosphate 

buffered condition. 

 

Figure 4. 22 Difference of induced fluorescence between DD1 and DD2 in the presence 

of peptides. DD1 (square,10 µM, λex. 385 nm, λem. 585 nm) induces a greater response in 

the presence of H3K9me3 (black) than DD2 (diamond, 10 µM, λex. 385 nm, λem. 585 nm). 

Both DimerDyes remain non-emissive with H3K9 (gray) in NaH2PO4/Na2HPO4 buffer 

(10 mM, pH 7.4). 
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4.5.7 Histone methyltransferase and demethylase assays 

 

 

Figure 4. 23 Induced fluorescence of peptide analytes in complex methyltransferase 

conditions. Left: Fluorescence of DD1 (8 µM, λex. 384 nm, λem. 585 nm) in 

NaH2PO4/Na2HPO4 buffer (10 mM, pH 7.4) with H3K4 (circles) and H3K4me3 

(squares). Right: DD1 (8 µM, λex. 384 nm, λem. 585 nm) is non-emissive in enzyme 

conditions (dotted black line) and with H3K4 (gray solid line, 40 µM) but becomes 

fluorescent with H3K4me3 (black solid line, 40 µM). 

 

Figure 4. 24 Fluorescence induced by peptide analytes in complex demethylase buffer 

conditions. Left: Dose-response for fluorescence of DD1 (8 µM, λex. 388 nm, λem. 570 

nm) with varying concentrations of H3K9 (circles) or H3K9me3 (squares). Right: 

Emission spectra of DD1 (8 µM, λex. 380 nm) in presence of H3K9 (dotted line, 100 μM) 

or H3K9me3 (solid line, 100 μM). 

Protocols  

PRDM9: All solutions were made the day of experiment with fresh buffer solution (Tris 

(50 mM, pH 8.5), NaCl (30 mM)). See Table 4. 12 for stock solution concentrations and 

volumes. H3K4 and DD1 solutions were aliquoted into a 96-well plate, immediately 

followed by freshly made DTT and SAM solutions. The addition of the enzyme initiated 

the reaction. After the fluorescence kinetic experiment was completed, the reaction was 

transferred to an Eppendorf and heated to 90°C for 5 min to denature the enzyme.  
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λex. 388 nm, λem. 585 nm, temperature 37°C, reaction was read over 1 h, every 90 s.  

 

Table 4. 12 Stock solutions and final concentrations used for PRDM9 methyltransferase 

assay. 

  [final]   [stock]   vol (µL) 

H3K4 40 µM 400 µM 10 

DD1 8 µM 100 µM 8 

DTT 1 mM 10 mM 10 

SAM 300 µM 5000 µM 6 

PRDM9 0.46 µM 23 µM 2 

buffer     64 

        

Total 

Vol: 100 

 

JMJD2D: All solutions were made the day of experiment with fresh NaH2PO4/Na2HPO4 

buffer (50 mM, pH 7.4). See Table 4. 13 for stock solution concentrations and volumes. 

H3K9me3 and DD1 solutions were aliquoted into a 96-well plate, immediately followed 

by freshly made 2-oxoglutaric acid (2-OG), ascorbic acid (AA), and (NH4)2Fe(SO4)2
 

solutions. The addition of the enzyme initiated the reaction. After the fluorescence kinetic 

experiment was completed, the reaction was transferred to an Eppendorf tube and heated 

to 90°C for 5 min to denature the enzyme.  

λex. 384 nm, λem. 580 nm, temperature 37°C, reaction was read over 1 h, every 30 s.  

 

Table 4. 13 Stock solutions and final concentrations used for JMJD2D demethylase 

assay. 

  [final]   [stock]   vol (µL) 

H3K9me3 50 µM 200 µM 25 

DD1 8 µM 92 µM 9 

2-OG 200 µM 4 mM 5 

AA 500 µM 5 mM 10 

Fe 100 µM 2 mM 5 

JMJD2D 0.4 µM 4 µM 10 

buffer     46 

        

Total 

Vol: 100 
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Mass spectrometric analysis of reaction products 

 

Figure 4. 25 HR-ESI-MS of PRDM9 methyltransferase reaction after 1 h shows the 

presence of the highly charged H3K4me3 product peptide (ART - K(Me3) – 

QTARKSTGGKAPRKQLA), as the +3, +4, +5, +6 m/z peaks. 

The crude reaction mixture was first passed through C18 Zip-Tips before dilution with 

1:1 acetonitrile:water (0.1% TFA). 

 

Table 4. 14 Only m/z peaks (indicated by *) of H3K4me3 were observed in enzyme 

reaction mixture from the many possible products that could possibly form. 

 H3K4me3 

C97H178N36O28 

H3K4me2 

C96H176N36O28 

 

H3K4me 

C95H174N36O28 

 

H3K4 

C94H172N36O28 

 

Exact mass: 2295.36113 2281.34548 2267.32983 2253.31418 

[M+3H+]3+ 766.046210* 761.79022 757.11834 752.44645 
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[M+4H+]4+ 575.09840* 571.59448 568.09057 564.58666 

[M+5H+]5+ 460.28017* 457.47704 454.67391 451.87078 

[M+6H+]6+ 383.73469* 381.39875 379.06281 376.72687 

 

 

Figure 4. 26 Partial conversion of H3K9me3 is achieved by this enzyme under these 

conditions. HR-ESI-MS after 1.5 h of enzyme reaction shows the presence of the 

H3K9me3 substrate and H3K9me2 product peptides as the +3, +4, +5, +6 m/z peaks. 

 

Table 4. 15 m/z peaks of H3K9me3 and H3K9me2 observed in above MS spectra. 

 H3K9me3 

C97H178N36O28 

H3K9me2 

C96H176N36O28 

 

H3K9me 

C95H174N36O28 

 

H3K9 

C94H172N36O28 

 

Exact mass: 2295.36113 2281.34548 2267.32983 2253.31418 

[M+3H+]3+ 766.04621  761.79022  757.11834 752.44645 

[M+4H+]4+ 575.09840  571.59448  568.09057 564.58666 

[M+5H+]5+ 460.28017  457.47704  454.67391 451.87078 

[M+6H+]6+ 383.73469  381.39875  379.06281 376.72687 
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Chapter 5: Parallel Synthesis and Screening of Supramolecular 
Chemosensors that Achieve Fluorescent Turn-On Detection of 

Drugs in Saliva  

This work was adapted from a submitted paper. 

Meagan A. Beatty, Allison J. Selinger, YuQi Li, and Fraser Hof 

J. Am. Chem. Soc., 2019 (submitted July 3, 2019) 

 

MB and FH conceived of the idea. YL prepared starting materials. MB designed and 

optimized parallel synthesis and testing with assistance from AS. MB designed, conducted 

and analysed data for all UPLC-MS of crude products, NMR characterization of final pure 

products, 1H NMR titrations, and 1D DOSY. UV-Vis/fluorescence titrations were designed 

and conducted by MB with assistance from AS. Limits of detection and chemometric 

analysis were conducted by MB. MB and FH co-wrote the paper.  

5.1 Foreword 

In Chapter 4 we designed and explored the chemosensing properties of novel 

supramolecular sensors, DimerDyes, that operated through the disassembly of a quenched 

homodimer to form an emissive sensor-analyte complex. DimerDyes were tolerant to 

various salts and co-solutes as predicted by its homodimer predecessor. We successfully 

implemented DimerDyes as a useful biochemical tool by monitoring enzymatic reactions 

in real-time.  

We wished to expand on this concept to make new DimerDyes that had different 

photophysical properties, dimerization strengths, and guest selectivities. Through this, we 

hoped to identify sensors that detect and discriminate between similar analytes in a variety 

of complex biological solutions. We were also inspired by the combinatorial approach used 

in Chapter 3 to develop new dimers. Therefore, we wanted to develop a method for quick 

access to a library of DimerDye sensors, paired with an efficient method to test the new 

sensors for their differential responses to analytes.  Furthermore, we wanted to further 

challenge the sensors by operating in complex and heterogeneous media like human 

biofluids.   
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5.2 Introduction 

Supramolecular sensors, once limited to organic solvents and aqueous/organic 

mixtures, can now detect biologically relevant analytes even in salty aqueous solutions.105, 

147, 197-198, 230-234 Analyte detection in water is made more difficult and less predictable when 

the target is found in complex biological media. In Chapter 1, highlighted were notable 

examples of supramolecular sensors that operate in human cells,98, 149, 203, 235-236 enzyme-

supporting buffers,62, 103, 202, 220, 237-239 bacterial culture,240 and real biofluids114, 241-243. In 

spite of these significant achievements, the de novo design of new sensing systems that 

work in complex biological media remains non-trivial.  

