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Abstract 

Plastics, and thus polymers, are one of the most essential materials of our civilisation due the large 

variety of applications that can be obtained from their properties. However, the low recyclability of 

plastics makes it difficult to decrease the production of waste. Techniques such as depolymerization 

improve processability, but often require intensive energy conditions to break the covalent bonds of 

the chains. Using supramolecular systems instead of covalent polymers could provide a better 

platform to improve recyclability due to the lower energetic barrier of depolymerization of non-

covalent bonds. One of the major challenges in supramolecular chemistry is obtaining reversible 

control over structure and function, which is incredibly important not only to create durable but 

recyclable materials, but also to design new innovative technologies or improve on existing 

applications. Application of depolymerization techniques to the field of supramolecular polymers can 

lead to easier processability and decrease the cost of recycling. Additionally, the implementation of 

depolymerization of supramolecular polymers would allow us to better mimic natural systems and to 

create complex synthetic polymeric materials.  

Thus, in this report we aim to induce the depolymerization of a system containing supramolecular 

polymers of 1,3,5-benzene-tricarboxamides (BTA) derivatives by performing a covalent reaction in-

situ on the monomer. BTA monomers were selected as a starting platform due to the extensive 

knowledge acquired over the years on their ability to assemble into helical structures via the formation 

of intermolecular hydrogen bonding. A specific subset, known as ester-BTAs, were chosen, because 

they are able to form both dimeric structures and helical stacks depending on the side chains present 

on the monomer, the concentration, the solvent and the temperature. Two monomers were selected 

by their ability to be selectively modified by covalent reactions: cysteine-BTA (cys-BTA) and 

methionine-BTA (met-BTA).  

The cys-BTA monomer was selected due to the presence of a thiol moiety on its characteristic 

residue. The presence of this thiol allowed the change from a polymer to a dimer upon performing a 

radical reaction with an alkene, known as the thiol-ene reaction. Cys-BTA forms helical stacks in bulk 

and in apolar solvents. Completion of the thiol-ene reaction results in the formation of thiol/ene-BTA, 

which forms dimers in solution. This change in assembly can mostly be attributed to the increased 

sterical hindrance of the alkyl chain of the reacted alkene. As thiol/ene-BTA is able to form 

heterodimers with cys-BTA, the formation of thiol/ene-BTA decreases the free cys-BTA monomer 

concentration, and therefore pushes the thermodynamic equilibrium towards depolymerization. The 

met-BTA monomer is also able to form helical stacks in solution and bulk and was chosen to enable a 

similar morphological change from stack to dimer, but this time the transformation is the result of the 

oxidation of the side chain. The oxidation of the sulfur atom leads to the formation of metOx-BTA 

which now contained a sulfoxide group. This sulfoxide is able to disrupt the supramolecular assembly, 

resulting in the formation of metOx-BTA dimers. This change of the supramolecular structure can be 

reversed by a subsequent reduction, allowing for reformation of met-BTA. This allowed for more 

precise control over these supramolecular assemblies and would open possibilities for the creation of 

more adaptive materials. 

In summary, we have been able to achieve both reversible and repeatable morphology changes by 

introduction of covalent synthesis on supramolecular assemblies. The results described above indicate 

that these supramolecular systems are very sensitive to small alterations in molecular structure, as 

small changes in steric hindrance and polarity have been shown to have a large effect on structural 

formation. Application of these covalent steps on non-covalent assemblies creates a new set of tools 

for exploring the world of supramolecular synthesis, which would allow us to come closer to the 

complexity and dynamicity of natural supramolecular systems. 



二 
 

Table of Contents 
Abstract ................................................................................................................................................ 一 

Table of Contents ................................................................................................................................. 二 

 

Chapter 1: Introduction .......................................................................................................................... 1 

1.1 Plastic fantastic ............................................................................................................................. 1 

1.2 (De)polymerization of plastics ...................................................................................................... 2 

1.3 Self-immolative polymers ............................................................................................................. 3 

1.4 Supra-plastics ................................................................................................................................ 4 

1.4.1 Natural supramolecular polymers ......................................................................................... 5 

1.4.2 Synthetic supramolecular polymers ...................................................................................... 6 

1.5 Supramolecular depolymerization ................................................................................................ 8 

1.5.1 The effect of temperature and solvent on supramolecular assemblies ................................ 8 

1.5.2 The effect of additives on supramolecular assemblies .......................................................... 9 

1.5.3 The effect of a covalent reaction on supramolecular assemblies ....................................... 11 

1.6 Non-covalent synthesis ............................................................................................................... 12 

1.7 Aim of the project ....................................................................................................................... 15 

1.8 References .................................................................................................................................. 17 

 

Chapter 2: Synthesis of ester-benzenetricarboxamides ..................................................................... 25 

2.1 Introduction ................................................................................................................................ 25 

2.2 Synthesis of ester-BTAs ............................................................................................................... 26 

2.2.1 Synthesis of met-BTA and metOx-BTA ................................................................................ 26 

2.2.2 Synthesis of cys-BTA and thiol/ene-BTA ............................................................................. 28 

2.3 Discussion and Conclusion .......................................................................................................... 30 

2.4 Experimental section .................................................................................................................. 31 

2.4.1 Materials .............................................................................................................................. 31 

2.4.2 Instrumentation ................................................................................................................... 31 

2.4.3 Methods: Synthesis of cys-BTA and thiol/ene-BTA ............................................................ 31 

2.4.4 Methods: Synthesis of met-BTA and metOx-BTA ............................................................... 35 

2.5 References .................................................................................................................................. 37 

 

Chapter 3: The assembly properties of cys-BTA and thiol/ene-BTA .................................................. 39 

3.1 Introduction ................................................................................................................................ 39 



三 
 

3.2 Characterization of cys-BTA and thiol/ene BTA ......................................................................... 40 

3.2.1 Assembly in the solid phase ................................................................................................. 40 

3.2.2 Assembly in solution ............................................................................................................ 43 

3.3 Conclusion and Discussion .......................................................................................................... 48 

3.4 Experimental ............................................................................................................................... 49 

3.4.1 Materials .............................................................................................................................. 49 

3.4.2 Instrumentation ................................................................................................................... 49 

3.4.3 Methods ............................................................................................................................... 49 

3.5 References .................................................................................................................................. 50 

 

Chapter 4: Depolymerization by covalent reaction ............................................................................ 51 

4.1 Introduction ................................................................................................................................ 51 

4.2 Test reaction ............................................................................................................................... 52 

4.3 Depolymerization by covalent reaction ...................................................................................... 53 

4.4 Kinetics of the system ................................................................................................................. 56 

4.5 Conclusion ................................................................................................................................... 59 

4.6 Experimental ............................................................................................................................... 59 

4.6.1 Materials .............................................................................................................................. 59 

4.6.2 Instrumentation ................................................................................................................... 59 

4.6.3 Methods ............................................................................................................................... 60 

4.7 References .................................................................................................................................. 60 

 

Chapter 5: The (de)polymerization by redox reaction ........................................................................ 63 

5.1 Introduction ................................................................................................................................ 63 

5.2 Characterization of met-BTA and metOx-BTA ........................................................................... 63 

5.2.1 Assembly in the solid state .................................................................................................. 64 

5.2 Assembly in solution ................................................................................................................... 65 

5.2.1 Reversibility of the disassembly in solution ......................................................................... 65 

5.2.2 Reversible change in morphology by reduction of sulfoxide ............................................... 67 

5.3 Conclusion/Discussion ................................................................................................................ 69 

5.4 Experimental ............................................................................................................................... 70 

5.4.1 Materials .............................................................................................................................. 70 

5.4.2 Instrumentation ................................................................................................................... 70 

5.4.3 Methods ............................................................................................................................... 70 

5.5 References .................................................................................................................................. 70 



四 
 

Conclusions and Outlook ..................................................................................................................... 73 

Conclusion ......................................................................................................................................... 73 

Outlook ............................................................................................................................................. 74 

 

Acknowledgements: ............................................................................................................................. 76 

Supporting Information ....................................................................................................................... 78 

 

  



1 
 

Chapter 1: Introduction 

1.1 Plastic fantastic 
“In little more than a century, plastic has gone from being hailed as a scientific wonder to being reviled 

as an environmental scourge” Robert Plummer, BBC NEWS1 

This quote from BBC news 

of 2018 shows the tremendous 

change in mentality that has 

occurred concerning the use of 

plastic in modern society. After 

the invention of the first 

synthetic plastic, Bakelite, in 

1907, plastics have spread to 

every part of our civilization.2 

The invention of synthetic 

plastics has revolutionized the 

industry and nowadays almost 

360 million tonnes of plastic is 

produced every year.3 Plastics 

are cheap, lightweight, strong, 

durable and are able to be 

adapted to pretty much any 

applications.4 From water 

bottles to airplanes, from 

computers to clothing, plastics 

have become an essential part 

of our society. Figure 1 displays 

the global plastic production 

from 1950-2015, in which it 

can be seen that since 1950 

the global production has increased exponentially.5 The largest contributor to this increase is the 

packaging industry (pink area), in which plastics offer an ideal mix of light, durable and food-safe 

properties. However, it can also be seen that plastics in this industry have an incredibly short lifespan, 

which unfortunately means that a large portion of these plastics are thrown away after the first use. 

Cumulatively, we have produced more than 8000 million metric tonnes of plastics and a staggering 55 

percent of these plastics (4600 million tonnes) are used only once and then discarded. Of the 5800 

million tonnes of plastic that have been discarded since 1950, only nine percent has been recycled and 

only 20 percent of that is still in-use today.6 Even though recycling rates have increased from two to 

twenty percent between 1990 and 2015, a large amount of previously discarded waste is still present 

in the environment.7 As a result, a large part ends up in the oceans with terrible consequences for 

marine life and (even) humans.8 

One of the limiting factors of improving waste recycling is the recyclability of the different types of 

plastics. Figure 2 shows the division of plastics into seven different categories: PET, PE-HD, PVC, PE-LD, 

PP, PS, and O.9 The first two polyethylene terephthalate (PET) and high density polyethylene (PE-HD) 

have high recyclability due to their many uses and their comparably low processing cost. The 

recyclability of the other categories are considerably lower due to a variety of reasons, such as low 

Figure 1: The global plastic production from 1950 to 2015 sorted by industry. 

Adapted from 5. 
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re-sell value (LDPE and PS), hazardous additives (PVC), and difficulty in sorting (PP, O).10 It is thus 

important to look for more environmentally friendly and energy efficient alternatives. There are 

generally two ways to recycle plastics: mechanically and chemically. Mechanical recycling, the most 

common method nowadays, is restricted by contamination and the wide range of plastics present in 

waste streams.11 During mechanical recycling, collected waste is sorted, washed, grinded into plastic 

flake and subsequently converted into granulate. The mechanical grinding of plastic waste leads to 

the creation of less-valuable products due to the damage it imposes onto the chemical structure. This 

damage leads to e.g. a loss in mechanical strength, which makes the recycled material unusable for all 

desired application.12 In contrast, chemical recycling can allow for the recovery of raw materials, which 

could then be used to create new products without the loss in desired material properties. The process 

of turning these plastics back into their original components is also known also depolymerization. 

1.2 (De)polymerization of plastics 
It has been exactly a hundred years since Staudinger coined the term ‘macromolecule’ and laid the 

foundation for what was called the field of ‘macromolecular science’ or how we now call it: polymer 

science.13 The plastics that we all use in daily life are a type of material known as polymers. The name 

polymer is derived from the Greek words πολύς (polus, meaning "many”) and μέρος (meros, meaning 

“part”) and refers to a molecule existing of a chain of repeating units, which are also known as 

monomers (μονο or mono, meaning “one”).14 The process, in which monomers are transformed into 

polymers is called polymerization and can be performed in a variety of ways depending on the type of 

monomers and the desired end-product. As an example, the polymerization of high-density 

polyethylene, one of the most common polymers, is shown in figure 3.15 During the polymerization 

the double bond present in the ethylene monomer is broken, which allows for the formation of a new 

carbon-carbon bond or covalent between the monomers. This new bond extends the chain resulting 

in the growth of the carbon chain, also known as the polymer chain backbone.  

We previously spoke of chemical recycling and the possibility to obtain raw materials via 

depolymerization. As the name implies, depolymerization is the opposite process of polymerization 

and can be characterized by the scission of the main polymer chain backbone. The ways a polymer 

can be broken down into fragments is divided into 3 categories: (a) random degradation, where bonds 

Figure 3: The polymerization of ethylene to polyethylene via the use of metal catalysts. Adapted from 15.   

Figure 2: The seven categories of plastic materials divided based on the chemical structure of the waste products.  
Adapted from 9. 
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in the chain are broken at random; 

(b) weak-link degradation, where 

chain scission occurs at weak links 

distributed at random along the 

chain, which are more easily 

ruptured than normal bonds; and (c) 

depolymerization, where chain 

scission is the reverse of addition 

polymerization and monomer units 

are released successively from a 

chain end or at a weak link.16  

Depolymerization can be performed 

with a variety of different feedstocks 

ranging from natural products (e.g. 

lignin17,18, cellulose19 or polysaccharides20) or synthetic polymers, such as: polyethylene (PE)21, 

polyurethane (PU)21 and polyethylene terephthalate (PET)22. However, a few obstacles exist in the 

realization of fully chemically recyclable polymers with one of the most important being energy cost 

and depolymerization selectivity.23 For example, the depolymerization of PET can be achieved using 

various methods, such as: glycolysis, methanolysis or hydrolysis. However, all of these processes 

require relatively high operating temperatures (200-300 °C) and pressures (20-100 atm), which results 

in high energy consumption and thus high energy cost.24,25 Increase of the temperature to 400-800 °C 

allows for reduction of polyolefins by cracking at lower pressures. The elevated temperature enables 

the easy rupture of the covalent bonds at a conversion of 85 %.26 Other ways to decrease the energy 

consumption is by catalytic cracking, which is done by introduction of special catalysts speeding up 

the reaction tremendously in the process. However, these catalyst often use expensive metals (e.g. 

iridium)27 or have low lifetimes28 making them not very economically viable. In order to allow for 

better recyclability, the depolymerization mechanism needs to be incorporated in the design. An 

example of this is shown in figure 4, where both polymerization and depolymerization of the backbone 

take place by altering the reaction conditions. Radical polymerization of the acrylamide allows for the 

controlled formation of the desired polyacrylamide. The presence of dissolved CO2 results in the in-

situ depolymerization of the chain, which allows for the recovery of the starting materials.29 

1.3 Self-immolative polymers 
Self-immolative polymers 

(SIPs) are a special variant of 

polymers that are able to 

disassemble themselves. In 

response to specific external 

stimuli (e.g. heat, light or acid), 

these long chains can return to 

their building blocks, as seen in 

figure 5.30,31  The major advantage 

of using SIPs is the mild reaction 

conditions that are required in 

comparison to other 

depolymerization processes.32 

Over the past decades a wide 

variety of SIPs have been 

Figure 4: An overview of the radical polymerization of acrylamide and the 
subsequent depolymerization by dissolved CO2. Adapted from.29 

Figure 5: Depolymerization can be triggered by (a) end-cap cleavage, (b) 
backbone cleavage of a linear polymer, or (c) backbone cleavage of a cyclic 
polymer. After the initial cleavage, the arrows represent a cascade of 
sequential reactions leading to depolymerization. Adapted from  28. 
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developed, which will be subdivided into reversible and irreversible. After application of a stimulus, 

irreversible SIPs are cleaved into molecules that are different from the molecules used for the original 

polymerization. Most irreversible variants are based on polycarbamates33,34 or dendrimers35 and are 

used in light sensing materials or molecular probes due to their reaction with light. Recently, Ergene 

et al. showed that their self-immolative polymers exerted antibacterial activity, indicating that this 

subclass of polymers can have a wide variety of potential applications.36 As their named suggests, 

reversible SIPs can be used multiple times, as they possess the ability to depolymerize to their starting 

materials. This includes among others: poly(benzylether)s (PBE)37, polyphthalaldehydes (PPAs)38, and 

poly(olefin sulfone)s (POS).39 The self-immolative nature of polyphtaldehydes is caused by small 

enthalpy change that occurs with conversion of the aldehyde to an ether upon formation of the 

polymer. This small change in enthalpy is quickly overridden by the gain in entropy of 

depolymerization at lower temperatures, which allows for an easy conversion back towards the 

monomeric state.40  

Normally, the self-immolation of the polymer is initiated by a single trigger, such as light or heat. 

However, in the system presented by Nichol41 multiple stimuli are required to trigger the 

depolymerization. The necessity of two different stimuli allows for the temporal control of the system 

as presented in figure 6. The presented end-cap of the polymer system is normally stable towards an 

acidic environment. 

However, upon heating to 

80°C addition of TFA is 

suddenly able to start the 

depolymerization. Use of an 

ice bath to rapidly cool the 

system ‘pauses’ the reaction 

as the end-capper is stable 

to acidic conditions at lower 

temperatures. By 

alternating the heating and 

cooling steps the stepwise 

conversion can be achieved, 

as seen in figure 6. 

These self-immolative polymers show great promise in creating easily recyclable materials, as their 

reversible covalent bonds allow them to be depolymerized based on a desired trigger. However, would 

it not be much better to just forego the concept of covalent bonds all together? Absence of covalent 

bonds between the monomers would result in a much lower energy requirement to recycle, as no 

strong bonds would need to be broken. Fortunately, such materials do actually exist and are called 

supramolecular polymers. 

1.4 Supra-plastics 
Supra-plastics, also known as supramolecular polymers, are formed through non-covalent 

interactions. Non-covalent interactions differ from covalent bonds in that there is no complete sharing 

of an electron pair between atoms. The lack of the complete sharing of electrons makes non-covalent 

interactions typically much weaker than their covalent counterparts. Hydrogen bonds for example 

have energies of approximately 5-30 kJ mol-1 compared with approximately 300 kJ mol-1 for a carbon-

hydrogen covalent bond.42 This large difference allows for the creation of reversible bonds, which are 

thus able to introduce a variety of potential adaptive properties. 

Figure 6: The temporal ON/OFF study of the depolymerization of a SIP. Red bars are 
heating cycles (heated to 80 °C), while white bars are cooling cycles (RT). 41 
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“In principle, supramolecular polymers guarantee 100% recovery of their monomers. They can be 

designed to be environmentally friendly and self‐repairable. They can also be made responsive to 

external fields and reorganizable so that they are potentially adaptive.” Takuzo Aida43 

This quote by Aida highlights the role that supramolecular polymers can play in contributing to the 

realization of a sustainable society.  

1.4.1 Natural supramolecular polymers 
In order to achieve desired material properties, we can take inspiration from nature. A great 

example of supramolecular interactions in natural polymers is DNA, which was selectively optimized 

by nature to hold our genetic information. As we can see in figure 7, DNA consists of two strands that 

wrap around each other to form a double helix.44  

Each strand consists of a backbone made of alternating phosphate and sugar (deoxyribose) groups. 

