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Summary 
 

Many natural systems rely on the use of supramolecular interactions. These natural 
supramolecular constructs have inspired scientists to create synthetic analogues. Many 
synthetic supramolecular systems have been studied, both in organic solvents and in water. 
Spatiotemporal control and control over the morphology is a great ambition within this field. 
Moreover, natural systems often rely on multiple supramolecular interactions which enables 
environmental adaptation and control. It would be of great interest to study more complex 
constructs by increasing non-covalent interactions in a synthetic supramolecular system. The 
aim of this research is to introduce new non-covalent interactions by creating functional 
supramolecular monomers and study the assembly behavior in water. 
Specifically, we functionalized benzene-1,3,5-tricarboxamide (BTA) derivatives, with 
supramolecular moiety naphthalene diimide (NDI) derivatives. These were studied in co-
assemblies with water-soluble BTA (BTA3OH). Functionalization of the BTA molecule with 
NDI (BTA-NDI) was achieved using a copper-catalyzed azide-alkyne click reaction. In another 
approach the NDI moiety was functionalized with a lysine which resulted in insoluble BTA-
NDI-Lys limiting further investigation. UV-Vis and fluorescence spectroscopy were employed 
to study the assembly behavior of both pure monomers, and several co-assemblies of BTA3OH 
and BTA-NDI. These studies showed successful BTA assembly in all cases, as well as NDI 
aggregation. The morphology of the co-assemblies was studied with total internal fluorescence 
microscopy, which showed significant cross-linking of the fibers with increasing amounts of 
BTA-NDI, driven by inter-polymer NDI aggregation. 
Hydrogen-deuterium exchange mass spectrometry (HDX-MS) was employed to study the 
exchange dynamics of the BTA assemblies. 100% BTA-NDI showed less dynamic behavior 
when compared to 100% BTA3OH. Co-assemblies showed successful mixing of both 
monomers, however, showed a significant change in dynamics for the BTA3OH monomer 
when included in co-assemblies with BTA-NDI, indicating the influence of the additional NDI-
NDI interactions on the multicomponent system. This interactions were later shown to be 
dominant over the polymerization of BTA, which resulted in stronger interactions of the 
monomers compared to 100% BTA3OH. 
Overall, functionalized BTA-NDI successfully mixed with BTA3OH. However, due to the 
stronger intermolecular interactions caused by NDI aggregation, it formed cross-linked fiber-
like co-assemblies, which were less dynamic. 
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1 Introduction 

1.1 Supramolecular multicomponent systems in nature 

Supramolecular systems are key factors in many natural phenomena. Non-covalent interactions 
are the foundation of many supramolecular constructs which influence several cellular 
mechanisms and often invoke signaling cascades.1-4 Figure 1.1 depicts such a mechanism: 
signaling transduction. In the classical view (Figure 1.1a) non-covalent ligand binding to the 
receptor opens up a binding site for the substrate. This activates a cascade of events leading to 
cellular response. However, Wu et al. proposed a different mechanism, which evidences the 
importance of supramolecular interactions in this phenomenon. In this mechanism, ligand 
binding induces recruitment of additional receptor proteins. This research shows that 
supramolecular interactions and the size of the assemblies have a larger influence on cellular 
responses than was thought before.5 

 

 
Figure 1.1: a) Classical representation of receptor signaling transduction where ligand binding causes a 

signaling cascade between intracellular proteins. b) A representation in which supramolecular clusters are 
responsible for signal transduction.5 

 
Wu et al. showed the importance of supramolecular interactions in signal transduction, but there 
are more examples of the role non-covalent assemblies play in nature. Integrins are a family 
cell-surface receptors that can exhibit different functions when triggered by supramolecular 
interactions. Cell adhesion and migration as well as assembly of the extra cellular matrix is 
triggered by supramolecular binding of talin from within the cell. The  binding of talin causes 
a conformational change of the integrin, which results in greater affinity towards extracellular 
ligands. This mechanism is called the inside-out pathway. The outside-in pathway involves 
binding of a multivalent supramolecular ligand to integrin from outside the cell. This causes a 
conformational change of the integrin which invokes integrin clustering. The clustering starts a 
signaling cascade which influences cell polarity, survival and proliferation, cytoskeletal 
structure and gene expression (figure 1.2).7 It shows the way nature exploits supramolecular 
interactions to create highly dynamic constructs. The importance of supramolecular interactions 
in natural systems has inspired scientists to explore the possibilities to create synthetic 
analogues. Non-covalent interactions, such as hydrogen bonding and the hydrophobic effect, 
but also p-stacking, ionic and van der Waals interactions, have been exploited in order to create 
synthetic supramolecular systems.10  
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Figure 1.2: Schematic overview of integrin signaling pathways. Left: outside-in signaling, binding of an 
extracellular multivalent ligand causes a conformational change of the integrin, which induces clustering. The 
clustering starts a signaling cascade inside the cell. Right: inside-out signaling, intracellular talin binds to the 
integrin, inducing a conformational change which results in a greater affinity towards extracellular ligands.7 

 

1.2 Supramolecular polymerization 

The first example of supramolecular materials was described by Jean-Marie Lehn and co-
workers in 1990.18 In this study, they used a tartaric acid derivative to create two 
complementary monomers by grafting both ends with either uracil or 2,6-diacyl-amino-
pyridine. Supramolecular polymerization was achieved through triple hydrogen bond formation 
between uracil (U) and 2,6-diacyl-amino-pyridine (P). Figure 1.2 shows the synthesized 
monomers TP2 and TU2 and their ability to polymerize through hydrogen bond formation. The 
early work by Lehn and co-workers yielded a liquid-crystalline material when both monomers 
were mixed in a 1:1 ratio, however the system heavily relied on stoichiometric constraints 
showing the supramolecular nature of the system. 

 
Figure 1.2: Molecular structures of complementary monomers TP2 and TU2 and their ability to form a 

supramolecular polymer (TP2, TU2)n through triple hydrogen bonding15 
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Our group combined the hydrogen bonding donor and acceptor arrays in a single molecule, as 
such, 2-ureido-4[1H]-pyrimidinone (UPy) can form dimers through quadruple hydrogen 
bonding  (Figure 1.3).20,21,22   

 
 

Figure 1.3: 2-ureido-4[1H]-pyrimidinone (UPy) and its ability to form supramolecular dimers through 
quadruple hydrogen bonding20,21,22 

 
The UPy motif was later incorporated in  UPy-urea/urethane-functionalized polymers (Figure 
1.4).22 It was shown that the urea group caused lateral growth of the UPy dimers into ordered 
aggregates through additional supramolecular interactions. In contrast, the urethane 
functionalized polymer did not display this behavior, signifying the importance of strong lateral 
H-bonding between the UPy dimers on supramolecular polymerization. The degree of 
polymerization changed upon increasing the concentration. At low concentrations (<0.1 mM) 
monomers are present in solution. As concentration is increased dimers are formed. At 
sufficiently high concentration lateral aggregation takes place through hydrogen bonding of the 
urea groups, forming one-dimensional fibers. This extends the dimerization of UPy to higher 
degrees of polymerization through additional supramolecular interactions and shows the 
promise of creating multivalent supramolecular constructs. 

 
Figure 1.4: Structure of UPy-urea/urethane-functionalized monomers and schematic representation of how 

UPy-urea-functionalized polymers are able to form fibers through lateral aggregations in chloroform.22 
 

1.3 Benzene-1,3,5-tricarboxamide 

There is a wide array of supramolecular polymers studied in organic media. Water-based 
systems would be of great interest because of their potential application in the biomedical field. 
Recreating the dynamic and responsive behavior in natural systems is not trivial. Many of these 
supramolecular polymers rely on the stability of the formed hydrogen bonds. Introducing them 
to water, a hydrogen-bonding competing molecule, destroys the aggregates. To overcome this 
problem, the hydrogen bonds must be shielded from water. 
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Benzene-1,3,5-tricarboxamide (BTA) (Figure 1.5) is a molecule that has been widely studied 
in our group. Through triple intermolecular hydrogen bonding of the amide groups, the core is 
able to stack on top of each other, leading to the formation of one-dimensional aggregates 
(Figure 1.5). BTA is able to form a helical structure because the amide group tilts out of plane 
to correct for the opposing requirements for intermolecular hydrogen bonding and conjugation 
with the aromatic core.24,33  

             
Figure 1.5: Left Benzene-1,3,5-tricarboxamide core and Right Triple hydrogen bonding of BTA core leads to 

the formation of one-dimensional aggregates24,33 

 
Initially, this molecule was studied in organic media, however, introduction of water-
compatible ethylene glycol tails yields a water soluble BTA derivative. Figure 1.6 shows the 
molecular structure of water-soluble BTA, hereafter referred to as BTA3OH. The first part of 
the side chains consists of an aliphatic chain, which creates a hydrophobic pocket that protects 
the core from water. The periphery is composed of water-compatible poly-ethylene glycol, 
creating favorable interactions with water, making the molecule water soluble. Leenders et al. 
studied BTA3OH derivatives and their ability to form fiber-like structures in water. The 
importance of the molecular design was shown. For instance, an aliphatic spacer of ten 
methylene units proved too short to accommodate for the hydrophobicity, but spacers composed 
of eleven or twelve methylene units did result in stable polymers. Furthermore, by employing 
FT-IR, first experimental evidence on the stabilization through intermolecular hydrogen-
bonding was shown.15 

