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1.1 Supramolecular biomaterials 
 

Biomaterials are a class of materials that are in contact with biological 
systems.1 The growing demand for smart materials that are designed to 
interact with the biological environment to improve the patient’s condition 
and experience in injury and disease is rapidly increasing.2 Although this is a 
field that has been classically associated with covalent polymers, that are 
largely irreversible in character, there is  a second class of polymers that  have 
been applied more recently in this area and are based on dynamic or non-
covalent interactions, such as electrostatic, hydrogen-bonding, π-π, and 
hydrophobic effects; these are supramolecular polymers.3-6 This class of 
dynamic or supramolecular materials are extremely attractive in areas such as 
tissue engineering, regenerative medicine and drug delivery due to their 
modular, stimuli-responsive, tunable, and biomimetic character.7-12 

Supramolecular polymers can be further subdivided into two main classes 
based on their mode of assembly. In the first class the monomers stack 
together through non-covalent interactions into fibrillar aggregates, whereas 
in the second one macromers with molecular recognition units interact to form 
networked structures. This thesis will focus on the former and explores the use 
of hydrogen bonding interactions in combination with hydrophobicity to drive 
monomer assembly in water. 

 

 1.1.2 Supramolecular polymerization mechanisms of stacked monomers 

Supramolecular monomers can self-assemble into polymer structures through 
one of three mechanisms: ring-chain, isodesmic or cooperative (Fig 1.1).13-15 
In this section, I will only focus on stacked aggregates that self-assemble 
through isodesmic and cooperative mechanisms. 

The isodesmic mechanism involves the successive addition of monomers with 
the same binding constant to a growing polymer chain.16 The addition of each 
monomer results in an equivalent decrease in free energy with monomer 
affinity being independent of the length of the polymer. The polymers formed 
according to this mechanism are polydisperse and there is a lack of critical 
concentration and temperature. 
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Figure 1.1 Mechanism of supramolecular polymerization: isodesmic (a), ring-chain (b), and 
cooperative (c). Figure adapted from reference 13 

In the cooperative mechanism, supramolecular polymerization occurs in two 
steps, one involving formation of the nucleus of length s, that is often an 
unfavourable process and then an energetically favourable second step where 
elongation of the polymer occurs. Each of these steps are represented by their 
own binding constant; Kn for the nucleus formation and Ke for the elongation 
step. Additionally, the result of such polymerizations are nanostructures with 
a high degree of internal order. The degree of cooperativity of such 
polymerizations can be determined from the ratio of σ=Kn/Ke, when σ < 1 the 
polymerization is cooperative whereas polymerization with σ > 1 are 
anticooperative.  

To determine the mechanism and to gain insight into the thermodynamic 
properties of the polymerization, several experiments can be performed and 



 

10 
 

then fit with the various models that rely on input parameters involving: i) 
concentration ii) temperature or iii) solvent-based changes.13, 15 Changes in 
polymerization are followed by spectroscopic methods such as circular 
dichroism (CD), ultraviolet (UV), nuclear magnetic resonance (NMR) or 
infrared (IR) spectroscopy.15, 17 From these experiments, the fraction of 
polymerized material, (φ) as a function of the changing parameter, monomer 
concentration, temperature, or good solvent, can be determined yielding 
insight into the polymerization mechanism.  

Whereas the sigmoidal curves are obtained for isodesmic polymerizations, 
sharper and asymmetric curves are obtained for cooperative polymerizations.  
For cooperative growth, the thermodynamic models consider the formation of 
an initial nucleus with an unfavorable binding constant, followed by an 
elongation step with a very high binding constant.17 For example, the mean-
field chemical equilibrium model developed by Goldstein and Stryer18 
describes the two stages of a cooperative polymerization process (σ=Kn/Ke < 
1) by their equilibrium constants, Kn and Ke. The equilibrium constant of 
elongation can be defined as Ke = exp(−ΔG0’/RT) where ΔG0 is the Gibbs 
energy gain for each successive monomer, R is the gas constant and T is 
temperature. Mejier and coworkers19 expanded this model to consider the 
effect of a ‘good’ solvent on the supramolecular polymerization process and 
where a linear relationship between the Gibbs free energy and solvent volume 
fraction is observed: 

ΔG0′ = ΔG0 + m・f 
 
where f is volume fraction of the good solvent and ΔG0 is the Gibbs free 
energy gain upon monomer addition in the pure solvent. 
 
In this study, both simulations and predicted models demonstrate the presence 
of a critical solvent composition for a cooperative polymerization (σ < 1) and 
the lack of it for an isodesmic polymerization (σ = 1). Additionally, the 
obtained values for ΔG0 and σ agreed with temperature-dependent analysis 
enabling extrapolation of the thermodynamic parameters such as the 
nucleation enthalpy, elongation enthalpy (ΔHnucl, ΔHel) and the entropy (ΔS) 
that can be used to calculate the two binding constants and the cooperativity 
factor.20, 21  
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Electronic, structural and hydrophobic effects are known to be involved in 
cooperative growth of supramolecular polymers, often in combination with 
one another. C3-symmetric monomers based on 1,3,5-benzenetricarboxamides 
have been demonstrated to self-assemble through a cooperative mechanism. 
The molecular origin of cooperativity in this system arises due to the three 
amide units that engage in hydrogen bonding and π-π stacking of the aromatic  
rings.22, 23 In the case of OPV (oligo(p-phenylenevinylene)), the formation of 
supramolecular polymers in chloroform was achieved through π-π interactions 
of the aromatic core and the hydrogen bonding of the attached ureidotriazines 
driven by the structure.24 Conversely in aqueous solution, cooperativity is 
driven by the hydrophobic effect. Fernandez and coworkers explored this 
effect investigating the self-assembly of oligophenylenethynylenes (OPE)-
based bolaamphiphiles functionalized with poly(2-ethyl-2-oxazoline) 
(PEtOx) moieties of different lengths.25 While the more water soluble 
derivatives self-assembled in spherical aggregates by an isodesmic 
mechanism, the formation of 2D anisotropic platelets according to cooperative 
mechanism were determined by the self-assembly of the  molecules with 
shorter PEtOx chains.  

 Although most mechanistic investigations are performed in organic solvents, 
the growing interest in the self-assembly in supramolecular biomaterials that 
are self-assembled in water calls for more investigation into understanding 
their aggregation processes. In the next section, the effect of the monomer 
designs on their self-assembly behavior and application is discussed. 
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1.1.3 Characterization of supramolecular polymers 

Spectroscopic methods can assist in revealing the supramolecular 
polymerization mechanism of the monomers in their response to a particular 
stimulus (e.g. heat, solvent), but they can also provide the much needed insight 
into arrangement of the monomers and non-covalent interactions between 
them. For monomers containing a chromophore, UV-Vis spectroscopy can be 
used to pinpoint their arrangement (e.g. stacking face-to-face or slipped) in 
the polymers by comparing blue and/or red-shifting and increase or decreased 
intensity of the monomer bands relative to the absorbance spectrum of the 
polymer.15 Wurthner and coworkers investigated the intramolecular 
aggregation of a series of bis(merocyanine) dyes by UV-Vis spectroscopy 
revealing a marked hypsochromic shift as a consequence of the π–π-stacking 
disposition of the dyes on aggregation.26 Circular dichroism can be used to 
understand the influence of chiral substituents in directing supramolecular 
polymer (e.g. sergeants and soldiers27) assembly by examining increases in 
signal intensity. Infrared spectroscopy can be used to understand if hydrogen-
bonding interactions are present between the monomers following changes in 
absorbance of the N-H and C=O stretch regions. Bouteiller and coworkers 
exploited the infrared spectroscopy to investigate the cooperativity in the self-
assembly of bis-urea based supramolecular polymers28 Nuclear magnetic 
resonance experiments can confirm such interactions in the solution29 and 
solid state30 depending on solvent, but also monomer stacking looking at 
aromatic ring protons in response to changes in concentration or solvent 
composition.31 Often such experiments are used collectively to understand 
how monomers interact through non-covalent interactions at the molecular 
level.  

To further characterize supramolecular polymer morphology at the nano- and 
microscales, imaging techniques such as scanning (SEM) and transmission 
electron (TEM), atomic force (AFM) and stochastic optical reconstruction 
microscopy (STORM) can be used. SEM and conventional TEM require the 
use of electrons either being reflected or removed, or transmitted through the 
sample, respectively to image dried supramolecular polymer samples. AFM 
involves scanning of the supramolecular polymer surface by a sharp tip 
connected to a cantilever interfaced with a laser light that is reflected onto a 
photodiode yielding an image that reveals the morphology of the aggregates. 
These imaging techniques have been used within the field to analyze the 
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morphology of concentrated32 and dilute solutions33 of supramolecular 
polymers from a range of solvents, however use of dried samples and staining 
artifacts (e.g. through use of heavy metals) can play a role in the observed 
structures.15 Alternatively, this issue can be mitigated in water using the cryo-
EM technique, where the rapid cooling (vitrification) of the sample is executed 
to enable its visualization.34 More recently, STORM has been used to 
understand the structure and dynamics of supramolecular polymers in water. 
The technique relies on the use of fluorescently labelled supramolecular 
monomers that are switched on and off in multiple cycles and their localization 
enables the reconstruction of a high resolution image with sub-diffraction 
resolution on the nanometer scale.35, 36 As an example, Albertazzi and 
coworkers use this technique to study the self-assembled peptide 
nanostructure37 unmasking the dynamic nature of supramolecular polymers. 

Light scattering techniques are also routinely used to probe the morphology 
and internal order of supramolecular polymers.  Small angle X-ray or neutron 
scattering (SAXS/SANS) are frequently performed on solution phase samples. 
This technique measures the scattering cross section of a sample subtracting 
the scattering of the solvent.38 With the mathematical equations, information 
on the size, shape, and internal diameters of self-assembled objects are 
obtained.39 Previously, we determined the cross sectional mass (ML) of the 
squaramide-based tripodal and bolaamphiphile assemblies by SAXS.40, 41 
Specifically, the transition from bolaamphiphile to tripodal monomer 
geometry resulted in a reduction ML and thus, the number of monomers in the 
cross-section from approximately 10-30 molecules to a single monomer, a 
reduced lateral aggregation and an increased fiber length. Often labeling and 
the staining of the supramolecular polymers can be circumvented due to 
sufficient contrast. Additionally, through static light scattering (SLS) 
information regarding morphology and the critical aggregation concentration 
(cac) of the monomers to form polymers can be determined.42 For certain 
monomers above a critical concentration gel phase materials can be formed 
through entanglement or physical interactions between supramolecular 
polymers.43 Oscillatory rheology can used to characterize the bulk mechanical 
properties of hydrogel materials, such as stiffness, viscoelasticity or strain 
stiffening.44, 45 These properties are highly relevant to understand for their 
applications in the biomedical field, such as in 3D cell culture.46 The group of 
Dankers and coworkers designed Upy-based hydrogels where changing the 
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ratio between molecules with a bivalent (B) and monovalent (M) presentation 
modulating the viscoelastic properties for its application as a cell scaffold.47  

 

1.2 Supramolecular monomers   

In aqueous media, the self-assembly process of amphiphilic monomers is 
driven mainly by the hydrophobic effect, in combination with other forces 
such as hydrogen bonding and π-π interactions. Commonly applied monomer 
geometries are tripodal, C3-symmetric and linear. These are described in the 
following paragraphs. 

 

1.2.1 Bolaamphiphile monomers 

Bolaamphiphiles are a class of amphiphilic molecules characterized by two 
hydrophilic head groups connected by a hydrophobic spacer that can self-
assemble into several stable nanostructures such as micelles, fibers, tubes, 
cylindrical aggregates.48 In the literature, a wide variety of bolaamphiphile 
scaffolds based on molecular building blocks such as peptides, carbohydrates 
and lipids can be found.49 Although a major application focus is based on 
pharmaceutical formulations, there is a growing interest for their abilities to 
self-assemble in stable nanostructures. The properties and structures of these 
assemblies are tuned by length of the central hydrophobic core or the type of 
hydrophilic head groups. 

In biomedical field since many drugs suffer of very low solubility in water, 
bolaamphiphile architectures are considered promising candidates for drug 
delivery applications. For example, Sharma and coworkers reported the self-
assembly of a series of symmetric bolaamphiphiles with distinct hydrophilic 
domains (polyethylene glycol (PEG) or dendritic polyglycerol (dPG)) and 
examined their potential as nanocarriers (Fig. 1.2a).50 Moreover, Jianxi and 
coworkers explored the use of a bolaamphiphile scaffold consisting of 
peptides to prepare collagen mimetic materials.51 A family of peptides 
consisting of the triple helical collagen sequence ((GPO)m or (PPG)m) with 
aspartic acid groups at its periphery was synthesized forming nanospheres in 
a broad pH range.  
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In contrast to conventional bolaamphiphiles, asymmetric bolaamphiphiles are 
characterized by two hydrophilic head groups of different size. They can 
contain a functional moiety with a cell-targeting52 or pH-sensitive function 
that can be used for specific gene and drug delivery applications.52-54 For 
example, Cui and coworkers designed a  reverse asymmetric bolaamphiphile 
(RAB) tagged with an metalloproteinases (MMP-2) cleavable peptide to 
engineer enzyme-responsive supramolecular hydrogels.55 The structure was 
characterized by two different peripheral hydrophobic units that were MMP-
2 sensitive (Fig. 1.2b). Since most supramolecular filaments lack accessibility 
to enzymes, this work demonstrates successful fiber degradation by MMP-2 
with additional anticancer drug release.55    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2 a) Pegylated (PEG) and dendronized (dPGs) symmetrical bolaamphiphiles for drug 
delivery applications. b) Molecular design of asymmetric reverse bolaamphiphile (RAB). The 
monomers  self-assemble in water forming hydrogels and are degraded in presence of MPP-2 
(metalloproteinases). Figure adapted from reference 28 (a), 29 (b). 

a) 

b) 
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1.2.2 C3-symmetric and tripodal monomers 

Monomers bearing C3 –symmetric cores are one of the most often used and 
exploited geometries in the formation of self-assembled supramolecular 
polymer materials. The main reasons for their use are the easy and established 
synthetic protocols that enable the modification of C3-symmetric synthons, the 
formation of helical supramolecular aggregates and cooperativity in 
comparison to their C2-symmetric counterparts.56,57 More specifically, their 
rigidity compared to their non-helical counterparts, results  in their 
entanglements forming gel phase materials in a range of solvents. When in 
water, the hydrophobic environment shields the hydrogen-bonding units from 
the surrounding solvent.58 Concentration also plays an important role, with its 
increase resulting in gel phase materials.  

An often-used core is 1,3,5-benzenetricarboxamide (BTA) whose self-
assembly is predominantly driven by π-π stacking of the aromatic core and the 
formation of the intramolecular hydrogen bonds between the amide units. 
Initially, the investigation of the BTAs self-assembly, and their 
supramolecular polymerization, was performed in organic solvents.22, 23 More 
recently, the self-assembly of pegylated BTAs in aqueous solution has opened 
up numerous potential biomedical applications. Besides fundamental studies 
on supramolecular polymerization,59-61 BTA-based assemblies were used for 
intracellular drug delivery (Fig. 1.3a).62 Moreover Webber and coworkers 
explored the effect of pH on the self-assembly of isopeptide-modified BTAs.63 
Connecting the BTA core to glutamic acids by benzoic acid linkers, the effect 
a pH  stimulus on the morphology of supramolecular polymers was examined 
(Fig. 1.3b). Rapid acidification with HCl resulted in the formation of highly 
branched entanglements, whereas the slow acidification with D-glucono-
delta-lactone (GdL) enabled a more thermodynamic self-assembly process 
with the formation of a less interconnected structure.  

van Esch and coworkers explored the effect of catalysis on the reaction 
coupled self-assembly of cyclohexane-based low molecular hydrogelators 
(Fig. 1.3c). Hydrazone bond formation between a cyclohexane trishydrazide 
building block and three aldehydes was executed in presence and in absence 
of a catalyst (acid and base) to obtain in situ fiber self-assembly and gelation 
and their mechanical properties were assessed. Scanning electronic 
microscopy confirmed the formation of a dense homogeneous network in the 
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catalyzed systems, while a less dense and more open network was formed in 
the absence thereof.64  
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3 a) BTA supramolecular polymers for applications in intracellular delivery. The 
system was prepared through co-assembly of nonfunctional, positively charged, and 
fluorescently-labeled BTA monomers; b) Self-assembly of BTA-(bE)3 monomer in water 
varying the rates of pH stimulus; c) Reaction-coupled self-assembly between cyclohexane 
trishydrazide building block (1) and three molecules of aldehydes (2). The formation of 
hydrazone bond gives the formation of fibers. Figures adapted from references 40 (a), 41 (b) 
and 42 (c). 

Next, the effect of crosslinking by DNA and PEG on the properties of a 
cyclohexyl trishydrazone core-based hydrogel was investigated.65 The 
addition of 1 mol% of DNA-crosslinkers showed a 4.5-fold increase of the 
stiffness of the native hydrogel while at higher percentage (2 and 3 mol%) a 
decrease in stiffness was reported. Oscillatory rheology and their structures 
imaged by cryoTEM and CSLM revealed the presence of spherical aggregates 
or a collapsed network at higher concentrations of crosslinkers. In contrast, 
the presence of 1 mol% PEG crosslinkers resulted in the formation of weaker 
hydrogel in comparison to the native material. These findings reveal that the 
physical properties of the polymer and the concentration of crosslinkers are 

a) b) 

c) 
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critical in the hydrogelation process and on the final mechanical properties of 
the materials.65 

 

1.2.3 Peptide-based monomers 

A monomer class that has gained the attention of chemists for the development 
of supramolecular biomaterials is based on peptides. Their ability to be 
biodegradable, biocompatible and to adopt a range of nanostructures makes 
them attractive for numerous applications in the biomedical domain.66-68  

Peptide-based self-assembly is dictated by a combination of several non-
covalent interactions such as hydrogen bonds, π-π, van der Waals, 
hydrophobic and electrostatic interactions. Functional groups such as amides, 
amines and carboxylic acids in the peptides facilitate hydrogen bond 
interactions which facilitate the formation of higher order peptide structures.69 
Moreover, the π-π stacking contribution of aromatic side groups is relevant 
not only in water, but also in organic solvents such as toluene where this effect 
plays an important role.  

Peptide-based scaffolds have been actively employed as mimics of the natural 
extracellular matrix.70, 71 The main classes of peptide-based hydrogels are: 
short oligopeptides, peptides with secondary structure and peptide 
amphiphiles. Individual amino acids or dipeptides protected with Fmoc 
(fluorenylmethyloxycarbonyl) group are already able to self-assemble in well-
defined structures.72 The self-assembly is determined by the combination of 
π-π interactions from the Fmoc group and hydrogen bonds from the amides.72-

74 Tyrosine dipeptides also belong to this class and self-assemble into 
nanofibers.75  

In the second class, the formation of specific secondary structures such as 
beta-sheet, alpha-helix, and beta-hairpin gives rise to self-assembled  
nanofibers that can form a 3D network in water.72 Alternating hydrophobic 
and hydrophilic residues in combination with electrostatic interactions can 
facilitate this process.76 This family of peptides has been employed for cell 
culture, namely cell adhesion and osteogenic differentiation.77, 78   

Peptide amphiphiles are the third class, and are characterized by a charged, 
beta-sheet and bioactive domain peptide sequence coupled to an aliphatic or 
aromatic spacer (Fig 1.4). In the last decade it was extensively studied not 
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only how to modulate their self-assembly behaviour changing the aliphatic 
spacer, the aminoacids, the solvent, the co-assembly with other molecules,  but 
also their potential in tissue engineering.79, 80   

The co-assembly of two or more peptides is gaining a particular attention to 
tune the mechanical properties of peptide-based supramolecular systems.81-83 
According to the type of monomers that are combined and the type of 
interactions between them (aromatic, electrostatic, enantiomeric and 
enzymatic), either cooperative, disruptive co-assembly and self-sorting can 
take place.84 In cooperative co-assembly, the final properties of the materials 
are generally improved in comparison to the single component systems. When 
the two components interfere with one another in the self-assembly process, 
weaker mechanical properties of the materials are observed and is called 
disruptive co-assembly. When the components self-assemble independently 
of one another, this phenomenon is called self-sorting. 

Adler-Abramovich and coworkers explored the cooperative co-assembly of 
the gels formed by Fmoc-FF (Fmoc-diphenylalanine) and 
Fmoc−pentafluorophenylalanine. The mixing of these two components in a 
1:1 molar ratio  gave rise to a hybrid hydrogel having a stiffness with an order 
of magnitude greater than the single component systems.81, 85  

 

 
Figure 1.4 Chemical structure of the peptide amphiphile (PA) (center): charged, hydrogen-
bonding sequences are coupled to an aliphatic spacer. Possible supramolecular nanostructures 
are presented surrounding the PA. Figure adapted from reference 57. 
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  1.2.4 Hydrogen bonding interactions 

Although an isolated hydrogen bonds is typically too weak to control self-
assembly, the combination of several hydrogen bonds results in a selective, 
directional non-covalent interaction to control self-assembly in solution.86  
Consequently, triple hydrogen bonding arrays have been investigated 
extensively for the formation of stable aggregates.87-90  

Despite a linear correlation between the free energy and the number of 
hydrogen bonds in a monomer,91 the type of hydrogen bond, secondary 
interactions, and the solvent also need to be considered for their effect on 
strength of such systems. Moreover, the acidity of hydrogen bond acceptor 
and basicity of the hydrogen bond donor play a key role on the interaction.92 
Generally, the more basic the hydrogen bond acceptor (A) is and the more 
acidic the hydrogen bond donor (D) is, the stronger will be their interaction.93  

Another important factor to consider are the secondary interactions between 
adjacent hydrogen bond donor and acceptor groups; this feature has an effect 
on the association constants of the monomers and on the stability of their 
interactions.94 The order of donors and acceptors DDAA, results in an 
association constant (Ka = 105 L mol-1) that is three orders of magnitude 
greater than when the order is DADA (Ka = 102 L mol-1)). This difference in 
association constants can significantly impact the stability of the formed self-
assembled polymers (Fig 1.5a).   

The solvent further plays a critical role in affecting the stability of the self-
assembly monomers formed. Although in organic solvent the formation of 
well-defined architectures can be controlled by the combination of several 
non-covalent interactions,58 in water hydrogen bonds are often weakened 
because the solvent molecules compete with the monomers. Therefore, 
hydrogen bonds have been combined with the hydrophobic effect in monomer 
design to drive monomer assembly into well-defined structures.95, 96 In BTA 
assembly, the hydrogen-bonded amides of adjacent aromatic cores are 
shielded by an aliphatic or aromatic spacer to drive self-assembly in water.97 
A similar same design strategy has been applied to drive the self-assembly of 
bisurea derivatives in water. Boué and coworkers have demonstrated the 
importance of hydrophobic spacer for the formation of hydrogen bonds 
between the ureas units.98   
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More recently, the effect of the aromatic character on hydrogen bonding in 
supramolecular systems has been examined. The effect of aromaticity on 
multiarray hydrogen bonding scaffolds was examined by the Wu group.99 
They showed through DFT calculations that heterocycles that participate in  
4n+2 π-delocalization show increased hydrogen bonding strength than those 
that do not (Fig 1.5b). The limitation of SEI (secondary electrostatic 
interaction) model introduced by Zimmermann, based on the hydrogen bond 
donor/acceptor pattern was demonstrated through BLW (block-localized 
wavefunction) calculations showing a linear correlation between the aromatic 
gain and association constant of multiarray hydrogen bond scaffolds further 
highlighting its importance.99 Moreover, in the Kieltyka group, the 
contribution of aromaticity to squaramides in their self-assembly in aqueous 
media was uncovered.40 Hydrogen-bonded squaramide monomers showed an 
increase in the aromatic character of the synthons pointing out the interplay of 
these two variables on supramolecular polymerization of such monomers. 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.5 a) Examples of triple hydrogen-bond arrays and their association constants in 
various solvents. b) Aromaticity-modulated hydrogen bonding (AMHB) in the guanine–
cytosine (G–C) base pair, 1·2, and ureidopyrimidone (UPy) dimer, 3·3.  Figures adapted from 
references 72 and 77. 

 

a) b) 
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1.3 Squaramides  

 
Figure 1.6 Chemical structure of squaramide moiety 

Squaramides consist of a cyclobutenedione ring with two NH hydrogen bond 
donors opposite two CO hydrogen bond acceptors.100 They can be easily 
synthesized from combining the desired amine with their commercially 
available squarate esters. Moreover, Liu et al. reported that their squarate ester 
precursors can be  synthesized in high yield (77-97%) starting from squaric 
acid in the presence of a specific alcohol.101  Because of their high synthetic 
accessibility,  squaramides have been applied in areas such as catalysis, 
medicinal chemistry, bioconjugation, anion recognition and also in the field 
of supramolecular materials.102, 103 

In organocatalysis, squaramides have been applied using the hydrogen bond 
formation between the catalyst and the substrate to drive chemical 
transformation. The increased donor character of squaramide in comparison 
to thioureas results in the formation of stronger hydrogen bonds with various 
substrates.104 

Moreover, Bae and Song explored the addition of beta-carbonyl compounds 
to nitroolefins ‘on water’ using a cinchona squaramide as a catalyst.105 The 
success of the reaction ‘on water’ compared to the reaction in DCM was due 
to the hydrophobic hydration effect of the catalyst. Notably, the isolated 
products showed very high stereoselectivity (90-93%) and yields (86-99%) at 
low catalyst loading (0.01 mol%). 

Another area where the squaramide moiety has been used is in the 
bioconjugation chemistry. Recently diethyl squarate (DES) has been used as 
a novel chemical crosslinker for gelatin-based hydrogels. In particular Cipolla 
and coworkers examined the ability of 5% gelatin – DES as 3D cell culture 
scaffolds for chondrocyte growth.106 
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Additionally, squaramides have been applied as drug precursors in the field of 
medicinal chemistry because of their isosterism with ureas.102 Kitov and 
coworkers, for example, demonstrated the ability of di- and trisaccharides 
conjugated with squaramides to inhibit verotoxins produced by E. coli that 
cause gastrointestinal and urinary disorders.107 Moreover, the 
chemoselectivity of squaric esters for the amino acid groups in the peptides 
were exploited in the synthesis of potential antitumor vaccines based on 
glycopeptides.108 

One of the peculiar properties of squaramide moiety is its partial aromatic 
character (Hückel’s rule (4n + 2) π electrons, n = 0, as a consequence of the 
delocalization of the nitrogen lone pair attached to the squaramide inside the 
cyclobutenedione ring.109 In contrast to other H-bonding motifs such as urea, 
110-112 thiourea or pyrimidones, the aromatic character of squaramide is 
enhanced in a synergistic manner with the formation of stronger and 
directional hydrogen bonding.109 This remarkable property renders 
squaramide an attractive and minimalistic module for the design of 
supramolecular materials.100 Kieltyka group for the first time demonstrated 
that the squaramide synthon can be used to drive the self-assembly of a 
squaramide-based bolaamphiphile into nanostructured fibers in water. More 
specifically, the combination of spectroscopic and computational studies 
(NICS, HOMA, ASE)  confirmed how the  synergy between the increased 
aromaticity of squaramide and stronger hydrogen bonds is determining in the 
self-assembly process of these polymers (Fig.1.6a).40 In a follow up work, 
Kieltyka group reported a family of squaramide-based bolaamphiphiles where 
the length of the PEG chains and the aliphatic chains were independently 
modulated.113 It was shown that at least 8 carbons between undecaethylene 
glycol chains and the squaramides were critical to enable monomer self-
assembly into fibrillar aggregates. In contrast, maintaining the length of the 
hydrophobic core and changing the length of the oligoethylene glycol chains 
resulted in a morphological transition from fibrillar to spherical aggregates 
opening the door to their exploration in the field of nanomedicine.113 

Hydrogel materials could not be formed from the bolaamphiphilic monomers, 
therefore in a follow up work, squaramides were introduced into a tripodal 
monomer geometry to achieve such materials.41 Specifically, self-assembly of 
these tripods resulted in a decreased number of monomers within nanofiber 
cross-section, increased fiber length and hydrogelation. Moreover, the effect 
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of the hydrophobic spacer and introduction of a urea moiety in the place of the 
squaramide were examined, with spacer lengths of C8 and C10 providing 
hydrogel materials whereas the use of urea did not yield the same result. These 
hydrogels were also examined for their capacity to easily seed and release 
human induced pluripotent stem cell (hiPSCs) aggregates using the 
supramolecular nature of the material. High cell viability and retention of the 
pluripotent character of the hiPSCs were observed (Fig.1.6b). 

Intermolecular hydrogen bonding between squaramides is not always 
involved in the self-assembly process. Soberats and coworkers demonstrated 
the self-assembly of squaramide-based monomers by the combination of 
hydrophobic effect and π-π dipolar interaction to form hydrogel materials.114 
A small library of aryl-squaramide amphiphiles hydrogelators were prepared 
with a benzoic acid moiety making the molecule easily ionizable.114 The 
aromatic ring had different substituents, but only the electron-deficient ones 
can give rise to self-assembly. The absence of hydrogen bonding was 
confirmed by FT-IR and NMR measurements due to the lack of an N-H signal 
at 3160 cm-1. In NMR spectra, the aromatic protons were shielded and no N-
H signal was present in water (Fig. 1.6c).114 
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Figure 1.6 (a) Self-assembly of squaramide-based supramolecular polymers in water; (b) Self-
assembly of tripodal squaramide-based supramolecular hydrogels for hiPSCs encapsulation; c) 
Chemical structure of aryl squaramides synthesized by the Soberats group. The self-assembly 
in water of this class of molecule is determined by π-π dipolar interactions (pink arrows). 
Figures adapted from the reference 77 (a), 90 (b) and 91 (c). 

 

1.4 Thiosquaramides 
 

Thiosquaramides are prepared from oxosquaramides by a thionation reaction 
that involves the exchange of oxygen for sulfur on the cyclobutenedione ring. 
The thiosquaramide was synthesized for the first time in 1966 when N,N'-
dicyclohexylsquaramide was thionated using diphosphorus pentasulfide in 
dichloromethane. More recent synthetic methods involve the use of pyridine 
complex (pentathiodiphosphorus(V) acid-P,P′-bis(pyridinium betaine))).115   

From supramolecular point of view, thiosquaramides form less directional 
hydrogen bonds in comparison to oxosquaramides due to the more polarizable 
nature of thiocarbonyl groups. According to Cambridge structural database 
(CSD), C=S‧‧‧‧H interactions show an angle of almost 90° from the lone-pair 
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plane, in contrast with the C=O‧‧‧‧‧H interactions where small deviations from 
the lone pairs plan were observed (0-20°).116   
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Figure 1.7 Chemical structure of squaramide and thiosquaramide 

Several works have shown oxosquaramides to be excellent catalysts in 
enantioselective reactions because of their ability to form very strong 
hydrogen bonds.117 However, oxosquaramides are characterized by low 
solubility in non-polar solvents due to the self-aggregation.117 This issue is 
solved by substitution of carbonyl by the thiocarbonyl group resulting in its 
increased solubility in apolar solvents opening the door for its use in 
organocatalysis.117  

Pedrosa and coworkers reported the synthesis of chiral, bifunctional 
thiosquaramide catalysts that were applied in nitro-Michael addition of 3,3-
disubstitued oxindole to beta-aryl substituted nitroalkenes.118 In comparison 
to thiourea and oxosquaramide catalysts, high reaction yields (82%) and 
enantioselectvity (94:6) using a catalyst loading of 5 mol% was demonstrated. 
The enantioselectivity of thiosquaramide was also demonstrated by Kupai and 
coworkers in an asymmetric Michael reaction between 2,4-pentanedione and 
trans-nitrostyrene, and a Diels-Alder reaction between siloxydiene and 
benzylideneacetone.119 Althougth oxo and thio derivative cinchona catalyst 
catalysts provided the same yield  (90 %) in both reactions, the thiosquaramide 
showed improved enatioselectivity over the oxo (99% ee compared to 93% 
ee).  

Earlier publications demonstrated the ability of oxosquaramide to act as an ion 
transporter as an alternative to ureas and thioureas.120 More recent works show 
that thioureas have an improved capacity to transport ions in comparison to 
ureas because of the increased acidic character of NH and greater lipophilicity 
of sulfur atom.121 Bussacaert showed that thiosquaramide-based transporters 
demonstrate a pH-dependent ion transport behavior.121 The ion transporter 
was synthesized by a thionation reaction using the pyridine complex 
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(pentathiodiphosphorus(V) acid-P,P′-bis(pyridinium betaine). While anion 
transport is favored in acidic conditions (pH < 7), at high pH (pH >7) 
deprotonation of thiosquaramide occurs promoting anion release.  

Although thiosquaramides have been examined for use in organocatalysis and 
anion transport, they have not been explored for the self-assembly of 
supramolecular polymers.  

 

1.5 Multicomponent reaction 
Most of the synthetic pathways for the preparation of supramolecular 
monomers are characterized by several synthetic steps. In the case of peptide-
based materials with various functionalities, the synthesis of peptides on solid 
phase is low yielding and costly on a large scale. Thus, it is necessary to find 
a methodology that improves the synthetic efficiency of such monomers.  

Multicomponent reactions (MR) involve the reaction of 3 or 4 components 
under mild conditions with high yield and selectivity in one pot with high atom 
efficiency. This strategy is in contrast to a multistep synthetic approach, where 
the product of each reaction step is the reagent for the next reaction. In a 
multicomponent reaction, all the synthetic steps are condensed in one reaction. 
This approach avoids the challenges related to the purification and, isolation 
of the formed chemical compounds, which are typical of other synthetic 
strategies.122 Commonly used reagents in these reactions are amines, 
carboxylic acids, isonitriles, aldehyde or ketones. The most widely used 
multicomponent reactions are the Ugi, Passerini and Biginelli reactions that 
have been known for more than 100 years.123 With these methodologies it is 
possible to make large libraries of compounds with minimal synthetic effort. 
Multicomponent reactions are considered to be an important approach to 
design and discover  biologically active scaffolds.124 Moreover, the structural 
complexity on MCR compound can be increased by post-modification with 
bifunctional or multifunctional scaffolds. When this approach is used, MCR 
compounds can then be involved in another MCR.125 

One of the main applications of MCRs is related to the synthesis of stapling 
peptides and their macrocyclization. This compounds class can be applied as 
antimicrobials, anticancer agents and enzyme inhibitors126 and are usually 
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synthesized by click chemistry or lactamization. By an MCR approach, it is 
possible to obtain compounds with high structure diversity.127   

An important class of multicomponent reactions involves the reactive 
isocyanide group that is often found in peptide chemistry. The first isocyanide-
based MCR, discovered in 1921 was the Passerini reaction that has been 
extensively used for the synthesis of cyclic peptides.128 This reaction is 
performed in presence of isocyanide, aldehyde and carboxylic acid, resulting 
in the formation of an ester bond. Another important reaction that belongs to 
this class is the Ugi reaction that will be discussed in the following section. 

1.5.1 Ugi reaction  

The Ugi reaction is an isocyanide based-multicomponent reaction that 
involves the use of an amine, carboxylic acid, isocyanide, and aldehyde or 
ketone. The formation of the final compound that has a peptide-like structure 
is due to the reactivity of isocyanide that reacts with both electrophiles or 
nucleophiles to form alpha-adducts. The mechanism starts with the 
condensation of the aldehyde or ketone with an amine, forming an imine that 
is protonated by a carboxylic acid. Imine formation is then followed by 
nucleophilic attack of the isocyanide and addition of the carboxylic acid to 
give rise to the formation of a nitrilium intermediate. In a final step, an 
irreversible Mumm rearrangement takes place resulting in the alpha-amide 
product (Fig. 1.8a).129 

 The high yield, selectivity and mild reactions conditions render the Ugi 
reaction a useful synthetic strategy for a wide variety of applications. This 
reaction has been applied in post polymerization reactions that are difficult to 
perform by conventional strategies due to the steric hindrance of the polymeric 
chains.130 Moreover, polymers formed by the Ugi reaction have also been 
reported and exploited in the synthesis of α,ω-diene monomers by Meier et 
coworkers131  and acrylate monomers.132    

The generation of peptide-like structures, or peptidomimetics, by the Ugi 
reaction is gaining attention. Classical solid-phase peptide synthesis is often 
low yielding and can be costly depending on the peptide sequence.  The Ugi 
reaction provides an alternative to this approach in the synthesis of 
polypetoids and hybrid copolymers such as peptide-peptoids for applications 
in biomedicine.133-136  
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In supramolecular chemistry, the Ugi reaction was exploited in the synthesis 
of peptoid-based low molecular hydrogelators. Mild conditions were used and 
very high yields were obtained for a small family of low molecular gelators, 
and their capacity to gelate in aqueous solutions such as water/DMSO and in 
water/EtOH mixtures (20 % of organic solvent) was examined.137 The Ugi 
reaction has found several application in the covalent functionalization of 
supramolecular materials (Fig.1.8b).138 Mironov and coworkers exploited the 
Ugi reaction to crosslink microgels of cellulose. With this synthetic method 
particles with a diameter in a range of 170-230 nm were obtained and used as 
stabilizers for oil/water emulsions.139   

These preliminary results have opened new possibilities in the design of new 
supramolecular biomaterials where their synthesis is challenged by low yields 
and efficiency.137 

 

 

 

 

 

 

 

 

 

 

 

a ) b ) 

Figure 1.8 (a) Mechanism of Ugi reaction; (b) A small family of supramolecular hydrogelators 
synthesized by Ugi reaction. Figure adapted from reference 109 (a) and 117 (b).  
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1.6 Aim and outline 

 

The field of squaramide-based supramolecular polymers has been growing 
steadily over the past few years. The remarkable ability of squaramide moiety 
to form directional hydrogen bonds that can synergistically benefit from an 
increase in their aromatic character, can be exploited in the design of 
supramolecular biomaterials. In water, the self-assembly of stable 
nanostructures is largely driven by the hydrophobic effect in combination with 
hydrogen bonding determining the final properties of the nanostructures. The 
formation of a particular nanostructure depends on several variables such as 
the chemical structure of the building block, if any other building blocks are 
used and the environmental conditions. Moreover, as the synthesis of the 
building blocks can be challenging and costly, and thus novel strategies to 
synthesize tripodal squaramide supramolecular polymers such as using 
multicomponent strategies will be examined.  

