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Disclaimer 
 

The stop on experimental work from mid-March, due to measures taken by the Eindhoven University 

of Technology (TU/e) and the Dutch government to further reduce the spread of Covid-19 virus, has 

heavily influenced the completion of this work. Certain planned experimental work was unable to be 

performed due to these circumstances. 

Summary 
 

With the identification of the electron in 1897 and the subsequent invention of the vacuum tube it 

was possible to control the electron current, giving birth to the age of electronics. This classical form 

of electronics mostly deals with the interplay between magnetization and electron charge and the 

manipulation of the two via the use of semiconductors. 

Then in 1980 numerous discoveries were made concerning spin-dependent electron transport. 

Johnson and Silsbee made an observation in 1985 about spin-polarized electron injection from 

ferromagnetic metal to a normal metal. With the discovery of these electron properties the field of 

classical spintronics was born. Where classical electronics focused mainly on electron charge and 

magnetization, here the interplay of these with the electron spin was utilized. This extra degree of 

freedom and control led to growth in the field of electronics to create devices with faster information 

manipulation, lower energy consumption, lower heat dissipation and increase in cost effectiveness.  

The drive toward ever smaller semiconductor devices has causes researchers to engage in synthesis 

and design of suitable organic molecules for use as organic semiconductors, given birth to organic 

spintronics. Organic molecules are more convenient than their inorganic counterpart since organic 

molecules allow for tunable optoelectronic properties, versatile chemical functionalization, longer 

spin-diffusion length and ease of assembly on metal surfaces. These advantages of organic molecules 

have paved the way for solid-state organic devices with a wide variety of functionalities.  

In groundbreaking work by Ron Naaman et al. it was found that chiral molecules are capable of 

behaving as spin selectors at longer distances and with negligible spin diffusion. They observed 

transmission of electrons through chiral molecular films result in a spin bias.  This effect is known as 

chiral-induced spin selectivity effect (CISS) and has led to the field of chiro-spintronics where the 

mutual interplay between electron spin, magnetism and chirality is explored.  

Using an ordered film of discotic organic chiral molecules on surfaces the quantum mechanical 

property of electron spin can be controlled and manipulated on a molecular level. The CISS effect has 

been utilized in many fields such as in organic chemistry and electrochemistry. 

The goal of my graduation project was to explore discotic supramolecular polymers for both optical-

electronic and electrochemical applications. The work was inspired by the interplay of supramolecular 

polymers and spintronics discovered by Ron Naaman et al. The supramolecular discotics used were C3 

symmetrical BTA and s-heptazine derivatives.  

1,3,5-tricarboxyamides (BTAs) and 2,5,8-triamino-tri-s-triazine (s-heptazine) were investigated and 

synthesized for use as chiral electrode coating in order to further elucidate the CISS effect. For this a 

chain containing an aliphatic periphery with a cleavable stereogenic center attached to an aromatic 

ring via amide bond was synthesized for threefold coupling to discotic cores. The aromatic ring and 
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amide bonds would provide self-assembling properties via π-π stacking and hydrogen bonding. The 

cleavable stereogenic group was chosen to elucidate what the interplay between helical sense and 

CISS effect would be with and without chirality. Two protocols were attempted, via coupling agent 

and via activated core and the second was found to be preferred method. Initial study showed the 

chain was not nucleophilic enough to couple to BTA or s-heptazine in satisfactory yields and separation 

was difficult due to aggregation. 

The chain was thus adapted to remove the phenyl ring, reducing self-stacking capabilities but 

increasing nucleophilicity. As such it was expected that the altered design would not work as intended 

with s-heptazine and only coupling to BTA core was attempted. The adapted molecule was made up 

of a C8 periphery attached via an ester to aminoethanol. The molecule was thought to be capable of 

interconversion in relevant reaction conditions so two protocols were attempted. In the first protocol 

the molecule was build up from the inside-out starting from BTA. In the second approach direct 

coupling to an activated BTA was attempted. The first protocol was unsuccessful due to large 

difference in polarity between substrates and product. The second approach resulted in synthesis of 

desired molecule in 21% yield. low yield is expected to be due to the interconversion of chain. Full 

conversion was not achievable due to reduction in solubility upon subsequent (mono, bi, tri) chain 

coupling. This behavior seems to stem from the increased aggregation behavior upon each chain 

addition, which complicated synthesis. Further testing for application was not possible due to time 

restrictions. 

After this s-heptazine derivatives were further explored as electrolyte for flow cell batteries. Four 

iterations were made, each based on s-heptazine and each C3 symmetrical. The first three were found 

to have too low solubility in organic solvent to warrant further exploration for flow cell battery. the 

last had peripheral bis-methoxy groups lending it good solubility of 200 mM in acetonitrile making 

further exploration worthwhile. Cyclic voltammetry (CV) experiments were conducted which showed 

irreversible oxidation and reduction. The reduction showed promise with a large reduction potential 

of -3 V (vs Ag/AgCl) with a quasi-reversible peak at 0.2 V (vs Ag/AgCl) warranting further exploration. 

Further exploration of the oxidation of these molecules for flow cell batteries is not advised. 

 

 

  



v 
 

Table of Contents 
Disclaimer............................................................................................................................................... iii 

Summary ................................................................................................................................................ iii 

1 Introduction .................................................................................................................................... 1 

1.1 Supramolecular polymers ....................................................................................................... 1 

1.2 Discotic supramolecular polymers .......................................................................................... 1 

1.3 Discotics based on hydrogen bonding .................................................................................... 2 

1.4 Discotics based on arene-arene interactions .......................................................................... 3 

1.5 Discotics based on s-heptazine motive ................................................................................... 4 

1.6 Discotics based on hydrogen bonding and π-π stacking......................................................... 4 

1.7 History of Spintronics .............................................................................................................. 5 

1.8 Aim and motivation ................................................................................................................ 8 

1.9 References .............................................................................................................................. 9 

2 Supramolecular electrode coating material ................................................................................. 13 

2.1 Introduction .......................................................................................................................... 13 

2.2 Molecular design ................................................................................................................... 13 

2.3 Synthetic route ...................................................................................................................... 14 

2.3.1 Overview ....................................................................................................................... 14 

2.3.2 Mechanism of carboxylic acid activation and coupling ................................................ 15 

2.3.3 N-boc deprotection mechanism ................................................................................... 17 

2.3.4 Mechanism of heterogenous catalytic reduction using Pd/C ....................................... 17 

2.4 Synthesis of N-boc-protected periphery (1) ......................................................................... 18 

2.5 Deprotection of periphery (2) ............................................................................................... 19 

2.6 Coupling to nitrobenzoic acid (3 & 4) ................................................................................... 21 

2.7 Nitro reduction using Pd/C (5) .............................................................................................. 22 

2.8 BTA core ................................................................................................................................ 24 

2.9 Heptazine core ...................................................................................................................... 25 

2.9.1 Preparation of cyameluric chloride ............................................................................... 25 

2.9.2 Coupling to heptazine ................................................................................................... 27 

2.10 Conclusion ............................................................................................................................. 27 

2.11 Synthetic Procedure .............................................................................................................. 28 

2.11.1 Synthesis of N-boc-2-aminoethyl octanoate (1) ........................................................... 28 

2.11.2 Synthesis of 2-aminoethyl octanoate (2) ...................................................................... 28 

2.11.3 Synthesis of 2-(4-nitrobenzamido)ethyl octanoate (3 & 4) .......................................... 29 

2.11.4 Synthesis of 2-(4-aminobenzamide)ethyl octanoate (5) .............................................. 29 

2.12 References ............................................................................................................................ 30 



vi 
 

3 Supramolecular electrode coating material – an adaptation ....................................................... 31 

3.1 Chapter introduction ............................................................................................................ 31 

3.2 Inside-out approach .............................................................................................................. 31 

3.2.1 Proposed Scheme ......................................................................................................... 31 

3.2.2 Aminoethanol coupling (10) ......................................................................................... 32 

3.2.3 Oxidation and chlorination of (S)-3,7-dimethyloctan-1-ol (8 & 9) ................................ 34 

3.2.4 Ester coupling ................................................................................................................ 36 

3.3 Method 2 Outside-in approach ............................................................................................. 39 

3.3.1 Reaction ........................................................................................................................ 39 

3.3.2 Conclusion & Outlook ................................................................................................... 41 

3.4 Synthetic procedure .............................................................................................................. 41 

3.4.1 Synthesis of 3(S),7-dimethyl octanoic acid (8) .............................................................. 41 

3.4.2 Synthesis of (S)3,7-dimethyl octanoyl chloride (9) ....................................................... 42 

3.4.3 Synthesis of benzene-1,3,5-tricarbonyl-tris(2-aminoethyl) (10) .................................. 42 

3.4.4 Synthesis of benzene-1,3,5-tricarbonyl-tris(2-aminoethyl octanoate) (12) ................. 43 

3.5 References ............................................................................................................................ 44 

4 Flow battery .................................................................................................................................. 45 

4.1 Introduction .......................................................................................................................... 45 

4.2 Heptazine moiety as flow cell electrolyte ............................................................................. 47 

4.3 Reactions ............................................................................................................................... 48 

4.4 CV Measurement .................................................................................................................. 50 

4.5 Conclusion ............................................................................................................................. 54 

4.6 Synthetic procedure .............................................................................................................. 54 

4.6.1 Synthesis of 2,5,8-tris(decan-1-amine)-s-heptazine (13) .............................................. 54 

4.6.2 Synthesis of 2,5,8-tris-(diethylamine)-s-heptazine (15) ................................................ 55 

4.6.3 Synthesis of 2,5,8-tris-(bis(2-methoxyethyl)amine)-s-heptazine (16) .......................... 55 

4.7 References ............................................................................................................................ 56 

5 Conclusion & Outlook ................................................................................................................... 59 

5.1 Conclusion ............................................................................................................................. 59 

5.2 Outlook ................................................................................................................................. 60 

5.2.1 Outlook: Chiral electrode coating ................................................................................. 60 

5.2.2 Outlook: Electrolyte for flow cell batteries ................................................................... 61 

5.3 References ............................................................................................................................ 62 

6 Acknowledgement ........................................................................................................................ 62 

Appendix A ............................................................................................................................................ 63 

Appendix B ............................................................................................................................................ 64 



vii 
 

Appendix C ............................................................................................................................................ 65 

Appendix C.1 Synthesis of benzamide-diamine ......................................................................... 65 

Appendix C.2 Attempted diamine assay .................................................................................... 65 

Appendix C.3 Boc-protected diamine reaction .......................................................................... 66 

Appendix C.4 Last attempted diamine coupling ........................................................................ 67 

 

 

  



viii 
 

  



1 
 

1 Introduction 

1.1 Supramolecular polymers 
 

Every living cell contains DNA, RNA, or both which is read out to create proteins and enzymes that 

allow the cell to live and function. The cell builds proteins and enzymes by folding covalent building 

blocks via hydrogen bonding, hydrophobic interactions and π-π interactions.1 Using the same types of 

non-covalent interactions the cell creates a highly reliable method to store its genetic data in the 

double helix of DNA.2,3 

Inspired by natures approach to chemistry, chemists have used these concepts to create novel 

functional structures leading to the birth of supramolecular chemistry. These supramolecular 

polymers are buildup of small covalent building blocks that form superstructures through the use of 

reversible non-covalent interactions. These supramolecular structures have many features akin to 

their more conventional covalent polymers. However, the dynamic nature of the supramolecular 

structures allow for the possibility of materials that are more easily processed or recycled or are able 

to show self-healing and responsiveness to external stimuli.4,5,6 Supramolecular polymers thus allow 

for dynamic functional molecules with tunable properties paving the way for smart adaptive materials 

and environmentally sustainable materials.1 Artificial systems have been designed that utilize 

secondary interactions such as multiple hydrogen bonding,7 hydrophobic interactions,8 π-π stacking,9 

Metal-ligand coordination,10,11 host-guest recognition,12 or a combination1 of these to form these 

supramolecular superstructures. The created materials are suggested for a wide range of applications 

such as, thickening gelation13, catalysis,14,15 organic electronics,16 light harvesting materials,17,18,19 

Microcapsules for drug delivery,20 biocompatible/degradable polymer,21 and enzyme mimic.22 In the 

following a specific class of artificial supramolecular polymers will be discussed. 

 

1.2 Discotic supramolecular polymers 
 

Discotic supramolecular polymers use building blocks based on disc-shaped planar aromatic cores that 

have a number of flexible side-chains attached that form stiff and columnar supramolecular 

polymers.23 Discotic supramolecular building blocks are most often driven to self-assembly by either 

π-π interaction from the planar aromatic core, hydrogen bonding from flexible side-chains, or a 

combination of both.23 In certain cases, depending on conditions such as concentration, these building 

blocks can assembly into multiple superstructures by further aggregation of supramolecular polymers 

into gels and solids (figure 1.1). The length of these supramolecular objects, the degree of 

polymerization, is determined by the association constant between the building blocks. A higher 

association constant causes a self-assembly into a stronger and longer structure. This self-assembly 

behavior is for the most part determined by concentration, solvent and molecular design. Often 

cooperativity is needed to create supramolecular polymers when using weaker noncovalent 

interactions.24,25,26 
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1.3 Discotics based on hydrogen bonding 
 

Most work on hydrogen bond driven discotic supramolecular polymers is done by utilizing the benzene 

1,3,5-tricarboxyamide (BTA) planar core.23 The BTA core sports a C3 symmetrical benzene core with 

three amide groups to which a wide variety of tails can be attached. The amide groups rotate out of 

plane to facilitate the directional hydrogen bonding with other BTA cores. (figure 1.2) 27 This gives a 

cooperative assembly with each out of plane amide group aligning to form hydrogen bonding in two 

directions resulting in relatively large degree of polymerization. This behavior furthermore results in 

a helical sense of the supramolecular structure with high inversion penalty creating primary one helical 

sense throughout the structure. Adding a small amount of chiral BTA causes a preferred helicity forcing 

all stacks into either P or M helical sense.28  

 

 

 

Figure 1.1 Multiple super molecular superstructure exhibited by discotic molecules. The preferred structure is 
based on the conditions such as concentration. Adapted from (Chem. Rev. 2001, 101, 4071−4097) 

Figure 1.2 BTA motive and stacking. Triple hydrogen bonding amides rotate out of plane and stack on top of one 
another. Adapted from (Chem. Soc. Rev., 2012, 41, 6125–6137) 
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The motive is popular due to the starting material being readily available, the motive being chemically 

accessible, and the in-depth knowledge acquired from intense study over the years. The most 

common procedure for creating BTA molecules is to start with 1,3,5-tricarbonyl trichloride which is 

cheaply available from common suppliers and can be reacted with a wide variety of compounds. In 

cases that exceptionally pure trichloride is needed 1,3,5-tricarboxylic acid can be bought and 

converted in situ to the carbonyl chloride. 