Our novel chemosensor, DimerDye 1 (DD1), introduced in Chapter 4 operates via 

an inherently salt-tolerant supramolecular sensing mechanism. The sensor contains a 

styryl-type merocyanine dye synthetically integrated into the calix[4]arene macrocycle.237 

In water, the topology of DD1 leads to self-assembly in water into a non-emissive 

homodimer. Upon the addition of methyllysine-containing peptides that are good guests, 

the dimer disassembles and forms a fluorescent DimerDye-methyllysine complex (Figure 

5. 1a). We showed that DD1 was able to monitor the enzymatic methylation and 

demethylation of peptides in real-time. Due to the intrinsic salt tolerance of this molecular 

design, the sensor operated in the presence of high concentrations of NaCl, reducing agents, 

transition metal salts, and other enzyme co-factors.134  



 

 

152 

 

 

Figure 5. 1 a) Previous work: DD1 can monitor an enzymatic reaction that produces a 

trimethyllysine-containing peptide that is bound and detected by DD1. b) A cartoon 

illustrates the guest-induced disassembly and sensing mechanism of the self-assembled 

DimerDye. c) This work reports the development of a parallel synthesis and screening of 

diverse new DimerDyes (DDs) to detect cationic drugs in biological media. 

Parallel synthesis can give rapid access to sensor molecules. It provides a means to 

create many products in a quick and combinatorial fashion, and to screen a broad structural 

space without needing atom-by-atom design. Sensors created by parallel synthesis 

approaches have typically been inorganic or polymer-based,244-246 while relatively few 

examples of discrete organic sensing molecules have been generated in this way.247-250 One 

example of particular interest involved the condensation of a set of aromatic aldehydes 

with a set of heterocyclic nucleophiles to form 276 fluorescent styryl dyes.251 The reaction 

mixtures were tested directly in cells for organelle accumulation and 119 dyes were 

identified as responsive sensors, although no particular sensing mechanism or analyte 

binding functions had been included in the library design. This approach was attractive to 
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us as the chromophores in the library resembled those of the styryl-based merocyanine 

chromophore that is the sensing component of DimerDye.  

We report here a parallel synthesis-driven approach to creating new DimerDyes, 

and its use in a pilot study that rapidly identifies sensors for illicit drugs. Many classes of 

drugs, including opioids, amphetamines, tropane alkaloids, and anaesthetics, contain a 

hydrophobic cation in their structure that we hypothesized would be recognized by 

sulfonatocalix[4]arene-based hosts. Since DD1237 and other related molecules introduced 

in Chapters 2 and 3134, 252-253 can assemble and/or bind guests in competitive aqueous 

buffers, we envisioned that this property could be extended to sensing drugs in biofluids. 

Unlike most supramolecular host-guest projects, we avoided the atom-by-atom design of 

sensors that would be highly specific for individual drug molecules. Instead, we developed 

a parallel synthesis and efficient crude screening process to quickly identify new sensors 

for the detection of a given analyte in a given solution. We also report the re-synthesis, 

detailed characterization of sensing mechanisms and limits of detection for a set of 

structurally diverse “hit” DimerDyes that arose from our screen. To demonstrate the broad 

scope of this new approach, we describe a sensor array that can identify members of 

multiple classes of illicit drugs.  
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5.3 Results 

 

Figure 5. 2 Parallel synthesis provides a library of DimerDye chemosensors. a) 

Condensation reactions with aldehyde-bearing calix[4]arene, 3.3, and Het1–16 give 



 

 

155 

 

DimerDyes, DD1–DD16. b) Aliquots of crude reaction mixtures show the characteristic 

colour changes that we use as a visual sign of reaction success for 13 out of 16 

DimerDyes after heating mixture at 50°C in methanol for 6 hours. c) Two exemplary 

traces, showing UPLC-MS data for a successful synthesis (DD12) and a failed synthesis 

(DD6). See Supporting information for full UPLC-MS data of all runs. 

We first developed an efficient method for the parallel synthesis of new 

DimerDyes. We anticipated that varying the fluorophore on the edge of the binding pocket 

would create DDs with diverse homodimerization affinities and guest-binding selectivities, 

but that would retain the general features of disassembly-driven molecular sensing and salt 

tolerance that were found in the parent molecule DD1. We selected 16 heterocyclic 

nucleophiles (Het1–16) that form merocyanine fluorophores after condensation with the 

aldehyde precursor, 3.3 (Figure 5. 2a). Our previous synthesis of DimerDyes involved 

heating at reflux 3.3 and Het1 with piperidine in methanol overnight.237 We quickly found 

that the protonated piperidinium by-product is itself a good guest that interferes with sensor 

screening. Instead, morpholine was selected as an amine-containing base as its high 

hydrophilicity would minimize complexation with the hydrophobic binding pockets. 

Successful condensation reactions are indicated by a colour change after 6 hours at 50°C 

(Figure 5. 2b). UPLC-MS confirms product formation and reveals the extent of each 

reaction (Figure 5. 2c and Supporting Information). 13 of the 16 DimerDye syntheses go 

to full or partial completion, while syntheses of DD6, DD7, and DD15 fail under the listed 

conditions. 
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Figure 5. 3 Scheme of parallel DimerDye synthesis and crude screening for nicotine and 

acetaminophen. a) Each DimerDye reaction occurs in a separate vial, heated in an 

aluminium block. b) The crude mixture is aliquoted to a black-walled 96-well plate and 

evaporated. c) The pellets are re-dissolved in buffered water and initial fluorescence is 

measured. The analyte of interest is added, fluorescence is measured again and the 

difference in fluorescence is determined. Structures of analytes tested include nicotine 

with the hydrophobic cation highlighted in red and acetaminophen. Blue bars = 10 μM 

nicotine, red bars = 10 μM acetaminophen. See Supporting Information for excitation and 

emission wavelengths used. 

A rapid, crude screening process successfully identified DimerDye sensors without 

first needing to purify each compound. The crude reactions were directly aliquoted into 96-

well plates and the reaction solvent was allowed to evaporate (Figure 5. 3a and b). The 

dried pellets were re-suspended in sodium phosphate buffer (10 mM, pH 7.4). Nicotine 

was added as a model analyte. The increases in fluorescence in certain wells indicate the 

creation of good nicotine sensors. To confirm that the fluorescence change arises from 

host-guest binding, we counter-screened the library against acetaminophen, which is 

neutral and should not bind DimerDyes. Acetaminophen generates little to no fluorescence 

in all cases (Figure 5. 3c).  

We selected a subset of structurally diverse sensors for follow-up mechanistic 

studies. From the fluorescence responses to nicotine, we selected DD1, DD4, DD8, DD12, 
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and DD13 as active sensors to re-synthesize, purify and study (Figure 5. 4). We also 

selected an inactive sensor, DD9, so we could learn more about the parallel synthesis and 

screening results. 

 

Figure 5. 4 “Hit” DimerDyes 1, 4, 8, 12, 13 and control DD9 selected to be re-

synthesized, purified and studied as chemosensors for illicit drugs along with their 

respective excitation and emission wavelengths. 

Each of the selected DimerDyes assembled into homodimers in water in the 

programmed way, regardless of the structure of the pendant groups. Selected sensors were 

obtained with modest yields (23–55%) after re-synthesis and purification by reverse-phase 

HPLC. 1H NMR spectra confirm each sensor exist as homodimers when dissolved in 

buffered-D2O. The signature feature of homodimerization is upfield shift and broadening 

of pendant group resonances due to encapsulation in the electron-rich calix[4]arene pocket. 

