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1.1	Introduction	

A common strategy in both natural and synthetic polymeric systems to arrive at their 

intriguing material properties relies on non-covalent interactions such as hydrogen bonds. 

Fibrous proteins, such as collagen, and polysaccharides (e.g., cellulose) are just two of the 

many examples in nature. Collagen, a prominent component of the extracellular matrix and 

connective tissue, is a triple-stranded helical protein that consists of coiled subunits held 

together by hydrogen bonds. These triple helices pack together into aligned bundles that 

exhibit high tensile strength.1 Cellulose, an essential component of the cell wall of plants, is a 

polysaccharide that consists of β-D-glucopyranoside connected through the C4 and C1 

carbons.2,3 Cellulose chains are rigidified by intramolecular hydrogen bonds, while 

intermolecular hydrogen bonds stabilise the bundling of these chains into fibres (Figure 

1.1A).4  

 
Figure 1.1: A) Molecular structure of cellulose depicted as a repeat unit of two rotated β-d-glucopyranosides 

and a depiction of the intermolecular and intramolecular hydrogen bonding derived from a crystal structure of 
cellulose Iβ. Image was adapted from reference 5. B) Representation of the intermolecular hydrogen bonding in 
Kevlar.6 C) Representation of the intramolecular hydrogen bonding in the crystalline hard domains in 
polyurethane elastomers.7  

In synthetic polymer materials, such as polyamides, developed in the 1930s by Carothers 

and co-workers,8 inter-chain hydrogen bonds provide the material with good mechanical 

properties, while at elevated temperatures the hydrogen bonds are broken and the material 

can be processed in the melt. In high-performance polyamide materials, such as Kevlar, 

hydrogen bonds are combined with π–π interactions, which further improves the mechanical 

properties (Figure 1.1B).6, 9 Also in polyurethanes, first developed by Bayer and co-workers 

in the 1930s (Figure 1.1C),7,10 hydrogen bonding occurs between the urethane units. In a two-

step procedure, pre-polymers produced by the reaction of diisocyanates with diols are 

copolymerised with polyols. Crystalline domains stabilised by hydrogen bonds, phase 

separate from the soft polyol segments. These crystalline hard domains act as physical 

crosslinks whereas the soft domains provide flexibility resulting in resilient thermoplastic 

elastomer materials, which can be processed in the melt at elevated temperature.11 

B  C A 
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Figure 1.2: A) Coordination of trans-stilbazole to a benzoic-acid-functionalised polymer resulting in 

improved liquid-crystalline material properties.12 B) Schematic representation of the formation of a porous 
material by using a non-covalent polymer brush. Image adapted from reference 13. C) Triple-hydrogen bonding 
between complementary bifunctional uracil and diacylamino pyridine units.14 

Kato and Fréchet saw the importance of non-covalent interactions in polymer materials 

and combined it with the fundamental work of Lehn, Cram and Pedersen on host–guest 

chemistry.15-17 They developed a supramolecular material in which a trans-stilbazole unit 

coordinated to a polymer with pendant benzoic-acid units through hydrogen bonding (Figure 

1.2A).12 The resulting material showed superior liquid-crystalline stability compared to the 

two parent compounds: the field of supramolecular chemistry was born. This strategy has 

since been exploited for the development of novel supramolecular polymer materials most 

notably by Ikkala and ten Brinke (Figure 1.2B).13,18,19  

Recognising the potential of molecular recognition, Lehn and co-workers were the first to 

develop a system in which non-covalent interactions were used to yield elongated structures, 

based on the complementary triple-hydrogen-bonding motifs uracil and 2,6-diacylamino-

pyridine (Figure 1.2C).14,20 By connecting two units of either motif by tartaric acid they 

obtained a complementary pair, which formed a liquid-crystalline material when mixed in a 

1:1 ratio through the formation of an alternating supramolecular chain. With these findings, 

the field of supramolecular polymers came into existence, and the development of units with 

high association constants for the development of supramolecular polymers displaying 

polymer-like material properties started. Typically, supramolecular polymers rely on 

hydrogen bonding, metal-ion complexation π–π interactions and solvophobic effects to drive 

polymerisation.21,22 The potential of supramolecular chemistry to obtain responsive 

nanostructured materials has resulted in the development of numerous functional 

supramolecular systems.23-28  

1.1.2	Mechanisms	of	supramolecular	polymerisation	

The reversibility of non-covalent interactions renders the formation of supramolecular 

polymers highly temperature- and concentration-dependent. Decreasing the temperature or 

increasing the concentration will both promote association, and will lead to an increase in the 

virtual degree of polymerisation (DP). Different mechanisms of supramolecular 

A  B 
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polymerisation have been identified of which the two most important ones are the isodesmic 

and cooperative mechanism (Figure 1.3).29-32  

 
Figure 1.3: Schematic representation of supramolecular polymerisation following an isodesmic or 

cooperative mechanism. Image was adapted from reference 29. 

In the isodesmic mechanism the association constant is independent of the length of the 

supramolecular polymer, every association step is identical. This mechanism is also referred 

to as the equal-K model. This typically leads to a molar mass distribution of 2 according to 

Flory. In order to obtain high DPs, it is a prerequisite to achieve a high concentration, low 

temperature, and/or high association constants. 

The cooperative mechanism is characterised by two phases. The initial nucleation regime 

with a low association constant continues until a stable nucleus is formed. Then, elongation 

with a higher association constant occurs resulting in two populations, monomers and 

elongated polymers. Elongation only occurs above a critical concentration or below a critical 

temperature. 

1.1.3	Chirality	

Homochirality in nature, for example the exclusive presence of the L-amino acids and D-

sugars, is considered to be intimately related to the origin of life and processes of symmetry 

breaking and processes which lead to homochirality are extensively studied.33-36 The transfer 

of molecular chirality to a preferred handedness in supramolecular polymers is frequently 

observed and used as a tool to increase insight into the supramolecular self-assembly 

processes.37-41 Two important effects are the Sergeants-and-Soldiers and the Majority-Rules 

effects, phenomena originally introduced by Green for helical macromolecules and used by 

our group for supramolecular polymers.42-45 In the Sergeants-and-Soldiers effect a small 

amount of chiral molecules dictate the helical preference of a majority of achiral molecules, 

while in the Majority-Rules effect the supramolecular chirality in a non-racemic mixture of 

enantiomers is dictated by the enantiomer in excess.  
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1.2	Supramolecular	polymers	

1.2.1	Hydrogen	bonding	arrays	

The initial work by Lehn and co-workers based on the complementary triple hydrogen-

bonding motifs uracil and 2,6-diacylamino-pyridine,14, 20 yielded a liquid-crystalline material 

when mixed in a 1:1 ratio. For supramolecular polymers to exhibit polymer-like material 

properties, a higher dimerisation constant is required. This was achieved through optimisation 

of secondary cross-interactions between the hydrogen-bond donors and acceptors,46-48 and the 

introduction of more hydrogen bonds into the array.49,50 

 
Figure 1.4: A supramolecular polymer based on the self-complementary 2-ureido-4[1H]-pirimidinone 

unit.51 

Secondary cross-interactions are fully optimised in the combination of a hydrogen-

bonding donor array with a complementary acceptor array;52 however, complementary 

systems suffer from stoichiometric constraints. These considerations in combination with 

synthetic accessibility led to the development of the self-complementary 2-ureido-4[1H]-

pirimidinone (UPy) unit in our group,51,53,54 and to comparable units in the group of 

Zimmerman.55 Bifunctional UPy derivatives were the first example of materials relying on 

non-covalent interactions exhibiting visco-elastic polymer-like material properties (Figure 

1.4).51 Preorganisation and planarisation of the hydrogen-bonding array further increased the 

dimerisation constant.56 With the development of hydrogen-bonding units with high 

association constants, several examples of supramolecular polymers have been reported.57-59  

1.2.2	Discotics	

Disc-shaped, ditopic molecules with a rigid core and flexible solubilising chains represent 

another class of compounds that can form supramolecular polymers. In the solid state, 

discotics can align into columnar assemblies resulting in liquid-crystalline materials. In 

solution, discotics can assemble into supramolecular columnar stacks, commonly driven by 

π–π stacking, hydrogen bonding or a combination of the two. 21,29,32,60 As an example, 

discotics derived from the benzene-1,3,5-tricarboxamide (BTA) motif, which have been 

studied in detail in our group, will be discussed here. Core-extended 3,3’-bic(acylamino)-

2,2’-bipyridine substituted BTAs (Figure 1.5) have been shown to self-assemble in apolar 

organic solvents into columnar aggregates, and both the Sergeants-and-Soldiers effect45 and 

the Majority-rules principle have been reported for this system.61 Intramolecular hydrogen 
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bonds pre-organise the discotics, which subsequently self-assemble as a result of π–π 

stacking via an isodesmic mechanism.62  

 
Figure 1.5: A) General molecular structure of 3,3’-bic(acylamino)-2,2’-bipyridine substituted BTAs (BiPy-

BTAs). B) Temperature dependent CD spectra of BiPy-BTAs in methylcyclohexane solution (c = 1 × 10-5 M). 
C) Packing of BiPy-BTAs in the liquid crystalline state. Figures are adapted from reference 62. 

Trialkyl-BTA derivatives were first recognised as liquid-crystalline materials by 

Matsunaga and co-workers.63, 64 In apolar solvents, BTAs self-assemble into one-dimensional 

columnar helical stacks while in polar solvents, such as chloroform, BTAs are molecularly 

dissolved.65, 66 A crystal structure obtained by Lightfoot and co-workers revealed columnar 

helical stacks that are stabilised by threefold hydrogen bonding between consecutive BTAs 

(Figure 1.6B).67  

 
Figure 1.6: A) Molecular structure of (R)-3,7-dimethyloctyl substituted BTA. B) Single crystal X-ray 

structure of a BTA derivative, revealing the helical packing and threefold hydrogen bonding. Image was adapted 
from ref 67. C) Schematic representation of a BTA stack, highlighting the helical twist, designed by the ICMS 
animation studio. D) UV–vis spectra E) CD spectra of a (R)-3,7-dimethyloctyl substituted BTA solution in 
heptane (c = 1.4 × 10-5 M) at temperatures between 20 and 90 °C at 10 °C intervals. Arrows indicate the trend 
upon heating. E) inset: The CD intensity recorded at 223 nm as a function of temperature, revealing a 
cooperative self-assembly mechanism. Spectra are adapted from reference 68.  

A  B  C

A  B  C

D  E



Introduction to supramolecular polymers in water 

7 
 

The amide groups tilt out of the plane of the aromatic core by an angle of around 40° to 

optimise the conflicting demands of the hydrogen bond stability and conjugation with the 

aromatic core. This induces a helical twist in the columnar stack (Figure 1.6C), but in 

solution other angles may be adopted depending on the solvent.69 Temperature-dependent UV 

and CD studies have revealed that BTAs self-assemble in a cooperative mechanism.68 

Furthermore, the handedness of the helical twist can be biased by introducing a stereogenic 

centre into the substituents. Without chiral information an equimolar number of left- and 

right-handed helices is formed. The introduction of one stereocentre is enough to bias the 

handedness, with the helical preference depending on the position of the stereocentre.70 

Furthermore, addition of a small number of chiral BTAs into stacks of achiral BTAs is 

enough to bias het helicity following the Sergeants-and-soldiers effect.65,68,71 An enantiomeric 

excess of 10–40%, depending on the design, is enough to dictate the overall handedness 

following the Majority-Rules principle.72,73  

1.3	Self‐assembly	in	water	

1.3.1	Introduction	

To access the dynamic and responsive nature of self-assembled systems in biomaterials, 

water-based systems are required.74-77 However, the transition from organic solvents to water 

is not trivial, particularly due to strong solvophobic/hydrophobic effects and competition of 

water molecules for hydrogen bond formation. As a result, relying on hydrogen-bonding 

arrays as those present in the previously described UPy unit is not straightforward. Phase 

separation of the hydrophobic and hydrophilic domain in amphiphilic molecules is a common 

strategy to induce self-organisation in nature. Besides the well-known phospholipid bilayer 

cell membrane, this is exemplified by the myriad of natural amphiphilic glycoconjugates.78,79 

The dimensions of the resulting aggregates depends strongly on the charge distribution and 

size ratio of both components,80 and elongated or wormlike micelles can be obtained.27,81-83 

Wormlike micelles can be considered supramolecular polymers that rely purely on the 

hydrophobic effect as a driving force. Introducing directional interactions provides additional 

stability and allows for more structural diversity. Different strategies have been pursued to 

develop supramolecular polymers in water which rely on host–guest complexes, π–π 

stacking, or hydrogen bonding in combination with the formation of a local hydrophobic 

environment. 

1.3.2	Supramolecular	polymers	in	water	by	host–guest	complexation	

Since the early work on host–guest complexes,84-88 intriguing complexes and molecular 

capsules have been developed in water,89 and several examples of supramolecular polymers 

in water based on host–guest complexation have been reported. In these systems it is essential 

to suppress cycle formation, which is exemplified by the work of Harada on cyclodextrin-

guest complexes (CD).90 Connecting a hydrocinnamoyl group to β-CD results in 
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intramolecular complex formation rather than an intermolecular complex (Figure 1.7A).91 

Connection of the cinnamoyl guest at the other face of α-CD and modifying the guest with a 

t-butyl group yields supramolecular polymers consisting of approximately 15 monomers 

(Figure 1.7B).92 Relying on the selective binding of different guests by α-CD and β-CD, a 

supramolecular copolymer can be assembled from adamantane functionalised α-CD and t-

Boc cinnamoyl functionalised β-CD (Figure 1.7C).93 Finally, β-CD dimers and adamantane 

guest dimers form cyclic oligomers or supramolecular polymers consisting of more than 30 

monomers depending on the flexibility of the linker.94  

 
Figure 1.7: Cyclodextrin-guest based supramolecular polymers developed by Harada and co-workers: A) 

Intramolecular cyclic monomer complex of hydrocinnamoyl and β-cyclodextrin. Reprinted from reference 90. 
B) Supramolecular polymer of more than 15 monomers obtained by connecting the guest t-Bu-cinnamoyl to the 
wider rim of α-cyclodextrin. Reprinted from reference 92. C) Copolymer of more than 30 monomers relying on 
α-cyclodextrin-t-Bu-cinnamoyl and β-cyclodextrin-adamantane complex formation. Image was adapted from 
reference 93. 

In analogy to cyclodextrin-guest complexes, cucurbit[8]uril (CB[8]) host–guest complexes 

have been successfully employed for the formation of supramolecular polymers.95,96 Rauwald 

and Scherman reported the formation of a supramolecular amphiphilic diblock copolymer in 

water relying on the charge transfer complex formation of viologen and naphthalene 

stabilised inside the CB[8] cavity.97 Later, the group of Zhang developed a water soluble 

supramolecular polymer based on ternary CB[8] host-stabilised charge transfer complexes of 

anthracene and viologen (Figure 1.8A).98  

BA 

C 
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Figure 1.8: Water-soluble host-guest based supramolecular polymers. A) Supramolecular polymer driven by 

cucurbit[8]uril host-stabilised charge transfer complex formation of anthracene and viologen. Image was 
adapted from reference 98. B) Light switchable supramolecular polymer relying on E-Z isomerisation of 
azobenzene moieties. Image was adapted from reference 99. C) Light switchable supramolecular polymer 
relying on calixarene-viologen host–guest complexation. D) Cryo-TEM images of calixarene-viologen based 
system, before UV-irradiation, after UV-irradiation, and zoom of supramolecular helical polymer. Figures C and 
D are adapted from reference 100. 

In their design each monomer contains two donor and two acceptor units. As a result, 

consecutive monomers are held together by two host–guest complexes, increasing the virtual 

degree of polymerisation and suppressing cyclisation, which affords supramolecular 

polymers of more than 60 nm on average in length. This concept has been adopted by the 

group of Scherman, while replacing the anthracene unit for an azobenzene. This yields a 

photo-switchable system which depolymerises by UV irradiation induced E-Z isomerisation 

of the azobenzene moieties (Figure 1.8B).99 Another photo-switchable water-soluble 

supramolecular polymer relies on the strong host–guest complexation of the calixarene bis(p-

sulfonatocalix[4]arene) and a viologen unit (Figure 1.8C).100 The photoresponsive behaviour 

stems from the UV-induced azobenzene E-Z isomerisation. Long supramolecular polymers 

are obtained after UV irradiation as was visualised by cryo-TEM measurements (Figure 

1.8D). 

1.3.3	Water‐soluble	supramolecular	polymers	resulting	from	π–π	stacking	amphiphiles		

Several examples of water-soluble supramolecular polymers relying on π–π stacking have 

been reported. The self-assembly of both ionic101-103 and non-ionic104,105 water-soluble 

A  B

C  D
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porphyrins has been studied extensively. Ionic porphyrins in particular have received much 

attention because of their nucleation–elongation assembly process, resulting in interesting 

optical properties, such as stirring-direction-induced chirality106 and chiral memory 

behaviour.107 

Würthner and co-workers have reviewed a number of water-soluble ionic and non-ionic 

perylene bisimide derivatives.108 An interesting example of this class of compounds has been 

reported by Rybtchinski and co-workers, who decorated a perylene bisimide with a 

terpyridine unit in the bay position. Binding of this terpyridine unit to different metal ions 

yields different structures such as segmented fibres, tubes, or sheets.109 Binding of a 

tripeptide through the thiol group of cysteine to a coordinated platinum ion yields a system 

that forms stable kinetically trapped aggregates. Depending on the preparation method, 

different supramolecular morphologies can be obtained by varying from short (10–100 nm) 

curved to long (>200 nm) straight supramolecular polymers with a diameter of approximately 

3 nm (Figure 1.9).40  

 
Figure 1.9: Molecular structure of a water-soluble perylene bisimide decorated with a terpyridine-platinum-

tripeptide complex which forms different kinetically trapped aggregates depending on the preparation method. 
A)-C) Cryo-TEM images of the different structures. Figures are adapted from reference 40.  

The π–π stacked amphiphilic hexabenzocoronenes decorated with ethylene glycol units 

reported by Aida and co-workers,110 represent a well-known example of π–π stacking induced 

self-assembly in water. Similarly, Lee and co-workers have reported various systems of 

extended aromatic cores decorated with oligo(ethylene glycol) derivatives forming sheets,111 

cylindrical micelles,112 toroids,113 tubules,114-116 vesicles,117 helices118 or nanofibres.119 By co-

assembly of two monomers with different aromatic cores, the length of the resulting 

nanofibres can be controlled by the ratio of the two monomers (Figure 1.10), an effect that 

was attributed to a difference in crystallinity of the cores. Furthermore, decoration of the 

monomers with monosaccharides (α-D-mannopyranoside) renders the self-assembled fibres 

bioactive, and bacterial proliferation is retarded depending on the fibre length.119 
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Figure 1.10: Amphiphilic aromatic monomers 1 and 2 decorated with α-D-mannopyranosides for 

bioactivity. Depending on the ratio, nanofibres of different lengths are obtained, which was attributed to a 
difference in crystallinity of the aromatic parts of 1 and 2. TEM images of nanofibres obtained by casting 
aqueous solutions (c = 6 × 10-5 M) onto a TEM grid reveal a decrease of fibre length with increasing amount of 
2. a) Pure 1. b) A mixture of 1:2 = 85:15. c) A mixture of 1:2 = 50:50 d) pure 2. Figures are adapted from 
reference 119. 

In our group core-extended C3-symmetrical discotic molecules consisting of three 3,3’-

diamino-2,2’-bipyridine units connected to a central benzene-1,3,5-tricarbonyl core that self-

assemble into columnar helical aggregates have been developed.45 Intramolecular hydrogen 

bonds pre-organise the core-extended discotics and stacking is driven by π–π interactions.62 

Functionalisation with nine oligo(ethylene glycol) connected through gallic acid wedges in 

the periphery allows self-assembly in water (Figure 1.11A).120 By selectively substituting one 

gallic acid wedge with aliphatic substituents, helical columnar aggregates are formed in 

isopropanol, while triple helices are obtained in water/isopropanol mixtures (25 % 

isopropanol), evidenced by cryo-TEM and small-angle X-ray scattering measurements.121 

 
Figure 1.11: A) Molecular structure of water-soluble core extended bipyridine-discotic. Image was adapted 

from reference 120. B) Schematic representation of co-assembly of α-D-mannose-functionalised and 
unfunctionalised discotics to tune the degree of functionalisation for bacteria recruitment. Image was adapted 
from reference 122.  

A  B
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This system has been used in the group of Brunsveld as a multivalent scaffold for protein 

assembly,123, 124 and bacteria recruitment,122 in which the degree of functionalisation can be 

controlled by co-assembly of different monomers (Figure 1.11B). In this study, decreasing 

the fraction of mannose-functionalised monomer enhances bacterial aggregation. 

Nevertheless, the multivalent supramolecular polymer is more potent than its individual 

monomers.122 

1.3.4	Self‐assembly	in	water	through	formation	of	a	local	hydrophobic	domain	in	

combination	with	hydrogen	bonding	

In protein folding, hydrogen-bonding and hydrophobic effects are combined to control the 

three-dimensional structure. This strategy has also been applied in several synthetic systems 

to drive self-assembly in water. The peptide amphiphiles from the group of Stupp are a well-

known example where β-sheet forming peptide sequences are connected to a hydrophobic 

aliphatic chain.125 The resulting amphiphilic molecules assemble into worm-like micelles 

stabilised by hydrogen bonds.126-128 In the rosette nanotubes developed by Fenniri and co-

workers a six-membered macrocycle is formed through hydrogen bonding. The resulting pre-

organised macrocycle has a large hydrophobic surface that stacks into nanotubes.129-131 The 

group of Hud relied on the creation of a hydrophobic surface to form six-membered cyclic 

intermediates from small synthetically accessible molecules which could gelate water at 

5mM.132 Analogously, in our group a system has been designed in which dimerisation of 

substituted diaminotriazines pre-organises a hydrophobic surface allowing stacking into 

columnar aggregates.133,134  

 
Figure 1.12: A) Molecular structure and cryo-TEM image (25% in water) of a bisurea unit that self-

assembles into micrometre long fibres studied by the group of Bouteiller. Image was adapted from reference 
135. B) Molecular structure of bisurea units with different spacers between the urea units studied in the group of 
Sijbesma, and schematic representation of self-sorting behaviour studied by co-assembly with fluorescent probe-
functionalised monomers. Image was adapted from reference 136.  

Another approach is to embed hydrogen-bonding units in a hydrophobic domain to allow 

hydrogen-bond formation to drive self-assembly. This strategy was adopted by Bouteiller and 

co-workers by embedding a bisurea motif in a hydrophobic domain by substitution with 

aliphatic chains and peripheral oligo(ethylene glycol) units. This design results in formation 

of elongated aggregates in various solvents including water.137 In a later study this has been 

A  B
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visualised by cryo-TEM measurements, revealing micrometre-long fibres of a uniform 

diameter (Figure 1.12A). However, two populations were identified, varying in the number of 

monomers in the cross-section.135 Sijbesma and co-workers employed a bisurea motif138 that 

displayed self-sorting behaviour of bisureas with different spacers between the urea units, 

which could be demonstrated by introducing fluorescent probe-functionalised co-monomers 

(Figure 1.12B).136  

 
Figure 1.13: A) Molecular structure of a multisegment 1,3,5-cyclohexyltricarboxamide derivative decorated 

with a peripheral aliphatic chain and schematic representation of its self-assembly into a bundle, fibre, or 
micelle depending on the presence of chaperones. B) Cryo-TEM images (5 mM in water) in the presence of 0, 2, 
or 10 mM CTAB resulting in bundles, a mixture of bundles and fibres, or fibres, respectively. Images in panels 
(A,B) were adapted from reference 139. 

The group of van Esch has extensively studied the formation of hydrogels by cyclohexane 

bisureas140 and C3-symmetrical 1,3,5-cyclohexyltricarboxamide units.141-144 The self-

assembly of the cyclohexyltricarboxamides is orthogonal to vesicle formation by 

surfactants.144 This has resulted in a system in which one substituent is selectively conjugated 

to an aliphatic chain inducing bundle formation (Figure 1.13A).145 By addition of the 

spherical-micelle-forming surfactant cetyl trimethyl ammonium bromide (CTAB) as a 

chaperone, the peripheral aliphatic group can be shielded and bundle formation suppressed.139 

Depending on the amount of surfactant added, bundles, fibres, or a combination of the two is 

obtained, which was evidenced by cryo-TEM measurements (Figure 1.13B). Furthermore, in 

hexafluoroisopropanol hydrogen bonding is suppressed, resulting in micelle formation. 

A 

B 
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Figure 1.14: A) Molecular structure of a BTA decorated with pentafluorophenylalanine and a charged 

DTPA-metal complex at the periphery. Cryo-TEM image (c = 1 mM) in citrate buffer (100 mM, PH 6) of 
spherical assemblies or fibres depending on the addition of NaCl. B) No NaCl added. C) Overall NaCl 
concentration of 3 M. D) Overall NaCl concentration of 5 M. The scale bars represent 50 nm. Figures are 
adapted from reference 146. 

In our group, benzene-1,3,5-tricarboxamide (BTA)-based water-soluble supramolecular 

polymers have been developed in which stepwise increasing the hydrophobic domain resulted 

in assembly into spherical objects.147 Fluorinated phenyl rings have also been introduced to 

shield the BTA core from the surrounding water, yielding bundling fibres when substituted 

with peptide sequences.148 Introduction of charged metal complexes in the periphery allows 

to control the aggregate size through electrostatic interactions (Figure 1.14).146 Spherical 

assemblies were observed in a citrate buffer without additional salt, whereas fibres were 

formed when NaCl (5 M) is added. Furthermore, these complexes show potential as contrast 

agent for magnetic resonance imaging (MRI).149 

1.4	Aim	and	outline	

In the previous section an overview of the literature on supramolecular polymers in water 

has been presented. The examples in the overview are characterised by a large diversity in 

strategy and molecular design. While such diversity is crucial for exploring the field, the risk 

of losing focus and coherence lurks. Therefore, the development of a new generation of 

functional and responsive aqueous systems and biomaterials requires a more fundamental 

understanding of self-assembly in water. To achieve this, systematic efforts to converge the 

research in the field and identify general principles and design rules are required. In our 

opinion the combination of hydrogen bonding with the formation of a local hydrophobic 

environment shows great potential for both expanding and deepening our knowledge: this 

strategy allows the self-assembly of relatively small molecules into long supramolecular 

A 
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polymers and is common in natural processes, such as the DNA double-helix formation, 

protein folding, and enzymatic substrate recognition. 

For these reasons we aim to develop and systematically study a robust and versatile 

platform for the self-assembly into supramolecular polymers in water. Building on existing 

knowledge from self-assembly in organic solvents may help to interpret and rationalise new 

results. Therefore, we rely on the extensively studied benzene-1,3,5-tricarboxamide (BTA) 

motif as self-assembling unit. The self-assembly of BTAs can effectively be monitored by 

spectroscopy techniques and the possibility of expressing molecular chirality to the 

supramolecular level provides an additional tool for studying self-assembly. Simple aliphatic 

chains for the formation of a local hydrophobic environment are combined with water-soluble 

units at the periphery. Systematic variation of these components allows for a detailed 

comparison of the thus produced family of molecules.  

In chapter 2 BTAs are introduced with aliphatic chains to create a hydrophobic local 

domain while tetraethylene glycol moieties serve to solubilise the system in water. Through 

systematic variation of the aliphatic chain length, the critical length required for self-

assembly is identified. Furthermore, the importance of hydrogen bonding in the self-assembly 

process is assessed by IR spectroscopy and by structural modification of the BTA motif. 

In chapter 3 monosaccharides are introduced as solubilising unit of the BTAs, because of 

their inherent biocompatibility and improved water solubility compared to tetraethylene 

glycol. The aliphatic chain length is varied to determine the optimal length, and different 

monosaccharides are introduced to assess whether this influences the self-assembly 

behaviour. Furthermore, a proof of principle for post-assembly saccharide recognition is 

provided through the dynamic covalent-bond formation with a boronic acid derivative. 

In chapter 4 a stereogenic centre is introduced in the aliphatic spacer of the BTAs to 

employ chirality as an additional tool to study the self-assembly. Introduction of a stereogenic 

methyl is shown to affect the self-assembly behaviour. Chirality through selective isotopic 

substitution provides additional information about the packing within the supramolecular 

polymers.  

In chapter 5 several selective modifications are made to the molecular structure of the 

BTA periphery to introduce functionality into the system. In the first study, fluorescent dyes 

are conjugated to the BTA to study the exchange of monomers between supramolecular 

polymers by the super resolution microscopy technique STORM (stochastic optical 

reconstruction microscopy). In the second study, a proline unit is introduced to yield a 

catalytically active system for the aldol condensation in which the supramolecular polymer 

provides a highly ordered local hydrophobic environment. Our third research topic, which 

continued on work that was initiated by Tristan Mes, focused on the development of 

hydrogelators based on the BTA unit. Connecting two BTAs through a polyethylene glycol 

linker results in formation of clear stable hydrogels. The effect of systematic modifications of 

the molecular structure on the material properties of the hydrogels is assessed. Finally, two 

BTAs are connected through a double-stranded DNA oligomer. This line of research may 
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eventually lead to the development of hydrogels that contract upon addition of the motor 

protein FtsK50C and ATP.  
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BTA	self‐assembly	in	water	harnessing	both	
hydrogen	bonding	and	the	hydrophobic	effect	
	

	

	

Abstract	

Self-assembly of small molecules in water may provide an excellent tool for the 

development of biocompatible materials and systems. A family of benzene-1,3,5-

tricarboxamide (BTA) derivatives decorated with aliphatic spacers and tetraethylene glycol 

was synthesized with the aim to study systematic changes in the molecular structure on the 

self-assembly behaviour in water. The results show that an undecyl spacer is the minimum 

length required for these BTAs to self-assemble into supramolecular polymers. 

Supramolecular polymers of micrometres in length and approximately 5 nanometres in 

diameter are formed. The UV spectra reveal that the BTAs adopt a different packing within 

the supramolecular polymers in water compared to the columnar helical arrangement reported 

for BTA assemblies in apolar organic solvents. Although the exact nature of the internal 

packing remains unclear, IR spectroscopy provides strong evidence of stabilisation of the 

supramolecular polymers by hydrogen bond formation. To further asses the importance of 

hydrogen bond formation, the self-assembly behaviour of N-methylated BTA 2 and tri-ester 3 

is studied and the results support our hypothesis that hydrogen bonds provide additional 

stabilisation in supramolecular polymers formed by 1a and 1b. 
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2.1	Introduction	

Since Lehn and co-workers reported the first example of a hydrogen-bonded material,1 

supramolecular polymers have become a distinct topic in materials research. 2,3 Numerous 

self-assembling motifs have emerged and detailed studies showed that hydrogen bonding, π–

π stacking and metal coordination are the main driving forces for self-assembly in organic 

solvents.4,5 Because of their relevance for biomedical applications, self-assembling systems in 

aqueous solution6-10 and low molecular weight (LMW) hydrogelators11-15 are gaining in 

popularity. However, design rules for apolar solvents cannot simply be transferred to systems 

in water, because water molecules compete with hydrogen bonding motifs. Moreover, 

solvophobic effects are particularly strong in water and play a dominant role. Nevertheless, 

examples of aqueous self-assembly that combine hydrophobic effects with π–π stacking16-20 

or make use of directional hydrogen bonds to drive self-assembly have been reported.21-29 

The large diversity of structural motifs employed in aqueous self-assembly indicates that 

general design rules are needed to focus research in this field.  

Recently, our group and others have studied the aggregation and phase behaviour of 

N,N’,N”-trialkyl-benzene-1,3,5-tricarboxamides (BTAs) in great detail.30-61 The simple and 

synthetically accessible structure of the BTA motif allowed to relate the molecular structure 

to properties of the materials in bulk,34,50,60,62-64 and unravel the mechanism of BTA self-

assembly behaviour in dilute solution.32,46,52 This makes the BTA unit an excellent platform 

to study the requirements for self-assembly in water. While examples of supramolecular 

polymers in water based on the BTA motif have been reported, their synthetic accessibility 

was not always straightforward, and in some cases the complex nature of competing 

interactions prevented a detailed understanding of their self-assembly behaviour.26,65-68  

We therefore aim to develop a synthetically accessible family of BTAs with tuneable self-

assembly properties in water. While solubility in water can be achieved by introducing 

charged groups, the build-up of charge density needs to be addressed.26 Therefore, we prefer 

to use neutral units, such as saccharides, peptidic structures or ethylene glycol units. 

Previously it has been shown that connecting ethylene glycol oligomers directly to the BTA 

amide groups33 disrupts self-assembly because back folding of the ethylene glycol units 

hampers the formation of intermolecular hydrogen bonds.69 To prevent this, a hydrophobic 

pocket is required which shields the BTA core from the solubilising groups and the 

surrounding water molecules.68 

The BTA derivatives selected here show a simple, synthetically accessible molecular 

design, i.e., they comprise aliphatic chains to shield the central hydrogen-bonding unit from 

the surrounding polar media and hydrophilic ethylene glycol motifs at the periphery to ensure 

solubility in water. By systematically changing the length of the hydrophobic spacer the 

optimal balance between hydrophilic and hydrophobic domains within the molecular 

structure can be determined.  

In 1a-c (Figure 2.1) the length of the aliphatic spacer is varied by one carbon atom at a 

time, going from a dodecyl to an undecyl, to a decyl spacer, respectively. Throughout this 
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series the tetraethylene glycol unit is kept constant. The end group of the glycol motif is a 

free alcohol function. While this free alcohol provides superior water solubility compared to 

the methoxy end-group,70 its use requires the need for protecting group chemistry at the 

terminal alcohol. An additional advantage is the possibility to functionalise or modify the 

terminal alcohol at a later stage. Besides determining the optimal length of the aliphatic 

spacer, the role of hydrogen bond formation in the supramolecular polymerisation process is 

assessed by modifying the molecular structure around the amide groups. The amide units in 2 

are methylated, which prevents hydrogen bond formation. In 3 the amide units are replaced 

by ester bonds, resulting in a benzene-1,3,5-triester (BTE) derivative in which the ester units 

can only act as hydrogen bond acceptors. 

 
Figure 2.1: Chemical structures of BTA derivatives 1a-c, 2 and benzene-1,3,5-triester (BTE) 3. 
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2.2	Synthesis	of	water‐soluble	BTA	derivatives	

The synthesis of 1-3 starts with a statistical mono-protection of tetraethylene glycol using 

benzyl bromide (Scheme 2.1). The benzyl protecting group has been chosen because of its 

stability under the reaction conditions required in subsequent steps and because the other 

functional groups are compatible with the deprotection by catalytic hydrogenation. 

Additionally, the benzyl chromophore facilitates detection by UV and thereby simplifies 

practical procedures. After deprotonation of the alcohol group with sodium hydride, reaction 

with benzyl bromide resulted in a statistical mixture of products, which were separated by 

column chromatography. This afforded o-monobenzyl tetraethylene glycol 4 in 58% yield as 

a colourless oil. A second statistical ether synthesis with appropriate dibromoalkanes 

permitted access to the desired aliphatic spacers. Coupling of 4 to 1,12-dibromododecane 

yielded 5a after column chromatography, whereas reaction with 1,11-dibromoundecane or 

1,10-dibromodecane yielded 5b and 5c, respectively. Bromides 5a-c were converted into 

their corresponding primary amines in two steps. First, a Gabriel synthesis of 5a-c with 

potassium phthalimide gave 6a-c. Then, reduction with hydrazine monohydrate afforded 7a-c 

in good yields. Reaction with trimesoyl chloride resulted in the desired benzyl-protected 

BTAs 8a-c. Removal of the benzyl group by catalytic hydrogenation yielded 1a-c (1a 93%, 

1b 80%, 1c 51%) as off-white waxy solids.  

 
Scheme 2.1: Synthetic approach to BTAs 1a-1c. 
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Compound 2, which lacks hydrogen bonding capabilities, was accessed via the 

deprotonation of 8a with sodium hydride and subsequent reaction with methyl iodide yielding 

N-methylated 9 (Scheme 2.2). Catalytic hydrogenation of 9 afforded 2 as a slightly yellow 

waxy material (50%). 

 
Scheme 2.2: Synthesis of N-methylated BTA 2.  

Benzene-1,3,5-triester (BTE) 3 was prepared starting from compound 5a (Scheme 2.3). 

The primary bromine in 5a was converted into an alcohol in two steps. In the first step, 5a 

was treated with potassium hydroxide in DMSO at elevated temperature. Under these 

conditions both primary alcohol 11 as well as primary alkene 10 was formed as a result of the 

competition between substitution and elimination reactions. Additionally, dimerisation of the 

bromine with the alcohol product via ether formation (12) was observed.  

 
Scheme 2.3: Synthesis of BTE 3. 
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By keeping the concentration of the reaction mixture low, the ether formation could be 

largely suppressed (less than 5 mol% was formed). After column chromatography, alkene 10 

was obtained pure and the primary alcohol 11 was obtained with the ether-dimer 12 as 

impurity (less than 10 mol% based on 1H NMR integrals). Here, we decided to continue with 

10, while the product fraction of 11 and 12 was used later as described in Chapter 4. Alkene 

10 was converted into alcohol 13 using a hydroboration-oxidation.71 Subsequent reaction of 

13 with trimesoyl chloride yielded 14. Deprotection of the alcohol groups followed by 

column chromatography afforded 3 as a white waxy solid in a yield of 26%. All final 

products 1-3 were obtained in high purity and were fully characterised by 1H NMR, 13C NMR 

and IR spectroscopy and MALDI-TOF-MS. 

2.3	Self‐assembly	in	aqueous	solution	

2.3.1	Probing	the	self‐assembly	of	1a	by	UV‐vis	spectroscopy	

 UV-vis spectroscopy has been used as a versatile and convenient tool to study the self-

assembly of alkyl-substituted BTAs.30,52 In organic solvents, a single absorption maximum at 

193 nm has been attributed to self-assembly of BTAs into helical columnar stacks held 

together by threefold intermolecular hydrogen bonds, while a maximum at 208 nm is 

representative for the molecularly dissolved state.52  

We first evaluated the spectroscopic properties of 1a in acetonitrile, a solvent in which 

alkyl-substituted BTAs have been found to be molecularly dissolved.52 The UV spectrum of 

1a shows an absorption maximum at 207 nm, indicating that compound 1a is also 

molecularly dissolved in acetonitrile (Figure 2.2A). Solutions in water were prepared by 

injecting a small aliquot of a concentrated methanol solution (5 μL, 2.5×10-2 M or 5×10-3 M) 

into water (2.5 mL) to obtain the desired final concentration (either 5×10-5 M or 1×10-5 M). In 

all cases, the solutions were optically transparent. In contrast to the solution in acetonitrile, 

the UV spectrum of 1a in water shows two absorption bands at 211 nm and 226 nm (Figure 

2.2B). In addition, the intensity of the absorption bands in water has decreased compared to 

acetonitrile, known as the hypochromic effect. Heating the solution from 20 to 50 °C does not 

lead to visible changes in the shape and intensity of the UV spectra. At temperatures above 

50 °C, the absorption spectrum gradually changes, resulting in a single band at 209 nm at 70 

°C. The lower critical solution temperature (LCST) of 1a is reached at around 70 °C and 

represents the upper limit for temperature-dependent measurements.   

Hypochromicity is more often observed in aqueous self-assembly,16,24 therefore, the 

hypochromic effect and the observed changes in the absorption spectrum suggest that 1a self-

assembles in water at 20 °C. In contrast to the blue shift commonly observed upon 

aggregation of BTAs in apolar organic solvents, aqueous self-assembly of 1a is characterised 

by a red shifted, double absorption band. Therefore, it is likely that the packing of 1a within 

the aggregates in aqueous solution is different from the helical columnar packing that BTAs 

adopt in apolar organic solvents. Aggregates of 1a appear to be stable up to 50 °C and then 
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gradually dissociate up to 70 °C. We hypothesise that the molecularly dissolved state is not 

obtained, and that aggregates held together by the amphiphilic nature of the molecules are 

still present. IR studies indicate that at these temperatures no hydrogen bonds are present 

(vide infra). 

The self-assembly of 1a in water was studied in more detail by monitoring the UV 

spectrum in time (Figure 2.2C). A small volume of a concentrated solution of 1 in methanol 

(5 μL, c = 5×10-3 M) was injected into water (2.5 mL, final concentration c = 1×10-5 M) and 

the UV absorption spectrum was recorded at set intervals. Directly after injection, the 

absorption spectrum displays a maximum at 192 nm. Over time, however, the absorption 

spectrum shows a red-shift via an isosbestic point. The absorption maximum at 192 nm is 

typical for helical, columnar, one-dimensional stacks, stabilised by threefold hydrogen 

bonding. The gradual change of the shape of the UV spectrum indicates a reorganisation of 

the BTAs within these aggregates. Thus, one type of packing changes into another, more 

stable type over time. 
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Figure 2.2: UV-vis spectra of 1a (c = 1×10-5M). A) At 20 °C in acetonitrile. B) At different temperatures in 

H2O. C) At 20 °C with time intervals of 5 minutes in H2O. 
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2.3.2	Self‐assembly	in	aqueous	solution	visualised	by	cryo‐TEM	

To unravel the nature of the aggregates formed by 1a in water, cryo-TEM measurements 

have been carried out (Figure 2.3). The cryo-TEM images show long, thin fibres that are 

micrometres in length with a diameter of approximately 5 nanometres. Interestingly, close 

inspection of the fibres suggests a subtle and periodic variation in the contrast and diameter 

(Figure 2.3B), an effect often observed for helical aggregates or twisted ribbons.12 No 

bundling or diverging of the fibres into multiple, thinner fibres is observed in the images 

which suggest that 1a self-assembles into supramolecular polymers with one BTA molecule 

in the cross-section. The high aspect ratio and the narrow diameter of the fibres is a 

remarkable feature in these images; recent examples of BTA-based assemblies in water and 

BTA-based hydrogelators showed fibrillar or bundled structures with much larger 

diameters.65-67 

 
Figure 2.3: Cryo-TEM images of 1a (0.5 mg/mL in H2O) at different magnifications; A) Supramolecular 

polymers formed by 1a. scale bar is 100 nm. B) Magnification revealing a periodical variation in width and 
intensity of the supramolecular polymer. Scale bar is 50 nm. 

2.4	The	influence	of	the	spacer	length	on	the	self‐assembly	in	water	

2.4.1	UV‐vis	and	fluorescence	spectroscopy	studies	on	1a‐c	

BTA 1a self-assembles in water into high-aspect-ratio supramolecular polymers. Next, the 

effect of the length of the hydrophobic spacer on the self-assembly was investigated. The 

length of the spacer was varied from a dodecyl to an undecyl to a decyl spacer going from 1a 

to 1b to 1c, respectively (Figure 2.1). The UV spectrum of 1b at 20 °C closely resembles that 

of 1a with two absorption maxima at 211 nm and 226 nm, respectively (Figure 2.4A). 

Heating the solution reveals that the aggregates of 1b are stable up to 50 °C, similar to 1a. At 

60 °C, the intensity around 226 nm strongly decreases, resulting in a single absorption 
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maximum at 209 nm. This implies that the self-assembly of 1b is more sensitive to 

temperature than the self-assembly of 1a, indicative of a lower stability. In contrast, the UV 

spectrum of 1c shows only a single absorption maximum at 209 nm at 20 °C (Figure 2.4B), 

which indicates that 1c is not assembled at room temperature in water. 
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Figure 2.4: A) UV-vis spectra of 1b at different temperatures in H2O (c = 5×10-5M). B) UV-vis spectrum of 

1c in H2O at 20 °C (c = 5×10-5M). 

These results show that amphiphilic BTAs require a critical hydrophobic spacer length of 

11 carbon atoms in order to self-assemble in water. We propose that the hydrophobic–

hydrophilic balance in the BTA molecular design is crucial, wherein the hydrophobic 

collapse represents an important driving force for aggregation. When the hydrophobic 

domain is too small, the molecules become too soluble in water, whereas the molecules 

become insoluble when the domain is too large. Secondly, although hydrophobic collapse 

suffices to induce aggregation, a sufficiently large hydrophobic pocket around the benzene-

tricarboxamide core may stabilise the proposed amide–amide intermolecular hydrogen 

bonding interactions (vide infra), and shield these interactions from the surrounding water. In 

that case, intermolecular hydrogen bonding further stabilises the formed aggregates. In the 

case of 1c, the hydrophobic collapse and hydrophobic shielding are insufficient to enable 

interactions between the BTAs needed for the formation of supramolecular polymers.  