 

In Chapter 2, the substitution of O → S in squaramide monomers for 
supramolecular polymerization results in the formation of rod-like 
nanostructures with a decreased persistence length. This morphological 
difference results from the less directional hydrogen bonds afforded by the 
thiocarbonyl group, resulting in a distinct self-assembly mode. From 
computational and UV-vis studies the oxosquaramide can self-assemble in a 
head-to-tail manner, while thiosquaramide prefers a stacked configuration. In 
this chapter, we investigated the supramolecular polymerization mechanism 
of oxosquaramide and thiosquaramide-based bolaamphiphiles using a 
concentration-based experiment. Moreover, the effect of the mixing of both 
monomers and their potential for co-assembly or self-sorting in aqueous 
solution is examined. 

 

In Chapter 3, a new approach for the synthesis of tripodal squaramide-based 
supramolecular polymers by multicomponent reaction will be disclosed. The 
Ugi reaction will be examined for the synthesis of tripodal scaffolds using 
nitrilotriacetic and squaric acid as the acidic component of the reaction. In this 
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chapter, the optimal reaction conditions such as reagent concentration, 
temperature and substitution of the components will be examined.  

 

In Chapter 4, the synthesis of a small family of tripodal squaramide-based 
supramolecular polymers is described and their self-assembly in water was 
investigated. The monomers have varied hydrophobic and hydrophilic ratios 
that affect their final self-assembly properties. Spectroscopic techniques (UV-
vis, fluorescence), AFM and mechanical properties were used to understand 
the effect of the various monomer designs on these aggregates over various 
length scales.  

 

In Chapter 5, the synthesis of dityrosine outfitted monomers with and without 
carbamate linkages and investigation of their self-assembly and visible light 
mediated crosslinking in the presence of photoinitator is described. In the 
previous chapter, we found that even removal of one squaramide moiety from 
the core and further modulating the hydrophilic-hydrophobic balance can 
result in gels. Hence, we opted for removal of one squaramide arm because of 
the solublility of the tyrosine and bridged its attachment to the squaramide 
core with a tetraethylene glycol chain. The self-assembly was investigated by 
spectroscopic techniques (UV-vis, fluorescence) and by AFM in presence and 
absence of two different photoinitiators (FMN or Ru(bpy)3

2+ /SPS).  
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2.1 Abstract 
In polymer chemistry, the formation of well-defined polymer microstructures 
can be modulated by the copolymerization of two or more monomers through 
covalent bond formation. This concept applied to the field of supramolecular 
polymers is still in its infancy with only several examples providing insight 
into the features of the monomers necessary for their co-assembly and 
methods to enable their characterization. Non-covalent interactions such as π-
π interactions and hydrogen bonding have been used to drive the formation of 
supramolecular copolymers, with amides being largely used to provide 
directional interactions in the assemblies. In this chapter, the potential of an 
underrepresented hydrogen bonding unit, squaramide, to be used for 
supramolecular copolymerization will be examined. We previously showed 
that oxosquaramides self-assemble in a head-to-tail fashion whereas 
thiosquaramides stack upon one another. The potential for their 
copolymerization through the use of distinct hydrogen bond-acceptor 
moieties, namely oxo- and thio-derivatives will be explored. In particular, I 
will first examine the self-assembly properties of the individual monomers 
into supramolecular polymers and determine conditions for their 
copolymerization. Spectroscopic and imaging techniques at the nanoscale 
show progressive fiber shortening and a decreased fiber persistence length 
providing a handle to tune the supramolecular polymerization behavior of 
oxosquaramides. To further elucidate the copolymerization behavior of oxo- 
and thiosquaramide monomers, a fluorescent Cyanine 3 (Cy3) dye-labelled 
oxo-squaramide and Cyanine 5 (Cy5) dye-labelled thiosquaramide monomers 
were synthesized. The fluorescence and UV-vis measurements show 
fluorescence resonance energy transfer (FRET) from oxo-squaramide-Cy3 to 
thio-squaramide-Cy5 suggestive of the supramolecular copolymerization in a 
block structure.  
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2.2 Introduction 

The structural complexity of biological systems over several length scales 
remains an inspiration for the design of functional polymer materials.1 The 
sequence-controlled polymerization of biological macromolecules, such as 
nucleic acids and proteins, leads to a well-defined arrangement of 
biomolecular building blocks with hierarchical structure and function.2 
Conversely, in the last several decades the field of covalent polymers has used 
copolymerization to tune their properties to obtain specific properties and  
function.3, 4 Two or more monomers can be combined within the same 
polymer using living,5 controlled radical,6 and ring opening metathesis 
polymerization7 using techniques to gain control over their length, structure 
and composition. When coupled with monomers of different reactivities2, 8 
copolymers with alternating, periodic, and blocky structures can be prepared 
providing a range of structural diversity and vast differences in the physical 
properties of the resultant materials. 

The concept of supramolecular copolymerization9-16 is a more recent addition 
to the supramolecular polymer field consistent with the growing knowledge 
of monomer assembly and their polymerization mechanisms. Similar to 
covalent polymers, the aim is to be able to achieve the properties that cannot 
be accessed through single component systems.  However, the structural 
design of the monomers complexity of the copolymer formation and 
mechanistic features still faces several challenges.17, 18 Nevertheless, 
supramolecular copolymers that rely on electrostatic, hydrogen bonding,19 
transition metal,20, 21 or π-π interactions for their formation have been 
reported.22 For example, copolymers based on distinct hydrogen bond 
acceptor groups, oxygen or sulfur, were demonstrated for 1,3,5-
benzenetricarboxamides (BTA).23 Although thio-BTA forms less directional 
hydrogen bonds, the two monomers can self-assemble independently into one-
dimensional long fibers following a cooperative mechanism. When the 
monomers are co-assembled, random copolymers were observed. Moreover, 
George and coworkers demonstrated the potential for sequence controlled 
supramolecular polymerization using two component systems showing 
pathway complexity.24 In this study the kinetic and thermodynamic pathways 
in the self-assembly of core-substituted naphthalene diimide monomers (NDI) 
were exploited to control the formation of various random, block copolymers 
and self-sorted supramolecular polymers. Despite recent examples that 
provide analysis and insight into supramolecular monomers that enable 
copolymerization, there still remains much to understand regarding the 
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existing repertoire of self-assemblies motifs in this area and the potential to 
control the microstructural features of the polymers especially in aqueous 
medium remains untapped.  

When hydrogen bonds are employed in the molecular designs of 
supramolecular monomers,25-28 amides and ureas29 are attractive because of 
their ditopic nature. We recently demonstrated the utility of the squaramide 
unit to provide directional hydrogen bonding in a ditopic manner to drive the 
formation of supramolecular polymers in water through their self-assembly in 
a head-to-tail fashion.30 When we thionate the monomer, replacing the 
oxygens with sulfur atoms, the monomer self-assembly mode is altered to a 
stacking mode.31 Because of capacity of the squaramide to engage in hydrogen 
bonding and stacking interactions, we became interested to understand if the 
individual self-assembly modes of the oxo- and thiosquaramide monomers 
could be affected in the presence of each other, or if co-assembly occurs. Thus, 
in this chapter, the protocols to facilitate and evaluate the supramolecular 
polymerization of the individual oxo- and thiosquaramide monomers, and 
their copolymerization at various molar ratios is studied. 
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2.3 Results and discussion 

The design of the oxosquaramide (1) and thiosquaramide monomers (2) 
involves two ditopic hydrogen-bonding squaramide units within the 
hydrophobic alkyl chains, surrounded by two oligo(ethylene glycol) methyl 
ether chains for their self-assembly in water (Figure 2.1). 1 was synthesized 
as previously described by Talens et al.30 and 2 was obtained by the thionation 
reaction of 1 in presence of an excess of P4S10∙pyridine complex (23 eq) in a 
yield of 30%. Exclusive thionation of squaramide moieties was obtained at 
room temperature as previously reported for Lawesson’s agent in the 
preparation of N-(benzoyloxy)thioamide.32  

In order to track the mixing of the two monomers at the molecular level, a 
fluorescently-labelled thiosquaramide monomer 12 was synthesized that is 
asymmetrically outfitted with a sulfo-Cyanine dye (sulfo-Cy5), in addition to 
a previously reported oxosquaramide monomer 11 (sulfo-Cy3).33 The two 
fluorescently-labelled monomers were synthesized following a similar 
synthetic procedure (Scheme 1). Specifically, 12 was obtained firstly by 
thionation of compound 9, before being conjugated to sulfo-Cy5 dye (Scheme 
1). The synthesis of asymmetric fluorescently-labelled molecules was 
performed starting with O-(2-azidoethyl)undecaethylene glycol that was  

 
Figure 2.1 Oxosquaramide (1) and thiosquaramide (2) monomers, supramolecular polymers 
and copolymers. Oxosquaramide bolaamphiphiles (1) self-assemble into rigid nanofibers (left), 
whereas thiosquaramides (2) self-assemble into shorter nanorods (center) because of their 
different self-assembly mode. The self-assembly of the two monomers (1+2, right) results in 
the formation of copolymers with the characteristics of both individual polymers. 
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converted to amine by catalytic hydrogenation using Et3SiH on Pd/C. After 
Boc-protection of the amine, the hydroxyl group of undecaethylene glycol was 
activated with CDI and subsequently, coupled with N-Cbz-1,10-
decanediamine to obtain 7.  The deprotection of the Cbz group and coupling 
with squaric ester resulted in squaramide amphiphile 8.  The asymmetric 
oxosquaramide 9 was synthesized through conjugation of 8 with another 
squaramide-based amphiphile functionalized with a mono-Boc protected 
heptanediamine 5. To obtain the fluorescently-labelled oxosquaramide 11, 9 
was coupled with sulfo-Cyanine 3 N-hydroxysuccinimidyl ester. The Cy5-
labelled thiosquaramide 12 was prepared after the thionation of 9 by coupling 
sulfo-Cyanine 5 N-hydroxysuccinimidyl ester. Both compounds were purified 
by high performance liquid phase chromatography on reverse phase C18 
columns and characterized. 
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Scheme 1 Synthetic scheme of sulfo-Cy3 and sulfo-Cy5-labelled oxo- and thiosquaramide 
monomers (11 and 12). 
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Prior to the co-assembly of the oxo- and thiosquaramide monomers, insight 
into the self-assembly of the individual monomers at the molecular level and 
their polymerization mechanisms was carried out. The UV-vis spectra of 1 in 
water displays two bands at 329 and 255 nm that correspond to π-π* of 
hydrogen bond donor N-H and n-π* transition of C=O hydrogen bond 
acceptor, respectively, in their aggregated state (Figure 2.2a). According to 
Kasha’s theory,34 these blue and red shifted transitions (H- and J- bands) of 
oxosquaramide are due to the in-line and parallel orientation of transition 
dipole moments within the squaramide moieties upon self-assembly in a head-
to-tail hydrogen bonding orientation as determined from time-dependent 
density functional theory calculations (TD-DFT) calculations. 

Self-assembly of 2 in water resulted in opposite trends as observed in the UV-
vis spectroscopy (Figure 2.2b). More specifically, the thionation of the 
squaramide moieties results in the formation of two bands at 272 and 363 nm. 
According to Kasha’s theory, the blue-shifted transition in the UV-vis profile 
is in line with the formation of H-type aggregates as consequence of the 
parallel orientation of the transition dipole moments. To further evaluate the 
thionation of thiosquaramide on the self-assembly in water, critical 
aggregation concentration (CAC) was determined by SLS. The CAC of 2 was 
determined by preparing various solutions in the concentration range of 100 
µM and 10 nM and was calculated from the inflection point of the scattering 
intensity as a function of concentration range. The CAC was comparable to 
the value previously determined for 1 (8 x 10-5 M, Figure S2.4), despite its 
distinct self-assembly mode.30  

To investigate the polymerization mechanisms of 1 and 2, conditions that 
would enable depolymerization of the polymers was necessary to determine. 
Thermal denaturation and titration with a ‘good’ solvent were examined to 
induce their self-assembly. Thermal denaturation of 1 was first attempted by 
recording individual UV-vis spectra from 20 to 65 °C (SI Figure S2.1). 
Despite the disappearance of red shifted band (329 nm) at higher temperatures, 
the blue shifted band (255 nm) was maintained and only a slight increase in 
the monomer band (310 nm) was observed. As previously reported,30 
depolymerization of 1 was achieved by the addition of very strong hydrogen 
bond disrupting solvent (‘good’ solvent) hexafluorisopropanol (HFIP) to a 
supramolecular polymer in ‘poor’ solvent (i.e. water). Depolymerization 
through the titration with HFIP (hexafluoroisopropanol) results in the gradual 
loss of the blue (255 nm) and red shifted transition (329 nm) and an increase 
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of the monomer band at 310 nm (Figure 2.2a). To confirm depolymerization 
of the monomers, NMR spectroscopy and static light scattering (SLS) were 
performed. NMR spectra of the aggregated (in D2O) and depolymerized states 
(in HFIP-d2) were analyzed. While the NMR spectrum of 1 in D2O (Figure 
S2.6) suggests aggregation of the monomers that is still present up to 65 °C, 
in HFIP-d2 (Figure S2.5) a well resolved spectrum is observed and is 
indicative of the depolymerized state. These results were further supported by 
SLS measurements, where the scattered light intensities of the aggregated and 
depolymerized states were analyzed in water and HFIP, respectively. High 
counts rates for 1 in water were observed in comparison to that of HFIP 
suggesting the presence of self-assembled aggregates in water and monomer 
species in HFIP (Table S1).  

To further examine the solvent-induced depolymerization of 2, UV-vis spectra 
in different organic solvents were recorded (Figure S2.2). In contrast to 1, all 
UV-vis profiles of 2 displayed an increase in the bands at 350 and 380 nm, 
except for THF (Figure S2.2). The UV-vis spectra of 2 in THF showed two 
bands at 235 and 325 nm that are blue-shifted in comparison to the transitions 
observed in in the presence of water. In order to support the observed UV-vis 
transitions, atomic force microscopy was performed on drop-casted samples 
of 2 in water, THF and HFIP. Aggregation was observed in water and HFIP, 
but not in THF (Figure S2.2). Further confirmation of the disassembly of the 
polymers was evaluated by 1H NMR spectroscopy. The NMR spectrum of 2 
in THF-d8, is well resolved suggesting of complete depolymerization (Figure 
S2.7). Conversely, the 1H NMR in D2O displays a broad signal at 3.5 ppm that 
is still present up to 65 °C and indicates that 2 retains its self-assembled state 
(Figure S2.8). The depolymerization of 2 in THF was further supported by 
SLS, where the scattered light intensities of the aggregated and depolymerized 
states were analyzed in water and THF, respectively. Compared to their 
respective solvent controls, no scattering species were detected in THF while 
in water high scattered light intensities are recorded. Hence, these results 
suggest a lack of aggregation in THF.   

Once the conditions for depolymerization were established, UV-vis titrations 
were performed for 1 and 2, using co-solvents HFIP and THF as denaturants, 
respectively, to gain insight into the differences in the thermodynamic 
parameters associated with their aggregation. In the case of molecule 1 (c = 
30 µM), 10 % of HFIP (v/v) was required to achieve depolymerization using 
disappearance of the band at 329 nm. The same approach was performed for 



 

52 
 

molecule 2 (c = 30 µM) (363 nm) and THF that was added until (10 % (v/v)) 
until no further changes in the absorption were observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 UV-vis titrations with the addition of a co-solvent to the squaramide monomer in 
water: (a) 1 (c=30 µM) with HFIP; (b) 2 (30 µM) with THF; Plot of αagg as function of volume 
fraction of co-solvent for (c) 1 at 329 nm; (d) 2 at 363 nm.  

The aggregated fraction of supramolecular polymers 1 and 2 were determined 
using the absorbances at 329 and 363 nm, respectively, (Figure 2.2 c-d) and 
plotted as a function of solvent volume fraction.  The depolymerized state of 
1 and 2 was observed at different volume fractions of good solvent: while 1 
depolymerizes at 6 vol % of HFIP, 2 required more THF (8 vol%) indicative 
of a more stable polymer. To determine the thermodynamic parameters for the 
supramolecular polymerization of the monomers (ΔG, m and σ, Table S1), 
the curves were fit with the solvent denaturation model by Korevaar et al.35, 36 
From the fitted data, the cooperativity parameters, σ, of monomers 1 and 2 
were  was less than 1, indicating that the monomers polymerize according to 
a cooperative mechanism. Moreover, although monomer 2 self-assembles in 
a stacked mode, the cooperativity parameter (σ = 0.06) was found to be less 
than that obtained for 1 (σ = 0.78). Additionally, comparable ΔG values were 

a ) 

b ) 

c ) 

d ) 
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obtained with both monomers 1 (-34 kJ/mol) and 2 (-35 kJ/mol), indicating a 
similar stability, despite their distinct self-assembly modes.  

Conversely, in our previous publication, both of the monomers were titrated 
with the same solvent (CH3CN) and the depolymerized state of 1 and 2 was 
reached with 24.5 vol % and 33.3 vol% of CH3CN respectively.31 Moreover, 
some differences were observed also in the thermodynamic parameters of 
polymerization mechanism. Specifically, cooperativity parameter (σ) of 1 
(0.013) is an order magnitude smaller compared to 2 (0.610).31 However, both 
of these values are within the calculated error.  

 

2.3.1 Oxo- and thiosquaramide supramolecular copolymers 

To better understand if the distinct self-assembly modes of the squaramide 
unit can support the formation of supramolecular copolymers, studies that 
examine the extent of their copolymerization were pursued. Using the 
information gained by dissolving the monomers in various organic solvents 
and evaluating their dissolution in the earlier section, a protocol for the mixing 
of both supramolecular monomers was developed. In this protocol, 1 was 
dissolved in HFIP and 2 in THF, and the organic solvent was removed by a 
stream of N2. After the rehydration with water, the monomers were mixed in 
the appropriate molar ratio as shown in Figure 2.4a. 

The extent of monomer mixing at the molecular level was first examined by 
UV-vis and fluorescence spectroscopy. Because of the distinct UV-vis 
profiles of 1 and 2 that are due to their head-to-tail and stacked self-assembly 
configurations, respectively, insight into the microstructure of the copolymers 
can be obtained if they co-assemble. At an equimolar ratio of 1 and 2, UV-vis 
profiles shows that there is overlap of the individual spectra of the monomers 
indicating the retention of their transitions in self-assembled state (Figure 
2.4b). Moreover, at molar ratios (2:1 and 1:2) (Figure 2.4c), the UV-vis 
absorption spectra of the single monomers are still retained with the bands of 
the monomer in excess showing an increased intensity in comparison to the 
other monomer (Figure 2.4c). 
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To further understand if monomers 1 and 2 undergo co-assembly or self-
sorting under the developed mixing conditions, zeta potential and 
fluorescence resonance energy transfer (FRET) experiments were performed. 
Monomers 1 and 2 were conjugated to sulfo-Cy3 and sulfo-Cy5 dyes, 
respectively, as described above to execute FRET studies for gaining insight 
into the extent of their mixing. Zeta potential measurements were then used to 
confirm that the sulfo-Cy dye-labelled monomers can co-assemble with the 
native monomers. When 1 was mixed with 2 mol% of 11, a more negative 
ζ potential value (-4.9±5.2 mV) was obtained in comparison to the native 
monomer (7.32±5.5 mV). The same trend was observed in the case of 2 mixed 
with 2 mol% of 12 (-8.57±4.53 mV), compared to the native monomer (-
0.321±5.65 mV). These slight decrease in zeta potential suggests results co-
assembly of the dye-labelled monomers with their non-labelled variants.  

Once co-assembly of the dye-labelled monomers was confirmed, a FRET 
study was carried out on the various copolymer solutions. Copolymerization 
of the monomers can be followed by excitation of the sulfo-Cy3 donor at 550 
nm that undergoes its energy transfer to a sulfo-Cy5 acceptor resulting in a 
measurable fluorescence signal at 670 nm. The individual monomers 1 and 2 
were co-assembled with their respective fluorescent monomers 11 and 12 in 

Figure 2.4 (a) Pictorial representation of the co-assembly protocol of 1 and 2 (b) UV-vis 
absorption spectra of the individual molecules, 1, 2 and copolymers a 1:1 molar ratio (ctot= 30 
µM each) (c) UV-vis absorption spectra of monomers 1 and 2 mixed in a 1:2 and 2:1 molar 
ratio to form supramolecular copolymers (ctot= 30 µM, 1:1 molar ratio)  
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HFIP and THF, respectively, to ensure that a molecularly dissolved state is 
obtained. Subsequently, after the removal of the solvent under N2 gas, the 
solution were rehydrated with water and immediately mixed in an equimolar 
ratio (total dye concentration: 2 mol%). (Figure 2.5a) As shown in the Figure 
2.5c, the FRET experiment resulted an emission band at 670 nm confirming 
the co-assembly event when excited at 550 nm. 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 2.5 (a) Co-assembly protocol of 1 and 2 for FRET experiments (b) Chemical structures of 
squaramide monomer sulfo-Cy dye-conjugates (11) and (12) (c) Fluorescence emission spectrum 
of a solution containing an equimolar ratio of 1 and 2 with 2 mol% of 11 and 12  (2 mol% total 
dye concentration). Excitation wavelength 550 nm (sulfo-Cy3), Emission range 570-800 nm 
(sulfo-Cy5).  
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The copolymerization of 1 and 2 were demonstrated on the molecular level 
through various spectroscopies, but we sought to understand the consequence 
of their mixing on the aggregates at the nanoscale. Consequently, we 
performed cryo-EM measurements on the individual monomers (1) and (2) 
and their copolymers. While monomers of 1 self-assemble into high-aspect-
ratio fibers, monomers of 2 self-assemble into more flexible nanorod-like 
structures that are approximately 5-times shorter in length. When both 
monomers are copolymerized, cryoEM micrographs show the formation of 
nanofibers with a shorter length compared to 1, but longer than 2. Image 
analysis using the Easyworm software37 was performed to quantify various 
fiber properties. The mean square of the end-to-end distance < R2 > is 
measured as a function of contour length of the fibers (ℓ) (Figures 2.6d, e and 
f) and the persistence length of the fibers (Pl) was calculated using the worm-

Figure 2.6 CryoTEM micrographs of squaramide-based supramolecular (co)polymers: (a) 1 
(c=580 µM), scale bar: 100 nm; (b) 2 (c=580 µM), scale bar: 100 nm; (c) 1 and 2 in an equimolar 
ratio (c=580 µM), scale bar: 100 nm. End-to-end distance plots (R2) as function of contour 
length for 1 (e), 2 (f) and copolymerization of 1 and 2 in an equimolar ratio (g) as obtained from 
the Easyworm software.  

a) b) c) 

e) f) g) 
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like chain model (WLC). While 1 and 2 display a Pl value of 581 ± 76 nm and 
47 ± 4 nm respectively, the mixing of 1 and 2 results in a decrease in fiber 
length relative to 1 of 282 ± 16 nm. Moreover, using Pl, bending rigidity of 
the nanofibers (κ) was determined. Monomers 1 and 2 display a bending 
rigidity of (2.4 ± 0.3) x 10-27 N·m2 and (1.9± 0.2) x 10-28 N·m2 respectively, 
and their equimolar mixture results in a value of (1.16± 0.07) x 10-27 N·m2. 
These preliminary results demonstrate that the mixing of monomers 1 and 2 
prior to their self-assembly results in structural changes to the properties of 
the formed supramolecular polymers with respect to their length and bending 
rigidity. Modulation of the oxosquaramide assemblies is likely due to the 
stacking tendency of the thiosquaramide synthon and its less directional 
hydrogen bonding character. To further understand the copolymer 
microstructure, superresolution microscopy experiments would need to be 
performed using the dye-labelled monomers. A similar approach was recently 
taken by George and coworkers using structured illumination (SIM) to 
visualize the supramolecular copolymer microstructure of naphthalene 
diimide derivatives (NDI).24 Furthermore, to better understand the potential 
for microstructural control over the polymers, ratios beyond (1:2 and 2:1) 
should be considered.      
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2.4 Conclusions 

In this chapter, the capacity of two monomers with distinct self-assembly 
modes to form copolymers was examined. A molecularly dissolved state was 
achieved for both monomers in different solvents prior to their mixing; HFIP 
is a good solvent for 1, while THF is a good solvent for 2. Solvent denaturation 
studies using the determined good solvents showed that a cooperative process 
is followed for their respective self-assemblies. On co-assembly, UV-vis 
spectra of an equimolar ratio of 1 and 2 reflected the profiles of the individual 
monomers, based on the retention of their bands. FRET experiments in the 
presence of sulfo-Cyanine labelled monomers of 1 and 2 are suggestive of co-
assembly due to the presence of an emission band at 670 nm. Investigation of 
the supramolecular copolymer morphology by cryoTEM that showed shorter 
fibers with a decreased persistence length compared to 1. In conclusion, since 
oxo- and thiosquaramide maintain their independent assemblies when mixed, 
this approach may be pursued to control the copolymerization of squaramide-
based monomers in water. Moreover, to further understand the formed co-
polymer microstructure through self-assembly, superresolution microscopy 
experiments using the dye-labelled monomers would need to be performed. 
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SUPPORTING INFORMATION 
 

2.6 Materials and methods 

2.6.1 Materials 

All reagents and chemicals were purchased from Sigma Aldrich and Acros 
Organics and used without further purification. Deuterated chloroform was 
obtained from Euriso-top and Milli-Q water was employed for all 
experiments. For the hydrogenation reaction, acetonitrile was dried with 
molecular sieves (3 Å, 20 % w/v), whereas for the thionation reaction 
anhydrous acetonitrile purchased from Sigma Aldrich was employed.  

S2.6.2 Instrumentation   

Compounds were either purified by silica gel column chromatography or on 
X1 flash chromatography system equipped with a C18 column from Grace 
Reveleris using a gradient of H2O/CH3CN. 1H-NMR and 13C spectra were 
obtained on a Bruker (300 MHz) or Bruker DMX-400 (400 MHz). LC-MS 
analysis was performed on a Finnigan Surveyor HPLC system equipped with 
a Gemini C18 50 x 4.60 mm column (UV detection at 254 and 214 nm) 
coupled to a Finnigan LCQ Advantage Max mass spectrometer with ESI. 
Thiosquaramide-containing molecules were detected using wavelengths of 
384 and 228 nm. For the mobile phase, a gradient of 10-90% of CH3CN/H2O 
with 0.1% trifluoroacetic acid over 13.5 minutes was used. MALDI-TOF-MS 
spectra were obtained on a Bruker Microflex LRF mass spectrometer in 
reflection positive mode using α-cyano-4-hydroxycinnamic acid with a laser 
power of 30%. UV-vis measurements were performed on a Cary 300 UV-vis 
spectrophotometer using a quartz cuvette of 1 cm path length. DLS 
measurements were carried out using a Malvern Zetasizer Nano ZS ZEN3500 
equipped with a laser of 633 nm and a scattering angle of 173°. Atomic force 
microscopy (AFM) images were recorded in tapping mode on a Veeco-Bruker 
Multimode AFM with a Nanoscope IIIa controller at room temperature. 
The AFM tips used were Oltespa Opus probes with a reflex aluminium 
coating, with a nominal spring constant of 2 N/m, a nominal resonance 
frequency of 70 kHz and a tip radius of 7 nm. The images were processed 
using Nanoscope software. Fluorescence experiments were recorded on an 
Infinite M1000 Pro Tecan plate reader with a black background 96-well plate. 



 

64 
 

Cryo-TEM images were collected using a Tecnai F12 (FEI Company, The 
Netherlands) equipped with a field emission gun operating at 120 keV using 
a Gatan UltraScan charge-couple device (CCD) camera (Gatan company, 
Germany) with a defocus between −6 and −9 μm. 
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2.6.3 Synthetic schemes 

Synthesis of squaramide-based bolaamphiphiles 
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Synthesis of 3 

1,10-diaminodecane (10 g, 58.03 mmol) was dissolved in DCM (100 mL) and 
cooled down to 0 °C. Benzyl chloroformate (1.65 ml, 11.6 mmol) in DCM 
(200 mL) and added dropwise to a solution of 1,10-diaminodecane over a 
period of 2 h at room temperature prior to being stirred overnight at room 
temperature (RT). Subsequently, 1 M HCl (10 mL) was added to the reaction 
mixture and a white precipitate was formed. The solvent was removed by 
rotary evaporation and the white precipitate was washed several times with 
ethyl acetate. 

Yield: 2.5 g, 69.5 % 1H NMR (300 MHz, CDCl3): δ (ppm)= 7.90 (br s, 3H), 
7.41-7.25 (m, 5H), 5.02 (s, 2H), 3.02-2.95 (m, 2H), 2.79-2.72 (m, 2H), 1.57-
1.50 (m, 2H), 1.42-1.26 (m, 14H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 
156.03, 137.29, 128.29, 127.68, 127.64, 65.01, 40.13, 38.73, 29.35, 28.82, 
28.72, 28.64, 28.46, 26.92, 26.18, 25.76. 

 

 Synthesis of 4 

Undecaethylene glycol methyl ether (0.591 g, 1.11 mmol) was first activated 
with CDI (0.222 g, 1.37 mmol) for 1h at RT (LCMS: t= 4.14 min, m/z: 611.27 
[M+H]+). Subsequently, diisopropylethylamine (DIPEA) (0.4 mL, 2.22 
mmol) and 2 (0.460 g, 1.48 mmol) were added to the reaction mixture and 
refluxed overnight. When the reaction was complete (LCMS: t= 6.7 min, m/z: 
670.5 [M+H]+), the compound was purified by flash chromatography on a C18 
silica column using a gradient of H2O/CH3CN 20-90% over 40 min. The 
solvent was removed in vacuo and the compound was lyophilized and isolated 
as white solid.  

Yield: 0.336 g, 45%, 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.36 – 7.23 (m, 
5H), 5.06 (s, 2H), 4.22 – 4.13 (m, 2H), 3.62 (s, 47H), 3.56 – 3.45 (m, 3H), 
3.35 (s, 4H), 3.13 (t, 5H), 1.47 – 1.39 (m, 4H), 1.25 (s, 13H). 13C NMR (75 
MHz, CDCl3): δ (ppm) = 156.39, 136.73, 128.42, 127.96, 77.62, 77.19, 76.77, 
71.88, 70.52, 70.45, 69.62, 66.40, 63.71, 58.93, 53.49, 41.03, 40.96, 29.88, 
29.34, 29.14, 26.64. LCMS: t= 6.7 min, (m/z): 670.5 [M+H]+ .    
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Synthesis of 5 

4 (0.483 g, 0.55 mmol) was dissolved in dry MeOH (5 mL) and Pd/C (0.029 
g, 0.275 mmol) was added. The round bottom flask was put under argon 
atmosphere and Et3SiH (3.5 mL, 40 mmol) was added dropwise and the 
reaction mixture was stirred overnight at RT. Subsequently, the catalyst was 
removed by filtration over celite and the solvent was removed under a stream 
of N2 gas overnight. The compound was redissolved in CHCl3 (20 mL) and 
3,4-dibutoxy-3-cyclobutene-1,2-dione (0.096 mL, 0.45 mmol) and DIPEA 
(0.195 mL, 1.12 mmol) were added and stirred together overnight at RT. The 
product was purified by flash chromatography on a C18 silica column using a 
gradient of H2O/CH3CN 20-90 % over 40 min. The compound was obtained 
as white solid.  

Yield: 0.346 g, 72.5%,1H NMR (300 MHz, CDCl3) δ (ppm) =6.74 (s, 1H), 
4.71 (q, 2H), 4.20 (m, 2H), 3.71 – 3.49 (m, 44H), 3.36 (s, 3H), 3.13 (m, 2H), 
1.76 (m, 2H), 1.60 (m, 2H), 1.33 – 1.23 (m, 12H), 0.96 (t, 3H). 13C NMR (75 
MHz, CDCl3): δ (ppm) = 159.46, 77.51, 77.08, 76.66, 73.35, 71.90, 70.54, 
69.65, 63.80, 58.72, 44.84, 40.98, 32.00, 29.89, 29.30, 29.12, 29.03, 26.63, 
26.28, 18.62, 13.46. LCMS: t= 6.5 min, (m/z): 867.83 [M+H]+, MALDI: 
(m/z): 889.456 [M+Na]+ .    

 

Synthesis of 1 

5 (0.240 g, 0.277 mmol) was dissolved in CHCl3 (15 mL) and 1,7-
diaminoheptane (0.012 g, 0.129 mmol) and DIPEA (0.063 mL, 0.360 mmol) 
were added to the reaction mixture and refluxed overnight. The compound 
was purified by flash chromatography on a C18 silica column using a gradient 
of H2O/CH3CN 20-90 % over 40 min. The solvent was removed in vacuo and 
the compound was lyophilized and obtained as a white solid. 

Yield: 0.103 g, 46.5%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.84 (s, 1H), 
7.60 (s, 1H), 5.04 (s, 1H), 4.22 (t, 2H), 3.77 – 3.51 (m, 46H), 3.40 (s, 3H), 
3.14 (d, 2H), 1.64 (d, 4H), 1.55 – 1.18 (m, 18H). 13C NMR (75 MHz, CDCl3): 
δ (ppm) = 169.13, 167.20, 158.79, 156.68, 77.44, 77.01, 76.59, 71.91, 70.58, 
70.51, 70.48, 69.73, 63.80, 59.03, 44.77, 41.08, 31.09, 29.93, 29.41, 29.20, 
26.72, 26.39. LCMS: t= 6.48 min, (m/z): 1716.30 [M+H]+,  MALDI: (m/z): 
1736.553 [M+Na]+. 
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Synthesis of 2 

1 (0.061 g, 0.035 mmol) was dissolved in anhydrous acetonitrile (5mL) and 
pentathiodiphosphorus(V) acid-P,P′-bis(pyridinium betaine (0.311g, 0.805 
mmol) was added. The reaction mixture was stirred overnight at RT. After the 
filtration, the compound was isolated by flash chromatography on a C18 silica 
column using a gradient of H2O/CH3CN 30-90 % over 30 min. The compound 
was obtained as a yellow solid.   

Yield: 0.018 g, 30% 1H NMR (500 MHz, CDCl3) δ (ppm) =  8.85 (s, 1H), 8.60 
(s, 1H), 5.02 (s, 1H), 4.23-4.21 (m, 4H), 4.16-4.12 (m, 5H), 3.67-3.54 (m, 
84H), 3.39 (s, 6H), 3.17-3.13 (m, 4H), 1.76-1.68 (m, 7H), 1.52 – 1.24 (m, 
34H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 204.02, 203.57, 170.96, 
170.88, 156.58, 77.37, 77.12, 76.86, 71.89, 70.58, 70.43, 70.38, 70.26, 69.89, 
63.74, 59.12, 44.20, 43.46, 41.16, 40.50, 31.04, 29.98, 29.47, 29.42, 29.31, 
29.17, 26.80, 26.43, 25.51. LCMS: t= 7.43 min, (m/z): 1780.28 [M+H]+

. 
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Synthesis of sulfo-Cy3 and sulfo-Cy5 dye-conjugated squaramide-based 
bolaamphiphiles  
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Synthesis of 6 

5 (0.178g, 0.205 mmol) was dissolved in CHCl3 (10 mL) with 1-boc-1,7-
diaminoheptane (0.071g, 0.308 mmol) and DIPEA (0.107 mL,0.615 mmol) 
and the mixture was refluxed overnight. The compound was isolated by flash 
chromatography on a C18 silica column using a gradient of H2O/CH3CN 20-
90 % over 30 min and was obtained as a yellowish solid.  