Attached to each of the sugar groups is one of the four DNA bases: Adenine (green), Cytosine (blue), 

Guanine (black) and Thymine (red). The presence of hydrogen bond donating and accepting groups 

on these four DNA bases allows for the formation of 2 complementary hydrogen bonding pairs, also 

known as the Watson-Crick pairs: adenine-thymine (AT) and guanine-cytosine (GC).45 As these non-

covalent hydrogen bonds are reversible, the helix can opened up by enzymes in order to start DNA 

transcription. The transcription of DNA is the process in which information of one of the DNA strands 

is read and copied to a molecule called messenger RNA (mRNA), which will then be used to start the 

assembly of new proteins in a process known as ‘ translation’.46,47 The complementary nature of 

hydrogen bond pairs makes it possible to correctly transfer the information from DNA to the mRNA 

and thus enables the formation of specific proteins sequences from the genetic code. Another non-

covalent effect that plays an important role in the formation of the double helix is the hydrophobic 

effect. Due to the aqueous nature of the cellular environment, the hydrophobicity of the DNA-bases 

forces them to aggregate in order to minimize the contact between the bases and the water. This 

aggregation causes the DNA strand to wind around each other and form the double helix.48 

As was previously discussed, the presence of non-covalent bonds alone is enough to steer assembly 

of molecules in solution. The interplay between different non-covalent interactions allows for the 

formation of supramolecular structures, in which the non-covalent interactions drive molecules to a 

specific aggregation state. Over the course of millions of years of evolution, nature has been able to 

Cytosine 

Guanine 

 

Thymine    Base       Backbone  

        Pair           

 

Adenine 

Figure 7: The complementary hydrogen bonds on the DNA pairs of cytosine-guanine and adenine-thymine enable the 
formation of the supramolecular double helix. Adapted from 44 
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create such a complex system of supramolecular structures that adapt to their environment: our cells 

(figure 8).49 Molecules bind to receptors and start a cascade of reactions with both covalent and non-

covalent interactions without disturbing, for example, the structural integrity of the cell controlled by 

other supramolecular interactions.50 Hydrogen bonding, in combination with other non-covalent 

interactions, such as metal complexation, hydrophobic effects, and - interactions, allow for the 

simultaneous structural integrity and adaptability, properties that are integral to the stability of the 

cell.51,52 Aside from providing structural stability, these non-covalent bonds are incredibly important 

in the catalysis of reactions. Hydrogen bonds and hydrophobic forces allow enzymes to have strong 

but reversible bonding to substrates, enabling for drastic improvements in reaction rates by possibly 

10 orders of magnitude.53,54 The incredibly efficiency and selectivity of enzyme-catalysed reactions is 

still used as a source of inspiration for the design of synthetic systems, such as nanoreactors.55 As was 

previously described, DNA transcription and translation are also guided and influenced by a horde of 

non-covalent interactions, highlighting the importance of supramolecular interactions and polymers 

to our everyday life.  

1.4.2 Synthetic supramolecular polymers 
Incorporation of these non-covalent bonds in synthetic systems led to the creation of a diverse 

library of supramolecular assemblies, in which reversibility was one the most interesting properties of 

supramolecular interactions. These reversible interactions can allow for tuneable materials, as its 

properties can be changed by external stimuli or the environment.56–58 

An example of a supramolecular moiety is ureidopyrimidone (UPy, figure 9)59, which dimerizes by 

formation of quadruple hydrogen bonds. Due to the self-complementary hydrogen bonding of this 

motif and its high dimerization 

constant of 6 × 107 M-1, utilization of 

bi-functional UPy allows for the 

extension of the chain.60–62 

Supramolecular polymerization only 

occurs in a single direction in this 

system, creating long chains. 

Introduction of urea or urethane 

bonds allows for coplanar stacking 

or lateral aggregation due to the 

directionality of the hydrogen bonds 

formed by the aforementioned 

Figure 9: The molecular structures of the mono-functionalized and bi-
functionalized ureidopyrimidone. Adapted from 59. 

Figure 8: A schematic depiction of the human cell membrane, adapted from 49. 
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groups, as can be seen in figure 10.63,64 This stacking aids in the formation of better packed and 

structured crystalline blocks, which increases mechanical properties. Creation of a structured and 

crystallized block by these hydrogen bonds also allows for better microphase separation, which could 

be useful for applications such as nano-templating.65,66 The UPy moiety has been used in the 

development of biomaterials, such as hydrogels for drug delivery or regenerative medicine.67 

Hydrogen bonding has been widely used to induce the formation of supramolecular structures with 

examples ranging from the three-fold hydrogen bonded pair of diamonipyridine and uracil58,68 to 

sextuple array of barbiturate/cyanurate–isophthaloyldiamidopyridine.69  

Naturally, other non-covalent interactions can be utilized to form supramolecular polymers. Metal-

coordination bonds, as found in porphyrins, aromatic or - interactions in molecular tweezers and 

ion pair formation in guanidiniocarbonyl)pyrroles are just a few of the many example found in 

literature.58 Specifically, host-guest interactions involve the combination of a variety of these non-

covalent interactions to drive the formation of complexes. Cyclodextrins (CD) are a well-known 

example of such a host, with other examples including crown ethers, calixarenes, and pillar[n]arenes.70 

Cyclodextrins consist of cyclicly linked D-glucose molecules, resulting in a cone-like structure (purple 

in figure 11).71,72 The cavity formed allows a host molecule to enter and form a complex. This 

complexation is mostly driven by the 

van der Waals an hydrophobic 

interactions between the interior of 

the CD-molecule and the guest. 

Covalently linking both the host (CD) 

and guest (Chol) molecules to 

separate polymer backbones allows 

for the self-assembly to a 

supramolecular network. Due to the 

reversible nature of these host-guest 

interactions, these bonds can be 

reformed after breakage. These 

reversible bonds introduce an aspect 

of self-healing into these types of 

materials. These self-healing 

properties combined with the 

biodegrability and biocompatibility 

of cylcodextrin improve both the 

lifetime and the recyclability of the 

material.71 

Figure 11: Linking cyclodextrin (CD, host) and cholesterol (Chol, guest) 

molecules do a polymer backbone forms a self-healing supramolecular 

network. Adapted from71. 

Figure 10: A schematic overview of the lateral stacking effect of the polymers induced by the hydrogen bond formation between 
the urethane groups. Adapted from 65

. 
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 1.5 Supramolecular depolymerization 
Using supramolecular systems instead of covalent polymers could provide a better platform to 

improve recyclability due to the lower energetic barrier of depolymerization of non-covalent bonds. 

One of the major challenges in supramolecular chemistry is obtaining reversible control over structure 

and function, which is incredibly important not only to create durable but recyclable materials, but 

also to design new innovative technologies or improve on existing applications.73 Previously, we 

discussed covalent depolymerization and its possible applications in achieving easily recyclable 

plastics. Application of depolymerization techniques to the field of supramolecular polymers can lead 

to easier processability and decrease the cost of recycling. Additionally, the implementation of 

depolymerization of supramolecular polymers would allow us to better mimic natural systems, such 

as the assembly and disassembly process of microtubule-associated protein ‘tau’ which plays a huge 

role in Parkinson’s disease74,75, but also to create complex synthetic polymeric materials. Multiple 

methods have been described to induce depolymerization into supramolecular assemblies. 

1.5.1 The effect of temperature and solvent on supramolecular assemblies 
As with many chemical 

processes, temperature plays 

an important role in the 

assembly and disassembly of 

supramolecular structures. 

Due to the weaker nature of 

the non-covalent bonds in 

comparison to the covalent 

bonds, it is obvious to see that 

thermal fluctuations will have 

a big impact on the 

supramolecular morphology. 

A typical example of such an 

effect can be seen in figure 

12A which displays the CD 

spectrum of the benzene-

1,3,5-tricarboxamides (BTA) 

self-assembling unit.76–78 

Upon an increase of the 

temperature from 10 °C to 

90 °C, the signal indicating the 

presence of a supramolecular 

helical structure has 

completely disappeared. This 

temperature increase is 

enough to completely dissassemble the non-covalent bonds and return from the polymer to its 

monomeric form. This temperature-dependence can be observed in a variety of supramolecular 

assembly units, such as: oligothiophenes79, oligophenylene vinylene80, and naphthalene derivates.81 

The disassembly of the supramolecular structures upon temperature increase was visualized by the 

use of gelation tests and reology60. Figure 12B shows that the increase from room temperature to 65-

72 °C leads to a loss in viscosity.82 This decrease in viscosity is attributed to the breaking of 

supramolecular bonds by the presence of more thermal energy. The resulting decrease in polymer 

length culminates in a solution with molecularly dissolved monomers. 

Figure 12: A) The decreasing in CD-signal upon increase of the temperature 

indicating the loss of the supramolecular assembly to a monomeric state.76 B) The 
increase in temperature leads to the loss of viscosity, which is the result of the 

disassembly of the supramolecular structure.82 

B) 

A) 
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Cosolvents can also be used to change the structure of supramolecular structures in-situ. The 

solvent-dependent change in supramolecular structures has been studied in biological systems for 

decades such as the denaturation of globular proteins by addition of urea.83 This denaturation is the 

result of the stabilization of the unfolded state by the addition of a good solvent, which is urea in the 

case of these globular proteins.83,84 Similar principles have been reported for supramolecular polymers. 

Research on the usage of cosolvents on the assembly of water-soluble BTAs85 has shown that addition 

of a ‘good’ solvent, in this case acetonitrile (ACN), increase the dynamic behaviour of the monomers. 

Acetonitrile is able to molecularly dissolve the monomers and thus destabilizes the structure. Above 

15 % ACN, the full depolymerization is initiated, which results in the disappearance of the 

supramolecular structures. Figure 13 displays that this same effect can be observed in apolar solvent 

with lipophilic building blocks, as was reported by Korevaar et al.86 They showed that for a variety of 

molecules that self-assembled in apolar solvents, the supramolecular structures could be disrupted 

by addition of good solvent. For most of the structures, a volume fraction of 0.1 was necessary to fully 

disrupt the supramolecular structures.  

1.5.2 The effect of additives on supramolecular assemblies 
Control over the assembly can also be achieved by the introduction of additives, such as metal-

ions87 or special molecules that limit the length of supramolecular polymers. An example of one of 

these additives is known as a chain-capper, which is a molecule that interacts with the chain-end and 

thus inhibits further growth of the supramolecular polymer. One of the earliest reported systems was 

with bifunctional ureidopyrimidone that can form one-dimensional supramolecular polymers by chain 

extension on both sides, as seen in figure 9. A monotopic monomer of ureidopyrimidone acts as a 

chain-capper and induces depolymerization.60,88 Implementation of a trigger into the system allows 

for temporal control of the assembly of the supramolecular polymers. The utilization of light as such 

a trigger has been used in a system containing bifunctional ureidopyrimidone and a precursor. Upon 

irradiation with UV light this precursor was transformed into monofunctionalized ureidopyrimidone, 

which could then act as a chain-capper due to its inability to extend the chain on both sides. 

Continuous irradiation resulted in a continually increasing concentration of chain-capper, which 

caused a continuous decrease in the viscosity over time.  

An example of reversible chain capping is given in figure 14, which shows the assembly of the two 

monomers TAP (blue) and CyCo6 (red).89 Addition of methylene blue reduces the length of the stack, 

Figure 13: The effect of good solvent addition on the degree of aggregation in an apolar solvent. Adapted from 86. 
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as the additive can bind to 

the stack but make further 

extension of the polymer 

impossible. Reduction of the 

methylene blue results in a 

non-planar and non-charged 

molecule, which is no longer 

capable of disrupting the 

hydrogen bonds between 

the monomers and results in 

the reappearance of the 

stack. It is important to note 

that the methylene blue 

merely reduces the degree 

of polymerization and its presence does not lead to a complete depolymerization of the system.  This 

method of chain capping has also been investigated in other supramolecular systems, such as 2,4bis(2-

ethylhexylureido)toluene (EHUT)90, calixarenes91, cucurbit[8]uril92, and porphyrin based 

supramolecular polymers.93 

The concept of chain-capping has also been applied to the widely used motif of the benzene-1,3,5-

tricarboxamides (BTA), which possess three amides attached to the center amide core. In solution, 

BTA monomers assemble into helical structures via the formation of intermolecular hydrogen bonds 

between the amides.94,95  

Methylation of the amide creates a monotopic monomer, which is only able to bind to the ends of the 

chain. Figure 15 shows the decrease in viscosity upon addition of this monotopic component to a 

solution containing ditopic BTA monomers, which as previously discussed is caused by the disassembly 

of the supramolecular structure.96,97 It can be observed that more than 20 % of this second component 

needs to be added to decrease the viscosity by 75 percent or more and this decrease in the degree of 

Figure 14: The (de)polymerization induced in a copolymer system of TAP and CyCo6 by 
redox switching of methylene blue. Adapted from 89. 

Figure 15: The introduction of end-capper N-Me-BTA induces a partly depolymerization of the system and leads to a 
decrease in the length of the chain and the overall viscosity. Adapted from 96,97. 
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polymerization is only observed at higher concentrations of BTA (> 1 mM). The high fraction of 

monotopic component that is required to observe depolymerization indicates the monofunctional 

chain-capper is not as reactive as the monomer, which makes it difficult to achieve the desired 

depolymerization.  

A different strategy using a sequestrator was recently described with BTA.98 Their additives were 

designed to stabilize the monomers and subsequently trap them into inactive species, which can no 

longer participate in the polymerization. Introduction of 10 % of the sequestrator in a solution 

containing ditopic BTA molecules led to the formation of shorter stacks and even dimeric/trimeric 

species.98  This result indicates that stabilization of monomeric species is an attractive way to induce 

depolymerization in a supramolecular system.  

1.5.3 The effect of a covalent reaction on supramolecular assemblies 
Full depolymerization of assemblies has been achieved by Besenius et al by performing a reaction 

on the monomer, as can be seen in figure 16A.99 The peptide sequences in figure 16A contain both 

methionine and glutamic acid residues. At low pH and in the absence of oxidizing agent, the peptides 

are able to form supramolecular structures. Increasing the pH leads to more negatively charged 

glutamic acid residues, which resulted in the depolymerization of the assembly. Similarly, selective 

oxidation of the methionine residue to a sulfoxide species also introduced charges into the polymer 

and resulted in loss of the supramolecular structure. Besenius et al. 100 also investigated the 

copolymerization of a similar system (figure 16B). They utilized two peptides sequences: one 

containing lysine and methionine residues, the second containing glutamic acid and methionine 

residues. At neutral pH, these assemblies are able to copolymerize due to their complementary 

charges. Subsequent oxidation of the methionine residues induced a depolymerization due to the 

introduction of extra charges into the system. This example clearly shows that the use of covalent 

steps is a possible strategy to control the non-covalent interactions in supramolecular products. The 

next section will then elaborate further on the importance of this interplay between non-covalent and 

covalent bonds. 

Figure 16: A) A polymeric peptide system containing methionine and glutamic acid residues. An increase in pH and/or 
oxidizing agent leads to the depolymerization of the polymer. B) A copolymer formed at neutral pH by peptides containing 
complementarily charged residues (lysine and glutamic acid). Upon addition of peroxide the disassembly of the copolymer 
is initiated. A  was adapted from 99 and B from 100. 

A) B) 



12 
 

1.6 Non-covalent synthesis  
Thus far, we have focussed on either covalent bonds or non-covalent bonds, but the interplay 

between the two types of interactions is highly important in the assembly of supramolecular 

structures, such as the assembly of DNA. For instance, Yu et al investigated a system formed by 

simultaneous covalent and non-covalent polymerization of two types of monomers.101  

Separate polymerization of the covalent polymer by the reaction of a dialdehyde and a diamine (figure 

17A) resulted in the formation of one-dimensional stack. The non-covalent monomers polymerized 

into flat sheet-like structures (figure 17B). However, upon simultaneous polymerization of both types 

of monomers (figure 17C) a one-dimensional structure with uniform diameter was obtained. The 

molecular mass of this new structure was higher than that of the covalent polymer, indicating the 

incorporation of the non-covalent polymer into the one-dimensional structure (figure 17C). The 

combination of non-covalent and covalent steps into the construction of the structures allow to form 

products that could not be obtained with only covalent bond formation or only non-covalent bond 

formation. The construction of these types of assemblies is the aim of non-covalent multi-step 

synthesis. This example shows that in-situ covalent transformation of a monomer can result in changes 

in the supramolecular structures. It participates in the challenge of non-covalent synthesis: being able 

to make supramolecular architectures with successive steps of covalent and non-covalent bond 

formation.  

The previously mentioned ureidopyrimidone assembles without requiring a trigger, such as heat 

or light. Better control of polymerization can be achieved by incorporation of a trigger into the 

molecular design of the monomer. As such, incorporation of a photocleavable coumarin protecting 

group into the design of UPy allowed for the initiation of polymerization upon exposure to light.102,103 

Incorporation of such a trigger also displays the importance of covalent reactions in the assembly of 

supramolecular systems. Simply breaking a single covalent bond can have a drastic impact on the type 

of assembly that is formed. Another great example of such a system is seen in the research of Pal et 

B 

 

 
C 

Figure 17: A) The covalent polymerization of component 1 and 2 leads to the assembly into a 1-D stack. B) The non-
covalent polymerization of component 3 leads to the formation of flat sheet-like structure. C) The simultaneous covalent 
and noncovalent polymerization leads the formation of a 1-D structure with uniform diameter and higher molar mass 
than structure A. Adapted from 101. 

A 
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al.104, which is displayed in figure 18. The system utilizes a naphthalenediimide derivative (NDI-1) in 

which the amide group has been protected by an ortho-nitrobenzyl group. When solubilized in an 

apolar solvent the presence of this group prevents the formation of larger aggregates. Upon photo-

irradiation (λ = 254 nm, 18 W) the nitrobenzyl moiety is removed to produce the active monomer 

(NDI-2). This monomer is capable of supramolecular polymerization by forming hydrogen bonds 

between the newly created free amides. Completion of the reaction was achieved after only 10 

minutes of irradiation, which was further supported by the conversion of the initially free-flowing 

solution into a gel. Other triggers such as oxidation can also be used to induce self-assembly. Chen et 

al.105 showed that by oxidation of a non-planar molecule the assembly of a supramolecular structure 

could be promoted. The assembly was caused by the planarization of the molecule by oxidation which 

allowed for 1-D intermolecular interactions, -stacking and desirable donor-acceptor interactions. The 

gelation caused by the presence of small amounts of oxidation agent could be used as a tool in 

chemical sensing. These types of examples are still not very common in the field of supramolecular 

chemistry. However, a paradigm shift is emerging that build on this interplay to create more complex 

supramolecular systems.  

Figure 19: The plea for a shift towards multi-step non-covalent synthesis. Adapted from 106. 