To investigate this hypothesis, the contribution of hydrophobic effects to the self-assembly 

process has been assessed by probing the polarity of the hydrophobic pocket with the 

solvatochromic dye Nile Red. In pure water, Nile Red shows low fluorescence intensity with 

λmax at 650 nm. In a more apolar environment, the fluorescence intensity increases and the 

λmax emission shifts to shorter wavelengths.15 This tool has been widely used to probe the 

formation of self-assembled structures with a hydrophobic core.72 We expect that the self-

assembly of BTA molecules in water will result in a strong enhancement of fluorescence 

intensity due to encapsulation of Nile Red in the hydrophobic pocket. Solutions of 1a-c were 

prepared by injection from methanol into water following the same procedure as described 

before (cBTA = 1 × 10-5M), a concentrated solution of Nile Red in methanol (5 μL cNR = 

2.5 × 10-3M) was added (cNRfinal = 5 × 10-6M), and the solutions were equilibrated. 
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Figure 2.5: Fluorescence emission spectra of Nile Red in solutions of 1a-1c in H2O (cBTA = 1 × 10-5 M, cNR 

= 5 × 10-6 M) at 20 °C. 

Compared to water (λmax = 647 nm, intensity 1.8 A.U.), the fluorescence emission 

intensity of Nile Red in solutions of 1a and 1b increases two orders of magnitude and a large 

blue-shift to λmax = 603 nm in the solution of 1a is observed (Figure 2.5). While the emission 

intensity for 1a and 1b is very similar, the emission wavelength is somewhat less blue-shifted 

in 1b (λmax = 607 nm). On the other hand, the emission intensity of 1c is very low and the 

emission maximum is less blue-shifted (λmax = 612 nm). Both the low intensity and the 

smaller blue-shift of the emission indicate that no significant hydrophobic domains are 

formed. These results are in good agreement with the UV spectra of 1a and 1b which both 

indicate self-assembly, while the UV absorption of 1c suggests that no BTA self-assembly 

occurs.  

2.4.2	Cryo‐TEM	and	DLS	studies	of	1a‐c	

Cryo-TEM measurements have been carried out to visualise the aggregates formed by 1b 

and 1c in water. Although the contrast is rather low, close inspection of the cryo-TEM image 

of 1b reveals the presence of fibrillar assemblies (Figure 2.6A, dark spheres are domains of 

crystallised ice) with aspect ratios comparable to 1a. Supramolecular polymers with lengths 

in the order of micrometres and a diameter of below 10 nm are observed. The sample 

preparation process involves removal of excess water, which induces flow in the sample. This 

is most likely the reason for the apparent alignment of the observed fibres. For 1c no 

aggregates could be observed. 
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Figure 2.6: A) Cryo-TEM image of 1b (0.5 mg/mL) in H2O revealing the presence of supramolecular 

polymers. B) Correlation functions of 1a-1c at 90 ° angle and 20 °C (c = 5×10-5M) displaying comparable decay 
times. Inset: Count rates of 1a-1c where the low count rate of 1c indicates a low amount of scattering objects. 

Dynamic light scattering (DLS) provides information on the size of aggregates formed in 

solution by measuring the correlation decay-time, which is related to the diffusion and hence 

the size of the aggregates. The decay times recorded for 1a-c are very similar (Figure 2.6B) 

but the correlation plateau for 1c in particular, significantly deviates from 1. When assessing 

the count rates (inset Figure 2.6B) of the three different samples, it becomes clear that the 

signal intensity is much lower for 1c, which causes the deviation of the correlation plateau. 

The low signal intensity signifies a lower amount of scattering objects in solution, i.e. less 

aggregation. While fitting with a single exponential can provide a number for the diffusion 

rate, the data in Figure 2.6B could only be fitted with a multiple exponential decay, indicative 

of polydisperse aggregate sizes. These results show comparable results for 1a and 1b while 

the low signal intensity observed for 1c indicates that the tendency to form aggregates is low. 

2.5	The	role	of	hydrogen	bonding	in	the	aqueous	self‐assembly	process		

2.5.1	Probing	hydrogen	bond	formation	by	FT‐IR	spectroscopy	in	bulk	and	in	solution	

The results discussed above show that compounds 1a and 1b self-assemble in water into 

supramolecular polymers of high aspect ratio. It is, however, not clear from UV spectroscopic 

and cryo-TEM measurements whether these polymers are stabilised by intermolecular 

hydrogen bonds between the amides of neighbouring BTAs. FT-IR spectroscopy is a 

sensitive tool to probe the formation of hydrogen bonds and has been used to identify the 

presence of threefold intermolecular hydrogen bonding in BTA assemblies, both in the solid 

state and in solution in organic solvents.30 Previously, an N–H stretch vibration at ≈ 3240 cm-

1, an amide I vibration at ≈ 1640 cm-1, and an amide II vibration at ≈ 1560 cm-1 have been 

attributed to the presence of threefold helical intermolecular hydrogen bonds between BTAs. 

Different types of packing have been identified, which show amide vibrations of distinctively 

different frequencies.32 On the other hand, the complete absence of hydrogen bonds resulted 

1E-7 1E-5 1E-3 0.1 10
0.00

0.25

0.50

0.75

1.00

0 5 10 15 20 25 30
0

5

10

15

20

25

F
re

q
ue

nc
y 

/ k
H

z

time / s

 1a
 1b
 1c

C
or

re
la

tio
n 

/ -

/ s

B



Chapter 2 

32 
 

in typical amide vibrations at 3335 cm-1 (N–H stretch), 1655 cm-1 (amide I) and 1530 cm-1 

(amide II).32  
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Figure 2.7: Left: IR spectrum of 1a in the solid state at different temperatures displaying vibrations 

indicative for threefold hydrogen bonding at 25 °C (blue) and vibrations typical for the absence of hydrogen 
bonds at 50 °C (red). Right: zoom of the amide I and amide II vibrations. 

We first focus on the FT-IR measurements of compounds 1a-c in bulk, which at a later 

stage are used as a reference to assign the vibrations in solution. While in the solid state 1a-c 

are all off-white waxy solids, the FT-IR spectra reveal some differences. The spectra of 1a-c 

in bulk at 25 °C are first evaluated (Figure 2.7-2.9). For 1a, vibrations typical for threefold 

intermolecular hydrogen bonding are observed. The N–H stretch vibration at 3236 cm-1 is 

clearly visible on top of a broad band corresponding to the O–H stretch of the alcohol end 

groups. The amide I and amide II vibrations have a frequency of 1639 cm-1 and 1564 cm-1, 

respectively. In the FT-IR spectrum of 1b three different frequencies can be observed for the 

N-H stretch at 3348 cm-1
, 3308 cm-1

, and 3258 cm-1, respectively. Two frequencies are visible 

at 1659 cm-1 and 1634 cm-1 for the amide I vibration, and one vibration is observed for the 

amide II at 1549 cm-1. While the vibrations at 3348 cm -1 for the N–H stretch and 1659 cm-1 

for the amide I indicate no hydrogen bonding, the other aforementioned frequencies do 

suggest hydrogen bond formation. Interestingly, only one vibration for the amide II is 

observed with an intermediate frequency. Therefore, only partial ordering or more than one 

type of packing is present for 1b in the solid state. For 1c, only frequencies typical for the 

absence of hydrogen bonds are observed (Figure 2.9).  
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Figure 2.8: Left: FT-IR spectrum of 1b at different temperatures displaying vibrations indicating the 

presence of different packing modes at 25 °C (blue) and vibrations typical for the absence of hydrogen bonds at 
50 °C (red). Right: zoom of the amide I and amide II vibrations. 

To assess the influence of temperature, FT-IR spectra were recorded at temperatures up to 

50 °C. Raising the temperature to 40 °C results only in small changes for 1a (Figure 2.7). 

Above 40 °C, the hydrogen bonds weaken, indicated by the shift of the N-H stretch to 3339 

cm-1 and the amide I and the amide II to 1649 cm-1 and 1537 cm-1, respectively. At 

temperatures above 45 °C, the clearing point of 1a is reached, and the ordered packing is lost. 

Upon increasing the temperature in case of 1b, the IR vibrations shift immediately and values 

indicative of the complete absence of hydrogen bonds are already observed at 35 °C. For 1c 

no significant changes occur by increasing the temperature, which confirms the absence of 

hydrogen bonds in the bulk of 1c at room temperature and indicates that the decyl spacer in 

1c is too short to prevent back folding of the ethylene glycol the bulk. 
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Figure 2.9: Left: FT-IR spectrum of 1c at 25 °C displaying vibrations indicative of the absence of hydrogen 

bonds. Right: zoom of the amide I and amide II vibrations. 
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Next, we investigated the presence of hydrogen bonds in aqueous solution. Since the O–H 

vibrations of water obscure the amide vibrations, measurements were carried out in D2O. 

Because of the increased mass of deuterium compared to hydrogen, the frequencies of the 

vibrations change. To facilitate assignment of the amide vibrations, we first investigated the 

deuterium-amide vibrations in bulk by exchanging all labile OH and NH protons of 1a with 

deuterium to afford 1a-d6. The bulk FT-IR spectrum of 1a-d6 was recorded at temperatures 

between 25 and 50 °C (Figure 2.10). 
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Figure 2.10: Left: FT-IR spectrum of 1a-d6 at different temperatures displaying vibrations indicative for 

threefold hydrogen bonding at 25 °C (blue) and vibrations typical for the absence of hydrogen bonds at 50 °C 
(red). Right: zoom of the amide I and amide II vibrations. 

The behaviour of 1a-d6 is similar to that of 1a in the bulk. At 25 °C the N–D stretch 

vibration at 2363 cm-1 is indicative for intermolecular hydrogen bond formation. The amide I 

vibration at 25 °C is split up into two very sharp peaks at 1634 cm-1 and 1620 cm-1, 

respectively, whereas the amide II vibration has moved to 1468 cm-1. Upon raising the 

temperature to 50 °C, the N–D vibration shifts to 2488 cm-1, which is indicative of the loss of 

hydrogen bonding. In addition, the amide I vibration increases to 1645 cm-1 whereas the 

amide II vibration decreases to 1458 cm-1. To confirm that these vibrations recorded at 50 °C 

originate from BTAs that are not engaged in intermolecular hydrogen bonding, we also 

measured the FT-IR spectrum of 1a in MeOD (c = 50 mg/mL) (Figure 2.11, left, blue 

spectrum), a solvent in which BTAs are molecularly dissolved. The amide I vibration has a 

frequency of 1648 cm-1, which corresponds well to the vibration measured in the bulk at 50 

°C and is indicative of the absence of intermolecular hydrogen bonds. The amide II vibration 

at 1466 cm-1 is more difficult to interpret as it is closer to the frequency observed in the bulk 

at 25 °C than at 50 °C.  
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Figure 2.11: Left: FT-IR spectrum of a solution of 1a (c = 50 mg/mL) at room temperature in D2O (black) 

displaying an amide I vibration indicative for hydrogen bonding and in MeOD (blue) displaying an amide I 
vibration indicative for the absence of hydrogen bonding. Right: overlay of the FT-IR spectrum of 1a in D2O 
(black) and the spectra of 1a-d6 in the bulk at 25 °C (blue) and at 50 °C (red). 

With these spectra as reference, the FT-IR spectrum of a solution of 1a in D2O (c = 50 

mg/mL) was measured (Figure 2.11, left, black spectrum). The N–D stretch vibration is 

obscured by the main vibration of D2O, so only a zoom of the amide I and amide II region is 

shown, alongside an overlay with the spectra of 1a-d6 in bulk at 25 and 50 °C (Figure 2.11, 

right). In D2O, the amide I gives a particularly sharp vibration at 1635 cm–1, which overlaps 

perfectly with one of the amide I vibrations observed in the bulk. This observation – when 

compared to the amide I vibration at 1648 cm–1 in MeOD solution – clearly indicates the 

presence of intermolecular hydrogen bonds. The amide II vibration in D2O solution has a 

frequency of 1460 cm-1 which is in between the vibrations in bulk at 25 and 50 °C, and below 

the vibration in MeOD, making it difficult to interpret. In the field of protein secondary 

structure determination by FT-IR spectroscopy, the amide I vibration is commonly 

considered to be highly informative while a correlation between the amide II vibration and 

the secondary structure is not well established due to its low sensitivity to the secondary 

structure.73-75 Additionally, upon N-deuteration the amide II vibration overlaps with aliphatic 

CH2 vibrations76 and with the bending mode of HOD77,78 which is difficult to eliminate. 

Therefore, as is common in secondary structure determination of peptides, solely the amide I 

vibration is regarded informative for the presence of hydrogen bonds. As such, these results 

provide the first convincing experimental evidence for the presence of intermolecular 

hydrogen bonds stabilising BTA assemblies in water. 

2.5.2	The	effect	of	N‐methylation	on	the	aggregation	behaviour	of	BTAs	in	water	

To study the role of intermolecular hydrogen bonds in the self-assembly process, the BTA 

amide groups were methylated, affording compound 2.39 The UV-vis spectra of 2 in water 

and methanol were recorded to assess the behaviour of 2 in dilute solution, (Figure 2.12A). 
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Although limited by the absorption cut-off of methanol, the UV spectra of 2 in methanol and 

water are very similar.  
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Figure 2.12: A) UV-vis spectra of 2 in water and methanol at 20 °C (c = 5 × 10-5M). B) Fluorescence 

emission spectra of Nile Red in solutions of 1a and 2 in H2O, and in water at 20 °C (cBTA = 1 × 10-5M, cNR = 
5×10-6M). 

Using Nile Red, the formation of a hydrophobic pocket upon self-assembly of 2 was 

probed (c = 1 × 10-5 M, Figure 2.12B). The Nile Red emission intensity is very low and the 

wavelength in the solution of 2 is almost the same as for pure water. These observations are 

reminiscent of the Nile Red emission in a solution of 1c (Figure 2.5). Without the possibility 

to form intermolecular hydrogen bonds, the critical micelle concentration (CMC) for 2 results 

purely from its amphiphilic nature and is much higher than for 1a. 

2.5.3	Replacing	the	amides	by	esters		

While methylating the amides in 2 prevents the formation of intermolecular hydrogen 

bonds, it also results in steric effects, which possibly can affect the aggregation of 2. 

Therefore, in 3 the amide units were replaced by ester bonds. 
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Figure 2.13: A) UV-vis spectra of 3 at 20 °C in acetonitrile (solid line, c = 1×10-5M) and in water (dashed 

line, c = 5×10-5M). B) Fluorescence emission spectra of Nile Red at 20 °C in a solution of 1a in H2O (solid line, 
cBTA = 1×10-5M, cNR = 5×10-6M) and a solution of 3 in water (dashed line, cBTA = 1×10-5M, cNR = 5×10-6M). 
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The behavior of 3 in dilute solution first was studied by UV-Vis absorption (Figure 

2.13A). A solution in acetonitrile was prepared by directly dissolving 3 (c = 1 × 10-5 M), 

while a solution in water was prepared by injecting a concentrated solution in methanol (5 

μL, 2.5 × 10-2 M) into water (2.5 mL) to obtain the desired final concentration (5 × 10-5 M). In 

all cases the solutions were optically transparent. In acetonitrile, 3 displays a single 

absorption maximum at 212 nm with a small shoulder at 235 nm (Figure 2.13A). In water the 

UV spectrum of 3 also displays a maximum at 212 nm, a shoulder at 237 nm, and an 

additional shoulder at 198 nm. The similarity between the spectra of 3 in acetonitrile and 

water contrasts to the UV spectra of 1a, in which a clear shift upon self-assembly is observed. 

In order to further explore the aqueous behaviour of 3, Nile Red experiments were performed. 

A solution of 3 was prepared by injection of a small volume of a concentrated solution of 3 in 

methanol (5 μL, 5 × 10-3 M) into water (2.5 mL) to obtain the desired final concentration 

(1 × 10-5 M). A concentrated solution of Nile Red in methanol (5 μL cNR = 2.5 × 10-3 M) was 

added (cNRfinal = 5 × 10-6 M) and the mixture was equilibrated overnight. Compared to pure 

water72 the Nile Red emission intensity has increased, and the emission maximum is blue-

shifted from 650 nm to 616 nm (Figure 2.13B). This indicates that 3 does form aggregates in 

water, driven by its amphiphilic structure. However, compared to the emission of Nile Red in 

a solution of 1a (Figure 2.13B), the intensity is both lower and less blue-shifted, which shows 

that the hydrophobic pocket formed by 3 is less apolar.  

Finally, the aggregation of 3 was studied by DLS and compared to 1a (Figure 2.14). In 

contrast to BTA 1a, the correlation function of BTE 3 can be fitted with a single exponential 

decay, indicative of a monomodal distribution. The difference between the decay time of 1a 

and 3 is rather small, indicating that diffusion processes occur on comparable timescales in 

both solutions. It becomes clear that 3 does form aggregates as a result of its amphiphilic 

nature. 
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Figure 2.14: Correlation functions of 1a and 3 at a 90° angle and 20 °C. The correlation function 3 can be 

fitted with a single exponential and shows a slightly shorter decay time (c = 5 × 10-5M). 
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2.6	Conclusions	

We studied the aqueous self-assembly of BTA derivatives 1-3 in detail by combining 

cryo-TEM and spectroscopic techniques. Visualisation of the aggregates of 1a and 1b by 

cryo-TEM confirms self-assembly into supramolecular polymers. Furthermore, no bundle 

formation was observed. The results of the IR study suggest that the BTA core in 1a provides 

directionality to the self-assembly process through hydrogen-bond formation. The balance 

between hydrophobic and hydrophilic units within the BTA is of crucial importance: a decyl 

spacer is too short to provide the hydrophobicity required for forming ordered assemblies. 

The undecyl and dodecyl spacer do result in stable, hydrogen-bond-driven supramolecular 

polymer formation in water. The importance of hydrogen bonding for procuring stable 

supramolecular polymers was further supported by evaluating the aggregation behaviour of 2 

and 3 in water, both of which cannot form intermolecular hydrogen bonds.  

Interestingly, the UV-vis spectroscopy data reveal that the packing of the BTAs within the 

supramolecular polymers is different from the columnar helical face-to-face motif commonly 

observed in organic apolar solvents. After injection into water, the UV-vis absorption 

develops from the commonly observed blue-shifted single absorption maximum into a red-

shifted double absorption maximum over the course of approximately 1 hour. A possible 

explanation for this observed red-shift is an offset or angle between the BTAs, resulting in a 

J-type aggregate instead of an H-type aggregate.79 This may also account for the apparent 

periodicity observed in the cryo-TEM of 1a. However, the currently available experimental 

techniques do not permit to further unravel the exact nature of the packing within the 

supramolecular polymers.  

2.7	Experimental	section	

2.7.1	Materials	

Unless stated otherwise, all reagents and chemicals were obtained from commercial 

sources at the highest purity available and used without further purification. All solvents were 

of AR quality and purchased from Biosolve. Dry, degassed THF was obtained after passage 

through an activated alumina solvent column system. Deuterated chloroform was dried over 

4Å molsieves while triethyl amine was stored on KOH pellets. Flash chromatography was 

performed on a Biotage flash chromatography system using 200–425 mesh silica gel (Type 

60A Grade 633). Water was purified on an EMD Millipore Milli-Q Integral Water 

Purification System. Reactions were followed by thin-layer chromatography (precoated 0.25 

mm, 60-F254 silica gel plates from Merck).  

2.7.2	Instrumentation	

1H NMR and 13C NMR spectra were recorded on a Varian Mercury Vx 400 MHz (100 

MHz for 13C) or a Varian Mercury Plus 200 MHz (50 MHz for 13C) NMR spectrometer. 
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Chemical shifts are given in ppm (δ) values relative to residual solvent or tetramethylsilane 

(TMS). Splitting patterns are labelled as s, singlet; d, doublet; dd, double doublet; t, triplet; q, 

quartet; quin, quintet; m, multiplet and b stands for broad. 

Matrix assisted laser desorption/ionisation mass spectra were obtained on a PerSeptive 

Biosystems Voyager DE-PRO spectrometer or a Bruker autoflex speed spectrometer using α-

cyano-4-hydroxycinnamic acid (CHCA) and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-

enylidene]malononitrile (DCTB) as matrices. 

DSC spectra were obtained on a TA-instruments DSC Q2000. 

Infrared spectra were recorded on a Perkin Elmer Spectrum One 1600 FT-IR spectrometer 

or a Perkin Elmer Spectrum Two FT-IR spectrometer, equipped with a Perkin Elmer 

Universal ATR Sampler Accessory. Variable temperature IR was recorded on a Bruker 

Tensor 27 equipped with a PIKE GladiATR. 

Ultraviolet-visible (UV-vis) absorbance spectra were recorded on and a Jasco V-650 UV-

vis spectrometer with a Jasco ETCT-762 temperature controller. Fluorescence data were 

recorded on a Varian Cary Eclipse fluorescence spectrometer. 

Samples for cryogenic transmission electron microscopy (cryo-TEM) were prepared in a 

‘Vitrobot’ instrument (PC controlled vitrification robot, patent applied, Frederik et al 2002, 

patent licensed to FEI) at room temperature and a relative humidity >95%. In the preparation 

chamber of the ‘Vitrobot’ a 3 μL sample was applied on a Quantifoil grid (R 2/2, Quantifoil 

Micro Tools GmbH; freshly glow discharged just prior to use), excess liquid was blotted 

away for 2s at –2 mm and the thin film thus formed was shot (acceleration about 3 g) into 

liquid ethane. The vitrified film was transferred to a cryoholder (Gatan 626) and observed at 

–170 °C in a Tecnai Sphera microscope operating at 200 kV. Microscopy images were taken 

at low dose conditions. DLS measurements were recorded on an ALV/CGS-3 MD-4 compact 

goniometer system equipped with a multiple tau digital real time correlator (ALV-7004) and 

a solid state laser (λ = 532 nm; 40 mW). 

2.7.3	Methods	

UV-Vis and fluorescence measurements were performed using quartz cuvettes (1 cm). 

Two procedures for aqueous sample preparation were used. In the first procedure the material 

was dissolved directly in water; a stock solution of the desired BTA derivative in water was 

prepared by measuring out the desired amount of material, addition of water (milliQ) and 

heating the mixture to above the LCST upon which the mixture became opaque. Upon 

cooling, a clear solution was obtained which was then completed to obtain the correct 

concentration (c = 1 × 10-5 M or c = 5 × 10-5 M). Later the second procedure was adopted 

because of more convenient and reliable sample preparation; a stock solution of the desired 

BTA derivative was prepared in methanol and 5 μL was injected into 2.5 mL water (milliQ) 

obtaining the desired concentration (c = 1 × 10-5 M or c = 5 × 10-5 M). Samples were allowed 

to anneal overnight and if needed heated to 50 °C and allowed to cool to room temperature 

prior to measuring. 
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2.7.4	Synthetic	procedures	

N1,N3,N5-Tris(1-hydroxy-3,6,9,12-tetraoxatetracosan-24-yl)benzene-1,3,5-tricarboxamide 

(1a).  

A round bottom flask (10 mL) was charged with N1,N3,N5-tris(1-phenyl-2,5,8,11,14-

pentaoxahexacosan-26-yl)benzene-1,3,5-tricarboxamide 8a (0.10 mmol, 0.15 g), methanol (3 

mL) and N2(g) was led through the stirred solution for 10 minutes. Subsequently, Pd/C 

(catalytic amount) was added and a balloon filled with H2(g) was connected. The reaction 

mixture was stirred under H2(g) atmosphere overnight at room temperature. The reaction 

mixture was filtered over celite and concentrated in vacuo yielding 1a as a colourless oil 

which solidified upon standing (0.12 g, 93%). 1H NMR (400 MHz, CDCl3 δ): 8.38 (s, 3H, 

Ar), 6.76 (b, 3H, C=ONHCH2), 3.76 – 3.54 (m, 48H, O-(CH2)2-O), 3.45 (m, 12H, 

CH2CH2NHC=O, CH2CH2CH2O), 2.83 (b, 3H, CH2CH2OH), 1.76 – 1.47 (m, 12H, 

CH2CH2CH2O, CH2CH2CH2O), 1.47 – 1.12 (m, 48H, aliphatic). 13C NMR (100 MHz, CDCl3 

δ): 165.74, 135.22, 128.07, 72.53, 71.55, 70.63, 70.61, 70.57, 70.56, 70.33, 70.02, 61.73, 

40.37, 29.55, 29.51, 29.50, 29.44, 29.43, 29.40, 29.39, 29.20, 26.92, 26.03. MALDI-TOF-

MS: calculated Mw = 1287.93 g/mol, observed m/z = 1288.87 [MH+], 1310.95 [Na+ adduct]. 

FT-IR (ATR) ν (cm-1): 3239, 3069, 2918, 2851, 1641, 1562, 1468, 1350, 1294, 1114, 937, 

885, 722, 693. DSC (10 °C/min, first heating run): Tc = 38.6 °C (LCi) with ΔH = 55.0 

kJ/mol. 

 

N1,N3,N5-Tris(1-hydroxy-3,6,9,12-tetraoxatricosan-23-yl)benzene-1,3,5-tricarboxamide 

(1b). 

The synthesis of 1b was performed following the same procedure as described for 1a 

yielding 1b as a colourless oil that solidified upon standing (0.341 g, 80%). 1H NMR (400 

MHz, CDCl3 δ): 8.38 (s, 3H, Ar), 6.85-6.82 (t, 3H, C=ONHCH2), 3.74-3.56 (m, 48H, O-

(CH2)2-O), 3.50-3.41 (m, 12, CH2CH2NHC=O, CH2CH2CH2O), 1.65-1.44 (m, 12H, 

CH2CH2CH2O, CH2CH2CH2O ), 1.42-1.23 (m, 46H, aliphatic). 13C NMR (100 MHz, CDCl3 

δ): 165.90, 135.23, 128.15, 72.62, 71.53, 70.60, 70.59, 70.55, 70.53, 70.27, 70.02, 61.68, 

40.38, 29.52, 29.51, 29.47, 29.43, 29.42, 29.37, 29.24, 26.97, 26.02. MALDI-TOF-MS: 

calculated Mw = 1245.88 g/mol, observed m/z = 1268.90 [Na+ adduct]. FT-IR (ATR) ν (cm-

1): 3348, 3308, 3258, 2916, 2851, 1659, 1647, 1634, 1549, 1466, 1352, 1292, 1103, 942, 886, 

835, 704, 576.  

 

N1,N3,N5-Tris(1-hydroxy-3,6,9,12-tetraoxadocosan-22-yl)benzene-1,3,5-tricarboxamide 

(1c). 

The synthesis of 1c was performed following the same procedure as described for 1a 

yielding 1c as a colourless oil (0.136 gr, 51%). 1H NMR (400 MHz, CDCl3 δ): 8.39 (s, 3H, 

Ar), 6.84-6.81 (t, 3H, C=ONHCH2), 3.73-3.56 (m, 48H, O-(CH2)2-O), 3.48-3.42 (m, 12, 

CH2CH2NHC=O, CH2CH2CH2O), 1.65-1.44 (m, 12H, CH2CH2CH2O, CH2CH2CH2O ), 1.39-

1.27 (m, 44H, aliphatic). 13C NMR (100 MHz, CDCl3 δ): 165.87, 135.20, 128.13, 72.51, 
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71.51, 70.54, 70.51, 70.46, 70.44, 70.21, 69.91, 61.58, 40.32, 29.43, 29.41, 29.31, 29.26, 

29.25, 29.10, 26.85, 25.94. MALDI-TOF-MS: calculated Mw = 1203.83 g/mol, observed m/z 

= 1226.83 [Na+ adduct]. FT-IR (ATR) ν (cm-1): 3341, 2924, 2854, 1649, 1539, 1458, 1350, 

1288, 1250, 1101, 941, 885, 835, 705, 573. 

 

N1,N3,N5-Tris(1-hydroxy-3,6,9,12-tetraoxatetracosan-24-yl)-N1,N3,N5-trimethylbenzene-

1,3,5-tricarboxamide (2).  

A round bottom flask (25 mL) was charged with N1,N3,N5-trimethyl-N1,N3,N5-tris(1-

phenyl-2,5,8,11,14-pentaoxahexacosan-26-yl)benzene-1,3,5-tricarboxamide 9 (0.069 mmol, 

0.11 g) and methanol (10 mL) was added. N2 (g) was led through the stirred solution for 10 

minutes. Subsequently, Pd/C (catalytic amount) was added and a balloon filled with H2(g) 

was connected. The mixture was stirred under H2 (g) atmosphere overnight at room 

temperature. The reaction mixture was filtered over celite and the solvent was removed in 

vacuo yielding 2 as a slightly yellow waxy material. Yield = 0.046 g, 50%. 1H NMR (400 

MHz, CDCl3 δ): 7.44 (bs, 3H, Ar), 3.76 – 3.54 (m, 48H, O-(CH2)2-O), 3.50 (b, 6H, N-CH2, 

trans), 3.44 (t, J = 6.8 Hz, 6H, CH2CH2CH2O), 3.22 (b, 6H, N-CH2, cis), 3.05 (s, 9H, N-CH3, 

cis), 2.93 (s, 9H, N-CH3, trans), 1.69 – 1.46 (m, 12H, CH2CH2CH2O, CH2CH2CH2O), 1.42 – 

1.02 (m, 48H, aliphatic). 13C NMR (100 MHz, CDCl3 δ): 169.50, 137.32, 126.29, 72.55, 

71.57, 70.68-70.46, 70.31, 69.99, 61.71, 51.56, 47.75, 37.56, 32.84, 29.80-29.25, 28.38, 

26.95, 26.54, 26.09. MALDI-TOF-MS: calculated Mw = 1329.97 g/mol, observed m/z = 

1352.95 [Na+ adduct]. FT-IR (ATR) ν (cm-1): 3438, 2923, 2854, 1636, 1457, 1400, 1351, 

1298, 1252, 1107, 942, 888, 738, 644, 529. 

 

Tris(1-hydroxy-3,6,9,12-tetraoxatetracosan-24-yl) benzene-1,3,5-tricarboxylate (3). 

In round bottom flask (10 mL) tris(1-phenyl-2,5,8,11,14-pentaoxahexacosan-26-yl) 

benzene-1,3,5-tricarboxylate 12 (0.108 mmol, 0.168 g) was dissolved in ethyl acetate (2 mL) 

and the mixture was stirred vigorously under N2(g) atmosphere to remove oxygen. After 5 

minutes Pd/C was added (cat. amount) and a balloon filled with H2(g) was connected. The 

reaction mixture was stirred overnight at room temperature. Subsequently, the reaction 

mixture was filtered over celite and concentrated in vacuo. The obtained material was 

purified by column chromatography (heptane/dimethoxyethane) yielding 3 as a white waxy 

solid (36 mg, 26%). 1H NMR (400 MHz, CDCl3 δ): 8.84 (s, 3H, Ar), 4.37 (t, J = 6.8 Hz, 6H, 

COOCH2), 3.91 – 3.50 (m, 48H, O-(CH2)2-O), 3.45 (t, J = 6.8 Hz, 6H, CH2CH2CH2O), 2.71 

(s, 3H, CH2OH), 1.92 – 1.70 (m, 6H, 6H, CH2CH2CH2O), 1.57 (p, J = 6.9 Hz, 6H, CH2CH2-

CH2O), 1.51 – 1.07 (m, 48H, aliphatic). 13C NMR (100 MHz, CDCl3 δ): 165.11, 134.38, 

131.46, 72.62, 71.55, 70.57, 70.55, 70.52, 70.48, 70.23, 69.98, 65.84, 61.68, 29.58, 29.57, 

29.56, 29.53, 29.51, 29.46, 29.26, 28.64, 26.04, 25.95. MALDI-TOF-MS: calculated Mw = 

1290.88 g/mol, observed m/z = 1313.87 [Na+ adduct]. FT-IR (ATR) ν (cm-1): 3425, 2920, 

2851, 1728, 1467, 1387, 1342, 1325, 1265, 1237, 1120, 1071, 989, 932, 883, 739, 722, 532. 
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Tetraethylene glycol monobenzyl ether (4).  

A round bottom flask (1 L, dried at 145 °C) was charged with tetraethylene glycol (29.81 

g, 0.153 mol) and dry THF (100 mL). The solution was stirred at 0 °C under an atmosphere 

of dry argon and sodium hydride (60% in mineral oil, 6.12 g, 0.153 mol) was added, upon 

which the mixture foamed vigorously. The ice bath was removed and after 30 minutes 

benzylbromide (15.8 g, 0.092 mol, 0.6 eq) was added, resulting in a turbid mixture, which 

was stirred overnight. Subsequently, deionised water (100 mL) was added and the mixture 

was extracted with diethyl ether (3x 100 mL). The organic fractions were combined, dried 

with magnesium sulphate, filtered and concentrated in vacuo. The material was purified by 

column chromatography (ethyl acetate/heptane 60/40) yielding 4 as a colourless oil (15.17 g, 

58%). 1H NMR (400 MHz, CDCl3 δ): 7.41 – 7.27 (m, 5H, Ar), 4.57 (s, 2H, Ar-CH2-O), 3.78 

– 3.54 (m, 16H, O-(CH2)2-O), 2.57 (s, 1H, O-CH2-OH). 13C NMR: (100 MHz, CDCl3, δ): 

138.21, 128.31, 127.71, 127.55, 73.20, 72.47, 70.62, 70.61, 70.59, 70.56, 70.33, 69.40, 61.68. 

FT-IR (ATR) ν (cm-1): 3450, 2865, 1644, 1496, 1454, 1350, 1294, 1249, 1208, 1095, 1028, 

939, 885, 847, 738, 698, 607, 522, 464. 

 

Tetraethylene glycol monobenzyl mono-12-bromododecyl ether (5a).  

A round bottom flask (250 mL, dried at 140 °C) was charged with dry THF (20 mL) and 

tetraethylene glycol benzyl ether 4a (3.125 g, 11 mmol). The solution was cooled to 0°C 

under an atmosphere of dry argon and sodium hydride (60% in mineral oil, 440 mg, 11 

mmol) was added to the stirring solution, upon which the mixture foamed vigorously. The ice 

bath was removed and after 30 minutes 1,12-dibromododecane (10.88 g, 33 mmol) was 

added in one portion to the vigorously stirred mixture. Subsequently, the reaction mixture 

was stirred overnight. It was then neutralised with H2O (20 mL) and extracted with diethyl 

ether (3x 40 mL). The organic layers were combined, dried with magnesium sulphate, filtered 

and concentrated in vacuo. The material was purified by column chromatography (eluent 

heptane/ethyl acetate 80/20-50/50 v/v) yielding 5a as a colourless oil (3.2 g, 55%). 1H NMR 

(400 MHz, CDCl3 δ): 7.42 – 7.27 (m, 5H, Ar), 4.57 (s, 2H, Ar-CH2-O), 3.72 – 3.60 (m, 14H, 

O-(CH2)2-O), 3.60 – 3.53 (m, 2H, O-(CH2)2-O), 3.43 (t, J = 7 Hz, 2H, CH2CH2CH2O), 3.4 (t, J = 

7 Hz, 2H, CH2CH2CH2-Br), 1.85 (p, J = 6.8 Hz, 2H, CH2CH2Br), 1.66 – 1.50 (m, 2H, 

CH2CH2CH2O), 1.50 – 1.36 (m, 2H, CH2CH2CH2O), 1.36 – 1.12 (m, 14H, aliphatic). 13C 

NMR (100 MHz, CDCl3 δ): 138.27, 128.32, 127.70, 127.54, 73.22, 71.51, 70.7-70.5, 70.04, 

69.43, 34.02, 33.79, 32.82, 29.62, 29.55, 29.52, 29.50, 29.46, 29.40, 29.12, 28.74, 28.16, 

26.07. FT-IR (ATR) ν (cm-1): 2924, 2854, 1454, 1351, 1295, 1249, 1207, 1101, 1041, 1028, 

992, 945, 879, 852, 735, 698, 644, 611, 561, 464. 

 

Tetraethylene glycol monobenzyl mono-11-bromoundecyl ether (5b). 

The synthesis of 5b was performed following the same procedure as described for 5a, 

yielding 5b as a colourless oil (1.373 g, 67%). 1H NMR (400 MHz, CDCl3 δ): 7.38-7.47 (m, 

5H, Ar), 4.56 (s, 2H, Ar-CH2-O), 3.61-3.69 (m, 14H, O-(CH2)2-O), 3.59-3.55 (m, 2H, O-
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(CH2)2-O), 3.43 (t, J = 7 Hz, 2H, CH2CH2CH2O), 3.4 (t, J = 7 Hz, 2H, CH2CH2CH2-Br), 

1.88-1.81 (m, 2H, CH2CH2-Br), 1.56 (p, J = 6.9 Hz, 2H, CH2CH2CH2-O), 1.45-1.37 (m, 2H, 

CH2CH2CH2-O), 1.33-1.23 (m, 12H, aliphatic). 13C NMR (100 MHz, CDCl3 δ): 138.27, 

128.33, 127.71, 127.56, 73.23, 71.52, 70.7-70.55, 70.05, 69.43, 34.02, 32.81, 29.61, 29.51, 

29.44, 29.44, 29.39, 28.73, 28.15, 26.06. MALDI-TOF-MS: calculated Mw = 516.25 g/mol, 

observed m/z = 539.22 [Na+ adduct]. FT-IR (ATR) ν (cm-1): 2924, 2854, 1496, 1454, 1351, 

1294, 1249, 1208, 1101, 1041, 1028, 990, 946, 879, 852, 735, 698, 644, 607, 560, 463. 

 

Tetraethylene glycol monobenzyl mono-10-bromodecyl ether (5c). 

The synthesis of 5c was performed following the same procedure as described for 5a, 

yielding 5c as a colourless oil (1.621 g, 40%). 1H NMR (400 MHz, CDCl3 δ): 7.35-7.47 (m, 

5H, Ar), 4.56 (s, 2H, Ar-CH2-O), 3.61-3.69 (m, 14H, O-(CH2)2-O), 3.59-3.55 (m, 2H, O-

(CH2)2-O), 3.43 (t, J = 6.8 Hz, 2H, CH2CH2CH2O), 3.4 (t, J = 6.8 Hz, 2H, CH2CH2CH2-Br), 

1.88-1.81 (m, 2H, CH2CH2-Br), 1.60-1.53 (m, 2H, CH2CH2CH2-O), 1.45-1.37 (m, 2H, 

CH2CH2CH2-O), 1.33-1.23 (m, 10H, aliphatic). 13C NMR (100 MHz, CDCl3 δ): 138.29, 

128.35, 127.73, 127.57, 73.25, 71.52, 70.7-70.58, 70.07, 69.45, 34.05, 32.83, 29.64, 29.47, 

29.43, 29.37, 28.75, 28.17, 26.08. MALDI-TOF-MS: calculated Mw = 502.23 g/mol, 

Observed m/z = 525.24 [Na+ adduct]. FT-IR (ATR) ν (cm-1): 2925, 2855, 1496, 1454, 1351, 

1296, 1248, 1207, 1100, 1041, 1028, 991, 945, 880, 852, 736, 698, 644, 610, 561, 464. 

 

2-(1-Phenyl-2,5,8,11,14-pentaoxahexacosan-26-yl)isoindoline-1,3-dione (6a).  

A round bottom flask (100 mL) was charged with tetraethylene glycol monobenzyl mono-

12-bromododecyl ether 5a (6.4 mmol, 3.4 g), DMF (10 mL) and potassium phthalimide (9.0 

mmol, 1.7 g). The mixture was heated to 60 °C under an atmosphere of dry argon and stirred 

for 2 hours. Then ethyl acetate (50 mL) was added and the solution was extracted with acidic 

H2O (3x 30 mL, pH 3). The aqueous layers were extracted two times with ethyl acetate (25 

mL). The organic fractions were combined and one equivalent DCM was added (100 mL). 

The mixture was dried with MgSO4, filtered and the solvent was removed in vacuo. The 

material was purified by column chromatography (heptane/ethyl acetate 75/25 – 50/50 v/v) 

yielding 6a as a colourless oil (2.8 g, 73%). 1H NMR (400 MHz, CDCl3 δ): 7.83 (dd, J = 5.5, 

3.0 Hz, 2H, phthalimide), 7.70 (dd, J = 5.4, 3.0 Hz, 2H, phthalimide), 7.39 – 7.26 (m, 5H, 

Ar), 4.56 (s, 2H, Ar-CH2-O), 3.72 – 3.59 (m, 16H, O-(CH2)2-O, CH2CH2N), 3.59 – 3.53 (m, 

2H, O-(CH2)2-O), 3.43 (t, J = 6.8 Hz, 2H, CH2CH2CH2O), 1.73 – 1.61 (m, 2H, 

CH2CH2CH2O), 1.61 – 1.47 (m, 2H, CH2CH2CH2O), 1.42 – 1.09 (m, 16H, aliphatic). 13C 

NMR (100 MHz, CDCl3 δ): 168.43, 138.25, 133.79, 132.16, 128.32, 127.70, 127.54, 123.11, 

73.21, 71.52, 70.7-70.5, 70.02, 69.41, 38.06, 29.65-29.42, 29.17, 28.58, 26.85, 26.07. 
MALDI-TOF-MS: calculated Mw = 597.37 g/mol, Observed m/z = 620.36 [Na+ adduct]. FT-

IR (ATR) ν (cm-1): 2925, 2855, 1772, 1712, 1615, 1467, 1455, 1437, 1396, 1367, 1300, 1249, 

1104, 1047, 948, 881, 795, 721, 699, 620, 530. 
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2-(1-Phenyl-2,5,8,11,14-pentaoxapentacosan-25-yl)isoindoline-1,3-dione (6b). 

The synthesis of 6b was performed following the same procedure as described for 6a, 

yielding 6b as a colourless oil (1.491 gr, 68%). 1H NMR (400 MHz, CDCl3 δ): 7.84 (dd, J = 

5.4, 3.0 Hz, 2H, phthalimide), 7.70 (dd, J = 5.5, 3.1 Hz, 2H, phthalimide), 7.35-7.27 (m, 5H, 

Ar), 4.56 (s, 2H, Ar-CH2-O), 3.69-3.60 (m, 16H, O-(CH2)2-O, CH2CH2N), 3.58-3.55 (m, 2H, 

O-(CH2)2-O), 3.43 (t, J = 6.8 Hz, 2H,CH2CH2CH2-O), 1.66 (p, J = 7.5 2H, CH2CH2CH2O), 

1.56 (p, J = 7.1 2H, CH2CH2CH2O), 1.43-1.24 (m, 14H, aliphatic). 13C NMR (100 MHz, 

CDCl3 δ): 168.44, 138.28, 133.79, 132.18, 128.32, 127.71, 127.55, 123.12, 73.22, 71.53, 

70.67-70.58, 70.04, 69.43, 38.06, 29.62, 29.54, 29.49, 29.45, 29.45, 29.17, 28.59, 26.85, 

26.07. MALDI-TOF-MS: calculated Mw = 583.35 g/mol. Observed m/z = 606.32 [Na+ 

adduct]. FT-IR (ATR) ν (cm-1): 2925, 2855, 1772, 1710, 1615, 1467, 1454, 1437, 1395, 

1363, 1300, 1248, 1100, 1043, 945, 879, 794, 720, 698, 620, 530.  

 

2-(1-Phenyl-2,5,8,11,14-pentaoxatetracosan-24-yl)isoindoline-1,3-dione (6c). 

The synthesis of 3c was performed following the same procedure as described for 6a, 

yielding 6c as a colourless oil (1.378 g, 77%). 1H NMR (400 MHz, CDCl3 δ): 7.84 (dd, J = 

5.4, 3.1 Hz, 2H, phthalimide), 7.77 (dd, J = 5.4, 3.0 Hz, 2H, phthalimide), 7.35-7.27 (m, 5H, 

Ar), 4.58-4.54 (m, 2H, Ar-CH2-O), 3.69-3.60 (m, 16H, O-(CH2)2-O, CH2CH2N), 3.58-3.55 

(m, 2H, O-(CH2)2-O), 3.43 (t, J = 6.8 Hz, 2H,CH2CH2CH2-O), 1.70-1.63 (m, 2H, 

CH2CH2CH2-O), 1.58-1.53 (m, 2H, CH2CH2CH2-O), 1.43-1.24 (m, 12H, aliphatic). 13C NMR 

(100 MHz, CDCl3 δ): 168.44, 138.27, 133.80, 132.17, 128.32, 127.72, 127.55, 123.12, 73.22, 

71.52, 70.67-70.57, 70.03, 69.43, 38.06, 29.61, 29.48, 29.42, 29.41, 29.16, 28.58, 26.84, 

26.05. MALDI-TOF-MS: calculated Mw = 569.34 g/mol. Observed m/z = 592.34 [Na+ 

adduct]. FT-IR (ATR) ν (cm-1): 2926, 2856, 2246, 1772, 1710, 1615, 1496, 1467, 1454, 1437, 

1395, 1362, 1300, 1250, 1205, 1188, 1099, 1043, 992, 947, 913, 876, 795, 720, 698, 647, 

620, 604, 530, 464.  