Aromatic resonances in the selected sensors shifted upfield by 1.23-3.69 ppm, while 

aliphatic (methyl) resonances shifted upfield by 0.46-3.60 ppm (Table 5. 2) compared to 

the shifts observed for the parent heterocycles. In all cases the protons farthest out on the 

pendant arm had the greatest upfield shifts. This indicates those protons are the most deeply 

buried in the pocket of the opposing calixarene in each dimer. 1D DOSY NMR on DD4 

confirmed that its hydrodynamic radius was typical for a dimeric assembly and larger than 

the non-dimerizing aldehyde precursor, 3.3 (see Supp. Info.). Interestingly, inactive sensor 

DD9 also shows clear signs of dimerization with the N-CH3 and ortho-proton shifted 2.50 

ppm and 2.61 ppm, respectively.  
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Table 5. 1 1D DOSY obtained diffusion coefficients (D) and hydrodynamic radii (rH) of 

3.3, DD4 alone and DD4 complexed to nicotine 

 D (m2/s) rH (Å) 

3.3 (3.29 ± 0.02) x 10-10 7.4 ± 0.3 

DD4 (1.96 ± 0.05) x 10-10 12.4 ± 0.7 

DD4 + 20 eq. nicotine (2.7 ± 0.3) x 10-10 8 ± 1 

 

The fluorescence responses arise from the disassembly of each DimerDye and host-

guest complexation with analyte. 1H NMR titrations of nicotine into each DimerDye show 

resonances broadening partially or completely, indicating dimer disassembly and nicotine 

complexation at an intermediate timescale relative to NMR. Nicotine titrations into DD4 

and DD12 most clearly show the host resonances returning from upfield-shifted locations 

and/or broadening Figure 5. 5a and Supporting Information). DD4 resonances stay sharp 

enough in the presence of 20 eq. nicotine to conduct 1D DOSY experiments, and as 

expected the hydrodynamic radius of DD4 decreases to a value expected for a monomeric 

calixarene-nicotine complex (see Supp. Info.). Comparing the NMR tubes before and after 

the addition of nicotine shows visible DD fluorescence only for the nicotine-containing 

samples when irradiated at 365 nm with a hand-held UV lamp Figure 5. 5b and Figure 5. 

23). This behaviour is further confirmed with titrations of nicotine into DD12 monitored 

by fluorescence spectroscopy. The dimer alone is barely fluorescent when irradiated at 415 

nm, but upon addition of nicotine the fluorescence emission at 640 nm increases (Figure 5. 

5c and Supporting Information). This turn-on fluorescence response is observed by all 

selected DimerDyes except for DD9, which shows nicotine complexation by NMR yet 

remains dark when irradiated with the UV hand-held lamp and when studied on a 

fluorescence spectrometer.  
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Figure 5. 5 Nicotine titrations reveal disassembly of dimer and formation of fluorescent 

DD–nicotine complex. a) 1H NMR titrations of nicotine into DD12 (500 μM) show 

fluorophore resonances in either fast exchange by shifting downfield (red dotted lines) or 

in intermediate exchange and broadening (red stars) indicative of disassembly and 

formation of a nicotine host-guest complex. b) Picture of NMR tubes with DD12 without 

nicotine (–) or with nicotine (+) when irradiated by a hand-held UV lamp. c) 

Fluorescence titrations of nicotine into DD12 (12 μM) shows a dose-dependent increase 

in fluorescence. The red trace indicates [nicotine] = 240 μM, while black line indicates no 

nicotine present. All samples are in NaH2PO4/Na2HPO4 (10 mM, pH 7.4) buffer. 

DimerDyes provide turn-on fluorescence detection of different drugs at low 

micromolar concentrations in water and in saliva. Three exemplary drugs were chosen from 

different drug classes: nicotine, methylenedioxymethamphetamine (Ecstasy, or MDMA), 

and cocaine. In both water and saliva, all five selected DimerDyes detect all three drugs at 

low μM concentrations (Table 5. 10 and Table 5. 11). DD8 detects nicotine in water and in 

saliva with limits of detection at 3.4 μM and 18.6 μM, respectively (Figure 5. 6a and b). 

Even MDMA, a secondary amine and therefore a weaker guest, induces a response from 

DD1 in both water and saliva with limits of detection at 2.7 μM and 41.2 μM, respectively 

(Figure 5. 6c and d). DD13 detects cocaine equally well in buffer and in saliva, with limits 

of detection of 2.7 μM in both fluids (Figure 5. 6e and f).  
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Figure 5. 6 Exemplary fluorescence titrations of different drugs into DimerDyes in 

buffered water and saliva. Nicotine titrations into DD8 in a) buffered water and in b) 

saliva. MDMA titrations into DD1 in c) buffered water and in d) saliva. Cocaine titrations 

into DD13 in e) buffered water and in f) saliva. [DD] = 12 μM, red bold trace indicates 

[drug] = 240 μM, dashed black line indicates no drug present. “Buffer” is 

NaH2PO4/Na2HPO4 (10 mM, pH 7.4) and “Saliva” is a 1:1 dilution of saliva with water; 
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dilution is necessary to allow for accurate, bubble-free pipetting of saliva. See Supporting 

Information for the complete set of titrations. 

We next explored the combination of multiple agents into a sensor array, as initially 

discussed in Section 1.4. This approach has distinct advantages over the use of single 

sensors designed for individual analytes. Often chemosensors cross-detect many analytes 

that are present in a complex mixture. Instead of re-designing a chemosensor to improve 

selectivity, the original system can be expanded to form an array of chemosensors that 

cross-react with many analytes but to different extents. This complex output is a unique 

fingerprint for each analyte. Multivariate analysis, including methods like principal 

component analysis (PCA) and linear discriminant analysis (LDA), can analyze the 

‘fingerprints’ by both reducing the dimensionality of the data and creating a useful way to 

represent the differential responses. Anslyn et al. first developed these techniques for a 

wide variation of applications, including sensor arrays that can differentiate flavonoids in 

wine254 and those that can classify different cancer cells.255 Others have used 

supramolecular array sensors to differentiate chemical marks on histone proteins,256-257 

different anions in toothpaste,258 and protein recognition from pattern-generating multi-dye 

probes.259  

A sensor array of five DimerDyes was successfully able to detect and discriminate 

between closely related drugs and metabolites in multiple drug families. We studied 

amphetamines, opiates, and alkaloids, and included nicotine and acetaminophen alongside 

each different drug family as these two drugs are commonly found in individuals. Figure 

5. 7a shows that the active drugs, MDMA and methamphetamine (MA), are discriminated 

from their respective metabolites, methylenedioxyamphetamine (MDA) and amphetamine 

(A), even though each differs from its metabolite by only a single methyl group. The array 

in Figure 5. 7b also differentiated between cocaine, its main metabolite benzoylecgonine, 

as well as lidocaine and procaine, which are common adulterants found in illegally 

purchased cocaine.260 Figure 5. 7c shows a 3D scores plot that highlights the discrimination 

between heroin and its metabolite 6-monoacetylmorphine (6-MAM), while oxycodone and 

oxymorphone are not perfectly discriminated as both clusters of replicate data are nearly 

overlapping. 
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DimerDyes can function individually or as an array of sensors. Each sensor cross-

reacted as expected with each drug, but the uniqueness of the generated fluorescence 

fingerprint was sometimes limited.112 This is highlighted by the low variance (< 5%) along 

the second principal component (F2) in the amphetamines and anaesthetics class. This 

suggests that in some settings DimerDyes might be able to operate independently and not 

necessarily within an array. The benefit of the DD array is the easy visualization of the data 

for drug identification. It is easier to map combinations of drugs with common adulterants 

or their metabolites by the PCA scores plots rather than fluorescence bar graphs (see Supp. 

Info). 
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Figure 5. 7 Principal component analysis (PCA) scores plots distinguish between 

different members and classes of drugs by five DimerDye sensors (DD1, DD4, DD8, 

DD12, DD13) operating within an array. a) PCA plot of amphetamines are well 

discriminated with samples clustered and separated from each other. b) PCA plot of 

anaesthetics c) 3D PCA plot of opioids. Red dotted lines map the parent drug to its main 

metabolite. Structures in each class are shown to the right. Red motifs are recognized by 
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the calixarene pocket. Each sample cluster is enclosed by 95% confidence ellipses.  [DD] 

= 12 μM, [drug] = 100 μM and in a NaH2PO4/Na2HPO4 (10 mM, pH 7.4) buffer. 