Figure 18: The induction of supramolecular polymerization by rupture of a covalent bond due to the irradiation with light 
(λ = 254 nm, 18 W). Adapted from 104. 
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The shift towards multi-step synthetic strategies is still in its infancy compared to the field of 

covalent chemistry. Figure 19 clearly shows us the advances that have been made in covalent synthesis 

over the last century. Chemists are now able to make the most complex molecules, such as Vitamin 

B12, by subsequent covalent steps. This stepwise synthetic strategy is vital for the advancement of the 

field of non-covalent synthesis. Nowadays, supramolecular systems are also mostly created by 

preparing covalent molecules in a complex multi-step organic synthesis and subsequently mixing them 

in final step to enable assembly into supramolecular structures. We lack the tools to synthetically alter 

these assemblies and the formulation of these tools would be crucial to accomplish stepwise reactions 

by transformation of the supramolecular aggregate.106,107 Therefore, in order to advance in the area 

of supramolecular chemistry, it is beneficial to achieve a next level of complexity by combining 

covalent and non-covalent steps in the construction of complex architectures.57 Exploration of these 

types of complex assembled systems could provide us with strategies to achieve well-defined 

structures for adaptive materials.  
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1.7 Aim of the project 
In this research project, we aim to depolymerize the supramolecular polymers of 1,3,5-benzene-

tricarboxamides (BTA) derivatives by performing a covalent reaction in-situ on the monomer. BTA 
monomers were selected as a starting platform due to the extensive knowledge acquired over the 
years on their ability to assemble into helical structures via the formation of intermolecular hydrogen 
bonding.95 More specifically, ester-BTAs were chosen (figure 20A) as they form both dimeric structures 
or helical stacks depending on the side chains present on the monomer, the concentration, the solvent 
and temperature.108,109  

 

It was previously discussed that a modification of the supramolecular assembly could be observed 
by a change in temperature, addition of a cosolvent, and other additives, such as chain-cappers. We 
aim to induce a morphological change in the assembly by performing a simple covalent reaction on a 
reactive group of the ester-BTA monomer (figure 21). It is important that the covalent reaction can be 
performed in conditions compatible with the existence of the helical BTA stacks (apolar solvent and 
room temperature), to enable the in-situ covalent reaction on the monomer. The cys-BTA monomer 
was chosen because of its characteristic reactive residue with a thiol moiety. The presence of this thiol 
allowed the change from a polymer to a dimer upon performing a thiol-ene reaction on the side chain 

Covalent reaction 

In-situ 

Figure 21: A schematic depiction of the morphological change induced by performing a covalent reaction on the monomer. 

Cys-BTA Thiol/ene-BTA 

Figure 20: A) the schematic depiction of an ester-BTA produced from the amino acids cysteine (R = CH2SH) or methionine (R 
= CH2CH2SCH3). B) performing a covalent reaction on cys-BTA and met-BTA, we can obtain thiol/ene-BTA 
(R’ = CH2SH(CH2)5CH3) and metOx-BTA (R’ = CH2CH2SOCH3) respectively. 

A) B) 
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of the monomer in-situ. The formation of thiol/ene-BTA decreases the free monomer concentration 
and, therefore, pushes the thermodynamic equilibrium to depolymerization. The met-BTA monomer 
was chosen to enable a similar change, from polymer to dimer, upon oxidizing the side chain of the 
monomer. The reversibility of this oxidation by a subsequent reduction, would enable reversibility and 
repeatability of this morphological change, and allow for more precise control over these 
supramolecular assemblies and the creation of more adaptive materials  

 
In chapter 2, the synthesis of the four ester-BTAs with a variety of amino acid residues (figure 20) 

will be discussed and purity will be confirmed using NMR and mass spectroscopy. In chapter 3, 

assembly properties in both bulk and solution phases will be studied for the most promising ester-BTA 

synthesized: cys-BTA, an ester-BTA produced from the amino acid cysteine (figure 20A1), and 

thiol/ene-BTA, which is the result of performing a covalent reaction known as the thiol-ene reaction 

on cys-BTA (figure 20B1). Analysis of these ester-BTA assemblies will be performed with a variety of 

techniques, including NMR spectroscopy, circular dichroism, UV-Vis spectroscopy, Fourier-transform 

infrared spectroscopy, light scattering, and differential scanning calorimetry. In Chapter 4, the effect 

on morphology of the in-situ covalent reaction will be described and the kinetics of the desired 

morphological change will be analysed by NMR spectroscopy, circular dichroism, Fourier-transform 

infrared spectroscopy, and light scattering. Chapter 5 will then describe the assembly properties of 

the other two synthesized ester-BTA: met-BTA, an ester-BTA produced from the amino acid 

methionine (figure 20A2), and its oxidized variant metOx-BTA (figure 20B2). Furthermore, the 

reversibility of the morphological change induced by oxidation will be assessed to investigate the 

possibility of a reversible and repeatable process.110 
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Chapter 2: Synthesis of ester-benzenetricarboxamides 

2.1 Introduction 

The previously described ester-BTA molecules are 

a derivative of benzene-1,3,5-tricarboxamides, better 

known as BTAs. These  molecules contain a benzene 

core and three amide groups linked at the 1,3, and 5-

positions of the benzene ring.1 In this report, only C=O-

centered BTA will be discussed, in which the amide 

group is attached to the benzene ring via the carbonyl 

group, as can be seen in figure 22. Additionally, all of 

the synthesized BTAs will be C3 symmetric indicating 

that the functional groups attached to the amides are 

identical. 

The first example of BTA synthesis comes from 

Curtius and was reported in 1915, however one of the 

intermediates was explosive necessitating the exploration into alternative methods to make larger 

scale synthesis possible.2 Over the years, various methods to produce carbonyl-centered BTAs have 

been reported. Usage of trimethylbenzene-1,3,5-tricarboxylate resulted in more stable intermediates, 

but higher reaction temperatures and reaction times.3 Treatment of trimesic acid with thionyl chloride 

had a drastic impact on the reaction time, considerably lowering it in the process. This could be 

attributed to the formation of an acid chloride, which quickly forms the desired amide bond due to its 

high reactivity with amines.4 Nowadays, the most common procedure is directly derived from this 

previous method: starting with commercially available 1,3,5-benzenetricarbonyltrichloride (or 

trimesic chloride) skips the acid chloride formation step and thus significantly shortens the process.1 

Overall in the literature, a large variety of C3-symmetric BTAs with a wide variety of side chains have 

been synthesized, such as simple alkyl chains5, water soluble side chains6,7, chromophores8, and 

siloxanes9. 

In this chapter, we will describe the different reaction conditions and purifications methods 

required to obtain the desired products in good yield and purity. More in-depth details of reactions 

and purification can be found in the chapter 2.4.3 and 2.4.4 at the end of this chapter.  

  

Figure 22: A schematic depiction of a C=O-centred 
BTA molecule. 
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2.2 Synthesis of ester-BTAs 

In this report, we will be assessing the assembly properties of a variety of BTAs. Specifically, a 

subgroup called ester-BTA, which can be formed by reacting an amino acid with 1,3,5-

benzenetricarbonyltrichloride. The usage of different amino acids allows for the introduction of a 

range of side chains, which will have a huge impact on the formed morphology. As the goal is to 

perform covalent reactions on these supramolecular structures, we utilized amino acids that possess 

reactive sites and thus allow for an in-situ covalent reaction. Figure 23 shows the two selected ester-

BTA pairs: cys-BTA + thiol/ene-BTA and met-BTA + metOx-BTA.  

2.2.1 Synthesis of met-BTA and metOx-BTA 

Methionine-BTA (met-BTA) was selected due to the presence of its sulfur atom, which can be 

chemically oxidized and reduced. This reactive functional group provides a site to perform a reversible 

reaction on the monomer. Additionally, previous research showed that ester-BTAs decorated with 

linear side chains have the ability to form stacks, whereas branched variants form only dimers.10 We 

thought the introduction of both branches and a more polar group would allow us to change 

Figure 23: The two ester-BTAs that have been synthesized before and after in-situ covalent reaction. At the top the cysteine--
BTA (cys-BTA) and thiol/ene-BTA pair are displayed and at the bottom the methionine-BTA (met-BTA) and metOx-BTA pair. 
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morphology reversibly upon oxidation/reduction. Figure 24 shows the synthetic approach to 

producing met-BTA according to the to the procedure from Desmarchelier.11 

 

 

The process was initiated by reacting the commercially available L-methionine (figure 24a) with 

1-dodecanol to form the esterified amino acid. As this Fischer esterification is acid-catalyzed, 

p-toluene sulfonic acid is used to speed up the reaction. Additionally, the presence of the acid allows 

for easier purification as the methionine-ester tosylate easily precipitates out of solution due to salt 

formation with the methionine-ester (figure 24b). A Dean-Stark apparatus is used to remove the water 

that is formed during the reaction to drive the equilibrium towards the products.  

The methionine-ester tosylate was then coupled to 1,3,5-benzenetricarbonyltrichloride in the 

presence of triethylamine (TEA or Et3N) and after purification on a short silica column the desired 

met-BTA was obtained. The reaction is performed under inert atmosphere and with dried solvents 

and glassware due to the reactivity of the acid chlorides with H2O. 

Oxidation of sulfur-containing molecules, like methionine, influences a variety of processes in cells 

and is thus an important process in peptide synthesis.12,13 Even though most of these reactions are 

performed in H2O, we wanted to see if the reaction would also work in an apolar solvent. For this, the 

oxidation of the met-BTA was performed according to Folzer.14 The procedure describes the reaction 

of tert-butyl hydroperoxide with the methionine residues, which results in the desired oxidation of 

the sulfur atoms. tert-Butyl hydroperoxide was selected to improve solubility in the apolar solvent 

MCH. After purification on a silica gel column, we obtained the pure metOx-BTA.  

  

Figure 24: The full reaction scheme of the desired met-BTA and metOx-BTA. 
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2.2.2 Synthesis of cys-BTA and thiol/ene-BTA 

Cysteine-BTA (cys-BTA) was selected due to its thiol moiety, which can undergo a wide variety of 

reactions and interactions, such as disulfide bridges15 or thiol-ene reactions16. Moreover, we predicted 

that the introduction of an extra group, by reaction with the free thiol, would allow for morphological 

change. Figure 25 shows the method to synthesize cys-BTA.  

 

The same method used to make met-BTA was initially also tried to make the cysteine equivalent: 

cys-BTA. However, the reaction of cysteine with 1,3,5-benzenetricarbonyltrichloride turned out to be 

difficult to purify as the free thiol on the cysteine could also react with the acid chloride. Therefore, it 

was decided to start with the N-FMOC and S-Trityl protected cysteine (N-FMOC-cys(Trt)-OH) in order 

to prevent the side reactions from occurring (figure 25a). Due to the acid lability of the trityl protecting 

group, a different procedure was needed compared to met-BTA.17 In the end, we choose the Steglich 

esterification which is often employed in protein synthesis due to its mild conditions and compatibility 

with most protecting groups.18,19 Under these conditions, reaction between 1-dodecanol and the 

N-FMOC-cys(Trt)-OH easily allowed for the formation of N-FMOC-cys(Trt)-ester (figure 25b) without 

having to worry about side product formation.  

The next step, which is the deprotection of the amine by removal of the FMOC group is a common 

reaction in peptide synthesis. As can be seen in figure 26, it proceeds through a three-step mechanism: 

the removal of a proton on the fluorene ring by a base (usually a secondary amine), the β-elimination 

which creates the DBF intermediate, and lastly the trapping of the DBF intermediate by the secondary 

amine.20 The reaction usually takes place in polar solvent such as DMF with piperidine as the base. 21 

Figure 25: The full reaction scheme of the desired cys-BTA and thiol/ene-BTA. 
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However, as can be seen from figure 26, peptide synthesis takes place on the solid phase. This 

makes it possible to flush away the adduct, DMF, and piperidine after the reaction has been completed. 

This is not possible in our case as the deprotection of N-FMOC-cys(Trt)-ester takes place in the solution 

phase. It was thus decided to perform the reaction in acetonitrile and use diethylamine as the 

secondary base, as it would be much easier to remove both by evaporation under vacuum. Due to the 

low solubility of the DBF adduct in most solvents, we initially tried precipitation and subsequent 

filtration of the adduct, but this proved to be unsuccessful in removing all of impurities. Normally, the 

presence of amines disallows the usage of column chromatography with silica gel for purification of 

the crude. However, in this case TLC showed that the product did not stick to silica, enabling us to 

successfully isolate the pure deprotected cys(Trt)-ester (figure 25c) using column chromatography. 

The coupling of cys(Trt)-ester to the 1,3,5-benzenetricarbonyltrichloride core was performed in 

the same way as met-BTA. The presence of trityl protecting group on the thiol moiety now disables 

the reaction between thiol and acid chloride and ensure that no by-products are formed. After 

purification with a short silica column, we obtain the pure cys(Trt)-BTA. (figure 25d) 

The removal of the trityl protective group is also regularly performed in peptide synthesis.22,23 

Addition of a strong acid, most often TFA, quickly removes the trityl group creating a highly reactive 

cation in the process. Trisubstituted silanes are frequently used to scavenge these cations, such as 

triisopropylsilane (TIPS) or triethylsilane. For our deprotection, we used the procedure of Knerr24, 

which uses a mixture of TIPS and TFA in DCM. After purification by column chromatography, we obtain 

the pure cys-BTA in a yield of 84%. 

It was important that the synthesis of thiol/ene-BTA (figure 25) could be performed in conditions 

compatible with the existence of the BTA stacks, as it would allow for in-situ change of morphology. 

Therefore, the thiol-ene reaction, of which a schematic overview can be seen in figure 27, was 

selected.25 As radical reactions are unaffected by the polarity of the solvent, the thiol-ene reaction can 

be performed at room temperature and in apolar solvents.26 In the presence of a radical initiator, such 

as 2.2-dimethoxy-2-phenylacetophenone (DMPA), the reaction between the alkene and the thiol can 

easily occur when irradiated with UV light. Irradiation by UV light breaks the bond between the 

carbonyl group and the adjacent carbon atom creating two radicals in the process. These radicals can 

then be transferred to the thiol group, creating a thiyl-radical. These can then react with an available 

alkene to form the thiol-ene product. The formation of the product regenerates a thiyl-radical, which 

can then be used to continue the cycle until the supply of reactant is exhausted.   

Figure 26: The FMOC deprotection on the solid phase by use of piperidine in DMF.20 
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We predicted that the introduction of a long linear chain would introduce enough steric hindrance 

on the side chain of cys-BTA and would change the morphology of the assembly. Thus, we selected 1-

hexene as the alkene. This alkene was chosen because of its boiling point well above room 

temperature (63 °C).27 1-pentene, which has a boiling point of 30 °C, would be much more difficult to 

use in appropriate ratios due to it fast rate of evaporation. Normally when using radical reactions, it is 

important to properly flush the reaction flask with argon or other inert gasses before starting, as the 

oxygen in the air could react with the formed radicals and lead to all kinds of by-products. Unlike most 

photo-induced radical reactions, the thiol-ene reaction is not sensitive to oxygen and can thus be 

performed under normal atmosphere.28 The chosen reactants DMPA, 1-hexene and cys-BTA were 

solvated in CHCl3 and then irradiated with UV. After purification with a silica gel column, the pure 

thiol/ene BTA was obtained.  

2.3 Discussion and Conclusion 
Met-BTA & metOx-BTA and cys-BTA & thiol/ene-BTA have been successfully synthesized in 

quantitative amounts and in good yields (around 80%). Met-BTA could be synthesized by following 

the procedure of Desmarchelier11 and subsequently oxidized to form metOx-BTA. Cys-BTA was more 

difficult to prepare as it required protecting groups to prevent side reactions on the reactive the free 

thiol. However, after successful synthesis, it was transformed into thiol/ene-BTA via the use of the 

thiol-ene reaction. These molecules can now be further used to assess their assembly properties, and 

this will be explored in the next chapter. 

 

 

  

Figure 27: A schematic depiction of the thiol-ene reaction. Light irradiation breaks the C-C bond next to the carbonyl of the 
DMPA molecule (bottom left) creating radicals to be used as initiators of the thiol-ene reaction.25 
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2.4 Experimental section 

2.4.1 Materials 
All chemicals were purchased from Sigma Aldrich, Merck or Acros Organics, except for N-FMOC-

cys(Trt)-OH which was purchased from Novabiochem and used without further purification. Solvents 

were purchased from Biosolve. 

2.4.2 Instrumentation 

NMR spectra were recorded on Varian Mercury Vx 400 MHz and Bruker 400 MHz Ultrashield 
spectrometers. Chemical shifts (δ) are reported in ppm downfield from tetramethylsilane (TMS). Peak 
multiplicity is abbreviated as s: singlet; d: doublet; t: triplet; q: quartet; p: pentet; m: multiplet; bs: 
broad singlet. Matrix Assisted Laser Desorption/Ionization Time-Of-Flight (MALDI-TOF) mass spectra 
were obtained on a Bruker Autoflex Speed spectrometer using α-cyano-4-hydroxycinnamic acid 
(CHCA) and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malononitrile (DCTB) as matrix. 
Flash column chromatography was performed on a Biotage Isolera One system equipped with an 
ultraviolet detector 

 
2.4.3 Methods: Synthesis of cys-BTA and thiol/ene-BTA 
All NMR (1H-NMR, 13CNMR, COSY, HSQC) and MALDI spectra used for verification of the purity of the 

compounds mentioned in this sub-chapter can be seen in the supporting information in figure S1-S9 

for NMR and S17 + S18 for Maldi.   

Esterification of N-FMOC-cys(Trt)-OH  

 

To a solution of N-FMOC-cys(Trt)-OH (2.00 g, 3.4 mmol) in 20 mL THF was added 1-dodecanol (980 

mg, 1.5 eq.) and a catalytic amount of DMPA (40 mg, 0.16 mmol). The resulting solution was brought 

to 0 °C with an ice bath. Afterwards 1.3 eq. of DCC (920 mg, 4.5 mmol) were added and after 15 

minutes the ice bath was removed, and the solution was stirred at ambient temperature for 3 hours. 

The resulting solution was filtered (twice) and the solvent removed. The resulting solid was taken up 

as a slurry in a few ml of DCM and purified on a short column of silica gel (gradient elution: EtOAc/Hept 

5/95 to 15/85) to obtain 2.4 g of N-FMOC-cys(Trt)-ester (yield = 93%). 

1H NMR (400 MHz, Chloroform-d) δ 7.76 (dd, J = 7.7, 3.4 Hz, 2H), 7.61 (dd, J = 7.5, 3.5 Hz, 2H), 7.43 – 
7.17 (m, 17H), 5.27 (d, J = 8.3 Hz, 1H), 4.43 – 4.28 (m, 3H), 4.23 (t, J = 7.2 Hz, 1H), 4.11 (t, J = 6.7 Hz, 
2H), 2.64 (qd, J = 12.4, 5.5 Hz, 2H), 1.60 (q, J = 7.1 Hz, 2H), 1.34 – 1.23 (m, 18H), 0.88 (t, J = 6.8 Hz, 3H). 
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Deprotection of the N-FMOC-cys(Trt)-ester 

 

N-FMOC-Cys(Trt)-ester (2.2 g, 2.91 mmol) was added to a round-bottom flask and dissolved in 

approximately 55 ml of acetonitrile. In one go, diethylamine (DEA, 15 ml, 0. 15 mol) was added to the 

flask and the mixture was stirred at RT overnight. Afterwards, the solvent was removed under vacuum 

and partitioned in EtOAc/H2O, in which the water layer was extracted twice with EtOAc. The mixture 

was then dried with MgSO4, filtered and the solvent removed.  The resulting solid was taken up as a 

slurry in a few ml of  DCM and purified on a short column of silica gel (gradient elution: MeOH/CHCl3 

0/100 to 5/95) to obtain 1.5 g of cys(Trt)-ester (yield = 85 %). 

