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1.11.11.11.1 IntroductionIntroductionIntroductionIntroduction    

1.1.11.1.11.1.11.1.1 Historical backgroundHistorical backgroundHistorical backgroundHistorical background    

Since the introduction of the first synthetic polymer more than hundred years ago by Leo 
Hendrik Baekeland, covalent polymers have become indispensable in everyday life. The term 
‘polymeric’ was first introduced in 1832 by Jöns Jacob Berzelius to describe a substance with 
a higher molecular weight but with an identical empirical formula than a corresponding low 
molecular weight compound, based on the repetition of equal units.1 In 1920, Hermann 
Staudinger defined the term macromolecules, for which he was awarded with the Nobel Prize 
in 1953.2 Today, our knowledge on organic synthesis and polymer chemistry allows the 
preparation of virtually any monomer and subsequent polymer. In addition, an in depth 
understanding of ‘living’ types of polymerizations facilitates tuning of the molecular weight 
and molecular weight distribution and, at the same time, creates the possibility to synthesize 
a wide variety of copolymers.3 The macroscopic properties of polymers are directly linked to 
their molecular structure. As a result, polymer chemists devised synthetic approaches to 
control the sequence architecture. The final step in this development would be to develop 
polymers based on reversible, non-covalent interactions. Rather than linking the monomers 
in the desired arrangement via a series of polymerization reactions, the monomers are 
designed in such a way that they autonomously self-assemble into the desired structure. As 
with covalent polymers, a variety of structures of these so-called supramolecular polymers 
are possible. Block- or graft copolymers, as well as polymer networks can be created in this 
way. 
 
The first reports on supramolecular polymers date back from the time in which many 
scientists studied the ways on how aggregates of small molecules gave rise to increased 
viscosities. To our best knowledge it was Louise Henry who proposed the idea of molecular 
polymerization by associative interactions in 1878, approximately at the same time that van 
der Waals proposed his famous equation of state that took intermolecular interactions in 
liquids into account and only 50 years after Berzelius coined the term polymers. Stadler and 
coworkers were the first to recognize that hydrogen bonds can be used to bring polymers 
together.4 Lehn and coworkers synthesized the first main-chain supramolecular polymer 
based on hydrogen bonding.5 In our group, we introduced the self-complementary ureido-
pyrimidinone (UPy) quadruple hydrogen bonding motif that shows a high dimerization 
constant and a long life-time.  

1.1.21.1.21.1.21.1.2 Supramolecular chemisSupramolecular chemisSupramolecular chemisSupramolecular chemistry try try try     

Jean-Marie Lehn defined supramolecular chemistry as “… a highly interdisciplinary field of 
science covering the chemical, physical, and biological features of chemical species of higher 
complexity, that are held together and organized by means of intermolecular (non-covalent) 
binding interactions.” 5 This exiting new field introduced the possibility of self-sorting of 
subunits during the self-assembly process. At the same time large, complex structures can 
be created by the assembly of small supramolecular building blocks, thereby allowing for the 
elimination of elaborate synthetic procedures. Complex self-assembly processes are widely 
recognized to have played an important part at different stages of the origin of life. As a result 
many researchers explored different aspects of the field of supramolecular chemistry, using 
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non-covalent interactions to self-assemble molecules into well-defined structures. Non-
covalent interactions can vary in type and strength, ranging from very weak dipole-dipole 
interactions to very strong metal-ligand or ion-ion interactions with binding energies that can 
approach that of covalent bonds.6 The most obvious benefits of non-covalent interactions are 
their reversible nature and their response to external factors such as temperature, 
concentration and medium polarity. A subtle interplay between these external factors allows 
to precisely control the self-assembly process. Due to its directionality and possibility to tune 
the dynamics and life time, hydrogen bonds are amongst the most interesting assembly units 
for supramolecular polymers. Before focusing on the hydrogen bonding, we like to address 
first the different mechanisms for the formation of supramolecular polymers. 

1.1.31.1.31.1.31.1.3 Supramolecular polymerization mechanismsSupramolecular polymerization mechanismsSupramolecular polymerization mechanismsSupramolecular polymerization mechanisms    

The mechanism of non-covalent polymerization in supramolecular chemistry is highly 
dependent on the interactions that play a role in the self-assembly process. In contrast to 
covalent bonds, non-covalent interactions depend on temperature and concentration, thereby 
affecting the degree of polymerization. The mechanism of supramolecular polymerizations 
can be divided in three major classes, being isodesmic, cooperative or ring-chain equilibrium 
(Figure 1.1).7  
 

 

 
Figure Figure Figure Figure 1.1.1.1.1111:::: Schematic representation of the major supramolecular polymerization mechanisms.7 

    

Isodesmic polymerizations occur when the strength of non-covalent interactions between 
monomers is unaffected by the length of the chain. Because each addition is equivalent, no 
critical temperature or concentration of monomers is required for the polymerization to occur. 
Instead, the length of the polymer chains rises as the concentration of monomers in the 
solution is increased, or as the temperature decreases. 
The ring–chain mechanism is characterized by an equilibrium between closed rings and linear 
polymer chains. In this mechanism, below a certain monomer concentration, the ends of any 
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small polymer chains react with each other to generate closed rings. Above the critical 
concentration, linear chain formation becomes more favorable and polymer growth is 
initiated. The degree of polymerization changes abruptly once the critical conditions are 
reached. The critical polymerization concentration is largely dependent on the length and 
rigidity of the monomers. Especially at low concentrations, the presence of cyclic oligomers 
can drastically influence the macroscopic properties. 
Cooperative polymerizations occur in the growth of ordered supramolecular polymers in 
which there are additional interactions present besides the formation of linear polymers, such 
as those that form helices. This involves two distinct phases of self-assembly: a less favored 
nucleation phase followed by a favored polymerization phase. In this mechanism, the non-
covalent bonds between monomers are weak, hindering the initial polymerization. After the 
formation of a nucleus of a certain size, the association constant is increased and further 
monomer addition becomes more favorable, at which point polymer growth is initiated. Long 
polymer chains will form only above a minimum concentration of monomer and below a 
certain temperature, resulting in a sharp transition from a regime dominated by free 
monomers and small aggregates, to a regime where almost all of the material is present in 
large polymers. For further details about supramolecular polymerization mechanisms we like 
to refer to a recent review from our group.7 

1.21.21.21.2 General concepts of hydrogen bonding motifsGeneral concepts of hydrogen bonding motifsGeneral concepts of hydrogen bonding motifsGeneral concepts of hydrogen bonding motifs    
The first proposal of hydrogen bonds was suggested by Moore and Winmill in 19128 and it 
was defined in 1920 by Latimer and Rodebush as “the hydrogen nucleus held between 2 
octets constitutes a weak bond”. 9 In that time the concept of hydrogen bonding was used to 
explain physical properties and chemical reactivities due to intramolecular and intermolecular 
hydrogen bonding. Nowadays, we interpret hydrogen bonds as highly directional electrostatic 
attractions between positive dipoles or charges on hydrogen and other electronegative 
atoms. In the field of supramolecular chemistry, hydrogen bonding is currently one of the 
most widely applied non-covalent interactions.  

1.2.11.2.11.2.11.2.1 Arrays of multiple hydrogenArrays of multiple hydrogenArrays of multiple hydrogenArrays of multiple hydrogen bonds bonds bonds bonds    

Hydrogen bonding is especially suitable as a non-covalent interaction due to the high 
directionality of the hydrogen bonds. In general, the strength of a single hydrogen bond 
depends on the strength of the hydrogen bond donor (D) and acceptor (A) involved, and can 
range from weak C-H – π interactions to very strong FH – F- interactions. When multiple 

hydrogen bonds are arrayed to create linear hydrogen bonding motifs, both their strength and 
directionality are increased.    However, the binding strength of the motif is not only dependent 
on the type and number of hydrogen bonds, but is also dependent on the order of the 
hydrogen bonds in the motif. This important aspect of linear hydrogen bonding motifs was 
found by Jorgensen et al. in which a large variation was found in association constants for 
threefold hydrogen bonding motifs. Although the ADA – DAD and DAA – ADD array exhibit an 
equal amount of hydrogen bonds, the association constants of these motifs was significantly 
different. This was attributed to the different order of the hydrogen bonds.10 Since the 
hydrogen bonds in the motifs are in close proximity, the distance of a hydrogen bonding 
donor or acceptor with the neighbor of its counterpart is also relatively small, creating 
attractive or repulsive electrostatic secondary cross-interactions (Figure 1.2). This theory was 
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later confirmed by Zimmerman et al, who completed the series with the AAA – DDD array and 
indeed found a significantly higher dimerization constant due to the presence of solely 
attractive secondary interactions.11 
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Figure Figure Figure Figure 1.1.1.1.2222:::: Influence of attractive and repulsive secondary interactions on the association constant of 

threefold hydrogen bonding motifs.10,11,12 

 

These so-called secondary interactions have a significant influence on the association 
constant of the corresponding motif, changing the association constant of the triple hydrogen 
bonding motif by at least three orders of magnitude. Based on these results, Schneider et al. 
developed a method to calculate the free association energy for linear hydrogen bonding 
motifs taking into account the secondary interactions, each contributing 2.9 kJ/mol to the 
binding energy, and expanded it to quadruple hydrogen bonding motifs.13 

1.2.21.2.21.2.21.2.2 Preorganization through intramolecular hydrogen bondingPreorganization through intramolecular hydrogen bondingPreorganization through intramolecular hydrogen bondingPreorganization through intramolecular hydrogen bonding    

Throughout the development of supramolecular chemistry the knowledge on hydrogen 
bonding motifs expanded rapidly. To attain high association constants, multiple hydrogen 
bonding motifs were developed. Our group developed quadruple hydrogen bonding motifs 
based on diaminotriazines and diaminopyrimidines in which a remarkably high dimerization 
constant was achieved when an amide moiety was replaced by an ureido moiety (Figure 
1.3).14 A large deviation in values of the experimentally determined dimerization constants of 
the ureido molecules was observed when compared to the calculations as proposed by 
Schneider et al. However, the experimental values for the amide molecules were in 
agreement with the calculated values. The large difference between the experimental and 
predicted dimerization constants was attributed to the presence of an intramolecular 
hydrogen bond between the ureido NH and the nitrogen in the ring. This intramolecular 
hydrogen bond stabilizes the cis conformation of the ureido moiety and forces the carbonyl in 
plane with the aromatic ring. This causes prearrangement of the DADA hydrogen bonding 
motif and results in the increase of the association constant by two or three orders of 
magnitude. 
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Figure Figure Figure Figure 1.1.1.1.3333:::: Quadruple hydrogen bonding motifs with their corresponding dimerization constants, 

revealing the effect of the intramolecular hydrogen bond on the dimerization constant.14 
 

To reduce the number of repulsive secondary interactions, thereby increasing the association 
constant, our group introduced the self-complementary 2-ureido-4[1H]-pyrimidinone (UPy) 
quadruple hydrogen bonding DDAA motif.15 The intramolecular hydrogen bond prearranges 
the motif, resulting in a nearly planar DDAA motif (Figure 1.4).16 Due to the reduced number 
of repulsive secondary interactions and the intramolecular hydrogen bond, the dimerization 
constant was found to be 6x107 M-1 in chloroform with a long lifetime of 0.1-1 s.17 

 

Figure Figure Figure Figure 1.1.1.1.4444:::: 2-Ureido-4[1H]-pyrimidinone dimer and its corresponding single crystal structure.16 

1.2.31.2.31.2.31.2.3 Tautomeric equilibriaTautomeric equilibriaTautomeric equilibriaTautomeric equilibria    

Although the UPy motif exhibits a high dimerization constant, the type of aggregate that is 
obtained during self-assembly is highly dependent on the substituent on the 6-position of the 
pyrimidinone ring, since different tautomeric forms can be present.16 With electron 
withdrawing or donating substituents, the tautomeric equilibrium is shifted to the pyrimidi-4-ol 
tautomer, which is self-complementary as a DADA hydrogen bonding motif (Figure 1.5). Due 
to more repulsive secondary interactions, the dimerization constant of this DADA motif is 
lowered to 9x105 M-1 in chloroform.18 The tautomeric equilibrium showed a high dependency 
on the solvent and a high concentration dependency. This illustrates that understanding the 
tautomeric equilibria is crucial for predicting the properties of hydrogen bonding motifs. 
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Figure Figure Figure Figure 1.1.1.1.6666:::: Hydrogen bonding motifs inspired on self-assembly as found in nature.19,20,21 
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Nowadays, the synthesis of new hydrogen bonding motifs is nearly unrestricted. Current 
hydrogen bonding motifs used in supramolecular chemistry are not only purely derived from 
organic chemistry, but are also derived from hydrogen bonding as found in nature, for 
example by using the hydrogen bonding motifs found in DNA basepairs19 or using peptide 
mimics (Figure 1.6).20,21  

 
Since the start of supramolecular chemistry, many different hydrogen bonding motifs have 
been reported, ranging from monovalent up to dodecavalent hydrogen bonds,21 with 
dimerization constants up to 3 x 1012 M-1.22 However, it has to be noted that some of the 
reported hydrogen bonding motifs require a multistep synthetic pathway which lower the 
overall yield tremendously, thereby making them less attractive to use. 
 

1.31.31.31.3 HydrogenHydrogenHydrogenHydrogen----bonded main chain supramolecular polymers bonded main chain supramolecular polymers bonded main chain supramolecular polymers bonded main chain supramolecular polymers     

1.3.11.3.11.3.11.3.1 The establishment of supramolecular polymersThe establishment of supramolecular polymersThe establishment of supramolecular polymersThe establishment of supramolecular polymers    

In macromolecular chemistry, the monomeric units are held together by covalent bonds. In 
1990, Jean-Marie Lehn introduced a new area within the field of polymer chemistry, by 
creating a polymer in which the monomeric units were held together by hydrogen bonds, 
resulting in a liquid crystalline supramolecular polymer (Figure 1.7).23 This initiated the field of 
supramolecular polymer chemistry, generating materials with reversible interactions, 
introducing the opportunity to produce materials with properties that otherwise would have 
been impossible or difficult to obtain. Inspired by this work, Griffin et al. developed main chain 
supramolecular polymers based on pyridine/benzoic acid hydrogen bonding, also obtaining 
liquid crystalline supramolecular polymers.24 Our group introduced supramolecular polymers 
based on the ureido-pyrimidinone motif. Due to the high dimerization constant present in the 
UPy motif, supramolecular polymers were formed with a high degree of polymerization even 
in semi-dilute solutions.15 
 

We defined supramolecular polymers as “…polymeric arrays of monomeric units that are 
brought together by reversible and highly directional secondary interactions, resulting in 
polymeric properties in dilute and concentrated solutions, as well as in the bulk. The 
monomeric units of the supramolecular polymers themselves do not possess a repetition of 
chemical fragments. The directionality and strength of the supramolecular bonding are 
important features of systems that can be regarded as polymers and that behave according 
to well-established theories of polymer physics. In the past the term “living polymers” has 
been used for this type of polymers. However, to exclude confusion with the important field of 
living polymerizations, we prefer to use the term supramolecular polymers.” 25 The irony is 
that in the field of polymer science, Hermann Staudinger fought many scientific battles to 
proof that polymer molecules consist of covalently bonded monomers instead of non-covalent 
aggregates of small molecules. Almost hundred years later, materials properties typical for 
macromolecules can also be obtained by the non-covalent aggregation of small molecules. 
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Figure Figure Figure Figure 1.1.1.1.7777:::: The formation of a supramolecular liquid crystalline polymer by hydrogen bonding as 

introduced by Lehn et al (top), Griffith et al (middle) and our group (bottom). 

 
In macromolecular chemistry, different types of polymers are distinguished, ranging from 
linear polymers, graft copolymers to networks. Soon after the introduction of supramolecular 
polymers, it was recognized that by replacing the covalent bonds between the monomeric 
units by hydrogen bonds, these polymers can be made in a supramolecular fashion. It was 
even one year before the introduction of the linear supramolecular polymer by Lehn that the 
group of Fréchet introduced supramolecular graft copolymers.26 Using multiple hydrogen 
bonding moieties attached to one molecule, one can also generate supramolecular polymer 
networks.27 With the development of new hydrogen bonding motifs and the better 
understanding of the concept supramolecular polymers, nowadays even alternating28 or 
triblock29  supramolecular hydrogen bonding copolymers can be created using the high 
directionality of different hydrogen bonding motifs. (Figure 1.8). Leibler et al. were the first to 
recognize that supramolecular polymer chemistry could be applied to generate 
supramolecular materials with exceptional properties, which will be discussed in Chapter 1.4.   

1.3.21.3.21.3.21.3.2 Supramolecular pSupramolecular pSupramolecular pSupramolecular polymerizationsolymerizationsolymerizationsolymerizations    

The polymerization of multivalent linear supramolecular polymers based solely on hydrogen 
bonding without any additional interactions will in general result in an isodesmic 
polymerization mechanism. As a consequence, the degree of polymerization (DP) that is 
obtained will be highly dependent on the dimerization constant and the concentration (Figure 
1.9).30 Therefore, the obvious approach to increase the degree of polymerization is to create 
hydrogen bonding motifs with high dimerization constants. However, the synthetic 
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accessibility of these motifs and their attachment to other molecules is highly important since 
incomplete functionalization or other monofunctional impurities present in less than one 
percent can act as a chainstopper. This has a huge effect on the degree of polymerization as 
was demonstrated by viscosity measurements (Figure 1.9).15,31  
 

 

 

Figure Figure Figure Figure 1.1.1.1.8888:::: Alternating (top) and triblock (bottom) supramolecular copolymers created in solution by 

using the directionality of complementary hydrogen bonding motifs.28b,29 

 
When using AA-BB type of supramolecular polymers in which the hydrogen bonding motifs 
are not self-complementary but need a complementary counterpart, this results in the need 
for perfect stoichiometry in order to attain high degrees of polymerization, since even a small 
excess of either one will act as a chainstopper.32 To avoid this problem, when creating 
supramolecular polymers a self-complementary hydrogen bonding motif is preferable. 
 
 
 
 
 
 
 
 
 
 
 

Figure Figure Figure Figure 1.1.1.1.9999:::: Theoretical dependence of the degree of polymerization as a function of association 

constant and concentration for an isodesmic polymerization mechanism (left) and the influence of 

monofunctional chainstopper on the polymerization (right).15,25  

 
An important factor that cannot be neglected when going from small molecules to 
supramolecular polymers is the influence of modifications of the molecular structure on the 
association constant of the hydrogen bonding motif.33 This can be caused by steric effects 
when attaching large molecules to the motif,34 and it is observed that the polarity of the 
attached molecule influences the association constant drastically.35 This will therefore 
influence the degree of polymerization significantly. 
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1.3.31.3.31.3.31.3.3 Hydrophobic compartmentalizationHydrophobic compartmentalizationHydrophobic compartmentalizationHydrophobic compartmentalization    

The isodesmic type of polymerization of main chain hydrogen bonded supramolecular 
polymers results in a low degree of polymerization and results in the need for hydrogen 
bonding motifs with a high dimerization constant in order to obtain long polymers in solution. 
To overcome this issue, several different strategies can be applied. It is generally believed 
that supramolecular polymers in water based on purely hydrogen bonding are not possible 
due to the competition of the intermolecular hydrogen bonds with hydrogen bonding with 
water molecules.36 Hydrophobic compartmentalization is widely found in nature and can 
shield the hydrogen bonds from the aqueous environment. This decreases the competitive 
hydrogen bonding of water molecules with the desired intermolecular hydrogen bonds. At the 
same time this creates a more apolar local environment for the hydrogen bonding motifs, 
which strengthens the hydrogen bonding interactions. Due to their weak interaction energy 
the hydrophobic interactions are highly dependent on the temperature and can be induced or 
eliminated depending on the solvent.37 However, using hydrophobic compartmentalization to 
shield the hydrogen bonding motif from the environment, it is possible to attain 
supramolecular hydrogen bonding polymers38 and hydrogels39 in water (Figure 1.10). 
 
Additional interactions can be introduced into hydrogen bonding supramolecular polymers by 
using hydrophobic compartmentalization. As shown in Figure 1.10, π-π interactions occur 

between the aromatic cores, creating chiral columnar structures. An important result of these 
additional interactions is the change of polymerization mechanism from isodesmic to 
cooperative, creating supramolecular polymers with a high degree of polymerization. This 
circumvents the requirement of a high dimerization constant in order to obtain 
supramolecular polymers with a high degree of polymerization. Additional π-π interactions in 

hydrogen bonded supramolecular polymers are not uncommon and can be applied to obtain 
higher-order structures.40 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Figure Figure Figure Figure 1.1.1.1.10101010:::: Helical supramolecular ureido-triazine polymer (left) and cyclohexane hydrogelator (right) 

in which the hydrogen bonding motif is shielded from the solvent by hydrophobic interactions, creating 

aggregates in water.38b,39c 
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1.41.41.41.4 FrFrFrFrom supramolecular polymers to supramolecular materialsom supramolecular polymers to supramolecular materialsom supramolecular polymers to supramolecular materialsom supramolecular polymers to supramolecular materials    

1.4.11.4.11.4.11.4.1 Thermoplastic elastomersThermoplastic elastomersThermoplastic elastomersThermoplastic elastomers    

The introduction of polyamides and polyurethanes as polymeric materials created the 
possibility of having elastomeric materials which are processable at higher temperatures. The 
intermolecular hydrogen bonding between the polymer chains generates non-covalent 
crosslinks that crystallize upon hydrogen bonding. The crosslinks are broken upon heating 
the material, resulting in a dramatic decrease in viscosity, giving it its thermoplastic 
elastomeric behavior.41 These polymers could be classified as supramolecular polymers due 
to their non-covalent crosslinks. However, the entanglements of the high molecular weight 
polymer chain have a significant influence on the macroscopic properties, thereby 
disqualifying them as true supramolecular polymers.  
Inspired by the outstanding mechanical properties and processability of polyamides and 
polyurethanes, new polymers have been developed in which the amide and urethane moiety 
were replaced by urea moieties. Urea moieties can form stronger bifurcated hydrogen bonds 
compared to amides and urethanes. Indeed, when reacting amine functionalized oligomers 
with diisocyanates, bis-urea thermoplastic elastomers were obtained which showed a 
nanofiber morphology as observed with atomic force microscopy (AFM) (Figure 1.11).42 The 
aggregation of the bis-urea is cooperative due to the synergistic aggregation of the second 
urea within the bis-urea motif and the less favorable formation of dimers due to alignment of 
dipole moments. In addition, the bis-urea motif bundles together and crystallizes into long 
nano-fibers that act as supramolecular crosslinks. This reinforces the material and gives it its 
good mechanical properties.43 Using so-called supramolecular self-sorting, matching bis-urea 
molecules were selectively incorporated into the material42a,d which were used to introduce 
for example bioactive molecules to bis-urea supramolecular biomaterials to improve cell 
adhesion and proliferation for tissue engineering.44 Moreover, the incorporated bis-urea 
molecules were used to tune the mechanical properties of the bis-urea polymer.42c   
 

      

 

 

 

Figure Figure Figure Figure 1.1.1.1.11111111:::: Atomic force microscopy phase image (500x500 nm) of nano-fibers as observed in 

thermoplastic elastomers based on the bis-urea motif (left) and the schematic aggregation of bis-urea 

stacks into the nano-fibers (right).43 

 
While the bisurea crystallization results in favorable material properties, its high melting point 
severely reduces the mobility of the hydrogen bonding moieties at room temperature. As a 
result, these supramolecular materials do not possess self-healing properties.  
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Leibler et al introduced a system based on fatty dimer acids to synthesize amidoethyl 
imidazolidone, di(amidoethyl) urea and diamido tetraethyl triurea oligomers (Figure 1.12).45 
The system consists of a network of hydrogen bonds, which do not crystallize. At low 
temperatures the material is crosslinked by hydrogen bonds and behaves as a soft rubber, 
whereas at high temperatures the hydrogen bonds are broken and the material behaves like 
a viscoelastic liquid which can be molded, extruded and reshaped. While the pure oligomer 
mixture exhibits a glass transition temperature at 28 °C, it can be plasticized with dodecane 
or water to lower the glass transition temperature. Due to the absence of crystallization and a 
glass transition temperature below room temperature, this material exhibits remarkable self-
healing properties. The material is capable to regain its mechanical properties after being 
macroscopically broken by simple mending at room temperature, although the re-
establishment of the macroscopic properties and the hydrogen bonding network takes time.  

 

Figure Figure Figure Figure 1.1.1.1.12121212:::: A supramolecular rubber based on hydrogen bonding generates a self-healing material at 

room temperature. The mechanical properties recover in time as the hydrogen bonding network is 

restored.45a  

 
The examples discussed here show the potential of supramolecular polymers to create novel 
materials with new and advanced properties. The importance of thermal properties such as 
glass transition temperatures or melt temperatures dominates the macroscopic properties of 
the material. When the glass transition temperature is above room temperature, the mobility 
of the hydrogen bonding moieties is limited. This prevents the rearrangement of hydrogen 
bonds and results in a lack of self-healing properties. However, the presence of a glass 
transition temperature or a melt temperature above room temperature will improve the 
mechanical properties of the material by acting as crosslinks. The desired macroscopic 
properties of the material will therefore depend on its application.  

1.4.21.4.21.4.21.4.2 Phase separation and additional lateral interactions in supramolecular Phase separation and additional lateral interactions in supramolecular Phase separation and additional lateral interactions in supramolecular Phase separation and additional lateral interactions in supramolecular 
polymers in the solid statepolymers in the solid statepolymers in the solid statepolymers in the solid state    

Small molecule supramolecular systems as reported by Lehn form supramolecular polymers 
that show liquid crystalline behavior in bulk. However, these systems are rigid and give brittle 
materials with insufficient mechanical properties at room temperature. To increase the 
mechanical properties, telechelic amorphous or semi-crystalline oligomers have been 
functionalized with hydrogen bonding motifs.46,47 Upon functionalization of the oligomer with a 
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hydrogen bonding motif, materials with properties that resemble the covalent high molecular 
weight counterparts were obtained. However, due to the reversibility of the hydrogen bonds, 
at high temperatures the non-covalent interactions are broken, resulting in a material 
exhibiting the properties of the low molecular weight oligomers. This might be especially 
suitable for the synthesis of materials with increased processing properties at elevated 
temperatures. By using amorphous or semi-crystalline oligomers with multiple functionizable 
end groups, flexibility is introduced within the molecule and crystallinity is reduced. At the 
same time, the telechelic oligomer applied influences the material properties of the 
supramolecular polymer.  
 
Phase separation in block copolymers is well known and originates from the immiscibility of 
one block in the other block and vice versa. By adding hydrogen bonding motifs to telechelic 
oligomers, a block copolymer like molecule is obtained in which the hydrogen bonding end 
groups can phase separate from the oligomer in the bulk, depending on their polarity 
difference and aggregation behavior. Examples illustrate that using block copolymers with 
weak hydrogen bonding blocks on the exterior, quasi-telechelic supramolecular polymers are 
obtained.48 Chien et al introduced telechelic supramolecular polymers based on poly-
(tetrahydrofuran) with benzoic acid end groups.46a The supramolecular polymers showed a 
tendency for micro-phase separation with a high-temperature melting point. This additional 
endotherm was attributed to the melting of hard segments, which consist of crystallization of 
benzoic acid end groups driven by benzoic acid dimerization. The hard segments are phase 
separated, creating physical crosslinks which increased the mechanical properties 
tremendously.46b Similar findings were obtained when using supramolecular polymers with 
benzoic acid hydrogen bonding moieties in the side-chain.49 Whether these self-assembly 
processes are driven by phase separation of the different blocks or by hydrogen bonding 
remains ambiguous. 
 
Hayes et al. investigated the influence of the strength of the hydrogen bonding motif on the 
phase separation and mechanical properties of telechelic supramolecular polymers. A clear 
influence of the dimerization constant on the phase separation was found, which coincides 
with a change in the mechanical properties as observed with rheology.50 This clearly shows 
the influence of hydrogen bonding on the phase separation of telechelic supramolecular 
polymers and subsequent mechanical properties.  

1.4.31.4.31.4.31.4.3 Supramolecular thermoplastic elastomers based on additional lateral Supramolecular thermoplastic elastomers based on additional lateral Supramolecular thermoplastic elastomers based on additional lateral Supramolecular thermoplastic elastomers based on additional lateral 
iiiinteractions and phase separationnteractions and phase separationnteractions and phase separationnteractions and phase separation    

Phase separation is particularly interesting for supramolecular polymers based on weak 
hydrogen bonding motifs, since the phase separation can increase the local concentration. 
This results in a higher degree of polymerization and a change in supramolecular 
polymerization mechanism from isodesmic to cooperative. This approach was demonstrated 
by Rowan et al. who synthesized supramolecular thermoplastic elastomers based on 
hydrogen-bonding telechelic poly(tetrahydrofuran).51 Although weak complementary 
nucleobase hydrogen bonded motifs were used (Ka = 21 M

-1 in CDCl3), the supramolecular 
polymer exhibits good mechanical properties. The formation of such a thermoplastic 
elastomer is not expected based on solely linear chain extension due to the weak hydrogen 
bonding and was shown to be related to the phase separation and π-π stacking of the 
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hydrogen bonding end groups within the soft oligomer matrix (Figure 1.13). The phase 
separation results in crystallization of the end groups with melting points at 108 °C and 135 
°C. Detailed studies revealed the nucleobase end groups to aggregate on top of each other, 
creating supramolecular crosslinks. In a similar system based on a poly(ε-caprolactone) 
oligomers, the hydrogen bonding end groups were later visualized with AFM. In combination 
with X-ray diffraction studies in was shown that the end groups arranged in lamellae.52 
 

 
 
 
 
 
 
 
 
 

Figure Figure Figure Figure 1.1.1.1.13131313:::: Nucleobase hydrogen bonded supramolecular polymers and their schematic aggregation 

into phase separated hard segments.51b 

 
Phase separation of the hydrogen bonding end groups can be induced by introducing 
additional lateral interactions when the end groups themselves do not exhibit lateral 
interactions. This was demonstrated by functionalizing telechelic poly(ethylene-butylene) 
oligomers with the ureido-pyrimidinone (UPy) motif. The corresponding supramolecular 
polymer displays a remarkable increase in macroscopic properties, creating a 
supramolecular thermoplastic elastomer (Figure 1.14).47b Although the UPy exhibits an 
extremely high dimerization constant, it was not expected to result in a thermoplastic 
elastomer upon isodesmic supramolecular polymerization of this molecule, since both the 
poly(ethylene-butylene) oligomer and its high molecular weight counterpart are amorphous 
with a glass transition temperature well below room temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure Figure Figure Figure 1.1.1.1.14141414:::: A supramolecular thermoplastic elastomer obtained by functionalization of a short 

telechelic poly(ethylene-butylene) oligomer with an ureido-pyrimidinone hydrogen bonding moiety and 

its dynamic melt viscosity as a function of temperature.47b 
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The increase in macroscopic properties is a result of the aggregation of the end groups not 
only polymerizing in a linear fashion, but also form stacks of dimers due to the urethane 
moiety in the end groups that induces lateral aggregation (Figure 1.15).53,54 Due to these 
lateral interactions, supramolecular crosslinks are obtained that crystallize into nanofibers 
which could be observed with AFM.  
 
 
 
 
 
 
 
 
 
 
 

Figure Figure Figure Figure 1.1.1.1.15151515:::: Schematic representation of the lateral interactions creating supramolecular crosslinks 

(left) and the nanofibers as visualized with AFM (500x500 nm phase image).54b 
 

A more detailed study on the influence of the lateral interactions in the end groups by 
eliminating or reinforcing the lateral interactions confirmed their importance.53 The 
supramolecular polymer with no lateral interactions is a sticky gum and show no distinct 
phase separation, where rheology measurements confirmed the presence of UPy-UPy 
hydrogen bonding (Figure 1.16). Upon introduction and reinforcement of the lateral 
interactions in the UPy urethane (UPy-T) and UPy urea (UPy-U) motifs respectively, the 
mechanical properties increase drastically, resulting in thermoplastic elastomers.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure Figure Figure Figure 1.1.1.1.16161616:::: Rheological mastercurves (left) and tensile testing (right) of various telechelic 

supramolecular poly(ethylene-butylene) polymers.53 
 
The influence of the strength of the lateral interactions is clearly visible, as the bis-(UPy-U) 
polymer displays distinct nanofibers with a melt at 129 °C, whereas the bis-(UPy-T) polymer 
exhibits nanofibers that appear less densely packed and display a melt at 69 °C (Figure 
1.17). An important result of these lateral interactions is the change in polymerization 
mechanism. In solution, UPy-urea model compounds reveal an isodesmic polymerization 
mechanism into stacks, with a lateral association constant of 3 x 102 M-1 in CDCl3.

55 However, 
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in the bulk the polymerization mechanism becomes cooperative due to phase separation and 
results in the crystallization of long nanofibers.  
 

   

Figure Figure Figure Figure 1.1.1.1.17171717:::: AFM phase images (500x500 nm)of UPy-PEB-UPy, UPy-T-PEB-T-UPy and UPy-U-PEB-

U-UPy respectively. 
 
The usability of these materials was exemplified by the creation of supramolecular 
biomaterials, in which telechelic poly(ε-caprolactone) was functionalized with UPy groups to 
generate a supramolecular bioactive material. Using the non-covalent nature of the material, 
UPy-functionalized peptides can be incorporated in the material by simple mixing (Figure 
1.18).56 The bioactive molecules are anchored into the supramolecular material via the UPy 
hydrogen bonding units, establishing the possibility to obtain a dynamic biomaterial that 
closely resembles the extracellular matrix due to its non-covalent character. Using this 
modular approach, materials with different bioactive molecules can easily be made without 
resynthesizing the whole construct. The incorporation of UPy functionalized cell adhesion 
peptides into the supramolecular biomaterial increased cell adhesion, spreading and 
proliferation compared to the bare construct, revealing the applicability of this approach. Due 
to the significant mechanical properties of these materials, it is possible to electrospin fibrous 
membranes with diameters less than 1 µm.57 

 

Figure Figure Figure Figure 1.1.1.1.18181818:::: Modular approach to supramolecular biomaterials using the non-covalent interactions for 

the anchoring of bioactive molecules.56a 

 

The need to incorporate lateral interactions in supramolecular polymers might be 
circumvented by using hydrogen bonding motifs that comprise the possibility to chain extend 
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and simultaneously act as supramolecular crosslinks.58 When telechelic poly(ethylene-
butylene) was functionalized with the benzene-1,3,5-tricarboxamide (BTA) motif, a 
supramolecular thermoplastic elastomer was obtained.59 The BTA motif is capable of chain 
extending by hydrogen bonding to neighboring BTA molecules. Due to the fact that one BTA 
motif exhibits two binding sites for other BTA molecules, being above and below the face of 
the discotic, the motif results in chain extension as well as supramolecular crosslinking.  
 
 
 
 
 
 
 

 
 
 
 
 

Figure Figure Figure Figure 1.1.1.1.19191919: : : : Supramolecular polymers based on the benzene-1,3,5-tricarboxamide motif (left) and the 

nano-fibers as observed with AFM (phase image, 450x450 nm, right).59 

 
The polymerization mechanism is cooperative due to the unfavorable arrangement of the 
carbonyl groups in the initial aggregation steps and additional dipole-dipole interactions.60 
This results in nano-fibers with a transition to the isotropic phase around 200 °C (Figure 
1.19). At room temperature, the material is liquid crystalline, giving it high elastomeric 
properties but results in a low toughness. 

1.51.51.51.5 Aim and outline of this thesisAim and outline of this thesisAim and outline of this thesisAim and outline of this thesis    
Since the development of the first hydrogen bonded supramolecular polymer by Lehn et al., 
the field of supramolecular polymer chemistry has expanded rapidly. Nowadays, 
supramolecular polymers are not only accepted as a new class of materials, but due to the 
reversibility of the non-covalent interactions they are investigated as a potential source for 
materials with novel and advanced properties. Our group has played an important role in this 
exciting field of supramolecular chemistry with the development of the UPy in the late 
nineties. With its high dimerization constant and long life-time it proved to be an excellent 
motif for the use in supramolecular polymers. Although many studies revealed parts of the 
properties of these UPy supramolecular polymers, a full understanding of the properties and 
possible applications of multiple hydrogen bonded supramolecular materials has not been 
reached.  
In this thesis, the properties of UPy-urea supramolecular polymers are further investigated 
and the processes involved in the aggregation from supramolecular polymer to 
supramolecular material are elucidated. Furthermore, a new quadruple hydrogen bonding 
motif is introduced, which shows unique possibilities for applications in supramolecular 
chemistry. For potential use as a supramolecular material, the bulk properties of the material 
are highly important. In chapter 2 the relation between the preparation and the macroscopic 
properties of UPy-urea poly(ε-caprolactone) supramolecular materials in the bulk are 
elucidated. Batch-to-batch reproducibility of the mechanical and thermal properties is 
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investigated, as well as the influence of ageing. The possibility of processing via 
electrospinning is explored and the thermal stability of this polymer is investigated. In  
chapter 3 the molecular structure is changed and a filler molecule is added to investigate 
whether the mechanical properties could be further improved.  
In chapter 4 the aggregation of UPy-urea poly(ethylene-butylene) supramolecular polymers 
and the influence of the substituent on the UPy moiety on the aggregation are disclosed. A 
small library of polymers is synthesized and systematically investigated using a wide variety 
of techniques. The different aggregation steps and the internal structure of the nano-fibers 
are elucidated.  
Supramolecular polymers hold great potential as materials with novel properties. In chapter 5 
the bioactivation of UPy-urea poly(ε-caprolactone) supramolecular polymers as a biomaterial 
for tissue engineering is explored. Using the non-covalent interactions, a UPy functionalized 
peptide was anchored into the material. The influence of processing conditions on the 
anchoring of the peptide was investigated by measuring the release of peptide. To elucidate 
whether the remaining peptide that is in the material provides bioactivity, an enzymatic assay 
was developed and used to determine the remaining amount of peptide available on the 
surface. 
The past two decades a lot of knowledge on supramolecular chemistry was developed in our 
group. In chapter 6 this knowledge is used to expand the toolbox for supramolecular 
chemistry with a new hydrogen bonding motif. The synthesis and self-assembly behavior was 
studied and supramolecular polymers based on the ureido-benzoic acid quadruple hydrogen 
bonding motif were synthesized and characterized. The potential of the ureido-benzoic acid 
motif in supramolecular synthesis was evaluated and revealed some interesting new aspects 
of this hydrogen bonding motif.  
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AbstractAbstractAbstractAbstract – Supramolecular polymers have great potential as a novel class of materials as a 
result of the non-covalent interactions that hold the monomers together. In our group, 
supramolecular bis-(UPy)-poly(ε-caprolactone) materials have been successfully applied as 
biomaterials for tissue engineering. In this chapter, the batch to batch reproducibility and the 
influence of the processing conditions on the macroscopic properties of bis-(UPy-U)-poly(ε-
caprolactone) materials are investigated. Films of different batches cast from CHCl3 were 
evaluated and large differences in macroscopic properties were observed. Small changes in 
the work-up resulted in small differences in molecular weight, which subsequently resulted in 
a difference in crystallinity of the poly(ε-caprolactone) (PCl) block at room temperature. The 
crystallinity of the PCl block was found to be the most dominant factor in influencing the 
macroscopic properties. Due to competitive crystallization, the PCl block hinders 
crystallization of the UPy-urea moieties into nano-fibers and vice versa. Monofunctional 
impurities that result from incomplete functionalization change the mechanical properties of 
the material drastically. The crystallinity of both the PCl block as well as the UPy-urea 
moieties were found to change up to 10 weeks after processing. Tensile tests at elevated 
temperatures revealed that the materials have sufficient mechanical properties even at 50 °C. 
This shows the applicability of bis-(UPy-U)-poly(ε-caprolactone) materials above room 
temperature, which is especially important for applications as biomaterials since they require 
physiological conditions. Casting from HFIP resulted in more stable UPy-urea nano-fibers 
compared to materials cast from CHCl3, generating stiffer materials. Processing from the melt 
was not possible. Although TGA measurements did not reveal any mass loss up to 210 °C, 
DSC measurements showed degradation of the UPy at temperatures above 135 °C. These 
results show the broad applicability of bis-(UPy)-poly(ε-caprolactone) polymers to generate 
materials with good macroscopic properties. However, care should be taken when 
quantifying the macroscopic properties due to batch to batch differences, processing of the 
materials and their ageing.  
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2.12.12.12.1 IntroductionIntroductionIntroductionIntroduction    
The macroscopic properties of polymers are directly linked to their molecular structure and 
morphology. As a result, polymer chemists developed synthetic approaches to control the 
sequence architecture. More recently, the importance of introducing supramolecular 
interactions between macromolecular chains has become evident and many new options 
have been introduced. The final step is the development of polymers based on reversible, 
non-covalent interactions. Rather than linking the monomers in the desired arrangement via a 
series of covalent reactions, the monomers are designed in such a way that they 
autonomously self-assemble into the desired structure via non-covalent interactions.1 The 
potential of non-covalent interactions has broadened the field of polymer chemistry and 
resulted in an entirely new class of polymers. The reversibility of non-covalent interactions 
allows these polymers to combine some of the attractive properties of conventional polymers 
with the behavior of their monomeric counterparts. Hydrogen bonds are amongst the most 
widely used non-covalent interactions for supramolecular polymers due to their directionality 
and the possibility to tune the life time of the interaction. In our group, we introduced the self-
complementary ureido-pyrimidinone (UPy) quadruple hydrogen bonding motif that shows a 
high dimerization constant and a long life-time.2 Using telechelic oligomers as precursors, 
supramolecular UPy polymers were obtained that showed a dramatic increase in mechanical 
properties compared to their unfunctionalized counterparts.3  
High molecular weight poly(ε-caprolactone) in its pure form is a crystalline polymer with a 
Young’s modulus up to 300 MPa, flexibility up to 1100% strain and ultimate tensile strength 
up to 33 MPa, depending on its molecular weight and crystallinity.4 Poly(ε-caprolactone) is an 
FDA approved material and shows good biocompatibility.5 Previous work from our group 
showed the potential of supramolecular bis(UPy)-poly(ε-caprolactone) polymers as a 
biomaterial as it allows for a modular approach towards bioactive materials.6  
The application potential of bis-(UPy)-poly(ε-caprolactone) supramolecular materials 
stimulated us to investigate the macroscopic properties in greater detail. Previous work 
revealed crystallization of the UPy moieties into nano-fibers when additional lateral hydrogen 
bonding interactions are present.7 Improved mechanical properties and stronger 
supramolecular anchoring of bioactive moieties into UPy-urea (UPy-U) supramolecular 
polymers compared to UPy-urethane (UPy-T) supramolecular polymers was observed.3b 

Therefore, this study will focus on the macroscopic properties of bis-(UPy-U)-poly(ε-
caprolactones) (Figure 2.1). The telechelic poly(ε-caprolactone) (PCl) starting compound had 
an Mn of 2 kg/mol, which corresponds to a degree of polymerization of 8. We anticipate that 
the ability of the PCl block to crystallize will be an important feature to take into account. 
 

 

 

 

Figure Figure Figure Figure 2.2.2.2.1111: : : : Structure of    bis-(UPy-U)- poly(ε-caprolactone) 1111 (n=8).  
    
First, the batch to batch reproducibility of the macroscopic properties was evaluated using 
DSC, GPC and tensile tests. The presence of monofunctional impurities and ageing were 
subsequently investigated to elucidate their effect on the macroscopic properties of the 
materials. To clarify the influence of processing on the macroscopic properties for future 
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applications, the effect of the solvent during casting and the thermal stability of the polymers 
for possible melt-processing were studied. 

2.22.22.22.2 Batch to batch differencesBatch to batch differencesBatch to batch differencesBatch to batch differences    
Although the synthesis of UPy-based supramolecular polymers is straightforward, the 
performance of the isolated polymers was found to differ from batch to batch. Therefore, four 
different batches of polymer 1111 were synthesized to analyze the origin of the observed 
differences in macroscopic properties in detail. Purification of the polymers was done by 
precipitation from chloroform into heptane. 
GPC analysis of batches 1-4 was performed in THF calibrated with polystyrene standards. 
Since PCl is the backbone, this will lead to an overestimation of the molecular weight as 
obtained from GPC analysis by 35 % according to literature.8  Therefore, 1H NMR was used 
for molecular weight determination as well. The integrals of the peak at 4.2 ppm (originating 
from the initiator of the PCl polymerization) and at 4.0 ppm (polymer backbone) were used to 
calculate the number of PCl units in one polymer backbone. The results of the analyses of 
the polymer batches are summarized in Table 2.1. An overestimation of the molecular weight 
was indeed observed when comparing the GPC results with the 1H NMR results of polymer 1111. 
Small differences in the molecular weights between the batches are observed, but the 
molecular weight distributions of the polymers are approximately similar (Table 2.1). We 
attribute the observed small differences to small changes in the concentration during the 
precipitation procedures. The PCl block length significantly increases from a degree of 
polymerization (DP) of 8 in the starting material to 14-16 in the final products due to 
fractionation during precipitation.  

 

Table Table Table Table 2.2.2.2.1111: : : : Results of GPC and 1H NMR analysis for different batches of polymer 1111. 

    MMMMnnnn (g/mol) (g/mol) (g/mol) (g/mol)    MMMMwwww (g/mol) (g/mol) (g/mol) (g/mol)    PDIPDIPDIPDI    MMMMnnnn NMR (g/mol) NMR (g/mol) NMR (g/mol) NMR (g/mol)    DPDPDPDP PCl (NMR) PCl (NMR) PCl (NMR) PCl (NMR)    

Batch 1 5682 7305 1.29 4.9x103 16 

Batch 2 5049 6412 1.27 4.6x103 15 

Batch 3 4935 6413 1.30 4.4x103 14 

Batch 4 4692 5911 1.26 4.3x103 14 

 

The thermal properties of the different batches were analysed by Differential Scanning 
Calorimetry (DSC) (Table 2.2). The first melting transition is assigned to the melting of the 
PCl block (Tm1). We expected that the variation in chain length of PCl in different batches of 
polymer 1 1 1 1 would not have a large effect on the crystallinity of the PCl block and thus on the 
mechanical properties of polymer 1111. However, a small decrease in melt temperature and melt 
enthalpy is observed for the slightly shorter polymers. The suppression of the PCl melting 
temperature and enthalpy compared to the unfunctionalized PCl starting material (Mn = 2 
kg/mol, Tm1 = 42.9 °C and 48.7 °C, ∆Hm1 = 76.9 J/g in the second heating run at 10 K/min) 
clearly indicates that the PCl crystallization is influenced by the crystallization of the UPy-
urea moieties. 
The second melting peak is attributed to melting of UPy-urea nano-fibers (Tm2). This melting 
transition was also observed in earlier research in our group on UPy-urea PCl and bis-urea 
polymers that show similar nano-fiber morphologies.9 This transition is caused by the loss of 
intermolecular urea hydrogen bonds and hence the loss of stacking (see also Chapter 4). The 
different batches of polymer 1111 show a difference in melt temperature and melt enthalpy of the 
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UPy-urea nano-fibers. Batch 1 and 2 show a lower melt temperature and melt enthalpy 
compared to batch 3 and 4. This can be caused by the slightly higher molecular weight of 
batches 1 and 2, which exhibit a higher crystallinity and melt temperature of the PCl block. 
Competitive crystallization between the PCl block and the UPy-urea nano-fibers may result in 
less stable UPy-urea nano-fibers when the crystallization of the PCl block is enhanced. 
 