Yield: 0.104 g, 50%. 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.29 (s, 1H), 
5.05 (s,1H), 4.71 (s, 1H), 4.19-4.15 (m, 2H), 3.63-3.50 (m, 46H), 3.18 – 2.98 
(m, 3H), 1.83 – 1.70 (m, 1H), 1.64 – 1.53 (m, 3H), 1.45 (s, 9H), 1.32 – 1.20 
(m, 15H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 182.43, 168.05, 156.62, 
77.39, 77.08, 76.76, 73.39, 71.94, 70.57, 69.66, 63.85, 59.02, 44.90, 44.59, 
44.53, 41.03, 32.03, 31.17, 30.90, 30.63, 29.91, 29.36, 29.16, 29.05, 28.73, 
28.47, 26.65, 26.43, 26.31, 18.65. LCMS: t= 6.67min. (m/z): MALDI: (m/z): 
923.587 [M+H-Boc]+, 1045.377, [M+Na]+. 

 

Synthesis of 7 

 O-(2-Azidoethyl)undecaethylene glycol (0.642 g, 1.12 mmol) was dissolved 
in anhydrous MeOH (10 mL) and Pd/C (0.059 g, 0.56 mmol) was added under 
N2 atmosphere. Et3SiH (3.57 mL, 22.4 mmol) was added dropwise to the 
reaction and stirred overnight. Subsequently, the compound was filtered over 
celite to remove the catalyst and the solvent was removed using a gentle 
stream of N2 gas. Subsequently, the residue was redissolved in CHCl3 (10 mL) 
in presence of DIPEA (0.585 mL, 3.36 mmol) and Boc2O (0.404 g, 1.85 
mmol) at room temperature. After 2 h hours, the product was confirmed by 
LCMS (t = 4.76 min, m/z: 545.78 [M+H-Boc]+) and the solvent was removed 
from the oily residue prior to its activation with CDI (0.205 g, 1.23 mmol) at 
RT. After that the formation of the product was confirmed by LC-MS (t= 4.55 
min, 639.17 m/z, [M+H-Boc]+), the mixture was dissolved in CHCl3 (10 mL) 
and the DIPEA (0.390 mL, 2.24 mmol) and N-Cbz-1,10-decanediamine 
(0.457g, 1.49 mmol) were added and refluxed overnight. The final compound 
was purified by flash chromatography on a C18 silica column using a gradient 
of H2O/CH3CN 20-90 % over 35 min and lyophilized. The final compound 
was obtained as a yellowish solid.  

Yield: 50 % 0.483 g, 1H NMR (400 MHz, CDCl3): δ (ppm) =  7.31 – 7.16 (m, 
5H), 4.99 (s, 2H), 4.11 (t, 2H), 3.56-3.42 (m, 66H), 3.54 (s, 11H), 3.23 – 3.18 
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(m, 2H), 3.11-3.01 (m, 4H), 1.42-1.35 (m, 17H), 1.22 – 1.15 (m, 13H). 13C 
NMR (100 MHz, CDCl3): δ (ppm) = 150.98, 77.53, 77.11, 76.69, 70.51, 70.24, 
70.19, 69.64, 66.49, 63.73, 40.99, 29.90, 29.37, 29.17, 28.41, 26.67 LCMS: 
t=7.87 min, (m/z): 878.16 [M+H]+. 

 

Synthesis of 8  

7 (0.410 g, 0.552 mmol) was dissolved in anhydrous MeOH (10 mL) and Pd/C 
was added under an N2 atmosphere. Et3SiH (1.76 mL, 11.04 mmol) was added 
dropwise and the reaction was stirred overnight. When the reaction was 
complete (LCMS: t = 3.65 min, m/z: 546.13 [M+H]+) the compound was 
filtered over celite and the solvent was removed under a gentle stream of N2 

gas. The reaction mixture was dissolved was in CHCl3 (5 mL) and DIPEA 
(0.192 mL, 1.1 mmol,) and squaric ester (0.095 mL, 0.442 mmol) were added. 
The reaction mixture was stirred overnight at RT and the product was purified 
by flash chromatography on a C18 silica column using a gradient of 
H2O/CH3CN 10-90 % over 40 min. The product was isolated as a yellowish 
solid.  

Yield: 60.7 % 0.334 g, 1H NMR (400 MHz, CDCl3): δ (ppm) = 5.18 (s, 1H), 
5.05 (s, 1H), 4.75-4.73 (t, 2H), 4.21-4.20 (t, 2H), 3.76-3.61 (m, 42H), 3.56-
3.53 (m, 2H), 3.42-3.37 (m, 2H), 3.31 (s, 2H), 3.16-3.13 (m, 2H), 1.80-1.77 
(m, 2H), 1.63-1.58 (m, 4H),1.49-1.45 (m, 15H), 1.31-1.28 (m, 12H), 1.00 – 
0.86 (t, 3H) 13C NMR (100 MHz, CDCl3): δ (ppm) = 189.32, 184.23, 182.79, 
177.23, 172.52, 156.43, 156.00, 79.01, 77.56, 77.24, 76.92, 74.25, 73.23, 
70.50, 70.18, 70.13, 69.60, 63.73, 44.80, 40.95, 40.31, 31.98, 31.72, 30.60, 
29.87, 29.32, 29.13, 29.03, 28.39, 26.63, 26.31, 18.61, 18.46, 13.59. LCMS: 
t=7.43 min, (m/z): 895.44 [M+H-Boc]+, MALDI: (m/z): 896 m/z [M+H-
Boc]+. 

   

Synthesis of 9 

6 (0.028 g, 0.030 mmol) was deprotected using trifluoroacetic acid (TFA) (2 
mL) stirring for 20 min at RT. After the removal of the acid using a gentle 
stream of N2 gas, the compound was redissolved in CHCl3 (10 mL), and 8 
(0.024 mmol, 0.027 g) and DIPEA (2 eq, 0.060 mmol, 0.012 mL) were added. 
The mixture was refluxed overnight. The product was purified by flash 



 

72 
 

chromatography on a C18 silica column using a gradient of H2O/CH3CN 10-
90% over 35 min and was obtained as a yellowish solid.  

Yield: 0.0028 g, 50 %, 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.92 (s, 1H), 
7.66 (s, 1H), 4.22 (t, 4H), 3.68 (d, 89H), 3.61 – 3.53 (m, 4H), 3.34 (s, 3H), 
3.16 (m, 6H), 1.65 (m, 7H), 1.49 – 1.25 (m, 49H). 13C NMR (100 MHz, 
CDCl3): δ (ppm) = 182.69, 181.76, 168.98, 167.34, 156.54, 77.38, 77.07, 
76.75, 71.91, 70.57, 70.52, 70.26, 69.70, 63.78, 59.02, 44.73, 43.35, 41.08, 
40.39, 31.19, 29.96, 29.47, 29.27, 29.24, 28.45, 26.75, 26.45, 24.97. LCMS: 
t=6.81 min, m/z: 1745.16 [M+H-Boc]+, MALDI: (m/z): 1865.32 [M+Na]+. 

 

Synthesis of 10  

9 (0.028 g, 0.015 mmol) was dissolved in anhydrous CH3CN (3 mL) and 
pentathiodiphosphorus (V) acid-P,P′-bis(pyridinium betaine (0.133 g, 0.35 
mmol) was added to the reaction mixture and stirred at RT overnight. 
Subsequently, the crude was filtered and purified by HPLC using a gradient 
of 30-90 % H2O/ CH3CN over 30 min. The acetonitrile was removed by rotary 
evaporation and the compound was lyophilized and isolated as a sticky yellow 
solid. Yield: 8 mg 30 % LCMS: t=8.00 min, m/z: 1809.83 [M+H-Boc]+.    

 

Synthesis of 11 

9 (4.52 mg, 0.0023 mmol) was dissolved in TFA (1 mL) to remove the boc-
protecting group and it was stirred for 10 min at RT. When the reaction was 
complete (LCMS: t= 5.77 min, m/z: 1745.27 [M+H]+), the solvent was 
removed by a gentle stream of N2 gas. The compound was redissolved in 
DMSO (1.5 mL) and Et3N (200 µL) were added. Sulfo-Cy3 ester in DMSO 
(0.284 mL, 0.0028 mmol) was added and the reaction mixture was stirred 
overnight at RT. When the reaction was complete (LCMS: t=5.86 min, m/z: 
2345.8 [M+H]+), the solvent was removed by a stream of N2 gas overnight. 
The compound was dialyzed for 2 days to remove the excess of dye, and 
purified by HPLC using a gradient of H2O/CH3CN 10-90 % over 30 min. The 
final compound was obtained as a sticky pink solid and was stored in the dark. 
Yield: 2.28 mg, 43 %, LCMS: t=5.86 min, m/z: 2345.8 [M+H]+. 
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Synthesis of 12 

10 (4.52 mg, 0.0023 mmol) was dissolved in TFA (1 mL) and stirred for 10 
min at RT. When the reaction was complete (LC-MS: t=8.00 min, m/z: 
1809.83 [M+H]+), the solvent was removed by a gentle stream of N2. The 
compound was redissolved in CHCl3 (1 mL) and DIPEA (250 µL) was added. 
Subsequently, sulfo-Cy5 ester in DMSO (0.284 mL, 0.0028 mmol) was added 
and the reaction was stirred at RT for 3 h. When the reaction was complete 
(LCMS: t=6.86 min, m/z: 2435.20 [M+H]+), the solvent was removed 
overnight by a stream of N2 gas. The compound was dialyzed for 2 days to 
remove the excess of dye and HPLC purified using a gradient of H2O/CH3CN 
10-90 % over 30 min. The final compound was obtained as a sticky blue solid 
and was stored in the dark. Yield: 3.77 mg, 65.3 % LCMS: t=6.86 min, m/z: 
2435.20 [M+H]+. 

 

2.6.4 Characterization  
Sample preparation 

Supramolecular polymers 

Monomers 1 and 2 were weighed independently and dissolved in milliQ water 
to obtain a 1 mM concentration of each monomer. Aliquots from the stock 
solutions were taken to prepare solutions at the desired concentration for 
solution phase measurements in water. All samples were equilibrated at RT 
overnight before measurement. 

Supramolecular copolymers  

To prepare supramolecular copolymers, stock solutions of 1 and 2 were first 
prepared independently. Monomer 1 was dissolved in HFIP (1 mM) and 2 in 
THF (1 mM) before removing the solvents using a gentle stream of N2 gas. 
Subsequently, milliQ water was added to both compounds to obtain a final 
concentration of 1 mM for each stock. The solutions were then mixed in an 
equimolar ratio and diluted to the desired concentrations for measurement and 
equilibrated at RT overnight. A similar approach was used to prepare samples 
at different molar ratios.  
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UV-vis spectroscopy 

 UV-vis spectra of 1 and 2 and their copolymers were acquired on solutions 
(30 μM) prepared according to the sample preparation protocol described 
above. UV-vis spectra were recorded from 200-500 nm. Quartz cuvettes with 
a path length of 1 cm were used for measurements involving temperature or 
organic solvents (HFIP, DMSO or THF).   
 
UV-vis titration  

Supramolecular polymers of 1 and 2 (30 µM) were prepared using the 
preparation protocol described above. Monomer 1 (600 µL) was titrated with 
HFIP and 2 (600 µL) was titrated with THF (final volume: 652 µL) and a UV-
vis spectra was recorded after the addition of each aliquot (2 µL) of organic 
solvent. The titration was stopped when a plateau in the absorbance was 
reached for each monomer. The degree of aggregation (⍺agg) was plotted 
against the volume fraction of HFIP or THF in water and the experimental 
data were fitted with the equilibrium model described by Meijer35 and co-
workers and the thermodynamic parameters (∆G ,̊ σ, and m) were obtained in 
Maple software. 

Table S1. Thermodynamic parameters for supramolecular polymerizations of 
1 and 2 

 ΔG° (kJ/mol) m (kJ/mol) σ 
1 -34  270 0.78 
2 -35 200 0.06 
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S2.1 Temperature-dependent UV-vis spectra of 1 (c=30 µM).  

 

 

S2.2 UV-vis spectra of 2 (c=30 µM) in various organic solvents.  
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S2.3 UV-vis titration of 2 (c=30 µM) with HFIP. 
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Critical aggregation concentration (CAC) determination 

A stock solution of 2 (1 mM) was prepared and diluted after overnight 
equilibration. Concentrations between 100 µM and 2 nM were prepared and 
then equilibrated for at least 3h. Each scattering measurement was carried out 
using a disposable DLS cuvette and performed in triplicate. The data was 
plotted using the scattering intensity as a function of log [C]. The critical 
aggregation concentration was then determined from the intersection of the 
two lines drawn through the points collected for the scattering intensities 
collected at the various concentrations.  

 

 

S2.4 Critical aggregation concentration determination of 2 using static light 
scattering. 
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Table S1: Static light scattering data of 1 and 2 in water, THF and HFIP (6 
mM)  

 

 

ζ−potential measurements 

Solutions of 1 or 2 (1 mM) co-assembled with 11 or 12 (2 mol%) were 
prepared according to the protocol described above and equilibrated 
overnight. The samples were transferred to a ζ-potential dip cell prior the 
measurements. 

 

Cryo-transmission electron microscopy (cryoTEM) 

Two stock solutions were prepared by dissolving 1 in HFIP (3 mM) and 2 (3 
mM) in THF. The organic solvents were removed by an N2 stream and 1 was 
rehydrated with water and added to 2 to result in a 1:1 molar ratio and a final 
concentration of 580 µM. The sample was prepared applying 3 µL of the 
supramolecular (co)polymer solutions (5.8 mM) on to a freshly glow-
discharged 300 mesh copper grid with a lacey-carbon support film (Electron 
Microscopy Sciences). 

 

Calculation of persistence length (Pl) and bending rigidity (κ) 

Cryo TEM images were converted in JPEG format and were analyzed by the 
Easyworm software. The fiber contour length was obtained by the 
copolymerization of oxo- and thiosquaramide. According to worm-like chain 
model (WLC), the persistence length was calculated from the mean end-to-
end distance <R2>2D  of 1, 2 and the copolymers obtained  by the 
copolymerization of 1 and 2 exploiting the following equation: 

 Water (kcps) THF (kcps) HFIP (kcps) 

solvent - 1177.1 1506.9 

2 (6 mM) 5077.7 1560.7 14871.5 

1 (6 mM) 3831.6  3563.5 
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Subsequently, the bending rigidity (κ) of the supramolecular polymer fibers 
was determined using this equation: 

 

where Kb is the Boltzmann constant, and T is the temperature expressed in 
K. 

 

Forster resonance energy transfer (FRET) experiments  

A solution of 1 (1 mM) in HFIP with 1 or 2 mol% of 12 was prepared and the 
solvent was removed by N2 gas. Similarly, a solution of 2 (1 mM) in THF with 
1 or 2 mol% of 11 was prepared and the solvent was removed. Water was 
added to both vials to obtain a final concentration of 1 mM for each stock and 
then mixed in an equimolar ratio. Aliquots from the mixed solutions were 
taken to prepare solutions at a 60 µM concentration and left to stand overnight. 
Fluorescence spectra were recorded using an Infinite M1000 Pro Tecan 
plate reader, using an excitation wavelength of 550 nm 
and measuring fluorescence emission from 570 to 800 nm. 
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1H NMR spectra  
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S2.6  1H NMR spectrum of 1 in D2O (6 mM) 

S2.5 1H NMR spectra of 1 (6 mM) in HFIP-d2 
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Atomic force microscopy (AFM) 

Solutions of 2 (30 µM) were independently prepared in H2O, THF and HFIP 
and equilibrated overnight. An aliquot (25 μL) from each of these solutions 
was pipetted on a cleaved mica surface and dried overnight at RT before the 
measurements. The obtained AFM images were analyzed using the 
Nanoscope software. 

 

 

 

 

 

 

 

 

 

 

 

 

S2.9 AFM micrographs (height and amplitude) of 2 in water, THF and HFIP (15 µM), scale 
bar: 1 µm). 
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CHAPTER 3 
 

Tripodal acids as building blocks for the Ugi 
multicomponent reactions 
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3.1 Abstract 

Trigonal molecules have found broad application as scaffolds in the fields of 
supramolecular, coordination and catalysis chemistry. However, their 
synthesis often requires multistep reactions to obtain the designed monomer. 
To expedite the synthesis of trigonal molecules, multicomponent reactions 
provide a viable approach to obtain functional molecules with high structural 
diversity and yield in a single step. The Ugi reaction is a multicomponent 
reaction involving an isocyanide, amine, carboxylic acid and aldehyde or 
ketone that generates an α-acetamido carboxamide or peptide-like bond that 
can analogously be seen in numerous supramolecular structures. In this 
chapter, the use of different acidic tripodal cores based on nitrilotriacetic or 
squaric acids are examined in the multicomponent Ugi reaction to prepare 
trigonal scaffolds. Modulation of the amine and isocyanide components and 
their respective concentrations and the reaction temperature were probed for 
their efficiency to obtain the trisubstituted product. Reaction of nitrilotriacetic 
acid with ammonium carbonate resulted in a mixture of mono-, di- and 
trisubstituted compounds emphasizing the need for a stable imine to be formed 
to yield the desired trisubstituted compound. In contrast, the use of a tripodal 
squaric acid with a primary amine, defined reagents concentration, increased 
temperature and longer reaction times resulted in the preferential formation of 
the trisubstituted product over mono- and disubstituted compounds.  
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3.2 Introduction 

Trigonal conjugates, including -symmetric, tripodal and triskelion systems, 
play an important role in biological processes1 found in Nature. In 
endocytosis, clathrin that regulates cellular uptake of membrane proteins and 
neurotransmitters through the formation of coated vesicles, is a triskelion 
protein with three heavy chains and three light chains.2 Trigonal scaffolds 
have been also exploited in synthetic molecules for several applications in 
homogeneous catalysis,3 coordination and supramolecular chemistry.4, 5 
Tripodal ligands have a higher chelating effect towards ions and tunable 
selectivity that can be modulated according to the bulkiness of the arms in 
comparison to receptors that are bi- or monopodal.6 Additionally, when C3-
symmetric scaffolds are used as cores for supramolecular monomers, they 
show enhanced ability to self-assemble into supramolecular polymers when 
put against their C2-symmetric counterparts.7, 8 More specifically, a widely 
exploited core is based on benzene-1,3,5-tricarboxamide (BTA) that benefits 
from hydrogen bonding and π-π interactions to form supramolecular polymers 
with helical character when chiral substituents are used.8, 9 This core has 
provided tremendous insight into the monomer features required for 
polymerization and its control in a range of media.9 However, in order to 
achieve monomer with specific function, C3-symmetric and tripodal building 
blocks usually require several reaction steps to obtain a designed monomer,9 
thus efficient synthetic approaches are necessary to expedite their preparation 
for a broad range of applications. 

Multicomponent reactions are a class of reactions used to construct functional 
molecular scaffolds in a high yielding (70-90%), selective and rapid manner, 
often being performed in one pot.10, 11 Compounds with high structural 
diversity can be obtained in a minimum number of synthetic steps, and have 
been used to generate libraries for assessing structure activity relationships 
(SARs) of therapeutics in the drug discovery pipeline.12 One important 
multicomponent reaction is the four component Ugi reaction that involves the 
use of an isocyanide, aldehyde/ketone, carboxylic acid, and amine to generate 
α-acetamido carboxamides.11, 13,14 In the Ugi mechanism, condensation of the 
amine with the aldehyde first occurs. This step is critical for the formation of 
the final product and to increase the yield of the reaction. Subsequently, proton 
transfer from the carboxylic acid to imine occurs, followed by its reaction with 
the terminal carbon of the isocyanide yielding the nitrilium ion. The 
carboxylate then participates in a second nucleophilic addition on the nitrilium 
ion forming an imidate derivative prior to an irreversible Mumm 
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rearrangement that drives the reaction and determines the structure of the final 
Ugi products. Because of the commercial availability of hundreds of amines, 
aldehydes, and carboxylic acids, a large number of Ugi-end products are 
synthetically feasible opening the door for use in numerous applications.15   

 

General Scheme Ugi reaction 

Several factors have been identified to steer the outcome of the Ugi reaction 
such as the type of solvent, chosen amine and carboxylic acid, the overall 
reactant concentrations and temperature. Notably, the solvent plays a critical 
role in the Ugi reaction; polar and protic solvents such as MeOH or TFE are 
often used because of their capacity to stabilize the polar intermediates of the 
reaction. The choice of amine and carboxylic acid component can also play 
an important role in the formation and stabilization of the imine. If the chosen 
amine is not nucleophilic enough, a low Ugi product yield is obtained. 
Moreover, the presence of a strong acid in the reaction mixture is also critical 
to increase the electrophilic character of the imine through its protonation for 
the formation of the subsequent intermediates and to ensure a high yield.16 
Additionally, the reactivity of carbonyl group is critical as aromatic and 
aliphatic aldehydes react more readily in the Ugi reaction than aliphatic and 
aromatic ketones.17 Importantly, these factors have often been explored in the 
context of monofunctional adducts, however execution of two or more Ugi 
reaction on the same acid have been examined to a lesser extent.18-22 In a recent 
work, Dehghan and co-workers successfully introduced trimesic acid as the 
acid component of Ugi reaction for the synthesis of novel C3-symmetric 
peptide-based molecules.23 Additionally, squaric acids have been reported for 
their use in the Ugi reaction to yield bifunctional squaramide adducts for use 
in medicinal chemistry.22 Because of the broad utility of tripodal cores in 
supramolecular chemistry,24 we became interested to examine the feasibility 
of using the Ugi reaction to generate tripodal scaffolds based on peptide-like 
amide and squaramide bonds starting from nitrilotriacetic and squaric acid.  
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In our research group, we are particularly interested in the use of squaramides 
in supramolecular systems. Squaramides are ditopic supramolecular synthons 
that form strong hydrogen bonds by synergizing with a gain in aromatic 
character of the cyclobutenedione ring on self-assembly.25, 26 They have been 
exploited in the organocatalysis27, 28 and anion receptor field.29-33 Previously, 
we investigated the self-assembly of squaramide-based bolaamphiphiles into 
supramolecular polymers through hydrogen bonding and hydrophobic 
interactions in water.34 In a follow up work, we studied the ability of a small 
family of tripodal squaramide-based monomers to gelate water and to 
encapsulate stem cells in 3D for their culture.35 We herein examine the use of 
nitrilotriacetic or trisquaric acids in combination with various Ugi components 
to establish the optimal conditions for this multicomponent reaction to prepare 
a range of tripodal scaffolds for supramolecular assembly. 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 General synthetic route to synthesize tripodal compounds by the multicomponent 
Ugi reaction involving benzaldehyde, ammonium carbonate or 2,4-dimethoxybenzylamine as 
the amine component, nitrilotriacetic acid or trisquariCACid as the acid component and 
oligo(ethylene glycol) chains containing isocyanide. 4CR = four component reaction.   
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3.3 Results and discussion 

Because various reaction parameters can influence the outcome of Ugi 
reaction as described above, their contribution on the preparation of tripodal 
building blocks for applications in supramolecular chemistry will be 
evaluated. Since the aim is to prepare a tripodal monomer that is primed for 
self-assembly in water, the designed Ugi monomers were amphiphilic in 
character with sufficient hydrophilic and hydrophobic domains and hydrogen-
bonding or π-π stacking interactions through intermolecular interactions 
between amide or squaramide in the hydrophobic domain (Figure 3.1). The 
hydrophilic domains consist of oligo(ethylene glycol) chains that either have 
a directly coupled isocyanide or a variable number of methylene units (n = 1, 
2, 3, 4). To introduce units that either π-stack or provide hydrogen bonds in 
addition to the trigonal geometry to the monomer through Ugi reaction, 
tripodal acids such as nitrilotriacetic (pKa1 = 3.03, pKa2 = 3.07, pKa3 = 10.70) 
and the more acidic squaric acid (pKa1 = 0.54, pKa2 = 3.48) were used. 
Specifically, the use of a strong acid plays a determining role in the formation 
of the imine and subsequently, the Ugi reaction product. Additionally, to 
prepare the Ugi tripodal molecules, aldehyde and amine components are 
necessary and thus a range of these components was tested. This chapter has 
been organized according to the two tripodal cores (nitrilotriacetic acid (3.3.1) 
and squaric acid (3.3.2)) and the capacity to form the trisubstituted reaction 
products was examined varying the reaction conditions and the components 
such as aldehyde (3.3.1.1 and 3.3.2), the isocyanide (3.3.3) and the amine 
(3.3.4). 
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3.3.1 Use of a nitrilotriacetic acid core  

In a first step, nitrilotriacetic acid was selected as a tripodal core to 
provide three peptide-like bonds after the Ugi reaction. The nitrilotriacetic 
acid core was combined with ammonium carbonate, benzaldehyde and 
oligo(ethylene glycol) isocyanide (OEG2, OEG3, OEG4) under different 
reaction conditions to obtain the Ugi product. Ammonium carbonate was used 
as the source of the amine to avoid an additional deprotection step after the 
Ugi reaction. The use of ammonium carbonate was previously used by the 
group of Abbas and coworkers36 in the synthesis of selenocysteine peptides. 
Oligo(ethylene glycol) isocyanides were prepared starting from 
oligo(ethylene glycol) (OEG2, OEG3, OEG4) that after reaction with tosyl 
chloride were converted in phthalimide derivatives in the presence of 
potassium phthalimide. Subsequently, treatment with hydrazine monohydrate 
provided the oligo(ethylene glycol) amine derivatives which were  
quantitatively formylated using ethyl formate. The isocyanides were isolated 
in high yield (90%) by the reaction of the formylated oligo(ethylene glycol)s 
with POCl3.  

The Ugi reaction at 55 °C with the above components (entry 1, Table 
1) using an isocyanide concentration of 0.2 M resulted in a mixture of di- (d) 
and tri-substituted (t) products. In order to increase the yield of the 
trisubstituted product, the equivalents of isocyanide, ammonium carbonate, 
benzaldehyde and isocyanide were varied. The products and yields of each 
reaction was determined by LCMS.  
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3.3.1.1 Modulation of the component ratios and concentration of 
isocyanide 

In this section, the number of equivalents and concentration of isocyanide and 
the other components on the final product distribution of the Ugi reaction were 
examined (Table 1, entries 1-7).  
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 Scheme 1 

Table 1 Selected entries for the Ugi reaction conditions with 
nitrilotriacetic acida 

aReaction conditions: nitrilotriacetic acid (0.05 mmol), isocyanide ((OEG)nNC), benzaldehyde, 
ammonium carbonate in TFE at 55 °C, overnight. b The reaction conditions were designed 
considering the concentration of isocyanide in the reaction mixture. The addition of the solvent 
was modified accordingly to obtain a specific concentration of isocyanide in the reaction 
mixture. *The yields were determined by LCMS. t = trisubstituted, d = disubstituted, m = 
monosubstituted, NO = not observed, R-N≡C: isocyanide, BA: benzaldehyde, (NH4)2CO3: 
ammonium carbonate. 

Entry R-N≡C 
(eq) 

BA  
(eq) 

(NH4)2CO3 

(eq) 
R-N≡C b 

[M] OEG  Yield* 

            t  
(%) 

d 
(%) 

m 
(%) 

1 10.0 5.0 5.0 0.2 OEG3 10 90 NO 
2 7.0 5.0 5.0 1.0 OEG3 83 17 NO 
3 10.0 10.0 10.0 1.0 OEG3 72 28 NO 
4 10.0 10.0 7.5 1.0 OEG3 72 28 NO 
5 10.0 5.0 5.0 1.0 OEG4 52 48 NO 
6 10.0 5.0 5.0 0.2 OEG4 48 52 NO 
7 10.0 5.0 5.0 1.0 OEG2 86 14 NO   
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The concentration of the reagents determines the outcome of an Ugi 
reaction, with higher reagent concentrations resulting in increased yields.17  
While most Ugi reaction conditions are based on a (near-) equimolar 
distribution of the four components, we opted for an excess of isocyanide (10 
eq) because of its known instability in acidic conditions37-39 and tendency to 
polymerize.40 The Ugi reaction was performed by first mixing benzaldehyde 
with ammonium carbonate (5 eq) at 0 °C for 30 min resulting in imine 
formation, followed by the addition of nitrilotrisquaric acid and OEGn-NC (n 
= 2, 3, 4). As shown in Table 1 (entry 1), the nitrilotriacetic acid core in the 
presence of a 0.2 M concentration of isocyanide OEG3 (10 eq) yielded 
predominantly the disubstituted product (90%), compared to the trisubstituted 
compound (10%). Performing the reaction at 1 M (entry 2) and reducing the 
number of isocyanide equivalents (7 eq) resulted in a higher yield of the 
trisubstituted compound (83%). These results confirmed the importance of the 
isocyanide component concentration on the Ugi reaction with entry 2 
displaying the most favorable product distribution. To further optimize the 
formation of the desired trisubstituted compound, an excess of ammonium 
carbonate and benzaldehyde at a 1 M isocyanide concentration were used 
(entries 3, 4) resulting in the trisubstituted compound (72%) as the main 
product.  

To further extend the library of supramolecular monomers with the 
nitrilotriacetic acid core, the length of the oligo(ethylene glycol) was varied. 
Using the successful conditions of entry 2, the Ugi reaction was performed 
with OEG4-NC using fewer equivalents of ammonium carbonate (5.0 eq, entry 
5). A comparable amount of di- and trisubstituted compounds were observed 
even though being performed at different isocyanide concentrations (0.2 and 
1 M) (entries 6-7). On extending these conditions to the OEG2-NC derivative 
(entry 7), the most optimal tri- and disubstituted product ratio in this study was 
obtained (tri-/di-substituted product ratio = 6:1). Moreover, when comparing 
entries 5 and 7, an effect of the oligo(ethylene glycol) chain length was 
observed on the reaction yield. This result suggests that the difference in 
solubility of the OEG isocyanides in the reaction medium have a significant 
influence on the formation of the trisubstituted product, with the shortest chain 
length OEG2 showing the highest yield. In conclusion, the solubility, 
equivalents and concentration of the reaction components are critical for the 
success of the tripodal Ugi product.  
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3.3.1.2 Examination of reaction scope with varying the aldehyde 
component 

The use of various aromatic aldehydes to prepare tripodal compounds were 
further examined in the Ugi reaction. Benzaldehyde (1) was compared against 
phenylacetaldehyde (2) or 2-naphthaldehyde (3), because of their increased 
aliphatic character and number of aromatic rings, respectively, for their ability 
to effect the efficiency or product distribution in the Ugi reaction. The water 
soluble oligo(ethylene glycol) isocyanide with three repeats units OEG3 (10 
eq) was used in combination with ammonium carbonate and nitrilotriacetic 
acid (5 eq) (Table 2, entries 10-15). 
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Table 2 Selected entries for the Ugi reaction with nitrilotriacetic acid 
and different aldehydesa  

aReaction conditions: nitrilotriacetic acid (0.05 mmol), isocyanide ((OEG)3NC), (0.5 mmol), 
ammonium carbonate (0.25 mmol) and different aldehydes (0.25 momol) in TFE at 55 °C, 
overnight. bThe reaction conditions were designed considering the concentration of isocyanide 
in the reaction mixture. The addition of the solvent was modified accordingly to obtain a 
specific concentration of isocyanide in the reaction mixture. *The yields were determined by 
LCMS. t = trisubstituted, d = disubstituted, m = monosubstituted, NO= not observed, R-N≡C: 
isocyanide. 

              The tripodal compound was predominantly formed (77%) with 
benzaldehyde at 1 M isocyanide concentration. Conversely, a 0.2 M 
isocyanide concentration (entry 9) resulted in the disubstituted compound 
(70%) as the major product, confirming again the importance of concentration 
in the outcome of Ugi reaction.  

Using similar reaction conditions developed for benzaldehyde as 
described above, its substitution with phenylacetaldehyde or 2-
naphthaldehyde were explored (entries 10-15). The exclusive formation of the 
monosubtituted compound was observed when performing the Ugi reaction at 
a 1 M isocyanide concentration with 2 or 3 (entry 10 – 11). The same result 
was obtained when the reaction was carried out at a 2 M isocyanide 
concentration (entry 12-13). In contrast, Aknin and coworkers previously 
demonstrated that using a 0.1 M concentration of isocyanide the most optimal 
yield was obtained for bivalent compounds originating from squaric acid on 
several parameters including concentration, temperature and various 
solvents.22 However, the exclusive formation of monosubstituted compound 
was still observed after executing the Ugi reaction with 2 or 3 using 0.1 M 

      R-N≡C  
   [M] b Aldehyde  Yield* 

  Entry 

      m (%) d (%) t (%) 
8 1.0 1 NO 23 77 
9 0.2 1 NO 70 30 

10 1.0 2 100 NO NO 
11 1.0 3 100 NO NO 
12 2.0 2 100 NO NO 
13 2.0 3 100 NO NO 
14 0.1 2 100 NO NO 
15 0.1 3 100 NO NO 
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isocyanide, (entries 14 and 15). One plausible explanation for the exclusive 
formation of the monosubtituted compound is the increased size of 
phenylacetaldehyde or 2-naphthaldehyde relative to benzaldehyde. As most 
Ugi reactions are performed only once on a particular molecular scaffold, 
sterics may not play an obvious role in their formation. However, sterics has 
been demonstrated by Rivera et al. to influence the Ugi reaction of a third 
substituent in tripodal peptide-podands.41 Based on our findings, the size of 
the aromatic aldehyde is pivotal for the success of Ugi reaction using tripodal 
acidic cores. Hence, in the subsequent reaction conditions, benzaldehyde was 
further used as the aldehyde component.  
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3.3.2 Examination of the Ugi reaction on a tripodal squaric acid 
core 

In the last decade, the squaramide synthon has been explored in the 
field of supramolecular chemistry for its ability to form very strong hydrogen 
bonds with a wide range of substrates.24 As demonstrated through DFT 
calculations and NICS (Nuclear Independent Chemical Shift), this peculiar 
property is due to the delocalization of π electrons inside the cyclobutenedione 
ring that confers and increase in aromatic character at the squaramide 
moieties.42, 43 Squaric acid has been used as building block for the Ugi 
reaction22 and differs from nitrilotriacetic acid not only for the presence of 
cyclobutenedione moieties that provide distinct non-covalent interactions 
through their π-surface but also for its stronger acidity. Squaric acid has pKa 
values similar to sulfuric acid (pKa1 = 0.54, pKa2 = 3.48) is due to the formation 
of dianonic resonance chemical structures26 as demonstrated by 17O NMR 
spectroscopy. In the Ugi reaction, the strength of the acid plays an important 
role in the stabilization of iminium ion resulting in higher yields and faster 
reaction times.17 To further examine the potential of an alternative tripodal 
core for the Ugi reaction and to gain access to new supramolecular scaffolds, 
a trisquaric acid core was synthesized. The TREN core was reacted with an 
excess of squaric ester, and successively treated with concentrated HCl 
solution in dioxane giving rise to the product quantitatively (3.6.2, Scheme 
S.2, SI). 
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 Scheme 3 

Table 3 Selected entries for the Ugi reaction conditions with trisquaric 
acid and different aldehydesa 

Entry R-N≡C 
[M] b Aldehyde 

Reaction  
temperature 

(oC) 
OEG  Yield* 

          t (%) d (%) m (%) 
16 0.02 1 55 OEG3 NO 100 NO 
17 0.5 1 55 OEG3 71 29 NO 
18 1.0 1 55 OEG3 66 34 NO 
19 2.0 1 55 OEG3 43 57 NO 
20 1.0 4 RT OEG4 NO NO NO 
21 1.0 1 RT OEG4 44 56 NO 
22 1.0 4 55 OEG4 NO NO NO 

aReaction conditions: trisquaric acid (0.02 mmol), isocyanide ((OEG)3NC or (OEG)4NC), (0.2 
mmol), ammonium carbonate (0.1 mmol) and benzaldehydes or formaldehyde (0.1 momol) in 
TFE at 55 °C or RT, overnight. b The reaction conditions were designed considering the 
concentration of isocyanide in the reaction mixture. The addition of the solvent was modified 
accordingly to obtain a specific concentration of isocyanide in the reaction mixture. *The yields 
were determined by LCMS. t = trisubstituted, d = disubstituted, m = monosubstituted, NO= not 
observed, R-N≡C: isocyanide. 

 
  

Reaction conditions that favoured the trisubstituted (77%) over the 
disubstituted (29%) product for nitriloacetic acid (entry 8) were used as a 
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starting point for the reaction with trisquaric acid. Furthermore, the use of 
different isocyanide concentrations (0.02-2 M), reaction temperature (RT) and 
type of aldehyde (benzaldehyde or formaldehyde) were explored (Table 3, 
entries 16-19). In brief, the Ugi reaction with trisquaric acid was carried out 
mixing ammonium carbonate with benzaldehyde for 30 min at 0 °C (5 eq), 
followed by the addition of trisquaric acid and OEG3-NC or OEG4-NC (10 
eq). The trisubstituted product was not observed at an isocyanide 
concentration of 0.02 M (entry 16), while it is the major product at 0.5 and 1 
M (entries 17-18, 71%) and its further increase to 2 M favoured the 
disubstituted product (57 %).  