 

 
Figure 1.6: Molecular structure of water-soluble BTA3OH. The  benzene core with three amide groups is 

functionalized with three arms containing an aliphatic spacer to create a hydrophobic environment that shields 
the amides from water. The hydrophilic tetra-ethylene glycol segments with alcohol end-groups enable water 

solubility. 
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The polymerization of the water-soluble BTA derivatives is based on supramolecular 
interactions making them highly dynamic. This was shown by Albertazzi et al. by imaging the 
structure of BTA fibers and investigate monomeric exchange between fibers.16 In this study, 
one arm of the BTA was labeled with either a red fluorescent dye (BTA-Cy5) or a green 
fluorescent dye (BTA-Cy3) and were separately co-assembled with BTA3OH (Figure 1.7a). 
They then used stochastic optical reconstruction microscopy (STORM) to image the fibers. The 
two different dyes allowed for separate screening of the red and green fibers. Figure 1.7b shows 
STORM images of a 1:1 mixture of red fibers and green fibers at different time points. At t0 the 
pre-assembled fibers appear either red or green. Interestingly, after 24 h the fibers contain both 
red and green dyes indicating the exchange of the monomers between the different fibers. 
Although the monomer exchange could have happened from fragmentation and recombination 
of fibers, the images of the 1 h time point show partially mixed fibers. They thus conclude that 
homogeneous monomer exchange happened which originated from disordered domains in the 
supramolecular assemblies. They rationalized that in the disordered domains the interactions 
are weaker, making it easier for monomers to leave and enter the fiber.  

 
Figure 1.7: a) Structures of Cy5-labeled BTA (BTA-Cy5), and Cy3-labeled BTA (BTA-Cy3) co-assembled with 

BTA3OH (BTA) to result in a red and a green fiber. b) STORM images of a 1:1 mixture of green and red fiber at 
different points in time, scale bar is 1 µm16 
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In another study done by Albertazzi et al. the homogeneous exchange dynamics were utilized 
to create a multivalent system.17 In this system the same red and green dyes as described above 
were used, however, here the ethylene glycol arms ended in an NH3

+ group for the dye-labeled 
BTAs which act as receptors (figure 1.8). The chosen Cy3 and Cy5 dyes  are a Förster resonance 
energy transfer (FRET) pair. The FRET ratio can be used as a readout for the monomer 
exchange over-time as it increases when the dyes get in close proximity of each other. In this 
case, both dye-labeled monomers were co-assembled with BTA3OH.  

 
Figure 1.8: Top: Structures of BTA3OH (Liquid Phase), positively charged dye-labeled BTAs, and a negatively 
charged single strand of DNA. Bottom: Randomly distributed BTA fiber with a low FRET ratio on the left, and 

on the right, clustering of the receptor BTAs after adding ssDNA resulting in a high FRET ratio.17 

 
Figure 1.9 shows the plot of FRET ratio versus time. Upon adding ssDNA the FRET ratio 
dramatically increases. The increase in FRET ratio correlates to the decrease in spacing of the 
two different dyes. Through electrostatic interactions between NH3

+ and the polyanion, the dye-
labeled BTAs are forced in clustered segments. The FRET ratio decreases again when a 
monovalent anionic competitor, a phosphate ion, is added. The reverting of the trend shows that 
the binding of ssDNA is dominated by electrostatic interactions. Moreover, it proves that the 
multivalent character of the recruiter is needed in order to induce the clustering. 
 

 
Figure 1.9: Plot of FRET ratio of Cy3 and Cy5 dyes versus time. A negatively charged multivalent recruiter is 

added to recruit the positively charged dye-labeled BTAs. FRET ratio increases after adding a multivalent 
recruiter because the dyes get in closer proximity of each other. The process is reversible, FRET ratio decreases 

after adding an excess of monovalent competitor17 
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1.4 Naphthalene diimide 

Another widely studied supramolecular moiety are naphthalene diimide derivatives (NDI) 
which have some very interesting properties (figure 1.10). Its electronic orbitals allow for pi-pi 
stacking with itself and other molecules such as pyrene, it can intercalate in DNA and its 
spectroscopic properties allow for efficient screening of its aggregation state. 
 

 
Figure 1.10: Naphthalene diimide (NDI) moiety 

 
Ghosh and coworkers carefully integrated the NDI moiety in bola-amphiphilic structures to 
create a multivalent system (Figure 1.11).19 Structure 2a shows a NDI derivative functionalized 
with two hydrophilic wedges. The hydrazide group is able to form hydrogen bonds in the 
direction of the pi-pi stacking. It was envisioned that hydrogen bonding in conjunction with pi-
pi stacking would lead to new supramolecular structures and functions. As such structure 2b 
was used as a comparison, as it does not contain the hydrazide group capable of H-bonding.  
 

 
Figure 1.11: Structures of NDI bola-amphiphiles as reported by Ghosh and coworkers19 

 

Spectroscopic studies revealed the ability to form vesicles of structure 2a, which were destroyed 
upon addition of urea, which is a hydrogen bond competitor. Comparative studies with structure 
2b showed a higher critical aggregation concentration and lower thermal stability. Moreover, 
2a was capable of intercalating an electron-rich pyrene derivative. Adding more pyrene led to 
an expansion of the vesicular membrane, eventually disrupting the membrane leading to a 1D 
fiber (Figure 1.12). Interestingly 2b was not able to intercalate pyrene, showing the importance 
of the H-bonding for efficient stabilization of the NDI-Pyrene charge-transfer complex. Ghosh 
et al. showed the possibilities of using non-covalent interactions, but also showed the 
importance of stabilizing pi-pi interactions using H-bonding for the mesoscopic structure. 
Moreover, it highlights one of the discerning properties of supramolecular polymers from its 
covalently bound relatives; the way in which they respond to external stimuli, due to the 
reversibility of the bonds. 

N N RR

OO

O O
Napthalene diimide (NDI)
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Figure 1.12: A schematic representation of vesicle formation of 2a and membrane disruption leading to a 

hydrogel upon adding a pyrene donor19 

 
More researchers created a variety of structures by incorporating NDI in an amphiphilic 
structure. Clever design of NDI amphiphiles opened access to a variety of structures. These 
structures include but are not limited to (twisted) nanoribbons, sheets, and (multi-lamellar) 
nanotubes (Figure 1.13).27 The diversity in formed structures opened up new ways of 
applications. Several NDI derivatives have been applied to fields such as organic-, physical-, 
coordination-, polymer and biochemistry, as well as material science, engineering, and 
optoelectronics. This shows that, through chemical modification, NDI becomes a very versatile 
supramolecular tool.  

 
Figure 1.13: Various nanostructures of NDI-incorporated amphipiles: A) Sheets B) Left-handed helix C) 
Nanotubes assembled using an NDI-Lysine amphiphile at pH 12 and  D) at pH 7 E) Left-handed twisted 

nanoribbons F) Helical tapes G) Vesicles27 
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1.5 Using BTA functionalized with NDI to create a multicomponent system 

The aim of this project is to create a multicomponent system based on the well-studied BTA 
and NDI derivatives. To achieve this, we functionalize one arm of the BTA3OH molecule with 
the NDI moiety and introduce it to the BTA3OH system. Figure 1.14 shows the topics we 
propose to study with the BTA-NDI system. First we aim to study the effect of conjugation of 
two supramolecular structures on their assembly and the co-assembly with BTA3OH. More 
precisely, this system can be used to study clustering of functional monomers within the 
polymers. The supramolecular nature of the BTA system enables control over the density of 
functional groups within the polymers by modular combination of functional and nonfunctional 
monomers. With this, the dynamic clustering and crosslinking of BTA-NDI can be controlled. 
Additionally, template structures such as double stranded DNA can be used to control the 
distribution and assembly of BTA-NDI.  
 

      
Figure 1.14: Using NDI functionalized BTA derivatives and water-soluble BTA3OH to create a multicomponent 
system, by: 1: functionalizing one arm of BTA3OH with the NDI moiety, 2: incorporating the functionalized BTA 
in the BTA3OH stack, introduce new functionality like 3: clustering and 4: ability to control the arrangement of 

the monomers via template structures such as dsDNA. 
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2 Synthesis and characterization of BTA-NDI 

2.1 Introduction 

In this project we aim to introduce new functionalities to the water-soluble BTA system. For 
this we designed a set of NDI functionalized BTAs and a model NDI compound. Figure 2.1 
shows the molecular structures of the NDI model compound (NDI-OH), a BTA functionalized 
with an NDI moiety with a lysine attached (BTA-NDI-Lys), and a BTA with an alcohol 
functionalized NDI moiety attached (BTA-NDI). BTA-NDI-Lys was synthesized by Gabrielle 
Hammersly, and BTA-NDI was synthesized as a model compound. In this project, BTA-NDI 
was used as a reference compound for the aggregation of NDI. 
 