5.4 Discussion 

The final, parallel synthetic step described here gives access to new agents with a 

common sensing mechanism, but with varying photophysical properties and guest-binding 

properties. The successful structures included merocyanines based on N-methylpyridinium 

(DD1 and DD8), indolinium (DD4), bipyridinium (DD12) and N-phenylpyridinium 

(DD13). The new DD sensors have tunable excitation and emission wavelengths (λexc 380-

475 nm, λem 570-640 nm), with Stokes shifts between 95 nm and 215 nm. The variable 

structures in this small DimerDye library also translated into different binding properties 

for different drugs. The quinolinium dyes, DD9 – DD11, were not as guest-responsive due 

to an unpredicted photophysical deficiency rather than poor self-dimerization or guest 

recognition. This highlights the strength of the parallel synthesis and crude screening 

process, as it would allow us going forward to avoid the wasted effort in synthesizing, 

purifying, and characterizing a sensor only to find that it is inoperative for an unknown 

reason.  

These new supramolecular agents have sensitivities in real biological solutions that 

meet or approach the values seen in real human samples. DimerDyes remain functional in 

saliva that often contains 3 g/L of proteins and 20 – 100 mM concentrations of various 

salts.110 To our knowledge, there are only a few supramolecular chemosensors that operate 

in biofluids, like urine, which reflects the difficulty of working in such medium.114, 241, 261 

Drug concentrations in saliva reach low μM within an hour of consumption and we have 

shown that our DimerDye sensors can detect at or near these concentrations.262-266 For 

example, MDMA concentrations reach 35 μM in saliva 1.5 hours after consumption,262 

while cocaine can be present in saliva at 1 μM after 2 hours.263, 266  

The power of a sensor array to detect many analytes without the need for excellent 

specificity or rational design was demonstrated with the combination of five different 

DimerDyes (DD1, DD4, DD8, DD12, DD13). From our nicotine, MDMA, and cocaine 

titrations, we noticed that subtle changes in drug structure induced small but significant 

changes in fluorescence responses. Those differences translated into substantial success 

when the DDs were deployed in a sensor array. With the combination of our five sensors, 
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we were able to reasonably distinguish between each member within a drug class. A 

jackknife analysis showed that we were also able to successfully classify 100% of members 

within the opioid and anaesthetics families, and to achieve 96% success in the 

amphetamines family (see Supporting Information).  

5.5 Conclusion 

We were successfully able to transform this the original DimerDye concept to 

include a wide variation of chemosensors that operate through the same supramolecular 

sensing mechanism. The parallel method for synthesizing and testing new Dimer Dyes is 

accessible, efficient and flexible. It can easily be expanded upon, enabling the discovery of 

more DimerDye sensors that work for different cationic analytes, and that operate in 

different biological solution conditions. The promiscuity of sulfonated calixarenes, 

coupled with the general success of this approach in salty water, combine to suggest that 

this concept can be applied to many different cationic analytes in many different aqueous 

solutions. Expanding the diversity libraries using known synthetic approaches will 

generate a library of crude sensors that could be quickly tested for the ability to detect any 

given cationic analyte in its native biological fluid.251, 267 Furthermore, we envision that 

this parallel approach can be expanded to include other dye-appended macrocycles to 

identify sensors for a wider variety of biological analytes.  

 

5.6 Experimental methods and supplementary information 

5.6.1 General methods and materials 

1H, 13C, and 1D DOSY were recorded on a Bruker Avance Neo 500 MHz 

spectrometer unless otherwise indicated and processed with MestReNova by Mestrelab 

Research S.L. Deuterated solvents were purchased from Sigma Aldrich and 

NaH2PO4/Na2HPO4 (50 mM, pD 7.4) in D2O were prepared, and the pD was adjusted with 

1 M NaOD/DCl solutions. Accurate mass spectra determinations for novel compounds 

were done on a Thermo Scientific Ultimate 3000 ESI-Orbitrap Exactive. Purities were 

determined using a Waters UPLC-MS equipped with UV/Vis and QDa detector, with an 
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Aquity UPLC BEH C18 1.7 uM (21 x 50 mm) column run with a gradient of 80% H2O 

(+0.4% FA)/20% CH3CN (+0.4% FA) to 50% H2O (+0.4% FA)/50% CH3CN (+0.4% FA) 

over 4 min at 0.6ml/min.  All UV-Vis and fluorescence titrations and spectra were collected 

on a BioTek Cytation-5. Titrations and dilutions were conducted in NUNC black-walled, 

optical bottom 96-well plates. Infrared (IR) spectra were obtained using a Perkin Elmer 

1000 FT-IR spectrometer. Data are represented as follows: frequency of absorption (cm–

1), intensity of absorption (s = strong, m = medium, w = weak, br = broad). Melting points 

were collected on a Gallenkamp Melting Point apparatus.  

Compound 3.3 was prepared following literature protocol.237 Heterocyclic compounds 

were synthesized from previously reported literature.251, 268-269  

All drugs except nicotine were purchased through Sigma Aldrich in 1mg/ml ampules 

dissolved in methanol or acetonitrile. To avoid adding organic solvent to DD array, the 

ampules were evaporated of organic solvent over a gentle stream of nitrogen overnight. 

The residue was re-dissolved in water and aliquoted to form stock solutions (1 mM) in 

NaH2PO4/Na2HPO4 (10 mM, pH 7.4). S-(-)-nicotine was purchased from Alfa Aesar. 

Stock solutions of DimerDyes 1, 4, 8, 12, 13 (1 mM) were prepared in NaH2PO4/Na2HPO4 

(10 mM, pH 7.4) with concentrations accurately checked against a reference standard by 

quantitative NMR before being further diluted to a working stock (200 μM).  

5.6.1b Fluorescence titrations in diluted saliva 

Saliva was prepared for handling by centrifugation (3400 rpm, 15 min) at 4°C to 

remove suspended solids. The supernatant was pipetted into a second conical tube 

containing an equal volume of water to reduce viscosity and foaming. To avoid multiple, 

foam-inducing transfers of saliva to form stocks, each DimerDye was directly pipetted into 

empty wells of a NUNC black-walled plate in a set of triplicates. The 1:1 saliva:water 

mixture was added to form a final [DD] = 12 μM at 100 μL. Separately, each drug (nicotine, 

MDMA, cocaine) was diluted in the 1:1 saliva:water mixture with a final [DD] = 12 μM 

and [drug] = 240 μM. This was serial diluted to achieve a [drug] = 240 μM – 4 μM. 

5.6.1c General Synthesis of select DimerDyes 
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The protocol used for parallel synthesis and screening is described below. For all 

re-synthesized DimerDyes, the synthesis was as follows: 3.3 (50 mg) and Het4/8/9/12/13 

(1.1 eq.) were dissolved in methanol (2 mL) along with morpholine (40 eq.) and heated at 

reflux for 12 hours. Cold ether was added to induce precipitation and the suspension was 

transferred to a 50 mL conical tube. After centrifugation (3400 rpm, 5 min) a pellet was 

formed and the supernatant was decanted and discarded. The pellet was re-suspended in 

fresh cold ether and the centrifugation, decanting process was repeated two more times. 

The pellet was re-dissolved in the indicated eluent composition and filtered. A Shimadzu 

HPLC with a 280 nm and 370 nm detector was used to purify the final product with a 

Phenomenex Luna C18, 250 mm x 22 mm, 5 μM preparative column.  

 

 

DD4. Het4 was prepared as previously reported.268 Purified with a gradient of 85% H2O 

(+0.1% TFA)/15% CH3CN (+0.1% TFA) to 50% H2O (+0.1% TFA)/50% CH3CN (+0.1% 

TFA) over 20 min. The fractions were collected and lyophilized to yield a yellow/orange 

fluffy solid (27 mg, 44%). Mp: decomposed > 260°C. FT-IR (cm–1): 3229 (br), 1585 (m), 

1535 (w), 1479 (m), 1447 (w), 1292 (w), 1163 (s), 1135 (s), 1036 (s), 786 (m), 749 (w), 

626 (s), 543 (m). 1H NMR (500 MHz, D2O): δ 7.79 (s, 1H), 7.78 (s, 1H), 7.63 (d, J = 16.3 

Hz, 1H), 7.55 (s, 2H), 7.48 (s, 2H), 7.32 (s, 2H), 6.55 (d, J = 15.7 Hz, 1H), 6.35 (d, J = 6.7 

Hz, 1H), 5.90 (br, 1H), 4.57 (d, J = 13.7 Hz , 2H), 4.27 (br, 1H), 4.10 (d, J = 12.2 Hz, 2H), 

3.88 (br, 1H), 3.63 (d, J = 12.2 Hz, 2H), 3.54 (s, 3H), 3.43 (d, J = 13.7 Hz, 2H), 1.36 (s, 