BTA have been synthesized with a wide variety of sidechains designed for a versatile range of 

applications in fields ranging from nanotechnology to polymer processing and numerous biomedical 

applications. For a wide range of BTA applications see reference 27.27 

 

1.4 Discotics based on arene-arene interactions 
 

Another class of discotics are those which are induced by arene-arene interaction alone. These arene-

arene interactions are polar non-covalent interactions between two face-to-face aromatic groups and 

are often referred to as π-π stacking.29 The triphenylene motive is a well-known example of this, 

predominantly in the field of liquid crystals. The triphenylene motive (figure 1.3) is a relatively small 

core sporting four fused benzene rings for a larger aromatic structure and was among the first discotic 

that showed liquid crystalline behavior when alkoxy substituted.30 In the field of liquid crystals hexa-

substituted triphenylene is most commonly utilized.31 Molecules of this class are stacked loosely with 

large inter-core distances due to the nonspecific π-π interactions, creating a large number of 

mesophases ideal for liquid crystal applications. 31 Due to this loose stacking however, the chirality of 

molecules do not necessarily translate into a preferred helical sense of the supramolecular structure.23 

By utilizing more directional secondary interactions the degree of polymerization and supramolecular 

ordering and helicity can be more closely tweaked.23 This class of molecules has been proposed as a 

useful candidate for application in photovoltaic devices, light-emitting diodes, field-effect transistors 

and sensors.32 

For preparation of symmetrical triphenylene derivatives, the most common precursor to hexahydroxy 

triphenylene is catechol (1,2-hydroxybenzene). This can either be fused first and functionalized later 

or vice versa.31 Numerous triphenylene derivatives have been synthesized most commonly linked via 

ether bonds and sporting aromatic branching sidechains.31 

 

 

Figure 1.3 triphenylene core with six ether sidechains. R groups range from polar to apolar and often 
contain aromatic groups. 
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1.5 Discotics based on s-heptazine motive 
 

A relatively new class of discotics are melem derivatives (also called s-heptazine derivatives, figure 

1.4) capable of utilizing both hydrogen bonding and π-π stacking depending on the functionalization. 

Melem is a derivative of melamine, an industrially important starting material for resins and fireproof 

materials,33,34 with melem itself being used as a flame retardant for polymers due to its high thermal 

stability.35 These carbon nitride based materials are being applied to catalysis and antibacterial 

activity36,37,38,39,40 and are of great interest in other fields due to their electronic band structure, 

physiochemical stability and low cost synthesis and scalability.41 Melem has been known to science 

for over two centuries but was not explored much due to low solubility in common organic solvents 

and difficulty with synthesis.41 The low solubility is caused by strong interactions with adjacent 

molecules. 

Currently, cyameluric chloride (2,5,8-trichloro-s-heptazine) is used to create s-heptazine derivatives 

via displacement reactions. Contrary to melem, cyameluric chloride has been reported soluble in 

numerous polar organic solvents such as ethyl acetate, acetone, dioxane, ethanol and 

tetrahydrofuran.42,43 Cyameluric chloride can be reacted with all kinds of amines to form either s-

heptazine derivatives, oligomers or polymer networks; though literature is sparse compared to 

BTAs.44,45,46  

 

 

1.6 Discotics based on hydrogen bonding and π-π stacking 
 

The combination of π-π interactions and hydrogen bonding in discotics gives an interesting 

combination of properties. Where hydrogen bonded discotics such as BTA form highly ordered 

columns due to the directional secondary interactions, they are highly sensitive to the solvent used 

and are thus mostly only able to form supramolecular structures in apolar solvents.  

Discotics based on π-π interactions such as triphenylenes are also able to form supramolecular 

structures, though the non-directional nature of the interactions does not result in very strong 

architectures. Combining both π-π interactions and hydrogen bonding is desired since it would allow 

for a strong supramolecular structure to form in multiple solvents.23 This makes these types of discotic 

supramolecular polymers materials of interest when applied to an interesting adjacent field of 

research, namely spintronics. 

 

 

Figure 1.4 from left to right: Melamine, an industrially important starting material. Melem, used as a flame retardant 
in polymers. Heptazine nucleus. s-Heptazine chloride, also called cyameluric chloride. Most common start material 
for attaching different pendant groups. 



5 
 

1.7 History of Spintronics 
 

With the identification of the electron in 1897 and the subsequent invention of the vacuum tube it 

was possible to control the electron current, giving birth to the age of electronics.47 This classical form 

of electronics mostly deals with the interplay between magnetization and electron charge and the 

manipulation of the two via the use of semiconductors. 

Then in 1980 numerous discoveries were made concerning spin-dependent electron transport. 

Johnson and Silsbee made an observation in 1985 about spin-polarized electron injection from 

ferromagnetic metal to a normal metal.48 With the discovery of these electron properties, the field of 

classical spintronics was born. Where classical electronics focused mainly on electron charge and 

magnetization, here the interplay of these effects with the electron spin was utilized. This extra degree 

of freedom and control led to growth in the field of electronics to create devices with faster 

information manipulation, lower energy consumption, lower heat dissipation and increase in cost 

effectiveness.49 The discovery of spintronics was so impactful that in 2007 the Nobel prize in physics 

was awarded for the discovery of giant magnetoresistance and the first application of it in computer 

science to create faster hard drives.50 

The drive toward ever smaller semiconductor devices has causes researchers to engage in synthesis 

and design of suitable organic molecules for use as organic semiconductors, giving birth to organic 

spintronics.51,52,53 Organic molecules are more convenient than their inorganic counterpart since 

organic molecules allow for tunable optoelectronic properties, versatile chemical functionalization, 

longer spin-diffusion length and ease of assembly on metal surfaces. These advantages of organic 

molecules have paved the way for solid-state organic devices with a wide variety of functionalities.54 

In groundbreaking work by Ron Naaman et al.55 it was found that chiral molecules are capable of 

behaving as spin selectors at longer distances and with negligible spin diffusion.56 They observed 

transmission of electrons through chiral molecular films, resulting in a spin preference bias of one over 

the other. Figure 1.5 shows an example of this, depicted using two double stranded DNA (dsDNA) 

helices with different orientation. Reversal of helicity results in reversal of preferred spin. This is 

caused by a Zeeman splitting of α and β electron spin. Just as a magnetic field can cause Zeeman 

splitting, so can passing electrons through a chiral film cause a difference in energy.  This effect is 

known as chiral-induced spin selectivity effect (CISS) and has led to the field of chiro-spintronics where 

the mutual interplay between electron spin, magnetism and chirality is explored.57 Using an ordered 

film of organic chiral molecules on surfaces the quantum mechanical property of electron spin can be 

controlled and manipulated on a molecular level.  

Figure 1.5 CISS effect generated by a dsDNA helix.  Electrons passing 
through a chiral molecule experience Zeeman splitting, where one spin is 
more energetically favored over another. Switching the helicity inverses the 
effect. Adapted from (Arnaboldi Chem. Sci. 2015) 
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Findings, interests and applications of chiro-spintronics span from purely fundamental to chemical 

applications, such as computer-oriented electronics. The CISS effect has been demonstrated to occur 

with both chiral supramolecular polymers58 and conventional chiral polymers,57 with supramolecular 

polymers having the advantage of having a larger spin diffusion length.49 The CISS effect has been 

utilized in many fields such as in organic chemistry and electrochemistry. Below a number of 

applications will be highlighted utilizing the CISS effect, with schematics summaries in figure 1.6. 

(a) Research of one group into enantioselective synthesis used dsDNA with helical preference 

adsorbed on a gold surface to investigate the difference in adsorption of a racemic mixture of 

epichlorohydrin. It was found that on a bare gold surface there was no preference for either (R) or (S) 

epichlorohydrin adsorption. However, when dsDNA is adsorbed and the gold surface irradiated with 

X-rays a striking difference of 16% in adsorption was seen between two enantiomers purely due to 

the secondary electrons from the X-ray being spin-filtered through the dsDNA. This experiment shows 

that a very small difference can create an enantiomeric excess in surface adsorption, which is of great 

interest to heterogenous catalysis involving achiral precursors to create chiral molecules.59  

(b) Mtangi et all.58 used chiral supramolecular Zn porphyrins to increase electrochemical water 

splitting by suppressing hydrogen-peroxide formation.58 By coating the anode with the 

supramolecular porphyrin the β-OH radical is preferentially formed, thus inhibiting α-OH ^ β-OH 

radical recombination into hydrogen-peroxide. In nearly all electrochemical reactions the system 

efficiency and selectivity is hampered due to spin alignment being an often uncontrolled factor, 

increasing overpotential and reducing widespread use.60 This research shows the possibility of 

controlling spin alignment to increase the selectivity and efficiency of electrochemical processes, a hot 

topic in the current era. 

(c) Arnaboldi et al. utilized electroactive chiral films to distinguish between enantiomerical analytes to 

create an enantiomeric sensor. Where normally the electrochemical behavior of enantiomers is 

symmetrical, in a chiral environment a pronounced difference occurs. The group of Arnaboldi utilized 

this in an electrochemical cell to distinguish between the two enantiomers of DOPA. The concept adds 

a valuable tool in the toolkit of chiral electroanalysis.61  

(d) Research done by Benicori et al.57 utilized a chiral thin film polymer on a non-ferromagnetic 

electrode in an electrochemical cell in tandem with a strong magnet to induce an asymmetry in a 

reversible redox couple. By combining the Zeeman splitting induced by both CISS and the magnet, an 

impressive potential shift of 0.5 V was achieved. This can have wide implications in both spintronic 

devices as well as in battery technology, where an increase in potential can increase the energy density 

of the battery.  

As can be seen from the above research, utilizing supramolecular polymers for optical-electronic and 

spintronics applications can create remarkable results. Whilst a lot of progress has been made a lot 

has still been undiscovered. 
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Figure 1.6 (a) using dsDNA and secondary electrons creates a difference in adsorption between enantiomers. Adapted from 
(Angew.Chem. 2015, 127,7403 –7406) (b) utilizing chiral Zn porphyrins to coat an anode inhibits formation of hydrogen peroxide 
formation in water splitting by creating only spin-up hydroxide radicals which are unable to recombine into hydrogen peroxide. 
Adapted from (J. Am. Chem. Soc. 2017, 139, 2794−2798 ) (c) using a chiral thin film on an electrode to create electrochemically 
different signals in a cyclic voltammetry experiment allowing for chiral sensing. Adapted from (Chem. Sci.,2015, 6,1706-1711 )  
(d) utilizing combined effect of a strong magnet and chiral thin film on an electrode to create a large potential difference in a 
reversable redox probe. Adapted from (Chem. Sci.,2019, 10,2750-2757) 
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1.8 Aim and motivation 
 

This thesis is inspired by the interesting interplay between discotic supramolecular polymers, 

electrochemistry, and the field of spintronics. The goal of my thesis is to explore the discotic 

supramolecular monomers for both optical-electronic and electrochemical applications. The 

compounds utilized in this thesis are based on the C3 symmetrical BTA and s-heptazine motive. These 

motives are chosen due to their proven applications and interesting properties. 

In the first part (chapter 2 & 3) of this thesis supramolecular polymers in the context of chiral electrode 

coating will be investigated on a more fundamental level. A preliminary study aimed at synthesizing 

molecules to further elucidate the CISS effect will be conducted. 

In the second part (chapter 4) of the thesis supramolecular polymer as electrolyte material will be 

explored for a more direct application. The interesting optical-electronic properties of s-heptazine will 

be used to design a system for use in flow cell batteries. An overview of all discussed reactions can be 

found in appendix D. 
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2 Supramolecular electrode coating material 

2.1 Introduction 
 

The CISS effect has been explored for numerous applications and proven with a multitude of 

experiments comparing results of assemblies arising from achiral monomers and those arising from 

chiral monomers.1 The CISS effect has been found to arise from the combined overall dipole moment 

generated by the preferred helical sense imposed by the chiral monomer of the supramolecular 

structure. However, a study exploring a preferred assembly without chirality is missing. The goal of 

this chapter is to explore the change in optical-electronic properties of a supramolecular polymer upon 

removal of stereogenic centers; to elucidate what the effect on the helical sense of the stack and the 

CISS effect would be upon removal of chirality. 

This chapter will focus on the synthesis of a supramolecular discotic semi-conductor with cleavable 

stereogenic center that is capable of self-assembly on a surface to further explore the CISS effect. A 

design will be tested with both BTA and s-heptazine motive followed by an optimization of the design. 

 

2.2 Molecular design 
 

The envisioned sidechain (figure 2.1) will be coupled to C3 symmetrical BTA and s-heptazine cores to 

create discotic supramolecular polymers (figure 2.2). In order to investigate the CISS effect the 

molecules needs to be able to form 1-dimensional fibers. These fibers are formed by a combination of 

π-stacking and hydrogen bonding. The π-π interactions are facilitated in both cases by addition of the 

phenyl ring. Directional intermolecular hydrogen bonding is achieved via the addition of amides. In 

the case of BTA, six amides are present and in the case of s-heptazine three amides are present due 

to the coupling mechanism. At the periphery an octyl chain is added to aid with both solubility and 

self-assembly. The octyl chain is chosen since a chiral and achiral version will have to be made and 

octyl chain has a synthetically accessible chiral equivalent that is commonly used. The octyl chain is 

attached via an ester bond. By cleaving the ester bond the stereogenic center can be removed, which 

would allow for exploration of the CISS effect.  

 

Figure 2.1 Molecular design of the chain. Starting from the right: an amine is present to form an amide bond with 
the discotic molecules. A phenyl ring is present to further induce aggregation into nanofibers. Amide bond for two 
sided hydrogen bonding to induce self-assembly. An ester bond is present as a cleavable group through which 
via hydrolysis the chiral octyl chain can be removed. The octyl chain was chosen to aid in solubility. 
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2.3 Synthetic route 

2.3.1 Overview 
 

In the following chapter the synthesis of the BTA and s-heptazine derivative will be described. During 

the synthesis extensive use is made of the amide bond coupling by reacting an octanoyl chloride with 

an amine. Below the synthetic route is shown (figure 2.3) and the reaction mechanisms are explained. 

First the octyl chain is coupled to an amine via the above mentioned displacement reaction. The 

protective group will be cleaved by a strong acid followed by another amide coupling. Lastly the nitro 

group will be converted to an amine via a hydrogenation reaction. The chain will then once more be 

coupled via amide coupling. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 The envisioned discotic molecules. On the left the sidechain of figure 2.1 is attached three fold to a BTA core. On 
the right it is attached to the s-heptazine core. 
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2.3.2 Mechanism of carboxylic acid activation and coupling 
 

Step i and iii utilize the same reaction mechanism to couple a carboxylic acid to a nucleophilic group, 

such as an amine or primary alcohol. Most often the acid is activated via chlorination to an acyl 

chloride group or by using a coupling agent. Whenever possible acyl chloride activation is the 

preferred method due to ease of workup and fewer reactants. 