 

1-Phenyl-2,5,8,11,14-pentaoxahexacosan-26-amine (7a).  

To a stirred solution of 2-(1-phenyl-2,5,8,11,14-pentaoxahexacosan-26-yl)isoindoline-1,3-

dione 6a (0.44 mmol, 0.263 g) in ethanol (4 mL) hydrazine monohydrate (0.3 mL) was added 

and the mixture was allowed to stir overnight at reflux. The mixture was concentrated in 

vacuo and chloroform (10 mL) was added. The solution was extracted with NaOH solution 

(3x 10 mL, 1 M). The organic fraction was dried with MgSO4, filtered and concentrated in 

vacuo. The obtained material was purified by silica filtration (Eluent: ethyl acetate followed 

by ethyl acetate/isopropyl amine 90/10 v/v) yielding the product as a slightly yellow oil 

(0.182 g, 89%). 1H NMR (400 MHz, CDCl3 δ): 7.42 – 7.27 (m, 5H, Ar), 4.57 (s, 2H, Ar-CH2-

O), 3.71 – 3.61 (m, 14H, O-(CH2)2-O), 3.59 – 3.53 (m, 2H, O-(CH2)2-O), 3.44 (t, J = 6.8 Hz, 

2H, CH2CH2CH2O), 2.67 (t, J = 6.9 Hz, 2H, CH2CH2NH2), 1.63 – 1.51 (m, 2H, 

CH2CH2CH2O), 1.48 – 1.37 (m, 2H, CH2CH2CH2O), 1.36 – 1.22 (m, 16H, aliphatic). 13C 

NMR (100 MHz, CDCl3 δ): 138.24, 128.34, 127.73, 127.57, 73.23, 71.52, 70.7-70.5, 70.03, 
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69.42, 42.13, 33.49, 29.65-29.35, 26.84, 26.04. MALDI-TOF-MS: calculated Mw = 467.36 

g/mol, observed m/z = 468.44 [MH+]. FT-IR (ATR) ν (cm-1): 2920, 2853, 1648, 1568, 1487, 

1466, 1455, 1386, 1349, 1320, 1303, 1250, 1205, 1107, 1043, 949, 880, 818, 736, 698, 615. 

 

1-Phenyl-2,5,8,11,14-pentaoxapentacosan-25-amine (7b). 

The synthesis of 7b was performed following the same procedure as described for 7a 

yielding 7b as a slightly yellow oil (1.004 gr, 86%). 1H NMR (400 MHz, CDCl3 δ): 7.43-7.25 

(m, 5H, Ar), 4.56 (s, 2H, Ar-CH2-O), 3.72-3.63 (m, 14H, O-(CH2)2-O), 3.56-3.53 (m, 2H, O-

(CH2)2-O), 3.44 (t, 2H,CH2CH2CH2-O), 2.67 (t, 2H, CH2CH2-NH2) 1.63-1.52 (m, 2H, 

CH2CH2CH2-O), 1.50-1.38 (m, 2H, CH2CH2CH2-O), 1.39-1.24 (m, 16H, aliphatic). 13C NMR 

(100 MHz, CDCl3 δ): 138.27, 128.35, 127.73, 127.57, 73.24, 71.54, 70.65-70.55, 70.05, 

69.44, 42.19, 33.67, 29.70, 29.64, 29.60, 29.57, 29.53, 29.47, 26.88, 26.09. MALDI-TOF-

MS: calculated Mw = 453.35 g/mol, observed m/z = 454.35 [MH+]. FT-IR (ATR) ν (cm-1): 

2923, 2853, 1586, 1496, 1455, 1351, 1299, 1249, 1206, 1100, 1041, 1028, 990, 944, 878, 

849, 736, 698, 609, 463.  

 

1-Phenyl-2,5,8,11,14-pentaoxatetracosan-24-amine (7c). 

The synthesis of 7c was performed following the same procedure as described for 7a 

yielding 7c as a slightly yellow oil (0.749 gr, 70%). 1H NMR (400 MHz, CDCl3 δ): 7.40-7.28 

(m, 5H, Ar), 4.57 (s, 2H, Ar-CH2-O), 3.71-3.60 (m, 14H, O-(CH2)2-O), 3.57-3.52 (m, 2H, O-

(CH2)2-O), 3.44 (t, 2H,CH2CH2CH2-O), 2.67 (t, 2H, CH2CH2-NH2) 1.63-1.52 (m, 2H, 

CH2CH2CH2-O), 1.49-1.38 (m, 2H, CH2CH2CH2-O), 1.40-1.25 (m, 16H, aliphatic). 13C NMR 

(100 MHz, CDCl3 δ): 138.26, 128.35, 127.74, 127.58, 73.25, 71.54, 70.68-70.57, 70.05, 

69.44, 42.28, 33.87, 29.63, 29.56, 29.54, 29.49, 29.47, 26.89, 26.08. MALDI-TOF-MS: 

calculated Mw = 439.33 g/mol. observed m/z = 440.35 [MH+]. FT-IR (ATR) ν (cm-1): 2923, 

2854, 1574, 1454, 1383, 1349, 1303, 1249, 1207, 1100, 1041, 1028, 992, 945, 879, 850, 819, 

736, 698, 613, 464.  

 

N1,N3,N5-Tris(1-phenyl-2,5,8,11,14-pentaoxahexacosan-26-yl)benzene-1,3,5-

tricarboxamide (8a).  

A two neck round bottom flask (10 mL, dried at 140 °C) was charged with 1-phenyl-

2,5,8,11,14-pentaoxahexacosan-26-amine 7a (0.39 mmol,0.182 g), dry chloroform (1 mL) 

and triethyl amine (0.99 mmol, 0.100 g) under an atmosphere of dry argon. The mixture was 

stirred at 0 °C and a solution of 1,3,5-benzenetricarbonyl trichloride (0.12 mmol, 32.8 mg) in 

chloroform (0.2 mL) was added drop wise. After 15 minutes the reaction mixture was 

allowed to reach room temperature and stirred overnight. The reaction mixture was 

concentrated in vacuo and purified by column chromatography (eluent chloroform/methanol, 

96/4, v/v) yielding 8a as a colourless oil that solidified upon standing (0.156 g, 83.4%). 1H 

NMR (400 MHz, CDCl3 δ): 8.36 (s, 3H, Ar (benzene tricarboxamide)), 7.39 – 7.27 (m, 15H, 

Ar), 6.57 (t, J = 5.7 Hz, 3H, C=ONHCH2), 4.55 (s, 6H, Ar-CH2-O), 3.69 – 3.59 (m, 42H, O-
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(CH2)2-O), 3.59 – 3.53 (m, 6H, O-(CH2)2-O), 3.49 – 3.39 (m, 12H, CH2CH2NHC=O, 

CH2CH2CH2O), 1.74 – 1.46 (m, 12H, CH2CH2CH2O, CH2CH2CH2O), 1.46 – 1.11 (m, 48H, 

aliphatic). 13C NMR (100 MHz, CDCl3 δ): 165.61, 138.18, 135.24, 128.33, 128.00, 127.73, 

127.57, 73.23, 71.52, 70.65-70.57, 70.03, 69.40, 40.34, 29.58, 29.53, 29.48, 29.44, 29.42, 

29.40, 29.38, 29.20, 26.92, 26.03. MALDI-TOF-MS: calculated Mw = 1558.07 g/mol, 

observed m/z = 1580.93 [Na+ adduct]. FT-IR (ATR) ν (cm-1): 3246, 3065, 2923, 2854, 1642, 

1538, 1454, 1351, 1293, 1261, 1206, 1104, 1041, 1029, 946, 880, 851, 737, 698, 613. 

 

N1,N3,N5-Tris(1-phenyl-2,5,8,11,14-pentaoxapentacosan-25-yl)benzene-1,3,5-

tricarboxamide (8b). 

The synthesis of 8b was performed following the same procedure as described for 8a 

yielding 8b as a colourless oil that solidified upon standing (0.533 gr, 61%). 1H NMR (400 

MHz, CDCl3 δ): 8.37 (s, 3H, Ar, benzenetricarboxamide), 7.34-7.29 (s, 15H, Ar) 6.61-6.58 (t, 

3H, C=ONHCH2), 4.57 (s, 6H, Ar-CH2-O), 3.68-3.61 (m, 42H, O-(CH2)2-O), 3.58- 3.54 (m, 

6H, O-(CH2)2-O) , 3.48-3.40 (m, 12H, CH2CH2NHC=O, CH2CH2CH2O) 1.65-1.48 (M, 12h, 

CH2CH2CH2O, CH2CH2CH2O), 1.40-1.25 (m, 42H, aliphatic). 13C NMR (100 MHz, CDCl3 

δ): 165.61, 138.16, 135.21, 128.33, 128.00, 127.73, 127.58, 73.22, 71.49, 70.65-70.56, 70.02, 

69.38, 40.34, 29.56, 29.51, 29.48, 29.44, 29.38, 29.37, 29.21, 26.92, 26.01. MALDI-TOF-

MS: calculated Mw = 1516.02 g/mol, observed m/z = 1539.01 [Na+ adduct]. FT-IR (ATR) ν 

(cm-1): 3334, 3065, 3031, 2924, 2854, 2111, 1644, 1536, 1496, 1454, 1350, 12887, 1206, 

1099, 1041, 1028, 946, 880, 850, 736, 698, 607, 555, 464. 

 

N1,N3,N5-Tris(1-phenyl-2,5,8,11,14-pentaoxatetracosan-24-yl)benzene-1,3,5-

tricarboxamide (8c). 

The synthesis of 8c was performed following the same procedure as described for 8a 

yielding 8c as a colourless oil (0.351 gr, 44%). 1H NMR (400 MHz, CDCl3 δ): 8.37 (s, 3H, 

Ar, benzenetricarboxamide), 7.34-7,27 (s, 15H, Ar) 6.66-6,63 (t, 3H, C=ONHCH2), 4.57 (d, 

6H, Ar-CH2-O), 3.68-3.61 (m, 36H, O-(CH2)2-O), 3.58- 3.54 (m, 6H, O-(CH2)2-O) , 3.48-

3.40 (m, 12H, CH2CH2NHC=O, CH2CH2CH2O) 1.65-1.45 (M, 12h, CH2CH2CH2O, CH2CH2-

CH2O), 1.39-1.26 (m, 44H, aliphatic). 13C NMR (100 MHz, CDCl3 δ): 165.68, 138.19, 

135.26, 128.35, 128.07, 127.75, 127.60, 73.25, 71.50, 70.69-70.58, 70.06, 69.43, 40.36, 

29.57, 29.53, 29.44, 29.39, 29.37, 29.22, 26.88, 26.02. FT-IR (ATR) ν (cm-1): 3336, 3063, 

3031, 2922, 2853, 1662, 1536, 1496, 1453, 1348, 1284, 1247, 1102, 1039, 1028, 959, 883, 

851, 737, 697, 613, 550, 466. 

 

N1,N3,N5-Trimethyl-N1,N3,N5-tris(1-phenyl-2,5,8,11,14-pentaoxahexacosan-26-yl)benzene-

1,3,5-tricarboxamide (9).  

N1,N3,N5-tris(1-phenyl-2,5,8,11,14-pentaoxahexacosan-26-yl)benzene-1,3,5-

tricarboxamide 8a (0.13 mmol, 0.21 g) was dissolved in dry THF under an atmosphere of dry 

argon. The solution was stirred at 0 °C and sodium hydride (60% dispersion in mineral oil, 
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0.47 mmol, 0.011 g) was added. The ice bath was removed and the mixture was allowed to 

stir for 30 minutes at room temperature. Then, iodomethane (0.78 mmol, 0.11 g) was added 

and the mixture was stirred for 16 hours at reflux. The solvent was removed in vacuo and the 

obtained material was purified by column chromatography (CHCl3/methanol 100/0-90/10 

v/v) yielding 9 as a slightly yellow waxy material (0.11 g, 53%). 1H NMR (400 MHz, CDCl3 

δ): 7.44 (bs, 3H, Ar (benzene tricarboxamide)), 7.39 – 7.27 (m, 15H, Ar), 4.57 (s, 6H, Ar-

CH2-O), 3.72 – 3.54 (m, 48H, O-(CH2)2-O), 3.54 – 3.46 (b, 6H, N-CH2, trans), 3.43 (t, J = 

6.8 Hz, 6H, CH2CH2CH2O), 3.29 – 3.15 (b, 6H, N-CH2, cis), 3.05 (s, 9H, N-CH3, cis), 2.93 

(s, 9H, N-CH3, trans), 1.71 – 1.44 (m, 12H, CH2CH2CH2O, CH2CH2CH2O), 1.44 – 1.04 (m, 

48H, aliphatic). MALDI-TOF-MS: calculated Mw = 1601.12 g/mol, observed m/z = 1623.10 

[Na+ adduct]. 

 

Tetraethylene glycol monobenzyl mono-dodecyl-11-en ether (10). 

A round bottom flask (50 mL) was charged with tetraethylene glycol monobenzyl mono-

12-bromododecyl ether 5a (1.88 mmol, 1.0 g) and DMSO (5 mL). To this solution was added 

KOH (0.2 g, powder). Immediately the colour became dark brown. The reaction mixture was 

heated to 95 °C and was stirred overnight. After removing the DMSO in vacuo 

dichloromethane (30 mL) was added and the organic layer was extracted with water (3x 30 

mL) and brine (2x 30 mL) followed by drying with MgSO4 and filtration. The solvent was 

removed in vacuo and the obtained material was purified by column chromatography 

(ethylacetate/heptane 60/40) yielding 10 as the first of two main fractions as a colourless oil 

(0.297 g, 35%). The second fraction was identified as the primary alcohol product 11 of the 

corresponding Sn2 reaction which was used in a synthetic procedure described in chapter 4. 
1H NMR (400 MHz, CDCl3 δ): 7.48 – 7.27 (m, 5H, Ar), 5.81 (ddt, J = 16.9, 10.1, 6.7 Hz, 

1H, CH2=CHCH2), 4.99 (dq, J = 17.1, 1.7 Hz, 1H, CH2=CHCH2), 4.92 (ddt, J = 10.2, 2.3, 1.2 

Hz, 1H, CH2=CHCH2), 4.57 (s, 2H, Ar-CH2-O), 3.71 – 3.60 (m, 14H, O-(CH2)2-O), 3.59 – 

3.53 (m, 2H, O-(CH2)2-O), 3.44 (t, J = 6.8 Hz, 2H, CH2CH2CH2O), 2.11 – 1.95 (m, 2H, 

CH2=CHCH2CH2), 1.57 (p, J = 7.0 Hz, 2H, CH2CH2CH2O), 1.46 – 1.14 (m, 14H, aliphatic). 

 

Tetraethylene glycol monobenzyl mono-dodecyl-12-ol ether (13). 

In a round bottom flask (25 mL, dried) tetraethylene glycol monobenzyl mono-dodecyl-

11-en ether 10 (0.66 mmol, 0.297 g) was dissolved in THF (6 mL, dry) under an atmosphere 

of dry argon. The stirring solution was placed in an icebath and borane (0.7 mL, 1M in THF) 

was added drop wise. Subsequently, the icebath was removed and the reaction mixture was 

stirred at room temperature for 2 hours. The reaction mixture was placed in an icebath again 

and H2O (0.1 mL), NaOH (0.25 mL, 3M) and H2O2 (0.16 mL, 30%) were added 

consecutively and the solution was stirred at room temperature for 2 hours. Subsequently, the 

reaction mixture was diluted with H2O (7 mL) and the pH was adjusted to pH 7 with HCl 

(3M). The aqueous phase was extracted with chloroform (3x, 10 mL) after which the 

combined organic fractions were dried with MgSO4, filtered, and concentrated in vacuo. The 
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obtained material was purified by column chromatography (ethylacetate/heptane 60/40) 

yielding the product as a colourless oil. (0.236 g, 76%). 1H NMR (400 MHz, CDCl3 δ): 7.48 

– 7.28 (m, 5H, Ar), 4.57 (s, 2H, Ar-CH2-O), 3.78 – 3.60 (m, 16H, O-(CH2)2-O, CH2OH), 3.60 

– 3.53 (m, 2H, O-(CH2)2-O), 3.44 (t, J = 6.8 Hz, 2H, CH2CH2CH2O), 1.66 – 1.48 (m, 4H, 

CH2CH2CH2O, CH2CH2CH2OH), 1.45 – 1.20 (m, 16H, aliphatic). 13C NMR (100 MHz, 

CDCl3 δ): 138.27, 128.34, 127.73, 127.57, 77.35, 77.03, 76.72, 73.24, 71.54, 70.68-70.68, 

70.05, 69.44, 63.04, 32.81, 29.63, 29.58, 29.57, 29.56, 29.55, 29.47, 29.42, 26.08, 25.74. LC-

ESI-MS: Calculated Mw = 468.35 g/mol, observed m/z = 469.42 [MH+]. FT-IR (ATR) ν (cm-

1): 3470, 3031, 2923, 2854, 1496, 1454, 1351, 1297, 1249, 1206, 1100, 1029, 948, 879, 852, 

736, 698, 607, 543, 464. 

 

Tris(1-phenyl-2,5,8,11,14-pentaoxahexacosan-26-yl) benzene-1,3,5-tricarboxylate (14). 

A 2 neck flask (10 mL, dried) was charged with tetraethylene glycol monobenzyl mono-

dodecyl-12-ol ether 13 (0.50 mmol, 0.236 g) and chloroform (1.5 mL, on molsieves) under an 

atmosphere of dry argon. To the stirring solution was added triethyl amine (0.03 mL). The 

flask was equipped with a septum and was placed in an icebath. Benzene-1,3,5-tricarbonyl 

trichloride (0.15 mmol, 0.0398 g) was dissolved in chloroform (0.5 mL, dry) and added 

dropwise to the stirring reaction mixture. After 15 minutes the icebath was removed and the 

reaction mixture was allowed to stir overnight at room temperature. Subsequently, the 

reaction mixture was concentrated in vacuo and purified by column chromatography 

(chloroform/methanol 95/5) yielding 12 as a white solid material. (0.17 g, 71.5%). 1H NMR 

(400 MHz, CDCl3 δ): 8.84 (s, 3H, Ar (benzene triester), 7.43 – 7.28 (m, 15H, Ar), 4.57 (s, 

6H, Ar-CH2-O), 4.36 (t, J = 6.8 Hz, 6H, COOCH2), 3.71 – 3.60 (m, 42H, O-(CH2)2-O), 3.59 

– 3.54 (m, 6H, O-(CH2)2-O), 3.43 (t, J = 6.8 Hz, 6H, CH2CH2CH2O), 1.79 (p, J = 6.9 Hz, 6H, 

CH2CH2CH2O), 1.57 (p, J = 6.9 Hz, 6H, CH2CH2CH2O), 1.49 – 1.21 (m, 48H, aliphatic). 13C 

NMR (100 MHz, CDCl3 δ): 165.07, 138.25, 134.37, 131.46, 128.31, 127.69, 127.53, 73.20, 

71.50, 70.7-70.48, 70.03, 69.41, 65.82, 29.62, 29.60-29.53, 29.51, 29.48, 29.26, 28.64, 26.07, 

25.95. MALDI-TOF-MS: calculated Mw = 1561.02 g/mol, observed m/z = 1584.00 [Na+ 

adduct]. FT-IR (ATR) ν (cm-1): 3089, 3064, 3032, 2925, 2855, 1728, 1635, 1617, 1496, 1454, 

1351, 1332, 1241, 1108, 1029, 986, 881, 850, 743, 698, 465.  
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Chapter	3	

Monosaccharides	as	improved	solubilising	units	
for	BTAs	in	water	

	

Abstract	

Saccharides are versatile moieties that commonly serve as structural or recognition units in 

nature. Furthermore they display excellent solubility in water without the occurrence of a 

lower critical solution temperature (LCST). In the study described in this chapter we exploit 

the excellent water solubility, biocompatibility and potential for selective targeting of 

monosaccharides to create water-soluble supramolecular polymers that possess the 

biocompatibility of the monosaccharides and the possibility of post-assembly 

functionalisation. Two aspects of the molecular design are studied with respect to the self-

assembly behaviour: the balance of the hydrophobic and hydrophilic functionalities through 

variation of the hydrophobic spacer length, and the effect of the introduction of different 

monosaccharides. Systematic changes of the hydrophobic spacer length reveal that a dodecyl 

spacer is required for the formation of supramolecular polymers. The introduction of different 

monosaccharides does not significantly change the self-assembly behaviour in solution. 

These results confirm that monosaccharides can be used successfully as solubilising units for 

self-assembly in water. Finally, as a strategy to functionalise the supramolecular polymers, 

dynamic covalent-bond formation of the monosaccharides with benzoboroxole was explored. 

The results show that targeting the monosaccharides is indeed possible, and highlight the 

potential of this strategy to functionalise the supramolecular polymers in a post-assembly 

stage. 
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3.1	Introduction	

In nature saccharides and saccharide-conjugates or glycoconjugates, such as glycoproteins 

and glycolipids, represent an essential class of compounds. Fulfilling a wide variety of 

functions, they act as structural and barrier elements, but are also important in regulatory, 

recognition, and signal transduction processes.1-3 Of these, saccharide-based amphiphiles are 

typically found in membranes as structural or recognition units.4,5 The abundance of and 

diversity displayed by this class of compounds has resulted in saccharide-based amphiphiles 

to become an important class within the fields of soft matter and materials science; numerous 

saccharide-based amphiphiles have been synthesised and extensively studied, in bulk and in 

aqueous solution.6-10 Alkyl glycosides are an appealing subclass because of their 

straightforward molecular structure.11 Changes in the relative size of the alkyl- or saccharide 

part influence the aggregation in line with the theory of Israelachvili,12 and so does changing 

the spatial orientation of the saccharide head group by modifying the anomeric centre.13,14 

Introducing different epimers also influences the aggregation behaviour, which is attributed 

to differences in hydrogen bonding of the alcohol units.15-17  

In addition to the use of saccharides as a versatile moiety to provide solubility in water, 

the natural role of saccharides as recognition unit can be exploited. Saccharides can be 

selectively bound by proteins called lectins, resulting in inherent bioactivity, which provides 

a strategy for post-assembly functionalisation.18-24 Furthermore, saccharides are well known 

to form dynamic covalent bonds with boronic acids.25-27 Researchers have relied on this 

dynamic covalent bond formation for the development of synthetic lectin mimics,28,29 and 

dynamic systems with applications in sensing,28,30 responsive materials,31-37 drug delivery,38-

41 and separation techniques.42 Benzoboroxole is of particular interest, because it forms 

dynamic covalent bonds with the pyranose form of monosaccharides.37, 43-47 

Because of their excellent water-solubility, biocompatibility, and potential for selective 

targeting, we have prepared a series of BTA derivatives substituted with monosaccharides 

(Scheme 3.1). Two aspects of the molecular design are studied with respect to the self-

assembly behaviour: variation of the hydrophobic spacer length and introduction of different 

monosaccharides. In a first series of experiments the effect of the spacer length is studied by 

introducing a dodecyl, decyl, octyl or hexyl spacer connected to β-D-glucopyranoside 

(compounds 1a-d). In a second series of experiments the aliphatic spacer is kept constant and 

the monosaccharide is varied from β-D-glucopyranoside to α-D-glucopyranoside, α-D-

galactopyranoside, and α-D-mannopyranoside. This allows us to assess the influence of the 

anomeric centre (1a versus 2) and of different epimers (1a versus 3 and 4) on the self-

assembly. In all cases the monosaccharide is connected to the BTA moiety by a Cu(I) 

catalysed azide-alkyne cycloaddition because of ease of synthesis and functional group 

tolerance. 
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Figure 3.1: Chemical structure of BTAs 1-4. 

3.2	The	effect	of	the	spacer	length	on	the	self‐assembly	behaviour	

3.2.1	Synthesis	of	BTAs	1a‐d	

The synthetic route towards BTAs 1a-d is shown in Scheme 3.1. The α,ω-dibromoalkanes 

of required length were converted into N-(ω-azidoalkyl)phthalimides 5a-d in a statistic one-

pot procedure. The Gabriel synthesis was completed by treating 5a-d with hydrazine 

monohydrate affording the ω-azidoalkyl-α-amines 6a-d in overall yields of 30-40%. 

Subsequently, reaction of trimesoyl chloride with three equivalents of 6a-d provided azide-

functionalised benzene-1,3,5-tricarboxamides 7a-d in yields of 51-88%. The acetyl protected 

glucose functionalised BTAs 8a-d were produced in high yields by Cu(I) catalysed 

cycloaddition of 7a-d with 2-propynyl-tetra-O-acetyl-β-D-glucopyranoside. Saponification of 

8a-d with sodium hydroxide resulted in the desired glucose-functionalised BTAs 1a-d in near 

quantitative yields. Compounds 1a-d were obtained as white solids after purification by 

reversed phase column chromatography and were fully characterised by 1H NMR, 13C NMR 

and IR spectroscopy and MALDI-TOF-MS.  
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Scheme 3.1: Synthesis of BTAs 1a-1d. 

3.2.2	Exploring	the	effect	of	the	spacer	length	on	the	self‐assembly	with	1H	NMR	

The tumbling rate of molecules in solution decreases with increasing size, resulting in 

broadening of the signals in 1H NMR spectroscopy due to enhanced spin-spin interactions 

and fast T2 relaxation. Also aggregation of small molecules is accompanied by peak 

broadening in 1H NMR, which eventually results in a complete loss of signal. Taking 

advantage of this effect, the aggregation behaviour of 1a-d in D2O was assessed by 1H NMR 

at room temperature (c = 1×10-3 M) (Figure 3.2).  

 
Figure 3.2: 1H NMR of 1a-1d (c = 1 × 10-3 M) in D2O at 20 °C. 
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The spectrum of 1d, which comprises the shortest aliphatic spacer, shows sharp signals. 

The peaks at 7.9 and 8.1 ppm are assigned by 1D ROESY NMR to the triazole and aromatic 

core of the BTA, respectively. In 1c, which comprises an octyl spacer, the two aromatic 

signals are slightly shifted, but the other signals are comparable to 1d. In the spectrum of 1b 

only one of the aromatic signals is visible, and the remaining signals are rather broad. Finally, 

in 1a, all signals corresponding to the BTA are lost and only the solvent peaks remain visible.  

Apparently, the hexyl spacer in 1d and the octyl spacer in 1c are too short to induce 

aggregation at this concentration and hence sharp signals are observed. On the other hand, all 

signals in the spectrum of 1a are lost, indicative of large aggregates. The absence of a signal 

for the aromatic core of 1b, and the broad remaining signals suggests the formation of small 

aggregates with a rigidified centre in which the BTA cores are aggregated, while the side 

chains remain flexible.  

To further explore the aggregation behaviour of 1a and 1b, variable temperature 1H NMR 

measurements were performed using pyrazine as an internal standard, which shows a sharp 

signal at 8.6 ppm (c = 1 × 10-3 M, Figure 3.3). At 25 °C, the spectrum of 1b displays only the 

signal corresponding to the triazole in the aromatic region at 7.9 ppm. At 40 °C, a broad 

signal at 8.1 ppm corresponding to the aromatic core of the BTA appears, and a signal at 3.2 

ppm emerges which is assigned to the -CH2- next to the amide by 2D-COSY NMR. All 

signals gradually become sharper by increasing the temperature to 80 °C. 
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Figure 3.3: Variable temperature 1H NMR spectra of 1a (top) and 1b (bottom) in D2O (c = 1 × 10-3 M) using 

water presaturation for improved signal-to-noise. 

In contrast to the gradual temperature dependence of 1b, the 1H NMR spectrum of 1a 

shows no signals other than water at 1.8 ppm up to 60 °C. At 70 °C a signal for the triazole at 

7.9 ppm, and signals corresponding to the aliphatic spacer and the saccharide end group 

appear. At 80 °C a broad peak at 7.6 ppm emerges, corresponding to the aromatic core, which 

shifts to 7.8 ppm at 90 °C. At this temperature, also a broad peak at 3.2 ppm appears which is 

assigned to the -CH2- next to the amide by 2D COSY NMR. Interestingly, the shift of the 

aromatic core in 1a is 7.8 ppm at 90 °C, while in 1b it is 8.1 ppm already at 40 °C. This 

suggests π-π stacking of the cores of 1a, even at 90 °C, and indicates a different internal 

packing in the aggregates of 1a and 1b.  
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Figure 3.4: Normalised integral of the triazole 1H NMR signal as function of temperature for 1a and 1b (c = 

1 × 10-3 M) taken from spectra in Figure 3.3.  

The normalised integral of the triazole signal plotted as function of temperature, clearly 

shows the different temperature responses of the aggregation of 1a and 1b in water (Figure 

3.4). For 1b a plateau is reached at 50 °C. Based on the line broadening, this indicates that 

above 50 °C 1b is present in little clusters of only a few molecules. Furthermore, we estimate 

that at 25 °C the fraction of 1b in aggregates that are too large to be detected by 1H NMR is 

roughly φ = 0.5. For 1a the normalised integral of the triazole signal sharply increases above 

60 °C. Based on the shape of the curve, it seems that a plateau is not yet reached even at 90 

°C. For 1a φ = 0.5 seems to be reached between 65 and 70 °C.   
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3.2.3	UV	and	fluorescent	spectroscopy	studies	on	the	self‐assembly	behaviour	of	1a‐d	

UV-vis experiments were performed to study the aggregation behaviour of 1a-d in more 

detail (Figure 3.5). Samples were prepared by injection of a concentrated solution in 

methanol (5 μL, c = 5 × 10-3 M) into water (2.5 mL, c = 1 × 10-5 M). 
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Figure 3.5: UV-vis spectra of 1a-1d (c = 1 × 10-5 M) in water measured at a range of temperatures between 

0 °C to 90 °C. 

The absorption spectra of BTAs 1d and 1c show a maximum at 208 nm without a 

significant effect of temperature. The spectrum of 1b also shows a maximum at 208 nm, 

which upon increasing the temperature to 90 °C becomes sharper and slightly more intense. 

For 1a, an absorption maximum at 211 nm with a shoulder around 225 nm is observed at 20 

°C. No significant changes occur upon increasing the temperature to 50 °C. At 60 °C, a 

strong intensity decrease around 225 nm is accompanied by a strong increase around 194 nm. 

By further raising the temperature to 90 °C, a shoulder at 208 nm emerges.  

The absorption maximum at 208 nm, observed in the case of 1b, 1c, and 1d, has been 

assigned previously to molecularly dissolved BTAs in apolar organic solvents.48,49 In water, 

this maximum has been attributed to the absence of hydrogen bonds between BTAs and the 

absence of an ordered BTA stack,50 as is described in detail in Chapter 2. The temperature 
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independence of the spectra of 1c and 1d indicates that no aggregates are formed. Taking the 

results from the 1H NMR experiments into account, the small temperature response of the 

absorption spectrum of 1b may be explained by the formation of small aggregates driven by 

the amphiphilic nature of the molecules, while the maximum at 208 nm indicates that no 

ordering of the BTA cores occurs. Only in the UV spectrum of 1a significant changes are 

observed upon increasing the temperature. The spectrum measured at temperatures below 

60 °C resembles the UV-vis spectrum assigned to self-assembled BTAs in Chapter 2. Above 

60 °C the spectrum abruptly shifts to a maximum at 194 nm, which in apolar solvents is 

attributed to BTA self-assembly into columnar helical stacks stabilised by threefold hydrogen 

bonding.48 We propose that the shift in the UV absorption of 1a upon raising the temperature 

from 20 to 60 °C is caused by a transition from one mode of aggregation to another, similar 

to the transition observed in Chapter 2 (Chapter 2, Figure 2.2C). Raising the temperature to 

90 °C results in partial disruption of the aggregates, indicated by the development of a 

shoulder at 208 nm. 

Formation of hydrophobic domains upon self-assembly was assessed using the 

solvatochromic dye Nile Red. Both the fluorescence emission wavelength and intensity of 

Nile Red depend on the polarity of its environment. In water, Nile Red has a low emission 

intensity with λmax at 650 nm.51 In a more apolar environment, the emission intensity 

increases and λmax shifts to shorter wavelengths. The emission intensity and λmax are directly 

related to the presence and polarity of a hydrophobic pocket. Samples were prepared by 

injection of a solution of NR in methanol (5 μL, c = 2.5 × 10-3 M) into water (2.5 mL), 

followed by the desired BTA (5 μL, c = 1 × 10-2 M or c = 5 × 10-2 M, final concentrations: 

cNR = 5 × 10-6 M, cBTA = 1 × 10-5 M or cBTA = 5 × 10-5 M). Solutions of 1c and 1d show no 

change in fluorescence intensity or λmax compared to Nile Red in water, which suggests that 

no aggregation occurs. Solutions of 1a and 1b do show an increase in intensity and a shift of 

λmax (Figure 3.6). 
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Figure 3.6: A) Fluorescence emission spectra of Nile Red in aqueous solutions of 1a and 1b and in water at 

20 °C (cBTA = 1 × 10-5 M, cNR = 5 × 10-6 M). B) Nile Red fluorescence emission in an aqueous solution of 1a 
measured at temperatures between 10 °C and 80 °C displaying an abrupt shift between 60 and 70 °C. 
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The emission intensity of Nile Red in a solution of 1a (c = 1 × 10–5 M) increases two 

orders of magnitude and λmax shifts to 625 nm (Figure 3.6A). The intensity increase is much 

smaller in the solution of 1b (c = 1 × 10–5 M) and the blue-shift of λmax to 633 nm is smaller 

(Figure 3.6A). The temperature-dependent Nile Red emission in solution of 1a is highly 

nonlinear (Figure 3.6B); upon increasing the temperature from 10 to 80 °C a strong shift in 

λmax and abrupt decrease in intensity is observed between 60 and 70 °C. In variable 

temperature UV and 1H NMR spectroscopy measurements a similar abrupt change was 

observed. These results imply that around 60 °C a sharp change in the structure of the 

aggregates occurs. In solutions of 1b only a gradual intensity decrease and shift of λmax is 

observed (not shown).  

3.2.4	Assessing	the	dimensions	of	aggregates	of	1a	by	cryo‐TEM	and	SAXS	

The results from the Nile Red assay, the UV absorption and the 1H NMR experiments are 

in good agreement; all three methods indicate that 1c and 1d do not aggregate in water at the 

concentrations studied. Based on the results of the three techniques combined, we propose for 

1b that aggregation into micelles occurs as a result of its amphiphilic nature without ordering 

of the BTA cores. For 1a, both the UV spectroscopy and Nile Red study indicate that 

aggregation takes place at 20 °C and a transition to another type of aggregates occurs around 

60 °C. This is supported by 1H NMR which indicates the formation of large aggregates below 

60 °C and small aggregates above 60 °C. Therefore, we propose that in 1a the BTA unit 

effectively contributes to the self-assembly process, even at elevated temperatures. To further 

explore the self-assembly of 1a in water, cryo-TEM measurements were performed (c = 6.7 × 

10-4 M, Figure 3.7A). 
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Figure 3.7: A) Cryo-TEM image of 1a in water (c = 6.7 × 10-4 M); scale bar is 0.5 μm. Inset: zoom, scale 

bar is 100 nm. B) SAXS profiles of 1a in aqueous solution (c = 3.2 × 10-3 M) measured at 20 °C (black squares); 
fitted with the Schurtenberger–Pedersen form factor for worm-like, self-avoiding chains (solid lines). Lk = 6.6  
0.2 nm, rcs = 3.4  0.1 nm and Lc > 70 nm (beyond the experimentally accessible range). 
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Cryo-TEM shows fibres of high aspect ratio with lengths of several micrometres and a 

diameter of approximately 5 nm. The fibres do not appear to form bundles; however, this is 

difficult to assess due to the high fibre density in the sample.  

Small-angle X-ray scattering (SAXS) measurements were carried out in collaboration with 

Ilja Voets to study the dimensions of the supramolecular polymers formed by 1a in more 

detail (c = 3.2 × 10-3 M) at 20 °C (Figure 3.7B). The SAXS profile is characteristic for one-

dimensional fibres with lengths beyond the experimentally accessible q-range. Data 

extraction from the profile using a wormlike chain model,52 yields a contour length beyond 

the limit of 70 nm. The Kuhn length (Lk), which is a measure for the stiffness of 

supramolecular polymers, is 6.6  0.2 nm, and the cross-sectional radius (rcs) is 3.4  0.1 nm 

at 20 °C. These values are in good agreement with the cryo-TEM images (Figure 3.7A), and 

suggest that even at high concentrations these fibres do not tend to form bundles. This 

analysis shows that the dimensions of the supramolecular polymers formed by 1a are 

comparable to the BTAs carrying a dodecyl tetraethylene glycol substituent discussed in 

Chapter 2.50 Hence, this modification of the water-soluble periphery of the BTAs does not 

seem to affect the nature of the supramolecular polymers formed in water. 

3.3	Changing	the	monosaccharides	

In the previous section of this chapter, the influence of the hydrophobic spacer length on 

the aggregation has been assessed; a dodecyl spacer is required for directional self-assembly 

into supramolecular polymers. In this section, the influence of the conformation of the 

solubilising monosaccharide on the self-assembly is explored in more detail. To that purpose, 

complementary to 1a, BTA derivatives 2-4 decorated with α-D-glucopyranoside, α-D-

galactopyranoside, and α-D-mannopyranoside, respectively, have been synthesised (Scheme 

3.2). This allows us to assess the influence of variation of the anomeric centre (1a versus 2) 

and of different epimers (1a versus 3 and 4) on the self-assembly. 

3.3.1	Synthesis	of	BTAs	2‐4	

The synthesis of BTA derivatives 2-4 was achieved by coupling of 7a (see Scheme 3.1 for 

the synthesis of 7a) with the corresponding alkyne-functionalised monosaccharide by Cu(I) 

catalysed azide-alkyne cyclo-addition (Scheme 3.2). The alkyne-functionalised 

monosaccharides used for the synthesis of 2-4 were commercially available in unprotected 

form. Optimisation of the workup compared to 1a by reversed phase column chromatography 

effectively removed salts and other impurities. BTAs 2-4 were obtained as white solids and 

were fully characterised by 1H NMR, 13C NMR and IR spectroscopy and MALDI-TOF-MS. 
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Scheme 3.2: Synthesis of 2-4. 

3.3.2	Variable	temperature	FT‐IR	measurements	of	1a	and	2‐4	in	the	bulk	

The FT-IR spectra of 1a and 2-4 in the bulk were measured at temperatures between 25 

and 100 °C (Figure 3.8). The amide vibrations of 1a and 2, decorated with β-glucopyranoside 

and α-glucopyranoside, respectively, are much sharper than the amide vibrations of 3 and 4. 

At 25 °C (blue curves), both 3 and 4 show amide vibrations which indicate that no hydrogen 

bonds are formed, and only minor changes are observed upon increasing the temperature. 

While the spectrum of 2 displays a minor temperature dependency with respect to signal 

intensity, the amide vibrations for 2 also indicate that no hydrogen bonds are formed. Only in 

the spectrum of 1a, at 25 °C (blue curve) vibrations at 3260 cm-1 (NH stretch), 1632 cm-1 

(amide I), and 1543 cm-1 (amide II) indicate the formation of hydrogen bonds. 



Monosaccharides as improved solubilising units for BTAs in water 

63 
 

3500 3000 2500

Wavenumber / cm-1

3260

3304

1a

1750 1700 1650 1600 1550 1500

1a

Wavenumber / cm-1

1632
1543

1641

1533

1593

3500 3000 2500

2

Wavenumber / cm-1

3302

3308

1750 1700 1650 1600 1550 1500

2

Wavenumber / cm-1

1642

1532

1641 1537

3500 3000 2500

3

Wavenumber / cm-1

3298

3302

1750 1700 1650 1600 1550 1500

Wavenumber / cm-1

1543

1541

16453

3500 3000 2500

Wavenumber / cm-1

3292

3308

4

1750 1700 1650 1600 1550 1500

Wavenumber / cm-1

1541

1537
1643

4

 
Figure 3.8: FT-IR spectra of 1a and 2-4 in the bulk measured between 25 °C (blue) and 100 °C (red). Left: 

zoom of the N-H stretch region. Right: zoom of the amide I and amide II region. In the spectra of 1a and 2 the 
curve at 50 °C is displayed in black. 
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Raising the temperature from 25 to 50 °C (black curve) doesn’t significantly influence the 

vibrations of 1a, only the intensity slightly increases. Raising the temperature further to 100 

°C results in a gradual shift of the amide vibrations; the N–H stretch vibration shifts to 3304 

cm-1, the amide I vibration shifts to 1641 cm-1, and the amide II vibration shifts to 1533 cm-1. 

These frequencies indicate that at 100 °C the hydrogen bonds are disrupted.53,54  

The observation that only in 1a hydrogen bonding between the amide groups occurs 

indicates that the anomeric centre influences the packing of 1a and 2-4 in the bulk. Possibly, 

only in 1a the equatorial orientation of the β-glucopyranoside allows the BTA cores to pack 

tightly enough to form hydrogen bonds in the bulk.  

3.3.3	UV‐vis	studies	on	the	self‐assembly	of	1a	and	2‐4	in	aqueous	solution	

In the first section of this chapter, the UV-vis spectrum of 1a has been discussed (Figure 

3.5), in which a rather abrupt transition is observed between 50 and 60 °C. To study the self-

assembly in more detail, the UV-spectra of 1a and 2-4 were measured between 20 and 90 °C 

at more intermediate temperatures. Samples were prepared by addition of water to the solid 

material and upon gentle heating the solid material dissolves readily resulting in a clear 

solution. 
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Figure 3.9: UV-vis spectrum of 1a in water (c = 1×10-5 M) measured at temperatures between 20 °C and 90 

°C displaying two different transitions. A) 20 °C to 62 °C. B) 64 °C to 90 °C.  

For 1a, at 20 °C a broad absorption maximum at 211 nm is observed with a shoulder 

around 225 nm. By increasing the temperature from 20 to 62 °C (Figure 3.9A) the intensity at 

225 nm decreases and the absorption maximum shifts to 208 nm. Concurrently, a shoulder at 

195 nm emerges separated by an isosbestic point. By increasing the temperature to 90 °C 

(Figure 3.9B), the shoulder at 195 nm diminishes, while the absorption maximum at 208 nm 

further increases via an isosbestic point. The temperature behaviour is completely reversible 

and upon cooling to 20 °C the initial spectrum is obtained again. These observations are in 

good agreement with the previous measurements (Figure 3.5). The transition between 20 and 

62 °C appears to be a transition from one aggregated state, to another, indicated by the 
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wavelength of the upcoming band at 195 nm and the presence of an isosbestic point. This 

transition is reminiscent of the transition observed in the BTAs carrying dodecyl tetraethylene 

glycol substituents (Chapter 2, Figure 2.2C); after injection from methanol into water a 

transition is observed over the course of 50 minutes, going from a maximum at 192 nm to a 

double maximum at 211 nm and 225 nm.50 The absorption band at 208 nm may indicate that 

a part of the BTAs is in an unordered conformation, however, the 1,2,3-triazole unit also has 

an absorption maximum at 210 nm in water,55 which may contribute to the intensity around 

this wavelength. Between 62 and 90 °C the absorption band at 208 nm increases, indicating 

that at elevated temperature the aggregates are disrupted. 
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Figure 3.10: UV-vis spectra of 2-4 in water (c = 1 × 10-5 M) measured at temperatures between 20 and 90 

°C displaying two different transitions. Left: temperature range from 20 to ~60 °C. Right: temperature range 
from ~60 to 90 °C. For 2 an inset is shown displaying a transition observed over the course of 105 minutes after 
sample preparation from a maximum at 196 nm to 211 nm. 
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The UV-vis spectra of 2–4 show the same two transitions as observed for 1a (Figure 3.10). 

At 20 °C, The absorption spectra of 2–4 reveal a broad absorption band at 211 nm and a 

shoulder around 225 nm. By raising the temperature, this shoulder diminishes and the 

maximum shifts to 208 nm. Simultaneously, a shoulder around 195 nm emerges via an 

isosbestic point. The temperature at which this transition reaches completeness varies 

between 60 and 64 °C for derivatives 2–4. By raising the temperature to 90 °C the maximum 

at 208 nm becomes more intense in all samples. The shape and intensity change of the 

shoulder at 195 nm varies slightly between 1a–4. Possibly, this is due to the solvent cut-off of 

water, which is 190 nm at 20 °C and shifts with temperature, making this part of the spectrum 

sensitive to small deviations of the background correction. Nevertheless, in all cases the same 

trend is observed. Interestingly, for 2 directly after sample preparation a transition in the 

absorption spectrum is observed over the course of 105 minutes (Figure 3.10, inset), going 

from an absorption maximum at 196 nm to the broad band at 211 nm with a shoulder around 

225 nm. We expect that this process may occur for all BTA derivatives 1a–4. The same 

transition is observed in solutions of the BTA carrying a dodecyl tetraethylene glycol 

substituent discussed in Chapter 2 after injection from methanol into water (Chapter 2, Figure 

2.2C). It appears that heating the solution up to 60 °C induces the reversed transition.  