Table Table Table Table 2.2.2.2.2222: : : : Summary of the results of DSC measurements on different polymer batches of polymer 1111. 

All data are derived from the second heating run at 10 K/min. 

 
The different batches of polymer 1111 were subjected to tensile tests and DSC measurements to 
reveal their macroscopic properties. Films were produced by solvent casting from CHCl3. The 
first run of the DSC measurements starting at 20 °C was used to elucidate the crystallization 
of the PCl backbone and the UPy-urea parts of the materials at the time the tensile tests were 
performed. Results of the DSC experiments are summarized in Table 2.3. 
Batches 1 and 2 of polymer 1 1 1 1 show a clear melting point of the PCl block in the first heating 
run, which is absent in batches 3 and 4, or at least not above 20 °C, which is the starting 
temperature of the measurement. Apparently, the small deviations in molecular weight have 
a large impact on the degree of crystallinity of the PCl block of films cast from CHCl3 at room 
temperature. The difference in melting point of UPy-urea nano-fibers is also pronounced: for 
batches 1 and 2 the melting point is approximately 7 °C lower compared to batches 3 and 4. 
This effect can be explained by the competitive crystallization of the UPy-urea nano-fibers 
with crystallization of the PCl block when processed from solution where the crystallization of 
the PCl block hampers the UPy-urea nano-fiber crystallization. 
 
Table Table Table Table 2.2.2.2.3333:::: Summary of the result of DSC measurements performed on different batches of polymer 1111 

recorded in the first heating run at 5 K/min starting at 20 °C. nd = not detectable. 

    Age (weeks)Age (weeks)Age (weeks)Age (weeks)    TTTTm1m1m1m1 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm1m1m1m1 (J/g) (J/g) (J/g) (J/g)    TTTTm2m2m2m2 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm2m2m2m2 (J/g) (J/g) (J/g) (J/g)    

Batch 1 7 34.2 2.8 124.7 12.8 

Batch 2 7 42.0 9.5 124.2 12.0 

Batch 3 7 nd nd 131.4 14.7 

Batch 4 6 nd nd 131.9 17.4 

 

The results of the tensile tests of different batches of polymer 1 1 1 1 are shown in Figure 2.2 and 
summarized in Table 2.4. The polymer films show ‘elastic’ rupture and therefore the highest 
stress that is reached just before the polymer dumbbell breaks (σmax or ultimate tensile 
strength) is used in the analysis. Significant differences are found between the different 
polymer batches. However, within polymer batches the results are reproducible.  
Plastic deformation is observed for batch 1 and 2, which may be related to the crystallization 
of the PCl block. Therefore, they exhibit high ultimate tensile strengths (up to 5.5 MPa). 
Batches 1 and 3 differ in crystallinity of the PCl block, but have almost the same Young’s 

    TTTTgggg (°C) (°C) (°C) (°C)    TTTTm1m1m1m1 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm1m1m1m1 (J/g) (J/g) (J/g) (J/g)    TTTTm2m2m2m2 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm2m2m2m2 (J/g) (J/g) (J/g) (J/g)    

Batch 1 -61.0 23.2 21.7 119.9 10.9 

Batch 2 -61.4 22.5 19.1 121.2 11.3 

Batch 3 -61.7 19.4 16.6 129.3 14.0 

Batch 4 -62.1 15.4 15.5 125.9 13.7 
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moduli. Possibly this is caused by 
the low degree of crystallinity of the 
PCl block in batch 1. However, the 
Young’s modulus of batch 2, which 
displays enhanced PCl crystallinity, 
is significantly higher to the other 
batches. This suggests an increase 
in Young’s modulus upon 
crystallization of the PCl block. The 
differences in thermal properties 
correlate well to the differences in 
the mechanical properties of 
polymer 1111. The batches with a 
crystalline PCl block have much 
higher ultimate tensile strengths 
(σmax) and maximum strains. The 
Young’s modulus is increased when 
a significant fraction of the PCl block is crystallized.  

 
Table Table Table Table 2.2.2.2.4444:::: Summary of the result of tensile tests performed on different batches of polymer 1111.    
 

 

 

 

 

 

 
Clearly, different batches of the same polymer result in large differences in macroscopic 
properties when cast from CHCl3, although the starting compounds of the syntheses were the 
same. Small fluctuations in the polymer concentration during precipitation cause differences 
in the molecular weight of the polymer, which appear to influence the crystallinity of the PCl 
block. The crystallinity of the PCl block strongly influences the macroscopic properties of bis-
(UPy-U)-poly(ε-caprolactone) supramolecular polymers. The strong dependence of the 
macroscopic properties of bis-(UPy-urea) supramolecular polymers on the crystallization of 
the polymer backbone is therefore especially important to take into account when the 
polymer backbone crystallizes around room temperature.  

2.32.32.32.3 The effect of monofunctional impuritiesThe effect of monofunctional impuritiesThe effect of monofunctional impuritiesThe effect of monofunctional impurities    
Another cause for the differences observed in the macroscopic properties of the different 
batches is their degree of functionalization. It is known that the presence of monofunctional 
compounds can have a drastic influence on the properties of supramolecular polymers in 
solution.10 Therefore, it is likely that monofunctional impurities due to incomplete 
functionalization or monofunctional starting compounds will influence the macroscopic 
properties of bifunctional polymer 1111 as well. To investigate the influence of monofunctional 
impurities on the macroscopic properties, monofunctional polymer 2222 was synthesized (Figure 
2.3). The synthesis was performed similar to the synthesis of polymer 1111 but with 

    Age (weAge (weAge (weAge (weeks)eks)eks)eks)    E (MPa)E (MPa)E (MPa)E (MPa)    σσσσmax max max max (MPa)(MPa)(MPa)(MPa)    εεεεmaxmaxmaxmax (%) (%) (%) (%)    

Batch 1 7 30.7 ± 0.9 5.5 ± 0.5 83.2 ± 7.7 

Batch 2 7 55.4 ± 3.2 5.1 ± 0.2 50.8 ± 8.8 

Batch 3 7 31.4 ± 1.2 2.4 ± 0.3 12.1 ± 2.1 

Batch 4 6 22.4 ± 1.5 3.2 ± 0.2 26.0 ± 4.7 

Figure Figure Figure Figure 2.2.2.2.2222: : : : Representative stress-strain curves of the 

different polymer batches of polymer 1111.    
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monofunctional PCl with an Mn of 1.5 kg/mol as the starting material. The final product was 
analyzed with GPC in THF to reveal an Mn of 4935 g/mol with a PDI of 1.30. Mixtures of 
polymer 1111 with 2222 were prepared by solvent casting from chloroform and their thermal and 
mechanical properties were evaluated. (Figure 2.4 and Table 2.5). 

 

 

 

 

Figure Figure Figure Figure 2.2.2.2.3333: : : : Structure of monofunctional    UPy-U-poly(ε-caprolactone) 2222. 

 
Table Table Table Table 2.2.2.2.5555: : : : Summary of DSC measurements and tensile tests of polymer 1111 with different amounts of 

monofunctional 2222. DSC data are obtained from the first heating run starting at 20 °C at 5 K/min. nd = 

not detectable. 

    Age Age Age Age 

(weeks)(weeks)(weeks)(weeks)    

TTTTm1m1m1m1 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm1m1m1m1    

(J/g)(J/g)(J/g)(J/g)    

TTTTm2m2m2m2 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm2m2m2m2    

(J/g)(J/g)(J/g)(J/g)    

E (MPa)E (MPa)E (MPa)E (MPa)    σσσσmax max max max 

(MPa)(MPa)(MPa)(MPa)    

εεεεmaxmaxmaxmax (%) (%) (%) (%)    

Batch 3 7 nd nd 131.4 16.9 31.4 ± 1.2 2.4 ± 0.3 12.1 ± 2.1 

2% 2222    6 nd nd 130.1 17.0 22.8 ± 0.3 2.2 ± 0.1 12.4 ± 0.4 

5% 2222 6 nd nd 129.8 15.0 15.1 ± 0.6 1.2 ± 0.3 9.2 ± 2.8 

25% 2222    5 41.9 12.0 118.9 11.1 42.5 ± 4.0 1.6 ± 0.02 4.3 ± 0.2 

 

The DSC results reveal a minor decrease in the melt temperature and the melt enthalpy of 
the UPy-urea nano-fibers upon increasing amount of monofunctional 2222. This coincides with a 
clear decrease of the Young’s modulus from 31.4 to 15.1 MPa. The ultimate tensile strength 
and strain at break also decrease upon increasing amount of 2222. Only for polymer 1111 containing 

25 wt% 2222 a melt endotherm for the 
PCl block is observed, which has a 
clear effect on the material 
properties: the Young’s modulus is 
increased to 42.5 MPa, while the 
strain at break decreases 
significantly. It has to be noted that 
the effect of monofunctional 2222 on 
the macroscopic properties of films 
of polymer 1111 with a crystallized PCl 
block at room temperature (e.g. 
batches 1 and 2) can be expected 
to be different. Unfortunately, 
materials cast from pure 
monofunctional polymer 2222 were too 
brittle to perform tensile tests. 
 

The second heating run of 2222 indeed revealed a high crystallinity of the PCl block, which 
coincides with a decrease in melt temperature and crystallinity of the UPy-urea nano-fibers 
(Table 2.6). For all mixtures and pure polymer 2222 a decrease in melt temperature and 
crystallinity of the UPy-urea nano-fibers and an increase of PCl melt temperature and 
crystallinity is observed in the second heating run upon increasing amount of monofunctional 
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Figure Figure Figure Figure 2.2.2.2.4444:::: Representative stress strain curves of 

polymer 1111 with different amounts of monofunctional 2222. 



Macroscopic properties of bis-(UPy-U)-poly(ε-caprolactone) supramolecular polymers 

 29 

2222. These DSC results suggest that also when processed from the melt, the presence of 
monofunctional polymer results in an increase in PCl crystallinity. The crystallization of the 
PCl competes with UPy-urea crystallization and results in a decreased melt temperature and 
crystallinity of the UPy-urea nano-fibers. The decreased crystallization of the UPy-urea nano-
fibers results in a reduction in the amount of physical crosslinks that reinforce the material. 
However, the additional PCl crystallization will result in a reinforcement of the material as 
demonstrated by the increased Young’s modulus of materials containing 25% of 2222.  
 
Table Table Table Table 2.2.2.2.6666: : : : DSC results of polymer 1111 with different amounts of monofunctional 2222. DSC data are 

obtained from the second heating run at 10 K/min. 

    TTTTgggg (°C) (°C) (°C) (°C)    TTTTm1m1m1m1 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm1m1m1m1 (J/g) (J/g) (J/g) (J/g)    TTTTm2m2m2m2 (° (° (° (°C)C)C)C)    ∆H∆H∆H∆Hm2m2m2m2 (J/g) (J/g) (J/g) (J/g)    

Batch 3 -61.7 19.4 16.6 129.3 14.0 

2% 2222    -61.8 20.9 17.8 128.6 13.7 

5% 2222 2 -61.5 23.1 18.5 128.7 12.1 

25% 2222    -61.6 31.3 26.8 126.9 12.0 

2222    - 49.5 52.6 119.1 8.1 

2.42.42.42.4 AgeingAgeingAgeingAgeing of bis of bis of bis of bis----(UPy(UPy(UPy(UPy----U)U)U)U)-poly(εpoly(εpoly(εpoly(ε----caprolactone)caprolactone)caprolactone)caprolactone)    
The crystallization of polymers can be a slow process and the presence of a melt 
temperature around room temperature and a Tg well below room temperature allows for the 
slow crystallization of the semi-crystalline PCl block in time.11 Since the crystallinity of the PCl 
block contributes significantly to the macroscopic properties of bis-(UPy-U)-poly(ε-
caprolactone) materials, the effect of ageing was investigated. The first runs of the materials 
were evaluated with DSC to assess the change of thermal properties in time.  
Up to week 10, the crystallinity of both the PCl block and the UPy-urea nano-fibers increase 
(Table 2.7). Since their corresponding melt temperatures remain constant, the size of the 
crystallites remains constant in time.15 The Young’s modulus of the material increases in 
time, coinciding with a decrease in strain at break. Clearly, both the thermal and the 
mechanical properties of the polymer change in time due to further crystallization of the PCl 
block.  
 
Table Table Table Table 2.2.2.2.7777:::: Summary of DSC measurements and tensile tests of polymer 1111 at different times after 

casting. DSC data are obtained from the first heating run starting at 20 °C at 5 K/min. nd = not 

determined. 

    Age Age Age Age 

(weeks)(weeks)(weeks)(weeks)    

TTTTmmmm1111    

(°C)(°C)(°C)(°C)    

∆H∆H∆H∆Hm1m1m1m1    

(J/g)(J/g)(J/g)(J/g)    

TTTTm2m2m2m2    

(°C)(°C)(°C)(°C)    

∆H∆H∆H∆Hm2m2m2m2    

(J/g)(J/g)(J/g)(J/g)    

E (MPa)E (MPa)E (MPa)E (MPa)    σσσσmax max max max (MPa)(MPa)(MPa)(MPa)    εεεεmaxmaxmaxmax (%) (%) (%) (%)    

Batch 2 2 40.8 7.6 127.6 11.1 63.4 7.5 93.7 

Batch 2    7 42.0 9.5 124.2 12.0 55.4 ± 3.2 5.1 ± 0.2 50.8 ± 8.8 

Batch 2 10 41.6 15.3 126.4 13.8 96.9 ± 7.9 6.0 ± 0.2 30.9 ± 2.7 

Batch 2    13 42.2 14.8 126.6 14.3 nd nd nd 
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2.52.52.52.5 Tensile tests at elevated temperaturesTensile tests at elevated temperaturesTensile tests at elevated temperaturesTensile tests at elevated temperatures    
An important application of bis-(UPy-U)-poly(ε-caprolactone) materials currently explored in 
our group is their use as biomaterials. Typically, this application involves experiments under 
physiological conditions. The results reported previously were obtained at room temperature 
(approximately 21 °C) but experiments at 37 °C would give valuable information on the 
mechanical properties at physiological temperature. Therefore, tensile tests were performed 
at 37 °C as well as at 50 °C.   
 

The results of the tensile tests are 
shown in Figure 2.5 and Table 2.8. 
Batch 4, which is used in these 
experiments, did not show 
crystallization at room temperature, 
eliminating the effect of loss of the 
PCl crystallinity at higher 
temperatures. The experiments are 
performed at temperatures well 
below the melting temperature of 
the UPy-urea nano-fibers, which are 
expected to remain intact. When the 
temperature is increased, no 
significant changes in the Young’s 
modulus is observed. However, the 
ultimate tensile strength decreases 
upon an increase in temperature. It 

is known that polymers can flow much easier at higher temperatures, leading to lower 
ultimate tensile strength.12  In addition, the hydrogen bonds weaken at higher temperatures, 
which strengthens this effect. As a result, the strain at break is reduced as well. Although the 
material loses some of its strength at higher temperatures, the UPy-urea nano-fibers are 
sufficiently strong to partially preserve its material properties at elevated temperatures. 
 

Table Table Table Table 2.2.2.2.8888:::: Results of tensile testing of polymer 1111 at different temperatures. 

    Age (weeks)Age (weeks)Age (weeks)Age (weeks)    T (°C)T (°C)T (°C)T (°C)    EEEE (MPa) (MPa) (MPa) (MPa)    σσσσmax max max max (MPa)(MPa)(MPa)(MPa)    εεεεmaxmaxmaxmax (%) (%) (%) (%)    

Batch 4 3 22 25.9 ± 1.0 3.3 ± 0.4 23.3 ± 3.3 

Batch 4    3 37 25.6 ± 4.1 2.4 ± 0.4 11.5 ± 2.4 

Batch 4    3 50 23.5 ± 5.0 1.8 ± 0.8 9.0 ± 2.3 

2.62.62.62.6 The influence of solventThe influence of solventThe influence of solventThe influence of solvent    
The processing of polymer 1111 to generate materials for tensile testing as described in 
paragraph 2.5 was achieved by casting from chloroform. However, the generation of 
biomaterials of bis-(UPy-U)-poly(ε-caprolactone) comprising bioactive moieties is often not 
compatible with CHCl3 due to the limited solubility of the hydrophilic bioactive moieties. 
Hexafluoro-isopropanol (HFIP) is a solvent capable of dissolving polymer 1111 and a number of 
well-established bioactive moieties. The high polarity and acidity of HFIP will strongly affect 
the hydrogen bonding in solution and could therefore influence the macroscopic properties of 

Figure Figure Figure Figure 2.2.2.2.5555:::: Representative stress strain curves of 
polymer 1111 at different temperatures. 
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materials cast from HFIP. The surface morphology of materials casted from CHCl3 or HFIP 
revealed a nano-fibrillar morphology in both cases (Figure 2.6). However, the nano-fibers 
appear thinner and more densely packed when cast from HFIP. The nano-fibers cast from 
chloroform have an approximate diameter of 7 nm, where the nano-fibers cast from HFIP are 
approximately 6 nm in diameter as determined with Atomic force Microscopy (AFM). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure Figure Figure Figure 2.2.2.2.6666:::: AFM phase images (500x500 nm) of polymer 1111 cast from CHCl3 (left) and HFIP (right). 

 
In both materials the PCl is amorphous according to the first run in DSC, but the melt 
temperature of the UPy-urea nano-fibers cast from HFIP is 5 °C higher compared to the 
nano-fibers obtained when cast from chloroform (Table 2.9). The melt enthalpy of the nano-
fibers of both materials is similar, indicating a similar degree of crystallinity. The second 
heating run, in which all the history of the materials is erased, reveals similar melt 
temperatures for both materials. This indicates that the higher melting temperature of the 
nano-fibers as observed in DSC is caused by the solvent (Table 2.10). The increased stability 
of the nano-fibers in materials cast from HFIP appears to have a significant influence on their 
mechanical properties. The Young’s modulus of the material increases, whereas the 
maximum strain at break decreases. The ultimate tensile strength is similar for both 
materials. 
 
Table Table Table Table 2.2.2.2.9999:::: Summary of DSC measurements and tensile tests of polymer 1111 batch 4 cast from 

chloroform or HFIP. DSC data are obtained from the first heating run starting at 20 °C at 5 K/min. nd = 

not detectable. 

    Age Age Age Age 

(weeks)(weeks)(weeks)(weeks)    

TTTTm1m1m1m1    

(°C)(°C)(°C)(°C)    

∆H∆H∆H∆Hm1m1m1m1    

(J/g)(J/g)(J/g)(J/g)    

TTTTm2m2m2m2    

(°C)(°C)(°C)(°C)    

∆H∆H∆H∆Hm2m2m2m2    

(J/g)(J/g)(J/g)(J/g)    

E (MPa)E (MPa)E (MPa)E (MPa)    σσσσmax max max max (MPa)(MPa)(MPa)(MPa)    εεεεmaxmaxmaxmax (%) (%) (%) (%)    

CHCl3 3 nd nd 128.5 15.7 25.9 ± 1.0 3.3 ± 0.4 23.3 ± 3.3 

HFIP    3 nd nd 133.2 15.5 39.4 ± 4.4 3.3 ± 0.2 13.8 ± 2.0 

 
Table Table Table Table 2.2.2.2.10101010:::: Summary of DSC measurements and tensile tests of polymer 1111 batch 4 cast from 

chloroform or HFIP. DSC data are obtained from the second heating run at 10 K/min. 

    TTTTgggg (°C) (°C) (°C) (°C)    TTTTm1m1m1m1 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm1m1m1m1 (J/g) (J/g) (J/g) (J/g)    TTTTm2m2m2m2 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm2m2m2m2 (J/g) (J/g) (J/g) (J/g)    

CHCl3 -62.1 13.8 16.1 129.4 13.9 

HFIP    -61.9 14.0 13.8 129.5 14.8 
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The influence of the solvent is clearly visible in the thermal and mechanical properties of the 
materials cast from CHCl3 and HFIP. It is not easy to relate the differences in macroscopic 
properties to specific effects of the solvent. A possible explanation is the high polarity and 
acidity of HFIP, which can hinder the aggregation of the UPy-urea groups upon evaporation 
of the solvent. This will lower the viscosity and preserve the mobility of the UPy-urea end 
groups, generating better defined and more stable nano-fibers in the bulk material. However, 
the solvent will not only affect the hydrogen bonding and subsequent crystallization of the 
UPy-urea nano-fibers, but could also be expected to influence the interactions of the PCl 
blocks. Since the PCl crystallization dominates the macroscopic properties of the materials, 
the change in interactions between PCl blocks may therefore also influence the macroscopic 
properties significantly. Finally, also a difference in evaporation rate of the solvents may 
influence the aggregation of the polymer. 

2.72.72.72.7 Thermal stabilityThermal stabilityThermal stabilityThermal stability of bis of bis of bis of bis----(UPy(UPy(UPy(UPy----U)U)U)U)----poly(εpoly(εpoly(εpoly(ε----caprolactone)caprolactone)caprolactone)caprolactone)    
Melt processing is the desired technique to process polymers into materials since it 
circumvents the use of solvents. Supramolecular polymers are expected to have good 
processing properties at high temperatures, since the non-covalent interactions are 
weakened upon heating, resulting in a lower viscosity compared to conventional polymers. 
However, the thermal stability of the supramolecular bis-(UPy-U)-poly(ε-caprolactone) 
polymer is essential for the applicability of this technique. 
A commonly used technique to evaluate the thermal stability of compounds is 
Thermogravimetric Analysis (TGA). The results of TGA measurements on polymer 1111 show a 
mass loss at temperatures above 210 °C, which corresponds to TGA results of other UPy 
derivatives (Figure 2.7).13 However, annealing the polymer at 150 °C revealed a 
disappearance of the UPy-urea nano-fiber melt within 30 minutes according to DSC. The 
melt endotherm did not return, not even when annealing the material at room temperature for 
several days. Degradation experiments at 135 °C revealed complete degradation after a few 
hours. 
 

 

Figure Figure Figure Figure 2.2.2.2.7777:::: TGA (left) and DSC (right) analysis of the thermal degradation of polymer 1111. 
 
Apparently, the decomposition of the UPy-urea group at low temperatures does not involve 
gaseous products and is therefore not detectable with TGA measurements. Thermal 
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rearrangement of urea moieties into amine and isocyanate groups at elevated temperatures 
has been reported to be a possible product of their degradation.14 Since two urea moieties 
are present, the thermal degradation product was evaluated with 1H NMR. After partial 
degradation, a new peak at 5.6 ppm and broadening and a downfield shift of the peaks 
between 4 and 5 ppm is observed (Figure 2.8). The peak at 5.6 ppm originates from the 
alkylidene proton of the methyl isocytosine, and the peaks between 4 and 5 ppm are 
attributed to the urea NH protons of the urea linker. Thermal degradation thus most likely 
involves the decomposition of the ureum of the UPy moiety. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.Figure 2.Figure 2.Figure 2.8888:::: 1H NMR of polymer 1111 (top) and after partial degradation (bottom). 

2.82.82.82.8 Discussion and conclusionsDiscussion and conclusionsDiscussion and conclusionsDiscussion and conclusions    
Bis-(UPy-U)-poly(ε-caprolactone) supramolecular polymers hold great promise as 
supramolecular materials for many applications. The applicability will depend on the 
macroscopic properties and the processeability of the polymer. Therefore, the influence of 
processing conditions on the macroscopic properties of bis-(UPy-U)-poly(ε-caprolactone) 
supramolecular polymers was investigated in great detail. The differences in the macroscopic 
properties was found to be a complex interplay of different factors. Small changes in the 
concentrations during precipitation generate small differences in molecular weight of the PCl 
block. Such small differences have important implications for the melting temperature of the 
PCl block as shown by Hawker et al.15 The melting transition of ε-caprolactone oligomers 
shifted from –20 °C (tetramer) to 32 °C (octamer) to 58 °C (64-mer). Since the melting point of 
polymer 1111 lies between 15 °C and 23 °C, the crystalline part of the PCl chain is between 4 
and 8 monomeric units long. For the shortest polymer with a Mn of 4.3 kg/mol (batch 4), the 
two PCl blocks have on average 14 caprolactone units. This indicates that only a fraction of 
the ε-caprolactones is able to crystallize. Clearly, the crystallinity of the PCl block is important 
for the macroscopic properties of polymer 1111. The competitive crystallization of the PCl block 
results in a decrease in melt temperature and melt enthalpy of the UPy-urea nano-fibers. 
Both crystallizations will result in physical crosslinking of the polymer, but the macroscopic 
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properties depend on the fractions of PCl and UPy-urea crystallization. In general, an 
increased crystallinity of the PCl block will result in an increased Young’s modulus of the 
corresponding material. The ultimate tensile strength and maximum strain are reduced upon 
PCl crystallization. When the PCl block is amorphous, the UPy-urea nano-fibers provide 
sufficient mechanical strength to generate materials with good mechanical properties, even at 
elevated temperatures.  
Monofunctional impurities also affect the macroscopic properties of polymer 1111. Although it is 
not known whether the bifunctional polymer displays a significant fraction of intra-fibrillar 
loops, the presence of monofunctional polymer will result in less crosslinking of the polymer 
as it can only attach to one nano-fiber. In addition, the PCl block of a monofunctional polymer 
can only be attached to one UPy-urea nano-fiber and will act as a chain stopper. The 
monofunctional polymer increases the crystallinity of the material due to a higher crystallinity 
of the PCl block. Trace amounts already have a significant influence on the mechanical 
properties of 1111, illustrating the importance of full functionalization during synthesis. A 
difference in degree of functionalization could therefore be another origin of the variation in 
mechanical properties between different batches. The influence of monofunctional polymer 2222 
on the macroscopic properties of bifunctional polymer 1111 which do exhibit a crystallized PCl 
block at room temperature when cast from solution can be different, but was not investigated 
in this study. 
Bis-(UPy-U)-poly(ε-caprolactone) supramolecular polymer 1111 shows a clear change in 
macroscopic properties over time. The crystallinity of the PCl block and the UPy-urea nano-
fibers increase significantly up to 10 weeks of annealing at room temperature. As a 
consequence, the mechanical properties change.  
For the use of bis-(UPy-U)-poly(ε-caprolactone) as a biomaterial the macroscopic properties 
of the material at 37 °C are important. The required mechanical properties of a biomaterial 
are difficult to determine since it depends on its processing method (e.g. electrospun mesh, 
woven or films) and on the type of cells used. The Young’s moduli of native tissues range in 
the order of kPa for neural tissue to GPa for bone tissue.16 The modulus of nature’s 
extracellular matrix ranges typically in the kPa regime. The modulus of collagen type I fiber 
bundles were found to exhibit a Young’s modulus of 30 MPa.17 High molecular weight PCl is 
a widely used synthetic biomaterial and can exhibit a Young’s modulus of 300 MPa and up to 
1100% strain with an ultimate tensile strength of 33 MPa.4 Supramolecular bisurea-poly(ε-
caprolactone) polymers allow for a modular approach similar to the bis-(UPy-urea)-poly(ε-
caprolactone) polymers and exhibit a Young’s Modulus of 16 MPa for a PCl block length of 2 
kg/mol. The maximum strain was found to exceed 1100% with an ultimate tensile strength of 
30 MPa.18 With a Young’s modulus of 26 MPa and a maximum strain of 12% the mechanical 
properties of the bis-(UPy-urea)-poly(ε-caprolactone) polymer 1111 at 37 °C are thus acceptable 
for the use as a biomaterial. 
The solvent CHCl3 or HFIP from which the polymers are cast also shows an effect on the 
macroscopic properties. HFIP is known to break up hydrogen bonding to a higher degree 
than CHCl3 does, but after evaporation of the solvent a material with good mechanical 
properties was obtained. Casting from HFIP resulted in a higher Young’s modulus and a 
higher melting point of the nano-fibers. The reduction in hydrogen bonding interactions may 
result in more mobility of the UPy-urea groups at higher concentrations and therefore 
generate better defined nano-fibers. A difference in evaporation rate may also be an origin of 
the differences in macroscopic properties. 
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Processing from the melt is especially interesting for supramolecular polymers due to their 
reduced viscosity at elevated temperatures. Although TGA measurements did not reveal any 
mass loss up to 210 °C, heating the polymer to 135 °C or higher resulted in significant 
degradation. The degradation product was found to be the decomposition of the urea of the 
UPy moiety. This reveals that UPy supramolecular polymers cannot be melt-processed at 
temperatures of 135 °C and higher.  
 
These results show that many factors influence the macroscopic properties of bis-(UPy)-
poly(ε-caprolactone) polymers. Small changes in molecular weight, purity, age or processing 
conditions all contribute to the crystallization of the polymer backbone and the nano-fiber 
formation. Especially the ageing of the materials is a direct consequence of the non-covalent 
and dynamic nature of supramolecular polymers. Therefore, care should be taken when 
characterizing supramolecular polymers. Although the properties vary, in all cases the bis-
(UPy)-poly(ε-caprolactone) materials show good macroscopic properties that are well in the 
range required for biomaterial applications. 

2.92.92.92.9 Experimental sectionExperimental sectionExperimental sectionExperimental section    
MaterialsMaterialsMaterialsMaterials – All reagents and solvents were purchased from commercial sources and used as received 
unless otherwise noted. Chloroform was dried over 4Å molsieves for at least 1 day. Bis-(UPy-U)- 
poly(ε-caprolactone) 1111 and 2(6-isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]pyrimidinone 

(UPy isocyanate) were synthesized according to available literature procedures.6,19  
 
InstrumentationInstrumentationInstrumentationInstrumentation – 1H NMR and 13C NMR spectra were recorded on a 400 MHz NMR (Varian Mercury, 
400 MHz for 1H NMR and 100 MHz for 13C NMR). Proton chemical shifts are reported in ppm downfield 
from tetramethylsilane (TMS). The splitting patterns are designated as: b, broad; s, singlet; d, doublet; 
dd, double doublet; t, triplet; q, quartet; sep, septet; m, multiplet. Carbon chemical shifts are reported 
downfield from TMS using the resonance of the deuterated solvent as the internal standard. Matrix 
assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectra were obtained using a 
PerSeptive Biosystems Voyager-DE PRO spectrometer using an acid α-cyanohydroxycinnamic acid 
(CHCA) or a neutral 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) 
matrix. Elemental analysis was performed on a Perkin Elmer 2400 series II CHNS/O Analyzer. GPC 
was measured on a Shimadzu LC-10DVP system with a Shimadzu RID-10A detector and a PLgel 5-
µm mixed-D column with THF as the eluent (flow rate: 1 mL/min) and poly(styrene) standards for the 
calibration. Differential Scanning Calorimetry (DSC) measurements were performed on a Thermal 
Advantage Q2000 apparatus between -80 and 150 °C at a rate of 10 °C/min with a sample weight of 5-
10 mg. Integration of the melting endotherm was performed with the TA Instruments Universal 
Analysis software. Atomic Force Microscopy (AFM) measurements were performed on a Digital 
Instrument Multimode Nanoscope IV using PPP-NCHR-50 silicon tips (Nanosensors) in the tapping 
mode. Polymer films were made by casting a few drops of a 1 mg/mL solution in chloroform on glass 
slides cleaned with DCM and acetone and subsequent evaporation to air for at least 1 hour, followed 
by annealing in vacuo over night at 40 °C. Fourier Transform Infrared (FTIR) spectra for analysis at 
room temperature were recorded on a Perkin Elmer Spectrum One FT-IR spectrometer with a 
Universal ATR Sampling Accessory 
 
Tensile testingTensile testingTensile testingTensile testing - Tensile tests were performed on a Zwick Z100 Materialprüfung device equipped with 
a 100N loadcell. Samples were prepared by casting a solution of 2 gram precipitated polymer in 20 mL 
CHCl3 or HFIP into 4.5 x 10.5 cm Teflon cups. The solvent was allowed to evaporate in 3 days at room 
temperature, yielding a 0.3 mm thick film. Testing was done according to ASTM 1708-96. Therefore 
the calculated modulus is only an indicative modulus. This modulus was determined between 1 and 
3% strain. Strain rate was 2.0 mm/min. All tests were performed at least in triplo, except for the 2 
weeks old film in ageing experiments, which was measured only once. One week before testing, the 
samples were annealed for 16 hrs at 30 °C in vacuo. DSC measurements were done within 24 hrs of 
the tensile tests on unstretched materials. 
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MonoMonoMonoMono----(N(N(N(N----carbobenzoxycarbobenzoxycarbobenzoxycarbobenzoxy----6666----aminohexanoyl)aminohexanoyl)aminohexanoyl)aminohexanoyl)----poly(εpoly(εpoly(εpoly(ε----caprcaprcaprcaprolactone)olactone)olactone)olactone) (3) (3) (3) (3)    
Mono hydroxy terminated poly(ε-caprolactone) (PCL-OH, Mn = 1523 g/mol, 10.09 g, 6.63 mmol), 
DPTS (0.24 g, 0.82 mmol, 0.125 eq) and N-carbobenzoxy-6-aminohexanoic acid (2.11 g, 7.95 mmol, 
1.3 eq) were added to dry chloroform (62 mL) and stirred for 3 hrs to dissolve under an argon 
atmosphere. DCC (2.04 g, 30.4 mmol, 1.5 eq.) was added to the mixture and stirred for 64 h at room 
temperature. The suspension was filtered; the filtrate was reduced in volume and precipitated in cold 
heptane. The suspension was filtered, which yielded a white solid which was dried in vacuo overnight 
at 30 °C. This solid was redissolved in chloroform (25 mL) and precipitated in methanol on an icebath. 
The white solid was filtered and dried in vacuo overnight at 30 °C, which yielded the product as a white 
powder (9.38 g, 5.23 mmol, 79% yield).   
1H NMR (CDCl3) δ (ppm): 7.36 (m, 5H), 5.08 (s, 2H), 4.79 (s, 1H), 4.11 (m, 36H), 3.18 (q, 2H), 2.35-
2.25 (m, 36H), 1.65 (m, 70H), 1.36 (m, 34H), 1.25 (t, 3H).  
 
MonoMonoMonoMono----(6(6(6(6----aminohexaaminohexaaminohexaaminohexanoyl)noyl)noyl)noyl)----poly(εpoly(εpoly(εpoly(ε----caprolactone)caprolactone)caprolactone)caprolactone) (4) (4) (4) (4)    
Mono-(N-carbobenzoxy-6-aminohexanoyl)-poly(ε-caprolactone) 3333 (7.80 g, 4.39 mmol) was dissolved 
in ethyl acetate (80 mL). Methanol (60 mL) was added and the solution was purged with nitrogen for 10 
min at room temperature. Pd/C (0.6 g, 10%) was added. The mixture was put under a hydrogen 
atmosphere and stirred for 16 h at room temperature. The suspension was filtered over celite. The 
solvent was removed in vacuo to yield the product as a white solid (5.61 g, 3.42 mmol, 78%). 
1H NMR (CDCl3) δ (ppm): 4.15-4.03 (m, 38H), 2.68 (q, 2H), 2.35-2.25 (m, 39H), 1.66 (m, 75H), 1.37 
(m, 39H), 1.25 (t, 3H). The product was used without further purification. 
 
6666----[6[6[6[6----(4[1H](4[1H](4[1H](4[1H]----OOOOxoxoxoxo----pyrimidinylpyrimidinylpyrimidinylpyrimidinyl----6666----methylmethylmethylmethyl----2222----ureido)ureido)ureido)ureido)----hexylureido]hexylureido]hexylureido]hexylureido]----hexanoylhexanoylhexanoylhexanoyl----poly(εpoly(εpoly(εpoly(ε----caprolactone) caprolactone) caprolactone) caprolactone) (2)(2)(2)(2)    
Mono-(6-aminohexanoyl)-poly(ε-caprolactone) 4444 (5.61 g, 3,42 mmol) was dissolved in chloroform (150 
mL) and put under an argon atmosphere. 2-(6-Isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]-
pyrimidinone (1.50 g, 5.13 mmol, 1.5 eq) was added and the mixture was stirred for 2 h at room 
temperature. 4 spoons of silica and 4 drops of dibutyltindilaurate were added to the mixture, which was 
stirred for 2 h at reflux conditions. The suspension was allowed to cool down to room temperature. The 
reaction mixture was filtered over a glass filter; the remaining solution was reduced in volume and 
precipitated in heptane which yielded the product as a white powder (2.95 g, 1.53 mmol, 45%) 
1H NMR (CDCl3) δ (ppm): 13.16 (s, 1H), 11.85 (s, 1H), 10.21 (s, 1H), 5.82 (s, 1H), 4.65 (bs, 1H), 4.50 
(bs, 1H), 4.12-4.02 (m, 42H) 3.23 (m, 2H), 3.14 (m, 6H), 2.29 (t, 57H), 2.22 (s, 3H), 1.64 (m, 116H), 
1.37 (m, 63H), 1.24 (t, 3H). Mn = 3768 g/mol. 

13C NMR (CDCl3) δ (ppm): 173.5, 159.1, 156.5, 154.7, 
148.7, 148.5, 106.5, 64.1, 60.2, 40.4, 39.5, 34.1, 29.4, 29.1, 28.3, 26.2, 26.0, 25.5, 24.6, 18.9, 14.2. 
FT-IR ν (cm-1): 3443, 3334, 2943, 2865, 1721, 1703, 1668, 1622, 1589, 1541, 1527, 1471, 1419, 
1397, 1366, 1294, 1294, 1167, 1107, 1065, 1045, 961, 933, 879, 841, 799, 769, 732, 710, 673. GPC 
(THF): Mn = 4935 g/mol, Mw = 6413, PDI = 1.30. DSC: Tm1 = 49.5 °C, Tm2 = 119.0 °C 
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AbstractAbstractAbstractAbstract – The macroscopic properties of bis-(UPy-urea) supramolecular polymers strongly 
depend on their molecular structure. Here, we compare the macroscopic properties of bis-
(UPy-urea) supramolecular polymers based on amorphous poly(ethylene-butylene) (PEB) to 
those based on semi-crystalline poly(ε-caprolactone) (PCl). The influence of the 
supramolecular interactions on the ability of the PCl block to crystallize strongly determines 
the macroscopic properties of these polymers. The Young’s modulus and maximum strain of 
bis-(UPy-urea) PEB materials cast from CHCl3 closely resembles the values found for bis-
(UPy-urea) materials which comprise amorphous PCl when cast from CHCl3. The ultimate 
tensile strength of the PEB polymer was found to be significantly lower, which is caused by 
the larger PEB block length (3.5 kg/mol) compared to the PCl block length (2 kg/mol). 
Secondly, the linker between the UPy and the urea moieties was changed from an 1,6-hexyl 
to a 1,4-trans-cyclohexyl spacer to study the influence of the rigidity and preorganization of 
the urea. The cyclohexyl polymers were found to give shorter and less densely packed 
aggregates. As a result, the Young’s modulus of both the PCl and PEB cyclohexyl polymers 
decreased, which was accompanied by an increase in maximum strain. Finally, the effect of 
additives on the macroscopic properties of the PCl and PEB bis-(UPy-urea) polymers was 
investigated. PCl and PEB additives bearing the anthracene-bisurea motif were designed and 
synthesized to be incorporated in the bis-(UPy-urea) nano-fibers. The PEB anthracene-
bisurea additive was incorporated in the nano-fibers of the UPy-urea PEB polymer and, 
surprisingly, showed no significant changes in the mechanical properties when up to 10% of 
bisurea additive was mixed into the polymer. This suggests that the urea hydrogen bonding is 
the weakest part in the polymer and that the material looses its mechanical integrity when the 
urea hydrogen bonds are broken. The results of this study show the variety of possibilities to 
alter the macroscopic properties of UPy-urea supramolecular polymers either by molecular 
changes or by the use of additives.  
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3.13.13.13.1 IntroductionIntroductionIntroductionIntroduction    
The development of the first supramolecular polymer by Lehn et al initiated the field of 
supramolecular polymer chemistry, generating materials with reversible interactions.1 This 
introduced the opportunity to produce materials with properties that otherwise would have 
been impossible or difficult to obtain. Inspired by de prospect of this intriguing new class of 
materials, our group developed supramolecular polymers based on the strongly associating 
2-ureido-4-pyrimidinone (UPy) quadruple hydrogen bonding motif.2 Various UPy-
functionalized telechelic oligomers are reported to significantly increase the mechanical 
properties when compared to their unfunctionalized counterparts. 3  
The development of hydrogen bonded supramolecular materials with good mechanical 
properties requires the phase separation and subsequent crystallization of the 
supramolecular moieties. These hard domains provide physical crosslinks through the 
material.4 Detailed studies revealed that the presence of additional hydrogen bonding induce 
lateral aggregation, which plays a crucial role in the aggregation UPy telechelic polymers. 
The additional hydrogen bonding moiety, which connects the UPy group to the telechelic 
polymer backbone, induces crystallization into nano-fibers.5 The melt temperature and 
enthalpy of the nano-fibers showed an increase in stability and crystallinity upon increasing 
the lateral hydrogen bonding from a UPy-urethane (UPy-T) to a UPy-urea (UPy-U) moiety. 
The changes were also clearly pronounced in the mechanical properties of the polymers; 
when the urea moiety was used, a stiffer polymer was obtained compared to polymers 
comprising the urethane moiety. This clearly shows the dramatic influence of small molecular 
changes on the macroscopic properties of the corresponding materials. Moreover, the 
supramolecular arrangement can have a significant influence on the ability of the polymer 
backbone to organize or crystallize itself.  
In this chapter, the macroscopic properties of telechelic bis-(UPy-U) supramolecular 
polymers are explored by changing the molecular structure and the use of additives. The 
influence of the polymer backbone as well as the spacer between the UPy and urea moiety 
are investigated, and a filler is added to the polymer to investigate its influence on the 
macroscopic properties. In this way a more detailed knowledge on the interplay between 
supramolecular interactions, crystallization and the macroscopic properties of the polymers is 
obtained. 

3.23.23.23.2 Influence of the polymer backboneInfluence of the polymer backboneInfluence of the polymer backboneInfluence of the polymer backbone    
In Chapter 2 the macroscopic properties of bis-(UPy-U)-poly(ε-caprolactone) (PCl) 
supramolecular polymer 1111 cast from solution were investigated in detail. The results 
demonstrated the importance of hard domains on the macroscopic properties of these 
polymers. However, the crystallinity of the PCl block was found to vary significantly when cast 
from solution, which strongly affected the macroscopic properties. To evaluate the 
macroscopic properties in more detail, the bis-(UPy-U)-poly(ε-caprolactone) polymer was 
compared to a polymer in which the semi-crystalline PCl block (Mn 2 kg/mol) is replaced by 
an amorphous poly(ethylene-butylene) (PEB) block (Mn 3.5 kg/mol, Figure 3.1). Since the 
macroscopic properties of several batches of polymer 1111 differ significantly, the properties of 
two batches of polymer 1111 were compared with polymer 2222. The polymers were purified by 



The effect of molecular modifications and additives on bis-(UPy-U) supramolecular polymers  

 41 

precipitation and analyzed by GPC in THF to reveal an Mn of 5049 g/mol for polymer 1111 batch 
2, an Mn of 4692 g/mol for polymer 1111 batch 4 and an Mn of 6016 g/mol for polymer 2222.  
 

 

 

 

 

 

 

 

 

 

 

Figure Figure Figure Figure 3.3.3.3.1111:::: Structures of bis-(UPy-U)-poly(ε-caprolactone) polymer 1111 and bis-(UPy-U)-poly(ethylene-

butylene) polymer 2222.  
    
The melt temperature of the nano-fibers of polymer 2222 (Tm2) is slightly higher compared to the 
melt temperatures of the two batches of polymer 1111 in the second heating run (Table 3.1). The 
melt enthalpy of the nano-fibers of polymer 2222 in Joule per gram is lower compared to polymer 
1111 due to the longer PEB block which lowers the fraction of UPy-urea end groups. 
    

Table Table Table Table 3.3.3.3.1111:::: Thermal properties of polymers 1111 and 2222. DSC data are obtained from the second heating 

run at 10 K/min.    

    TTTTgggg (°C) (°C) (°C) (°C)    TTTTm1m1m1m1 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm1m1m1m1 (J/g) (J/g) (J/g) (J/g)    TTTTm2m2m2m2 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm2m2m2m2 (J/g) (J/g) (J/g) (J/g)    

1111 Batch 2 -61.4 22.5 19.1 121.2 11.3 

1111 Batch 4    -62.1 15.4 15.5 125.9 13.7 

2222 -58.8 - - 128.9 6.9 

 
The surface morphology of polymers 1111 and 2222 cast from CHCl3 were investigated using Atomic 
Force Microscopy (AFM) to reveal differences in surface morphology when cast from 
solution. Both surfaces show the presence of nano-fibers as is typical found for UPy-urea 
polymers. Although the diameter of the nano-fibers appear to be similar (approximately 6-8 
nm) the nano-fibers of polymer 2222 appear to be more distinct (Figure 3.2). Polymer 2222 
comprises an amorphous PEB block which may increase the contrast between the hard 
nano-fibers and the polymer matrix compared to the PCl block, thereby possibly generating a 
difference in contrast in the AFM images. To investigate the aggregation of the nano-fibers, 
infrared spectroscopy was performed. For polymer 2222 the vibration of the urea carbonyl is 
positioned at 1626 cm-1, where for polymer 1111 this vibration is observed at 1620 cm-1 (Table 
3.5). This suggests weaker urea hydrogen bonding for polymer 2222.6  
 
The macroscopic properties of polymers 1111 and 2222 were evaluated by tensile tests on materials 
cast from CHCl3. We chose to compare PEB polymer 2222 with a batch of polymer 1111 that exhibits 
crystallized PCl fragments (batch 2) and with a batch that exhibits an amorphous PCl block 
(batch 4) at room temperature when cast from CHCl3. The first run of the DSC measurements 
starting at 20 °C was used to elucidate the crystallization of the polymer backbone and the 
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Figure Figure Figure Figure 3.3.3.3.2222:::: AFM phase images (500x500 nm) of polymers 1111 (left) and 2222 (right) cast from CHCl3.  
UPy-urea end groups at the moment the tensile tests were performed. The PCl crystallization 
present in polymer 1111 batch 2 results in a decrease of melt temperature and melt enthalpy of 
the UPy-urea nano-fibers as discussed in Chapter 2 (Table 3.2). The melt temperature of the 
UPy-urea nano-fibers of polymer 1111 batch 4, where the PCl block is amorphous, is similar to 
the melting point found for polymer 2222. This suggests that the differences as observed in the 
AFM images are not caused by a difference in UPy-urea crystallization but may be caused by 
a difference in contrast due to the different polymer backbone. 
 