For activating aliphatic carboxylic acids, oxalyl chloride or thionyl chloride is most often used, though 

when possible thionyl chloride is avoided due to its acrid smell. For aromatic acyl chlorides phosphorus 

pentachloride is often used due to the electron withdrawing substituents requiring a more potent 

reactant.2 

 

Figure 2.3 Overview of synthetic route. First an octyl chain will be coupled to a protected 
aminoethanol (i) followed by a deprotection (ii). In the last two steps a nitrobenzene will be 
coupled (iv) and reduced (v) to create the benzylic amine (5) to couple to the core. 
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The main advantage of these activation methods is that the reactions are fast and the workup is 

simple, as the only additional byproducts that need to be removed are most often HCl and gaseous 

byproducts.3 The reaction is usually performed in dry inert solvents to avoid hydrolysis of the acyl 

chloride back to carboxylic acid. In some cases the reaction is accelerated using catalytic amount of 

pyridine, DMAP or DMF.4  

The activation starts with the chloride deprotonating the carboxylic acid, followed by rapid 

nucleophilic attack of the deprotonated oxygen to the carbonyl of oxalyl chloride. Then, in rapid 

succession, a second attack of chloride on the carbonyl  results in the decomposition of the oxalyl 

chloride into gaseous carbon dioxide and monoxide and the formation of the activated carboxylic acid 

(acyl chloride).5,3 These can then be used for substitution reactions using nucleophiles such as amines 

or alcohols. 

 

 

The coupling used in i and iv is then formed by adding a nucleophile such as an amine or alcohol. The 

coupling using a primary amine will be explained, though the mechanism follows a similar pattern 

using other nucleophiles (figure 2.5). 

The lone pair of the amine (or alcohol) attacks the carbonyl resulting in a sp3 intermediate. Since the 

chlorine is a good leaving group, the carbonyl reforms itself and the chlorine is expelled. This chloride 

then deprotonates the amide forming hydrogen chloride and the desired amide bond. An additional 

non-nucleophilic base such as triethylamine is often used in the reaction in order to capture the 

chloride ion to avoid the formation of unreactive hydrochloride amine salts.3 

 

 

 

Figure 2.4 Mechanism of carboxylic acid activation using oxalyl chloride reagent. The chloride 
deprotonates the carboxylic acid followed by rapid nucleophilic attack of the deprotonated oxygen to 
the carbonyl of oxalyl chloride. Then in rapid succession a second attack of chloride on the carbonyl  
results in the decomposition of the oxalyl chloride into gaseous carbon dioxide and monoxide. Adams, 
R., & Ulich, L. H. (1920).  

Figure 2.5 Nucleophilic substitution on an acyl chloride using a primary amine. (Montalbetti, Tetrahedron 2005)3 
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2.3.3 N-boc deprotection mechanism 
 

When working with molecules containing multiple reactive groups care has to be taken to ensure 

selective formation of the desired product. In ii if the amine would not be protected then an amide 

would preferentially form as opposed to an ester, since the nucleophilicity of the amine is larger than 

that of the alcohol. An entire branch of chemistry is dedicated to solving these problems using 

protective groups.6 In protection chemistry the reactivity of a functional group is modified by addition 

of substituents that can be selectively removed. Multiple protected reagents can be used in tandem 

and many pre-protected reagents are readily available, as is the case with the reagent of i. The 

protection groups are designed to decompose into easily removal byproducts, often gaseous.6 Below 

(figure 2.6) the reaction mechanism for the deprotection of an amine by removal of the tert-

Butyloxycarbony (N-boc) protective group using an excess of acid (TFA) is shown.  

The limiting reaction step is the first  protonation due to the formation of a positive charge on the 

electronegative oxygen.7 As such, a large excess of acid is used to push the equilibrium to the right. 

First, the secondary oxygen is protonated by deprotonation of TFA followed by a fast transfer of the 

positive charge to a t-butyl cation. The deprotonated TFA removes a proton from the oxygen atom 

resulting in decomposition into carbon dioxide. The free amine is then protonated and present as an 

unreactive salt. Subsequent workups are designed to remove TFA to create free amine. 

 

2.3.4 Mechanism of heterogenous catalytic reduction using Pd/C 
 

In v a nitroaromatic group has to be reduced to an amine group. A common method utilizes palladium 

on activated carbon (Pd/C). Activated carbon is a processed form of carbon with small low-volume 

pores that increase surface area for adsorption and due to this is often used as a support for catalysts. 

By loading Palladium catalyst onto activated carbon a much higher surface area and reactivity is 

acquired than without. 8 This Pd/C catalyst is highly effective in the reduction of nitrobenzenes.9 The 

reaction has to be performed under atmosphere void of oxygen and moisture, in presence of a 

hydrogen source acting as a reducing agent. In lab conditions it is common to use hydrogen gas as a 

source.8 

The palladium on carbon then acts as a catalytic surface able to adsorb hydrogen onto the catalytic 

surface to create a highly nucleophilic hydride (H-) and highly acidic proton (H+). (figure 2.7) The 

heterogenous catalysis works via repeated attack of the adsorbed hydride ion onto the most 

electropositive atom, followed by the most electronegative anion reacting with the adsorbed proton, 

expelling water in the process.10  

Figure 2.6 Deprotection of N-boc protected amine using an excess of the strong acid TFA. 
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2.4 Synthesis of N-boc-protected periphery (1) 
 

The first step i in the synthesis involves an ester formation by reacting octanoyl chloride with N-boc-

ethanolamine in presence of triethylamine to form 1. (figure 2.8) The reaction was performed under 

inert atmosphere in dry solvent and was reacted overnight at room temperature. The completion was 

checked using 1H-NMR where the only signals expected to shift in the spectrum are the alpha protons 

next to the carbonyl.  

 

 

The spectrum of the reaction mixture i could be assigned to two compounds. (figure 2.9 top) In the 

aliphatic region a small peak at 2.42 ppm and a larger peak upfield at 2.29 ppm is observed. The smaller 

impurity at 2.42 ppm is indicative of octanoic acid, the hydrolyzed form of octanoyl chloride. The larger 

peak at 2.29 ppm corresponds to the alpha proton of the ester. Due to the high conversion it was 

decided to continue with workup. The reaction was worked up by extracting with water and brine to 

remove traces of triethylamine hydrochloride and unreacted N-boc-ethanolamine. Afterwards an 

alkaline silica column was run to remove the octanoic acid. In the alkaline column the octanoic acid 

sticks to the silica whilst the ester more easily migrates with the eluent. The fractions were combined 

according to TLC and solvent was removed in vacuo to yield pure product in 90% yield (figure 2.9 

bottom). 

Figure 2.7 Catalytic cycle for aromatic nitro reduction using Pd/C. Through repeated addition of H+ and H- and loss 
of two water molecules the nitro group can be reduced to an amine.  

Figure 2.8 Ester formation between octanoyl chloride and a protected ethanolamine to form 1. 
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2.5 Deprotection of periphery (2) 
 

After the formation of the ester an acid catalyzed N-boc deprotection was performed to make the 2 

with accessible amine. (figure 2.10) Since TFA can catalyze hydrolysis of the ester in the presence of 

water, dry solvent and inert atmosphere were used. Completion was monitored using 1H NMR (figure 

2.11). By following tert-butyl signal (shown in blue) and β-amine signal (shown in yellow) the 

conversion can be followed.  

 

 

 

 

Figure 2.10 Acid catalyzed deprotection of 1 to remove the N-boc protecting group to form 2. 

Figure 2.9  1H NMR (CDCl3) Spectra of N-boc-2-aminoethyl octanoate (1). Top shows reaction mixture, bottom 
shows pure compound spectrum with assigned protons. 
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The N-boc-aminoethyl octanoate was dissolved in dry dichloromethane and 5 v/v% of TFA was added 

and stirred at room temperature for one hour after which 1H NMR (figure 2.11, top) showed that no 

reaction had taken place. The solution was thus heated to reflux to increase reaction rate and push 

the equilibrium to the product side by allowing the gaseous byproduct to pass from solution through 

the oil bubbler. After three hours 1H NMR once more showed a small amount of conversion (figure 

2.11, middle). As such a much larger concentration of ~ 50 v/v% TFA was added and the solution was 

refluxed overnight which resulted in complete conversion (figure 2.11, bottom).  

As such solvent and TFA was removed by flushing with nitrogen in the fume hood to avoid corroding 

the tubing of the rotary evaporator. The crude mixture was then dissolved in dichloromethane and 

washed with water and brine to remove any traces of TFA. At this point 1H NMR (figure 2.12) and 19F 

NMR showed no signal of TFA or TFA salt. Furthermore, the NMR shows that the alpha protons on 

both side of the ester match the expected integrations approximately and no side peaks are observed. 

This suggest that the ester is stable under acidic conditions and has not hydrolyzed in the subsequent 

extraction. 

 

 

 

 

Figure 2.11 1H NMR (CDCl3) used to track removal of Boc protecting group on 2-aminoethyl octanoate. Top at 5% 
TFA after stirring at room temperature for 1 hour, middle after reflux, bottom after overnight reaction at 50% TFA. 
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2.6 Coupling to nitrobenzoic acid (3 & 4) 
 

The next step iii entails coupling the free amine of 2-aminoethyl octanoate to 4-nitrobenzoyl chloride 

to form 3. (figure 2.13, top) The 4-nitrobenzoyl chloride was created in situ under inert conditions by 

reacting 4-nitrobenzoic acid with oxalyl chloride and catalytic amount of DMF. The reaction was stirred 

at room temperature overnight. The mixture had a yellow turbid appearance due to the 4-nitrobenzoic 

acid and the day afterwards the solution was translucent.  

 

Oxalyl chloride has a low boiling point (63°C) and upon reacting with carboxylic acid decomposes into 

gaseous products (CO2 and CO). This coupled with the low boiling point of DCM (39.6°C) meant that 

flushing with nitrogen was sufficient workup for purification. 

The 4-nitrobenzoyl chloride (3) was dissolved again and reacted with 2-aminoethyl octanoate in 

presence of triethylamine. (figure 2.13, bottom). 2 was added in excess since it is more easily removed. 

Completion was checked using 1H NMR (figure 2.14, top) by monitoring the aromatic region 

integrations of amide : phenyl ring. 

To prevent additional reaction from occurring between possibly unreacted acyl chloride and water, 

the reaction was quenched with ethanol before performing an extraction with water and purification 

via column to yield 4 in relatively low yield of 66.5%. 

 

 

 

Figure 2.12 NMR of 2. In green and yellow are shown the alpha positions of the ester with integration matching 
showing no sign of hydrolysis.. 

Figure 2.13 Top showing activation of nitrobenzoic acid to form 3. Below showing coupling of 2 to 3 via amide bond 
to form 4. 
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2.7 Nitro reduction using Pd/C (5) 
 

The last step in creating the sidechain is reducing the nitroaromatic group (4) to an amine group (5) 

(figure 2.15). This was done using palladium on activated carbon (Pd/C) via heterogenous catalysis 

under hydrogen atmosphere. Since the reaction is done in highly reactive hydrogen atmosphere the 

solution and reaction atmosphere must be void of any oxygen-compounds. 

 

 

To achieve this the nitro benzamide was dissolved in dry DCM under nitrogen atmosphere and 

nitrogen was bubbled through to degas the solution. Then catalytic amount of Pd/C was added and a 

hydrogen balloon with overpressure was added. Nitrogen was used as inert atmosphere as opposed 

to argon, since the latter can create a protective layer, preventing the hydrogen from reaching the 

solution surface where the reaction takes place. The solution was stirred overnight. The hydrogen 

balloon had partially deflated which is an indication of successful reaction, since three hydrogen 

molecules are consumed per reaction and no other gaseous products formed, thereby reducing the 

pressure. 

1H NMR was then used to determine extend of conversion of v by monitoring the aromatic protons. 

(figure 2.16, top) After a few hours two peaks in the aromatic region have shifted to lower ppm, from 

8.29 ppm and 7.96 ppm (figure 2.14) to 7.59 ppm and 6.67 ppm. This was expected due to the nitro 

group of 4 being electron drawing and the amine group of 5 being electron donating and the difference 

causing a shift upfield. Furthermore an additional peak at 7.88 ppm is seen though not assigned.  

Figure 2.14 1H NMR (CDCl3) of 4 showing amide peak at 6.67 ppm. Relative integrations of α protons of ester are 
as expected, indicating no signs of hydrolysis in the sample.  

Figure 2.15 Reduction of the nitrobenzene in 4 to an aminobenzene in 5 using catalytic amounts of Pd/C and 
hydrogen gas. 
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As such the solution was worked up by filtrating through a glass filter packed with celite (diatomaceous 

earth). A small vacuum was applied using a water pump and the filter was washed with DCM and 

filtrate evaporated in vacuo to yield the product as a yellow solid. (figure 2.16, below) The small side 

peak has disappeared in the final product and all peaks were accounted for including the aromatic 

amine. That the amine is visible without an acid present indicates that the amine protons are less 

exchangeable and thereby less nucleophilic. The next section will focus on coupling the created chain 

to the selected BTA and Heptazine cores. 

 

 

 

 

 

 

Figure 2.16 1H NMR (CDCL3) of reaction v. Top: completion check of v peaks at 7.59 and 6.67 ppm shifted 
compared to 4 indicating conversion. A peak at 7.88 ppm cannot be assigned to the molecule.  Below: Spectrum 
of pure 5 showing removal of peak at 7.88 ppm. 
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2.8 BTA core 
 

Two methods are tested to couple 5 to the BTA core. (figure 2.17) One method utilizing BTA tri-acyl 

chloride and another utilizing a coupling agent, commonly used in peptide synthesis or when using 

aromatic compounds.11 Both methods were run in parallel to test which method had higher efficacy. 

The acyl chloride based reaction was performed in dry DCM using TEA as non-nucleophilic base. The 

coupling agent protocol was performed in DMF utilizing non-nucleophilic base DIPEA and HBTU as 

coupling agent. HBTU is an aromatic nitrogen rich compound which can attach to a carboxylic acid 

acting as a good leaving group. Both experiments were run overnight and TLC experiments were used 

to compare their results. 

 

The TLC experiment (8:2 DCM/ EtOAc) showed that under UV light both fractions had unreacted core 

present on the baseline, which smeared onto the TLC plate till Rf 0.2, and substrate at the top at Rf 1; 

therefore, in both cases reactions were unable to achieve full conversion. In both protocols three spots 

were seen close together between Rf 0.6 and Rf 0.8, suggesting a mono-, bi- and tri-functionalized 

BTA. The only difference between the two was that a brown coloring and UV signal was smeared out 

all over the TLC plate belonging to the coupling agent protocol. Since no other features were different 

it is concluded that the coupling method was inconsequential. As such the HBTU version was discarded 

since both the presence of the coupling agent and the high boiling point of DMF cause more difficulty 

during further purification without offering any additional benefits for this reaction. 

