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1 Supramolecular polymers 

1.1 Introduction 

Supramolecular chemistry is one of the 

most popular and fastest growing areas of 

(organic) chemistry. It reaches beyond the 

molecule, which makes it highly inter-

disciplinary and also attractive to scientists 

other than chemists. A common fascination 

and awe for the way nature applies specific 

interactions between molecules to create 

intriguing and complicated architectures is 

shared between many of its practitioners. 

Inspired by various natural polymeric systems 

like DNA, collagen or spider silk, the interest 

in the supramolecular chemistry of polymers is 

growing. Many of these natural polymers have 

exceptional properties, which can be ascribed to 

the cooperative expression of several secondary 

interactions like hydrogen bonding, hydro-

phobic or π-π interactions. For example the 

unique architecture of DNA results from 

cooperative multiple hydrogen bonding 

between the bases and hydrophobic inter-

actions. Likewise, hydrogen bonding between 

the polymer chains results in the exceptional 

properties of the ‘artificial’ polymers nylon and 

Kevlar. An important aim of this thesis is to use 

hydrogen bonds to form and develop 

supramolecular polymers and to utilize their 

reversible nature in mixtures with other 

hydrogen-bonded supramolecular polymers or 

with conventional covalent polymers. 

Furthermore, molecules have been developed 

that by design self-assemble in a hierarchical 

fashion into well-defined one-dimensional 

aggregates.  

1.2 Supramolecular chemistry 

Supramolecular chemistry can be defined as 

‘chemistry beyond the covalent bond’ and 

concerns the intermolecular interaction forces 

between molecules.1,2 Whereas in molecular 

chemistry structures are built up by the 

covalent connection of small components, in 

supramolecular chemistry the structures are 

built up by the non-covalent assembly of small 

components. In the assembly of supra-

molecular aggregates there is a close balance 

between enthalpy, the energy of association, 

and entropy, the penalty for loss of degrees of 

freedom. The non-covalent bonding inter-

actions applied in supramolecular chemistry 

include a range of attractive and repulsive 

forces (see table 1.1).  
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Chapter 1 

Table 1.1. Overview of non-covalent interactions and the average interaction energy.3 

Non-covalent interaction Energy (kJ/mol) Illustration 

ion – ion 50 - 400 Mn+ Xm-

 

ion – dipole 50 – 200 Mn+

- -

-

--

-

+

+

+

+

++  

dipole – dipole 4 – 40 
δ- δ+

δ-δ+

 

hydrogen bonding 4 - 120 X H X

δ- δ-δ+

 

cation – π 5 - 80 

H H
HH

-

-+ +

Mn+

 

π-π stacking 4 - 20 

H H
HH

H H
HH

-+ +

-

-

-+ +
 

dispersion 4 – 20 Ar Ar
 

solvent effects 4 – 40 G S H G SH+ +
 

In general the non-covalent forces are weak 

compared to covalent bonds (the energy of a 

covalent C-C bond is 350 kJ/mol), which 

makes them reversible, but it also requires that 

several of them have to be combined to form a 

strong association. Among these non-covalent 

interactions the hydrogen bond has enjoyed the 

most attention, probably due to its enormous 

impact on our daily life.4 These interactions are 

for instance responsible for the remarkable 

properties of water (the high boiling point 100 
oC) and the recognition between the DNA 

bases. Hydrogen bond interactions involve the 

interaction between electropositive or acidic 

hydrogen and other electronegative or basic 

atoms (N, O, S, ....). Hydrogen bonds are 

directional and comparable in strength to 

dipole-dipole interactions and ion-dipole 

interactions. However, a single hydrogen bond 

is still very weak compared to a covalent bond 

and a combination of hydrogen bonds is 

usually needed to form a more stable 

interaction.  
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Figure 1.1. Quadruple hydrogen bond arrays based on ureidotriazine (UT) and ureidopyrimidinone (UPy); 

attractive (dotted arrows) and repulsive (solid arrows) secondary interactions. 

Gong et al.5 reported the extremely stable 

dimers based on the six-hydrogen-bonded 

molecular duplex with a dimerization constant 

of 1.3x109 M-1 in chloroform. The use of 

multiple hydrogen bonding in an array can 

enhance the strength of the association and the 

directionality by arranging the hydrogen 

bonding sites in the proper way. The 

arrangement of the hydrogen bonding sites is 

of most importance due to secondary 

interactions between two neighboring sites in 

the array as was shown by detailed calculations 

of Jorgenson.6 In our group two strongly 

dimerizing self-complementary quadruple 

hydrogen bonding groups were developed by 

Felix Beijer and Rint Sijbesma based on 

triazine and pyrimidine heterocycles, see figure 

1.1.7,8 Both molecules contain an 

intramolecular hydrogen bond that planarizes 

the molecule, and pre-organizes the array, thus 

reduces the entropic penalty for dimer 

formation. The weaker binding strength of the 

quadruple hydrogen bonding ureidotriazine9 

(2x104 M-1) compared to the binding strength 

of the ureidopyrimidinone10 group (1.6x107 M-

1) in chloroform can be explained by the 

difference in repulsive and attractive secondary 

interactions as is shown in figure 1.1. 

1.3 Hydrogen-bonded 
supramolecular polymers 

Supramolecular polymers are defined 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 
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Chapter 1 

repetition of chemical fragments. The 

directionality and strength of the supra-

molecular bonding are important features of 

systems that can be regarded as polymers and 

that behave according to well-established 

theories of polymer physics.6-9 Among the 

interactions used to form supramolecular 

polymers are hydrogen bonding, metal-

coordination and π-π interactions. In this short 

introduction only hydrogen-bonded supra-

molecular polymers will be discussed. The first 

main–chain hydrogen-bonded supramolecular 

polymer was reported by Lehn et al. more than 

10 years ago.10,11 Two complementary bi-

functional molecules were developed, 

containing triple hydrogen bonding diamido-

pyridine DAD and uracil ADA end groups (see 

figure 1.2A). When these two molecules were 

mixed in a 1:1 fashion a supramolecular 

polymer was formed in the liquid crystalline 

phase. Griffin has reported the use of a single 

hydrogen bond between carboxylic acids and 

pyridines to form liquid crystalline supra-

molecular polymers.12 The complex as shown 

in figure 1.2B forms thermoreversible 

networks that exhibit properties typical of low 

molar mass materials at high temperatures but 

polymeric materials at low temperatures. 

However, the above-mentioned examples do 

not have strengths of association high enough 

to induce polymer-like behavior in solution or 

in the isotropic melt. A simple theoretical 

relationship that is shown in figure 1.3 

indicates that the degrees of polymerization 

required to give entanglements in polymer 

solutions of 0.05 M is estimated to be >100, a 

value that can only be reached when the Ka 

value is >104-5. 
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Figure 1.2. A. Supramolecular polymer formed by triple hydrogen bonding between uracil and diamidopyridine; 

B. Supramolecular network by single hydrogen bonding. 
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Figure 1.3. Theoretical relationship between the association constant Ka and virtual degree of polymerization 

(DP), using a simple isodesmic association function, or "multistage open association" model.9 

The ureidotriazine (UT) and ureido-

pyrimidinone (UPy) quadruple hydrogen 

bonding groups, which were introduced in 

paragraph 1.2, have association constants high 

enough to form hydrogen-bonded supra-

molecular polymers when they are connected 

via a suitable linker. The ureidotriazine group 

forms a random coil polymer in chloroform, 

but when appropriately substituted in apolar 

solvents like dodecane or polar solvents like 

butanol or water one-dimensional aggregates 

are formed in an hierarchical fashion.13,14 The 

ureidopyrimidinone based system was 

investigated in detail in solution and in bulk.15,16 

The viscosity of solutions containing small 

amounts of bi-functional UPy’s is already very 

high and shows a strong dependency on the 

concentration following the power-law, 

theoretically predicted by Cates et al.17 for 

reversible polymers. The reversibility of the 

system was established by the addition of a few 

percent of chain stopper, which dramatically 

lowered the viscosity.18 In the bulk the bi-

functional UPy’s showed pronounced visco-

elastic behavior comparable to high molecular 

weight covalent polymers.19 By using telechelic 

polymers as linkers, high molecular weight 

polymers can be formed with a relatively small 

amount of hydrogen bonding ureido-

pyrimidinone groups. It was shown that 

functionalization of telechelic oligomers with 

ureidopyrimidinone groups results in a 

spectacular improvement of the material 

properties.19,20 Like in step-growth polymers 

exists an equilibrium between cycles and chains 

of bi-functional UPy’s. This equilibrium can 

be influenced by the linker between the UPy 

groups, because of the strong influence of the 

linker on the conformation of the bi-functional 

UPy.21-23 By applying the appropriate linker 

configuration an enhanced viscosity upon 

raising the temperature can be observed, due to 

a shift in the equilibrium from cyclic species to 

polymeric species (entropy driven 

polymerization).24 

5 



Chapter 1 

1.4 Aim and outline of this thesis 

The aim of this thesis is to utilize the 

reversible nature of hydrogen-bonded 

supramolecular polymers in mixtures with 

other hydrogen-bonded supramolecular 

polymers or with conventional covalent 

polymers. It is expected that the reversibility of 

the hydrogen bonds via association and 

disassociation allows for structural rearrange-

ments and fast diffusion during the phase-

separation process. Hydrogen-bonded poly-

mers are now beyond the idea of a scientific 

curiosity and can enter into technology, 

provided very pure polymers can be 

conveniently synthesized at large scale. 

Therefore a procedure for the scale–up of the 

synthesis of hydrogen-bonded supramolecular 

polymers has to be developed. The ease of 

synthesis should also allow the hierarchical 

growth of more hydrogen-bonded directed 

architectures. The pre-organization of the 

covalent structure makes the cooperative 

expression of several non-covalent interactions 

possible. The hierarchical self-assembly process 

is discussed in detail. 