6H). 13C NMR (76 MHz, d6-DMSO): δ 180.7, 161.2, 153.9, 152.1, 151.4, 143.0, 141.9, 

138.7, 138.5, 132.6, 129.7, 128.2, 127.9, 127.8, 127.2, 126.4, 126.2, 125.6, 122.6, 114.2, 

108.4, 51.4, 33.7, 31.2, 30.6, 25.8. HR-MS (M+ m/z): Calculated for C41H38NO13S3
+ 

848.14998, Found 848.14938. 
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DD8. Het8 was prepared as previously reported.251 Purified with a gradient of 90% H2O 

(+0.1% TFA)/10% CH3CN (+0.1% TFA) to 70% H2O (+0.1% TFA)/30% CH3CN (+0.1% 

TFA) over 23 min. The fractions were collected and lyophilized to yield a yellow fluffy 

solid (20 mg, 35%). Mp: decomposed > 300°C. FT-IR (cm-1): 3288 (br), 1621 (m), 1598 

(m), 1451 (w), 1132 (s), 1111 (s), 891 (w), 786 (w), 732 (w), 623 (s), 583 (s).  1H NMR 

(500 MHz, D2O): δ 7.69 (d, J = 1.4 Hz, 2H), 7.63 (d, J = 1.8 Hz, 2H), 7.36 (s, 2H), 7.14 

(d, J = 6.1 Hz, 1H), 7.09 (s, 2H), 6.96 (s, 1H), 6.67 (d, J = 6.1 Hz, 1H), 6.67 (d, J = 15.5 

Hz, 1H), 6.27 (d, J = 16.5 Hz, 1H), 4.34 (d, J = 3.5 Hz, 2H), 4.32 (d, J = 3.1 Hz, 2H), 3.53 

(d, J = 13.4 Hz, 2H), 3.48 (d, J = 13.8 Hz, 2H), 0.79 (s, 3H), 0.54 (s, 3H). 13C NMR (126 

MHz, d6-DMSO): δ 153.9, 152.3, 151.7, 149.6, 140.0, 139.7, 128.8, 127.4, 127.3, 127.2, 

126.4, 126.3, 30.4, 18.2. HR-MS (M+ m/z): Calculated for C37H34NO13S3
+ 796.11868, 

Found 796.11754. 

 

DD9. Het9 was prepared as previously reported.251 Purified with a gradient of 85% H2O 

(+0.1% TFA)/15% CH3CN (+0.1% TFA) to 50% H2O (+0.1% TFA)/50% CH3CN (+0.1% 

TFA) over 18 min. The fractions were collected and lyophilized to yield an orange fluffy 

solid (30 mg, 50%). Mp: decomposed > 300°C. FT-IR (cm-1): 3287 (br), 1593 (m), 1567 

(m), 1535 (w), 1476 (w), 1449 (w), 1134 (s), 1109 (s), 1035 (s), 626 (s), 544 (s). 1H NMR 

(500 MHz, D2O): δ 7.81 (d, J = 2.3 Hz, 2H), 7.76 (d, J = 1.9 Hz, 2H), 7.67 (d, J = 8.6 Hz, 

1H), 7.33 (s, 2H), 7.30 (d, J = 6.5 Hz, 1H), 7.17 (d, J = 6.5 Hz, 1H), 6.97 (s, 2H), 6.68 (br. 

1H), 6.64 (d, J = 15.6 Hz, 1H), 6.47 (d, J = 16.2 Hz, 1H), 6.41 (br. 1H), 5.79 (d, J = 9.1 

Hz, 1H), 4.45 (d, J = 13.6 Hz, 2H), 4.31 (d, J = 13.7 Hz, 2H), 3.60 (d, J = 13.1 Hz, 2H), 

3.53 (d, J = 13.1 Hz, 2H), 2.05 (s, 3H). 13C NMR (126 MHz, d6-DMSO) δ: 153.0, 152.2, 
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150.5, 140.4, 138.2, 128.8, 128.1, 127.9, 127.7, 127.4, 126.9, 126.7, 125.6, 116.1, 43.6, 

31.2, 30.9. HR-MS (M+ m/z): Calculated for C40H34NO13S3
+ 832.11868, Found 832.11788. 

 

DD12. Het12 was prepared as previously reported.251 Purified with a gradient of 85% H2O 

(+0.01% TFA)/15% CH3CN (+0.01% TFA) to 50% H2O (+0.01% TFA)/50% CH3CN 

(+0.01% TFA) over 23 min. The fractions were collected and lyophilized to yield an orange 

fluffy solid (35 mg, 55%). Mp: decomposed > 300°C. FT-IR (cm-1): 3240 (br), 1615 (m), 

1591 (m), 1453 (w), 1156 (s), 1111 (s), 1037 (s), 886 (w), 785 (w), 657 (m), 624 (s), 547 

(s). ). 1H NMR (500 MHz, D2O): δ 7.67 (d, J = 5.1 Hz, 1H), 7.69 (d, J = 2.1 Hz, 2H), 7.58 

(br, 1H), 7.55 (d, J = 2.1 Hz, 2H), 7.42 (d, J = 6.1 Hz, 1H), 7.38 (s, 2H), 7.30 (s, 2H), 7.24 

(s, 2H), 7.05 (d, J = 16.1 Hz, 1H), 6.80 (d, J = 16.1 Hz, 1H), 6.42 (s, 1H), 5.94 (br, 1H), 

4.36 (d, J = 14.4 Hz, 2H), 4.33 (d, J = 14.4 Hz, 2H), 3.55 (d, J = 12.4 Hz, 2H), 3.52 (d, J = 

12.8 Hz, 2H), 3.12 (s, 3H), 0.45 (s, 3H). 13C NMR (126 MHz, d6-DMSO): δ 154.1, 151.5, 

146.9, 142.1, 140.0, 123.0, 129.1, 127.9, 127.7, 127.5, 127.0, 126.9, 125.2, 120.6, 46.1, 

31.4, 31.1, 21.1. HR-MS (M+ m/z): Calculated for C42H37N2O13S3
+ 873.14523, Found 

873.14435. 

 

 

DD13. Het13 was prepared as previously reported.269 Purified with a gradient of 85% H2O 

(+0.1% TFA)/15% CH3CN (+0.1% TFA) to 50% H2O (+0.1% TFA)/50% CH3CN (+0.1% 

TFA) over 20 min. The fractions were collected and lyophilized to yield an orange fluffy 

solid (14 mg, 23%). Mp decomposed > 280°C. FT-IR (cm-1): 3229 (br), 1618 (m), 1587 
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(m), 1489 (w), 1451 (w), 1200 (s), 1133 (s), 1110 (s), 1036 (s), 878 (w), 760 (w), 624 (s), 

549 (s). 1H NMR (500 MHz, D2O): δ 8.28 (d, J = 6.8 Hz, 2H), 7.72 (d, J = 7.0 Hz, 2H), 

7.58 (s, 2H), 7.46 (d, J = 2.1 Hz, 2H), 7.40 (d, J = 2.1Hz, 2H), 7.30 (d, J = 15.8 Hz, 1H), 

7.26 (s, 2H), 6.72 (d, J = 16.1 Hz, 1H), 6.18 (d, J = 6.92 Hz, 2H), 5.10 (br, 2H), 4.45 (d, J 

= 12.7 Hz, 2H), 4.27 (d, J = 12.7 Hz, 2H), 4.13 (br, 1H), 3.59 (d, J = 13.3 Hz, 2H), 3.45 

(d, J = 12.7 Hz, 2H). 13C NMR (126 MHz, d6-DMSO): δ 155.0, 154.6, 151.5, 144.0, 143.3, 

142.8, 139.9, 131.2, 130.6, 130.2, 129.3, 127.9, 127.8, 127.7, 127.5, 127.0, 126.9, 124.8, 

123.7, 120.6, 31.5, 31.1. HR-MS (M+ m/z): Calculated for C41H34NO13S3
+ 844.11868, 

Found 844.11786. 
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5.6.2 1H and 13C NMR spectra of select DD 
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5.6.3 Additional 1H NMR characterization of dimer assembly 

Table 5. 2 Chemical shift differences between key resonances of DD and their respective 

Het. 