The mechanical properties of materials of polymer 1111 which exhibit PCl crystallization show a 
large increase in Young’s modulus, ultimate tensile strength and maximum strain compared 
to materials with an amorphous PCl block as is reported in Chapter 2. Therefore, the 
mechanical properties of polymer 2222 comprising an amorphous PEB block differ significantly 
from the mechanical properties of polymer 1111 batch 2 comprising a crystallized PCl block. The 
mechanical properties of materials of polymer 2222    and polymer 1111 batch 4 in which the PCl block 
is amorphous show a remarkable resemblance. The Young’s modulus and maximum strain 
of polymer 2222 are close to the values found for polymer 1111 batch 4. However, the ultimate 
tensile strength of polymer 2222 is lower, which can be caused by the lower fraction of nano-
fibers in polymer 2222 due to the longer PEB block. 
 
Table Table Table Table 3.3.3.3.2222:::: Summary of DSC measurements and tensile tests of polymers 1111 and 2222. DSC data are 

obtained from the first heating run starting at 20 °C at 5 K/min. nd = not detectable. 

    Age Age Age Age 

(weeks)(weeks)(weeks)(weeks)    

TTTTm1m1m1m1    

(°C)(°C)(°C)(°C)    

∆H∆H∆H∆Hm1m1m1m1    

(J/g)(J/g)(J/g)(J/g)    

TTTTm2m2m2m2    

(°C)(°C)(°C)(°C)    

∆H∆H∆H∆Hm2m2m2m2    

(J/g)(J/g)(J/g)(J/g)    

E (MPa)E (MPa)E (MPa)E (MPa)    σσσσmax max max max (MPa)(MPa)(MPa)(MPa)    εεεεmaxmaxmaxmax (%) (%) (%) (%)    

1111 Batch 2 7 42.0 9.5 124.2 12.0 55.4 ± 3.2 5.1 ± 0.2 50.8 ± 8.8 

1111 Batch 4    7 nd nd 131.9 17.4 22.4 ± 1.5 3.2 ± 0.2 26.0 ± 4.7 

2222 7 - - 130.6 8.7 18.3 ± 0.3 2.2 ± 0.1 22.9 ± 0.5 
 
In Chapter 2, the possibility of the PCl block of bis-(UPy-U)-poly(ε-caprolactone) 
supramolecular polymers to crystallize was found to strongly affect their macroscopic 
properties. PEB polymer 2222 shows surprisingly similar macroscopic properties compared to 
PCl polymer 1111 which have an amorphous PCl block. These results show that the prepolymer 
can be changed without a dramatic decrease of the macroscopic properties.    

1 2 
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3.33.33.33.3 Influence of the spacerInfluence of the spacerInfluence of the spacerInfluence of the spacer    
Due to the ease of synthesis of the UPy-hexyl-isocyanate synthon,3a results of our group 
typically comprise the properties of supramolecular polymers in which the UPy and urethane 
or urea moiety are covalently bound via a hexyl spacer. However, since the lateral 
interactions influence the macroscopic properties extensively, changing this spacer may 
change the strength of the lateral interactions. This could create supramolecular polymers 
with enhanced properties. Therefore, the hexyl spacer was changed to a 1,4-trans-
cyclohexane diamine (Figure 3.3). The more rigid cyclohexane spacer is forced in one 
preferred chair conformation due to the trans-position of the two amines. As a consequence, 
the urea is expected to be preorganized. This in turn can lead to better hydrogen bonding and 
subsequent stacking properties compared to the hexyl spacer. 
The synthesis of cyclohexane polymers 3333 and 4444 was started by the reaction of a large excess 
of 1,4-trans-cyclohexane diamine with CDI activated isocytosine 7777 to yield UPy-cyclohexane 
amine derivative 8888. The excess of diamine could be removed by recrystallization from H2O. 
Reaction of 8888 with the corresponding CDI activated prepolymers resulted in bis-(UPy-trans-
cyclohexanediyl-urea) supramolecular polymers 3333 and 4444. 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

Figure Figure Figure Figure 3.3.3.3.3333:::: Synthetic scheme towards UPy-cyclohexane-U polymers 3333 and 4444. 
 
The morphology of films cast from CHCl3 was evaluated using Atomic Force Microscopy 
(AFM). The morphology of both polymers shows short and thin aggregates. The hard 
domains for PEB polymer 4444 appear longer compared to PCl polymer 3333, which corresponds to 
the AFM results of polymers 1111 and 2222. The origin of shorter aggregates is difficult to explain. It 
is possible that the structures that are obtained are single stacks instead of crystallized nano-
fibers (see also Chapter 4), but this cannot be elucidated with the data available at this 
moment. Films of polymers 3333 and 4444 were obtained by casting from CHCl3. Infrared 
measurements of the films revealed a urea carbonyl vibration at 1626 cm-1 for polymer 3333. The 
peak at 1626 cm-1 is attributed to the hydrogen bonded urea carbonyl. Polymer 4444 exhibits a 
vibration at 1630 cm-1 in the urea carbonyl region. The peak at 1630 cm-1 is again attributed to 
hydrogen bonded urea moieties. Unexpectedly, the urea vibrations of cyclohexyl polymers 3333 
and 4444 indicate weaker hydrogen bonding of the urea’s compared to hexyl polymers 1111 and 2222, 
which display urea carbonyl vibrations at 1620 cm-1 and 1626 cm-1 respectively.6 
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                     Figure Figure Figure Figure 3.3.3.3.4444:::: AFM phase images (500x500 nm) of polymer 3333 (left) and 4444 (right). 

 
The materials were subjected to tensile tests and DSC measurements to reveal their 
macroscopic properties (Table 3.3). A thermal transition of the aggregates of the cyclohexyl 
polymers 3333 and 4444 is observed at temperatures much higher compared to the melting 
temperatures of the nano-fibers of hexyl analogues 1111 and 2222. Unfortunately, this is well above 
the degradation temperature of the UPy moiety, which therefore immediately degrades. 
Polymer 3333 shows enhanced crystallization of the PCl block. Possibly due to the small UPy-
urea aggregates, the PCl block has more mobility and can therefore crystallize more easily. 
 
Table Table Table Table 3.3.3.3.3333:::: Summary of DSC measurements and tensile tests of polymers 1111 and 2222. DSC data are 

obtained from the first heating run starting at 20 °C at 5 K/min. nd = not detectable, * = degrades. 

    Age Age Age Age 

(wee(wee(wee(weeks)ks)ks)ks)    

TTTTm1m1m1m1    

(°C)(°C)(°C)(°C)    

∆H∆H∆H∆Hm1m1m1m1    

(J/g)(J/g)(J/g)(J/g)    

TTTTm2m2m2m2    

(°C)(°C)(°C)(°C)    

∆H∆H∆H∆Hm2m2m2m2    

(J/g)(J/g)(J/g)(J/g)    

E (MPa)E (MPa)E (MPa)E (MPa)    σσσσmax max max max (MPa)(MPa)(MPa)(MPa)    εεεεmaxmaxmaxmax (%) (%) (%) (%)    

1111 batch 4 3 nd nd 128.5 15.7 25.9 ± 1.0 3.3 ± 0.4 23.3 ± 3.2 

3333    3 23.0 

37.7 

17.6 

2.0 

189.7* nd 6.1 ± 0.2 4.9 ± 1.0 210.6 ± 

23.9 

2222    2 - - 130.6 8.7 18.3 ± 0.3 2.2 ± 0.1 22.9 ± 0.5 

4444    2 - - 181.5* nd 3.5 ± 0.2 0.9 ± 0.2 35.8 ± 8.0 

 
 
 

 

 

 

 

 

 

 
 

 

 

 
Figure Figure Figure Figure 3.3.3.3.5555:::: Representative stress-strain curves of PCl polymers 1111 and 3333 (left) and PEB polymers 2222 and 

4444 (right). 

3 4 
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The results of the tensile tests reveal a large influence of the spacer on the mechanical 
properties of the polymers (Figure 3.5). For both polymers comprising the cyclohexane 
spacer the Young’s modulus is decreased significantly. This can be caused by the decreased 
amount of physical crosslinks, since the aggregates are much shorter compared to their 
hexyl counterparts. For polymer 3333 an increase in maximum strain and ultimate tensile 
strength is obtained, where for polymer 4444 the ultimate tensile strength is reduced. Again, this 
large difference in mechanical properties can be attributed to the significant influence of the 
crystallization of the PCl block on the macroscopic properties of polymer 3333. 
 
The results described here demonstrate the ability to alter the macroscopic properties of 
UPy-urea supramolecular polymers by changing the molecular structure. Preorganization of 
the urea moiety clearly affect the thermal and mechanical properties of the polymers. The 
cyclohexyl spacer resulted in shorter and thinner aggregates and in materials with 
significantly lower Young’s moduli compared to their hexyl analogues. This again shows the 
importance of the urea hydrogen bonding and the presence of distinct nano-fibrillar 
crystallites on the macroscopic properties of UPy-urea supramolecular materials. 

3.43.43.43.4 The influence of additives on the macroscopic properties of bisThe influence of additives on the macroscopic properties of bisThe influence of additives on the macroscopic properties of bisThe influence of additives on the macroscopic properties of bis----
(UPy(UPy(UPy(UPy----U) supramolecular polymers U) supramolecular polymers U) supramolecular polymers U) supramolecular polymers     

The macroscopic properties of polymers can be influenced by the use of additives, as is also 
previously described in Chapter 2. It has been shown that the mechanical properties of 
supramolecular bisurea polymers can be adjusted upon the addition of compatible hydrogen 
bonding motifs.7 Due to the supramolecular nature of the interactions, it is highly important to 
use molecules with the exact motif.8 If the hydrogen bonding motif does not match the motif 
of the polymer, the additive will generate separate aggregates rather than to be incorporated 
into the material.  
Anthracene-bisurea polymers 5555 and 6666 were designed to mimic the UPy-urea supramolecular 
polymers 1111 and 2222. In the anthracene polymers the urea hydrogen bonding moieties are 
positioned on exactly the same distance compared to the urea moieties of an UPy-urea 
dimer. It is expected that upon mixing the anthracene-bisurea polymers with the UPy-urea 
polymers, the bisurea can be incorporated in the UPy-urea nano-fibers. In polymers 5555 and 6666, 
 

    
    
    
    
    

 
    
    
    
    
    
    
    

Figure Figure Figure Figure 3.3.3.3.6666:::: Illustration of the incorporation of the anthracene-bisurea moieties (orange) into the UPy-

urea stacks (blue) via urea hydrogen bonding (red). The bisurea polymer covalently connects the UPy-

urea stacks. 
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the UPy dimer is replaced with an anthracene moiety, replacing the non-covalent UPy 
hydrogen bonds with the covalent bonds of the anthracene moiety. When the polymer is of 
sufficient length, the anthracene-bisurea polymers will connect the UPy-urea nano-fibers by 
hydrogen bonding via the urea moieties (Figure 3.6). In this way, the effect of the 
supramolecular bonds of the UPy dimer on the macroscopic properties can be elucidated. 

3.4.13.4.13.4.13.4.1 Synthesis and characterizationSynthesis and characterizationSynthesis and characterizationSynthesis and characterization    

The synthesis of polymers 5555 and 6666 started with the synthesis of bisamine molecule 13131313 (Figure 
3.7). Phthalimide derivative 10101010 was coupled to anthracene-bisbromide 9999 via a Sonogashira 
coupling, whereafter the product was reduced using H2 and Pd/C. Deprotection of 12121212 using 
hydrazine monohydrate yielded bisamine precursor 13131313. The anthracene-bisamine was 
reacted with stoichiometric amounts of the corresponding CDI activated prepolymers to yield 
the desired polymers 5 5 5 5 and 6666. The molecular weight of PCl polymer 5555 is 40.1 kg/mol 
according to GPC, where PEB polymer 6666 has a molecular weight of 30.6 kg/mol. The addition 
of the covalent bisurea polymers to their UPy-urea supramolecular polymer analogues can 
therefore result in the connection of several UPy-urea nano-fibers via bisurea hydrogen 
bonding.  
 
 

    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    

 
 
 
 

    
    
    
    

Figure Figure Figure Figure 3.3.3.3.7777:::: Synthetic scheme towards anthracene-bisurea polymers 5555 and 6666. 
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Polymers 5 5 5 5 and 6 6 6 6 were subjected to FT-IR, DSC and AFM measurements to determine 
whether the anthracene-bisurea moieties can generate ordered aggregates. For polymer 5555 
an NH vibration is present at 3338 cm-1 and the urea carbonyl vibration is positioned at 1621 
cm-1. The vibrations indicate that the urea moieties are strongly hydrogen bonded. For 
polymer 6666, vibrations are present at 3343 cm-1 and at 1630 cm-1 and indicate slightly weaker 
urea hydrogen bonding compared to polymer 5555.  
Polymer 5 5 5 5 exhibits melting endotherms at 44°C and 119 °C in the first heating run of DSC 
measurements (Table 3.4). The first transition (Tm1) is attributed to the melt of the PCl block. 
The second transition (Tm2) shows close resemblance to the melting point of bisurea 
polymers and hence is attributed to the melt of bisurea aggregates.8 The second run reveals 
the reappearance of the melting points at 31 °C and 119 °C. Polymer 6 6 6 6 exhibits a melting 
point at 81.9 °C with a small shoulder at 117.6 °C in the first heating run, which can only 
originate from bisurea aggregates since the PEB polymer is amorphous. The second run of 
polymer 6666 does not reveal the two melts, but reveals one melt transition at 46.6 °C.  
 
Table Table Table Table 3.3.3.3.4444:::: Summary of DSC measurements of polymers 5555 and 6666. The fist heating run was started at 20 

°C and recorded at 5 K/min. The second heating run was recorded at 10 K/min. nd = not detectable 

    TTTTgggg (°C) (°C) (°C) (°C)    TTTTm1m1m1m1 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm1m1m1m1 (J/g) (J/g) (J/g) (J/g)    TTTTm2m2m2m2 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm2m2m2m2 (J/g) (J/g) (J/g) (J/g)    

5555 (1st  run)    nd 43.9 12.73 119.5 7.2 

5555 (2nd  run)  -53.8 30.7 27.7 119.3 5.4 

6666 (1st  run) nd - - 82.2 

117.6 

2.4 

0.3 

6666 (2nd  run)        -57.5 - - 46.6 1.7 

 
The surface morphology of both anthracene-bisurea polymers was analyzed with AFM to 
evaluate the aggregates that are obtained (Figure 3.8). PCl polymer 5555 reveals some isolated 
aggregates which size (approximately 8 nm) are close to the values found for bisurea or UPy-
urea nano-fibers. However, no conclusions can be drawn whether the aggregates are PCl 
crystals or bisurea aggregates. PEB Polymer 6666 reveals short and thin aggregated hard 
domains which are significantly different from the nano-fibers observed for bisurea and UPy-
urea polymers. This corresponds with the significantly different melting point of the 
aggregates of polymer 6666 compared to the melting point of the nano-fibers. 

Figure Figure Figure Figure 3.3.3.3.8888:::: AFM phase images (500x500 nm) of polymer 5555 (left) and 6666 (right). 

6 5 
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3.4.23.4.23.4.23.4.2 Poly(εPoly(εPoly(εPoly(ε----caprcaprcaprcaprolactone) polymer mixturesolactone) polymer mixturesolactone) polymer mixturesolactone) polymer mixtures    

Mixtures of anthracene-bisurea polymer 5 5 5 5 with corresponding UPy-urea polymer 1111 were 
dissolved in CHCl3 and cast into films. The materials were left to anneal at room temperature 
for two weeks prior to use. The materials were subjected to DSC, AFM, infrared and 
fluorescence spectroscopy measurements to investigate their aggregation behaviour.  
Infrared measurements revealed similar vibrations for the urea moieties in the UPy-urea 
polymer 1111 and corresponding anthracene-bisurea polymer 5555, which indicate a similar strength 
of the hydrogen bonding (Table 3.5). No significant changes in the UPy or urea vibrations 
were observed in the mixtures when compared to pure polymer 1111, which indicates that the 
addition of anthracene-bisurea polymer does not interfere with the aggregation of the UPy-
urea moieties in polymer 1111. 
 

Table Table Table Table 3.3.3.3.5555: : : : Results of FT-IR measurements on films of UPy-urea polymer 1111 and anthracene-bisurea 

polymer 5555 and mixtures thereof.  

    NH NH NH NH     

(cm(cm(cm(cm----1111))))    

C=O PCl C=O PCl C=O PCl C=O PCl     

(cm(cm(cm(cm----1111))))    

C=O UPy C=O UPy C=O UPy C=O UPy     

(cm(cm(cm(cm----1111))))    

C=O intramol C=O intramol C=O intramol C=O intramol 

(cm(cm(cm(cm----1111))))    

C=O urea C=O urea C=O urea C=O urea     

(cm(cm(cm(cm----1111))))    

1111    3332 1729 1702 1669 1620 

1111 + 5% 5555 3330 1726 1702 1668 1623 

1111 + 10% 5555 3323 1727 1702 1668 1621 

1111 + 25% 5555 3334 1727 1702 1668 1622 

5555    3339 1725 - - 1621 

 
DSC measurements were performed to investigate whether the anthracene-bisurea polymer 
is incorporated in the UPy-urea nano-fibers (Table 3.6). Both the first as well as the second 
heating run were evaluated. The first heating run of polymer 1111 with different amounts of 
polymer 5555 starting at 20 °C disclose that the PCl block (Tm1 and ∆Hm1) is amorphous at room 
temperature in all samples. The melt temperature and enthalpy of the UPy-urea nano-fibers 
(Tm2 and ∆Hm2) do not change significantly up to the addition of 10% of 5555, suggesting no 
influence of the addition of the bisurea moiety on the UPy-urea crystallization when cast from 
CHCl3. When 25% of anthracene-bisurea 5555 is added, a small decrease in melt temperature 
and enthalpy of the UPy-urea nano-fibers is present, revealing possible distortion of the UPy-
urea crystallization.  
 

Table Table Table Table 3.3.3.3.6666:::: Summary of DSC measurements of polymers 1111 and 5555 obtained from the first heating run 

starting at 20 °C recorded at 5 K/min and the second heating run recorded at 10 K/min. nd = not 

detectable. 

    TTTTgggg (°C) (°C) (°C) (°C)    TTTTm1m1m1m1 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm1m1m1m1 (J/g) (J/g) (J/g) (J/g)    TTTTm2m2m2m2 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm2m2m2m2 (J/g) (J/g) (J/g) (J/g)    

1111 batch 4 (1st run) nd nd nd 129.4 14.7 

1111 batch 4 (2nd run) -62.1 15.8 13.4 125.9 13.2 

1111 + 5% 5 5 5 5 (1st run) nd nd nd 129.4 14.1 

1111 + 5% 5 5 5 5 (2nd run) -62.5 16.3 11.7 125.7 11.6 

1111 + 10% 5 5 5 5 (1st run) nd nd nd 129.1 14.1 

1111 + 10% 5 5 5 5 (2nd run) -61.8 17.0 17.0 125.4 12.1 

1111 + 25% 5 5 5 5 (1st run) nd nd nd 127.2 13.1 

1111 + 25% 5555(2nd run) -61.4 23.1 17.8 127.8 10.5 
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The second heating run shows an increase in melt temperature of the PCl block upon 
increasing amount of polymer 5555. Neither in the first nor in the second heating run a melt 
endotherm around 120 °C was observed, suggesting either suppression of the anthracene-
bisurea crystallization or intercalation of the bisurea moiety into the UPy-urea nano-fibers 
both when cast from solution as when cooled from the melt. 
 

The AFM images show distinct nano-fibers for polymer 1111 containing 5% and 10% of 
anthracene-bisurea 5555 (Figure 3.9). Some parts appear to be softer and may correspond to 
phase separation of polymer 5555 from polymer 1111. Polymer 1111 containing 25% of 5555 shows shorter 
and less densely packed nano-fibers. Large hard aggregates are observable at the surface 
as well. The large aggregates can either be separate aggregates of 5555 or some large PCl 
crystallites.  
 

 

 

 

 
 

 

 

 

 

Figure Figure Figure Figure 3.3.3.3.9999:::: AFM phase images (1x1 µm) of polymer 1111 with different concentrations of polymer 5555. 
 

Anthracene is capable of generating exciplexes or excimers with specific fluorescent 
properties.9 An emission around 440-450 nm is typically found for disordered anthracene 
aggregates that are in close proximity of each other.10 The ordered aggregation of 
anthracene molecules can result in excimer or exciplex formation with a characteristic 
emission above 500 nm. Therefore, fluorescence spectroscopy was used to investigate 
whether the anthracene-bisurea moieties are incorporated into the UPy-urea nano-fibers. As 
a comparison, also materials consisting of pure polymers 1111 and 5555 and polymer 5555 in solution 
were evaluated.  
A 1 µM solution of polymer 5555 in chloroform exhibits the typical emission properties of 
molecularly dissolved anthracene (Figure 3.10). In the solid film of 5555, the aggregation of the 
anthracene moieties is visible by the excimer or exciplex emission above 500 nm. Since 
infrared measurements revealed good hydrogen bonding of the urea moieties, the stacking of 
anthracene excimers upon aggregation is plausible. The increase in emission around 440-
450 nm can be caused by disordered aggregates of anthracene molecules. When evaluating 
the films consisting of mixtures of polymer 1111 with anthracene-bisurea polymer 5555, clearly the 
emission at 440-450 nm is increased and an emission above 500 nm is present. With 
increasing concentration of 5555 the emission at 440-450 is decreased and the emission above 
500 nm is increased. The emission around 440-450 nm suggests a small distance between 
anthracene molecules. The small distance can originate from unordered anthracene 
aggregates, but may also originate from anthracene molecules incorporated within the UPy-
urea nano-fibers, since their distance can be small as well. The increase in emission above 
500 nm suggests that excimers, and thus separate anthracene aggregates are obtained 
rather than incorporation of the anthracene-bisurea into the UPy-urea nano-fibers.  

1 + 10% 5 1 + 25% 5 1 + 5% 5 
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Figure Figure Figure Figure 3.3.3.3.10101010: : : : Fluorescence spectra of pure polymer 1111 and polymer 5555 (left) and spectra of materials of 1111 

with different concentrations of 5555 (right). Excitation wavelength: 350 nm. 
 
The mechanical properties of films of polymer 1111 with different amounts of polymer 5555 reveal a 
small decrease in Young’s modulus, coinciding with an increase in ultimate tensile strength 
and maximum strain upon increasing amount of polymer 5555. Unfortunately, there was 
insufficient amount of polymer 5555 available to measure the mechanical properties of the pure 
anthracene-bisurea polymer. The small increased elasticity of the material can originate from 
the bisurea polymer, since bisurea polymers are known to generate highly elastic materials.8  
 

Table Table Table Table 3.3.3.3.7777:::: Summary of tensile tests of polymer 1111 with different concentrations of polymer 5555. 

    E (MPa)E (MPa)E (MPa)E (MPa)    σσσσmax max max max (MPa)(MPa)(MPa)(MPa)    εεεεmaxmaxmaxmax (%) (%) (%) (%)    

1111 batch 4 25.9 ± 1.0 3.3 ± 0.4 23.3 ± 3.2 

1111 + 5% 5555 24.0 ± 1.1 3.5 ± 0.3 29.5 ± 2.0 

1111 + 10% 5555 21.6 ± 2.7 4.0 ± 0.3 44.0 ± 7.8 

1111 + 25% 5555 21.8 ± 2.9 5.7 ± 0.8 110.5 ± 24.4 

 
The AFM and fluorescence experiments suggest that the anthracene-bisurea moieties are 
not incorporated in the UPy-urea nano-fibers. The addition of the anthracene-bisurea polymer 
results in a more elastic material, which probably originates from the separate bisurea 
aggregates.  

3.4.33.4.33.4.33.4.3 Poly(ethylenePoly(ethylenePoly(ethylenePoly(ethylene----butylene) polymer mixturesbutylene) polymer mixturesbutylene) polymer mixturesbutylene) polymer mixtures    

PEB anthracene-bisurea polymer 6 6 6 6 was mixed with corresponding UPy-urea polymer 2222. 
Films for tensile testing were produced by casting from CHCl3 and were left to anneal at room 
temperature for two weeks prior to use. Unfortunately, films for tensile testing containing 25% 
of polymer 6666 were not cast since an insufficient quantity of polymer 6666 was available.  
Infrared measurements revealed similar vibrations of the UPy and urea carbonyl moieties in 
films of UPy-urea polymer 2222 containing different amounts of anthracene-bisurea polymer 6666    
(Table 3.8). This indicates that the addition of anthracene-bisurea polymer does not interfere 
with the hydrogen bonding of the UPy-urea moieties of polymer 2222.  
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Table Table Table Table 3.3.3.3.8888:::: Results of FT-IR measurements on films of UPy-urea polymer 2222 and anthracene-bisurea 

polymer 6666 and mixtures thereof. 

    NH NH NH NH     

(cm(cm(cm(cm----1111))))    

C=O UPy C=O UPy C=O UPy C=O UPy     

(cm(cm(cm(cm----1111))))    

C=O intramol C=O intramol C=O intramol C=O intramol 

(cm(cm(cm(cm----1111))))    

C=O urea C=O urea C=O urea C=O urea     

(cm(cm(cm(cm----1111))))    

2222    3331 1702 1668 1626 

2222 + 5% 6666 3329 1702 1668 1625 

2222 + 10% 6666 3328 1703 1668 1626 

6666    3341 - - 1630 

 
DSC measurements were performed on the films to reveal their thermal properties (Table 
3.9). The first heating run of polymer 2222 with different amounts of bisurea polymer 6666 starting at 
20 °C shows a slight decrease in melt enthalpy of the nano-fibers of 2222 upon the addition of 6666. 
The melt enthalpy remains approximately constant when the concentration is raised from 5% 
to 10%. Apparently, the addition of 6666 has a slight influence on the crystallization of the UPy-
urea nano-fibers. The second heating revealed a decrease of the melt enthalpy of the nano-
fibers upon increasing concentration of 6666. No melt endotherm around 50, 80 or 115 °C was 
observed in the first or second heating run, suggesting the absence of separate anthracene-
bisurea aggregates as observed in pure polymer 6666. 
 
Table Table Table Table 3.3.3.3.9999:::: Summary of DSC measurements of polymers 2222 and 6666 obtained from the first heating run 

starting at 20 °C recorded at 5 K/min. The second heating run was recorded at 10 K/min. nd = not 

detectable. 

    TTTTgggg (°C) (°C) (°C) (°C)    TTTTm2m2m2m2 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm2m2m2m2 (J/g) (J/g) (J/g) (J/g)    

2222 (1st run) nd 130.6 8.7 

2222 (2nd run) -58.8 128.9 6.9 

2222 + 5% 6 6 6 6 (1st run) nd 130.3 7.1 

2222 + 5% 6 6 6 6 (2nd run) -57.4 128.6 6.6 

2222 + 10% 6 6 6 6 (1st run) nd 130.0 7.5 

2222 + 10% 6 6 6 6 (2nd run) -57.7 128.0 5.8 

 
The AFM images show distinct nano-fibers for polymer 2222 containing 5% and 10% of 
anthracene-bisurea 6666 (Figure 3.11). The nano-fibers of polymer 2222 containing 25% of 6666 are 
shorter and less distinct. Clearly the nano-fibers as found for polymer 2222 are lost when 25% of 
polymer 6666 is added and resemble the aggregates as observed for pure polymer 6666.  
 

 

 

 

 

 

 

 

 

Figure Figure Figure Figure 3.3.3.3.11111111:::: AFM phase images (1x1 µm) of polymer 2222 with different concentrations of polymer 6666. 
 

2 + 5% 6 2 + 10% 6 2 + 25% 6 
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The fluorescence emission spectra of pure polymer 6666 show an increased emission around 
430 nm and excimer emission above 500 nm. The emission around 430 nm is shifted 
compared to the value of 440-450 as found for polymer 5555. Possibly, the different polarity of 
the polymer matrix causes this shift to lower wavelengths. The solution spectrum is similar to 
the molecularly dissolved state of anthracene (Figure 3.12). The emission spectra of films 
containing different concentrations of 6666 in polymer 2222 show minor changes in the emission at 
430 nm. Upon increasing concentration of 6666 a small increase in excimer emission is 
observed. The excimer emission is lower compared to films comprising PCl mixtures of 
polymer 1111 with polymer 5555. Possibly, the majority of the anthracene-bisurea moieties of PEB 
polymer 6 6 6 6 are incorporated in the UPy-urea nano-fibers of PEB polymer 2222.   
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure Figure Figure Figure 3.3.3.3.12121212: : : : Fluorescence spectra of pure polymer 2222 and polymer 6666 (left) and spectra of materials of 2222 

with different concentrations of 6666 (right). Excitation wavelength: 350 nm. 
 
The mechanical properties of mixtures of polymers 2222 and 6666 cast from CHCl3 were evaluated 
by tensile testing. The quality of the dumbbells containing 5% of polymer 6666    were quite poor 
due to bad cutting, which resulted in early rupture. Therefore, the data obtained from 
materials with 5% of polymer 6666 were omitted from the analysis of the mechanical properties 
(Table 3.10). A minor decrease in the Young’s modulus is observed when polymer 6666 is 
present. The mechanical properties of polymer 2222 and polymer 2222 containing 10% of polymer 6666 
are remarkably similar, indicating that the presence of anthracene-bisurea 6666 in polymer 2222 
does not change the mechanical properties significantly. 
 
Table Table Table Table 3.3.3.3.10101010: : : : Summary of tensile tests of polymer 2222 with different concentrations of polymer 6666. * Early 

rupture due to bad cutting of the dumbbells.  

    E (MPa)E (MPa)E (MPa)E (MPa)    σσσσmax max max max (MPa)(MPa)(MPa)(MPa)    εεεεmaxmaxmaxmax (%) (%) (%) (%)    

2222  18.3 ± 0.3 2.2 ± 0.1 22.9 ± 0.5 

2222 + 5% 6666 12.9 ± 2.4* 1.1 ± 0.2* 11.8 ± 1.3* 

2222 + 10% 6666 15.4 ± 1.5 2.0 ± 0.5 26.0 ± 11.7 

 
The AFM and fluorescence experiments suggest that most of the anthracene-bisurea 
moieties of polymer 6 6 6 6 are incorporated in the UPy-urea nano-fibers of polymer 2222. The 
addition of the anthracene-bisurea polymer results in no significant changes in the 
mechanical properties.  
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3.53.53.53.5 Discussion and conclusionsDiscussion and conclusionsDiscussion and conclusionsDiscussion and conclusions    
In Chapter 2 the macroscopic properties of bis-(UPy-urea)-poly(ε-caprolactone) 1111 were 
investigated in great detail. Here, we evaluated the effect of molecular modifications and 
additives on the macroscopic properties of telechelic bis-(UPy-urea) supramolecular 
polymers. 
The crystallinity of the poly(ε-caprolactone) (PCl) block was found to be highly important for 
the macroscopic properties of bis-(UPy-urea)-poly(ε-caprolactone) supramolecular polymers. 
Therefore, the semi-crystalline poly(ε-caprolactone) block was replaced with an amorphous 
poly(ethylene-butylene) (PEB) block. The macroscopic properties of PEB polymer 2222 were 
evaluated and compared to PCl polymer 1111. The thermal properties of polymer 2222 in the second 
heating run revealed a higher melting temperature of the nano-fibers of polymer 2222 compared 
to polymer 1111, which suggests that there is a difference in UPy-urea aggregation when cooling 
from the melt. The longer PEB prepolymer may result in a higher mobility of the UPy-urea 
end groups and could therefore be the origin of better aggregation and subsequent 
crystallization of polymer 2222 from the melt. Also the difference in polarity can result in a 
difference in crystallization of the nano-fibers. When cast from CHCl3, the nano-fibers as 
observed with AFM appear more defined and more densely packed for PEB polymer 2222 
compared to PCl polymer 1111. Polymer 2222 comprises an amorphous PEB block which may 
increase the contrast between the hard nano-fibers and the polymer matrix compared to the 
PCl block. If the PCl block is crystallized, the difference in contrast in the AFM images will be 
further reduced. Surprisingly, infrared measurements revealed weaker hydrogen bonding of 
the urea moieties of PEB polymer 2222 compared to polymer 1111. A possible explanation of the 
weaker hydrogen bonding in polymer 2222 is the two methyl groups of the PEB block that may 
obstruct the urea hydrogen bonding due to steric hindrance. The stronger urea hydrogen 
bonding in PCl polymer 1111 suggests that the difference in polarity of the polymer backbone 
does not have a large influence on the aggregation of the UPy-urea moieties when cast from 
CHCl3. This was further confirmed by a remarkable resemblance in thermal and mechanical 
properties of polymers 1111 batch 4 and polymer 2222. The melt temperature of the UPy-urea nano-
fibers, the Young’s modulus and the maximum strain of films of bis-(UPy-urea)-PEB polymer 
2222 closely correspond to the values found for bis-(UPy-urea) PCl polymer 1111 batch 4 in which 
the PCl block is amorphous when cast from CHCl3. However, the ultimate tensile strength is 
significantly lowered, which can be explained by the lower fraction of UPy-urea moieties due 
to a larger PEB block length. This will result in a lower fraction of nano-fibers and hence in a 
lower fraction of supramolecular crosslinks. Clearly, the materials synthesized from the 
amorphous PEB prepolymer still exhibit good mechanical properties, which show the 
possibility to change the prepolymer of telechelic bis-(UPy-urea) supramolecular polymers 
while still preserving good macroscopic properties. 
Polymers 3333 and 4444 were synthesized to investigate the influence of the molecular structure on 
the macroscopic properties of the UPy-U supramolecular polymers. In these polymers, the 
linker between the UPy and urea moiety was changed from a 1,6-hexyl to a 1,4-trans-
cyclohexyl spacer. The more rigid cyclohexyl spacer was expected to prearrange the urea 
moieties to result in better stacking and subsequent crystallization. However, the aggregates 
as visualized by AFM proved to be shorter and thinner compared to polymers 1111 and 2222. 
Infrared measurements revealed weaker hydrogen bonding of the urea moieties of the 
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polymers comprising the cyclohexyl spacer when compared to their hexyl analogues, which 
corresponds with the AFM results. Possibly, the shorter distance between the UPy and urea 
moieties and the higher rigidity compared to the hexyl spacer result in shorter aggregates 
due to more steric hindrance. The cyclohexyl materials display irreversible thermal transitions 
at 190 and 182 °C for the PCl and PEB polymers respectively, which is more than 50 °C 
higher compared to the melt of the UPy-urea nano-fibers of polymers 1111 and 2222. This thermal 
transition is well above the thermal degradation temperature of the UPy-cyclohexyl-urea 
moiety and results in immediate thermal degradation. The Young’s modulus of the materials 
is decreased significantly due to the absence of long crystalline nano-fibers. The maximum 
strain is increased, generating a more elastic material. These results show the importance of 
the nano-fibers as strong physical crosslinks to reinforce the material and the influence of the 
spacer between the UPy and the urea on the macroscopic properties of both the PCL and the 
PEB UPy-urea polymers. 
Lastly, anthracene-bisurea PCl and PEB polymers 5555 and 6666 were synthesized and used as 
additives to investigate their effect on the macroscopic properties of bis-(UPy-urea) polymers 
1111 and 2222. The distance between the urea moieties was designed to fit the distance of the urea 
moieties in UPy-urea dimers and therefore could allow for the incorporation in the UPy-urea 
nano-fibers. However, significant amounts of anthracene-bisurea PCl polymer 5555 were not 
incorporated in the UPy-urea nano-fibers of bis-(UPy-urea)-poly(ε-caprolactone) polymer 1111 
when cast from CHCl3. The poor incorporation may be attributed to the crystallization of the 
PCl block, which shows a higher melt temperature and enthalpy compared to the PCl block in 
bis-(UPy-urea) polymer 1111. The higher crystallinity of the PCl block in polymer 5555 may result in 
separate PCl crystallization of polymer 5555 from the PCl blocks of polymer 1111. Due to this 
compartmentalization, the bisurea moieties are less likely to be incorporated in the UPy-urea 
nano-fibers. PEB polymer 6666 did show incorporation in the UPy urea nano-fibers of polymer 2222 
at 5% and 10%, although still some excimer emission was observed with fluorescence 
spectroscopy. The incorporation of polymer 6666 into bis-(UPy-urea) polymer 2222 did not reveal 
large differences in mechanical properties. This could indicate that the lateral urea hydrogen 
bonding is breaking up first and results in loss of the mechanical strength of the films when 
tensile tests are performed.   
 
The results presented in this study reveal the broad applicability of UPy-urea supramolecular 
materials. It proved to be difficult to predict the changes in macroscopic properties when 
changing the molecular structure or when using additives. Although it was not possible to 
enhance the mechanical properties of the material, it is possible to change the molecular 
structure of the supramolecular polymer without loosing its macroscopic properties.  

3.63.63.63.6 Experimental sectionExperimental sectionExperimental sectionExperimental section    
MaterialsMaterialsMaterialsMaterials – All reagents and solvents were purchased from commercial sources and used as received 
unless otherwise noted. Chloroform was dried over 4Å molsieves and triethylamine was dried over 
KOH pellets for at least 1 day prior to use. The syntheses of bis-amino terminated poly(ε-caprolactone) 
and bis-(UPy-U)-poly(ε-caprolactone) 1111 are described in Chapter 2. The syntheses of bis-(UPy-U)-
poly(ethylene-butylene) 2222 is described in Chapter 4. CDI activated methyl isocytosine 777711 and bis-
amino terminated poly(ethylene-butylene)5 were synthesized according to available literature 
procedures.  
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InstrumentationInstrumentationInstrumentationInstrumentation – 1H NMR and 13C NMR spectra were recorded on a 400 MHz NMR (Varian Mercury, 
400 MHz for 1H NMR and 100 MHz for 13C NMR). Proton chemical shifts are reported in ppm downfield 
from tetramethylsilane (TMS). The splitting patterns are designated as: b, broad; s, singlet; d, doublet; 
dd, double doublet; t, triplet; q, quartet; sep, septet; m, multiplet. Carbon chemical shifts are reported 
downfield from TMS using the resonance of the deuterated solvent as the internal standard. Matrix 
assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectra were obtained using a 
PerSeptive Biosystems Voyager-DE PRO spectrometer using an acid α-cyanohydroxycinnamic acid 
(CHCA) or a neutral 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) 
matrix. Elemental analysis was performed on a Perkin Elmer 2400 series II CHNS/O Analyzer. GPC 
was measured on a Shimadzu LC-10DVP system with a Shimadzu RID-10A detector and a PLgel 5-
µm mixed-D column with THF as the eluent (flow rate: 1 mL/min) and poly(styrene) standards for the 
calibration. Differential Scanning Calorimetry (DSC) measurements were performed on a Thermal 
Advantage Q2000 apparatus between -80 and 150 °C at a rate of 10 °C/min with a sample weight of 5-
10 mg. Integration of the melting endotherm was performed with the TA Instruments Universal 
Analysis software. Atomic Force Microscopy (AFM) measurements were performed on a Digital 
Instrument Multimode Nanoscope IV using PPP-NCHR-50 silicon tips (Nanosensors) in the tapping 
mode. Polymer films were made by casting a few drops of a 1 mg/mL solution in chloroform on glass 
slides cleaned with DCM and acetone and subsequent evaporation to air for at least 1 hour, followed 
by annealing in vacuo over night at 40 °C. Fourier Transform Infrared (FTIR) spectra for analysis at 
room temperature were recorded on a Perkin Elmer Spectrum One FT-IR spectrometer with a 
Universal ATR Sampling Accessory 
 
Tensile testingTensile testingTensile testingTensile testing - Tensile tests were performed on a Zwick Z100 Materialprüfung device equipped with 
a 100N loadcell. Samples were prepared by casting a solution of 2 gram precipitated polymer in 20 mL 
CHCl3 or HFIP into 4.5 x 10.5 cm Teflon cups. The solvent was allowed to evaporate in 3 days at room 
temperature, yielding a 0.3 mm thick film. Testing was done according to ASTM 1708-96. Therefore 
the calculated modulus is only an indicative modulus. This modulus was determined between 1 and 
3% strain. Strain rate was 2.0 mm/min. All tests were performed at least in triplo, except for the 2 
weeks old film in ageing experiments, which was measured only once. One week before testing, the 
samples were annealed for 16 hrs at 30 °C in vacuo. DSC measurements were done within 24 hrs of 
the tensile tests on unstretched materials. 
 
Fluorescence spectroscopyFluorescence spectroscopyFluorescence spectroscopyFluorescence spectroscopy - Fluorescence spectroscopy was performed on a Edinburgh Instruments 
FS920 Fluorescence apparatus equipped with a Xenon lamp. The excitation wavelength was set at 
350 nm. Fluorescence spectra were recorded on the films produced for tensile testing and were 
normalized at 395 nm. The solution experiments were performed at a concentration of approximately 
1x10-6 in dry chloroform.  
 
N,N’N,N’N,N’N,N’----BisBisBisBis----[[[[6666----(1(1(1(1----imidazolylcarbonyl)imidazolylcarbonyl)imidazolylcarbonyl)imidazolylcarbonyl)----hexanoyl]hexanoyl]hexanoyl]hexanoyl]----poly(εpoly(εpoly(εpoly(ε----caprolactone) (CDI activated PClcaprolactone) (CDI activated PClcaprolactone) (CDI activated PClcaprolactone) (CDI activated PCl----diamine)diamine)diamine)diamine)    
N,N’-[Di-(6-aminohexanoyl)]-poly(ε-caprolactone) (7.50 g, 3.33 mmol) was dissolved in dry chloroform 
(50 mL) and put under an argon atmosphere. 1,1’-Carbonyldiimidazole (1.30 g, 8.0 mmol, 1.2 eq.) was 
added to the solution which was stirred for 3 h at room temperature. Dry chloroform (100 mL) was 
added and the solution was extracted with H2O (3 x 130 mL) and brine (130 mL). The solution was 
dried over MgSO4, filtered, reduced in volume and precipitated in cold methanol to yield the product as 
a white powder (5.18 g, 2.16 mmol, 65% yield). 
1H NMR    (CDCl3) δ (ppm): 8.18 (s, 2H), 7.42 (s, 2H), 7.08 (s, 2H), 4.21 (t, 4H), 4.03 (m, 68H), 3.63 (t, 
4H), 3.41 (q, 4H), 2.35-2.25 (2xt, 72H), 1.65-1.35 (3xm, 220H). 13C NMR    (CDCl3) δ (ppm): 173.5, 
137.1, 130.6, 117.1, 69.1, 68.1, 64.1, 34.1, 28.3, 25.5, 24.6. FT-IR    ν (cm-1):    2944, 2896, 2866, 1721, 
1541, 1472, 1437, 1419, 1397, 1365, 1293, 1239, 1171, 1108, 1065, 1045, 961, 934, 841, (772 
shoulder), 732, 710, 655. GPC    (THF): Mn = 6413 g/mol, Mw = 7765 g/mol, PDI = 1.21. (CHCl3): Mn = 
3415 g/mol, Mw = 5671 g/mol, PDI = 1.66  
 
N,N’N,N’N,N’N,N’----BisBisBisBis----imidazolylcarbonylaminoimidazolylcarbonylaminoimidazolylcarbonylaminoimidazolylcarbonylamino----poly(ethylenepoly(ethylenepoly(ethylenepoly(ethylene----butylene) (CDI activated PEBbutylene) (CDI activated PEBbutylene) (CDI activated PEBbutylene) (CDI activated PEB----bisamine)bisamine)bisamine)bisamine)    
PEB-bisamine (4.483 g, 1.28 mmol) and 1,1’-carbonyldiimidazole (540 mg, 3.33 mmol, 1.3 eq) were 
dissolved in dry chloroform (40 mL) under an argon atmosphere and stirred at room temperature for 5 
h. Chloroform (30 mL) was added and the mixture was extracted with H2O (40 mL), brine (40 mL), H2O 
(40 mL), brine (2x40 mL), dried over MgSO4 and evaporated in vacuo to yield a pale yellow oil (4.698 
g, 1.27 mmol, 99% yield). 1H NMR (CDCl3): δ = 8.11 (s, 2H), 7.32 (s, 2H), 7.11 (s, 2H), 5.89 (s, 1H), 
5.75 (s, 1H), 3.43 (q, 2H), 3.27 (d, 2H), 1.97 (m, 2H), 1.61-0.81 (m). 13C NMR (CDCl3): δ = 149.1, 
135.7, 130.3, 115.9, 50.8, 39.2, 38.9, 38.4, 37.9, 36.1, 33.5, 33.4, 33.2, 30.6, 30.2, 29.7, 26.8, 26.6, 
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26.4, 26.1, 26.0, 25.9, 24.9, 10.9, 10.7, 10.6. IR (ATR): ν (cm-1) = 2960, 2922, 2853, 1734, 1542, 1522, 
1462, 1379, 1285, 1244, 1215. 
 