1H NMR (399 MHz, Chloroform-d) δ 7.51 – 7.26 (m, 12H), 7.24 – 7.17 (m, 3H), 4.04 (t, J = 6.6 Hz, 2H), 
2.62 – 2.41 (m, 2H), 1.55 (m, 4H), 1.26 (s, 18H), 0.92 – 0.84 (m, 3H). 
 

BTA formation with cys(Trt)-ester 

 

1,3,5-benzenetricarbonyltrichloride (228 mg, 0.86 mmol) was added to a 100 ml round-bottom 

flask dissolved and dissolved into ca. 50 ml of dry DCM under argon atmosphere. Subsequently, 3.3 

eq. of cys(Trt)-ester (1.5 g, 2.8 mmol) was added in one portion and the mixture was cooled using an 

ice bath under argon. Afterwards, 12 eq. of triethylamine (TEA, 1.5 ml, 10.8 mmol ) was added 

dropwise, the ice bath was removed, and the mixture was left to stir at room temperature over the 

weekend. 30 ml of water was added to the flask, and the crude mixture was extracted thrice with 
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CHCl3. The combined organic phases were dried over MgSO4, filtered, and the solvent was evaporated 

under reduced pressure.  The resulting solid was taken up as a slurry in a few ml of DCM and purified 

on a short column of silica gel (gradient elution: EtOAc/Hept 5/95 to 15/85) to obtain 1.4 g of cys(Trt)-

BTA (yield = 85%). 

1H NMR (399 MHz, Chloroform-d) δ 8.32 (d, J = 4.0 Hz, 1H), 7.50 – 7.29 (m, 7H), 7.25 – 7.13 (m, 7H), 
6.77 (d, J = 7.8 Hz, 1H), 4.77 (q, J = 6.1 Hz, 1H), 4.14 (t, J = 6.5 Hz, 2H), 2.88 – 2.64 (m, 2H), 1.63 (s, 2H), 
0.88 (td, J = 6.7, 1.7 Hz, 5H). 
 

Deprotection of cys(Trt)-BTA 

 

Cys(Trt)-BTA (1.01 g, 0.58 mmol) was added to a flask together with 20 ml of DCM and put under 

argon atmosphere. Afterwards, 3 eq. of triisopropylsilane (0.3 ml, 1.5 mmol) and 14 eq. of TFA (0.6  

ml, 7.8 mmol) were added, causing a colour change to bright orange. The mixture was stirred 

overnight under argon. Afterwards, 10 ml of a saturated solution of NaHCO3 was added and extracted 

twice with CHCl3. The organic layer was then dried with MgSO4, filtered and the solvent was removed 

under pressure. The resulting solid was taken up as a slurry in a few ml of DCM and purified on a short 

column of silica gel (gradient elution: MeOH/CHCl3 0/100 to 10/90) to obtain 0.48 g of cys-BTA (yield 

= 84 %). 

1H NMR (399 MHz, Chloroform-d) δ 8.42 (s, 1H), 7.37 (d, J = 7.4 Hz, 1H), 5.06 (dt, J = 8.2, 4.5 Hz, 1H), 
4.32 – 4.15 (m, 2H), 3.23 – 3.08 (m, 2H), 1.70 (p, J = 7.2 Hz, 2H), 1.55 (t, J = 9.0 Hz, 1H), 1.27 (d, J = 7.5 
Hz, 18H), 0.88 (t, J = 6.7 Hz, 3H). 
 
13C NMR (100 MHz, Chloroform-d) δ 170.37, 165.77, 134.65, 128.93, 66.38, 54.97, 31.92, 29.64, 29.64, 
29.60, 29.53, 29.35 29.24, 26.61, 25.90, 22.69, 14.11.  
 
Maldi: Calculated for C54H93NaN3O9S3 [M+Na]+: 1046.60, found: 1046.61. 
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Thiol-ene reaction on cys-BTA 

 

Cys-BTA (50 mg, 0.05 mmol) , 0.3 eq. of DMPA (4 mg, 0.016 mmol) and 4 eq. of 1-hexene (18 mg, 

0.21 mmol) were added to a round-bottom flask and dissolved in 6 ml of CHCl3. The flask was flushed 

with argon, then irradiated with UV for 20 minutes and left to stir for approximately an hour. Then the 

solvent was removed under vacuum and the mixture was purified twice with a short column of silica 

gel (gradient elution: EtOAc/Hept 10/90 to 30/70) to obtain 35 mg of thiol/ene-BTA (yield = 54 %). 

1H NMR (399 MHz, Chloroform-d) δ 8.47 (s, 1H), 7.17 (d, J = 7.4 Hz, 1H), 5.00 (dt, J = 7.5, 5.2 Hz, 1H), 
4.20 (t, J = 6.8 Hz, 2H), 3.11 (qd, J = 13.9, 5.3 Hz, 2H), 2.54 (t, J = 7.4 Hz, 2H), 1.68 (p, J = 6.8 Hz, 2H), 
1.55 (q, J = 7.6 Hz, 2H), 1.40 – 1.20 (m, 24H), 0.87 (q, J = 6.6 Hz, 6H).  
 
13C NMR (100 MHz, CDCl3) δ 170.86, 165.21, 134.70, 128.94, 66.21, 52.65, 34.15, 32.74, 31.92, 31.39, 
29.66, 29.64, 29.60, 29.53, 29.49, 29.36, 29.24, 28.52, 28.46, 25.87, 22.69, 22.52, 14.12, 14.02. 
 

Maldi: Calculated for C72H129NaN3O9S3 [M+Na]+: 1298.88, found: 1298.87. 
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2.4.4 Methods: Synthesis of met-BTA and metOx-BTA 
All NMR (1H-NMR, 13CNMR, COSY, HSQC) and MALDI spectra used for verification of the purity of the 

compounds mentioned in this sub-chapter can be seen in the supporting information in figure S10-S16 

for NMR and S19 + S20 for Maldi.   

Esterification of L-methionine with 1-dodecanol 

 

 

A two neck 500 ml round-bottom flask was mounted into a Dean-Stark apparatus and filled with 

150 ml of toluene. L-methionine (2.24 g, 15 mmol) was added to the flask creating suspension in the 

toluene. Afterwards, of p-toluene sulfonic acid monohydrate (3.4 g, 18 mmol) and of 1-dodecanol 

(3.6 g, 19 mmol) were added and the resulting mixture was then stirred at 150 °C overnight. The 

solvent was then evaporated and approximately 70 ml Et2O was added to the remaining solids, heated 

slightly and then put in the freezer. The precipitate was then filtered under vacuum and the process 

was repeated. The resulting white solid was then mixed with H2O and again filtered under vacuum to 

remove residual L-methionine. After drying the solid under vacuum 4.05 g of the methionine-ester 

tosylate was obtained, equating to a 60 % yield.  

1H NMR (400 MHz, Chloroform-d) δ 7.82 – 7.69 (m, 2H), 7.15 (d, J = 7.9 Hz, 2H), 4.15 – 3.94 (m, 3H), 
2.66 – 2.44 (m, 2H), 2.35 (s, 3H), 2.20 – 2.05 (m, 2H), 1.94 (s, 3H), 1.54 (q, J = 6.9 Hz, 2H), 1.25 (d, J = 
7.0 Hz, 18H), 0.88 (t, J = 6.7 Hz, 3H). 
 

Methionine-BTA formation 

 

Under argon atmosphere 1,3,5-benzenetricarbonyltrichloride (500 mg, 1.9 mmol) and 3.3 eq. of 

methionine-ester tosylate (3.05 g,  6.2 mmol) were added to a 100 ml round-bottom flask. This 
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mixture was then dissolved in 50 ml of dry DCM and cooled to 0 °C using an ice bath. Triethylamine 

(TEA, 2 ml, 14 mmol) was slowly added and the solution was left stirring at room temperature for 3 

hours. 30 ml of water was then added, and the solution was extracted twice with CHCl3, dried and 

filtered. The solvent was removed, and the mixture was purified twice with a short column of silica gel 

(gradient elution: EtOAc/Hept 5/95 to 25/75) to obtain 2.00 g of methionine-BTA (met-BTA), in a yield 

of 89%. 

1H NMR (400 MHz, Chloroform-d) δ 8.34 (s, 1H), 7.47 (d, J = 8.0 Hz, 1H), 4.95 (td, J = 7.9, 4.8 Hz, 1H), 
4.21 (t, J = 6.8 Hz, 2H), 2.63 (t, J = 7.5 Hz, 2H), 2.37 – 2.07 (m, 5H), 1.69 (p, J = 6.7 Hz, 2H), 1.44 – 1.19 
(m, 18H), 0.88 (t, J = 6.8 Hz, 3H). 
 
13C NMR (100 MHz, Chloroform-d) δ 172.92, 165.74, 134.61, 128.56, 66.11, 52.35, 31.92, 31.51, 30.54, 
29.69, 29.58, 29.37, 29.32, 28.59, 25.95, 22.69, 15.49, 14.12. 
 
Maldi: Calculated for C60H105NaN3O9S3 [M+Na]+: 1130.69, found: 1130.72. 
 

 

Oxidation of met-BTA to form metOx-BTA 

 

Met-BTA (120 mg, 0.11 mmol) was added to a 10 ml round-bottom flask and solubilized in 5 ml of 

a solution of 5% tert-butyl hydroperoxide in MCH. The mixture was left to stir overnight, after which 

the solvent was removed, and the crude was purified with a short column of silica gel (gradient elution: 

MeOH/CHCl3 0/100 to 5/95) to obtain 110 mg of metOx-BTA in a yield of 85 %. 

1H NMR (399 MHz, Chloroform-d) δ 8.64 – 8.42 (m, 1H), 8.18 – 7.87 (m, 1H), 4.82 (q, 1H), 4.17 (t, J = 
6.9 Hz, 2H), 3.09 – 2.79 (m, 2H), 2.77 – 2.62 (m, 3H), 2.62 – 2.30 (m, 2H), 1.68 (s, 2H), 1.41 – 1.18 (m, 
18H), 0.88 (t, J = 6.7 Hz, 3H). 
 

13C NMR (100 MHz, Chloroform-d) δ 171.48, 165.87, 134.04, 129.33, 66.09, 52.87, 50.56, 38.91, 31.90, 
29.74, 29.29, 28.54, 25.84, 25.35, 22.68, 14.11. 
 
Maldi: Calculated for C60H105NaN3O12S3 [M+Na]+: 1178.68, found: 1178.72. 
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Chapter 3: The assembly properties of cys-BTA and 

thiol/ene-BTA 

3.1 Introduction 
Alkyl-BTAs are known for their ability to self-assemble into helical stacks in apolar solvent by 

formation of an intermolecular three-fold hydrogen bonding between the amides.1,2 Research has 

shown that ester-BTAs (figure 28) are able to assemble into both helical stacks and dimeric structures.3 

As they still possess the amide functionality (highlighted in red in figure 28A), three-fold hydrogen 

bonding is still possible for ester-BTA (figure 28B). The presence of an extra carbonyl group in ester-

BTA (highlighted in blue in figure 28A) enables the formation of dimeric structures via hydrogen 

bonding between the esters and the amides (figure 28C). The six-fold hydrogen bonding that occurs 

between the ester and amide, leaves no free hydrogen bonding sites and further assembly can thus 

no longer take place.4 The pendant groups (R in figure 28A) are expected to have additional secondary 

interactions, which enable the weakening or reinforcement of the helical structure. The drive towards 

any of these two structures depends on many factors, including concentration and temperature, and 

will be discussed further on in this chapter.  

This chapter is divided into two parts. First, the solid-state characterization of the two monomers 

cys-BTA and thiol/ene-BTA is presented. The bulk was characterized by (VT)IR, POM and DSC. Then, 

the assembly in solution was investigated by IR, NMR, UV, CD and SLS. The different characterization 

techniques were used to elucidate the formation of helical aggregates and dimeric structures in 

different solvent (apolar and polar), different temperature (10 °C to 90 °C), at different concentration 

(50 M, 200 M and 1 mM) and to find the critical concentration of transition between these species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C) 

Figure 28: A) The basic structure of ester-BTAs with the amide groups and ester groups highlighted in red and blue respectively. 
The two main morphologies of ester-BTAs are shown: (B) the helical stack formed through three-fold hydrogen bonding between 
amides and (C) the ester-bonded dimer formed through six-fold hydrogen bonding between ester and amide groups. 1,3 
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3.2 Characterization of cys-BTA and thiol/ene BTA 
The assembly of cys-BTA and thiol/ene-BTA (as seen in figure 29) can be studied using a wide 

variety of analysis methods. This subchapter aims at unravelling the morphology of the two BTAs in 

both solid and solution phase.  

3.2.1 Assembly in the solid phase 
At room temperature, cys-BTA is a gum-like solid, whereas thiol/ene-BTA is less malleable and 

possesses more film-like properties. Infrared (IR) spectroscopy was used to give insights into the type 

of morphologies formed in the solid-state. Figure 30 displays the IR spectra of cys-BTA and thiol/ene-

BTA in bulk at room temperature. An additional spectrum is shown for the one to one mixture of both 

monomers. This solid mixture was obtained by solubilizing both monomers in MCH and evaporating 

the solvent with an air 

stream. Evaporation from 

the more polar CHCl3 was 

also attempted but 

resulted in the same 

spectrum as was obtained 

for MCH. Ester-BTAs give 

three characteristic bands 

in the region 1500-1800 

cm-1. In bulk, these appear 

in the form of two bands at 

ν ≈ 1555 cm-1 and ν ≈ 1640 

cm-1 corresponding to the 

bonded carbonyl of the 

amide (I and II vibrational 

band)5 and a band at ν ≈ 

1745 cm-1 signalling the 

existence of a free or non-

bonded ester-carbonyl 

group. The presence of a 

bonded amide carbonyl 

Cys-BTA Thiol/ene-BTA 

Figure 29: The molecular structures of the two to be characterized monomers: thiol/ene-BTA and cys-BTA. In addition, two 
artistic illustrations have been included to give a better idea of the 3D structure of the two molecules.  

Figure 30: The bulk IR spectra of the cys-BTA (blue), thiol/ene-BTA (orange), and the 
1/1 mixture (black) indicating the presence of helical stacks for both monomers and 
their mixture. 
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and a non-bonded ester indicates that in bulk both thiol/ene-BTA and cys-BTA form helical aggregates, 

as the stacked morphology is entirely determined by the hydrogen bonding of the amides and the 

ester moiety does not participate in its formation. This is further supported by the presence of the 

band around ν = 3230 cm-1
. This band is characteristic of the bonding of NH in the stacked 

conformation (amide-amide interaction)5 and thus confirms the presence of helical stacks in bulk. The 

one to one mixture can be seen to show bands at the same wavenumbers as its individual monomers, 

suggesting that there is no significant interaction between the two monomers in bulk.  

The thermal properties of both of the monomers were studied by Differential Scanning Calorimetry 

(DSC) and Polarizing Optical Microscopy (POM). The DSC trace of thiol/ene-BTA (figure 31A) shows 

two transitions. A small peak at -47 °C (H = 8 kJ/mol) representing the melting temperature (Tm), 

which is the transition from a crystalline solid to the liquid crystalline phase, and a second peak at 

130 °C (H = 24 kJ/mol) representing the clearing temperature (Tcl) or the transition from a liquid 

crystal to the isotropic phase. The peak at -10 °C in the DSC trace of cys-BTA (figure 31B) also indicates 

a transition to the liquid crystalline phase. The TCL of cys-BTA lies around 170 °C, although this 

transition seems to be the overlapping of two different peaks. Analysis with POM confirms the 

transition between a mesophase and the isotropic phase, as birefringence complete disappears upon 

heating above the clearing temperature (figure 31C/D). The temperature of this transition is in 

agreement with the value as observed with the DSC. Additionally, both molecules show a focal conic 

texture, which is characteristic of the columnar hexagonal phase.6,7 This observation is also in 

agreement with the IR spectra of the monomers in bulk, which showed a helical stack at room 

temperature and thus confirming the presence of helical stacks below the clearing temperature.  

Figure 31: The DSC traces of A) thiol/ene-BTA and B) cys-BTA. Both spectra display the 2nd heating run with the 
exotherm in the upwards direction. POM photos are displayed of C) thiol/ene-BTA and D) cys-BTA just below their 
respective clearing temperature. 

B) A) 

C) D) 
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In order to improve our understanding of the thermal properties in bulk, VT-IR was used to 

investigated both of the monomers over temperature. Figure 32 shows the variable temperature IR 

spectra and it can be seen that at lower temperatures the spectra display signals characteristic of the 

helical stack formation, coinciding with the earlier measurements at room temperature.  

Furthermore, it can be observed that increasing the temperature leads to a shift in the maximum 

wavenumbers of the bands. This shift of the maxima can be explained by a change in morphology, 

from the helical stacks to the dimeric structures. This change takes place around 120 °C for thiol/ene-

BTA and 180 °C for cys-BTA, which coincides with the clearing temperatures as observed from POM 

and DSC. The ester-BTAs still show three characteristic bands in the region 1500-1800 cm-1. The bands 

at ν ≈ 1545 cm-1 and ν ≈ 1640 cm-1 which indicated the bonded carbonyl of the amide have now shifted 

to ν ≈ 1505 cm-1 and ν ≈ 1675 cm-1 corresponding to the free amide carbonyl. On the contrary, the 

band at ν ≈ 1745 cm-1 that signalled the free ester-carbonyl group has now shifted to ν ≈ 1735 cm-1 

implying the change to the bonded state.8 The presence of a non-bonded amide carbonyl and a 

bonded ester indicates that at temperatures above their TCL both thiol/ene-BTA and cys-BTA form 

dimeric aggregates, as in the dimeric morphology hydrogen bonding only occurs between the ester 

moiety and the NH of the amide. This is further supported by the disappearance of the band around 

ν = 3230 cm-1 and the consequent appearance of a band at 3380 cm-1
. This band is characteristic of the 

bonding of NH with the carbonyl of the ester and thus further supports the change in morphology 

Figure 32: The variable temperature IR spectra around the clearing temperature of the two monomers, where 
it can be observed that the morphology switches from helical stacks to the dimeric form at 120 °C and 180 °C, 
the clearing temperatures for thiol/ene-BTA (A) and cys-BTA (B) respectively. 