In an attempt to remove the stereocenters from the tripodal structure, 
the Ugi reaction was performed with formaldehyde instead of benzaldehyde 
(entries 20 and 22). Performing the reaction at RT and at 55 °C in the presence 
of formaldehyde, no products were observed. The failure of the reaction with 
formaldehyde is likely due to the instability of iminium ion that is generated 
in the first step of the reaction and prevents the subsequent steps. Previously, 
to facilitate the coupling to the squaric core, all the Ugi reactions were carried 
out at 55 °C, but in the entry 21, the effect of the reaction temperature was 
examined. Specifically, the reaction in the presence of benzaldehyde was 
performed at RT instead of 55 °C. Comparing the entries 18 and 21, the yield 
of trisubstituted compound at RT (44%) is significantly lower compared to the 
reaction at 55 °C (66%). In conclusion, the use of a stronger acid (squaric 
acid), higher reaction temperature (55 °C), higher isocyanide concentration (1 
M) and aromatic aldehyde is critical to promote the trisubstituted Ugi product, 
thereby minimizing the formation of the mono- and disubstituted species. 

  



 

98 
 

3.3.3 Use of an amphiphilic isocyanide component 

To further extend the library of Ugi products that can be used as 
supramolecular scaffolds, an aliphatic-oligo(ethylene glycol) amphiphile 
isocyanide was prepared. In contrast to the synthesis of (OEG)3-NC, overnight 
reaction was required to prepare aliphatic-oligo(ethylene glycol) amphiphiles 
(C8(OEG)3NC, 80-90% yield). In brief their synthesis consisted of the 
activation of triethylene glycol with 1,1’-carbonyldiimidazole (CDI), 
followed by its coupling with mono Cbz-protected 1,8-octanediamine. In situ 
hydrogenation with triethylsilane and Pd/C was performed to remove the Cbz 
protecting group. The primary amine was successively formylated using ethyl 
formate and the final amphiphile isocyanide was isolated by the reaction with 
POCl3. Inspired by the findings of our previous work,35 where the right 
balance between the hydrophilic and hydrophobic domains in the molecular 
structure of tripodal squaramide monomers were pivotal for their self-
assembly, an aliphatic spacer of 8 carbons was used. Once the isocyanide was 
obtained, the Ugi reaction was executed starting with the reaction of 
ammonium carbonate and benzaldehyde at 0 °C to form the imine, followed 
by squaric acid and C8(OEG)3NC. 
 
Starting from previous entries (entries 18-19) where an isocyanide 
concentration of 0.5 and 1 M and heating of the reaction mixture to 55 °C were 
necessary to promote the formation of trisubstituted squaramide product, an 
isocyanide concentration (C8OEG3-NC) from 0.1 to 2 M was screened (Table 
4, entries 23- 25, 27). 
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Scheme 4 

Table 4 Selected entries for the Ugi reaction with trisquaric acid and 
various isocyanidesa 

aReaction conditions: trisquaric acid (0.02 mmol), isocyanide (C8(OEG)3NC or (OEG)4NC), 
(0.2 mmol), ammonium carbonate (0.1 mmol) and benzaldehydes or formaldehyde (0.1 momol) 
in TFE or MeOH at 55 or 80 °C and in presence of triethylamine (0.1 mmol), overnight. b The 
reaction conditions were designed considering the concentration of isocyanide in the reaction 
mixture. The addition of the solvent was modified accordingly to obtain a specific concentration 
of isocyanide in the reaction mixture. *The yields were determined by LCMS. t = trisubstituted, 
d = disubstituted, m = monosubstituted, NO = not observed, R-N≡C: isocyanide, conc.: 
concentration. 

Entry 
Triethyl 
amine 
(eq) 

R-N≡C   
 [M]b Solvent      R-N≡C   

Reaction 
temperature 

(oC) 
Yield* 

           t 
(%) 

d 
(%) 

m 
(%) 

23 0.0 1.0 TFE C8(OEG)3NC 55 22 49 29 
24 0.0 0.5 TFE C8(OEG)3NC 55 32 52 16 
25 0.0 0.1 TFE C8(OEG)3NC 55 45 55 NO 
26 0.0 0.5 TFE C8(OEG)3NC 80 25 51 24 
27 0.0 2.0 TFE C8(OEG)3NC 55 12 27 62 
28 5.0 0.5 TFE C8(OEG)3NC 55 NO NO NO 
29 5.0 0.5 MeOH (OEG)4NC 55 NO NO NO 
30 5.0 0.5 TFE (OEG)4NC 55 NO NO NO 
31 5.0 0.5 MeOH C8(OEG)3NC 55 NO NO NO 
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A significant amount of mono- and disubstituted products were observed in 
this concentration range of isocyanide. Further increasing the isocyanide 
concentration (1 and 2 M), resulted in the preferential formation of mono and 
disubstituted compounds. This concentration screen pointed out that an 
isocyanide concentration of 0.1 M yields the highest amount of trisubstituted 
product (45%) (entry 25). Further increasing the reaction temperature to 80 °C 
(entry 26), decreased the amount of trisubstituted product formed with the 
mono- and disubstituted products as the predominant species (m = 24% and d 
= 51%, respectively). In the synthesis of tripodal peptide-peptoid podands as 
reported by Rivera41 and coworkers, triethylamine was used to promote the 
formation of the iminium ion when starting from amines as their 
hydrochloride salts. Therefore, triethylamine (5 eq) was added to the Ugi 
reaction with 0.5 M isocyanide (entries 28-31) using a reaction temperature of 
55 °C, but no product was formed. Further changing the solvent (MeOH) and 
the type of isocyanide ((OEG)4NC), also did not yield any product formation. 
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As the formation of the iminium ion in the Ugi reaction determines the success 
and the yield of reaction, conditions that further can encourage its formation 
when using amphiphilic isocyanides were probed (entries 32-36, Table 5). 
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Scheme 5 

Table 5 Selected entries for the Ugi reaction with trisquaric acid and 
different reaction times for the imine formation stepa. 

aReaction conditions: trisquaric acid (0.02 mmol), isocyanide ((OEG)4NC), (0.2 mmol, 0.5 M), 
ammonium carbonate (0.1 mmol) and benzaldehyde (0.1 momol) in TFE at 55 °C and with 
pTSA for different reaction times in the imine formation step, overnight. bThe reaction 
conditions were designed considering the concentration of isocyanide in the reaction mixture. 
The addition of the solvent was modified accordingly to obtain a specific concentration of 
isocyanide in the reaction mixture. *Yields were determined by LCMS. t = trisubstituted, d = 
disubstituted, m = monosubstituted, NO = not observed, R-N≡C: isocyanide. 

Entry R-N≡C   
(eq) b 

pTSA 
(eq) 

Length of 
imine 

formation 
step 

(min) 

Reaction 
temperature 

(oC) 
 Yield* 

          t (%) d (%) m (%) 
32 10 0.0 120 0->55 26 54 20 
33 10 0.0 120 RT->55 23 36 41 
34 5 0.0 30 0->55 11 26 63 
35 10 1.0 30 0->55 30 48 22 
36 10 3.0 30 0->55 23 43 34 
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The reaction time used to form the iminium ion prior to the addition 
of the other components was 30 min at 0 °C. Extension of the reaction time 
up to 2 h did not further increase the yield of the trisubstituted product (entry 
32). When the imine reaction step was carried out at RT (entry 33) based on a 
previous study by Aknin and coworkers,22 an increased formation of 
monosubstituted compound was observed alongside the trisubstituted product 
in comparison to starting at 0ºC (entry 32).  

 
To further optimize the yield of the reaction, decreasing the number 

of equivalents of isocyanide (5 eq) with at a concentration of 0.5 M was 
examined (entry 34). The importance of an excess of isocyanide on the success 
of the reaction was highlighted, as an increased yield of the monosubstituted 
compound (63%) was observed. Subsequently, the effect of adding the 
Brønsted acid catalyst p-toluensulfonic acid (pTSA) after the imine formation 
was examined to increase the yield of the reaction. 17,44, 45 The acid plays a 
pivotal role in the Ugi reaction mechanism because it increases the 
concentration of the imine ion in the reaction mixture.17 Hence, pTSA (1 or 3 
eq) was used to protonate the acid and to facilitate the formation of a imine 
ion after the addition of squaric acid (entries 35 and 36). While the use of 1 eq 
of pTSA slightly increased the yield of the trisubstituted compound (23-30%), 
the addition of more equivalents (3 eq) increased the amount of mono- and 
disubstituted compounds. Hence, extending the reaction time to form the 
iminium ion, increasing the reaction temperature and concentration of the 
reagents did not result in an increase in yield of the trisubstituted compound. 
The use of triethylamine was detrimental for the reaction with the lack of 
product being formed. In contrast, the addition of low amounts of pTSA (1 
eq) resulted in the formation of the trisubstituted Ugi compound.  
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3.3.4 Modulation of the amine components 
 
Earlier the use of ammonium carbonate as the amine component provided a 
low yield of the trisubstituted Ugi product (entries 23-27). This result is most 
likely due to the formation of an unstable imine. It was previously reported by 
Kazmaier and coworkers that when ammonia is used in the Ugi reaction, a 
side reaction can result to form a semiaminal.46 This product can be formed 
when a second reaction occurs with ammonia instead of the isocyanide on the 
iminium ion. Thus, to prevent the formation of the semiaminal, 2,4-
dimethoxybenzylamine was used.47, 48 Additionally, the use of this amine has 
advantages in the purification step, as it can be easily removed from the 
product under acidic conditions.49-51  To further promote the formation of the 
trisubstituted product, an excess of the isocyanide (10 eq C6-OEG-NC) at a 
0.5 M concentration was used (entry 37). An excess of disubstituted 
compound was observed (42%) in comparison to the trisubstituted compound 
(58%). To further enhance the formation of the trisubstituted compound, 
pTSA was added. However, using 1 equivalent of pTSA (entry 40), no 
significant improvement in the yield of trisubstituted compound was observed 
when compared against reaction in absence of pTSA (entry 39). Moreover, 
further increasing the equivalents of pTSA was detrimental for product 
formation (entry 41). Decreasing the amount of isocyanide (from 10 eq to 5 
eq) with 1 eq of pTSA, showed a slight improvement in the yield of the 
trisubstituted product (58%), in contrast to the disubstituted compound (48%). 

         Finally, to extend the library of the supramolecular monomers, the use 
of butyraldehyde was further examined. Unfortunately, no reaction was 
observed under the same conditions (entry 38). This result is likely due to the 
decreased stability of the imine formed by aliphatic aldehyde as compared to 
benzaldehyde.  
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Table 6 Selected entries for the Ugi reaction with trisquaric acid and 
primary aminea 

aReaction conditions: trisquaric acid (0.02 mmol), isocyanide ((C8OEG)4NC, 0.5 M), (0.2 
mmol), 2,4-dimethoxybenzylamine  (0.1 mmol) and benzaldehydes or butyraldehyde (0.1 
momol), with pTSA in TFE at 55 °C overnight. bThe reaction conditions were designed 
considering the concentration of isocyanide in the reaction mixture. The addition of the solvent 
was modified accordingly to obtain a specific concentration of isocyanide in the reaction 
mixture. *Yields were determined by LCMS. t = trisubstituted, d = disubstituted, m = 
monosubstituted, NO = not observed, R-N≡C: isocyanide. 

 
 

Entry R-N≡C    
(eq) b 

PTSA 
(eq)  Aldehyde R-N≡C    

type  Yield* 

          t (%) d (%) m (%) 

37 10.0 0.0 1 C8OEG3 58 42 NO 

38 10.0 0.0 5 C8OEG3 NO NO NO 

39 10.0 0.0 1 C6OEG3 42 57 NO 

40 10.0 1.0 1 C6OEG3 45 55 NO 

41 10.0 3.0 1 C6OEG3 27 73 NO 
42 5.0 1.0 1 C6OEG3 58 48 NO 
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Based on previous improvements of the Ugi reaction yield in the formation of 
the trisubstituted product (entries 43-49, Table 7), the number of equivalents 
of isocyanide and the reaction time for the imine formation was investigated 
(Scheme 7). A decrease in the isocyanide, benzaldehyde and amine 
components from 5 to 3.5 eq (entry 44) favoured the disubstituted compound 
(65%). Moreover, the addition of 1 eq of pTSA did not improve the yield of 
the trisubstituted compound (entry 45). Consequently, the effect of the 
reaction time to prepare the imine was further investigated. Increasing the 
reaction time from 30 min to 2 h, was found to slightly favor the formation of 
trisubstituted compound (31%, entry 46). In entries 47 and 48, an additional 
decrease in equivalents of the other components did not increase the 
trisubstituted product. The use of 5 eq of isocyanide, benzaldehyde, and 2,4-
dimethoxybenzylamine with 1 eq of pTSA and an increased reaction time for 
imine formation, showed nearly full conversion to the trisubstituted product 
(79%) with a considerable reduction in the disubstituted product formed. 
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Table 7 Selected entries for the Ugi reaction with trisquaric acid and 
different reaction times for imine formation 

 

 

 

 

 

 

 

 

 

 

aReaction conditions: trisquaric acid (0.02 mmol), isocyanide ((C6OEG)4NC or C8OEG)4NC, 
0.5 M), 2,4-dimethoxybenzylamine (0.1 mmol) and benzaldehyde (0.1 momol), in presence of 
pTSA, with different reaction times for imine formation, in TFE at 55 °C, overnight. bThe 
reaction conditions were designed considering the concentration of isocyanide in the reaction 
mixture. The addition of the solvent was modified accordingly to obtain a specific concentration 
of isocyanide in the reaction mixture. *Yields were determined by LCMS t = trisubstituted, d = 
disubstituted, m = monosubstituted, NO = not observed, R-N≡C: isocyanide. 

Entry R-N≡C     
(eq) 

Aldehyde & 
2,4-

dimethoxy 
benzylamine  

(eq) 

PTSA 
(eq) 

Time  
imine-

formation 
step (min)  

Yield* 

          t 
(%) 

d 
(%) 

m 
(%) 

43 5.0 5.0 0.0 30 47 53 NO 
44 3.5 3.5 0.0 30 35 65 NO 
45 3.5 3.5 1.0 30 25 75 NO 
46 3.5 3.5 0.0 120 31 69 NO 
47 3.05 3.05 1.0 30 14 86 NO 
48 5.0 3.05 1.0 30 21 79 NO 
49 5.0 5.0 1.0 120 79 21 NO 
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The effect of the reaction time between 2,4-dimethoxyenzylamine and 
benzaldehyde was evaluated on the formation of the trisubstituted product 
(entries 43-49). After imine formation (2 h), the outcome of the Ugi reation 
was examined after the addition of the other Ugi components and their reflux 
at 55 °C after 72 h (entry 50) and 144 h (entry 51). No major differences in 
yield of trisubstituted product were found for the different isocyanide chain 
lengths (C6OEG3NC, C8OEG3NC). Although the formation of trisubstituted 
product was favoured (79-82%) on increasing the reaction time to 72 h (3 
days) and 144 h (5 days), further increasing the reaction time resulted in the 
formation of an unknown byproduct. 
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Table 8 Selected entries for the Ugi reaction conditions with trisquaric 
acid and different reaction times 
 

aReaction conditions: trisquaric acid (0.02 mmol), isocyanide ((0.1 momol, C6(OEG)4NC or 
C8OEG)4NC), 2,4-dimethoxybenzylamine (0.1 mmol) and benzaldehydes (0.1 momol), in 
presence of pTSA (0.02 mmol), with different reaction times of imine formation, in TFE at 55 
°C, for 72 or 144h. bThe reaction conditions were designed considering the concentration of 
isocyanide in the reaction mixture. The addition of the solvent was modified accordingly to 
obtain a specific concentration of isocyanide in the reaction mixture. *Yields were determined 
by LCMS. t = trisubstituted, d = disubstituted, m = monosubstituted, NO = not observed, R-
N≡C: isocyanide. 

 

 
 

Entry 

Reaction 
time (h) 

R-N≡C      
 (0.5 M )b Percentage yield* 

      t (%) d (%) m (%) 
50 72 C6OEG3NC 79 21 NO 
51 144 C8OEG3NC 82 17 NO 
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3.4 Self-assembly of tripodal squaramides obtained by the Ugi 
reaction 

R=

O
O

O
O

N
H

H
N

O

O
*

n

O
O

O
O

O

N
H

*

N

NH

H
N

HN

HN

NH

NH

O OO

O

O

O
R

R

R 1a (n= 1), yield (49%)
1b (n= 2), yield (41%)
1c (n= 3), yield (59%)
1d (n= 4), yield (46%)
1e             yield (36%)

 
 

Figure 3.2 Chemical structure of the molecules synthesized by Ugi reaction. 

 

Using the synthetic protocol described in the prior sections, a small family of 
tripodal compounds was prepared using squaric acid, benzaldehyde, 2,4-
dimethoxybenzylamine and an amphiphilic isocyanide with different aliphatic 
spacer lengths and an oligoethylene glycol chain were synthesized and their 
capacity for self-assembly was assessed (n = 1-4, Figure 3.2). The various 
squaramide supramolecular scaffolds were synthesized and isolated in 
moderate yields (36-59%). Because the tripodal squaramide scaffolds consist 
of hydrophilic, hydrophobic and hydrogen-bonding segments, we investigated 
their potential for aggregate formation in water. To faciliate the self-assembly 
of the monomers, 2,4-dimethoxybenzyl protecting group was removed under 
acidic conditions revealing the squaramide. Firstly, a solubility test of the 
various compounds (1a - e) between 1 and 5 mM was executed. Whereas 1c 
and 1d precipitated at concentrations of 1 mM, 1e and 1a were soluble up to 
5 mM concentration. Compound 1b was soluble up to a 1 mM concentration. 
In all cases, no gels were formed even though typical domains encountered in 
gelator molecules were used. Once the solubility of the compounds was 
determined, atomic force microscopy (AFM), and UV-vis studies were used 
to provide more insight into their aggregation behavior (Figure 3.3). AFM 
imaging of compounds 1a and 1b at a concentration of 15 µM displayed the 
formation of spherical aggregates (Figure S3.1 and S3.2). Self-assembly of 
the squaramide compounds was further probed by UV-vis spectroscopy at the 
molecular level. We previously demonstrated that the simultaneous red- and 
blue-shifting of the HOMO-LUMO and HOMO-LUMO+1 bands of the 
squaramides and their increased intensity is consistent with the head-to-tail 
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hydrogen bond assembly of the squaramide rings. However, the lack of 
shifting of these bands in the Ugi compounds 1a and 1e suggests an 
aggregation mode of the squaramides that is distinct from head-to-tail 
hydrogen bonding. One possible explanation for the observed aggregate 
morphology and organization of the squaramide synthons is the presence of 
three stereocenters observed in the Ugi products that preclude their self-
assembly in a head-to-tail mode. To control the stereochemistry of Ugi 
products, the use a chiral catalyst as demonstrated by Zhang and coworkers 
should be considered.52 Alternatively, ketones such as acetone or 
diethylketone can be used in the Ugi reaction to remove the stereocenters 
opening the use of these amphiphilic scaffolds for the formation of 
supramolecular polymers.  

 

Figure 3.3 UV-vis spectra of 1a and 1e (c=15 µM) in water 
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3.5 Conclusions  

In summary, several Ugi reaction conditions were tested to obtain and 
optimize the synthesis of the tripodal supramolecular scaffolds. These 
compounds consist of a hydrophilic domain (triethylene glycol) and a variable 
number of methylene units (n= 0, 2, 4, 6) connected to a central squaramide 
or amide core. More specifically, the effect of varying the aldehyde, amine, 
isocyanide and acidic components, such as the use of nitrilotriacetic and 
squaric acid were investigated. Performing the reaction with nitrilotriacetic 
acid, benzaldehyde, ammonium carbonate, and OEGn-NC resulted in a 
distribution of di- and trisubstituted compounds. The use of 2,4-
dimethoxybenzylamine in combination with squaric acid, benzaldehyde and 
amphiphilic isocyanides allowed the preparation of a small family of tripodal 
compounds to investigate their self-assembly in water. The use of an aromatic 
aldehyde causes the formation of diastereomers in the final products. The 
ability of the synthesized squaramide-based Ugi compounds to self-assemble 
in water was examined. Compounds 1a and 1e showed their aggregation in 
spheres. This result was supported by UV-vis results of 1a and 1e that lack the 
typical HOMO-LUMO and HOMO-LUMO+1 transitions of squaramide 
when assembled into a head-to-tail hydrogen bond array. The lack of self-
assembly into fibrillar aggregates can be due to the existence of diastereomers 
in the final products. Although no fibrillar aggregates are observed, the 
optimized Ugi reaction with trisquaric acid core can be considered as novel 
strategy for the preparation of tripodal squaramide compounds. 
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3.5 Materials and methods 

3.5.1 Materials 

All reagents and chemicals were purchased at Sigma Aldrich and Acros 
Organic and were used without further purification. Deuterated chloroform 
was purchased from Euriso-top and Milli-Q water was employed for all the 
experiments. Acetonitrile for the hydrogenation reaction was dried using 
molecular sieves 3Å (20% w/v) and used after 24 h of equilibration. 

3.5.2. Instrumentation 

The compounds were purified by normal-phase silica chromatography or on 
X1 flash chromatography system equipped with a C18 column from Grace 
Reveleris using a gradient of H2O/CH3CN. 1H-NMR and 13C-NMR spectra 
were obtained on a Bruker (300 MHz) or Bruker DMX-400 (400 MHz) 
spectrometer. LC-MS analysis was performed on a Finnigan Surveyor HPLC 
system equipped with a Gemini C18 50 x 4.60 mm column (UV detection at 
228, 214 nm) coupled to Finnigan LCQ Advantage Max mass spectrometer 
with ESI. For the mobile phase of LC-MS, a gradient of 10-90% of CH3CN/ 
H2O with 0.1% trifluoroacetic acid over 13.5 minutes was used. To report the 
various Ugi reaction conditions that were screened, the yields of the mono-, 
di- and trisubstituted products were calculated from the peak areas of the 
LCMS spectra. The peak areas were divided by the number of substituents 
attached to the squaric acid cores. To calculate the percentage yield for each 
compound in the mixture, the individual peak areas of mono-, di- and 
trisubstituted compounds were divided by the total area and multiplied by 100. 
Atomic force microscopy (AFM) images were recorded in tapping mode on a 
Veeco-Bruker Multimode AFM with a Nanoscope IIIa controller at room 
temperature. The AFM tips used were Oltespa Opus probes with a reflex 
aluminium coating, with a nominal spring constant of 2 N/m, a nominal 
resonance frequency of 70 kHz and a tip radius of 7 nm. UV-vis measurements 
were performed on a Cary 300 UV-VIS spectrophotometer using a quartz 
cuvette of a 1 cm path length.  
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3.6 Synthetic Schemes 

3.6.1 Scheme S.1 – Synthesis of the amphiphilic isocyanide 

Scheme S.1 
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Synthesis of compound 6 

To a solution of alkyldiamine 5a-d (5a: ethane-1,2-diamine (20.00 g, 0.333 
mol); 5b: butane-1,4-diamine (30.00 g, 0.312 mol), 5c: hexane-1,6-diamine 
(10.00 g, 0.086 mol); 5d: octane-1,8-diamine (8.03 g, 55.66 mmol)) in DCM 
(275 mL), benzyl chloroformate (a: 9.50 mL, 0.067 mol, b: 8.91 mL, 10.64 g, 
0.062 mol, c: 2.46 mL, 2.94 g, 0.017 mol, d: 1.58 mL, 1.89 g, 0.011 mol) was 
added dropwise over 2 hours at 0°C and was stirred overnight at room 
temperature. The solvent was removed by rotary evaporation and the residue 
was redissolved in EtOAc (250 mL) and washed with water (3 x 200 mL). The 
combined organic layers were dried with MgSO4 and after the removal of the 
solvent, the product was isolated as white solid. 

 6a: Yield: 11.35 g, 88%. 1H NMR (300 MHz, CD3OD): δ (ppm) = 7.38 – 7.28 
(m, 5H), 4.90 (s, 2H), 3.27 (s, 2H), 3.20 – 3.04 (m, 2H), 2.65 (t, 1H), 1.52 (q, 
2H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 128.06, 127.58, 127.44, 66.05, 
48.45, 48.17, 47.89, 47.60, 47.32, 47.04, 46.75, 43.02, 40.93.  

6b: Yield: 11.89 g, 86%. 1H NMR (300 MHz, CD3OD): δ (ppm) = 7.39 – 7.28 
(m, 5H), 5.07 (s, 2H), 3.36 – 3.06 (m, 6H), 2.64 (q, 1H), 1.51 (m, 4H). 13C 
NMR (75 MHz, CDCl3): δ (ppm) = 166.42, 135.87, 128.03, 127.53, 127.34, 
65.90, 48.44, 48.15, 47.87, 47.59, 47.30, 47.02, 46.74, 40.03, 31.81, 26.73 

6c: Yield: 4.28 g, 99%. 1H NMR (300 MHz, CD3OD): δ (ppm) = 7.35 (d, 5H), 
4.88 (s, 2H), 3.19 – 3.07 (m, 2H), 2.63 (m, 2H), 1.60 – 1.29 (m, 8H). 13C NMR: 
(300 MHz, CDCl3): δ (ppm) = 157.49, 137.12, 128.05, 127.52, 127.35, 65.86, 
48.47, 48.18, 47.90, 47.61, 47.33, 47.05, 46.76, 41.09, 41.03, 40.30, 32.34, 
32.29, 29.47, 26.48, 26.23, 26.02. 

6d: Yield: 6.20 g, 100%. 1H NMR (300 MHz, CD3OD): δ (ppm) = 7.40 – 7.26 
(m, 5H), 5.07 (s, 2H), 3.11 (m, 3H), 2.88 (m, 1H), 1.64 (m, 2H), 1.50 (m, 2H), 
1.35 (q, 8H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 156.67, 136.01, 128.07, 
127.56, 127.34, 65.89, 48.20, 47.92, 47.63, 47.35, 47.06, 46.78, 40.33, 39.43, 
29.44, 28.68, 27.31, 26.24, 25.97. 

 

Synthesis of 7  

Triethylene glycol monomethyl ether (a: 2.50 mL, 15.23 mmol; b: 2.50 mL, 
15.23 mmol; c: 4.14 mL, 25.88 mmol; d: 2.63 mL, 16.44 mmol) was activated 
with 1,1′-carbonyldiimidazole (CDI) (a: 2.72 g, 16.75 mmol; b: 2.72 g, 16.75 
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mmol; c: 4.62 g, 28.47 mmol; d: 2.93 g, 18.09 mmol) for 1 h at RT. 
Subsequently, 6a-d (6a: 4.44 g, 22.84 mmol; 6b: 5.08 g, 22.84 mol; 6c: 9.72 
g, 38.83 mmol; 6d: 5.95 g, 21.38 mmol) and DIPEA (7a: 5.30 mL, 30.45 
mmol; 7b: 5.30 mL, 30.45 mmol; 7c: 9.02 mL, 51.77 mmol; 7d: 5.73 mL, 
32.88 mmol) were dissolved in CHCl3 (70 mL) and were added to the reaction 
mixture and refluxed overnight. Once the reaction was complete, DCM (100 
mL) was added and the reaction mixture was washed with H2O (3 x 200 mL). 
The combined aqueous fractions were then back-extracted 3x with DCM (3 x 
100 mL). The combined organic fractions were dried with MgSO4, prior to 
removal of the solvent in vacuo. The crude product was purified by silica 
column chromatography using a DCM/EtOAc gradient (20-50% DCM: 
EtOAc). The product was isolated as a white solid.  

 7a: Yield: 5.59 g, 96%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.43 – 7.27 
(m, 5H), 5.41 (d, 2H), 5.10 (s, 2H), 4.27 – 4.14 (m, 2H), 3.65 (q, 8H), 3.57 – 
3.52 (m, 2H), 3.37 (s, 3H), 3.33 – 3.25 (m, 4H). 13C NMR (75 MHz, CDCl3): 
δ (ppm) = 160.55, 157.14, 140.43, 128.51, 128.13, 77.49, 77.06, 76.64, 71.90, 
70.53, 70.48, 69.49, 66.75, 64.05, 58.98, 41.22, 41.05. 

 7b: Yield: 4.15 g, 66%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.41 – 7.27 
(m, 5H), 5.10 (s, 2H), 4.95 (s, 3.26 – 3.13 (m, 4H), 1.53 (q, 4H). 13C NMR (75 
MHz, CDCl3): δ (ppm) = 159.17, 156.47, 137.26, 128.51, 128.09, 77.48, 
77.06, 76.63, 71.92, 70.55, 70.51, 69.61, 66.62, 63.87, 59.01, 40.55, 27.20.  

 7c: Yield 7.20 g, 63%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.34 (m, 5H), 
5.08 (s, 2H), 4.27 – 4.02 (m, 3H), 3.74 – 3.49 (m, 11H), 3.36 (s, 4H), 3.15 – 
3.01 (m, 5H), 1.57 – 1.41 (m, 5H), 1.41 – 1.18 (m, 6H). 13C NMR (75 MHz, 
CDCl3): δ (ppm) = 157.52, 137.13, 128.08, 127.39, 71.57, 70.16, 70.00, 69.21, 
65.88, 63.56, 57.73, 48.50, 48.22, 47.94, 47.65, 47.37, 47.09, 46.80, 40.31, 
40.25, 29.45, 26.07. 

7d: Yield: 5.70 g, 74%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.43 – 7.28 
(m, 5H), 5.10 (s, 2H), 4.89 – 4.72 (m, 2H), 4.22 (t, 2H), 3.66 (d, 8H), 3.61 – 
3.54 (m, 2H), 3.39 (s, 3H), 3.26 – 3.09 (m, 4H), 1.47 (q, 4H), 1.30 (s, 8H). 13C 
NMR (75 MHz, CDCl3): δ (ppm) = 158.48, 156.41, 136.69, 128.05, 77.50, 
77.07, 76.65, 71.93, 70.56, 70.54, 70.50, 69.66, 66.53, 63.79, 59.02, 40.96, 
29.88, 29.10, 26.60. 
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Synthesis of 8 

To perform the hydrogenation reaction 7a-d (7a, n=1: 5.59 g, 14.53 mmol; 
7b, n=2: 3.25 g, 7.876 mmol; 7c, n=3: 1.47 g, 3.35 mmol; 7d, n=4: 1.80 g, 
3.84 mmol) was dissolved in dry MeOH (20 mL), and Pd/C (a: 558.6 mg, 
5.249 mmol; b: 324.9 mg, 3.053 mmol; c: 178.1 mg, 1.673 mmol; d: 204.4 
mg, 1.921 mmol) was added. The solution was put under a N2 atmosphere and 
triethylsilane (a: 34.82 mL, 218.0 mmol; b: 18.87 mL, 118.1 mmol; c: 26.73, 
167.3 mmol; d: 61.36 mL, 384.1 mmol) was added dropwise. When the 
reaction was complete (TLC, 95:5 v/v DCM/MeOH), the solution was filtered 
through Celite to remove Pd/C. The filtrate was concentrated by rotary 
evaporation and afterwards, a gentle stream of N2 gas to give the product 8 as 
a white sticky solid. In all cases, the reaction was quantitative as determined 
by LCMS. 

8a: 1H NMR (300 MHz, CDCl3): δ (ppm) = 5.85 (d, 1H), 4.16 – 4.06 (m, 2H), 
3.62 – 3.49 (m, 8H), 3.45 (m, 2H), 3.28 (s, 3H), 3.14 (q, 2H), 2.72 (t, 2H), 
2.52 (s, 2H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 156.78, 77.65, 77.22, 
76.79, 71.76, 70.38, 70.33, 69.49, 63.68, 58.87, 43.25, 41.39. 

8b:  1H NMR (300 MHz, CDCl3): δ (ppm) = 5.55 (s, 1H), 4.04 (t, 2H), 3.57 – 
3.44 (m, 8H), 3.43 – 3.35 (m, 2H), 3.22 (s, 3H), 3.00 (q, 2H), 2.55 (t, 2H), 
2.27 (s, 2H), 1.34 (m, 4H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 156.50, 
77.74, 77.31, 76.88, 72.70, 71.73, 71.69, 70.38, 70.35, 70.29, 70.20, 70.08, 
69.47, 63.51, 61.03, 61.03, 58.80, 41.43, 40.60, 30.32, 27.15. 

8c: 1H NMR (300 MHz, CDCl3): δ (ppm) = 4.94 (s, 1H), 4.26 – 4.17 (m, 2H), 
3.72 – 3.62 (m, 8H), 3.61 – 3.55 (m, 2H), 3.39 (s, 3H), 3.24 – 3.10 (m, 2H), 
2.69 (t, 2H), 1.85 (s, 2H), 1.48 (m, 4H), 1.33 (m, 4H). 13C NMR (75 MHz, 
CDCl3): δ (ppm) = 156.39, 77.72, 77.29, 76.87, 71.76, 70.40, 70.37, 70.33, 
69.51, 63.54, 58.84, 41.77, 40.73, 33.18, 29.77, 26.43, 26.37. 

 8d: 1H NMR (300 MHz, CDCl3): δ (ppm) = 5.13 (d, 1H), 4.16 – 4.09 (m, 
2H), 3.65 – 3.52 (m, 8H), 3.50 – 3.44 (m, 2H), 3.30 (s, 3H), 3.10 – 3.01 (m, 
2H), 2.60 (m, 2H), 1.38 (q, 4H), 1.21 (s, 10H). 13C NMR (75 MHz, CDCl3): δ 
(ppm) = 156.41, 77.57, 77.15, 76.72, 71.84, 70.47, 70.44, 69.63, 63.65, 58.94, 
41.85, 41.74, 40.93, 38.00, 33.09, 29.84, 29.42, 29.26, 29.14, 29.07, 26.71, 
26.65, 26.61. 
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Synthesis of 9 

The formylation reaction was performed by dissolving 8a-d (8a, n=1: 3.64g, 
14.54 mmol; 8b, n=2: 2.18, 2.78 mmol; 8c, n=3: 1.48g, 4.81 mmol; 8d, n=4: 
1.29g, 3.86 mmol) in ethylformate (20 mL) and refluxing overnight. The 
reaction was monitored by 1H NMR and after ethyl formate was removed by 
rotary evaporation, the compound was used for the next step without further 
purification. Subsequently, the crude was dissolved in DCM (20 mL) and 
diisopropylamine (a: 3.02 mL, 21.56 mmol; b: 3.11 mL, 22.19 mmol; c: 2.03 
mL, 14.48 mmol; d: 2.48 mL, 17.71 mmol) was added at 0 °C. Phosphorus 
oxychloride (a: 0.81 mL, 8.62 mmol; b: 0.83 mL, 8.88 mmol; c: 0.54 mL, 5.78 
mmol; d: 0.66 mL, 7.09 mmol) was added dropwise and the reaction mixture 
was stirred overnight. Sodium carbonate was added to quench the reaction and 
was stirred for another 30 min before dilution with water. The aqueous layers 
were extracted with DCM (3 x 40 mL) and dried with Na2SO4. The solvent 
was removed under vacuum and purified by silica column chromatography 
using DCM:MeOH (95:5) as the eluent.  

9a: Yield: 1.63 g, 87%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 6.00 (t, 1H), 
4.14 – 3.89 (m, 2H), 3.50 – 3.41 (m, 8H), 3.35 (m, 4H), 3.22 (t, 2H), 3.17 (s, 
3H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 156.47, 71.68, 70.28, 70.25, 
70.22, 69.18, 64.00, 58.71, 41.53, 40.01.  
 
9b: Yield: 2.00 g, 94%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 5.36 – 4.96 
(m, 1H), 4.25 – 4.01 (m, 2H), 3.56 (d, 10H), 3.46 (m, 2H), 3.29 (d, 3H), 3.08 
(d, 2H), 1.44 (dq, 4H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 156.55, 156.55, 
77.82, 77.40, 76.98, 71.75, 70.52, 70.43, 70.37, 70.31, 69.42, 69.39, 65.99, 
65.91, 63.70, 63.61, 58.81, 41.15, 41.07, 40.98, 40.40, 39.66, 27.01, 26.74, 
26.08.  
 
9c: Yield:1.26 g, 83%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 4.92 (t, 1H), 
4.17 (t, 2H), 3.68 – 3.58 (m, 8H), 3.56 – 3.48 (m, 2H), 3.40 – 3.30 (m, 5H), 
3.13 (q, 2H), 1.72 – 1.58 (m, 2H), 1.53 – 1.27 (m, 6H). 13C NMR (75 MHz, 
CDCl3): δ (ppm) = 156.42, 77.60, 77.17, 76.74, 71.88, 70.51, 70.49, 70.46, 
69.58, 63.80, 58.99, 41.52, 41.43, 41.35, 40.73, 29.74, 28.93, 25.97, 25.80.  
 