2222----((((TransTransTransTrans----4444----aminocyclohexylureido)aminocyclohexylureido)aminocyclohexylureido)aminocyclohexylureido)----6666----methylmethylmethylmethyl----4[1H]4[1H]4[1H]4[1H]----pyrimidinone (8)pyrimidinone (8)pyrimidinone (8)pyrimidinone (8) 
Trans-1,4-diaminocyclohexane (47.8 g, 114.2 mmol, 16 eq) was dissolved in dry chloroform (400 mL) 
and put under an argon atmosphere. 2-(1-Imidazolylcarbonylamino)-6-methyl-4[1H]-pyrimidinone 7  7  7  7 
(5.46 g, 26.3 mmol) was added to the solution and stirred for 16 h at reflux conditions. A white 
precipitate was formed and methanol (220 mL) was added to dissolve the precipitate. The insoluble 
remaining solid was removed by filtration. The solution was reduced in volume and precipitated in ethyl 
acetate. The brownish precipitate was filtered off, dried overnight, recrystallized from H2O and dried 
over P2O5 for 1 week. This yielded the product (5.5 g, 20.7 mmol, 79% yield) as an off-white solid.  
1H NMR    (CDCl3 and CD3OD) δ (ppm): 5.82 (s, 1H), 3.55 (m, 1H), 2.70 (t, 1H), 2.22 (s, 3H), 2.01-1.92 
(m, 4H), 1.55-1.10 (2m, 4H). 13C NMR    (CDCl3 + HFIP) δ (ppm): 174.3, 155.6, 154.4, 150.0, 106.2, 49.2, 
48.7, 33.2, 30.4, 18.7. FT-IR    ν (cm-1):    3178, 3055, 2925, 2855, 1664, 1597, 1555, 1440, 1368, 1323, 
1282, 1249, 1191, 1146, 1100, 1029, 966, 901, 834, 788, 763, 711, 678, 667. MALDI-TOF    Calculated 
mass: 265.33 g/mol. Measured mass: m/z = 266.02 (MH+), 288.01 (Na+ adduct). Elemental analysis: 
Calculated (.H2O): C 50.90%, H 7.47%, N 24.72%. Measured: C 51.73%, H 7.19%, N 25.02%.  
 
N,N’N,N’N,N’N,N’----{Bis{Bis{Bis{Bis----6666----(4[1H](4[1H](4[1H](4[1H]----transtranstranstrans----6666----methylmethylmethylmethyl----4444----pypypypyrimidinylrimidinylrimidinylrimidinyl----2222----ureido)ureido)ureido)ureido)----cyclohexyl)cyclohexyl)cyclohexyl)cyclohexyl)----ureido]ureido]ureido]ureido]----hexanoyl}hexanoyl}hexanoyl}hexanoyl}----poly(εpoly(εpoly(εpoly(ε----
caprolactone) (3)caprolactone) (3)caprolactone) (3)caprolactone) (3)    
N,N’-Bis-[6-(1-imidazolylcarbonyl)-hexanoyl]-poly(ε-caprolactone) (7.57 g, 3.16 mmol) was dissolved 
in dry chloroform (140 mL) and put under an argon atmosphere.  2-(Trans-4-aminocyclohexylureido)-6-
methyl-4[1H]-pyrimidinone 8  8  8  8 (2.1 g, 7.9 mmol, 1.2 eq) was added and stirred at reflux conditions for 3 
h. The solution was allowed to cool to room temperature and was filtered. H2O (100 mL) was added for 
extraction. However, a precipitate formed immediately. Therefore chloroform (150 mL) and brine (100 
mL) were added. Further extraction was performed with brine (2 x 100 mL). The solvents of the 
combined organic layers were evaporated to yield a brownish solid. The solid was dissolved in 
chloroform (100 mL), filtered, reduced in volume and precipitated in cold methanol. The precipitate 
was filtered off and dried overnight in vacuo (30 °C) to yield the product as a white fluffy polymer (5.2 
g, 1.83 mmol, 58% yield). 
1H NMR    (CDCl3) δ (ppm): 13.16 (s, 2H), 11.75 (s, 2H), 10.06 (s, 2H), 5.78 (s, 2H), 5.00-4.38 (bs, 4H), 
4.21 (t, 4H), 4.03 (m, 84H) 3.67 (t, 4H), 3.55 (bs, 4H) 3.36-3.07 (m, 4H), 2.35-1.00 (m, 188H). Mn 
(NMR) = 5366 g/mol. 13C NMR    (CDCl3 + HFIP) δ (ppm): 175.2, 158.6, 158.6, 158.5, 155.7, 154.5, 
154.5, 149.9, 149.8, 106.3, 64.7, 63.4, 48.8, 40.3, 34.1, 33.9, 32.0, 30.6, 29.2, 28.1, 27.8, 26.0, 25.4, 
25.1, 24.4, 24.1, 18.7. FT-IR    ν (cm-1):    3318, 2941, 2866, 1725, 1697, 1666, 1650, 1626, 1601, 1577, 
1526, 1463, 1418, 1394, 1364, 1293, 1260, 1237, 1161, 1095, 1065, 1044, 961, 901, 839, 803, 766, 
733, 673.    DSC:    Tm1 = 36.7 °C, Tm2 = 189.9 °C (determined from the first run) 
 
N,N’N,N’N,N’N,N’----BisBisBisBis----[[4[[4[[4[[4----transtranstranstrans----(4[1H](4[1H](4[1H](4[1H]----oxooxooxooxo----6666----methylmethylmethylmethyl----pyrimidinylpyrimidinylpyrimidinylpyrimidinyl----2222----ureido)ureido)ureido)ureido)----cyclohexyl]cyclohexyl]cyclohexyl]cyclohexyl]----ureido]ureido]ureido]ureido]----poly(ethylenepoly(ethylenepoly(ethylenepoly(ethylene----
butylene) (4)butylene) (4)butylene) (4)butylene) (4)    
Bis-(1-imidazolylcarbonyl)-poly(ethylene-butylene) (3.17 g, 0.87 mmol) was dissolved in dry chloroform 
(60 mL) and stirred under an argon atmosphere. 2-(Trans-4-aminocyclohexylureido)-6-methyl-4[1H]-
pyrimidinone 8888 (0.56 g, 2,11 mmol, 1.2 eq) was added and stirred for 40 h at reflux conditions under an 
argon atmosphere. The solution was reduced in volume and precipitated in methanol. The solid was 
dissolved in chloroform (50 mL) and precipitated in methanol for a second time to yield the product as 
a white, fluffy polymer (2.5 g, 0.62 mmol, 71% yield). 
1H NMR    (CDCl3) δ (ppm): 13.11 (s, 2H), 11.85 (s, 2H), 10.16 (s, 2H), 5.81 (s, 2H), 4.22 (bs, 4H), 3.58 
(bs, 4H), 3.15 (bs, 2H), 2.97 (s, 2H), 2.22-0.83 (m, 378H). Mn (NMR) = 5600 g/mol. 

13C NMR    (CDCl3) δ 
(ppm): 172.8, 155.9, 154.7, 148.0, 106.8, 48.9, 38.9, 38.4, 37.9, 36.1, 33.4, 33.2, 31.1, 30.6, 30.2, 
29.7, 26.8, 26.6, 25.9, 24.9, 19.0, 10.9, 10.7, 10.6. FT-IR    ν (cm-1):    3319, 2959, 2921, 2853, 1698, 1666 
(shoulder), 1655, 1630, 1603, 1575, 1530, 1461, 1379, 1319, 1304, 1290, 1262, 1231, 1094, 1036, 
944, 900, 840, 806, 766, 721. DSC: Tm2 = 181.5 °C (determined from the first run) 
 
N,N'N,N'N,N'N,N'----(6,6'(6,6'(6,6'(6,6'----((((AAAAnthracenenthracenenthracenenthracene----2,62,62,62,6----diyl)bis(hexdiyl)bis(hexdiyl)bis(hexdiyl)bis(hex----5555----yneyneyneyne----6,16,16,16,1----diyl))phthalimide (11)diyl))phthalimide (11)diyl))phthalimide (11)diyl))phthalimide (11)    
Dibromoanthracene 9999 (930 mg, 2.77 mmol), N-hex-5-ynephthalimide 10101010 (1.80 g, 7.92 mmol, 3 eq), CuI 
(51 mg, 0.27 mmol, 0.1 eq) and Pd(PPh3)2Cl2 (375 mg, 0.53 mmol, 0.2 eq) were put in a schlenk tube 
and degassed. Dry and degassed triethylamine (130 mL) was added and the mixture was stirred under 
an agron atmosphere at 80 °C for 4.5 h. DCM (130 mL) was added and the mixture was filtered over 
celite. The solution was evaporated in vacuo and the residual solids were dissolved in DCM (30 mL) 
and precipitated in pentane. The precipitate was washed with pentane and recrystallized from acetone 
to yield the product as green needles (1.17 g, 1.86 mmol, 70% yield) 
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1H NMR    (CDCl3) δ (ppm): 8.26 (s, 2H), 8.02 (s, 2H), 7.85 (m, 6H), 7.71 (m, 4H), 7.38 (d, 2H) 3.79 (t, 
4H,) 2.55 (t, 4H), 1.93 (m, 4H), 1.72 (m, 4H). 13C NMR    (CDCl3) δ (ppm): 168.4, 133.9, 132.1, 131.4, 
131.3, 130.8, 128.3, 128.1, 125.8, 123.2, 120.8, 90.7, 81.7, 37.5, 27.8, 25.9, 19.2. FT-IR ν (cm-1): 
3466, 3053, 2932, 2859, 1775, 1708, 1616, 1463, 1438, 1396, 1368, 1354, 1332, 1219, 1187, 1170, 
1151, 1114, 1089, 1037, 911, 895, 855, 791. MALDI-TOF-MS: m/z = 628.12 (MH+).  
 
N,N'N,N'N,N'N,N'----(6,6'(6,6'(6,6'(6,6'----((((AAAAnthracenenthracenenthracenenthracene----2,62,62,62,6----diyl)bis(hexanediyl)bis(hexanediyl)bis(hexanediyl)bis(hexane----6,16,16,16,1----diyl))phthalimide (12)diyl))phthalimide (12)diyl))phthalimide (12)diyl))phthalimide (12)    
Dialkyn 11111111 ( 1.05 g, 1.67 mmol) was dissolved in THF (250 mL) and purged with nitrogen. Pd/C (150 
mg) was added and the flask was purged with hydrogen gas. The solution was stirred under an 
hydrogen atmosphere at room temperature for 24 h. CHCl3 (500 mL) was added and the solution was 
filtered over celite. The solvents were removed in vacuo and the residual solid was recrystallized from 
THF to yield the product as a yellow solid (386 mg, 0.61 mmol, 37% yield) 
1H NMR    (CDCl3) δ (ppm): 8.27 (s, 2H), 7.88 (d, 2H), 7.82 (m, 4H), 7.70 (m, 6H), 7.27 (d, 2H), 3.69 (t, 
4H), 2.78 (t, 4H), 1.72 (m, 8H), 1.43 (m, 8H). 13C NMR    (CDCl3) δ (ppm): 168.5, 139.0, 133.8, 132.1, 
131.5, 130.6, 127.9, 127.3, 125.8, 125.1, 123.1, 38.0, 36.1, 30.8, 28.9, 28.5, 26.8. FT-IR    ν (cm-1): 
2926, 2852, 1767, 1701, 1636, 1615, 1467, 1434, 1397, 1367, 1334, 1194, 1170, 1049, 970, 896, 887, 
793. MALDI-TOF-MS Calculated mass: 636.80 g/mol. Measured mass: m/z = 636.11 (MH+). 
 
6,6'6,6'6,6'6,6'----((((AAAAnthracenenthracenenthracenenthracene----2,62,62,62,6----diyl)dihexandiyl)dihexandiyl)dihexandiyl)dihexan----1111----aaaamine (13)mine (13)mine (13)mine (13)    
Bisphthalimide 12121212 (361 mg, 0.57 mmol) was dissolved in ethanol (30 mL) and hydrazine monohydrate 
(5 mL) was added. The solution was stirred at reflux conditions over night. The solution was 
concentrated in vacuo and CHCl3 (50 mL) was added. The organic layer was extracted with water 
(3x30 mL), brine (30 mL), dried over Na2SO4 and evaporated in vacuo to yield the product as an 
orange solid (210 mg, 0.56 mmol, 98% yield). 
1H NMR    (CDCl3) δ (ppm): 8.29 (s, 2H), 7.90 (d, 2H), 7.72 (s, 2H), 7.30 (d, 2H), 2.79 (t, 4H), 2.68 (t, 
4H), 1.75 (m, 4H), 1.41 (m, 16H). 13C NMR    (CDCl3) δ (ppm): 139.2, 131.5, 130.7, 127.9, 127.3, 125.8, 
125.0, 42.3, 36.2, 33.8, 30.9, 29.2, 26.8. FT-IR    ν (cm-1): 3351, 3296, 3016, 2923, 2849, 1671, 1612, 
1469, 1428, 1374, 1296, 1109, 1053, 1018, 942, 905, 803. MALDI-TOF-MS Calculated mass: 376.59 
g/mol. Measured mass: m/z = 377.19 (MH+), 393.17 (MNa+). 
 
N,N’N,N’N,N’N,N’----[(Anthracene[(Anthracene[(Anthracene[(Anthracene----2,62,62,62,6----hexylureido)hexylureido)hexylureido)hexylureido)----bisbisbisbis----6,6’6,6’6,6’6,6’----(ureidohexanoyl)](ureidohexanoyl)](ureidohexanoyl)](ureidohexanoyl)]----poly(εpoly(εpoly(εpoly(ε----caprolactone) (5)caprolactone) (5)caprolactone) (5)caprolactone) (5)    
Bisamine 13131313 (0.10 g, 0.28 mmol) was dissolved in dry chloroform (20 mL) and stirred in the dark at 
reflux conditions. N,N’-Bis-[6-(1-imidazolylcarbonyl)-hexanoyl]-poly(ε-caprolactone) (1.02 g, 0.29 
mmol, 1.05 eq.) was added to the mixture and stirred for 5 h in the dark at reflux conditions. The 
solution was concentrated and precipitated in methanol to yield the product as a yellow gum (0.9 g)  
1H NMR    (CDCl3) δ (ppm): 8.30 (s, 2H), 7.91 (d, 2H), 7.73 (s, 2H), 7.30 (d, 2H), 4.26 + 4.22 (m, 10H), 
4.03 (m, 78H), 3.68 (t, 6H), 3.18 (s, 8H), 2.80 (t, 4H), 2.38-2.20 (m, 86H), 1.90-1.00 (m, 295H). 13C 
NMR    (CDCl3) δ (ppm): 173.5, 158.1, 139.1, 131.5, 130.7, 127.9, 127.3, 125.8, 125.0, 69.1, 64.1, 63.3, 
40.3, 36.1, 34.1, 30.8, 30.2, 29.9, 29.0, 28.3, 26.8, 26.3, 25.5, 24.6. FT-IR    ν (cm-1): 3338, 2937, 2864, 
1725, 1621, 1574, 1461, 1419, 1394, 1364, 1294, 1238, 1161, 1105, 1065, 1045, 961, 903, 799, 774, 
732. GPC (CHCl3): Mn = 40119 g/mol, Mw = 155652, PDI = 3.88. Elemental analysis    Calculated    C 
64.5%, H 8.8%, N 0.8%. Measured C 62.6%, H 8.8%, N 1.3%. DSC: Tm1 = 30.7 °C, Tm2 = 119.3 °C 
 
N,N’N,N’N,N’N,N’----BisBisBisBis----imidazolylcarbonylaminoimidazolylcarbonylaminoimidazolylcarbonylaminoimidazolylcarbonylamino----6,6'6,6'6,6'6,6'----(anthracene(anthracene(anthracene(anthracene----2,62,62,62,6----diyl)dihexandiyl)dihexandiyl)dihexandiyl)dihexan----1111----amine (14)amine (14)amine (14)amine (14)    
Bisamine 13131313 (0.11g, 0.29 mmol) and 1,1’-carbonyldiimidazole (0.12g, 0.72 mmol) were dissolved in dry 
CHCl3 (10 mL) and stirred at reflux conditions under an argon atmosphere for 4 h. CHCl3 (40 mL) was 
added and the organic layer was extracted with water (2x20 mL), brine (20 mL), dried over Na2SO4 
and evaporated in vacuo to yield the product as an orange solid (0.15g, 0.26 mmol, 90% yield) 
1H NMR    (CDCl3 + MeOD) δ (ppm): 8.21 (s, 2H), 7.82 (d, 2H), 7.64 (s, 2H), 7.41 (s, 2H), 7.22 (d, 2H), 
6.95 (s, 2H), 6.92 (s, 2H), 3.29 (s, 2H), 3.27 (t, 4H), 2.72 (t, 4H), 1.68 (m, 4H), 1.55 (m, 4H), 1.36 (m, 
12H). 13C NMR    (CDCl3 + MeOD) δ (ppm): 149.1, 139.0, 131.4, 130.6, 128.9, 127.8, 127.4, 127.2, 
125.7, 124.9, 116.5, 40.9, 36.0, 30.7, 29.2, 28.8, 26.7. FT-IR    ν (cm-1): 3348, 3107, 2926, 2853, 2491, 
1679, 1538, 1519, 1474, 1433, 1374, 1351, 1308, 1282, 1244, 1210, 1111, 1062, 902, 827, 729. 
MALDI-TOF-MS Calculated mass: 564.74 g/mol. Measured mass: m/z = 566.16 (MH+), 498.13 
(Mfragment

+) 
 
N,N’N,N’N,N’N,N’----[(Anthracene[(Anthracene[(Anthracene[(Anthracene----2,62,62,62,6----hexylureido)hexylureido)hexylureido)hexylureido)----bisbisbisbis----6,6’6,6’6,6’6,6’----(ureidohexanoyl)](ureidohexanoyl)](ureidohexanoyl)](ureidohexanoyl)]----poly(ethylenepoly(ethylenepoly(ethylenepoly(ethylene----butylene) (6)butylene) (6)butylene) (6)butylene) (6) 
CDI activated anthracene-bisamine 14141414 (80 mg, 0.142 mmol) and α,ω-bisamino-poly(ethylene-butylene) 
(0.500 g, 0.143 mmol) were dissolved in dry CHCl3 (15 mL) and stirred at reflux conditions under an 
argon atmosphere over night. The solution was concentrated and precipitated in acetone (100 mL), 
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redissolved and subsequently precipitated in methanol (75 mL) to yield the product as an orange 
elastic solid (467 mg) 
1H NMR    (CDCl3) δ (ppm): 8.28 (s, 2H), 7.89 (d, 2H), 7.71 (s, 2H), 7.30 (d, 2H), 4.18 (bs, 4H), 3.15 (bs, 
6H), 2.98 (s, 2H), 2.79 (t, 4H), 1.98-0.82 (m, 827 H). 13C NMR (CDCl3) δ (ppm): Incomplete: 38.9, 38.4, 
38.0, 36.2, 33.3, 30.7, 30.3, 29.8, 26.8, 26.7, 25.9, 10.9, 10.7.  FT-IR    ν (cm-1): 3341, 2959, 2921, 2852, 
1630, 1578, 1460, 1379, 1262, 1064, 901, 770, 721. GPC (CHCl3): Mn = 30685 g/mol, Mw = 96786 
g/mol, PDI = 3.15.    DSC: Tm,2 = 46.6 °C 
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Abstract – The self-complementary hydrogen bonding ureido-pyrimidinone (UPy) motif is 

widely used in the design of supramolecular polymers, due to its high dimerization constant. 
Lateral aggregation into fibrous structures is achieved by the addition of urea functions close 
to the UPy end group of low-Tg oligomers, yielding supramolecular thermoplastic elastomers. 
The rate of fiber formation is critically dependent on the substituent at the 5- and 6-position of 
the UPy unit. Here, the aggregation behavior in the solid state is disclosed for a series of 
molecules with the commonly used methyl, the optically pure (S)-2,7-dimethylheptyl and (S)-
1-methylpropyl, and the racemic 1-ethylpentyl group at the 6-position. The rate of nano-fiber 
crystallization from the melt was investigated with a variety of techniques, including SAXS, 
WAXS, AFM, DSC, IR and CD spectroscopy. As a result, the different stages involved in the 
nano-fiber formation were elucidated. The nano-fiber formation is a hierarchical process 
starting from the phase-separated melt with the dimerization of the UPy-units. For the lateral 
aggregation into high aspect nano-fibers both a non-substituted 5-position and urea 
functionalities are required. The nano-fiber formation is the result of one-dimensional stack 
formation accompanied by secondary nucleation of multiple stacks. The stack-to-stack 
distance within a nano-fiber is dependent on the size of the UPy-substituent, which 
demonstrates that the substituents are in-between the stacks in the nano-fibers. The results 
also demonstrate that stack and nano-fiber formation is slowed down and suppressed by a 
branching of the 6-substituent close to the UPy motif, while the presence of stereochemical 
isomers further suppresses this aggregation from the melt. These detailed insights into the 
kinetic behavior of nano-fiber formation pave the way to create adaptable supramolecular 
materials.  
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4.14.14.14.1 IntroductionIntroductionIntroductionIntroduction    
Since the introduction of the strongly associating 2-ureido-4-pyrimidinone (UPy) motif as a 
quadruple hydrogen bonding moiety in telechelic supramolecular polymers,1 numerous 
studies have been reported by us and others on its potential in supramolecular materials.2 
Due to the self-complementary motif and its high dimerization constant of 6*107 M-1 in 
CHCl3,

3
 a high degree of supramolecular polymerization can be achieved

4 which transforms 
the macroscopic properties of the low molecular weight supramolecular monomer into those 
of a high molecular weight polymer.5 UPy-functionalization of telechelic oligomers based on 
poly(ethylene-butylene),5 polystyrene,6 polyesters,7 polycarbonates,8 polysiloxanes9 and 
polyethers10 was reported to enhance the mechanical properties when compared to their 
unfunctionalized counterparts. In many cases, these mechanical properties are further 
improved when the connecting group between the UPy moiety and the oligomer is a urethane 
or urea.11 In the case of low-Tg oligomers the additional hydrogen bond that can be formed 
between the urea linker permits stacking of UPy dimers, which gives rise to thermoplastic 
elastomers. These materials show characteristic, well-defined nano-fibers with a diameter of 
6-7 nm as observed with AFM.11a The nano-fibrillar structure observed in the UPy-urea 
polymers shows close resemblance with the structure as observed in traditional thermoplastic 
elastomers or bisurea supramolecular polymers. 12  
The formation of the UPy-urea nano-fibers was proposed to be the result of a hierarchical 
process involving a number of steps as illustrated in Figure 4.1. The first step in the 
aggregation of the UPy-urea polymers is the dimerization of the UPy (depicted in blue), giving 
rise to the UPy dimers. This affords a bisurea unit that can self-assemble via lateral hydrogen 
bonding interactions (depicted in red). The resulting stacks subsequently form nano-fibers, 
most probably via a secondary nucleation process. The aggregation of the UPy-urea moieties 
can induce phase segregation of the UPy-urea moieties from the polymer backbone, which 
will be an important driving force for the nano-fiber formation. 

 

 
Figure Figure Figure Figure 4.4.4.4.1111:::: Schematic representation of the theoretical aggregation of UPy-urea modified molecules 

into nano-fibers.  

 
The most frequently used UPy is derived from commercially available 6-methyl isocytosine,5 
although different substituents on the 6-position of the isocytosine have been reported.9,13 

UPy monomer            UPy dimer         Stack              Nano-fiber 
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The importance of the substituent at the 6-position on the aggregation of UPy-urea based 
oligomers has not yet been systematically addressed. This is surprising since a detailed 
understanding of the structure-property relationship can provide tools for easy tuning of 
material properties. 
A small library of bis-(UPy-urea) telechelic polymers with an amorphous poly(ethylene-
butylene) backbone was synthesized (Figure 4.2) in which the substituent changed from a 
methyl (1111) to the optically pure (S)-2,7-dimethylheptyl (2222) and (S)-1-methylpropyl (3333), and the 
racemic 1-ethylpentyl (4444) group. These selected groups permit to investigate the influence of 
size, optical purity and branching point on the aggregation of bis-(UPy-urea) polymers. 
Moreover, a 5,6-dimethyl UPy-urea polymer (5555) was synthesized to evaluate the role of the 
substituent at the 5-position. The hierarchical self-assembly of the UPy-urea moieties of 
polymers 1111-5555 was investigated by DSC, AFM, SAXS, WAXS, infrared, UV-vis and CD 
spectroscopy in the solid state and showed that the aggregation behavior at the molecular 
scale can be directly linked to their macroscopic properties. 

 

    
Figure Figure Figure Figure 4.4.4.4.2222:::: Bis-(UPy-urea) supramolecular polymers 1111-5555 used in this study.    

4.24.24.24.2 Synthesis and macroscopic propertiesSynthesis and macroscopic propertiesSynthesis and macroscopic propertiesSynthesis and macroscopic properties    

4.2.14.2.14.2.14.2.1 Synthesis of the isocytosine precursorsSynthesis of the isocytosine precursorsSynthesis of the isocytosine precursorsSynthesis of the isocytosine precursors    

The synthesis of polymers 1111-5555 requires the availability of the corresponding isocytosines. 6-
Methyl- and 5,6-dimethylisocytosine necessary for the synthesis of polymers 1111 and 5555 are 
commercially available. 6-(1-Ethylpentyl)isocytosine required for the synthesis of polymer 4444 
was available in our lab.14 The synthesis towards the optically pure (S)-2,7-dimethylheptyl- 
and (S)-1-methylpropylisocytosine was performed as depicted in Figure 4.3. The alcohols  

     

 

 
Figure Figure Figure Figure 4.4.4.4.3333:::: Synthesis route towards isocytosines 11110000. 
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were oxidized to the corresponding acids using periodic acid, whereafter they were converted 
to the acid chlorides using oxalyl chloride. Reaction of the acid chlorides with potassium 
ethylmalonate in the presence of base resulted in the corresponding β-keto esters, which in 
the final step were converted to the isocytosines using guanidine carbonate. 

4.2.24.2.24.2.24.2.2 Synthesis of bisSynthesis of bisSynthesis of bisSynthesis of bis----(UPy(UPy(UPy(UPy----U) polymersU) polymersU) polymersU) polymers    

The synthesis towards polymer 5555 was performed identical to the procedure developed for 6-
methyl UPy-polymers.5 5,6-Dimethyl isocytosine was reacted with 1,6-hexanediisocyanate to 
generate the corresponding isocyanate synthon (Figure 4.4). Due to the insolubility of the 
product the isocyanate is easily isolated by filtration. Reaction of N,N’-poly(ethylene-
butylene) bisamine with the isocyanate synthon resulted in polymer 5555. 

 

 

Figure Figure Figure Figure 4.4.4.4.4444:::: Synthesis route towards polymer 5555. 

 
The branched UPy molecules required for polymers 2222-4444 are much better soluble and as a 
consequence do not allow for the straightforward purification by filtration of the isocyanate 
synthons. Therefore a different strategy was applied for the synthesis of the UPy polymers 2222-
4444. Starting from the isocytosines, the amine was activated using 1,1’-carbonyldiimidazole. 
Reaction with N-BOC 1,6-hexanediamine yielded molecules 13a13a13a13a----cccc. The BOC group was 
deprotected using a 1:1 mixture of TFA and DCM to yield the UPy-C6-amine precursors 14a14a14a14a----
cccc as the TFA salts. The UPy-C6-amine precursors were reacted with CDI activated N,N’-
poly(ethylene-butylene) bisamine in the presence of base to yield the desired polymers. 
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Figure Figure Figure Figure 4.4.4.4.5555:::: Synthesis route towards polymers 2222-4444. 

 
Polymers 1111-5555 were synthesized using the same batch of poly(ethylene-butylene) (Mn = 3500 
g/mol, PDI = 1.08) to ensure that the molecular weight and molecular weight distribution are 
similar for all polymers. The newly prepared polymers 1111----5555 were purified and obtained as 
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waxy to fibrous materials by precipitation from a chloroform solution into methanol or acetone 
followed by washing and drying. Molecular characterization by 1H NMR, 13C NMR and IR 
spectroscopy of all polymers confirmed the structures assigned and their high purity.  

4.2.34.2.34.2.34.2.3 Thermal properties of polymers 1Thermal properties of polymers 1Thermal properties of polymers 1Thermal properties of polymers 1----5555    

The thermal properties of polymers 1111-5555 
were studied by Differential Scanning 
Calorimetry (DSC) (Table 4.1). All 
polymers exhibited a Tg around -58 °C. In 
the first heating run, polymer 1111 and 2222 
showed two distinct melting transitions. 
Polymers 3333 and 4444 both showed one broad 
melting transition, where the melt 
transition of polymer 4444 was small and hard 
to distinguish. Polymer 5555 only revealed a 
small cold crystallization (Figure 4.6). 
None of the polymers showed any 
crystallization during cooling and a clear 
and significant decrease in crystallinity 
was observed in the second heating run for all polymers. Where polymer 1111 showed a rather 
fast recovery of the crystallinity in the second heating run, polymers 2222----5555 did not show an 
immediate reappearance of the melting endotherm upon reheating, not even when cooled to 
-80 °C. Since the molecular weights of the polymers are similar, this effect cannot be caused 
by the viscosity of the material, but should originate from the molecular differences in the UPy 
end-groups and hence from the way they aggregate. The melting and crystallization 
processes are proposed to be related to the nano-fiber formation (vide infra). Apparently, the 
nano-fiber formation is highly affected by changing the substituent at the 6-position of the 
isocytosine.   
 
Table Table Table Table 4.4.4.4.1111:::: Molecular weight and thermal properties of polymers 1111-5555. a Determined by GPC in THF 

versus poly(styrene) standards b First heating run, 5 K/min. c Second heating run, 10 K/min. *: A small 

cold crystallization and immediate melt was observed at 135 °C. 

 MMMMnnnn (g/mol) (g/mol) (g/mol) (g/mol)aaaa    PDIPDIPDIPDIaaaa    TTTTgggg (°C) (°C) (°C) (°C)cccc    TTTTmmmm (°C) (°C) (°C) (°C)bbbb    ∆H∆H∆H∆Hmmmm (J/g) (J/g) (J/g) (J/g)bbbb    TTTTmmmm (°C) (°C) (°C) (°C)cccc    ∆H∆H∆H∆Hmmmm (J/g) (J/g) (J/g) (J/g)cccc    

1111    
6016 1.11 -58.7  123.6; 

130.0 
9.332  122.5; 

128.9 
7.71 

2222    6618 1.07 -56.7 82.6; 95.7 6.98 - - 

3333    6815 1.12 -58.0 83.6 5.38 - - 

4444    6729 1.07 -57.9 81.0 0.09 - - 

5555    6430 1.13 -58.0 -* -* - - 

4.2.44.2.44.2.44.2.4 NanoNanoNanoNano----fiber crystallizationfiber crystallizationfiber crystallizationfiber crystallization    

To investigate the nano-fiber formation in more detail, their crystallization was studied as a 
function of time (Figure 4.7). After the first heating and cooling run, the polymers were 
annealed at 25 °C for an increasing amount of time after each subsequent run. In this way 
the crystallinity ∆Hm could be probed as a function of time. 

Figure Figure Figure Figure 4.4.4.4.6666:::: DSC traces (1st heating run, 5 K/min) of 

polymers 1111-5555. 
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Polymer 1111 showed almost immediate crystallization of the nano-fibers. Full crystallization of 
the nano-fibers took place within 5 hrs for polymer 1111. The ratio between the two melting 
transitions in 1111 proved to be sensitive to the cooling and heating rates.15 For polymer 2222, full 
recovery of the nano-fibers was obtained after 24 hours, where polymer 3333 took more than 3 
days to crystallize and a significant lag time of several hours was observed. Polymer 4 4 4 4 
showed hardly any crystallinity, not even after 5 days of annealing at 25 °C, while polymer 5555 
remained amorphous.  
 
 
 
 
 
 
 
 
 
 
 
 

Figure Figure Figure Figure 4.4.4.4.7777:::: Crystallization of the UPy-urea nano-fibers in time. (Lines are added to guide the eye.) 
 
Variable temperature AFM measurements were performed on films cast from CHCl3 to get 
more insight into the crystallization of the nano-fibers (Figure 4.8). The AFM phase-images 
showed a dark continuous phase representing the amorphous poly(ethylene-butylene) 
backbone and a light, fiber-like hard domain with diameters between 6-7 nm originating from 
the aggregated UPy-urea moieties.11a It is not directly evident that the UPy-urea nano-fibrillar 
hard domains are crystallized, but the regular nature of the AFM features of the polymers, 
together with the DSC data of these polymers, suggest that the nano-fibers are crystallized. 
The nano-fiber hard domains of polymers 1111-2222 appear more distinct and more densely packed 
compared to the nano-fibers of polymers 3333 and 4. 4. 4. 4. Polymer 4444 shows a bimodal distribution of 
UPy-urea motifs with long nano-fibers, on top of a phase-separated morphology. The AFM 
images for polymer 1111 after cooling from the melt showed the immediate recovery of the same 
nano-fibers, whereas polymer 2222 showed first a phase-separated state between the polar 
UPy-urea end groups and the apolar poly(ethylene-butylene) backbone, as it was also 
observed for polymers 3333 and 4444. Reappearance of the nano-fibers for polymer 2222 took place 
within 18 hours. Polymer 3333 showed reappearance of the fibers in 24 hours. Hardly any fibers 
were present on the surface of 4444, even not after 11 days.  
 
Both the AFM and DSC data are in agreement with the proposal that the UPy-urea end 
groups phase separate and crystallize into nano-fibers within the apolar poly(ethylene-
butylene) matrix. This crystallization, however, is highly affected by the substituent at the 6-
position of the UPy-unit. The nano-fibers show different melting points, ranging from 81-130 
°C. Crystallization of the nano-fibers at 25 °C after cooling from the melt showed a 
remarkable dependence on the substitiuent on the 6-position. Both the size of the substituent 
and the stereochemical constitution influence the rate of crystallization as well as the degree 
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of crystallization. For polymer 4444 it is almost impossible to become crystalline and the AFM 
images are in agreement with a phase-segregated morphology only.  
 

 (c) 

(e) 

(f) 

(g) 

(h) 

(i) 

(j) (b) (d) 

(a) 

 
Figure Figure Figure Figure 4.4.4.4.8888: : : : AFM phase images (500x500 nm) of polymer 1111 a) cast from CHCl3 b) directly after cooling 

from the melt; polymer 2222 c) cast from CHCl3, d) 40 minutes and e) 18 hours after cooling from the melt; 

polymer 3333 f) cast from CHCl3, g) 150 minutes and h) 22 hours after cooling from the melt; polymer 4444 i) 

cast from CHCl3 and j) 2 hours after cooling from the melt. Scale bar represents 100 nm. 

4.34.34.34.3 Aggregation processes at the molecular scaleAggregation processes at the molecular scaleAggregation processes at the molecular scaleAggregation processes at the molecular scale    
To elucidate which processes are involved at the molecular scale, and which one critically 
determines the nano-fiber formation, the aggregation behavior was investigated into more 
detail using the scattering techniques Small-Angle X-ray Scattering (SAXS) and Wide Angle 
X-ray Scattering (WAXS) and optical spectroscopy such as IR, UV-Vis and CD spectroscopy. 

4.3.14.3.14.3.14.3.1 XXXX----ray scatteringray scatteringray scatteringray scattering    

Temperature dependent SAXS and WAXS studies were performed on samples of polymers 
1111-4 4 4 4 to reveal the ordering of the nano-fibers and the order within the nano-fibers, 
respectively. Materials of polymers 1111-4444 were obtained by cooling from the melt and were 
annealed at room temperature for at least two weeks prior to the measurements. The 
changes in reflections upon heating above the melt temperature and subsequent cooling 
were first investigated by SAXS experiments (Figure 4.9). In the initial spectra, a correlation 
peak directly related to the inter-fiber distance was observed in all the polymers investigated 
(Table 4.2). Figure 4.9a shows the SAXS profiles for polymer 1111, revealing a d-spacing of 7.1 
nm before melting. Upon melting of the polymer, this correlation peak decreased in intensity 
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and sharpened, but did not disappear, indicative for phase separation in the molten state. 
Since the polymer backbone and the UPy-urea end groups are highly different in polarity, a 
polar disordered phase of UPy end-groups and an apolar poly(ethylene-butylene) phase are 
likely to phase separate in the melt. Phase separation in the melt is well-documented in 
literature for systems like poly(ethylene-butylene) block copolymers or telechelic 
supramolecular polymers.16 In the melt, the SAXS correlation peak shifted to larger q values, 
correlating to shorter distances. A correlation length of about 6.3 nm was found in the molten 
state of polymer 1111. Upon cooling from the melt, the correlation peak shifted back to lower q 
values. During room temperature annealing, the SAXS peak further shifted to lower q-values 
and a clear asymmetric broadening of the peak was observed. This is an indication that 
objects with a larger radius develop upon annealing, which is related to the aggregation of 
the UPy-urea end-groups into the nano-fibers. This behavior was confirmed for polymers 2222 
and 3333, which showed the same trend upon heating and subsequent cooling. The major 
difference between each polymer is the time needed for the broadening and shift to occur 
upon cooling, which is consistent with the different crystallization rates of the polymers. 
Polymer 4444 did not show any subsequent peak shift and peak broadening after cooling from 
the melt, again illustrating its hampered crystallization from the melt (Figure 4.9). 
 
Table Table Table Table 4.4.4.4.2222:::: X-ray scattering parameters obtained from polymers 1111-4444. a data derived from SAXS peak 

position and SAXS peak broadening. Gaussian fit. b data derived from WAXS peak position. * poor 

quality fit using a Gaussian equation. A different structural situation is possible for polymer 4444. 

 
Information about the internal structure of the nano-fibers was obtained by WAXS (Figure 
4.9). Although the WAXS profiles of all the polymers were dominated by a broad halo due to 
the amorphous PEB structure, a weak reflection could be observed at q ≈ 13.8 nm-1. The 
latter corresponds to a distance of about 0.455 nm, which corresponds well with the hydrogen 
bonding distance found in supramolecular bisurea polymers12a and is therefore expected to 
originate from the urea hydrogen bonds. Surprisingly, a second reflection was observed 
corresponding to a distance of around 1 nm, which increased with increasing substituent size 
(Table 4.2). The sharpening of the WAXS reflections disappeared upon melting the polymer 
and reappeared upon crystallization of the nano-fibers.   

 dddd----spacing spacing spacing spacing 

at 25 °C at 25 °C at 25 °C at 25 °C 

(nm)(nm)(nm)(nm)aaaa    

Peak half Peak half Peak half Peak half 

wiwiwiwiddddth at 25 th at 25 th at 25 th at 25 

°C°C°C°Caaaa    

dddd----spacing spacing spacing spacing in in in in 

meltmeltmeltmelt (nm) (nm) (nm) (nm)aaaa    

Peak half Peak half Peak half Peak half 

wiwiwiwiddddth in th in th in th in 

meltmeltmeltmeltaaaa    

Stack to Stack to Stack to Stack to 

stack stack stack stack 

distance distance distance distance 

(nm)(nm)(nm)(nm)bbbb    

Hydrogen Hydrogen Hydrogen Hydrogen 

bonding bonding bonding bonding 

distance distance distance distance 

(nm)(nm)(nm)(nm)bbbb    

1111    7.1 1.11 6.3 0.011 1.0 0.455 

2222    6.7 1.07 6.4 0.012 1.4 0.457 

3333    6.6 1.12 6.5 0.014 1.2 0.453 

4444    6.9 1.07 6.7 0.012* 1.2 0.456 
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Figure Figure Figure Figure 4.4.4.4.9999:::: SAXS profiles of polymers (a) 1111, (b) 2222, (c) 3333 and (d) 4444. WAXS profiles (e) of polymers 1111-4444 at 

25 °C and (f) temperature dependent WAXS profiles of polymer 2222. WAXS profiles are shifted vertically 

for clarity. 

4.3.24.3.24.3.24.3.2 Stack to stack interactionsStack to stack interactionsStack to stack interactionsStack to stack interactions    

The increase in distance of the 1 nm reflection upon increasing size of the substituent on the 
6-position prompted us to investigate the origin of this reflection. The obtained results were 
compared to a published single-crystal structure of a methyl-UPy derivative.13d The in-plane 
neighboring UPy dimer distance of the UPy alkylidene proton to the pyrimidinone carboxylate 
of its neighboring dimer measures 1 nm (Figure 4.10). Recent literature describing this 
reflection in UPy supramolecular polymers also hints towards the existence of this 
interaction.17 Other crystal structures are available that confirm the capability of cytosine 
alkene protons to intermolecularly interact with carbonyl moieties of neighboring cytosine 
molecules.18 If the UPy dimers are stacked in polymer 1111, this 1 nm distance corresponds to 

(a)  Polymer 1111 (b)  Polymer 2222 

(c)  Polymer 3333 (d)  Polymer 4444 

(e) (f)  Polymer 1111    
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the stack-to-stack distance within an aggregated nano-fiber. Since, the stack-to-stack 
distance in the nano-fibers observed with WAXS depends on the substituent type of the UPy, 
this substituent is expected to be placed in between the stacks. This proposal can also 
explain the reduced rate of crystallization of the polymers with sterically demanding 
substituents at the 6-position. 

 

 

Figure Figure Figure Figure 4.4.4.4.10101010: : : : a) Proposed inter-stack interaction, b) 5,6-Dimethyl-UPy-urea polymer 5555, c) AFM phase 

image (500x500 nm) of polymer 5555 when cast from chloroform. Scale bar represents 100 nm.  

 
To confirm the importance of the inter-stack interaction for nano-fiber formation, 
poly(ethylene-butylene) polymer 5555 was studied, which has an additional methyl group at the 
5-position of the UPy to hamper this interaction. Indeed, no nano-fibers could be observed 
with AFM, but a phase-separated morphology was obtained (Figure 4.10c), which is in 
agreement with the lack of a melt transition in the DSC of polymer 5555 (vide supra). Infrared 
spectroscopy revealed a significantly different UPy isocytosine carbonyl vibration for 
molecule 5555 (1697 cm-1) compared to polymer 1111 (1702 cm-1) which could suggest different 
hydrogen bonding of the carbonyl. This shows that the interaction of the UPy alkylidene 
proton with the pyrimidinone carboxylate of its neighboring dimer is of high importance for the 
nano-fiber crystallization.  

4.44.44.44.4 Aggregation followedAggregation followedAggregation followedAggregation followed by spectroscopy by spectroscopy by spectroscopy by spectroscopy    
Variable temperature infrared (IR) studies of the polymers in the solid phase using the 
reflection mode were performed to investigate the aggregation processes. Despite the fact 
that the UPy-motif can exist in several different tautomers, analysis at room temperature 
showed the 4[1H]-pyrimidinone tautomer to be present in all polymers, with only minor 
changes in the characteristic UPy vibrations (1702 and 1668 cm-1) upon heating.13d The 
vibration at 1626 cm-1 present in the starting spectrum of polymer 1111 is attributed to the 
strongly hydrogen bonded urea carbonyls,19 which shifts to higher wave numbers at 140 °C. 
This indicates the loss of urea hydrogen bonding and hence the loss of stacking. When 
cooling from the melt, polymer 1111 clearly showed the immediate return of the vibration at 1630 
cm-1 (Figure 4.11). For polymer 2222 the reappearance of the 1630 cm-1 vibration directly after 
cooling is less clearly pronounced, where for polymer 3333 hardly any hydrogen bonding of the 
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urea could be observed upon cooling, although it was present in the starting spectrum (see 
Appendix). For polymer 4444 no vibration corresponding to the strongly hydrogen bonded urea 
could be observed both before and after cooling from the melt. Apparently, urea hydrogen 
bonding and hence stack formation coincides with nano-fiber crystallization. Again, an 
irregular and large substituent on the UPy unit at the 6-position hinders the UPy-urea motif to 
orient in such fashion that it allows for tight urea hydrogen bonding, which is essential for 
nano-fiber formation.  

      
Figure Figure Figure Figure 4.4.4.4.11111111:::: Infrared cooling curves of polymers 1111 (a) and 3333 (b). 

 
Finally, the optical properties of the polymers were used to study the melting and 
crystallization of thin solid polymer films. All polymers at room temperature and before 
melting possess the characteristic absorptions at 212 and a shoulder at 240 nm of the dimers 
of the UPy 4-[1H] tautomers. The absorption at 290 nm in the melt of all polymers is 
characteristic for the presence of the monomeric UPy 6-[1H] tautomers.20 The reappearance 
of the starting UV spectrum upon cooling followed the time-dependent crystallization 
behavior, with blue-shifted absorptions in-between. In Figure 4.12, the temperature- and 
time-dependent UV-VIS spectra of polymer 2222 are presented as an example. Upon heating of 
polymer 2222, the UV-Vis spectra showed a distinct decrease in the absorption at 212 nm, which 
shifted to 209 nm in the melt and is accompanied with a new absorption at 290 nm. From 
calculations it is known that the monomeric UPy 6-[1H] tautomer absorbs around 290 nm, 
indicating that some of the UPy-UPy hydrogen bonds are broken in the melt. Upon cooling, 
the absorption at 209 nm was further blue-shifted to 206 nm. The absorption at 290 nm 
disappeared, indicating the rearrangement into the self-complementary 4-[1H] tautomer. 
Annealing of the film at 25 °C resulted in a red shift of the absorption maximum from 206 
back to 212 nm and an increase in magnitude within 24 hours. DSC showed the 
crystallization of the fibers to occur in time, but the aggregation into single stacks occurred 
fast according to IR. This shows that there are different optical properties for the stack and 
the nano-fibers. 
UV-Vis spectra of films of polymer 1 1 1 1 and 3333 showed the appearance of the absorption around 
290 nm and a decrease in absorbance at 209 nm upon heating. This absorbance was slightly 
shifted to 206 nm upon cooling, which was accompanied with the disappearance of the 
absorption at 290 nm (See Appendix). On annealing at 25°C, the absorption at 206 nm 
shifted back to 209 nm and increased in magnitude. However, the time needed for the 
absorbance to return to its original position and the absorbance to increase varies with the 



Chapter 4 

 70 

substituent. For polymer 1111, this process is completed within 5 hours, where for polymer 3333 it 
took multiple days. Polymer 4444 showed a decrease in absorption at 209 nm and the 
appearance of an absorbance at 290 nm upon heating. When cooling, the absorbance at 290 
decreased and at 209 nm increased. In contrary to polymers 1111-3333, no changes upon annealing 
at 25 °C were observed for polymer 4444 (see Appendix). This indicates that the shift and 
hyperchromicity of the absorption maxima upon annealing at 25 °C is caused by the 
aggregation into stacks and subsequent crystallization into nano-fibers. The observed 
absorption at 290 nm in the melt for all polymers shows that some of the UPy-urea 
aggregates disassemble to monomeric 6-[1H] UPy tautomers upon melting.  
 

   

Figure Figure Figure Figure 4.4.4.4.12121212:::: UV-Vis spectra of polymer 2222 upon melting (a), subsequent cooling (b) and 
annealing at 25 °C (c). 
 