A

) 
B

) 
Thiol/ene-BTA Cys-BTA 

Figure 33: The normalized change in signal intensity of A) cys-BTA at v = 1505 cm-1 and 1545 cm-1 from 25 °C to 200 °C and 
B) thiol/ene-BTA at v = 1640 cm-1 and 1670 cm-1 from 25 °C to 150 °C. 

A) B) 
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from helical stacks to dimers with increasing temperature in bulk.3 Taking an in-depth look at the 

change in intensity of the signals over temperature gives us more information on the mechanism of 

association. For thiol/ene-BTA, a single sharp transition (figure 33B) can be observed at 115 °C for the 

transition between dimers and stacks, indicating a cooperative mechanism of association. Cys-BTA 

(figure 33A) seems to show two transitions for the peaks at both 1504 cm-1 and 1546 cm-1, which 

correspond to the appearance of the dimer and the disappearance of the stack respectively. Upon 

heating, the band at 1504 cm-1 shows a gradual increase, which is more reminiscent of an isodesmic 

mechanism and at 180 °C a sudden sharp peak appears implying a second transition.9 The same change 

can be observed for peak pair at 1650-1680 cm-1 (figure S21). This helps to explain why the DSC of cys-

BTA showed two peaks, as the two transitions occurred so closely together that they overlapped.  

3.2.2 Assembly in solution  
Similarly, to the studies in bulk, infrared spectroscopy has also been used to investigate the 

assembly of the monomers in solution. Figure 34A displays the IR spectra of cys-BTA, thiol/ene-BTA, 

and their 1/1 mixture at a concentration of 1 mM in methylcyclohexane (MCH) at room temperature. 

Ester-BTAs give three characteristic bands in the region 1500-1800 cm-1. In contrary to the bulk 

measurements, a clear difference can be observed between cys-BTA and thiol/ene-BTA at this 

concentration. Cys-BTA still shows the three distinctive bands characteristic of the helical stack (at ν ≈ 

1555 cm-1, ν ≈ 1640 cm-1, and ν ≈ 1745 cm-1), but the spectrum of thiol/ene-BTA in solution shows a 

dimeric structure (with bands at ν ≈ 1530 cm-1, ν ≈ 1675 cm-1 , ν ≈ 1735 cm-1). This is further supported 

by the presence of a band around ν = 3230 cm-1 for cys-BTA, which was characteristic of the NH 

stretching vibration in the amide-amide intermolecular hydrogen bond, and the band around 3380 

cm-1 for thiol/ene-BTA, specific of the amide-ester intermolecular hydrogen bond. In the 1/1 mixture 

of cys-BTA: thiol/ene-BTA, the bands overlap mostly with the bands of thiol/ene-BTA, suggesting a 

dimeric structure and thus interaction between the two monomers in solution. By itself, thiol/ene-

BTA forms a homodimer (figure 34B), so a possible explanation for this observation is the presence of 

Figure 34: A) IR spectra of the cys-BTA (blue), thiol/ene-BTA (orange), and the 1/1 mixture (black) at a concentration 
of 1 mM in MCH at room temperature. Helical stacks can be observed for cys-BTA, while for thiol/ene-BTA and the 1/1 
mixture for both monomers and their 1/1 mixture. B) a model of the homodimer of thiol/ene-BTA and C) a model of the 
heterodimer of cys- and thiol/ene-BTA. 
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C) 
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heterodimers in solution. These dimers are made of 1 cys-BTA unit and 1 thiol/ene-BTA unit 

(figure 34C), in which the thiol/ene-BTA molecules prevent further aggregation due to the sterical 

hinder of their side chains.  

FT-IR was also used to give an accurate estimation of the critical concentration of the dimer/stack 

transition. It can be seen in figure 35 that with decreasing concentration the band at ν ≈ 1640 cm-1 

lowers in intensity in comparison to the band ν ≈ 1675 cm-1, which is characteristic of helical aggregates. 

This signifies the change from a bonded amide carbonyl towards the non-bonded state and thus the 

change from stack to a dimer. It can be seen that a 0.25 mM solution still shows a dominance of the 

helical stack, but when 

we dilute further to 

0.125 mM the band at 

1675 cm-1 becomes 

larger than the one at 

1640 cm-1. Signifying that 

at this concentration the 

molecules are mostly 

assembled into dimers. If 

we combine this 

information with the 

stacked conformation 

displayed in the CD 

spectrum of cys-BTA at 

200 M (or 0.2 mM), it 

becomes apparent that 

the critical concentration 

must lie between 0.125 

and 0.2 mM.  

During the synthesis of the monomers, the amino acid L-cysteine is incorporated into the structure. 

All amino acids (except for glycine) possess an asymmetric centre, making the resulting monomers 

chiral. The assembly of these chiral monomers into polymers results in chiroptical properties for the 

polymers, which allow us to use circular dichroism spectroscopy (CD) to accurately assess the 

supramolecular structures formed.10 The distinction between the two supramolecular assemblies 

(stack and dimer) can be made due to distinctive CD traces of both of the assemblies. Figure 36 displays 

the CD signal of the cys-BTA and thiol/ene-BTA solutions (50 M, 200 M, and 1 mM) in 

methylcyclohexane (MCH). Figure 36A shows that both cys-BTA and thiol/ene-BTA display the 

chiroptical signatures of dimers (maxima at λ- = 205 nm, λ+ = 225 nm and λ- = 255 nm) at a 

concentration of 50 M.11 Previous research has shown that the assembly of supramolecular 

structures depends on their concentration in solution.12,13 Elongation of the BTAs only occurs above 

the critical concentration, which means that below this value only small aggregates (such as dimers 

and trimers) and monomers exist. 14 Thus, an increase in the concentration is expected to lead to the 

formation of helical stacks. A rise of concentration from 50 M to 200 M (figure 36B) shows the 

transition from dimers to stacks for cys-BTA, as its spectrum changes to a shape characteristic for the 

helical stack with a maximum CD signal at λ = 220 nm. This shift in the spectrum indicates that the 

critical concentration of cys-BTA lies below 200 M, which supports the IR measurements. On the 

contrary, thiol/ene-BTA still shows the distinctive dimer CD signal, even at a concentration of 1 mM 

(figure S22). This shows that the homodimer of thiol/ene-BTA is quite stable and its critical 

Figure 35: The decrease of concentration in cys-BTA leads to the disassembly of the helical 
structures and the formation of dimers.  
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concentration lies above 1 mM. When mixing the cys-BTA and thiol/ene-BTA in a 1/1 ratio (figure 

36B), a dimeric structure is also formed, which confirms the results obtained by FT-IR. This also 

supports the hypothesis that the thiol/ene-BTA molecules force the cys-BTA stacks to disassemble 

and induce the formation of heterodimers.  

Additionally, variable temperature CD and UV experiments were carried out for cys-BTA, 

thiol/ene-BTA, and the 1/1 mixture of the two monomers. As was previously discussed, the thiol/ene-

BTA molecule forms a dimeric structure at a concentration of 200 M at room temperature. CD 

spectra (figure 37A) and UV (figure 37D) show that this dimeric state remained stable in the 

investigated range of 10 °C to 90 °C. The existence of the two isodichroic points at λ =214 nm and λ 

=246 nm indicates an equilibrium between the two species, namely homodimers and monomers, in 

the evaluated range. Temperature analysis of the 1/1 mixture (figure 37B and 37E) also shows two 

Figure 37: The CD spectra between 10 °C and 90 °C of (A) thiol/ene-BTA (B) a 1/1 mixture of thiol/ene-BTA and cys-BTA 

(C) cys-BTA. In all cases, the molecules were dissolved in MCH at a concentration of 200 M. Additionally, UV spectra at 
the same conditions are shown in (D) thiol/ene-BTA (E) a 1/1 mixture of thiol/ene-BTA and cys-BTA (F) cys-BTA. 

(A) (B) (C) 

(D) (E) (F) 

A) B) 

Figure 36: The CD spectra of cys- and thiol/ene-BTA of (A) 50 M in MCH at 20 ⁰C  and (B) 200 M in MCH at 20 ⁰C. B) also 
displays the CD spectrum of the 1/1 mixture of the two monomers. 
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isodichroic points at similar wavelengths, which also indicates an equilibrium between monomers and 

in this case heterodimers in the investigated range of 10 °C to 90 °C and also points to the absence of 

other types of assemblies such as trimers or short stacks.  

The CD cooling curve followed at λ =255 nm shows a sharp change in CD signal at 40 °C for cys-BTA 

(figure S23). This sharp change can be attributed to the transition from a dimeric to a stacked 

morphology upon cooling. Moreover, the sharp increase in CD signal for cys-BTA indicates a 

cooperative mechanism of assembly with an elongation temperature (Tel) of 40 °C (figure S23B). To 

investigate the species formed above 40 °C, the full CD spectrum was measured over temperature for 

cys-BTA (figure 37C) in MCH at a concentration of 200 M. For cys-BTA, the spectra show a distinctive 

dimeric shape at the temperature range from 40°C to 90°C, whereas at temperatures below 40 °C the 

spectrum shifts towards the shape characteristic for the helical stack. The absence of isodichroic 

points indicates that there is an equilibrium between more than two species, and shows that the 

equilibrium between the monomer, dimer and stacks of cys-BTA can easily be altered by a slight 

increase in temperature. UV-variable temperature spectra (figure 37F) show a similar transition upon 

cooling, shifting from λmax= 206 nm to λmax= 196 nm. This indicates the shift from the dimeric state 

towards the highly aggregated state of the BTA helix upon cooling.15 

Additional analysis for verification of the supramolecular structure was performed with 1H-NMR. 

The 1H-NMR spectra of cys-BTA and thiol/ene-BTA are shown in figure 38 and measured at a 

concentration of 5 mM. In the 1H-NMR spectrum of cys-BTA (figure 38A) in apolar solvent, the 

chemical shifts in the 1.5-0.8 ppm region are clearly visible and correspond to the protons at the end 

of the alkyl chain. However, the signals at chemical shifts of 4.5-4 ppm are barely visible and 

broadened. The presence of these broad signals and the fact that only the protons far from the 

associating groups (1.5-0.8 ppm region) give distinguishable signals, indicates the existence of 

aggregates and thus further supports the formation of helical structures in apolar solvents.16  Figure 

38B/C further displays the thiol/ene-BTA in both apolar and polar solvents. Both spectra show well-

resolved signals indicating that thiol/ene-BTA does not forms large aggregates. As is highlighted in 

blue, the spectrum of thiol/ene-BTA differs depending on the type of solvent used. For example, the 

chemical shift of the two protons adjacent to the sulfur atom appears as a single signal at 4.2 ppm in 

CHCl3, but splits into two in 

apolar cyclohexane. This 

result indicates that 

chloroform molecularly 

dissolves the thiol/ene-BTA 

and thus only monomers are 

present. This single signal 

can also be observed in the 
1H-NMR of cys-BTA (figure 

S4), indicating that cys-BTA is 

also molecularly dissolved in 

CHCl3. 1H-NMR spectra of 

Nle-BTA13 showed that even 

upon cooling to -50 °C (figure 

S24) no aggregation in CHCl3 

occurs, as no split of the 

signal at 4.2 ppm can be 

observed. In cyclohexane, 
Figure 38: The 1H-NMR spectra of A) cys-BTA in apolar solvent (cyclohexane) and 
thiol/ene-BTA in B) polar and C) apolar solvent at a concentration of 5 mM. 

A) Cys-BTA in cyclohexane 

B) Thiol/ene-BTA in cyclohexane 

C) Thiol/ene-BTA in CHCl3 
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the splitting of the signal is characteristic of the formation of dimers, as the two corresponding protons 

(adjacent to the ester) are diastereotopic.17 When the formation of dimers occurs, the two protons 

are forced into different environments and thus give separate signals. The appearance of separate 

peaks thus supports the presence of dimers for thiol/ene-BTA at a concentration of 5 mM, which also 

shows that its critical concentration lies above that value. 

Lastly, static light scattering (SLS) was used to get an approximation of the size of the aggregates 

formed in cyclohexane. The scattering experiments were performed at 0.5 mM in MCH and are shown 

in figure 12. The data for cys-BTA was fitted to a cylindrical model with a radius of 6 nm to obtain a 

size of 180 nm for the fibers.13 The experiment was repeated with a solution that also contained the 

reactants of the thiol-ene reaction. This was to ensure that the presence of the reactions had no large 

effect on the scattering experiments. As can be seen in figure 39, the fits for both experiments are 

approximately the same, indicating that the reactants are of negligible influence of the experiments. 

On the contrary, thiol/ene-BTA does not form large aggregates visible by the formation of a plateau 

at low q values. The absence of large particles supports the notion that thiol/ene-BTA forms dimers 

in solution.  

  

Figure 39: Scattering data of the cys-BTA (with and without reactants) fitted to a cylindrical model to obtain fibres 
of 180 nm. The scattering data of thiol/ene-BTA indicate a lack of large aggregates. All samples were measured 
at a concentration of 0.5 mM in MCH at RT.  
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3.3 Conclusion and Discussion 
An overview of the investigation into the assembly properties of cys-BTA and thiol/ene-BTA can 

be seen in table 1. 

Table 1: Overview of the different morphologies of cys-BTA and thiol/ene-BTA in bulk and solution. 

 

FT-IR, DSC and POM confirm that at room temperature both of the monomers cys-BTA and 

thiol/ene-BTA form a stacked assembly in the bulk. The shift in the bands of the VTIR spectra also 

confirms the transition from a helical stack towards a dimeric structure upon increase of temperature. 

This transition was also observed with POM and DSC upon reaching of the clearing temperature, which 

were around 130 °C and 170 °C for thiol/ene-BTA and cys-BTA respectively. 

Analysis of the assembly in solution showed the importance of concentration on the type of 

assembly formed. CD measurements showed us that at room temperature and concentration of 50 

M in MCH, both cys-BTA and thiol/ene-BTA formed dimeric structures due to the presence of their 

chiroptical signature (maxima at λ- = 205 nm, λ+ = 225 nm and λ- = 255 nm). Upon increase of the 

concentration to 200 M, these signature maxima disappeared for cys-BTA indicating the shift from a 

dimeric structure to the helical stack. The presence of this stack was also confirmed by IR, UV and SLS, 

of which SLS also gave us an estimated length of 200 nm for the helical stacks. Additionally, the critical 

concentration of this transition was probed by IR, which resulted of an estimation of the Ccrit between 

125 M and 200 M. Even with an increase to 10 mM, the IR spectrum of thiol/ene-BTA still showed 

the presence of dimers in the mixture, which indicates that formation of a helical stack is sterically 

unfavoured. When mixing the two monomers in a one to one ratio, a dimeric structure was observed, 

which means that the thiol/ene-BTA is able to form heterodimers with cys-BTA to prevent the 

formation of stacks.  

1H-NMR allowed us to probe the effect of solvent polarity on the assembly. In apolar solvents, the 

absence of signals for cys-BTA signifies the assembly into large aggregated structures. Solvation into 

a polar solvent resulted in the reappearance of all signals at higher ppm, indicating the disassembly of 

the large aggregates.  Thiol/ene-BTA showed signals in both polar and apolar solvents. A clear 

difference could be observed between the two solvent around 4.2 ppm, with a single signal for the 

polar solvent and two in an apolar solvent. The splitting of this signal is characteristic for the formation 

of dimers and the apolar solvent thus allows for the formation of the dimers, whereas the polar solvent 

molecularly dissolves the molecule.  

CD spectroscopy also allowed us to probe the influence of temperature on the assembly in solution. 

Thiol/ene-BTA and the one to one mixture showed no change in morphology in the investigated range 

of 10 °C - 90 °C, which implied an equilibrium between dimeric and monomeric form for these two 

cases. For cys-BTA the spectra show a distinctive dimeric shape at the temperature range from 40 °C 

to 90 °C, whereas at temperatures below 40 °C the spectrum shifts towards the shape characteristic 

for the helical stack. This indicates that a slight increase in temperature easily alters the assembly of 

cys-BTA at a concentration of 200 M. 



49 
 

3.4 Experimental 

3.4.1 Materials 
Cys-BTA and thiol/ene-BTA were synthesized as described in chapter 2. Spectra-grade MCH was 

purchased from TGI. Deuterated solvents for NMR were purchased from Sigma-Aldrich and used as 

received.  

3.4.2 Instrumentation 
CD measurements were performed on a Jasco J-815 spectropolarimeter where the sensitivity, time 

constant and scan range were chosen appropriately (sensitivity: standard, response: 0.5 s, band width: 

3 nm, data pitch: 0.5 nm, scanning speed 50 nm/min). Corresponding temperature dependent 

measurements were performed with a Jasco PTC-348WI Peltier-type temperature controller, with a 

temperature range of 288-359 K and adjustable temperature slope. The molar circular dichroism (Δε) 

value was calculated from Δε = CD intensity/(32980 c l) in which c is the concentration in mol/L and l 

is the optical path length in cm. Ultraviolet–visible (UV/Vis) absorbance spectra were recorded on a 

Jasco V-650 UV/Vis spectrometer at 293 K with a Jasco ETCT-762 temperature controller. UV/Vis and 

CD measurements were performed using quartz cuvettes (5 mm and 1mm) with a Teflon cap and 

Teflon tape to ensure no evaporation of the solvent at high temperature. IR spectra were recorded on 

a PerkinElmer FT-IR spectrometer with 16 scans and the solution-phase IR was measured in a cell of 

pathlength 0.5 mm. Thermal transitions were determined using a TA Q2000 DSC with both 10 and 

40 °C/min heating and cooling. POM samples were placed on glass slides and imaged using a Nikon 

Xfinity1 Lumenera microscope with 5X magnification at room temperature. NMR spectra were 

recorded on Varian Mercury Vx 400 MHz and Bruker 400 MHz Ultrashield spectrometers. Chemical 

shifts (δ) are reported in ppm downfield from tetramethylsilane (TMS). Peak multiplicity is abbreviated 

as s: singlet; d: doublet; t: triplet; q: quartet; p: pentet; m: multiplet. Variable temperature IR (VT-IR) 

spectra were recorded on a Bruker Tensor 27 equipped with a Pike GladiATR 210 module. Full spectra 

of the samples were recorded every 5 ˚C upon cooling from 200 °C down to 25 °C with a cooling ramp 

of 5 °C/min. A baseline correction was performed on the collected spectra to correct for temperature 

dependent changes in the atmospheric spectrum.  

 

3.4.3 Methods 
For CD and UV experiments: the stock solutions of cys-BTA and thiol/ene-BTA were prepared at a 

concentration of 50 M, 200 M and 1 mM in MCH. The necessary amount of the samples was 

weighed into volumetric flasks, which were filled 3/4 full of methylcyclohexane (MCH) and put in a 

sonicating bath at 40 °C for 1 h. After cooling the flask to room temperature, the final volume was 

added. The samples used for the ratio-variation tests were prepared by mixing the appropriate ratio 

of 0.2 mM solutions of cys-BTA and thiol/ene-BTA in order to ensure that the molarity remained 

constant.  