9d: Yield: 1.82 g, 90%.1H NMR (300 MHz, CDCl3) δ (ppm) = 4.22 (t, 2H), 
3.66 (d, 8H), 3.56 (m, 2H), 3.39 (s, 4H), 3.17 (q, 2H), 1.76 – 1.61 (m, 2H), 
1.46 (m, 4H), 1.32 (q, 6H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 156.41, 
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155.48, 77.56, 77.13, 76.71, 71.89, 70.52, 70.50, 70.47, 69.62, 63.77, 58.99, 
41.59, 41.51, 41.43, 40.91, 29.86, 29.00, 28.96, 28.56, 26.54, 26.20 
 

3.6.2 Scheme S.2: Synthesis of trisquaric acid 
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Scheme S.2 

Synthesis of 2 

Tris(2-aminoethyl)amine (200 mg 1.37 mmol) was dissolved in CHCl3 (30 
mL). DIPEA (1.2 mL, 6.84 mmol) and 3,4-dibutoxy-3-cyclobutene-1,2-dione 
(1.18 mL, 5.47 mmol) were added to the mixture and refluxed overnight at 75 
°C. The compound was purified by flash chromatography using a gradient of 
H2O/CH3CN 10-90% over 30 min and the product was isolated as yellow 
solid.  

Yield: 1.25 g, 89%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.97 – 7.50 (m, 
3H), 4.68 (t, 6H), 3.67 (d, 7H), 2.74 (s, 6H), 1.77 (p, 6H), 1.41 (m, 7H), 0.97 
(t, 9H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 160.89, 145.78, 130.66, 77.47, 
77.04, 76.62, 73.67, 54.83, 42.04, 31.95, 31.95, 18.62, 13.66. 

 

Synthesis of 3 

 Compound 2 (624.8 mg, 1.04 mmol) was dissolved in 1,2-dioxane (10 mL) 
and HCl 37 % (2 mL) was added. The mixture was stirred overnight at room 
temperature and the final compound was isolated by removing the solvent 
with a gentle stream of N2 gas. The white solid was washed with DCM and 
was used without further purification.  
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Yield: 464.7 mg, 100%. 1H NMR (300 MHz, DMSO-d6): δ (ppm) = 8.20 (t, 
3H), 3.74 (q, 6H), 3.28 (t, 6H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 187.29, 
185.64, 175.14, 53.55, 43.54, 40.73, 40.45, 40.17, 39.89, 39.61, 39.33, 39.05. 
HRMS: m/z = 434.11 [M+H]+. 
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3.6.3 Scheme S.3 – Synthesis of oligo(ethylene) glycol isocyanide 
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Synthesis of 5e, 5f, 5g 
 
A solution of 4e-f (4e: diethylene glycol methyl ether (9.75 mL, 83.23 mmol); 
4f: triethylene glycol monomethyl ether (4.87 mL, 30.45 mmol); 4g: 
tetraethylene glycol monomethyl ether (4.78 mL, 24.01 mmol)) in THF (e: 14 
mL; f: 7 mL; g: 7 mL) was reacted with a solution of NaOH (e: 6.09 g, 152.31 
mmol; f: 2.23 g, 55.72 mmol; g: 1.76 g, 40.0 mmol) in distilled water (e: 17 
mL; f: 6 mL; g: 6 mL) with stirring for 15 min at 0 °C. Subsequently, a solution 
of TsCl (e: 15.87 g, 30.45 mmol; f: 5.81 g, 30.45 mmol; g: 4.58 g, 24.01 mmol) 
in THF (e: 26 mL; f: 10 mL; g: 10 mL) was added dropwise at 0 oC. The 
reaction mixture was stirred at RT for other 30 min. The volatile materials 
were removed by rotary evaporation and water (100 mL) was added. An 
extraction with Et2O (3 x 100mL) was performed, and afterwards the organic 
layers were dried with Na2SO4. The products were isolated as a pale-yellow 
oil after rotary evaporation.  
 
5e: Yield: 22.19 g, 97%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.83 – 7.73 
(m, 2H), 7.38 – 7.30 (m, 2H), 4.21 – 4.12 (m, 2H), 3.72 – 3.62 (m, 2H), 3.58 
– 3.53 (m, 2H), 3.50 – 3.43 (m, 2H), 3.34 (d, 3H), 2.43 (s, 3H). 13C NMR (75 
MHz, CDCl3): δ (ppm) = 144.84, 129.82, 127.96, 77.55, 77.13, 76.70, 71.77, 
70.63, 69.25, 68.67, 59.02, 21.63.  
 
5f: Yield: 9.26 g, 96%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.76 – 7.62 
(m, 1H), 7.32 – 7.22 (m, 1H), 4.10 – 4.03 (m, 1H), 3.61 – 3.56 (m, 1H), 3.56 
– 3.48 (m, 3H), 3.46 – 3.40 (m, 1H), 3.26 (s, 2H), 2.35 (s, 2H). 13C NMR (75 
MHz, CDCl3): δ (ppm) = 144.76, 132.95, 129.79, 127.83, 77.75, 77.33, 76.90, 
71.79, 70.57, 70.40, 69.28, 68.52, 58.84, 21.49.  
 
5g: Yield: 7.40 g, 85%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.85 – 7.76 
(m, 2H), 7.41 – 7.31 (m, 2H), 4.24 – 4.10 (m, 2H), 3.71 – 3.67 (m, 2H), 3.63 
(d, 6H), 3.59 (s, 4H), 3.57 – 3.52 (m, 2H), 3.38 (s, 3H), 2.45 (s, 3H). 13C NMR 
(75 MHz, CDCl3): δ (ppm) = 44.80, 142.79, 129.82, 127.98, 77.50, 77.07, 
76.65, 71.91, 70.72, 70.58, 70.51, 69.25, 68.66, 59.02, 21.64. 
 
Synthesis of compound 6e, 6f, 6g 
 
Compounds 5e-f (5e, n=2: 22.19 g, 80.88 mmol, 5f, n=3: 9.26 g, 29.10 mmol; 
5g, n=4: 7.40 g, 20.42 mmol) were dissolved in DMF (e: 50 mL; f: 40 mL; g: 
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36 mL). phthalimide potassium salt (e 22.47 g, 121.31 mmol; f: 8.08 g, 43.65 
mmol; g: 5.67 g, 30.63 mmol) was added to the solution and heated to stirring 
80 °C with stirring overnight. After the removal of the solvent by rotary 
evaporation, water (100 mL) was added to the solid and extracted with DCM 
(3 x 100 mL). Subsequently, the combined organic layers were dried with 
NaSO4 and purified by silica column chromatography (petroleum ether: 
EtOAc 1/4), and the product was isolated as a white solid.  
 
6e: Yield: 15.32 g, 76%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.80 (m, 
2H), 7.68 (m, 2H), 3.93 – 3.82 (m, 2H), 3.76 – 3.67 (m, 2H), 3.64 – 3.59 (m, 
2H), 3.49 – 3.43 (m, 2H), 3.33 – 3.23 (m, 3H). 13C NMR (75 MHz, CDCl3): 
δ (ppm) = 168.22, 133.89, 132.10, 123.17, 77.56, 77.13, 76.71, 71.85, 69.85, 
67.90, 58.95, 37.12.  
 
6f: Yield: 7.38 g, 87%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.92 – 7.82 
(m, 2H), 7.77 – 7.65 (m, 2H), 3.94 – 3.85 (m, 2H), 3.74 (t, 2H), 3.71 – 3.57 
(m, 6H), 3.52 – 3.44 (m, 2H), 3.34 (s, 3H). 13C NMR (75 MHz, CDCl3): δ 
(ppm) = 168.12, 133.84, 132.07, 123.11, 77.62, 77.19, 76.76, 71.81, 70.49, 
70.45, 70.07, 67.82, 58.87, 37.22.  
 
6g: Yield: 6.89 g, 100%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.83 (m, 
2H), 7.76 – 7.68 (m, 2H), 3.89 (t, 2H), 3.73 (t, 2H), 3.66 – 3.57 (m, 10H), 3.52 
(m, 2H), 3.36 (d, 3H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 171.64, 133.92, 
132.32, 123.23, 77.46, 77.04, 76.61, 71.92, 70.60, 70.56, 70.49, 70.08, 67.91, 
59.02, 37.26. 
 
Synthesis of 7e, 7f and 7g 
 
Compound 6e-g (6e, n=2: 9.33 g, 25.17 mmol; 6f, n=3: 5.74g, 19.56 mmol; 
6g, n=4: 3.34 g, 9.89 mmol) was dissolved in ethanol (100 mL) and hydrazine 
monohydrate (e: 10.40 mL, 214.05 mmol; f: 5.44 mL, 111.91 mmol; g: 2.75 
mL, 56.63 mmol) was added. The mixture was refluxed overnight and a white 
solid precipitate was formed. the solvent was removed by rotary evaporation, 
the solid was dissolved in DCM (200 mL) and washed with 1M NaOH (3x 
200 mL). Subsequently, the product was extracted from the aqueous layer with 
DCM (3 x 100 mL), dried with NaSO4 and concentrated by rotary evaporation. 
The product was used for the next step without further purification.   
 



 

128 
 

7e: Yield: 1.95 g, 44%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 3.56 – 3.50 
(m, 2H), 3.49 – 3.41 (m, 4H), 3.30 (d, 3H), 2.80 (t, 2H), 2.28 (s, 2H). 13C NMR 
(75 MHz, CDCl3): δ (ppm) = 77.60, 77.17, 76.74, 73.02, 71.81, 70.14, 58.95, 
41.45.  
 
7f: Yield: 2.82 g, 88%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 3.62 (m, 6H), 
3.56 – 3.47 (m, 4H), 3.35 (s, 3H), 2.90 – 2.70 (m, 4H). 13C NMR (75 MHz, 
CDCl3): δ (ppm) = 77.53, 77.11, 76.68, 72.86, 71.88, 70.53, 70.48, 70.22, 
58.99, 41.46.  
 
7g: Yield: 1.51 g, 74%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.83 (m, 2H), 
7.76 – 7.68 (m, 2H), 3.89 (t, 2H), 3.73 (t, 2H), 3.66 – 3.57 (m, 10H), 3.52 (m, 
, 2H), 3.36 (d, 3H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 168.16, 133.90, 
131.98, 123.12, 77.70, 77.27, 76.84, 72.63, 72.44, 70.49, 70.37, 70.27, 70.17, 
69.95, 69.78, 67.80, 61.46, 61.22, 37.14. 
 
Synthesis of 8e, 8f and 8g 
 
Compounds 7e-g (7e, n=2: 1.95 g, 16.38 mmol; 7f, n=3: 2.82g, 17.27 mmol; 
7g, n=4: 2.81g, 13.56 mmol) were dissolved in ethyl formate (20 mL) and 
refluxed for 12 hours. The volatiles were removed by rotary evaporation, (e, 
n=2: 0.91 g, 6.15 mmol; f, n=3: 2.30 g, 12.03 mmol; g, n=4: 1.53 g, 6.50 
mmol), and the residue was dissolved in dry DCM (20 mL) and placed under 
a N2 atmosphere. Diisopropylamine (e: 2.59 mL, 18.46 mmol; f: 5.06 mL, 
36.08 mmol; g: 2.73 mL, 19.50 mmol) was added and the reaction mixture 
was cooled to 0 °C. Phosphorus oxychloride (e: 0.69 mL, 7.383 mmol; f: 1.35 
mL, 14.43 mmol; g: 0.73 mL, 7.80 mmol) was added dropwise and brought to 
room temperature. The reaction mixture was stirred for additional 2 h before 
sodium carbonate (6.5 g in 35 mL of H2O) was added. The resulting 
suspension was stirred for another 30 minutes and then diluted with water. 
The aqueous phase was extracted with DCM (3 x 40 mL), dried with Na2SO4 
and the organic layers were removed by rotary evaporation. The compound 
was purified by silica column chromatography (95:5 DCM:MeOH).  
 
8e: Yield: 0.6328 g, 80%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 3.74 – 3.66 
(m, 4H), 3.63 – 3.52 (m, 4H), 3.40 (s, 3H). 13C NMR (75 MHz, CDCl3): δ 
(ppm) = 157.51, 77.50, 77.08, 76.65, 71.84, 70.80, 68.68, 59.12, 41.82, 41.73, 
41.63.  
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8f: Yield: 1.93 g, 93%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 3.71 – 3.62 
(m, 8H), 3.59 – 3.51 (m, 4H), 3.36 (s, 3H). 13C NMR (75 MHz, CDCl3): δ 
(ppm) = 77.57, 77.15, 76.72, 71.88, 70.81, 70.59, 70.57, 68.63, 59.02, 41.84, 
41.74, 41.65. 
 
8g: Yield: 1.19 g, 84%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 3.69 – 3.56 
(m, 12H), 3.54 – 3.45 (m, 4H), 3.31 (d, 3H). 13C NMR (75 MHz, CDCl3): δ 
(ppm) = 161.46, 77.62, 77.20, 76.77, 71.88, 71.82, 70.79, 70.59, 70.54, 70.46, 
70.43, 70.38, 70.09, 69.53, 68.62, 58.97, 41.83, 41.73, 41.64, 37.73. 
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3.6.4 Scheme S.4 – Ugi reaction 

 

Scheme S.4 
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Ugi reaction  

Benzaldehyde (59 µL, 0.58 mmol) and 2,4-dimethoxybenzylamine (87 µL, 
0.58 mmol) were stirred at 0 °C for 2 h in TFE (0.5 mL). Subsequently, 4 (50 
mg, 0.12 mmol), p-toluenesulfonic acid (pTSA) (1 eq, 22 mg, 0.58 mmol), 
and the isocyanide (8f: n=0 (100 mg, 0.58 mmol); 9a: n=1 (150 mg, 0.58 
mmol); 9b: n=2 (165.96 mg, 0.58 mmol); 9c: n=3 (182 mg, 0.58 mmol; 9d: 
n=4 (198 mg, 0.58 mmol)) in TFE (0.65 mL) were added and stirred at 55 °C 
for an additional 72h. The reaction mixture was stirred and monitored by 
LCMS until no further reaction was observed. The solvent was removed by 
rotary evaporation and the crude was purified by flash chromatography on a 
C18 silica column using a gradient of 10-90% H2O/CH3CN over 50 min.   
 
10a: Yield: 49%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.51 – 7.03 (m, 
18H), 6.56 – 6.15 (m, 6H), 5.27 – 4.68 (m, 6H), 4.14 (m, 6H), 3.86 – 3.67 (m, 
18H), 3.66 – 3.43 (m, 36H), 3.41 – 3.14 (m, 21H), 2.52 (s, 3H), 2.33 – 1.93 
(m, 3H), 1.26 (s, 12H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 182.96, 179.20, 
177.65, 169.47, 169.24, 168.49, 167.97, 160.55, 159.82, 157.04, 156.73, 
156.64, 135.96, 134.81, 129.72, 128.94, 128.74, 128.38, 127.03, 118.04, 
117.50, 104.79, 104.73, 98.50, 97.98, 71.73, 71.73, 70.21, 70.05, 69.29, 63.70, 
58.49, 55.81, 55.62, 55.51, 54.51, 45.57, 40.80, 40.52, 40.24, 39.96, 39.68, 
39.41, 39.13. MALDI: (m/z): 2003.88 [M+Na]+ 
 
10b: Yield: 41%. 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.47 – 7.04 (m, 
18H), 6.45 (m, 6H), 5.41 – 4.82 (m, 6H), 4.35 – 4.11 (m, 7H), 3.86 – 3.55 (m, 
54H), 3.38 (d, 9H), 3.32 – 2.96 (m, 12H), 2.90 – 2.37 (m, 3H), 2.35 – 1.97 (m, 
3H), 1.63 – 0.82 (m, 85H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 183.11, 
169.57, 168.11, 161.17, 158.62, 156.66, 156.51, 130.85, 130.85, 129.69, 
129.49, 129.36, 128.91, 128.73, 128.60, 128.36, 126.93, 117.01, 104.07, 
98.52, 77.41, 77.09, 76.78, 71.92, 71.87, 70.52, 70.47, 70.44, 69.64, 63.77, 
59.01, 55.36, 55.29, 45.15, 40.58, 40.44, 39.63, 39.43, 37.45, 37.11, 36.89, 
31.95, 30.41, 29.73, 29.48, 29.39, 27.41, 27.33, 27.12, 24.49, 24.25, 22.72, 
20.48, 19.98. MALDI: (m/z): 2086.64 [M+Na]+  
 
10c: Yield: 59%, 1H NMR (400 MHz, CDCl3): δ (ppm) =7.47 – 6.99 (m, 18H), 
6.97 – 6.61 (m, 3H), 6.40 (m, 6H), 6.26 – 5.95 (m, 3H), 5.47 – 4.76 (m, 9H), 
4.16 (dt, 6H), 3.85 – 3.60 (m, 48H), 3.54 (t, 6H), 3.36 (s, 9H), 3.24 – 3.02 (m, 
12H), 2.79 – 2.37 (m, 3H), 1.52 – 1.12 (m, 30H). 13C NMR (100 MHz, 
CDCl3): δ (ppm) = 183.22, 177.81, 172.83, 169.73, 169.40, 168.21, 161.12, 
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160.94, 160.40, 158.63, 158.22, 157.86, 156.56, 156.47, 156.44, 136.61, 
135.00, 134.01, 130.84, 129.78, 129.05, 128.90, 128.71, 128.58, 128.39, 
128.21, 128.09, 127.46, 126.85, 122.18, 121.76, 116.93, 116.80, 105.21, 
105.02, 104.01, 98.89, 98.65, 98.36, 98.31, 95.42, 94.69, 77.49, 77.49, 77.17, 
76.85, 71.90, 70.50, 69.61, 66.46, 65.81, 63.76, 59.00, 55.71, 55.57, 55.41, 
55.38, 55.27, 55.17, 54.23, 47.00, 42.21, 41.49, 40.82, 40.69, 39.97, 39.70, 
39.47, 31.91, 29.78, 29.68, 29.34, 29.03, 28.57, 28.34, 26.38, 26.26, 26.13, 
22.68. MALDI: (m/z): 2172.27 [M+Na]+  
 
10d: Yield: 46%. 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.22 (d, 18H), 6.92 
– 6.55 (m, 3H), 6.54 – 6.21 (m, 6H), 6.20 – 5.83 (m, 3H), 5.37 – 4.76 (m, 9H), 
4.21 – 4.08 (m, 6H), 3.67 (d, 48H), 3.51 (t, 6H), 3.34 (s, 9H), 3.19 – 3.04 (m, 
12H), 2.69 – 2.35 (m, 3H), 1.46 – 1.15 (m, 42H). 13C NMR (100 MHz, 
CDCl3): δ (ppm) = 183.23, 177.84, 169.34, 168.13, 161.12, 160.92, 160.38, 
158.71, 157.87, 156.46, 135.04, 133.96, 129.98, 129.05, 128.91, 128.71, 
128.55, 128.37, 128.13, 127.90, 116.86, 116.74, 116.74, 104.96, 104.26, 
98.84, 98.69, 98.01, 77.53, 77.22, 76.90, 71.88, 70.50, 70.46, 69.60, 64.17, 
63.70, 58.98, 55.71, 55.52, 55.38, 55.32, 55.13, 54.13, 46.84, 42.09, 40.95, 
40.18, 39.95, 39.77, 39.37, 31.88, 29.85, 29.64, 29.22, 29.11, 26.81, 26.62, 
22.65. MALDI: (m/z): 2256.01 [M+Na]+.  
 
10e:Yield: 36%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.37 – 7.00 (m, 18H), 
6.49 – 6.17 (m, 6H), 5.15 – 4.96 (m, 3H), 3.81 – 3.64 (m, 24H), 3.56 (m, 36H), 
3.34 – 3.26 (m, 9H), 2.64 (t, 3H), 2.37 – 1.83 (m, 3H), 1.49 – 0.79 (m, 12H). 
13C NMR (75 MHz, CDCl3): δ (ppm) =183.73, 183.25, 178.12, 169.44, 
168.13, 161.10, 160.95, 160.37, 158.29, 157.91, 135.05, 134.91, 131.12, 
130.65, 130.39, 129.86, 129.58, 129.45, 129.17, 128.93, 128.77, 128.62, 
128.42, 128.22, 128.19, 127.88, 127.57, 126.81, 116.76, 116.61, 105.33, 
105.24, 104.09, 103.99, 98.90, 98.76, 98.61, 98.15, 98.05, 77.50, 77.50, 77.07, 
76.65, 71.85, 70.53, 70.44, 70.38, 70.22, 70.13, 69.73, 69.35, 65.67, 63.76, 
58.91, 58.28, 55.81, 55.57, 55.40, 55.33, 55.24, 54.11, 47.07, 42.28, 41.37, 
39.93, 39.70, 39.50, 29.68, 29.33, 28.30.  MALDI: (m/z): 1742.103 
[M+H+Na]+.  
 
Synthesis of 1a-e  

Deprotection of compounds 10a-e (10e, n=0: 128.7 mg, 0.067 mmol; 10a, 
n=1: 98.5 mg, 0.050 mmol; 10b, n=2: 130.30 mg, 0.063 mmol; 10c, n=3: 
212.4 mg, 0.099 mmol; 10d, n=4: 142.80 mg, 0.064 mmol) was performed 
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adding 15 mL DCM/TFA (1:1) at room temperature. The reaction mixture was 
stirred overnight and the solvent was evaporated by a gentle stream of air. The 
product was purified by flash chromatography on a C18 silica column using 
10-90% H2O/CH3CN as gradient over 30 min. 

1a: Yield: 51 mg, 66%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.69 – 8.15 
(m, 3H), 7.70 – 7.15 (m, 15H), 6.71 – 5.64 (m, 6H), 4.09 (s, 9H), 3.56 (d, 
36H), 3.32 (s, 21H), 2.90 (d, 3H), 1.50 – 0.77 (m, 6H). 13C NMR (75 MHz, 
CDCl3): δ (ppm) = 190.00, 170.78, 156.87, 148.70, 139.13, 128.96, 128.91, 
127.23, 126.79, 77.49, 77.06, 76.64, 71.83, 71.81, 70.50, 70.37, 64.22, 63.87, 
58.90, 54.62, 40.34, 39.85, 29.68. MALDI: (m/z): 1552.76 [M+Na]+. 
 
1b: Yield: 59 mg, 58%.1H NMR (300 MHz, CDCl3): δ (ppm) = 8.47 (s, 6H), 
7.51 – 6.98 (m, 15H), 6.33 (m, 3H), 4.95 (s, 4H), 4.08 (s, 9H), 3.75 – 3.43 (m, 
36H), 3.28 (s, 9H), 3.17 – 2.35 (m, 12H), 2.09 (d, 1.18 (s, 12H). 13C NMR (75 
MHz, CDCl3): δ (ppm) = 190.64, 169.32, 156.56, 144.58, 129.32, 129.31, 
128.88, 128.29, 128.17, 126.92, 103.96, 98.41, 77.45, 77.02, 76.61, 71.88, 
70.52, 70.44, 69.60, 66.52, 63.77, 58.97, 55.37, 53.66, 50.57, 41.92, 40.54, 
39.27, 29.69, 26.19. LCMS: t=5.16 min (m/z) = 1614.19 m/z [M]+. 
 
1c: Yield: 108 mg, 65%.1H NMR (300 MHz, CDCl3): δ (ppm) = 8.50 (s, 3H), 
7.68 – 7.02 (m, 15H), 6.16 (d, 3H), 5.45 – 5.06 (m, 3H), 4.17 (s, 9H), 3.84 – 
3.48 (m, 36H), 3.35 (d, 9H), 3.05 (s, 12H), 2.68 (s, 3H), 1.88 – 0.83 (m, 30H). 
13C NMR (75 MHz, CDCl3): δ (ppm) = 188.70, 170.42, 156.52, 148.85, 
139.40, 128.78, 128.56, 128.02, 127.75, 127.17, 77.51, 77.09, 76.66, 71.89, 
70.53, 70.49, 70.45, 69.61, 69.61, 63.96, 63.77, 58.98, 55.11, 40.79, 39.81, 
39.57, 29.70, 29.00, 26.27. MALDI: (m/z): 1721.23 [M+Na]+. 
 
1d: Yield: 59 mg, 51%,1H NMR (300 MHz, CDCl3): δ (ppm) = 8.48 (s, 3H), 
7.77 – 7.16 (m, 15H), 6.54 – 5.95 (m, 3H), 5.25 – 4.77 (m, 3H), 4.66 – 4.01 
(m, 9H), 3.99 – 3.41 (m, 36H), 3.37 (s, 9H), 3.28 – 2.82 (m, 12H), 2.67 (d, 
3H), 1.48 – 0.85 (m, 42H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 187.65, 
169.69, 156.51, 148.65, 138.11, 128.81, 126.61, 77.43, 77.11, 76.79, 71.93, 
70.55, 69.67, 63.92, 63.82, 59.05, 53.49, 41.03, 39.86, 38.83, 29.93, 29.72, 
29.17, 26.67. MALDI: (m/z): 1805.14  [M+H+Na]+ 
 
1e: Yield: 42.3mg, 58%.1H NMR (300 MHz, CDCl3): δ (ppm) = 8.26 (dd, 
6H), 7.39 (dt, 15H), 6.76 – 5.65 (m, 3H), 3.57 (d, 32H), 3.36 (d, 15H), 3.08 – 
2.54 (m, 6H), 1.88 – 0.50 (m, 6H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 
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183.35, 182.94, 170.62, 168.59, 149.62, 139.23, 129.70, 128.93, 128.68, 
128.50, 128.10, 127.89, 127.39, 127.06, 77.49, 77.17, 76.85, 71.92, 70.66, 
70.42, 70.30, 69.49, 59.06, 55.11, 39.82, 29.80, 29.47, 22.80. MALDI: (m/z): 
1292.88 [M+Na]+. 
 
3.6.5 Self-assembly characterization 

Sample preparation protocol 

Water was added to 1a-e to prepare stock solutions from 1 - 5 mM. 
Subsequently, aliquots from the stock were diluted to prepare solutions at the 
a given concentration for further study. All samples were equilibrated 
overnight before measurement.  

UV-vis spectroscopy 

Samples for UV-vis spectroscopy were prepared at a 15 µM concentration in 
water as described according to the sample preparation protocol. The samples 
were placed in the spectrophotometer and a spectrum was recorded from 200-
500 nm. The solutions were prepared in triplicate and for each solution a UV-
vis spectrum was measured.  
 
Atomic force microscopy   

Compounds 1a and 1e were prepared according to the preparation protocol 
above at a concentration of 15 µM and equilibrated overnight. An aliquot (25 
μL) from each of these solutions was pipetted on cleaved mica and dried 
overnight at RT before the measurement. The obtained AFM images were 
analyzed using the Nanoscope software.   
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Figure S3.1 AFM micrographs of 1a (amplitude and height, scale bar: 2 µm) 

 

Figure S3.2 AFM micrographs of 1e (amplitude and height image, scale bar:2 µm) 
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3.6.5 LCMS Spectra 

 

 

 

 

  

Figure S3.3 Chromatogram and corresponding mass spectrum for entry 5 obtained by LC-
MS. The relevant peaks are labelled and the chemical structure of the compounds are 
provided on the right side. 

Figure S3.4 Chromatogram and corresponding mass spectrum for entry 7 obtained by LC-MS. 
The relevant peaks are labelled and the chemical structure of the compounds are provided on 
the right side. 
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Figure S3.5 Chromatogram and corresponding mass spectrum for entry 8 obtained by LC-
MS. The relevant peaks are labelled and the chemical structure of the compounds are 
provided on the right side. 

Figure S3.6 Chromatogram and corresponding mass spectrum for entry 17 obtained by LC-
MS. The relevant peaks are labelled and the chemical structure of the compounds are provided 
on the right side. 
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Figure S3.8 Chromatogram and corresponding mass spectrum for entry 24 obtained by 
LC-MS. The relevant peaks are labelled and the chemical structure of the compounds are 
provided on the right side 

Figure S3.7 Chromatogram and corresponding mass spectrum for entry 23 obtained by LC-
MS. The relevant peaks are labelled and the chemical structure of the compounds are 
provided on the right side 
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Figure S3.9 Chromatogram and corresponding mass spectrum for entry 27 obtained by 
LC-MS. The relevant peaks are labelled and the chemical structure of the compounds are 
provided on the right side 

Figure S3.10 Chromatogram and corresponding mass spectrum for entry 39 obtained by LC-
MS. The relevant peaks are labelled and the chemical structure of the compounds are provided 
on the right side. 
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Figure S3.11 Chromatogram and corresponding mass spectrum for entry 40 obtained by LC-
MS. The relevant peaks are labelled and the chemical structure of the compounds are provided 
on the right side 

Figure S3.12 Chromatogram and corresponding mass spectrum for entry 42 obtained by LC-
MS. The relevant peaks are labelled and the chemical structure of the compounds are provided 
on the right side 
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Figure S3.14 Chromatogram and corresponding mass spectrum for entry 44 obtained by LC-
MS. The relevant peaks are labelled and the chemical structure of the compounds are provided 
on the right side 

Figure S3.13 Chromatogram and corresponding mass spectrum for entry 43 obtained by LC-
MS. The relevant peaks are labelled and the chemical structure of the compounds are provided 
on the right side 
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Figure S3.15 Chromatogram and corresponding mass spectrum for entry 49 obtained 
by LC-MS. The relevant peaks are labelled and the chemical structure of the compounds 
are provided on the right side. 

Figure S3.16 Chromatogram and corresponding mass spectrum for entry 50 obtained 
by LC-MS. The relevant peaks are labelled and the chemical structure of the compounds 
are provided on the right side 
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Figure S3.17 Chromatogram and corresponding mass spectrum for entry 51 obtained by 
LC-MS. The relevant peaks are labelled and the chemical structure of the compounds are 
provided on the right side 
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CHAPTER 4 

 
Understanding the self-assembly of 

tripodal squaramide-based monomers 
through structural substitution  
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4.1 Abstract 
The chemical structure of a supramolecular monomer and the environment it 
is placed in plays a critical role on its self-assembly and formation of 
supramolecular polymers. However, the structure and the properties of the 
formed polymers are difficult to predict starting from the monomers a priori. 
We earlier demonstrated that tripodal squaramide-based monomers self-
assemble into long, flexible supramolecular polymers and gel-phase materials 
above a critical concentration in water. Modulation of the hydrophobic 
domains of the monomer, had a lesser impact on the formation of fibrillar 
aggregates, however gel-phase materials were only formed for monomers 
with a particular hydrophilic-hydrophobic ratio. In this chapter, I take a step 
further in designing a small library of squaramide-based monomers to 
delineate the structural modifications that are necessary to trigger the 
formation of fibrillar aggregates. Since self-assembly of the monomer in 
aqueous solution requires a synergy between hydrophobic and hydrogen 
bonding interactions, structural modifications to the monomer involving either 
or both of these interactions were examined. In particular, a family of 
squaramide monomers were designed to consider the effect of carbamate 
bond, ether linkage, decreasing the number of squaramide units from three to 
two and varying the number of tetraethylene glycol moieties. Substitution of 
carbamate linkage with an ether bond results in the formation of a 4-fold less 
stiff hydrogel relative to the native tripodal squaramide monomer. Reduction 
in the number of squaramide moieties resulted in the lack of monomer gelation 
at similar condition, but the formation of supramolecular polymers was still 
observed. Moreover, replacing one hydrophobic domain resulted in the 
solubilization of the monomer and the loss of the formed supramolecular 
polymers, further emphasizing the importance of the synergy of all monomer 
features on supramolecular polymerization and hydrogel formation.  
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4.2 Introduction 

Supramolecular polymers have sparked much interest for a broad range of 
applications in healthcare due to their unique properties that arise from the 
inherent dynamic character of the interactions that hold them together.1,2 
Accessible to this class of polymers are properties such as tunability, 
responsiveness, modularity, recyclability, and biomimicry.3 Consequently, 
they are being examined for several application areas such as tissue 
engineering,4 regenerative medicine,5 drug delivery6 and as mimics of 
extracellular matrix for 3D cell culture.7, 8 Two classes of materials are 
employed in this area, those consisting of polymers with modules that engage 
in molecular recognition and those that self-assemble through stacking of 
monomers under physiological conditions.3 In both of these classes, gel-phase 
materials can be formed when applied above a critical concentration 
depending on their molecular structure. Hence, gaining insight into the 
features of the monomers that drive supramolecular polymerization and their 
effect on the formation of water-based materials is critical to their application 
in the abovementioned areas. 

In the design of a supramolecular monomer for polymerization, non-covalent 
interactions such as hydrogen bonding, π-π, electrostatic and hydrophobic 
interactions are strategically positioned taking into account the 
microenvironment of the selected interaction (e.g. with respect to the solvent) 
and combination of interactions. However, rational design of such monomers 
and prediction of the final self-assemblies remains challenging, especially in 
water that can have a potent effect on the self-assembly pathway of the 
aggregates. The hydrophobic effect9 drives the self-assembly of amphiphile 
molecules in combination with other directional interactions.10 Hydrogen 
bonding on supramolecular synthons such as 1,3,5-benzenetricarboxamide 
(BTAs),11 peptides,12,13 and ureidopyrimidones14-16 have been employed in the 
monomer design to prepare supramolecular polymers and gel-phase materials 
in water.  

Of the examined monomer geometries, tripodal and C3-symmetric cores, have 
have been widely applied in the construction of supramolecular materials.17-19 
BTAs represent one of the most studied scaffolds in supramolecular 
chemistry.11 The self-assembly of BTAs into supramolecular polymers in 
organic solvent relies on a combination of π-π and hydrogen bonds 
interactions from the amide groups with a high degree of cooperativity.11,20,21 
Reduction of the monomer to a C2-symmetry resulted in a ten-fold lower 
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cooperativity as compared to C3 symmetry in methylcyclohexane (MCH). The 
consequence of reduced cooperativity results in a decreased size and 
morphological change of the resulting aggregates.22 When oligo(ethylene 
glycol) chains are added to the periphery of BTAs-based monomer, 
possibilities to use this synthon for self-assembly in water are unlocked.23,24 
In this study, the minimum aliphatic chain length required for the self-
assembly in water, but also the inclusion of stereogenic centers on chiral 
handedness of the final aggregates were disclosed.23,24 Besenius, Meijer and 
coworkers further examined the effect of installing periphery units that 
provide function on the BTA monomer such as Gd(III)–DTPA (diethylene 
triaminepentaacetic acid) introducing electrostatic effects into the self-
assembly and potential for imaging.25  

Cyclohexane-based C3-symmetric 1,3,5-cyclohexane trisamide (CTA)-cores 
have also been examined to prepare materials in water,  showing potent self-
assembly and gelation properties.26-28 van Esch and coworkers prepared 
phenylalanine derivatives with a CTA core containing different stereogenic 
centers and demonstrated their effect on hydrogelation.26 Moreover, Eelkema 
and coworkers investigated the potential to tune the morphology of the self-
assembled CTAs by modulating the monomer structure.29 In particular, the 
gelator was designed with two segments: a CTA core functionalized with three 
phenylalanines substituted with tetraethylene glycol chains and one with a 
hydrophobic aliphatic segment. When a chaperone was added, the self-
assembly properties of each individual segments could be controlled resulting 
in a switch in morphology from twisted tapes to nanofibers and the loss of gel 
phase properties. On the other hand, addition of HFIP, a good solvent for the 
monomer and a hydrogen bond disrupting solvent resulted in the formation of 
micellar aggregates. While significant progress in understanding the effect of 
certain structural modifications on the self-assembly behaviour of C3-
symmetric amphiphiles in organic solvents and water has been made in these 
studies, most examples have been limited to the use of amides as the ditopic 
hydrogen bonding unit. 

Squaramides are ditopic hydrogen bonding synthons consisting of a 
cyclobutenedione ring that have applied in the areas of catalysis, 
bioconjugation, as ion receptors and in the design of supramolecular materials 
due to their ability to form strong hydrogen bonds.30-35 We recently reported a 
tripodal squaramide-based monomer that self-assembles into supramolecular 
polymers and gel-phase materials in water.36 Specifically, the squaramide 
synthon was incorporated into the hydrophobic domain and surrounded with 
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tetraehtylene glycol chains. Supramolecular monomers were designed with 
different aliphatic chain lengths ranging from 6-12 methylene units, but only 
those with 8 and 10 methylenes resulted in the formation of hydrogels 
highlighting the importance of the hydrophilic-hydrophobic balance on the 
self-assembly of the monomers. Inspired by these results, we were interested 
to further understand the self-assembly scope of this monomer, examining 
non-uniform changes to its geometry and hydrophobic content, as well as the 
number of squaramides and presence of the carbamate moiety. Herein a library 
of tripodal squaramide-based monomers was reported and the effect of these 
structural substitutions on their self-assembly into supramolecular polymers 
and hydrogels was examined. 