Polymers 2222 and 3333 are chiral since they comprise optically pure substituents. Therefore, these 
polymers were used to study the possible formation of aggregates with a preferred 
handedness. CD spectroscopy of polymer films of 2222 indeed showed a Cotton effect, which 
disappeared upon melting of the polymer (Figure 4.13). Upon cooling from the melt, the 
Cotton effect reappeared within one hour. The magnitude and shape were identical, but blue 
shifted compared to the spectrum before melt. In time and during annealing of the film at 25 
°C the Cotton effect shifted and returned to its original position. This fully corresponds with 
the behavior as observed with UV-vis spectroscopy described above. Remarkably, polymer 3333 
did not exhibit a Cotton effect, not when the films were more than two weeks old. Obviously,  
 

    

Figure Figure Figure Figure 4.4.4.4.13131313:::: CD spectroscopy images of films of polymer 2222 at room temperature and in the 
melt (a) and when annealing at room temperature after melt (b). 
 

(a) (b) (c) 

(a) (b) 
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polymer 1 1 1 1 and 4444 were CD silent. The presence of a clear Cotton effect in polymer 2222 directly 
after cooling and before crystallization sets in, suggest the presence of ordered stacks with a 
preferred handedness before the nano-fibers are formed. The absence of a clear Cotton 
effect in polymer 3333 can be due to the close proximity of the stereocenter (i.e. branching) to 
the UPy group, which may prevent stacking in a preferred handedness, thereby giving no 
Cotton effect. 

4.54.54.54.5 Discussion and conclusionsDiscussion and conclusionsDiscussion and conclusionsDiscussion and conclusions    
The aggregation behavior of UPy-urea poly(ethylene-butylene) telechelic polymers 1111-4444 is the 
result of UPy-UPy dimer formation by quadruple hydrogen bonding, lateral interactions of 
urea hydrogen bonds and subsequent weak interactions between stacks as illustrated in 
Figure 4.1. The presence of a substituent at the 5-positions hampers the interaction between 
stacks and hence nano-fiber formation. The size of the substituent at the 6-position 
determines the distance between the stacks and the rate of crystallization of the polymers 
upon cooling from the melt (Figure 4.14). The crystallization of the polymers is assigned to 
the formation of highly ordered nano-fibers with high aspects ratios. In the nano-fiber, the 
UPy substituent (green) is in between the UPy (blue) urea (red) stacks. 
 
 
 
 
 
 
 
 
 
 
 
Figure Figure Figure Figure 4.4.4.4.14141414: : : : Schematic representation of a nanofiber. Right: Schematic top view of the nano-fiber. 

 
This hypothesis of structure formation in supramolecular thermoplastic elastomers was only 
possible by using a series of different analytical techniques. No single technique afforded the 
full picture, but they all showed the same trends in their temperature and time-dependent 
measurements. Therefore, the full picture emerged from combining parts of the puzzle 
obtained by the individual techniques. The exact number of stacks within a nano-fiber could 
not be determined by any technique, but from the diameter of 6-7 nm as obtained with AFM 
the maximum number of stacks can be estimated to be around 4. Whether the stacks and/or 
nano-fibers exhibit a helical twist could only be demonstrated with CD spectroscopy for 
polymer 2.2.2.2. Finally, this study clearly demonstrates the subtle interplay between molecular 
structure and self-assembly behavior. Therefore, great care has to be taken to describe the 
difference of supramolecular structures formed from molecules with small molecular 
differences. 

4.64.64.64.6 Experimental sectionExperimental sectionExperimental sectionExperimental section    
MaterialsMaterialsMaterialsMaterials – All reagents and solvents were purchased from commercial sources and used as received 
unless otherwise noted. Chloroform and ethyl acetate were dried over 4Å molsieves for at least 1 day. 

 



Chapter 4 

 72 

Triethylamine was dried over KOH pellets. Dry dichloromethane was distilled over P2O5, dry THF was 
distilled over 4Å molsieves. PEB-bisamine3500,

11a 2(6-isocyanatohexylaminocarbonylamino)-6-methyl-
4[1H]pyrimidinone5 and 2-amino-6-(1-ethylpentyl)-4[1H]-pyrimidinone13d were synthesized according to 
literature procedures. 
 
InstrumentationInstrumentationInstrumentationInstrumentation – 1H NMR and 13C NMR spectra were recorded on a 400 MHz NMR (Varian Mercury, 
400 MHz for 1H NMR and 100 MHz for 13C NMR). Proton chemical shifts are reported in ppm downfield 
from tetramethylsilane (TMS). The splitting patterns are designated as: b, broad; s, singlet; d, doublet; 
dd, double doublet; t, triplet; q, quartet; sep, septet; m, multiplet. Carbon chemical shifts are reported 
downfield from TMS using the resonance of the deuterated solvent as the internal standard. Matrix 
assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectra were obtained using a 
PerSeptive Biosystems Voyager-DE PRO spectrometer using an acid α-cyanohydroxycinnamic acid 
(CHCA) or a neutral 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) 
matrix. Elemental analysis was performed on a Perkin Elmer 2400 series II CHNS/O Analyzer. GPC 
was measured on a Shimadzu LC-10DVP system with a Shimadzu RID-10A detector and a PLgel 5-
µm mixed-D column with THF as the eluent (flow rate: 1 mL/min) and poly(styrene) standards for the 
calibration. Fourier Transform Infrared (FTIR) spectra for analysis at room temperature were recorded 
on a Perkin Elmer Spectrum One FT-IR spectrometer with a Universal ATR Sampling Accessory 
 
Differential Scanning CalorimetryDifferential Scanning CalorimetryDifferential Scanning CalorimetryDifferential Scanning Calorimetry - Differential Scanning Calorimetry (DSC) measurements were 
performed on a Thermal Advantage Q2000 apparatus between -80 and 150 °C at a rate of 10 K/min 
with a sample weight of 5-10 mg. For monitoring the nano-fiber formation, the samples were heated 10 
°C above the melting point and cooled back to 25 °C at 10 K/min and annealed for the given time prior 
to reheating. To exclude the influence of possible thermal degradation, the materials were molten for a 
maximum of three times in a single experiment, after which a fresh batch of material was used for the 
additional experiments. Integration of the melting endotherm was performed with the TA Instruments 
Universal Analysis software. 
    
Variable Temperature Atomic Force Microscopy Variable Temperature Atomic Force Microscopy Variable Temperature Atomic Force Microscopy Variable Temperature Atomic Force Microscopy ---- Atomic Force Microscopy (AFM) measurements 
were performed on a Digital Instrument Multimode Nanoscope IV operating in the tapping mode using 
silicon cantilever tips (PPP-NCH-50, 204-497 kHz, 10-130 N/m). Polymer films were made by casting a 
few drops of a 1 mg/mL solution in chloroform on glass cover slips cleaned with DCM and acetone and 
were subsequently allowed to evaporation to air for at least 1 hour, followed by annealing in vacuo 
overnight at 40 °C. The polymer films were annealed at room temperature for at least one week prior to 
measurements. 
    
SpectroscopySpectroscopySpectroscopySpectroscopy - Variable temperature infrared spectroscopy was performed on an Excalibur FTS 3000 
MX equipped with a Golden Gate ATR setup with a resolution of 2 cm-1. 50 Scans were accumulated 
after equilibrating for 2 minutes at the set temperature. The solid polymer films were made by 
dissolving the polymer in chloroform and evaporation to air for 4 hours, followed by annealing in vacuo 
over night at 40 °C. The polymer films were annealed at room temperature for at least one week prior 
to measurements.    
Circulair dichroism (CD) spectra were recorded on a Jasco J815 spectrometer equipped with a Linkam 
hotstage. Polymers 1111-4444 were spin cast from a 40 mg/mL solution in chloroform at 2000 rpm onto quartz 
glass slides to yield polymer films of approximately 500 nm thick. The samples were allowed to 
equilibrate at the set temperature for 2 minutes prior to the measurement. 3 Scans were accumulated 
at a scanning speed of 20 nm/min. 
UV-vis absorption spectra were    recorded on a Perkin-Elmer Lambda 900 spectrometer equipped with 
a Linkam hotstage. Measurements were performed as with CD spectroscopy. 
    
XXXX----rrrray Scatteringay Scatteringay Scatteringay Scattering - Small-Angle X-ray Scattering (SAXS) and Wide-Angle X-ray Scattering (WAXS) 
experiments were performed on molten samples of at least two weeks old at the DUBBLE beamline 
(BM26B) at the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). The data were 
collected using a 2D multiwire gas-filled detector with pixel array dimensions of 512 x 512. The pixel 
size was 260 x 260 µm2. The SAXS detector was positioned at 3 m from the sample and the q-scale 
was calibrated using the position of diffracted peaks from a standard silver behenate powder. The 
exposure time for each sample was varied from 30 to 60 s and a wavelength of 1.24 Å was used. The 
WAXS data were acquired using a Photonic Science CCD camera with pixel dimension of 22 µm2 and 
with a sample-to-detector distance of 95mm. The experimental data were corrected for background 
scattering, i.e., subtraction of instrumental errors. The SAXS and WAXS scattered intensities were 
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integrated after background subtraction and plotted against the scattering vector, q = (4π/λ)sinθ where 
2θ is the scattering angle. 
 
SynthesisSynthesisSynthesisSynthesis    
 
3(3(3(3(SSSS),7),7),7),7----DimethylDimethylDimethylDimethyl----octanol (octanol (octanol (octanol (6a6a6a6a))))    
3(S),7-Dimethyl-6-octen-1-ol (17.50 g, 112 mmol) was dissolved in ethyl acetate (100 mL) and purged 
with nitrogen for 15 minutes. Hydrogenation was performed using a Parr-apparatus with Pd/C (1.03 g) 
as the catalyst and a constant hydrogen pressure of 70 lbs/inch2 with continuous shaking for 7 h. 
Filtration over celite and removal of the solvent in vacuo yielded the product as a colourless oil (13.99 
g, 88.4 mmol, 79 % yield).  
1H NMR (CDCl3): δ = 3.67 (m, 2H), 1.61-1.10 (m, 11H), 0.88 (d, 3H), 0.86 (d, 6H). 

13C NMR (CDCl3): δ 
= 61.2, 40.0, 39.2, 37.4, 29.5, 28.0, 24.7, 22.7, 22.6, 19.6. FT-IR ν (cm-1) =  3322, 2954, 2926, 2870, 
1464, 1383, 1367, 1053, 1010, 967. 
 
3(3(3(3(SSSS),7),7),7),7----DimethylDimethylDimethylDimethyl----octanoic acioctanoic acioctanoic acioctanoic acid (d (d (d (7a7a7a7a))))    
Periodic acid (34.53 g, 151.5 mmol, 2 eq) was dissolved in acetonitrile (500 mL) and cooled on an ice 
bath. 3(S),7-Dimethyl-octanol 6a6a6a6a (9.99 g, 63.1 mmol) was dissolved in acetonitrile (100 mL) and added 
dropwise.  Pyridinium chlorochromate (0.277g, 1.3 mmol, 0.02 eq) was added and stirred on an ice 
bath for 15 min and subsequently stirred at room temperature for 3 h. The solids were removed by 
filtration, the solvent was removed in vacuo and the residual oil was dissolved in ethyl acetate (500 
mL). The organic layer was extracted with H2O:brine (1:1 v/v,  400 mL), saturated NaHSO3 (500 mL), 
brine (500 mL), dried over MgSO4 and evaporated in vacuo. The oil was distilled using a Kugelrohr 
setup at 1.6 mbar pressure and 130 °C to yield the pure product as a yellow oil (8.19g, 47.55 mmol, 
75% yield).  
1H NMR (CDCl3): δ = 2.35 (dd, 1H), 2.14 (dd, 1H), 1.95 (m, 1H), 1.52 (sep, 1H), 1.34-1.12 (m, 6H), 
0.96 (d, 3H), 0.86 (d, 6H). 13C NMR (CDCl3): δ = 179.7, 41.6, 39.0, 36.9, 30.1, 27.9, 24.6, 22.6, 22.5, 
19.7. FT-IR ν (cm-1) = 2955, 2928, 2871, 2678, 1705, 1463, 1411, 1384, 1367, 1293, 1220, 1184, 936. 
2(2(2(2(SSSS))))----MethylMethylMethylMethyl----butyric acid (butyric acid (butyric acid (butyric acid (7b7b7b7b))))    
The synthesis was performed as described for 7a7a7a7a. Due to the high volatility of the product, solvent 
removal in vacuo was performed without heating. The oil was distilled using a Kugelrohr setup at 20 
mbar pressure and 95 °C to yield the pure product as a colourless oil. Yield: 44%.  
1H NMR (CDCl3): δ = 2.38 (m, 1H), 1.70 (m, 1H), 1.49 (m, 1H), 1.16 (d, 3H), 0.93 (t, 3H). 

13C NMR 
(CDCl3): δ = 183.3, 40.6, 26.5, 16.3, 11.5. FT-IR ν (cm

-1) = 2970, 2939, 2880, 2651, 1703, 1465, 1417, 
1297, 1280, 1229, 941. 
 
3(3(3(3(SSSS),7),7),7),7----DimethylDimethylDimethylDimethyl----octanoic acid chloride (octanoic acid chloride (octanoic acid chloride (octanoic acid chloride (8a8a8a8a))))    
3(S),7-Dimethyl-octanoic acid 7a7a7a7a (8.15 g, 47.3 mmol) was dissolved in dry dichloromethane (90 mL) 
and cooled on an ice bath. A solution of oxalylchloride (4.8 mL, 56.7 mmol, 1.2 eq) in dry 
dichloromethane (60 mL) was added dropwise and stirred for an additional 15 min under an argon 
atmosphere. The solution was stirred at room temperature for 4 h, after which the soltution was 
evaporated in vacuo to yield the product as a yellow oil (8.95 g, 46.9 mmol, 99% yield).  
1H NMR (CDCl3): δ = 2.87 (dd, 1H), 2.67 (dd, 1H), 2.06 (m, 1H), 1.53 (sep, 1H), 1.34-1.12 (m, 6H), 
0.99 (d, 3H), 0.86 (d, 6H). 13C NMR (CDCl3): δ = 173.2, 54.2, 38.8, 36.3, 30.7, 27.9, 24.5, 22.6, 22.5, 
19.2. FT-IR ν (cm-1) = 2956, 2930, 2871, 1798, 1464, 1385, 1367, 1135, 985, 929. 
2(2(2(2(SSSS))))----MethylMethylMethylMethyl----butyric acid chloride (butyric acid chloride (butyric acid chloride (butyric acid chloride (8b8b8b8b))))    
The synthesis was performed as described for 8888aaaa. The product was evaporated in vacuo on an ice 
bath. Yield: 99% 
1H NMR (CDCl3): δ = 2.81 (m, 1H), 1.82 (m, 1H), 1.62 (m, 1H), 1.28 (d, 3H), 0.98 (t, 3H). 

13C NMR 
(CDCl3): δ = 177.7, 52.9, 26.5, 16.5, 11.1. FT-IR ν (cm

-1) = 2956, 2930, 2871, 1798, 1464, 1385, 1367, 
1135, 985, 929. 
 
5(5(5(5(SSSS),9),9),9),9----DimethylDimethylDimethylDimethyl----3333----oxooxooxooxo----decanoic acid ethyl ester (decanoic acid ethyl ester (decanoic acid ethyl ester (decanoic acid ethyl ester (9a9a9a9a))))    
Potassium ethyl malonate (10.30g, 60.5 mmol, 1.4 eq) was dissolved in dry ethyl acetate (100 mL) 
under an argon atmposphere. The mixture was cooled on an ice bath and anhydrous magnesium 
chloride (4.86g, 51.2 mmol, 1.2 eq) and dry triethylamine (15 mL, 107.6 mmol, 2.5 eq) were added. 
The mixture was stirred at 35 °C under an argon atmosphere for 6 h, after which the mixture was 
cooled on an ice bath. A solution of 3(S),7-dimethyl-octanoic acid chloride 8a8a8a8a (8.95 g, 46.9 mmol) in 
dry ethyl acetate (40 mL) was added dropwise and the mixture was stirred at room temperature under 
an argon atmosphere over night. The mixture was cooled on an ice bath and 120 mL 13% HCl was 
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added dropwise. The aqueous layers were separated and extracted with chloroform:ethyl acetate (1:1 
v/v, 60 mL) and the combined organic layer was extracted with 13% HCl (2x60 mL), H2O (60 mL), 
brine (60 mL), 5 wt% KHCO3 (3x60 mL), brine (60 mL), dried over MgSO4 and evaporated in vacuo to 
yield the product as a yellow oil (9.96 g, 41.1 mmol, 88% yield). 
1H NMR (CDCl3): δ = 4.19 (q, 2H), 3.41 (s, 2H), 2.51 (dd, 1H), 2.33 (dd, 1H), 2.00 (m, 1H), 1.52 (sep, 
1H), 1.34-1.09 (m, 9H), 0.89 (d, 3H), 0.85 (d, 6H). 13C NMR (CDCl3): δ = 202.7, 167.2, 61.3, 50.4, 49.8, 
39.0, 37.0, 36.9, 29.0, 27.9, 24.6, 22.6, 22.5, 19.7, 14.1. FT-IR ν (cm-1) = 2955, 2929, 2871, 1742, 
1716, 1651, 1465, 1411, 1384, 1367, 1315, 1233, 1150, 1096, 1030. 
4(4(4(4(SSSS))))----MethylMethylMethylMethyl----3333----oxooxooxooxo----hexanoic acid ethyl ester (9bhexanoic acid ethyl ester (9bhexanoic acid ethyl ester (9bhexanoic acid ethyl ester (9b))))    
The synthesis and purificantion were performed as described for 9999aaaa. The product was obtained as a 
yellow oil. Yield: 70% 
1H NMR (CDCl3): δ = 4.18 (q, 2H), 3.46 (s, 2H), 2.57 (m, 1H), 1.71 (m, 1H), 1.41 (m, 1H), 1.27 (t, 3H), 
1.09 (d, 3H), 0.89 (t, 3H). 13C NMR (CDCl3): δ = 206.4, 167.3, 61.3, 48.1, 47.7, 25.6, 15.4, 14.1, 11.4. 
FT-IR ν (cm-1) = 2971, 2938, 2879, 1743, 1713, 1647, 1626, 1463, 1411, 1368, 1309, 1231, 1178, 
1153, 1032. 
 
2222----AminoAminoAminoAmino----6666----(2((2((2((2(SSSS),6),6),6),6----dimethylheptyl)dimethylheptyl)dimethylheptyl)dimethylheptyl)----4[1H]4[1H]4[1H]4[1H]----pyrimidinone (1pyrimidinone (1pyrimidinone (1pyrimidinone (10a0a0a0a))))    
5(S),9-Dimethyl-3-oxo-decanoic acid ethyl ester 9a9a9a9a (9.58 g, 39.5 mmol), guanidine carbonate (5.21 g, 
57.9 mmol, 1.3 eq) and potassium tert-butoxide (4.55 g, 40.5 mmol, 1eq) were dissolved in ethanol 
(140 mL) and stirred at reflux for 3 days. The solvent was removed in vacuo and the residue was 
dissolved in chloroform (250 mL) and extracted with 10 wt% citric acid (2x100 mL) saturated NaHCO3 
(2x150 mL), brine (2x150 mL), dried over MgSO4 and evaporated in vacuo. The solid was further 
purified by column chromatography (SiO2, CHCl3:MeOH 100:0 to 95:5 v/v) to yield the product as a 
pale yellow solid (5.03 g, 21.2 mmol, 54% yield). [α]D = -1.73 (0.015 g/mL in CHCl3/MeOH 95/5) 
1H NMR (CDCl3): δ = 6.6 (bs, 3H), 5.58 (s, 1H), 2.39 (dd, 1H), 2.12 (dd, 1H), 1.84 (m, 1H), 1.50 (sep, 
1H), 1.34-1.10 (m, 6H), 0.87 (d, 3H), 0.85 (d, 6H). 13C NMR (CDCl3 + MeOD): δ = 168.4, 155.8, 101.8, 
43.4, 38.9, 36.8, 32.1, 27.7, 24.5, 22.4, 22.2, 19.0. FT-IR ν (cm-1) = 3367, 3105, 2955, 2927, 2869, 
2700, 1673, 1655, 1635, 1615, 1548, 1463, 1394, 1201, 1116, 974, 919. ESI-MS Calculated mass: 
237.35 g/mol. Measured mass: m/z = 238.3 [MH+]. Elemental analysis: Calculated: C: 65.79%, N: 
17.70%, H: 9.77%. Measured: C: 65.75%, N: 17.58%, H: 9.72%.  
2222----AminoAminoAminoAmino----6666----(1((1((1((1(SSSS))))----methylpropyl)methylpropyl)methylpropyl)methylpropyl)----4[1H]4[1H]4[1H]4[1H]----pyrimidinone (1pyrimidinone (1pyrimidinone (1pyrimidinone (10b0b0b0b))))    
The synthesis was performed as described for 10101010aaaa. The solid was purified by column chromatography 
(SiO2, CHCl3:MeOH 90:10 to 80:20 v/v) to yield the product as a pale yellow solid. Yield: 79%  [α]D = 
+6.31 (0.02 g/mL in CHCl3/MeOH 95/5) 
1H NMR (CDCl3): δ = 6.89 (bs, 3H), 5.60 (s, 1H), 2.36 (m, 1H), 1.61 (m, 1H), 1.49 (m, 1H), 1.16 (d, 3H), 
0.86 (t, 3H). 13C NMR (CDCl3): δ = 170.0, 156.4, 99.9, 28.2, 16.7, 11.7. FT-IR ν (cm

-1) = 3315, 3096, 
2964, 2932, 2875, 2734, 1643, 1608, 1514, 1462, 1379, 1345, 982. ESI-MS Calculated mass: 167.21 
g/mol. Measured mass: m/z = 168.17 [MH+]. Elemental analysis: Calculated: C: 57.47%, N: 25.13%, H: 
7.84%. Measured: C: 55.55%, N: 23.55%, H: 7.53%. 
 
2222----(1(1(1(1----Imidazolylcarbonylamino)Imidazolylcarbonylamino)Imidazolylcarbonylamino)Imidazolylcarbonylamino)----6666----(2((2((2((2(SSSS),6),6),6),6----dimethylheptyldimethylheptyldimethylheptyldimethylheptyl----4[1H]4[1H]4[1H]4[1H]----pyrimidinone (1pyrimidinone (1pyrimidinone (1pyrimidinone (12a2a2a2a))))    
2-Amino-6-(2(S),6-dimethylheptyl)-4[1H]-pyrimidinone 11110a0a0a0a (1.99 g, 8.36 mmol) and 1,1’-
carbonyldiimidazole (2.06 g, 12.7 mmol, 1.5 eq) were dissolved in dry chloroform (25 mL) and stirred 
at room temperature under an argon atmosphere for 4 h. Chloroform (25 mL) was added and extracted 
with H2O (40 mL). The aqueous layer was extracted with chloroform (20 mL) and the combined organic 
layer was extracted with brine (30 mL), dried over Na2SO4 and evaporated in vacuo to yield the 
product as a pale yellow solid (2.50 g, 7.54 mmol, 90% yield). 
1H NMR (CDCl3): δ = 8.85 (s, 1H), 7.65 (s, 1H), 7.03 (s, 1H), 5.79 (s, 1H), 2.63 (dd, 1H), 2.43 (dd, 1H), 
1.96 (m, 1H), 1.52 (sep, 1H), 1.44-1.13 (m, 6H), 1.01 (d, 3H), 0.86 (d, 6H). 13C NMR (CDCl3): δ = 
160.7, 157.2, 156.7, 137.9, 127.9, 117.6, 105.0, 40.6, 39.0, 36.8, 32.3, 27.9, 24.5, 22.6, 22.5, 19.2. FT-
IR ν (cm-1) = 3165, 2955, 2928, 2869, 2655, 1702, 1651, 1607, 1469, 1371, 1320, 1279, 1227, 1094, 
1063, 989. MALDI-TOF-MS: Calculated mass: 331.42 g/mol. Measured mass: m/z = 238.29 [Mfragment], 
264.35 [Mfragment], 332.39 [MH

+], 497.58 [2Mfragment + Na
+]. 

2222----(1(1(1(1----ImidazolylcarbonylamImidazolylcarbonylamImidazolylcarbonylamImidazolylcarbonylamino)ino)ino)ino)----6666----(1((1((1((1(SSSS))))----methylpropyl)methylpropyl)methylpropyl)methylpropyl)----4[1H]4[1H]4[1H]4[1H]----pyrimidinone (pyrimidinone (pyrimidinone (pyrimidinone (12b12b12b12b))))    
The synthesis and purification were performed as described for 12121212aaaa. The product was obtained as a 
white solid. Yield: 93% 
1H NMR (CDCl3): δ = 8.82 (s, 1H), 7.64 (s, 1H), 7.05 (s, 1H), 5.83 (s, 1H), 2.72 (m, 1H), 1.79 (m, 1H), 
1.69 (m, 1H), 1.35 (d, 3H), 1.00 (t, 3H). 13C NMR (CDCl3): δ = 161.1, 160.5, 157.4, 156.8, 137.9, 128.1, 
117.6, 102.7, 38.8, 27.8, 18.2, 11.5. FT-IR ν (cm-1) = 3165, 3139, 3116, 2960, 2874, 2733, 2645, 1687, 
1646, 1610, 1471, 1379, 1337, 1322, 1292, 1233, 1069. MALDI-TOF-MS: Calculated mass: 261.29 
g/mol. Measured mass: m/z = 262.00 [MH+], 357.09 [2Mfragment + Na

+] 
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2222----(1(1(1(1----Imidazolylcarbonylamino)Imidazolylcarbonylamino)Imidazolylcarbonylamino)Imidazolylcarbonylamino)----6666----(1(1(1(1----ethylpentyl)ethylpentyl)ethylpentyl)ethylpentyl)----4[1H]4[1H]4[1H]4[1H]----pyrimidinone (pyrimidinone (pyrimidinone (pyrimidinone (12c12c12c12c))))    
The synthesis and purification were performed as described for 12121212aaaa. The product was obtained as a 
white solid. Yield: 86% 
1H NMR (CDCl3): δ = 8.83 (s, 1H), 7.64 (s, 1H), 7.06 (s, 1H), 5.82 (s, 1H), 2.54 (m, 1H), 1.79 (m, 4H), 
1.30 (m, 1H), 0.97-0.83 (m, 6H). 13C NMR (CDCl3): δ = 161.2, 159.4, 157.5, 156.7, 137.9, 128.2, 
117.5, 104.0. FT-IR ν (cm-1) = 3161, 2960, 2932, 2873, 2734, 1699, 1634, 1602, 1465, 1421, 1370, 
1309, 1280, 1223, 1093, 1060. MALDI-TOF-MS: Calculated mass: 303.37 g/mol. Measured mass: m/z 
= 210.17 [Mfragment], 236.15 [Mfragment], 304.16 [MH

+], 441.28 [2Mfragment + Na
+]. 

 
2222----(6(6(6(6----[[[[tttt----Butoxycarbonylamino]Butoxycarbonylamino]Butoxycarbonylamino]Butoxycarbonylamino]----hexylureido)hexylureido)hexylureido)hexylureido)----6666----(2((2((2((2(SSSS),),),),6666----dimethylheptyl)dimethylheptyl)dimethylheptyl)dimethylheptyl)----4[1H]4[1H]4[1H]4[1H]----pyrimidinone (1pyrimidinone (1pyrimidinone (1pyrimidinone (13a3a3a3a))))    
2-(1-Imidazolylcarbonylamino)-6-(2(S),6-dimethylheptyl-4[1H]-pyrimidinone 12a12a12a12a (1.77 g, 5.34 mmol) 
and mono-BOC protected 1,6-hexanediamine (1.44 g, 6.67 mmol, 1.2 eq) were dissolved in dry 
chloroform (40 mL) and stirred under an argon atmosphere at reflux for 3 h. Chloroform (10 mL) was 
added and the organic layer was extracted with 1M HCl (2x25 mL), saturated NaHCO3 (2x25 mL), 
brine (25 mL), dried over Na2SO4 and evaporated in vacuo. The solid was further purified by 
crystallization from methanol to yield the product as a white solid (1.84 g, 3.83 mmol, 72% yield).  
1H NMR (CDCl3): δ = 13.17 (s, 1H), 11.87 (s, 1H), 10.18 (t, 1H) , 5.82 (s, 1H), 4.64 (s, 1H), 3.24 (q, 
2H), 3.09 (q, 2H), 2.46 (dd, 1H), 2.24 (dd, 1H), 1.83 (m, 1H), 1.65-1.12 (m, 24H), 0.94 (d, 3H), 0.86 (d, 
6H). 13C NMR (CDCl3): δ = 173.1, 156.6, 155.9, 154.7, 151.5, 106.9, 78.9, 40.5, 39.8, 39.0, 36.7, 31.9, 
29.9, 29.4, 28.4, 27.9, 26.4, 26.3, 24.5, 22.7, 22.5, 19.3. FT-IR ν (cm-1) = 3346, 3217, 2954, 2929, 
2868, 1697, 1658, 1585, 1524, 1461, 1365, 1250, 1172. MALDI-TOF-MS: Calculated mass: 479.67 
g/mol. Measured mass: m/z = 424.26 [Mfragment], 480.32 [MH

+], 502.31 [Na+ adduct], 997.57 [2M + K+]. 
Elemental analysis: Calculated: C: 62.60%, N: 14.60%, H: 9.46%. Measured: C: 62.82%, N: 14.34%,  
H: 9.36%. 
2222----(6(6(6(6----[[[[tttt----Butoxycarbonylamino]Butoxycarbonylamino]Butoxycarbonylamino]Butoxycarbonylamino]----hexylureido)hexylureido)hexylureido)hexylureido)----6666----(1((1((1((1(SSSS))))----methylpropyl)methylpropyl)methylpropyl)methylpropyl)----4[14[14[14[1H]H]H]H]----pyrimidinone (pyrimidinone (pyrimidinone (pyrimidinone (13b13b13b13b))))    
The synthesis was performed as described for 13131313aaaa. The solid was purified by extraction to yield the 
product as a pale yellow solid. Yield: 80%  
1H NMR (CDCl3): δ = 13.26 (s, 1H), 11.92 (s, 1H), 10.18 (t, 1H) , 5.85 (s, 1H), 4.63 (s, 1H), 3.25 (q, 
2H), 3.09 (q, 2H), 2.48 (m, 1H), 1.68-1.34 (m, 19H), 1.26 (d, 3H), 0.94 (t, 3H). 13C NMR (CDCl3): δ = 
173.4, 156.7, 156.6, 156.0, 154.8, 104.9, 78.9, 40.4, 39.8, 38.9, 29.9, 29.3, 28.4, 27.9, 26.4, 26.3, 
18.2, 11.5. FT-IR ν (cm-1) = 3408, 3329, 3209, 2967, 2929, 2856, 1688, 1644, 1580, 1509, 1466, 1438, 
1365, 1306, 1252, 1240, 1169. MALDI-TOF-MS: Calculated mass: 409.53 g/mol. Measured mass: m/z 
= 354.30 [Mfragment], 410.35 [MH

+], 432.35 [Na+ adduct], 857.52 [2M + K+].  
2222----(6(6(6(6----[[[[tttt----Butoxycarbonylamino]Butoxycarbonylamino]Butoxycarbonylamino]Butoxycarbonylamino]----hexylureido)hexylureido)hexylureido)hexylureido)----6666----(1(1(1(1----ethylpentyl)ethylpentyl)ethylpentyl)ethylpentyl)----4[1H]4[1H]4[1H]4[1H]----pyrimidinone (pyrimidinone (pyrimidinone (pyrimidinone (13c13c13c13c    
The synthesis and purification were performed as described for 13b13b13b13b. The solid was purified by 
extraction to yield the product as a pale yellow solid. Yield: 80%  
1H NMR (CDCl3): δ = 13.25 (s, 1H), 11.91 (s, 1H), 10.20 (t, 1H) , 5.84 (s, 1H), 4.64 (s, 1H), 3.25 (q, 
2H), 3.09 (q, 2H), 2.30 (m, 1H), 1.68-1.24 (m, 25H), 0.89 (m, 6H). 13C NMR (CDCl3): δ = 173.2, 156.7, 
155.9, 155.4, 154.8, 106.2, 78.9, 45.3, 40.4, 39.8, 32.9, 29.9, 29.3, 28.4, 28.3, 26.6, 26.4, 26.3, 22.4, 
13.9, 11.7. FT-IR ν (cm-1) = 3335, 3219, 3007, 2961, 2931, 2860, 1693, 1655, 1642, 1579, 1518, 1454, 
1391, 1365, 1247, 1169. MALDI-TOF-MS: Calculated mass: 451.61 g/mol. Measured mass: m/z = 
396.34 [Mfragment], 452.36 [MH

+], 474.36 [Na+ adduct], 941.53 [2M + K+].  
    
2222----(6(6(6(6----aminoaminoaminoamino----hexylureido)hexylureido)hexylureido)hexylureido)----6666----(2((2((2((2(SSSS),6),6),6),6----dimethylheptyl)dimethylheptyl)dimethylheptyl)dimethylheptyl)----4[1H]4[1H]4[1H]4[1H]----pyrimidinone TFA salt (1pyrimidinone TFA salt (1pyrimidinone TFA salt (1pyrimidinone TFA salt (14a4a4a4a))))    
2-(6-[t-Butoxycarbonylamino]-hexylureido)-6-(2(S),6-dimethylheptyl)-4[1H]-pyrimidinone 13a13a13a13a (303 mg, 
0.63 mmol) was dissolved in dichloromethane (10 mL) and trifluoroacetic acid (10mL) was added. The 
solution was stirred at room temperature for 3 h. The solution was evaporated in vacuo and co-
evaporated with toluene (2x5mL) to yield  a white solid, which was used without further purification. 
1H NMR (CDCl3 + MeOD): δ = 5.89 (s, 1H), 3.26 (t, 2H), 2.90 (t, 2H), 2.54 (dd, 1H), 2.29 (dd, 1H), 1.87-
1.13 (m, 15H), 0.95 (d, 3H), 0.87 (d, 6H). FT-IR ν (cm-1) = 3279, 2957, 2934, 2871, 2555, 1687, 1637, 
1545, 1369, 1255, 1179, 1142. MALDI-TOF-MS: Calculated mass: 379.55 g/mol. Measured mass: m/z 
= 380.18 [MH+], 402.16 [Na+ adduct].  
2222----(6(6(6(6----aminoaminoaminoamino----hexylureido)hexylureido)hexylureido)hexylureido)----6666----(1((1((1((1(SSSS))))----methylpropyl)methylpropyl)methylpropyl)methylpropyl)----4[1H]4[1H]4[1H]4[1H]----pyrimidinone TFA salt (pyrimidinone TFA salt (pyrimidinone TFA salt (pyrimidinone TFA salt (14b14b14b14b))))    
The synthesis and purification were performed as described for 14141414aaaa. The product was obtained as an 
off-white solid. 
1H NMR (CDCl3 + MeOD): δ = 5.91 (s, 1H), 3.26 (t, 2H), 2.91 (t, 2H), 2.56 (m, 1H), 1.69-1.39 (m, 10H), 
1.28 (d, 3H), 0.94 (t, 3H). FT-IR ν (cm-1) = 3278, 3028, 2972, 2941, 2868, 2547, 1783, 1689, 1637, 
1545, 1373, 1255, 1202, 1143.  
2222----(6(6(6(6----aminoaminoaminoamino----hexylureido)hexylureido)hexylureido)hexylureido)----6666----(1(1(1(1----ethylpeethylpeethylpeethylpentyl)ntyl)ntyl)ntyl)----4[1H]4[1H]4[1H]4[1H]----pyrimidinone TFA salt (pyrimidinone TFA salt (pyrimidinone TFA salt (pyrimidinone TFA salt (14c14c14c14c))))    
The synthesis and purification were performed as described for 14141414aaaa. The product was obtained as a 
brown oil. 
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1H NMR (CDCl3): δ = 6.04 (bs, 1H), 3.30 (q, 2H), 3.06 (q, 2H), 2.45 (m, 1H), 1.76-1.17 (m, 16H), 0.89 
(m, 6H). FT-IR ν (cm-1) = 3064, 2936, 2864, 2583, 1774, 1673, 1629, 1541, 1462, 1200, 1142. 
 
N,N’N,N’N,N’N,N’----BisBisBisBis----imidazolylcarbonylaminoimidazolylcarbonylaminoimidazolylcarbonylaminoimidazolylcarbonylamino----poly(ethylenepoly(ethylenepoly(ethylenepoly(ethylene----butylene) (butylene) (butylene) (butylene) (15151515))))    
PEB-bisamine (4.48 g, 1.28 mmol) and 1,1’-carbonyldiimidazole (540 mg, 3.33 mmol, 1.3 eq) were 
dissolved in dry chloroform (40 mL) under an argon atmosphere and stirred at room temperature for 5 
h. Chloroform (30 mL) was added and extracted with H2O (40 mL), brine (40 mL), H2O (40 mL), brine 
(2x40 mL), dried over MgSO4 and evaporated in vacuo to yield a pale yellow oil (4.70 g, 1.27 mmol, 
99% yield). 1H NMR (CDCl3): δ = 8.11 (s, 2H), 7.32 (s, 2H), 7.11 (s, 2H), 5.89 (s, 1H), 5.75 (s, 1H), 
3.43 (q, 2H), 3.27 (d, 2H), 1.97 (m, 2H), 1.61-0.81 (m). 13C NMR (CDCl3): δ = 149.1, 135.7, 130.3, 
115.9, 50.8, 39.2, 38.9, 38.4, 37.9, 36.1, 33.5, 33.4, 33.2, 30.6, 30.2, 29.7, 26.8, 26.6, 26.4, 26.1, 26.0, 
25.9, 24.9, 10.9, 10.7, 10.6. FT-IR ν (cm-1) = 2960, 2922, 2853, 1734, 1542, 1522, 1462, 1379, 1285, 
1244, 1215.  
    
N,N’N,N’N,N’N,N’----BisBisBisBis----{6{6{6{6----(4[1H](4[1H](4[1H](4[1H]----oxooxooxooxo----pyrimidinylpyrimidinylpyrimidinylpyrimidinyl----6666----methylmethylmethylmethyl----2222----ureido)hexylureido}ureido)hexylureido}ureido)hexylureido}ureido)hexylureido}----poly(ethylenepoly(ethylenepoly(ethylenepoly(ethylene----butylene) (1)butylene) (1)butylene) (1)butylene) (1)    
PEB3500-bisamine (3.04 g, 0.87 mmol) and 2(6-isocyanatohexylaminocarbonylamino)-6-methyl-
4[1H]pyrimidinone (0.78 g, 2.65 mmol, 1.5 eq) were stirred in dry chloroform (125 mL) under an argon 
atmosphere at room temperature for 3 h. Silica and dibutyltin dilaureate (few drops) were added and 
stirred at reflux under an argon atmosphere for 3 h. The mixture was cooled to room temperature, 
filtered, concentrated in vacuo and the residue precipitated in acetone to yield the product as a pale 
yellow solid (2.95 g, 0.72 mmol, 83% yield). Tm (DSC): 124.1 and 131.0 °C. 

1H NMR (CDCl3): δ = 
13.19 (s, 2H), 11.83 (s, 2H), 10.09 (s, 2H) , 5.84 (s, 2H), 4.75-4.35 (m, 4H), 3.25 (q, 4H), 3.17 (m, 6H), 
2.99 (s, 2H), 2.23 (s, 6H), 1.98 (m, 2H), 1.60-0.83 (m). 13C NMR (CDCl3): δ = 173.2, 158.5, 156.5, 
154.7, 148.4, 106.6, 50.4, 40.2, 39.5, 38.9, 38.5, 38.4, 37.9, 36.7, 36.1, 34.2, 33.5, 33.4, 33.2, 30.6, 
30.2, 29.7, 29.2, 26.8, 26.6, 26.5, 26.1, 26.0, 25.9, 24.9, 18.9, 10.9, 10.7, 10.6, 10.4. FT-IR ν (cm-1) = 
3335, 2960, 2921, 2853, 1702, 1668, 1626, 1586, 1528, 1461, 1379, 1307, 1254. GPC (THF): Mn = 
6016, PDI = 1.11. Elemental analysis: C: 81.30%, N: 3.33%, H: 12.97%. 
 
N,N’N,N’N,N’N,N’----BisBisBisBis----{6{6{6{6----(4[1H](4[1H](4[1H](4[1H]----oxooxooxooxo----pyrimidinylpyrimidinylpyrimidinylpyrimidinyl----6666----{2({2({2({2(SSSS),6),6),6),6----dimethylheptyl}dimethylheptyl}dimethylheptyl}dimethylheptyl}----2222----ureido)hexylureido}ureido)hexylureido}ureido)hexylureido}ureido)hexylureido}----poly(ethylenepoly(ethylenepoly(ethylenepoly(ethylene----
butylene) (2)butylene) (2)butylene) (2)butylene) (2)    
N,N’-Bis-imidazolylcarbonylamino-poly(ethylene-butylene) 15151515 (1.33 g, 0.36 mmol), 2-(6-amino-
hexylureido)-6-(2(S),6-dimethylheptyl)-4[1H]-pyrimidinone 14a14a14a14a (TFA salt, 0.90 mmol) and dry triethyl 
amine (0.2 mL) were stirred in dry chloroform (26 mL) under an argon atmosphere at reflux over night. 
The solution was concentrated in vacuo and and the residue was precipitated in cold methanol (80 
mL), cold acetone (80 mL) and methanol (210 mL) to yield the product as a white fibrous solid (1.02 g, 
0.24 mmol, 66% yield). Tm (DSC): 82.6 and 95.7°C. 

1H NMR (CDCl3): δ = 13.23 (s, 2H), 11.86 (s, 2H), 
10.12 (s, 2H) , 5.82 (s, 2H), 4.63-4.24 (m, 4H), 3.25 (q, 4H), 3.16 (m, 6H), 2.99 (s, 2H), 2.48 (dd, 1H), 
2.24 (dd, 1H), 1.98-1.82 (m, 6H), 1.64-0.81 (m). 13C NMR (CDCl3): δ = 173.3, 158.5, 158.3, 156.6, 
154.7, 151.8, 106.7, 50.7, 40.5, 40.2, 40.1, 39.6, 39.4, 39.0, 38.9, 38.5, 38.4, 37.9, 36.7, 36.1, 33.5, 
33.4, 33.2, 31.9, 30.6, 30.2, 29.7, 29.2, 27.9, 26.8, 26.6, 26.4, 26.1, 26.0, 25.9, 24.9, 24.5, 23.9, 22.7, 
22.5, 19.2, 10.9, 10.7, 10.6, 10.5, 10.4. FT-IR ν (cm-1) = 3345, 2960, 2922, 2853, 1699, 1655, 1642, 
1581, 1528, 1461, 1379, 1255. GPC (THF): Mn = 6618, PDI = 1.07. Elemental analysis: C: 81.52%, N: 
3.14%, H: 13.41%. 
N,N’N,N’N,N’N,N’----BisBisBisBis----{6{6{6{6----(4[1H](4[1H](4[1H](4[1H]----oxooxooxooxo----pyrimidinylpyrimidinylpyrimidinylpyrimidinyl----6666----{1({1({1({1(SSSS))))----methylpropyl}methylpropyl}methylpropyl}methylpropyl}----2222----ureido)hexylureido}ureido)hexylureido}ureido)hexylureido}ureido)hexylureido}----poly(ethylenepoly(ethylenepoly(ethylenepoly(ethylene----
butybutybutybutylene) (3)lene) (3)lene) (3)lene) (3)    
The synthesis and purification were performed as described for 2222. The product was obtained as a 
sticky solid which solidified upon drying. Yield: 52%. Tm (DSC): 83.6 °C. 
1H NMR (CDCl3): δ = 13.31 (s, 2H), 11.90 (s, 2H), 10.12 (s, 2H) , 5.85 (s, 2H), 4.68-4.28 (m, 4H), 3.26 
(q, 4H), 3.16 (m, 6H), 2.99 (s, 2H), 2.49 (sep, 2H), 1.99-1.95 (m, 2H), 1.69-0.81 (m). 13C NMR (CDCl3): 
δ = 173.5, 158.3, 156.9, 156.7, 154.8, 104.7, 50.4, 40.6, 40.2, 40.1, 39.6, 39.1, 38.9, 38.5, 38.4, 37.9, 
36.1, 34.2, 33.6, 33.5, 33.4, 33.2, 30.6, 30.2, 29.7, 29.2, 27.9, 26.8, 26.6, 26.4, 26.1, 26.0, 25.9, 24.9, 
23.9, 18.2, 11.5, 10.9, 10.7, 10.6, 10.4, 10.3, 10.3, 10.2. FT-IR ν (cm-1) = 3325, 2960, 2921, 2853, 
1701, 1657, 1630, 1584, 1529, 1461, 1379, 1256, 1135. GPC (THF): Mn = 6815, PDI = 1.12. Elemental 
analysis: C: 82.02%, N: 2.69%, H: 13.58%. 
N,N’N,N’N,N’N,N’----BisBisBisBis----{6{6{6{6----(4[1H](4[1H](4[1H](4[1H]----oxooxooxooxo----pyrimidinylpyrimidinylpyrimidinylpyrimidinyl----6666----{1{1{1{1----ethylpentyl }ethylpentyl }ethylpentyl }ethylpentyl }----2222----ureido)hexylureido}ureido)hexylureido}ureido)hexylureido}ureido)hexylureido}----poly(ethylenepoly(ethylenepoly(ethylenepoly(ethylene----butylene) (4)butylene) (4)butylene) (4)butylene) (4)    
The synthesis and purification were performed as described for 2222. The product was obtained as a 
sticky solid which solidified upon drying. Yield: 48%. Tm (DSC): 81.0 °C. 
1H NMR (CDCl3): δ = 13.30 (s, 2H), 11.90 (s, 2H), 10.14 (s, 2H) , 5.83 (s, 2H), 4.65-4.26 (m, 4H), 3.26 
(q, 4H), 3.17 (m, 6H), 2.99 (s, 2H), 2.30 (m, 2H), 2.00-1.91 (m, 2H), 1.72-0.81 (m). 13C NMR (CDCl3): δ 
= 173.3, 158.5, 156.7, 155.7, 154.9, 106.1, 50.4, 45.4, 40.2, 39.6, 39.1, 38.9, 38.5, 38.4, 37.9, 36.7, 
36.2, 34.2, 33.5, 33.2, 32.9, 30.6, 30.2, 29.7, 29.3, 29.2, 26.7, 26.6, 26.4, 26.2, 26.1, 26.0, 25.9, 24.9, 
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22.5, 13.9, 11.7, 10.9, 10.7, 10.6, 10.3, 10.2. FT-IR ν (cm-1) = 3345, 2960, 2922, 2853, 1698, 1643, 
1580, 1527, 1461, 1379, 1302, 1254, 1143. GPC (THF): Mn = 6729, PDI = 1.07. Elemental analysis: C: 
81.63%, N: 2.99%, H: 13.52%. 
    