In Chapter 2 several approaches towards the 

hierarchical self-assembly of well-defined one-

dimensional aggregate are discussed. This 

chapter shows that only by a cooperative 

expression of several non-covalent interactions, 

the information present in the covalent 

structure can lead to the hierarchical self-

assembly of subunits into one-dimensional 

aggregates. In Chapter 3 the scale-up of the 

synthesis of high–purity hydrogen-bonded 

supramolecular polymers is described together 

with a convenient method for the synthesis of 

UPy’s via blocked isocytosine isocyanates. 

Based on the expectation that hydrogen-

bonded supramolecular polymers have 

increased mobility due to bond breaking and 

reformation, the concept of polymerization-

induced phase separation (PIPS) with 

hydrogen-bonded supramolecular polymers is 

investigated in Chapter 4. To this end, films 

containing mixtures of UPy based supra-

molecular polymers and varying amounts of 

mono- and diacrylates, have been photo-

polymerized and the extent of the phase 

separation was determined with DSC and 

SEM. Chapter 5 focuses on controlling of the 

morphology in blends of two hydrogen-

bonded supramolecular polymers by tuning the 

rate of evaporation of a common solvent. The 

influence of the reversibility of the hydrogen 

bonding during the phase separation process is 

studied. The hierarchical self-assembly of pre-

organized bi-functional UPy’s that aggregate in 

stepwise process through hexameric cycles into 

stable well-defined one-dimensional aggregates 

is described in Chapter 6. In the bi-functional 

UPy’s a meta-substituted phenyl group is used 

to pre-organize the molecule to form a 

hexameric cycle. The concentration and solvent 

dependent hierarchical self-assembly process 

was studied in depth with viscometry, 1H-

NMR measurements, and SANS. In Chapter 7 

the well-defined architecture of the one-

dimensional aggregate is used as a scaffold 

6 
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towards the formation of ordered materials. A 

large polymer side group is coupled to the 

phenyl group in the linker of the rigid bi-

functional UPy and the aggregation behavior of 

the resulting macro-monomer is studied. 

Finally in the last part of Chapter 7 a study 

towards the reversible binding of substrates on 

a solid carrier is reported.  
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2 Hierarchical self-assembly of one-dimensional aggregates 

Abstract 

Nature often uses the hierarchical self-assembly of smaller components as an intriguing way of building 

up complex structures. To apply this approach in synthetic systems a careful consideration of the involved 

non-covalent interactions is needed. As a result of a cooperative expression of several non-covalent 

interactions, the information present in the covalent structure can lead to the hierarchical self-assembly of 

subunits into discrete one-dimensional aggregates. In this chapter several approaches to the hierarchical 

self-assembly of one-dimensional aggregates will be discussed.  



Chapter 2 

2.1 Introduction 

One-dimensional architectures have 

numerous functions in natural systems. They 

are applied for their defined internal structure 

in transmembrane ion channels and form 

closed reaction chambers that together with the 

functionalized internal surface provide a 

sophisticated system for selective catalysis. 

Building blocks in for example connective 

tissue (collagen fibrils) or in muscle (actin 

filaments) are another important area where 

one-dimensional are applied in natural systems. 

In the last few decades, it has become 

increasingly clear that nature often builds up 

these complex structures by hierarchical self-

assembly of smaller components. In this 

modular approach only a limited set of 

components is necessary, which can be 

combined in different ways to lead to a variety 

of well-defined complex structures. Therefore, 

only these smaller components have to be 

produced and it allows for easy structural 

variation. In strict self-assembly, the 

components spontaneously aggregate without 

external guidance into ordered structures. The 

information needed for the formation of large 

objects is already contained within the covalent 

structure and is expressed via an interplay of 

non-covalent interactions.1-3 A well-studied 

example of hierarchical self-assembly is the 

formation of the tobacco mosaic virus (TMV). 

It is well established that in the assembly 

process of the coat protein aggregates into a 

helical column the virus-RNA acts as a 

template and additionally stabilizes the helical 

columnar aggregate after formation.4 The virus 

assembly process proceeds by an initiation step 

involving the binding of the RNA to a short 

‘two turn’ helical aggregate consisting of coat 

protein molecules.5 Remarkably, the coat 

protein is able to self-assemble into a helical 

structure without the presence of the virus-

RNA.6 Thus, the structure of the coat protein 

by itself already contains enough information 

to self-assemble into a helical structure. An 

important difference in the structure of the 

TMV coat protein compared to other globular 

proteins is the presence of large hydrophobic 

patches on their surfaces. The external layer of 

the TMV coat protein is enriched in 

hydrophobic residues like tryptophan and 

tyrosine as shown in figure 2.1.7 Extensive 

studies have shown that self-assembly of the 

coat protein is a complicated, not yet fully 

understood, process. Depending on pH, ion 

strength and concentration different assemblies 

have been found, ranging from monomers to 

double layered disks (17 units), small stacks of 

disks, to helices, which are not necessarily 

interconvertible.5-10  
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Figure 2.1. A. Tobacco mosaic virus (TMV); B. Relationship between structures of the coat protein of the TMV; 

C. Side-view of the structure of two TMV coat protein subunits in the virus. The virus axis is situated on the left. 

Tyrosine and tryptophan residues are highlighted.  

The intriguing self-assembly process of the 

TMV coat protein shows that by hierarchical 

self-assembly well-defined structures can be 

obtained, though the self-assembly process is 

complicated and depends on the environmental 

conditions. Inspired by biological examples of 

self-assembled one-dimensional aggregates like 

TMV, many synthetic systems are currently 

researched. For the synthesis of large structures 

self-assembly offers a number of advantages 

above covalent synthesis.2 Among those 

advantages are the possibility for error 

correction, facile formation of the end product, 

and synthetic economy. Furthermore, evo-

lution has given nature only a limited set of 

components, whereas synthetic systems are not 

restricted to a certain set of components, thus 

allowing other approaches and radical new 

designs. This chapter will center on stable well-

defined one-dimensional aggregates formed 

through hierarchical self-assembly of molecules 

via specific interactions. The specific 

requirements needed before a system can be 

formed in a hierarchical fashion and the study 

of the hierarchical assembly process by means 

of chirality will be discussed. Recently, an 

excellent review describing one-dimensional 

aggregates in general was written by Stupp and 

co-workers,11 while self-assembled tubular 

aggregates such as peptide nanotubes12-16, 

foldamers17, and phenylacetylene macro-

cycles18 have recently been reviewed by Ghadiri 

et al.13 Because important aspects for 

hierarchical self-assembly like complete 

reversibility and dynamics in the system are 

lacking in the solid state19-24 or in gels,25-27 these 

topics will not be discussed here. Furthermore, 

wormlike micelles formed by block 

copolymers28, amphiphiles, or peptide 

amphiphiles29-31 are outside the scope of this 

chapter because binding between the individual 

components is not completely specific. These 

11 



Chapter 2 

structures do not contain the information in 

the covalent structure which is needed to have 

complete control over the architecture of the 

assemblies described in this chapter. 

2.2 Hierarchical aggregation 
through disk shaped 
aggregates 

A promising way of synthesizing large 

functional one-dimensional aggregates is by 

using hierarchical self-assembly. In this step-

wise process first a closed oligomeric disk-

shaped aggregate has to be formed, followed by 

aggregation of these disk-shaped aggregates 

into a one-dimensional structure. For this step 

it is important that the disk-shaped aggregates 

have a relatively large planar surface, thus 

creating a micro environment in which non-

covalent interactions such as solvophobic and 

π-π interactions can be expressed. Several 

groups32-45 have shown that hydrogen bonding 

can be used to form stable macro-cycles in 

solution. They found that the preferential 

formation of cyclic structures by non-covalent 

synthesis above their linear counterparts is a 

complex process governed by subtle 

interactions like pre-organization of the 

covalent structure, peripheral crowding, solvent 

type and binding strength. Therefore, 

hydrogen bonds are generally applied in the 

formation of macro-cyclic systems because of 

their directionality, specificity, and relative 

binding strength, with which an important 

prerequisite for cycle formation is met.  

An example (see figure 2.2) of the 

application of this strategy to form a one-

dimensional aggregate via hierarchical self-

assembly has recently been reported by the 

Fenniri et al.46-48 They used a unit containing 

the DDA hydrogen bonding array of guanine 

and the complementary ADD hydrogen 

bonding array of cytosine, which was reported 

before to form cyclic hexamers.42  
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Figure 2.2. Hierarchical self-assembly of rosette nanotubes; (a) The hydrogen bonding unit 1; (b) Model of the 

rosette; (c) Molecular model of the nanotube.. 
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To enhance the tendency of molecule to 

form a rosette structure and to shield the 

hydrogen bonding array from water a methyl 

group was introduced on the amine of the 

guanine side. Furthermore, an amino acid 

moiety was attached via an ethylene spacer to 

the base, with which chiral centers are 

introduced on the periphery of the rosette. The 

large hydrophobic surface of the bases and the 

electrostatic interactions between the amino 

acid side-chains provide the driving force for 

the stacking of the rosettes in water. A 

remarkable temperature dependence of the 

aggregation of the rosettes was observed which 

was attributed to entropy driven self-assembly.  

Gottarelli & Spada et al. reported 

hierarchical self-assembly of the sodium or 

potassium salts of oligomeric deoxyguanosines 

2 into chiral columns in water (see figure 

2.3).49-52 The system is of interest because of its 

strong similarities to DNA and the possible 

role of guanosine aggregation in replication. 

The guanosine units 2 form cyclic tetramers 

(G-quartets) through hydrogen bonding. These 

G-quartets then stack via hydrophobic 

interactions and the phosphodiester bridges 

into well-defined “barrels”, subsequently more 

extended columns are formed via the stacking 

of these “barrels” on top of each other. But 

even without the phosphodiester bridge these 

G-quartets show the hierarchical self-assembly 

into columns as was shown in case of the 

mono-functional guanosine derivative. 