To more clearly visualise the influence of changing temperature the normalised absorption 

intensity at 225 nm is plotted versus the temperature (Figure 3.11). BTA derivatives 1a–4 all 

display a very similar temperature profile. A gradual decrease of the intensity is observed 

going from 90 to 60 °C, followed by a cooperative intensity increase between 60 and 20 °C. 

The final absorption intensity is reached fastest by 1a and 4, while in the case of 2 it seems to 

deviate slightly. This plot visualises the slow and gradual aggregation process at high 

temperature, which results in small aggregates according to the 1H NMR experiments. Below 

60 °C the aggregation into long supramolecular polymers is highly cooperative. Possibly, the 

small aggregates formed at high temperature act as nucleus for elongation into the 

supramolecular polymers. 
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Figure 3.11: normalised UV-vis absorption of aqueous solutions of 1a-4 (c = 1 × 10-5 M) at 225 nm plotted 

versus temperature. 
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3.3.4	Probing	the	self‐assembly	by	CD	spectroscopy	

The functionalisation of 1a and 2-4 with enantiomerically pure monosaccharides may bias 

the helical preference of supramolecular polymers leading to optical activity.48,56-58 Therefore, 

circular dichroism (CD) spectroscopy measurements have been performed on aqueous 

solutions of 1a and 2-4 (c = 1 × 10-5 M and 5 × 10-5 M). However, all solutions were CD-

silent. Possibly, the chiral centres are too far distanced from the BTA core and the 

monosaccharides may have too much conformational freedom to induce a bias for 

supramolecular chirality. Furthermore, the saccharides are likely well solvated by water 

molecules, further reducing the potential for transfer of chiral information to the aggregate.  

3.3.5	Imaging	the	self‐assembly	of	2‐4	by	cryo‐TEM	

Cryo-TEM measurements have been carried out on aqueous solutions of 2-4 to visualise 

the aggregates and to assess their shape and dimensions in aqueous solution (Figure 3.12). 

 

Figure 3.12: Cryo-TEM images of 3 and 4 in water (c = 3.4 × 10-4 M); scale bar is 0.5 μm. Inset: zoom, 
scale bar is 100 nm. 

At a concentration of 3.4 × 10-4 M, both 3 and 4 form long, fibrillar aggregates of 

micrometres in length and a diameter of approximately 5 nm (Figure 3.12). These dimensions 

match with those previously obtained for 1a (Figure 3.7) For 2 no fibres are observed, 

possibly due to poor-quality ice formation during the vitrification process. However, we 

expect 2 to form supramolecular polymers similar to 1a, 3 and 4. Interestingly, the 

supramolecular polymers display a periodic variation in diameter and intensity, as can be 

seen at a higher magnification (Figure 3.12, left inset). This is also observed in the cryo-TEM 

images discussed in Chapter 2 for the BTAs decorated with a tetraethylene glycol unit 

(Chapter 2, Figure 2.3), and is tentatively attributed to a non-circular cross-section of the 

supramolecular polymers. The higher magnification cryo-TEM of 4 (Figure 3.12, right inset) 
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does not clearly show the same feature, possibly to poorer contrast or focus. Both 3 and 4 

show some bundling, but this appears to be a result of the relatively high concentration rather 

than a general effect. 

3.4	Targeting	the	saccharide	units	via	dynamic	covalent	bond	formation	
with	benzoboroxole	

To investigate whether the supramolecular polymers formed by saccharide-functionalised 

1a and 2-4 can be selectively targeted by using benzoboroxole,43,44 amino-benzoboroxole was 

labelled with the dye fluorescein (Figure 3.13). Fluorescein-labelled benzoboroxole (c = 

5×10-7 M) was added to pre-equilibrated solutions of 1a, 3 and 4 (3 × 10-5 M) and the binding 

was qualitatively assessed by fluorescence microscopy (Figure 3.14). 

HN
C

HN
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O OHO
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Figure 3.13: Fluorescein-labelled benzoboroxole 9. 

 
Figure 3.14: Fluorescence microscopy images of 1a, 3, and 4 (c = 3 × 10-5 M) in the presence of fluorescein 

labelled benzoboroxole (c = 5 × 10-7 M) showing fibrillar objects in all cases. Scale bar is 10 micrometre. 

All the tested samples show fluorescent fibrillar objects, although some differences 

between 1a, 3 and 4 can be observed. The sample of 1a shows a mixture of fibres longer than 

10 μm and short fibres. For 3 the observed fibres are around 10 μm long on average. Mostly 

short fibres are present in the solution of 4, but some fibres reach up to 10 μm in length. To 

rule out non-specific or hydrophobic interactions, fluorescein-labelled benzoboroxole was 

added to a solution of a BTA carrying a tetraethylene glycol unit instead of a monosaccharide 

(Chapter 2, BTA 1a in Figure 2.1). In this solution, no aggregates were observed with 

fluorescent microscopy. This strongly suggests that the fibres in Figure 3.14 are visible as a 
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result of selective dynamic covalent-bond formation between the benzoboroxole and the 

monosaccharides in 1a, 3, and 4. 

While cryo-TEM measurements showed that 1a, 3 and 4 form fibres of similar dimensions 

of several micrometres in length, the fluorescence microscopy measurements suggest that the 

average length of the fibres varies considerably. Possibly, the length scale of the cryo-TEM is 

too small to detect these differences. However, the observed differences may also result from 

complexation of benzoboroxole with the supramolecular polymers, which may influences the 

self-assembly and exert a different effect on the different monosaccharides. Nevertheless, 

these measurements show the proof of principle of a post-assembly dynamic step to 

functionalise, label, or target the supramolecular polymers, and preparation of multivalent 

benzoboroxole derivatives may lead to higher affinity. Furthermore, in a multicomponent 

system, this approach may allow for the development of selective cross-linkers, or recruiters 

to gain spatiotemporal control over the population distribution over the length of the 

supramolecular polymer.59  

3.5	Conclusions	

A series of monosaccharide-functionalised BTA derivatives has been synthesised and their 

aqueous self-assembly has been studied. In the first part of this chapter we show that the 

aliphatic spacer length in 1a-d influences self-assembly; 1c and 1d do not self-assemble, 1b 

forms only small aggregates driven purely by the amphiphilic nature of the molecules, and 1a 

self-assembles into supramolecular polymers of high aspect ratio. From the red-shifted UV 

spectrum of 1a we conclude that the packing within the supramolecular polymers differs 

from the columnar packing commonly observed in apolar organic solvents, similar to what 

was observed in the tetraethylene glycol substituted BTAs discussed in Chapter 2.  

In the second part we show that the introduction of different monosaccharides connected 

through a dodecyl spacer does not significantly influence the self-assembly in water. In the 

solid state these changes do have an effect, where only with a monosaccharide in the β-

configuration hydrogen bonds are formed at 25 °C. In solution, the monosaccharide 

functionalised BTAs do not have an LCST, and two temperature regimes exist; above 60 °C 

small aggregates are formed while below 60 °C long supramolecular polymers are formed in 

a cooperative process. These results show that monosaccharides can be used as an alternative 

to tetraethylene glycol as solubilising unit for BTAs; monosaccharides provide improved 

solubility without disrupting the self-assembly. 

Finally, we show that the monosaccharides in the supramolecular polymers can be 

selectively targeted by benzoboroxole through dynamic covalent bond formation. This 

strategy may provide a powerful method to functionalise or label the supramolecular 

polymers in a post-assembly stage. In analogy, the use of lectins may be used for more 

specific targeting. 
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3.6	Experimental	section	

3.6.1	Materials	

Unless stated otherwise, all reagents and chemicals were obtained from commercial 

sources at the highest purity available and used without further purification. Propargyl α-D-

galactopyranoside and propargyl α-D-mannopyranoside were purchased from Carbosynth 

limited. (5-Amino-2-hydroxymethylphenyl)boronic acid HCl dehydrate was purchased from 

abcr GmbH. All solvents were of AR quality and purchased from Biosolve. Deuterated 

chloroform was dried over 4 Å molsieves and triethyl amine was stored on KOH pellets. 

Flash chromatography was performed on a Biotage flash chromatography system using 200–

425 mesh silica gel (Type 60A Grade 633). Water was purified on an EMD Millipore Milli-Q 

Integral Water Purification System. Reactions were followed by thin-layer chromatography 

(precoated 0.25 mm, 60-F254 silica gel plates from Merck). 

3.6.2	Instrumentation	

1H NMR and 13C NMR spectra were recorded on a Varian Mercury Vx 400 MHz (100 

MHz for 13C) or a Varian Mercury Plus 200 MHz (50 MHz for 13C) NMR spectrometer. 

Chemical shifts are given in ppm (δ) values relative to residual solvent or tetramethylsilane 

(TMS). Splitting patterns are labelled as s, singlet; d, doublet; dd, double doublet; t, triplet; q, 

quartet; quin, quintet; m, multiplet and b stands for broad. 

Matrix assisted laser desorption/ionisation mass spectra were obtained on a PerSeptive 

Biosystems Voyager DE-PRO spectrometer or a Bruker autoflex speed spectrometer using α-

cyano-4-hydroxycinnamic acid (CHCA) and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-

enylidene]malononitrile (DCTB) as matrices. 

Infrared spectra were recorded on a Perkin Elmer Spectrum One 1600 FT-IR spectrometer 

or a Perkin Elmer Spectrum Two FT-IR spectrometer, equipped with a Perkin Elmer 

Universal ATR Sampler Accessory. Variable temperature IR was recorded on a Bruker 

Tensor 27 equipped with a PIKE GladiATR. 

Ultraviolet-visible (UV-vis) absorbance spectra were recorded on and a Jasco V-650 UV-

vis spectrometer with a Jasco ETCT-762 temperature controller. 

Fluorescence data were recorded on a Varian Cary Eclipse fluorescence spectrometer. 

Samples for cryogenic transmission electron microscopy (cryo-TEM) were prepared in a 

‘Vitrobot’ instrument (PC controlled vitrification robot, patent applied, Frederik et al 2002, 

patent licensed to FEI) at room temperature and a relative humidity >95%. In the preparation 

chamber of the ‘Vitrobot’ a 3μL sample was applied on a Quantifoil grid (R 2/2, Quantifoil 

Micro Tools GmbH; freshly glow discharged just prior to use), excess liquid was blotted 

away for 2 s at -2 mm and the thin film thus formed was shot (acceleration about 3 g) into 

liquid ethane. The vitrified film was transferred to a cryoholder (Gatan 626) and observed at -

170 °C in a Tecnai Sphera microscope operating at 200 kV. Micrographs were taken at low 

dose conditions. DLS measurements were recorded on an ALV/CGS-3 MD-4 compact 



Chapter 3 

72 
 

goniometer system equipped with a multiple tau digital real time correlator (ALV-7004) and 

a solid state laser (λ = 532 nm; 40 mW). Small angle X-ray scattering measurements were 

performed on a SAXSLAB GANESHA 300 XL SAXS system equipped with a GeniX 3D Cu 

Ultra Low Divergence micro focus sealed tube source producing X-rays with a wavelength λ 

= 1.54 Å at a flux of 1 × 108 ph/s and a Pilatus 300 K silicon pixel detector with 487 × 619 

pixels of 172 μm2 in size placed at three sample-to-detector distances of 113, 713, and 1513 

mm respectively to access a q-range of 0.07 ≤ q ≤ 3.0 nm–1 with q = 4π/λ(sin θ/2). Silver 

behenate was used for calibration of the beam centre and the q range. Samples were 

contained in 2 mm quartz capillaries (Hilgenberg Gmbh, Germany). 

The two-dimensional SAXS patterns were brought to an absolute intensity scale using the 

calibrated detector response function, known sample-to-detector distance, measured incident 

and transmitted beam intensities, and azimuthally averaged to obtain one dimensional SAXS 

profiles. The scattering curves of the supramolecular polymers were obtained by subtraction 

of the scattering contribution of the solvent and quartz cell. 

3.6.3	Methods	

UV-Vis and fluorescence measurements were performed using quartz cuvettes (1 cm). 

Two procedures for aqueous sample preparation were used. The material was either dissolved 

directly in water or in methanol and injected into water. In line with the sample preparation 

adopted in Chapter 2, typically, a stock solution of the desired BTA derivative was prepared 

in methanol and 5 μL was injected into 2.5 mL water (milliQ) obtaining the desired 

concentration (c = 1 × 10-5 M or c = 5 × 10-5 M). Samples were allowed to anneal overnight. 

After it became clear that sample preparation was very easy this method was adopted; A 

stock solution of the desired BTA derivative in water was prepared by measuring out the 

material, addition of water (milliQ) and heating the mixture carefully. After cooling to room 

temperature the solution was completed to obtain the correct concentration (c = 1 × 10-5 M or 

c = 5 × 10-5 M).  

3.6.4	Synthetic	procedures	

N1,N3,N5-Tris(dodecyl-triazole-β-D-glucopyranoside)benzene-1,3,5-tricarboxamide (1a). 

N1,N3,N5-Tris(hexyl-(acetyl-protected-β-D-glucopyranoside))benzene-1,3,5-

tricarboxamide 8a (0.04 mmol, 80 mg) and sodium hydroxide (0.75 mmol, 30 mg) were 

dissolved in methanol (2 mL). The reaction mixture was stirred overnight, after which the 

solvent was removed in vacuo. The residue was dried by lyophilisation prior to addition of 

dry methanol (1 mL) and, subsequently, sodium hydroxide was filtered off. The solution was 

concentrated in vacuo, yielding the product as a white solid (58 mg, 97%). 1H NMR (400 

MHz, (CD3)2SO) δ): 8.92 (t, 3H, C=ONHCH2), 8.46 (s, 3H, Ar, benzenetricarboxamide), 

8.11 (s, 3H, triazole), 5.46 (broad, pyranoside-OH), 5.24 (broad, pyranoside-OH), 4.72 (dd, J 

= 82.7, 12.1 Hz, 6H, triazoleCH2O), 4.71 (broad, pyranoside-OH), 4.31 (t, J = 7.1 Hz, 6H, 

CH2CH2triazole), 4.24 (d, J = 7.8 Hz, 3H, triazoleCH2OCH), 3.67 (d, J = 11.4 Hz, 3H, 
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pyranosideC6H2OH), 3.47 (m, 3H, CHCH2OH), 3.25 (q, J = 6.6 Hz, 6H, C=ONHCH2), 3.15 

(m, 3H, pyranosideC3H), 3.09 (m, 3H, pyranosideC5HCH2OH), 3.06 (m, 3H, 

pyranosideC4H), 2.97 (t, J = 8.3 Hz, 3H, pyranosideC2H), 1.78 (p, J = 7.3 Hz, 6H, 

CH2CH2triazole), 1.53 (p, J = 7.0 Hz, 6H, C=ONHCH2CH2), 1.23 (m, 48H, aliphatic). 13C 

NMR (100 MHz, (CD3)2SO): δ (ppm): 165.78, 144.16, 135.43, 128.82, 124.49, 102.61, 

77.49, 77.15, 73.84, 70.54, 61.97, 61.58, 49.71, 30.17, 29.46, 29.34, 29.26, 28.86, 26.96, 

26.32, 25.85. FT-IR (ATR) ν (cm-1): 3301, 2924, 2854, 2479, 2259, 2127, 2078, 1634, 1573, 

1439, 1392, 1338, 1295, 1225, 1158, 1106, 1082, 1049, 1027, 924, 827, 763, 706, 649, 624, 

583. MALDI-TOF-MS: calculated Mw = 1488.87 g/mol, observed m/z = 1511.85 [Na+ 

adduct]. DSC (20 °C/min, first heating run): Tg = 2.6 °C, Tc = 57.9 °C with ΔH = 7.4 kJ/mol. 

 

N1,N3,N5-Tris(decyl-triazole-β-D-glucopyranoside)benzene-1,3,5-tricarboxamide (1b). 

N1,N3,N5-Tris(decyl-(acetyl-protected-β-D-glucopyranoside))benzene-1,3,5-

tricarboxamide 8b (0.032 mmol, 62 mg) and excess sodium hydroxide (0.5 mmol, 20 mg) 

were dissolved in methanol (3 mL). The reaction mixture was stirred overnight, after which 

the solvent was removed in vacuo. The residue was dried by lyophilisation prior to addition 

of dry methanol (1 mL) and, subsequently, sodium hydroxide was filtered off. The solution 

was concentrated in vacuo, yielding the product as a white solid (45 mg, 0.032 mmol, 99%). 
1H NMR (400 MHz, (CD3)2SO) δ): 8.80 (t, 3H, C=ONHCH2), 8.40 (s, 3H, Ar, 

benzenetricarboxamide), 8.10 (s, 3H, triazole), 5.33 (broad, pyranoside-OH), 5.23 (broad, 

pyranoside-OH), 4.72 (dd, J = 82.7, 12.1 Hz, 6H, triazoleCH2O), 4.31 (t, J = 7.1 Hz, 6H, 

CH2CH2triazole), 4.23 (d, J = 7.8 Hz, 3H, triazoleCH2OCH), 4.09 (broad, pyranoside-OH), 

3.68 (d, J = 11.4 Hz, 3H, pyranosideC6H2OH), 3.47 (m, 3H, CHCH2OH), 3.27 (q, J = 6.6 Hz, 

6H, C=ONHCH2), 3.12 (m, 3H, pyranosideC3H), 3.09 (m, 3H, pyranosideC5HCH2OH) 3.07 

(m, 3H, pyranosideC4H), 2.97 (t, J = 8.3 Hz, 3H, pyranosideC2H), 1.79 (p, J = 7.3 Hz, 6H, 

CH2CH2triazole), 1.53 (p, J = 7.0 Hz, 6H, C=ONHCH2CH2), 1.25 (m, 36H, aliphatic). 13C 

NMR (100 MHz, (CD3)2SO): δ (ppm): 165.82, 144.14, 135.51, 128.77, 124.49, 102.57, 

77.46, 77.14, 73.83, 70.55, 61.96, 61.60, 49.71, 30.16, 29.47, 29.37, 29.31, 29.21, 28.85, 

26.95, 26.32. FT-IR (ATR) ν (cm-1): 3287, 2925, 2854, 2118, 1642, 1567, 1466, 1429, 1363, 

1329, 1296, 1226, 1195, 1159, 1079, 1040, 931, 828, 790, 706, 648, 629, 600. MALDI-TOF-

MS: calculated Mw = 1404.78 g/mol, observed m/z = 1427.79 [Na+ adduct]. 

 

N1,N3,N5-Tris(octyl-triazole-β-D-glucopyranoside)benzene-1,3,5-tricarboxamide (1c). 

N1,N3,N5-Tris(octyl-(acetyl-protected-β-D-glucopyranoside))benzene-1,3,5-tricarboxamide 

8c (0.04 mmol, 70 mg) and excess sodium hydroxide (0.5 mmol, 20 mg) were dissolved in 

methanol (4 mL). The reaction mixture was stirred overnight, after which the solvent was 

removed in vacuo. The residue was dried by lyophilisation prior to addition of dry methanol 

(1 mL) and, subsequently, sodium hydroxide was filtered off. The solution was concentrated 

in vacuo, yielding the product as a white solid (50 mg, 99%). 1H NMR (400 MHz, (CD3)2SO) 

δ): 8.90 (t, 3H, C=ONHCH2), 8.44 (s, 3H, Ar, benzenetricarboxamide), 8.11 (s, 3H, triazole), 
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5.45 (broad, pyranoside-OH), 5.26 (broad, pyranoside-OH), 4.72 (dd, J = 82.7, 12.1 Hz, 6H, 

triazoleCH2O), 4.73 (broad, pyranoside-OH), 4.32 (t, J = 7.1 Hz, 6H, CH2CH2triazole), 4.22 

(d, J = 7.8 Hz, 3H, triazoleCH2OCH ), 3.67 (d, J = 11.4 Hz, 3H, pyranosideC6H2OH), 3.47 

(m, 3H, pyranosideC6H2OH), 3.25 (q, J = 6.6 Hz, 6H, C=ONHCH2), 3.16 (m, 3H, 

pyranosideC3H), 3.09 (m, 3H, pyranosideC5HCH2OH) 3.07 (m, 3H, pyranosideC4H), 2.97 

(t, J = 8.3 Hz, 3H, pyranosideC2H), 1.80 (p, J = 7.3 Hz, 6H, CH2CH2triazole), 1.53 (p, J = 

7.0 Hz, 6H, C=ONHCH2CH2), 1.29 (m, 24H, aliphatic). 13C NMR (100 MHz, (CD3)2SO): δ 

(ppm): 165.80, 144.15, 144.04, 135.46, 124.51, 102.57, 79.63, 77.49, 73.82, 70.52, 61.94, 

49.69, 30.16, 29.44, 29.08, 28.83, 26.88, 26.31, 25.89. FT-IR (ATR) ν (cm-1): 3289, 2930, 

2857, 2119, 1646, 1573, 1459, 1423, 1356, 1330, 1294, 1226, 1194, 1160, 1086, 1047, 929, 

837, 830, 789, 706, 692, 649, 622, 600. MALDI-TOF-MS: calculated Mw = 1320.68 g/mol, 

observed m/z = 1343.69 [Na+ adduct]. 

 

N1,N3,N5-Tris(hexyl-triazole-β-D-glucopyranoside)benzene-1,3,5-tricarboxamide (1d). 

N1,N3,N5-Tris(hexyl-(acetyl-protected-β-D-glucopyranoside))benzene-1,3,5-

tricarboxamide 8d (0.04 mmol, 68 mg) and excess sodium hydroxide (0.5 mmol, 20 mg) 

were dissolved in methanol (3.5 mL). The reaction mixture was stirred overnight at room 

temperature, after which the solvent was removed in vacuo. The residue was dried by 

lyophilisation prior to addition of dry methanol (1.5 mL) and, subsequently, sodium 

hydroxide was filtered off. The solution was concentrated in vacuo, yielding the product as a 

white solid (48 mg, 99%). 1H NMR (400 MHz, (CD3)2SO) δ): 8.92 (t, 3H, C=ONHCH2), 

8.44 (s, 3H, Ar benzenetricarboxamide), 8.12 (s, 3H, triazole), 5.63 (broad, pyranoside-OH), 

5.46 (broad, pyranoside-OH), 5.27 (broad, pyranoside-OH), 4.72 (dd, J = 82.7, 12.1 Hz, 6H, 

triazoleCH2O), 4.34 (t, J = 7.1 Hz, 6H, CH2CH2triazole), 4.22 (d, J = 7.8 Hz, 3H, 

triazoleCH2OCH ), 4.16 (broad, pyranoside-OH), 3.68 (d, J = 11.4 Hz, 3H, 

pyranosideC6H2OH), 3.47 (m, 3H, pyranosideC6H2OH), 3.27 (q, J = 6.6 Hz, 6H, 

C=ONHCH2), 3.12 (m, 3H, pyranosideC3H), 3.09 (m, 3H, pyranosideC5HCH2OH) 3.07 (m, 

3H, pyranosideC4H), 2.97 (t, J = 8.3 Hz, 3H, pyranosideC2H), 1.82 (p, J = 7.3 Hz, 6H, 

CH2CH2triazole), 1.53 (p, J = 7.0 Hz, 6H, C=ONHCH2CH2), 1.27 (m, 12H, aliphatic). 13C 

NMR (100 MHz, (CD3)2SO): δ (ppm): 165.82, 144.18, 135.45, 128.77, 124.51, 102.61, 

79.63, 77.52, 73.85, 70.57, 61.95, 61.59, 49.70, 30.13, 29.30, 26.34, 26.10, 26.01. FT-IR 

(ATR) ν (cm-1): 3267, 2930, 2861, 2122, 1656, 1573, 1413, 1338, 1297, 1229, 1161, 1079, 

1049, 1022, 926, 789, 707, 652, 622. MALDI-TOF-MS: calculated Mw = 1236.59 g/mol, 

observed m/z = 1259.59 [Na+ adduct]. 

 

N1,N3,N5-Tris(dodecyl-triazole-α-D-glucopyranoside)benzene-1,3,5-tricarboxamide (2). 

N1,N3,N5-Tris(12-Azidododecyl)benzene-1,3,5-tricarboxamide 7a (0.14 mmol, 117.5 mg) 

was dissolved in DMSO (2 mL). Propargyl-α-D-glucopyranoside (0.46 mmol, 100 mg) was 

dissolved in DMSO (2 mL) and added. Copper sulphate (0.1 mmol, 25.7 mg) and sodium L-

ascorbate (0.2 mmol, 40 mg) were mixed in water (0.5 mL) resulting in a brown mixture. The 
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brown mixture turned orange upon addition, colouring the reaction mixture slightly orange. 

The reaction mixture was stirred overnight at room temperature under an atmosphere of dry 

argon. Subsequently, the solvent was removed in vacuo, resulting in a green residue, which 

was directly purified by reversed phase column chromatography (H2O/ acetonitrile gradient 

90/10–20/80 v/v). The solvent was removed by lyophilisation yielding an off-white, fluffy 

solid (72 mg, 34%). 1H NMR (400 MHz, (CD3)2SO): 8.63 (t, 3H, C=ONHCH2), 8.35 (s, 3H, 

Ar, benzenetricarboxamide), 8.09 (s, 3H, triazole), 4.87 (d, J = 5.5 Hz, 3H, pyranoside-OH), 

4.77 (d, J = 3.7 Hz, 3H, triazoleCH2OCH), 4.73 (d, J = 4.7 Hz, 3H, pyranoside-OH), 4.64 (d, 

J = 6.6 Hz, 3H, pyranoside-OH), 4.58 (dd, J = 72, 12.2 Hz, 6H, triazoleCH2O), 4.49 (d, J = 

11.7 Hz, 3H, pyranoside-OH), 4.32 (t, J = 7.1 Hz, 6H, CH2CH2triazole), 3.61 (m, 3H, 

pyranosideC6H2OH), 3.49-3.28 (m, 12H, pyranoside), 3.25 (q, J = 6.7 Hz, 6H, C=ONHCH2), 

3.19 (m, 3H, pyranoside), 3.05 (m, 3H, pyranoside), 1.77 (p, J = 7.1 Hz, 6H, 

CH2CH2triazole), 1.51 (p, J = 6.6 Hz, 6H, C=ONHCH2CH2), 1.24 (m, 48H, aliphatic). 13C 

NMR: (100 MHz, CDCl3, δ): 165.85, 144.15, 135.57, 128.70, 124.25, 98.44, 73.68, 73.34, 

72.30, 70.75, 61.38, 60.39, 49.72, 30.18, 29.46, 29.43, 29.34, 29.24, 28.86, 26.94, 26.33. LC-

ESI-MS: calculated Mw = 1488.87 g/mol, observed m/z = 497.58 [3H+ adduct], 745.83 [2H+ 

adduct]. DSC (20 °C/min, first heating run): Tg = 15.8 °C 

 

N1,N3,N5-Tris(dodecyl-triazole-α-D-galactopyranoside)benzene-1,3,5-tricarboxamide (3). 

N1,N3,N5-Tris(12-Azidododecyl)benzene-1,3,5-tricarboxamide 7a (0.07 mmol, 58.8 mg) 

was dissolved in DMSO (3 mL). Propargyl-α-D-galactopyranoside (0.23 mmol, 50 mg) was 

dissolved in DMSO (2 mL) and added. Copper sulphate (0.04 mmol, 8.8 mg) and sodium L-

ascorbate (0.04 mmol, 10 mg) were mixed in water (0.2 mL) resulting in a brown mixture. 

The brown mixture turned orange upon addition, colouring the reaction mixture slightly 

orange. The reaction mixture was stirred overnight at room temperature under an atmosphere 

of dry argon. Subsequently, the solvent was removed in vacuo, resulting in a green residue, 

which was washed with EDTA solution (5x 0.5 mL, 0.5 M) and with water (3x 1 mL) 

yielding a solid yellow residue. The obtained material was purified by reversed phase column 

chromatography (H2O/ acetonitrile gradient 90/10–20/80 v/v). The solvent was removed by 

lyophilisation yielding an off-white, fluffy solid (28 mg, 27%). 1H NMR (400 MHz, 

(CD3)2SO): δ (ppm): 8.63 (t, 3H, C=ONHCH2), 8.35 (s, 3H, Ar, benzenetricarboxamide), 

8.09 (s, 3H, triazole), 4.77 (d, J = 3.7 Hz, 3H, triazoleCH2OCH), 4.58 (dd, J = 71.9, 12.3 Hz, 

6H, triazoleCH2O), 4.31 (t, J = 7.1 Hz, 6H, CH2CH2triazole), 3.71 (m, 3H, 

pyranosideC6H2OH), 3.65-3.3 (m, 15H, pyranoside), 3.27 (q, J =6.8 Hz, 6H, C=ONHCH2), 

1.79 (p, J = 6.9 Hz, 6H, CH2CH2triazole), 1.53 (p, J = 6.8 Hz, 6H, C=ONHCH2CH2), 1.23 

(m, 48H, aliphatic). 13C NMR: (100 MHz, CDCl3, δ): 165.87, 144.22, 135.56, 128.65, 124.2, 

98.86, 71.85, 70.00, 69.29, 68.68, 61.09, 60.43, 49.47, 30.14, 29.43, 29.32, 29.22, 28.83, 

26.92, 26.30. FT-IR (ATR): ν (cm-1): 3266, 2922, 2851, 1633, 1548, 1466, 1436, 1296, 1203, 

1146, 1042, 788, 721, 690, 536. MALDI-TOF-MS: calculated Mw = 1488.87 g/mol, observed 

m/z = 1511.90 [Na+ adduct]. DSC (20 °C/min, first heating run): Tg = 15.4 °C 
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N1,N3,N5-Tris(dodecyl-triazole-α-D-mannopyranoside)benzene-1,3,5-tricarboxamide (4). 

N1,N3,N5-Tris(12-Azidododecyl)benzene-1,3,5-tricarboxamide 7a (0.07 mmol, 58.8 mg) 

was dissolved in DMSO (3 mL). Propargyl-α-D-mannopyranoside (0.23 mmol, 50 mg) was 

dissolved in DMSO (2 mL) and added. Copper sulphate (0.04 mmol, 8.8 mg) and sodium L-

ascorbate (0.04 mmol, 10 mg) were mixed in water (0.2 mL) resulting in a brown mixture. 

The brown mixture turned orange upon addition, colouring the reaction mixture slightly 

orange. The reaction mixture was stirred overnight at room temperature under an atmosphere 

of dry argon. Subsequently, the solvent was removed in vacuo, resulting in a green residue, 

which was washed with EDTA solution (5x 0.5 mL, 0.5 M) and with water (3x 1 mL) 

yielding a solid yellow residue. The obtained material was purified by reversed phase column 

chromatography (H2O/ acetonitrile gradient 90/10–20/80 v/v). The solvent was removed by 

lyophilisation yielding an off-white, fluffy solid (52 mg, 50%). 1H NMR (400 MHz, 

(CD3)2SO): δ (ppm): 8.63 (t, 3H, C=ONHCH2), 8.35 (s, 3H, Ar, benzenetricarboxamide), 

8.10 (s, 3H, triazole), 4.71 (d, J = 1.6 Hz, 3H, triazoleCH2OCH), 4.58 (dd, J = 59.9, 12.2 Hz, 

6H, triazoleCH2O), 4.31 (t, J = 7.1 Hz, 6H, CH2CH2triazole), 3.67 (m, 3H, 

pyranosideC6H2OH), 3.56 (m, 3H, pyranosideC6H2OH), 3.52-3.31 (m, 12H, pyranoside), 

3.27 (q, J =6.7 Hz, 6H, C=ONHCH2) 1.79 (p, J = 7.2 Hz, 6H, CH2CH2triazole), 1.53 (p, J = 

6.8 Hz, 6H, C=ONHCH2CH2), 1.23 (m, 48H, aliphatic). 13C NMR: (100 MHz, CDCl3, δ): 

165.92, 143.83, 135.49, 128.61, 124.30, 99.41, 74.58, 71.23, 70.61, 67.45, 61.71, 59.51, 

49.74, 30.14, 29.43, 29.32, 29.24, 28.84, 26.94, 26.31. FT-IR (ATR): ν (cm-1): 3301, 2923, 

2853, 1643, 1595, 1542, 1466, 1436, 1293, 1221, 1131, 1055, 815, 688, 584, 468. MALDI-

TOF-MS: calculated Mw = 1488.87 g/mol, observed m/z = 1511.90 [Na+ adduct]. DSC (20 

°C/min, first heating run): Tg = –12.5 °C 

 

N-(12-Azidododecyl)phthalimide (5a). 

Under an atmosphere of dry argon 1,12-dibromododecane (29.8 mmol, 9.78 g) and sodium 

azide (24.3 mmol, 1.578 g) were dissolved in DMF (45 mL). The reaction mixture was stirred 

at 70 °C for 6 hours. Potassium phthalimide (150 mmol, 27.80 g) and DMF (10 mL) were 

added and the reaction mixture was stirred overnight at 70 °C. Subsequently, solids were 

filtered off and the solvent was removed in vacuo. The resulting material was dissolved in 

dichloromethane (50 mL) and extracted with H2O (3x 50 mL). The organic fraction was dried 

with MgSO4, filtered and concentrated in vacuo. The resulting material was purified by 

column chromatography (heptane/ethyl acetate 92/8 v/v) yielding the product as a white 

solid. 1H NMR (400 MHz, CDCl3 δ): 7.78 (ddd, 4H, phthalimide), 3.67 (t, 2H, CH2CH2N), 

3.25 (t, 2H, CH2CH2N3), 1.63 (m, 4H, CH2CH2N, CH2CH2N3), 1.29 (m, 16H, aliphatic). FT-

IR (ATR) ν (cm-1): 2927, 2855, 2095, 1773, 1714, 1467, 1437, 1396, 1368, 1258, 1188, 

1053, 891, 793, 720, 530. 
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N-(10-Azidodecyl)phthalimide (5b). 

Under an atmosphere of dry argon 1,10-dibromodecane (20 mmol, 6.05 g) and sodium 

azide (16 mmol, 1.05 g) were dissolved in DMF (40 mL). The reaction mixture was stirred 

for 6 hours at 60 °C. Potassium phthalimide (61 mmol, 11.34 g) was added and the reaction 

mixture was stirred overnight at 60 °C. Subsequently, solids were filtered off and the solvent 

was removed in vacuo. The resulting material was dissolved in dichloromethane (30 mL) and 

extracted with H2O (3x 30 mL). The organic fraction was dried with MgSO4, filtered and 

concentrated in vacuo. The resulting material was purified by column chromatography 

(heptane/ethyl acetate 92/8 v/v) yielding the product as a white solid. 1H NMR (400 MHz, 

CDCl3 δ): 7.78 (ddd, 4H, phthalimide), 3.67 (t, 2H, CH2CH2N), 3.25 (t, 2H, CH2CH2N3), 

1.62 (m, 4H, CH2CH2N, CH2CH2N3), 1.29 (m, 12H, aliphatic). FT-IR (ATR) ν (cm-1): 2928, 

2856, 2093, 1773, 1712, 1616, 1467, 1437, 1396, 1368, 1260, 1188, 1071, 1044, 960, 891, 

793, 720, 622, 556, 530. 

 

N-(8-Azidooctyl)phthalimide (5c). 

Under an atmosphere of dry argon 1,8-dibromooctane (20 mmol, 5.44 g) and sodium azide 

(16 mmol, 1.04 g) were dissolved in DMF (25 mL). The reaction mixture was stirred for 6 

hours at 60 °C. Potassium phthalimide (11.24 g, 60 mmol) was added and the mixture was 

stirred overnight at 60 °C. Subsequently, solids were filtered off and the solvent was removed 

in vacuo. The resulting material was dissolved in dichloromethane (30 mL) and extracted 

with H2O (3 x 30 mL). The organic fraction was dried with MgSO4, filtered and concentrated 

in vacuo. The resulting material was purified by column chromatography (heptane/ethyl 

acetate 92/8 v/v) yielding the product as a colourless solid. 1H NMR (400 MHz, CDCl3 δ): 

7.78 (ddd, 4H, phthalimide), 3.67 (t, 2H, CH2CH2N), 3.25 (t, 2H, CH2CH2N3), 1.62 (m, 4H, 

CH2CH2N, CH2CH2N3), 1.29 (m, 8H, aliphatic). 

 

N-(6-Azidohexyl)phthalimide (5d). 

Under an atmosphere of dry argon 1,6-dibromohexane (20 mmol, 4.90 g) and sodium 

azide (16 mmol, 1.29 g) were dissolved in DMF (30 mL). The reaction mixture was stirred 

for 6 hours at 60 °C. Potassium phthalimide (59 mmol, 11.02 g) was added and the mixture 

was stirred overnight at 60 °C. Subsequently, solids were filtered off and the solvent was 

removed in vacuo. The resulting material was dissolved in dichloromethane (30 mL) and 

extracted with H2O (3× 30 mL). The organic fraction was dried with MgSO4, filtered and 

concentrated in vacuo. The resulting material was purified by column chromatography 

(heptane/ethyl acetate 92/8 v/v) yielding the product as a white solid. 1H NMR (400 MHz, 

CDCl3 δ): (ddd, 4H, phthalimide), 3.69 (t, 2H, CH2CH2N), 3.26 (t, 2H, CH2CH2N3), 1.70-

1.60 (m, 4H, CH2CH2N, CH2CH2N3), 1.41 (m, 4H, aliphatic). 13C NMR: (100 MHz, CDCl3, 

δ): 168.42, 133.88, 132.13, 123.18, 51.32, 37.81, 28.70, 28.45, 26.38, 26.28. FT-IR (ATR) ν 

(cm-1): 2937, 2861, 2092, 1772, 1705, 1615, 1467, 1436, 1395, 1369, 1304, 1288, 1261, 
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1245, 1188, 1172, 1130, 1089, 1055, 1000, 958, 888, 794, 761, 717, 693, 622, 603, 556, 529, 

496. 

 

12-Azidododecan-1-amine (6a). 

N-(12-Azidododecyl)phthalimide 5a (20 mmol, 7.13 g) was dissolved in THF (60 mL). 

Hydrazine monohydrate (60 mmol, 1.9 mL) was added and the reaction mixture was stirred 

overnight at 60 °C. The solvent was removed in vacuo and chloroform (50 mL) was added. 

The solution was extracted with NaOH solution (3x 50 mL, 1 M). The organic was dried with 

MgSO4, filtered and concentrated in vacuo. The obtained material was purified by silica 

filtration (ethyl acetate followed by ethyl acetate/isopropyl amine 90/10 v/v) yielding the 

product as a yellow oil. (2.39 g, 35% combined yield over reactions 5a and 6a). 1H NMR 

(400 MHz, CDCl3 δ): 3.25 (t, 2H, CH2CH2N3), 2.68 (t, 2H, CH2CH2NH2), 1.60 (p, 2H, 

CH2CH2N3), 1.27 (m, 18H, aliphatic), 1.12 (broad s, 2H, CH2NH2). 
13C NMR: (100 MHz, 

CDCl3, δ): 51.45, 42.27, 33.89, 29.58, 29.53, 29.49, 29.47, 29.43, 29.11, 28.80, 26.87, 26.68. 

FT-IR (ATR) ν (cm-1): 3319, 2920, 2851, 2093, 1558, 1467, 1432, 1401, 1383, 1345, 1258, 

1166, 1134, 1068, 822, 722, 675, 557, 510, 472. 

 

10-Azidodecan-1-amine (6b). 

N-(10-Azidodecyl)phthalimide 5b (15 mmol, 4.92 g) was dissolved in THF (40 mL). 

Hydrazine monohydrate (60 mmol, 1.9 mL) was added and the reaction mixture was stirred 

overnight at 60 °C. The solvent was removed in vacuo and chloroform (40 mL) was added. 

The solution was extracted with NaOH solution (3× 50 mL, 1 M). The organic fractions was 

dried with MgSO4, filtered and concentrated in vacuo. The obtained material was purified by 

silica filtration (ethyl acetate followed by ethyl acetate/isopropyl amine 90/10 v/v) yielding 

the product as a yellow oil. (1.46 g, 37% combined yield over reactions 5b and 6b). 1H NMR 

(400 MHz, CDCl3 δ): 3.24 (t, 2H, CH2CH2N3), 2.66 (t, 2H, CH2CH2NH2), 1.58 (p, 2H, 

CH2CH2N3), 1.29 (m, 14H, aliphatic), 1.11 (broad s, 2H, CH2NH2). 
13C NMR: (100 MHz, 

CDCl3, δ): 51.49, 42.28, 33.88, 29.50, 29.46, 29.43, 29.14, 28.84, 26.88, 26.71. FT-IR (ATR) 

ν (cm-1): 3369, 2924, 2854, 2091, 1584, 1465, 1349, 1257, 1071, 820, 722, 661, 638, 558, 

489. 

 

8-Azidooctan-1-amine (6c). 

N-(8-Azidooctyl)phthalimide 5c (20 mmol, 6.01 g) was dissolved in THF (30 mL). 

Hydrazine monohydrate (60 mmol, 1.9 mL) was added and the reaction mixture was stirred 

overnight at 60 °C. The solvent was removed in vacuo and chloroform (50 mL) was added. 

The solution was extracted with NaOH solution (3x 50 mL, 1 M). The organic fraction was 

dried with MgSO4, filtered and concentrated in vacuo. The obtained material was purified by 

silica filtration (ethyl acetate followed by ethyl acetate/isopropyl amine 90/10 v/v) yielding 

the product as a yellow oil that solidified upon standing. (0.71 g, 21% combined yield over 

reactions 5c and 6c). 1H NMR (400 MHz, CDCl3 δ): 3.26 (t, 2H, CH2CH2N3), 2.68 (t, 2H, 
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CH2CH2NH2), 1.60 (p, 2H, CH2CH2N3), 1.32 (m, 10H, aliphatic), 1.13 (broad s, 2H, 

CH2NH2). 
13C NMR: (100 MHz, CDCl3, δ): 51.47, 42.26, 33.84, 29.34, 29.13, 28.83, 26.79, 

26.67. FT-IR (ATR) ν (cm-1): 3314, 2927, 2855, 2090, 1570, 1465, 1385, 1300, 1259, 1146, 

1062, 898, 818, 724, 623, 558, 471. 

 

6-Azidohexan-1-amine (6d). 

N-(6-Azidohexyl)phthalimide 5d (20 mmol, 5.45 g) was dissolved in THF (40 mL). 

Hydrazine monohydrate (60 mmol, 1.9 mL) was added and the reaction mixture was stirred 

overnight at 60 °C. The solvent was removed in vacuo and chloroform (30 mL) was added. 

The solution was extracted with NaOH solution (3x 50 mL, 1 M). The organic fraction was 

dried with MgSO4, filtered and concentrated in vacuo. The obtained material was purified by 

silica filtration (ethyl acetate followed by ethyl acetate/isopropyl amine 90/10 v/v) yielding 

the product as a yellow oil. (1.11 g, 39% combined yield over reactions 5d and 6d). 1H NMR 

(400 MHz, CDCl3 δ): 3.27 (t, 2H, CH2CH2N3), 2.69 (t, 2H, CH2CH2NH2), 1.61 (p, 2H, 

CH2CH2N3), 1.37 (m, 6H, aliphatic), 1.16 (broad s, 2H, CH2NH2). 
13C NMR: (100 MHz, 

CDCl3, δ): 51.41, 42.08, 33.65, 28.83, 26.62, 26.46. FT-IR (ATR) ν (cm-1): 3313, 2933, 

2859, 2093, 1574, 1468, 1386, 1306, 1173, 1147, 1061, 889, 819, 729, 635, 558. 

 

N1,N3,N5-Tris(12-azidododecyl)benzene-1,3,5-tricarboxamide (7a). 

Under an atmosphere of dry argon 12-azidododecan-1-amine 6a (0.64 mmol, 0.146 g) and 

triethyl amine (0.17 mL, 1.2 mmol) were dissolved in dry chloroform (2.5 mL) and the 

stirring reaction mixture was placed in an ice bath. A solution of 1,3,5-benzenetricarbonyl 

trichloride (0.19 mmol, 51 mg) in chloroform (0.3 mL) was added gently. After 15 minutes 

the ice bath was removed and the reaction mixture was stirred overnight at room temperature. 