The acyl chloride reaction was worked up by washing with 1 M HCl solution and 1 M NaOH solution 

and water. Phase separation occurred fast between DCM and acidic solution but with alkaline solution 

and water separation was slow and resulted in a transparent aqueous and organic phase separated 

by a white turbid surfactant. The organic phase was dried and analyzed using 1H NMR (not shown) and 

found to contain merely unreacted arm. The surfactant was also collected, dried and analyzed though 

a very small amount was left after removal of solvent in vacuo, limiting interpertability of the NMR. 

Nevertheless a few conclusions can be made. An extraction seems to be non-ideal due to poor 

solubility in DCM and chloroform, but is an excellent washing liquid to remove start product. 

Furthermore, the low conversion seen in both protocols for BTA, even when run in different solvent 

and different coupling methods, seem to suggest that the problem lies with reactivity between the 

two chain and the core. Possibly, the low conversion is caused by the amine being a relatively poor 

nucleophile due to the molecular design or possibly due to the sidechain not providing enough 

solubility to the final product. If the problem would be due to low nucleophilicity, reacting it with a 

more electrophilic core might increase reactivity. One more electrophilic core is the s-heptazine core. 

 

Figure 2.17 Threefold reaction of 5 to form 6. Two methods were attempted, vi using coupling agent TBTU with 
non-nucleophilic base DIPEA in DMF to couple 5 to carboxylic acid form of BTA and vii using TEA in DCM to 
couple 5 to acyl chloride form of BTA to form 6. 
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2.9 Heptazine core 

2.9.1 Preparation of cyameluric chloride 
 

Cyameluric acid first needs to be activated before attempting coupling. The preparation of cyameluric 

chloride has been achieved via common organic chemistry setup using phosphoryl chloride as a 

solvent and cyameluric acid as starting material. Other methods have been used in literature before 

such as direct chlorination from potassium cyamelurate12 or using a sealed bomb tube13. These other 

methods were not chosen due to low reported yields for the former and the more hazardous setup 

required for the latter. 

Cyameluric acid was reacted with phosphorous pentachloride (PCl5)at reflux ( 105 °C) using freshly 

distilled phosphoryl chloride (POCl3) as the solvent (figure 2.18). The main advantage of this technique 

is the lack of byproducts generated and the fact that the conditions guarantee water free conditions, 

which is highly desirable to avoid hydrolysis back to cyameluric acid. In both cases it is due to the fact 

that the reaction with phosphorous pentachloride produces POCl3 and in the case of reacting with 

water some HCL is generated which is driven out of the solution due to high temperature. This gas 

was neutralized by passing it through sodium hydroxide solution whilst the mixture was refluxed 

overnight. 

 

Completion was checked using FT-IR (not shown) and 1H NMR (Acetone, not shown) by flushing a small 

amount of the mixture with argon and dissolving in acetone at low concentration. This was done since 

cyameluric acid is only sparingly soluble in common organic solvents. No peak was detected downfield 

that would indicate the presence of the OH-group, so it was decided to workup. The solvent was 

removed by distillation at 140 °C until dry. The PCl5 was then sublimated at the top of the distillation 

bridge by subjecting the flask to an argon flow whilst continuing heating. The conversion was 

confirmed using 13C NMR (figure 2.19), FT-IR (figure 2.20) and 31P NMR (not shown). 13C NMR showed 

near-quantitative conversion as seen by the negligibly small peaks at 151.05 ppm and 150.16 ppm 

corresponding to cyameluric acid. FT-IR showed characteristic vibrations at 1600, 1497, 1293, 823, 

647 cm-1 as reported by literature.14 PCl5 is expected to show a degenerate PCl3 stretching at 588 which 

was not detected here. Furthermore, a 31P NMR  (not shown) showed no signal further indicating 

successful removal of solvent and reactant.  

Figure 2.18 Preparation of cyameluric chloride 
using chlorinating agent PCl5. 
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Figure 2.19 13C NMR 100 MHz (Aetone-d6) of cyameluric chloride. Two small peaks at the right side of the spectrum 
indicate small amount of unreacted cyameluric acid. 

Figure 2.20 FT-IR of Cyameluric Chloride. Characteristic vibrations at 1600, 
1497, 1293, 823, 647 cm-1 as reported by literature14. No PCl3 degenerate 
stretching at 588 cm-1 was observed thus showing successful removal of 
reactants. Absence of strong band above 2500 cm-1 indicate lack of OH-
stretch and thus complete conversion of cyameluric acid. 
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2.9.2 Coupling to heptazine 
 

Reactions with cyameluric chloride are commonly performed in dry polar solvents which dissolve the 

core well, such as THF in presence of TEA and the same was done here in iix to form 7 (figure 2.21). 

The reaction was stirred overnight at room temperature followed by reflux for one hour. 

 

Upon addition of the chain (5) to the solution the solution turned yellow turbid. The solvent was 

removed in vacuo, dissolved in DMSO and precipitated in aqueous sodium hydroxide solution. This is 

done to remove any triethylamine from solution and deprotonate hydrochloride salts. A TLC (10% 

MeOH) was made which showed the sample to contain one baseline spot, indicative of unreacted 

core, and three spots assumed to be from reacted system of one, two and three times (7) reacted 

respectively. Furthermore the crude sample weighed less than 10% of what was expected. 

It seems even with a more electrophilic core no good conversion is achieved. This seems to be due to 

a combination of low reactivity and due to low solubility when chain 5 is attached. In all experiments 

four TLC spots were seen corresponding from 0 – 3 times reacted. This along with the low yield seems 

to suggest that the solubility of the core decreases drastically for each subsequent reaction limiting 

conversion. 

 

2.10 Conclusion 
 

In this chapter the successful synthesis of an aliphatic chain 5 in good yield with cleavable stereogenic 

center, capable of forming hydrogen bonds and pi-stacking, was described. The reaction steps 

consisted mainly of condensation reactions between acyl chlorides and amines to couple different 

fragments in i and iv. Reactive groups were protected using N-boc chemistry in I and free amine was 

protected by attaching 3 as a nitro group and reducing it to an amine group in v.  

Threefold coupling of 5 to C3 discotic BTA was testing using two protocols. One using a coupling agent 

to react 5 to a carboxylic acid  BTA to form an amide bond and one utilizing a direct coupling of 5 to 

an acyl chloride BTA to form an amide bond. In both cases similar results were obtained, where a 

mixture of unreacted, one-, two-, and threefold attachment was observed, irrespective of the method 

used. The coupling agent protocol had more additional byproducts from decomposition and the 

coupling agent interfered in interpretability of TLC experiments. The acyl chloride protocol only 

resulted in easily removable hydrogen chloride and did not interfere in TLC experiments. As such the 

acyl chloride protocol is the preferred method. 

The coupling of 5 to heptazines via acyl chloride version was then attempted and compared to the 

similar protocol for BTA. Heptazine has a more electron-poor structure, making it a better electrophile 

and more reactive than BTA.  

Figure 2.21 Reaction iix: Threefold coupling of 5 to cyameluric chloride to form 7. 
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Nevertheless, in both cases turbid mixtures were observed upon addition of the reactant 5 and a 

mixture of similar intensity of unreacted, one-, two-, threefold reaction was observed. The turbidity 

of the mixture points at a decrease of solubility with each additional chain. This incomplete conversion 

is seen in the reaction even when using a large excess of reactant 5, and when using the more 

electrophilic heptazine core. As such this is expected to be due to low nucleophilicity due to aromatic 

amine. Furthermore, separation of one-, two-, and threefold reacted heptazine was unsuccessful 

despite a clear difference in Rf-values observed in TLC experiments. Strong dipolar interactions and 

stacking behavior seem to increase difficulty of separation. In the next chapter simplification of the 

molecular design to fix the lower reactivity by increasing nucleophilicity will be explored. 

 

2.11 Synthetic Procedure 

2.11.1 Synthesis of N-boc-2-aminoethyl octanoate (1) 
 
(1) N-boc-ethanolamine (5.05 g, 31.35 mmol, 1 eq)  was dissolved in dichloromethane (50 mL) and 
cooled on an ice bath. Triethylamine (5.2 mL, 39.16 mmol, 1.25 eq) was added under argon 
atmosphere followed by dropwise addition of octanoyl chloride (5.8 mL, 33.98 mmol, 1.08 eq). The 
reaction was stirred at room temperature overnight and completion was checked using 1H NMR. The 
reaction mixture was diluted with dichloromethane (50 mL) and washed with H2O (50 mL), brine (50 
mL), dried over MgSO4. Solvent was removed in vacuo to yield crude product as a yellow oil (8.9 g, 
98.8% yield). Purification was performed by column chromatography (eluent: 2.5% MeOH, 0.5% 
Triethylamine in CHCL3).  

 
N-boc-aminoethyl octanoate  was obtained as a yellow oil in 90% yield (8.15 g, 28.36 mmol) 
  
1H NMR (400 MHz, Chloroform-d) δ 4.76 (s, 1H, H-7), 4.13 (t, J = 5.4 Hz, 2H, H-5), 3.39 (q, J = 5.8 Hz, 

2H, H-6), 2.32 (t, J = 7.6 Hz, 2H, H-4), 1.62 (p, J = 7.5 Hz, 2H, H-3), 1.45 (s, 9H, H-8), 1.30 (h, J = 4.9, 4.2 

Hz, 8H, H-2), 0.88 (m, 3H, H-1). 

 

2.11.2 Synthesis of 2-aminoethyl octanoate (2) 
 
(2) N-boc-aminoethyl octanoate (4.14 g, 14.41 mmol) was dissolved in dry dichloromethane (20 mL) 
under inert atmosphere. Trifluoracetic acid (10 mL) was added and the solution was refluxed for one 
hour. Completion was checked using 1H NMR which showed full conversion. Solvent was evaporated 
by flushing with N2. Crude product was dissolved in dichloromethane (30 mL) and washed with H2O 
(30 mL), brine (30 mL), dried over MgSO4 and solvent was evaporated in vacuo.  
 
 

 
2-aminoethyl octanoate was obtained in 91% yield (2.46 g, 13.14 mmol) 
  
1H NMR (400 MHz, Chloroform-d) δ 4.38 (t, J = 5.0 Hz, 2H, H-5), 3.27 (t, J = 5.1 Hz, 2H, H-6), 2.39 (t, J = 
7.6 Hz, 2H, H-4), 1.61 (m, 3H, H-3), 1.29 (m, J = 10.6 Hz, 10H, H-2), 0.88 (t, J = 6.6 Hz, 3H, H-1). 
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2.11.3 Synthesis of 2-(4-nitrobenzamido)ethyl octanoate (3 & 4) 
 
(3) 4-nitrobenzoyl chloride. The reaction was carried out under inert conditions in dried glassware 
under argon atmosphere. 4-nitrobenzoic acid (2.73 g, 16.32 mmol, 1.1 eq.) was suspended in 100 mL 
dry dichloromethane and cooled on an ice bath. A solution of oxalyl chloride (1.65 mL, 19.29 mmol, 
1.3 eq.) and a drop of dry dimethylformamide were added resulting in a yellowish and turbid mixture, 
was stirred continuously and warmed up to room temperature. After 16 h, the mixture had turned 
clear. The solution was concentrated to remove remaining oxalyl dichloride and 4-nitrobenzoyl 
chloride was obtained.  
  
(4) 2-(4-nitrobenzamido)ethyl octanoate. The reaction was carried out under inert conditions in dried 
glassware under argon atmosphere. A solution of 4-nitrobenzoyl chloride (3.03 g,  16.32 mmol, 1.23 
eq.) in dry dichloromethane (25 mL) was added dropwise to a cooled solution of 2-aminoethyl 
octanoate (2.48 g, 13.24 mmol, 1.0 eq.) and triethylamine (2.03 mL, 14.57 mmol, 1.1 eq.) in 
dichloromethane (50 mL). The mixture was warmed up to room temperature, stirred for 30 minutes, 
quenched with 1 ml ethanol and extracted with H2O (75 mL, thrice). The organic phase was dried with 
MgSO4 and solvent was removed in vacuo yielding crude 2-(4-nitrobenzamido)ethyl octanoate as an 
orange oil. Purification was performed by column chromatography (eluent: 10% - 20% MeOH in 
CHCL3).   

 
2-(4-nitrobenzamido)ethyl octanoate was obtained as orange-yellow solid (2.96 g, 66.5% yield) 
  
1H NMR (400 MHz, Chloroform-d) δ 8.30 (m, 2H. H-9), 7.95 (m, 2H, H-8), 6.76 (s, 1H, H-7), 4.35 (dd, J = 
5.7, 4.5 Hz, 2H, H-5), 3.76 (m, 2H, H-6), 2.36 (t, J = 7.5 Hz, 2H, H-4), 1.63 (p, J = 7.2 Hz, 2H, H-3), 1.27 
(m, 8H, H-2), 0.86 (m, 3H, H-1). 
 

2.11.4 Synthesis of 2-(4-aminobenzamide)ethyl octanoate (5) 
 
(5) 2-(4-nitrobenzamido)ethyl octanoate (2.48 g, 7.37 mmol) was dissolved in dry dichloromethane 
(100 mL) and nitrogen was bubbled through for 5 minutes using a pasteur pipette whilst stirring. This 
was followed by addition of Pd/C (10% loaded, 230 mg). A hydrogen balloon was attached to the vessel 
the solution was stirred overnight under hydrogen atmosphere. The solution was filtered through a 
glass filter packed with Celite and a small vacuum was applied using a water pump. Pd/C was scraped 
off and the Celite was washed with dichloromethane. The filtrate was evaporated in vacuo and stored 
under argon. 

 
  

2-(4-aminobenzamide)ethyl octanoate was obtained as a yellow solid in 78% yield (1.91 g, 6.23 mol) 
  

1H NMR (400 MHz, Chloroform-d) δ 7.60 (d, 2H, H-8), 6.66 (d, 2H, H-9), 6.38 (s, 1H, H-7), 4.28 (t, 2H, 
H-5), 4.01 (s, 2H, H-10), 3.69 (q, J = 5.4 Hz, 2H, H-6), 2.33 (t, J = 7.5 Hz, 2H, H-4), 1.63 (m, 2H, H-3), 1.28 
(m, 8H, H-2), 0.87 (t, J = 7.2, 4.8 Hz, 3H, H-1). 
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3 Supramolecular electrode coating material – an adaptation 

3.1 Chapter introduction 
 

Increasing the nucleophilicity of the chain (5) with minimal alteration can be achieved via two methods 

(figure 3.1), either by reversing the amide (a) or by removing the aromatic core (b). Removal of the 

amide would increase the nucleophilicity since the carbonyl withdrawing group would be further 

removed. This would however require a new synthesis route. As such it was decided to go with (b); 

removing the phenyl ring. Removing the phenyl ring would make the reacting amine aliphatic, 

increasing its reactivity. However, the loss of a phenyl ring and an amide is supposed to reduce the 

stacking strength of the monomer. As such it is expected that the altered design would not work as 

intended for the s-heptazine core and only the BTA core will be attempted. 