Concentration dependent lyotropic liquid 

crystalline mesophases were reported for 2. 

Above a critical concentration of the 

deoxyguanosine derivatives a cholesteric phase 

was observed while at lower concentrations a 

hexagonal phase was reported. The critical 

concentration increased with the length of the 

oligomers and reflects the balance between 

hydrophobic and hydrophilic groups. 
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Figure 2.3. A. Deoxyguanosine oligomers 2; B. G-quartet; C. Hierarchical self-assembly of ‘barrels’ into 

columns. 

13 



Chapter 2 

The alkali salts play an important role in the 

stability of the columnar aggregate, when 

potassium salt is used, the degree of poly-

merization and the stability of the columnar 

aggregate increase because potassium stabilizes 

the tetramer by binding to the inner carbonyls 

of the G-tetramer.  

Gottarelli and Davis et al. prepared apolar 

lipophilic deoxyguanosine bases 3 and 

demonstrated their hierarchical self-assembly 

into one-dimensional structures in apolar 

solvents, see figure 2.4.53,54 Unlike their polar 

counterparts in water the apolar lipophilic 

deoxyguanosine bases 3 do not form a G-

quartet in apolar solvents by hydrogen bonding 

only. The lipophilic deoxyguanosine bases are 

molecularly dissolved in chloroform, but upon 

contact of the organic layer with an aqueous 

layer containing potassium salts, the potassium 

ions are extracted from the aqueous layer. The 

potassium ion templates the formation of an 

octamer in which the potassium ion is 

sandwiched between two G-quartet disks and is 

coordinated to the carbonyl groups of the 

guanosine bases. Depending on the potassium 

concentration these G-quartets form either an 

octamer or longer columnar aggregates in case 

of a higher potassium concentration. Thus, the 

potassium ions have a two-fold function; they 

induce the formation of closed G quartets over 

the linear tape-like structure and provide 

together with solvophobic interactions the 

driving force for further assembly into 

columnar aggregates.  

The groups of Reinhoudt55 and Whitesides56 

have reported independently on the formation 

of supramolecular “nanorods” based on the 

well-known cyanuric acid - melamine motif. 

These hydrogen-bonded polymeric rods are 

composed of parallel cyanuric acid - melamine 

rosettes (figure 2.5). They prepared 

mismatching dimelamine 4 and dicyanurate 5 

in which the spatial distance between the two 

cyanurate units is different from the distance 

between the two melamine units.  

3

A B C D

 

Figure 2.4. A. Apolar lipophilic deoxyguanosine base 3; B. G-quartet; C. Octamer; D. Columnar aggregate.
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4a  R = CH2CH2CH3
b  R = (CH2)11CH3

43·(DEB)6

DEB

43·53 (‘open’)

‘polymerization’

43·53 (‘closed’)

[43·53]n
5a  R = CH2CH2CH3
b  R = (CH2)11CH3  

Figure 2.5. Schematic representation of molecular components 4 and 5 and the polymerization to rod-like 

nanostructures. 

It was anticipated that this mismatch would 

prevent the formation of a closed disk-like 

assembly and induce the formation of 

polymeric entities. A 1:1 mixture of 

dimelamine 4 and dicyanurate 5 leads to a high 

viscosity in aprotic solvents resulting from the 

formation of high-molecular-weight one-

dimensional aggregates. The aggregation 

behavior was studied by NMR spectroscopy 

and showed broadening of the hydrogen-

bonded protons in chloroform. Microscopy 

techniques such as TEM and TM-SFM 

showed a large influence of the solvent on the 

morphology of the aggregates in the solid state. 

Luc Brunsveld and Ky Hirschberg57,58 of our 

laboratory have developed mono-functional 

ureidotriazine units that dimerize via quadruple 

hydrogen bonds with an association constant 

Kass of 2 x 10-4 M-1 in chloroform into discotic 

molecules 6-9 (see figure 2.6). The aromatic 

surface of the triazine units is enlarged by 

connecting an additional phenyl ring to the 

triazine ring and moreover, to this phenyl ring 

solubilizing chains are attached. The hydrogen-

bonded dimers form a large planar aromatic 

core, surrounded by six flexible alkyl tails, thus 

providing an ideal environment for stacking of 

the dimers by π-π and solvophobic 

interactions. Not only polar solvents like water 

and butanol induce aggregation of the core, but 

also highly apolar solvents like dodecane are 

able to induce stacking of the ureidotriazine 
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dimers, whereas in chloroform no stacking is 

observed. By connecting two ureidotriazine 

units via a hexamethylene linker the 

architecture of these bi-functional molecules 

can be switched between a random-coil 

hydrogen-bonded supramolecular polymer and 

a columnar polymeric architecture upon 

changing the polarity of solvent from 

chloroform to dodecane. They observed an 

increased stability and length of the columnar 

architectures for the bi-functional 

ureidotriazine units which were ascribed to the 

higher local concentration of the ureidotriazine 

units.  

2.3 Chirality as a probe 

An important and intriguing issue in case of 

the formation of columnar aggregates via 

hierarchical self-assembly concerns the internal 

structure of the aggregate. Due to the 

reversibility of the hydrogen-bonds with which 

the disk-shaped structures are usually formed 

in the hierarchical self-assembly process, the 

cyclic structure can either remain a closed 

structure or open up and associate with the 

upstairs neighbor and form a helical structure. 

The chirality of the supramolecular aggregates 

is often used to probe the mode of aggregation. 

Circular dichroism (CD) spectroscopy can be 

applied to determine the chirality of the 

aggregate. Gottarelli and co-workers performed 

an extensive study of the aggregation behavior 

of the oligomeric deoxyguanosines 2 (figure 

2.3) with CD spectroscopy. They showed that 

upon increasing the concentration above a 

critical concentration the CD spectrum showed 

an intensive negative band, which they ascribed 

to the formation of a cholesteric phase. In this 

phase the chiral columns aggregate in a similar 

fashion as in the cholesteric phase of double 

stranded DNA. They were able to determine 

the handedness of these super helices and 

showed that the handedness is caused by a 

delicate interplay of the non-covalent 

interactions and the phosphodiester bridges.  
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Figure 2.6. Mono- and bi-functional ureidotriazines 6-9; to the right molecular models of the respective structures 

in apolar solvents. 
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Hierarchical self-assembly of one-dimensional aggregates 

Chirality can be induced in supramolecular 

systems by introducing chiral centers in the 

periphery of the assembly, which causes only a 

small perturbation in the molecular structure. 

Even though the chiral centers are far removed 

from the core of the disk-shaped structure, the 

peripheral side-chains interact due to the self-

assembly into a columnar structure, enabling 

the transfer of chirality to the core of the 

column. By introducing chiral alkyl chains at 

the phenyl ring Ky Hirschberg and Luc 

Brunsveld of our laboratory showed with CD 

spectroscopy that the bi-functional triazines 

discotic dimers aggregate into helical columns 

(figure 2.6). A Cotton effect typical for a helical 

arrangement in the absorption bands of the 

aromatic core was found. Even at 

concentrations as low as 10-6 M the Cotton 

effect was only reduced by a factor of 2 

showing that even at these low concentrations 

the bi-functional triazine discotics are still 

assembled into helical columns. In contrast to 

the bi-functional triazine dimers, the dimers of 

mono-functional triazines containing chiral 

side-chains do not show a Cotton effect in very 

apolar solvents like hexane. The dimers of 

mono-functional triazines are not locked on 

top of each other via the linker and rotate 

freely.  

The ‘sergeants and soldiers’ principle which 

was demonstrated by Green et al. for covalent 

structures is a technique that can be used to 

study the cooperativity of the aggregation 

within the columnar assemblies.59,60 In this 

principle the amplification of chirality induced 

by a chiral sergeant upon the achiral soldiers is 

measured. The cooperativity is expressed as the 

number of achiral soldiers to which the 

sergeant is able to transfer its chirality. In our 

group Anja Palmans and Luc Brunsveld 

reported that bipyridine C3-symmetrical disks 

with chiral side-chains 10a (sergeants) are able 

to transfer their chirality to up to 200 achiral 

C3-symmetrical disks 10b.61-64  
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Figure 2.7. Bipyridine based C3-symmetrical disks 10a, b and a cartoon representing their helical supramolecular 

stacking. 
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Another way to induce chirality in the 

hierarchical self-assembly of columnar 

structures is by using a chiral auxiliary or 

promoter. The chirality is transferred to the 

columnar assembly through molecular 

recognition of chiral promoters by the 

columnar structure in a host-guest fashion. 

Fenniri and co-workers reported recently the 

induction of chirality in a rosette nanotube by 

chiral amino acids promoters, which are bound 

to crown ether groups at the periphery of the 

columnar structure (figure 2.8).47 The chiral 

amino acid promoters D-alanine and L-alanine 

are able to transfer their chirality resulting in 

the opposite handedness of the helical 

columnar aggregate P or M, respectively (figure 

2.8C) 
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Figure 2.8. A. Hierarchical self-assembly of compound 11 into a six-membered supermacrocycle (rosette upper) 

and resulting nanotube, top (lower left) and side (lower right) views; B. Heterobicyclic base 11; C. The CD 

spectra of 11 (0.04 mM) + L-Ala (0.4 mM) ( ) and of 11 (0.04 mM) + D-Ala (0.4 mM) (-), both recorded 

continuously until the induced circular dichroism (ICD) stabilized (<24 h after mixing).47  
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Figure 2.9. Schematic representation of the supramolecular pathways leading to the self-assembly of helical rosette 

nanotubes with tunable chiroptical properties. The fast pathway (steps 1 and 2) involves premixing concentrated 

solutions of 11 (2.0 mM) and L-Ala (4.0 mM) prior to dilution to the desired concentration. The slow pathway 

(steps 3-5) involves prediluting the stock solution of 11 (to 0.04 mM) prior to adding L-Ala (10 equiv). Steps 1 

and 2 show that the nanotubes are kinetically stable in the presence of a promoter, and steps 3-5 show that the 

formation of the nanotubes can be triggered with a promoter. Both pathways lead to the helical rosette nanotubes 

(Taken from reference 47). 