 
Figure 2.1: Molecular structures of the molecules synthesized to study the multicomponent BTA-NDI system. 

From left to right: NDI functionalized BTA (BTA-NDI), NDI functionalized BTA with lysine attached (BTA-NDI-
Lys), NDI model molecule (NDI-OH). 

 

2.2 Synthesis of naphthalene diimide derivatives and NDI-functionalized BTAs 

2.2.1 Synthesis of napthalene diimide from naphthalenedicarboxylic dianhydride 

The synthesis of NDI derivatives needed in further synthesis steps was conducted by Jose 
Berrocal. Here two N-substituents were introduced by using naphthalene dicarboxylic 
anhydride as starting compound. An alkyne and an amine motif were subsequently introduced. 
Figure 2.2 shows the synthetic route how this was achieved.  

 
2.1           2.2     2.3         2.4 

Figure 2.2: Synthetic route to synthesize an asymmetric naphthalenediimide with two different N-substituents 
with an amine and alkyne motif starting from naphthalenedicarboxylic dianhydride 
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Starting from structure 2.4, a glycine was introduced as described in the synthetic scheme below 
(Figure 2.3), in another case the lysine motif was introduced using a similar approach. Structure 
2.7 was used to bind the NDI moiety to the BTA arm and to create the NDI-OH model molecule. 

 
     2.5                   2.6       2.7    
Figure 2.3: Synthetic route to introduce the amide bound alcohol motif from an amine functionalized N-

substituent of NDI. 
 
2.2.2 Synthesis NDI-OH model molecule 

In order to confirm the behavior of BTA-NDI and its ability to form aggregates through pi-pi 
stacking, a NDI model molecule was used for comparative reasons. A copper catalyzed azide-
alkyne click reaction, was used to introduce both the triazole moiety and the PEG chain (Figure 
2.9).  

 
Figure 2.4: Reaction scheme to synthesize NDI-OH model molecule 
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2.2.3 Synthesis of BTA-NDI 

 
Figure 2.5: Synthesis of BTA-NDI using a copper-catalyzed azide-Alkyne cycloaddition 

 
For the synthesis of BTA-NDI, a BTA containing one arm end-functionalized with an azide 
(BTA-N3) was modified with the NDI derivative 2.7. For this, a copper-catalyzed azide-alkyne 
Huisgen cycloaddition3 was used. Sodium ascorbate was added to the reaction mixture as an 
reducing agent, creating Cu(I) from CuSO4 in situ and eliminates the problem of any oxygen 
present in the system, which may oxidize Cu(I) to Cu(II). The traditional reaction is slow, as 
such, BimPy2 is added as an assisting ligand, which is known to accelerate the copper catalyzed 
azide-alkyne reaction.1,2 Moreover, by using sodium ascorbate and BimPy2 there is no need for 
an additional base, as BimPy2 takes the role of stabilizing donor ligand. BTA-N3 and NDI 
derivative 2.7 were added in a 1:1 ratio (20 mg, 0.015 mmol and 6.8 mg, 0.015 mmol resp.), 
with 10 equivalents of CuSO4 (300 µL 500 mM stock solution, 0.15 mmol), 2.5 equivalents of 
aminoguanidine (187 µL 200 mM stock solution, 0.037 mmol), 0.6 equivalents of BimPy2 (300 
µL 30 mM stock solution, 0.009 mmol), and 2.5 equivalents of sodium ascorbate (187 µL 200 
mM stock solution, 0.075 mmol), after which the reaction was followed by TLC and upon 
completion of the reaction, all solvent were evaporated. In earlier studies, a reverse phase Grace 
column was used to purify BTA compounds. However, in a previous attempt to purify BTA-
NDI, Gabrielle Hammersly did not succeed using this approach. Here a normal phase silica 
column (30 gr silica, column volume of 100 mL) was used with 4/2/1 ethyl acetate/isopropyl 
alcohol/water as eluent. The product was further characterized using liquid chromatography 
mass spectrometry (LCMS), matrix assisted laser desorption/ionization time of flight analyzer 
(MALDI-TOF) and nuclear magnetic resonance spectroscopy (NMR). Figure 2.5 shows the 
LCMS spectrum of the synthesized molecule after work-up, in which the product is observed 
at 8.70 minutes ([M+2H]2+). We further see traces of BTA-N3 (9.47 minutes, [M+H]+), and 
Boc-protected BTA-NDI (8.18 minutes, [M+2H]2+). However, the UV absorbance spectrum 
shows the product as the main peak. Figure 2.6 shows the MALDI-TOF spectrum of the same 
sample, which confirms successful product formation with minor contamination of BTA-N3 
and Boc-protected BTA-NDI.  
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Figure 2.6: LCMS spectrum of BTA-NDI, A BTA-NDI, [M+2H]2+, (exact mass: 1760,08), B BTA-N3, [M+H]+, 

(exact mass: 1312.93) and the corresponding mass spectrum of the product. 
 

 
Figure 2.7: MALDI-TOF spectrum of BTA-NDI, exact mass 1760.08, peak: [M+K]+ 
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The product was further characterized using 1H-NMR, the spectrum of which can be seen in 
Figure 2.7. 

 
Figure 2.8: 1H-NMR spectrum of synthesized molecule BTA-NDI 

 

2.3 Experimental section 

2.3.1 Materials 

Unless stated otherwise chemicals were obtained from Sigma Aldrich or TCI Europe. BTA-
NDI-Lys was provided by Gabrielle Hammersly, Alkyne-decorated NDI was provided by Jose 
Berrocal, and BTA-N3 was provided by Jolanda Spiering. All solvents were purchased from 
Biosolve and Actu-all and where of AR quality. DMF was dried for at least 12 h over 4Å mole 
sieves. Deuterated solvents were purchased from Cambridge Isotope Laboratories. 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). 
 
2.3.2 Instrumentation 

High performance liquid chromatography mass spectrometry was performed on a Thermo 
Finnigan LCQ Fleet ion trap mass spectrometer, equipped with a Surveyor autosampler and 
Thermo Finnigan Surveyor PDA detector. 
 
NMR spectra were recorded on a Varian Mercury 400 (400 MHz) spectrometer in MeOD or 
CDCl3 , unless stated otherwise. Chemical shifts are given in ppm (d) with respect to 
tetramethylsilane (TMS, 0 ppm) as internal standard. Splitting patterns are labelled s for singlet, 
d for doublet, dd for double doublet, t for triplet, q for quartet, and m for multiplet. 
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Matrix assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) 
was  conducted on a PerSeptive Biosystems Voyager-DE Pro spectrometer, using cyano-4-
hydroxycinnamic acid (CHCA) and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-
enylidene]malononitrile (DCTB) as matrices. 
 
2.3.3 Synthetic procedures 

Synthesis of N1,N3-bis(1-hydroxy-3,6,9,12-tetraoxatetracosan-24-yl)-N5-(1-(4-(3-(7-(3-(2-
hydroxyacetamido)propyl)-1,3,6,8-tetraoxo-3,6,7,8-tetrahydrobenzo[lmn][3,8]phenanthrolin-
2(1H)-yl)propyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12-tetraoxatetracosan-24-yl)benzene-1,3,5-
tricarboxamide (BTA-NDI) 
 
Stock solutions in DMF were prepared of CuSO4 (500 mM, 163 mg in 2.041 ml), 
aminoguanidine (200 mM, 120.7 mg in 5.459 ml) and sodium ascorbate (200 mM, 2.018 mg in 
5.093 ml). A cocktail was made by mixing 300 µL CuSO4 stock, 187 µL aminoguanidine stock, 
and 300 µL BimPy2 (30 mM stock solution) and was sparged with nitrogen for 15 minutes to 
remove any oxygen. 187 µL sodium ascorbate stock was added while stirring. NDI derivative 
2.7 (6.8 mg) and BTA-N3 (20.1 mg) were dissolved in approximately 2 mL DMF and sparged 
with nitrogen for 15 minutes. The cocktail was added to the reaction mixture and was stirred 
under nitrogen at 40°C overnight. At the start of the reaction the mixture was a bland green 
color, in the morning it had turned brown with a greenish glow.  
 