For creating the discotic molecule two methods are available, the molecule can be built up starting 

outwards or inwards. Starting outwards entails assembly of the entire chain, as done in the previous 

chapter, and then attaching it to the core. The main disadvantages of this that the new molecular 

design is susceptible to interconversion. Where the aromatic amine in chapter 2 is sterically hindered 

the aliphatic amine in the current design is not and can react with its own ester, which can drastically 

lower the efficacy of the reaction. The inward approach does not have this problem since in the inward 

approach the discotic molecule is build up in parts from the inside out, creating the ester bond last. 

Both methods will be attempted in the following chapter, starting with the inside out approach. 

 

3.2 Inside-out approach 

3.2.1 Proposed Scheme 
 

To avoid the issue of interconversion this synthesis route builds the molecule from the inside out 

forming the weakest bond last. (figure 3.2) First, 2-aminoethanol will be coupled in xi to a trimesic 

chloride core to yield hydroxy terminal BTA (10). Since the amine is more electronegative it is expected 

that an amide bond will form as opposed to an ester. This will then be coupled to the chiral version of 

octanoyl chloride, (S)-3,7-dimethyloctanoyl chloride (9). 9 will be created starting from the alcohol 

form via subsequent oxidation (ix) and chlorination (x). Then attaching of (S)-3,7-dimethyloctanoyl 

chloride (9) will be attempted to create the desired ester bond to form 11. 

 

 

Figure 3.1 Two considered adaption of the molecule in chapter 2. (a) Inversion of the amide thereby increasing 
reactivity of the aromatic amine, though a whole new synthesis route has to be created. (b) Removal of aromatic 
amine opting for attachment via aliphatic amine. It is expected that reactivity will increase though strength of 
stacking decreased. 
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3.2.2 Aminoethanol coupling (10) 
 

The first step involves creating an amide bond with a terminal alcohol tail (figure 3.3, (10)). Literature 

reported a protocol1 for this exact reaction though yields were low. Furthermore, the workup and 

purification seemed questionable, calling for an extraction with DCM/isopropanol as organic phase, 

even though isopropanol is soluble in water. Next to this, it reports recrystallization in 1:1 v/v 

hexane/methanol mixture, two immiscible components. Nevertheless this was attempted on a small 

scale and found to be non-reproducible. The workup conditions made for no clear interface and non-

consistent phase composition made collection difficult. After workup what was collected showed 

many impurities and another approach was taken. 

Figure 3.3 Amide coupling reaction xi of trimesic acid and aminoethanol to form 10. 

Figure 3.2 Proposed synthesis route for creating the desired molecule 11 from the inside-out.  First aminoethanol 
will be coupled to trimesic acid via an amide bond to form 10 followed by attachment via an ester of the periphery 
9. The periphery 9 is formed by oxidation using periodic acid and pyridinium chlorochromate  in ix to form 8 which 
is then activated using oxalyl chloride to form 9. 
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The second attempt was based on a similar protocol using the same core and coupling to (s)-valinol.2 

In the protocol the reagents were directly reacted and afterwards water was added and the reaction 

mixture filtered, a stark contrast to the complicated workup reported before.  

This protocol was attempted and the mixture filtered and a white solid residue was collected, though 

in much lower yield than reported. This was non soluble in DCM so DMSO was used for 1H NMR. The 

filtrate was analyzed and found to contain only solvent peaks (not shown), suggesting the product is 

not soluble in DCM. 1H NMR of the residue (figure 3.4, top) showed two clear symmetrical peaks in 

the aromatic region belonging to the BTA core and the amide coupling. The absence of smaller side 

peaks in this aromatic region seems to indicate a lack of mono or bi substituted product.  

The aliphatic region (figure 3.4, top) showed overestimated peaks at 3.52 ppm and an additional peak 

at 2.77 ppm. COSY experiments (not shown) were used to determine fragment coupling and they were 

all found to couple to one another. Since the reagents had at most two carbon fragments it is most 

likely that they belong to two similar molecules, such as unreacted 2-aminoethanol with one peak 

overlapping. A 13C NMR was used (figure 3.4, bottom) to confirm this. This showed 3 chemically distinct 

carbons at high ppm (>120 ppm) confirming the presence of only tri-substituted BTA. In the lower ppm 

region two peak couples are seen very close to one another, confirming the presence of unreacted 

amino-ethanol. This is highly unexpected since 2-aminoethanol has excellent solubility in water and 

the residue was thoroughly washed with water.3 Further washing with water however did not remove 

this peak, instead causing a loss of product due to it being partially soluble in water. Since it is expected 

that during the next step separation of byproducts is simpler the product is used as is.  

Figure 3.4 Top: 1H NMR (DMSO-d6) of residue showing only presence of tri-functionalized product as seen by two 
symmetrical peaks in aromatic region. High integration count in aliphatic region is due to overlapping peaks 
(depicted in yellow) of two compounds, product and the substrate 2-aminoethanol. Bottom: 13C NMR (DMSO-d6) 
showing three distinct peaks downfield and two pairs of peaks upfield from the 2-aminoethanol. 
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3.2.3 Oxidation and chlorination of (S)-3,7-dimethyloctan-1-ol (8 & 9) 
 

The selective oxidation of alcohols to carbonyl compounds is one of the most fundamental reactions 

in organic chemistry, and many methods have been developed for this,4,5 though the most routinely 

used reagent in organic chemistry is pyridinium chlorochromate (PCC). However due to high toxicity 

of chromium in this oxidant, the usage of stochiometric amounts is disadvantageous and it is often 

opted to make use of co-oxidants such as periodic acid (HIO4) to reduce chromium waste.6  

In this reactions (figure 3.5 and 3.6) the co-oxidants HIO4 attaches to the chloride ion of PCC and 

facilitates the regeneration of PCC, allowing for good conversion with only catalytic amounts as 

opposed to stochiometric amounts. Workup is then performed by washing with water and saturated 

NaHSO3 solution to reduce the PCC and other reaction side products, depositing them as solids in the 

process. The mixture is then filtered, solvent removed and distilled using a kugelrohr. The kugelrohr 

allows for distilling small amounts of liquid quickly due to the reduced pressure and small path length. 

Figure 3.5 catalytic oxidation cycle using pyridinium chlorochromate (PCC) as catalyst and periodic acid as co-
oxidant.  Upon loss of water periodic acid forms a complex with PCC. The alcohol of the substrate attacks the 
Chromium and a proton is abstracted. Then chromium chlorochromate regenerates by removing bond with the 
substrate. This causes the periodic acid to remove the proton of the substrate and decompose thereby allowing 
the double bond to form on the substrate. 

Figure 3.6 Oxidation of alcohol using catalytic amounts of PCC with co-oxidant HIO4 to form 
(S)-3,7-dimethyloctanoic acid 8. 
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The described technique was used to oxidize (S)-3,7-dimethyloctan-1-ol. The alcohol was acquired 

from a previous student and a 1H NMR was made to check the purity (figure 3.7, top). This showed the 

presence of two relatively intense COSY coupled peaks in 3 : 2 ratio at 4.09 ppm and 2.04 ppm seeming 

to be from ethyl acetate peaks. However, these peaks were unable to be removed in reduced vacuum 

which is unexpected with the low boiling point of ethyl acetate. Though this is a common problem 

with removing last traces of EtOAc, it seems to be more than trace amounts in this sample. 

Nevertheless, the reaction was set in and the compound was acquired. A 1H NMR of the product 

(figure 3.7, bottom) showed that the same peaks were still seen at 4.09 ppm and 2.04 ppm and one 

more attempt was made to remove it. The product was put in the vacuum oven at 40 °C over the 

weekend yet EtOAc was unable to be removed and was thus used as is. 

 

 

 

The carboxylic acid is then converted into an acyl chloride (figure 3.8) using the chlorinating agent 

oxalyl chloride. The completion was checked using 1H NMR (figure 3.9) by monitoring the two α-

protons which shift downfield. Removing the solvent by flushing with nitrogen yielded the pure 

product. Notably the peaks at 4.10 ppm and 2.04 ppm are still present. 

Figure 3.7 Top: starting material. Bottom: end material 8 after drying in the vacuum oven at 40 °C over the weekend. 
Presence of ethyl acetate still detected (shown in red). 
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3.2.4 Ester coupling 
 

From chapter 2 it is known that solubility of the final product has a large factor in determining 

conversion. From the previous reaction (xi) it is know that the starting core to be soluble in DMSO and 

DMF. The final product is expected to be poorly soluble in this due to aggregation behavior. As such 

benzene-1,3,5-tricarbonyl-tris(2-aminoethyl) (10) and TEA were suspended in DCM and DMF was 

added until fully dissolved. The (s)-3,7-dimetyloctanoyl chloride was then added and stirred for two 

hours (figure 3.10). 

Figure 3.9 1H-NMR (CDCl3) Chlorination of 8 to form 9. A clear shift downfield of the two α-protons are detected.  

Figure 3.8 activation of (S)-3,7,-dimethyloctanoic acid (8) using oxalyl chloride to form  (S)-3,7-
dimethyloctanyl chloride (9) 
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The mixture was precipitated in water to remove the unreacted starting core since it is known to be 

partially soluble in water. TLC experiments on the precipitate showed possibility of separation using a 

column. The precipitate was then run through a column to attempt to purify it. Two fractions of note 

were recovered from the column with the first containing no aromatic peaks (not shown). The second 

fraction (figure 3.11) showed three peaks in the aromatic region at 8.31 ppm, 7.74 ppm and 7.51 ppm 

belonging to the BTA core. The latter two had a relative integration of 1 : 2. This could signify a twofold-

reacted molecule or onefold-reacted molecule creating an asymmetric signal from the BTA. 

Furthermore, when comparing the aromatic peak integration to the aliphatic it is seen that they are 

highly underestimated.  Furthermore, no peaks from ethyl acetate were detected, reasoning for this 

is unknown. 

A MALDI sample was made to shed some light on the aromatic region peaks (figure 3.12). This showed 

that indeed two- and three-armed system are present at 670.41 m/z and 800 m/z respectively. 

Unfortunately, the intensity of the tri-reacted product is much lower than the twice-reacted. 

Furthermore, at low m/z evidence is seen of octyl chain having reacted with the free 2-aminoethanol, 

which might explain the relatively high aliphatic signals. This was expected to occur, though it was 

hoped to be easily separated out, which is not the case. 

Attempting the inside-out approach to creating the molecule was not successful. The large difference 

in solubility between starting material and product made for difficulty in separation. In synthesizing 

the 2-aminoethol BTA the substrate could not be removed. It was expected that the 2-aminoethanol, 

present from previous reaction, would be more easily removed in workup of the final reaction when 

running it over a column. This was not the case as a column was unable to separate 2-aminoethanol, 

twofold reacted BTA and threefold reacted BTA. As such this does not seem a suitable synthesis route 

for this molecule and another approach is taken. 

Figure 3.11 column fraction containing aromatic peaks. Signs of three-armed system (8.31) and two armed system 
(7.74, 7.51). Furthermore, signal much smaller compared to rest. No reason was found  

Figure 3.10 Threefold coupling of 9 to 10 via amide bond to form 11. 
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Figure 3.12 MALDI-TOF positive mode. (a) Whole spectrum showing twofold reacted at 670 m/z and threefold reacted at 
800.39 m/z. intensity of threefold reacted is significantly lower than that of twofold reacted. (b) Showing zoom-in on 670.41 
m/z peak. (c) Zoom in on lower m/z area showing signs of 9 having reacted with free amino-ethanol. Exact masses: octyl-
aminoethanol 215.19 Da, twofold reacted 647.41 Da, threefold reacted (11) 801.55 Da. 
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3.3 Method 2 Outside-in approach 

3.3.1 Reaction 
 

Since the inside-out approach does not yield satisfactory results a more conventional method is 

applied (figure 3.13). Though interconversion can occur with the substrate (2), perhaps the ease in 

synthesis and separation are sufficient to warrant this approach. To account for possible loss of chain 

(2) an excess of chain is used. The achiral chain was utilized since it was readily available from 

previously conducted synthesis. This chain was reacted with trimesic chloride in DCM over the 

weekend. TLC experiments were used to monitor the conversion. 

 

TLC experiments showed the presence of one-, two- and threefold functionalized BTA even after 

reacting for three days. The same was observed in chapter 2 where a mixture was always acquired. 1H 

NMR analysis of the mixture (figure 3.14) shows signs of interconversion of (2) as seen by the side 

peaks near 4.30 ppm and 3.74 ppm. Furthermore, peaks highlighted in green at 2.74 ppm and 1.14 

ppm are coupled via COSY and are expected to be due to the presence of an alcohol in the arising from 

interconversion of (2) into amide bond with free alcohol.   

Purification was attempted in the same manner as in the previous approach by running a column and 

two clear fractions were combined and analyzed (figure 3.15). The first fraction showed evidence of 

pure tri-reacted BTA in 21% yield and the second fraction (Figure 3.15, bottom) showed evidence of 

pure bi-reacted BTA. Full separation of components was thus achieved. This was not the case for the 

chiral variant tested where no separation could be achieved using identical conditions. 

Figure 3.13 Approach 2, building up the molecule from the outside-in by reacting 2 three times to trimesic 
chloride to form 12, the achiral variant of 11 
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Figure 3.15 1H NMR (CHCl3) of column. Top: three armed system (12) isolated from the column.  Bottom: Two 
armed system isolated from column with TEA impurity present. 

Figure 3.14 1H NMR (CHCL3) of the crude mixture after extraction. Drawn molecule shows peaks accounted for by 
reacted chain. The octyl chain integrations are higher than expected. Side peaks near 4.30 ppm, 3.74 ppm and 
2.35 ppm indicative of a side reaction originating from the arm. Peaks shown in green are coupled via COSY and 
peak at 2.74 ppm expected to be due to presence of alcohol. Seem to interconversion ester to amine. 
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3.3.2 Conclusion & Outlook 
 

In this chapter the synthesis of a simplified version of the molecule (6) in chapter 2 was described. The 

molecule (11 and 12) was designed to increase the reactivity of the sidechain by removing the phenyl 

ring. This was done since it was hypothesized that low reactivity inhibited the formation of product in 

chapter 2. Two approaches were described to create the adapted molecule, an inside-out approach 

where the chiral pendant group is coupled and an outside-in approach where an achiral pendant group 

is coupled.  