The induced circular dichroism (ICD) 

effect was shown to be promoter-specific and 

to depend on minor structural variations, 

which influence the binding to the pro-chiral 

crown ether substituted guest. Unlike the 

‘sergeants and soldiers’ mode of inducing 

chirality, the chiral amino acid promoters have 

an all-or-none nature of inducing chirality in 

the columnar assembly. Only when all the 

crown ether sites are occupied they are able to 

transfer their chirality. The chiral promoters 

were shown not only to induce chirality, but 

also to enhance the stability of the columnar 

aggregates in a pathway that the authors 

proposed to be auto-catalytic (see figure 2.9). 

2.4 Functional aggregates 

In recent years, numerous possible 

applications for hierarchical self-assembled 

columnar or tubular aggregates have been 

proposed. An important reason for the interest 

in these systems is the typical size of the 

aggregates. With a diameter of 1-10 nm and 

lengths ranging up to micrometers these 

structures bridge the gap between conventional 
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molecular objects and top down structures 

created by lithographic techniques. The process 

of hierarchical self-assembly leads to well-

defined structures with built-in error 

correction and to architectures that can be 

controlled by subunit design. These properties 

are of special interest for the development of 

electro-optical devices such as solar cells, light 

emitting diodes (LEDs) and field effect 

transistors (FETs) in which control of the 

mesoscopic structure in the π-conjugated 

systems is a subject of great importance. Albert 

Schenning, Freek Hoeben, and Pascal 

Jonkheijm65 of our laboratory reported the 

formation of helical columnar aggregates in 

dodecane by the hierarchical self-assembly of 

mono-functional ureidotriazine units 12 to 

which chiral π-conjugated oligo(p-phenylene 

vinylene) (OPV) are attached (figure 2.10). 

Similar to the mono-functional ureidotriazine 

molecules 6-9 with chiral side-chains (figure 

2.6) the chiral side-chains on the OPV unit at 

the periphery of the molecule are able to 

induce the formation of a helical stack of 

hydrogen-bonded ureidotriazine dimers. 

Whereas in case of ureidotriazine without the 

OPV unit a hexamethylene linker between the 

hydrogen-bonded triazines is necessary to 

provide the positional order, in case of the 

OPV triazines positional order is provided by 

the π-π interactions between the OPV side 

groups. 
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Figure 2.10. Schematic representation of the hierarchical organization of MOPV 12 in dodecane. 

 

20 



Hierarchical self-assembly of one-dimensional aggregates 

The well-defined structure of the MOPV 

columnar aggregates provides an attractive 

scaffold for studying energy transfer in these 

columns.66 Indeed, when a small number of 

ureidotriazine units with a longer conjugation 

length (MOPV4) is incorporated within a 

columnar stack of MOPV3 a highly efficient 

energy transfer from the MOPV3 molecules to 

the MOPV4 molecules was observed (see 

figure 2.11). The energy is transferred to the 

MOPV4 units because the absorption 

maximum of the MOPV4 is red shifted 

compared to the MOPV3 units.  

Another interesting application of the 

defined architecture of hierarchical self-

assembled columnar structures is the selective 

binding or transport of ions. Gottarelli and 

Spada reported67,68 the enantioselective 

extraction of chiral potassium salts from water 

into the organic phase by lipophilic 

deoxyguanosine derivatives. The anionic 

enantiomers show preferentially binding, due 

to the homochiral helical architecture of 

columnar aggregate. The helical columnar 

aggregate is even capable of inducing a Cotton 

effect in the achiral potassium N-(2,4-

dinitrophenyl)glycinate. Intriguingly, for some 

of the anions the octamer and polymer show 

opposite selectivity, illustrating the difference 

in supramolecular chirality of both. The use of 

these polymers as artificial ion channels is 

currently under investigation, as the apolar 

side-chains would allow incorporation into a 

membrane. 
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Figure 2.11. Temperature-dependent fluorescence spectra of a MOPV3 solution in dodecane with 1.2 mol% trap 

molecules MOPV4.. The arrows indicate a temperature rise from 0-90 °C. At high temperatures, when the 

oligomers are molecularly dissolved, the presence of MOPV4 can not be distinguished. At low temperatures, when 

mixed stacks are present, the spectrum resembles a molecularly dissolved MOPV4 spectrum. This is a consequence 

of very efficient energy transfer from MOPV3 to the isolated trap molecules in the ordered assembly (Taken from 

reference 66). 
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2.5 Conclusions 

The examples of hierarchical self-assembly 

presented in this chapter show that the 

refinement of these synthetic systems are a step 

closer to the natural systems, which they were 

inspired from. Hydrogen bonding provides the 

stable and specific binding needed for the 

formation of cyclic aggregates with a large 

surface area. Thus, a micro-environment is 

created in which in a cooperative way other 

secondary interactions like solvophobic effects 

and π-π interactions can be used to assemble in 

a hierarchical fashion into one-dimensional 

architectures. Several challenges remain; 

among those are the precise control over the 

length of the aggregates and the formation of a 

controlled tertiary architecture. Although the 

typical length-scale of the aggregates described 

in this chapter makes them of interest to bridge 

the gap between conventional molecular 

objects and top down structures created by 

lithographic techniques, research in that area 

has hardly started.  
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3 Novel methods for the synthesis of ureidopyrimidinone 
derivatives*

Abstract 

The scale-up of the synthesis of high-purity hydrogen-bonded supramolecular polymers is described. The 

synthesis involves functionalization of telechelic hydroxy-terminated poly(ethylenebutylene) with 2-

ureido-4[1H]-pyrimidinone quadruple hydrogen-bonding groups via dibutyltindilaurate (DBTL) 

catalyzed urethane formation. A procedure with optimized reaction conditions was developed and applied 

on a 10 dm3 mini-plant scale. Blocked isocytosine isocyanates were conveniently obtained by reacting 

1,1’-carbonyldiimidazole (CDI) with isocytosines. The resulting blocked isocytosine isocyanates could be 

isolated and stored for further use. Reaction with either aliphatic or aromatic amines gave the 

corresponding mono-, bi-, and tri-functional ureidopyrimidinone derivatives in good yields.  

                                                       
* Part of this chapter has been published: Keizer, H. M.; van Kessel, R.; Sijbesma, R. P.; Meijer, E. W. Polymer 
2003, 44, 5505-5511 and Keizer, H. M.; Sijbesma, R. P.; Meijer, E. W. Eur. J. Org. Chem. (accepted for 
publication). 



Chapter 3 

3.1 Scale-up of the synthesis of UPy functionalized telechelic 
poly(ethylenebutylene) 

3.1.1 Introduction 

Hydrogen-bonded supramolecular poly-

mers are now beyond the idea of a scientific 

curiosity and can enter into technology, 

provided very pure polymers can be 

conveniently synthesized at large-scale.1,2 In 

our group it was shown by Brigitte Folmer that 

hydrogen-boned supramolecular polymers 

with a high molecular weight can be formed 

with a relatively small amount of hydrogen-

bonding ureidopyrimidinone groups when 

telechelic polymers are used as linkers.3 The 

functionalization of Kraton L2203, a hydroxy 

telechelic poly(ethylenebutylene) (PEB(OH)2) 

(scheme 3.1) involves the urethane formation 

between synthon 1 and the hydroxy end-

groups of PEB(OH)2 with dibutyltindilaurate 

(DBTL) as a catalyst. The degree of 

polymerization (DP) of these hydrogen-

bonded supramolecular polymers depends on 

the association constant and the amount of 

chain-stopper (mono-functional molecules) 

present.4 Calculations show that due to the 

high association constant of the ureido-

pyrimidinone group (6 x 107 M-1 in chloroform 

at room temperature)5 the DP is not limited by 

the dissociation of the ureidopyrimidinone 

units, but rather by the presence of mono-

functional impurities. The mechanical 

properties of (hydrogen-bonded supra-

molecular) polymers are among other factors 

determined by their (virtual) molecular weight. 

Therefore, it is of utmost importance that the 

amount of mono-functional compound in the 

end product is reduced as much as possible. 

3.1.2 Preparation of the starting 
materials 

For scale-up and optimization it is 

important to know the quality and composition 

of the starting materials, because of possible 

side reactions, by-products and the stoichio-

metry of the reaction. 
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Scheme 3.1. Synthesis of ureidopyrimidinone functionalized PEB 2. 
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The starting materials for this reaction are 

synthon 1, and the telechelic PEB(OH)2. 

Synthon 1 was synthesized on a 250 gram 

scale by coupling of hexamethylenediisocyanate 

to methylisocytosine, which are both 

commercially available. Methylisocytosine was 

mixed with a sevenfold excess of the 

diisocyanate, which acts as the solvent for the 

reaction. Pyridine (1 eq.) was added as a catalyst 

and to solubilize methylisocytosine. The 

product precipitated from the reaction mixture 

and was obtained in 98.5 % yield as a white 

powder after filtration. The excess of 

hexanediisocyanate was recovered by vacuum 

distillation. 