 Het1 DD1 Δδ   Het8 DD8 Δδ 

N-CH3 4.33 0.66 3.67  H1 4.14 0.54 3.60 

ortho 8.59 7.35 1.24  H2 2.56 0.79 1.77 

meta 7.87 6.42 1.45  H3 8.47 6.66 1.81 

     H4 7.62 7.15 0.47 

     H5 8.47 6.68 1.79 

         

 Het4 DD4 Δδ   Het12 DD12 Δδ 

H1 4.00 3.54 0.46  H1 8.59 7.94 0.65 

H6 1.55 1.36 0.19  H2 7.55 5.90 1.65 

H2 7.70 6.35 1.35  H3 2.50 0.45 2.05 

H3 7.59 4.27 3.32  H4 7.63 6.40 1.23 

H4 7.57 3.88 3.69  H5 4.12 3.12 1.00 

H5 7.78 5.90 1.88  H6 8.69 7.68 1.01 

     H7 7.91 7.41 0.5 

     H8 7.93 7.25 0.68 

         

 Het9 DD9 Δδ   Het13 DD13 Δδ 

H1 4.54 2.04 2.50  H1 7.59 4.13 3.46 

H2 8.41 5.80 2.61  H2 7.59 5.10 2.49 

H3 8.17 6.45 1.72  H3 7.59 6.17 1.42 

H4 7.96 6.72 1.24  H4 8.79 8.28 0.51 

H5 8.29 7.68 0.61      
H6 7.84 7.19 0.65      
H7 8.97 7.30 1.67      
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5.6.4 Development of parallel synthesis and screening method 

 

Figure 5. 8 Establishing conditions that allow efficient synthesis of all DDs. a) Het1-16 

used for condensation reactions. b) Fluorescence spectra (λex. 390 nm) of DD1 with 

nicotine (50 μM) increases when changing the reaction time from 1.5 h (dotted line) to 6 

h (solid line). c) The response of each crudely synthesized DD to nicotine (10 μM) after 

reacting with either 40 eq. of morpholine (black bars) or 20 eq. of morpholine (gray bars). 

Procedure for parallel synthesis of DDs: An aluminium heating block (CombiBlocks, 

ChemGlass) held 4 dram vials which each contained a 1:1 mixture of 3.3 and one 

heterocyclic nucleophile (1.5 mM), along with morpholine (40 eq., 5 μL) in methanol (1 

mL). The mixtures were capped, heated and stirred behind a blast shield for 6 hours at 50°C 

to afford coloured solutions. The solutions were sonicated to re-dissolve dried DimerDyes 

along the walls. The solutions were aliquoted (10 μL) into NUNC black-walled, clear-

bottomed 96-well plates and dried in a 37°C oven for 4 hours. The dried pellets were re-

suspended in phosphate buffer (10 mM, pH 7.4), centrifuged and mixed. Each solution was 
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diluted by transferring aliquots into a separate 96-well plate containing the same phosphate 

buffer. Fluorescence endpoint measurements were taken for each DimerDye, the λex. and 

λem. that were used are listed below. A stock of nicotine prepared in phosphate buffer was 

added to each well (10 μL for final concentration of 10 μM) and fluorescence endpoint 

measurements were collected again. The fluorescence differences between after and before 

nicotine were used to evaluate each DimerDye.  

 

Table 5. 3 Excitation and emission wavelengths used for crude DimerDye screening 

 λex., nm λem., nm 

DD1 380 575 

DD2 390 575 

DD3 390 575 

DD4 480 560 

DD5 390 575 

DD8 380 575 

DD9 440 680 

DD10 450 600 

DD11 440 630 

DD12 410 615 

DD13 420 620 

DD14 470 565 

DD16 420 555 
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5.6.5 UPLC-MS data of crude DimerDye reactions 

 

Figure 5. 9 UPLC-MS traces confirm the partial synthesis of DD1 (left) and DD2 (right). 
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Figure 5. 10 UPLC-MS traces confirm the partial synthesis of DD3 (left) and DD4 

(right). 
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Figure 5. 11 UPLC-MS traces confirm the partial synthesis of DD5 (left) and a failed 

DD6 (right) reaction. 
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Figure 5. 12 UPLC-MS traces show trace signs of DD7 (left) and partial formation of 

DD8 (right). 
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Figure 5. 13 UPLC-MS traces confirm the partial synthesis of DD9 (left) and DD10 

(right). 
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Figure 5. 14 UPLC-MS traces confirm the partial synthesis of DD11 (left) and DD12 

(right). 
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Figure 5. 15 UPLC-MS traces confirm the nearly complete synthesis of DD13 (left) and 

trace formation of DD14 (right). 
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Figure 5. 16 UPLC-MS traces show no conversion of DD15 (left) and partial conversion 

of DD16 (right). 

5.5.6 1H NMR titrations with nicotine 
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Figure 5. 17 Nicotine titration (10 mM) into DD1 (500 μM) shows broadening of 

resonances that support host-guest binding. The resonances of N-CH3, ortho and meta 

pyridinium resonances on DD1, highlighted by red stars, begin to broaden upon the 

addition of nicotine. While pyrrolidine protons of nicotine, highlighted with blue cross, 

barely become visible at 1.0 eq and remain broad throughout the titration.  Although 

resonances of a distinct DD1monomer-nicotine complex are not present the broadening is 

evidence of two equilibria (dimer dissociation and nicotine complexation) occurring 

together in an intermediate timescale relative to the NMR experiment. 
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Figure 5. 18 Nicotine titration (10 mM) into DD4 (500 μM) shows shifts and broadening 

of resonances that support host-guest binding. The encapsulated aromatic indolinium 

protons on DD4, highlighted by red stars, broaden immediately upon the addition of 

nicotine. The methyl groups: N-CH3 and the 3-dimethyl protons, can be followed with 

red dashed lines and are in fast exchange relative to the NMR timescale.  The two 

equivalent dimethyl groups, found as a 6H singlet at 0.0 eq, split into two chemically 

inequivalent singlets upon the addition of nicotine. 
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Figure 5. 19 Nicotine titration (4 mM) into DD8 (200 μM) shows broadening of 

resonances that supports host-guest binding. DD8 resonances did not shift but only 

broadened completely into the baseline, indicated with red stars. Nicotine resonances 

began to appear at 2.0 eq. and remained broad throughout the titration. 
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Figure 5. 20 Nicotine titration (25 mM) into DD9 (500 μM) shows shifts and broadening 

of resonances that support host-guest binding. DD9 quinolinium and N-CH3 resonances 

broadened and shifted downfield slightly (indicated with red stars and dashed lines) and 

eventually flattened into the baseline after 1.0 eq of nicotine was added. Nicotine 

pyrrolidine resonances appeared at 1.0 eq (marked with a blue cross) and remained broad 

throughout the titration. 
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Figure 5. 21 Nicotine titration (10 mM) into DD12 (500 μM) shows shifts and 

broadening of resonances that support host-guest binding. The encapsulated aromatic 

pyridinium protons and 4’-CH3 on DD12, highlighted by red stars, broaden immediately 

upon the addition of nicotine. However, the less shielded N-CH3, can be followed with 

red dashed lines and is in fast exchange relative to the NMR timescale, shifting by 0.86 

ppm.  The nicotine pyrrolidine resonances appear as broad signals near 1.0 eq. and 

remain broad throughout the titration. 
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Figure 5. 22 Nicotine titration (10 mM) into DD13 (500 μM) shows shifts and 

broadening of resonances that support host-guest binding. The encapsulated N-phenyl 

protons on DD13, highlighted by red stars, broaden immediately upon the addition of 

nicotine. However, the less shielded ortho-pyridinium resonances, can be followed with 

red dashed lines in fast exchange relative to the NMR timescale, shifting by 0.42 ppm.   
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Figure 5. 23 DimerDyes (500 μM) without nicotine (-) are not fluorescent. With addition 

of 10 mM nicotine (+), DimerDyes 1, 4, 8, 12 and 13 become fluorescent while DD9 

remains dark, as predicted by the screening of crude DD reaction mixtures. Each tube is 

irradiated with a hand-held UV lamp (λex. 364 nm ± 20 nm). Solutions are prepared in 

NaH2PO4/Na2HPO4 buffered D2O, (50 mM, pD 7.4). 

5.5.7 1D DOSY calculations (3.3, DD4, DD4 + 20 eq. nicotine) 

Table 5. 4 Parameters used for diffusion analysis of DD4 in buffered water. 