Subsequently, the solvent was removed in vacuo, the resulting material was dissolved in 

chloroform (15 mL) and extracted with HCl solution (2x 20 mL, 1M) and brine (20 mL). The 

organic fraction was dried over MgSO4, filtered and concentrated in vacuo. The resulting 

material was purified by column chromatography (heptane/ethyl acetate 100/0-70/30 v/v), 

yielding the product as a white solid (147 mg, 88%). 1H NMR (400 MHz, CDCl3 δ): 8.34 (s, 

3H, Ar), 6.45 (t, 3H, C=ONHCH2), 3.47 (q, 6H, CH2CH2NHC=O), 3.25 (t, 6H, CH2CH2N3), 

1.60 (m, 12H, CH2CH2N3), 1.28 (m, 48H, aliphatic). 13C NMR: (100 MHz, CDCl3, δ): 

165.62, 135.28, 127.89, 51.49, 40.40, 29.55, 29.52, 29.49, 29.45, 29.29, 29.14, 28.84, 27.00, 

26.71. FT-IR (ATR) ν (cm-1): 3232, 3069, 2920, 2851, 2094, 1637, 1561, 1468, 1350, 1296, 

1261, 1468, 1350, 1296, 1261, 1191, 1158, 1082, 969, 908, 800, 723, 693, 556. 

 

N1,N3,N5-Tris(10-azidodecyl)benzene-1,3,5-tricarboxamide (7b). 

Under an atmosphere of dry argon 10-azidodecan-1-amine 6b (0.64 mmol, 0.127 g) and 

triethyl amine (0.17 mL, 1.2 mmol) were dissolved in dry chloroform (2 mL) and the stirring 

reaction mixture was placed in an ice bath. A solution of 1,3,5-benzenetricarbonyl trichloride 

(0.19 mmol, 51 mg) in chloroform (0.5 mL) was added gently. After 15 minutes the ice bath 
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was removed and the reaction mixture was stirred overnight at room temperature. 

Subsequently, the solvent was removed in vacuo, the resulting material was dissolved in 

chloroform (15 mL) and extracted with HCl solution (2× 20 mL, 1M) and brine (20 mL). The 

organic fraction was dried over MgSO4, filtered and concentrated in vacuo. The resulting 

material was purified by column chromatography (heptane/ethyl acetate 100/0–60/40 v/v), 

yielding the product as a white solid (78 mg, 51%). 1H NMR (400 MHz, CDCl3 δ): 8.34 (s, 

3H, Ar), 6.50 (t, 3H, C=ONHCH2), 3.45 (q, 6H, CH2CH2NHC=O), 3.25 (t, 6H, CH2CH2N3), 

1.60 (m, 12H, CH2CH2N3), 1.30 (m, 36H, aliphatic). 13C NMR: (100 MHz, CDCl3, δ): 

165.61, 135.26, 127.91, 51.48, 40.38, 29.54, 29.38, 29.24, 29.10, 28.83, 26.96, 26.69. FT-IR 

(ATR) ν (cm-1): 3234, 3071, 2922, 2853, 2092, 1636, 1558, 1468, 1454, 1438, 1350, 1292, 

1260, 1153, 1110, 1076, 975, 906, 798, 724, 706, 692, 597, 556, 493, 461. 

 

N1,N3,N5-Tris(8-azidooctyl)benzene-1,3,5-tricarboxamide (7c). 

Under an atmosphere of dry argon 8-azidooctan-1-amine 6c (0.64 mmol, 0.109 g) and 

triethyl amine (017 mL, 1.2 mmol) were dissolved in dry chloroform (2 mL) and the stirring 

reaction mixture was placed in an ice bath. A solution of 1,3,5-benzenetricarbonyl trichloride 

(0.19 mmol, 51 mg) in chloroform (0.5 mL) was added gently. After 15 minutes the ice bath 

was removed and the reaction mixture was stirred overnight at room temperature. 

Subsequently, the solvent was removed in vacuo, the resulting material was dissolved in 

chloroform (10 mL) and extracted with HCl solution (2× 20 mL, 1M) and brine (20 mL). The 

organic fraction was dried over MgSO4, filtered and concentrated in vacuo. The resulting 

material was purified by column chromatography (heptane/ethyl acetate 100/0–40/60 v/v), 

yielding the product as a white solid (94 mg, 70%). 1H NMR (400 MHz, CDCl3 δ): 8.34 (s, 

3H, Ar), 6.45 (t, 3H, C=ONHCH2), 3.48 (q, 6H, CH2CH2NHC=O), 3.26 (t, 6H, CH2CH2N3), 

1.61 (m, 12H, CH2CH2N3), 1.36 (m, 24H, aliphatic). 13C NMR: (100 MHz, CDCl3, δ): 

165.65, 135.27, 127.94, 51.44, 40.33, 29.51, 29.12, 29.01, 28.80, 26.85, 26.63. FT-IR (ATR) 

ν (cm-1): 3241, 3073, 2928, 2856, 2091, 1636, 1557, 1455, 1349, 1294, 1254, 1164, 1123, 

1081, 963, 906, 795, 725, 691, 558. 

 

N1,N3,N5-Tris(6-azidohexyl)benzene-1,3,5-tricarboxamide (7d). 

Under an atmosphere of dry argon 6-azidohexan-1-amine 6d (0.64 mmol, 0.90 g) and 

triethyl amine (170 μL, 1.2 mmol) were dissolved in dry chloroform (2 mL) and the stirring 

reaction mixture was placed in an ice bath. A solution of 1,3,5-benzenetricarbonyl trichloride 

(0.20 mmol, 54 mg) in chloroform (0.5 mL) was added gently. After 15 minutes the ice bath 

was removed and the reaction mixture was stirred overnight at room temperature. 

Subsequently, the solvent was removed in vacuo, the resulting material was dissolved in 

chloroform (10 mL) and extracted with HCl solution (2× 20 mL, 1M) and brine (20 mL). The 

organic fraction was dried over MgSO4, filtered and concentrated in vacuo. The resulting 

material was purified by column chromatography (heptane/ethyl acetate 100/0–55/45 v/v), 

yielding the product as a white solid (89 mg, 76%). 1H NMR (400 MHz, CDCl3 δ): 8.34 (s, 
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3H, Ar), 6.49 (t, 3H, C=ONHCH2), 3.49 (q, 6H, CH2CH2NHC=O), 3.28 (t, 6H, CH2CH2N3), 

1.64 (m, 12H, CH2CH2N3), 1.43 (m, 12H, aliphatic). 13C NMR: (100 MHz, CDCl3, δ): 

165.61, 135.21, 127.94, 51.33, 40.18, 29.45, 28.73, 26.50, 26.41. FT-IR (ATR) ν (cm-1): 

3242, 3073, 2933, 2859, 2090, 1630, 1593, 1554, 1455, 1439, 1348, 1290, 1261, 1173, 1101, 

1023, 904, 802, 730, 700, 689, 557. 

 

N1,N3,N5-Tris(dodecyl-triazole-(tetra-O-acetyl-β-D-glucopyranoside))benzene-1,3,5-

tricarboxamide (8a). 

N1,N3,N5-Tris(12-Azidododecyl)benzene-1,3,5-tricarboxamide 7a (0.10 mmol, 82 mg) and 

2-Propynyl-tetra-O-acetyl-β-D-glucopyranoside (0.32 mmol, 122 mg) were dissolved in 

DMSO (4.5 mL). Copper sulphate (0.09 mmol, 15 mg) and sodium L-ascorbate (0.08 mmol, 

15 mg) where mixed in H2O (0.5 mL) resulting in a brown coloured mixture. This mixture 

was added to the reaction mixture, giving it a slightly orange colour. After 3 hours copper 

sulphate (20 mg, 0.125 mmol) and sodium L-ascorbate (20 mg, 0.10 mmol) were added and 

the reaction mixture was stirred overnight under an atmosphere of dry argon. Overnight the 

reaction mixture turned green. The reaction mixture was diluted with chloroform (40 mL), 

extracted with ethylene diamine tetraacetic acid disodium salt (2× 40 mL, 0.5 M), citric acid 

solution (3× 40 mL, 10%), saturated ammonium chloride solution (40 mL) and water (40 

mL). The organic fraction was dried over MgSO4, filtered and concentrated in vacuo. The 

obtained material was purified by column chromatography (heptane/ethyl acetate 40/60, 

chloroform/methanol 95/5 v/v) yielding the product as a white solid (114 mg, 58%). 1H NMR 

(400 MHz, CDCl3 δ): 8.34 (s, 3H, Ar, benzenetricarboxamide), 7.50 (s, 3H, triazole), 6.50 (t, 

3H, C=ONHCH2), 5.20 (t, J = 9.4 Hz, 3H, OCHRCHAcCHOAc), 5.09 (t, J = 9.7 Hz, 3H, 

OCHRCHOAcCHOAcCHOAc), 5.01 (t, J = 9.4 Hz, 3H, OCHRCHOAc), 4.92 (d, J = 12.5 

Hz, 3H, triazoleCH2O), 4.83 (d, J = 12.6 Hz, 3H, triazoleCH2O), 4.69 (d, J = 7.8 Hz, 3H, 

triazoleCH2OCH), 4.34 (t, J = 7.3 Hz, 6H, CH2CH2triazole), 4.26 (dd, J = 12.4, 4.6 Hz, 3H, 

CHCH2OAc ), 4.16 (dd, J = 12.3, 2.3 Hz, 3H, CHCH2OAc), 3.75 (ddd, J = 9.5, 4.8, 2.3 Hz, 

3H, CHCH2OAc), 3.47 (q, J = 6.9 Hz, 6H, CH2CH2NHC=O), 2.03 (4s, 36H, OC=OCH3), 

1.89 (m, 6H, CH2CH2triazole), 1.63 (m, 6H, CH2CH2NHC=O), 1.27 (d, 48H, aliphatic). 13C 

NMR: (100 MHz, CDCl3, δ): 170.62, 170.15, 169.41, 169.33, 165.68, 144.01, 135.26, 127.97, 

122.52, 99.83, 72.74, 71.85, 71.21, 68.30, 62.99, 61.81, 50.37, 40.34, 29.40, 29.36, 29.26, 

29.22, 28.89, 26.94, 26.41, 20.72, 20.62, 20.56. FT-IR (ATR) ν (cm-1): 3240, 2927, 2855, 

1756, 1644, 1560, 1437, 1368, 1223, 1042, 906, 733. MALDI-TOF-MS: calculated Mw = 

1993.00 g/mol, observed m/z = 1994.01 [H+ adduct]. 

 

N1,N3,N5-Tris(decyl-triazole-(tetra-O-acetyl-β-D-glucopyranoside))benzene-1,3,5-

tricarboxamide (8b). 

N1,N3,N5-Tris(10-azidodecyl)benzene-1,3,5-tricarboxamide 7b (0.07 mmol, 50 mg) and 2-

Propynyl-tetra-O-acetyl-β-D-glucopyranoside (0.23 mmol, 89 mg) were dissolved in DMSO 

(3.5 mL). Copper sulphate (0.125 mmol, 20 mg) and sodium L-ascorbate (0.10 mmol, 20 mg) 
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were mixed in water (0.5 mL) resulting in in a brown mixture. This mixture was added to the 

reaction mixture, giving it a brownish yellow colour, and the reaction mixture was stirred for 

6 hours. Subsequently, the reaction mixture was diluted with chloroform (40 mL), extracted 

with of ethylene diamine tetraacetic acid disodium salt (3× 20 mL, 0.5 M), citric acid solution 

(3× 25 mL, 10%) and saturated ammonium chloride solution (25 mL). The organic fraction 

was dried over MgSO4, filtered and concentrated in vacuo. The obtained material was 

purified by column chromatography (heptane/ethyl acetate 50/50, chloroform/methanol 95/5 

v/v) yielding the product as a white solid (110 mg, 86%). 1H NMR (400 MHz, CDCl3 δ): 8.35 

(s, 3H, Ar, benzenetricarboxamide), 7.51 (s, 3H, triazole), 6.61 (t, 3H, C=ONHCH2), 5.19 (t, 

J = 9.4 Hz, 3H, OCHRCHAcCHOAc), 5.09 (t, J = 9.7 Hz, 3H, 

OCHRCHOAcCHOAcCHOAc), 5.01 (t, J = 9.4 Hz, 3H, OCHRCHOAc), 4.91 (d, J = 12.5 

Hz, 3H, triazoleCH2O), 4.83 (d, J = 12.6 Hz, 3H, triazoleCH2O), 4.69 (d, J = 7.8 Hz, 3H, 

triazoleCH2OCH), 4.34 (t, J = 7.3 Hz, 6H, CH2CH2triazole), 4.26 (dd, J = 12.4, 4.6 Hz, 3H, 

CHCH2OAc ), 4.16 (dd, J = 12.3, 2.3 Hz, 3H, CHCH2OAc), 3.74 (ddd, J = 9.5, 4.8, 2.3 Hz, 

3H, CHCH2OAc), 3.46 (q, J = 6.9 Hz, 6H, CH2CH2NHC=O), 2.02 (4s, 36H, OC=OCH3), 

1.89 (m, 6H, CH2CH2triazole), 1.61 (m, 6H, CH2CH2NHC=O), 1.32 (m, 36H, aliphatic). 13C 

NMR: (100 MHz, CDCl3, δ): 170.64, 170.17, 169.43, 169.35, 144.08, 135.31, 127.94, 122.55, 

99.89, 72.77, 71.90, 71.24, 68.33, 63.04, 61.85, 50.39, 40.32, 30.24, 29.20, 29.17, 29.11, 

28.82, 26.87, 26.37, 20.76, 20.66, 20.60. FT-IR (ATR) ν (cm-1): 3305, 2930, 2857, 1750, 

1655, 1536, 1439, 1372, 1224, 1165, 1044, 908, 805, 732, 648, 600, 489. MALDI-TOF-MS: 

calculated Mw = 1908.90 g/mol, observed m/z = 1931.90 [Na+ adduct]. 

 

N1,N3,N5-Tris(octyl-triazole-(tetra-O-acetyl-β-D-glucopyranoside))benzene-1,3,5-

tricarboxamide (8c). 

N1,N3,N5-Tris(8-azidooctyl)benzene-1,3,5-tricarboxamide 7c (0.08 mmol, 50 mg) and 2-

Propynyl-tetra-O-acetyl-β-D-glucopyranoside (0.24 mmol, 94 mg) were dissolved in DMSO 

(4 mL). Copper sulphate (0.125 mmol, 20 mg) and sodium L-ascorbate (0.10 mmol, 20 mg) 

where mixed in water (0.2 mL) resulting in a brown mixture which turned orange after a few 

minutes. This mixture was added to the reaction mixture, giving it a slightly orange colour. 

The reaction mixture was stirred overnight under an atmosphere of dry argon, after which it 

turned green. Subsequently, the reaction mixture was diluted with chloroform (40 mL), 

extracted with ethylene diamine tetraacetic acid disodium salt (2x 20 mL, 0.5 M), citric acid 

solution (3x 20 mL, 10%) and saturated ammonium chloride solution (30 mL). The organic 

fraction was dried over MgSO4, filtered and concentrated in vacuo. The obtained material 

was purified by column chromatography heptane/ethyl acetate 60/40, chloroform/methanol 

95/5 v/v) yielding the product as a white solid (131 mg, 96%). 1H NMR (400 MHz, CDCl3 

δ): 8.36 (s, 3H, Ar, benzenetricarboxamide), 7.53 (s, 3H, triazole), 6.69 (t, 3H, C=ONHCH2), 

5.20 (t, J = 9.4 Hz, 3H, OCHRCHAcCHOAc), 5.09 (t, J = 9.7 Hz, 3H, 

OCHRCHOAcCHOAcCHOAc), 5.01 (t, J = 9.4 Hz, 3H, OCHRCHOAc), 4.91 (d, J = 12.5 

Hz, 3H, triazoleCH2O), 4.83 (d, J = 12.6 Hz, 3H, triazoleCH2O), 4.69 (d, J = 7.8 Hz, 3H, 
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triazoleCH2OCH), 4.35 (t, J = 7.3 Hz, 6H, CH2CH2triazole), 4.26 (dd, J = 12.4, 4.6 Hz, 3H, 

CHCH2OAc ), 4.16 (dd, J = 12.3, 2.3 Hz, 3H, CHCH2OAc), 3.75 (ddd, J = 9.5, 4.8, 2.3 Hz, 

3H, CHCH2OAc), 3.46 (q, J = 6.9 Hz, 6H, CH2CH2NHC=O), 2.09-1.98 (4s, 36H, 

OC=OCH3), 1.90 (m, 6H, CH2CH2triazole), 1.59 (m, 6H, CH2CH2NHC=O), 1.34 (m, 24H, 

aliphatic). 13C NMR: (100 MHz, CDCl3, δ): 170.65, 170.18, 169.44, 169.37, 165.66, 144.09, 

135.31, 128.02, 122.62, 99.86, 72.77, 71.90, 71.24, 68.35, 63.02, 61.86, 50.33, 40.19, 30.15, 

29.43, 28.87, 28.70, 26.67, 26.25, 20.77, 20.67, 20.60. FT-IR (ATR) ν (cm-1): 3321, 3143, 

3074, 2933, 2858, 2253, 2112, 1752, 1659, 1596, 1534, 1435, 1367, 1219, 1165, 1136, 1039, 

995, 908, 833, 787, 731, 647, 600, 560, 527, 487. MALDI-TOF-MS: calculated Mw = 

1824.81 g/mol, observed m/z = 1825.81 [H+ adduct]. 

 

N1,N3,N5-Tris(hexyl-triazole-(tetra-O-acetyl-β-D-glucopyranoside))benzene-1,3,5-

tricarboxamide (8d). 

N1,N3,N5-Tris(6-azidohexyl)benzene-1,3,5-tricarboxamide 7d (0.09 mmol, 50 mg) and 2-

Propynyl-tetra-O-acetyl-β-D-glucopyranoside (0.27 mmol, 106 mg) were dissolved in DMSO 

(4 mL). Copper sulphate (0.125 mmol, 20 mg) and sodium L-ascorbate (0.10 mmol, 20 mg) 

where mixed in water (0.2 mL) resulting in an orange mixture after a few minutes. This 

mixture was added to the reaction mixture, giving it a slightly orange colour. After 1 hour 

additional copper sulphate and sodium ascorbate were added and the reaction mixture was 

stirred overnight under an atmosphere of dry argon, after which it had turned green. 

Subsequently, the reaction mixture was diluted with chloroform (40 mL), and extracted with 

ethylene diamine tetraacetic acid disodium salt (2× 20 mL, 0.5 M), citric acid solution (3× 20 

mL, 10%) and saturated ammonium chloride solution (30 mL). The organic fraction was 

dried over MgSO4, filtered and concentrated in vacuo. The obtained material was purified by 

column chromatography (heptane/ethyl acetate 40/60, chloroform/methanol 95/5 v/v) 

yielding the product an off-white solid (105 mg, 70%). 1H NMR (400 MHz, CDCl3 δ): 8.39 

(s, 3H, Ar, benzenetricarboxamide), 7.55 (s, 3H, triazole), 6.90 (t, 3H, C=ONHCH2), 5.20 (t, 

J = 9.4 Hz, 3H, OCHRCHAcCHOAc), 5.09 (t, J = 9.7 Hz, 3H, 

OCHRCHOAcCHOAcCHOAc), 5.00 (t, J = 9.4 Hz, 3H, OCHRCHOAc), 4.91 (d, J = 12.5 

Hz, 3H, triazoleCH2O), 4.81 (d, J = 12.6 Hz, 3H, triazoleCH2O), 4.69 (d, J = 7.8 Hz, 3H, 

triazoleCH2OCH), 4.37 (t, J = 7.3 Hz, 6H, CH2CH2triazole), 4.25 (dd, J = 12.4, 4.6 Hz, 3H, 

CHCH2OAc ), 4.16 (dd, J = 12.3, 2.3 Hz, 3H, CHCH2OAc), 3.75 (ddd, J = 9.5, 4.8, 2.3 Hz, 

3H, CHCH2OAc), 3.45 (q, J = 6.9 Hz, 6H, CH2CH2NHC=O), 2.09-1.98 (4s, 36H, 

OC=OCH3), 1.92 (m, 6H, CH2CH2triazole), 1.60 (m, 6H, CH2CH2NHC=O), 1.37 (m, 24H, 

aliphatic). 13C NMR: (100 MHz, CDCl3, δ): 170.66, 170.21, 169.45, 169.36, 165.81, 144.24, 

135.35, 128.19, 122.78, 99.86, 72.75, 71.91, 71.24, 68.33, 62.97, 61.86, 50.09, 39.61, 29.97, 

29.19, 25.84, 25.73, 20.78, 20.69, 20.61. FT-IR (ATR) ν (cm-1): 3321, 3074, 2940, 2862, 

2253, 2115, 1754, 1660, 1596, 1534, 1435, 1368, 1223, 1166, 1137, 1040, 995, 908, 834, 

791, 732, 648, 600, 527, 487. MALDI-TOF-MS: calculated Mw = 1740.71 g/mol, observed 

m/z = 1741.71 [H+ adduct]. 
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Fluorescein-labelled benzoboroxole (9). 

A round bottom flask (5mL) was charged with (5-Amino-2-hydroxymethylphenyl)boronic 

acid (0.013 mmol, 2.014 mg) and dry DMSO (0.4 mL) under an atmosphere of dry argon. 

3',6'-Dihydroxy-5-isothiocyanate-3H-spiro[isobenzofuran-1,9'-xanthen]-3-one (0.013 mmol, 

4.98 mg) was dissolved in dry DMSO (0.4 mL) and added to the stirring solution. The 

mixture was stirred overnight at room temperature after which the solvents were evaporated 

under high vacuum. The resulting red solid was dissolved in a small amount of methanol and 

applied to a preparative TLC plate (eluent ethyl acetate). The fractions were investigated with 

LCMS and the desired product was obtained with a small amount of non-fluorescing 

impurity. FT-IR (ATR) ν (cm-1): 3356, 2925, 2854, 1742, 1636, 1574, 1507, 1464, 1414, 

1392, 1330, 1213, 1170, 1109, 916, 851, 601, 483. LC-MS: calculated Mw = 538.10 g/mol, 

observed m/z = 539.33 [H+ adduct]. 
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Chapter	4	

Consequences	of	chirality	on	BTA	self‐assembly	
in	water	

 

	

	

Abstract	

The introduction of stereogenic centres is a common strategy to study self-assembly 

processes and obtain structural and conformational information of helical supramolecular 

polymers. In this chapter, the self-assembly of two chiral benzene-1,3,5-tricarboxamide 

(BTA) derivatives is studied. In the first BTA derivative, a stereogenic methyl substituent is 

introduced into the aliphatic spacer, while in the second a stereogenic deuterium is 

introduced. Both chiral BTA derivatives self-assemble into supramolecular polymers of 

similar dimensions, but circular dichroism (CD) and UV spectroscopy reveal several 

intriguing differences. The introduction of three stereogenic methyl substituents influences 

the self-assembly, resulting in a different internal conformation within the supramolecular 

polymers compared to achiral 1. The introduction of three stereogenic deuterium substituents 

does not change the conformation within the supramolecular polymers compared to 1, but 

does result in a CD effect. This indicates that these supramolecular polymers contain a helical 

arrangement, which can be biased by the introduction of chiral centres in the aliphatic spacer. 

These results show how the introduction of chirality can provide additional information about 

self-assembly. However, it is important to ensure that the molecular modifications do not 

influence the self-assembly process. 
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4.1	Introduction	

The ability to transfer molecular chirality to a preferred handedness on the supramolecular 

level is an effect frequently observed in supramolecular architectures. In addition, the transfer 

of molecular chirality to the supramolecular level in mixtures of achiral and chiral monomers, 

i.e. the Sergeants-and-Soldiers effect, or mixtures of enantiomers, i.e. the Majority-Rules 

effect is often used as a tool to increase insight into the supramolecular self-assembly 

process.1-5 In the Sergeants-and-Soldiers effect a small amount of chiral molecules dictates 

the helicity of a majority of achiral molecules on the supramolecular level, while in the 

Majority-Rules effect the supramolecular chirality in a non-racemic mixture of enantiomers is 

dictated by the enantiomer in excess. Benzene-1,3,5-tricarboxamides (BTAs) self-assemble 

into helical columnar stacks, and the introduction of a stereogenic centre into the molecular 

structure can bias the helicity.6 Furthermore, in these systems both the Sergeant-and-Soldiers 

and the Majority-Rules effects have been reported.7-11 Even in the case of isotopic chirality 

based on proton-deuterium substitution, the helicity can be biased, although the effect is too 

small to fully induce only one helical handedness, or to act as sergeant in a Sergeants-and-

Soldiers experiment.12-15 Furthermore, the preferred helicity in solutions depends on both 

temperature and the nature of the alkane solvent.12,16 

In Chapter 2 the aqueous self-assembly of tetraethylene glycol-functionalised BTA 

derivatives has been discussed. An undecyl spacer is the minimal length required for the self-

assembly into supramolecular polymers. Cryo-TEM showed that BTA 1 (Figure 4.1) self-

assembles into one-dimensional supramolecular polymers of several micrometres in length 

and with a diameter of approximately 5 nm. UV–vis spectroscopy studies revealed a 

previously unknown mode of packing between the BTAs, evidenced by a red-shifted 

absorption upon assembly instead of the commonly observed blue-shift in apolar organic 

solvents.8 Nevertheless, IR spectroscopy measurements support the formation of hydrogen 

bonds in the assemblies of 1 in aqueous solution. In addition, chemical modifications 

preventing hydrogen bonding result in deviating aggregation behaviour, underlining the 

importance of the hydrogen bonding motif.  

To elucidate the details of the internal packing of the BTAs within the supramolecular 

polymers formed in aqueous solution, we introduce a stereogenic centre as an additional tool 

to study the self-assembly process. Therefore, in this chapter we discuss the synthesis and 

self-assembly behaviour of two chiral BTA derivatives, (S)-Me-2 and (S)-D-3, in aqueous 

solution (Figure 4.1).  
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Figure 4.1: Chemical structures of BTA derivatives 1, (S)-Me-2 and (S)-D-3 

4.2	Synthesis	of	chiral	BTA	derivatives	(S)‐Me‐2	and	(S)‐D‐3	

The synthesis of 1 is described in Chapter 2. The synthesis of (S)-Me-2 (Scheme 4.1) 

started with the statistical mono-protection of tetraethylene glycol. After separation of the 

products by column chromatography 4 was obtained in high purity. The remaining alcohol 

function was reacted with 1,6-dibromohexane and separation of the products afforded 5. 

Bromide 5 was then converted into triphenylphosphine derivative 6 by reaction with 

triphenylphosphine in the melt at 140 °C. Although the reaction was rather slow, almost full 

conversion was achieved after 7 days. After purification by column chromatography the 

product was isolated as a sticky material. The reaction time could be reduced to 6 hours by 

using a microwave reactor, but this approach led to some side reactions that complicated 

purification. (S)-Citronellol was the starting material to introduce a stereogenic methyl group 

in the aliphatic spacer.17 First, the alcohol moiety was protected, after which the double bond 

in 7 was cleaved by ozonolysis to afford aldehyde 8. While protection of (S)-citronellol was 

not required for the ozonolysis reaction, the stability of 8 upon storage was greatly improved 

compared to the unprotected alternative. Subsequently, a Wittig reaction was performed to 

obtain spacer 9, comprising a stereogenic methyl group on the third carbon. Initially, the 

Wittig reaction was difficult to reproduce, presumably as a result of trace impurities. The 

reproducibility was enhanced by triturating 6 with toluene repeatedly, followed by thorough 

drying under vacuum in the presence of P2O5. As a result, 9 was isolated in a 59% yield as a 

mixture of the E and Z isomers. Deprotection of the alcohol produced 10. The alcohol in 10 

was then converted into an amine in two steps with a combined yield of 81%; a Mitsunobu 

reaction yielded 11, which was converted into primary amine 12 using hydrazine. 

Subsequently, trimesoyl chloride was reacted with three equivalents of amine 12. After 

purification by column chromatography protected BTA 13 was isolated. Finally, reduction of 

the double bond and concomitant removal of the benzyl protecting groups was achieved in 

one step by catalytic hydrogenation. Thus (S)-Me-2 was obtained as an off-white waxy solid 

with an overall yield of 8.7% in 9 (consecutive) steps. (S)-Me-2 was fully characterised by 1H 

NMR, 13C NMR and IR spectroscopy and MALDI-ToF-MS (Figure 4.2). Although the e.e. of 
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(S)-Me-2 has not been determined, we expect it to be close to 98.6%, the e.e. of the used (S)-

citronellol.18  
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Scheme 4.1: Synthesis of chiral BTA derivative (S)-Me-2. 
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Figure 4.2: 1H NMR spectrum in CDCl3 and MALDI-ToF-MS spectrum of (S)-Me-2. 

For the synthesis of (S)-D-3 (Scheme 4.2), bromide 14 (Chapter 2) was treated with 

potassium hydroxide. This coupling afforded 15 with a small fraction of the dimer, which is a 

result of ether formation (<10 mol%). The alcohol was oxidised using TEMPO and 

trichloroisocyanuric acid and 16 was isolated after purification by column chromatography; 

this procedure effectively removed the ether dimer impurity. In the next step, an enzymatic 

reduction using alcohol dehydrogenase Thermoanaerobacter sp. (ADH-T) and isopropanol-

d8 as deuterium source afforded (R)-alcohol 17, substituted with a stereogenic deuterium on 

the α-carbon, in 62% yield. In a previous analogous study this procedure produced the 

desired enantiomer with an e.e. of 97%.15 Although we did not determine the e.e. here, we 

expect a similarly high selectivity. Subsequently, the alcohol was tosylated and treated with 

sodium azide to obtain 19 in good yield. Subsequently, a Staudinger reduction was performed 

on 19. After purification by silica filtration pure amine 20 was isolated. Reaction of trimesoyl 

chloride with three equivalents of 20 afforded benzyl protected BTA 21. In order to get the 

subsequent catalytic hydrogenation of 21 to proceed, a trace of acetic acid was added. This 

resulted in some side reactions, requiring purification by preparative HPLC chromatography 

(eluent acetonitrile/water 85/15 v/v) to purify (S)-D-3. The final product was fully 

characterised by 1H NMR, 13C NMR and IR spectroscopy and MALDI-ToF-MS (Figure 4.3). 
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Scheme 4.2: Synthesis of BTA derivative (S)-D-3. 

 
Figure 4.3: 1H NMR spectrum in CDCl3 and MALDI-ToF-MS spectrum of (S)-D-3. 
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4.3	Self‐assembly	of	(S)‐Me‐2	in	water	

4.3.1	Self‐assembly	of	(S)‐Me‐2	monitored	by	UV–vis	and	CD	spectroscopy	

UV–vis and CD spectroscopy measurements were performed to study the self-assembly of 

(S)-Me-2 in water (Figure 4.4). Solutions were prepared by injection of a concentrated 

solution of (S)-Me-2 in methanol (5 μL, c = 2.5 × 10-2 M) into water (2.5 mL, final 

concentration c = 5 × 10-5 M). In methanol, the UV–vis spectrum displays an absorption 

maximum at 209 nm, indicative of the molecularly dissolved state and the absence of 

hydrogen bonds (Figure 4.4A, inset). 
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Figure 4.4: A) UV–vis spectrum of (S)-Me-2 in water (c = 5×10-5M). Inset: UV–vis spectrum of (S)-Me-2 in 

methanol (c = 5×10-5M). B) CD spectrum of (S)-Me-2 in water (c = 5×10-5M). 

Interestingly, in water (S)-Me-2 displays a UV–vis spectrum with an absorption maximum 

at 193 nm and a broad shoulder around 240 nm (Figure 4.4A). Furthermore, the CD spectrum 

displays a strong Cotton effect with a broad minimum (Δε = –39 M-1 cm-1) between 210 and 

230 nm (Figure 4.4B). These features closely match those reported for BTA self-assembly in 

apolar organic solvents.6 This indicates that (S)-Me-2 forms helical columnar stacks upon 

self-assembly in water. Heating the solution of (S)-Me-2 results in precipitation before any 

change in the UV–vis or CD spectrum is observed. 

As discussed in Chapter 2, 1 displays an absorption spectrum similar to the spectrum of 

(S)-Me-2 directly after injection from methanol into water. Over the course of approximately 

1 hour, the spectrum of 1 develops a red-shifted double absorption band. For (S)-Me-2 no 

such transition occurs after injection from methanol. Possibly, the introduction of three 

stereogenic methyl substituents in (S)-Me-2 pre-organises the molecules and stabilises the 

helical columnar packing. 

4.3.2	Self‐assembly	of	(S)‐Me‐2	visualised	by	cryo‐TEM	

Based on the differences in the UV spectra of 1 and (S)-Me-2 in water, it is likely that the 

conformation of the molecules within the aggregates differs. In order to visualise the 
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aggregates formed by (S)-Me-2 in water, cryo-TEM measurements have been carried out (c = 

4 × 10-4 M) (Figure 4.5). The cryo-TEM images show that (S)-Me-2 forms one dimensional 

fibrillar aggregates with dimensions very similar to those observed for 1 (discussed in 

Chapter 2). The supramolecular polymers have lengths in the order of micrometres and a 

diameter of approximately 5 nm, and do not appear to form bundles.  

 
Figure 4.5: Cryo-TEM images of (S)-Me-2 (c = 4 × 10-4 M in H2O) at different magnifications; Left) 

Supramolecular polymer formed by (S)-Me-2 (scale bar is 100 nm). Right) Magnification of the same 
supramolecular polymer (scale bar is 50 nm). 

Close inspection of the cryo-TEM images of 1 suggests a periodic variation of the 

diameter and intensity in the supramolecular polymers (Chapter 2, Figure 2.3). This effect is 

not observed at the highest magnification for the fibrillar aggregates that are formed by (S)-

Me-2 (Figure 4.5, right). These observations are strong indicators for differences in the 

internal packing of 1 and (S)-Me-2 on a molecular level, while on a supramolecular level one-

dimensional aggregates of similar dimensions are observed. However, it is difficult to 

quantify these apparent differences. The diameter of the fibres is close to the resolution limit 

of the technique and the fibres show a low contrast.  

4.3.3	Mixtures	of	1	and	(S)‐Me‐2	studied	by	UV–vis	and	CD	spectroscopy	

Both 1 and (S)-Me-2 form fibrillar supramolecular polymers of comparable dimensions as 

visualised by cryo-TEM, but on a molecular level UV–vis spectroscopy studies reveal 

differences in the packing mode. Despite this different packing, (S)-Me-2 may act as a 

sergeant and induce a helical preference in the self-assembly of 1. Therefore, aqueous 

mixtures of (S)-Me-2 and 1 were prepared and studied by UV–vis and CD spectroscopy. 

Solutions were prepared by mixing (S)-Me-2 and 1 in methanol and injecting a small volume 



Consequences of chirality on BTA self‐assembly in water 

95 
 

of this high concentration mixture (5 μL, cBTAtotal = 2.5 × 10-2 M) into water (2.5 mL, final 

concentration cBTAtotal = 5 × 10-5 M), this procedure was followed to promote mixing of the 

two components within the aggregates.  
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Figure 4.6: UV–vis absorption spectrum (A) and CD spectrum (B) of an aqueous mixture of 1 and (S)-Me-2 

in a 1-1 ratio (cBTAtotal = 5×10-5 M). 
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Figure 4.7: UV–vis absorption spectrum (A) and CD spectrum (B) of an aqueous mixture of 1 and (S)-Me-2 

in a 25-1 ratio (cBTAtotal = 5×10-5 M). 

The UV–vis spectrum of the 1:1 mixture of 1 and (S)-Me-2 displays a single absorption 

maximum at 193 nm and a shoulder at 240 nm, in close resemblance to the absorption 

spectrum of (S)-Me-2 (Figure 4.6A). The CD spectrum of the 1:1 mixture displays a Cotton 

effect around 220 nm (Δε = –22 M-1 cm-1, Figure 4.6B). This closely resembles the Cotton 

effect observed in aqueous solutions of (S)-Me-2 in shape, but is only half the intensity. 

When the ratio of 1 and (S)-Me-2 is changed to 25-1 (4 mol% of (S)-Me-2), the UV–vis 

absorption spectrum displays a maximum at 193 nm with a shoulder at 240 nm (Figure 4.7A). 

However, the intensity between 200–250 nm is higher and a small shoulder at 211 nm can be 

observed. Furthermore, the CD spectrum displays a weak Cotton effect around 220 nm (Δε ≈ 

–5 M-1 cm-1, Figure 4.7B).  
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The UV spectrum of the 1:1 mixture indicates that 1 and (S)-Me-2 co-assemble. If 1 and 

(S)-Me-2 would self-sort, the resultant spectrum would be a linear combination of the two 

parent spectra. However, a contribution of the red-shifted absorption maxima corresponding 

to 1 is not observed. Despite the fact that (S)-Me-2 dictates the nature of the packing, in the 

1:1 mixture the intensity of the CD effect depends virtually linearly on the composition. 

When only 4% of (S)-Me-2 is present in the mixture, the packing is largely dictated by (S)-

Me-2 like in the 1:1 mixture, but also the packing of 1 appears to occur. Possibly, the 

concentration of (S)-Me-2 is too low to influence the packing of all the assemblies in 

solution. Although uncommon for BTA self-assembly,19 the absence of a bias in the 

supramolecular helicity through the Sergeants-and-Soldiers effect in supramolecular 

structures has been reported previously.1 For example, hexa-peri-hexabenzocoronenes tend to 

rotate freely around the columnar axis in solution,20 presumably because the interactions are 

not strong enough to lock these discotics in position. Also in crown-ether functionalised 

phthalocyanines a linear relation between the CD-intensity and the ratio of chiral and achiral 

molecules was observed,21 which was attributed to the need for interactions of the chiral 

substituents.22 

4.4	Self‐assembly	of	(S)‐D‐3	in	water	

4.4.1	Self‐assembly	of	(S)‐D‐3	monitored	by	UV–vis	and	CD	spectroscopy	

As has been discussed in detail in Chapter 2, the aqueous self-assembly of 1 into 

supramolecular polymers is accompanied by a red-shift in the UV–vis absorption. In the 

previous paragraphs we showed that the introduction of a stereogenic methyl substituent in 

(S)-Me-2 affects the self-assembly, evidenced by a blue-shifted UV–vis absorption. 

Therefore, we synthesised (S)-D-3 with a stereogenic centre through isotopic chirality at the 

-position. Possibly, the isotopic chirality in (S)-D-3 is able to bias the handedness of the 

supramolecular polymers, without changing the packing compared to 1. Solutions were 

prepared by injection of a concentrated solution of (S)-D-3 in methanol (5 μL, c = 1.5 × 10-2 

M or c = 2.5 × 10-2 M) into water (2.5 mL, final concentration c = 3 × 10-5 M or c = 5 × 10-5 

M) and the samples were allowed to equilibrate overnight. 
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Figure 4.8: UV–vis absorption spectrum (A) and CD spectrum (B) of an aqueous solution of (S)-D-3 (c = 

3×10-5 M) at different temperatures. 

The UV–vis absorption of (S)-D-3 displays a double absorption with a maximum at 211 

nm and a shoulder at 225 nm at 20 °C (Figure 4.8A) indicating the same type of packing as 

observed for achiral 1. When the temperature is increased, the absorption spectrum remains 

unchanged up to 50 °C. Only upon heating the solution to above the LCST the ordered 

structure is lost and phase separation leads to scattering, indicated by the increased baseline at 

75 °C. Gratifyingly, the CD spectrum of (S)-D-3 shows a negative Cotton effect (Figure 

4.8B). At 20 °C, two extremes are discerned at 251 nm (Δε = -6 M-1 cm-1) and 214 nm (Δε = 

–7 M-1 cm-1). Like the UV spectrum, the CD spectrum does not change upon heating the 

solution to 50 °C, indicating that the order within the supramolecular polymers is retained. 

Only above the LCST the ordered assemblies are disrupted and the CD signal is lost. The 

shape of the Cotton effect differs from that of (S)-Me-2, which confirms that a different 

packing is adopted in the aggregates formed by (S)-D-3. Nevertheless, the occurrence of a 

Cotton effect indicates that an ordered packing with a preferred helicity is adopted, which can 

be biased by introducing a stereogenic deuterium substituent. 

In water the dynamics of the self-assembly are very slow at room temperature: the 

intensity of the Cotton effect slowly increases over the course of several days (Figure 4.9, 

Δε214nm = –15 M-1 cm-1, Δε251nm = –12). At 45 °C this process is significantly faster and the 

signal saturates upon storing the solution at 45 °C overnight. In contrast, BTA self-assembly 

in apolar organic solvents reaches equilibrium in a matter of seconds.7,8,18 Possibly, the 

monomers are kinetically trapped as a result of the hydrophobic effect. The final intensity of 

Δε214nm = –15 M-1 cm-1 is lower than that of (S)-Me-2. However, the maximal CD intensity 

may differ because the packing is different. At this point it is unclear to what extent the 

helicity in assemblies of (S)-D-3 is biased. 
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Figure 4.9: Cotton effect of an aqueous solution of (S)-D-3 (c = 5 × 10-5 M) after allowing it to equilibrate 
for several days. 

4.4.2	Mixtures	of	1	and	(S)‐D‐3	studied	by	UV–vis	and	CD	spectroscopy	

Previous studies in heptane as solvent have shown that a stereogenic deuterium is unable 

to bias the helical sense of assemblies of achiral monomers when the self-assembly is driven 

by hydrogen bonding.14 This was attributed to the fact that the isotopic chirality results in a 

very low mismatch penalty.12,14 Here the self-assembly is driven by a combination of 

hydrophobic effects and hydrogen bonding. In order to determine whether (S)-D-3 can bias 

the helicity of achiral 1 in a Sergeants-and-Soldiers experiment, mixtures with 1 were 

prepared and the self-assembly was monitored by CD spectroscopy (Figure 4.10A). All 

mixtures were equilibrated until the intensity was constant. 
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Figure 4.10: A) CD spectra of mixtures of 1 and (S)-D-3 in different ratios (cBTAtotal = 5 × 10-5 M). B) 

Intensity of the CD signal at 250 nm plotted versus the fraction of sergeant (S)-D-3 which displays a nearly 
linear relation. 

The CD intensity in mixtures of 1 and (S)-D-3 strongly depends on the mixing ratio. When 

the intensity at 250 nm is plotted versus the fraction of sergeant (S)-D-3 (Figure 4.10B), it 

becomes clear that the intensity decreases almost linearly with the fraction of chiral (S)-D-3, 

which indicates that the Sergeants-and-Soldiers effect is not operative. Despite the 
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hydrophobic effect as additional driving force and the different packing within these 

supramolecular polymers, the effect of isotopic chirality on BTA self-assembly in water is 

very similar to its effect in apolar organic solvents.  

4.5	Conclusions	

Two chiral water-soluble BTA derivatives (S)-Me-2 and (S)-D-3 have been synthesised to 

study the self-assembly in water with CD spectroscopy. Both (S)-Me-2 and (S)-D-3 self-

assemble into supramolecular polymers of dimensions that are similar to the supramolecular 

polymers formed by 1 (Chapter 2), although several notable differences occur. 

The UV and CD spectra of (S)-Me-2 suggest self-assembly into columnar helical 

supramolecular polymers, i.e., with a similar packing as the self-assembly of BTAs in apolar 

organic solvents. These results indicate that the introduction of three stereogenic methyl 

groups influences the self-assembly behaviour in water.  

In contrast, the introduction of a stereogenic deuterium in (S)-D-3 constitutes a much 

smaller modification to the molecular structure. The UV spectrum of (S)-D-3 is similar to that 

of 1, which indicates the same packing within the supramolecular polymers. Furthermore, the 

presence of a Cotton effect shows that the supramolecular polymers have a helical 

arrangement that can be biased by the introduction of chiral centres into the aliphatic spacer. 

The shape of the CD spectrum differs from all previously reported BTA-related spectra, 

which supports the hypothesis that a different packing is adopted by 1 and (S)-D-3. Finally, 

neither mixtures of 1 with (S)-Me-2 nor with (S)-D-3 display a Sergeants-and-Soldiers effect.  

The results show that additional information about the self-assembly can be obtained by 

introducing chiral centres. However, it is important to ensure that molecular modifications do 

not influence the self-assembly process, which is the case for (S)-Me-2. 