Telechelic polymer PEB(OH)2 (scheme 3.1) 

is a hydrogenated random copolymer of 1,2- 

and 1,4-polymerized butadiene units with a 

molecular weight Mn = 3500 g/mol 

(determined by 1H-NMR and GPC) and a 

polydispersity (PDI) of 1.17.6,7 Signals of 1H 

and 13C of the end-groups were assigned using 

2D heteronuclear correlated (HETCOR) 

NMR measurements. The two different end-

groups of PEB(OH)2 give different signals in 
1H-NMR. The CH2 group next to the primary 

alcohol resonates at 3.7 ppm and the methylene 

group of the neo-alkyl next to the alcohol 

resonates at 3.3 ppm. From the integration of 

these signals it was concluded that 8% of the 

polymers lack the primary alcohol end-group, 

which gives a total hydroxy functionalization of 

96% (1.92 mol hydroxy groups per mol 

PEB(OH)2). 

3.1.3 Optimization experiments 

In the original procedure for chain 

extension of PEB(OH)2 70 mmol (20.5 g; 2.43 

eq.) of 1 was added to a solution of 15 mmol 

(52.5 g) PEB(OH)2 in 500 mL of dry 

chloroform.3 After addition of 2 drops of 

dibutyltindilaurate the resulting solution was 

stirred at 60°C for 16 hours. The reaction 

mixture was filtered and purified by column 

chromatography over silica. This procedure 

was taken as the starting point for the 

optimization of a number of parameters 

towards the scale-up of the chain extension to 

10 dm3 miniplant scale. Several parameters like 

the amount of catalyst, work-up procedure and 

reaction time were selected to be optimized for 

scale-up. 

Type of solvent, reaction time, and reaction 

temperature. As more environmentally benign 

alternatives to chloroform, the solvents 

isopropylether, THF, and toluene were tested 

at their respective reflux temperatures (table 

3.1). The conversion was monitored by 

disappearance of the neo-alkyl alcohol end-

groups of PEB(OH)2 in the 1H-NMR 

spectrum. 

Table 3.1. Reaction times and yields for different 
solvents. 

Solvent Reaction 
time [h] 

Conversion 
[%] 

Chloroform 16 90 

Isopropylether >24 no reaction 

THF >24 <30 

Toluene 1.5 >95 
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In toluene the reaction was complete after 

1.5 h at reflux temperature (110 oC). After the 

same time interval the conversion in the other 

solvents (isopropylether and THF) was very 

low or no reaction was observed at all, probably 

due to deactivation of the catalyst by solvent 

coordination. 

Amounts of starting material. The 

concentration of PEB(OH)2 that can be used in 

the reaction is limited by the viscosity of the 

reaction mixture at full conversion, due to the 

formation of the supramolecular polymer 2. A 

concentration of 100 gram PEB(OH)2 / 1 dm3 

toluene resulted in a reaction mixture of a 

practical viscosity. 

An excess of synthon 1 is needed for 

complete functionalization of PEB(OH)2, in 

order to compensate for losses due to reaction 

with atmospheric water and subsequent 

formation of urea 3 (figure. 3.1). 
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Figure 3.1. Bi-functional ureidopyrimidinone 3. 

Because it is difficult to estimate how much 

of 3 is formed during the reaction, it was 

decided to use 2.0 equivalents at the beginning 

of the reaction and to determine the additional 

amount of synthon needed to complete the 

reaction with 1H-NMR after 1.5 h. 

The amount of catalyst. The influence of the 

amount of catalyst was studied using 0.6, 1 and 

40 mol% of DBTL in toluene. There was no 

difference in reaction rate between 1 and 40 

mol%; after 1.5 h the conversion was over 95% 

for both amounts of catalyst. With 0.6 % of 

DBTL the reaction rate was significantly lower 

resulting in a reaction time of 4 h before a 

conversion over 95% was obtained. 

Work-up procedure. In the initial stage of the 

reaction, the reaction mixture is a suspension 

due to the moderate solubility of synthon 1 in 

toluene. The suspension gradually dissolves, 

because synthon 1 reacts with PEB(OH)2, but 

after 30 min the reaction mixture becomes 

gradually more turbid and more viscous due to 

gel formation. The gelator is believed to be 

urea 3 (figure 3.1). It is well-known8 that urea 

derivatives may aggregate at very low 

concentrations to form gels. After the reaction 

centrifugation was used in order to remove this 

gel. From IR-spectroscopy it was concluded 

that after centrifugation no synthon 1 with an 

isocyanate band at ν = 2268 cm-1 was present 

anymore. The small amount of catalyst, which 

remains in the product phase, was not 

removed. 

Reaction calorimetric measurement (RC1). A 

well-known risk in large-scale synthesis is a 

'runaway' due to poor heat transfer in a highly 

exothermic reaction. Therefore, a 1 dm3 

reaction calorimetric measurement (RC1) was 

performed (figure 3.2). The heat of reaction 

was calculated to be 72.0 kJ/mol OH-groups. 

This is an average of the two different hydroxy 

groups of PEB(OH)2. The two peaks in the 

RC1 heat loss measurement can be explained 

by the difference in reactivity of the primary 

and the neo-alkyl hydroxy groups of 
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PEB(OH)2, which was also observed with 1H-

NMR.  
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Figure 3.2. RC1 heat loss measurement of the 

synthesis of ureidopyrimidinone functionalized PEB 

2. 

Since 0.23 mol PEB(OH)2 is being 

functionalized in the large-scale 10 dm3 

synthesis, the total produced heat of reaction is 

estimated at 31.5 kJ. As the heat capacity of 

toluene at 25°C is 157.3 kJ/mol, the 

instantaneous adiabatic temperature rise is 

2.7°C. The cooling capacity of the 10 dm3 

reactor is more than sufficient to accommodate 

this. 

3.1.4 Large-scale synthesis 

From the optimization experiments a 

procedure for large-scale synthesis was 

developed and subsequently applied. 

PEB(OH)2 (0.228 mol, 800 gram) was 

dissolved in 2 L toluene and loaded into the 10 

dm3 reactor, stirred with a six-bladed pitched 

blade stirrer at 300 rpm. Additionally 6 liters of 

toluene were added and the reaction mixture 

was heated to 60ºC. Synthon 1 (0.457 mol, 2.0 

eq., 134.3 gram) and dibutyltindilaurate, (1.44 

gram, 1.0 mol%) were added at 60ºC and the 

reaction mixture was heated at reflux 

temperature (110ºC) for 1.5 hours. After 1.5 

hours the conversion was determined with 1H-

NMR and was found to be lower than 

expected, 82.0 % instead of 95%. After 2.5 h, 

another 0.47 eq. of synthon 1 (28.15 g; 96.0 

mmol) was added. After 5.5 hours the 

conversion was 98.8 % and the calculated 

additional amount of synthon 1 (approximately 

13.4 gram, 0.2 eq.), needed to drive the reaction 

to completion, was added. Heating was 

continued for another hour, when the 

conversion was complete, as judged with 1H-

NMR. The mixture was cooled down and the 

reaction vessel was drained. For the work-up 

the reaction mixture was centrifuged for 40 

minutes at 4300 rpm and the clear solution of 

ureidopyrimidinone functionalized PEB 2 in 

toluene was decanted off. The remaining gel 

was extracted with 2L toluene and centrifuged 

again. The total yield was 803 g (86 %) of 

product 2. The remaining material (165 g after 

drying) contains gelator 3 (37 g) and 128 g of 

product 2, which could not be separated from 3 

due to gelation. 

3.1.5 Product purity 

An important factor in the final quality of 

product 2 is the amount of mono-functional 

chain-stopper in the desired product, because 

this determines the DP of supramolecular 

polymer 2. Two chain stopper molecules 4 and 

5 (figure 3.3) can be found in the product.  
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Figure 3.3. Mono-functional compounds 4 and 5, which act as chain-stopper molecules in the product. 

Mono-functional chain stopper 4 is derived 

from mono-functional PEB(OH) that 

constitutes 8% of the starting material as 

determined by 1H-NMR (the conversion to 4 

is presumed to be 100%). Chain stopper 5 is 

present if the conversion of the neo-alkyl 

hydroxy end-groups is incomplete. 
1H-NMR and 13C-NMR do not allow a 

quantitative determination of very small 

amounts of 5 in the product, because of severe 

peak overlap and insufficient sensitivities, 

respectively. An alternative method for the 

determination of OH end-groups in polymers 

has been described in literature using 19F- 

NMR of hexafluoroacetone (HFA) adducts as 

depicted in figure 3.4.9,10  

ROH
F3C

F3C
O RO OH

CF3

CF3
+

 

Figure 3.4. Formation of the HFA adduct of a 

hydroxyl group. 

The strength of this method lies in the high 

sensitivity of 19F-NMR, the high 19F chemical 

shift dispersion, the absence of fluorine in 

polymer, and the fact that the proton of the 

hydroxy group is replaced by 6 fluorine atoms. 

As an internal standard a mixture of cis and 

trans-4-tert-butylcyclohexanol (TBCH) was 

used. The TBCH adduct has chemical shifts at 

-80.68 and -80.78 ppm compared to the HFA-

adducts of PEB(OH)2: neo-alkyl OH two 

singlets at -79.59 and -79.62 ppm and primary 

OH multiple singlets at -79.66 to -79.73 ppm. 

This method was applied to the 10 dm3 

material (batch III), the product of the RC1 

measurements (batch II) and the product 

earlier obtained by synthesis on lab-scale (batch 

I).3 The materials from batch II and batch I 

were chosen as comparison, because from the 

resonance at 3.3 ppm in the 1H-NMR 

spectrum (figure 3.5) it is clear that at least 10% 

of neo-alkyl alcohol groups are still present in 

both materials.  
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PEB(OH)2

Batch I

Batch II

Batch III

6.3 5.4 4.5 3.6 2.7

(ppm)  

Figure 3.5. 1H-NMR spectra (2.5 – 6.5 ppm) of PEB(OH)2, Batch I-III in CDCl3 at 298 K. 