Parameters used for diffusion analysis:  

used γ: 26752 rad/(s*Gauss) 

used δ: 0.0036000 s 

used Δ: 0.099900 s 

used gradient strength: variable 

Random error estimation of data: RMS per spectrum (or trace/plane) 

Systematic error estimation of data: worst case per peak scenario 

Fit parameter Error estimation method: from fit using arbitrary uncertainties 

Confidence level: 95% 

Used peaks: automatically picked peaks 

Used integrals: area integral 

Used Gradient strength: all values (including replicates) used 
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Table 5. 5 Diffusion coefficients calculated from indicated resonances in DD4 from 1D 

DOSY 

F2 [ppm] D [m2/s] error 

7.774 1.96 x 10-10 1.069 x 10-12 

7.313 1.98 x 10-10 9.863 x 10-13 

3.534 2.00 x 10-10 1.443 x 10-12 

1.360 1.89 x 10-10 1.073 x 10-12 

7.629 1.95 x 10-10 3.024 x 10-12 

6.558 1.98 x 10-10 2.726 x 10-12 

 

Table 5. 6 Parameters used for diffusion analysis of DD4+20 eq. nicotine in buffered 

water. 

Parameters used for diffusion analysis:  

used gamma: 26752 rad/(s*Gauss) 

used little delta: 0.0024000 s 

used big delta: 0.099900 s 

used gradient strength: variable 

Random error estimation of data: RMS per spectrum (or trace/plane) 

Systematic error estimation of data: worst case per peak scenario 

Fit parameter Error estimation method: from fit using arbitrary uncertainties 

Confidence level: 95% 

Used peaks: automatically picked peaks 

Used integrals: area integral 

Used Gradient strength: all values (including replicates) used 

 

Table 5. 7 Diffusion coefficients calculated from indicated resonances in DD4-nicotine 

complex from 1D DOSY. 

F2 [ppm] D [m2/s] error 

7.767 3.06 x 10-10 3.306 x 10-11 

3.821 2.32 x 10-10 6.292 x 10-12 

 

Table 5. 8 Parameters used for diffusion analysis of 3.3 in buffered water. 

Parameters used for diffusion analysis:  

used γ: 26752 rad/(s*Gauss) 

used δ: 0.0046000 s 

used Δ: 0.049950 s 

used gradient strength: variable 

Random error estimation of data: RMS per spectrum (or trace/plane) 

Systematic error estimation of data: worst case per peak scenario 

Fit parameter Error estimation method: from fit using arbitrary uncertainties 

Confidence level: 95% 
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Used peaks: automatically picked peaks 

Used integrals: area integral 

Used Gradient strength: all values (including replicates) used 

 

Table 5. 9 Diffusion coefficients calculated from indicated resonances in 3.3 from 1D 

DOSY. 

F2 [ppm] D [m2/s] error 

9.505 3.31 x 10-10 1.272 x 10-12 

7.723 3.28 x 10-10 6.311 x 10-13 

7.620 3.28 x 10-10 7.151 x 10-13 

7.588 3.29 x 10-10 7.270 x 10-13 

7.506 3.29 x 10-10 5.165 x 10-13 

5.5.8 Fluorescence titrations of DDs 1, 4, 8, 12, and 13 with nicotine, 

MDMA and cocaine 

All intensity values are plotted as the mean of duplicate experiments. Error bars 

corresponding to the standard deviation are present on all data points in all dose-response 

graphs (but in many cases are similar in size to the data point markers themselves). Spectra 

represent mean of duplicate experiments and are processed with second order smoothing 

function. 

5.5.8a Nicotine  

 

Figure 5. 24 DD1 turns-on fluorescence upon the addition of nicotine in buffered water 

and diluted saliva. Nicotine titration into DD1 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 385 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 390 nm) show DD1 is capable of 

detecting nicotine in both media. Red line indicates maximum nicotine concentration = 
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240 μM and black line indicates no nicotine added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 590 nm in both saliva and water. 

 

Figure 5. 25 DD4 turns-on fluorescence upon the addition of nicotine in buffered water 

and diluted saliva. Nicotine titration into DD4 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 475 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 485 nm), show DD4 is capable of 

detecting nicotine in both media. Red line indicates maximum nicotine concentration = 

240 μM and black line indicates no nicotine added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 570 nm in buffered water and λmax. = 585 

nm in diluted saliva.  

 

Figure 5. 26 DD8 turns-on fluorescence upon the addition of nicotine in buffered water 

and diluted saliva. Nicotine titration into DD8 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 375 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 380 nm) show DD8 is capable of 

detecting nicotine in both media. Red line indicates maximum nicotine concentration = 

240 μM and black line indicates no nicotine added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 580 nm in both buffered water and diluted 

saliva. 
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Figure 5. 27 DD12 turns-on fluorescence upon the addition of nicotine in buffered water 

and diluted saliva. Nicotine titration into DD12 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 415 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 415 nm) show DD12 is capable of 

detecting nicotine in both media. Red line indicates maximum nicotine concentration = 

240 μM and black line indicates no nicotine added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 640 nm in both buffered water and diluted 

saliva.  

  

Figure 5. 28 DD13 turns-on fluorescence upon the addition of nicotine in buffered water 

and diluted saliva. Nicotine titration into DD13 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 420 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 420 nm) show DD12 is capable of 

detecting nicotine in both media. Red line indicates maximum nicotine concentration = 

240 μM and black line indicates no nicotine added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 635 nm in buffered water and λmax. = 625 

nm in diluted saliva. 
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5.5.8b MDMA 

 

Figure 5. 29 DD1 turns-on fluorescence upon the addition of MDMA in buffered water 

and diluted saliva. MDMA titration into DD1 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 385 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 385 nm) show DD1 is capable of 

detecting MDMA in both media. Red line indicates maximum MDMA concentration = 

240 μM and black line indicates no MDMA added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 595 nm in buffered water and λmax. = 590 

nm in diluted saliva.  

 

Figure 5. 30 DD4 turns-on fluorescence upon the addition of MDMA in buffered water 

and diluted saliva. MDMA titration into DD4 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 475 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 480 nm) show DD4 is capable of 

detecting MDMA in both media. Red line indicates maximum MDMA concentration = 

240 μM and black line indicates no MDMA added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 595 nm in buffered water and λmax. = 590 

nm in diluted saliva. 
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Figure 5. 31 DD8 turns-on fluorescence upon the addition of MDMA in buffered water 

and diluted saliva. MDMA titration into DD8 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 375 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 375 nm) show DD8 is capable of 

detecting MDMA in both media. Red line indicates maximum MDMA concentration = 

240 μM and black line indicates no MDMA added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 585 nm in buffered water and λmax. = 580 

nm in diluted saliva.   

 

Figure 5. 32 DD12 turns-on fluorescence upon the addition of MDMA in buffered water 

and diluted saliva. MDMA titration into DD12 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 420 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 420 nm) show DD12 is capable of 

detecting MDMA in both media. Red line indicates maximum MDMA concentration = 

240 μM and black line indicates no MDMA added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 630 nm in both buffered water and in diluted 

saliva.  
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Figure 5. 33 DD13 turns-on fluorescence upon the addition of MDMA in buffered water 

and diluted saliva. MDMA titration into DD13 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 420 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 420 nm) show DD13 is capable of 

detecting MDMA in both media. Red line indicates maximum MDMA concentration = 

240 μM and black line indicates no MDMA added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 630 nm in both buffered water and in diluted 

saliva.  

5.5.8c Cocaine 

 

Figure 5. 34 DD1 turns-on fluorescence upon the addition of cocaine in buffered water 

and diluted saliva. Cocaine titration into DD1 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 390 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 390 nm) show DD1 is capable of 

detecting cocaine in both media. Red line indicates maximum cocaine concentration = 

240 μM and black line indicates no cocaine added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 585 nm in both buffered water and in diluted 

saliva. 
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Figure 5. 35 DD4 turns-on fluorescence upon the addition of cocaine in buffered water 

and diluted saliva. Cocaine titration into DD4 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 490 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 490 nm) show DD4 is capable of 

detecting cocaine in both media. Red line indicates maximum cocaine concentration = 

240 μM and black line indicates no cocaine added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 565 nm in both buffered water and in diluted 

saliva.  