   

 

 

 

 

 

 

 

 

 

 

 

Self-assembly 
  

or or 

O

O

N

N

N

O

O

N R2

H

H

NR1 H

H

N
H

R1

2

O
O

O
O

O

O
O

O
O

O
O

O
O

O

R1
=

R2
=

a=

b=

c=

O

O

N

N

N

O

O

N
N

O
O

H
R1

H

H

NR1 H

H

N
H

R1

1

O
O

O
O

O

N
H

O
O

O
O

O

O
R1

=

b=

a=

Figure 4.1 Squaramide-based tripodal supramolecular monomers used in this study and the 
examination of their self-assembly into supramolecular polymers and gel-phase materials. 
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4.3 Results and discussions 

In order to better understand the features of the tripodal squaramide-based 
monomer (1a) that enables it to form supramolecular hydrogel, a small library 
of monomers were prepared with various structural modifications. The 
molecular structure of the monomer contains three squaramide moieties, C10 
aliphatic and tetraethylene glycol chains. The combination of these features 
drives their self-assembly into supramolecular polymers in water and thus, 
modifications that would impact this process were examined.37 Hence, the 
effect of structural modifications involving either or both of these interactions 
simultaneously on the monomer were explored. In our earlier design, a 
carbamate moiety was used to connect the aliphatic spacers to the 
oligoethyelene glycol chains because of its synthetic facility. However, to 
understand the effect of the carbamate bonds on supramolecular 
polymerization of the squaramide monomers, this linkage was exchanged for 
an ether in all molecules of the library (1b and 2a-c).    

Ether linkages were introduced into squaramide-based amphiphile (6) 
according to an earlier report by Mejier38 and coworkers (scheme 1). 
Tetraethylene glycol monomethyl ether was coupled with the C10 aliphatic 
spacer in presence of NaH and 1,10-dibromodecane. The obtained amphiphile 
containing a halide (3) was converted in primary amine by the Gabriel 
synthesis in presence of potassium phthalimide and subsequent use of 
hydrazine monohydrate. The primary amine on the amphiphile (5) was 
subsequently coupled with 3,4-dibutoxy-3-cyclobutene-1,2-dione to obtain 
the squaramide-based amphiphile (6). The monomer 1b was synthesized as 
reported previously by our group36 with the coupling of tris(2-aminoethyl 
amine) (TREN) core in presence of an excess of squaramide amphiphile (6).  

The effect of reducing the number of squaramide moieties and modifying the 
hydrophilic-hydrophobic ratio of the monomer were examined in a second 
group of monomers. Two of the tripodal arms were outfitted with the 
squaramide amphiphiles and third one was coupled with either an 
oligoethylene glycol 2a, (ωTEG = 0.55), a chain short alkyl chain 2b, (ωTEG = 
0.53), or an alkyl and oligoethylene glycol 2c, (ωTEG = 0.46) chain attached 
directly to the nitrogen of the monomer core. As reported in scheme 1, the 
syntheses of 2a-c were performed starting from the squaramide-based 
amphiphile (6) that was coupled with N,N″-di-Z-diethylenetriamine 
functionalized with an oligoethylene glycol (2a), a short alkyl chain (2b) or 
an alkyl and oligoethylene glycol chain (2c) respectively. To prepare N,N″-
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di-Z-diethylenetriamine, benzylic alcohol was first activated with 1,1-
carbonyldiimidazole (CDI) and coupled to bis(2-aminoethyl)amine in 
excellent yields (8). The N,N″-di-Z-diethylenetriamine core was further 
reacted with oligoethylene glycol, a C10 alkyl chain or an alkyl and 
oligoethylene glycol chain as reported by Wadas39 and coworkers. 
Subsequently, after hydrogenation in situ with Et3SiH on Pd/C to remove the 
Cbz protecting group, the core was coupled with squaramide-based 
amphiphile (6) to obtain the monomers 2a-c, in moderate yields.  

 

Synthetic scheme 1: Synthesis of monomers 2a-c 

Self-assembly of the tripodal squaramide-based monomers 1b and 2a-c were 
first examined at the molecular level in water using UV-vis spectroscopy 
(Figure 4.2a). In our previous publication36 the self-assembly of 1a in water 
resulted in two absorbance maxima at 255 and 329 nm from the HOMO-
LUMO and HOMO-LUMO+1 transitions of the squaramide when self-
assembled in a head-to-tail hydrogen bonding arrangement (1a). Here, the 
exchange of the carbamate moiety for ether bonds in the molecular structure 
of 1b, resulted in a similar profile to 1a with the transitions at 255 and 329 
nm, respectively. The reduction to two squaramide moieties and one aliphatic 
spacer replaced with an oligoethylene glycol chain in 2a resulted in the loss 
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of these transitions with only one band at 280 nm, consistent with the 
monomer species and suggestive of a distinct aggregation mode. The addition 
of an alkyl chain on the third position in 2b to form a more hydrophobic 
monomer, gave rise to a UV-vis profile with two bands at 250 and 329 nm as 
in 1a, b, but with decreased intensity likely due to its poor solubility. The 
addition of an amphiphile on the third position that lacks a hydrogen bonding 
group in 2c results in two maxima at 260 and 329 nm, that are shifted to a 
lesser degree than either 1a or b, is suggestive of the formation of shorter 
polymers. Overall, the differences in the shifts of the maxima and their 
absorbance intensity suggest a variable aggregation patterns of the various 
squaramide monomers in their respective assemblies.  

To further probe the aggregate structures at the molecular level, a fluorescence 
spectroscopy experiment in the presence of Nile Red dye was performed 
(Figure 4.2b). The Nile Red dye is a hydrophobic probe that increases in 
fluorescence intensity with a blue-shifted maximum relative to its emission in 
water when in a hydrophobic environment. Consequently, this dye has been 
often used to understand the self-assembly of a range of amphiphiles in 
water.38,40 The fluorescence spectrum of the Nile Red dye in water displays a 
low intensity emission band at 640 nm. Monomer 1a was previously 
demonstrated to show an intense blue-shifted emission band at 622 nm due to 
the size of the hydrophobic domains formed on self-assembly in water. The 
fluorescence spectrum of 1b displays the same maximum at 622 nm 
suggesting formation of self-assembled aggregates on par with 1a as 
suggested in UV-vis measurements. Because of the increased hydrophilic 
character of 2a, the fluorescence emission is comparable to the band in water 
suggesting a lack of aggregation. Conversely, 2b containing an aliphatic 
spacer shows a blue-shifted emission signal at 615 nm of decreased intensity 
compared to 1b, whereas 2c displays an increased fluorescent signal at 622 
nm that is consistent with formation of supramolecular aggregates. Thus, the 
differences in the blue-shifting of the emission maxima and their intensity are 
consistent with the changes to the hydrophobic and hydrophilic domains of 
the monomers and their distinct mode of aggregation. 
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 Static light scattering (SLS) is a technique used to determine the critical 
aggregation concentration (CAC) of monomer or the concentration at which a 
supramolecular polymer is formed. This value is determined from the 
inflection point of the measured scattering intensity of monomer solutions as 
a function of concentration.41 In our previous publication, a concentration-
based UV-vis experiment of 1a displayed the retention of blue- and red shifted 
bands at even at low concentration (3.75•10 -6 M). Also, the distinct UV-vis 
profiles of 1b and 2a point to the importance of the hydrophobic/hydrophilic 
balance on monomer self-assembly. Therefore, the critical aggregation 
concentration was determined for these two monomers as shown in Figure 
4.3a and b. The CAC of 1b and 2a was determined from samples prepared in 
a concentration range from 100 µM to 10 nM. Despite their different UV-vis 
profiles and solubility in water, 1b and 2a displayed comparable CACs (2.4 
•10 -5 M and 2.13 •10 -5 M). 

  

Figure 4.2 Spectroscopy of tripodal squaramide self-assemblies: (a) UV-vis absorption spectra 
of 1b, 2a-c (cSQ=15 µM); (b) Fluorescence spectra (cSQ=15 µM) of Nile Red dye embedded 
tripodal molecules (1b, 2a-c): (cNileRed=0.005 mg/mL, λexc = 550 nm., λem = 570-800 nm), Nile 
red in MilliQ is used as a control. 

b) a) 



 

154 
 

 

 

 

 

 

 

 

 

 

 

 

To further probe the spectroscopic differences observed in UV-vis 
measurements that suggest a difference in the aggregation mode of the 
monomers, AFM imaging was performed to gain insight into the morphology 
of the aggregates (Figure 4.4). Self-assembly of 1b in water results in the 
formation of nanofibers consistent with the observed UV-vis spectra (Figure 
4.3a). Conversely, the increased hydrophilic character of 2a resulted in the 
formation of amorphous structures (Figure 4.3b) that could be a drying effect 
and is consistent with a single absorption band at 280 nm and lack of 
fluorescent signal in the Nile Red experiment. In case of 2b and 2c (Figure 
4.3 c,d) the formation of fibrillar aggregates is observed with lesser degree of 
polymerization compared to 1b. These observed morphologies are in line with 
the results obtained from UV-vis spectroscopy and point to the importance of 
the hydrophilic-hydrophobic ratio in combination with the squaramide 
synthons inside the molecular structure to drive monomer self-assembly into 
fibrillar aggregates that entangle to form hydrogel materials. To gain further 
insight into the morphological differences between the aggregates of 1b, 2b 
and 2c, measurements that are performed in the solution state such as small 
angle x-ray scattering and cryogenic electron microscopy are necessary. 

  

Figure 4.3 Variable concentration SLS measurement of a) 1b and b) 2a to determine the critical 
aggregation concentration.  

a) b) 
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a)  b) 

c) d) 

Figure 4.4 AFM micrographs of 1b (a) (scale bar 3 µm), 2a (b), 2b (c) and 2c (d), (scale bar: 
1 µm). 
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The capacity of the monomers that form fibrillar aggregates to gelate water 
were probed by a gel inversion test and oscillatory rheology (Figure 4.5). 
Monomers 2b and 2c did not yield hydrogels, as they precipitated at a higher 
concentration of 1 mM likely due to their increased hydrophobic character in 
comparison to the other monomers. Alternatively, 1b gelated water. In 
contrast to gelator 1a that showed a cgc at 3.1 mM, 1b exhibited higher cgc of 
5 mM and viscous solutions at lower concentrations. The stiffness of the 
hydrogel composed of 1b was further quantified by oscillatory rheology in a 
time sweep measurement. The storage modulus (G’) at the end of the 
measurement was 16 Pa. This value is lower in comparison to the G’ obtained 
for 1b (67 Pa) in a similar concentration range.  

 

 

 

 

 

 

 

 

 

 

Figure 4.5 (a) Oscillatory rheology time sweep of 1b, (cSQ=5 mM), Time sweep measurements 
were collected at a fixed frequency of 1.0 Hz and strain of 0.05% for up to 7200s. (b) 
Representative photograph of the gel inversion test for 1b at 5 mM. 

a) b) 
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Overall, the structural modifications to monomers 1b and 2a-c and their self-
assembly demonstrated the extent they could be altered while preserving 
supramolecular polymer assembly. Maintenance of a sufficient 
hydrophilic/hydrophobic ratio despite a reduction of one squaramide unit in 
2b, 2c permitted the formation of supramolecular polymers, however gel 
phase materials are not obtained. More specifically, removal of the 
hydrophobic domain at the core in 2a results in loss of nanofiber formation as 
evidenced by spectroscopic and AFM measurements. Retention of a 
hydrophobic domain at the core with and without oligoethyelene glycol as in 
2b and 2c provides nanofibers with increased flexibility and a lesser degree of 
polymerization compared to 1b. Moreover, in these experiments the 
carbamate moiety in 1 was found to be relevant for increasing hydrogel 
stiffness. In the absence of the carbamate a four-fold lower storage modulus 
of the hydrogel was obtained.  
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4.4 Conclusions 

In this study, the systematic modification of the chemical structure of tripodal 
squaramide monomer on their self-assembly properties was examined in 
water. Thus, a small library of monomers was synthesized in moderate yields 
and their self-assembly properties were investigated and compared with the 
corresponding parental tripodal squaramide-based hydrogelator. Exchange of 
the carbamates with the ether linkages resulted in a reduction in hydrogel 
stiffness, whereas reduction of the number of squaramide units resulted 
inability to form gel phase materials. The observed effects on gelation likely 
result due to the reduced degrees of polymerization of the squaramide 
monomers with a reduction in the number of the squaramide synthons 
affecting their entanglement. Additionally, the hydrophobic shielding of the 
regions near squaramide are critical as an increase in hydrophilicity near the 
center of the monomer hinders the formation of fibrillar aggregates. These 
results point to the importance of the location of the hydrophilic moieties on 
the self-assembly of the aggregates, and the hydrophilic/hydrophobic ratio. 
Cumulatively, these demonstrate the necessary structural features to guide the 
gelation of tripodal squaramide-based monomers in solution, but also their 
hints at their tolerance to structural modifications for future works that involve 
their conversion into functional supramolecular biomaterials. 
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SUPPORTING INFORMATION 

4.5 Material and methods 

4.5.1 Materials 

All reagents and chemicals were purchased from Sigma Aldrich, Acros 
Organics and Bioconnect and used without further purification. Deuterated 
chloroform was purchased from Euriso-top and Milli-Q water was employed 
for all experiments. Acetonitrile for the hydrogenation reaction was dried 
using molecular sieves 3Å (20% w/v) and used after 24 h of equilibration. 
Tetraethylene glycol p-toluenesulfonate (Peg4OTs) was synthesized as 
reported in literature.42 

4.5.2 Instrumentation   

Compounds were either purified by normal-phase silica gel column 
chromatography or on a X1 flash chromatography system equipped with a 
C18 column from Grace Reveleris. 1H-NMR and 13C spectra were obtained 
on a Bruker (300 MHz) or Bruker DMX-400 (400 MHz). LC-MS analyses 
were performed on a Finnigan Surveyor HPLC system equipped with a 
Gemini C18 50 x 4.60 mm column (UV detection at 254 and 214 nm) coupled 
to Finnigan LCQ Advantage Max mass spectrometer with ESI. For the mobile 
phase, a gradient of 10-90% of CH3CN/ H2O with 0.1% trifluoroacetic acid 
over 13.5 minutes was used. MALDI-TOF-MS spectra were obtained on a 
Bruker Microflex LRF mass spectrometer in reflection positive mode using α-
cyano-4-hydroxycinnamic acid as a matrix with a laser power of 30%. UV-
vis measurements were performed on a Cary 300 UV-vis spectrophotometer 
using a quartz cuvette of a 1 cm path length. DLS measurements were carried 
out using a Malvern Zetasizer Nano ZS ZEN3500 equipped with a laser of 
633 nm and with a scattering angle of 173°. Fluorescence experiments were 
recorded on an Infinite M1000 Pro Tecan plate reader using a 96-well plate 
with a black background. Atomic force microscopy (AFM) images were 
recorded in tapping mode on a Veeco-Bruker Multimode AFM with a 
Nanoscope IIIa controller at room temperature. The AFM tips used were 
Oltespa Opus probes with a reflex aluminium coating with a nominal spring 
constant of 2 N/m, a nominal resonance frequency of 70 kHz and a tip radius 
of 7 nm. The images were processed using Nanoscope software. The 
mechanical properties of the squaramide-based hydrogels were measured on 
a Discovery HR-2 hybrid rheometer using cone-plate geometry (40 mm, 
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1.995°) at 25 ± 0.2 °C with a Peltier-based temperature controller and a solvent 
trap. 
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4.6 Synthetic schemes 

4.6.1 Synthethic procedure 1: Squaramide amphiphile synthesis 
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Synthesis of 3  

Tetraethylene glycol monomethyl ether (3.8 mL, 19.21 mmol) was dissolved 
in dry THF (20 mL) at 0 oC. NaH (0.768 g, 19.21 mmol) was added in portions 
resulting in a foaming solution. When the foaming ceased, the ice bath was 
removed. Subsequently, 1,10-dibromodecane (12.94 mL, 57.62 mmol) was 
added and the reaction mixture was stirred overnight at room temperature. The 
reaction was quenched with H2O (20 mL) and extracted with diethyl ether (3 
x 40 mL). The combined organic fractions were collected, dried with MgSO4, 
filtered, and concentrated. The product was purified by silica column 
chromatography (eluent: petroleum ether/EtOAc 8/2-5/5 v/v) and was isolated 
as a colorless oil.  
 
Yield = 4.04 g, 49.2%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 3.58-3.46 (m, 
16H), 3.39-3.30 (m, 5H), 1.79-1.72 (t, 2H), 1.52-1.47 (t, 2H), 1.35-1.22 (d, 
14H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 71.87, 71.38, 70.53, 70.45, 
70.01, 58.94, 33.87, 33.74, 32.72, 29.56, 29.38, 29.35, 29.29, 28.99, 28.83, 
28.66, 28.08, 26.00. TLC-MS (m/z): 450.1 [M+Na]+. 

Synthesis of 4  

3 (4.04 g, 9.45 mmol) and potassium phthalimide (2.45 g, 13.23 mmol) were 
dissolved in DMF (15 mL) and the mixture was refluxed for 2 hours. After the 
removal of the solvent by rotary evaporation, the residue was re-dissolved in 
DCM (50 mL), extracted with 2 M HCl (2 x 30 mL), dried with MgSO4, 
filtered, and concentrated. The compound was purified by silica column 
chromatography (petroleum ether/EtOAc, 1/1) and obtained as colorless oil.  
 
Yield = 2.69 g, 57.7%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.75 (d, 4H), 
3.4 (m, 18H), 3.35 (s, 3H), 1.6 (d, 4H), 1.24 (s, 14H). 13C NMR (75 MHz, 
CDCl3): δ (ppm) = 168.40, 133.81, 132.14, 123.10, 71.91, 71.48, 70.57, 70.49, 
70.02, 59.00, 38.02, 29.59, 29.46, 29.39, 29.13, 28.56, 26.81, 26.03. TLC-MS 
(m/z): 516.5 [M+Na]+, 532.5 [M +K]+.  
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 Synthesis of 5  

Hydrazine monohydrate (3.8 mL, 78.34 mmol) was added to a stirred solution 
of 4 (2.69 g, 5.45 mmol) in EtOH (50 mL) and the mixture was refluxed 
overnight. The solvent was removed by rotary evaporation and the mixture 
was dissolved in chloroform (100 mL), extracted with NaOH (3 x 100 mL, 1 
M) and the organic layers were dried with MgSO4, filtered, and concentrated. 
The compound was isolated as white solid and used for the next step without 
any further purification.  
 
Yield = 1.64 g, 82.9%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 3.40 (m, 16H), 
3.26 (t, 2H), 3.20 (s, 3H), 2.50 (t, 2H), 1.80 (s, 3H), 1.30 (m, 4H), 1.11 (s, 
12H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 71.77, 71.28, 70.43, 70.33, 
69.90, 58.81, 41.90, 33.31, 29.47, 29.39, 29.37, 29.30, 26.72, 25.92. TLC-MS 
(m/z): = 364.5 [M+H]+, 386.5 [M+Na]+. 
 

 Synthesis of 6  

 5 (1.18 g, 3.26 mmol), 3,4-dibutoxy-3-cyclobutene-1,2-dione (0.9 mL, 3.91 
mmol), and DIPEA (0.9 mL, 4.89 mmol) were dissolved in CHCl3 (50 mL) 
and were stirred at room temperature for 2 h. The mixture was purified by 
silica column chromatography (DCM/MeOH, 98/2). The product was isolated 
as light brown oil.  
 
Yield = 1.07 g, 63.9%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 4.73 (t, 2H), 
3.66 (m, 16H), 3.43 (t, 4H), 1.77 (q, 2H), 1.56 (m, 4H), 1.44 (m, 2H), 1.27 (s, 
12H), 0.96 (t, 3H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 177.48, 73.38, 
71.89, 71.47, 70.58, 70.54, 70.47, 70.02, 59.00, 44.88, 31.99, 30.65, 29.59, 
29.44, 29.39, 29.10, 26.34, 26.03, 18.63, 13.65. LC-MS: t = 7.65 min, (m/z): 
515.69.[M]+    
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4.6.2 Synthetic procedure 2: Synthesis of 2a, 2b and 2c 
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Synthesis of 7 

Benzyl alcohol (1.6 mL, 15.42 mmol), and CDI (5.00 g, 30.83 mmol) were 
dissolved in THF (20 mL) and were stirred at RT for 30 minutes under N2 
atmosphere. After quenching the reaction with distilled H2O (70 mL) and 
extraction with EtOAc (3 x 100 mL), the combined organic fractions were 
dried with MgSO4, filtered, and concentrated. The solution was purified by 
silica column chromatography (EtOAc/hexane, 1/2) and the product was 
isolated as a colorless oil.  
 
Yield = 2.51 g, 80.6%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.07 (s, 1H), 
7.34 (m, 6H), 6.98 (m, 1H), 5.32 (s, 2H). 13C NMR (75 MHz, CDCl3): δ (ppm) 
= 148.51, 137.09, 134.02, 130.58, 128.95, 128.78, 128.64, 117.10, 69.73. 
TLC-MS (m/z): 203.2 [M+H]+, 228.2 [M+Na]+. 
 
Synthesis of 8 
 
7 (2.51 g, 12.41 mmol) was dissolved in THF (50 mL) and diethylenetriamine 
(0.6 mL, 5.77 mmol) was added dropwise to the reaction mixture and stirred 
for 2 h at RT. The solution was purified by flash chromatography on a C18 
silica column using a gradient of H2O/CH3CN 10-90 % over 35 minutes. The 
product was concentrated and lyophilized.  
 
Yield = 1.64 g, 76.5%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.33 (s, 10H), 
5.65 (t, 2H), 5.08 (s, 4H), 3.25-3.21 (t, 4H), 2.68 (t, 4H), 1.33 (s, 1H). 13C 
NMR (300 MHz, CDCl3): δ (ppm) = 156.77, 136.60, 128.50, 128.09, 66.64, 
48.59, 40.70. TLC-MS (m/z): 394.3 [M + Na]+.  

Synthesis of 9a 

Tetraethylene glycol p-toluenesulfonate (0.42 g, 1.15 mmol), 8 (0.23 g, 0.62 
mmol), K2CO3 (0.12 g, 0.88 mmol), and NaI (0.096 g, 0.64 mmol) were 
dissolved in anhydrous acetonitrile (15 mL) and were refluxed for 36 hours. 
The solution was concentrated and the residue was redissolved in DCM (25 
mL). After washing with 1 M NaOH (15 mL) and back extraction of the 
aqueous layers with DCM (3 x 10 mL), the combined organic fractions were 
dried with MgSO4, filtered, and concentrated. The residue was purified by 
flash column chromatography on C18 silica column using a gradient of 
H2O/CH3CN: 10-90% over 40 minutes.  
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Yield = 0.31 g, 88.5%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.29 (s, 10H), 
5.91 (t, 2H), 5.05 (s, 4H), 3.50 (s, 12H), 3.41 (t, 2H), 3.33 (s, 3H), 3.219 (q, 
4H), 2.61 (t, 6H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 156.80, 136.86, 
128.38, 128.05, 127.90, 71.84, 70.49, 70.46, 70.35, 70.32, 70.16, 69.99, 66.39, 
58.96, 54.23, 53.19, 39.17. 

Synthesis of 2a 

9a (0.149 g, 0.265 mmol) and Pd/C (0.021 g, 0.197 mmol) were dissolved in 
dry MeOH (10 mL) and placed under a N2 atmosphere. Et3SiH (4.5 mL, 26.5 
mmol) was added dropwise to the reaction mixture and stirred at RT 
overnight. The solution was filtered over celite and the solvent was removed 
by a stream of N2 gas. Subsequently, the residue was dissolved in CHCl3 (50 
mL) and 6 (0.30 g, 0.59 mmol) and DIPEA (0.14 mL, 0.80 mmol) were added 
and refluxed overnight. After the removal of the solvent by rotary evaporation, 
the residue was redissolved in DCM (20 mL), washed with H2O (3 x 10 mL) 
and dried with MgSO4, filtered, and concentrated. The final compound was 
purified by silica column (DCM/MeOH, 9/1), lyophilized and obtained as 
white solid.    
 
Yield = 0.122 g, 40.6%. 1H NMR (300 MHz, CDCl3): δ (ppm) = δ 3.59 (m, 
50H), 3.42 (t, 8H), 3.35 (s, 6H), 3.31 (s, 3H), 2.68 (m, 6H), 1.58 (m, 12H), 
1.24 (s, 20H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 183.25, 181.50, 168.98, 
168.81, 72.26, 71.82, 71.67, 71.49, 70.87, 70.53, 70.49, 70.44, 70.36, 69.92, 
58.98, 57.15, 53.89, 44.61, 43.52, 31.14, 29.55, 29.51, 29.44, 29.25, 26.50, 
26.03. LC-MS: t= 6.20 min, (m/z):  1175.42 [M]+, MALDI (m/z): 1177.95, 
[M+H]+ 
 
Synthesis of 9b 
 
 8 (0.21 g, 0.58 mmol), 1-bromodecane (0.14 mL, 0.67 mmol) and K2CO3 
(0.37 g, 2.69 mmol) were dissolved in dry acetonitrile (30 mL) and refluxed 
overnight. The compound was purified by silica column chromatography 
(DCM/MeOH: 95/5).  
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Yield = 0.24 g, 81.1 %. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.32 (s, 10H), 
5.08 (s, 2H), 3.23 (t, 4H), 2.48 (m, 6H), 1.27 (d, 16H), 0.91 (t, 3H). 13C NMR 
(75 MHz, CDCl3): δ (ppm) = 156.68, 136.72, 128.44, 128.01, 127.98, 66.56, 
54.03, 53.51, 38.86, 34.01, 31.93, 31.90, 29.71, 29.62, 29.53, 29.36, 29.30, 
27.39, 26.89, 22.71, 14.16. TLC-MS (m/z): 512.7 [M + H]+, 534.7 [M + Na]+. 

Synthesis of 2b 

9b (0.71 g, 1.39 mmol) and Pd/C (0.08 g, 0.72 mmol) were dissolved in dry 
MeOH (30 mL) and flushed with argon for 10 minutes. Et3SiH (11.0 mL, 68.9 
mmol) was added dropwise to the reaction mixture and stirred overnight at 
RT. The solution was filtered over celite and the solvent was removed by a 
stream of N2 gas. Subsequently, the residue was redissolved in CHCl3 (50 mL) 
and 6 (0.32 g, 0.61 mmol) and DIPEA (0.17 mL, 0.99 mmol) were added and 
refluxed overnight. After the removal of the solvent by rotary evaporation, the 
mixture was dissolved in DCM (20 mL) and washed with H2O (3 x 10 mL) 
and dried with MgSO4. The product was purified silica column 
chromatography using DCM/MeOH (9:1) and successively lyophilized to 
obtain the final compound as a white powder.   
 
Yield = 0.17 g, 47.1%. 1H NMR (300 MHz, CDCl3): δ (ppm) = δ 3.65 (m, 
35H), 3.44 (t, 4H), 3.38 (s, 5H), 2.73 (t, 6H), 1.59 (m, 12H), 1.25 (d, 36H), 
0.88 (m,  3H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 181.81, 168.79, 167.18, 
71.85, 71.53, 70.57, 70.53, 70.46, 70.38, 70.01, 69.94, 59.01, 57.41, 54.76, 
44.68, 31.91, 31.07, 29.63, 29.59, 29.54, 29.50, 29.35, 29.29, 26.57, 26.07, 
22.68, 14.13. LC-MS: t= 8.06 min, (m/z): 1125.62 [M]+), MALDI (m/z): 
1127.23 [M+H]+. 
 
Synthesis of 9c 
 
8 (0.20 g, 0.54 mmol) and 3 (0.29 g, 0.67 mmol) and K2CO3 (0.37 g) were 
dissolved in dry acetonitrile (30 mL) and refluxed overnight. The purification 
was performed by flash chromatography on a C18 silica column using a 
gradient of H2O/CH3CN (10-90%) over 40 min.   
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Yield = 0.26 g, 66.3 %. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.33 (d, 10H), 
5.08 (s, 4H), 3.66 (m, 17H), 3.57 (m, 4H), 3.45 (m, 3H), 3.39 (d, 3H), 3.26 (s, 
2H), 2.52 (d, 4H), 1.58 (t, 3H), 1.27 (d, 16H). 13C NMR (75 MHz, CDCl3): δ 
(ppm) = 136.61, 128.45, 128.02, 71.93, 71.52, 70.61, 70.59, 70.51, 70.05, 
66.63, 54.06, 53.55, 29.63, 29.55, 29.46, 27.30, 26.08. 
 
Synthesis 2c 
 
7c (0.18 g, 0.25 mmol), and Pd/C (13 mg, 0.13 mmol) were dissolved in 
MeOH (30 mL) and flushed with N2 gas for 10 minutes. Et3SiH (4.0 mL, 25.21 
mmol) was added dropwise and the reaction mixture stirred overnight at RT. 
The solution was filtered over celite and concentrated using a gentle stream of 
N2 gas. Subsequently, the residue, 6 (0.44 g, 0.85 mmol) and DIPEA (0.19 
mL, 1.10 mmol) were dissolved in chloroform and refluxed overnight. After 
the removal of the solvent, the residue was dissolved in DCM (20 mL), 
washed (3 x 10 mL) with H2O and dried with MgSO4. The compound was 
purified by silica column chromatography using EtOAc and then 
DCM/MeOH (9/1). Successively, the final compound was lyophilized and 
isolated as a white powder. 
 
 Yield = 0.11 g, 21.5%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 3.58 (m, 54H), 
3.45 (m, 8H), 3.37 (s, 9H), 2.56 (d, 6H), 1.40 (m, 46H). 13C NMR (75 MHz, 
CDCl3): δ (ppm) = 185.16, 168.71, 167.27, 71.89, 71.85, 71.53, 70.56, 70.52, 
70.44, 70.37, 70.02, 69.92, 69.56, 59.01, 44.59, 37.71, 31.08, 26.54, 26.06. 
LC-MS: t= 7.14 min, (m/z): 1331.65[M]+, MALDI (m/z): 1355.31 
[M+Na+H]+.  
  



 

173 
 

4.6.3 Synthetic procedure 3: Synthesis of 1b  

 

 

 

Synthesis of 1b 
 
Tris(2-aminoethyl)amine (0.015 mL, 0.10 mmol), 6 (0.17 g, 0.34 mmol) and 
DIPEA (0.071 mL, 0.05 mmol) were dissolved in chloroform (50 mL) and 
refluxed overnight. The solvent was removed by rotary evaporation and the 
residue was dissolved in DCM (15 mL), washed with H2O (3 x 10 mL) and 
dried with MgSO4. The compound was purified by silica column 
chromatography using EtOAc and then DCM/MeOH (9/1) to isolate the 
product was isolated as a colourless oil.  
 
Yield = 0.131 g, 86.9%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.65 (s, 4H), 
3.60 (m, 60H), 3.45 (t, 6H), 3.38 (d, 9H), 2.62 (s, 4H), 1.57 (m, 12H), 1.35 (d, 
6H), 1.25 (s, 30H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 182.66, 168.50, 
167.17, 71.66, 71.52, 70.31, 70.19, 70.16, 70.11, 70.04, 69.71, 59.01, 56.69, 
55.65, 44.50, 31.08, 29.51, 29.44, 29.24, 26.46, 25.96. LC-MS: t= 6.99 min, 
(m/z): 1469.83 [M]+ ), MALDI (m/z): 1470.87 [M+H]+. 
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4.7 Characterization 
 
Sample preparation protocol 
 
Water was added to 1b and 2a-c to prepare solutions at a concentration of 1 
mM - 5 mM and sonicated for 20 min using a Branson 2510 Ultrasonic cleaner 
bath. Subsequently, aliquots from the stock solution were taken to prepare 
solutions at the desired concentration for solution phase measurements and 
used for gelation experiments. All samples were left to stand overnight before 
measurement.  
 
UV-vis spectroscopy 
 
Samples for UV-vis spectroscopy were prepared at a 15 µM concentration in 
water as described according to the sample preparation protocol above. The 
samples were placed in the UV-vis and a spectrum was recorded from 200-
500 nm. The solutions were prepared in triplicate and for each solution the 
UV-vis spectra was measured.  
 
Fluorescence spectroscopy  
  
A stock solution of Nile Red dye (0.005 mg/mL) was prepared in MeOH. The 
stock solution was pipetted into 4 individual wells of a 96-well plate (12 μL) 
and the solvent was removed using a vacuum oven for 2 h. Subsequently 2a, 
2b, 2c and 1a were prepared at a 15 µM concentration as described according 
to the self-assembly protocol. Aliquots of 1a and 2a-c (200 μL) were pipetted 
into a 96-well plate and equilibrated overnight before the measurement. Water 
(200 μL) was measured as a negative control. The experiment was performed 
using Infinite M1000 Pro Tecan plate reader, with an excitation wavelength 
of 550 nm and measuring fluorescence emission from 570 to 800 nm. The 
solutions were prepared in triplicate and for each solution the emission spectra 
was measured.  
 
Critical aggregation concentration determination 
 
The critical aggregation concentration (CAC) of 1b and 2a was determined by 
first preparing a stock solution at 1 mM concentration that was equilibrated 
overnight. The stock solution was diluted to several concentrations between 
100 µM to 10 nM and equilibrated for at least 3h prior to measurement of 
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scattering intensity. Each measurement was carried out using a disposable 
DLS cuvette. The data was plotted using the scattering intensity as a function 
of log [C]. The critical aggregation concentration was then determined from 
the intersection of the two lines drawn through the points collected for the 
scattering intensities collected at the various concentrations. 
 
Atomic force microscopy (AFM) 
  
1b and 2a-c were prepared according to the preparation protocol above at a 
concentration of 15 µM and equilibrated overnight. An aliquot (25 μL) from 
each of these solutions was pipetted on cleaved mica and dried overnight at 
RT before the measurements. The analysis of AFM images was performed 
using the Nanoscope software.   
 
Critical gelation concentration (CGC) 
 
The CGC of compounds 1b and 2a-c was determined by the gel inversion 
method. Compounds 1b and 2a-c were weighed in the appropriate quantities 
in 500 μL of water to prepare gels with final gelator concentrations from 1-5 
mM according to the sample preparation protocol above.  
 
Oscillatory rheology 
 
Because compound 1a resulted in a viscous solution at a concentration of 5 
mM in water after sonication, an oscillatory rheology measurement was 
performed to gain insight into the gel properties. The pre-made hydrogel (600 
µL) was gently pipetted onto the lower plate and a gap distance was set at 54 
µm. Time sweep measurements were collected at a fixed frequency of 1.0 Hz 
and strain of 0.05% for up to 7200s. 
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Figure S1 Representative photograph of gel inversion test for 1b at 5 mM.  
 
 
Table S1 
TEG weight fraction (ωTEG) of the monomers 
 

Monomers ωTEG 

1a 0.42 
2a 0.55 
2b 0.53 
2c 0.46 

 
 
 
 
 
 
 
  



 

177 
 

References 
 

1. Chirkin, E.; Muthusamy, V.; Mann, P.; Roemer, T.; Nantermet, P. G.; 
Spiegel, D. A., Neutralization of Pathogenic Fungi with Small-Molecule 
Immunotherapeutics. Angew. Chem. Int. Ed. 2017, 56, 13036-13040. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

178 
 

  



 

  
 

CHAPTER 5 
 

Visible light crosslinking of squaramide-based 
supramolecular polymers through tyrosine cross-

linking 
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5.1 Abstract 
Supramolecular materials that are held together by non-covalent interactions 
are gaining remarkable attention in the biomedical field for their capacity to 
mimic structural and functional attributes of ECM proteins. However, in 
comparison to the covalent polymers that are held together with largely 
irreversible bonds, supramolecular materials display weak mechanical 
properties that limit their applications. A powerful strategy to tune the 
mechanical properties of the resultant self-assembled materials is through the 
application of covalent crosslinks. When photoreactive groups are used,  
spatiotemporal control over materials properties can be achieved using light 
as an external stimulus. We herein examine the inclusion of tyrosine moieties 
into a squaramide-based supramolecular monomer to enable its visible light 
crosslinking. More specifically, a tyrosine dipeptide-functionalized 
squaramide-based monomer was synthesized to obtain supramolecular 
polymers and its visible light cross-linking with the use of FMN and 
Ru(bpy)3

2+ photoinitiators to prepare gel materials is disclosed. 
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5.2 Introduction 

Functional supramolecular hydrogels based on peptides are 
considered as promising candidates for tissue engineering and regenerative 
medicine because of their biocompatible and biodegradable nature.1–5 
Moreover, their self-assembly starting from small molecules provide 
numerous opportunities to modulate the properties of the formed materials 
based on the features of the designed monomer, namely its sequence.6,7 The 
amino acid sequence with the relative positioning of the units dictates the non-
covalent interactions (e.g. π-π stacking, hydrogen bonding and hydrophobic 
interactions) that will work together to form the polymers.8,9 Short peptide 
sequences involving two, three or four amino acids have shown the ability to 
form a diverse array of filamentous nanostructures and hydrogel 
materials.6,10,11 Often their design is based on sequences containing aromatic 
units (e.g. Phe, Tyr) and can include larger non-amino acid units (e.g. 
Fmoc).12–14 However, a major challenge for these materials once assembled is 
their weak mechanical properties that limit their application in the biomedical 
area, thus further tuning of their properties on self-assembly is necessary. One 
strategy to improve the properties of these materials is to introduce units that 
would enable their covalent crosslinking under cell culture conditions. Such 
crosslinking has been achieved using various conjugation chemistries such as 
Schiff-base, hydrazone, acylhydrazone, Diels-Alder, and disulfide, and thiol-
ene reactions.12,15–18 However, the use of light activatable chemistries is highly 
attractive as it provides opportunities for spatiotemporal control of mechanics 
and bioactivity of these materials.  