The fraction unreacted neo-alkyl alcohol groups 

was calculated as follows: 

     
M

M

stdInt 

monomern

PEB(UPy)

stdInt 

stdInt 

PEB(UPy)

2

2 ⋅⋅=
m
m

I
I

x  (3.1) 

Where, x = fraction unreacted neo-alkyl 

hydroxy groups, I = integral of the peaks in 
19F-NMR, m = weight in mass, and M 

molecular weight. As shown in table 3.2 the 

material from batch III contains 0.4 % of 

unreacted neo-alkyl alcohol end-groups, while 

the materials from batch II and I contain 

respectively 14.2 % and 20.8 %. Taking into 

account the 8 % of stopper 4 present, the 

material from batch III contains 8.4 % of chain-

stopper, the batch II material 22.2 % and batch 

I material 28.8 %. When the association of the 

end-groups is sufficiently strong, the DP is 

determined by the amount of chain-stopper 

and can be calculated as follows4: 

stopper-chainfraction 
2

=DP  (3.2) 

Therefore, the calculated degrees of 

polymerization of functionalized PEB 2 for 

batches I, II and III are DP = 7, 9, and 24, 

respectively.  

 

Table 3.2. Results of 19F-NMR analysis on ureidopyrimidinone functionalized PEB 2 synthesized in three 
different batches. 

Batch Fraction neo-
alkyl OH 

Total OH 
conversion  

Total fraction 
end-groups  

DP*  Virtual Mn  

 [-] [%] [-] [-] [g/mol] 
I 0.208 89.2 0.288 7 28,500 

II 0.142 92.6 0.222 9 36,750 

III 0.004 99.8 0.084 24 98,000 

*According to equation 3.2 
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3.1.6 Mechanical properties 

Tensile tests were performed on material 

from batches I, II and, III in order to compare 

the mechanical properties of these three 

materials with different virtual molecular 

weights (table 3.2). Films of the materials from 

batches I, II, and III were cast from toluene and 

yielded transparent and flexible films. For the 

tensile tests flat tensile bars were punched out 

of these non-oriented films. The samples were 

tested at a speed of 1 mm/min and stretched 

until fracture. The Young's (E)-modulus was 

determined by the slope of the stress-strain plot 

(figure 3.6) at small strains. The E-modulus, 

the Ultimate Tensile Strength (σUTS) and the 

strain at break (εbr) are given in table 3.3. The 

results of the tensile tests show that the 

material from batch III with higher conversion 

has a higher E-modulus of 3.3 MPa and a σUTS 

of 0.57 MPa compared to batches I and II with 

E-moduli of 2.2 and 2.6 MPa and σUTS of 0.31 

and 0.35, respectively. Thus, the mechanical 

properties of the material from batch III are 

improved compared to the material synthesized 

at smaller scale (batches I and II). This increase 

of the E-modulus and ultimate tensile strength 

with the increase of the (virtual) molecular 

weight has been observed for covalent 

polymers before by Jérôme11,12 and described 

theoretically for covalent polymers by 

Drozdov.13  
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Figure 3.6. Stress-strain curves of ureidopyrimidinone functionalized PEB 2 with different hydroxy group 

functionalization at 1 mm/min. 
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Table 3.3. Results of the tensile tests on bulk samples of batches I-III at 1 mm/min (averages of respectively 7, 7, 
and 10 tests).

Batch DP Virtual Mn Young's-
modulus 

Strain at 
break 

Ultimate 
tensile 

strength 
 [-] [g/mol] E [MPa] εbr [-] σUTS 

[N/mm2] 
I 7 28,500 2.2 0.43 0.31 

II 9 36,750 2.6 0.57 0.35 

III 24 98,000 3.3 0.75 0.57 

 

3.2 Convenient synthesis of 
UPy’s via blocked isocytosine 
isocyanates 

3.2.1 Introduction 

The linker in monomers of hydrogen-

bonded supramolecular polymers is most often 

connected to the UPy groups at the urea 

functionality, which is usually formed by 

reaction of an isocytosine with isocyanate 

groups of the linker. However, for aromatic 

diisocyanates this method is not satisfactory 

and gives low yields, probably due to the low 

nucleophilicity of the amino group of 

isocytosine. Incomplete functionalization in bi-

functional compounds leads to a lower degree 

of polymerization (DP), because of the 

formation of mono-functional UPy’s that can 

act as chain stoppers.4,14 Furthermore, for the 

synthesis of multifunctional UPy derivatives, 

adding an excess of isocytosine isocyanate to a 

linker with multiple amino groups to ensure 

complete functionalization is a conceptually 

better strategy. Unfortunately, the isocyanate of 

isocytosine cannot be synthesized as was shown 

by Gizycki,15 who showed that in attempts to 

form the isocyanate of pyridines and pyrimi-

dines with diphenyl carbonate dimeric ureas 

were obtained. In our attempts to form the 

isocyanate of isocytosine by phosgenation only 

a covalent dimer could be isolated as shown in 

scheme 3.2.16 The synthesis of blocked isocy-

tosine isocyanates was attempted using a range 

of chloroformates 17 such as nitrophenyl and 

phenyl chloroformate. However, products with 

sufficient stability to be isolated and stored for 

further use were not obtained.  
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Scheme 3.2. Formation of isocytosine dimers. 
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An alternative method to form ureas and 

carbamates is the use of 1,1’-carbonyl-

diimidazole (CDI),18,19 which has been used in 

peptide synthesis,20 heterocyclic synthesis,21-24 

small molecule synthesis25-27 and to prepare 

dendrimers and macromolecules.28,29 Here we 

report the convenient synthesis of blocked 

isocytosine isocyanates using CDI, which can 

be isolated and stored. Furthermore, it is 

shown that the blocked isocytosine isocyanates 

are reactive enough to react with both aliphatic 

and aromatic amines under mild conditions. 

3.2.2 Formation of blocked isocytosine 
isocyanates 

Blocked isocytosine isocyanates 7a-d were 

obtained by reacting isocytosine derivatives 6a-

d with an excess (1.2 eq.) of CDI (scheme 3.3). 

The excess of CDI was used to ensure 

complete activation of the isocytosine. The 

formation of di-ureidopyrimidinone was not 

observed. Under these reaction conditions the 

formed imidazolides are apparently not reactive 

enough towards the isocytosine amine (vide 

infra). This high selectivity due to an 

asymmetric reactivity of the CDI has also been 

observed for alcohols by Davis et al.30 Due to 

the limited solubility of the isocytosines 6b-d 

different solvents and/or higher reaction 

temperatures were used for the synthesis of the 

imidazolides 7b-d. But, as shown by the 

reaction of 6a with CDI to 7a at room 

temperature (table 3.4) high temperatures are 

not needed to prepare imidazolide 7a. At room 

temperature CDI is sufficiently reactive to react 

with the amino group of isocytosine, which has 

a low nucleophilicity. Imidazolides 7b-d were 

isolated by precipitation in acetone. Due to its 

high solubility 7a could not be precipitated, 

and the excess reagent and imidazole was 

therefore removed by washing twice with 

water. The washing step is possible, because 

the hydrolysis of imidazolide 7a is sufficiently 

slow and degradation does not take place. Dried 

imidazolides 7a–d are stable and can be stored 

for several months at room temperature.  
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Scheme 3.3. Synthesis of blocked isocytosine isocyanates 7a-d.  
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Table 3.4. Synthesis of imidazolides. 

 Isocytosine Solvent Temperature 
(oC) 

Isolated Yield 
(%) 

Product 

6a 

NH2N

N

O
H  

chloroform 25 98 7a 

6b 
N

N

O NH2

H  

THF 65 88 7b 

6c 

N

N

O NH2

H  

chloroform 61 85 7c 

6d 
N

N

O NH2

C13H27

H

chloroform 50 91 7d 

 

3.2.3 Preparation of 
ureidopyrimidinone derivatives 

To test the reactivity of the imidazolides 

towards amines 7a was reacted (scheme 3.4) 

with several amines with different reactivity. 

Both aliphatic and aromatic amines added in 

slight excess (1.1 eq.) reacted smoothly with 

imidazolide 7a to yield ureidopyrimidinones 

15-18 (table 3.5). For the reactions with 

aromatic amines 10 and 11 a higher reaction 

temperature was used, because of the lower 

nucleophilicity of the amine. The work-up 

procedure consisted of washing with acid (1N 

HCl) and base (sat. NaHCO3) followed by 

either precipitation for 16-18 or column 

chromatography in case of 15. The 

ureidopyrimidinones 15-18 were obtained as 

white powders in good yields. 
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Scheme 3.4. Synthesis of mono-functional ureidopyrimidinones (10-13) 

Bi-functional and tri-functional 

ureidopyrimidinones 19, 20 and 21 were 

obtained by reacting an excess (1.15 eq. per 

amine) of 7a or 7d (in case of 21) with 

hexamethylenediamine 12, ethyl-3,5-diamino-

4-methylbenzoate 13, and 4-aminomethyl-

octane-1,8-diamine 14, respectively (scheme 

3.5). The reaction conditions (table 3.5) were 

the same as for the synthesis of mono-

functional ureidopyrimidinones 15-18. Bi-

functional ureidopyrimidinones 19 and 20 were 

isolated after washing with acid (1N HCl) and 

base (sat. NaHCO3) followed by precipitation 

in acetone and methanol, respectively. Tri-

functional ureidopyrimidinone 21 was isolated 

by slow addition of the reaction mixture to an 

excess of MeOH, resulting in the precipitation 

of the product as a white powder. 
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Scheme 3.5. Synthesis of bi- and tri-functional ureidopyrimidinones. 
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Table 3.5. Synthesis of ureidopyrimidinones 15-21 using 7a. 

 Amine Temperature (oC) Isolated 
yield 

Product 

8 NH2  25 82 15 

9 NH2

 
25 66 16 

10 
NH2

 

50 78 17 

11 
N NH2  

50 70 18 

12 NH2
NH2

 25 95 19 

13 
NH2

OO

NH2

 

50 88 20 

14 NH2 NH2

NH2

 
25 84 21* 

*tri-functional amine 14 was reacted with 7d (scheme 3.5). 
 