For FT-IR, SLS and NMR experiments: the same protocol was followed to prepare the 0.125 mM- 5 

mM solutions of cys-BTA and thiol/ene-BTA. 
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Chapter 4: Depolymerization by covalent reaction 

4.1 Introduction 
As was discussed in the introduction, the goal is to obtain supramolecular depolymerization by 

performing a covalent reaction on the monomer in order to induce a morphological change of the 

assembly from a polymer to a dimer (as can be seen in figure 40).  

As previously mentioned in chapter 2, the thiol-ene reaction was selected for this purpose due to 

its compatibility with apolar solvents.1 The thiol-ene reaction, which is essentially the reaction 

between thiols and carbon-carbon double bonds has been described as early as 1905.2 Since then, two 

thiol reactions have emerged to be the most common: the free-radical addition (termed thiol-ene 

reaction) and the anionic addition (termed thiol-Michael addition).3 These reactions have been 

labelled as ‘click’ reactions, as they possess many of the attributes described by Sharpless et al.4 Those 

characteristics include: “achieving quantitative yields, only needing small amounts of catalyst, 

possessing high reaction rates over a large range of concentrations, insensitivity to oxygen or water, 

and the availability of a wide variety of both thiols and alkenes.”3 These properties make the reaction 

an attractive tool to utilize in the modification of well-defined molecules, such as dendrimers and 

block copolymers or for the functionalization of surfaces.5 

The thiol-ene reaction is initiated by use of radicals, these radicals are commonly produced by 

either a photo-initiator (such as 2.2-dimethoxy-2-phenylacetophenone/DMPA) or a heat-responsive 

initiator (such as azobisisobutyronitril/ AIBN). Upon irradiation with UV light or exposure to heat (65-

80 °C), DMPA and AIBN respectively split 

into two fragments as seen in figure 41.6,7 

A photo-initiator was deemed the most 

appropriate due to its ability to initiate the 

reaction at room temperature. Figure 42 

shows the different steps of the thiol-ene 

reaction mechanism which was first 

established by Kharash in 1938.8 

Irradiation by UV creates a radical on the 

initiator (step 1), which is subsequently 

transferred to the thiol on cys-BTA to 

create the thiyl-radical (step 2). DMPA was 

Figure 41: A schematic depiction of the formation of radicals on the 
DMPA upon irradiation with UV light and AIBN upon exposure to  
temperatures above 65 °C. 

hν 

 

Figure 40: An illustrative depiction of the assembly state at different moments in the process. After solvation in an apolar 
solvent, the monomer stacks into a helical aggregate. Performing a covalent thiol-ene reaction on cys-BTA in its monomeric 
state produces thiol-ene-BTA, which is no longer able to stack in longer aggregates resulting in the formation of dimers. 
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selected as our photo-initiator due to its high efficiency, and resulting high yield.9 In step 3, the thiyl-

radical reacts with the 1-hexene to generate thiol/ene-BTA. However, the radical generated in this 

process still needs to be removed which is done in step 4 by proton-exchange with another cys-BTA 

molecule, creating a new thiyl-radical and completing the cycle. The propagation steps (3 and 4) are 

also called the chain-transfer steps of the thiol-ene reaction. Electron-rich alkene would normally 

allow for reversibility of the reaction, but due to the electron poor nature of linear alkenes the 

reactions are in this case assumed to be irreversible.10  

4.2 Test reaction 
 Although literature has shown that the thiol-ene reaction could be performed in a wide range of 

conditions, we wanted to have confirmation that the reaction worked in our specific conditions. The 
1H-NMR spectra in figure 43 show the thiol-ene reaction between the simple model compounds 1-

hexene and 1-hexanethiol (figure 43A, stoichiometry 1:1) in the presence of 0.3 eq. of initiator at a 

concentration of 2 mM in MCH. The reaction was performed in an NMR tube at room temperature 

and spectra were measured before and after irradiation with LED (365 nm, 70 mW/cm2). Following 

the reaction by 1H NMR, it can clearly be seen that after 30 minutes of exposure to UV, the chemical 

shifts corresponding to the double bond (blue and yellow) and the thiol (purple) have disappeared. In 

contrast, the integral of the 

signal at 2.4 ppm has doubled 

from two protons to four 

protons, while the reference 

methyl peak at 0.88 ppm 

consistently integrated for 6 

protons. This indicates the 

successful conversion to the 

thioether shown in figure 43B, 

confirming that the thiol-ene 

reaction works in the specified 

conditions. The thiol-ene 

reaction in solution will be 

investigated by IR, NMR, CD and 

DLS and discussed in the 

following chapter. The different 

characterization techniques 

were used to elucidate change 

in morphology as a result of 

completion of the reaction. 

Figure 43: The 1H-NMR spectra of the thiol-ene reaction between 1-hexene and 1-
hexanethiol of A) before irradiation of UV and B) after 30 min of exposure to UV (365 
nm, 70 mW/cm2). Measurements are performed in a 2 mM cyclohexane solution at 
room temperature using 0.3 eq. of DMPA.  

Figure 42: The initiation, propagation and termination steps for the reaction between a thiol and an alkene with the use 
of an initiator.25 RSH represents cys-BTA, R’CH=CH2 represents 1-hexene, and R’CH2-CH2-SR indicates thiol/ene-BTA. 

 B) 

 
A) 
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4.3 Depolymerization by covalent reaction 
After successfully performing the reaction between the model compounds, we wanted to confirm 

that the thiol-ene reaction could also be performed in apolar solvents on cys-BTA. Analysis of the thiol-

ene reaction over time by 1H-NMR would also allow us to make an estimate of the reaction time. As 

was previously established in chapter 3, the absence of signals in figure 44A supports the existence of 

cys-BTA stacks at a concentration of 6 mM, as the aggregation of the BTA molecules results in the 

broadening of most of the proton signals. Figure 44B shows the spectrum of the mixture of cys-BTA, 

1-hexene and 0.3 equivalents of DMPA. After irradiation with LED (365 nm, 70 mW/cm2, figure 44C), 

one can observe the emergence of signals around 7.8-8.3 ppm, 4.0-4.5 ppm and 2.5-3.0 ppm 

(highlighted in green) from 

the protons on the core, the 

protons adjacent to the ester 

and the protons adjacent to 

the sulfur atom respectively. 

The appearance of signals 

during the reaction can be 

attributed to the disassembly 

of the stacks and the 

subsequent emergence of the 

dimeric thiol/ene-BTA (figure 

44D). The reaction was 

followed for an additional 

hour, but extra irradiation and 

addition of more catalyst did 

not cause any significant 

change in the spectrum, 

implying full conversion of 

cys-BTA in under ten minutes.  

To provide a visualization of the change in morphology at the macroscopic scale, a gelation test 

was performed. Figure 45A shows that a 40 mM solution of cys-BTA in MCH formed a very viscous 

solution at room temperature. Irradiation with UV (365 nm, 70 mW/cm2) for 10 minutes (figure 45B) 

resulted in a transition from a gel to a solution. The loss in viscosity indicates the disassembly of the 

supramolecular structures, as was previously proven for a variety of self-assembling units including 

BTAs.11–13 The observed sharp decrease in viscosity upon exposure to UV light can thus be attributed 

to the depolymerization of the supramolecular structure. 

(B) 

Figure 44: 1H-NMR spectra of A) cys-BTA, B) cys-BTA and reactants (1-hexene and 
DMPA), C) cys-BTA and reactants after 10 min of UV irradiation, and D) thiol/ene-
BTA. All spectra were measured at 3 mM with cyclohexane as a solvent. 

(A) 

(C) 

(D) 

B C 

Figure 45: The gelation test of cys-BTA. A) The 40  mM solution of cys-BTA in MCH, in which 4 eq. of 1-hexene 
and 0.3 eq. of DMPA are also present. B) The solution of (A) after 10 minutes of  irradiation with UV, in which 
the solution viscosity can be seen to decrease tremendously.  
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We wanted to follow the reaction with dynamic light scattering (DLS) in order to examine this 

change in the size of the aggregates over time. Figure 46 displays the change in size for two 0.5 mM 

solutions in MCH: one containing only cys-BTA (orange) and the second cys-BTA plus the reactants (1-

hexene + DMPA) with both being exposed to UV light of 365 nm and an intensity of 70 mW/cm2 during 

the whole measurement. The solution that only contains cys-BTA (orange) gives a constant signal 

during the whole measurement. This 

means that cys-BTA by itself is not reactive 

towards UV-light and further aggregation 

by e.g. disulfide bridge formation does not 

occur. The unreactive nature of cys-BTA 

towards UV light was also confirmed by 

NMR as the signals remained constant 

upon irradiation of a sample of just cys-

BTA in MCH. When the reactants are 

present, light irradiation induces a 

disassembly of the helical structures 

resulting in a decreased DLS signal. This 

decrease in DLS signal indicates that the 

size of the observed particles becomes 

smaller upon irradiation, which indicates 

the disassembly of the stack upon 

conversion of cys-BTA to thiol/ene-BTA. 

A similar experiment was performed in a cuvette and analysed with CD spectroscopy. The spectrum 

of cys-BTA and the reactants (blue in figure 47, 1 eq. of 1-hexene, 0.3 eq. of DMPA) showed the 

characteristics of a stack with a maximum intensity at λmax = 225 nm.14 Upon irradiation with UV light 

for 20 minutes, the same cuvette (black in figure 47) shows the distinctive chiroptical signature of 

dimers and overlaps with the CD spectrum of pure thiol/ene-BTA (orange) at the same concentration. 

This overlap confirms that in-situ transformation from a helical assembly towards a dimeric structure 

is possible. However, this does not mean that the conversion of the thiol has been completed. As was 

seen in chapter 3, thiol/ene-BTA and cys-BTA are able to form heterodimers and conversion of 50 

percent would already be enough to 

completely change the spectrum. 

Decreasing the amount of 

thiol/ene-BTA in solution (figure 

S25) reveals that even at 10 % of 

thiol/ene-BTA, the CD spectrum 

shows a small negative minimum at 

λmin = 255 nm. The presence of this 

minimum indicates that even small 

amount of thiol/ene-BTA can act as 

sequestrator by stabilizing the free 

cys-BTA monomers. This 

stabilization leads to a shift in the 

equilibrium to increase the 

concentration of free monomer and 

thus results in the depolymerization 

of the stack, as observed by CD. 

Figure 46: DLS data showing the change in particle size over time 
upon irradiation with UV (365 nm, 70 mW/cm2) of the mixture of cys-
BTA with reactants (blue) and without reactants (orange). Both 
solutions are 0.5 mM in MCH at RT. 

Figure 47: The CD spectra of cys-BTA (blue), thiol/ene-BTA (orange) and the 
in-situ made thiol/ene-BTA (black) measured at 1 mM in MCH at room 
temperature.  
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In order to get a better understanding of the effect of conversion on the morphological change, as 

well as to gain more information on the rate of the reaction, FT-IR spectroscopy was investigated to 

follow the course of the reaction. 

Figure 48 shows the progression of the IR spectrum of the thiol-ene reaction on cys-BTA over the 

course of 20 minutes, at a concentration of 10 mM in MCH. As was shown in chapter 3, ester-BTAs 

give three characteristic bands in the region 1500-1800 cm-1. The spectra show the gradual change 

over time from cys-BTA, which assembles into the helical stack (distinctive bands at ν ≈ 1555 cm-1, ν ≈ 

1640 cm-1, and ν ≈ 1745 cm-1) to dimeric 

thiol/ene-BTA (bands at ν ≈ 1530 cm-1, ν ≈ 

1675 cm-1 , ν ≈ 1735 cm-1). This is further 

supported by the disappearance of the band 

around ν = 3230 cm-1, which was 

characteristic of the amide-amide 

intermolecular hydrogen bond, and the 

emergence of the band around 3380 cm-1 

specific of the amide-ester intermolecular 

hydrogen bond. Moreover, the band at ν = 

2560 cm-1, distinctive of the unreacted thiol 

moiety, allows us to follow the conversion, 

as the disappearance of this signal indicates 

the conversion of free thiol into the 

thioether (figure 49).  

 

Figure 49: The decrease of the thiol band at  ν = 2560 cm-1 caused 
by the thiol-ene reaction. The spectra are taken at a concentration 
of 10 mM in MCH with UV light of 365 nm and 70 mW/cm2. 

 

Figure 48: The IR spectra over time following the transition from stacks (blue) to dimers (orange) caused by the thiol-ene 
reaction. The spectra are taken at a concentration of 10 mM in MCH at RT with UV light of 365 nm and 70 mW/cm2. 
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In order to obtain information on the connection between the conversion and morphological 

change, the change of the transmittance signal was monitored at fixed wavenumbers: the signal at ν 

= 3390 cm-1 representing the ester-amide hydrogen bond and thus the appearance of the dimer, the 

signal at ν = 3230 cm-1 representing the amide-amide hydrogen bond and thus the loss of the helical 

assembly, and the band at ν = 2560 cm-1 depicting the conversion of the cys-BTA into the thiol/ene-

BTA. These changes over time are depicted in figure 50.  

Figure 50A shows that the transformation from stack to dimer stagnates after 10 minutes of irradiation. 

The conversion of the thiol-group shows a similar stagnation and plateaus around 10 to 15 minutes 

(figure 50B). To properly compare the changes of both processes, normalization of the two datasets 

was performed, resulting in figure 50C. It can be seen that the two graphs have similar shapes, 

although the disassembly of the stack seems to show a small lag compared to the conversion of the 

reaction. A possible explanation for this small lag time can be the fact that the molecules possess three 

thiol-groups. It might be that conversion of only one of these SH-groups to a thioether is not enough 

to drive the system to disassemble and a certain conversion needs to be reached in order to induce 

morphological change of the aggregate. The existence of the lag time could also support the 

hypothesis that the reaction takes place on the monomer. Due to the dynamic nature of the stack, an 

equilibrium exists between the monomeric state and the stacked assembly and as a result of sterical 

hindrance, it should be easier for the reaction to take place on the monomer. After the formation of 

thiol/ene-BTA, the concentration of the free monomer concentration is decreased and, therefore, p 

the thermodynamic equilibrium is pushed towards depolymerization. The decrease in the 

concentration of free cys-BTA is caused by the constant conversion to thiol/ene-BTA and the 

formation of heterodimers between cys- and thiol/ene-BTA. These two processes eventually lead to 

the disappearance of the cys-BTA stacks and the appearance of the thiol/ene-BTA dimers. The time 

between the start of the reaction and the change in morphology would account for the observed lag 

time. The change in the transmittance of the IR spectra in figure 50 also allows us to obtain an 

indication of the reaction rate constant. 

4.4 Kinetics of the system 
In order to properly calculate the reaction rate constant, a model is required to fit the changes in 

transmittance of the IR spectra caused by the change in morphology over time. In literature, various 

models have been proposed to describe the kinetics of the thiol-ene reaction.10,15–17 However, 

comparison between different models and compounds is difficult due to the different ranges in 

reactivity of alkene and thiol pairs. This reactivity depends a number of elements, such as: (a) the 

Figure 50: The spectra show the change in transmittance (in %) over time for A) the amide dimer band (ν = 3390 cm-1) and 
the amide stack band (ν = 3230 cm-1) B) the thiol band at ν = 2560 cm-1 and C) the normalized version of both the stack and 
thiol graphs. These spectra are adapted from the data in figures 48 and 49. 

(A) (B) (C) 
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chemical structure of the chosen thiol; (b)  the stability, size, polarity and electrophilicity of the 

thiyl-radical; (c) location, symmetry, electron-density and conformation of the alkene group; and (d) 

the energy level of the radical adduct intermediate.18 In order to calculate the reaction rate constant 

the models use step four of figure 42 as a basis, as this step contains the expression for the formation 

of the product and can be used to describe the conversion of the process. This fourth step of the 

mechanism can be expressed as the following equation: 

𝑑[𝐶𝑇ℎ]

𝑑𝑡
= 𝑘4[𝐶𝑇ℎ•][𝐶𝐶𝑦𝑠] 

In which [CTh] is the concentration of thiol/ene-BTA, k4 is the reaction constant of step 4, [CTh•] is 

the concentration of thiol/ene-BTA containing a radical and [CCys] the concentration of cys-BTA. The 

main difference comes in the treatment of [CTh•] : either as k8t or as constant. Model 1 by Piecco16 

makes a few assumptions to approximate that [CTh•] = k8t. It assumes that a) light-limited 

photoreactions are zero order reactions and b) the termination rate is small in comparison to the chain 

transfer. Under these light-limited conditions this k8 value is proportional to the production of radicals 

by activation of the initiator. This reduces equation one to: 

𝑑[𝐶𝑇ℎ]

𝑑𝑡
= 𝑘9[𝐶𝐶𝑦𝑠]𝑡 

In which k9 = k4 x k8 is the new reaction constant. During the reaction, one cys-BTA molecule is 

converted into one thiol/ene-BTA molecule, which allows for the following definition: 

[CCys] = [CCys,0]- [CTh]. It is important to realize that this definition does not take account that the 

concentration of free monomer is highly dependent on concentration of polymer in the solution 

([CCys] = [CCys,0]- [CTh] – [CPolym]). As the concentration of polymer changes over the course of the 

reaction, incorporation of this term would make solving the differential equation very complicated. 

Thus, at the cost of some accuracy, it was decided to exclude the polymeric term. By inserting this 

definition into equation 2 the following formula is obtained: 

𝑑[𝐶𝑇ℎ]

[C𝐶𝑦𝑠,0]- [𝐶𝑇ℎ]
= 𝑘9𝑡𝑑𝑡 

Integration with the boundary condition of [CTh] = 0 at t = 0 results in:  

[𝐶𝑇ℎ] = [C𝐶𝑦𝑠,0](1 − 𝑒−
1
2

𝑘9𝑡2

) 

Model 2 assumes that at higher light intensity the photo initiator reaches the steady state quickly, 

which means that [CTh•],  the concentration of thiol/ene-BTA containing a radical, remains constant 

([CTh•] = k8).19 Using the same type of derivation as for model 1, results in equation 5: 

[𝐶𝑇ℎ] = [C𝐶𝑦𝑠,0](1 − 𝑒−𝑘9𝑡) 

The only difference between the model 1 and model 2 is thus the difference in the power of the time 

variable (‘t2’ for model 1 and ‘t’ for model 2). Fitting was then performed in Origin on the normalized 

graphs in figure 50C, of which the results can be seen in figure 51.  

Figure 51 compares the results of model 1 (R2 = 0.957, k-value of 4.69*10-5 s-2 (± 3.4*10-6)) and 

model 2 (R2 = 0.983, k-value of 0.00978 s-1 (± 3.1*10-4)). Although model 2 has the best fit, it seems 

that both models do not accurately represent the conversion in the first 3 minutes. This is due to the 

presence of a lag time in the system, as it takes some time before enough radicals are made available 

to start the conversion from cys-BTA to thiol/ene-BTA and to subsequently change the morphology 

(1) 

(2) 

(3) 

(4) 

(5) 
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of the assembly. The conversion of the thiol 

has a shorter lag time, if compared to the lag 

time apparent for the morphological change 

in figure 50C. This shorter lag time makes 

model 2 better at describing the change over 

time, as fitting of the data after 2 minutes is 

much more accurate than seen for model 1. 