Purification of BTA-NDI 
 
The reaction mixture was dried by co-evaporation with toluene three consecutive times to 
remove all DMF. Crude product weighed 106.2 mg. Crude product was purified using a normal 
phase silica column using 4/2/1 ethyl acetate/isopropyl alcohol/water as eluent. The purification 
was followed by TLC. Three sets of fractions were collected, two of which were UV active. 
LCMS indicated the set containing the desired product. These fractions were collected and  
analyzed with LCMS. The fractions containing the product were collected and dried. The 
collected material was redissolved in DCM (200 µL) and was washed with water (200 µL) three 
times. The organic layers were collected and dried with magnesium sulfate, after which the 
solvents were evaporated, yielding 8.3 mg (31.8%) of product which was analyzed by LCMS, 
MALDI-TOF and 1H-NMR. The product was divided in 2 mL 1 mM aliquots in MeOH and 
stored in the fridge. 
1H-NMR (400 MHz, CDCl3) d 8.67 (4H, s, Ar-H), 8.46 (3H, d, Ar-H), 7.74 (1H, d, -NH-), 7.59 
(1H, s, -N-CH=C-), 7.14 (3H, d, -NH-), 4.50 (2H, s, -CH2-), 4.29 (2H, m, -CH2-), 4.12 (2H, s, 
-CH2-), 3.90 (2H, s, -CH2-), 3.79 (2H, t, -CH2-), 3.59 (48H, m, -CH2-), 3.45 (4H, t, -CH2-), 
2.79 (2H, d, -CH2-), 2.12 (2H, t, -CH2-), 2.05 (2H, d, -CH2-), 1.48 (2H, s, -OH), 1.25 (44H, 
m, -CH2-), 0.62 (7H, m, -CH2-). 
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3 Using BTA-NDI to create a multicomponent system 

3.1 Introduction 

In this chapter we study the supramolecular behavior of BTA-NDI and compare this with the 
well-studied BTA3OH. Introducing additional interactions to the system is likely to influence 
the assembly behavior. To investigate this, we employed techniques such as UV-Vis absorption 
and fluorescence spectroscopy and total internal reflection fluorescence microscopy to study 
the assemblies. 
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3.2 UV-Vis spectroscopy 

Having synthesized NDI-functionalized BTA, it is crucial to determine whether it will be 
incorporated into the fibers. First we want to see if BTA-NDI is able to form stable assemblies. 
Next we aim to determine if BTA-NDI can be incorporated in co-assemblies together with 
BTA3OH. Moreover, we want to determine how the additional interactions influence the 
behavior of the assemblies. We aim to do this by employing UV-Vis spectroscopy. Leenders et 
al. previously showed that UV-Vis spectroscopy can be employed to study the assembly of 
water soluble BTA derivatives.2 Figure 3.1 shows the temperature dependent UV-Vis 
absorption of BTA3OH as studied by Leenders et al.2 At lower temperatures it shows two 
distinct peaks at 211 nm and 226 nm. The supramolecular assemblies stay stable up to 50°C, 
but are dissociated at higher temperatures. LCST is reached at 70°C, and the UV-Vis spectrum 
only shows one peak at 209 nm. This clearly shows that the assembly behavior of BTA 
monomers can be monitored by employing UV-Vis spectroscopy.  
 

 
Figure 3.1: Temperature dependent UV-Vis absorption of BTA3OH at 10 µM in water (temperature trend is 

indicated by an arrow)2 
 

Previous studies using BTA derivatives proved the methods used for non-covalent synthesis 
have a large effect on the assembly of supramolecular BTA polymers. Rene Lafleur studied the 
influence of sample preparation on the formation of fibers using UV-Vis spectrometry and 
developed a highly reproducible sample preparation method which yields stable assemblies. It 
involves adding the desired amount of BTA3OH and BTA-NDI to a vial from a methanol stock, 
then drying off the methanol and adding the desired amount of solvent (in almost all cases water 
was used). We then heat the solution above LCST to 80°C for 15 minutes, after which it is 
immediately vortexed for 15 seconds. The sample is then equilibrated for at least 1 hour. 
Although Lafleur’s study only involved the water-soluble BTA3OH, this procedure produced 
desirable results in almost all cases in which BTA-NDI was used. As described before, two 
different BTA-NDI derivatives were used in this project, with the aim to add additional 
stabilization when bound to DNA. However, complicating the molecule also complicated 
sample preparation. BTA-NDI-Lys was less soluble in water than BTA-NDI. This resulted in 
failure of sample preparation in most cases. Hence, we decided to do most studies using BTA-
NDI. 
 
Figure 3.2 shows the UV-Vis absorption spectrum of a 3:1 mixture of BTA3OH and BTA-NDI 
72.5 µM at 20°C, 80°C and 20°C which has been cooled back from 80°C. We observe the same 
behavior in a mixed system when compared to the studies done by Leenders et al. At 20°C (blue 
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line) we have stable fiber formation with two peaks at 209 nm and 226 nm. Upon heating to 
80°C (red line), the lower critical solution temperature is reached, and only the peak at 209 nm 
remains. To prove the reversibility, the mixture was cooled back to 20°C, and the same 
spectrum was obtained (green line), indicating reformation of the fibers. Note that at 
wavelengths <209 nm we also see absorption, which is a contribution of the NDI moiety.  

 
Figure 3.2: UV-Vis absorption spectrum of a 3:1 mixture of BTA3OH:BTANDI, 72.5 µM, at 20°C (blue line), 

80°C (red line), and 20°C cooled back from 80°C (green line) 
 

3.2.1 Fluorescence spectroscopy using Nile Red 

Nile Red is a solvatochromic dye which becomes fluorescent when it intercalates a hydrophobic 
pocket and is used to study protein folding in water.1 The same approach can be used to study 
the formation of BTA assemblies with fluorescence spectroscopy. Leenders et al. previously 
studied the assembly of water soluble BTA derivatives (Figure 3.3, left) using this method.2 
Figure 3.3 shows fluorescence spectra and structure of three different BTA derivatives 
intercalated by Nile Red, and pure Nile Red in water. It shows that fluorescence of Nile Red 
increases upon encapsulation within the hydrophobic pocket of BTA.  
 

 
Figure 3.3: Left Molecular structures of the BTA3OH derivatives studied Right Fluorescence spectra of Nile 

Red in pure water, a solution of 1, 2 and 3.2 

 

Here we employed the same method by adding 5% Nile Red to a 100µM solution of different 
co-assemblies of BTA-NDI and BTA3OH. Fluorescence spectra of these assemblies are shown 
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in figure 3.4. Interestingly we see a decrease of Nile Red fluorescence when we compare the 
co-assemblies with pure BTA3OH. We observe more than four-fold decrease in fluorescence 
intensity for 100% BTA-NDI. BTA-NDI 50% shows a three-fold decrease, while BTA-NDI 
25% only shows a ten percent decrease. Even more interesting are the results of 1% and 5% 
functionalized co-assemblies. One would expect them to be closer to BTA3OH, instead, they 
show similar intensities to a 1:1 co-assembly. Overall, UV-Vis absorption spectroscopy has 
shown that mixing BTA-NDI with BTA3OH still resulted in stable BTA assemblies. However, 
employing Nile Red fluorescence spectroscopy showed different behavior for the BTA-
NDI:BTA3OH co-assemblies when compared to 100% BTA3OH. The drop in intensity for the 
co-assemblies may be attributed to a decrease of hydrophobic pocket volume or accessibility, 
either because NDI blocks the intercalation of Nile Red or is occupying the hydrophobic pocket. 
However, it might also be caused by fluorescent quenching of Nile Red by NDI. There is also 
a minor down-shift of Nile Red’s fluorescent wavelength for the co-assemblies, meaning it 
experiences a slightly different electronic environment compared to intercalation of 100% 
BTA3OH. To verify the origin of these observations, other techniques need to be addressed. 
 

 
Figure 3.4: Fluorescence spectra of Nile Red with different co-assemblies of BTA-NDI and BTA3OH (total BTA 

concentration 100 µM, with 5 µM Nile Red). Percentages indicate the amount of BTA-NDI. Interestingly, low 
percentages of BTA-NDI have much lower intensities than BTA3OH. 

3.2.2 TIRF microscopy 

UV-Vis absorption indicates that functionalization of the BTA with an NDI derivative does not 
influence its ability to form assemblies. However, Nile Red assisted fluorescence showed that 
fluorescence intensity drastically decreased for assemblies containing BTA-NDI. This could be 
caused by fluorescent quenching by the NDI moiety, but it could also imply a change in 
morphology of the formed assemblies. To visualize the formed assemblies, total internal 
reflection fluorescence microscopy (TIRF-M) was used. Normal fluorescence microscopy 
illuminates the whole sample, making it difficult to identify individual assemblies due to 
background fluorescence. TIRF-M utilizes the unique properties of an evanescent wave to 
enhance the signal-to-noise ratio. Here a laser beam is used to excite the fluorescent molecules. 
Under the right angle the beam will be ‘totally internally reflected’ creating a evanescent wave 
at the glass-water interface. Because the evanescent electromagnetic field decays exponentially, 
it has a penetration depth of approximately 100 nm. In this way, a TIRF microscope can 
selectively excite and illuminate fluorescent species near the glass-water interface.  
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In this study, Nile Red is used as a fluorescent probe. It is known to be a dye that intercalates 
in hydrophobic pockets of molecular assemblies.1 In our case it intercalates the hydrophobic 
pockets of the BTA fiber (Figure 3.5), probing the fiber and making it visible in TIRF 
microscopy.  
 