4.6	Experimental	section	

4.6.1	Materials	

Unless stated otherwise, all reagents and chemicals were obtained from commercial 

sources at the highest purity available and used without further purification. (S)-Citronellol 

was obtained from Takasago, (e.e. = 98.6%).23 All solvents were of AR quality and purchased 

from Biosolve. Dry, degassed THF and DCM were obtained after passage through the 

corresponding column on a MB-SPS-800 system. Deuterated chloroform was dried over 4 Å 

molsieves and triethyl amine was stored on KOH pellets. Flash chromatography was 

performed on a Biotage flash chromatography system using 200–425 mesh silica gel (Type 

60A Grade 633). Water was purified on an EMD Millipore Milli-Q Integral Water 

Purification System. Reactions were followed by thin-layer chromatography (precoated 0.25 

mm, 60-F254 silica gel plates from Merck).  
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4.6.2	Instrumentation	

1H NMR and 13C NMR spectra were recorded on a Varian Mercury Vx 400 MHz (100 

MHz for 13C) or a Varian Mercury Plus 200 MHz (50 MHz for 13C) NMR spectrometer. 

Chemical shifts are given in ppm (δ) values relative to residual solvent or tetramethylsilane 

(TMS). Splitting patterns are labelled as s, singlet; d, doublet; dd, double doublet; t, triplet; q, 

quartet; quin, quintet; m, multiplet and b stands for broad. 

Matrix-assisted laser desorption/ionisation (MALDI) mass spectra were obtained on a 

PerSeptive Biosystems Voyager DE-PRO spectrometer or a Bruker autoflex speed 

spectrometer using α-cyano-4-hydroxycinnamic acid (CHCA) and 2-[(2E)-3-(4-tert-

butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) as matrices. 

Infrared spectra were recorded on a Perkin Elmer Spectrum One 1600 FT-IR spectrometer 

or a Perkin Elmer Spectrum Two FT-IR spectrometer, equipped with a Perkin Elmer 

Universal ATR Sampler Accessory. 

CD measurements were performed on a Jasco J-815 spectropolarimeter where the 

sensitivity, time constant and scan rate were chosen appropriately. Corresponding 

temperature-dependent measurements were performed with a Jasco PTC-348WI Peltier-type 

temperature controller, with a temperature range of 263-383 K and adjustable temperature 

slope. 

Ultraviolet–visible (UV–vis) absorbance spectra were recorded on and a Jasco V-650 UV–

vis spectrometer with a Jasco ETCT-762 temperature controller. 

Samples for cryogenic transmission electron microscopy (cryo-TEM) were prepared in a 

‘Vitrobot’ instrument (PC controlled vitrification robot, patent applied, Frederik et al 2002, 

patent licensed to FEI) at room temperature and a relative humidity >95%. In the preparation 

chamber of the ‘Vitrobot’ a 3 μL sample was applied on a Quantifoil grid (R 2/2, Quantifoil 

Micro Tools GmbH; freshly glow discharged just prior to use), excess liquid was blotted 

away for 2s at -2mm and the thin film thus formed was shot (acceleration about 3 g) into 

liquid ethane. The vitrified film was transferred to a cryoholder (Gatan 626) and observed at 

–170 °C in a Tecnai Sphera microscope operating at 200 kV. Micrographs were taken at low 

dose conditions. 

Ozonolysis was performed using an in-situ ozone generator from Ozone Tech Systems. 

4.6.3	Methods	

UV–vis and CD spectroscopy measurements were performed using quartz cuvettes (1 cm). 

In line with the sample preparation adopted in Chapter 2, typically, a stock solution of the 

desired BTA derivative was prepared in methanol and 5 μL was injected into 2.5 mL water 

(milliQ) obtaining the desired concentration (c = 1 × 10-5M, c = 3 × 10-5M or c = 5 × 10-5M). 

Samples were allowed to anneal overnight.  
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4.6.4	Synthetic	procedures	

N1,N3,N5-Tris((S)-1-hydroxy-22-methyl-3,6,9,12-tetraoxatetracosan-24-yl)benzene-1,3,5-

tricarboxamide ((S)-Me-2).  

A round bottom flask (10 mL) was charged with N1,N3,N5-tris((S)-24-methyl-1-phenyl-

2,5,8,11,14-pentaoxahexacos-20-en-26-yl)benzene-1,3,5-tricarboxamide 18 (0.123 mmol, 

196 mg) and methanol (5 mL) was added. After N2(g) was led through the stirred solution for 

10 minutes, Pd/C (catalytic amount) was added and a balloon filled with H2(g) was 

connected. The reaction mixture was stirred under H2(g) atmosphere overnight at room 

temperature. The reaction mixture was filtered over celite and concentrated in vacuo, yielding 

2 as a slightly yellow waxy material ( 0.161 g, 98%). 1H NMR (400 MHz, CDCl3 δ): 8.37 (s, 

3H, Ar), 6.73 (t, J = 5.2 Hz, 3H, C=ONHCH2), 3.74 – 3.53 (m, 48H, O-(CH2)2-O), 3.52 – 

3.45 (m, 6H, CH2CH2NHC=O), 3.43 (t, J = 6.8 Hz, 6H, CH2CH2CH2O), 3.03 (b, 3H, 

CH2CH2OH), 1.69 – 1.10 (m, 57H, aliphatic), 0.94 (d, J = 6.5 Hz, 9H, CH2CH(CH3)CH2). 
13C NMR (100 MHz, CDCl3 δ): 165.80, 135.19, 128.14, 72.58, 71.57, 70.59, 70.59, 70.54, 

70.53, 70.27, 70.00, 61.68, 38.48, 36.77, 36.54, 30.62, 29.78, 29.51, 29.51, 29.38, 26.81, 

26.02, 19.56. MALDI-ToF-MS: calculated Mw = 1329.97 g/mol, observed m/z = 1352.98 

[Na+ adduct]. FT-IR (ATR) ν (cm-1): 3349, 3244, 3072, 2922, 2854, 1641, 1538, 1457, 1349, 

1294, 1261, 1102, 939, 884, 837, 721, 691. 

N1,N3,N5-Tris((S)-1-hydroxy-24-deuterium-3,6,9,12-tetraoxatetracosan-24-yl)benzene-

1,3,5-tricarboxamide ((S)-D-3). 

A round bottom flask(25 mL) was charged with N1,N3,N5-tris((S)-26-deuterium-1-phenyl-

2,5,8,11,14-pentaoxahexacos-20-en-26-yl)benzene-1,3,5-tricarboxamide 21 (0.023 mmol, 36 

mg) and methanol was added (1 mL). After N2(g) was led through the stirred solution for 10 

minutes, Pd/C (catalytic amount) was added and a balloon filled with H2(g) was connected. 

Because the reaction proceeded poorly, acetic acid (catalytic amount) was added, and the 

reaction mixture was stirred overnight. The reaction mixture was filtered over celite and 

concentrated in vacuo. The resulting material was purified by preparative HPLC (isocratic, 

acetonitrile/water 85/15, no acid) yielding the material in high purity (8 mg, 30%). 1H NMR 

(400 MHz, CDCl3 δ): 8.37 (s, 3H, Ar), 6.82 (d, J = 5.6 Hz, 3H, C=ONHCHDCH2), 3.74 – 

3.54 (m, 51H, O-(CH2)2-O, C=ONHCHDCH2), 3.43 (t, J = 6.8 Hz, 6H, CH2CH2CH2O), 3.08 

(b, 3H, CH2CH2OH), 1.60 (p, J = 7.2 Hz, 6H, CH2CHD-NHC=O), 1.53 (p, J = 7.0 Hz, 5H, 

CH2CH2CH2O), 1.45 – 1.14 (m, 48H, aliphatic). 13C NMR (100 MHz, CDCl3 δ): 165.83, 

135.19, 128.11, 72.52, 71.53, 70.56, 70.54, 70.49, 70.47, 70.24, 69.94, 61.64, 61.64, 40.03 

(t), 29.49, 29.47, 29.41, 29.40, 29.37, 29.37, 29.36, 29.18, 26.87, 25.99. FT-IR (ATR) ν (cm-

1): 3382 (broad), 3234, 3064, 2917, 2851, 1638, 1559, 1468, 1350, 1315, 1296, 1253, 1202, 

1118, 942, 884, 723, 693. 

 

Tetraethylene glycol monobenzyl ether (4).  

A round bottom flask (1 L, dried at 145 °C) was charged with tetraethylene glycol (29.81 

g, 0.153 mol) and dry THF (100 mL) under an atmosphere of dry argon. The solution was 
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stirred at 0 °C and sodium hydride (60% in mineral oil, 6.12 g, 0.153 mol) was added, upon 

which the mixture foamed vigorously. The ice bath was removed and after 30 minutes benzyl 

bromide (15.8 g, 0.092 mol, 0.6 eq) was added, resulting in a turbid mixture, which was 

stirred overnight. Subsequently, deionised water (100 mL) was added and the mixture was 

extracted with diethyl ether (3x 100 mL). The organic fractions were combined, dried with 

magnesium sulphate, filtered and concentrated in vacuo. The material was purified by column 

chromatography (ethylacetate/heptane 60/40) yielding 4 as a colourless oil (15.17 g, 58%). 
1H NMR (400 MHz, CDCl3 δ): 7.41 – 7.27 (m, 5H, Ar), 4.57 (s, 2H, Ar-CH2-O), 3.78 – 3.54 

(m, 16H, O-(CH2)2-O), 2.57 (b, 1H, CH2CH2OH). 

 

20-Bromo-1-phenyl-2,5,8,11,14-pentaoxaicosane (5).  

In a round bottom flask (1 L, dried at 140 °C) tetraethylene glycol benzyl ether 4 (7.05 g, 

24.79 mmol) was dissolved in dry THF (25 mL) under an atmosphere of dry argon and the 

solution was stirred at 0 °C. Subsequently, sodium hydride (60% in mineral oil, 1.22g, 30.5 

mmol) was added upon which the mixture foamed vigorously. The ice bath was removed and 

the mixture was stirred for 30 minutes. Subsequently, 1,6-dibromohexane (19 mL, 0.125 mol) 

was added and the mixture was allowed to stir overnight at room temperature. Deionised 

water was added (75 mL) and the mixture was extracted with diethyl ether (3 x 75 mL). The 

organic layers were combined, dried with magnesium sulphate, filtered and concentrated in 

vacuo. The obtained slightly yellow clear oil was purified by column chromatography 

(heptane/ethyl acetate 60/40) yielding 5 as a slightly yellow oil. Yield = 5.59 g, 50%. 1H 

NMR (400 MHz, CDCl3 δ): 7.41 – 7.27 (m, 5H, Ar), 4.57 (s, 2H, Ar-CH2-O), 3.73 – 3.60 (m, 

14H, O-(CH2)2-O), 3.60 – 3.55 (m, 2H, O-(CH2)2-O), 3.45 (t, J = 6.6 Hz, 2H, CH2CH2Br), 

3.40 (t, J = 6.8 Hz, 2H, CH2CH2O), 1.94 – 1.77 (m, 2H, CH2CH2Br), 1.67 – 1.53 (m, 2H, 

CH2CH2O), 1.53 – 1.28 (m, 4H, aliphatic). 

 

Triphenyl(1-phenyl-2,5,8,11,14-pentaoxaicosan-20-yl)phosphonium bromide (6).  

A round bottom flask (25 mL) was charged with 20-bromo-1-phenyl-2,5,8,11,14-

pentaoxaicosane 5 (6.08 mmol, 2.72 g) and triphenylphosphine (9.12 mmol, 2.39 g) was 

added. The reaction mixture was heated to 140 °C and the melt was stirred for 7 days under 

an atmosphere of dry argon. The reaction mixture was purified by column chromatography 

(eluent heptane/ethyl acetate 60/40 followed by chloroform/ methanol 94/6 v/v) obtaining the 

product as a slightly yellowish sticky oil. Yield = 4.01 g, 93%. 1H NMR (400 MHz, CDCl3 

δ): 7.96 – 7.63 (m, 15H, CH2P-(Ar)3), 7.42 – 7.27 (m, 5H, O-CH2-Ar), 4.56 (s, 2H, O-CH2-

Ar), 3.97 – 3.79 (m, 2H, CH2P-(Ar)3), 3.72 – 3.56 (m, 14H, O-(CH2)2-O), 3.56 – 3.47 (m, 2H, 

O-(CH2)2-O), 3.39 (t, J = 6.5 Hz, 2H, CH2CH2CH2O), 1.78 – 1.56 (m, 4H, P-CH2CH2CH2, 

CH2CH2CH2O), 1.56 – 1.42 (m, 2H, P-CH2CH2CH2), 1.42 – 1.25 (m, 2H, CH2CH2CH2O). 
13C NMR (100 MHz, CDCl3 δ): 138.21, 135.00, 134.97, 133.69, 133.59, 130.53, 130.41, 

128.31, 127.69, 127.55, 118.75, 117.89, 73.18, 71.07, 70.60-70.42, 69.96, 69.39, 30.18, 

30.02, 29.08, 25.67, 22.94, 22.55, 22.51, 22.44. MALDI-ToF-MS: calculated Mw = 629.34 



Consequences of chirality on BTA self‐assembly in water 

103 
 

g/mol, observed m/z = 629.34 [M+]. FT-IR (ATR) ν (cm-1): 3055, 2861, 1715, 1623, 1587, 

1485, 1453, 1438, 1349, 1279, 1249, 1110, 1028, 996, 942, 856, 789, 744, 722, 691, 531, 

508, 494. 

 

(S)-tert-Butyl((3,7-dimethyloct-6-en-1-yl)oxy)dimethylsilane (7).  

A round bottom flask (50 mL) was charged with (S)-3,7-dimethyloct-6-en-1-ol (32.0 

mmol, 5.0 g), imidazole (35.64 mmol, 2.43 g) and dry DMF (10 mL) under an atmosphere of 

dry argon. The mixture was stirred and after all solids dissolved the mixture was cooled to 0 

°C and tert-butylchlorodimethylsilane (35.74 mmol, 5.34 g) was added in one portion. After 5 

minutes the reaction mixture was allowed to reach room temperature and stirred overnight. 

1M HCl solution (50 mL) was added and the mixture was extracted with chloroform (50 mL). 

The organic layer was extracted once more with HCl solution (50 mL, 1 M) and subsequently 

neutralised with saturated NaHCO3 solution (50 mL). The organic layer was dried with 

MgSO4, filtered and concentrated in vacuo. The obtained material was purified by silica 

filtration (eluent heptane/ethyl acetate, 70/30, v/v). Yield = 99%. 1H NMR (200 MHz, CDCl3 

δ): 5.23 – 4.97 (m, 1H, (CH3)2C=CHCH2), 3.79 – 3.44 (m, 2H, Si-O-CH2CH2), 2.17 – 1.81 

(m, 2H, (CH3)2C=CHCH2), 1.74 – 1.65 (m, 3H, (CH3)2C=CHCH2), 1.65 – 1.57 (m, 3H, 

(CH3)2C=CHCH2), 1.56 – 1.03 (m, 5H, CH2CH(CH3)CH2), 1.01 – 0.73 (m, 12H, Si-C(CH3)3, 

CH2CH(CH3)CH2 ), 0.05 (s, 6H, Si-(CH3)2). FT-IR (ATR) ν (cm-1): 2956, 2929, 2858, 1463, 

1378, 1254, 1093, 986, 897, 834, 774, 733, 662. 

 

(S)-6-((tert-Butyldimethylsilyl)oxy)-4-methylhexanal (8).  

A three neck round bottom flask (100 mL, dried at 140 °C) was charged with (S)-tert-

butyl((3,7-dimethyloct-6-en-1-yl)oxy)dimethylsilane 7 (7.40 mmol, 2.00 g) and dry DCM (70 

mL) was added. The solution was flushed with N2(g) and cooled to -80 °C. Subsequently, 

ozone was led trough the stirring solution until the solution turned bright blue. At this point 

dimethyl sulphide (DMS, 82 mmol, 6 mL) was added upon which the reaction mixture 

immediately became colourless. The reaction mixture was allowed to reach room temperature 

and was subsequently stirred for one hour at 30 °C. The solvent and excess DMS were 

removed in vacuo and the obtained oil was redissolved in chloroform (20 mL) after which it 

was extracted two times with deionised water (20 mL). The organic layer was dried with 

MgSO4, filtered and concentrated in vacuo yielding 8 as a colourless oil. Yield = 1.6 g, 91%. 
1H NMR (400 MHz, CDCl3) δ 9.78 (t, J = 1.9 Hz, 1H, CH2CH=O), 3.75 – 3.53 (m, 2H, O-

CH2CH2), 2.57 – 2.27 (m, 2H, CH2CH=O), 1.92 – 1.16 (m, 5H, , CH2CH(CH3)CH2), 1.13 – 

0.61 (m, 12H, Si-C(CH3)3, CH2CH(CH3)CH2), 0.04 (s, 6H, Si-(CH3)2). 

 

(S)-24,28,28,29,29-Pentamethyl-1-phenyl-2,5,8,11,14,27-hexaoxa-28-silatriacont-20-ene 

(9).  

A two neck round bottom flask (25 mL, dried at 140 °C) was charged with triphenyl(1-

phenyl-2,5,8,11,14-pentaoxaicosan-20-yl)phosphonium bromide 6 and dry THF (16 mL) 
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under an atmosphere of dry argon. The mixture was slightly heated by use of a water bath (50 

°C) to speed up the dissolution of the solids. Subsequently, the solution was cooled to –30 °C 

(acetonitrile and N2(l)) and n-butyllithium (1.6 M solution in hexanes,1.26 mmol, 0.79 mL) 

was added drop wise. The reaction mixture turned bright orange, indicative for the formation 

of the corresponding ylid. The reaction mixture was stirred at –30 °C (acetonitrile and N2(l)) 

for 30 minutes. Then, it was cooled to –78 °C (acetone and dry ice) and a solution of (S)-6-

((tert-butyldimethylsilyl)oxy)-4-methylhexanal 8 (2.02 mmol, 0.493 g) in dry THF (1 mL) 

was added drop wise. Upon addition, the colour immediately changed to faintly yellow and 

the reaction mixture became somewhat turbid. After 50 minutes at –78 °C the reaction 

mixture was allowed to reach –30 °C (acetonitrile and N2(l)), upon which the mixture became 

a clear, faintly yellow solution. After 1.5 hours the reaction mixture was allowed to reach 

room temperature and was stirred for an additional 1.5 hours. The reaction was quenched 

with saturated NH4Cl solution (50 mL) and the mixture was extracted three times with diethyl 

ether (50 mL) The organic layers were combined, dried with MgSO4, filtered and the solvent 

was removed in vacuo. The material was purified by column chromatography (eluent 

heptane/ethyl acetate 80/20-70/30) yielding a mixture of the E and Z isomers. Yield = 0.45 g, 

59%. 1H NMR (400 MHz, CDCl3 δ): 7.41 – 7.27 (m, 5H, Ar), 5.44 – 5.22 (m, 2H, 

CH2CH=CH CH2, Z and E), 4.57 (s, 2H, Ar-CH2-O), 3.73 – 3.60 (m, 16H, O-(CH2)2-O, Si-

O-CH2CH2), 3.60 – 3.50 (m, 2H, O-(CH2)2-O), 3.44 (t, J = 6.8 Hz, 2H, CH2CH2CH2O), 2.14 

– 1.89 (m, 4H, CH2CH=CHCH2), 1.67 – 1.47 (m, 4H, Si-O-CH2CH2, CH2CH2CH2O), 1.43 – 

1.25 (m, 6H, CH2CH2CH=CHCH2CH2CH2), 1.25 – 1.08 (m, 1H, CH2CH(CH3)CH2), 0.99 – 

0.78 (m, 12H, Si-C(CH3)3, CH2CH(CH3)CH2), 0.05 (s, 6H, Si-(CH3)2). MALDI-ToF-MS: 

calculated Mw = 594.43 g/mol, observed m/z = 617 [Na+ adduct]. 

 

(S)-24-Methyl-1-phenyl-2,5,8,11,14-pentaoxahexacos-20-en-26-ol (10).  

A two neck round bottom flask (25 mL, dried at 140 °C) was charged with (S)-

24,28,28,29,29-pentamethyl-1-phenyl-2,5,8,11,14,27-hexaoxa-28-silatriacont-20-ene 9 (1.21 

mmol, 0.717 mg) and dry THF (6 mL) under an atmosphere of dry argon. The solution was 

cooled to 0 °C and tetrabutyl ammonium fluoride (1M in THF, 1.8 mL) was added drop wise. 

The reaction mixture was allowed to reach room temperature and stirring was continued for 

4.5 hours. The reaction was quenched with saturated NH4Cl solution (30 mL) and the 

aqueous layer was extracted with diethyl ether (3x 30 mL). The organic layers were 

combined, dried with MgSO4, filtered and concentrated in vacuo. The material was purified 

by column chromatography (eluent heptane/dimethoxyethane 100/0-50/50 v/v). Yield = 0.53 

g, 91%. 1H NMR (400 MHz, CDCl3 δ): 7.42 – 7.27 (m, 5H, Ar), 5.48 – 5.22 (m, 2H, 

CH2CH=CH CH2, Z and E), 4.57 (s, 2H, Ar-CH2-O), 3.71 – 3.60 (m, 16H, O-(CH2)2-O, HO-

CH2CH2), 3.59 – 3.54 (m, 2H, O-(CH2)2-O), 3.44 (t, J = 6.8 Hz, 2H, CH2CH2CH2O), 2.15 – 

1.89 (m, 4H, CH2CH=CHCH2), 1.67 – 1.49 (m, 4H, HO-CH2CH2, CH2CH2CH2O), 1.46 – 

1.27 (m, 6H, CH2CH2CH=CHCH2CH2CH2), 1.27 – 1.12 (m, 1H, CH2CH(CH3)CH2), 0.91 (d, 

J = 6.6 Hz, 3H, CH2CH(CH3)CH2). 
13C NMR (100 MHz, CDCl3 δ): 138.27, 129.88, 129.74, 
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128.34, 127.73, 127.57, 73.24, 71.46, 70.67-70.57, 70.06, 69.44, 61.10, 39.84, 37.10, 29.55, 

29.52, 29.15, 27.13, 25.73, 24.67, 19.56. MALDI-ToF-MS: calculated Mw = 480.35 g/mol, 

observed m/z = 503.37 [Na+ adduct], 519.34 [K+ adduct]. FT-IR (ATR) ν (cm-1): 2922, 2860, 

1454, 1351, 1297, 1250, 1206, 1100, 849, 737, 698, 605, 532, 466. 

 

(S)-2-(24-Methyl-1-phenyl-2,5,8,11,14-pentaoxahexacos-20-en-26-yl)isoindoline-1,3-

dione (11).  

A two neck round bottom flask (25 mL, dried at 140 °C) was charged with (S)-24-methyl-

1-phenyl-2,5,8,11,14-pentaoxahexacos-20-en-26-ol 10 (1.08 mmol, 0.52g), diethyl ether (10 

mL), phthalimide (2.18 mmol, 0.321 g) and triphenylphosphine (2.16 mmol, 0.567 g) under 

an atmosphere of dry argon. The heterogeneous reaction mixture was stirred at 0 °C and 

diisopropyl azodicarboxylate (DIAD) (2.23 mmol, 0.44 mL) was added drop wise. 

Subsequently, the reaction mixture was allowed to reach room temperature and was stirred 

overnight. The reaction mixture was filtered over a glass filter and the solids were washed 

three times with diethyl ether (15 mL). The filtrate was concentrated in vacuo at high vacuum 

for 2 hours. The obtained material was directly used in the subsequent step. 

 

(S)-24-Methyl-1-phenyl-2,5,8,11,14-pentaoxahexacos-20-en-26-amine (12).  

A round bottom flask (100 mL) was charged with (S)-2-(24-methyl-1-phenyl-2,5,8,11,14-

pentaoxahexacos-20-en-26-yl)isoindoline-1,3-dione 11 and ethanol (15 mL) was added. To 

the stirring solution hydrazine monohydrate (0.5 mL) was added. The reaction mixture was 

stirred overnight at reflux. The reaction mixture was concentrated in vacuo, redissolved in 

chloroform (25 mL) and extracted with NaOH solution (3x 25 mL, 1 M). The organic layer 

was dried with MgSO4, filtered and concentrated in vacuo. The material was purified by 

filtration over silica (eluent: ethyl acetate/methanol 95/5 followed by ethyl acetate/isopropyl 

amine 9/1). Yield = 0.417 g, 81%. 1H NMR (400 MHz, CDCl3 δ): 7.39 – 7.27 (m, 5H, Ar), 

5.45 – 5.24 (m, 2H, CH2CH=CH CH2, Z and E), 4.57 (s, 2H, Ar-CH2-O), 3.71 – 3.60 (m, 

14H, O-(CH2)2-O), 3.60 – 3.51 (m, 2H, O-(CH2)2-O), 3.44 (t, J = 6.8 Hz, 2H, 

CH2CH2CH2O), 2.83 – 2.58 (m, 2H, CH2CH2NH2), 2.16 – 1.91 (m, 4H, CH2CH=CHCH2), 

1.66 – 1.09 (m, 11H, aliphatic), 0.89 (d, J = 6.5 Hz, 3H, CH2CH(CH3)CH2). 
13C NMR (100 

MHz, CDCl3 δ): 138.26, 129.95, 129.67, 128.34, 127.73, 127.57, 73.23, 71.46, 70.66-70.56, 

70.06, 69.43, 41.10, 40.05, 37.11, 30.14, 29.60, 29.54, 27.17, 25.77, 24.69, 19.54. MALDI-

ToF-MS: calculated Mw = 479.36 g/mol, observed m/z = 480.39 [MH+], 502.37 [Na+ adduct]. 

FT-IR (ATR) ν (cm-1): 2920, 2858, 1583, 1454, 1350, 1300, 1250, 1206, 1100, 1040, 985, 

945, 877, 851, 820, 736, 698, 612, 524, 466. 

 

N1,N3,N5-tris((S)-24-Methyl-1-phenyl-2,5,8,11,14-pentaoxahexacos-20-en-26-yl)benzene-

1,3,5-tricarboxamide (13).  

A two neck round bottom flask (25 mL, dried at 140 °C) was charged with (S)-24-methyl-

1-phenyl-2,5,8,11,14-pentaoxahexacos-20-en-26-amine 12 (0.534 mmol, 0.256 g) and dry 
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chloroform (1.5 mL) under an atmosphere of dry argon. To the stirred solution was added 

triethyl amine (1.0 mmol, 0.14 mL) and the mixture was cooled to 0 °C. Subsequently, 1,3,5-

benzenetricarbonyl trichloride (0.167 mmol, 44.17 mg) was dissolved in dry chloroform (0.5 

mL) and added drop wise to the reaction mixture. The reaction mixture was allowed to reach 

room temperature and was stirred for an additional 4 hours. The solvent was removed in 

vacuo and the material was purified by column chromatography (eluent, 

heptane/dimethoxyethane 50/50, v/v) (0.21 g, 77%). 1H NMR (400 MHz, CDCl3 δ): 8.40 (s, 

3H, Ar (benzenetricarboxamide), 7.37 – 7.27 (m, 15H, Ar), 6.86 – 6.65 (b, 3H, C=ONHCH2), 

5.34 (m, 6H, CH2CH=CH CH2, Z and E), 4.53 (s, 6H, Ar-CH2-O), 3.69 – 3.43 (m, 54H, O-

(CH2)2-O, CH2CH2NHC=O), 3.41 (t, J = 6.7 Hz, 6H, CH2CH2CH2O), 2.16 – 1.87 (m, 12H, 

CH2CH=CHCH2), 1.76 – 1.13 (m, 33H, aliphatic), 0.96 (d, J = 6.5 Hz, 9H, 

CH2CH(CH3)CH2). 
13C NMR (100 MHz, CDCl3 δ): 165.74, 138.13, 135.26, 129.86, 129.73, 

128.34, 128.20, 127.75, 127.60, 73.24, 71.44, 70.67-70.56, 70.03, 69.39, 38.43, 36.87, 36.57, 

30.39, 29.47, 29.45, 27.11, 25.69, 24.62, 19.43. MALDI-ToF-MS: calculated Mw = 1594.07 

g/mol, observed m/z = 1617.04 [Na+ adduct], 1633.03 [K+ adduct]. FT-IR (ATR) ν (cm-1): 

3237, 3066, 2923, 2859, 1640, 1561, 1454, 1351, 1300, 1252, 1105, 1041, 946, 906, 853, 

736, 697, 613. 

 

1-Phenyl-2,5,8,11,14-pentaoxahexacosan-26-ol (15). 

A round bottom flask (50 mL) was charged with 26-bromo-1-phenyl-2,5,8,11,14-

pentaoxahexacosane 14 (1.88 mmol, 1.0 g) and DMSO ( 5mL). To the stirring solution was 

added KOH (3.6 mmol, 0.2 g, powder) upon which the reaction mixture turned black. The 

reaction mixture was stirred overnight at 95 °C. The reaction mixture was concentrated in 

vacuo, redissolved in DCM (30 mL) and extracted with H2O (3x 30 mL) and brine (2x 30 

mL). The organic fraction was dried with MgSO4, filtered and concentrated. The resulting 

material was purified by column chromatography (heptane/ethylacetate 40/60 v/v) yielding 

the target product with a small amount of dimer as a result of ether formation, which was 

removed in the next step (0.47 g, 53%). 1H NMR (400 MHz, CDCl3 δ): 7.42 – 7.28 (m, 5H, 

Ar), 4.57 (s, 2H, Ar-CH2-O), 3.71 – 3.60 (m, 16H, O-(CH2)2-O, CH2CH2-OH), 3.60 – 3.54 

(m, 2H, O-(CH2)2-O), 3.44 (t, J = 6.8 Hz, 2H, CH2CH2CH2OCH2), 3.38 (t, J = 6.8 Hz, 0.3H, 

CH2CH2OCH2 CH2, ether dimer side product), 1.64 – 1.46 (m, 4H, CH2CH2CH2O, CH2CH2Br), 

1.45 – 1.17 (m, 16H, aliphatic). 

 

1-Phenyl-2,5,8,11,14-pentaoxahexacosan-26-al (16). 

In a two neck flask (10 mL) 1-Phenyl-2,5,8,11,14-pentaoxahexacosan-26-ol 15 (0.63 

mmol, 0.297 g) was dissolved in dry DCM (3.5 mL) under an atmosphere of dry argon and 

trichloroisocyanuric acid (0.7 mmol, 0.162 g) was added to the stirring solution. 

Subsequently, the reaction mixture was placed in an ice bath and TEMPO (catalytic amount) 

was added, and the mixture was stirred for 10 minutes after which the ice bath was removed. 

The reaction mixture was stirred for an additional 40 minutes, after which it was filtered over 
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celite and the reaction mixture was concentrated in vacuo. The solution was extracted with 

Na2CO3 (20 mL, saturated), HCl (20 mL, 1 M) and brine (20 mL). The organic phase was 

dried with MgSO4, filtered and concentrated in vacuo. The resulting material was purified by 

column chromatography (heptane/ethyl acetate 40/60 v/v) yielding the target compound as a 

colourless oil (0.10 g, 35%). 1H NMR (400 MHz, CDCl3 δ): 9.76 (t, J = 1.9 Hz, 1H, 

O=CHCH2), 7.48 – 7.27 (m, 5H, Ar), 4.57 (s, 2H, Ar-CH2-O), 3.74 – 3.60 (m, 14H, O-

(CH2)2-O), 3.61 – 3.52 (m, 2H, O-(CH2)2-O), 3.44 (t, J = 6.8 Hz, 2H, CH2CH2CH2OCH2), 2.41 

(td, J = 7.3, 1.9 Hz, 2H, O=CHCH2), 1.67 – 1.49 (m, 4H,), 1.28 (m, 16H, aliphatic). LC-ESI-

MS: calculated Mw = 466.33 g/mol, observed m/z = 467.17 [H+ adduct]. 

 

(R)-26-Deuterium-1-phenyl-2,5,8,11,14-pentaoxahexacosan-26-ol (17).  

A round bottom flask (25 mL) was charged with 1-phenyl-2,5,8,11,14-

pentaoxahexacosan-26-al 16 (0.21 mmol, 0.096 g), i-propanol-d8 (0.5 mL) and phosphate 

buffer (1.8 mL). To the stirring reaction mixture NADPH was added (13 mg) and mixture 

was heated to 36 °C. The enzyme ADH-T (0.01 mL) was added and the reaction mixture was 

stirred for 8 days. Subsequently, the aqueous reaction mixture was extracted with chloroform 

(3x 10 mL), the organic fractions were combined, dried with MgSO4, filtered and 

concentrated in vacuo. The resulting material was purified by reversed phase column 

chromatography (acetonitrile/water 80/20 v/v) yielding the target compound in good purity 

(0.060 g, 62%). 1H NMR (400 MHz, CDCl3 δ): 7.41 – 7.27 (m, 5H, Ar), 4.57 (s, 2H, Ar-CH2-

O), 3.77 – 3.60 (m, 15H, O-(CH2)2-O, CH2CHD-OH), 3.60 – 3.53 (m, 2H, O-(CH2)2-O), 3.44 

(t, J = 6.8 Hz, 2H, CH2CH2CH2OCH2), 1.79 – 1.46 (m, 4H, CH2CH2CH2O, CH2CHD-OH), 

1.47 – 1.09 (m, 16H, aliphatic). LC-ESI-MS: calculated Mw = 469.35 g/mol, observed m/z = 

470.42 [H+ adduct]. 

 

(R)-26-Deuterium-1-phenyl-2,5,8,11,14-pentaoxahexacosan-26-yl tosylate (18). 

In a round bottom flask (10 mL) (R)-26-deuterium-1-phenyl-2,5,8,11,14-

pentaoxahexacosan-26-ol 17 ( 0.13 mmol, 61 mg) was dissolved in dry chloroform (1 mL) 

under an atmosphere of dry argon and triethyl amine (0.05 mL) and trimethyl ammonium 

chloride ( 0.03 mmol, 2.6 mg) were added. The reaction mixture was placed in an icebath and 

tosyl chloride (0.26 mmol, 51 mg) was slowly added. The icebath was removed after 15 

minutes and the reaction mixture was stirred overnight. Subsequently, the reaction mixture 

was diluted with chloroform (9 mL) and extracted with water (3x 10 mL) and brine (10 mL). 

The organic fraction was dried with MgSO4, filtered and concentrated in vacuo yielding the 

product as a white solid (81 mg, quantitative). 1H NMR (400 MHz, CDCl3 δ): 7.98 – 7.69 (m, 

2H, Ar, tosyl), 7.51 – 7.28 (m, 7H, Ar, tosyl, benzyl), 4.57 (s, 2H, Ar-CH2-O), 4.00 (t, J = 6.6 

Hz, 1H, S-O-CHDCH2), 3.79 – 3.60 (m, 14H, O-(CH2)2-O), 3.57 (m, 2H, O-(CH2)2-O), 3.44 

(t, J = 6.8 Hz, 2H, CH2CH2CH2OCH2), 2.45 (s, 3H, CH3-tosyl), 1.78 – 1.49 (m, 4H, 

CH2CH2CH2O, CH2CHD-OH), 1.49 – 1.10 (m, 16H, aliphatic). LC-ESI-MS: calculated Mw = 

623.36 g/mol, observed m/z = 624.33 [H+ adduct]. 
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(S)-26-Deuterium-1-phenyl-2,5,8,11,14-pentaoxahexacosan-26-yl azide (19). 

In a round bottom flask (5 mL) (R)-26-deuterium-1-phenyl-2,5,8,11,14-

pentaoxahexacosan-26-yl tosylate 18 was dissolved in dry DMF (1 mL) and sodium azide 

(0.4 mmol, 28 mg) was added under an atmosphere of dry argon. The reaction mixture was 

heated to 70 °C and stirred overnight. Subsequently, brine was added (10 mL) and the 

reaction mixture was extracted with chloroform (3x 10 mL). The organic phases were 

combined, dried with MgSO4, filtered and concentrated in vacuo. Remaining DMF was 

removed by a stream of nitrogen overnight yielding the product as a yellow oil (57.5 mg, 

90%). ). 1H NMR (400 MHz, CDCl3 δ): 7.38 – 7.27 (m, 5H, Ar), 4.57 (s, 2H, Ar-CH2-O), 

3.73 – 3.60 (m, 14H, O-(CH2)2-O), 3.60 – 3.53 (m, 2H, O-(CH2)2-O), 3.44 (t, J = 6.8 Hz, 2H, 

CH2CH2CH2OCH2), 3.24 (tt, J = 7.1, 1.8 Hz, 1H, N3CHDCH2), 1.74 – 1.49 (m, 4H, 

CH2CH2CH2O, CH2CHD-N3), 1.46 – 1.13 (m, 16H, aliphatic). 13H NMR (100 MHz, CDCl3 

δ): 138.25, 128.32, 127.70, 127.55, 73.22, 71.52, 70.63, 70.63, 70.60, 70.60, 70.59, 70.58, 

70.03, 69.42, 51.13 (t), 29.62, 29.55, 29.53, 29.49, 29.46, 29.44, 29.13, 28.71, 26.66, 26.07. 

FT-IR (ATR) ν (cm-1): 3031, 2926, 2855, 2093, 1496, 1455, 1350, 1323, 1282, 1253, 1107, 

1043, 1029, 992, 949, 880, 849, 818, 737, 723, 698, 647, 615, 551. LC-ESI-MS: calculated 

Mw = 494.36 g/mol, observed m/z = 517.50 [Na+ adduct]. 

(S)-26-Deuterium-1-phenyl-2,5,8,11,14-pentaoxahexacosan-26-yl amine (20). 

A round bottom flask (5 mL) was charged with (R)-26-deuterium-1-phenyl-2,5,8,11,14-

pentaoxahexacosan-26-yl azide (0.12 mmol, 57.5 mg) and THF (1 mL) and water (catalytic 

amount) were added. Triphenyl phosphine (0.35 mmol, 92 mg) was added to the reaction 

mixture and the clear solution was stirred overnight. The solvent was removed in vacuo and 

the resulting material was purified by silica filtration (chloroform/methanol 95/5, 

chloroform/methanol/isopropyl amine 85/5/10 v/v) yielding 20 as a slightly yellow oil which 

solidified upon standing (46 mg, 85%). 1H NMR (400 MHz, CDCl3 δ): 7.39 – 7.26 (m, 5H, 

Ar), 4.55 (s, 2H, Ar-CH2-O), 3.70 – 3.59 (m, 14H, O-(CH2)2-O), 3.58 – 3.51 (m, 2H, O-

(CH2)2-O), 3.42 (t, J = 6.8 Hz, 2H, CH2CH2CH2OCH2), 2.65 (t, J = 7.2 Hz, 1H, CH2CHD-

NH2), 1.55 (p, J = 7.0 Hz, 2H, CH2CH2CH2O), 1.42 (p, J = 6.8 Hz, 2H, CH2CHD-NH2), 1.35 

– 1.13 (m, 16H, aliphatic). 13H NMR (100 MHz, CDCl3 δ): 138.25, 128.32, 127.71, 127.54, 

73.21, 71.52, 70.63, 70.62, 70.61, 70.59, 70.58, 70.57 70.03, 69.41, 41.93 (t), 33.39, 29.62, 

29.59, 29.56, 29.56, 29.46, 29.46, 26.83, 26.07. . FT-IR (ATR) ν (cm-1): 30.30, 2924, 2855, 

1686, 1638, 1567, 1465, 1455, 1351, 1300, 1250, 1202, 1175, 1111, 1043, 992, 945, 878, 

831, 800, 737, 721, 698, 545. LC-ESI-MS: calculated Mw = 468.37 g/mol, observed m/z = 

469.58 [H+ adduct]. 

 

N1,N3,N5-tris((S)-26-Deuterium-1-phenyl-2,5,8,11,14-pentaoxahexacos-20-en-26-

yl)benzene-1,3,5-tricarboxamide (21). 

A two neck flask (10 mL) is charged with (S)-26-deuterium-1-phenyl-2,5,8,11,14-

pentaoxahexacosan-26-yl amine 20 and dry chloroform (0.5 mL) and triethyl amine (0.02 
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mL) are added under an atmosphere of dry argon. The reaction mixture is placed in an 

icebath and a solution of 1,3,5-benzenetricarbonyl trichloride (0.03 mmol, 7.73 mg) in dry 

chloroform (0.5 mL) is added drop wise to the stirring solution. The icebath is removed after 

15 minutes and the reaction mixture is stirred overnight at room temperature. Subsequently, 

the solvent was removed in vacuo and the resulting material was purified by column 

chromatography (heptane/dimethoxyethane, 1/1, v/v) yielding 21 as an off white solid (36 

mg, 79%). 1H NMR (400 MHz, CDCl3 δ): 8.39 (s, 3H, Ar, benzenetricarboxamide), 7.40 – 

7.28 (m, 15H, Ar, benzyl), 6.77 (d, J = 5.7 Hz, 3H, C=ONHCHDCH2), 4.54 (s, 6H, Ar-CH2-

O), 3.76 – 3.50 (m, 51H, O-(CH2)2-O, C=ONHCHDCH2), 3.42 (t, J = 6.8 Hz, 6H, 

CH2CH2CH2O), 1.67 – 1.46 (m, 12H, CH2CH2CH2O, CH2CHD-NHC=O), 1.45 – 1.16 (m, 

48H, aliphatic). 13H NMR (100 MHz, CDCl3 δ): 165.75, 138.16, 135.23, 128.31, 128.11, 

127.72, 127.56, 73.22, 71.51, 70.64-70.53, 70.01, 69.40, 40.03 (t), 29.57, 29.50, 29.48-29.42, 

29.40, 29.25, 26.93, 26.03. FT-IR (ATR) ν (cm-1): 3240, 3064, 3034, 2924, 2854, 1640, 1555, 

1496, 1454, 1351, 1298, 1257, 1107, 1029, 993, 946, 880, 846, 736, 697, 616, 472. MALDI-

ToF-MS: calculated Mw = 1561.09 g/mol, observed m/z = 1584.07 [Na+ adduct].  
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Chapter	5	

Introducing	function	into	water‐soluble	BTAs	
Abstract	

Water-soluble supramolecular polymers based on the benzene-1,3,5-tricarboxamide 

(BTA) unit are promising candidates to serve as scaffolds for functional supramolecular 

systems. In this chapter we demonstrate a synthetic strategy for selectively functionalising 

one of the three substituents, to minimise the impact on the self-assembly process, and show 

several examples of functionalised systems. First, the exchange process of monomers 

between supramolecular polymers is studied by attaching a fluorescent dye to the BTA. The 

formed supramolecular polymers could be visualized at high resolution with stochastic 

optical reconstruction microscopy (STORM). With this technique, the exchange of monomers 

can be visualised with high spatial resolution, and can be monitored in time. Secondly, an L-

proline unit is introduced to obtain an active and stereoselective supramolecular catalytic 

system for the aldol reaction in water. The results highlight the potential of using self-

assembly for the formation of a suitable local domain to yield an active and stereoselective 

catalyst. In a third study BTA-based hydrogelators are studied. Whereas a small-molecule 

BTA forms weak gels, PEG end-capped with BTAs reveals a direct connection between the 

molecular structure and the mechanical properties of the hydrogels. Finally, the synthesis of a 

ds-DNA functionalised with a BTA on both ends is reported, which shows promise for use in 

responsive hydrogels in combination with the motor protein FtsK50C. These examples 

demonstrate the potential of water-soluble BTA-based supramolecular polymers as scaffolds 

for functional systems, which can range from hydrogel materials to catalytic systems. 
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5.1	Introduction	

In the previous chapters, the self-assembly of several benzene-1,3,5-tricarboxamide (BTA) 

derivatives in water has been discussed in detail. The results show that these systems are 

highly promising for the development of functional, responsive systems. The next step is the 

development of synthetic tools to introduce functional moieties (e.g. fluorescent groups, 

peptide units, catalytically active moieties, etc.) to BTA-based supramolecular polymers. We 

aim to connect the functional groups at the periphery in a selective manner, thereby limiting 

the influence of the structural modifications on the self-assembly behaviour.  