The discrepancy between the conversion of 

the thiol and the change in morphology 

further supports the hypothesis that the 

reaction takes place on the monomer, as the 

time it takes for the thiol/ene-BTA 

concentration to increase to the critical value 

needed for morphology change could 

account for the observed time difference 

between the two processes. The critical 

conversion required to induce this 

morphological change is lower than 10%, as it was previously seen in figure S25 that 10 % of thiol/ene-

BTA in the mixture was enough to induce the formation of dimers.  

Additionally, it is interesting to compare the rate constant values to the typical values of the photo 

initiator. DMPA is one of the most commonly employed cleavage-type photo initiators used in 

thiol-ene chemistry with initiation rates ranging from 10–6 to 10–3 M–1 s–1
.
20 It can be seen that this is 

in the same order of magnitude for model 1, which was assumed to be light-limited. The use of this 

rate-limiting step allows for better prediction of the lag-time and provides support for the light-limited 

reaction. However, our computed values are a magnitude smaller than the rates reported in 

literature16, which could be attributed to the utilized set-up. For the IR measurements, only the side 

of the cell is irradiated with UV. As the cell is very thin, it limits the amount of light able to reach the 

solution, which will also limit the speed of the reaction. This decrease in the speed of the reaction 

would lead to lower calculated rates and could thus account for the mismatch with literature. 

 

  

Figure 51 : The normalized change in intensity of the bands 
in the IR spectrum in figure 50 at  v = 2560 cm -1 (representing 
the thiol conversion) fit according to model 1 (blue) and/or 
model 2 (orange) 
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4.5 Conclusion 
A test reaction with model compounds was performed to ensure that the thiol-ene reaction 

worked in the desired conditions (apolar solvent, room temperature). Next, the in-situ thiol-ene 

reaction between cys-BTA and 1-hexene was investigated by NMR, IR, CD and DLS.  

The depolymerization of cys-BTA after the thiol-ene reaction can clearly be observed by NMR. The 

absence of signals in the 1H-NMR spectrum for cys-BTA before the reaction signified the assembly into 

large aggregated structures. After the thiol-ene reaction, the appearance of new signals could be 

detected, with the split signal at 4.2 ppm being the most important. This split signal corresponded to 

the formation of dimers. The formation of dimers was also seen for thiol/ene-BTA in chapter 3, 

indicating the successful conversion of the thiol on cys-BTA to a thio-ester. CD spectroscopy showed 

a similar change upon irradiation with maxima appearing at λ- = 205 nm, λ+ = 225 nm and λ- = 255 nm. 

These maxima are chiroptical signatures of the dimeric structures, confirming the depolymerization 

of the stack. 

DLS measurements allowed us to follow the size of the aggregates over time. A sharp decrease in 

the observed size verifies the decrease the size of the stack, which plateaued around 10 minutes. This 

decrease was absent for the solution of cys-BTA without 1-hexene and DMPA, indicating that cys-BTA 

itself is not very reactive towards UV light of 365 nm. This allows for more confirmation that the 

observed depolymerization is the result of the thiol-ene reaction and not a reaction between cys-BTA 

molecules (e.g. disulfide bridge formation). 

The IR spectra also showed a gradual change upon irradiating the mixture of cys-BTA, 1-hexene 

and DMPA with UV light. Over the course of 10-15 minutes, the assembly changed from the helical 

stack of cys-BTA (distinctive bands at ν ≈ 1555 cm-1, ν ≈ 1640 cm-1, and ν ≈ 1745 cm-1) to dimeric 

thiol/ene-BTA (bands at ν ≈ 1530 cm-1, ν ≈ 1675 cm-1 , ν ≈ 1735 cm-1) after which no further change 

was observed. This gave us an indication of the reaction rate, which was further investigated. Fitting 

of the DLS and IR data gave us an estimation of the reaction rate, was lower than reported in literature. 

This difference could be the cause of the reaction set-up, but more investigation is necessary to fully 

confirm this hypothesis. 

The absence of electron withdrawing groups on the 1-hexene results in the formation of an 

irreversible thioether. Research on thiol-ene reactions21–23 showed the possibility of reversible thiol-

ene reaction with one of the ways being the reaction with a Michael acceptor. The presence of an 

electron withdrawing group destabilized the neutral adduct, making the elimination of the Michael 

acceptor more thermodynamically favourable.24 Introduction of extra thermal energy allows for the 

reversible reaction to readily occur and upon cooling the bond is restored. This reversibility would also 

be interesting to investigate further. 

 

4.6 Experimental 

4.6.1 Materials 
Chemicals were bought from Sigma-Aldrich and used as received. Spectra-grade MCH was 

purchased from TGI. Deuterated solvents for NMR were purchased from Sigma-Aldrich and used as 

received.  

4.6.2 Instrumentation 
CD measurements were performed on a Jasco J-815 spectropolarimeter where the sensitivity, time 

constant and scan range were chosen appropriately (sensitivity: standard, response: 0.5 s, band width: 
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3 nm, data pitch: 0.5 nm, scanning speed 50 nm/min). Corresponding temperature dependent 

measurements were performed with a Jasco PTC-348WI Peltier-type temperature controller, with a 

temperature range of 288-359 K and adjustable temperature slope. The molar circular dichroism (Δε) 

value was calculated from Δε = CD intensity/(32980 c l) in which c is the concentration in mol/L and l 

is the optical path length in cm. CD measurements were performed using quartz cuvettes (0.1mm) 

with a Teflon cap and Teflon tape to ensure no evaporation of the solvent at high temperature. IR 

spectra of the solutions were recorded on a PerkinElmer FT-IR spectrometer in a cell of pathlength 0.5 

mm and 16 scans. UV intensities were measured using an Opsyfec Radiometer RM12 fitted with a 

UV-A sensor of a range of 0-200 mW/cm2
. NMR spectra were recorded on Varian Mercury Vx 400 MHz 

and Bruker 400 MHz Ultrashield spectrometers. Chemical shifts (δ) are reported in ppm downfield 

from tetramethylsilane (TMS). Peak multiplicity is abbreviated as s: singlet; d: doublet; t: triplet; q: 

quartet; p: pentet; m: multiplet. 

4.6.3 Methods 
For CD experiments: the stock solutions of cys-BTA and thiol/ene-BTA were prepared at a 

concentration of 1 mM in MCH. The necessary amount of the monomers was weighed into volumetric 

flasks, which for the in-situ reaction also included 3 eq. of 1-hexene and 0.3 eq. of DMPA. The flasks 

were then filled 3/4 full of methylcyclohexane (MCH) and put in a sonicating bath at 40 °C for 1 h. 

After cooling the flask to room temperature, the final volume was added.  

For FT-IR, DLS and NMR experiments: the same protocol was followed to prepare the 0.5 mM- 10 

mM solutions of cys-BTA and thiol/ene-BTA. 
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Chapter 5: The (de)polymerization by redox reaction 

5.1 Introduction 
In nature, methionine is a crucial metabolite and the 

source of a variety of antioxidants and sulfur containing 

compounds.1 Methionine is one of the amino acids that is 

most easily oxidized and can react with a variety of 

reactive oxygen species (ROS) such as peroxides and 

hypochlorites.2 This makes it a major species in the natural 

protection against oxidative stress. Besenius et al.3 

showed that oxidation of methionine in a supramolecular 

polymer can enable the disassembly of the system (figure 

52).  Oxidation of methionine transforms the amino acid 

into methionine sulfoxide, which destabilizes the polymer 

due to increased hydrophilicity of the chain and an 

increased steric hindrance.3 In biological systems, this 

process is reversible by application of methionine 

sulfoxide reductases (Msrs).4 These enzymes are able to 

convert the oxidized species back to the initial methionine residue and in principle allow this process 

to be reversible. This reversible mechanism cannot be performed in apolar solvent, due to the 

incompatibility between the enzymes and the solvent. An alternate way is to probe the reversibility 

reaction by use of chemical redox reagents. The goal here is to use these redox reagents to switch 

between the oxidized and reduced states and control the self-assembly of the BTA monomers. 

This chapter is divided into two parts. First, the solid-state characterization of the two monomers 

met-BTA and metOx-BTA is presented, which was characterized by FT-IR, POM and DSC. Then, the 

assembly in solution was investigated by IR and NMR to elucidate the formation of helical aggregates 

and dimeric structures. Additionally, the reversibility of the redox reaction in solution was tested with 

the aim of changing the type of assembly by addition of oxidizing and/or reducing agent.   

5.2 Characterization of met-BTA and metOx-BTA 
The assembly of met-BTA and metOx-BTA (figure 53) can be studied using a wide variety of analysis 

methods. This subchapter will be aimed at unravelling the morphology of the BTA-pair in both solid 

and solution phase. 

Figure 52: A) the oxidation of the methionine 
residue to form methionine sulfoxide. B) The 
disassembly of the supramolecular polymer by 
oxidation of the thioether in methionine. 

A)

. 

B) 

Met-BTA MetOx-BTA 

Figure 53: the molecular structures of the two monomers: metOx-BTA and met-BTA. In addition, two artistic illustrations 
have been included to give a better idea of the 3D structures of the two molecules in apolar solvent.  
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5.2.1 Assembly in the solid state  
Figure 54 displays the Infrared spectra of met-BTA and metOx-BTA in bulk at room temperature. 

Met-BTA gives three characteristic bands in the region 1500-1800 cm-1.5 In bulk these appear in the 

form of  two bands at ν ≈ 1555 cm-1 

and ν ≈ 1640 cm-1 corresponding to the 

bonded carbonyl of the amide (I and II 

vibrational bands)6 and a band at ν ≈ 

1745 cm-1 signalling the existence of a 

free or non-bonded ester-carbonyl 

group, conforming the presence of 

helical stacks for met-BTA. In contrast 

to cys- and thiol/ene-BTA, met-BTA 

and metOx-BTA form different 

morphologies in the solid phase, 

which can be seen from the shift in 

bands (ν ≈ 1535 cm-1, ν ≈ 1663 cm-1, 

and ν ≈ 1736 cm-1). This shift suggests 

the formation of dimers, as chapter 3 

showed a similar change for the cys-

BTA & thiol/ene-BTA pair in solution 

phase.   

At room temperature met-BTA is a gum-like solid, whereas metOx-BTA shows more film-like 

properties. The DSC trace of met-BTA (figure 55A) shows two transitions. A peak at -13 °C (H = 22 

kJ/mol) representing the melting temperature (Tm) or the transition from a crystalline sold to the liquid 

crystalline phase and a second peak at 181 °C (H = 34 kJ/mol) representing the clearing temperature 

(Tcl) or the transition from a liquid crystal to the isotropic phase. This transition can also be observed 

from POM, as seen in figure 55B.  It shows a focal conic texture, which is characteristic of the columnar 

hexagonal phase7,8, supporting the existence of helical stacks for met-BTA under the clearing 

temperature and the temperature of this transition is in agreement with the value as measured by 

DSC. The DSC trace of metOx-BTA (figure S26) shows no peaks, implying that the material does not 

recrystallize after melt. The lack of birefringence of metOx-BTA under POM after cooling from melt 

assist us in drawing a similar conclusion. Previous experiments showed us that the dimeric form of the 

Figure 55: A) The DSC trace of the 2nd heating run (10 °C/min) of met-BTA in which 2 transitions can be observed . B) the POM 
image of met-BTA just below its clearing temperature of 175 °C. 

B)

. 
A) 

Figure 54: The bulk IR spectra of the met-BTA (blue) and metOx-BTA 
(orange) measured at 3 mM in MCH at room temperature. 
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ester-BTAs do not show any birefringence under POM. The lack of any birefringence under POM 

together with the IR spectrum support the fact that metOx-BTA forms dimers in bulk.  

5.3 Assembly in solution 
We attempted to achieve a morphology change in solution by usage of an oxidizing agent. Tert-

butyl hydrogen peroxide was selected as we thought the alkyl group would improve solubility in the 

apolar solvent.   High concentrations of peroxide (>5%), which were used for the synthesis of metOx-

BTA in chapter 2, resulted in oxidation of the sulfur atom. Usage of low concentrations of peroxide 

(<1%) seemed to interfere with the stack assembly but not actually oxidize the met-BTA, as no 

sulfoxide band was observed in the IR spectrum. The performed experiments allow us to conclude 

that at these low concentrations of peroxide, the morphology change is not due to the change in 

oxidation state of the sulfur atom, but rather due to the change in polarity resulting from the addition 

of peroxide.  

5.3.1 Reversibility of the disassembly in solution 
Figure 56 displays the infrared spectra of met-BTA (blue) and metOx-BTA (orange) solution at a 

concentration of 3 mM at room temperature. The observed bands are very similar to the ones in the 

solid-state IR spectra, indicating helical stacks and dimers for met-BTA and metOx-BTA respectively. 

It can be seen that met-BTA shows a small band around 1670 cm-1, which shows that at 3 mM the 

monomer does not fully assemble into stacks and the dimeric form is also still present. The ratio 

between the integrals of the bands at 1670 cm-1 and 1645 cm-1 gives us an estimate of 5 % of dimers 

for met-BTA. Addition of peroxide (0.2 % in MCH) to the met-BTA solution (green in figure 56) resulted 

in a similar but more drastic shift. This indicates that the addition of tert-butyl hydroperoxide is 

different than the simple oxidation of met-BTA. Previous research on these ester-BTAs9 showed that 

addition a 10% of polar solvent was enough to disrupt the stack. Thus, addition of the polar peroxide 

could be enough to disrupt 

part of the stack and cause a 

shift in the bands of the IR 

spectrum. In order to verify 

this hypothesis, the effect of 

peroxide was tested on a BTA 

with just alkyl chains (figure 

S27). A shift in the IR bands, 

similar to the one observed 

for met-BTA, occurs upon 

addition of peroxide for this 

reference compound. This 

shift indicates that the 

induced change at this 

concentration of peroxide is 

most likely caused by the 

increased polarity of the 

solvent instead of the 

oxidation of the sulfur atom, 

as no sulfoxide band was 

observed in the spectrum. 

Figure 56: IR spectra of met-BTA (blue), metOx-BTA (orange) and the in-situ 
oxidation of met-BTA (green) at 3 mM in MCH at room temperature. 
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The in-situ change was also analysed with proton NMR. Figure 57A shows only signals of the alkyl 

chains (0.8-1.6 ppm) for the 3 mM solution of met-BTA. As previously discussed in chapter 3, the 

absence of signals downfield 

implies the presence of stacks. 

However, the existence of small 

signals downfield indicates that 

a part of the met-BTA molecules 

form dimers in solution. This 

also aligns with previous 

literature that showed that met-

BTA dimers can still be observed 

above its critical concentration 

of 0.28 mM.9 After addition of 

peroxide (figure 57B) to the 

met-BTA solution, the 

emergence of a number of 

signals can be observed. These 

peaks indicate the disassembly 

of the stack by introduction of 

peroxide into the mixture. The 

signals at a chemical shift of 4.0-4.5 ppm (highlighted with green) are especially important, as splitting 

of these peaks indicates the formation of a dimer due to the diastereotopic nature of these protons. 

This allows us to verify the presence of dimers ,and thus not complete disassembly to monomers,  for 

the met-BTA/peroxide mixture.   

The difference between metOx-BTA and the in-situ addition of peroxide is further emphasized, 

when we analyse the two situations over time. The transient disassembly due to polarity change of 

the medium can be seen in figure 58, where addition of the 0.2 % peroxide solution to met-BTA causes 

an immediate shift (blue to orange), which was previously attributed to a change in assembly from 

polymer to dimer. This shift also corresponds with the conclusion made from the NMR spectrum in 

figure 57. Over the course of 3 days, 

the molecule can be seen to relax 

back to its initial state. The same 

cannot be observed for the metOx-

BTA solution (figure S28), in which 

the bands do not move over the 

course of a day. This implies that the 

concentration of the added peroxide 

solution is of high relevance to the 

obtained structure. High 

concentrations (>5%) as used for the 

synthesis of metOx-BTA result in 

oxidation and a subsequent 

irreversible disassembly of the stack, 

while low concentrations (<1%) 

seem to interfere with the stack 

assembly but not actually oxidize 

the met-BTA, as no sulfoxide band is 

Figure 57: 1H-NMR spectra of A) 3 mM met-BTA in cyclohexane and B) 3 mM 
met-BTA with 0.2 v% of tert-butyl hydroperoxide in cyclohexane. 

A) Met-BTA 

B) Met-BTA + peroxide 

 

Figure 58: The IR spectra of a 3 mM solution of met-BTA at the initial state 
(blue), after the addition of tert-butyl hydroperoxide (orange) and the 
relaxation back over the course of several days.  
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observed in the IR spectrum. Over the course of several days the samples with low concentrations 

(<1%) of peroxide relax back to their initial situation, indicating that the peroxide degrades over time. 

This degradation or evaporation of peroxide can also be observed in IR (figure S29), as the band 

corresponding to the peroxide gradually decreases in intensity over time. When this relaxation to the 

initial state had occurred, extra peroxide was added to the aged solution and the same shift was 

observed (figure S30). Aging of this sample also resulted in the relaxation back to the original state 

thus indicating repeatable morphology change can be achieved in-situ by addition of dilute solutions 

of tert-butyl hydroperoxide.  

5.3.2 Reversible change in morphology by reduction of sulfoxide 
As was discussed earlier, the reduction of methionine sulfoxide in nature is performed by enzymes. 

This type of reduction is not possible for metOx-BTA, as this enzymatic reduction is performed in water 

and thus not compatible with the existence of the BTA stacks. Thus, we decided to attempt to 

chemically reduce the methionine sulfoxide. This reduction is usually performed with a mixture of 

trifluoroacetic acid (TFA) and an ammonium iodide salt.10,11 Tetraethylammonium iodide was chosen 

to hopefully improve the solubility of the salt in the apolar solution. Reduction of the methionine 

sulfoxide would reform met-BTA, which would then be able to reassemble into stacks and thus reverse 

the morphology change obtained by oxidation.  

The reduction of metOx-BTA back to met-BTA was followed with 1H-NMR, which gave us a more 

representative depiction of the conversion (figure 59). Upon addition of 0.3 eq. of the reducing agent 

and 1 v% TFA some changes in signals can be observed in the NMR spectrum (figure 59B). Most notably, 

the signals between 2.3 and 3.1 ppm can now be distinguished as individual peaks in comparison to 

the overlapping signals observed for metOx-BTA (figure 59A), which is probably attributed to the 

enhanced solubility resulting from the addition of more polar TFA. An increase to 3 eq. of reducing 

agent (tetraethylammonium iodide or Et4NI) in 5 v% TFA results in a drastic shift of signals, as observed 

in the figure 59C.  One of the most notable changes is the appearance of a large signal at 3.2 ppm, 

which belongs to the nitrogen-adjacent protons on tetraethylammonium iodide (the reducing agent). 