 
Figure 3.5: Schematic representation of how the fibers are made visible using a fluorescent probe, Nile Red. 

Nile Red intercalates the hydrophobic pockets of the assemblies and becomes fluorescent.  
 
Figure 3.6 shows the TIRF images of samples of water soluble BTA3OH and different 
compositions of BTA-NDI:BTA3OH co-assemblies which have been stained using 5% of Nile 
Red. The samples were diluted in PBS, which improved the adherence to the glass of the 
assemblies.   The ability of BTA3OH to form fibers is evident (Figure 3.6, A), showing fibers 
of several micrometers long. To determine the effect of BTA-NDI on the formation of fibers, a 
sample of fully functionalized BTA-NDI (100% BTA-NDI) was imaged using TIRF-M (Figure 
3.6, D). From this image it is clear that BTAs functionalized with an NDI derivative are still 
able to form assemblies. However, it does appear to form a network-like structure whereas 
BTA3OH formed single fibers. This aggregating behavior is more apparent when we compare 
images of different compositions BTA3OH:BTA-NDI. As the number of functionalized BTA 
is increased, we observe an increasing amount of cross-linking of the fibers. This is most 
apparent in the image of 25% BTA-NDI (Figure 3.6, C), which shows specific regions where 
the fibers are bundled. At 100% BTA-NDI, the bundles have formed one large network. 
Overall, it shows that functionalization of one arm of BTA has no influence on successful 
formation of supramolecular assemblies, but does alter the behavior of  the fibers. In the next 
chapter, we elaborate on the influence of NDI on the behavior of the fibers and the origin of the 
cross-linking. 
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Figure 3.6: TIRF images of different compositions BTA3OH:BTANDI, 5µM in PBS (diluted from 200µM in 
water) stained using 5% Nile Red, scale bar is 10 µm,  percentages indicate the amount of BTANDI. As we 

increase the amount of NDI-functionalized BTA present in the assemblies, we observe more clustering in the 
TIRF images. This is especially evident in the image of BTA-NDI 25%, where specific regions of clustering are 

observed. 
 

TIRF images were also made of the lysine-functionalized BTA-NDI, and illustrate the difficulty 
of forming assemblies. Figure 3.7 (left) shows the TIRF image of a sample containing only 5% 
BTA-NDI-Lys at a total BTA concentration of 200µM with 5 µM Nile Red, diluted in PBS to 
5 µM. It is clear from this image that including lysine-functionalized BTA-NDI forms fiber-
like bundles of just 1 µm but shows significantly different assembly when compared to 100% 
BTA3OH. Given the charged nature of lysine at neutral pH, we speculated it would influence 
the assembly through charge repulsion. Hence, we prepared a TIRF specimen of 5% BTA-NDI-
Lys diluted with a saturated NaOH solution instead of PBS. Strikingly, this resulted in the 
formation  of fibers which were several micrometers long (Figure 3.8 right).  

 

A 
0% BTA-NDI (BTA3OH) 

B 
5% BTA-NDI 

D 
100% BTA-NDI 

C 
25% BTA-NDI 
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Figure 3.7: TIRF-M images of 5% BTA-NDI-Lys, 5 µM with 5% Nile Red, diluted from a 200 µM sample with 
PBS (left) and saturated NaOH (right). Image of sample diluted with PBS displays fiber like bundles of ca. 1µm, 

the image of a sample diluted with saturated NaOH displays fiber formation of several micrometers long. 
 
3.3 Conclusions and discussion 

In this chapter we aimed to compare the functionalized BTA-NDI to the well-studied BTA3OH. 
Comparing BTA-NDI to BTA-NDI-Lys, sample preparation and assembly proved more 
difficult for the latter. UV-Vis spectroscopy studies of BTA-NDI showed successful assembly 
of the BTAs. However, fluorescence studies using Nile Red showed the formed assemblies 
differ from the BTA3OH fibers. This was confirmed in TIRF microscopy which showed that 
the morphology of the assemblies changed when the amount of NDI functionalization is 
increased. The formation of networks in these images indicates successful mixing of the two 
monomers and the presence of additional interactions between the polymers. These interactions 
are likely caused by NDI stacking through pi-pi interactions. This is further investigated in the 
next chapter.  
 
3.4 Experimental section 

3.4.1 Materials 

Unless stated otherwise chemicals were obtained from Sigma Aldrich or TCI Europe. All 
solvents were purchased from Biosolve and Actu-all and where of AR quality. Water was 
purified on an EMD Millipore Milli-Q integral water purification system.  
 
3.4.2 Instrumentation 

UV-Vis spectra were recorded on a Jasco V-650 and Jasco V-750 UV-Vis spectrometers with 
Jasco ETCT-762 temperature controllers. 
 
 
Fluorescence spectra were recorded on a Varian Cary Eclipse fluorescence spectrometer. For 
BTA-NDI excitation wavelength was 383 nm using a PMT voltage of 700 V, an excitation slit 
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width of 5 nm and an emission slit width of 5 nm. For Nile Red excitation wavelength was 500 
nm using a PMT voltage of 700 V, an excitation slit width of 5 nm and an emission slit width 
of 5 nm. All results were averaged over 5 measurements. 
 
TIRF images were acquired with a Nikon N-STORM system. Nile Red was excited using a 561 
nm laser. Fluorescence was collected by means of a Nikon 100x, 1.4NA oil immersion objective 
and passed through a quad-band pass dichroic filter (97335 Nikon). Images were recorded with 
an EMCCD camera (ixon3, Andor, pixel size 0.17µm).  
 
3.4.3 Methods 

Both BTA3OH and BTA-NDI were dissolved by creating a stock of 1mM in MeoH which was 
stored at 4°C. For sample preparation, the desired amount was taken, dried in vacuo after which 
the appropriate amount of MilliQ water was added. The samples were then heated to 80°C for 
15 minutes while stirring, after which they were immediately vortexed for at least 15 seconds. 
The samples were then left at room temperature to equilibrate for at least 1 hour before 
measuring.  
 
UV-Vis absorption spectrometry was performed using quartz cuvettes of 1 mm and of 10 mm 
and background measurements with the respective solutions were performed before 
measurement.  
 
Fluorescence spectrometry was performed using a 10 mm three-windows quartz cuvette. Unless 
stated otherwise, UV-Vis absorption and fluorescence spectra were obtained at 20°C.  
 
TIRF sample preparation involved adding 5% Nile Red from a stock in MeOH and equilibrating 
for at least 12 hours. The samples were then diluted to 5µM. The diluted solution was then 
flown into a chamber between a glass microscope coverslip (Menzel-Gläser, No. 1, 21x26 mm) 
and a glass slide separated with double-sided tape. 
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4 Analyzing the behavior of BTA-NDI in different compositions 

4.1 Introduction 

In the previous chapter it was shown that we can successfully mix the BTA3OH and BTA-NDI 
monomers and form assemblies. However, fluorescence assays using Nile Red showed the 
formed assemblies differ from the BTA3OH fibers. Moreover, a significant amount of cross-
linking is observed in TIRF microscopy when we increase the amount of functionalized BTA-
NDI, the source of which remains unknown. As previously discussed in section 2.2, NDI is able 
to form stable aggregates through pi-pi stacking, which is likely causing the cross-linking 
between the polymers observed in TIRF microscopy. In this chapter we discuss the multiple 
ways in which we studied the behavior of the co-assemblies compared to water-soluble 
BTA3OH. In particular, we will study the aggregating behavior of the NDI moiety and how 
this influences the dynamics of the formed assemblies. 
 

a)    b)   
Figure 4.1: a) Schematic representation of the projects proposal: 1: functionalizing one arm of BTA3OH with 
the NDI moiety, 2: incorporating the functionalized BTA in the BTA3OH stack, introduce new functionality like 
3: self-sorting behavior and 4: ability to bind to foreign molecules like DNA and b) possible source of clustering 

observed in TIRF microscopy 
 

4.2 Using UV-Vis spectroscopy to analyze NDI stacking 

Previous studies have utilized the stacking capability of NDI in a wide range of applications. 
In chapter 3, we already discussed the research of Ghosh and co-workers, but spectroscopic 
studies on NDI were already done as early as 1982 by Wilson et al. Here they studied the DNA-
binding of NDI using a variety of substituents. Figure 4.2 (left) shows the UV-Vis spectrum 
and the structure of one of these molecules. The absorbance is highest when the ligand is free 
in solution with peaks at 345 and 383 nm and decreased upon addition of calf thymus DNA. 
Moreover, the ratio of the peaks also changes significantly as NDI binds to DNA.3  
In 1997, Iverson et al. successfully incorporated the NDI moiety in a polymer, the structure of 
which can be seen on the top right in figure 4.2. Iverson and co-workers also employed UV-
Vis spectroscopy to study the DNA-binding behavior of NDI. In contrast with the study of 
Wilson et al., the NDI polymer was in an aggregated state before binding to DNA. The UV-Vis 
spectrum of the tetramer studied is seen in figure 4.2 (bottom right). Again an obvious decrease 
in absorbance is observed upon binding to DNA as well as the change in peak ratio.6 Note the 
difference in peak ratio before binding to DNA between the two different studies. In the study 
done by Wilson et al. the peak at 383 is dominant, whereas in the study by Iverson et al. the 
peak at a lower wavelength of 362 nm shows higher absorbance. These results have several 
implications. This shows that UV-Vis absorption spectroscopy can be used as a read-out for 
NDI’s aggregation state, a dominant peak at 383 nm indicates NDI free in solution, whereas a 
dominant peak at the lower wavelength indicates aggregated NDI. Moreover, as NDI binds to 
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DNA the absorption decreases, an observation which is also indicative for the aggregation state 
of NDI. 
In this project UV-Vis spectroscopy will be used to study NDI’s aggregation state in solution, 
using a model molecule (NDI-OH) and NDI-functionalized BTA. 
 