UV or visible light have been used to stimulate photocrosslinking in 
covalent polymer hydrogels with the aid of a photoinitiator.19,20 Photoinitiators 
such as lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), flavin 
mononucleotide (FMN), Eosin-Y and tris(bipyridine)ruthenium(II) 
[Ru(bpy)3]2+ have been used to provide a radical source to trigger crosslinking. 
More recently, visible light photoinitiators (e.g. FMN, Ru(bpy)3

2+ ) have been 
examined to crosslink of phenol-based molecules (e.g. tyrosine) in peptide and 
polymer materials for a range of 3D cell culture applications, including 
bioprinting. Tyrosine dimerization can be easily followed with the 
characteristic absorption and emission of dityrosine (λabs = 320 nm; λem = 420 
nm) as compared to the unreacted amino acid (λabs = 280 nm; λem = 305 
nm).21,22 In a PEG-peptide hydrogel containing tyrosine (e.g., CYGGGYC), 
the mechanical properties were modulated by the time of light exposure, FMN 
concentration and number tyrosine residues.22 Importantly, tyrosine 
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interactions play an important role in stabilizing natural materials such as 
resilin, silk, alginate, and collagen.23–27 The biological relevance of these 
bonds and their crosslinking at visible wavelengths that can be more 
cytocompatible make them attractive for use in tissue culture,28 and thus we 
became interested in their use to tune the self-assembly behaviour of 
supramolecular polymers.   

We previously reported supramolecular materials based on a tripodal 
squaramide-based monomer for 3D cell culture applications.29–31 The 
hydrogels are soft (<100 Pa in storage modulus, G’), but the lack of chemical 
handle precludes their further crosslinking. In the previous chapter, we found 
that even removal of one squaramide moiety from the core and further 
modulating the hydrophilic-hydrophobic balance can result in gels. In this 
monomer, two strategies can be envisaged to introduce a tyrosine moiety in 
these monomers; either on the periphery of each arm of the monomer, or 
through substitution of one squaramide arm with a tethered tyrosine moiety. 
We opted for removal of one squaramide arm because of the solubility of the 
tyrosine and bridged its attachment to the squaramide core with a tetraethylene 
glycol chain. Herein, we prepare the tyrosine dipeptide outfitted monomers 
with and without carbamate linkages (Scheme 1) and examine its self-
assembly and crosslinking with an FMN photoinitator in the visible light 
range.  
 

 

Scheme 1: Chemical structures of tyrosine dipeptide and tyrosine dipeptide-coupled 
squaramide monomer with (1a) and without (1b) peripheral carbamate linkage.  
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5.3 Results and discussion  

In chapter 4, we found that removing one squaramide arm from a tripodal 
squaramide derivative and the addition of a tetraethylene glycol chain results 
in a lack of aggregation on self-assembly as consequence of its increased 
hydrophilic character. We selected this monomer because of the hydrophobic 
nature of the dityrosine that is expected to increase on self-assembly and after 
light-mediated crosslinking. 
 

 

 

Scheme 2. Synthetic route to tyrosine dipeptide-coupled squaramide-based monomer 1a and 
1b. 
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Moreover, the tyrosine dipeptide has also been reported to self-assemble on 
its own into nanofibers23 (Scheme 1). Though a single tyrosine moiety is 
sufficient cross-linking, we applied the tyrosine dipeptide to additionally 
benefit from the potential synergistic effect of the self-assembly of the 
dipeptide that could influence the squaramide supramolecular polymer 
structure prior to crosslinking. We examine the effect of its conjugation to 
squaramide monomers (1a and 1b) on modulating the self-assembly before 
and after visible light irradiation. 

The tyrosine dipeptide-coupled squaramide-based monomers, 1a and 1b, were 
synthesized through a multistep reaction sequence as shown in Scheme 2. 
Initially, compound 6 was synthesized by reacting Ac-O-(tert-butyl)-L-
tyrosine with O-(tert-butyl)-L-tyrosine via DCC/NHS coupling in DMF with 
75% yield. The heterobifunctional tetraethyleneglycol (2), squaramide 
amphiphile with a decyl spacer and a carbamate (4a) and without carbamate 
group (4b) were separately synthesized using literature reported procedures.32 
The synthesis of tripodal amphiphiles commenced with the reaction of N,N″-
di-Z-diethylenetriamine with 2 in the presence of sodium carbonate to provide 
3 in 31% yield. The Cbz group was subsequently deprotected by in situ 
hydrogenation with triethylsilane on activated palladium and substituted with 
squaramide units to yield 5a (30%) and 5b (28%). The product was further 
treated with 50% trifluoroacetic acid in chloroform for boc-deprotection and 
then coupled with tyrosine dipeptide using HBTU in DMF.  The final product 
was isolated after deprotection of the tert-butyl group using TFA at RT to yield 
1a (57%) and 1b (30%).  

To understand the changes in the assembly of the supramolecular induced by 
the conjugation of the tyrosine dipeptide, AFM experiments were performed. 
When the tyrosine peptide is conjugated to the tripodal squaramide-based 
supramolecular monomer, 1a, spherical aggregates are were observed on 
dilution from a 1 mM stock solution on mica (15 µM) (Figure 2a). The lack 
of aggregates with a fibrillar morphology could be due to the position of the 
hydrophilic domain in the monomer structure, as it is conjugated to the central 
nitrogen in the monomer core and can hinder the formation of the other non-
covalent interactions between monomers. 
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The self-assembly of 1a at the molecular level was further evaluated by UV-
vis spectroscopy. A broad absorption band between 250-320 nm lacking the 
characteristic red- and blue-shifting of the HOMO-LUMO and HOMO-
LUMO+1 transitions of squaramide synthon on self-assembly was observed 
(Figure 2d). Combined with the observations in AFM imaging, namely the 
formation of spherical aggregates, these results point to monomer 1a being 
unable to form fibrillar aggregates at the tested concentration. Despite earlier 
reports that show the formation of supramolecular polymers from tyrosine 
dipeptides,23 this result suggests that the aliphatic spacer between TREN core 
and peptide is likely necessary for the retention of one-dimensional 
nanostructures at monomer concentrations in the low micromolar range, as 
observed for other tripodal monomers reported in Chapter 4. Moreover, the 
self-assembly of 1a was further investigated by SLS (static light scattering) to 
determine the critical aggregation concentration (CAC) or the concentration 
above which the supramolecular polymers are formed (Figure 2b). The CAC 

Figure 2 (a) AFM micrographs of 1a, stock solution 1 mM diluted to 15 µM (scale bar = 1 µm) 
(b) Critical aggregation concentration of 1a by static light scattering (SLS) ; (c) UV-vis spectra 
of 1a (1 mM diluted to 15 µM); in presence of FMN (15 µM) at different irradiation times at 
450 nm; d) UV-vis spectrum of 1a (15 µM).  
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of 1a, was determined from the inflection point of the scattered intensities of 
monomer solutions between 100 µM and 10 nM and was comparable to that 
one previously calculated for the compound 2a (chapter 4, 2.13 x 10 -5 M), 
further confirming the approach of self-assembly at a higher monomer 
concentration and its subsequent dilution for analysis.  

Once aggregation behavior of the monomer was assessed, the potential of the 
tyrosine dipeptide unit to undergo cross-linking with visible light irradiation 
(λ = 440 nm) was examined. Using conditions reported by Liu et al.,33 
compound 1a (1 mM) above the CAC was irradiated with visible light at 440 
nm in the presence of the FMN photoinitiator at a 1 mM concentration with 
different irradiation times (0, 5, 10, 15, 20, 25, 30, 60 and 120 min). It was 
previously reported that the formation of tyrosine dimers could be identified 
by the growth of a new UV-vis band at 330 nm and a fluorescent signal at 420 
nm.21 Therefore, we collected UV-vis and fluorescence spectra of 1a in the 
presence of FMN (1 mM) before and after being irradiated with visible light 
for different irradiation times until when no further spectral changes were 
observed (Figure 2d). The UV-vis profile before irradiation (t = 0 min) 
displayed bands at 255, 370 and 450 nm, which are consistent with the 
characteristic absorption of the FMN photoinitiator.34 A control sample where 
visible light irradiation was applied to the FMN photoinitiator in water was 
performed (Figure S5.2). With increasing the irradiation time in the 
experiment, a decrease in the absorption spectrum at 450 nm was observed 
due to the degradation of the photoinitator.35  

To further confirm tyrosine crosslinking between squaramide monomers, 
emission spectra of 1a were recorded after irradiation with visible light for 
various durations (Figure 3). In absence of visible light irradiation, the 
emission profile is typical of the photoinitiator (Figure S5.3). On the 
application of visible light, the initial transitions at 525 and 550 nm 
disappeared and a new band at 470 nm was observed. These trends matched 
those observed in UV-vis experiments and are consistent with the 
photodegradation of FMN in water as outlined by Edwards.35–37 Both the lack 
of the UV-vis band at 330 nm and the fluorescent signal at 420 nm point to 
the inabiltity of the tyrosine dipeptide to crosslink within this supramolecular 
system. We postulate that this result could arise for two reasons; either the 
lack of ‘exposure’ of phenolic hydroxyl group of tyrosine to the excited 
photoinitiator to trigger the radical reaction or too large of a distance between 
tyrosines to enable crosslinking. However, we also do not rule out the 
monomer concentration or choice of the photoinitiator to give rise to the 
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observed result, as faster initiation, on the order of seconds, can be achieved 
with Ru(bpy)3+.  

 

Figure 3 Emission spectra of diluted samples of 1a (15 µM) after different visible light 
irradiation times (330 nm)  using  FMN (15 µM) as a photoinitiator. Fluorescence spectra were 
taken by excitation at 330 nm and collection from 350 to 620 nm. 
 

In order to further modulate the self-assembly behaviour and photo-
crosslinking of the monomer, we designed compound 1b with a carbamate 
linkage at the interface of the hydrophilic and hydrophobic domains. In 
Chapter 4, it was demonstrated that the absence of a carbamate moiety in the 
tripodal squaramide monomer results in a decrease in the storage modulus 
(G’) of the hydrogel.  Therefore, the impact of using a carbamate linker on 
self-assembly of the tyrosine dipeptide containing monomer was examined. 
The UV-vis spectra on dilution of 1b (15 µM) after self-assembly in water and 
CH3CN shows a spectral profile consistent with a lack of head-to-tail 
aggregation of the squaramide synthons (Figure 4a). The slight increase in 
the absorption intensity in acetonitrile may be due to the increased solubility 
of 1b in acetonitrile in comparison to water. Based on earlier critical 
aggregation concentration measurements for the ether derivative, 1a, UV-vis 
spectra were taken for 1b up to 1 mM.  Upon increasing the concentration of 
1b, new absorption bands at 247 nm and 325 nm were observed (Figure 4b). 
These shifting of the HOMO-LUMO and HOMO-LUMO+1 transitions are 
consistent with the self-assembly of the squaramide synthon in a head-tail 
hydrogen bonding arrangement. The dilution of a concentrated solution of 1b 
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to 0.021 mM resulted the disappearance of these bands; this concentration-
dependent aggregation behaviour that can further be fit with models to gain 
insight into the supramolecular polymerization mechanism. DLS 
measurements of 1b exhibited an increased size in water relative to 
acetonitrile further consistent with the formation of supramolecular polymers 
of 1b in water (Figure 4c).  

 
 
Figure 4 a) UV-vis spectra of 1b (15 µM) in water and CH3CN; b) Concentration-dependent 
absorption of 1b in water; c) Size distribution data measured by DLS (0.166 mM) in water and 
CH3CN; d) Photoirradiation of 1b (0.166 mM) in the presence of Ru(bpy)32+ (16.7 µM) and 
SPS (0.183 µM) using 450 nm visible light as a function of time. 
 
            Tyrosine crosslinking in supramolecular polymer 1b was subsequently 
studied in the presence of Ru(bpy)3

2+ and sodium persulfate (SPS) 
photoinitiators because of their capacity to enable rapid crosslinking, on the 
order of seconds, in the visible range at 450 nm. The concentration of 1b was 
chosen at which it is in self-assembled state (0.166 mM). The photoinitiators 
Ru(bpy)3

2+ (16.7 µM) and SPS (0.183 µM) were added to the solution prior to 
photoirradiation using 450 nm visible light. Upon photoirradiation of 1b for 
30 sec, a slight decrease in the UV absorption intensity was observed (Figure 
4d). Extending the time of irradiation for up to 3 min resulted in an increase 
of the absorption band at 297 nm consistent with the monomer species and a 
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decrease of aggregation band at 325 nm belonging to the aggregated species. 
The overall decrease of the UV-vis spectra after visible light irradiation can 
be attributed to an increase in hydrophobicity of the cross-linked tyrosines in 
the supramolecular polymers. Photoirradiation of 1b under the similar 
experimental conditions at low (30 µM) and high (0.5 mM) concentrations did 
not show any noticeable changes in the UV-vis spectra (Figure 5a and 5b). 
As a control, a solution containing the same concentration of Ru(bpy)3

2+ and 
SPS was prepared to confirm spectral changes were due to the reacted self-
assembling molecules. Though it is anticipated that cross-linking of tyrosine 
would be highly efficient in the self-assembled state due to the close proximity 
of the tyrosine dipeptides on self-assembly, further investigation into the 
effect of self-assembly on crosslinking by varying the concentration of 
photoinitiator, nature of supramolecular polymers and visible light exposure 
time are highly necessary. While these results demonstrate that the tyrosine 
unit is a valid platform to modulate the self-assembly properties of 
supramolecular monomers, their position in the monomer structure, more 
specifically in their relation to their hydrophobic domains is critical for the 
control of supramolecular aggregates. 

 

 

 

 

 

 

 

 

 

Figure 5: UV-visible spectra after photo-irradiation of tyrosine dipeptide a) at low 
concentration (30 µM) in the presence of Ru(bpy)32+ (1.67 µM) and SPS (0.183 µM) and b) at 
high concentration (0.5 mM) in the presence of Ru(bpy)32+ (16.7  µM) and SPS (183 µM) using 
450 nm visible light as a function of time.  

a) b) 
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5.4 Conclusions  

In this chapter, the effect of introducing tyrosine dipeptides on modulating the 
self-assembly properties of a tripodal squaramide-based supramolecular 
monomer was examined. Since tyrosine has been previously shown to self-
assemble in nanofibers, we investigated if this self-assembling unit can 
influence the formation of supramolecular polymers. Head-to-tail hydrogen 
bonding of the squaramide synthons was achieved when a carbamate moiety 
was included to link together hydrophilic and hydrophobic domains, unlike 
when an ether linkage was used. Neither FMN or Ru(Bpy)3+ photoinitiators 
resulted in the formation of tyrosine crosslinks after visible light irradiation at 
various monomer concentrations. These results suggest that the tyrosine 
moiety may be inaccessible to the photoinitiator for crosslinking, and thus 
further optimization with respect to the monomer or photocrosslinking 
conditions is required to enable dityrosine formation to drive changes in the 
formed supramolecular polymers and materials. 
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SUPPORTING INFORMATION 
5.5 Materials and methods 
 

5.5.1 Materials 

All reagents and chemicals were purchased from Sigma Aldrich, Acros 
Organics and Bioconnect, and used without further purification. Deuterated 
chloroform was purchased from Euriso-top and Milli-Q water was employed 
for all experiments. Acetonitrile for the hydrogenation reaction was dried by 
molecular sieves 3Å (20 % w/v) and used after 24h. Compound 5a was 
synthesized as previously reported.38  

5.5.2 Methods 

Compounds were either purified by silica gel column chromatography or on 
X1 flash chromatography system equipped with a C18 column from Grace 
Reveleris using a gradient of H2O/CH3CN. 1H-NMR and 13C spectra were 
obtained on a Bruker (300 MHz) or Bruker DMX-400 (400 MHz). LC-MS 
analysis was performed on a Finnigan Surveyor HPLC system equipped with 
a Gemini C18 50 x 4.60 mm column (UV detection at 254 and 214 nm) 
coupled to Finnigan LCQ Advantage Max mass spectrometer with ESI. For 
the mobile phase, a gradient of 10-90% of CH3CN/H2O with 0.1% 
trifluoroacetic acid over 13.5 minutes was used. MALDI-TOF-MS spectra 
were obtained on a Bruker Microflex LRF mass spectrometer in relfection 
positive mode using α-cyano-4-hydroxycinnamic acid with a laser power of 
30%. UV-vis measurements were performed on a Cary 300 UV-vis 
spectrophotometer using a quartz cuvette of 1 cm path length. The High 
resolution mass spectra (HR-MS) were collected on a Thermo Fisher LTQ 
Orbitrap mass spectrometer equipped with an electrospray ion source in 
positive mode (resolution R = 60000). The spectra were obtained by direct 
injection (2 µL) of samples (1 µM in H2O-CH3CN 50/50 v/v) via Ultimate 
3000 nano UPLC (Dionex) system with an external calibration (Thermo 
Scientific) and recorded with a mass range of 150-2000. DLS measurements 
were carried out using a Malvern Zetasizer Nano ZS ZEN3500 equipped with 
a laser of 633 nm at a scattering angle of 173°. Atomic force microscopy 
(AFM) images were recorded in a tapping mode on a Veeco Multimode AFM 
with a Nanoscope IIIa controller device at room temperature and processed 
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using the Nanoscope software. Atomic force microscopy (AFM) images were 
recorded in tapping mode on a Veeco-Bruker Multimode AFM with a 
Nanoscope IIIa controller at room temperature. The AFM tips used were 
Oltespa Opus probes with a reflex aluminium coating, with a nominal spring 
constant of 2 N/m, a nominal resonance frequency of 70 kHz and a tip radius 
of 7 nm. The images were processed using Nanoscope software. Fluorescence 
experiments were recorded on an Aqualog Horiba Scientific fluorimeter with 
a quartz cuvette of 10 mm. The mechanical properties of the squaramide-based 
hydrogels were measured on a Discovery HR-2 hybrid rheometer with a 
Peltier-based temperature controller and a solvent trap. The cone-plate 
geometry (40 mm, 1.995°) was used and the pre-made hydrogel (600 µL) were 
gently pipetted into the lower plate. The gap was set at 54 μm. The sample 
was covered with the oil to avoid the drying during the measurement. The 
temperature ramp experiment was performed starting from 25 °C and ending 
at 85 °C with the constant ramp rate at 1 °C/min. The measurement was 
performed at a fixed frequency (1 Hz) and strain (0.05%). 
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5.7 Synthetic routes 

5.7.1 Synthesis of 2 

 

 
Scheme S1: Synthetic route for molecule 2. 

 

Synthesis of 8 

Tetraethylene glycol (20.0 g, 0.1 mol), was dissolved in DCM (300 mL) and 
Et3N (2.09 mL, 0.015 mol) was added. The reaction mixture was cooled down 
at 0 °C and a solution of tosyl chloride (1.96 g, 0.010 mol) was added dropwise 
in 2h and stirred overnight at RT. The reaction mixture was concentrated by 
rotary evaporation and was redissolved in DCM (200 mL). The organic layers 
were washed with water (3x 200 mL), dried with MgSO4 and concentrated by 
rotary evaporation yielding as a colorless oil. 

Yield: 25 g, 71.7%. 1H NMR (300 MHz, CDCl3) δ 6.75 – 6.66 (m, 2H), 6.32 
– 6.23 (m, 2H), 4.25 (s, 3H), 3.12 – 3.02 (m, 2H), 2.68 – 2.52 (m, 9H), 2.49 
(m, 7H), 2.19 – 2.07 (m, 1H), 1.36 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 
143.83, 131.75, 129.88, 126.38, 76.76, 76.33, 75.90, 71.70, 71.44, 69.51, 
69.46, 69.35, 69.28, 69.15, 68.86, 68.30, 67.49, 60.40, 52.61, 44.95, 20.49. 
 
Synthesis of 9 

8 (3.12g, 8.97 mmol) was dissolved in DMF (20 mL) and NaN3 was added. 
The reaction mixture was refluxed overnight at 60 °C. The solvent was 
removed by rotary evaporation and the residue was redissolved in water (20 
mL) and extracted with EtOAc (3 x 20 mL). The organic layers were dried 
with MgSO4 and concentrated by rotary evaporation. The compound was 
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purified by chromatographic silica colum (EtOAc 100%, EtOAc/PE 9/1) and 
isolated as a yellowish oil. 

Yield: 0.770g, 40%. 1H NMR (300 MHz, CDCl3) δ (ppm): 3.63 – 3.50 (m, 
11H), 3.47 (m, 2H), 3.27 (t, 2H). 13C NMR (75 MHz, CDCl3) δ (ppm): 162.55, 
77.75, 77.33, 76.90, 72.46, 70.52, 70.47, 70.41, 70.17, 69.89, 61.42, 50.50. 

 

Synthesis of 10 

9 (0.770 g, 3.5 mmol) was dissolved in dry MeOH (10 mL) and Pd/C (0.186 
g, 1.75 mmol) was added under N2 atmosphere. Et3SiH (17 mL, 105 mmol) 
was added dropwise and the mixture was stirred overnight. After the filtration 
on celite, the residue was isolated removing the solvent under a gentle stream 
of N2 gas. The reaction was quantitative and the compound was isolated as a 
yellowish oil.  
1H NMR (400 MHz, CDCl3) δ (ppm): 3.77 – 3.46 (m, 20H), 2.90 – 2.74 (m, 
2H). 13C NMR (75 MHz, CDCl3) δ 163.42, 77.88, 77.45, 77.02, 72.60, 72.36, 
71.34, 71.04, 70.88, 70.38, 70.25, 70.20, 70.12, 69.97, 69.91, 69.87, 69.83, 
69.76, 69.42, 62.02, 60.87, 60.77, 48.60, 42.55, 41.18, 40.59.  

 

Synthesis of 11 

10 (0.841g, 4.35 mmol) was dissolved in EtOH (20 mL) and Boc2O (1.04g, 
94.78 mmol) was added to the reaction mixture and stirred at RT for 2h.  After 
the removal of the solvent by rotary evaporation, the crude was redissolved in 
DCM, washed with water (2 x 20 mL), and dried with MgSO4. The organic 
layers were concentrated and the compound, isolated as a white powder, was 
used for next step without further purification. 
1H NMR (300 MHz, CDCl3) δ (ppm): 3.74 (m, 2H), 3.58 – 3.42 (m, 12H), 
3.22 (m, 2H), 1.42 (s, 9H). 13C NMR (75 MHz, CDCl3) δ (ppm): 156.14, 
77.57, 77.14, 76.72, 72.60, 72.53, 70.63, 70.56, 70.54, 70.48, 70.37, 70.32, 
70.27, 70.18, 70.14, 70.02, 69.53, 62.20, 61.51, 40.30, 28.47, 4.30. 

Synthesis of 2 

11 (1.17g, 3.98 momol) was dissolved in DCM (20 mL) and tosyl chloride 
(0.91 g, 4.78 mmol), trimethylamine (0.832 mL, 5.97 mmol) and a catalytic 
amount of 4-(dimethylamino)-piperidine (0.024 g, 0.199 mmol) were added. 
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The reaction mixture that was stirred overnight at RT. Subsequently, water 
(20 mL) was added to the reaction mixture and the aqueous layers were 
extracted with DCM (3 x 20 mL). The organic layers were combined and dried 
with MgSO4 and concentrated by rotary evaporation. The crude was purified 
by chromatographic silica column (DCM/MeOH 95/5) and the product was 
obtained as a colorless oil. LCMS (t= 7.12 min, (m/z): 469.44 [M+Na]+  

Yield: 1.5g, 84.2%. 1H NMR (400 MHz, CDCl3) δ (ppm): 7.83 (d 2H), 7.37 
(d, 2H), 4.18 (m, 2H), 3.83 – 3.42 (m, 21H), 3.37 – 3.29 (m, 2H), 2.48 (s, 3H), 
1.47 (s, 9H). 13C NMR (101 MHz, CDCl3) δ (ppm) = 145.08, 129.84, 127.27, 
77.39, 77.07, 76.76, 72.69, 70.78, 70.57, 70.53, 70.23, 69.25, 68.71, 62.28, 
40.35, 28.43, 20.70, 4.37. 

  

5.7.2 Synthesis of 6 

   
Scheme S2: Synthetic route for protected dityrosine 6. 

Acetyl-O-(tert-butyl)-L-tyrosine (0.600 g, 2.14 mmol) was dissolved in dry 
DMF (10 mL) and N,N-dicyclohexylcarbodiimide (0.529 g, 2.57 mmol) and 
4-dimethylaminopyridine (DMAP) (0.026 g, 0.214 mmol) were stirred for 20 
min at RT. N-hydroxysuccinimide (0.320 g, 2.57 mmol) was added and the 
mixture was stirred for an additional 3 h. Subsequently O-tert-butyl-L-
tyrosine was added and the reaction mixture was stirred overnight. The crude 
was filtered and the solvent was removed under vacuum. EtOAc was added to 
the residue and filtered a second time to remove DCU. The organic layer was 
washed with water (3x) and dried with MgSO4. The compound was purified 
by flash chromatography using H2O/CH3CN (10-90 %) over 40 min and was 
obtained as a colorless oil.  

Yield: 0.8 g, 75%.1H NMR (300 MHz, CDCl3): δ (ppm) =7.08 – 6.95 (m, 2H), 
6.81 (m, 3H), 3.55 (m, 1H), 3.21 – 2.75 (m, 4H), 1.89 (d, 3H), 1.34 – 1.19 (m, 
18H). 13C NMR (75 MHz, CDCl3): δ (ppm) = 175.00, 174.54, 170.20, 169.89, 
169.77, 169.72, 153.99, 153.94, 153.67, 153.56, 132.99, 132.93, 131.88, 
131.64, 130.22, 130.16, 129.48, 123.05, 121.23, 78.22, 78.06, 77.51, 77.09, 
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76.67, 55.95, 54.39, 41.08, 37.99, 37.72, 37.40, 37.09, 28.80, 21.84. LC-MS: 
t= 6.71 min, (m/z): 499.50 [M]+, HRMS (m/z): 499.00 [M]+.   

 

5.7.3 Synthesis of 1a and 1b 

 
Scheme S3: Synthetic route for molecule 1a and 1b. 

 

Synthesis of 3 

N,N-Di-Z-diethylenetriamine (0.230 g, 0.62 mmol) was dissolved in 
anhydrous CH3CN, and successively, K2CO3 (0.128 g, 0.93 mmol), 5 (0.513 
g, 1,15 mmol) and NaI (0.096 g, 0.64 mmol) were added and refluxed for 36 
h. Subsequently, the solvent was removed under vacuum and the crude was 
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redissolved in DCM. The organic layers were washed 3x times with NaOH 1 
M and were dried with Na2SO4. The compound was purified by flash 
chromatography using a gradient of H2O/CH3CN 10-90% over 40 min and 
was obtained as a white powder.  

Yield: 0.126g, 31.4 % 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.33 (m, 10H), 
5.98 (s, 2H), 5.08 (s, 4H), 3.75 – 3.39 (m, 13H), 3.25 (m, 6H), 2.65 (m, 6H), 
1.46 (s, 9H). 13C NMR (100 MHz, CDCl3): δ (ppm) = δ 156.81, 156.02, 
136.86, 128.34, 128.06, 79.15, 77.46, 77.14, 76.83, 71.99, 70.44, 70.24, 70.14, 
69.87, 66.48, 54.29, 53.29, 40.31, 39.17. LC-MS: t= 6.45 min, (m/z): 646.50 
[M]+, MALDI (m/z): 646.50 [M+H]+.   

 

Synthesis of 5a 

3 (0.287 g, 0.430 mmol) was dissolved in dry MeOH (6 mL) and Pd/C (0.5 
eq, 0.215 mmol, 0.023 g) was added. The reaction mixture was placed under 
a nitrogen atmosphere and Et3SiH (20 eq, 5.74 mmol, 0.916 mL) was added 
dropwise prior to stirring the reaction overnight. The deprotection 
was verified  by  LCMS  (t= 3.55 min, m/z:  378.14 [M]+). Subsequently, the 
reaction mixture was filtered over celite and the solvent was removed by a 
gentle stream of N2. The residue (0.189 g, 0.5 mmol) was redissolved in 
CHCl3, and 4a, (0.592 g, 1.15 mmol) or 4b (0.62 g, 1.1 mmol) and DIPEA (3 
eq, 1.5 mmol, 0.262 mL) were added and refluxed overnight. The crude was 
extracted with water (3x 20 mL) and dried by Na2SO4. The compound was 
purified on a silica column chromatography (EtOAc 100%, DCM/ MeOH 
(95:5) to obtain the compound 5a as a white solid. 

5a: Yield: 0.18g. 30 %, 1H NMR (300 MHz, CDCl3): δ (ppm) = 3.68 – 3.61 
(m, 38H), 3.61 – 3.50 (m, 13H), 3.44 (m, 5H), 3.38 (s, 6H), 3.29-3.23 (m, 2H), 
2.07 (s, 5H), 1.64 (m, 4H), 1.57 (m, 4H), 1.44 (s, 9H), 1.39 – 1.22 (m, 26H). 
13C NMR (75 MHz, CDCl3): δ (ppm) = 182.67, 181.92, 168.72, 167.24, 
156.00, 77.52, 77.09, 76.67, 71.85, 71.51, 70.52, 70.47, 70.40, 70.25, 69.99, 
69.95, 58.99, 44.59, 42.49, 40.23, 31.12, 29.58, 29.47, 29.27, 28.41, 26.55, 
26.05. MALDI (m/z): 1283.03 [M+H]+.   

Synthesis of 5b 

3 (200 mg, 0.3 mmol) was dissolved in dry MeOH (5 mL) and Pd/C (64 mg, 
0.215 mmol) was added. The reaction mixture was placed under a nitrogen 
atmosphere and triethylsilane (500 µL, 3.09 mmol) was added dropwise for 
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30 min and stirred for 2 hrs. The deprotection was  verified  by  LC‐MS  (t= 
3.19 min, m/z:  379.33 [M]+). Subsequently, the reaction mixture was filtered 
over celite and washed with methanol. The solvent was removed through 
rotavapor. The residue was redissolved in CHCl3, and 4b (168 mg, 0.6 mmol) 
and DIPEA (46 µL, 0.264 mmol) were added and refluxed overnight. The 
crude was purified through silica column chromatography (MeOH/DCM = 
2:8) and removed the solvent to obtain the compound 5b as a white solid. 

5b: Yield: 0.18g. 30 %, 1H NMR (300 MHz, CDCl3): δ (ppm) = 3.68 – 3.61 
(m, 38H), 3.61 – 3.50 (m, 13H), 3.44 (m, 5H), 3.38 (s, 6H), 3.29-3.23 (m, 2H), 
2.07 (s, 5H), 1.64 (m, 4H), 1.57 (m, 4H), 1.44 (s, 9H), 1.39 – 1.22 (m, 26H). 
13C NMR (75 MHz, CDCl3): δ (ppm) = 182.67, 181.92, 168.72, 167.24, 
156.00, 77.52, 77.09, 76.67, 71.85, 71.51, 70.52, 70.47, 70.40, 70.25, 69.99, 
69.95, 58.99, 44.59, 42.49, 40.23, 31.12, 29.58, 29.47, 29.27, 28.41, 26.55, 
26.05. LCMS: t= 6.19 min, m/z:  1369.15 [M+Na]+. 

  

Synthesis of 1a  

5a (0.144 mmol, 0.167 g) was dissolved in TFA and stirred at RT for 20 min 
to remove the boc protecting group. Afterwards, the TFA was removed by a 
gentle stream of N2 and the reaction was dissolved in 10 mL of DMF and 
HCTU (0.268 g, 0.648 mmol), 6 (0.358 g, 0.719 mmol) and DIPEA (0.250 
mL,1.44 mmol) were added and stirred overnight. The solvent was removed 
under vacuum and purified by flash chromatography using a gradient of 
H2O/CH3CN from 10-90 % over 40 min. The tert-butyl group of dityrosine 
was then removed using TFA (3 mL) in 1 h at RT and the compound 1a was 
purified by flash chromatography on a C18 silica column using a gradient of 
H2O/CH3CN 10-90 % over 35 minutes. The final compound was obtained as 
a colorless sticky oil. 

1a: Yield: 0.100 g, 57 % 1H NMR (400 MHz, CDCl3): δ (ppm) =  8.50 (s, 
2H), 6.95-6.6 (m, 9H), 3.67 – 3.59 (m, 31H), 3.59 – 3.51 (m, 13H), 3.50 – 3.39 
(m,13H),  3.36 (s, 6H), 2.84 (s, 4H), 2.40 (s, 4H), 1.87 (s, 2H), 1.67-1.50 (m, 
9H), 1.37 – 1.19 (m, 27H).13C NMR (100 MHz, CDCl3): δ (ppm) = 181.97, 
146.91, 128.81, 128.71, 127.99, 127.32, 77.40, 77.08, 76.76, 71.85, 71.59, 
70.48, 70.43, 70.39, 70.34, 69.92, 59.01, 30.94, 29.57, 29.49, 29.27, 26.48, 
26.05. LC-MS: t= 6.04 min, (m/z): 1529.4 [M+H]+, MALDI (m/z): 1567 
[M+K]+.   
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Synthesis of 1b 

5b (10 mg, 7.4 mmol) was dissolved in 50% DCM/TFA and stirred at room 
temperature for 2 hr. The deprotection was  verified  by  LCMS  (t= 5.31 
min, m/z:  1269.18 [M+Na]+). Afterwards, the TFA was removed by a gentle 
stream of N2 and the reaction was dissolved in 10 mL of chloroform and NHS 
activated dityrosine (6) (9 mg, 14.8 mmol) and DIPEA (13 µL, 74.2 mmol) 
were added and stirred overnight. The solvent was removed under vacuum. 
The formation of product was characterized by LC-MS ((t= 6.12 
min, m/z:  1728.08 [M+H]+). The tert-butyl group in the dityrosine part was 
then removed using 50% DCM/TFA (10 mL) in 2 h at RT and the compound 
1b was purified by reverse phase HPLC on a C18 silica column using a 
gradient of H2O/CH3CN 10-90 % over 20 minutes. 

1b: Yield: 0.100 g, 30 %. 1H NMR (300 MHz, CDCl3): δ (ppm) =  8.9 (s, 2H), 
6.92 (m, 4H), 6.83 (m, 4H), 4.92 (t, 2H), 4.2 (m, 4H), 3.69 – 3.52 (m, 36H), 
3.41 (s, 6H), 3.35 (m, 16H) 3.18 (m, 6H), 2.51 (m, 6H), 1.84 (s, 3H), 1.5 – 
1.28 (m, 32H).  LC-MS: t= 5.92 min, (m/z): 1614.12 [M]+

. 
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5.7.1 Characterization 
 

Sample preparation  

A stock solution of compound 1a in DMSO at concentration of 1 mM was 
prepared and the solvent was removed by a stream of N2. The solution was 
rehydrated with water at a concentration of 1 mM. Subsequently, aliquots 
from the stock solution were taken to prepare solutions at the desired 
concentration for solution phase measurements and used as is for gel phase 
experiments. All samples were left to stand overnight before measurement.  

 For samples using the photoinitiator riboflavin 5’-mononucleotide (FMN), a 
stock solution of FMN was prepared at 10 mM. An aliquot of the 
photoinitiator solution was diluted in presence of 1a (1 mM) to provide a final 
concentration of 1 mM. After irradiation at 440 nm, aliquots from the stock 
solution were taken to prepare solutions at the desired concentration for 
solution phase measurements. 

Photo-crosslinking of 1b was performed using a stock solution of 1b (1 mM), 
[Ru(bpy)3]2+ (2.2 mM) and SPS (22 mM). The sample containing 1b in self-
assembled state (0.166 mM) in the presence of [Ru(bpy)3]2+ and SPS was 
photoirradiated using visible light (λ = 450 nm).  

 

UV-vis spectroscopy 

Solutions of 1a at 15 µM concentration in water were prepared as described 
according to the sample preparation protocol above. The samples were placed 
in the UV-vis and a spectrum was recorded from 200-500 nm. The solutions 
were prepared in triplicate and for each solution the UV-vis spectra was 
measured. 