To control the functionalisation, we require a versatile and straightforward synthetic 

method for mono-functionalisation of the BTAs.1,2 While control over the number of 

substitutions in some cases can be inherent to the reactivity of the substrate,3-6 more often it 

relies on careful statistic synthesis and purification.7,8 In the past, different strategies have 

been developed for the mono-functionalisation of BTAs; statistic reaction of 1,3,5-benzene-

tricarbonyl trichloride with a mixture of amines,9 or the preparation of a C2-symmetrical 

precursor with one protected functionality.10-13 The development and optimisation of these 

methods has resulted in various BTA-based systems in which mono-functionalisation was 

required.10-12,14-18  

In this chapter, we develop novel routes for the selective mono-functionalisation of water-

soluble BTAs (Figure 5.1). First, the syntheses of BTAs 2 and 3 which are selectively 

decorated with one fluorescent dye (Cy3 or Cy5) are reported. These fluorescent BTAs 

enable the use of the super-resolution fluorescence microscopy technique STORM (stochastic 

optical reconstruction microscopy) to study the mechanism of exchange of BTA monomers 

between supramolecular polymers. In the second example, a proline unit is introduced in 

BTA 4, resulting in a supramolecular catalytic system for the aldol reaction in water. In the 

third example, we explore the development of supramolecular hydrogels, work that was 

started by Tristan Mes, by end-capping polyethylene glycol with BTAs resulting in 6 and 7a-

c, and using 5 as reference.19 Finally, the ethylene glycol polymer is replaced by a DNA 

strand yielding 8, a first step in the development of responsive hydrogels. The selected DNA 

sequence is designed to be recognised by the motor protein FtsK50C, and when activated this 

protein pulls on the DNA strand inducing a contraction of the hydrogel.20,21 
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Figure 5.1: Overview of the different topics discussed in this chapter and the molecular structures of the 

prepared BTA derivatives 1-8. 
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5.2	Mono‐labelling	of	water‐soluble	BTAs	with	fluorescent	Cy3	or	Cy5	
dyes	

Understanding the mechanisms of assembly and monomer exchange in supramolecular 

polymers is important for the development of functional, responsive, materials.22 Several 

theoretic models for assembly have been developed23-25 and studied by ensemble 

measurements.26-28 However, these techniques generally are not suitable to study the 

mechanism of monomer exchange between individual supramolecular polymers. As a result, 

the proposed mechanism of monomer exchange is mostly derived from model simulations. 

Super-resolution optical microscopy techniques29 have been used to study cellular 

components and amyloid fibres with impressive resolution, and may provide a new insight in 

the exchange in synthetic supramolecular polymers.30,31 For this purpose, here the super-

resolution microscopy technique STORM is employed.29,32-34 This technique relies on the 

visualisation of individual photo-switchable dyes in order to break the diffraction limit. By 

repeating the cycle of photo-switching and localisation, an image of the object of interest is 

reconstructed. Since imaging by STORM is based on stochastic processes, the ability to 

attach exactly one fluorescent label to the periphery of the BTAs is crucial. Therefore, BTAs 

2 and 3 (Figure 5.2) with one Cy3 or Cy5, respectively, are designed and their synthesis will 

be discussed in detail here (Scheme 5.1). 

 
Figure 5.2: Molecular structure of fluorescent water-soluble BTA derivatives 2 and 3.  

5.2.1	Synthesis	

The syntheses of 2 and 3 (Scheme 5.1) started with the partial saponification of trimethyl 

1,3,5-benzenecarboxylate following a literature procedure, resulting in 5-

(methoxycarbonyl)isophthalic acid 9.10 Then, 9 was reacted with oxalyl chloride, yielding 

3,5-bis(chlorocarbonyl)benzoate 10, which was used without further purification.  
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Scheme 5.1: Synthesis of BTAs 2 and 3. 

Twofold reaction of 10 with 1-phenyl-2,5,8,11,14-pentaoxahexacosan-26-amine (see 

chapter 2 for the synthesis) afforded 11 which was purified by column chromatography. 

Removal of the benzyl-protecting groups and reduction of the terminal azide may both be 

achieved through catalytic hydrogenation. In order to prevent dimerisation through the 

intermediate imine during the reduction of the azide, normally ammonia is added.35 However, 

the addition of ammonia is known to effectively prevent the deprotection of benzyl groups by 

catalytic hydrogenation.36, 37, 38 Therefore, the benzyl protecting groups were removed at this 

stage in the synthesis by catalytic hydrogenation of 11 yielding 12. Saponification of the 

methyl ester in 12 with lithium hydroxide produced 13 in high yield. Selective coupling of 13 
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with amine derivative 14 decorated with a terminal azide moiety39 was achieved using DMT-

MM as coupling agent. DMT-MM was chosen because of its reported selectivity for amide 

formation over ester formation.40,41 Purification after the DMT-MM coupling proved 

challenging, but reversed phase column chromatography was a highly effective method of 

purification obtaining 15 in high purity. Final reduction of the azide by catalytic 

hydrogenation afforded mono-amine 16, which was purified by a silica filtration. Mono-

amine 16 was then coupled to the NHS-activated ester of either cyanine-dye Cy3 or Cy5 

which yielded 2 and 3, respectively. After dialysis against water (molecular weight cut-off = 

1000) 2 and 3 were obtained as highly coloured sticky oils and were characterised by 

MALDI-TOF-MS. 

5.2.2	Monitoring	monomer	exchanges	by	super	resolution	fluorescence	microscopy	

In collaboration with Lorenzo Albertazzi and Daan van der Zwaag, supramolecular 

polymers comprising either 2 or 3 have been studied using STORM.42 Solutions of non-

labelled BTA 1 with 5% of the dye-labelled BTA 2 or 3 were prepared in water (cBTA = 

2.5×10-5 M) and the resulting fluorescent supramolecular polymers were adsorbed on a glass 

coverslip and visualised by STORM.42  

 
Figure 5.3: Conventional (top) and STORM (bottom) fluorescence microscopy images of supramolecular 

polymers of 1 with 5% 2 (green) or 3 (red), scale bar represents 1 μm. Figure adapted from reference 42. 

In Figure 5.3 the supramolecular polymers formed by 1 with 5% of either 2 or 3 are 

visualised by conventional fluorescence microscopy (top) and by STORM (bottom). The 

resolution of the STORM image is much higher, and fibres of tens of micrometres long with 

a diameter down to the resolution limit of 25 nm are observed. These dimensions are in good 

agreement with previous results from cryo-TEM and SAXS measurements. The possibility to 

use multiple colours makes STORM a powerful technique to study monomer exchange 

between different individual supramolecular polymers in great detail. Therefore, solutions of 

3 (Cy5)2 (Cy3)
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equilibrated supramolecular polymers containing 5% of either 2 or 3 were mixed. After 

different mixing times the supramolecular polymers were adsorbed on glass coverslips and 

STORM images were recorded.42 Monitoring the exchange in this way has revealed that 

exchange occurs completely random along the length of the fibres, and complete mixing is 

reached after approximately 10 hours.42 These results emphasise the power of multicolour 

STORM imaging to elucidate the mechanism of exchange of monomers between 

supramolecular polymers.  
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5.3	Supramolecular	proline‐based	catalyst	for	the	aldol	reaction	in	water	

In enzymes, the highly ordered 3D structure is the basis for their substrate selectivity and 

provides a compartmentalised micro-environment which dictates the orientation of the 

substrate and thereby the stereochemistry of the product. Therefore, controlling the micro-

environment around a catalytic site is important in developing selective and stereospecific 

catalysts.43 Since the discovery of the amino acid proline as an organocatalyst for 

intramolecular aldol reactions,44 proline has also been shown to catalyse the intermolecular 

aldol reaction.45,46 The catalytic cycle has been studied in detail,47 and nowadays many 

proline-based catalysts have been developed that show high activity and stereoselectivity. 

While initial studies have been performed in organic solvents,45,46,48 the addition of small 

amounts of water were found to improve the activity and stereoselectivity through 

suppression of catalyst-deactivating side reactions.49 Catalysis in water was achieved by 

decorating proline with hydrophobic substituents, which results in the formation of a 

hydrophobic local environment.50-52 Fine tuning of the molecular structure and electronic 

properties has led to the development of some very active and stereoselective proline-derived 

catalysts.53 The introduction of an auxiliary to control the local environment by the use of 

cyclodextrin,54 or incorporating proline into dendritic,55 amphiphilic,56 or polymeric 

structures,57, 58 is very beneficial for both activity and selectivity and also results in recyclable 

systems. Furthermore, self-assembly into a supramolecular hydrogel has been shown to result 

in a highly active and stereoselective system at low temperature.59  

Recently, in our group, water-soluble single chain polymer nanoparticles (SCPNs), which 

fold upon self-assembly of pendant BTA units,18 have been functionalised with proline 

resulting in good catalytic activity at low substrate loading.60 Introducing the catalytic moiety 

by mixing in proline-functionalised BTAs improved the stereoselectivity.61 Interestingly, the 

proline-functionalised BTA derivative is active, even in the absence of the polymer 

nanoparticle.61 Based on these observations, we here evaluate supramolecular polymers 

formed by self-assembly of BTAs as scaffold for proline-based catalysis in water, taking 

advantage of the well-defined local environment. Therefore, L-proline functionalised BTA 4 

has been prepared in collaboration with Laura Neumann (Figure 5.4). Two of the substituents 

comprise a dodecyl spacer with a tetraethylene glycol unit for solubility. The third substituent 

consists of an undecyl spacer, previously determined to be the critical length for self-

assembly in water (Chapter 2), which is coupled to L-hydroxyproline. We anticipate that the 

undecyl positions the proline at the interface of the hydrophobic and hydrophilic domain.  
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Figure 5.4: Molecular structure of L-proline functionalised BTA derivative 4. 

5.3.1	Synthesis	

The synthesis of 4 entails the preparation of a proline-functionalised substituent and 

coupling thereof to BTA precursor 13 (Scheme 5.2). Treatment of 11-bromoundecanoic acid 

17 with sodium azide yielded 11-azidoundecanoic acid 18. Coupling with the double 

protected trans-hydroxy- L-proline derivative 19, which was prepared following literature 

procedures,61, 62 was achieved by a reported modification of the Steglich esterification.63 This 

afforded proline derivative 20 carrying an 11-azidoundecyl spacer. The azide moiety was 

reduced in a Staudinger reduction producing primary amine 21. During storage of 21 at -20 ° 

C, nucleophilic attack of the primary amine on the ester occurred, resulting in extension of 

the linker. To suppress this side reaction, 21 was coupled to 13 (see Scheme 5.1) directly 

after preparation using DMT-MM as a coupling agent. After reversed phase column 

chromatography 22 was obtained in high purity. Deprotection of the proline unit was 

achieved by treatment with TFA in dichloromethane. BTA derivative 4 was obtained in high 

purity after reversed phase column chromatography, and was fully characterised by 1H NMR, 
13C NMR, IR spectroscopy and MALDI TOF-MS. 
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Scheme 5.2: Synthesis of proline functionalised BTA 4. 

5.3.2	Self‐assembly	of	L‐proline	functionalised	BTA	4	in	aqueous	solution	

To study the effect of the undecyl-hydroxyproline substituent on the aqueous self-

assembly of 4, UV and CD spectroscopy measurements have been performed (Figure 5.5). A 

solution was prepared by injection of a stock solution of 4 in methanol (10 μL, c = 15×10-3 

M) into water (3 mL, c = 5×10-5 M) and the solution was equilibrated overnight at room 

temperature. 

 
Figure 5.5: A) UV-vis spectrum of 4 at 20 °C in H2O (c = 5×10-5M). B) CD spectrum of 4 at 20 °C in H2O 

(c = 5×10-5M).  
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The UV spectrum of 4 (Figure 5.5A) displays an absorption maximum at 211 nm with a 

shoulder of almost equal intensity at 226 nm, and closely resembles the absorption spectrum 

of unfunctionalised BTA 1 (Chapter 2, Figure 2.2B).  

Interestingly, the CD spectrum of 4 shows a Cotton effect with maxima at 251 nm (Δε = 

10 M-1 cm-1) and 214 nm (Δε = 11 M-1 cm-1), indicating that the chirality of the L-proline 

results in a bias in the helical preference of the supramolecular polymers (Figure 5.5B). The 

observed Cotton effect is the mirror image of the Cotton effect recorded for the (S)-chiral D-

BTA with three stereogenic deuterium substituents (Chapter 4), indicating that it favours the 

opposite handedness. Based on the lower intensity of the CD spectrum of 4 compared to that 

of (S)-D-BTA, only a partial helical bias is achieved. Possibly, this is a result of the remote 

position of the chiral centre resulting in only partial transfer of chirality. Nevertheless, this is 

surprising since BTAs decorated with optically active monosaccharides through a dodecyl 

spacer (Chapter 3) are all CD silent. 

 
Figure 5.6: A) Cryo-TEM image of 11 in water (c = 0.5 mg/mL), scale bar is 100 nm. B) SAXS profile of 

11 in water at 25 °C (c = 0.45 mg/mL) (open squares) fitted with the Schurtenberger–Pedersen64 form factor for 
worm-like, self-avoiding chains (solid line). 

To assess the dimensions of the aggregates formed by 4, cryo-TEM and small angle X-ray 

scattering (SAXS) measurements have been carried out (Figure 5.6). Cryo-TEM 

measurements on an aqueous solution of 4 (c = 3.7 × 10-4 M) reveal fibrillar structures of 

high aspect ratio (Figure 5.6A). The length is in the order of micrometres while the diameter 

is below 10 nm. The dimensions were further quantified by SAXS measurements (Figure 

5.6B). The SAXS profile is characteristic for one-dimensional objects with lengths beyond 

the experimental accessible q-range. Data extraction from the profiles was achieved using a 

worm-like chain model,64 yielding a value for the contour length beyond the limit of 70 nm, a 

Kuhn length (Lk) of ~5.0 nm, and a cross-sectional radius (rcs) of 3.0 nm. These values are in 

good agreement with the dimensions of the supramolecular polymers formed by 1 (Chapter 

2) and indicate that the modifications made to the molecular structure of 4 compared to 1 do 

not affect the dimensions or internal packing of the resulting supramolecular polymers. 
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5.3.3	Exploring	the	catalytic	activity	of	4	in	aqueous	solution		

The activity of 4 in water as a catalyst for the aldol reaction was assessed using the model 

aldol reaction between cyclohexanone and 4-nitrobenzaldehyde.65 The aldol reaction can 

yield four stereoisomers, of which the anti-(S,R)-product dominates according to both 

experimental and computational studies.66,67 First, a catalyst loading of 3 mol% was tested 

(Table 5.1, entry 1). As a general procedure, a solution of 4 in water (0.5 mL, 1.5×10-3 M) 

was prepared by sonication (2 minutes) and allowed to equilibrate overnight affording a clear, 

viscous solution. A mixture of 4-nitrobenzaldehyde (0.025 mmol, 1eq) and cyclohexanone 

(0.25 mmol, 10 eq) was added and the resulting heterogeneous mixture was vigorously mixed 

on a vortex mixer for 24 hours at room temperature. The aldol product was extracted with 

diethyl ether (3 x 1 mL) and the combined organic fractions were dried under a stream of N2. 

The conversion and diastereomeric excess (d.e.) were determined by 1H NMR and the 

enantiomeric excess (e.e.) was determined by chiral HPLC. At a catalyst loading of 3% 

(Table 5.1, entry 1), the conversion after 24 hours is quantitative with high stereoselectivity 

(d.e. = 87%, e.e. = 95%). Decreasing the catalyst loading to 1 mol% (cBTA,4 = 0.5×10-3 M, 

Table 5.1, entry 2) also results in quantitative conversion with excellent stereoselectivity (d.e. 

= 85%, e.e. = 94%).  

Table 5.1: Screening of 4 as catalyst for the aldol reaction between cyclohexanone and 4-nitrobenzaldehyde 
in water. 

 

Entry BTA 
cL-pro 

(%) 
Stack 

funct.* (%) 
Conversion† 

(%) 
d.e.anti

† 
(%) 

e.e.‡ 
(%) 

1 
2 
3 
4 

4 
4 
4 
4 

3 
1 
3 
1 

100 
100 
50 
50 

>99 
>99 
>99 
92±8 

87 
85 
89 

92±3 

95 
94 
97 

97±1 
5 4 0.2 50 98 74 82 

* Percentage of 4 mixed with 1. † Determined by 1H NMR. ‡ Determined by chiral HPLC. 
Conditions: reaction volume: 0.5 mL; aldehyde concentration: 50 mM; substrate ratio 
(aldehyde : ketone): 1:10; room temperature; reaction time: 24 h. 
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Next, to study the effect of the local density of proline on the catalytic activity and 

stereoselectivity an equimolar mixture of 4 and 1 was prepared (Table 5.1, entry 3). Samples 

were prepared by mixing the two solids followed by the previously described general sample 

preparation method (cBTA,total = 3×10-3 M, cBTA,4 = 1.5×10-3 M). Although no direct evidence 

of co-assembly of 4 and 1 has been obtained, previous studies have shown that dye-labelled 

BTAs (2 and 3) readily co-assemble with 1, which has been visualised in STORM 

experiments (Figure 5.3).42 Therefore, we hypothesise that in this 1-1 mixture, the effective L-

proline density is decreased by 50%. The conversion is quantitative and the reaction shows 

high stereoselectivity (d.e. = 89%, e.e. = 97%). Decreasing the catalyst loading in the 

equimolar mixture to 1 mol% (cBTA,total = 1×10-3 M, cBTA,4 = 0.5×10-3 M) produces similar 

results (Table 5.1, entry 4). Reducing the catalyst loading to 0.2 mol% (cBTA,total = 2×10-4 M, 

cBTA,4 = 1×10-4 M) yields almost quantitative conversion after 52 hours, and the 

stereoselectivity decreases. This indicates that the lower limit of the optimal performance is 

reached (Table 5.1, entry 5). The excellent reproducibility of the catalysis experiments is 

exemplified by repeating the catalysis experiment at 1 mol% catalyst loading (cBTA,total = 

1×10-3 M, cBTA,4 = 0.5×10-3 M) multiple times(Table 5.1, entry 4 is the average of 6 

individual runs). The outcome of these runs varies only marginally. 

These results show that 4 is a highly active catalyst for the aldol reaction between 

cyclohexanone and 4-nitrobenzaldehyde and the anti-product is obtained with high 

stereoselectivity.68 Mixing 4 with 1 in a 1-1 ratio doesn’t decrease the activity, but the 

stereoselectivity appears to increase slightly. However, more experiments have to be 

performed to support this observation.  
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5.4	From	supramolecular	polymers	to	hydrogel	materials	

Hydrogels are an intriguing class of soft materials with a wide scope of applications 

ranging from regenerative medicine69 to the preparation of soft machines.70 Over the past 

decade, systems have been explored in which non-covalent interactions, such as hydrogen 

bonding, π-π stacking, metal complexation, ionic, and solvophobic interactions, drive the 

hydrogel formation. In contrast to covalent bonds, non-covalent interactions can render these 

systems dynamic, stimuli responsive, and potentially self-healing. The two main strategies 

followed to form a non-covalent transient network either employ macromolecules decorated 

with associating groups, 71-74 or the self-assembly of small molecules. In low molecular 

weight (LMW) hydrogelators, small molecules self-assemble into fibrillar aggregates which 

subsequently form a transient network.75-79 Initially, serendipity played an important role in 

the identification of LMW hydrogelators, but the development of structure-property 

relationships has enabled a more rational, design-based approach towards functional and 

responsive hydrogelators.78,80,81 Hydrogels based on non-covalent interactions are, in 

principle, uniquely suited to tune fibril stiffness via hierarchical self-assembly principles.82, 83 

Additionally, the crosslink density can be readily controlled by balancing the number of 

associating groups per polymer chain.84,85 Because of the necessary balance between multiple 

interactions, the relationship between molecular structure and mechanical properties of 

supramolecular hydrogels remains a challenge.  

Previously, Tristan Mes successfully developed hydrogelators 7a-c by end capping 

polyethylene glycol (PEG, Mw = 20 kg/mol) with BTAs, separated by a hydrophobic spacer 

(Figure 5.7).19 Cryo-TEM measurements in aqueous solution (cBTA = 4.6×10-5 M) have shown 

that telechelic 7c self-assembles into fibrillar structures of below 10 nm in diameter, which 

form bundles. It was hypothesised that this behaviour is the result of the hydrophobic nature 

of the substituents on the BTAs. Furthermore, the molar circular dichroism  strongly 

depended on the length of the hydrophobic spacer between the BTA moiety and the PEG 

linker; at 20 °C the intensity varied from −16 to –24, to –36 L mol-1 cm-1 for 7a, 7b, and 7c, 

respectively (cBTA for 7a = 7b = 9.6 x 10-5 M and 7c = 6.6 x 10-5 M). This was attributed to a 

more effective shielding of the BTAs from the PEG and surrounding water in case of a longer 

spacer, which results in a higher degree of aggregation of the BTAs. At higher concentrations 

(7-11 wt%) 7a-c formed stable, clear hydrogels. In the gel-state, 7a-c also showed a Cotton 

effect and the same trend was observed; The  values varied from −5, to −7.5, to −16 L 

mol-1 cm-1 for 7a, 7b, and 7c, respectively. This suggests that also in the gels the BTA units 

self-assemble.  

We are interested to see whether the difference in self-assembly behaviour of 7a-c has an 

effect on the mechanical properties of the hydrogels, and want to further explore the effect of 

changes in the molecular structure on the gelation properties. Therefore derivatives 5 and 6 

(Figure 5.7) have been synthesised, and the oscillatory rheology study initiated by Tristan 

Mes is continued.  
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Figure 5.7: Molecular structure of hydrogelators 5-7a-c. 

In 5 the BTA is substituted three times with a dodecyl spacer connected to a tetraethylene 

glycol unit, while in 6, PEG (Mw = 20 kg/mol) is functionalised with a dodecyl spacer 

connected to BTAs decorated with dodecyl-tetraethylene glycol substituents. With this series, 

different types of cross-linked networks can be studied. In 5 gelation can only result from 

physical entanglements between the supramolecular polymers, while in 6, the PEG provides 

chemical crosslinks between the supramolecular polymers. Finally, in 7 the bundle formation 

induced by the hydrophobicity represents another level of interactions. 

5.4.1	Synthesis	of	hydrogelators	BTA	5	and	bifunctional	6	

The synthesis of 5 started with the coupling of monomethoxy-tetraethylene glycol to 1,12-

dibromoundecanol (Scheme 5.3) in a statistic ether synthesis. This yielded 23 after separation 

of the different reaction products by column chromatography. Next, reaction with potassium 

phthalimide in a Gabriel synthesis afforded phthalimide 24, which was reduced to primary 

amine 25 using hydrazine monohydrate. Reaction of trimesoyl chloride with three equivalents 

of 25 produced BTA 5. After column chromatography 5 was obtained as an off-white waxy 

solid which was fully characterised by 1H NMR, 13C NMR and IR spectroscopy and MALDI-

TOF-MS. 

 
Scheme 5.3: Synthesis of BTA 5. 
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The synthesis of 6 (Scheme 5.4) required the use of 3,5-bis(chlorocarbonyl)benzoate 10 

(Scheme 5.1) to selectively introduce two solubilising substituents. Reaction of 10 with two 

equivalents of amine 25 afforded 26, which was purified by column chromatography. 

Saponification of the methyl ester in 26 with lithium hydroxide produced benzoic acid 27 as a 

white solid. Dodecyl amine end functionalised PEG (20 kg/mol) 28 was prepared following a 

previously reported procedure.19, 86 Coupling of 28 with two equivalents of 27 using PyBOP 

as coupling agent afforded 6. 

 

Scheme 5.4: Synthesis of BTA-end-capped PEG 6. 

5.4.2	The	self‐assembly	of	BTA	5	in	water	studied	by	UV	spectroscopy	and	cryo‐TEM	

The self-assembly of BTA 5 in aqueous solution was assessed by UV-vis spectroscopy 

(Figure 5.8). At 20 °C (c = 5×10-5M) the UV spectrum displays an absorption maximum at 

211 and 225 nm and closely resembles the UV spectrum of 1 (Chapter 2, Figure 2.2B). The 

lower critical solution temperature (LCST) of the solution of 5 was reached already at 35 °C. 
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Figure 5.8: UV-Vis absorption spectrum of 1 in water at 20 °C (c = 5×10-5M). 

The UV absorption of 6 in the region of interest is dominated by the PEG linker, so the 

self-assembly of 5 and 6 was further assessed by cryo-TEM measurements on samples 

prepared at 1 mg mL-1 in water and compared to the cryo-TEM results of 7c reported by 

Tristan Mes (Figure 5.9). Gratifyingly, 5 forms supramolecular polymers of high aspect-ratio, 

with a diameter of approximately 5 nm and of micrometres lengths, and no bundling or 

clustering is observed (Figure 5.9A), in line with 1 as discussed in Chapter 2. While the 

substitution on the BTA moiety in 6 is comparable to 5, no fibrillar aggregates are visible in 

the cryo-TEM images; instead, small spherical objects are observed (Figure 5.9B). The lower 

molar concentration of BTA units (ten times lower in the cryo-TEM of 6 compared to 5) and 

the difference in the balance of hydrophobic to hydrophilic regions (when compared to 5 and 

7a-c) significantly influences the self-assembly of the BTA units in molecule 6, consistent 

with Israelachvili’ s theory of surfactants.87 As a result, at this concentration the BTA end 

groups of 6 appear to only phase-separate into small micelles. 

 
Figure 5.9: A) Cryo-TEM image of 5 at 1 mg mL-1 in water (cBTA = 7.5 x 10-4 M, scale bar 100 nm). B) 

Cryo-TEM image of 6 at 1 mg mL-1 in water (cBTA = 5 x 10-5 M, scale bar 100 nm). C) Cryo-TEM image of 7c 
reproduced from the thesis of Tristan Mes19 at 1 mg mL-1 (cBTA = 5 x 10-5 M, scale bar 100 nm). 

5.4.3	Assessing	the	hydrogels	by	oscillatory	rheology	

The critical gelation concentration (CGC) of 5 and 6 was first determined by vial inversion 

tests. BTA 5 forms clear, viscous solutions at concentrations up to 2.5 × 10-3 M (0.33% w/w). 
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At higher concentrations the solution starts to become slightly opaque, and above roughly 5% 

w/w a slightly opaque gel is formed. Presumably, at this high concentration enough physical 

entanglements between the aggregates occur to form a transient network. Interestingly, 

telechelic 6 forms a stable and clear gel with a CGC of 8% w/w. Thus, while the cryo-TEM 

reveals large differences in the aggregation of 6 and 7c at 0.1% w/w, 6 does form clear, stable 

gels with a CGC close to that of 7c.  

After this qualitative analysis, oscillatory rheology measurements on samples of 5 (c = 5% 

w/w), 6 (c = 10% w/w), and 7a–c (c = 10% w/w) were performed in collaboration with 

Matthew Baker to study the gels in more detail (Figure 5.10). All compounds show visco-

elastic behaviour during the timescales investigated. Small-molecule 5 shows the lowest 

plateau storage modulus (~80 Pa), which is roughly an order of magnitude higher for 6 (1730 

Pa, Figure 5.10A). Compounds 7a–c, which contain the hydrophobic (S)-3,7-dimethyloctyl 

substituents, show very similar plateau storage moduli of approximately an order of 

magnitude higher compared to 6 (G0, ~104 Pa, Figure 5.10B). 

 

 
Figure 5.10: Oscillatory rheology frequency sweeps at 20 °C of storage modulus G’ and loss modulus G” of 

A: 5 (5% w/w), and 6 (10% w/w). B: 7a–c (10% w/w) 

The telechelic polymers 6 and 7a–c all show flow on longer timescales (G”>G’ as angular 

frequency, ω, is smaller) while for 5 G’ and G” remain more frequency-independent within 

the measured range, suggesting the formation of a significantly different gel network. Within 

the telechelic polymers, the spectra of 7a–c are nearly superimposable upon a frequency shift, 

all culminating in very similar G’ values; this similarity suggests similar morphology and 

cross-link density within the series. Thus, expanding the spacer between BTA and PEG from 

eight carbons in 7a to twelve carbons in 7c results in more than an order of magnitude 

increase in the relaxation time of the gel network, ultimately forming a less dynamic gel. 

Furthermore, the G” value displays a maximum near the cross-over which becomes broader 

upon increasing the spacer length in 7a–c. This indicates more complex relaxation behaviour. 

An increase in relaxation time (λ) has also been observed in PEG polymers capped with 
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hydrocarbons and fluorocarbons.88,89 This trend has been connected to an increase in the 

energy required to disrupt non-covalent crosslinks due to persistent self-assembly; in 

conjunction with the CD data reported by Tristan Mes, the BTAs in the polymers 7a–c, 

appear to interact stronger upon an increase of the hydrophobic spacer length. Telechelic 

compound 6 forms both a weaker (lower G0) and more dynamic (lower λ) gel when 

compared to series 7a-c. While this would suggest a gel with a lower number of more 

dynamic crosslinks, direct comparisons are difficult to make due to potential differences in 

morphology (see cryo-TEM). 

When the gel moduli are measured as a function of strain, BTA 5 takes the lowest amount 

of strain until loss of gel integrity (11%) while telechelic compound 6 takes the highest 

amount of strain (160%) and 7a–c yield at intermediate strain (110, 72, and 55%, 

respectively). Interestingly, within the telechelic hydrogelators 6 and 7a–c, the molecules 

showing the shortest relaxation times also tolerate the most strain. 

In conclusion, by carefully choosing the molecular structure of the BTA unit, we can 

modulate the mechanical properties of the resulting hydrogels. The BTA unit as a LMW 

hydrogelator forms only weak gels (G0 ~ 102 Pa). By coupling two BTA units together via a 

PEG-based linker, stronger (G0 ~ 103–104 Pa), stable, clear gels are formed, and by 

modifying the substituents on these BTA units, the mechanical properties can be tuned. The 

length of the hydrophobic spacer between the PEG linker and the BTA units has a direct 

effect on the mechanical properties of the gel. Furthermore, the induction of bundle formation 

in 7a–c compared to 6 affects the mechanical properties, presumably through the formation 

of a different type of network. Finally, the BTA end-groups still adopt a helical packing in the 

gel-state as seen in CD measurements, suggesting that BTA self-assembly in combination 

with hydrophobic effects provides the non-covalent network. Therefore, small BTA 

derivatives may be incorporated into these one-dimensional BTA motifs, allowing a facile 

method for scaffold functionalisation, toward modular and rationally designed biomaterials. 

5.5	Towards	a	responsive	hydrogel	

In contrast to most synthetic hydrogels, natural soft matter systems such as cells exhibit 

mechanochemical activity.90,91 Molecular motor proteins such as myosin and kinesin convert 

chemical fuel, through ATP hydrolysis, to exert force on the cytoskeletal actin filaments and 

microtubules, respectively, thus providing a mechanism for active transport or control of cell 

shape, during for example cell division.92,93 Harnessing these active processes is of great 

interest for the development of novel materials94 and technologies,95 and has inspired 

scientists to develop synthetic analogues.96 The mechanical response of soft materials in 

response to active internal force generation, not only relies on the force exerted on the 

network by the motor protein, but also the crosslink density and stability play an important 

role.97,98 Previously, Saleh and co-workers have shown that a customised DNA gel consisting 

of rigid and flexible DNA-filaments exhibits a macroscopic mechanical response upon 

activation of the motor protein FtsK50C.99 In this FtsK derivative the membrane binding 
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domain is omitted, and it has been shown to contract DNA strands by extrusion of DNA 

loops, in a sequence dependent fashion, at a speed of roughly 5 kilobases per second ( ~1.7 

μm/s), generating 50 pN force.20,21,99-101 

In order to develop an active, responsive, supramolecular hydrogel, we envision 

combining the motor protein FtsK50C and DNA system with the BTA bases supramolecular 

hydrogels. The modularity of the BTA based hydrogels allows tuning of the crosslink density 

and dynamics, and optimisation of these parameters to obtain a responsive system. To 

introduce the DNA into the BTA hydrogels, telechelic DNA construct 8 is prepared (Figure 

5.11) which is conjugated to a BTA unit at both ends. First, BTA 29 which is equipped with 

short single-strand DNA oligomers is synthesised, and subsequently annealed to double-

stranded DNA oligomer 30. The sequence of the double stranded DNA in 8 is chosen in 

collaboration with the group of Saleh.  

 
Figure 5.11: Telechelic ds-DNA construct 8 end functionalised with water-soluble BTAs. 

5.5.1	Synthesis	of	telechelic	DNA	construct	8	

The end-functionalisation of a double strand DNA oligomer with water-soluble BTAs was 

achieved in two steps. First, mono-azide-BTA 15 (Scheme 5.1) was connected to a short 

alkyne-decorated single strand DNA oligomer (5'-GTA-ACG-ACT-C-3'-alkyn) in a Cu-

catalysed cycloaddition reaction (Scheme 5.5). After initial trials, addition of the BimPy 

accelerating ligand resulted in successful coupling.102 After dialysis (Mw cut-off = 1000 

g/mol) MALDI-TOF-MS confirmed the formation of 29 (Figure 5.12).  

 
Figure 5.12: MALDI-TOF-MS spectrum of A) alkyne-functionalised ss-DNA oligomer. B) BTA 29 which 

comprises the ss-DNA oligomer conjugated by a Cu-catalysed cycloaddition.  

In the second step, double-strand DNA fragment 30 with overhangs complementary to the 

oligomer on 29 was prepared, and the fragments were annealed to obtain telechelic DNA 
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construct 8. In this last step, solubility proved to be an issue, which was circumvented by 

performing the final annealing in pure water instead of commonly used annealing Tris buffer. 

A thorough analysis of 8 is ongoing, but is challenging because regular analysis methods are 

unsuitable. 

 
Scheme 5.5: Top) Coupling of alkyne-decorated DNA oligomer (5’-GTA-ACG-ACT-C-alkyne-3’) to azide-

functionalised BTA 15 yielding 29. Bottom) Annealing 29 with DNA-oligomer 30 yields 8. 

Now the synthesis of 8 is worked out, the preparation can be scaled up and hydrogels with 8 
can be prepared and studied as responsive materials. 

5.6	Conclusions		

Various BTA derivatives have been synthesised in order to gain a deeper understanding of 

the self-assembly process and explore potential applications of water-soluble BTA-based 

supramolecular polymers. In a first study a cyanine dye is conjugated to BTAs 2 and 3. To 

minimise the impact on the self-assembly behaviour only one of the three substituents is 

modified. The dye-functionalised polymers were analysed with STORM, which demonstrated 

that high-resolution visualisation of the supramolecular polymers can be achieved. 

Furthermore, STORM has also proven to be a very suitable technique for characterising the 

exchange of monomers between supramolecular polymers in detail, providing valuable 

insights about the underlying mechanism. In a second study, an L-proline unit is introduced to 

yield a stereoselective catalytic system for the aldol reaction in water. The L-proline unit is 

connected directly to an undecyl spacer in 4 and this modification does not hamper the self-

assembly. Unexpectedly, the chirality of the L-proline is transferred to the supramolecular 

level and results in a Cotton effect. The supramolecular polymers are highly active as catalyst 

for the aldol reaction between cyclohexanone and 4-nitrobenzaldehyde. A catalyst loading of 

1 mol% results in full conversion and high stereoselectivity (d.e. up to 95, e.e. up to 98%). 

These results highlight the potential of self-assembly for the formation of a suitable local 

domain to yield an active and stereoselective catalyst. As a third topic, we have studied BTA-

based hydrogelators 5-7c. In solution, 5 forms supramolecular polymers, 6 forms phase-

separated micelles and 7c forms bundles of fibres. These differences are also reflected in the 
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gel formation. While 5 forms weak, slightly opaque gels, 6 and 7a-c form clear gels, but the 

gels formed by 7a-c display a higher plateau modulus. Furthermore, a direct connection 

between the molecular structure, the self-assembly of 7a-c, and the mechanical properties of 

the hydrogels is observed. With increasing spacer length in 7a-c the BTAs appear to interact 

more strongly. This is reflected in the mechanical properties of the gels in longer relaxation 

times. Finally, the synthesis of a ds-DNA functionalised on both ends with a BTA is reported, 

which at a later stage may be used in responsive hydrogels. 

In summary, we have demonstrated that with our approach the introduction of functional 

groups in water-soluble BTA-based supramolecular polymers can be achieved successfully. 

This may be a successful strategy for the development of applications such as functional 

hydrogels or tuneable supramolecular catalysts.  

5.7	Outlook	

In this chapter examples of the introduction of function into BTA-based supramolecular 

polymers in water are discussed, ranging from labelling and catalysis to hydrogelation. 

However, for the development of a functional supramolecular system in water, a diligent 

design and a broad understanding of the platform are required. As is seen in Chapter 2, 

hydrophilic and hydrophobic components need to be carefully balanced, as the hydrophobic 

effect plays a dominant role in this system. Furthermore, small modifications to the molecular 

structure may alter the self-assembly behaviour, evidenced by the introduction of three 

stereogenic methyl substituents into the hydrophobic spacer in Chapter 4. When this is taken 

into account, the system can be modified without hampering the self-assembly, for example 

by exchanging the tetraethylene glycol units for monosaccharides in Chapter 3, or the L-

proline functionalised BTA discussed in Chapter 5.  

The development of functional hydrogel materials that benefit from the inherent dynamic 

and responsive nature of supramolecular systems is the next challenge. The hydrogel 

materials discussed in Chapter 5 show that small BTAs are unsuitable for the formation of 

stable hydrogels, but connecting two BTAs through a PEG linker is a versatile method to 

obtain hydrogels of tuneable mechanical properties. The introduction of functionalised BTAs 

is a simple way to produce hydrogel materials with specific function, for example with 

specific peptide sequences to obtain a bioactive hydrogel. Super-resolution microscopy such 

as STORM is a powerful technique to study such a multicomponent system as is exemplified 

in Chapter 5. Ultimately, a hydrogel material with multiple components, each with a different 

function, may be constructed, for example as an extracellular matrix mimic. 

5.8	Experimental	section	

5.8.1	Materials	and	Methods	

All reagents and chemicals were obtained from commercial sources at the highest purity 

available and used without further purification unless stated otherwise. All solvents were of 
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AR quality and purchased from Biosolve. Deuterated chloroform was dried over 4Å 

molsieves and triethyl amine was stored on KOH pellets. Flash chromatography was 

performed on a Biotage flash chromatography system using 200–425 mesh silica gel (Type 

60A Grade 633). Water was purified on an EMD Millipore Milli-Q Integral Water 

Purification System. Reactions were followed by thin-layer chromatography (precoated 0.25 

mm, 60-F254 silica gel plates from Merck). Preparative reverse-phase HPLC was performed 

using HPLC grade trifluoroacetic acid (TFA) and acetonitrile (MeCN) purchased from 

Biosolve, with mass-triggered detection (Shimadzu LC Controller V2.0, LCQ Deca XP Mass 

Spectrometer V2.0), Alltima HP C18 column (5 μm, length 125 mm, ID: 20 mm) and 0.1% 

trifluoroacetic acid (TFA) in H2O/MeCN as mobile phase. Dialysis was performed using 

Spectra/Por7; pre-treated RC grade dialysis tubing with a molecular weight cut-off of 1000 

Dalton purchased from Spectrumlabs. DNA oligomers were purchased from Baseclick 

GmbH. The DNA oligomer 5'-GTA-ACG-ACT-C-3'-alkyn function was provided with a 1,7-

octadiyne decorated cytosine base at the 3' terminus. 

5.8.2	Instrumentation	

1H NMR and 13C NMR spectra were recorded on a Varian Mercury Vx 400 MHz (100 

MHz for 13C) NMR spectrometer. Chemical shifts are given in ppm (δ) values relative to 

residual solvent or tetramethylsilane (TMS). Splitting patterns are labelled as s, singlet; d, 

doublet; dd, double doublet; t, triplet; q, quartet; p, pentet; m, multiplet; mm, multiple 

multiplets, and b stands for broad. Matrix assisted laser desorption/ionisation mass spectra 

were obtained on a PerSeptive Biosystems Voyager DE-PRO spectrometer or a Bruker 

autoflex speed spectrometer using α-cyano-4-hydroxycinnamic acid (CHCA) or 2-[(2E)-3-(4-

tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) as matrices. Infrared 

spectra were recorded on a Perkin Elmer Spectrum One 1600 FT-IR spectrometer or a Perkin 

Elmer Spectrum Two FT-IR spectrometer, equipped with a Perkin Elmer Universal ATR 

Sampler Accessory. Ultraviolet-visible (UV-vis) absorbance spectra were recorded on and a 

Jasco V-650 UV-vis spectrometer with a Jasco ETCT-762 temperature controller. 

Fluorescence data were recorded on a Varian Cary Eclipse fluorescence spectrometer. CD 

spectra were recorded on a Jasco J-815 CD spectropolarimeter equipped with a Jasco PTC-

348 WI temperature controller. Cells with an optical path length of 1.0 cm (for ~10-5 M 

solutions) were used. The molar circular dichroism  is calculated as: Δε = CD-

effect/(32980×c×l) where the CD effect is given in mdeg, c is the concentration in 

mol/L and l = the optical path length in cm.  

5.8.3	Synthetic	procedures	

Methyl 3,5-bis(chlorocarbonyl)benzoate (10).  

To a solution of oxalyl chloride (1.7 mmol, 0.15 mL) and DMF (catalytic amount) in 

chloroform (5 mL) stirred under an atmosphere of dry argon at 0 °C in a 10 mL two neck 
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flask was added 5-(methoxycarbonyl)isophthalic acid 910 (0.57 mmol, 0.128 g) and this was 

allowed to slowly dissolve. After 15 minutes, the temperature was allowed to reach room 

temperature. After 1.5 hours, the mixture became clear, after which it was concentrated in 

vacuo and oxalyl chloride was co-evaporated with toluene two times (5 mL). Compound 10 

was obtained as a yellow solid and used without further purification. 1H NMR (400 MHz, 

CDCl3): δ = 9.05 (d, 2H, Ar), 9.00 (t, J = 1.6 Hz, 1H, Ar), 4.05 (s, 3H, OC=OCH3). 

 

Methyl 3,5-bis((1-phenyl-2,5,8,11,14-pentaoxahexacosan-26-yl)carbamoyl)benzoate (11).  

To a stirring solution of 10 (0.57 mmol, 0.149 g) in chloroform (4 mL) in a 10 mL two 

neck flask under an atmosphere of dry argon at 0 °C was added triethyl amine (4 eq., 0.32 

mL) and, subsequently, a solution of 1-phenyl-2,5,8,11,14-pentaoxahexacosan-26-amine 

(0.613 g, 1.31 mmol) in chloroform (2 mL) was added drop wise. After 15 minutes the 

reaction mixture was allowed to reach room temperature and stirred overnight. The reaction 

mixture was concentrated and transferred to a separation funnel with chloroform (10 mL) and 

extracted twice with HCl (1 M, 20 mL) and once with brine (20 mL). The organic phase was 

dried with MgSO4, filtered and concentrated in vacuo. The obtained solid was purified by 

column chromatography (heptane/dimethoxyethane 1/1 v/v) yielding the product as an off 

white, waxy material. Yield = 0.502 g, 78%. 1H NMR (400 MHz, CDCl3): δ = 8.54 (d, J = 

1.7 Hz, 2H, Ar), 8.41 (t, J = 1.8 Hz, 1H, Ar), 7.43 – 7.28 (m, 10H, Ar), 6.44 (t, J = 5.7 Hz, 

2H, CH2NHC=O), 4.55 (s, 4H, Ar-CH2-O), 3.96 (s, 3H, OC=OCH3), 3.72 – 3.60 (m, 28H, O-

(CH2)2-O), 3.59 – 3.53 (m, 4H, O-(CH2)2-O), 3.51 – 3.38 (m, 8H, CH2CH2NHC=O, 

CH2CH2CH2O), 1.76 – 1.48 (m, 8H, CH2CH2NHC=O, CH2CH2CH2O), 1.48 – 1.14 (m, 32H, 

aliphatic). 13C NMR (100 MHz, CDCl3): δ = 165.82, 165.50, 138.24, 135.52, 131.05, 130.46, 

129.61, 128.35, 127.74, 127.59, 73.25, 71.53, 70.68-70.60, 70.06, 69.44, 52.61, 40.40, 29.62, 

29.59, 29.53, 29.50, 29.50, 29.47, 29.43, 29.27, 26.98, 26.07. MALDI-TOF-MS: calculated 

Mw = 1122.73 g/mol), observed m/z = 1145.73 [Na+ adduct]. FT-IR (ATR) ν (cm-1): 3335, 

2924, 2854, 1728, 1663 , 1538, 1454, 1350, 1255, 1103, 946, 772, 741, 699, 611. 

 

Methyl 3,5-bis((1-hydroxy-3,6,9,12-tetraoxatetracosan-24-yl)carbamoyl)benzoate (12).  

A round bottom flask (250 mL) was charged with 11 (0.099 g, 0.088 mmol) and methanol 

(10 mL) and the solution was purged with N2 for 10 minutes. A catalytic amount of Pd/C was 

added and a balloon filled with H2(g) was connected. The reaction mixture was stirred under 

H2(g) atmosphere overnight at room temperature. Subsequently, the reaction mixture was 

filtered over celite and concentrated in vacuo yielding 12 as an off white, waxy material. 