                  
 

                          
 
Figure 4.2 Left: Structure of NDI molecule studied by Wilson et al. and UV-Vis spectrum of the same molecule, 

arrow indicates going from free in solution to bound to DNA.3 Right: Molecular structure of the polymers 
studied by Iverson et al. and UV-Vis spectrum of the polymer (n=3) studied by Iverson et al. in its aggregated 

state and bound to DNA (dotted line)6 

 
4.2.1 Using UV-Vis spectroscopy to study NDI  aggregation in BTA-NDI co-assemblies 

In order to confirm the behavior of BTA-NDI and its ability to form aggregates through pi-pi 
stacking, a NDI model molecule was used as a comparison (Figure 4.3). The UV-Vis spectrum 
of 1 mM NDI-OH in water is shown in Figure 4.6. Here the peak at 383 nm is dominant. Note 
that these results are very similar to the NDI molecule by Wilson et al. when it is not bound to 
DNA (Figure 4.2, left). This observation and the absence of scattering indicates that the model 
molecule does not form stable aggregates at this concentration and must be free in solution. 

 
Figure 4.3: Molecular structure and UV-Vis spectrum of model molecule NDI-OH, 1 mM in H2O. The peak at 

the higher wavelength of 383 nm is dominant and no scattering is observed. This indicates the molecule must be 
free in solution. 
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Knowing that the NDI-OH model molecule is not able to form stable aggregates as indicated 
by the dominant peak at 382 nm, it would be interesting to see if BTA-NDI is able to form NDI 
assemblies. First we present the UV-Vis absorption spectrum of varying percentages BTA-
NDI, co-assembled with BTA3OH (Figure 4.4). Here we see similar spectra as the spectrum of 
the aggregated NDI polymer by Iverson et al. Upon increasing the amount of BTA-NDI in the 
co-assemblies the difference in peak ratio becomes more dramatic upon increasing NDI content. 
This indicates that the NDI moiety is in an aggregated state and the amount of aggregation 
increases when more NDI is present. Moreover, scattering increases at wavelengths >410 nm 
when the amount of BTA-NDI is increased. This is a clear indication that aggregates are 
formed, and are becoming bigger with increasing BTA-NDI. This could be the source of the 
observed clustering in TIRF microscopy in section 3.3.2.  
 

 
Figure 4.4: UV-Vis absorption spectrum of different compositions BTA-NDI:BTA3OH, percentage indicates 

amount of BTA-NDI, 100 µM in water. As the amount of BTA-NDI is increased in the co-assemblies, the 
absorption intensity increases. The peak ratio also changes upon increasing NDI content, with the peak at 362 

nm becoming more dominant with increasing percentages of BTA-NDI with a concurrent increase of scattering, 
indicative of aggregate formation. 

 
In our system, two interactions are present, the polymerization of BTA, and the aggregation of 
NDI. To see which interaction is dominant, co-solvent UV-Vis absorption studies were 
employed. Here, these studies were conducted using acetonitrile as co-solvent, which is a good 
solvent for BTA3OH. Using this approach, it is possible to disrupt the polymerization of BTA. 
Figure 4.5 (top) shows the overall UV-Vis absorption spectrum for 100% BTA-NDI, 200 µM, 
in different compositions of acetonitrile/water. Figure 4.5 (bottom) shows a zoomed view of 
the same spectrum. Starting from 15% acetonitrile we see a clear increase of the BTA peaks at 
228 nm, indicating the disruption of BTA assemblies. However, the peak ratio of  NDI still 
indicates aggregation. This is confirmed by the increase of scattering at wavelengths >400 nm 
when we increase the acetonitrile content, maximizing at 30% acetonitrile (Figure 4.5, bottom 
right). This implies that after disrupting the BTA assemblies, other aggregates remain which 
cause this scattering. We envision this to be a result of the NDI cross-linking, which is still 
stable at these percentages of acetonitrile content. Increasing the acetonitrile even further results 
in a shift of the NDI peak ratio, indicating the disruption of the NDI assemblies. The loss of 
NDI aggregation is confirmed upon reaching 40% acetonitrile as scattering decreases. A 
complete loss of scattering is observed at 50% acetonitrile, meaning we have molecularly 
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dissolved all BTA-NDI monomers. The shift in peak ratio in conjunction with the loss of 
scattering complies with the notion that the remaining aggregates are a result of NDI clustering. 
This behavior can be described in three different regimes. In regime I (0-10% acetonitrile 
content), the BTA assemblies remain intact. Regime II (15-30% acetonitrile content) the BTA 
assemblies are disrupted but NDI aggregation remains intact. In regime III (40-50% acetonitrile 
content), scattering starts to decrease, meaning we are molecularly dissolving the monomers. 
Co-assemblies with different ratios of BTA-NDI to BTA3OH show the same behavior as can 
be seen from the spectrum of 1:1 BTA-NDI:BTA3OH (Figure 4.6), here the different regimes 
are indicated using different colors. 

 
 

 
 

Figure 4.5: Top: Full UV-Vis absorption spectrum of 100% BTA-NDI, 200 µM in different compositions of 
acetonitrile and water. Bottom: zoomed view of the same spectrum, some percentages were omitted for 

clarification. BTA assembly remains intact up to 10% acetonitrile content as indicated by the peak at 234 nm. 
Increasing the acetonitrile content up to 30% results in an increase in scattering at wavelengths >410 nm with 

an additional shift in peak ratio of the NDI peaks (360 & 384 nm). Scattering decreases at 40% acetonitrile 
content and higher.  
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Figure 4.6: UV-Vis absorption spectrum of 50% BTA-NDI, 200 µM in different compositions of acetonitrile and 
water. Different regimes are indicated in different colors. Green: Regime I (0-10% acetonitrile content), the BTA 
assemblies remain intact. Blue: Regime II (15%-30% acetonitrile content), BTA interactions are disrupted, but 

NDI aggregation remains intact. Red: Regime III (40-50% acetonitrile content), the decrease in scattering 
indicates that all monomers are molecularly dissolved. 

 

4.3 Using fluorescence spectroscopy to study the aggregation of NDI 

In 2011, George and co-workers aimed to create fluorescent nanoparticles using the 
naphthalene diimide moiety. Figure 4.7 depicts the molecule studied in this research. Here an 
NDI bola-amphiphile was synthesized by using two tetra-ethylene glycol chains as N-
substitutes, very similar to the spacer used in our project. This design allowed for good solvation 
in organic solvents and facilitated the self-assembly in water. The amphiphile was introduced 
to different compositions of methanol and water and its assembly was followed by optical 
spectroscopy.8  
Figure 4.8 shows the fluorescence spectra of the NDI derivative at different concentrations in 
water (left) and in a range of methanol/water mixtures (right). The spectra show a clear increase 
in fluorescence upon increasing concentration or water content. The peak at 510 nm is 
indicative for excimer formation of NDI through p-stacking, facilitated by hydrophobic 
interactions. This shows how fluorescence spectroscopy can be used to study the assembly of 
NDI derivatives. 
 

 
Figure 4.7: Molecular structure of bola-amphiphilic NDI derivative functionalized with two tetra-ethylene 

glycol N-substituents studied by George et al.8 
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Figure 4.8: Left  Concentration-dependent fluorescence spectra in water of the NDI derivative reported by 
George et al. Increasing the concentration results in an increase of excimer intensity. Right Fluorescence 
spectra of the NDI derivative reported by George et al. in methanol with increasing water content, inset: 

photograph of bola-amphile under UV lamp in methanol (left) and water (right). Excimer intensity increases 
with increasing water content.8 

 
4.3.1 Using fluorescence spectroscopy to study NDI  aggregation in BTA-NDI co-assemblies 

To study the aggregation of BTA-NDI by fluorescence spectroscopy, we first determined the 
fluorescence of 1 mM of the model molecule NDI-OH. Similar to the findings of George et al., 
we measured fluorescence in different compositions of methanol and water (figure 4.9). As the 
amount of water increases we see an significant increase of fluorescence at 510 nm, identical 
to George and Kumar. This is a clear demonstration that also our model molecule is capable of 
forming pi-pi stacked excimers, driven by hydrophobic interactions.  
 