The solutions containing the photoinitiator, as described in the protocol above, 
were irradiated at 440 nm at different times (5, 10, 15, 20 25, 60 and 120 min). 
Subsequently, aliquots from the stock were taken to prepare solutions at 15 
µM and were equilibrated overnight prior the measurements. The samples 
were placed in the UV-vis and a spectrum was recorded from 200-500 nm. 
The solutions were prepared in triplicate and for each solution the UV-vis 
spectra was measured. 
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In the case of 1b, absorption changes were measured after photoirradiation at 
450 nm in the presence of photoinitiator ([Ru(bpy)3]2+ and SPS). The 
photoirradiation and absorption changes at high concentrations were 
performed using 1 mm cuvette. The baseline correction was carried out using 
blank containing photoinitiator at the similar concentrations. 

 

Fluorescence measurements 

Solutions of 1a (1 mM) in presence of FMN (1 mM) were prepared in different 
vials and irradiated at different times (5, 10, 15, 20 25, 60 and 120 min) with 
visible light at 330 nm. Subsequently, aliquots from the stock solutions were 
taken to prepare solutions a at 15 µM concentration for measurement. 
Fluorescence spectra were recorded using an excitation wavelength at 330 nm 
and the emission spectra were recorded from 350 to 620 nm at RT.  

 

Critical aggregation concentration determination 

A stock solution of 1a at 1 mM concentration was prepared and equilibrated 
overnight. The stock solution was diluted to several concentrations between 
100 µM to 10 nM and equilibrated for at least 3h prior to measurement of 
scattering intensity. Each measurement was carried out using a disposable 
DLS cuvette and performed in triplicate. The data was plotted using the 
scattering intensity as a function of log [C]. The critical aggregation 
concentration was then determined from the intersection of the two lines 
drawn through the points collected for the scattering intensities collected at 
the various concentrations. 

 

Atomic force microscopy (AFM) 

A solution of 1a was prepared according to the preparation protocol above at 
a concentration of 15 µM and equilibrated overnight. An aliquot (25 μL) of 
this solution was pipetted on cleaved mica and dried overnight at RT before 
the measurement. The analysis of AFM images was performed using the 
Nanoscope software. 
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 Figure S5.1 AFM micrograph of 1a (amplitude) (scale bar: 1 µm). 

Figure S5.2 UV-vis spectra of FMN at 15 µM 
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Figure S5.3 Emission spectra of FMN at 15 µM after different visible light irradiation times 
(10, 20 and 30 min).  
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CHAPTER 6 

SUMMARY AND PERSPECTIVES 
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Supramolecular polymers are class of materials that are held together by non-
covalent interactions such as hydrogen bonding, π-π interactions, electrostatic 
interactions and the hydrophobic effect. In the last decade, while most studies 
probed their assembly behaviour in organic solvents, the development of 
monomers that self-assemble in water is a rapidly growing area that provides 
opportunities to better understand the effects of this unique solvent on their 
formation and application. An often-used strategy for the formation of stable 
and well-defined aggregates in water, involves the coupling of the 
hydrophobic effect with hydrogen bonding interactions in the monomer 
design. The strength of the hydrogen bonds can be retained by their 
embedding within the hydrophobic domain of the monomer removing 
competition with water and further tuned by their number and arrangement of 
hydrogen bond donors and acceptors. In the case of squaramides, it was 
recently demonstrated they can be further affected by the aromatic character 
of the molecules strengthening the hydrogen bonds through an increased π 
delocalization on self-assembly. This effect in squaramides as demonstrated 
by the aromatic stabilization energy shows its significant contribution to the 
total interaction energy; in the range of 30%. Taking advantage of this 
minimalistic ditopic hydrogen bonding unit, the Kieltyka group has shown this 
unit play an active role in the formation of supramolecular materials taking 
them outside of the range of anion recognition and medicinal chemistry, and 
extending their application in the biomedical field. In their first publication, 
the capacity of the squaramide-based bolaamphiphiles to self-assemble into 
supramolecular polymers in water was investigated examining this process at 
several length scales. The synergy of very strong hydrogen bonding and 
aromatic gain was demonstrated to be the driving force for the formation of 
nanofibers. In a subsequent work, this effect was compared against its 
thiosquaramide counterpart, that displayed a distinct self-assembly mode that 
involves stacking rather than head-to-tail hydrogen bonding that also results 
in aromatic gain within the monomer unit showing the importance of this 
effect for this synthon. Additionally, it was demonstrated that by changing the 
monomer geometry from linear to tripodal, lateral aggregation is suppressed 
changing the morphology of the fibrillar aggregates from being rigid with a 
high persistence length and dimensions on the nanoscale to flexible with a low 
persistence length and on the micron scale. In this thesis, I examined the 
potential to use this panel of monomers to study the accessible range of formed 
polymers through modulating the monomer chemical structure, co-assembly 
and introduction of chemistries that are responsive to light to provide insight 
on how to design new materials at several length scales.  
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In chapter 2, the potential to control the microstructure of a squaramide 
supramolecular polymer was explored through copolymerization of oxo and 
thiosquaramide-based bolamphiphiles in water. In this chapter, the distinct 
modes of self-assembly of the two bolaamphiphiles were exploited; 
oxosquaramide bolaamphiphiles adopt a head-to-tail hydrogen-bonding 
configuration on aggregation, whereas thiosquaramide prefer a stacked 
configuration. This difference originates due to the less directional and weaker 
character of hydrogen bonds formed by sulfur, in comparison to 
oxosquaramide. In this chapter, the effect of O→S substitution in the 
squaramide bolaamphiphile on its supramolecular polymerization mechanism 
and its associated thermodynamics was first examined. NMR and DLS studies 
confirmed that HFIP (hexafluoroisopropanol) is a good solvent for 
oxosquaramide, and THF is a good solvent for thiosquaramide. This study was 
performed taking advantage of their solvent-induced depolymerization, where 
the self-assembled monomers were titrated with a good solvent to 
depolymerize the monomers and the solvent denaturation model was further 
applied to the data. Despite their different self-assembly modes, both of the 
monomers self-assemble according to a cooperative mechanism. To gain 
insight into the microstructure of the formed polymers and their dynamics 
fluorescently-labeled monomers with cyanine dyes (5/3) were prepared and 
their co-assembly experiment was examined through fluorescence studies. On 
co-assembly shorter fibers with a decreased persistence length were observed 
as compared to pure oxo-squaramide by cryoEM.  

Since these results suggest co-assembly of the monomers, further insight in 
the microstructure of the final copolymers (alternating, random, block) should 
be investigated. Therefore, microscopy experiments such as SIM, STORM 
need to be performed. Moreover, since the individual monomers show 
different self-assembly modes, computational calculations can be a future 
route to better understand their interaction on co-assembly in the polymers. 
Additionally, since the co-assembly of oxo- and thiosquaramide was 
investigated only at 1:1 molar ratio, the effect of excess of one of the 
components could be investigated.  

 

In chapter 3, a novel method for the synthesis of tripodal monomers for 
supramolecular polymerization by the Ugi reaction was developed. The Ugi 
reaction is a multicomponent reaction involving an isocyanide, amine, 
carboxylic acid and aldehyde or ketone that generates compounds with a 
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peptide-like bonds that are widely used in the chemical structures of 
supramolecular biomaterials. Trisquaric and nitriloacetic acid were used as the 
acidic component of this four component reaction along with modified amine, 
isocyanide and an aldehyde or ketone to construct tripodal scaffolds. As the 
synthesis of supramolecular monomers can be laborious, the multicomponent 
approach can be considered as a valid approach to find gelators in an efficient 
way with minimal synthetic effort. The success of the Ugi reaction is 
determined by parameters such as temperature, concentration and the choice 
of acidic component, thus these variables were examined to guide the 
distribution of mono- and disubstituted compounds to the trisubsituted 
product. To obtain a peptide-functionalized monomer, nitrilotriacetic acid was 
also examined as a core with benzaldehyde, oligoethylene glycol-isocyanide 
and ammonium carbonate. The low yield of the reaction was overcome using 
nitrilotrisquaric acid and replacing the ammonium carbonate with 2,4-
dimethoxybenzylamine to overcome the unstable imine, and subsequently was 
deprotected under acidic conditions. Using this optimized protocol, a small 
family of compounds with different aliphatic spacers was synthesized. These 
compounds were found to form spherical aggregates likely due to the presence 
of three stereocenters that preclude their stacking in to fibrous aggregates.  

Despite the lack of self-assembly, this optimized Ugi reaction could be 
exploited as source of inspiration for the synthesis of tripodal compounds 
using squaric acid. Moreover, to surmount the inability of the monomer to 
self-assemble, the Ugi reaction could be pursued using symmetrical ketones 
such as acetone, diethyl ketone or a chiral acid catalyst to prevent the 
formation of diastereomers. Provided that the Ugi reaction can be harnessed 
to prepare tripodal compounds based on squaramides, new opportunities will 
arise to prepare modules for supramolecular assembly that can result in 
discrete structures or materials. 

 

In chapter 4, the self-assembly of small family of tripodal squaramide-based 
supramolecular polymers with respect to various structural substitutions 
including modulation of the hydrophilic and hydrophobic domains, the 
number of squaramide units and covalent linkages (e.g. carbamate, ether) for 
connection to the core of the monomer was examined. The self-assembly of 
the monomers was characterized at the molecular level through spectroscopic 
techniques such as UV-vis and fluorescence spectroscopy, at the nanoscale 
through AFM and at the macroscale using oscillatory rheology. The monomer 
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containing three squaramide moieties has the ability to self-assemble in 
nanometer fibers and to hydrogelate at a concentration of 5 mM. When the 
number of squaramides is reduced, the monomers with three aliphatic spacers 
still have the ability to self-assemble in fibers but no hydrogelation was 
observed. Conversely, the most hydrophilic monomer results in the formation 
of spherical aggregates. These studies supported the strong relationship 
between the monomer chemical structure and their self-assembly into 
supramolecular polymers. More specifically, the difference in the observed 
morphologies and ability for the monomers to self-assemble point to the 
importance of a certain ratio between the hydrophilic and hydrophobic 
domains, as a reduction of squaramides still results in self-assembly.  

Further insight into the polymerization of the monomers can be gained by 
examining the supramolecular polymerization mechanism to understand how 
structural modifications affects their self-assembly behaviour and if any 
changes in mechanism is observed. Thoroughly investigating the self-
assembly behaviour of this library of squaramide monomers, especially the 
extent to which various structural modifications influence their properties, 
will provide a framework for the design of new squaramide monomers that 
can be used in the biomedical area.  

 

In chapter 5, a visible light-mediated strategy to modulate the self-assembly 
a tyrosine-dipeptide outfitted supramolecular monomer in water was 
examined. Since the tyrosine dipeptide has been shown to self-assemble into 
nanofibers and tyrosines have been used to cross-link polymer materials, the 
tyrosine dipeptide was conjugated to the tripodal core with two squaramide 
arms appended to a hydrophobic decyl spacer and hydrophilic tetraethylene 
glycol chain with either a carbamate or ether linkages between the segments. 
Self-assembly of the squaramide in a head-to-tail hydrogen bonding 
arrangement was observed in the case of the carbamate derivative in a 
concentration-dependent manner, but not in the case of the ether molecule. 
Further irradiation of the monomer with visible light at 440 nm in the presence 
of either FMN or Ru(bpy)3+/SPS photoinitiators, did not yield formation of the 
tyrosine dimer as expected. These results suggest either a lack of exposure of 
the tyrosine moieties to the photoinitiator or a distance too large between them 
in the assembly for crosslinking.  

In the future design of this type of monomers, the reduction of the chain length 
of the oligoethylene glycol or its exchange for a hydrophobic linker should be 
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considered. Moreover, the type of photoinitiator and photocrosslinking 
conditions should be probed further to understand their effect on self-
assembly. Achieving this rapid, visible light mediated polymerization on 
supramolecular polymers will provide new opportunities for controlling 
supramolecular polymerization in the presence of cells either as nanoparticles 
or material
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Samenvatting 

 

Supramoleculaire polymeren zijn een klasse van materialen die bij elkaar 
gehouden worden door non-covalente interacties, zoals waterstofbruggen, π-
π-interacties, electrostatische interacties en het hydrofobe effect. De formatie 
van stabiele, goed gedefinieerde aggregaten wordt bepaald door de structuur 
van het monomeer en het oplosmiddel waar deze zich in bevindt. In water valt 
of staat het ontwerp en de formatie van stabiele supramoleculaire polymeren 
met het hydrofobe effect en de directionaliteit van de waterstofbruggen. 
Squaramides, cyclobutenen bestaande uit twee waterbrugdonoren tegenover 
twee waterbrugacceptoren, staan bekend om hun toepassing in de medicinale 
chemie en in anion receptoren, maar worden nog nauwelijks gebruikt in 
supramoleculaire chemie. Recentelijk heeft de Kieltyka onderzoeksgroep 
laten zien dat zogeheten oxosquaramides, in de vorm van bolaamfifielen, 
assembleren in een kop–staart orientatie waarbij supramoleculaire polymeren 
gevormd worden in water. In dit proefschrift onderzoek ik nieuwe methoden 
om squaramide monomeren te maken, en onderzoek de zelf-assemblage in 
water om zo polymeren en gel-fase materialen te vormen, en het gebruik van 
dit synthon in het veld van supramoleculaire materialen uit te breiden. 

In hoofdstuk 2 wordt de mogelijkheid onderzocht om de microstructuur van 
squaramide supramoleculaire polymeren te controleren middels de co-
polymerisatie van oxo- en thiosquaramide gebaseerde bolaamfifielen in water. 
Terwijl oxosquaramide bolaamfifielen een kop-staart 
waterstofbrugconfiguratie aannemen tijdens de aggregatie, vormen 
thiosquaramides een gelaagde zelf-assemblage structuur. Dit verschil komt 
voort uit de minder sterke directionaliteit en het zwakkere 
waterstofbrugvormende karakter van zwavel in vergelijking tot zuurstof. 
Allereerst werd het zelf-assemblage mechanisme van individuele monomeren 
onderzocht middels oplosmiddel-geïnduceerde depolymerisatie. Ondanks de 
verschillen in assemblage assembleren beide monomeren middels een 
coöperatief mechanisme. Om inzicht te verkrijgen in de microstructuur van de 
gevormde polymeren en hun dynamiek werden squaramide monomeren 
gelabeld met fluorescente cyanine kleurstoffen gesynthetiseerd en co-
assemblage werd bestudeerd middels fluorescentie en electronenmicroscopie 
(cryoEM). Bij co-assemblage van thio-squaramide monomeren werden 
kortere vezels met verminderde persistentie-lengte geobserveerd in 
vergelijking met vezels bestaande uit louter oxo-squaramide monomeren. 
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In hoofdstuk 3 wordt een nieuwe methode beschreven voor de synthese van 
tripodale squaramide-gebaseerde monomeren voor gebruik in 
supramoleculaire polymerisatie, gebruikmakende van de Ugi reactie. De Ugi 
reactie is een multicomponentreactie waarbij een isocyanide, amine, 
carbonzuur en aldehyde of keton worden gemengd resulterend in de vorming 
van nieuwe monomeren met hoge opbrengst. De synthese van 
supramoleculaire monomeren kan een tijdrovende aangelegenheid zijn en de 
multicomponent-methode is potentieel een efficiënte manier om met 
minimale synthetische inspanning nieuwe gelatoren te synthetiseren. In dit 
hoofdstuk werden trisquarisch en nitrilo-azijnzuur gebruikt als de zuur-
component in deze reactie in combinatie met een amine, isocyanide en een 
aldehyde om tot de vorming van tripodale monomeren te komen. Het succes 
van de Ugi reactie wordt bepaald door parameters zoals temperatuur, 
concentratie en de keuze van het zuur-component, daarom werd de invloed 
van deze parameters onderzocht om de formatie van het drievoudig-
gesubstitueerde product te optimaliseren. Een peptide-band houdende 
monomeer werd geprepareerd vanuit nitriloazijnzuur in combinatie met 
benzaldehyde, oligoethyleen glycol-isocyanide en ammonium carbonaat. De 
initiële lage opbrengst van het product werd verbeterd door nitrilotrisquarisch 
zuur te gebruiken als de kern en ammonium carbonaat te vervangen door 2,4-
dimethoxybenzylamine, resulterend in de vorming van een meer stabiel imine 
tijdens de reactie. Een kleine familie van verbindingen met een squaramide 
kern en verschillende alifatische spacers werd gesynthetiseerd en zelf-
assemblage resulteerde in de vorming van sferische aggregaten. 

In hoofdstuk 4 wordt de zelf-assemblage van een kleine familie tripodale 
squaramide-gebaseerde supramoleculaire monomeren in water beschreven. 
Verscheidene structurele varianten van het squaramide monomeer werden 
bestudeerd door de hydrofiele en hydrofobe domeinen te varieren, het aantal 
squaramide-eenheden, en met variatie in het type covalente binding 
(carbamaat versus ether). De zelf-assemblage van de monomeren werd 
gekarakteriseerd op een moleculair niveau middels spectroscopische 
technieken zoals UV-vis en fluorescentie spectroscopie, op de nanoschaal 
middels AFM, en op de macroschaal middels oscillatoire rheologie. 
Monomeren bestaande uit drie squaramide eenheden assembleerde tot 
nanometer lange vezels en de vorming van een hydrogel werd waargenomen 
bij een concentratie >5 mM. Wanneer het aantal squaramide eenheden wordt 
gereduceerd, vormen de monomeren met drie alifatische spacers nog wel 
vezels, maar werd er geen hydrogel meer gevormd, terwijl het meest 
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hydrofiele monomeer sferisch aggregaten vormde. Deze studie onderstreept 
de sterke relatie tussen de chemische structuur van het monomeer en het 
resulterende supramolecular polymer. 

In hoofdstuk 5 werd een zichtbaar licht-gemedieerde strategie onderzocht om 
de zelf-assemblage van tyrosine-dipeptide gedecoreerde supramoleculaire 
monomeer in water te moduleren. Tyrosine-dipeptide assembleren tot 
nanovezels, en de tyrosines kunnen gebruikt worden om de assemblages 
stabieler te maken door middel van dimerisatie van dit aminozuur (i.e. 
crosslinking). Daarom werd een tyrosine dipeptide geconjugeerd aan een 
tripodale kern. Zelf-assemblage van dit molecuul in een kop-staart 
waterstofbrugconfiguratie werd waargenomen met behulp van UV-vis 
spectroscopie in een concentratie-afhankelijke wijze voor de carbamaat 
analoog, maar niet voor de ether analoog. Bestraling van het monomeer met 
zichtbaar licht met een golflengte van 440 nm in de aanwezigheid van de 
fotoinitiatoren FMB of Ru(bpy)3+/SPS, resulteerde niet in crosslinking. Dit 
kan verklaard worden door de geringe blootstelling van de tyrosine-eenheden 
aan de fotoinitiator, of door de te grote afstand tussen tyrosines welke 
dimerisatie minder efficiënt maakt. De beschreven resultaten kunnen dienen 
als basis voor de toekomstige ontwikkeling van nieuwe squaramide 
monomeren met tyrosine-eenheden voor licht gecontroleerde assemblage en 
stabilisatie van functionele biomaterialen. 
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ArialMT (5.6 pt) uses 3 separations #3 (Page 99)
ArialMT (5.6 pt) uses 4 separations #12 (Page 90,99)
ArialMT (5.7 pt) uses 4 separations #12 (Page 87,99)
Arial-BoldMT (3.1 pt) uses 4 separations #1 (Page 87)
Arial-BoldMT (3.4 pt) uses 4 separations #2 (Page 149)
Arial-BoldMT (4.1 pt) uses 4 separations #2 (Page 87)
Arial-BoldMT (4.3 pt) uses 4 separations #1 (Page 87)
Arial-BoldMT (4.6 pt) uses 4 separations #2 (Page 149)
Arial-BoldMT (4.9 pt) uses 4 separations #1 (Page 87)
Arial-BoldMT (5.6 pt) uses 3 separations #6 (Page 92)
Arial-BoldMT (5.7 pt) uses 4 separations #1 (Page 87)
Arial-BoldMT (6.3 pt) uses 3 separations #2 (Page 96)
Arial-BoldMT (6.5 pt) uses 3 separations #4 (Page 104)
Arial-BoldMT (6.6 pt) uses 3 separations #3 (Page 92)
Arial-BoldMT (7.4 pt) uses 3 separations #1 (Page 96)
Arial-BoldMT (7.6 pt) uses 3 separations #2 (Page 104)
Calibri-Italic (9.0 pt) uses 4 separations #7 (Page 17,21,25,56,96,106)
TimesNewRomanPS-BoldMT (7.4 pt) uses 3 separations #1 (Page 96)
TimesNewRomanPS-BoldMT (9.0 pt) uses 4 separations #1 (Page 155)
TimesNewRomanPS-ItalicMT (9.0 pt) uses 4 separations #2 (Page 155)
TimesNewRomanPS-BoldItalicMT (9.0 pt) uses 4 separations #14 (Page 136-143)
ArialMT: Character is not defined correctly #2 (Page 26)
TimesNewRomanPSMT: Character is not defined correctly #8 (Page 42,63,117,162-163,


193,195)
ArialMT: Stem width of font 0.041 mm is less than 0.076 mm #1 (Page 173)
Tahoma: Font size 2.9 pt is below 3.0 pt #6 (Page 80)
ArialMT: Font size 1.3 pt is below 3.0 pt #1 (Page 173)
ArialMT: Font size 2.5 pt is below 3.0 pt #11 (Page 69)
ArialMT: Font size 2.8 pt is below 3.0 pt #8 (Page 87,92)
Black font Tahoma (3.0 pt) is knockout #5 (Page 80)
Black font Tahoma (3.4 pt) is knockout #4 (Page 81)
Black font ArialMT (2.8 pt) is knockout #3 (Page 87)
Black font ArialMT (3.1 pt) is knockout #3 (Page 87)
Black font ArialMT (3.2 pt) is knockout #2 (Page 96,107)
Black font ArialMT (3.3 pt) is knockout #3 (Page 101,104,106)
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Black font ArialMT (3.4 pt) is knockout #3 (Page 90,99)
Black font ArialMT (3.8 pt) is knockout #18 (Page 87,149)
Black font ArialMT (4.1 pt) is knockout #11 (Page 87)
Black font ArialMT (4.2 pt) is knockout #3 (Page 92)
Black font ArialMT (4.3 pt) is knockout #2 (Page 107)
Black font ArialMT (4.4 pt) is knockout #4 (Page 101,104,106)
Black font ArialMT (4.5 pt) is knockout #2 (Page 90)
Black font ArialMT (4.6 pt) is knockout #1 (Page 99)
Black font ArialMT (4.7 pt) is knockout #9 (Page 92)
Black font ArialMT (5.0 pt) is knockout #3 (Page 90)
Black font ArialMT (5.3 pt) is knockout #6 (Page 96)
Black font ArialMT (5.4 pt) is knockout #16 (Page 104,107)
Black font ArialMT (5.5 pt) is knockout #20 (Page 101,106)
Black font ArialMT (5.6 pt) is knockout #9 (Page 90)
Black font ArialMT (5.7 pt) is knockout #12 (Page 87,99)
Black font Calibri (11.0 pt) is knockout #23 (Page 77,90,92,96,99,101,104,106,153)
Black font Arial-BoldMT (3.1 pt) is knockout #1 (Page 87)
Black font Arial-BoldMT (3.4 pt) is knockout #7 (Page 149)
Black font Arial-BoldMT (3.8 pt) is knockout #11 (Page 149)
Black font Arial-BoldMT (4.1 pt) is knockout #2 (Page 87)
Black font Arial-BoldMT (4.3 pt) is knockout #1 (Page 87)
Black font Arial-BoldMT (4.6 pt) is knockout #9 (Page 149)
Black font Arial-BoldMT (4.7 pt) is knockout #3 (Page 92)
Black font Arial-BoldMT (5.0 pt) is knockout #1 (Page 101)
Black font Arial-BoldMT (5.1 pt) is knockout #1 (Page 99)
Black font Arial-BoldMT (5.3 pt) is knockout #1 (Page 96)
Black font Arial-BoldMT (5.6 pt) is knockout #3 (Page 90)
Black font Arial-BoldMT (5.7 pt) is knockout #2 (Page 87)
Black font Arial-BoldMT (6.3 pt) is knockout #6 (Page 96)
Black font Arial-BoldMT (6.4 pt) is knockout #3 (Page 107)
Black font Arial-BoldMT (6.5 pt) is knockout #5 (Page 104,107)
Black font Arial-BoldMT (6.6 pt) is knockout #8 (Page 101,106)
Black font Arial-BoldMT (6.8 pt) is knockout #4 (Page 99)
Black font Calibri-Bold (10.0 pt) is knockout #1 (Page 87)
Black font Calibri-Bold (11.0 pt) is knockout #1 (Page 101)
Black font Calibri-Italic (9.0 pt) is knockout #1 (Page 96)
Black font TimesNewRomanPSMT (6.0 pt) is knockout #41 (Page 17,54,56,80-81,90,96,


99,101,104,106)
Black font TimesNewRomanPSMT (6.5 pt) is knockout #30 (Page 90,96,99,104)
Black font TimesNewRomanPSMT (7.0 pt) is knockout #2 (Page 17,25)
Black font TimesNewRomanPSMT (9.0 pt) is knockout #144 (Page 17,21,29,54-56,


80-81,90,96,99,101,104,106,136-143,149,155,185)
Black font TimesNewRomanPSMT (10.0 pt) is knockout #74 (Page 17,29,87,90,96,99,


101,104,106,189)
Black font TimesNewRomanPSMT (11.0 pt) is knockout #44 (Page 17,21,25,77,96,104,


107,155)
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Black font TimesNewRomanPS-BoldMT (6.0 pt) is knockout #1 (Page 90)
Black font TimesNewRomanPS-BoldMT (7.0 pt) is knockout #5 (Page 90,96,99,101,104)
Black font TimesNewRomanPS-BoldMT (9.0 pt) is knockout #66 (Page 29,54-56,80-81,


90,136-143,149,155,185)
Black font TimesNewRomanPS-BoldMT (10.0 pt) is knockout #47 (Page 90,96,99,101,


104,106)
Black font TimesNewRomanPS-BoldMT (11.0 pt) is knockout #23 (Page 77,90,92,96,99,


101,104,106)
Black font TimesNewRomanPS-ItalicMT (9.0 pt) is knockout #9 (Page 17,90,92,96,99,


101,104,106-107)
Black font TimesNewRomanPS-ItalicMT (10.0 pt) is knockout #1 (Page 96)
Black font TimesNewRomanPS-ItalicMT (11.0 pt) is knockout #2 (Page 107)
Black font TimesNewRomanPS-BoldItalicMT (6.0 pt) is knockout #8 (Page 96,101,104,


106)
Black font TimesNewRomanPS-BoldItalicMT (6.5 pt) is knockout #11 (Page 90,96,99,


101,104,106)
Black font TimesNewRomanPS-BoldItalicMT (9.0 pt) is knockout #1 (Page 185)
Black font TimesNewRomanPS-BoldItalicMT (10.0 pt) is knockout #65 (Page 90,96,99,


101,104,106)
Tahoma: TrueType font #22 (Page 80-81)
ArialMT: TrueType font #220 (Page 26,49,65,69,87,90,92,96,99,101,104,106-107,109,


123,125,149,165,168,173)
Calibri: TrueType font #455 (Page 1-221)
TrebuchetMS: TrueType font #2 (Page 221)
Arial-BoldMT: TrueType font #136 (Page 49,65,69,87,90,92,96,99,101,104,106-107,109,


123,125,149,165,168,173)
Calibri-Bold: TrueType font #78 (Page 55-56,69,83-84,87,98,101-102,105,109,125,130,


137-143,177,221)
Georgia-Bold: TrueType font #5 (Page 82)
Calibri-Light: TrueType font #1 (Page 52)
Calibri-Italic: TrueType font #10 (Page 8,17,21,25,56,93,96,106)
TimesNewRomanPSMT: TrueType font #2168 (Page 1-42,44-82,84-144,146-208,


210-221)
TimesNewRomanPS-BoldMT: TrueType font #1373 (Page 1,4-9,11,14-85,87-90,92-93,


95-104,106-147,149-207,209,211-213,221)
TimesNewRomanPS-ItalicMT: TrueType font #368 (Page 8,10-12,14,16-18,20,22-23,


28-29,32-42,47,52,59-62,66-67,73-74,86,90,92,94,96,98-102,104,106-107,112-115,118,
120,122-125,129-132,146,151,155,159-163,169,177,183-184,186,191-194,216-217,221)


TimesNewRomanPS-BoldItalicMT: TrueType font #108 (Page 87-88,90,93,96,99,101,
104,106,108,125,130,136-143,185,188)


SymbolMT: TrueType CID font #22 (Page 52-54,57,77-78,84,150,176,181,186,204)
MS-Mincho: TrueType CID font #1 (Page 10)
CambriaMath: TrueType CID font #1 (Page 74)
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TimesNewRomanPSMT: TrueType CID font #381 (Page 8-12,14,16,18-21,23-28,30,
33-34,36,39-41,44-45,47,50-52,54,56,63-64,66-68,70-76,79,82,85,87-88,90-91,93,
95-96,99-101,104,106,108-115,119-124,126-129,131-134,147,150-151,153,156,160,
162-163,166-167,169-175,181,184-186,192-205,210-211,215,219,221)


TimesNewRomanPS-BoldMT: TrueType CID font #17 (Page 74,78,83,90,101,104,106,
108,176,179)


TimesNewRomanPS-BoldItalicMT: TrueType CID font #7 (Page 93,96,99,101)
Images


Color image resolution 99.6 dpi is below 150.0 dpi #2 (Page 149)
Color image resolution 100.5 dpi is below 150.0 dpi #1 (Page 149)
Color image resolution 103.8 dpi is below 150.0 dpi #1 (Page 29)
Color image resolution 113.9 dpi is below 150.0 dpi #1 (Page 15)
Color image resolution 121.5 dpi is below 150.0 dpi #1 (Page 21)
Color image resolution 148.6 dpi is below 150.0 dpi #1 (Page 155)
Color image resolution 151.6 dpi is below 300.0 dpi #1 (Page 155)
Color image resolution 154.0 dpi is below 300.0 dpi #1 (Page 155)
Color image resolution 154.3 dpi is below 300.0 dpi #1 (Page 155)
Color image resolution 160.9 dpi is below 300.0 dpi #1 (Page 130)
Color image resolution 164.4 dpi is below 300.0 dpi #1 (Page 176)
Color image resolution 173.1 dpi is below 300.0 dpi #1 (Page 135)
Color image resolution 181.8 dpi is below 300.0 dpi #2 (Page 81,206)
Color image resolution 183.6 dpi is below 300.0 dpi #1 (Page 135)
Color image resolution 188.3 dpi is below 300.0 dpi #1 (Page 156)
Color image resolution 194.3 dpi is below 300.0 dpi #1 (Page 200)
Color image resolution 199.2 dpi is below 300.0 dpi #1 (Page 25)
Color image resolution 199.4 dpi is below 300.0 dpi #1 (Page 47)
Color image resolution 205.5 dpi is below 300.0 dpi #1 (Page 9)
Color image resolution 207.1 dpi is below 300.0 dpi #1 (Page 19)
Color image resolution 207.7 dpi is below 300.0 dpi #1 (Page 86)
Color image resolution 209.3 dpi is below 300.0 dpi #1 (Page 185)
Color image resolution 210.3 dpi is below 300.0 dpi #1 (Page 17)
Color image resolution 213.8 dpi is below 300.0 dpi #1 (Page 82)
Color image resolution 214.2 dpi is below 300.0 dpi #1 (Page 118)
Color image resolution 214.4 dpi is below 300.0 dpi #1 (Page 17)
Color image resolution 216.1 dpi is below 300.0 dpi #1 (Page 82)
Color image resolution 216.5 dpi is below 300.0 dpi #1 (Page 82)
Color image resolution 217.0 dpi is below 300.0 dpi #1 (Page 82)
Color image resolution 217.6 dpi is below 300.0 dpi #1 (Page 82)
Color image resolution 218.5 dpi is below 300.0 dpi #1 (Page 82)
Color image resolution 220.1 dpi is below 300.0 dpi #1 (Page 17)
Color image resolution 221.0 dpi is below 300.0 dpi #1 (Page 183)
Color image resolution 223.4 dpi is below 300.0 dpi #1 (Page 149)
Color image resolution 252.7 dpi is below 300.0 dpi #1 (Page 151)
Color image resolution 263.7 dpi is below 300.0 dpi #1 (Page 182)
Color image resolution 272.8 dpi is below 300.0 dpi #1 (Page 137)
Color image resolution 277.9 dpi is below 300.0 dpi #1 (Page 15)
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Color image resolution 281.8 dpi is below 300.0 dpi #1 (Page 136)
Color image resolution 283.1 dpi is below 300.0 dpi #1 (Page 139)
Color image resolution 285.7 dpi is below 300.0 dpi #1 (Page 140)
Color image resolution 292.5 dpi is below 300.0 dpi #1 (Page 197)
Color image resolution 298.6 dpi is below 300.0 dpi #1 (Page 219)
Color image resolution 298.8 dpi is below 300.0 dpi #1 (Page 149)
Color image resolution 298.9 dpi is below 300.0 dpi #1 (Page 149)
Color image resolution 299.0 dpi is below 300.0 dpi #1 (Page 149)
Color image resolution 299.1 dpi is below 300.0 dpi #1 (Page 149)
Color image resolution 299.2 dpi is below 300.0 dpi #1 (Page 149)


Content
Transparency is present #119 (Page 15,17,19,21,25,29,47,52,54-56,75-76,80,82,86-87,


110,118,130,135-143,149,151,153-156,182-183,185,187-189,197,199-200,206-207)
Line weight 0.076 mm is below hairline threshold 0.100 mm #86 (Page 26,49,65,69,90,


92-93,96,99,101,104,106-108,123,125,165,168,173)
Line weight 0.084 mm is below hairline threshold 0.100 mm #11 (Page 80)
Line weight 0.087 mm is below hairline threshold 0.100 mm #25 (Page 77,81,87)
Line weight 0.088 mm is below hairline threshold 0.100 mm #231 (Page 1-221)
Line weight 0.090 mm is below hairline threshold 0.100 mm #11 (Page 149)
Line weight 0.094 mm is below hairline threshold 0.100 mm #11 (Page 87)
Line weight 0.095 mm is below hairline threshold 0.100 mm #11 (Page 49)
Line weight 0.099 mm is below hairline threshold 0.100 mm #2 (Page 92)


Additional information
Settings used: CMYKDefault_Ridderprint


Color separations: 4
CMYK


Page 1 - 8
Page 9
Page 10 - 14
Page 15
Page 16
Page 17
Page 18
Page 19
Page 20
Page 21
Page 22 - 24
Page 25
Page 26 - 28
Page 29
Page 30 - 46
Page 47
Page 48 - 51
Page 52
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Page 53
Page 54 - 56
Page 57 - 74
Page 75 - 76
Page 77
Page 78 - 79
Page 80 - 82
Page 83 - 85
Page 86 - 87
Page 88 - 89
Page 90
Page 91
Page 92
Page 93 - 95
Page 96
Page 97 - 98
Page 99
Page 100
Page 101
Page 102 - 103
Page 104
Page 105
Page 106 - 107
Page 108 - 109
Page 110
Page 111 - 134
Page 135 - 143
Page 144 - 148
Page 149
Page 150 - 152
Page 153 - 156
Page 157 - 175
Page 176
Page 177 - 184
Page 185
Page 186
Page 187 - 189
Page 190 - 205
Page 206 - 207
Page 208 - 218
Page 219
Page 220 - 221
Colored: 51   Black-and-white: 170


Color spaces
DeviceCMYK / DeviceGray / Separation
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Fonts: 19
Arial-BoldMT TrueType / WinAnsi / embedded subset
ArialMT TrueType / WinAnsi / embedded subset
Calibri TrueType / WinAnsi / embedded subset
Calibri-Bold TrueType / WinAnsi / embedded subset
Calibri-Italic TrueType / WinAnsi / embedded subset
Calibri-Light TrueType / WinAnsi / embedded subset
CambriaMath TrueType (CID) / Identity-H / embedded subset
Georgia-Bold TrueType / WinAnsi / embedded subset
MS-Mincho TrueType (CID) / Identity-H / embedded subset
SymbolMT TrueType (CID) / Identity-H / embedded subset
Tahoma TrueType / WinAnsi / embedded subset
TimesNewRomanPS-BoldItalicMT TrueType / WinAnsi / embedded subset
TimesNewRomanPS-BoldItalicMT TrueType (CID) / Identity-H / embedded subset
TimesNewRomanPS-BoldMT TrueType / WinAnsi / embedded subset
TimesNewRomanPS-BoldMT TrueType (CID) / Identity-H / embedded subset
TimesNewRomanPS-ItalicMT TrueType / WinAnsi / embedded subset
TimesNewRomanPSMT TrueType / WinAnsi / embedded subset
TimesNewRomanPSMT TrueType (CID) / Identity-H / embedded subset
TrebuchetMS TrueType / WinAnsi / embedded subset