2(62(62(62(6----isocyanatohexylaminocarbonylamino)isocyanatohexylaminocarbonylamino)isocyanatohexylaminocarbonylamino)isocyanatohexylaminocarbonylamino)----5,65,65,65,6----dimethyldimethyldimethyldimethyl----4[1H]pyrimidinone (4[1H]pyrimidinone (4[1H]pyrimidinone (4[1H]pyrimidinone (11111111))))    
The product was synthesized analogous to the synthesis of 2(6-isocyanatohexylaminocarbonylamino)-
6-methyl-4[1H]pyrimidinone12g to yield the product as a white solid. Yield: 87% 
1H NMR (CDCl3): δ = 12.90 (s, 1H), 11.91 (s, 1H), 10.23 (s, 1H), 3.29 (m, 4H), 2.23 (s, 3H), 1.96 (s, 
3H), 1.632 (m, 4H), 1.426 (m, 4H). 13C NMR (CDCl3): δ = 172.8, 156.8, 153.1, 142.7, 113.7, 42.9, 39.7, 
31.2, 29.2, 26.2, 26.2, 17.3, 10.7. FT-IR ν (cm-1) = 3214, 3151, 2945, 2270, 1696, 1659, 1639, 1580, 
1450, 1267, 1212, 913. MALDI-TOF-MS: m/z = 308.28 [MH+]. 
    
NNNN,,,,N’N’N’N’----BisBisBisBis----{6{6{6{6----(4[1H](4[1H](4[1H](4[1H]----oxooxooxooxo----pyrimidinylpyrimidinylpyrimidinylpyrimidinyl----5,65,65,65,6----dimethyldimethyldimethyldimethyl----2222----ureido)hexylureido}ureido)hexylureido}ureido)hexylureido}ureido)hexylureido}----poly(ethylenepoly(ethylenepoly(ethylenepoly(ethylene----butylene) (5)butylene) (5)butylene) (5)butylene) (5)    
The product was synthesized similar to the synthesis of polymer 1111 to yield the product as a white solid 
(1.59 g, 86%). 
1H NMR (CDCl3): δ = 12.92 (s, 2H), 11.90 (s, 2H), 10.1 (s, 2H), 4.36-4.25 (m, 4H), 3.25-3.10 (m, 10H), 
2.97 (t, 2H), 2.23 (s, 3H), 1.95 (s, 3H), 1.66-0.78 (m).  13C NMR (CDCl3) (incomplete): δ = 177.6, 172.9, 
156.8, 153.1, 113.7, 110.6, 38.9, 38.4, 37.9, 36.1, 33.4, 33.2, 30.6, 30.2, 29.7, 26.8, 25.9, 17.2, 10.9, 
10.6, 10.5. FT-IR ν (cm-1) =. 3341, 3210, 2960, 2922, 2853, 1697, 1666, 1638, 1599, 1461, 1379, 
1303, 1260, 1213. GPC (THF): Mn = 6430, PDI = 1.13. 
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4.84.84.84.8 AppendixAppendixAppendixAppendix    

   

   

   

   
FigurFigurFigurFigure e e e 4.4.4.4.15151515: : : : Variable temperature IR spectra of polymers 1111-4444 upon heating from 25 °C (left) and upon 

cooling from the melt (right).    

Polymer 1111     Polymer 1111    

Polymer 2222     Polymer 2222    

Polymer 3333     Polymer 3333    

Polymer 4444     Polymer 4444    
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Figure Figure Figure Figure 4.4.4.4.16161616: : : : UV-vis spectra of polymer 1111 upon melting (left), subsequent cooling (middle) and 

annealing at 25 °C (right). 

 

Figure Figure Figure Figure 4.4.4.4.17171717: : : : UV-vis spectra of polymer 3333 upon melting (left), subsequent cooling (middle) and 

annealing at 25 °C (right). 

 

Figure Figure Figure Figure 4.4.4.4.18181818: : : : UV-vis spectra of polymer 4444 upon melting (left), subsequent cooling (middle) and 

annealing at 25 °C (right). 

 



 

 

5555 

 
 
 

Supramolecular anchoring of bioactive Supramolecular anchoring of bioactive Supramolecular anchoring of bioactive Supramolecular anchoring of bioactive 
molecules into supramolecular materials; molecules into supramolecular materials; molecules into supramolecular materials; molecules into supramolecular materials;     

a model studya model studya model studya model study    
 
 
 

 
AbstractAbstractAbstractAbstract – Supramolecular anchoring of bioactive moieties into supramolecular polymers is a 
promising approach for creating biomaterials. However, quantification of the bioactivity 
present at the surface of the supramolecular polymer is not trivial. We developed an 
enzymatic assay to evaluate the supramolecular anchoring of UPy-S-peptide into bis-(UPy-
U)-poly(ε-caprolactone) as a model study for other bioactive moieties. Upon the addition of S-
protein to this material, the catalytically active RNase S is obtained. Using a fluorescently 
labeled substrate the amount of UPy-S-peptide was quantified. The assay is highly specific 
towards the accessible and active peptide, discarding inactive peptides due to processing 
and peptides encapsulated within the material. The effect of the processing conditions on the 
bioactivity of films cast from solution was evaluated. A significant influence of the solvent on 
the anchoring of the UPy-S-peptide in the films was found, varying between 90% and 44% 
release from the films made from THF:H2O 4:1 and THF:MeOH 1:1, respectively. Although 
release of the peptide from the films was observed, activity could be detected with the RNase 
S assay. A clear relationship between the anchoring of the UPy-S-peptide and the remaining 
activity was found when comparing these results. Materials processed into porous meshes by 
electrospinning from a 17.5 wt% solution in HFIP did not reveal significant differences in fiber 
morphology between the pure polymer and the polymer containing 2 mol% UPy-S-peptide. 
The activity of the electrospun mesh containing UPy-S-peptide was confirmed by the RNase 
S assay. These results show the applicability of the RNase S assay to quantify the amount of 
active peptide on the surface and thus the activity of the supramolecular material. The 
processing conditions to prepare the material strongly influence the anchoring of the peptide 
and subsequent remaining activity of the materials. This shows the importance of processing 
optimization to obtain materials with the highest activity.  
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5.15.15.15.1 IntroductionIntroductionIntroductionIntroduction    

5.1.15.1.15.1.15.1.1 BiomaterialBiomaterialBiomaterialBiomaterialssss    

With the increasing knowledge on the complex and dynamic structure of the extracellular 
matrix (ECM) as cell’s natural environment, the field of biomaterials is trying to catch up with 
mimicking nature’s perfect biomaterial. Although a variety of compounds found in the native 
ECM are explored as scaffolds for tissue engineering,1 the harvesting and purification of 
these compounds can be tedious, limiting their applicability as biomaterials on a large scale. 
The discovery of bioactive peptide fragments derived from the ECM allowed for the covalent 
bioactivation of inert materials with peptides or saccharides that for example promote cell 
adhesion, proliferation or differentiation.2 Although this approach can increase the biological 
properties of the material, every change in the desired bioactivity requires new synthetic 
steps. Other approaches use adsorption or simple mixing of the bioactive molecules with the 
polymer matrix to generate bioactive materials.3 Although these latter two approaches are 
widely used and allow for the release of bioactive molecules or drugs to stimulate tissue 
(re)modeling, the activity of the material diminishes in time. 
Previous work from our group showed the potential of supramolecular polymers as versatile 
biomaterials that can be constructed via a modular approach.4 Using telechelic poly(ε-
caprolactone) polymers functionalized with the strong quadruple ureido-pyrimidinone (UPy) 
motif, biocompatible supramolecular polymers were obtained with good mechanical 
properties.5 Bioactive molecules functionalized with UPy groups can be anchored into the 
material by hydrogen bonding with the UPy functionalized polymer. The fabrication of UPy 
supramolecular biomaterials with different UPy functionalized bioactive molecules would 
therefore only require mixing of the different components.  
It has been shown that the presence of lateral hydrogen bonds influences the macroscopic 
properties of the supramolecular polymer severely. This effect was attributed to the stronger 
bifurcated lateral hydrogen bonding in UPy-urea polymers compared to UPy-urethane 
polymers, which induces better crystallization into nano-fibers.6 Recent results revealed the 
anchoring of the bioactive molecules to depend on the lateral hydrogen bonding. The 
bioactive molecules are better anchored into the materials when the UPy-urea motif is 
present.7 Although this approach shows promising results, leakage of weakly anchored or 
unanchored molecules from the material was observed. It is therefore important to know 
whether the bioactive molecules that remain in the material are present on the surface or only 
in the bulk, since the latter case will not result in enhanced biological properties of the 
material. Leakage of the molecules can be measured, yet the amount of bioactive molecules 
on the surface is difficult to quantify. Although some surface techniques like X-ray 
photoelectron spectroscopy (XPS) or contact angle measurements are available to evaluate 
the surface composition of the material, these techniques cannot assess whether the 
molecules prolong their bioactivity or whether the molecules have been inactivated due to 
side reactions during processing. More specific quantification methods which can distinguish 
between native and inactive states are therefore required. In general, protein-protein 
interactions are highly susceptible to changes in chemical structure. Protein-protein 
interactions would therefore be an excellent approach to detect only the native bioactive 
molecule available at the surface of a material. Although many selective protein-protein 
interactions are known, the poly(ε-caprolactone) surface is known to be susceptible to fouling 
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due to its hydrophobicity.8 This unspecific binding of proteins could therefore give incorrect 
results. Therefore we developed a Ribonuclease S (RNase S) assay to serve as a model 
system for other bioactive molecules to selectively determine the amount of native bioactive 
molecules after processing. 

5.1.25.1.25.1.25.1.2 RNase S assayRNase S assayRNase S assayRNase S assay    

Ribonucleases are enzymes that catalyze the hydrolysis of RNA. RNase S is the product of 
the treatment of RNase A with Subtilisin, yielding an S-peptide α-helix (amino acids 1-20) and 
an S-protein (amino acids 21-124) fragment.9 The fragments are catalytically inactive when 
separated, but spontaneously reassemble into the catalytically active RNase S enzyme upon 
incubation to generate a protein structure highly similar to RNase A.10 The catalytic activity 
and strength of the interactions between the S-peptide and S-protein are known to vary with 
pH and temperature, where values for the Ka are found ranging between 10

6 and 1011 M-1.11 
In combination with the availability of fluorescently labeled substrates,12  this allows for the 
sensitive detection and quantification of RNase S even at low concentrations. An RNase S 
assay was developed as a model system to evaluate the supramolecular anchoring of UPy 
functionalized S-peptide into a bis-(UPy-U)-poly(ε-caprolactone) supramolecular polymer 
(Figure 5.1). This assay is highly sensitive and will not result in signals of the inactive peptide 
or in signals of unspecific binding of the S-protein to the hydrophobic surface, since the S-
protein by itself is not catalytically active. 
 

   
 

Figure Figure Figure Figure 5.5.5.5.1111:::: Structure of RNase S (left) and schematic representation of cleavage of the fluorescently 

labeled substrate (right). 

5.25.25.25.2 Scaffold preparationScaffold preparationScaffold preparationScaffold preparation    

5.2.15.2.15.2.15.2.1 SynthesisSynthesisSynthesisSynthesis    

It is known that truncated S-peptide (amino acids 1-15) behaves identical to the full S-peptide 
upon incubation with S-protein.13 Evaluation of the crystal structure of RNase S revealed both 
the N and the C-terminus of the S-peptide to be free for attachment of the UPy motif. 
Therefore, the truncated S-peptide was synthesized according to solid phase peptide 
synthesis using a standard FMOC coupling strategy. After the coupling of the final amino 
acid, FMOC-caproic acid was coupled on the resin to act as a small spacer between the UPy 
and the S-peptide. On-resin deprotection and subsequent coupling with UPy-isocyanate 
followed by cleavage from the resin and purification using HPLC yielded the desired UPy-S-
peptide (Figure 5.2). The bis-(UPy-U)-poly(ε-caprolactone) was synthesized as previously 
reported.5  
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Figure Figure Figure Figure 5.5.5.5.2222:::: a) Chemical structure of the UPy-S-peptide b) total ion current and c) m/z spectrum 

(calculated mass: 2153.4 g/mol, observed mass: 2153.7 g/mol) of the UPy-S-peptide and d) the bis-

(UPy-U)-poly(ε-caprolactone) scaffold used in this study.  

5.2.25.2.25.2.25.2.2 Film preparationFilm preparationFilm preparationFilm preparation    

To incorporate the UPy-S-peptide into the materials, both polymer and peptide were 
dissolved in the appropriate solvent and cast into 96 wells plates. Although this modular 
approach allows for an easy change in the type and amount of bioactive molecule, the 
hydrophobic polymer and hydrophilic peptide are difficult to dissolve in a single solvent. Only 
hexafluoroisopropanol (HFIP) was capable of dissolving both the peptide and the polymer. 
Also combinations of THF:H2O (4:1), THF:MeOH (1:1) and CHCl3:MeOH (2:1) were found to 
be suitable solvents for both the peptide and the polymer. After casting, the solvents were 
allowed to evaporate in air, followed by annealing at 40 °C in vacuo to generate the 
supramolecular material as solid films. The solid films appear brittle and rough except for 
films cast from HFIP, which appear to be smooth and elastic as known for the native polymer 
(see Chapter 2). Apparently the combination of solvents change the macroscopic properties. 
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5.2.35.2.35.2.35.2.3 Surface morphology of the filmsSurface morphology of the filmsSurface morphology of the filmsSurface morphology of the films    

The nano-fibers found on the surface of bis-(UPy-U)-poly(ε-caprolactone) polymers cast from 
CHCl3 are a good mimic of the fibrillar morphology found in the natural ECM. To investigate 
whether the films cast from the different solvents are capable of creating the nano-fibers, 
Atomic Force Microscopy (AFM) was used to investigate the morphology of the polymers 
prepared from the different solvents. Whereas for THF:H2O and HFIP defined nano-fibers 
similar to the nano-fibers cast from chloroform are observed at the surface, the morphology of 
the polymer cast from CHCl3:MeOH and THF:MeOH show a different morphology, although 
architectures resembling the nano-fibers are present on the surface (Figure 5.3).  
 

      
 

      

FigFigFigFigure ure ure ure 5.5.5.5.3333:::: Atomic Force Microscopy phase pictures (1x1 µm) of bis-(UPy-U)-poly(ε-caprolactone) cast 

from different solvents. 

 
The thermal properties of the materials cast from different solvents were evaluated by DSC 
measurements (Table 5.1). The first heating run revealed the PCl block to be amorphous in 
all materials, with only small changes in the melt temperature and melt enthalpy of the UPy-U 
nano-fibers. No clear correlation could be found between the different morphologies as 
observed with AFM and the thermal properties of the materials. 
 

THF:H2O THF:MeOH 

CHCl3:MeOH HFIP 
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Table 5.Table 5.Table 5.Table 5.1111:::: Summary of DSC measurements of the bis-(UPy-U)-poly(ε-caprolactone) polymer when 

cast from different solvents. DSC data are obtained from the first heating run starting at 20 °C at 5 

K/min. nd = not detectable. 

    TTTTm1m1m1m1 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm1m1m1m1 (J/g) (J/g) (J/g) (J/g)    TTTTm2m2m2m2 (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hm2m2m2m2 (J/g) (J/g) (J/g) (J/g)    

THF:H2O nd nd 131.7 14.79 

THF:MeOH nd nd 133.6 13.21 

CHCl3:MeOH nd nd 133.6 15.76 

HFIP nd nd 132.8 14.36 

5.35.35.35.3 Supramolecular anchoring of UPySupramolecular anchoring of UPySupramolecular anchoring of UPySupramolecular anchoring of UPy----SSSS----peptidepeptidepeptidepeptide    
The anchoring of UPy-S-peptide into the bis-(UPy-U)-poly(ε-caprolactone) polymer relies on 
non-covalent interactions and is thus reversible. The AFM measurements revealed large 
differences in surface morphology when cast from different solvents. It is likely that the 
solvent also influences the hydrogen bonding of the UPy-S-peptide with the UPy polymer. 
Therefore release experiments were performed to evaluate the release of unbound or weakly 
bound UPy-S-peptide from films cast from different solvents (Figure 5.4).  
 
 
 
 
 
 
 

 

Figure Figure Figure Figure 5.5.5.5.4444:::: Bottom: Schematic representation of the scaffold preparation. A) Casting of a solution 

containing supramolecular polymer and UPy S-peptide. B) Extraction of non-anchored UPy-S-peptide. 

 
The solid films cast from different solvents were incubated with RNase free water for a given 
time period, after which the amount of UPy-S-peptide released into the water was quantified 
using LCMS. Clearly the solvent mixture is of high influence on the anchoring of the UPy-S-
peptide into the supramolecular polymer (Figure 5.5). Presumably the polarity of the solvents 
and the evaporation rates of the solvents influence the hydrogen bonding of the UPy-S-
peptide. In case of unequal evaporation of one of the solvents in the solvent mixture, 
precipitation of one of the compounds is possible. 

                                          

    

Figure Figure Figure Figure 5.5.5.5.5555:::: Release profiles of UPy-S-peptide (left) and unfunctionalized S-peptide (right) of films cast 

from THF:H2O 4:1 (red), CHCl3:MeOH 2:1 (blue) and THF:MeOH 1:1(green). 

a b 
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As a control experiment, unfunctionalized S-peptide was incorporated in the films to evaluate 
the importance of UPy hydrogen bonding on the anchoring. Indeed, significantly more 
peptide is released from the films when the UPy group is absent. This could be caused by the 
absence of hydrogen bonds, although the hydrophobicity of the molecule also could be 
reduced. For films cast from THF:H2O 4:1 the amount of release of the UPy-S-peptide is 
90%, where for the unfunctionalized S-peptide the release is 98%. When a solvent mixture of 
CHCl3:MeOH 2:1 is used, 59% of the UPy-S-peptide is released. The release of the 
unfunctionalized S-peptide is 93%. THF:MeOH 1:1 revealed a release of 44% for the UPy-S-
peptide and a release of 75% for the unfunctionalized S-peptide. The incomplete release of 
the unfunctionalized peptide may be a result of encapsulation of peptide in the bulk of the 
film. The solvent choice for casting the film strongly affects the anchoring and release 
behavior of the bioactive molecule. As a result the bioactivity of the films is expected to be 
affected as well. 

5.45.45.45.4 RNase S assayRNase S assayRNase S assayRNase S assay    
Although a significant amount of UPy-S-peptide is anchored into the films, only the native 
bioactive moieties on the surface will result in bioactivity. The S-peptide S-protein interaction 
is a necessity to create the catalytically active enzyme and it is plausible to assume that 
denaturation of the peptide will not result in the catalytically active enzyme. This approach will 
exclude non-specific effects like hydrophobic interactions between the protein and the 
polymer and the presence of denatured peptide on the surface on the results of the assay. 
Simultaneously, this approach omits the effects of peptide encapsulated in the polymer bulk 
which is not capable of interacting with the S-protein. This final concern is of high importance 
since the bioactive moieties in the film should be able to bind receptors on the cell membrane 
when it is applied as a biomaterial for tissue engineering. 

5.4.15.4.15.4.15.4.1 Assay conditionsAssay conditionsAssay conditionsAssay conditions    

The catalytic activity was measured on films cast from the different solvents and previously 
incubated with RNAse free water for the determination of the release of the S-peptide. The 
RNase S assay was performed in TRIS buffer pH 9.2. The films were incubated with the 
assay buffer solution prior to incubation with S-protein. The concentration of S-protein was 
set at 333 nM. After incubation with S-protein, half of the solution was transferred to an empty 
well to serve as a blanco measurement. The substrate concentration was set at 500 nM,  
 

 

 

 

 

 

 

 
 
 
 

 
Figure Figure Figure Figure 5.5.5.5.6666: : : : Calibration curve of the cleavage rate of the substrate as a function of UPy-S-peptide 

concentration (left) and as a function of the unfunctionalized S-peptide concentration (right). 
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where after the cleavage of the substrate was measured on a plate reader at specific time 
intervals. The fluorescence emission intensity at 538 nm was plotted as a function of time and 
integrated in the linear regime to yield the initial rate of reaction. In the linear regime, the 
substrate concentration is sufficiently high to assume it to be constant. This will result in a 
rate of reaction that is only dependant on the amount of catalytically active RNAse S. Indeed 
a linear relationship is obtained when the initial rate is plotted as a function of the S-peptide 
concentration (Figure 5.6), which consequently allows for the quantification of the S-peptide 
at the surface of the films using these conditions. The activity of the UPy-S-peptide was found 
to be slightly lower compared to the unfunctionalized S-peptide. 
 
Remarkably, repetition of incubation with buffer and subsequent incubation with S-protein 
revealed a decrease in enzymatic activity of the films (Figure 5.7). In the blanc 
measurements, a high activity was observed. Due to the buffer used in the assay, it is 
possible that additional UPy-S-peptide is released from the films. Incubation of the films with 
S-protein will result in the formation of RNase S, which will create a large and more 
hydrophilic complex between UPy-S-peptide and the S-protein and could therefore also result 
in more leakage of the UPy-S-peptide. After three repetitions, the activity remains constant, 
indicative of the absence of additional release of the UPy-S-peptide. Repetitive washing of a 
film incubated with S-protein revealed a decrease in catalytic activity, ultimately reaching 
zero. This indicates that upon repetitive washing with buffer the S-peptide S-protein 
interaction is not strong enough and all of the S-protein is removed from the substrate. The 
results indicate a minimum of three repetitive cycles of incubation of the films with buffer and 
S-protein solution as a necessity to determine the catalytic activity of the films. 

 

Figure Figure Figure Figure 5.5.5.5.7777:::: Influence of repetitive incubation of a film containing 4 mol% UPy-S-peptide cast from 

THF:MeOH with buffer and subsequent incubation with S-protein solution (left) and washing with buffer 

after incubation (right) on the results of the assay.  
 

5.4.25.4.25.4.25.4.2 Assay resultsAssay resultsAssay resultsAssay results    

The RNase S assay was performed on films containing UPy-S-peptide and on films 
containing unfunctionalized S-peptide. The films were all treated with RNase free water as 
performed in the release experiments prior to use to remove unanchored or non-
encapsulated S-peptide from the films. The materials were incubated with buffer and 
subsequently incubated with S-protein, and this procedure was repeated three times to 
exclude effects of additional UPy-S-peptide leakage as previously described.  
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The RNase S assay revealed the activity of the films containing UPy-S-peptide to be 
significantly higher compared to films containing unfunctionalized S-peptide (Figure 5.8). This 
corresponds nicely with the release experiments, in which the anchoring of UPy-S-peptide 
was significantly higher compared to the anchoring of the unfunctionalized S-peptide. A clear 
relationship is visible between the results of the release experiments and the RNase S assay. 
Where in the release experiments the release of UPy-S-peptide is highest for films cast from 
THF:H2O, the RNase S assay shows the lowest activity. Upon a lower release of the UPy-S-
peptide from the film, the assay displays a higher activity. Noticeably, the results of the assay 
performed on films containing unfunctionalized S-peptide all display a similar activity, being 
slightly lower compared to the activity of films cast from THF:H2O. This reveals the 
importance of the UPy group on the anchoring of the S-peptide into the polymer films.  
 
 
 
 
 
 
 
 
 
 
 

 

Figure Figure Figure Figure 5.5.5.5.8888:::: Results of the enzymatic activity assay for bioactive materials containing 4 mol% UPy-S-

peptide (dark) and materials containing 4 mol% S-peptide (light) after performing the leakage 

experiments and repetitive washing. 

5.55.55.55.5 Bioactive electrospun meshesBioactive electrospun meshesBioactive electrospun meshesBioactive electrospun meshes    
Electrospinning is a widely used processing technique to create porous meshes and allows 
for the generation of scaffolds with micro to nanometer fibers that mimic the native ECM.14  
The electrospinning of meshes containing bioactive molecules either by mixing or by covalent 
attachment is reported15  as well as the generation of electrospun meshes applicable for 
covalent functionalization after processing.16 Although this allows for the incorporation of 
bioactive moieties into the meshes, due to their covalent attachment the meshes do not 
possess the dynamic nature of the ECM. However, the supramolecular biomaterials as 
proposed in our group are based on non-covalent interactions, generating meshes that are 
potentially dynamic. 

5.5.15.5.15.5.15.5.1 Electrospinning of supramolecular meshesElectrospinning of supramolecular meshesElectrospinning of supramolecular meshesElectrospinning of supramolecular meshes    

A significantly higher concentration is necessary to electrospin fibrous meshes. The solubility 
of bis-(UPy-U)-poly(ε-caprolactone) and bis-(UPy-U)-poly(ε-caprolactone) containing 2 mol% 
UPy-S-peptide in THF:H2O (4:1), THF:MeOH (1:1) and CHCl3:MeOH (2:1) was found to be 
insufficient to electrospin into fibrous meshes. A 17.5 wt% solution of the polymer in HFIP did 
result in fibrous meshes (Figure 5.9). The addition of 2 mol% UPy-S-peptide to the polymer 
did not result in apparent changes to the fibrous structure. A lower amount of peptide was 
chosen to reduce the influence of the monofunctional peptide on the viscosity of the solution. 
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5.5.25.5.25.5.25.5.2 RNase S assay on electrospun meshesRNase S assay on electrospun meshesRNase S assay on electrospun meshesRNase S assay on electrospun meshes    

Due to the high voltage used in the electrospinning some inactivation of the peptide due to 
side reactions could occur. In addition, due to the electrospinning process the anchoring of 
the peptide may be changed or the peptide could be encapsulated more. Therefore, the 
RNase S assay was performed on an electrospun mesh containing 2 mol% UPy-S-peptide.  
 

        
 

Figure Figure Figure Figure 5.5.5.5.9999:::: Scanning Electron Microscope images of bis-(UPy-U)-poly(ε-caprolactone) (left) and bis-

(UPy-U)-poly(ε-caprolactone) containing 2 mol% UPy-S-peptide (right) electrospun from HFIP. 

 
However, as a result of the electrospinning the surface area of the material is increased 
considerably. When identical release behavior is assumed, the activity of the mesh would 
therefore be improved. The activity of the mesh was measured using the method developed 
for the films cast from HFIP. The activity of the electrospun mesh was found to be 0.0146 ± 
0.0033 counts/sec, which is similar to the activity of a cast film. Although a lower amount of 
UPy-S-peptide was used in this experiment, the drastic increase of the surface area of the 
material was expected to result in a higher activity compared to films cast from HFIP. Since 
the leakage of UPy-S-peptide from the electrospun meshes were not measured, a different 
anchoring of the peptide could be the origin of the lower activity. More encapsulation of the 
peptide in the bulk of the material could also explain the lower activity. Due to the 
hydrophobicity of the poly(ε-caprolactone) polymer and the small pore sizes, the wettability of 
the surface may be low and could result in no penetration of the assay medium in the pores 
of the mesh. This would drastically lower the surface area of the material and could be 
another cause of the lower activity. Nevertheless, these results show the applicability to 
electrospin a supramolecular polymer containing UPy functionalized peptides. At the same 
time the results show that some of the activity of the peptide is preserved throughout the 
electrospinning process. 

5.65.65.65.6 Discussion and conclusionsDiscussion and conclusionsDiscussion and conclusionsDiscussion and conclusions    
The modular approach for the incorporation of bioactive moieties into supramolecular 
materials is an attractive route towards bioactive supramolecular materials. Here we 
developed a model system based on the RNase S enzyme to determine the supramolecular 
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anchoring of bioactive molecules via UPy hydrogen bonding. With the assay in hand, the 
influence of processing parameters was evaluated.  
The solvent from which the materials can be processed must be carefully selected due to the 
large difference in hydrophobicity of the polymer and the peptide. In this chapter four solvents 
or combinations of solvents were found to dissolve both the UPy-S-peptide and the bis-(UPy-
U)-poly(ε-caprolactone) polymer. Results of the release of peptide and subsequent activity of 
the films cast from different solvents revealed an enormous influence of the solvent on the 
release behavior and activity of the films. However, the solubility of the UPy-peptide will 
change with changing the peptide sequence and length or the supramolecular polymer used. 
Therefore the activity of the films as a function of solvent should be evaluated for each 
peptide or peptide combination.  
Anchoring of UPy-S-peptide via the UPy group was observed when evaluating the release 
behavior and catalytic activity of the materials. However, whether the significant increase in 
anchoring and activity compared to the unfunctionalized S-peptide is caused by UPy-UPy 
hydrogen bonding or a change in hydrophobicity remains unresolved.  
Electrospinning of the bis-(UPy-U)-poly(ε-caprolactone) polymer into supramolecular meshes 
proved only possible when using HFIP as the solvent. The addition of 2 mol% of UPy-S-
peptide did not change the morphology of the meshes. Unexpectedly, the RNase S assay on 
the bioactive meshes showed a similar activity compared to the cast film, although the 
surface area of the material is significantly enhanced. Unfortunately, the release behavior of 
the meshes was not characterized, leaving possible differences in anchoring undisclosed. 
Therefore no conclusions can be drawn whether the difference is a result of a difference in 
anchoring or encapsulation of the peptide. 
 
The results obtained in this chapter show the applicability of the RNase S assay both on cast 
films as on electrospun meshes. The assay is highly sensitive and discards the non-specific 
absorption of S-protein. The additional release of UPy-S-peptide when bound to S-protein 
closely mimic the binding of cell receptors to bioactive moieties in the supramolecular 
materials and show for the first time the possibility of additional release upon interaction of 
the material with proteins or cells.  

5.75.75.75.7 Experimental sectionExperimental sectionExperimental sectionExperimental section    
MaterialsMaterialsMaterialsMaterials – RNase S was purchased from Sigma. 5´ 6-FAM-ArUAA-3´ TAMRA RNase substrate was 
purchased from Integrated DNA Technologies and used as such. Ureido-pyrimidinone poly(ε-
caprolactone) and 2(6-isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]pyrimidinone (UPy 
isocyanate) were synthesized according to literature procedures.5     
 
InstrumentationInstrumentationInstrumentationInstrumentation – Liquid chromatography-mass spectrometry (LCMS) spectra were recorded on an 
Applied Biosystems Single Quadrupole Electrospray Ionization Mass Spectrometer API-150EX in 
positive mode. Reversed Phase HPLC (RP-HPLC) was performed on a Shimadzu LC-8A HPLC 
system using a Vydac C18 column. Detection was performed by an UV detector at a wavelength of 
214 nm. UV-vis absorption spectra were recorded on a Perkin-Elmer Lambda 900 spectrometer. 
Differential Scanning Calorimetry (DSC) measurements were performed on a Thermal Advantage 
Q2000 apparatus between -80 and 150 °C at a rate of 10 °C/min with a sample weight of 5-10 mg. 
Integration of the melting endotherm was performed with the TA Instruments Universal Analysis 
software. Atomic Force Microscopy (AFM) measurements were performed on a Digital Instrument 
Multimode Nanoscope IV using PPP-NCHR-50 silicon tips (Nanosensors) in the tapping mode. 
Polymer films were made by casting a 1 mg/mL solution on pre-cleaned glass slides and subsequent 
evaporation to air for at least 1 hour, followed by annealing in vacuo over night at 40 °C. 
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Solid phase peptide synthesisSolid phase peptide synthesisSolid phase peptide synthesisSolid phase peptide synthesis – Peptide synthesis was performed on a Prelude automated peptide 
synthesizer (Protein Technologies). Truncated S-peptide (KETAAAKFERQHMDS) was synthesized 
according to conventional solid phase peptide synthesis techniques using standard Fmoc coupling 
chemistry on a Rink amide resin (100 µmol scale). The resin was swollen with N-methylpyrrolidone 
(NMP, 2mL) for 20 minutes prior to the first coupling.  
General coupling procedure: The resin was washed with NMP (2mL, 30 seconds) three times, 
deprotected 2 times with 20 v% piperidine in dichloromethane (2mL, 5 min) and subsequently washed 
6 times with NMP (2 mL, 30 sec). The amino acid (200 mM in NMP, 2 mL) was coupled to the resin in 
the presence of 1 ml HBTU (400 mM) and 1 ml diisopropylethylamine (DIPEA, 1600 mM) for 10 
minutes, after which it was washed three times with NMP (2 mL, 30 sec). The coupling was repeated 
once, after which the remaining unreacted amines were capped 2 times using a solution of 20 v% 
pyridine, 20 v% acetic anhydride and 60 v% NMP (2 mL, 5 min). This process was repeated until all 
amino acids had been coupled, and FMOC caproic acid was added similarly.  
 
The final FMOC was deprotected 2 times using 20 v% piperidine in dichloromethane (2mL, 5 min) and 
the resin was washed 6 times with NMP (2 mL, 30 sec) and 3 times with dichloromethane (2 mL, 30 
sec). The UPy isocyanate was added (100 mM in dry chloroform, 4 mL, 10 min), washed 3 times with 
dichloromethane (2 mL, 30 sec) and coupled again. The resin was washed 3 times with 
dichloromethane (2 mL, 30 sec), 3 times with NMP (2 mL, 30 sec) and capped 2 times (2 mL, 5 min). 
The peptide was cleaved from the resin by shaking for 1 hour with a mixture of 94 v% trifluoroacetic 
acid (TFA), 2.5 v% H2O, 2.5 v% triisopropylsilane (TIS) and 1 v% 1,2-ethyldithiol (EDT). The 
suspension was filtered and the resin was washed with TFA. The filtrate was precipitated in cold 
diethyl ether and centrifuged. The ether was decanted, the precipitate was dissolved in H2O and the 
solution was lyophilized to obtain the crude peptide. The peptide was purified via preparative RP-
HPLC using a gradient of 15-30% acetonitrile in water containing 0.1 v% TFA. 
 
SSSS----protein purificationprotein purificationprotein purificationprotein purification – S-protein was obtained by the separation of RNase S via RP-HPLC using a 
gradient of 10-35% acetonitrile in water containing 0.1 v% TFA. The obtained S-protein was purified for 
a second time by dissolving in 6M guanidinium acetate pH 4 and purification via RP-HPLC and was 
used as such. 
 
RNase free waterRNase free waterRNase free waterRNase free water – Diethyl pyrocarbonate (DEPC, 200 uL) was dissolved in 200 mL millipure water 
and left at room temperature for 2 days. The solution was subsequently autoclaved to neutralize the 
excess DEPC. 
 
Stock solutionsStock solutionsStock solutionsStock solutions – The S-protein was dissolved in RNAse free water and the UV-vis absorbance was 
measured to determine the concentration using a molar absorption coefficient of 9.56 mM-1 cm-1.17 The 
concentration S-protein was adjusted to a final concentration of 5 µM. 5´ 6-FAM-ArUAA-3´ TAMRA 
RNase substrate was divided in 50 µL aliquots of 20 µM in RNase free vials and stored at -30 °C. Prior 
to use, a vial was defrosted and 83.3 µL RNase free water was added to give a stock solution with a 
final concentration of 7.5 µM. 
 
Solvent casting of filmsSolvent casting of filmsSolvent casting of filmsSolvent casting of films – For all films, a solution of 20 nmol of peptide with 480 nmol polymer (4 mol% 
peptide; 2% per polymer end group) in the corresponding solvent (100 µL) was deposited in a well of a 
96-wells plate (RNase free, Greiner bio-one PP black) and dried at room temperature for several 
hours. The films were dried and annealed at 40 °C under vacuum over night and stored at -30 °C prior 
to use. The amount of material and the volume of casting were kept constant for all films to exclude 
their influence on the results of subsequent experiments. The amount of material is sufficient to cover 
the bottom of the well, generating a film with a constant surface area. 
 
Leakage experimentsLeakage experimentsLeakage experimentsLeakage experiments – Leakage of the UPy S-peptide was measured by LCMS using 300 µL of RNase 
free H2O. After incubation of the film for a given time, the H2O was refreshed and the amount of 
peptide was determined using the TIC trace and a calibration curve of the peptide (200 nM – 20 µM). 
All experiments were performed at least in triplicate. 
 
Enzymatic activity assayEnzymatic activity assayEnzymatic activity assayEnzymatic activity assay – After the leakage experiments, the films were incubated by shaking the 
plate for 5 minutes at 600 rpm with 280 µL buffer (RNase free H2O, 0.1 M TRIS pH 9.2, 0.2 M NaCl) in 
a Fluoroscan Ascent plate reader. The solution was removed and the films were incubated by shaking 
the plate for 5 minutes at 600 rpm with 260 µL buffer and 20 µL S-protein stock solution. The solution 
was removed and the films were subsequently incubated again with buffer, buffer with S-protein, 
buffer, buffer with S-protein, buffer and buffer with S-protein again. After this third cycle, half of the 
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solution (140 µL) was transferred to an empty well and to both solutions 10 µL of substrate stock 
solution (7.5 µM) was added. Conditions: 150 µL total volume, concentration S-protein = 333 nM, initial 
concentration of substrate = 500 nM. Measurements were started immediately afterwards. A maximum 
of 3 films were measured simultaneously. During the measurements, the films were shaken at 600 
rpm, and the fluorescent intensity was measured every 10 seconds. The first 2 datapoints were 
omitted to exclude initial mixing effects. Determination of the enzymatic activity was performed by 
determining the initial cleavage rate in the linear regime using linear fitting of the data points below t = 
120 seconds.  All experiments were performed at least in triplicate. The linear regime of the UPy-S-
peptide calibration curve exhibits a linear regime where: Rate (counts/sec) = 8.49 * 10-4 * 
[Concentration UPy-S-peptide (nM)] + 5.31 * 10-4 (R2 = 0.99). the calibration curve of the 
unfunctionalized S-peptide was found to be: Rate (counts/sec) = 1.33 * 10-3 * [Concentration S-peptide 
(nM)] +6.81 * 10-3 (R2 = 0.999). 
 
Measurements on electrospun meshes Measurements on electrospun meshes Measurements on electrospun meshes Measurements on electrospun meshes –––– Bis-(UPy-urea)-poly(ε-caprolactone) and bis-(UPy-urea)-
poly(ε-caprolactone) containing 2 mol% supramolecular filler were added to hexafluoroisopropanol 
(17.5 wt%) and stirred until completely dissolved. The viscous solution was fed to a custom-build 
electrospin setup via a kdScientific syringe pump, at a flow-rate of 0.02 ml/min. The distance between 
needle and ground plate was 12 cm, and the applied voltage was 20 kV. The fibers were deposited on 
a standard glass plate. 
An electrospun mesh was punched using the back of a glass pipette to result in disk with dimensions 
that match the bottom of a 96 wells plate. The meshes were subsequently treated using the 
procedures for the leakage experiments and the enzymatic activity assay as performed for the cast 
films. 
SEM was performed on a JEOL JSM840A microscope. Samples were prepared by attaching the 
polymer meshes on a copper sample holder and coated with gold using a EmiTech K550 Sputter 
Coater. Acceleration voltage was 10 kV, applied current was 1 nA. Determination of fiber diameter was 
done by measuring the broadest and smallest fibers with a ruler and dividing by the length of the scale 
bar. 
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AbstractAbstractAbstractAbstract – Supramolecular synthesis comprises the self-assembly of multiple molecules into 
predefined architectures in a controlled fashion. To create such self-assembled systems 
there is a need for highly directional and controllable non-covalent interactions with a high 
association constant. In this chapter, the self-complementary ureido-benzoic acid (UBA) 
quadruple hydrogen bonding motif is introduced. The motif shows self-complementary 
quadruple hydrogen bonding in 1H NMR. The dimerization constant was determined to be in 
de order of 109 M-1 in chloroform, which makes it an excellent candidate for supramolecular 
chemistry in dilute conditions. The self-complementary quadruple hydrogen bonding was 
confirmed in the solid state by a crystal structure. The applicability of the motif in 
supramolecular polymers was evaluated by bis-UBA telechelic poly(ethylene-butylene) 
polymers, which showed a dramatic increase in mechanical properties upon functionalization. 
The potential of the UBA motif in supramolecular synthesis was further evaluated in solution. 
One of the synthesized UBA molecules revealed hydrogen bonding to NaPy at high 
concentrations in chloroform. However, upon dilution the UBA:NaPy hydrogen bonding is 
disrupted and UBA homodimers are obtained. This shows the potential of NaPy as 
supramolecular protective group for the UBA molecule, which can be deprotected upon 
dilution. Using base and acid, the dimerization of the UBA motif was switched between the 
‘off’ and ‘on’ state, demonstrating an alternative method to influence the UBA dimerization. 
Orthogonal self-assembly of the UBA motif with UPy was confirmed by 1H NMR, showing 
only UBA and UPy homodimers in a 1:1 mixture. As a final example of the applicability of the 
UBA motif in supramolecular synthesis, switching of an UBA molecule in the presence of UPy 
revealed the possibility to selectively switch ‘off’ and ‘on’ UBA dimerization in the presence of 
UPy. These results show the great potential of the self-complementary quadruple hydrogen 
bonding UBA hydrogen bonding motif in supramolecular synthesis. 
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6.16.16.16.1 IntroductionIntroductionIntroductionIntroduction    
Inspired by the intriguing examples of the complex self-assembled structures created by 
Nature, the developments in the field of supramolecular chemistry pave the way towards 
supramolecular synthesis; the creation of highly ordered, specific and predetermined 
structures of multiple molecules based on multiple non-covalent interactions. Whereas 
traditional organic synthesis is concerned with the making and breaking of covalent bonds, 
supramolecular synthesis aims to assemble or disassemble supramolecular macromolecules 
via non-covalent bonds between molecules. While organic chemistry is highly controlled and 
predictive, the application of directed and specific non-covalent interactions in 
supramolecular chemistry to arrive at a higher level of complexity is still in its infancy, 
especially when multiple well-defined interactions are used. A key issue for supramolecular 
synthesis is therefore to gain full control on the assembly behavior, not only in a 
thermodynamic manner, but also by synthetic design. This will allow for the creation of self-
assembled systems based on multiple non-covalent interactions only at specified positions in 
a molecule in a reproducible way. The possibility to weaken or strengthen these non-covalent 
interactions, for example by temperature or solvent, allows for a better control over the 
aggregation process. Similar to organic chemistry, the supramolecular chemistry involved in 
the self-assembly should ideally be tolerant to other supramolecular moieties present in the 
molecule. If not, supramolecular protective groups should become available. Self-assembling 
moieties that can assemble in an orthogonal fashion are the first step towards realizing the 
assembly of more complex, multi-molecular systems based on multiple well-defined non-
covalent interactions.1  
 
While a wide variety of supramolecular interactions have become available, hydrogen-bonds 
are the most versatile and widely applied in supramolecular chemistry due to their high 
directionality and tunable strength. The directionality of hydrogen bonds makes it possible to 
create molecules that aggregate in an orthogonal fashion, which opens the route towards 
complex multi-molecular structures.2 Nowadays, not only highly ordered and complex 
structures in solution are explored, but also bulk materials with good mechanical properties 
are developed.3 In many cases the self-assembly of hydrogen bonds is isodesmic. A direct 
consequence is the need for motifs to exhibit high dimerization constants to attain a high 
degree of polymerization.4 Our group has gained important insights into the development and 
characterization of supramolecular systems in the past two decades. Initiated by 
developments in discotic self-assembled structures,5 the 2-ureido-4-pyrimidinone (UPy) 
quadruple hydrogen bonding motif was developed. This represented a breakthrough because 
of its high dimerization constant, long life-time and ease of synthesis.6 The high dimerization 
constant of the UPy originates from limited repulsive secondary interactions and two 
attractive secondary interactions within the motif and the prearrangement of the motif by an 
intramolecular hydrogen bond. Intramolecular hydrogen bonding is a powerful tool for 
creating order within molecules; examples from literature range from the organization of 
discotic molecules5 to the creation of foldamers.7 The intramolecular hydrogen bond is known 
to preorganise hydrogen bonding arrays in such a way that their dimerization constants 
significantly increases.8  
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In recent literature, Zhou and coworkers introduced anthranilic acid (ortho-aminobenzoic 
acid) based molecules. In these systems the intramolecular hydrogen bond between the 
carbonyl of the benzoic acid and the proton of the alkylated amine was used to planarize the 
molecule, whereafter the molecule dimerizes via benzoic acid hydrogen bonding.9 In the solid 
state, the moiety shows strong π-π interactions due to the aromatic core of the molecule. The 

conformational preference of anthranilic acid oligomers due to the intramolecular hydrogen 
bonding to result in foldamers has also been reported, revealing the potential of this building 
block.10 Interestingly, this benzoic acid derivative is fluorescent and is used for fluorescent 
labeling.11 Stimulated by the knowledge on supramolecular chemistry obtained in our group, 
we were interested in the development of a self-complementary hydrogen bonding motif 
based on anthranilic acid. This would not only expand the toolbox for supramolecular 
chemistry, but simultaneously introduces a fluorescent moiety, possibly interesting for 
imaging purposes or highly sensitive measurements. Furthermore, the motif can be a 
valuable moiety for potential use in supramolecular synthesis due to the acid-base type of 
interaction. 

6.26.26.26.2 The ureidoThe ureidoThe ureidoThe ureido----benzoic acid hydrogen bonding motifbenzoic acid hydrogen bonding motifbenzoic acid hydrogen bonding motifbenzoic acid hydrogen bonding motif    

6.2.16.2.16.2.16.2.1 Design strategyDesign strategyDesign strategyDesign strategy    

Self-complementarity is an important prerequisite for a hydrogen bonding motif; it reduces the 
amount of synthesis and prevents the need for stoichoimetry when creating supramolecular 
polymers. Carboxylic acid molecules are self-complementary as a result of the Donor-
Acceptor (DA) hydrogen bonding motif and are widely used in bulk materials. However, the 
double hydrogen bonding motif does not have a sufficiently high dimerization constant to 
allow for dimerization at low concentrations. To increase the dimerization constant, the 
number of hydrogen bonds in the motif should be increased. Keeping in mind the prerequisite 
for self-complementarity, the motif can be expanded to a DADA array or even longer. After 
evaluation of different possible molecules  we decided to attach the isocytosine to methyl 
anthranilic acid via a urea linker, creating self-complementary ureido-benzoic acid (UBA) 
molecules 1 1 1 1 (Figure 6.1). 
 