 

 
Figure 4.9: Fluorescence spectra of model molecule NDI-OH, 1 mM, in different compositions of water and 

methanol, percentages indicate the amount of MeOH. In water, the model molecule is able to form fluorescent 
excimers, but with increasing amounts of methanol the excimer intensity decreases. 
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Next, the assembly of BTA-NDI in various co-assemblies with BTA3OH was studied by 
fluorescence spectroscopy, which is shown in figure 4.10. The characteristic excimer peak at 
510 nm is present for systems containing 25% or more BTA-NDI, however, with 1% and 5% 
BTA-NDI, no excimer formation is observed. This confirms the observations in TIRF 
microscopy, where BTA-NDI 5% showed similar fiber formation to BTA3OH, and cross-
linking was present in the sample containing 25% BTA-NDI. However, over the course of 
several days, we observe a decrease in excimer fluorescence intensity. A typical example of 
this is depicted in figure 4.10 (right), in which the fluorescence spectra at several time points 
of a 1:1 co-assembly of BTA-NDI:BTA3OH, 100µM, are shown. A 33% drop in intensity over 
the course of 11 days is observed. Although it is not clear what causes this, it shows that the 
system is still dynamic.  
 

 
Figure 4.10: Left Fluorescent spectra of  assemblies containing different ratios of BTA-NDI:BTA3OH, 100µM 
in water, percentages indicate the amount of BTA-NDI. The assemblies containing 1% and 5% of BTA-NDI do 
not show significant excimer formation. Co-assemblies with 25% BTA-NDI content or higher do show excimer 
formation. Right Fluorescent spectra of a 1:1 BTA-NDI:BTA3OH co-assembly, 100µM in water, at different 

time points. Excimer intensity decreases over time, with a decrease of up to 33% after 11 days. 
 

Fluorescence spectroscopy showed a decrease in fluorescence intensity of the excimer over 
time, indicating the system is still highly dynamic. For this reason, we looked at the effects of 
aging on the assemblies with Nile Red present. When comparing the spectra at different time 
points, we see no significant change in Nile Red fluorescence for BTA3OH (Figure 4.11, left), 
however, in all assemblies containing BTA-NDI the fluorescence intensity decreased over time 
(Figure 4.11, right). This indicates that the hydrophobic pocket volume decreases over time, 
but could also be caused by quenching of Nile Red by NDI.  
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Figure 4.11: Left Fluorescence spectra taken at day 1 (dotted lines) and after 14 days of BTA3OH, 100µM, with 
5% Nile Red. Right Fluorescent spectra taken at day 1 (dotted lines) and after 14 days of different co-assemblies 

BTA-NDI and BTA3OH, 100µM, with 5% Nile Red. Percentages indicate the amount of BTA-NDI. BTA3OH 
shows no significant decrease in fluorescent intensity, whereas all percentages of BTA-NDI co-assemblies show 

a dramatic decrease in intensity after 14 days. 
 

In UV-Vis absorption spectroscopy, we employed co-solvent studies using acetonitrile to study 
the interaction between BTA3OH and BTA-NDI. The same methods were used to study this 
principle  in fluorescence spectroscopy. Here we observe a similar trend (Figure 4.12). At 1% 
acetonitrile, the BTA assemblies are still intact, and we observe only a minor excimer signal. 
At higher concentrations of acetonitrile, the excimer intensity increases, maximizing at 20% 
acetonitrile content. Here the BTA assemblies have been destroyed, but NDI aggregation 
prevails. Similar to the observations in UV-Vis absorption, increasing the acetonitrile 
percentage results in disruption of the NDI aggregation as indicated by the decrease of the 
excimer intensity. The excimer signal is absent when reaching 50% AcN, indicating the 
monomers are molecularly dissolved. 

 

 
Figure 4.12: Fluorescence spectra of 100% BTA-NDI, 200µM in different compositions of acetonitrile and 
water. At 1% acetonitrile a minor excimer fluorescence is observed, however, the intensity increases with 
increasing acetonitrile content, maximizing at 20% acetonitrile. At 40% acetonitrile, the excimer intensity 

decreases, and at 50% acetonitrile no excimer fluorescence is observed. 
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4.3.2 Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS) 

To gain more insight in the dynamics of the BTA-NDI assemblies Hydrogen-Deuterium 
Exchange Mass Spectrometry (HDX-MS) was employed. HDX-MS is a common way to study 
the conformation and dynamics of proteins, first reported in 1991.9 Figure 4.13 schematically 
represents the principal behind HDX-MS. Upon dilution in D2O labile protons in a protein will 
exchange with deuterium. Because deuterium differs one Dalton in mass with a proton, this 
increases the mass of the protein, which can be monitored by mass spectrometry. Protons such 
as primary amines at the periphery of the protein exchange almost instantaneously, while 
shielded protons such as hydrogen bonded protons in alpha helices and beta sheets take longer 
to exchange in the order of minutes to days. Employing mass spectrometry to monitor the mass 
over time gives an indication of local structure and dynamics.  
 

 
 

Figure 4.13: Principle of Hydrogen-Deuterium exchange (HDX). A protein is diluted in D2O, labile protons will 
exchange with deuterium. Some protons exchange almost instantaneously, such as primary amines. Other 

protons, such as those protected through hydrogen bonds in the inner structures, exchange more slowly. The 
change in mass over time is indicative of local structure and dynamics10 

 
Recently, our group employed the same method to study the BTA system. As described in 
previous chapters, BTA assembly relies on the protection of the inner hydrogen bonds. As such, 
the inner hydrogens will not be exchanged by deuterium as they are protected from solution. 
HDX-MS would thus be a very reliable method to quantify the formation of hydrogen bonded 
assemblies. In the study done by Xianwen Lou et al. a solution of BTA3OH was diluted in D2O. 
Instantaneous exchange of the protons on the periphery (i.e. the hydroxyl groups) was observed. 
The inner amide hydrogens are protected from solution due to the diligent amphiphilic design 
using aliphatic spacers. However, in less ordered regions monomers may exit the assembly and 
get exposed to solution, in this process also the inner hydrogens get exchanged (Figure 4.14). 
By employing mass spectrometry the amount of fully-exchanged monomers can be monitored. 
Using HDX-MS will thus give kinetic information on the dynamics of the monomers in the 
formed assemblies. Although this technique does not inherently provide any structural data, it 
can provide detailed kinetic information at a molecular level and overall stability, without the 
use of dyes or labels. This is of great importance given the dynamic nature of supramolecular 
assemblies. 
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Figure 4.14: HDX-MS principle as applied by Lou et al. to the water soluble BTA3OH (C12BTA) system. Upon 

dilution in D2O only the hydrogens at the periphery get exchanged with deuterium, as the core hydrogen are 
protected in the hydrophobic core of the assemblies. Only when monomers exit the assemblies in less rigid 

domains they are exposed to solution and all hydrogens are exchanged11 

 
Here we employed HDX-MS to study the dynamics in the co-assembly of BTA-NDI and 
BTA3OH. For this, a fully functionalized assembly (BTA-NDI 100%) and a 1:1 co-assembly 
of BTA3OH and BTA-NDI were compared to a 100% BTA3OH assembly. Note that for 
BTA3OH there are 6 exchangeable hydrogens, while BTA-NDI has 7 (Figure 4.15). Moreover, 
because the two monomers have significantly different molecular weights (1297.93 and 
1760.46), both can be monitored separately using mass spectrometry.  
 

 
 

Figure 4.15: Molecular structures of BTA3OH and BTA-NDI. Exchangeable hydrogens are highlighted and 
color-schemed according to their availability for exchange: blue are protons at the periphery and will be 
exchanged immediately as they are exposed to solution, red are protons shielded from solution inside the 

hydrophobic core and will only be exchanged when the monomer exits the assembly. 
 