Attempting the inside-out approach to creating the molecule (11) was not successful. The large 

difference in solubility between starting material and product made for difficulty in separation. In 

synthesizing the 2-aminoethol BTA (10) the substrate could not be removed. it was expected that the 

2-aminoethanol, present from the previous reaction, would be more easily removed in workup of the 

final reaction (11) when running it over a column. This was not the case as a column was unable to 

separate 2-aminoethanol, twofold reacted BTA and threefold reacted BTA. As such this does not seem 

a suitable synthesis route for this molecule and another approach is taken. 

The outside-in approach utilized a sidechain (2) that was capable of interconversion, drastically 

reducing the achievable yield. Nevertheless, the desired molecule was synthesized and isolated in 21% 

yield. Remarkable the achiral version (12) was separable via column chromatography whilst the chiral 

version (11) was not in identical conditions. This behavior is possibly due to the stacking behavior of 

chiral BTAs (11) being more favorable than that of achiral BTA (12) which reduces separability. 

From this chapter it is concluded that the bad nucleophilicity of the design (6) in chapter 2 was indeed 

the main factor in the difficulty in synthesis. Furthermore, the difference in solubility between 

substrates and final product cause difficulty in achieving full conversion. This difference in solubility 

seems to mainly be due to the aggregation behavior of discotics. Each coupled chain increases 

aggregation tendency and reduces the solubility. Longer reaction times and higher temperature are 

unable to increase conversion by a meaningful amount. 

 

3.4 Synthetic procedure 

3.4.1 Synthesis of 3(S),7-dimethyl octanoic acid (8) 
 

(8) Periodic acid (5.16, 26.89 mmol, 2.04 eq) was suspended in acetonitrile (100 mL) and cooled using 

an ice bath. Pyridinium Chlorochromate (60 mg, 278.35 µmol, 0.02 eq) was added turning the solution 

a milky yellow. 3(s),7-Dimethyloctanol (2.09 g, 13.2 mmol, 1 eq) was added and the reaction was 

stirred for fifteen minutes under an ice bath and three hours at room temperature. Completion was 

checked with 1H-NMR by monitoring the disappearance of CH2α signal. Solids were removed via 

filtration and solvent was removed in vacuo. The residual oil was dissolved in ethyl acetate (100 mL) 

and washed with H2O:brine (1:1 v/v, 80 ml thrice) saturated NaHSO3 (80 ml, twice), brine (80 ml, 

twice) and dried over MgSO4 and organic phase was collected and solvent evaporated in vacuo (1.92 

g crude collected). The product was purified via Kugelrohr distillation at 1.6 mbar pressure and 130 °C 

to yield product as a yellow oil (1.17 g, 51.5%). 
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1H NMR (400 MHz, Chloroform-d) δ 2.35 (1H, dd, H-5), 2.14 (1H, dd, H-5), 1.97 (1H,m, H-4), 1.68 – 1.40 

(2H, m, H-2), 1.35 – 1.09 (6H, m, H-3), 0.97 (3H, d, H-6), 0.87 (6H, d, H-1)  

3.4.2 Synthesis of (S)3,7-dimethyl octanoyl chloride (9) 
 

(9) The reaction x was done under argon atmosphere. (S),7-dimethyl-octanoic acid (1.17 g, 6.79 mmol, 

1 eq) was dissolved in dry DCM (13 mL) and cooled on an ice bath. A solution of oxalyl chloride (700 

µL, 8.16 mmol, 1.2 eq) in DCM (8 mL) was dropwise added and stirred for 15 minutes under argon 

atmosphere. The solution was stirred at room temperature for 4 hours. Completion was checked using 
1H NMR, after which the solvent was evaporated in vacuo to yield the product as a yellow oil. 

 

1H NMR (400 MHz, Chloroform-d) δ 2.88 (1H, dd, H-5), 2.68 (1H, dd, H-5), 2.06 (1H, m, H4), 1.67 – 1.34 

(1H, m, H-2), 1.35 – 1.08 (H6, m, H-3), 0.98 (3H, d, H-6), 0.87 (6H, d, H-1) 

 

3.4.3 Synthesis of benzene-1,3,5-tricarbonyl-tris(2-aminoethyl) (10) 
 

(10) The reaction xi was performed under inert atmosphere. Trimesic acid chloride (950 mg, 3.58 

mmol) was dissolved in dry DCM (10 mL) and dropwise added to a stirred solution of ethanolamine 

(2.5 mL, excess) in dry DCM (30 mL) over an ice bath. The reaction vessel was brought to room 

temperature and stirred for 40 minutes followed by addition of water (40 mL). The mixture was 

filtered, filter cake washed with water and dried in the vacuum oven (40 °C, 2 hours) 

 

No yield is specified for benzene-1,3,5-tricarbonyl-tris(2-aminoethanol) since a 2-aminoethanol 

residue could not be separated. 

1H NMR (400 MHz, DMSO-d6) δ 8.72 (t, 3H, H-3), 8.49 (s, 3H, H-4), 3.53 (t, 6H, H-1), 3.36 (m, H6, H-2) 

13C NMR (100 MHz, DMSO-d6) δ 165.9 (c), 135.2 (d), 129.0 (e), 60.1 (a), 42.8 (b) 
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3.4.4 Synthesis of benzene-1,3,5-tricarbonyl-tris(2-aminoethyl octanoate) (12) 
 

(12) The reaction xiii was done under inert atmosphere in dry solvent. To a solution of 2-aminoethyl 

octanoate (1.47 g, 3.9 eq) and TEA (2.66 mL,10 eq) in dry DCM (20 mL) was dropwise added a solution 

of trimesic acid chloride (0.529 g, 1 eq) in dry DCM (5 mL) whilst stirring over an ice bath. The solution 

brought to room temperature and reacted over the weekend. TLC experiments (2.5% MeOH, 1% TEA 

in CHCl3) were used to monitor the reaction which showed multiple UV active spots belong to zero to 

thrice reacted trimesic chloride. The solution was diluted with chloroform (30 mL) and washed with 

aqueous HCl (0.2 M, 50 mL, twice), water (50 mL), aqueous sodium carbonate (saturated, 50 mL), 

water and brine (50 mL) dried with Na2SO4 and solvent removed in vacuo. The crude product was 

purified using column chromatography (24g silica, 2.5% - 5% MeOH + TEA in CHCl3).   

 

benzene-1,3,5-tricarbonyl-(2-aminoethyl octanoate) was obtained as a white solid in 21% yield (307 

mg, 427 µmol) 

1H NMR (400 MHz, Chloroform-d) δ 8.35 (s, 3H, H-8), 6.87 (t, 3H, H-7), 4.30 (6H, H-5), 3.76 (m, 6H, H-

6), 2.35 (t, 6H, H-4), 1.62 (m, 6H, H-3), 1.26 (m, 24H, H-2), 0.86 (t, 9H, H-1) 

MALDI-ToF m/z: 740.48 [M+Na]+ 
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4 Flow battery 

4.1 Introduction 
 

With the ever-increasing energy consumption and the negative consequences of traditional fossil fuel 

a transition to renewable energy sources is in full effect to move to a clean energy society. For the 

energy grid to function a symmetric energy production and consumption needs to be maintained, a 

task that is relatively easy with traditional fuel generators where the production can be varied to 

match the demand. This is not the case for renewable energy where the production is inherently 

inconsistent, varying with sunlight, wind, tide, etc. The transition to clean energy thus calls for large 

scale electrical energy storage to store the excess energy and to be used in times of high demand.1 

Currently lithium-ion batteries fill in the need for small scale storage capacity, though these batteries 

are not environmentally friendly and use toxic materials and rare earth metals, making it a poor 

candidate for large scale energy storage.2,3  

A more common method for large scale batteries is through the use of dams or reservoirs which can 

store vast quantities of potential energy. However one mayor drawback is that these reservoirs have 

geological and geographical limitations and can thus only be built on specific locations, making them 

less accessible in general. A proposed solution to grid-scale energy storage that is not limited by 

geographical factors are the redox flow batteries (RFBs, figure 4.1).4 In redox batteries a reversible 

redox reactions is enabling charging and discharging of the system to convert between stored 

chemical energy and available electrical energy. A redox flow battery is a type of redox battery in 

which the electroactive material is circulated through the fuel cell to sustain the chemical reaction 

(figure 4.1)5. 

 

Figure 4.1 a schematic of a redox flow battery. On either side tanks that store anolyte and catholyte. 
In the middle is the fuel cell where the redox reaction takes place. A membrane separates the 
anolyte and catholyte whilst allowing counter-ions to pass to complete the circuit.6 
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Because the fuel cell and the electrolyte are separate systems the energy capacity is dictated only by 

the amount of electrolyte stored in the tanks whilst the power is determined by the amount of current 

collectors and number of cell stacks in the fuel cell.6 Most importantly this design allows instant 

charging by replacing the depleted electrolytes. These depleted electrolytes can then simultaneously 

be charged separately, effectively decoupling the charge and discharge rate allowing for flexible 

energy storage and easy scale-up.6 

Current RFBs are mainly metal-based redox species, such as vanadium, with both analyte and 

catholyte redox chemistry being based on valence differences with set electrochemical potentials. The 

further development of metal RFBs suffers from the intrinsic properties of metal-redox species, 

limiting further energy density improvements. As a result the implementation of metal RFBs are 

hindered by material scarcity, toxicity and high costs.7 

Organic RFBs do not suffer from these limitations since the components are abundant and the 

electrochemical properties are based on the molecular design. Where metal RFBs rely on the valence 

change of metal centers the reaction of organic RFBs is governed by charge state of carbon, oxygen, 

nitrogen and sulfur.8 The large design-space available for organic RFBs show potential for lower cost, 

scalability, biodegradability and many more by tailoring the physical and chemical properties of the 

organic redox couple. Numerous candidates have been explored as organic active species such as 

quinone9,10,11
, alloxazine12

, viologen13,14 and dione15 for organic RFBs and have been demonstrated for 

both aqueous and non-aqueous systems.16,17,18 

Aqueous flow battery utilize water as solvent and are able to have high ionic conductivity and good 

solubility of a wide variety of species.17 Unfortunately the efficiency of aqueous flow batteries are 

restricted by the low potential range of the solvent before substantial hydrogen and oxygen evolution 

occur.19 

Organic flow batteries on the other hand utilize organic solvents to overcome some of these limitation, 

though research in this field is still in its early stages.17 Organic flow batteries are able to have a 

potential window that can be up to 3 fold higher compared to aqueous flow batteries. This makes 

organic flow batteries exhibit a much larger design space with more opportunities for exploring 

possible redox species. Organic flow batteries unfortunately suffer from a lower ionic solubility which 

limits the conductivity.19 The most common used organic solvent for these applications is acetonitrile 

(ACN). ACN has a lower viscosity than water, which reduces the diffusion resistance which gives it a 

higher ionic conductivity than most organic solvents.20  

Some lose criteria exist for the design of organic flow battery redox electrolyte. These criteria are 

aimed at cost effectiveness, energy density and stability. 

To increase the energy density per redox couple a high potential difference and multiple electron 

transfer are both desired.19 As mentioned above the redox reactions of organic species is based on 

charge states of electronegative atoms and their stability. As such utilization of aromatic and 

electronegative groups are a core starting point. Reviews in literature have found that the redox 

window and stability are improved upon fusion of aromatic groups, such as C6 benzenes to create 

larger conjugate systems. These systems are better able to delocalize the charges thereby increasing 

stability.19  

Inclusion of heteroatoms by substituting carbons for N, O, P, S atoms further increase the reduction 

potentials depending on the amount added. Large heterocyclic aromatic systems might even be able 

to have multiple redox states. Furthermore introducing steric hindrance and reducing the amount of 

exchangeable groups, such as free protons, allow for a more stable charged state.19  
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To further increased energy density a high solubility and relatively low mass are desired. With smaller 

molecules and higher solubility more energy can be stored since more redox species are present in 

higher concentrations which are able to diffuse faster due to their size.19 

One example of this is viologen (figure 4.2). Viologen is an aromatic heterocycle that has a redox center 

which reduces to a radical cation. The radical is stabilized by the delocalization of the radical by the 

heterocycle and radical reactivity is reduced by inducing steric hindrance.17 Viologen is even able to 

have multiple charge states.21 

 

4.2 Heptazine moiety as flow cell electrolyte 
 

In this chapter the heptazine moiety will be tested for application as redox flow battery electrolyte. 

Based on the design criteria heptazine is a good candidate for use in flow cell electrolyte since carbon 

nitrides are known to have great physicochemical stability22 and low cost synthesis. Heptazine sports 

a large heterocyclic aromatic system with no free protons. It is expected that this allows the molecule 

to delocalize the charge efficiently with good stability. The addition of sidechains will be aimed at 

increasing the solubility in ACN and the design will be iterated upon to accomplish this. The 

electrochemical properties such as redox reversibility and redox potentials will be testing using cyclic 

voltammetry. Figure 4.3 shows molecular designs that will be discussed below. 

 

 

 

 

 

 

 

Figure 4.2 Viologen charge state from left to right: neutral form, first reduction and second reduction.21 

Figure 4.3 Molecular designs tested for flow cell electrolyte. 
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4.3 Reactions 
 

The first candidate that was tested (13) for this application utilized the decylamine chain and was 

synthesized by reacting it with cyameluric chloride. As with all other reactions utilizing heptazine no 

full conversion could be reached and evidence of thrice and twice reacted was seen using TLC 

experiments. Using column chromatography, residue of start materials were removed but separation 

of thrice and twice reacted was not possible using this technique. A dioxane recrystallization did allow 

for adequate purification, as seen using TLC experiments, though complete removal of dioxane was 

difficult. 1H NMR (figure 4.4) of 13 exhibited wide asymmetric peaks at 5.68 ppm and 3.45 ppm belong 

to amine and the α position. It is expected that this is due to tautomerization as opposed to presence 

of bi-functionalize heptazine since TLC experiments showed one clear UV spot. 

 

However, the partially labile amine proton might not be stable enough during repeated oxidation-

reduction cycles. To improve stability a methylation was attempted based on numerous protocols 

utilizing strong methylating agent methyl iodide with a variety of bases K2CO3
23, LDA24 and NaH25. It 

was found that the amine group was unresponsive to methylation even using this strong methylating 

agent with increasingly potent bases, K2CO3, LDA and NaH. It is hypothesized that the heptazine core 

electrophilicity drastically lowers the reactivity of the secondary amine causing it to exhibit a reactivity 

more akin to an amide, as such using secondary amines to react to the core seems more beneficial.  

The second candidate (14) tested used dioctylamine chains. No full conversion could be achieved for 

14 and a mixture of bi and tri-functionalized heptazine was separated. Since bi- and tri-functionalized 

heptazines have very similar polarity and retention time it is expected that their solubility is very 

similar as well. Solubility in acetonitrile was investigated using this mixture and found to be non-

soluble in even dilute conditions due to the non-polar nature of the molecule. 