 
 
 
 
 
 
 
 
 

                                                                                                            

Figure Figure Figure Figure 6.6.6.6.1111:::: Synthesis of ureido-benzoic acid molecules 1111. 

 
While UBA molecules 1111 exhibit a self-complementary DADA motif, different tautomers of the 
isocytosine are possible. In the motif, two intramolecular hydrogen bonds preorganize the 
molecule into its correct conformation which should afford a high dimerization constant.  
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6.2.26.2.26.2.26.2.2 Synthesis and characterizationSynthesis and characterizationSynthesis and characterizationSynthesis and characterization    

The synthesis towards UBA molecules 1111 is straightforward. The reaction of 5-methyl 
anthranilic acid with a 1,1’-carbonyldiimidazole (CDI) activated isocytosine in the presence of 
base yielded UBA 1111 after acidic workup (Figure 6.1). For solubility reasons, the substituent on 
the isocytosine was varied between methyl and 2(S),6-dimethylheptyl. The latter was readily 
soluble in chloroform and 1H NMR spectroscopy of UBA 1b1b1b1b in CDCl3 revealed X-H 
resonances at 17.8, 12.6, 12.2, and 11.0 ppm (Figure 6.2). This indicates that all hydrogen 
bonding donors are involved in hydrogen bonding, with a surprisingly high downfield shift of 
one of the protons at 17.8 ppm. In traditional UPy dimers, the NH resonances in CDCl3 
appear at 13.2, 11.8, and 10.1 ppm. This indicates that the UBA motif is not dimerized in a 
fashion similar to UPy dimers. The alkylidene proton at 5.9 ppm is shifted slightly downfield 
compared to the traditional UPy dimer alkylidene (0.1 ppm). Since the alkylidene proton of 
the UPy enol tautomer is above 6.2 ppm, this indicates that the motif is in its keto rather than 
enol tautomeric form.12 These results all agree with the self-complementary structure as 
drawn in Figure 6.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure Figure Figure Figure 6.6.6.6.2222:::: Partial 1H-NMR (left) and NOESY (right) spectrum of 2(S),6-dimethylheptyl UBA 1b1b1b1b in 

CDCl3. 

 
The NOESY spectrum of 1b1b1b1b in the hydrogen bonding region shows clear crosspeaks 
between the peaks at 17.8, 12.6 and 12.2 ppm. However, the peak at 11.0 ppm does not 
show crosspeaks, indicative of a hydrogen bond which is isolated in space from the other 
hydrogen bonds. Based on this result, the peak at 11.0 ppm is expected to originate from the 
intramolecular hydrogen bond of the isocytosine moiety to the carbonyl of the urea, since this 
hydrogen bond is positioned far away from the other hydrogen bonds. The extremely 
downfield shift of the proton at 17.8 ppm can only be expected to originate from the acid 
proton. Therefore, the peaks at 12.6 and 12.2 ppm originate from the urea NH protons, but 
based on this spectrum no distinction can be made between the intramolecular and 
intermolecular hydrogen bonded NH. 
Additional proof for the proposed hydrogen bonding array was obtained by X-ray structure 
analysis. Crystals suitable for single crystal X-ray diffraction could be obtained upon slow 
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diffusion of water vapor into a solution of 1a1a1a1a in DMF (Figure 6.3). The results show that the 
molecule is indeed the centrosymmetric hydrogen bonded dimer as proprosed in Figure 6.1. 
Two intramolecular hydrogen bonds can be assigned based on their distance, which 
planarize the molecule in a DADA array. Weak hydrogen bonds perpendicular to the dimers 
connect these units into a one-dimensional chain along the crystallographic a axis. 
 
 

 

 

 

 

 

 

 

 

 

 
 
 

Figure Figure Figure Figure 6.6.6.6.3333:::: Side view (left) and top view (right) of the hydrogen-bonded dimer in the crystal structure of 

UBA molecule 1a1a1a1a. Displacement ellipsoids are drawn at the 50% probability level.  

6.2.36.2.36.2.36.2.3 Synthesis and characterization of alkoxy derivatives of UBAsSynthesis and characterization of alkoxy derivatives of UBAsSynthesis and characterization of alkoxy derivatives of UBAsSynthesis and characterization of alkoxy derivatives of UBAs    

The UBA motif shows the desired strong and self-complementary hydrogen bonding motif 
both in solution and in the solid state. It is crucial that the motif can be attached to other 
molecules or prepolymers to make it broadly applicable for supramolecular chemistry. 
Therefore, the synthesis towards ureidobenzoic acid molecule 3333 was performed. In this 
approach we used the commercially available 5-hydroxy-anthranilic acid 7777 as a starting 
material since the additional phenol introduces a handle for further modifications (Figure 6.4). 
First, the 5-hydroxy-anthranilic acid was protected as a methyl ester, after which the 
Williamson ether synthesis with hexylbromide was performed. The methyl ester was 
hydrolyzed to the free acid, after which reaction with a CDI activated isocytosine yielded 
ureidobenzoic acid molecule 3 3 3 3. As a reference compound, methylester 2222 was synthesized as 
well. 
 

 

Figure Figure Figure Figure 6.6.6.6.4444:::: Synthesis route  towards UBA molecules 2222 and 3333.    

 
Gratifyingly, the attachment of the hexyl chain increases the solubility of 3333 compared to UBA 
1a1a1a1a significantly. Molecule 3333 is soluble in tetrachloroethane and, to lesser extend, in 
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chloroform. The 1H NMR spectrum of ureidobenzoic acid molecule 3333 in deuterated 
tetrachloroethane again shows the X-H resonances at 18.0, 12.8, 12.2, and 10.9 ppm. These 
positions indicate hydrogen bonding and are slightly different compared to the values of 1b1b1b1b 
due to the electronic effect of the ether and the use of a different solvent. The CH2 next to the 
oxygen, which originates from the Williamson ether synthesis, is clearly present at 4.0 ppm. 
This reveals the possibility to attach other molecules to the UBA motif by the ether synthesis. 
Apparently, substituents at the 5-position of the benzene do not interfere with the quadruple 
hydrogen bonding. 
In contrast to 3333, methylester 2222 is not capable of dimerization via quadruple hydrogen bonds. 
The 1H NMR spectrum reveals two broad resonances are present at 12.5 and 11.0 ppm. 
Probably these resonances originate from the two intramolecular hydrogen bonds, which 
correspond to the interpretation of the NOESY spectrum of molecule 1b1b1b1b. 

6.2.46.2.46.2.46.2.4 Synthesis of UBA derivatSynthesis of UBA derivatSynthesis of UBA derivatSynthesis of UBA derivativesivesivesives    

To investigate whether the quadruple hydrogen bonding motif is more broadly applicable, 
benzimidazole molecule 4444 and pyridine molecule 5555 were synthesized by reaction of the 
aminobenzoic acid with the corresponding CDI activated amines (Figure 6.5).13 Both 
molecules exhibit the same DADA intermolecular hydrogen bonding motif as found for 
molecule 3333 and are therefore expected to form dimers in solution.  

 

 

Figure Figure Figure Figure 6.6.6.6.5555:::: Synthesis route towards ureido-benzoic acids 3333, 4 4 4 4 and 5 5 5 5 bearing a similar intermolecular 

hydrogen bonding motif. 
 
UBA molecule 4444 lacks the second intramolecular hydrogen bond, which is expected to lower 
the dimerization constant and could result in the loss of intermolecular hydrogen bonding in 
dilute solutions. However, 1H NMR reveals X-H resonances at 18.6, 11.6, and 11.0 ppm 
indicative of the formation of hydrogen bonded dimers (Figure 6.6). UBA molecule 5555 exhibits 
X-H resonances at 19.1, 14.5, 12.1, and 11.6 ppm, which indicates hydrogen bonded dimers 
as well. The X-H resonance at 14.5 ppm is significantly different compared to the resonances 
as observed for UBA molecules 3333 and 4444 and can be a result of the benzimidazole moiety. All 
three ureido-benzoic acid molecules show resonances typical for hydrogen bonding dimers in 
1H NMR, revealing the general applicability of the ureido-benzoic acid motif. . . . Dilution to 0.1 



Supramolecular synthesis with ureido-benzoic acids 

 101 

mM concentrations did not result in a shift of the X-H resonances or in the appearance of new 
signals, suggesting that the dimerization constant of UBAs 3333----5555 is ≥ 105 M-1.16b 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
    
    

    
Figure Figure Figure Figure 6.6.6.6.6666:::: Partial 1H NMR of UBA molecules 3333, 4444 and 5555, all three displaying strong self-

complementary hydrogen bonding in CDCl3 (1 mM). 

6.36.36.36.3 Properties of ureidoProperties of ureidoProperties of ureidoProperties of ureido----benzoic acids in dilute solutionbenzoic acids in dilute solutionbenzoic acids in dilute solutionbenzoic acids in dilute solution    

6.3.16.3.16.3.16.3.1 Fluorescent properties of ureidoFluorescent properties of ureidoFluorescent properties of ureidoFluorescent properties of ureido----benzoic acidsbenzoic acidsbenzoic acidsbenzoic acids    

The fluorescent properties of benzoic acid moieties make them ideal candidates for sensitive 
fluorescence spectroscopy measurements. Indeed, ureido-benzoic acids 2222-5555 show 
fluorescent emission upon excitation between 250 and 350 nm with excitation maxima 
around 280 nm and 330 nm. Remarkably, the emission intensity of methyl ester 2222 is 
considerably higher compared to acid 3333 (Figure 6.7).   

  

Figure Figure Figure Figure 6.6.6.6.7777:::: Left: Fluorescent properties of 10 µM solutions of molecules 2222 (dashed lines) and 3333 (solid 

lines) in chloroform. Right: change in emission intensity at 410 nm normalized to the concentration of 

molecule 3333 upon dilution (right, line was added to guide the eye). 

 

At concentrations of molecule 3333 below the nanomolar regime, the normalized emission 
intensity increases significantly. It is not uncommon for dye molecules to show quenching at 
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high concentrations, which is attributed to internal conversion and intersystem crossing in the 
aggregates of the dye molecules.14  Since the ureido-benzoic acid molecule creates dimers 
via hydrogen bonding, quenching of the fluorescence emission upon dimerization is therefore 
plausible. Moreover, benzoic acid hydrogen bonding influences the energy levels of the 
transition states, revealing more quenching of the fluorescence emission upon hydrogen 
bonding of the benzoic acids.15 At the same time, molecule 2222 does not dimerize in the 
concentration regime of the fluorescence experiments. This results in monomers of molecule 
2222 and thus a higher fluorescence intensity due to the absence of quenching.  
Although fluorescence experiments are highly sensitive, the accuracy of the measurements 
below the nanomolar regime was insufficient to reliably determine the dimerization constant. 
Nevertheless, the fluorescent properties of the ureido-benzoic acids open up the possibility 
for optical analyses at low concentrations. 

6.3.26.3.26.3.26.3.2 DeterminDeterminDeterminDetermination ofation ofation ofation of the dimerization constant of ureido the dimerization constant of ureido the dimerization constant of ureido the dimerization constant of ureido----benzoic acidsbenzoic acidsbenzoic acidsbenzoic acids    

To explore the potential of the ureido-benzoic acid hydrogen bonding motif in supramolecular 
chemistry in full detail, the hydrogen bonding motif was studied in dilute solution. One of the 
most important properties of a hydrogen bonding motif is its dimerization constant. 1H NMR 
studies showed the presence of only dimers upon dilution of UBA molecules 3333-5555 to 100 µM in 
CDCl3 or TCE-d2, suggesting that their dimerization constant is ≥ 10

5 M-1.16b Since all 
attempts to determine the accurately determine the dimerization constant failed, we decided 
to follow the approach of heterocomplexation with NaPy. The heterodimerization with NaPy 
was previously successfully applied to determine the dimerization constant of several UPy 
derivatives.16 UBA molecule 3333 exhibits the isocytosine moiety and is capable of forming a 
heterodimer with NaPy as is found for UPy derivatives bearing a similar moiety (Figure 6.8).17 
The UBA:NaPy heterodimer is expected to give a new absorbance at 355 nm as is found for 
the UPy:NaPy heterocomplex. This allows for the determination of the binding constant by 
competitive binding, in which the amount of UBA:NaPy heterocomplex is dependent on the 
association constant of the UBA:NaPy complex and the dimerization constant of the UBA 
homodimers.  
 

 

 
 

    

Figure Figure Figure Figure 6.6.6.6.8888:::: Equilibrium of molecule 3333 with NaPy (left) and the results of the UV-vis titration upon 

addition of up to 5 equivalents of molecule 3333 to a 20 µM solution of NaPy in chloroform (right). R’ = 

hexyl. 

NaPy 
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However, when performing the UV-vis titration at 20 µM NaPy in chloroform, only a small 
shoulder above 350 nm is observed when adding up to 5 equivalents of UBA molecule 3333, 
which originates from the increased amount of UBA added during the titration ( 
Figure 6.8). The absence of UBA:NaPy heterocomplex can be caused by a high dimerization 
constant of the UBA homodimer, or a conformational restraint which does not allow the 
molecule to adapt the conformation that is necessary to bind to NaPy. Another possibility is a 
low association constant of UBA molecule 3333 to NaPy, resulting in no heterodimerization at 20 
µM concentration.  
A control experiment was performed with methyl ester 2222,    which cannot dimerize by the strong 
quadruple hydrogen bonding. However, this motif is similar to molecule 3333 and therefore will 
give important information whether the motif is able to bind to the NaPy-molecule. When 
adding molecule 2222 to a 18 µM solution of NaPy in chloroform, a distinct absorbance at 355 
nm is observed, indicating heterodimerization (Figure 6.9). This shows that the motif is 
capable of changing its conformation and is able to bind to a NaPy molecule, and that indeed 
an additional absorbance at 355 nm is observed when the heterodimer is created. These 
results suggest that the very high dimerization constant of UBA molecule 3333 prohibits the 
heterodimerization with NaPy at the low concentrations required for the UV-vis titration 
experiments. 

   

Figure Figure Figure Figure 6.6.6.6.9999: : : :  UV-vis titration of up to 6 equivalents of molecule 2222 to a 18 µM solution of NaPy in 

chloroform. R’ = Hexyl.  
 
For the UPy:NaPy heterodimerization it is known that the equilibrium between homo- and 
heterodimerization is shifted to heterodimerization when the concentration is increased.17a 

Therefore, the UBA:NaPy titration was repeated at 2 mM concentration. To ensure a good 
solubility of UBA molecule 3333 at these high concentrations, the titration was performed in 
deuterated tetrachloroethane. Upon addition of NaPy the peaks originating from the UBA 
homodimers (circles) decrease and an additional set of peaks at 13.9, 12.8, 11.3, and 10.9 
ppm is observed (squares, Figure 6.10), which are attributed to the UBA:NaPy heterodimer. 
The signals of the NaPy amides are positioned between 8.2 and 8.6 ppm and shift downfield 
with increasing NaPy concentration.   
Remarkably, even up to 8 equivalents of NaPy does not result in complete 
heterodimerization. This again demonstrates that the dimerization of the UBA is very strong. 
Fitting of the data obtained from this titration suggest a dimerization constant of the UBA in 
the order of 109 M-1 with an association constant of the UBA for the NaPy to be approximately 
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105 M-1.16a This indicates that the dimerization constant of the UBA is more than 10 times 
higher compared to the UPy motif. At the same time the association constant for the 
UBA:NaPy heterodimer is slightly lower, resulting in less heterodimerization. 
 

   

 

 

 
Figure Figure Figure Figure 6.6.6.6.10101010:::: Equilibrium of molecule 3333 with NaPy (left) and the result of the NMR titration upon addition 

of up to 8 equivalents of NaPy in deuterated  tetrachloroethane to a 2 mM solution of molecule 3333 

(right). R = decyl, R’ = hexyl. 

6.46.46.46.4 UreidoUreidoUreidoUreido----benzoic acid supramolecular polymers benzoic acid supramolecular polymers benzoic acid supramolecular polymers benzoic acid supramolecular polymers     

6.4.16.4.16.4.16.4.1 Synthesis and characterizationSynthesis and characterizationSynthesis and characterizationSynthesis and characterization    

Our approach to functionalize telechelic polymers with the newly developed UBA moiety is 
depicted in Figure 6.11. Molecule 8888 is alkylated with N-BOC protected 6-aminohexyl bromide. 
The BOC group can be removed by deprotection with TFA and the amine can be coupled to 
CDI activated α,ω-bisamino-poly(ethylene-butylene) to create UBA-U supramolecular 
polymer 6666. The supramolecular polymer comprises UBA groups at each end of the oligomer, 
which is connected to the polymer backbone via urea linkers. The urea linker is expected to 
impart supramolecular crosslinks via lateral urea hydrogen bonding as is observed for UPy 
supramolecular polymers.18 The change in material properties is apparent, since the starting 
poly(ethylene-butylene) oligomer is a viscous liquid, while after attachment of the UBA motif 
the material is isolated as a white fibrous and elastic solid (Figure 6.11).  
The 1H NMR spectrum of polymer 6666 in deuterated tetrachloroethane shows the X-H 
resonances at 10.9, 12.7 and 18.0 ppm (Figure 6.12), which correspond well to the 
resonances observed for molecule 3333. The resonance at 12.2 ppm is present as well, but 
appears to be broadened significantly. Broadening of the resonances corresponding to the 
aromatic protons and the isocytosine alkylidene proton (5.9 ppm) is also observed. This is 
accompanied by a downfield shift of the urea protons between 4 and 5 ppm, indicative of 
hydrogen bonding and indicates lateral aggregation into stacks. This is rather remarkable, 
since at this concentration (2 mM) no lateral aggregation is observed for the UPy-urea PEB 
polymers,19 demonstrating that the additional benzene moiety can stabilize lateral 
aggregation via π-π interactions. 
 

+ 

NaPy 
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Figure Figure Figure Figure 6.6.6.6.11111111:::: Synthetic scheme towards α,ω-UBA-U supramolecular polymer 6666. 

 
Variable temperature 1H NMR of polymer 6666 shows a sharpening of the aromatic signals and 
the isocytosine alkylidene proton upon heating. In addition an upfield shift of the urea protons 
from 4.2 to 4.7 ppm is observed (Figure    6.12). This suggests that the disassembly of the urea 
stacks occurs at elevated temperatures. The signals corresponding to the intermolecular 
hydrogen bonds of the ureido-benzoic acid motif disappear upon heating. This can be caused 
by exchange of the protons with water present in the solvent, which results in disappearance 
of the signals due to broadening.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure Figure Figure Figure 6.6.6.6.12121212:::: Temperature dependent 1H NMR spectra of supramolecular polymer 6666 in TCE-d2 (2mM) 
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6.4.26.4.26.4.26.4.2 Macroscopic properties of Macroscopic properties of Macroscopic properties of Macroscopic properties of α,ωα,ωα,ωα,ω----UBA poly(ethyleneUBA poly(ethyleneUBA poly(ethyleneUBA poly(ethylene----butylene) supramolecular butylene) supramolecular butylene) supramolecular butylene) supramolecular 
polymerspolymerspolymerspolymers    

The mechanical properties of supramolecular polymer 6666 were investigated by performing 
tensile tests on films casted from chloroform. The Young’s modulus of the material is 1.18 
MPa with an ultimate tensile strength of 0.43 MPa (Figure 6.13 and Table 6.1). For UPy-urea 
supramolecular polymers, the end groups aggregate into long nano-fibers, creating 
crystalline crosslinks thereby reinforcing the material.18 Investigation of the surface 
morphology of UBA polymer 6666 casted from chloroform with Atomic Force Microscopy (AFM) 
revealed the presence of short nano-fibers on the surface. DSC analysis of the polymer 
showed a Tg at -54.7 °C characteristic for the glass transition temperature of poly(ethylene-
butylene) polymers. The first run showed a melt transition at 169 °C with a melt enthalpy of 
2.53 J/g, which could not be observed in the subsequent runs. The low melt enthalpy is in 
agreement with the short and less densely packed nano-fibers as visualized by AFM and can 
be the reason for the low toughness of the material. Nevertheless, supramolecular polymer 6666 
exhibits a remarkable enhancement of its macroscopic properties compared to the 
unfunctionalized oligomer. This clearly shows the potential of the UBA motif in the field of 
supramolecular polymer chemistry.  

    
    
    

Figure Figure Figure Figure 6.6.6.6.13131313:::: Mechanical properties of polymer 6666 and corresponding AFM phase image (500x500 nm). 
 
 

TableTableTableTable    6.6.6.6.1111:::: Summary of DSC measurements and tensile tests of polymer 6666. The first heating run was 

recorded at 10 K/min, the second heating run at 40 K/min. nd = not detected. 

    TTTTgggg (°C) (°C) (°C) (°C)    TTTTmmmm (°C) (°C) (°C) (°C)    ∆H∆H∆H∆Hmmmm (J/g) (J/g) (J/g) (J/g)    E (MPa)E (MPa)E (MPa)E (MPa)    σσσσmax max max max (MPa)(MPa)(MPa)(MPa)    εεεεmaxmaxmaxmax (%) (%) (%) (%)    

6666 (1st run) nd 169.1 2.53 1.18 ± 0.1 0.43 ± 0.03 66.7 ± 8.0 

6666 (2nd run)    -54.7 - -    
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6.56.56.56.5 Towards supramolecular synthesis using the ureidoTowards supramolecular synthesis using the ureidoTowards supramolecular synthesis using the ureidoTowards supramolecular synthesis using the ureido----benzoic acid benzoic acid benzoic acid benzoic acid 
motifmotifmotifmotif    

6.5.16.5.16.5.16.5.1 Orthogonal selfOrthogonal selfOrthogonal selfOrthogonal self----assembly of the UBA and UPy hydrogen bonding motifsassembly of the UBA and UPy hydrogen bonding motifsassembly of the UBA and UPy hydrogen bonding motifsassembly of the UBA and UPy hydrogen bonding motifs    

Orthogonal self-assembly paves the way towards the supramolecular synthesis of highly 
ordered and complex structures based on multiple non-covalent interactions. One of the 
advantages of hydrogen bonding arrays is their high directionality and high dimerization 
constant. The high dimerization constant of the UBA and the UPy motif make them 
interesting candidates for the use in orthogonal self-assembly. Since UBA molecule 3333 closely 
resembles UPy molecules, the orthogonal self-assembly of a 1:1 mixture of UBA and UPy 
was investigated. Due to the close resemblance of the structures of the molecules, 
interference of the homodimerization of UBA and UPy dimers could pose a challenge. Thus 
we evaluated the 1H NMR spectra of a 1:1 mixture of UBA and UPy at 3mM with the spectra 
comprising only UBA or UPy dimers (Figure 6.14). 
 

                           

Figure Figure Figure Figure 6.6.6.6.14141414:::: Partial 1H NMR spectra showing a 3 mM solution of (a) UBA molecule 3333 (b) ethylpentyl-

UPy and (c) a 1:1 mixture of UBA and UPy in deuterated tetrachloroethane.  

 

No additional peaks could be observed in the mixture, indicating that in the 1:1 mixture only 
UBA and UPy homodimers are obtained. 1H NMR experiments with UBA molecules 4444 and 5555 
showed similar results, demonstrating orthogonal self-assembly of the UBA motif with UPy. 
The high selectivity found for these two hydrogen bonding motifs highlight the potential of the 
UBA motif in the supramolecular synthesis of macromolecules. 

6.5.26.5.26.5.26.5.2  Reversible on Reversible on Reversible on Reversible on---- and off and off and off and off---- switching of  switching of  switching of  switching of the UBA motif using acid and basethe UBA motif using acid and basethe UBA motif using acid and basethe UBA motif using acid and base    

A particularly attractive feature of the ureido-benzoic acid motif is its benzoic acid group. The 
acid group is essential for the creation of UBA dimers, but at the same time is highly 
susceptible to the presence of base or acid. Upon addition of a base, the benzoic acid can be 
deprotonated, which will disrupt the UBA dimers. Since the deprotonation is reversible, 
acidification of the solution should restore the UBA dimerization.  
When 1.5 equivalents of triethylamine are added to a 5 mM solution of molecule 3333 in 
deuterated tetrachloroethane, the resonances characteristic for the quadruple hydrogen 
bonding disappear. New peaks arise at 13.5 and 12.6 ppm and a broad peak at 11.9 ppm, 
coinciding with a shift two of the aryl protons from 8.1 and 7.1 ppm to 8.2 and 7.0 ppm, 

a 
 
 
 

b 
 
 
 

c 

+ 
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respectively (Figure 6.15). The addition of a stoichiometric amount of trifluoroacetic acid to 
the solution with respect to triethylamine results in an immediate reappearance of the X-H 
protons at 17.8, 12.7, 12.2, and 10.9 ppm. 

         
 

Figure Figure Figure Figure 6.6.6.6.15151515: : : : Left: 1H NMR data of a 5 mM solution of molecule 3333 in tetrachloroethane upon addition of 

1.5 equivalents triethylamine (a,c) and subsequent addition of 1.5 equivalents trifluoroacetic acid (b,d). 

Right: Fluorescence spectra of a 10 µM solution of molecule 3333 (solid line) in chloroform upon addition 

of 10 equivalents triethylamine (dashed) and subsequent addition of 10 equivalents acid (dotted).  
 
Next to the disappearance of the resonances characteristic for the quadruple hydrogen 
bonding upon the addition of triethylamine, the fluorescence emission maximum of a 10 µM 
solution in chloroform shifts from 406 nm to 452 nm and increases in intensity. This is in 
agreement with the fluorescence dilution experiments in which the monomer showed higher 
fluorescence compared to the corresponding dimers, although the charge that is created 
upon the addition of base may result in different fluorescent properties of the molecule. 
These results suggest the formation of UBA monomers, possibly triethylamine salts, upon the 
addition of base. Upon reacidification, a shift of the emission maximum from 452 nm back to 
406 nm is observed.  
The 1H NMR and fluorescence spectra after the addition of base and subsequent acid 
correspond nicely with the values found for the starting spectra of dimers of molecule 3333, 
indicative for full restoration of the UBA dimers. Repetition of the addition of base and 
subsequent addition of trifluoroacetic acid results in identical behavior, revealing the 
possibility to repetitively switch ‘off’ and ‘on’ the UBA hydrogen bonding within one 
experiment.20 The peak at 11.4 ppm corresponds to the value found for triethylamine salts 
that are produced during the switching and increases in intensity after the second addition of 
trifluoroacetic acid.  

6.5.36.5.36.5.36.5.3 OOOOrthogonal on/off switching of the UBA motif in the presence of UPyrthogonal on/off switching of the UBA motif in the presence of UPyrthogonal on/off switching of the UBA motif in the presence of UPyrthogonal on/off switching of the UBA motif in the presence of UPy    

The UBA motif shows orthogonal self-assembly with the UPy motif and shows the possibility 
of on/off switching upon the addition of acid or base as previously described. Although the 
hydrogen bonding interactions can be influenced by changing solvent or temperature, these 
aspects are not selective and can be unwanted when molecules are thermally instable. The 
on/off switching of the UBA motif would therefore be highly interesting if it is compatible with 
the orthogonal self-assembly with UPy dimers. To evaluate this possibility, on/off switching of 
a 1:1 mixture of UBA molecule 3333 and UPy was investigated. Although ‘off’ switching with 

a 
 

b 
 

c 
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triethylamine is indeed possible, the acidification with trifluoroacetic acid resulted in loss of 
the UPy dimerization. It is possible that a small excess of trifluoroacetic acid was added, 
resulting in disruption of the UPy dimers. Therefore, a biphasic system with NaOH and HCl in 
H2O was used. Upon the addition of 1.5 equivalents of NaOH, the UBA is deprotonated. Due 
to the charge created on the molecule, the majority of molecule 3333 is transferred to the 
aqueous droplets in the emulsion, resulting in disappearance of the UBA signals in 1H NMR 
(Figure 6.16). However, the signals of the UPy dimers remain unchanged, indicating that the 
UPy dimerization is unaffected by the basic conditions. Upon acidification with a 
stoichiometric amount of HCl, the acid is protonated and molecule 3333 redissolves in the 
organic layer. The signals of the UBA dimers reappear in the 1H NMR spectrum, although the 
peaks at 18.0 and 12.7 ppm are broadened, possibly due to exchange with water protons. 
These results demonstrate the possibility to selectively switch ‘on’ or ‘off’ the UBA 
dimerization in the presence of UPy dimers  

 

Figure Figure Figure Figure 6.6.6.6.16161616:::: Effect of the addition of base (middle) and subsequent addition of acid (top) to a 1:1 

mixture of UPy and UBA dimers in deuterated tetrachloroethane (bottom, 3 mM each). 

6.5.46.5.46.5.46.5.4 Dilution induced deprotection of ureidoDilution induced deprotection of ureidoDilution induced deprotection of ureidoDilution induced deprotection of ureido----benzoic acid 3benzoic acid 3benzoic acid 3benzoic acid 3    

The competitive binding experiments of UBA molecule 3333 with NaPy at high concentrations 
show the formation of heterodimers according to 1H NMR, where at low concentrations no 
heterodimers could be observed using UV-vis spectroscopy. This suggests that the NaPy 
molecule can be used as a supramolecular protective group, which can be deprotected by 
dilution. In other words, the UBA homodimerization can be induced by diluting the system, 
which is strikingly different to normal aggregation processes.21 This prompted us to study the 
dilution induced homodimerization of such a UBA-NaPy system. However, extremely high 
concentrations are necessary to obtain heterodimerization for a 1:1 mixture of UBA and 
NaPy. Since the solubility of UBA molecule 3333 is limited, 6 equivalents of NaPy were used. 
This drastically decreases the concentration necessary to obtain UBA:NaPy heterodimers. At 
a 10 mM concentration of UBA molecule 3333 in the presence of 6 equivalents of NaPy a small 
fraction (9%) of resonances characteristic for the UBA homodimers is present (Figure 6.17).22 
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A new set of resonances is observed at 13.9, 12.8 and 11.3 ppm are observed, which are 
attributed to the UBA:NaPy heterodimer. Upon dilution the equilibrium between UBA:NaPy 
heterodimers and UBA homodimers is shifted towards the UBA homodimers: at a 0.1 mM 
concentration the solution only consists of UBA homodimers and NaPy monomers. It is 
important to note that at this concentration the association constant of the NaPy should 
theoretically still be large enough to bind to the UBA, although this is not observed anymore. 
At the moment we are exploring the possibility to use this dilution induced deprotection for 
the creation of supramolecular polymers in solution.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure Figure Figure Figure 6.6.6.6.17171717: : : : 1H NMR experiment in CDCl3 showing switching from the UBA-NaPy (top) to the UBA-

UBA (bottom) dimer of a solution containing 6 equivalents of NaPy upon dilution. R’ = hexyl, R’’ = 

decyl. 

6.66.66.66.6 Discussion and conclusionsDiscussion and conclusionsDiscussion and conclusionsDiscussion and conclusions    
Supramolecular synthesis is the next step in supramolecular chemistry to generate complex 
architectures based on multiple non-covalent interactions in a controlled fashion. Key issue in 
this process is the availability of highly directional and controllable non-covalent interactions 
with a high association constant. In this chapter the ureido-benzoic acid quadruple hydrogen 
bonding motif was introduced and its applicability in supramolecular synthesis was evaluated. 
Using an easy, straightforward synthesis, a small library of different ureido-benzoic acid 
molecules was synthesized and characterized. 1H NMR revealed strong and self-
complementary quadruple hydrogen bonding in organic solutions, where single crystal X-ray 
diffraction confirmed the quadruple hydrogen bonding stabilized by two intramolecular 
hydrogen bonds in the solid state. Characterization of ureido-benzoic acid molecule 3333 in 
dilute solution revealed an extremely high dimerization constant in the order of 109 M-1 in 
chloroform according to UBA:NaPy titration experiments. The molecules are fluorescent, 
which make them attractive to use in highly sensitive or highly diluted measurements. 
Fluorescent dilution experiments revealed an increase in fluorescence emission intensity 
upon dissociation of the dimers into monomers. Although fluorescence spectrometry is a 
highly sensitive technique, the fluorescence could only be measured reliably down to 10-10 M-

1, which is insufficient to determine the association constant via this technique. The 
functionalization of poly(ethylene-butylene) telechelic oligomers with an UBA-U motif resulted 
in a dramatic increase of the macroscopic properties of the polymer and revealed the 

Dilution 

10 mM 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
0.1 mM 

2 

 

 



Supramolecular synthesis with ureido-benzoic acids 

 111 

possibility to create supramolecular polymers based on the ureido-benzoic acid motif. AFM 
showed the formation of short nano-fibers. Possibly the crystallization into the nano-fibers 
can be improved by changing the spacer between the ureido-benzoic acid and the urea 
moiety. 
The aggregation of the ureido-benzoic acid motif with UPy revealed orthogonal self-assembly 
of UBA and UPy molecules. Even though molecule 3333 exhibits a molecular structure that 
shows similarity to UPy molecules, the presence of UBA does not influence the UPy 
hydrogen bonding significantly and vice versa. Due to the high dimerization constants of both 
hydrogen bonding motifs, this allows for the orthogonal self-assembly in diluted conditions. 
Interestingly, the strong quadruple hydrogen bonding can be switched ‘off’ and ‘on’ by the use 
of base and acid respectively. Upon the addition of base, the benzoic acid group is 
deprotonated, resulting in disruption of the UBA dimers according to 1H NMR and 
fluorescence spectroscopy. When acidifying the solution, the characteristic peaks of the UBA 
dimers return. The switching behavior is feasible at room temperature using a small excess 
of base, and the switching can be repeated. To combine the orthogonal self-assembly of UBA 
and UPy molecules with the reversible ‘on’ or ‘off’ switching of the UBA molecules, switching 
experiments were performed in a 1:1 mixture of UBA and UPy. When introducing an aqueous 
layer containing a base or acid to the organic layer containing UBA and UPy dimers allowed 
for the selective ‘off’ and subsequent ‘on’ switching of the UBA dimerization in the presence 
of UPy dimers. The switching of the biphasic system proved to be orthogonal with UPy 
aggregation. This method of influencing the dimerization of the UBA hydrogen bonding could 
therefore be a valuable tool in supramolecular synthesis. 
Molecule 3333 displayed UBA:NaPy heterodimerization only at high concentrations due to the 
high dimerization constant of the UBA. Simple dilution of a mixture containing UBA:NaPy 
heterodimers resulted in the quantitative conversion into UBA homodimers and NaPy 
monomers. This UBA:NaPy heterodimerization could have a potential application as 
supramolecular protective group in supramolecular synthesis, where deprotection can be 
obtained by simple dilution of the system.  
 
The experiments shown in this chapter exemplify the potential of the ureido-benzoic acid 
quadruple hydrogen bonding motif in supramolecular chemistry. Due to the high dimerization 
constant of the UBA motif, a wide concentration regime is available for self-assembly in dilute 
conditions. In combination with the switching capabilities of the UBA motif, this motif shows 
promising properties for potential use in the supramolecular synthesis of macromolecules. 
Using the orthogonal UBA and UPy self-assembly and the dilution induced deprotection of 
the UBA:NaPy heterodimers, this may be a first step towards the controlled self-assembly of 
complex macromolecular structures based on the ureido-benzoic acid hydrogen bonding 
motif. Currently we are evaluating the applicability of the UBA motif in the supramolecular 
synthesis of supramolecular polymers. 
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6.76.76.76.7 Experimental sectionExperimental sectionExperimental sectionExperimental section    
MMMMaterialsaterialsaterialsaterials - All reagents and solvents were purchased from commercial sources and used as received 
unless otherwise noted. Chloroform, was dried over 4Å molsieves for at least 1 day prior to use. 
Triethylamine was dried over KOH pellets. 2-(1-Imidazolylcarbonylamino)-6-(2(S),6-dimethylheptyl)-
4[1H]-pyrimidinone,23 2-(1-imidazolyl carbonylamino)-6-methyl-4[1H]-pyrimidinone,23 N-
[(butylamino)carbonyl]-6-(1-ethylpentyl)isocytosine12    and 2,7-bis-(dodecanoylamino)-1,8-
naphthyridine17a were synthesized according to previously published procedures. Silica gel column 
chromatography was carried out with silica gel 60 (mesh 70-230).    
 
IIIInstrumentationnstrumentationnstrumentationnstrumentation - 1H NMR and 13C NMR spectra were recorded on a 400 MHz NMR (Varian Mercury, 
400 MHz for 1H NMR and 100 MHz for 13C NMR). Proton chemical shifts are reported in ppm downfield 
from tetramethylsilane (TMS). For deuterated 1,1’,2,2’,-tetrachloroethane a small amount of TMS was 
added to the solvent. The splitting patterns are designated as: b, broad; s, singlet; d, doublet; dd, 
double doublet; t, triplet; q, quartet; sep, septet; m, multiplet. Carbon chemical shifts are reported 
downfield from TMS using the resonance of the deuterated solvent as the internal standard. Matrix 
assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectra were obtained using a 
PerSeptive Biosystems Voyager-DE PRO spectrometer using an acid α-cyanohydroxycinnamic acid 
(CHCA) or a neutral 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene] malononitrile (DCTB) 
matrix. Elemental analysis was performed on a Perkin Elmer 2400 series II CHNS/O Analyzer. GPC 
was measured on a Shimadzu LC-10DVP system with a Shimadzu RID-10A detector and a PLgel 5-
µm mixed-D column with THF as the eluent (flow rate: 1 mL/min) and poly(styrene) standards for the 
calibration. Differential Scanning Calorimetry (DSC) measurements were performed on a Thermal 
Advantage Q2000 apparatus between -80 and 150 °C at a rate of 10 K/min with a sample weight of 5-
10 mg. Integration of the melting endotherm was performed with the TA Instruments Universal 
Analysis software. Atomic Force Microscopy (AFM) measurements were performed on a Digital 
Instrument Multimode Nanoscope IV using PPP-NCHR-50 silicon tips (Nanosensors) in the tapping 
mode. Polymer films were made by casting a 1 mg/mL solution in chloroform on pre-cleaned glass 
slides and subsequent evaporation to air for at least 1 hour, followed by annealing in vacuo overnight 
at 40 °C. Fourier Transform Infrared (FTIR) spectra for analysis at room temperature were recorded on 
a Perkin Elmer Spectrum One FT-IR spectrometer with a Universal ATR Sampling Accessory. UV-vis 
absorption spectra were recorded on a Perkin-Elmer Lambda 900 spectrometer. Fluorescent 
measurements were performed on an Edinburgh Analytical Instruments spectrometer equipped with a 
Xe900 light source. 
 
Tensile testingTensile testingTensile testingTensile testing – Tensile tests were performed on a Zwick Z100 Materialprüfung device equipped with 
a 100 N loadcell. Samples were prepared by casting a solution of 2 gram precipitated polymer in 20 
mL CHCl3 in Teflon cups of 10.5x4.5 cm. The solvent was allowed to evaporate in 3 days at room 
temperature and subsequent drying at 40 °C in vacuo overnight, yielding a 0.3 mm thick film. Testing 
was done according to ASTM 1708-96 with n = 6. Therefore the calculated modulus is only an 
indicative modulus. This modulus was determined between 1 and 3% strain. Strain rate was 2.0 
mm/min.  
 
Single crystal XSingle crystal XSingle crystal XSingle crystal X----ray structure determinationray structure determinationray structure determinationray structure determination – Crystals suitable for single crystal X-ray diffraction 
analysis were obtained by slow diffusion of water vapor into a few mg/ml solution of molecule 1a in 
DMF. C14H14N4O4, Fw = 302.29, colourless block, 0.33 x 0.27 x 0.21 mm

3, triclinic, P1 (no. 2), a = 
7.1654(2), b = 8.2062(2), c = 11.6136(3) Å, α = 85.818(1), β = 88.406(1), γ = 82.354(1)°, V = 674.90(3) 
Å3, Z = 2, Dx = 1.488 g/cm

3, µ = 0.11 mm-1. 8680 reflections were measured on a Nonius Kappa CCD 
diffractometer with rotating anode and graphite monochromator (λ = 0.71073 Å) up to a resolution of 
(sin Θ/λ)max = 0.65 Å-1 at a temperature of 150(2) K. The Eval14 software24 was used for intensity 
integration. Absorption correction and scaling based on multiple measured reflections was performed 
with SADABS25 (0.66-0.75 correction range). 3102 Reflections were unique (Rint = 0.021), of which 
2591 were observed [I>2σ(I)]. The structure was solved with Direct Methods using the program 
SHELXS-9726 and refined with SHELXL-9726 against F2 of all reflections. Non-hydrogen atoms were 
refined freely with anisotropic displacement parameters. All hydrogen atoms were located in 
difference-Fourier maps. N-H and O-H hydrogen atoms were refined freely with isotropic displacement 
parameters. C-H hydrogen atoms were refined with a riding model. 217 Parameters were refined with 
no restraints. R1/wR2 [I > 2σ(I)]: 0.0382 / 0.1005. R1/wR2 [all refl.]: 0.0485 / 0.1070. S = 1.058. 
Residual electron density between  0.25 and 0.30 e/Å3. Geometry calculations and checking for higher 
symmetry was performed with the PLATON program.27 
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Table Table Table Table 6.6.6.6.2222:::: Hydrogen bond geometries in the crystal structure of 1a1a1a1a. 
D-H...A D-H [Å] H...A [Å] D....A [Å] D-H...A [º] 
O12-H12O...N22i 0.94(2) 1.71(3) 2.6341(14) 169(2) 
N1-H1N...O11 0.877(19) 1.981(19) 2.6829(14) 136.2(16) 
N1-H1N...O21ii 0.877(19) 2.536(18) 3.1307(15) 125.8(14) 
N2-H2N...O21ii 0.87(2) 2.19(2) 2.9033(14) 138.2(18) 
N2-H2N...O11i 0.87(2) 2.44(2) 3.1507(14) 139.3(17) 
N21-H21N...O1 0.881(18) 1.909(17) 2.6058(14) 134.7(15) 
N21-H21N...O11iii 0.881(18) 2.412(17) 2.9556(14) 120.2(13) 
Symmetry operations i: 1-x, 1-y, 1-z; ii: x+1, y, z; iii: x-1, y, z. 
 
UVUVUVUV----vis experimentsvis experimentsvis experimentsvis experiments – The measurements were performed at 20 °C in chloroform. The concentration of 
NaPy was held constant during the titration experiments. For optimal resolution, a concentration of 
NaPy around 20 µM was used. After the addition of molecule 2222 or 3333, the 1 cm cuvet was shaken 
thoroughly and the solution was allowed to equilibrate for 1 minute prior to measurement. 
 
1111H NMR titration experimentH NMR titration experimentH NMR titration experimentH NMR titration experiment - 1H NMR titration experiments of UBA molecule 3333 were performed at 
2mM concentration in deuterated tetrachloroethane dried over molsieves. The concentration of 3333 was 
kept constant during the experiment by the addition of a stock solution of NaPy (10 mM) containing 
molecule 3333 (2 mM). Integration of the peaks and subsequent fitting of the results was performed using 
a competitive 1:1 binding model.16a 
 
On/off switching experimentsOn/off switching experimentsOn/off switching experimentsOn/off switching experiments – 1H NMR switching experiments were performed at 25 °C in deuterated 
tetrachloroethane dried over molsieves. Due to the acidic workup of UBA molecules 3333-5555, the starting 
spectra are in the ‘on’ state. Stock solutions of base (1 M triethylamine) and acid (1 M trifluoroacetic 
acid) were made in CDCl3 dried over molsieves. NaOH (1 M) and HCl (1 M) solutions were made in 
deionized water. Fluorescence switching experiments were performed at room temperature on 10 µM 
solutions of molecules 2222-5555 in chloroform (fresh bottle). The excitation wavelength was set at 330 nm. 
Stock solutions containing 0.1 M triethylamine and 0.1 M trifluoroacetic acid were made in chloroform 
(fresh bottle). 3 mL of solution was put in a cuvet and measured, after which 3 µL (10 eq) of base stock 
solution was added. The cuvet was shaken vigorously and left to equilibrate for 1 minute prior to 
measurement. Subsequent addition of acid was done according to the same procedure.  
 
Syntheses:Syntheses:Syntheses:Syntheses:    
 
5555----MethylMethylMethylMethyl----2222----[3[3[3[3----(4(4(4(4----methylmethylmethylmethyl----6666----oxooxooxooxo----1,61,61,61,6----dihydrodihydrodihydrodihydro----pyrimidinpyrimidinpyrimidinpyrimidin----2222----yl)yl)yl)yl)----ureido]ureido]ureido]ureido]----benzoic acid (1a) benzoic acid (1a) benzoic acid (1a) benzoic acid (1a)     
2-(1-Imidazolylcarbonylamino)-6-methyl-4[1H]-pyrimidinone (552 mg, 2.52 mmol) and 2-amino-5-
methyl-benzoic acid (344 mg, 2.28 mmol) were stirred in dry chloroform (25 mL) under an argon 
atmosphere. Dry triethylamine (5 drops) was added and the mixture was stirred at reflux overnight. 
The solvent was removed in vacuo, chloroform (250 mL) and 1M HCl (200 mL) were added and stirred 
vigorously. A precipitate was formed, which was collected by filtration and subsequently washed with 
water and methanol to yield the product (510 mg, 1.69 mmol, 74%) as a white solid. 
1H NMR (DMSO): δ = 11.64 (bs, 1H), 11.04 (bs, 2H), 8.21 (bs, 1H), 7.75 (s, 1H), 5.74 (s, 1H), 2.27 (s, 
3H), 2.15 (s, 1H). 13C NMR (DMSO): δ = 169.3; 161.7; 152.5; 138.4; 134.7; 131.5; 121.0; 117.5; 
104.0;.21.8; 20.6 FT-IR ν (cm-1) = 3169, 3091, 2921, 2479, 1717, 1676, 1625, 1585, 1505, 1444, 1400, 
1371, 1296, 1277, 1233, 1210, 1196, 987. MALDI-TOF-MS: Calculated mass: 302.29 g/mol. Measured 
mass: m/z = 303.00 [M+H+], 324.98 [M+Na+]. Elemental analysis: Calculated: C: 55.63%, N: 18.53%, 
H: 4.67%. Measured: C: 55.19%, N: 18.33%, H: 4.11%. 
 