Figure 4.16 displays the results obtained from HDX-MS measurements on the described BTA-
NDI assemblies with the results from a BTA3OH assembly measured by Balu Thota. The plot 
displays the amount of 3D-monomers, i.e. only the outer hydrogens are exchanged, against 
time. The amount decreases over time because monomers exit less ordered regions of the 
assemblies and are fully exchanged. Looking at the BTA3OH reference, in the first hour almost 
half of all monomers are fully exchanged. The plot then follows a more linear trend, towards 
70% of fully exchanged monomers after 70 hours. These different rate constants show the 
dynamic diversity of the BTA assemblies.  The red line represents the sample with fully 
functionalized BTA-NDI (BTA-NDI 100%), most of the monomers are fully exchanged in the 
first hour. Interestingly, more monomers are exchanged within the first hour when compared to 
the representative BTA3OH sample. After that, the dynamic behavior seems lost as the amount 
of fully deuterated BTA-NDI remains stable over time. It implies that there assemblies that 
prevent the monomers to exit the stack, likely due to crosslinking of the NDI moiety. In the 1:1 



 37 

mixture, the different molecular weights of the BTA derivatives allow for separate screening of 
the two monomers. Here BTA-NDI (green line) shows the same trend as in the fully 
functionalized assembly. Although less monomers are exchanged in the first hour, there is no 
exchange at longer times. Moreover, mixing the two monomers also changed the exchange 
dynamics of the BTA3OH monomer (blue line). Here we see more monomers exchanged 
initially, as high as 70% fully exchanged monomers in the first hour. Additionally, where we 
see a continuous decrease in the 100% BTA3OH assembly, we do not see a significant change 
in exchange at longer times in the 1:1 co-assembly. Unfortunately, the samples used for these 
measurements become highly viscous in the course of several days making them unusable for 
HDX-MS. Also samples at lower concentrations (3:1 and 1:3 co-assembly of BTA-
NDI:BTA3OH at 250 µM) at the lower limit for this technique did not provide usable solutions. 
Therefore, we were not able to study the BTA-NDI assemblies further by this technique. This 
could likely be caused by the cross-linking we observed in TIRF imaging. At high 
concentrations, which is needed for HDX-MS, this leads to larger sized aggregation and causes 
gelation of our samples. 

 
Figure 4.16: HDX-MS spectroscopy of BTA-NDI and BTA-3OH assemblies. The amount of monomers which 
have only exchanged the hydrogens at the periphery (%3D for BTA3OH and %4D for BTA-NDI) is plotted 

against time. Yellow: 100% BTA3OH measured by Balu Thota, Red: 100% BTA-NDI (5 µM), Green: trace of 
BTA3OH monomer in a 1:1 BTA3OH:BTA-NDI  ratio co-assembly (total BTA concentration 5 µM), Blue: trace 
of BTA-NDI monomer in a 1:1 BTA3OH:BTA-NDI ratio co-assembly (total BTA concentration 5 µM). Clearly 

functionalized monomers show less dynamic behavior at longer times when compared with the BTA3OH sample. 
Interestingly mixing BTA3OH with BTA-NDI alters both the short-time and long-time dynamics of BTA3OH 

monomers.  

4.4 Conclusions 

In this chapter, we have studied the behavior of BTA-NDI in co-assemblies with BTA3OH. 
Here HDX-MS shows the behavior of both monomers is altered when co-assembled, 
confirming successful mixing of both monomers. Using UV-Vis absorption spectroscopy, we 
have shown that our model molecule does not form stable assemblies in water. Driven by the 
polymerization of BTA, the NDI moiety in BTA-NDI does show aggregating behavior as we 
observe a shift in peak ratio and an increase in scattering. We employed fluorescence 
spectroscopy to confirm the formation of NDI aggregates, which is demonstrated by the 
formation of an excimer peak, typical for stacked NDIs. However, the excimer peak intensity 
decreases over time, showing that the system remains dynamic over longer time-periods. 
Utilizing acetonitrile as a co-solvent in spectroscopic studies has shown that BTA 
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depolymerization takes place first at 15% acetonitrile content, leaving undefined BTA-NDI 
aggregates. At 50% acetonitrile,  NDI aggregation is destroyed and BTA-NDI monomers are 
molecularly dissolved. These observations indicate that the additional supramolecular 
interactions of BTA-NDI monomers result in much stronger aggregations than between 100% 
BTA3OH.  
 

  
 

Figure 4.17: Disruption of BTA-NDI:BTA3OH co-assemblies using acetonitrile as co-solvent: a) At low 
percentages of acetonitrile the BTA assemblies remain intact forming highly cross-linked fiber-like assemblies. 
b) As the acetonitrile content increases, BTA depolymerizes but NDI-NDI interactions remain intact, forming 

undefined BTA-NDI aggregates. c) Further increasing the acetonitrile content results in disruption of the BTA-
NDI aggregates leaving all monomers molecularly dissolved. 

 

4.5 Experimental Section 

4.5.1 Materials 

Unless stated otherwise chemicals were obtained from Sigma Aldrich or TCI Europe. All 
solvents were purchased from Biosolve and Actu-all and were of AR quality. Water was 
purified on an EMD Millipore Milli-Q integral water purification system.  
 
4.5.2 Instrumentation 

UV-Vis spectra were recorded on Jasco V-650 UV-vis and  Jasco V-750 UV-Vis spectrometers 
with Jasco ETCT-762 temperature controllers.  
 
Fluorescence spectra were recorded on a Varian Cary Eclipse fluorescence spectrometer. For 
BTA-NDI excitation wavelength was 383 nm using a PMT voltage of 700 V, an excitation slit 
width of 5 nm and an emission slit width of 5 nm. For Nile Red excitation wavelength was 500 
nm using a PMT voltage of 700 V, an excitation slit width of 5 nm and an emission slit width 
of 5 nm. All results were averaged over 5 measurements. 
 
HDX-MS measurements were conducted on a XevoTM G2 QTOF mass spectrometers (Waters) 
using a capillary voltage of 2.7 kV and a cone voltage of 20 V. The source temperature was set 
at 100°C, the desolvation temperature at 400°C, and the gas flow at 500 L/h. The sample 

a b c 
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solutions were introduced into the mass spectrometer using a Harvard syringe pump (11 Plus, 
Harvard Apparatus) at a flow rate of 50 µL/min. 
 
4.5.3 Methods 

Both BTA3OH and BTA-NDI were dissolved by creating a stock of 1mM in MeoH and stored 
in the fridge. For sample preparation, the desired amount was taken, dried in vacuo and 
dissolved in MilliQ water. The samples were then heated to 80°C for 15 minutes under stirring, 
after which they were immediately vortexed for at least 15 seconds. The samples were then left 
to equilibrate for at least 1 hour before measuring. Acetonitrile samples were made using a 
1mM BTA3OH stock in MQ and a 500µM BTA-NDI stock in MQ, mixing the desired amounts 
and dilute with the required amounts of MQ and acetonitrile to obtain a 200 µM sample of 400 
µL with different compositions of MQ/AcN.  
 
UV-Vis absorption spectrometry was performed using quartz cuvettes of 1 mm and of 10 mm 
and background measurements with the respective solutions were performed before 
measurement.  
 
Fluorescence spectrometry was performed using a 10 mm three-windows quartz cuvette. Unless 
stated otherwise, UV-Vis absorption and fluorescence spectra were obtained at 20°C.  
 
TIRF sample preparation involved adding 5% Nile Red and equilibrating for at least 12 hours. 
The samples were then diluted to 5 µM. The diluted solution was then inserted between two 
glass slides before measuring.  
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5 Conclusions and Outlook 
In this project we aimed to obtain functional multicomponent polymers based on 
supramolecular interactions of BTA and NDI. We proposed this could introduce functionalities 
such as clustering and self-sorting behavior and offer spatio-temporal control using template 
structures. We studied the assembly behavior of the newly synthesized BTA-NDI in co-
assemblies with BTA3OH. The NDI-OH model molecule proved unsuccessful in forming 
assemblies, but driven by the polymerization of BTA, BTA-NDI did show aggregating 
behavior. In contrast to the proposed intra-polymer clustering of BTA-NDI, a significant 
amount of cross-linking was observed. This is likely caused by inter-polymer NDI-NDI 
interactions. These interactions also altered the behavior of the BTA3OH monomers when 
incorporated into co-assemblies with BTA-NDI, illustrating the effect of incorporating multiple 
non-covalent interactions in a supramolecular system. We proved that these interactions are 
dominant over BTA polymerization, and showed a change in morphology depending on solvent 
composition.  
Altogether, strong interactions of BTA-NDI have a significant impact on morphology and 
assembly dynamics of BTA polymers. This is interesting for the development of 
multicomponent systems and materials, such as crosslinked hydrogels. Gaining control over 
the morphology and dynamics of the system is a topic well worth investigating. Hence, a multi-
component system using NDI as main monomeric component could be very promising. 
Furthermore, it could be interesting to utilize the hydrazide group as used by Ghosh and co-
workers to couple the N-substituents to the NDI for further stacking stabilization through 
hydrogen bonding.  
One aspect that has not been assessed in this report, but could yield very interesting results is 
making use of NDI’s ability to interact with a variety of molecules and structures. Creating a 
BTA system able to bind to template structure such as dsDNA might lead to very interesting 
results. It enables control over the distribution and assembly of functional monomers within the 
polymers. Another possibile application is imprinting the polymers with DNA templates which 
could yield highly specific multivalent DNA binders. Moreover, NDI is able to bind to smaller 
molecules like dihydroxynaphthalene, dialkoxynaphthalene and pyrene. Utilizing these 
molecules might pave the way to morphological control of the assemblies.  
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