Yield = 0.081g, 97%. 1H NMR (400 MHz, CDCl3): δ = 8.53 (d, J = 1.7 Hz, 2H, Ar), 8.42 (t, J 

= 1.7 Hz, 1H, Ar), 6.42 (t, J = 5.6 Hz, 2H, CH2NHC=O), 3.97 (s, 3H, OC=OCH3), 3.79 – 

3.53 (m, 32H, O-(CH2)2-O), 3.50 – 3.41 (m, 8H, CH2CH2NHC=O, CH2CH2CH2O), 2.65 (t, J 

= 6.2 Hz, 2H, CH2CH2OH), 1.68 – 1.51 (m, 8H, CH2CH2NHC=O, CH2CH2CH2O), 1.49 – 

1.18 (m, 32H, aliphatic). 13C NMR (100 MHz, CDCl3): δ = 165.83, 165.53, 135.54, 131.03, 

130.38, 129.72, 76.69, 72.53, 71.54, 70.64, 70.63, 70.60, 70.58, 70.36, 70.05, 61.77, 52.63, 
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40.40, 29.59, 29.58, 29.53, 29.50, 29.49, 29.46, 29.42, 29.26, 26.97, 26.06. MALDI-TOF-

MS: calculated Mw = 942.64 g/mol, observed m/z = 965.62 [Na+ adduct]. FT-IR (ATR) ν 

(cm-1): 3334, 2924, 2854, 1728, 1648, 1542, 1444, 1350, 1258, 1110, 943, 715. 

 

3,5-Bis((1-hydroxy-3,6,9,12-tetraoxatetracosan-24-yl)carbamoyl)benzoic acid (13).  

In a 50 mL round bottom flask, 12 (0.313 g, 0.33 mmol) was dissolved in methanol (4 

mL) and lithium hydroxide monohydrate (45 mg, 1.07 mmol) was added followed by water 

(catalytic amount). The reaction mixture was stirred overnight at room temperature, and, 

subsequently, concentrated in vacuo. Water was added to the solids (10 mL) and the mixture 

was acidified with HCl (6 N) followed by extraction with chloroform (3 x 10 mL). The 

organic layers were combined, dried with MgSO4, filtered and concentrated in vacuo yielding 

the product as a white solid. Yield = 0.301 g, 98%. 1H NMR (400 MHz, CDCl3): δ = 8.56 (d, 

J = 1.7 Hz, 2H, Ar), 8.47 (t, J = 1.7 Hz, 1H, Ar), 6.58 (t, J = 5.9 Hz, 2H, CH2NHC=O), 3.81 

– 3.55 (m, 32H, O-(CH2)2-O), 3.52 – 3.42 (m, 8H, CH2CH2NHC=O, CH2CH2CH2O), 1.63 (p, 

J = 7.1 Hz, 4H, CH2CH2CH2O), 1.56 (p, J = 7.4 Hz, 4H, CH2CH2NHC=O), 1.47 – 1.10 (m, 

32H, aliphatic). 13C NMR (100 MHz, CDCl3): δ = 168.44, 165.80, 135.49, 131.59, 130.55, 

129.94, 72.54, 71.60, 70.57, 70.53, 70.49, 70.43, 70.21, 69.93, 61.62, 40.19, 29.41, 29.35, 

29.28, 29.28, 29.25, 29.09, 29.08, 28.90, 26.60, 25.99. MALDI-TOF-MS: calculated Mw = 

928.62 g/mol, observed m/z = 951.60 [Na+ adduct]. FT-IR (ATR) ν (cm-1): 3335, 3076, 2923, 

2854, 1718, 1645, 1594, 1541, 1454, 1350, 1285, 1247, 1181, 1103, 942, 885, 743, 709, 677. 

 

N1-(1-Azido-3,6,9,12-tetraoxatetracosan-24-yl)-N3,N5-bis(1-hydroxy-3,6,9,12-

tetraoxatetracosan-24-yl)benzene-1,3,5-tricarboxamide (15).  

A round bottom flask (25 mL) was charged with 13 (0.081 g, 0.087 mmol) and 1-azido-

3,6,9,12-tetraoxatetracosan-24-amine 14 (0.037 g, 0.09 mmol) dissolved in methanol (2 mL) 

was added. DMT-MM (0.048 g, 0.172 mmol) was added while stirring the solution and the 

reaction mixture was stirred overnight. Then, the solvent was removed in vacuo and the 

resulting solids were transferred to a separation funnel with chloroform (8 mL) and water (8 

mL). The mixture was extracted with chloroform (3 x 8 mL) and the organic layers were 

combined, dried with MgSO4, filtered and concentrated in vacuo yielding an off white solid 

which was purified by reversed phase column chromatography 

(acetonitrile/tetrahydrofuran/water 7/1/2 v/v/v) yielding 15 as a white solid. Yield = 0.096 g, 

85%. 1H NMR (400 MHz, CDCl3): δ = 8.38 (s, 3H, Ar), 6.99 – 6.81 (m, 3H, CH2NHC=O), 

3.79 – 3.51 (m, 46H, O-(CH2)2-O), 3.51 – 3.40 (m, 12H, CH2CH2NHC=O, CH2CH2CH2O), 

3.38 (t, J = 5.1 Hz, 2H, N3-CH2), 3.10 – 2.85 (b, 2H, CH2CH2OH), 1.67 – 1.49 (m, 12H, 

CH2CH2CH2O, CH2CH2NHC=O), 1.41 – 1.16 (m, 48H, aliphatic). 13C NMR (100 MHz, 

CDCl3): δ = 165.89, 135.22, 128.17, 72.56, 71.54, 70.67, 70.62, 70.60, 70.59, 70.54, 70.53, 

70.29, 70.04, 70.00, 61.66, 50.67, 40.37, 29.60, 29.56, 29.53, 29.50, 29.46, 29.44, 29.39, 

29.29, 29.25, 27.00, 26.96, 26.07, 26.03. MALDI-TOF-MS: calculated Mw = 1312.93 g/mol, 
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observed m/z = 1335.93 [Na+ adduct]. FT-IR (ATR) ν (cm-1): 3341, 3074, 2924, 2854, 2101, 

1648, 1535, 1465, 1349, 1287, 1109, 940, 884, 773, 707, 559. 

 

N1-(1-Amino-3,6,9,12-tetraoxatetracosan-24-yl)-N3,N5-bis(1-hydroxy-3,6,9,12-

tetraoxatetracosan-24-yl)benzene-1,3,5-tricarboxamide (16).  

A round bottom flask (10 mL) was charged with 15 (0.096 g, 0.073 mmol) and methanol 

(3 mL) and the solution was purged with N2 for 10 minutes. Subsequently, Pd/C (catalytic 

amount) and ammonia solution (10 drops) were added and a balloon filled with H2(g) was 

connected. The reaction mixture was stirred under H2(g) atmosphere overnight at room 

temperature. Subsequently, the reaction mixture was filtered over celite and concentrated in 

vacuo yielding an off white, waxy material which was purified by preparative LC 

(acetonitrile/water 57/43-62/38) yielding 16 in high purity. Yield = 0.046g, 49%. 1H NMR 

(400 MHz, CDCl3): δ = 8.37 (s, 3H, Ar), 6.82 – 6.61 (m, 3H, CH2NHC=O), 3.81 – 3.53 (m, 

46H, O-(CH2)2-O), 3.53 – 3.34 (m, 14H, CH2CH2NHC=O, CH2CH2CH2O, CH2CH2NH2), 

2.88 (b, 4H, CH2CH2NH2, CH2CH2OH), 1.70 – 1.50 (m, 12H, CH2CH2CH2O, 

CH2CH2NHC=O), 1.26 (m, 48H, aliphatic). 13C NMR (100 MHz, CDCl3): δ = 166.39, 

135.20, 128.43, 72.53, 71.53, 70.50-69.80, 67.12, 61.41, 40.33, 39.92, 29.50-29.00, 26.96, 

26.82, 25.95, 25.78. MALDI-TOF-MS: calculated Mw = 1286.94 g/mol, observed m/z = 

1309.95 [Na+ adduct]. FT-IR (ATR) ν (cm-1): 3314, 3075, 2924, 2854, 1654, 1541, 1465, 

1350, 1291, 1201, 1176, 1125, 943, 886, 832, 800, 720. 

 

Cy3-BTA (2).  

A round bottom flask (10 mL) was charged with N1-(1-amino-3,6,9,12-tetraoxatetracosan-

24-yl)-N3,N5-bis(1-hydroxy-3,6,9,12-tetraoxatetracosan-24-yl)benzene-1,3,5-tricarboxamide 

16 (6.24 mg, 0.005 mmol) and dry DMSO (1 mL) was added under an atmosphere of dry 

argon. To the stirring solution triethyl amine (5 drops) and a solution of the NHS activated 

Cy3 dye (5.80 mg, 0.010 mmol) in DMSO (0.6 mL) were added, and the reaction mixture 

was stirred at room temperature overnight. The reaction mixture was diluted with H2O (2 

mL) and purified by dialysis against water (molecular weight cut-off = 1000 D) to remove 

unreacted dye. After lyophilisation 2 was obtained as a sticky, deep pink material. Yield = 7.4 

mg, 89%. MALDI-TOF-MS: calculated Mw = 1726.22 g/mol, observed m/z = 1726.23 [M] +. 

 

Cy5-BTA(3).  

A round bottom flask (10 mL) was charged with N1-(1-amino-3,6,9,12-tetraoxatetracosan-

24-yl)-N3,N5-bis(1-hydroxy-3,6,9,12-tetraoxatetracosan-24-yl)benzene-1,3,5-tricarboxamide 

16 (6.17 mg, 0.005 mmol) and dry DMSO (1 mL) was added under an atmosphere of dry 

argon. To the stirring solution triethyl amine (5 drops) and a solution of the NHS activated 

Cy5 dye (6.43 mg, 0.010 mmol) in DMSO (0.6 mL) were added, and the reaction mixture 

was stirred at room temperature overnight. The reaction mixture was diluted with H2O (2 

mL) and purified by dialysis against water (molecular weight cut-off = 1000 D) to remove 
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unreacted dye. After lyophilisation 3 was obtained as a sticky, deep blue material. Yield = 7.3 

mg, 87%. MALDI-TOF-MS: calculated Mw = 1752.23 g/mol, observed m/z = 1752.26 [M]+. 

 

11-Azidoundecanoic acid (18).  

In a round bottom flask, 11–bromoundecanoic acid (2.03 g, 7.65 mmol) 17 and sodium 

azide (0.813 g, 12.5 mmol) were dissolved in DMSO (70 mL) under an atmosphere of dry 

argon and stirred overnight at room temperature. The solution was quenched with water (150 

mL). The product was extracted into ether (3x200 mL). The ether layers were combined, 

washed with acidified brine (350 mL), dried with Na2SO4 and the solvent was removed in 

vacuo. Yield = 1.52 g, 89%. 
1H NMR (400 MHz, CDCl3): δ = 3.26 (t, J = 6.9 Hz, 2H, N3CH2CH2), 2.35 (t, J = 7.5 Hz, 

2H, CH2COOH), 1.62 (m, 4H, CH2CH2CH2COOH, CH2CH2CH2COOH), 1.41–1.25 (m, 

12H, aliphatic). 13C NMR (100 MHz, CDCl3) δ = 179.77, 51.48, 33.97, 29.38, 29.28, 29.18, 

29.11, 29.01, 28.83, 26.70, 24.65. MALDI–TOF–MS: calculated Mw = 227.16 g/mol, 

observed m/z = 226.20 [M-H]-. FT–IR (ATR) ν (cm–1): 2929, 2856, 2096, 1709, 1458, 1413, 

1349, 1285, 1257, 1103, 936, 723, 640, 553, 485.  

 

(2S,4R)-di-tert-Butyl 4-((11-azidoundecanoyl)oxy)pyrrolidine-1,2-dicarboxylate (20).  

Under an atmosphere of dry argon a round bottom flask was charged with 11–

azidoundecanoic acid 18 (0.360 g, 1.589 mmol), protected hydroxyl- L-proline 19 (0.494 g, 

1.72 mmol), 4-(dimethyl amino)pyridinium 4-toluenesulfonate (DPTS) (0.796 g, 2.70 mmol) 

and dry chloroform (10 mL). The solution was cooled in an ice/salt bath to below 0°C and a 

cooled solution of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (0.943 g, 

4.92 mmol) in dry chloroform (3 mL) was added quickly. The clear solution was stirred at 

room temperature overnight. Then, the reaction mixture was transferred to a separation 

funnel, additional chloroform was added (30 mL), and the solution was washed with water (2 

x 40 mL) and brine (40 mL). The organic layer was dried over MgSO4 and the solvent was 

removed in vacuo. The material was purified by column chromatography (eluent 

heptane/ethyl acetate 90/10 to 75/25 v/v) yielding target compound 20 (0.584 g, 74%).  
1H NMR (400 MHz, CDCl3): δ = 5.25 (bs, 1H, C=OOCH), 4.23 (m, 1H, CH2CHC=O), 

3.66 (m, 2H, CHCH2N), 3.25 (t, J = 6.9 Hz, 2H, N3CH2), 2.33 (m, 1H, CHCH2CH), 2.28 (t, J 

= 7.5 Hz, 2H, CH2C=O), 2.17 (m, 1H, CHCH2CH), 1.70–1.53 (m, 4H, CH2CH2CH2C=O, 

CH2CH2CH2C=O), 1.53–1.39 (m, 18H, CH3C), 1.39–1.10 (m, 12H, aliphatic). 13C NMR (100 

MHz, CDCl3) δ = 173.23, 171.62, 153.84, 81.39, 80.29, 71.61, 58.49, 51.99, 51.48, 36.70, 

34.26, 29.40, 29.30, 29.19, 29.11, 29.05, 28.83, 28.33, 28.01, 27.94, 26.70, 24.82. MALDI–

TOF–MS: calculated Mw = 496.33, observed m/z = 519.31 [Na+ adduct]. FT–IR (ATR) ν 

(cm–1): 2978, 2930, 2857, 2095, 1739, 1705, 1457, 1395, 1367, 1256, 1219, 1153, 1069, 995, 

854, 771. 
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(2S,4R)-di-tert-butyl 4-((11-aminoundecanoyl)oxy)pyrrolidine-1,2-dicarboxylate (21).  

A 25 mL round bottom flask was charged with (2S,4R)-di-tert-butyl 4-((11-

azidoundecanoyl)oxy)pyrrolidine-1,2-dicarboxylate 20 (0.541 g, 1.10 mmol), 

triphenylphosphine (570 mg, 2.17 mmol, 1.99 eq) and THF (8 mL). The solution was stirred 

at 35°C overnight. A mixture of water (2.4 mL) and THF (1.6 mL) was added and stirring 

was continued at 35°C overnight. The volatiles were removed in vacuo and the remaining 

water was removed by lyophilisation. The resulting material was purified by column 

chromatography (eluent chloroform/methanol/triethyl amine 100/0/0 to 91/7/2 v/v/v) yielding 

21 with a ~20% impurity (based on LCMS) which was removed in the final product. Yield = 

0.226 g, 44%. 1H NMR (400 MHz, CDCl3): δ = 5.25 (bs, 1H, C=OOCH), 4.25 (m, 1H, 

CH2CHC=O), 3.72–3.45 (m, 2H, CHCH2N), 2.67 (t, J = 6.9 Hz, 2H, H2NCH2), 2.34 (m, 1H, 

CHCH2CH), 2.28 (t, J = 7.6 Hz, 2H, CH2C=O), 2.16 (m, 1H, CHCH2CH), 1.65–1.54 (m, 2H, 

CH2CH2C=O), 1.50–1.38 (m, 18H, CCH3), 1.37–1.20 (m, 14H, aliphatic). 13C NMR (100 

MHz, CDCl3) δ = 173.25, 171.62, 81.40, 80.29, 77.33, 77.22, 77.01, 76.70, 71.60, 58.49, 

51.99, 42.25, 36.70, 34.27, 33.80, 29.55, 29.46, 29.38, 29.22, 29.07, 28.33, 28.01, 26.88, 

24.84. MALDI-TOF: calculated Mw =470.35, observed m/z = 493.33 [Na+ adduct]. FT–IR 

(ATR) ν (cm–1): 3314, 2977, 2927, 2854, 1740, 1705, 1560, 1458, 1397, 1367, 1256, 1220, 

1160, 1068, 995, 937, 854, 771, 555. 

 

(2S,4R)-di-tert-butyl 4-((11-(3,5-bis((1-hydroxy-3,6,9,12-tetraoxatetracosan-24-

yl)carbamoyl)benzamido)undecanoyl)oxy)pyrrolidine-1,2-dicarboxylate (22).  

Under an atmosphere of dry argon 3,5-bis((1-Hydroxy-3,6,9,12-tetraoxatetracosan-24-

yl)carbamoyl)benzoic acid 13 (0.100 g, 1.08 mmol) and (2S,4R)-di-tert-butyl 4-((11-

aminoundecanoyl)oxy)pyrrolidine-1,2-dicarboxylate 21 (55.9 mg, 1.19 mmol, 1.1 eq.) were 

dissolved in DMF (1 mL). DMT–MM (70 mg, 0.253 mmol, 2.4 eq.) was added and the 

mixture was stirred at room temperature overnight. Chloroform (5 mL) was added and the 

solution was transferred to a separation funnel. The organic layer was washed with water (2 x 

5 mL) and brine (5 mL) and dried over MgSO4. The solvent was removed in vacuo and the 

crude was purified by reverse phase column chromatography 

(acetonitrile/water/tetrahydrofuran 67/33/0 to 60/20/20 v/v/v) yielding 22 with a ~20% 

impurity (based on LCMS) containing the extended spacer, which was removed from the 

final product. Yield = 51.8 mg (34.8%). 1H NMR (400 MHz, CDCl3): δ = 8.36 (m, 3H, Ar), 

6.72–6.54 (m, 3H, C=ONHCH2), 5.25 (bs, 1H, C=OOCH), 4.25 (m, 1H, CH2CHC=O), 3.75–

3.54 (m, 34H, O-(CH2)2-O), CHCH2N, 3.51–3.38 (m, 10H, CH2CH2NHC=O, 

CH2CH2CH2O), 2.78 (bs, 2H, CH2OH), 2.40–2.25 (m, 3H, CH2CH2C=O, CHCH2CH), 2.21–

2.10 (m, 1H, CHCH2CH), 1.74–1.51 (m, 10H, CH2CH2CH2O, CH2CH2CH2O, CH2CH2C=O), 

1.49–1.41 (m, 18H, CCH3), 1.41–1.20 (m, 46H, aliphatic). 13C NMR (100 MHz, CDCl3) δ = 

165.69, 135.27, 110.01, 77.33, 77.33, 77.01, 77.01, 76.69, 76.69, 72.54, 72.54, 71.55, 70.62, 

70.62, 70.56, 70.56, 70.33, 70.33, 70.02, 61.72, 51.98, 40.37, 29.55, 29.55, 29.49, 29.44, 

29.39, 29.20, 29.03, 28.38, 28.33, 28.02, 27.94, 26.92, 26.03, 26.03. LCMS: calculated Mw = 
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1380.95, observed m/z = 1404.08 [Na+ adduct]. FT–IR (ATR) ν (cm–1): 3335, 3074, 2926, 

2855, 1740, 1706, 1649, 1537, 1458, 1399, 1367, 1288, 1259, 1149, 1125, 942, 842, 772, 

707, 555. 

 

(2S,4R)-4-((11-(3,5-bis((1-hydroxy-3,6,9,12-tetraoxatetracosan-24 

yl)carbamoyl)benzamido)undecanoyl)oxy)pyrrolidine-2-carboxylic acid (4).  

Protected L-proline -functionalised BTA 22 (293 mg, 0.212 mmol) was dissolved in a 1:1 

mixture of dichloromethane and trifluoroacetic acid (4 mL) and stirred overnight at room 

temperature under an atmosphere of dry argon. The volatiles were removed under a nitrogen 

stream, water (2 mL) was added and the solution was stirred overnight. The water was 

removed on the freeze dryer and the crude was purified by reverse phase column 

chromatography (water/acetonitrile 50/50 to 30/70 v/v) yielding L-proline functionalised 4 as 

a waxy, off-white solid (182 mg, 70%). 
1H NMR (400 MHz, CDCl3): δ = 8.39 (m, 3H, Ar), 7.61 (bs, 1H, C=ONHCH2), 7.49 (bs, 

2H, C=ONHCH2), 5.34 (bs, 1H, C=OOCH), 5.13 (m, 1H, CH2CHCOOH), 4.36 (m, 2H, 

CHCH2NH), 3.76–3.53 (m, 32H, O-(CH2)2-O), 3.49–3.28 (m, 10H, CH2CH2NHC=O, 

CH2CH2CH2O), 2.50–2.24 (m, 4H, CH2CH2C=O, CHCH2CH), 1.65–1.41 (m, 10H, 

CH2CH2CH2O, CH2CH2CH2O, CH2CH2C=O), 1.39–1.18 (m, 46H, aliphatic). 13C NMR (100 

MHz, CDCl3) δ = 172.99, 166.72, 134.94, 128.70, 75.60, 72.42, 71.51, 70.29, 70.43, 70.03, 

69.82, 61.37, 40.48, 33.81, 29.47, 29.40, 29.35, 29.24, 28.99, 28.79, 28.70, 26.97, 26.78, 

25.95, 24.45. LCMS: calculated Mw = 1224.83, found 1226.17 [MH+]. FT–IR (ATR) ν (cm–

1): 3320, 3073, 2925, 2855, 1740, 1648, 1545, 1456, 1349, 1290, 1200, 1131, 940, 831, 799, 

720. 

 

26-Bromo-2,5,8,11,14-pentaoxahexacosane (23).  

A round bottom flask (25 mL) was charged with NaH (60% dispersion in mineral oil, 27.4 

mmol, 1.10 g) and DMF (10 mL) under an atmosphere of dry argon. The stirring solution was 

cooled to 0 °C and subsequently a solution of tetraethyleneglycol monomethyl ether (9.65 

mmol, 2.01 g) in DMF (5 mL) was added drop wise. Another round bottom flask (100 mL) 

was charged with 1,12-dibromododecane (60.98 mmol, 20.01 g) and DMF (20 mL). After all 

solids dissolved the solution was placed in an ice bath. Under constant stirring the mixture of 

tetraethyleneglycol monomethyl ether and sodium hydride in DMF was added drop wise in 

15 minutes and the reaction mixture was stirred overnight at room temperature yielding a 

clear yellow solution. To this solution H2O (100 mL) was added producing a milky mixture 

which was extracted four times with hexane (100 mL). The organic layers were combined 

and concentrated before drying with MgSO4. Removal of the solvent in vacuo yielded a 

colourless oil which slowly crystallised upon standing. The material was purified by column 

chromatography (Hexane/dimethoxyethane 95/5-70/30) yielding the product as a colourless 

oil. Yield = 1.33 g, 32%. 1H NMR (400 MHz, CDCl3,): δ = 3.70 – 3.61 (mm, 12H, O-(CH2)2-

O), 3.59 – 3.52 (mm, 4H, O-(CH2)2-O), 3.44 (t, 2H, CH2CH2CH2O), 3.40 (t, 2H, BrCH2CH2), 
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3.37 (s, 3H, OCH3), 1.85 (quin, 2H, BrCH2CH2), 1.63 – 1.50 (m, 2H, CH2CH2CH2O), 1.48 – 

1.36 (m, 2H, CH2CH2CH2O), 1.26 (mm, 16H, aliphatic). MALDI-TOF-MS: calculated MW = 

454.23 g/mol, observed m/z = 455.06 [MH+], 477.07 [Na+ adduct]. 

 

2,5,8,11,14-Pentaoxahexacosan-26-phthalimide (24).  

A round bottom flask (50 mL) was equipped with a condenser and charged with 26-

bromo-2,5,8,11,14-pentaoxahexacosane 23 (2.20 mmol, 1.003 g), potassium phthalimide 

(2,43 mmol, 0.450 g) and dry DMF (30 mL) under an atmosphere of dry argon. The solvent 

was heated to 80 °C and subsequently stirred overnight at 50 °C. The solvent was removed in 

vacuo, and a slightly yellow paste was obtained. Deionised water (50 mL) was added and the 

mixture was extracted three times with diethyl ether (50 mL). The organic layers were 

combined, dried with MgSO4 and filtered after which the solvent was evaporated in vacuo 

yielding 24 as a slightly yellowish oil. Yield = 1.12 g, 97%. 1H NMR (400 MHz, CDCl3): δ = 

7.83 (dd, 2H, Ar), 7.71 (dd, 2H, Ar), 3.65 (mm, 15H, O-(CH2)2-O, NCH2CH2), 3.56 (mm, 

4H, O-(CH2)2-O), 3.43 (t, 2H, CH2CH2CH2O), 3.38 (s, 3H, OCH3), 1.73 – 1.61 (m, 2H, 

NCH2CH2), 1.61 – 1.50 (m, 2H, CH2CH2CH2O), 1.27 (m, 16H, aliphatic).  

 

2,5,8,11,14-Pentaoxahexacosan-26-amine (25).  

A round bottom flask (50 mL) was charged with ethanol (30 mL) and 2,5,8,11,14-

pentaoxahexacosan-26-phthalimide 24 (1.005 g, 1.93 mmol) was added. Hydrazine 

monohydrate (2 mL) was added to the stirring solution and the mixture was heated to reflux 

overnight yielding a milky suspension. The solvent was removed in vacuo. Chloroform (25 

mL) was added and the mixture was extracted three times with NaOH (1 M, 25 mL). The 

organic layer was dried with MgSO4, filtered and concentrated in vacuo yielding 25 as a 

slightly yellow oil which solidified upon standing. Yield = 0.711 g, 94%. 1H NMR (400 

MHz, CDCl3): δ = 3.69 – 3.62 (mm, 12H, O-(CH2)2-O), 3.60 – 3.53 (mm, 4H, O-(CH2)2-O), 

3.44 (t, 2H, CH2CH2CH2O), 3.38 (s, 3H, OCH3), 2.68 (t, 2H, NH2CH2CH2), 1.65 – 1.51 (m, 

2H, CH2CH2CH2O), 1.42 (d, J = 7.4 Hz, 2H, CH2CH2CH2O), 1.26 (m, 16H, aliphatic). 

MALDI-TOF-MS: calculated Mw = 391.33 g/mol, observed m/z = 392.17 [MH+], 414.15 

[Na+ adduct]. 

 

N1,N3,N5-Tri(2,5,8,11,14-pentaoxahexacosan-26-yl)benzene-1,3,5-tricarboxamide (5).  

To a stirring solution of 2,5,8,11,14-pentaoxahexacosan-26-amine 25 (0.38 mmol, 0.153 

g) in chloroform (2.5 mL) under an atmosphere of dry argon triethyl amine was added (0.76 

mmol, 0.08 g). The reaction mixture was cooled to 0 °C and a solution of 1,3,5-

benzenetricarbonyl trichloride (0.12 mmol, 31.9 mg) in chloroform (1 mL) was added drop 

wise. The reaction mixture was then allowed to reach room temperature and was stirred 

overnight. The solvent was removed in vacuo and the obtained white solid was purified by 

column chromatography (CHCl3/methanol 95/5 v/v) obtaining the product as a slightly 

yellow oil which solidified upon standing. Yield = 0.111 g, 70%. 1H NMR (400 MHz, 
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CDCl3): δ = 8.37 (s, 3H, Ar), 6.55 (t, J = 26.0 Hz, 3H, CH2NHC=O), 3.68 – 3.60 (mm, 36H, 

O-(CH2)2-O), 3.60 – 3.51 (mm, 12H, O-(CH2)2-O), 3.47 (t, 6H, C=ONH2CH2), 3.43 (t, J = 

6.8 Hz, 6H, CH2CH2CH2O), 3.37 (s, 9H, CH2OCH3), 1.77 – 1.46 (m, 12H, CH2CH2CH2O, 

CH2CH2CH2O), 1.46 – 1.13 (m, 48H, aliphatic). 13C NMR (100 MHz, CDCl3): δ = 165.70, 

135.21, 128.06, 76.68, 71.89, 71.52, 70.60, 70.57, 70.55, 70.49, 70.02, 59.01, 58.99, 40.36, 

29.57, 29.52, 29.48, 29.44, 29.43, 29.41, 29.38, 29.21, 26.92, 26.03. MALDI-TOF-MS: 

calculated MW = 1329.97 g/mol, observed m/z = 1352.98 [Na+ adduct]. FT-IR (ATR) ν (cm-

1): 3335, 3074, 2923, 2854, 1662, 1597, 1535, 1457, 1350, 1285, 1199, 1103, 1031, 944, 852, 

728, 555. 

 

Methyl 3,5-bis(2,5,8,11,14-pentaoxahexacosan-26-ylcarbamoyl)benzoate (26).  

Under an atmosphere of dry argon triethyl amine (1.62 mmol, 0.23 mL) was added to a 

stirring solution of methyl 3,5-bis(chlorocarbonyl)benzoate 10 (0.406 mmol, 106 mg) in 

chloroform (3 mL). 2,5,8,11,14-pentaoxahexacosan-26-amine 25 (0.89 mmol, 0.35 g) was 

dissolved in dry chloroform (1.5 mL) and added drop wise to the stirring reaction mixture at 

0 °C. After addition the reaction mixture was stirred overnight at room temperature. The 

reaction mixture was concentrated in vacuo and the solids were dissolved in chloroform (10 

mL) and extracted with HCl two times (1 M, 20 mL) and with brine (20 mL). The organic 

layer was dried with MgSO4, filtered and concentrated in vacuo. The material was purified by 

column chromatography (heptane/dimethoxyethane 60/40). Yield = 0.288 g, 73%. 1H NMR 

(400 MHz, CDCl3): δ = 8.55 (d, J = 1.7 Hz, 2H, Ar), 8.45 (t, J = 1.7 Hz, 1H, Ar), 6.57 (t, J = 

5.6 Hz, 2H, CH2NHC=O), 3.97 (s, 3H, OC=OCH3), 3.74 – 3.60 (mm, 24H, O-(CH2)2-O), 

3.60 – 3.51 (mm, 8H, O-(CH2)2-O), 3.45 (m, 8H, C=ONH2CH2, CH2CH2CH2O), 3.36 (s, 6H, 

CH2OCH3), 1.70 – 1.50 (mm, 8H, CH2CH2CH2O, CH2CH2CH2O), 1.49 – 1.13 (mm, 32H, 

aliphatic). 

 

3,5-Bis(2,5,8,11,14-pentaoxahexacosan-26-ylcarbamoyl)benzoic acid (27).  

To a stirring solution of methyl 3,5-bis(2,5,8,11,14-pentaoxahexacosan-26-

ylcarbamoyl)benzoate 26 in methanol (2 mL) lithium hydroxide monohydrate (0.83 mmol, 35 

mg) and H2O (0.05 mL) were added. The mixture was stirred overnight at room temperature, 

after which the solvent was removed in vacuo and H2O (10 mL) was added. The solution was 

acidified with HCl (37%) upon which the mixture became milky white. Subsequently, the 

reaction mixture was extracted three times with chloroform (10 mL). The organic layers were 

combined, dried with MgSO4, filtered and concentrated in vacuo yielding the product as a 

colourless oil which solidified upon standing. Yield = 0.155 g, 77%. 1H NMR (400 MHz, 

CDCl3): δ = 8.55 (d, 2H, Ar), 8.45 (t, J = 14.3 Hz, 1H, Ar), 6.44 (bt, J = 36.8 Hz, 2H, 

C=ONH2CH2), 3.73 – 3.61 (mm, 24H, O-(CH2)2-O), 3.61 – 3.53 (mm, 8H, O-(CH2)2-O), 3.53 

– 3.41 (dt, 8H, C=ONH2CH2, CH2CH2CH2O), 3.38 (s, 6H, CH2OCH3), 1.73 – 1.48 (mm, 8H, 

CH2CH2CH2O, CH2CH2CH2O), 1.48 – 1.11 (mm, 32H, aliphatic). 
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BisBTA dodecyltetraethyleneglycol methyl ether functionalised PEG (6).  

To a stirring solution of 3,5-bis(2,5,8,11,14-pentaoxahexacosan-26-ylcarbamoyl)benzoic 

acid 27 (0.087 mmol, 83 mg) and bisamine end-functionalised PEG 28 in dry chloroform (10 

mL) benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) (0.05 g, 

0.10 mmol) and N,N-diisopropylethyl amine (DIPEA) (30 mg, 0.23 mmol) were added under 

an atmosphere of dry argon and the mixture was stirred for 24 hours at room temperature. 

The chloroform was removed in vacuo, the material was dissolved in methanol (10 mL) and 

purified by dialysis. Yield = 0.472 g, 56%. 1H NMR (400 MHz, CDCl3): δ = 8.39 (s, 3H, Ar), 

6.88 – 6.65 (b, 3H, C=ONHCH2), 4.82 (d, J = 44.6 Hz, 2H, OC=ONHCH2), 4.26 – 4.13 (m, 

4H, CH2O-C=O), 3.64 (m, 1800H, O-(CH2)2-O), 3.46 (t, 12H, CH2NHC=O), 3.36 (s, 6H, 

CH2OCH3), 3.22 – 3.06 (q, 4H, CH2NH(C=O)O), 1.67 – 1.09 (m, 60H, aliphatic). 13C NMR 

(100 MHz, CDCl3,): δ = 165.9, 156.5, 135.3, 128.4, 73.5, 72.0-69.1, 67.7, 63.8, 61.7, 59.1, 

41.1, 40.4, 29.9, 29.8-29.1, 27.0, 26.8, 26.1. 

 

BTA- 3'-CTC AGC AAT G-5' DNA construct (29). 

A two-neck flask (10 mL) was charged with a CuSO4 (0.006 mmol, 0.9 mg) solution in 

H2O (0.2 mL), followed by BimPy ligand (0.005 mmol, 1.7 mg) dissolved in DMF (0.5 mL). 

To the resultant green mixture is added a solution of sodium ascorbate (0.05 mmol, 10 mg) in 

H2O (0.3 mL) followed by a spoon tip of solid sodium ascorbate, turning the colour of the 

solution yellow. BTA 15 (0.04 mmol, 50.5 mg) is dissolved in DMF (2 mL) and mixed with a 

solution of alkyne-3'-CTC AGC AAT G-5' (0.025 mmol, 83 mg) in water (2 mL) producing a 

fine dispersion. This dispersion is carefully added to the yellow reaction mixture resulting in 

a total reaction volume of 6 mL after rinsing with additional H2O (0.5 mL) and DMF (0.5 

mL). The reaction mixture is stirred at room temperature, and over time, gradually becomes 

clear. After 6.5 hours, EDTA solution in water was added (1.8 mL, 0.04 mmol) resulting in a 

colour change from bright yellow to deep yellow. Subsequently, the reaction mixture is 

purified by dialysis (Mw cut-off = 1000) against water, after which the material is dried by 

lyophilisation, yielding 29 as a fluffy white material. MALDI-TOF-MS: Starting material 

alkyne-3'-CTC AGC AAT G-5' MALDI-TOF-MS: calculated MW = 3114.62 g/mol, observed 

m/z = 3113.62 [-H-]. 29 MALDI-TOF-MS: calculated MW = 4427.55 g/mol, observed m/z = 

4426.45 [-H-] 

 

BTA-DNA-BTA construct (8). 

Complementary single strand DNA oligomers 5'-GAG TCG TTA CGC TGG GCG AGT 

CAA TTC GTC GTT-3' and 5'-GAG TCG TTA CAA CGA CGA ATT GAC TCG CCC 

AGC-3' (0.190 μmol) were dissolved in pure water (1.9 mL, 0.1 μmol/mL) and mixed in a 1-

1 ratio. The stirred mixture was heated to 95 °C for 5 minutes and allowed to cool to room 

temperature. Subsequently, BTA-DNA construct 29 (0.48μmol, 2.12 mg, 2.5 eq) was 

dissolved in pure water (1.5 mL) and added to the ds-DNA solution. The mixture was heated 
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to 60 °C for 5 minutes and allowed to cool to room temperature. Subsequently, the water was 

removed by lyophilisation, yielding 8 as a white solid. 
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Benzene‐1,3,5‐tricarboxamide‐based	supramolecular	polymers	in	water	

The self-assembly of small molecules into supramolecular structures is a powerful bottom-

up approach for the development of novel materials; driven by non-covalent interactions, a 

high level of order on the molecular scale can be reached and the resulting supramolecular 

structures are inherently dynamic. In apolar organic solvents hydrogen-bonding motifs are 

popular because of their directionality and high affinity. However, in water the use of 

hydrogen bonding as driving force for self-assembly is not straightforward due the 

competition of water molecules with the hydrogen bonding units. Furthermore, the 

hydrophobic effect represents an additional and dominant driving force for aggregation. As a 

result, the design of small molecules and the controlled self-assembly thereof in water is still 

challenging. Therefore, the development of functional and responsive aqueous systems and 

biomaterials requires a more fundamental understanding of self-assembly in water.  

In this thesis the self-assembly of a series of small molecules into supramolecular 

polymers in water, driven by a combination of hydrogen bonding and the hydrophobic effect 

is studied systematically. The hydrogen-bonding benzene-1,3,5-tricarboxamides (BTA) motif 

is employed in combination with aliphatic chains for the formation of a local hydrophobic 

environment and water-soluble units at the periphery. Systematic variation of these 

components allows for a detailed comparison of the thus produced family of molecules.  

In chapter 1 the concept of supramolecular polymers is introduced and important 

mechanisms and classes of monomers are discussed. Subsequently, an overview is given of 

literature examples of supramolecular polymers in water based on host-guest complexes, π-π 

stacking amphiphiles, or the combination of hydrogen bonding with a local hydrophobic 

environment.  

In chapter 2 water-soluble BTAs are presented. An aliphatic spacer to create the local 

hydrophobic domain is attached to a tetraethylene glycol moiety to solubilise the system in 

water. The aqueous self-assembly of these molecules into supramolecular polymers is studied 

by UV and fluorescence spectroscopy, light scattering and cryo-TEM. Through systematic 

variation of the aliphatic chain length, the critical length for self-assembly is identified. With 

an undecyl spacer or longer, supramolecular polymers of micrometres in length and with a 

diameter of approximately 5 nm are formed. Furthermore, with IR spectroscopy the presence 

of hydrogen bonds stabilising the supramolecular polymers in aqueous solution is verified. 

In chapter 3 the tetraethylene glycol moieties are replaced by monosaccharides for their 

inherent biocompatibility and improved water solubility. After the optimal spacer length is 

determined, different monosaccharides are introduced to assess whether this influences the 

self-assembly behaviour. Supramolecular polymers are formed with dimensions similar to 

those discussed in Chapter 2. The supramolecular polymers are disrupted by heating the 

solution to above 60 °C and rapidly reformed by cooling down to room temperature. To 

demonstrate the diversity of the saccharides, a proof of principle for post-assembly 

saccharide recognition is provided through dynamic covalent bond formation. 



 

148 
 

In chapter 4 a stereogenic centre is introduced in the aliphatic spacer of the BTAs to 

employ chirality as an additional tool to study the self-assembly. Introduction of a stereogenic 

methyl is shown to affect the self-assembly. Nevertheless, supramolecular polymers of 

comparable dimensions are formed as is shown by cryo-TEM measurements. Chirality 

through selective isotopic substitution does not change the conformation within the 

supramolecular polymers compared to the achiral compounds. Both chiral BTA derivatives 

display a CD signal, although of different shape and intensity. These results confirm the 

presence of helical arrangement in the supramolecular polymers in water which can be biased 

by the introduction of chiral centres in the aliphatic spacer. 

In chapter 5 a synthetic strategy for selectively functionalising one of the three 

substituents is demonstrated and several functionalised systems are discussed. First, the 

exchange process of monomers between supramolecular polymers is studied by attaching a 

fluorescent dye to the BTA. The formed supramolecular polymers are visualized at high 

resolution with stochastic optical reconstruction microscopy (STORM). Secondly, an L-

proline unit is introduced to obtain an active and stereoselective supramolecular catalytic 

system for the aldol reaction in water. The results highlight the potential of using self-

assembly for the formation of a suitable local domain to yield an active and stereoselective 

catalyst. In a third study BTA-based hydrogelators are studied. Whereas a small-molecule 

BTA forms weak gels, PEG end-capped with BTAs reveals a direct connection between the 

molecular structure and the mechanical properties of the hydrogels. Finally, the synthesis of a 

ds-DNA functionalised with a BTA on both ends is reported, which shows promise for use in 

responsive hydrogels in combination with the motor protein FtsK50C. 
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aan de succesvolle afronding van mijn promotie te bedanken. Met veel plezier kijk ik terug 

op een schitterende periode van ruim 8 jaar binnen de vakgroep als Spinoza student, 
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Ik wil graag prof. dr. Jan van Esch, prof. dr. Filip du Prez, prof. dr. Nico Sommerdijk, 

prof. dr. ir. Luc Brunsveld en dr. Stefan Meskers bedanken voor het plaatsnemen in mijn 

verdedigingscommissie en het geven van feedback op het manuscript. 

Hier wil ik ook graag Sjef Öllers bedanken. Hoewel je nog maar vrij kort deel bent van de 

vakgroep, heb je enorm geholpen bij het schrijven van dit proefschrift. De snelheid waarmee 
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Ik wil ook graag Jef Vekemans bedanken voor zijn hulp bij de soms wat weerbarstige 

synthese. Hoewel je met pensioen bent gegaan tijdens mijn promotie, kom je nog steeds 



 

154 
 

geregeld naar de universiteit om synthetische vraagstukken te bespreken, wat je voorliefde 
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Verder wil ik graag alle leden van de staf bedanken voor het maken van MST tot wat het 

is. De heren van het analytisch lab, Joost, Ralf en Lou, wil ik graag bedanken voor de hulp bij 
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bijhouden van het magazijn. Ik wil graag alle secretaresses bedanken, maar in het bijzonder 

Nora en Martina met wie ik het meeste van doen heb gehad, voor de geweldige 

ondersteuning. Natuurlijk moet hier ook huismeester Henk Eding worden genoemd. Henk, 

bedankt voor de dagelijkse koffie en de gezellige gesprekken. 
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blij dat Daan van der Zwaag en Luuk Olijve mij op deze dag willen bijstaan. Mannen, 

bedankt voor de vriendschap de afgelopen jaren. Daan, ik heb altijd genoten van de avonden 

samen sporten, stappen of wat dan ook. Vooral een avondje in Utrecht staat me nog goed bij. 

Geregeld kwam ik jullie kantoor in Ceres binnenlopen waarna het niveau gelijk een stuk 

daalde, maar gelukkig was je altijd in voor wat slap gezever. Daarnaast hebben we ook nog 

zeer succesvol samengewerkt aan bijvoorbeeld het STORM verhaal. Succes met je promotie, 

maar ik ben er van overtuigd dat dat helemaal goed gaat komen. Luuk, ook met jou heb ik 

geregeld gesport, gestapt of een filmpje gekeken. Tijdens een deel van mijn promotie zat je 

tegenover me op kantoor, en je wist mijn eindeloze stroom aan gezwets goed te verduren. We 

zijn nog samen op bezoek geweest bij Dirk in Zwitserland, wat ontzettend leuk was. Ook jij 
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research, and you were the main driving force behind our STORM paper for which I thank 

you. I also enjoyed the many games of squash, although you most often left the court as the 

winner. I wish you good luck with the next step too! 

Pol Besenius, Marcel Koenigs en Rene Lafleur wil ik graag bedanken voor het meten van 

cryo-TEM. Hoewel het niet altijd wilde lukken hebben deze metingen een belangrijke 

bijdrage geleverd aan mijn proefschrift. Ilja Voets wil ik bedanken voor haar hulp bij de 

scattering metingen. 
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Ook Tristan wil ik graag bedanken. Het einde van jouw promotie was het begin van die 
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jullie verdere carrière. Imke, jij kwam als afstudeerder van de HBO werken aan de lengte 
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deel van hoofdstuk 2. Succes met het behalen van je Master. Laura, jij hebt gewerkt aan een 
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katalyse. Veel succes met je promotie in Zwitserland. 

Ik wil graag mijn kantoor genoten, Martijn, Nobu, Thomas, Rob en Luuk bedanken voor 

de plezierige sfeer op het kantoor. Martijn, het is maar goed dat ons kantoor zat weggestopt 

achter het meet lab want meestal gingen onze gesprekken helemaal nergens over. Ontzettend 
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De leden van de lunch meeting wil ik graag bedanken voor hun input en feedback. 

Dan zijn er nog de mensen die de afgelopen jaren voor de nodige ontspanning hebben 

gezorgd. De heren Peter, Bob, Marcel, Patrick, Martijn wil ik hier graag noemen voor onze 

samenwerking aan het filmpje en alle andere gesprekken, werk gerelateerd of niet. 

I would also like to thank the many postdocs in the group with whom I enjoyed the 

various nights in the city or elsewhere. In particular I would like to thank Miguel. I really 
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Verder wil ik graag alle andere collega’s binnen MST bedanken die me al op afstand 

konden horen aankomen. Bram Pape, voor wanneer ik weer op het CD apparaat in Ceres zat 
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