The other observed signals can be directly related to met-BTA (figure 59D), the reduced form of 

metOx-BTA. Most 

importantly the signals at 

2.7-2.6 and 2.3-2.1 ppm, 

which correspond to the 

protons close to the 

oxidation site, can now 

be found at much more 

similar shifts than were 

observed for metOx-

BTA. The observed 

downfield shift of the 

signals in the dark green 

spectrum in relation to 

met-BTA can be ascribed 

to the higher polarity of 

the solution caused by 

the increased percentage 

of TFA. The integrals of 

these signals indicate a 

Figure 59: the 1H-NMR spectra of A) metOx-BTA B) the solution of (A) with 0.3 eq. of Et4NI 
and 1 v% of TFA C) the solution of (A) with 3 eq. of Et4NI and 5 v% of TFA, and D) met-
BTA. All of the spectra were measured in solutions of 3 mM in CHCl3. 

B) 0.3 eq. red. agent  

A) MetOx-BTA 

C) 3 eq. red. agent 

D) Met-BTA 



68 
 

conversion of approximately 90 %, signalling the presence of some remaining sulfoxide groups. 

Nevertheless, the reduction back to met-BTA has been accomplished. 

FT-IR was used to see the change in morphology upon reduction of the sulfoxide. From figure 60 

we can deduce that addition of the reducing agent and TFA causes a shift in bands back to the initial 

state (orange to green). The large band at ν ≈ 1780 cm-1
 can be assigned to the added TFA.12 

Unfortunately, the emergence of this peak makes it difficult to see the effect of the reduction on the 

band around ν =1745 cm-1 due the masking caused by the large peak. We are able to discern that the 

spectrum of met-BTA and the in-situ reduction of metOx-BTA nicely overlap for the band at 1645 cm-

1, but differ slightly around for the band around 1560-1550 cm-1 (ν = 1552 cm-1 and ν = 1556 cm-1 for 

reduced metOx-BTA and met-BTA respectively).The observed slight difference might indicate that 

conversion back to the initial state has not been completed, which may have been caused by the low 

solubility of the ammonium iodide salt in the apolar solvent. This theory is supported by the band that 

appears in the range of 1030-1020 

cm-1 (figure S31), which is 

characteristic of the sulfoxide (S=O) 

group.13 This band is visible for 

metOx-BTA and shrinks significantly 

upon addition of the reducing 

agents. However, it does not fully 

disappear as is seen for met-BTA, 

indicating the presence of some 

remaining sulfoxide groups. 

Additionally, the change in 

morphology could also have been 

caused by the addition of the polar 

TFA, making it hard to determine 

what is precisely the cause of the 

observed shift in the IR bands.  

  

Figure 60: The IR spectrum of metOx-BTA (orange), met-BTA (blue) and 
the in-situ reduction of metOx-BTA (green) at a concentration of 3 mM in 
MCH at RT.  
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5.4 Conclusion/Discussion 
In order to verify the possibility of reversibility in the oxidation/reduction of met-BTA and 

metOx-BTA, both molecules were characterized in bulk and solution. DSC, IR and POM show that met-

BTA forms stacks in bulk, which corresponds with previous literature. metOx-BTA shows 

characteristics of a dimeric morphology in its IR spectrum. The presence of dimers for metOx-BTA in 

bulk is further supported by the lack of birefringence in POM, as the dimeric structure was confirmed 

to be non- birefringent.  

We attempted to achieve in-situ conversion of met-BTA to its oxidized counterpart, as a result of 

the reaction of met-BTA with tert-butyl hydroperoxide. This addition was followed under NMR and as 

the concentration used for the NMR measurements was above the critical concentration of met-BTA, 

the molecule mostly existed in its stacked assembly. As was previously discussed for cys-BTA, this 

resulted in the absence of large signals above 2 ppm. Upon addition of peroxide to the solution, the 

appearance of new signals could be detected. Particularly, the appearance of the split signals at 4.5-

4.0 ppm implied the formation of dimeric structures.  

Analysis with FT-IR of the solution phase showed a similar difference between met-BTA and 

metOx-BTA in MCH, with met-BTA forming stacks and metOx-BTA dimers. Addition of a dilute 

solution of peroxide to met-BTA showed a shift in the bands, which indicated a shift from stacked 

assembly to dimeric structures. However, the signals of metOx-BTA and the product of this in-situ 

oxidation did not perfectly overlap, indicating a difference in structure between the two. This 

difference was highlighted upon aging of the samples. Whereas metOx-BTA showed no change over 

the course of a day, the in-situ sample slowly relaxed back towards its initial state, which emphasized 

the importance of the concentration of the peroxide solution. Using a reference alkyl-BTA it was 

confirmed that the change in morphology was the result of the increasing polarity of the solution by 

addition of peroxide. Addition of more of the dilute peroxide solution to the in-situ sample resulted in 

the same shift, allowing for repeated morphological change by addition of peroxide. These 

experiments allow us to conclude that at these low concentrations of peroxide, the morphology 

change is not due to the change in oxidation state of the sulfur atom, but rather due to the change in 

polarity resulting from the addition of peroxide.  

A reduction of metOx-BTA was also attempted by addition of TFA and tetraethylammonium iodide, 

which acts as the reducing agent, to attempt to transform metOx-BTA back to its reduced form. NMR 

analysis confirms that addition of reducing agent results in the conversion from metOx-BTA back to 

met-BTA. Addition of these two reagents also resulted in the shift of IR bands, which roughly overlap 

with the spectrum of met-BTA. However, due to the addition of polar TFA this change could easily be 

attributed to the change in morphology and not necessarily the reduction of met-BTA. It does show 

that a small change in polarity or steric hindrance of the side chain can have a large effect on the 

supramolecular assembly properties.  
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5.5 Experimental 

5.5.1 Materials 
All chemicals were purchased from Sigma Aldrich and used as received. Met-BTA and metOx-BTA 

were synthesized as described in Chapter 2.  

5.5.2 Instrumentation 
IR spectra were recorded on a PerkinElmer FT-IR spectrometer with 16 scans and the solution-

phase IR was measured in a cell of pathlength 0.5 mm. Thermal transitions were determined using a 

TA Q2000 DSC with both 10 and 40 °C/min heating and cooling. POM samples were placed on glass 

slides and imaged using a Nikon Xfinity1 Lumenera microscope with 5X magnification at room 

temperature. NMR spectra were recorded on Varian Mercury Vx 400 MHz and Bruker 400 MHz 

Ultrashield spectrometers. Chemical shifts (δ) are reported in ppm downfield from tetramethylsilane 

(TMS). Peak multiplicity is abbreviated as s: singlet; d: doublet; t: triplet; q: quartet; p: pentet; m: 

multiplet. 

5.5.3 Methods 
For FT-IR experiments: the stock solutions of metOx-BTA and met-BTA were prepared at a 

concentration of 3 mM in MCH. The necessary amount of the monomers was weighed into volumetric 

flasks. The flasks were then filled 3/4 full of methylcyclohexane (MCH) and put in a sonicating bath at 

40 °C for 1 h. After cooling the flask to room temperature, the final volume was added.  

For NMR experiments: the same protocol was followed to prepare the 3 mM solutions of met-BTA. 

In-situ oxidation was performed by addition of 0.2 v% tert-butyl hydroperoxide to the 3 mM met-BTA 

solution in MCH, whereas the in-situ reduction was performed by addition of 1 eq. of 

tetraethylammonium iodide and 1 v% of TFA to the 3 mM met-BTA solution in MCH. In-between 

measurements both mixtures were left stirring to make sure the mixture was homogenous. 
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Conclusions and Outlook 

Conclusion 
In this project, an exploration of achieving covalent synthesis on a supramolecular polymer to 

induce structural changes in the aggregates was presented.  A specific subset of 1,3,5-

benzenetricarboxamides (BTAs) was chosen, namely ester-BTAs, due to their ability to assemble into 

both helical and dimeric structures via the formation of intermolecular hydrogen bonding. 

Furthermore, a variety of reactive or structural moieties can be introduced in these ester-BTAs due to 

their characteristic amino acid residues. Cys-BTA, possessing a free thiol, and met-BTA, possessing a 

thioether, were selected as they allowed for the use of a covalent thiol-ene reaction (to thiol/ene-

BTA) and oxidation (to metOx-BTA) respectively. These monomers were assembled into 

supramolecular structures in methylcyclohexane (MCH) and their properties were studied with a 

variety of techniques.  

Table 2: Overview of the different morphologies of cys-BTA, thiol/ene-BTA, met-BTA and metOx-

BTA in bulk and solution phase.  

Concentration Cys-

BTA 

Thiol/ene-

BTA 

Cys:Thiol/ene 

(1:1) 

Met-
BTA 

MetOx-
BTA 

Solid (RT) Stack Stack Stack Stack Dimer 

1 mM     (MCH) Stack Dimer Dimer Stack Dimer 

0.2 mM  (MCH) Stack Dimer Dimer - - 

50 M   (MCH) Dimer Dimer - - - 

First, the assembly properties of the ester-BTA monomers were investigated in bulk, as can be seen 

in table 2. FT-IR, DSC and POM confirm that at room temperature cys-BTA, thiol/ene-BTA and met-

BTA all form a stacked assembly in the bulk. In contrast, metOx-BTA shows characteristics of a dimeric 

morphology in its IR spectrum.  

FT-IR measurements showed that at room temperature and a concentration of 1 mM in MCH cys-

BTA still formed a stacked assembly, while thiol/ene-BTA had the characteristic shifts of a dimeric 

structure. Upon a decrease of the concentration a shift of the IR bands towards the dimeric structure 

was observed for cys-BTA, with a critical concentration between 125 M and 200 M. The presence 

of the stack for cys-BTA above the critical concentration was also confirmed by CD, UV and SLS, of 

which SLS also gave an estimated length of 200 nm for the helical stacks. CD, IR and NMR showed that 

thiol/ene-BTA assembled into a dimeric structure up to a concentration of 10 mM, which indicates 

that formation of a helical stack is sterically unfavoured. When mixing the two monomers in a one to 

one ratio, a dimeric structure was observed, which means that the thiol/ene-BTA can form 

heterodimers with cys-BTA to prevent the formation of stacks.  

CD spectroscopy also allowed us to probe the influence of temperature on the assembly in solution. 

Thiol/ene-BTA and the one to one mixture of cys-BTA and thiol/ene-BTA showed no change in 

morphology in the investigated range of 10 °C - 90 °C, which implied an equilibrium between dimers 

and monomers for these two cases. For cys-BTA the spectra showed a distinctive dimeric shape at the 

temperature range from 40°C to 90°C, whereas at temperatures below 40 °C the spectrum shifts 

towards the shape characteristic for the helical stack. This indicated that a slight increase in 

temperature easily altered the assembly of cys-BTA at a concentration of 200 M. 
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Afterwards, the depolymerization by thiol-ene reaction was investigated. The cys-BTA monomer 

can be changed in solution by addition of 1-hexene and DMPA and irradiating with UV light. The 

depolymerization of cys-BTA after the in-situ thiol-ene reaction can clearly be observed by NMR and 

CD, in which a change from stack to dimer could be seen. DLS showed a sharp decrease in the observed 

size upon irradiation with UV. This decrease was absent for the solution of cys-BTA without 1-hexene 

and DMPA, confirming that the observed depolymerization is the result of the thiol-ene reaction and 

not a reaction between cys-BTA molecules (e.g. disulfide bridge formation). FT-IR showed that over 

the course of 10 minutes the assembly changed from the helical stack of cys-BTA to a dimeric structure.  

Fitting of the DLS and IR data gave us an estimation of the reaction rate, which was lower than 

reported in literature. This difference could be the cause of the reaction set-up, but more investigation 

is necessary to fully confirm this hypothesis.  

Additionally, an attempt was made to create a system that allowed for a reversible change in 

morphology by an in-situ redox reaction.  IR and NMR showed that at a concentration of 1 mM met-

BTA formed stacks, while metOx-BTA was in dimeric form.  Addition of a dilute solution of peroxide 

to met-BTA showed a shift in the IR bands, which indicated a shift from stacked assembly to dimeric 

structures upon adding the oxidizing agent. However, the signals of metOx-BTA and the product from 

the in-situ oxidation did not completely overlap, indicating a difference in structure between the two. 

Aging of the samples highlighted this difference: whereas metOx-BTA showed no change over the 

course of a day, the in-situ sample slowly relaxed back towards its initial state. This led us to the 

conclusion that low concentrations of the oxidizing agent did not cause oxidation of the met-BTA, but 

that addition of the polar liquid was enough to change the morphology. Upon degradation or 

evaporation of the peroxide, the assembly would then return to its initial state. Additionally, we 

attempted to reduce the metOx-BTA back to met-BTA by addition of a reducing agent. NMR analysis 

confirmed that reduction of the sulfoxide was possible with the chosen reducing agent (TFA and Et4NI). 

Addition of this reagent to a metOx-BTA solution in MCH resulted in the shift of IR bands, which 

implied the aggregation of the reduced monomers.  However, the overlap of these new bands with 

the spectrum of met-BTA was not perfect indicating the either the reduction was not complete or that 

the TFA interfered with formation of stacks. Therefore, further investigation into the extent of this 

morphological change would be necessary to draw a definitive conclusion from these results.  

In summary, we have been able to achieve morphology change of assemblies by introduction of 

covalent synthesis on supramolecular assemblies. The results described above indicate that these 

supramolecular systems are very sensitive to small alterations in molecular structure, as small changes 

in steric hindrance and polarity have been shown to have a large effect on structural formation. 

Application of these covalent steps on non-covalent assemblies creates a whole new set of tools for 

exploring the world of supramolecular synthesis, which would allow us to come closer to the 

complexity and dynamicity of natural supramolecular systems. 

Outlook 
In this report, the thiol-ene reaction between cys-BTA and 1-hexene was investigated to analyse 

the resulting change in morphology of the supramolecular structure. A simple linear alkene was 

chosen to investigate the effect of increased steric hindrance on the assembly, however in the future 

other types of alkenes could be used in the thiol-ene reaction. The use of other alkenes could provide 

us the opportunity to include reactive moieties (e.g. alcohols or ketones) or groups that would allow 

for supramolecular aggregation perpendicular to the formation of the stack. Introduction of these 

groups would create an opportunity for multi-step synthesis on these assemblies, greatly expanding 

the toolbox of supramolecular synthesis.  
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The concept of dynamic covalent bonds can also be applied to our existing cys-BTA monomer. 

Michael acceptors have been mentioned in chapter 4 for their ability to form reversible bonds with 

free thiol groups and it would be great to investigate this ability with BTAs to see if we can induce a 

morphological change. Normally, BTAs depolymerize upon an elevation of temperature as their non-

covalent hydrogen bonds are broken by increase in available thermal energy. The same rupture with 

increased temperature is observed for the bond between thiol and Michael acceptor. However, 

combination of these two systems could lead to an entirely new property. We have seen that the 

reaction of cys-BTA and 1-hexene resulted in the depolymerization of the system due to the 

introduction of extra steric hindrance. If the same were to be true for the Michael-addition, we would 

be able to depolymerize by formation of the Michael-adduct and then induce polymerization by 

increasing the temperature. We have previously seen that at a concentration of 0.2 mM the cys-BTA 

stack easily depolymerizes at 40 °C. Optimization of concentration and temperature would thus be 

required to properly test the effect of Michael addition on the BTA monomers.  

Due to the large diversity of available amino acids, there is a vast amount of possible covalent 

reactions that could be used to induce morphological change or introduce new reactive moieties for 

(non-)covalent synthesis. An interesting venture would be the introduction of dynamic covalent bonds 

into the system, such as imine bonds. Dynamic covalent bonds play a huge role in the formation of 

supramolecular assemblies. It would thus be great to introduce these dynamic bonds to add an extra 

dimension of adaptability or reversibility to the system. Modification of the ester-group of the amino 

acid to a ketone would still allow for hydrogen bonds between NH-group of the amide and the 

carbonyl of the newly transformed ketone and it would still be possible for the dimeric structure to 

be formed. Addition of amines would enable the formation of imine bonds by reaction with the ketone 

and the formation of these imines would most probably disrupt the formation of stacks due to the 

extra sterical hindrance of the alkyl chain of the amine. However, as a result of the dynamic nature of 

the imine bond an equilibrium would be present between the ketone form and the imine, and thus 

stacks and dimers. We might be able to drive this equilibrium to one of the states by changes in 

reaction conditions (temperature, pH, concentration, etc) which would allow us control over the 

morphology and bring is one step closer towards non-covalent synthesis. 
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Figure S3: 
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Figure S4: 
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1H-NMR of methionine-ester tosylate 
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Figure S13:

 

Figure S14: 

 

1H-NMR of metOx-BTA 

13C-NMR of metOx-BTA 



87 
 

Figure S15 

Figure S16 
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Figure S17: Maldi of cys-BTA 

 

 

 

 

 

 

 

 

 

 

 

Figure S18: Maldi of thiol/ene-BTA 
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Figure S19: Maldi of met-BTA 

 

 

 

 

 

 

 

 

 

 

 

Figure S20: Maldi of metOx-BTA 
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Figure S21  

 

Figure S22 

 

 

 

 

 

 

 

 

 

 

Figure S21: Non-normalized change of signal intensity over temperature for cys-BTA and 
thiol/ene-BTA. 

 
 

Figure S22:  CD spectrum of both cys-BTA and thiol/ene-BTA of the 

monomers at a concentration of 1mM and room temperature. 
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Figure S23 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S24: 1H-NMR of Norleucine-BTA (Nle-BTA) from 25 °C to -50 °C, in which the BTA stays 
molecularly dissolved.   
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-40 °C 
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0 °C 

Figure S23: Change in CD signal over temperature at λ = 225 nm (A) and at λ = 255 nm (B). For both spectra 
the concentration is 0.2 mM and solvent is MCH. 

A) B) 
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Figure S25 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S26 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S26:  the DSC trace of the 2nd heating run (10 °C/min) of 
metOx-BTA. 

Figure S25:  The change in CD signal upon decrease the ratio of thiol/ene-BTA 
to cys-BTA at a concentration of 0.2mM at RT in MCH.  
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Figure S27 

  

 

 

 

 

 

 

 

 

 

 

Figure S28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S27: the shift in IR bands observed upon addition of 
tert-butyl hydrogen peroxide to a 1mM solution of alkyl-BTA. 

Figure S28: the IR spectrum of a 3 mM solution of metOx-BTA (blue) and the 
same solution after a day of aging. 
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Figure S29 

 

 

 

 

 

 

 

 

 

 

 

Figure S30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S30:  the IR spectrum of a 3 mM solution of met-BTA after addition of peroxide 
and waiting for 3 days (blue), the same solution after addition of extra peroxide 
(orange) and that same solution after a day (black). 

Figure S29: the effect of aging on the IR spectrum of a 3 mM solution of 
met-BTA in the range 3500- 3650 cm-1. 
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Figure S31 

 

 

   

 

 

 

 

Figure S31:  the IR spectrum of a 3 mM solution in the range 1100-975 cm-1 for 
metOx-BTA (orange), metOx-BTA + reducing agent (green), met-BTA (blue). 