 

Figure 5. 36 DD8 turns-on fluorescence upon the addition of cocaine in buffered water 

and diluted saliva. Cocaine titration into DD8 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 390 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 380 nm) show DD4 is capable of 

detecting cocaine in both media. Red line indicates maximum cocaine concentration = 

240 μM and black line indicates no cocaine added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 575 nm in both buffered water and in diluted 

saliva. 
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Figure 5. 37 DD12 turns-on fluorescence upon the addition of cocaine in buffered water 

and diluted saliva. Cocaine titration into DD12 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 420 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 420 nm) show DD12 is capable of 

detecting cocaine in both media. Red line indicates maximum cocaine concentration = 

240 μM and black line indicates no cocaine added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 620 nm in buffered water and λmax. = 615 

nm in diluted saliva.  

 

Figure 5. 38 DD13 turns-on fluorescence upon the addition of cocaine in buffered water 

and diluted saliva. Cocaine titration into DD13 (12 μM) monitored by fluorescence 

spectroscopy in (left) NaH2PO4/Na2HPO4 buffered water (10 mM, pH 7.4, λex. = 430 nm) 

and in (right) diluted saliva (1:1, saliva:water, λex. = 425 nm) show DD13 is capable of 

detecting cocaine in both media. Red line indicates maximum cocaine concentration = 

240 μM and black line indicates no cocaine added. Insets show binding isotherms 

monitored at fluorescence maximum, λmax. = 625 nm in both buffered water and in diluted 

saliva. 

5.5.9 Limits of Detection 

Limits of detection (LOD) were found through the linear regression of each data set (only 

linear region of the curve is considered) and calculating: 
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LOD = σ/slope*3.3  

Where, σ and slope are the standard deviation and slope obtained from the regression line 

All LOD were measured with purified DDs, [DD] = 12 μM.   

 

Table 5. 10 Limits of detection determined of each DimerDye for nicotine, MDMA and 

cocaine in sodium phosphate buffer 

 Nicotine  MDMA  Cocaine  

 σ Slope 

LOD 

(μM) σ Slope 

LOD 

(μM) σ Slope 

LOD 

(μM) 

DD1 45.91 43.42 3.489 16.20 19.65 2.721 12.87 46.51 0.9132 

DD4 64.27 44.19 4.800 90.93 18.82 15.94 52.02 92.76 1.851 

DD8 21.43 26.94 2.625 15.25 10.07 4.998 32.12 80.26 1.321 

DD12 82.56 33.99 8.016 82.56 33.99 8.016 57.65 91.09 2.089 

DD13 58.65 97.59 1.983 12.15 12.08 3.319 54.44 67.62 2.657 

 

 

Table 5. 11 Limits of detection determined of each DimerDye for nicotine, MDMA and 

cocaine in diluted saliva 

 Nicotine  MDMA  Cocaine  

 σ Slope 

LOD 

(μM) σ Slope 

LOD 

(μM) σ Slope 

LOD 

(μM) 

DD1 17.38 2.08 27.57 30.36 2.428 41.26 28.54 22.23 4.237 

DD4 134.8 6.003 74.10 120.8 10.97 36.34 94.71 41.11 7.603 

DD8 23.88 4.233 18.62 22.43 3.682 20.104 45.95 30.63 4.951 

DD12 26.85 5.149 17.21 26.26 8.699 9.962 47.81 38.76 4.071 

DD13 52.71 9.283 18.74 32.75 12.68 8.523 35.11 43.05 2.691 

 

5.5.10 PCA and LDA analysis 

Stocks of each DimerDye (13.4 μM) were prepared in NaH2PO4/Na2HPO4 (10 mM, pH 

7.4) and aliquoted (90 μL) into a 96-well plate to account for 5 replicates of each drug and 

2 blanks. This was followed by additions of each drug/buffer (10 μL) to make a final [DD] 

= 12 μM, [drug] = 100 μM or 0 μM (blank) with a final volume of 100 μL. The fluorescence 

was measured with λex. and λem. tabulated below. The raw fluorescence was subtracted from 

the blank before analysis. The PCA (type: covariance) and LDA analysis (cross-validation) 

were conducted with XLSTAT and Minitab 18.  
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Table 5. 12 Excitation and fluorescence emission wavelengths used for each DimerDye 

 λex. (nm) λem. (nm) 

DD1 385 590 

DD4 475 570 

DD8 375 580 

DD12 415 640 

DD13 420 635 

 

 

Figure 5. 39 Average fluorescence data from each DD with respect to COC (cocaine), 

BZE (benzoylecgonine), LC (lidocaine), PC (procaine), MDMA (3,4-

methylenedioxymethamphatamine), MA (methamphetamine), A (amphetamine), MDA 

(3,4-methylenedioxoamphetamine), DEX (dextrorphan), OXY-M (oxymorphone), 6-

MAM (6-acetylmorphine), OXY-C (oxycodone), HER (heroin), NICO (nicotine), TY 

(acetaminophen). 
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Chapter 6: Conclusions and future directions 

6.1 Contributions to the field of supramolecular chemistry in salty 

solutions 

At the start of this thesis work, a few supramolecular systems had been studied in-

depth and functioned in complex aqueous solutions. Recently, the community has taken a 

closer look at how salts interact with hosts and how it affects host-guest binding. However, 

more research is needed to fully understand molecular recognition in salty solutions. 

Before this thesis work, the design of supramolecular sensors working in 

biologically relevant solutions was primarily focused on pairing known hosts with dyes. A 

few examples of these sensors functioned in complex solutions, but their performance was 

greatly affected by the salts present. Furthermore, self-assembly operated sensors were less 

explored and reported.  

One example of self-assembly in salty conditions arose from the serendipitous 

discovery of the salt-tolerant, calix[4]arene-based homodimers that this work was inspired 

from. The prior research focused only on a narrow range of host motifs and tolerated 

moderately challenging conditions. From my research I have expanded the calixarene 

motif, tested the assembly to extreme conditions and implemented the self-assembly into a 

useful supramolecular sensor which I outline below.  

I furthered the field of molecular recognition in salty water by developing 

calixarenes that self-assembled in the presence of molar concentrations of NaCl and urea, 

two co-solutes known to strongly perturb molecular recognition. From my best knowledge, 

no one has ever studied molecular recognition in such extreme conditions.  

I furthered the field of supramolecular sensing by reporting DimerDyes that operate 

through a novel self-assembly sensing mechanism. I demonstrated that they can operate 

despite the presence of competitive salts, co-factors and proteins. Most often the discovery 

of new sensors requires rational design and here I report new DimerDye scaffolds identified 

by supramolecular parallel synthesis and testing. Only a few host systems are able to target 

a wide breadth of guest analytes in real biological fluid. I added to this field by 

implementing DimerDyes in real saliva by the detection of multiple classes of drugs.  
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6.2 Future directions for the yin-yang dimer 

Expanding the structural diversity of the yin-yang scaffold is a lead for future 

development of this technology. Both upper and lower rim modifications need to be 

explored and homodimerization tested. For example, if dimerization is preserved with an 

alkyl chain appended to the lower rim, two levels of self-assembly can occur: dimerization 

and amphiphilic aggregation.  

DimerDyes’ strengths stem from both their tolerance to environmental conditions 

and accommodating structural diversity of the pendant group. This inspires many 

opportunities that can and are currently being explored. I will mention here a few 

improvements and ideas towards the DimerDye concept. To improve the sensing 

capabilities, DimerDyes need to become more sensitive. This can be achieved by 

integrating completely different fluorophores within the pocket. These fluorophores can be 

intrinsically brighter and modulate the dimerization strength which ultimately improves 

sensitivity. DimerDyes operating on paper-based test strips are currently being pursued and 

an increase in sensitivity will greatly improve the applicability of the test strips to real-

world analytical problems.  

In order to improve the sensing quality from the DimerDye array, a richer set of 

photophysical information is needed. This can be achieved by creating DimerDyes that 

undergo alternative sensing mechanisms. For example, currently bring pursued are 

DimerDyes that work by aggregation-induced emission would emit upon dimerization and 

turn-off upon complexation to a guest. Another possibility is to integrate a second 

fluorophore within the pocket. Upon dimerization the two fluorophores will fluoresce via 

resonance energy transfer yet emit differently upon complexation with a guest. Another 

method to increase sensitivity is to incorporate covalent bond formation with the target 

analyte and sensor instead of relying solely on non-covalent interactions.   

 

The calixarene-based dimers described in this work are unique in both their 

resilience to environmental pressures and work elegantly as supramolecular tools. I hope 

my extensive research regarding this privileged structure will inspire the development of 

functional supramolecular systems that thrive in complex media. 
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