3.3 Polymer functionalization via 
blocked isocytosine 
isocyanates 

3.3.1 Introduction 

As shown in an earlier paragraph (3.1) it is 

important for the mechanical properties of 

hydrogen-bonded supramolecular polymers to 

have an high degree of end-group 

functionalization. Thus, the functionalization 

step should be selective and should have a high 

yield. The availability of blocked isocytosines 

isocyanates makes it possible to functionalize 

amine terminated polymers directly by adding 

an excess of blocked isocytosine isocyanate. In 

this paragraph the direct functionalization of 

two amine terminated polymers is described. 

3.3.2 Blocked isocytosine isocyanates 
in solid phase synthesis 

The solid carrier for the synthesis (scheme 

3.6) is a highly crosslinked amine 

functionalized polystyrene manufactured by 

Argonaut Technologies®. The ArgoPore™ resin 

is loaded with 0.28 mmol amine groups per 

gram of resin.31  
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Scheme 3.6. The functionalization of ArgoPore™ resin with UPy groups. 

In the first step 3,5-dinitro-p-toluic acid is 

coupled to the primary amine groups of the 

ArgoPore™ resin in a DCC type coupling 

using diisopropylcarbodiimide and DMAP as a 

catalyst in DMF. The Kaiser test32 was applied 

to ensure complete disappearance of the amine 

groups. Subsequently, the nitro groups in 22 

were reduced to amine groups with SnCl2 in 

DMF at 50oC following a literature 

procedure.33 The ninhydrin test was used to 

confirm the formation of the amine groups. In 

the final step the ureidopyrimidinone 

functionalization is accomplished by reacting 

an excess of blocked isocytosine isocyanate 7a 

with the meta-phenylenediamine end-groups. 

The completion of the ureidopyrimidinone 

functionalization of the resin was checked with 

the ninhydrin test and IR-ATR spectroscopy. 

The degree of functionalization of resin 24 was 

determined by elemental analysis to be 84% of 

the amine groups in ArgoPore™ (0.24 mmol of 

bi-functional groups per gram resin 24).34 

3.3.3 Synthesis of PEB-MP-(UPy)2 

Scheme 3.7 shows the synthetic route 

towards PEB-3,5-diaminotoluate 27. Starting 

from PEB-OH (Mn 3800 g/mol) which was 

reacted in the presence of triethylamine with a 

fourfold excess of 4-methyl-3,5–dinitro-

benzoyl chloride 25 to form the ester 26. To 

ensure a high end-group concentration only a 

small amount of chloroform was used (conc. 

PEB-OH = 0.4 g/mL).  
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Scheme 3.7. Synthesis of functionalized PEB-3,5-diaminotoluate 27.  

The crude PEB-3,5-dinitrotoluate 26 was 

purified by column chromatography with 

chloroform as eluens. Subsequently, the nitro 

groups in 26 were reduced using SnCl2 as the 

reducing agent in a 50/50 mixture of 

ether/ethanol to form PEB-3,5-diaminotoluate 

27. As shown in scheme 3.8, PEB-MP-(UPy)2 

28 was prepared by reacting an excess of 

imidazolide 7a with PEB-3,5-diaminotoluate 

27 in chloroform at 50oC. The crude product 

was purified by column chromatography, 

starting with an eluens of hexane/chloroform 

(1/2 v/v), of which the polarity was slowly 

increased by decreasing the amount of hexane 

until only pure chloroform was used. The 

product 28 was obtained as a light brown solid 

in a yield of 60%. PEB-MP-(UPy)2 28 was 

characterized by MALDI-TOF MS, GPC, FT-

IR and NMR. The GPC measurements in 

THF with polystyrene calibration showed a Mn 

= 6757 g/mol for the starting material PEB-

OH (PDI = 1.04), while for PEB-MP-(UPy)2 

28 two peaks were observed with Mn = 16778 

g/mol (PDI = 1.07) and Mn 7845 g/mol (PDI 

= 1.04), respectively The starting material 

PEB-OH has a known Mn = 3800 g/mol, 

showing that the Mn’s determined by the 

polystyrene calibration are not valid. 
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Scheme 3.8. Synthesis of PEB-MP-(UPy)2 28. 
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Figure 3.7. A. GPC traces of the starting material PEB-OH and PEB-MP-(UPy)2 28 in THF with 

polystyrene calibration; B. MALDI-TOF MS of PEB-MP-(UPy)2 28. 

However, an increase in the Mn of the 

product was observed compared to the starting 

material. This observation indicates that during 

functionalization the mass increased, no lower 

molecular weight species were observed and 

the absence of any mono-functional product 

PEB-MP-(UPy). The MALDI-TOF mass 

spectrum gives a broad signal with a single 

mass distribution, the mass difference between 

the peaks is 56 g/mol, which corresponds to 

one monomer unit of the PEB polymer. The 

Mn was found to be 4215 g/mol (DPI = 1.02) 

and no lower or higher molecular weight 

species were observed. This suggests that the 

additional peak found in the GPC at Mn = 

16778 g/mol is due to aggregation and not to 

chemical linkage, which would have shown up 

in the MALDI-TOF MS. Furthermore, the 

peak at higher mass GPC trace is very broad 

and shows tailing to higher masses, which is 

also an indication for aggregation. This 

aggregation is investigated in detail and the 

results are presented in chapter 7. 

3.4 Conclusions 

In summary, it was shown that by careful 

analysis of starting materials and reaction 

conditions a procedure could be developed for 

the end-functionalization of PEB(OH)2 with 

hydrogen-bonding UPy groups on a 10 dm3 

mini-plant scale. The end-product PEB-

(UPy)2 2 was shown to have a high degree of 

functionalization, which resulted in improved 

mechanical properties.  

Blocked isocytosine isocyanates can be 

obtained by reacting CDI with isocytosines in 

which the reaction conditions mainly depend 

on the limited solubility of the isocytosines. 

The resulting imidazolides can be isolated and 

stored for further use. The blocked isocytosine 

isocyanates react smoothly with both aliphatic 
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and aromatic amines to the corresponding 

ureidopyrimidinone derivatives in good 

isolated yields. As such, blocked isocytosine 

isocyanates form a good alternative to the 

aforementioned route for the end-

functionalization of polymers via isocyanates. 

3.5 Experimental section 

General methods. 1H-NMR, 19F-NMR, and 
13C-NMR spectra were recorded on a Bruker 
AM-400 or a Varian Gemini spectrometer at 
frequencies for 1H at 400.1 or 300.1 MHz resp. 
and for 13C 100.6 and 75.0 MHz respectively. 
Chemical shifts in 1H-NMR are in ppm 
downfield from TMS. 19F-NMR was measured 
with at = 9.999 s, np = 90,000, sw = 4500.5 
Hz and d1 = 4.000 s. Chemical shifts in 19F-
NMR are in ppm with HFA·H2O = -82.47 
ppm as reference peak. Quantitative 13C-NMR 
was measured using inverse-gated decoupling 
with a relaxation time of 30 s. 2D HETCOR-
NMR was recorded on a Varian Inova 500 at a 
frequency of 499.8 and 125.7 Hz for 
respectively 1H-NMR and 13C-NMR. 
Elemental analyses were carried out using a 
Perkin Elmer 2400 series II CHNS/O 
Analyzer. Infrared (IR) spectra were recorded 
on a Perkin Elmer Spectrum One FT-IR 
spectrometer with a Universal ATR Sampling 
Accessory. Melting points were determined on 
a Jevenal polarization microscope with a 
Linkam THMS 600 hot stage, and are 
uncorrected. Electrospray ionization mass 
spectrometry (ESI-MS) was carried out on a 
PE-Sciex API 300 LC/MS/MS System mass 
spectrometer. Matrix assisted laser 
desorption/ionization mass-time of flight 
(Maldi-TOF) spectra were obtained using a 
PerSeptive Biosystems Voyager-DE PRO 
spectrometer. Gel Permeation Chromato-
graphy (GPC) was performed with a sampling 
rate of 2 Hz on a Shimadzu FCV-10AL VP 
with SCL-10A System Controller, LC-10AD 
VP Liquid Chromatograph, and SPD-10AV 
UV-Vis Detector Polystyrene standards were 
used for calibration. GC/MS measurements 
were performed on a Shimadzu GCMS-

QP5000 using a Zebron ZB-5 column. 
Differential Scanning Calorimetry (DSC) 
thermal transitions were determined on a 
Perkin Elmer Pyris-1 under a nitrogen 
atmosphere with heating and cooling rates of 
20 oC min-1. 
 
Instrumentation large-scale synthesis. 
Ureidopyrimidinone functionalization of 
PEB(OH)2 on 10 dm3 scale was done in a 10 
dm3 Belatec LRA-10e batch reactor, equipped 
with a 6-bladed pitched blade stirrer 45 o 
downflow, glass reflux cooler, temperature 
sensor, pressure sensor and a Belatec BLT-
9/TK-5 thermostat. Reaction calorimetry was 
performed with a Mettler Toledo RC1e 
reaction calorimeter equipped with a 2-dm3 
HP60 stainless steel high-pressure reactor with 
a pitched-blade impeller. Centrifugation was 
done in two Heraeus Megafuge 1.0 centrifuges 
containing 4x200 mL centrifuge tubes each. 
 