2222----{3{3{3{3----[4[4[4[4----(2(S),6(2(S),6(2(S),6(2(S),6----DimethylDimethylDimethylDimethyl----heptyl)heptyl)heptyl)heptyl)----6666----oxooxooxooxo----1,61,61,61,6----dihydrodihydrodihydrodihydro----pyrimidinpyrimidinpyrimidinpyrimidin----2222----yl]yl]yl]yl]----ureido}ureido}ureido}ureido}----5555----methylmethylmethylmethyl----benbenbenbenzoic acid (1b) zoic acid (1b) zoic acid (1b) zoic acid (1b)     
2-(1-Imidazolylcarbonylamino)-6-(2(S),6-dimethylheptyl)-4[1H]-pyrimidinone (143 mg, 0.43 mmol) and 
2-amino-5-methyl-benzoic acid (65 mg, 0.43 mmol) were dissolved in dry chloroform (3 mL) under an 
argon atmosphere. Dry triethylamine (1 drop) was added and the mixture was stirred at reflux 
conditions overnight. The solution was cooled to room temperature and chloroform (7 mL) was added. 
The organic layer was extracted with 1M HCl (10 mL), water (10 mL) and brine (2x10 mL), dried over 
Na2SO4 and evaporated in vacuo. Recrystallization from toluene yielded the product (73 mg, 0.18 
mmol, 41%) as a white solid. 
1H NMR (CDCl3): δ = 17.84 (s, 1H), 12.59 (s, 1H), 12.23 (s, 1H), 11.03 (s, 1H), 8.18 (d, 1H), 7.91 (d, 
1H), 7.32 (dd, 1H), 5.88 (s, 1H), 2.55 (dd, 1H), 2.34 (s, 3H), 2.23 (dd, 1H), 1.85 (bs, 1H), 1.55-1.13 (m, 
8H), 0.94 (d, 3H), 0.83 (dd, 6H). 13C NMR (CDCl3): δ = 174.5; 162.5; 159.5; 152.3; 152.0; 136.9; 134.6; 
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133.2; 132.0; 121.1; 118.4; 107.5; 42.5; 39.1; 37.1; 32.6; 27.8; 24.6; 22.6; 22.5; 20.7; 19.1 FT-IR ν (cm-

1) = 3160, 3065, 2957, 2928, 2869, 2472, 1726, 1693, 1662, 1620, 1587, 1506, 1449, 1398, 1377, 
1293, 1228, 1209, 1188, 989. MALDI-TOF-MS: Calculated mass: 414.51 g/mol. Measured mass: m/z 
= 415.20 [M+H+], 437.19 [M+Na+], 453.16 [M+K+]. Elemental analysis: Calculated: C: 63.75%, N: 
13.52%, H: 7.30%. Measured: C: 63.89%, N: 13.59%,  H: 7.06%. 
 
Methyl 2Methyl 2Methyl 2Methyl 2----aminoaminoaminoamino----5555----hydroxyhydroxyhydroxyhydroxy----benzoate (8)benzoate (8)benzoate (8)benzoate (8)    
2-Amino-5-hydroxy-benzoic acid (12.00 g, 78.4 mmol) was dissolved in a mixture of MeOH (125 mL) 
and concentrated sulphuric acid (14 mL) and stirred at reflux conditions overnight. The MeOH was 
removed in vacuo, H2O (10 mL) was added and the solution was cooled on an ice bath. NaOH pellets 
(9.91 g) were added portionwise and was further neutralized to pH 7 with 1 M NaOH. The precipitate 
was filtered and washed with H2O to yield the product (10.87 g, 65.0 mmol, 83%) as a brown solid. 
1H NMR (DMSO): δ = 8.65 (s, 1H), 7.09 (d, 1H), 6.79 (dd, 1H), 6.63 (d, 1H), 6.05 (s, 2H), 3.75 (s, 3H). 
13C NMR (DMSO): δ = 168.1; 147.1; 145.2; 124.0; 118.3; 114.8; 109.3; 51.8; FT-IR ν (cm-1) = 3379, 
3297, 2996, 2947, 2790, 2664, 2588, 1707, 1590, 1510, 1453, 1432, 1375, 1296, 1269, 1246, 1209, 
1186, 1154, 1106, 1063.  
 
Methyl 2Methyl 2Methyl 2Methyl 2----aminoaminoaminoamino----5555----hexyloxyhexyloxyhexyloxyhexyloxy----benzoate (9)benzoate (9)benzoate (9)benzoate (9) 
Methyl benzoate 8888 (2.51g, 14.98 mmol) was dissolved in dry DMF (40 mL) under an argon atmosphere 
and cooled on an ice bath. NaH (60 wt% in mineral oil, 600 mg, 15.00 mmol) was added portionwise 
over 15 minutes, and the mixture was subsequently stirred at 70 °C for 4 hours. A few drops of H2O 
were added and the solvent was removed in vacuo. Column chromatography (DCM, Rf = 0.30) yielded 
the product (1.71 g, 6.79 mmol, 45%) as a brown solid. 
1H NMR (CDCl3): δ = 7.35 (d, 1H), 6.95 (dd, 1H), 6.62 (s, 1H), 5.42 (s, 2H), 3.89 (t, 2H), 3.87 (s, 3H), 
1.74 (q, 2H), 1.45 (q, 2H), 1.33 (m, 4H), 0.90 (t, 3H). 13C NMR (CDCl3): δ = 168.3; 150.1; 145.0; 123.8; 
118.1; 114.3; 110.8; 68.8; 51.6; 31.6; 29.3; 25.7; 22.6; 14.0  FT-IR ν (cm-1) = 3481, 3373, 2952, 2931, 
2860, 1694, 1588, 1563, 1496, 1472, 1437, 1286, 1245, 1206, 1095 MALDI-TOF-MS: Calculated 
mass: 251.33 g/mol. Measured mass: m/z = 251.20 [M+H+]. 
 
Methyl 5Methyl 5Methyl 5Methyl 5----hexyloxhexyloxhexyloxhexyloxyyyy----2222----[3[3[3[3----(4(4(4(4----methylmethylmethylmethyl----6666----oxooxooxooxo----1,61,61,61,6----dihydrodihydrodihydrodihydro----pyrimidinpyrimidinpyrimidinpyrimidin----2222----yl)yl)yl)yl)----ureido]ureido]ureido]ureido]----benzoate (2)benzoate (2)benzoate (2)benzoate (2)    
Methyl benzoate 9999 (168 mg, 0.67 mmol) was dissolved in dry chloroform (10 mL) under an argon 
atmosphere, 2-(1-imidazolylcarbonylamino)-6-methyl-4[1H]-pyrimidinone (172 mg, 0.78 mmol) was 
added and the mixture was stirred at reflux conditions overnight. The solvent was removed in vacuo 
and the product was recrystallized from methanol twice to yield the product (163 mg, 0.41 mmol, 60%) 
as a white solid. 
1H NMR (CDCl3): δ = 13.33-10.55 (m 3H), 8.30 (d, 0.50H), 7.84 (bs, 0.50 H), 7.47 (d, 1H), 7.08 (s, 1H), 
6.06 (bs, 0.50 H), 5.88 (s, 0.50 H), 3.96 (t, 2H), 3.89 (s, 3H), 2.41 (bs, 1.50 H), 2.23 (s, 1.50 H), 1.78 
(sept, 2H), 1.46 (sept, 2H), 1.34 (m, 4H), 0.91 (t, 3H). 1H NMR (DMSO): δ = 12.04-10.06 (m, 3H), 8.08 
(bs, 1H), 7.38 (d, 1H), 7.22 (dd, 1H), 5.80 (bs, 1H) 3.98 (t, 2H), 3.86 (s, 3H), 2.19 (s, 3H), 1.70 (sep, 
2H), 1.41 (m, 2H), 1.30 (m, 4H), 0.88 (t, 3H). 13C NMR (DMSO): δ = 167.0; 161.9; 154.2; 152.1; 132.9; 
123.9; 120.9; 119.3; 115.2; 104.4; 68.3; 52.9; 31.4, 29.0; 25.6; 22.5; 14.3  FT-IR ν (cm-1) = 3096, 3040, 
2952, 2935, 2856, 2597, 1721, 1672, 1614, 1586, 1547, 1527, 1503, 1465, 1430, 1392, 1328, 1287, 
1212, 1075 MALDI-TOF-MS: Calculated mass: 402.45 g/mol. Measured mass: m/z = 403.09 [M+H+], 
425.08 [M+Na+]. Elemental analysis: Calculated: C: 59.69%, N: 13.92%, H: 6.51%. Measured: C: 
59.73%, N: 13.90%, H: 6.07%. 
 
2222----AminoAminoAminoAmino----5555----hexyloxyhexyloxyhexyloxyhexyloxy----benzoic acid (10)benzoic acid (10)benzoic acid (10)benzoic acid (10) 
Methyl benzoate 9999 (1.42 g, 5.66 mmol) was dissolved in MeOH (50 mL) with H2O (5 mL), LiOH.H2O 
(1.19 g, 28.3 mmol) was added and stirred at reflux conditions overnight. The solvent was removed in 
vacuo and EtOAc (100 mL) was added and extracted with 1 M HCl (100 mL), H2O (2x100 mL), brine 
(100 mL), dried over Na2SO4 and evaporated in vacuo to yield the product (1.05 g, 4.43 mmol, 78%) as 
a pale brown solid. 
1H NMR (CDCl3): δ = 7.40 (d, 1H), 7.00 (dd, 1H), 6.64 (s, 1H), 3.91 (t, 2H), 1.75 (q, 2H), 1.45 (sep, 2H), 
1.33 (m, 4H), 0.91 (t, 3H). 13C NMR (CDCl3): δ = 172.8; 150.1; 145.7; 125.2; 118.4; 114.4; 109.5; 68.8; 
31.6; 29.3; 25.7; 22.6; 14.0  FT-IR ν (cm-1) = 2955, 2928, 2859, 2640, 1635, 1562, 1503, 1477, 1417, 
1364, 1315, 1255, 1201, 1168, 1028  MALDI-TOF-MS: Calculated mass: 237.30 g/mol. Measured 
mass: m/z = 237.19 [M+H+]. 
 
5555----HexyloxyHexyloxyHexyloxyHexyloxy----2222----[3[3[3[3----(4(4(4(4----methylmethylmethylmethyl----6666----oxooxooxooxo----1,61,61,61,6----dihydrodihydrodihydrodihydro----pyrimidinpyrimidinpyrimidinpyrimidin----2222----yl)yl)yl)yl)----ureido]ureido]ureido]ureido]----benzoic acid (3)benzoic acid (3)benzoic acid (3)benzoic acid (3)    
Benzoic acid 10101010 (226 mg, 0.95 mmol) was dissolved in dry chloroform (10 mL) and dry Et3N (5 drops) 
under an argon atmosphere and 2-(1-imidazolylcarbonylamino)-6-methyl-4[1H]-pyrimidinone (231 mg, 
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1.05 mmol) was added. The mixture was stirred at reflux conditions for 3 hours. The solvent was 
evaporated in vacuo and the residual solids were dissolved in methanol (10 mL). The solution was 
acidified using 1 M HCl to pH 1, filtered and washed with methanol. The product was stirred in hot 
methanol and filtered to yield the product (331 mg, 0.852 mmol, 89%) as a white solid. 
1H NMR (TCE-d2): δ = 17.98 (s, 1H), 12.71 (s, 1H), 12.10 (s, 1H), 10.91 (s, 1H), 8.14 (d, 1H), 7.60 (d, 
1H), 7.04 (dd, 1H), 5.81 (s, 1H), 3.94 (t, 2H), 2.26 (s, 3H) 1.77 (sep, 2H), 1.46 (m, 2H), 1.35 (m, 4H), 
0.92 (t, 3H). 13C NMR (DMSO): δ = 168.8; 161.7; 153.9; 152.3; 133.6; 123.1; 120.7; 119.7; 115.7; 
103.9; 68.3; 31.4; 29.0; 25.6; 22.5; 14.4  FT-IR ν (cm-1) = 3127, 3068, 2946, 2926, 2868, 1706, 1678, 
1649, 1593, 1500, 1474, 1459, 1401, 1365, 1300, 1271, 1199, 1104, 1034, 985  MALDI-TOF-MS: 
Calculated mass: 388.43 g/mol. Measured mass: m/z = 389.08 [M+H+], 411.08 [M+Na+]. Elemental 
analysis: Calculated: C: 58.75%, N: 14.42%, H: 6.23%. Measured: C: 58.38%, N: 14.30%, H: 5.78%. 
 
5555----HexyloxyHexyloxyHexyloxyHexyloxy----2222----[3[3[3[3----(pyridin(pyridin(pyridin(pyridin----2222----yl)yl)yl)yl)----ureido]ureido]ureido]ureido]----benzoic acid (benzoic acid (benzoic acid (benzoic acid (4444))))    
2-Amino-pyridine (141 mg, 1.50 mmol) was dissolved in dry chloroform (15 mL) under an argon 
atmosphere, 1,1’-carbodiimidazole (244 mg, 1.50 mmol) and dry triethylamine (1 drop) were added 
and stirred at room temperature overnight. Benzoic acid 10101010 (355 mg, 1.50 mmol) and dry triethylamine 
(4 drops) were added and the mixture was stirred for 5 hours under an argon atmosphere at 60 °C. 
The solvent was removed in vacuo, methanol (10 mL) and H2O (10 mL) were added and the mixture 
was acidified to pH 1 with 1 M HCl. The solids were collected by filtration, washed with H2O and 
methanol and recrystallized from methanol to yield the product (132 mg, 0.35 mmol, 25%) as a white 
solid. 
1H NMR (CDCl3): δ = 18.40 (s, 1H), 11.37 (s, 1H), 10.94 (s, 1H), 8.41 (m, 2H), 8.13 (d, 1H), 7.85 (t, 
1H), 7.68 (s, 1H), 7.12 (d, 1H, 7.07 (t, 1H), 4.00 (t, 2H), 1.80 (sep, 2H), 1.49 (m, 2H), 1.35 (m, 4H), 
0.92 (t, 3H). 13C NMR (CDCl3): δ = 174.4; 153.7; 152.5; 151.9; 142.8; 141.1; 135.1; 121.8; 121.2; 
118.5; 117.7; 115.8; 115.1; 68.4; 31.6; 29.3; 25.7; 22.6; 14.1  FT-IR ν (cm-1) = 3246, 3038, 2931, 2859, 
2417, 1718, 1589, 1525, 1474, 1437, 1417, 1334, 1291, 1207  MALDI-TOF-MS: Calculated mass: 
357.41 g/mol. Measured mass: m/z = 358.05 [M+H+]. Elemental analysis: Calculated: C: 63.85%, N: 
11.76%, H: 6.49%. Measured: C: 63.82%, N: 11.66%, H: 6.34%. 
 
5555----HexyloxyHexyloxyHexyloxyHexyloxy----2222----[3[3[3[3----(1H(1H(1H(1H----BenzimidazolBenzimidazolBenzimidazolBenzimidazol----2222----yl)yl)yl)yl)----ureido]ureido]ureido]ureido]----benzoic acid (benzoic acid (benzoic acid (benzoic acid (5555))))    
2-Amino-benzimidazole (103 mg, 0.77 mmol) was dissolved in dry dimethylformamide (4 mL) under an 
argon atmosphere, 1,1’-carbodiimidazole (125 mg, 0.77 mmol) was added and stirred at room 
temperature for 6 hours. Benzoic acid 10101010 (170 mg, 0.72 mmol) and dry triethylamine (2 drops) were 
added and the mixture was stirred under an argon atmosphere at 60 °C overnight. The solvent was 
removed in vacuo and methanol (3 mL) and H2O (2 mL) were added. The solution was acidified to pH 
1 with 1 M HCl and filtered. The solids were washed with 1 M HCl, H2O and methanol. 
Recrystallization from toluene yielded the product (231 mg, 0.58 mmol, 81%) as a white solid. 
1H NMR (CDCl3): δ = 19.11 (s, 1H), 14.32 (s, 1H), 12.08 (s, 1H), 11.51 (s, 1H), 8.30 (d, 1H), 7.76 (d, 
1H), 7.60 (d, 1H) 7.39-7.29 (m, 3H), 6.91 (dd, 1H), 3.92 (t, 2H), 1.77 (sep, 2H), 1.49 (m, 2H), 1.37 (m, 
4H), 0.94 (t, 3H). 13C NMR (CDCl3 + DMSO-d6): δ = 174.5; 154.1; 151.2; 147.2; 133.0; 129.6; 123.7; 
123.4; 121.1; 118.9; 116.1; 112.8; 68.2; 31.6; 29.3; 25.7; 22.6; 14.0  FT-IR ν (cm-1) = 3312, 3056, 
2944, 2875, 2852, 2623, 1694, 1653, 1594, 1510, 1473, 1462, 1418, 1376, 1293, 1260, 1237, 1200, 
1081, 1028, 1012, 937. MALDI-TOF-MS: Calculated mass: 396.45 g/mol. Measured mass: m/z = 
397.01 [M+H+], 419.00 [M+Na+]. Elemental analysis: Calculated: C: 63.62%, N: 14.13%, H: 6.10%. 
Measured: C: 63.65%, N: 14.17%, H: 5.90%. 
 
Methyl 2Methyl 2Methyl 2Methyl 2----aminoaminoaminoamino----5555----(6(6(6(6----terttertterttert----butoxycarbonylaminobutoxycarbonylaminobutoxycarbonylaminobutoxycarbonylamino----hexylohexylohexylohexyloxy)xy)xy)xy)----benzoate (11)benzoate (11)benzoate (11)benzoate (11)    
2-Amino-5-hydroxy-benzoic acid methyl ester 8 8 8 8 (2.32 g, 13.9 mmol) was dissolved in dry 
dimethylformamide (30 mL) under an argon atmosphere and cooled on an ice bath. NaH (60 wt% in 
mineral oil, 615 mg, 15.4 mmol) was added portionwise over 15 minutes, after which 6-(Boc-
amino)hexyl bromide (3.86 g, 13.8 mmol) was added. The solution was stirred under an argon 
atmosphere at 75 °C overnight. The solvent was removed in vacuo and the product was purified using 
column chromatography (CHCl3 with 0 to 1% MeOH, Rf = 0.28) to yield the product (3.44 g, 9.38 mmol, 
68%) as a pale brown solid.  
1H NMR (CDCl3): δ = 7.34 (d, 1H), 6.94 (dd, 1H), 6.62 (d, 1H), 5.45 (s, 2H), 4.51 (s, 1H), 3.89 (t, 2H), 
3.87 (s, 3H), 3.12 (m, 2H), 1.75 (sept, 2H), 1.54-1.35 (m, 15H). 13C NMR (CDCl3): δ = 168.3; 155.9; 
149.9; 145.0; 123.8; 118.1; 114.3; 110.7; 79.0; 68.6; 51.5; 30.0; 29.2; 28.4; 26.5; 25.8  FT-IR ν (cm-1) = 
3471, 3365, 2976, 2934, 2861, 1690, 1591, 1564, 1497, 1438, 1391, 1365, 1287, 1244, 1207, 1167, 
1098 MALDI-TOF-MS: Calculated mass: 366.46 g/mol. Measured mass: m/z = 366.12 [M+H+]. 
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2222----aminoaminoaminoamino----5555----(6(6(6(6----terttertterttert----butoxycarbobutoxycarbobutoxycarbobutoxycarbonylaminonylaminonylaminonylamino----hexyloxy)hexyloxy)hexyloxy)hexyloxy)----benzobenzobenzobenzoic acidic acidic acidic acid (12) (12) (12) (12)    
Methyl benzoate 11111111 (2.83 g, 7.71 mmol) was dissolved in methanol (60 mL) with H2O (6 mL), 
LiOH.H2O (1.09 g, 25.86 mmol) was added and the solution was stirred at reflux conditions overnight. 
The solvent was removed in vacuo and H2O (100 mL) was added and acidified with saturated oxalic 
acid until a precipitate was formed. The solids were extracted with ethyl acetate (150 mL) and the 
organic layer was extracted with H2O (100 mL), brine (100 mL), dried over Na2SO4, and evaporated in 
vacuo to yield the product (2.63 g, 7.44 mmol, 96%) as a pale brown solid. 
1H NMR (CDCl3): δ = 7.40 (d, 1H), 6.98 (dd, 1H), 6.63 (d, 1H), 4.56 (s, 1H), 3.90 (t, 2H), 3.12 (m, 2H), 
1.75 (q, 2H), 1.53-1.38 (m, 15H). 13C NMR (CDCl3): δ = 172.6; 156.0; 150.0; 145.6; 124.9; 118.4; 
114.5; 109.8; 79.1; 68.6; 31.6; 30.0; 29.2; 28.4; 26.5; 25.7; 22.6; 14.1;  FT-IR ν (cm-1) = 3495, 3361, 
2980, 2928, 2855, 2598, 1687, 1650, 1604, 1537, 1504, 1475, 1455, 1365, 1308, 1276, 1247, 1166, 
1136, 1045, 1020, 984 MALDI-TOF-MS: Calculated mass: 352.49 g/mol. Measured mass: m/z = 
352.12 [M+H+]. 
 
5555----(6(6(6(6----terttertterttert----ButoxycarbonylaminoButoxycarbonylaminoButoxycarbonylaminoButoxycarbonylamino----hexyloxy)hexyloxy)hexyloxy)hexyloxy)----2222----[3[3[3[3----(4(4(4(4----methylmethylmethylmethyl----6666----oxooxooxooxo----1,61,61,61,6----dihydrodihydrodihydrodihydro----pyrimidinpyrimidinpyrimidinpyrimidin----2222----yl)yl)yl)yl)----ureido]ureido]ureido]ureido]----
benzoic acid (13)benzoic acid (13)benzoic acid (13)benzoic acid (13)    
Benzoic acid 12121212 (437 mg, 1.24 mmol) and 2-(1-imidazolylcarbonylamino)-6-methyl-4[1H]-pyrimidinone 
(335 mg, 1.53 mmol) were dissolved in dry chloroform (10 mL) under an argon atmosphere and dry 
triethylamine (5 drops) was added. The solution was stirred at reflux conditions overnight. The solvent 
was removed in vacuo and to the residual solids methanol (10 mL) was added and acidified with 
saturated oxalic acid. The solids were collected by filtration and washed with H2O and methanol. The 
solids were recrystallized from methanol to yield the product (443 mg, 0.88 mmol, 71%) as a white 
solid. 
1H NMR (CDCl3): δ = 18.00 (s, 1H), 12.70 (s, 1H) 11.83 (s, 1H), 10.81 (s, 1H), 8.00 (d, 1H), 7.37 (d, 
1H), 6.73 (dd, 1H), 5.51 (s, 1H), 4.73 (s, 1H), 3.79 (t, 2H), 3.15 (q, 2H), 2.11 (s, 3H), 1.76 (sept, 2H), 
1.59-1.39 (m, 15H). 13C NMR (CDCl3): δ = 173.9; 158.5; 157.4; 156.1; 154.5; 151.5; 151.3; 131.8; 
121.8; 120.0; 119.0; 116.2; 106.6; 79.0; 68.1; 40.5; 30.0; 29.1; 28.5; 26.6; 25.7; 20.3;  FT-IR ν (cm-1) = 
3346, 3150, 2933, 2865,  2553,  1682, 1620, 1591, 1505, 1450, 1401, 1364, 1299, 1274, 1237, 1206, 
1173, 1104, 1020, 988. MALDI-TOF-MS: Calculated mass: 503.56 g/mol. Measured mass: m/z = 
504.27 [M+H+], 526.28 [M+Na+]. Elemental analysis: Calculated: C: 57.25%, N: 13.91%, H: 6.61%. 
Measured: C: 57.25%, N: 13.65%, H: 6.32%. 
 
5555----(6(6(6(6----AminoAminoAminoAmino----hexyloxy)hexyloxy)hexyloxy)hexyloxy)----2222----[3[3[3[3----(4(4(4(4----methylmethylmethylmethyl----6666----oxooxooxooxo----1111,6,6,6,6----dihydrodihydrodihydrodihydro----pyrimidinpyrimidinpyrimidinpyrimidin----2222----yl)yl)yl)yl)----ureido]ureido]ureido]ureido]----benzoic acid TFA salt benzoic acid TFA salt benzoic acid TFA salt benzoic acid TFA salt 
(14)(14)(14)(14)    
BOC protected ureidobenzoic acid 13131313 (261 mg, 0.52 mmol) was dissolved in dichloromethane (8 mL) 
with trifluoroacetic acid (8 mL) and stirred at room temperature for 2 hours. The solvents were 
removed in vacuo, and the solids were coevaporated with toluene (2x8 mL) to remove residual 
trifluoroacetic acid and H2O. The product (353 mg) was obtained as a white solid and was used without 
further purification. 
1H NMR (MeOD): δ = 8.24 (d, 1H), 7.54 (d, 1H), 7.12 (d, 1H), 5.91 (s, 1H), 4.00 (t, 2H), 2.94 (t, 2H), 
2.26 (s, 3H), 1.82 (sept, 2H), 1.70 (sept, 2H), 1.57 (sept, 2H), 1.49 (sept, 2H).  FT-IR ν (cm-1) = 3074, 
2942, 2870, 2558, 1779, 1668, 1615, 1586, 1501, 1428, 1395, 1287, 1241, 1195, 1134, 1077, 1032. 
MALDI-TOF-MS: Calculated mass: 403.44 g/mol. Measured mass: m/z = 404.14 [M+H+], 426.12 
[M+Na+], 442.10 [M+K+]. 
 
Poly(ethylenePoly(ethylenePoly(ethylenePoly(ethylene----butylene)butylene)butylene)butylene)----αααα,,,,ωωωω----bis(6bis(6bis(6bis(6----{ureido{ureido{ureido{ureido----hexyloxy}hexyloxy}hexyloxy}hexyloxy}----2222----[3[3[3[3----(4(4(4(4----methylmethylmethylmethyl----6666----oxooxooxooxo----1,61,61,61,6----dihydrodihydrodihydrodihydro----pyrimidinpyrimidinpyrimidinpyrimidin----2222----yl)yl)yl)yl)----
ureido]ureido]ureido]ureido]----benzoic acid (6)benzoic acid (6)benzoic acid (6)benzoic acid (6)    
Amino-ureidobenzoic acid 14141414 (353 mg, 0.52 mmol) was dried at 40 °C over P2O5 overnight prior to use. 
The amino-ureidobenzoic acid and N,N’-bis-imidazolylcarbonylamino-poly(ethylene-butylene) (740 
mg, 0.20 mmol) were added to dry chloroform (20 mL) and dry triethylamine (0.2 mL) under an agron 
atmosphere and stirred at reflux conditions overnight. The mixture was cooled to room temperate, 
chloroform (30 mL) was added and the organic layer was extracted with 1 M HCl (50 mL). The 
aqueous layer was extracted with chloroform (25 mL) and the combined organic layer was extracted 
with 1 M HCl (25 mL), brine (2x25mL), dried over Na2SO4, concentrated and the residue was 
precipitated in methanol twice to yield the product (381 mg, 0.088 mmol, 44%) as a white fibrous solid. 
Tg: -54.7 °C, Tm: 168 °C (DSC) 
1H NMR (CDCl3): δ = 17.92 (s, 2H), 12.54 (s, 2H), 11.93 (bs, 2H), 10.83 (s, 2H), 8.10 (bs, 2H), 7.47 
(bs, 2H), 6.77 (bs, 2H), 5.58 (bs, 2H), 5.25-4.61 (m, 4H), 3.85 (m, 6H), 3.27-2.96 (m, 8H), 2.20-0.76 
(m).  FT-IR ν (cm-1) = 3349, 2960, 2921, 2853, 1720, 1689, 1636, 1592, 1531, 1460, 1379, 1277, 1210. 
Elemental analysis: Measured: C: 83.41%, N: 1.50%, H: 13.34%. GPC (THF): Mn: 11413, PDI: 1.60 
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Synthesis, characterization and applications ofSynthesis, characterization and applications ofSynthesis, characterization and applications ofSynthesis, characterization and applications of    

quadruple hydrogen bonded polymersquadruple hydrogen bonded polymersquadruple hydrogen bonded polymersquadruple hydrogen bonded polymers    

    

SummarySummarySummarySummary    

The field of supramolecular polymer chemistry has expanded rapidly since the development 
of the first supramolecular polymers by Jean-Marie Lehn and coworkers in 1990. Inspired by 
the intriguing new properties of this new class of polymers, many researchers explored the 
potential of supramolecular polymers based on various non-covalent interactions. Arrays of 
multiple hydrogen bonds are currently one of the most widely applied non-covalent 
interactions in supramolecular chemistry and supramolecular polymers due to their high 
directionality and strength. In Chapter 1 a literature overview on multiple hydrogen bonded 
supramolecular polymers is given. The translation from chemical structure to bulk material 
properties appears to be dominated by the presence of additional interactions and phase 
separation, which results in a change of polymerization mechanism from isodesmic to 
cooperative. For the 2-ureido-pyrimidinone (UPy) telechelic polymers developed in our group, 
the presence of lateral hydrogen bonding moieties is known to result in phase separated 
nano-fibrillar crystallites. The macroscopic properties of the bulk material are highly 
depending on the presence and stability of these nano-fibers. 
 
To evaluate the applicability and processeability of UPy functionalized poly(ε-caprolactone) 
(PCl) polymers for potential use as biomaterials, the macroscopic properties of bis-(UPy-U)-
poly(ε-caprolactone) supramolecular polymers were investigated in Chapter 2. First, the 
reproducibility of the macroscopic properties was evaluated. The macroscopic properties vary 
from batch to batch, which is attributed to small differences in crystallinity of the PCl block at 
room temperature when cast from chloroform. Crystallization of the PCl block results in a 
higher Young’s modulus and a reduction of the ultimate tensile strength and maximum strain. 
The presence of small amounts of monofunctional impurities significantly influences the 
macroscopic properties of the materials. This illustrates the importance of full 
functionalization during synthesis. Ageing of the material resulted in changes of the 
macroscopic properties of the materials, which is attributed to an increase of the crystallinity 
of the PCl block in time. The material retains sufficient mechanical properties for the use at 
physiological temperature. Finally, the influence of processing conditions on the macroscopic 
properties was evaluated. Casting from hexafluoro-isopropanol HFIP resulted in materials 
with a higher Young’s modulus and a higher melting point of the UPy-urea nano-fibers 
compared to materials cast from chloroform. Significant degradation of the UPy moieties was 
observed above 135 °C, which implies that melt-processing is not feasible. The results show 
that many factors affect the macroscopic properties of bis-(UPy-U)-poly(ε-caprolactone) 
supramolecular polymers. Therefore, care should be taken when characterizing the 
macroscopic properties of supramolecular polymers. 
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The macroscopic properties of bis-(UPy-urea) supramolecular polymers were further 
investigated in Chapter 3 by changing the molecular structure or by the use of additives. The 
polymer backbone was changed from the semi-crystalline poly(ε-caprolactone) (PCl) block to 
the amorphous poly(ethylene-butylene) (PEB) block. The PEB materials cast from chloroform 
show a remarkable resemblance with PCl materials cast from chloroform in which the PCl 
block is amorphous at room temperature. Since the urea lateral hydrogen bonding is known 
to be important for the nano-fiber formation, the linker between the UPy and urea moieties 
was changed from a flexible 1,6-hexyl spacer to a 1,4-trans-cyclohexyl spacer. The more 
rigid 1,4-trans-cyclohexyl spacer was expected to prearrange the urea moieties to result in 
better stacking and subsequent crystallization. However, the aggregates were found to be 
shorter and thinner according to AFM measurements and infrared measurements revealed 
weaker hydrogen bonding. The Young’s modulus is decreased significantly compared to the 
hexyl materials, revealing the importance of the long nano-fibers on the macroscopic 
properties of bis-(UPy-urea) materials. PCl and PEB polymers comprising anthracene-
bisurea moieties were designed to be incorporated into the UPy-urea nano-fibers to act as 
covalent cross links between the nano-fibers. The PEB anthracene-bisurea additive revealed 
no significant changes in macroscopic properties when 10% of the anthracene-bisurea 
polymer was incorporated in the bis-(UPy-urea) material. Although it was not possible to 
enhance the mechanical properties of the materials by the approaches described here, the 
experiments show that it is possible to change the molecular structure of the bis-(UPy-urea) 
polymer without a loss of its macroscopic properties. 
 
Next to changing the polymer backbone and the spacer in between the UPy and urea 
moieties, also the effect of small variations of the UPy moiety were investigated. The 
influence of substituents at the 5- and 6-position of the UPy on the aggregation of bis-(UPy-
urea)-poly(ethylene-butylene) polymers into nano-fibers is described in Chapter 4. Using a 
small library of polymers with various substituents, the aggregation pathway towards the 
UPy-urea nano-fibers was elucidated. A change in the substituents at the 5- or 6-position of 
the UPy strongly influences the aggregation and subsequent crystallization. Using a wide 
variety of techniques, the different stages in the aggregation pathway were assessed. The 
presence of a substituent at the 5-position was found to hamper the interaction between 
stacks and hence nano-fiber crystallization. This study demonstrates that minimal molecular 
changes can result in a large difference in aggregation behavior. 
 
The bis-UPy supramolecular polymers allow for a modular approach for the incorporation of 
bioactive moieties. In Chapter 5, an RNase S assay was developed to serve as a model 
system to evaluate the influence of processing parameters on the activity of the material. 
UPy-urea functionalized S-peptide was incorporated into a bis-(UPy-U)-poly(ε-caprolactone) 
supramolecular polymer by casting from different solvents. The solvent strongly influences 
the anchoring of the UPy functionalized peptide into the material as detected by release 
experiments. Although significant release is observed, the materials remain active according 
to the RNase S assay. The results of the assay demonstrate a large influence of the solvent 
on the activity of the material. The developed RNase S assay was also applicable on 
materials electrospun from HFIP, which revealed that the materials remain active after 
electrospinning.   
 



Summary 

 121 

The development of hydrogen bonding motifs with a high dimerization constant is an 
important step towards complex macromolecular structures based on multiple non-covalent 
interactions due to their high directionality. Therefore, the ureido-benzoic acid (UBA) self-
complementary hydrogen bonding motif is introduced and characterized in Chapter 6. The 
motif shows a strong and self-complementary quadruple hydrogen bonding with a 
dimerization constant in the order of 109 M-1 in chloroform. A supramolecular UBA polymer 
showed a vast increase in mechanical properties compared to its unfunctionalized 
counterpart, revealing its applicability in supramolecular chemistry. The UBA motif displays 
orthogonal self-assembly with UPy molecules and the strong quadruple hydrogen bonding 
can be reversibly switched ‘off’ and ‘on’ by the addition of base and acid, respectively. One of 
the UBA molecules was designed to have the ability to hydrogen bond to NaPy molecules at 
high concentration. Upon dilution, the equilibrium is completely shifted from the UBA:NaPy 
heterodimer to the UBA homodimers. The orthogonal self-assembly, the reversible off- and 
on- switching using base and acid and the dilution induced deprotection of the UBA motif 
show the broad promise of this new self-complementary hydrogen bonding motif in 
supramolecular chemistry. 
 
In conclusion, the results in this thesis show the potential of quadruple hydrogen bonded 
supramolecular polymers. The introduction of the UPy group resulted in the development of 
supramolecular thermoplastic elastomers with good macroscopic properties, which allows for 
a wide variety of possible applications as exemplified in this thesis. Although the UPy 
hydrogen bonding motif as well as other hydrogen bonding motifs earned their marks in the 
field of supramolecular chemistry, the development of new hydrogen bonding motifs can 
nonetheless introduce new features that are crucial for the full exploitation of this exciting 
field. The advanced self-assembly properties of the UBA motif as described in the final 
chapter of this thesis can be a beginning of a wide variety of future applications in 
supramolecular chemistry and supramolecular polymers.  
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De synthese, karakterisatie en toepassingen van De synthese, karakterisatie en toepassingen van De synthese, karakterisatie en toepassingen van De synthese, karakterisatie en toepassingen van     

viervoudige waterstofviervoudige waterstofviervoudige waterstofviervoudige waterstofbrugbrugbrugbrug----gebonden polygebonden polygebonden polygebonden polymerenmerenmerenmeren    

    

Samenvatting voor een breed publiekSamenvatting voor een breed publiekSamenvatting voor een breed publiekSamenvatting voor een breed publiek    

In het dagelijks leven komen we veel polymeren tegen, vaak in de vorm van plastics. In een 
polymeer zijn er heel veel kleine moleculen aan elkaar vast gemaakt zodat deze samen één 
groot molecuul vormen. Sinds de ontwikkeling van het eerste door de mens gemaakte 
polymeer ‘bakeliet’ rond 1908, zijn polymeerchemici steeds bezig geweest met het 
ontwikkelen van nieuwe polymeren. Door de chemische structuur van de polymeren te 
veranderen kunnen de eigenschappen van polymeren namelijk aangepast worden. Dit is erg 
belangrijk omdat voor verschillende toepassing de vereiste eigenschappen van het polymeer 
anders kunnen zijn. Voorbeelden zijn rubberen elastiekjes die erg elastisch moeten zijn of de 
polystyreen koffiebekertjes die sterk en warmtebestendig moeten zijn. Dankzij de 
ontwikkelingen binnen de organische chemie en polymeerchemie is het nu mogelijk om bijna 
elk gewenst polymeer te maken. Ook in de natuur zijn er veel polymeren te vinden, hoewel 
deze misschien minder duidelijk zichtbaar zijn. Een voorbeeld is cellulose, welke het meest 
bekend is in de vorm van hout, katoen of watten. Maar ook in ons lichaam zijn veel 
polymeren aanwezig; het DNA en de eiwitten in ons lichaam zijn polymeren waar we niet 
zonder kunnen.  
De natuur maakt soms gebruik van een truc om deze polymeren de juiste eigenschappen te 
geven. Tussen kleine moleculen kunnen namelijk bepaalde interacties optreden die er voor 
zorgen dat deze moleculen aan elkaar vast kleven. Op deze manier vormen ze samen een 
groot molecuul. Dit proces noemen we de ‘zelfassemblage’ van moleculen. Je kunt deze 
interacties vergelijken met magneetjes, waarbij twee magneten elkaar aantrekken maar ook 
weer van elkaar los gemaakt kunnen worden. De sterkte van de kracht tussen de magneten 
kan verschillen door bijvoorbeeld de grootte van de magneten te veranderen. Deze 
interacties zijn dus omkeerbaar waarbij externe factoren er voor kunnen zorgen dat de 
magneten weer van elkaar los raken. Op deze manier hoeft de natuur geen grote en 
ingewikkelde moleculen te maken, maar kunnen ze door middel van deze interacties uit 
kleine bouwstenen gemaakt worden. Dit zorgt ervoor dat de natuur heel efficiënt is in het 
maken van grote moleculen. 
 
Rond 1990 heeft een vooraanstaand chemicus ontdekt dat deze omkeerbare interacties ook 
gebruikt kunnen worden om polymeren te maken. Waar bij traditionele polymeren de 
moleculen op een permanente, chemische manier bij elkaar gehouden worden, zijn bij deze 
nieuwe polymeren de moleculen door middel van omkeerbare interacties verbonden. Deze 
nieuwe klasse van polymeren worden ‘supramoleculaire polymeren’ genoemd. Doordat deze 
polymeren gebaseerd zijn op omkeerbare interacties, hebben deze polymeren geavanceerde 
eigenschappen. Door te verhitten kunnen deze interacties bijvoorbeeld uitgeschakeld 
worden, waardoor het polymeer op hogere temperatuur veel vloeibaarder is in vergelijking 
met traditionele polymeren. Dit is een groot voordeel voor de verwerking van deze 
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polymeren. Een voorbeeld van zulke omkeerbare interacties uit de natuur zijn 
waterstofbruggen. Het meest bekende voorbeeld hiervan is ons DNA, waar twee enkele 
strengen met veel waterstofbrug vormende delen er voor zorgen dat de strengen 
samenkleven en een wenteltrap-structuur vormen. Chemici hebben de delen van het DNA 
die verantwoordelijk zijn voor deze waterstofbrug interacties weten te identificeren en hebben 
deze na kunnen maken. Geïnspireerd door de voorbeelden uit de natuur hebben chemici ook 
nieuwe kunstmatige waterstofbrug vormende moleculen ontwikkeld en hun zelfassemblage 
onderzocht. Dit relatief nieuwe veld binnen de scheikunde wordt supramoleculaire chemie 
genoemd. 
 
Binnen onze groep is er een molecuul ontworpen die via vier waterstofbruggen interactie kan 
vertonen. Dit molecuul heet 2-ureido-pyrimidinone en wordt ook wel de UPy groep genoemd. 
Dit UPy molecuul heeft zijn waterstofbruggen zo geordend dat de UPy waterstofbruggen met 
een ander UPy molecuul kan maken, zodat de twee moleculen aan elkaar vast kleven. Als 
twee moleculen aan elkaar vast kleven noemen we dat een ‘dimeer’. Doordat de interactie uit 
vier waterstofbruggen bestaat, is de UPy:UPy interactie erg sterk. Als aan beide uiteinden 
van een molecuul een UPy groep gezet wordt, kunnen de moleculen via deze UPy:UPy 
interacties een lang supramoleculair polymeer vormen (zie Figuur 1).  
 

           
 
Figuur Figuur Figuur Figuur 1111:::: Schematische weergave van een molecuul welke door zelfassemblage via omkeerbare 
interacties een supramoleculair polymeer vormt. 

 
In Hoofdstuk 2 worden de eigenschappen van een specifiek UPy-polymeer beschreven. Dit 
polymeer is erg interessant vanwege zijn goede eigenschappen als biomateriaal. Dit 
biomateriaal is de ondergrond waarop cellen kunnen groeien, welke in de medische wereld 
verschillende toepassingen kan hebben. Er is gekeken naar de eigenschappen van het 
polymeer als de procedure voor het maken van het polymeer herhaald wordt. Hier is uit 
gebleken dat de eigenschappen erg kunnen verschillen elke keer dat het polymeer gemaakt 
wordt. Dit kan komen door kleine verschillen tijdens de reacties. Ook is er gekeken naar de 
veranderingen van de eigenschappen in de tijd, op hogere temperatuur en als functie van de 
manier van verwerken. We hebben laten zien dat het materiaal eigenschappen heeft die 
geschikt zijn om dit polymeer te gebruiken als biomateriaal.  
 
In Hoofdstuk 3 is gekeken of het mogelijk is om de mechanische eigenschappen van dit 
polymeer te veranderen door kleine veranderingen aan de chemische structuur of door 
bepaalde moleculen in het polymeer te mengen. Het bleek mogelijk te zijn om de structuur te 
veranderen zonder de goede eigenschappen van het polymeer te verliezen. Het inmengen 
van moleculen leidde echter niet tot een verbetering van de eigenschappen van het 
polymeer. 
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Omdat de zelfassemblage van de supramoleculaire UPy-polymeren belangrijk is voor het 
verkrijgen van de goede eigenschappen, is dit in Hoofdstuk 4 tot in groot detail onderzocht. 
Er is een groep polymeren gemaakt die elk een kleine verandering in de chemische structuur 
hebben. De zelfassemblage van deze groep polymeren is met een brede reeks van 
meettechnieken onderzocht en bleek aanzienlijk te worden beïnvloed door de kleine 
veranderingen in de chemische structuur. Het onderzoek heeft geresulteerd in een goed 
beeld van de verschillende stappen in de zelfassemblage van UPy-polymeren. 
 
Om de biologische eigenschappen van polymeren te vergroten kunnen biologische 
moleculen in het polymeer gemengd worden. Dit kunnen bijvoorbeeld moleculen of eiwitten 
zijn die er voor zorgen dat de cellen beter op het oppervlak hechten of beter groeien. Dit 
geeft de materialen betere eigenschappen als biomateriaal. Door deze biologische 
moleculen zoals eiwitten vast te maken aan UPy moleculen kunnen deze door de UPy:UPy 
interacties in een UPy-polymeer vastgeklikt worden. In Hoofdstuk 5 is een modelsysteem 
ontworpen om te onderzoeken wat de invloed van het verwerken op de biologische 
eigenschappen van het materiaal is als een UPy-eiwit ingemengd wordt. De resultaten laten 
zien dat het oplosmiddel een grote invloed heeft op de mate waarop het UPy-eiwit in het 
materiaal geklikt is. Ondanks dat een gedeelte van het UPy-eiwit niet stevig in het materiaal 
geklikt is en uit het materiaal lekt, blijft een gedeelte van het UPy-eiwit op het oppervlak 
aanwezig. Dit toont aan dat deze manier van inmengen van biologische moleculen een 
mogelijkheid is om de toepasbaarheid van UPy-polymeren als biomateriaal te vergroten.  
 
Zoals in de literatuur en ook in dit proefschrift staat beschreven, heeft de UPy groep vele 
mogelijke toepassingen. Om de mogelijkheden van supramoleculaire chemie te vergroten, is 
het van belang dat verschillende van deze sterke interacties beschikbaar zijn. Daarom is in 
Hoofdstuk 6 een nieuwe waterstofbrug vormend molecuul ontwikkeld. Dit molecuul heet de 
ureido-benzoic acid (UBA) en is gekarakteriseerd in oplossing als ook in de vaste fase. De 
UBA kan net als een UPy molecuul waterstofbruggen vormen met een ander UBA molecuul 
en op deze manier een dimeer vormen. De UBA:UBA interactie is zeer sterk en is zelfs 10 tot 
100 keer sterker dan de UPy:UPy interactie. Het maken van supramoleculaire polymeren met 
de UBA was succesvol. De UBA:UBA interactie heeft enkele bijzondere en zeer interessante 
eigenschappen welke zijn meerwaarde in de supramoleculaire chemie aantoont. Zo kan deze 
interactie uitgeschakeld worden door base toe te voegen, en kan deze vervolgens weer terug 
aan gezet worden door zuur toe te voegen. Ook is de UBA:UBA interactie verenigbaar met 
de UPy:UPy interactie, wat het mogelijk maakt om selectief UPy:UPy en UBA:UBA 
interacties te verkrijgen als de twee moleculen gemengd worden. De introductie van dit UBA 
molecuul kan in de toekomst leiden tot enkele zeer interessante toepassingen, waarvan er 
binnen onze groep al enkele onderzocht worden. Een voorbeeld is het maken van polymeren 
die de vouwing van eiwitten nabootsen. Deze vouwing is voor eiwitten van groot belang om 
hun functie te kunnen uitvoeren. Met het maken van deze kunstmatige eiwitten kunnen we 
mogelijk bepaalde functies –zoals bijvoorbeeld het versnellen van bepaalde reacties- 
nabootsen. Door de gevoeligheid van het UBA molecuul voor base en zuur kan door middel 
van het toevoegen van base of zuur de functie van het kunstmatig eiwit uit of aan gezet 
worden. 
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De totstandkoming van een proefschrift is een dynamisch samenspel van de promovendus 
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sociale sfeer gecreëerd waarin ik met veel plezier heb gewerkt. Door de vrijheid die je me 
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