 

Figure 4.4 1H NMR spectrum of decylamine-heptazine (13). Large dioxane peak was cut for better visibility. 
Asymmetric wide mulitplets seen adding to difficulty in analysis. 
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As such a third candidate (15) was tested utilizing diethylamine since the lower length increases 

polarity. Furthermore literature reports the utilization of this as a non-linear active molecule with 

multiple charge-transfer transitions26, an adjacent field of study. This suggest that the molecule is 

stable enough for exchanging electrons and thus possible stable enough in redox chemistry. Literature 

reports26 an unusual synthesis with poor yields (15%). In the study synthesis was done using a bomb 

vessel at 100 °C for 3 days. Such conditions seemed harsh even for heptazine based reactions. A more 

usual setup was thus applied. Cyameluric chloride was reacted with diethylamine in presence of TEA 

overnight at room temperature and refluxed for one hour. Workup was performed as reported and 

yielded the desired molecule in 20% yield using benign conditions and without further purification. 1H 

NMR (figure 4.5) peaks were much more symmetrical and narrow since no tautomerization can occur 

when using secondary amines. 13C NMR (Appendix A) was used to rule out the possibility of it being 

two overlapping signals and was found to exactly match literature. 

The solubility in acetonitrile was tested though only a fine dispersion was formed even at the minimum 

concentration of 5 mM required for measurements, filtering the solution and evaporating the solvent 

resulted in negligible amount of dissolved 15. Further optimization is required to increase solubility. 

Decreasing length of aliphatic chain does not seem beneficial. Instead adding polar end groups is 

explored next. 

 

 

 

Addition of methoxy groups by using bis(2-methoxyethyl)amine is expected to show adequate 

solubility in acetonitrile, as seen in literature with PEG functionalized molecules.27 Refluxing 

cyameluric chloride with the amine and TEA overnight and extracting with chloroform and aqueous 

HCl (0.05 M), water and NaCO3 yielded pure tri-heptazine at good yields of 60%. This is in stark contrast 

to previous attempted reactions in both yield and ease of purification. Solubility in acetonitrile was 

tested by dissolving a known amount of substrate to create an oversaturated solution. This was then 

filtered through a syringe filter, solvent removed in vacuo and weighed to determine the exact 

solubility. This was found to be 200 mM, far above the minimum of 5 mM needed for the experiment. 

Figure 4.5 1H NMR (CDCl3) of diethylamine-heptazine.  



50 
 

 

4.4 CV Measurement 
 

Cyclic voltammetry (CV) is a powerful technique that can be used to study redox chemistry. In CV a 

voltage starting from 0 V is ramped up at a constant rate and the brought back at a constant rate. The 

measured current is then plotted against the applied potential. Below a typical CV of a reversible 

process is depicted (figure 4.7). a peak in the plot, shown as Epc (peak cathodic potential) and Epa (peak 

anodic potential) signifies diffusion limited reduction and oxidation. At this point the Nernst equation 

is satisfied and the cell-potential can be calculated for this reversible process using Ecell = ½ (Epa + Epc).28 

Furthermore in a fully reversible process the relation ipc = ipa holds. Meaning the current produced 

from oxidation and consumed during reduction are equal to one another, the initial species is fully 

retrieved through one cycle. For quasi-reversibility the return current, ipa in this case, would be lower 

than ipc indicating partial regeneration of analyte. Such a reversible process is further characterized by 

a specific peak-to-peak separation of around 60 mV for a one electron process under standard 

conditions.  

 

Figure 4.7 CV measurement of a typical reversible 
process.  

Figure 4.6 1H NMR (CDCl3) of bis-(2-methoxyethyl)amine-heptazine (16) Additional data can be found in appendix 
B. 
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These CV properties only hold for fully chemically reversible and electrochemically reversible 

processes. Irreversibility can occur due to either an irreversible chemical reaction or due to 

electrochemical irreversibility. In chemical irreversibility an analyte that is oxidized / reduced can no 

longer be reduced / oxidized back due to a subsequent chemical reaction. In the case of figure 4.6 that 

would mean that the ipa would be lower than ipc since part of the analyte would be ‘lost’, with the 

imbalance further increasing each cycle. In electrochemical irreversibility the electron transfer 

between analyte and electrode is slow, causing a lag between Epc and Epa that is much larger than 60 

mV. 

To differentiate between electrochemical and chemical steps the abbreviation “Ex” and “Cx” are used 

respectively. The subscript can be used to denote a reversible or irreversible reaction using ‘r’ or ‘i’. 

The data in a CV experiment can in some cases be used to determine the mechanism, which is denoted 

in the order in which they occur. A ´CE” mechanism thus refers to a chemical step followed by an 

electrochemical step.28  

A typical CV experiment utilizes a reference electrode, working electrode and counter electrode. The 

reference electrode is used as a baseline for voltage that is applied to the working electrode. The 

reference electrode is immersed in a reference solution containing electrolyte and a known redox pair 

with stable cell potential and all potential are reported relative to this. Between working and counter 

electrode the potential is varied during the experiment, changing it from cathode to anode and vice 

versa. The counter electrode is immersed in the same working solution as the working electrode and 

completes the circuit. An electrolyte is added to the solution to increase conductivity such that the 

measured potential approximate the actual potential. In organic solvents Tetrabutylammonium 

hexafluorophosphate (TBA PF6) is most often used as electrolyte.  

A solution of 200 mM TBA PF6 and 10 mM AgBF4 in ACN utilizing Ag+/Ag redox pair was used as 

reference solution. Working solution consisted of 200 mM TBA PF6 and 5 mM analyte (16). All CV 

experiments were conducted at a constant rate of 0.2 V/s. First the electrochemical window of solvent 

and salt was checked experimentally by sweeping working solution without analyte (figure 4.8). Sharp 

anodic and cathodic current increases would signify decomposition of the system. Notably reduction 

decomposition occurred at -3.5 VAg/AgCl and oxidation window extended to above + 3 VAg+/Ag. As such 

all CV measurements were done within this redox window. 
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Figure 4.8 Background scan of solvent acetonitrile with 0.2 M 
TBAPF6 salt for conductivity. Within [+3V,-3V] the solvent is 
electrochemically stable. Below – 3 V decomposition is seen. 
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Figure 4.9 shows results from the conducted CV experiment. Figure 4.9a and 4.9c show the first cycle 

of respectively oxidation and reduction sweep. Figure 4.9b and 4.9d show two full scans starting with 

oxidation and starting with reduction respectively. In the graph the arrow indicates the direction of 

the first scan with the first segment being the forward scan and the second segment being the return 

scan. 

The first oxidation sweep (figure 4.9a) with two peaks at the forward scan at 1.62 V and 2 V and a 

small shoulder on the return scan. The absence of a clear peak in the return scan is indicative of 

irreversible electron transfer, an inability to return to the neutral state. Instead a shoulder is seen, 

which indicates decomposition of the oxidized species through chemical reaction. Indeed, when 

looking at the full oxidation scan (figure 4.9b) a peak is seen very late on the return scan at -2 V.  

This peak is not seen in the first reduction scan (figure 4.9c). this reduction peak must thus be due to 

redox chemistry of the decomposed analyte. As such oxidation of the neutral analyte leads to an 

irreversible electron transfer. Even over large potential ranges no clear return peak is seen. The 

oxidation thus seems to follow a EEC mechanism as seen by first oxidation peak (E), second oxidation 

peak (E) and shoulder on the return peak (C) which results in an irreversible mechanism since no return 

peaks are seen. (figure 4.9b) 

The first reduction sweep (figure 4.9c) shows a strong reduction peak at – 3 V on the forward scan 

followed by a small oxidation peak at 0.2 V on the return sweep. This small oxidation peak on the 

return scan was not seen in the first oxidation sweep (figure 4.9a) and thus results from the reduction 

at -3 V. Unfortunately, the small intensity of the return peak seems to indicate chemical irreversibility 

and the large peak separation seem to indicate electrochemical irreversibility. 
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(a) Oxidation first scan [0 V,+2 V]

Figure 4.9 CV experiments conducted on 16. Scan rate: 0.2 V/s, Working solution: ACN with 200 mM TBA PF6 and 5mM 
analyte 16. Reference solution: 200 mM TBA PF6 and 10 mM AgBF4. (a) first oxidation sweep showing two oxidation peaks 
on the forward scan and a chemical reaction on the return scan. Reactions are irreversible. (b) two full scans starting with 
oxidation (c) reduction scan with large reduction peak and small oxidation peak on the return scan. Large peak separation 
indicates electrochemical irreversibility.(d) two full scans starting with reduction.  
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4.5 Conclusion  
 

In this chapter the synthesis of 4 heptazine derivatives for flow cell battery applications was described 

(13-16). 13-15 were found to have too low solubility in organic solvent to warrant further exploration 

for flow cell battery. 16 had peripheral bis-methoxy groups lending it good solubility of 200 mM in 

acetonitrile making further exploration worthwhile. Cyclic voltammetry (CV) experiments were 

conducted on 16 which showed oxidation and reduction at high potentials. Oxidation showed two 

electrochemical steps at 1.62 and 2 V (vs Ag/AgCl) followed by a chemical reaction step resulting in 

irreversibility of the reaction. 

The reduction showed promise with a large reduction potential of -3 V (vs Ag/AgCl) with a quasi-

reversible peak at 0.2 V (vs Ag/AgCl). The large separation seems to suggest slow kinetics. 

Though the CV experiment shows irreversibility of for both oxidation and reduction the large reduction 

potential is promising assuming the stability of the redox species can be increased. The oxidation is 

expected to be the least promising due to the already electron poor nature of heptazine and the rapid 

follow up reactions, with two electrochemical steps followed by a chemical step complicating matters. 

Further exploration of the oxidation of these molecules for flow cell batteries is not advices. 

Adaption of the molecular design is expected to increase reversibility of the reduction. It is expected 

that creating small oligomers from the monomer would increase reduction stability similar to that 

reported in literature.29 ln literature the monomer had peripheral butyl groups and secondary amines. 

The synthesized monomer described here has peripheral methoxide units which were attached via 

tertiary amine. It is expected that an oligomer made of 16 would be more stable than those reported 

in literature due to the lack of free protons aiding in stability and the presence of peripheral methoxide 

increasing solubility thereby increasing storage density of analyte. 

 

4.6 Synthetic procedure 

4.6.1 Synthesis of 2,5,8-tris(decan-1-amine)-s-heptazine (13) 
 

(13) The reaction was carried out under inert conditions in dried glassware. Cyameluric chloride (254 

mg, 918.7 µmol, 1 eq) was added to a solution of decan-1-amine (0.9 mL, 4.5 mmol 4.9 eq) and TEA 

(0.5 mL, 3.59 mmol, 3.9 eq) in dry THF (100 mL) and refluxed overnight at 80°C. Solvent was removed 

in vacuo and crude product was dissolved in chloroform (30 mL), extracted with aqueous HCl solution 

(0.1 M, 20 mL, twice) and dried using Na2SO4. Purification was performed via column chromatography 

(5% MeOH in chloroform) and subsequently via recrystallization in dioxane. 
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2,5,8-tris(decan-1-amine)-s-heptazine (13) was acquired as a white powder. Yield is not specified since 

some dioxane was still present in sample. 

1H NMR (400 MHz, Chloroform-d) δ 5.68 (1H, m, H-1), 3.48 (2H, m, H-2), 1.56 (2H, m, H-3), 1.27 (14H, 

m, H-4), 0.88 (3H, t, H-5) 

 

4.6.2 Synthesis of 2,5,8-tris-(diethylamine)-s-heptazine (15) 
 

(15) The reaction was performed under inert conditions. Cyameluric chloride (100 mg, 367.71 µmol, 

1 eq) was dissolved in dry THF (6 mL) followed by addition of diethylamine (0.2 mL, 1.94 mmol, 5.2 eq) 

and TEA (0.55 mL, 4.14 mmol, 11.5 eq) and stirred over the weekend. TLC experiments (EtOAc) 

indicated incomplete conversion so the solution was refluxed for one hour. The solution was 

quenched with aqueous HCl (0.1 M, 50 mL) and extracted with EtOAc (50 mL). Purification was 

performed via column chromatography (SiO2, 10% - 100% EtOAc in chloroform, 20 CV). 

 

 

2,5,8-tris-(diethylamine)-s-heptazine (15) was collected as a white powder (28.6 mg, 20.46%) 

1H NMR (400 MHz, Chloroform-d) δ 3.69 (12H, q, H-1), 1.19 (18H, t, H-2) 

 13C NMR (100 MHz, Chloroform-d) δ 162.34 (a), 153.98 (b), 41.18 (c), 13.36 (d) 

 

4.6.3 Synthesis of 2,5,8-tris-(bis(2-methoxyethyl)amine)-s-heptazine (16) 
 

(16) Cyameluric chloride (545 mg, 1.97 mmol, 1 eq) was dissolved in dry THF (25 mL) under argon 

atmosphere and cooled using an ice bath. Bis(2-methoxyethyl)amine (1.34 mL, 9.07 mmol, 4.6 eq) was 

added followed by addition of TEA (1.41 mL, 10.65 mmol, 5.4 eq). the solution was stirred at reflux 

(80 °C) overnight. The solution was diluted with chloroform (50 mL) and washed using aqueous HCl 

(0.05 M, 70 mL, thrice) and water (70 mL) until aqueous phase was transparent and colorless. The 

organic phase was dried using Na2SO4 and solvent evaporated in vacuo. No further purification was 

required. 
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2,5,8-tris-(bis(2-methoxyethyl)amine)-s-heptazine (16) was collected as a white powder (830 mg, 

60%) 

1H NMR (400 MHz, Chloroform-d) δ 3.90 (12H, t, H-1), 3.59 (12H, t, H-2), 3.34( 18H, s, H-3) 

13C NMR (100 MHz, Chloroform-d) δ 163.18 (a), 154.86 (b), 71.25 (c), 58.87 (c), 48.08 (c) 
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5 Conclusion & Outlook 

5.1 Conclusion 
 

The goal of my graduation project was to explore discotic supramolecular polymers for both optical-

electronic and electrochemical applications. The work was inspired by the interplay of supramolecular 

polymers and spintronics discovered by Ron Naaman et al1. The supramolecular discotics used were 

C3 symmetrical BTA and s-heptazine derivatives.  

In the first part (Chapter 2 & 3) BTA and heptazine were investigated and synthesized for use as chiral 

electrode coating in order to further elucidate the CISS effect. For this a chain containing an aliphatic 

periphery with a cleavable stereogenic center attached to an aromatic ring via amide bond was 

synthesized for threefold coupling to discotic cores (5). The aromatic ring and amide bonds would 

provide self-assembling properties via π-π stacking and hydrogen bonding. The periphery was chosen 

to increase solubility and to contain a cleavable stereogenic center. The cleavable stereogenic group 

was chosen to elucidate what the interplay between helical sense and CISS effect would be with and 

without chirality. Chain 5 was synthesized in good yield by making use of ester coupling (i), 

deprotection (ii), activation (iii), amide coupling (iv) and reduction chemistry (v).  

Threefold coupling of 5 to C3 discotic BTA was testing using two protocols. One using a coupling agent 

and one utilizing a direct coupling of 5 to an activated BTA. In both cases similar results were obtained, 

where a mixture of unreacted, one-, two-, and threefold attachment was observed, irrespective of the 

method used. The coupling agent protocol had more additional byproducts from decomposition and 

the coupling agent interfered in interpretability of TLC experiments. The acyl chloride protocol only 

resulted in easily removable hydrogen chloride and did not interfere in TLC experiments. As such the 

acyl chloride protocol is the preferred method. 

The coupling of 5 to heptazines via acyl chloride version was then attempted and compared to the 

similar protocol for BTA. Heptazine has a more electron-poor structure, making it a better electrophile 

and more reactive than BTA. Nevertheless, in both cases turbid mixtures were observed upon addition 

of the reactant 5 and a mixture of similar intensity of unreacted, one-, two-, threefold reaction was 

observed. The turbidity of the mixture points at a decrease of solubility with each additional chain. 

This incomplete conversion is seen the mixture even when using a large excess of reactant 5, and 

when using the more electrophilic heptazine core. As such this is expected to be due to low 

nucleophilicity due to aromatic amine.  

The molecular design of the chain (5) was then adapted to increase nucleophilicity in chapter 3. The 

chain was adapted to remove the phenyl ring, reducing self-stacking capabilities but increasing 

nucleophilicity. As such it was expected that the altered design would not work as intended with s-

heptazine and only coupling to BTA core was attempted. The adapted molecule was made up of a C8 

periphery attached via an ester to aminoethanol (2). The molecule was thought to be capable of 

interconversion in relevant reaction conditions so two protocols were attempted. In the first protocol 

the molecule was build up starting from BTA and attaching aminoethanol (xi) via amide bond followed 

by attachment of chiral octanoyl chloride periphery (xii) to attempt to form (11). The chiral periphery 

was synthesized from (S)-3,7,-dimethyloctanol by subsequent oxidation (ix) and activation (x) 

chemistry. This method was found to be inadequate due to the large polarity differences between 

both reactants and product causing difficulty in separation. Furthermore, twofold and threefold 

reacted discotic core was unable to be separated on a column due to stacking behavior. 
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The second approach used a more conventional approach by directly coupling the achiral whole chain 

(2) to the activated BTA to form 12. The desired molecule was synthesized in 21% yield. Low yields are 

expected to be due to the interconversion of 2. Remarkable two and threefold reacted 12 was 

separable whilst the chiral version 11 was not under identical conditions. This behavior is expected to 

be due to preferred helical stacking of chiral 11 reducing separability. 

Synthesis of an adapted molecular design was successful and increased nucleophilicity was found to 

remedy the problems of (5). Full conversion was not achievable due to difference in solubility upon 

chain addition. This behavior seems to stem from the increased aggregation behavior upon each chain 

addition, which made synthesis far from easy. Further testing for application was not possible due to 

time restrictions. 

After this s-heptazine derivatives were further explored as electrolyte for flow cell batteries (chapter 

4). Four iterations were made (13-16), each based on s-heptazine and each C3 symmetrical. The first 

three were found to have too low solubility in organic solvent to warrant further exploration for flow 

cell battery. 16 had peripheral bis-methoxy groups lending it good solubility of 200 mM in acetonitrile 

making further exploration worthwhile. Cyclic voltammetry (CV) experiments were conducted on 16 

which showed oxidation and reduction at high potentials. Oxidation showed two electrochemical 

steps at 1.62 and 2 V (vs Ag/AgCl) followed by a chemical reaction step resulting in irreversibility of 

the reaction. 

The reduction showed promise with a large reduction potential of -3 V (vs Ag/AgCl) with a quasi-

reversible peak at 0.2 V (vs Ag/AgCl). The large separation seems to suggest slow kinetics. 

Though the CV experiment shows irreversibility of for both oxidation and reduction the large reduction 

potential is promising assuming the stability of the redox species can be increased. The oxidation is 

expected to be the least promising due to the already electron poor nature of heptazine and the rapid 

follow up reactions, with two electrochemical steps followed by a chemical step complicating matters. 

Further exploration of the oxidation of these molecules for flow cell batteries is not advices. 

 

5.2 Outlook 

5.2.1 Outlook: Chiral electrode coating 
 

The design for chiral electrode coating to explore CISS effect was made with multiple applications and 

experiments in mind which complicated the synthesis due to the ambitious nature. Although synthesis 

of a simplified design using BTAs was achieved (13), unfortunately utilizes of s-heptazine for this 

application was not achieved.  Although it was not possible to create and purify a C3 discotic heptazine 

with all the intended functionality, further exploration of this core for chiral electrode coating is still 

worthwhile. For this designing, a molecule with a smaller scope in mind and progressively improving 

upon that design seems a more worthwhile strategy. Instead of in one step designing a molecule that 

is expected to stack in a preferred helical order and is able to show a CISS effect and has a cleavable 

pendant group, testing for one goal at a time is more methodical. Merely creating a new chiral 

heptazine with easy and inexpensive synthesis capable of stacking would be worthwhile for fields of 

both supramolecular polymers and electrochemical chemistry. 
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One such approach is to attach a chiral octanoyl chloride chain via a diamine to the heptazine core. 

(figure 2.20) this was started but not completed due to time constraints, but points to interesting 

research worth completing. All components are cheap, chemically accessible and the design has 

potential for inducing aggregation using hydrogen bonding.  

 

The simplest method for synthesis is direct reaction between an excess of diamine to octanoyl chloride 

which would statistically favor monoacylation. Literature reports such an approach using an aromatic 

carboxylic acid2 and this was reproduced in good yields (see appendix C.1) Using identical conditions 

for octanoyl chloride resulted in mostly bi-acylation, to a degree far above those statistically expected. 

An assay to improve the conditions (see appendix C.2) were able to at most increase monoacylation 

to 60% with a threefold recrystallization required for isolation of the compound. A safer but more 

expensive method was tried using a mono-boc-protected diamine which gave excellent yields. 

(appendix C.3) Deprotection using TFA was effective yet removal of TFA salt was only possible using 

an amberlite column. Reaction of the monoacylated chain to cyameluric chloride is commonly only 

done in THF since that is one of the few in which cyameluric chloride has good solubility. This yielded 

poor results similar to those reported in chapter two with a turbid mixture observed. A strategy was 

applied in which a solvent was chosen that was expected to dissolve the final product as opposed to 

the starting material. Good preliminary results were achieved (see appendix C.4) though further 

analysis was unable to be done due to time constraints. Further exploration of this synthesis route 

and molecule seems a good starting point in future research. Where currently BTAs are used as model 

systems for many supramolecular designs, s-heptazine offers a more ‘robust’ core able to possibly 

create stronger fibers. Further exploration to open up this design space and define design criteria for 

this class will be highly beneficial. 

 

5.2.2 Outlook: Electrolyte for flow cell batteries 
 

The design of s-heptazine for electrolyte in flow cell battery shows promise for further exploration. 

Although both oxidation and reduction were found to be irreversible, the high reduction potential is 

interesting enough to warrant research to resolve this issue. Adaption of the molecular design is 

expected to increase reversibility of the reduction. One such adaption is by coupling 16 into small 

linear oligomers. It is expected that creating small oligomers from the monomer would increase 

reduction stability similar to that reported in literature.3 ln literature the monomer had peripheral 

butyl groups and secondary amines. The synthesized monomer described here has peripheral 

methoxide units which were attached via tertiary amine. It is expected that an oligomer made of 16 

would be more stable than those reported in literature due to the lack of free protons aiding in stability 

and the presence of peripheral methoxide increasing solubility thereby increasing storage density of 

analyte. 

Figure 5.20 inexpensive design to chiral stacking discotic. 
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Appendix A  
 

Figure A: 13C NMR (CDCl3) of 15. 
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Appendix B  
 

 

 

Figure B.1: 13C NMR (CDCl3) of 16.  

Figure B.2: FT-IR of 16 
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Appendix C  
Appendix C.1 Synthesis of benzamide-diamine 
 

Synthesis discussed in outlook of chapter 4. Synthesis adopted from (Chem. Commun. 2014 Das 

Anindita) 

3,4,5-tris(dodecyloxy)benzoyl chloride. 3,4,5-tris(dodecyloxy)benzoic acid (1.03 g, 1.52 mmol, 1 eq) 
was dissolved in dry DCM (25 mL) and a drop of DMF was added. Oxalyl chloride (200 µL, 2.34 mmol, 
1.54 eq) was added under argon and stirred for 1 hour. Completion was checked using FT-IR which 
showed full conversion as seen from the peak at 1683 cm-1 which shifted to 1751 cm-1. The solution 
and oxalyl chloride was removed under vacuum using a membrane pump and the vapor was 
neutralized by passing through an aqueous NaOH solution. 
 
N-(2-aminoethyl)-3,4,5-tris(dodecyloxy)benzamide. The formed 3,4,5-tris(dodecyloxy)benzoyl 
chloride (1.05 g, 1.52 mmol) was dissolved in dry DCM (25 mL) and dropwise added to a 2:1 solution 
of ethane-1,2-diamine in dry DCM (60 mL total). The solution became very viscous after 10 minutes 
and at 15 minutes could no longer be stirred. 50 mL chloroform was added and the solution was 
extracted twice with water (50 mL, exothermic)  and twice with brine (50 mL) and subsequently dried 
with Na2SO4 and solvent was removed in vacuo. 1H-NMR showed full conversion and no impurities so 
no further purification was performed. 
 

 
 
N-(2-aminoethyl)-3,4,5-tris(dodecyloxy)benzamide was acquired as a white powder (974 mg, 1.36 

mmol, 87.3%) 

1H NMR (400 MHz, Chloroform-d) δ 6.98 (2H, s, H-6), 6.54 (1H, s, H-7), 3.99 (6H, m, H-65, 3.48 (2H, t, 

H-8), 2.94 (2H, t, H-9), 1.85 – 1.69 (6H, H-4), 1.46 (H12, H-3), 1.26 (42H, s, H-2), 0.88 (9H, t, H-1) 

 

Appendix C.2 Attempted diamine assay 
 

Assay attempted to couple octanoyl chloride to symmetrical ethylenediamine. Different molar ratios 

of both octanoyl chloride to diamine were explored as well as diamine to DCM. Mono-acylated % 

indicates the molar ratio of mono-acylated compared to bi-acylation.. This was measured by 

comparing intensity of characteristic 1H-NMR peaks. Further optimization was not pursued due to 

large amount of reactant needed and purification requiring triple recrystallization. 

 

Acyl Chloride : Diamine 
(mol/mol) 

Diamine to DCM 
(vol/vol) 

Mono-
acylated % 
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1 : 20 1:1 20.2% 

1:100 1:0 37.1% 

1:200 2:1 44.2% 

1:100 2:1 45.5% 

1:100 no icebath 2:1 59.0% 

 
 

Appendix C.3 Boc-protected diamine reaction 
 
2-((tert-butoxycarbonyl)amino)ethyl octanoate. N-boc-ethanolamine (5.05 g, 31.35 mmol, 1 eq)  was 
dissolved in dichloromethane (50 mL) and cooled on an ice bath. Triethylamine (5.2 mL, 39.16 mmol, 
1.25 eq) was added under argon atmosphere followed by dropwise addition of octanoyl chloride (5.8 
mL, 33.98 mmol, 1.08 eq). The reaction was stirred at room temperature overnight and completion 
was checked using 1H NMR. The reaction mixture was diluted with dichloromethane (50 mL) and 
washed with H2O (50 mL), brine (50 mL), dried over MgSO4. Solvent was removed in vacuo to yield 
crude product as a yellow oil (8.9 g, 98.8% yield) The crude product was purifed by column 
chromatography (eluent: 2.5% MeOH, 0.5% Triethylamine in CHCL3 
 

 
2-((tert-butoxycarbonyl)amino)ethyl octanoate was obtained as a yellow oil (98% yield). 
 
1H NMR (400 MHz, Chloroform-d) δ 6.13 (b, 1H, H-5), 4.91 (b, 1H, H-8), 3.36 (m, 2H, H-6), 3.27 (m, 2H, 
H-7), 2.17 (t, 2H, H-4), 1.62 (m, 2H, H-3), 1.44 (s, 9H, H-9), 1.28 (m, 8H, H-2), 0.87 (t, 3H, H-1) 
 
Deprotection was performed utilizing an adapted purification method to remove TFA salt. Normal 
washing with water was ineffective due to the solubility of the product. As such an amberlite-column 
was run to remove the TFA, courtesy of Bas van der Waal. 
 
2-((tert-butoxycarbonyl)amino)ethyl octanoate (4.14 g, 14.41 mmol) was dissolved in dry 
dichloromethane (20 mL) under inert atmosphere in a schlenk vessel. Trifluoracetic acid (10 mL) was 
added and the solution was refluxed for one hour. Completion was checked using 1H NMR which 
showed full conversion. Solvent was evaporated by flushing with N2. Crude product was dissolved in 
methanol and passed through a amberlite-IRA 95 column plugged with a cotton ball and swollen with 
methanol. Solvent was removed in vacuo and N-(2-aminoethyl)octanamide was collected as a yellow 
solid. No yield is specified due to small amount of TFA that could not be removed. 
 

 
  
1H NMR (400 MHz, Chloroform-d) δ 6.02 (b, 1H, H-5), 3.31 (m, 2H, H-6), 2.84 (m, 2H, H-7), 2.19 (t, 2H, 
H-4), 1.63 (m, 2H, H-3), 1.28 (m, 8H, H-2), 0.88 (t, 3H, H-1) 
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Appendix C.4  Last attempted diamine coupling 
 

This paragraph describes the synthetic procedure that was tested to couple 2-((tert-

butoxycarbonyl)amino)ethyl octanoate to s-heptazine. Initial data seemed promising though due to 

closure of the lab it was unable to be continued. 

From previous reactions it was seen that the product was poorly soluble in the solvents in which 

cyameluric chloride is soluble. It is expected that the final product has a better solubility in DMF and 

it was found that cyameluric chloride dissolves in DMF at 90 °C and this was used as solvent. N-(2-

aminoethyl)octanamide (4.5 eq), TEA (6 eq) and cyameluric chloride (1 eq) were added to DMF at 

room temperature. All but cyameluric chloride was dissolved. The solution was then heated to 90 °C 

and run overnight under inert atmosphere. TLC (10% MeOH in CHCl3) indicated very high intensity of 

UV spot associated with thrice reacted product. Further analysis were not possible due to lab closure.  

 

 

 

 

 