Chemicals. 2-amino-4-hydroxy-6-
methylpyrimidine, 1,6-hexanediisocyanate and 
dibutyltindilaurate were obtained from Acros, 
Fluka, and Aldrich, respectively. Toluene AR 
was obtained from Biosolve. All chemicals were 
used without further purification. Isocytosines 
6a - 6d were synthesized by a ring closure of 
the corresponding β-keto-esters with guanidine 
carbonate in ethanol.35,36 In case of isocytosine 
6b the starting β-keto-ester was obtained from 
Fluka, for isocytosines 6a, 6c and 6d 36 the β-
keto-esters were synthesized as described 
before. The ArgoPore™ resin was obtained at 
Argonaut Technologies®. PEB-OH2 and PEB-
OH were kindly provided by Kraton Polymers 
Research BV. 
 

2(6-
isocyanatohexylaminocarbonylamino)-6-
methyl-4[1H]pyrimidinone 1. A solution of 
2-amino-4-hydroxy-6-methylpyrimidine 
(111.59 g, 0.892 mol) in 1,6-hexanediisocyanate 
(1050.0 g, 6.24 mol) and pyridine (70 mL, 
0.906 mol) was heated at 100°C for 16 hours 
under a nitrogen atmosphere. 300 mL pentane 
was added and the resulting precipitate was 
filtered and washed with acetone. The white 
powder was dried at 50°C under reduced 
pressure and stored water free. The excess of 
1,6-hexanediisocyanate was recovered by 
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distillation. The product was obtained in a yield 
of 98.5 % (257.81 g, 0.879 mol). Mp. 215°C. 
1H-NMR (400 MHz, CDCl3): δ 13.1 (s, 1H, 
CH3-C-NH), 11.9 (s, 1H, CH2-NH-(C=O)-
NH), 10.2 (s, 1H, CH2-NH-(C=O)-NH), 5.8 
(s, 1H, CH=C-CH3), 3.3 (m, 4H, NH-
(C=O)-NH-CH2 + CH2-NCO), 2.2 (s, 3H, 
CH3-C=CH), 1.6 (m, 4H, N-CH2-CH2), 1.4 
(m, 4H, CH2-CH2-CH2-CH2-CH2) ppm. 13C-
NMR (100 MHz, CDCl3): δ 172.8, 156.3, 
154.4, 148.1, 121.6, 106.4, 42.6, 39.5, 30.9, 29.1, 
26.0, 25.9, 18.7 ppm. Anal. Calcd. for 
C13H19N5O3: C, 53.23; H, 6.53; N, 23.88. 
Found: C, 53.37; H, 6.27; N, 23.77. 
 
Large-scale synthesis of 
ureidopyrimidinone functionalized PEB 
2. A solution of 800 gram (0.228 mol) 
PEB(OH)2 in 8.4 L toluene was heated to 60°C 
in a 10 dm3 Belatec reactor while stirring at 300 
rpm. 134.3 gram (0.457 mol) 1 and 1.44 gram 
(2.28 mmol, 1.0 mol%) dibutyltindilaurate 
were added and the suspension was heated to 
reflux temperature (113°C). At regular intervals 
(starting at 84 min) a sample was taken to 
determine the conversion with 1H-NMR. For 
every sample the reaction mixture was cooled 
to 105°C and afterwards reheated to reflux 
temperature. After 2.5 h the reaction mixture 
was cooled to 105°C and 28.15 g (96,0 mmol) 1 
was added followed by reheating of the reaction 
mixture to reflux temperature. Again after 5.5 
hours the reaction mixture was cooled to 
105°C and 13.4 g (11.3 mmol) 1 was added 
followed by reheating the reaction mixture to 
reflux temperature. The reaction was ended 
after 6.5 h by cooling the reaction mixture to 
room temperature, after which the reaction 
vessel was emptied. The reaction mixture was 
centrifuged for 40 min at 4300 rpm and 
decanted off. The residue was extracted with 
toluene and centrifuged for 40 min at 4300 rpm 
and decanted off. The toluene was evaporated 
and the product was obtained in yield of 86%. 
Ureidopyrimidinone functionalized PEB (2): 1H-
NMR (500 MHz, CDCl3): δ 13.1 (s, 2H, CH3-
C-NH), 11.9 (s, 2H, CH2-NH-(C=O)-NH), 
10.1 (s, 2H, CH2-NH-(C=O)-NH), 5.8 (s, 
2H, CH=C-CH3), 4.9 + 4.6 (s, 2H, NH-
(C=O)-O), 4.1 (m, 2H, CH2-CH2-O(C=O)-
NH), 3.8 (m, 2H, C(CH3)2-CH2-
O(C=O)NH), 3.3 (m, 4H, CH2-NH-(C=O)-

NH), 3.2 (m, 4H, CH2-NH(C=O)-O), 2.2 (s, 
6H, CH3-C=CH), 1.6-1.1 (m, 372H, CH2-
CH2-CH2), 0.8 (m, 182H, CH2-CH3) ppm. 
13C-NMR (125 MHz, CDCl3): δ 173.36, 157.2, 
157.01, 156.8, 154.9, 148.5, 106.9, 73.0, 63.6, 
39.3, 39.1, 38.6, 38.1, 36.3, 33.7, 33.5, 30.9, 
30.4, 30.0, 29.6, 27.0, 26.8, 26.7, 26.5, 26.3, 
26.7, 26.1, 24.4, 19.2, 11.1, 10.9, 10.6 ppm.  
PEB(OH)2: 1H-NMR (500 MHz, CDCl3): δ 
3.7 (m, 2H, CH2-CH2OH), 3.3 (s, 2H, 
C(CH3)2-CH2OH), 1.3-1.1 (m, 364H, CH2-
CH2-CH2), 0.8 (t, 96H, CH2-CH3) ppm. 13C-
NMR (125 MHz, CDCl3): δ 39.1, 38.6, 38.1, 
33.7, 33.5, 30.9, 30.4, 30.0, 27.0, 26.8, 26.7, 
26.4, 26.3, 26.1, 24.1, 11.1, 10.9 ppm. 
 
Imidazolide 7a. 6-(2-ethylpentyl) isocytosine 
6a (4 g, 19.14 mmol) and CDI (4.03 g, 24.88 
mmol) were dissolved in 20 mL of CHCl3 and 
this solution was stirred for three hours under 
nitrogen at room temperature. To the reaction 
mixture 50 mL of CHCl3 was added and the 
organic layer was washed with 20 mL water 
followed by 20 mL brine and dried with 
Na2SO4. The organic layer was evaporated in 
vacuo resulting in a light yellow powder in a 
yield of 98%. 
1H-NMR (CDCl3): δ = 8.85 (s, 1H, N-
CH=N), 7.65 (s, 1H, (C=O)N-CH=CH), 
7.07 (s, 1H, (C=O)N-CH=CH), 5.83 (s, 1H, 
(C=O)CH=C), 2.55 (m, 1H, (CH2)2CHC), 
1.75 (m, 4H, CH2), 1.32 (m, 4H, CH2), 0.95 (t, 
3H, CH3), 0.92 (t, 3H, CH3). 13C-NMR 
(CDCl3): δ = 162.3, 160.3, 157.3, 128.4, 117.3 
103.7, 45.4, 32.7, 29.2, 26.5, 22.4, 13.8, 11.5. 
FTR-IR (ATR) ν = 3149, 2959, 2932, 2860, 
2661, 1916, 1706, 1691, 1626, 1600, 1466, 1418, 
1375, 1311, 1277, 1221, 1175, 1092, 1067, 1023, 
1004, 989, 952, 912, 857, 833, 823, 790, 754 cm-

1. DIP(EI)-MS: found m/z 235, 210, 206 192, 
179, 164 153, 138 g/mol. 
 

Imidazolide 7b. 6-tert-butylisocytosine 6b 
(2.5 g, 14.97 mmol) and CDI (3.16 g, 19.46 
mmol) were dissolved in 15 mL of dry THF 
and this solution was heated at reflux for three 
hours under nitrogen. The reaction mixture 
was concentrated in vacuo and to the 
concentrated solution acetone was added. The 
resulting precipitate was filtered off and dried 
(yield 88%). 

42 



Novel methods for the synthesis of ureidopyrimidinone derivatives 

1H-NMR (CDCl3): δ = 8.69 (s, 1H, N-
CH=N), 7.62 (s, 1H, (C=O)N-CH=CH), 
7.15 (s, 1H, (C=O)N-CH=CH), 5.96 (s, 1H, 
(C=O)CH=C), 1.41 (t, 9H, CH3) ppm. 13C-
NMR (CDCl3): δ =162.4, 161.9, 158.2, 156.8, 
137.8, 129.3, 117.2, 102.4, 35.2, 28.1 ppm. 
FTR-IR (ATR): ν = 3463, 3348, 3148, 3077, 
2957, 2719, 1979, 1699, 1660, 1615, 1555, 1519, 
1473, 1416, 1367, 1328, 1305, 1280, 1223, 1170, 
1095, 1067, 1002, 975, 953, 909, 859, 835, 796, 
764 cm-1. DIP(EI)-MS: found m/z 235, 220, 
205 194, 178, 166 152, 125 g/mol. 
 

Imidazolide 7c. 6-butylisocytosine 6c (0.5 g, 
2.99 mmol) and CDI (0.63 g, 3.89 mmol) were 
dissolved in 5 mL of CHCl3 and this solution 
was stirred for three hours under nitrogen at 
room temperature. The reaction mixture was 
concentrated in vacuo and to the concentrated 
solution acetone was added. The resulting 
precipitate was filtered off and dried resulting 
in a white powder (yield 85%).  
1H-NMR (CDCl3): δ = 8.83 (s, 1H, N-
CH=N), 7.62 (s, 1H, (C=O)N-CH=CH), 
7.00 (s, 1H, (C=O)N-CH=CH), 5.83 (s, 1H, 
(C=O)CH=C), 2.67 (t, 2H, CH=C-CH2), 
1.75 (q, 2H, CH2), 1.52 (sextet, 4H, CH2), 1.02 
(t, 3H, CH3) ppm. 13C-NMR (CDCl3): δ = 
160.8, 157.1, 156.8, 156.7, 138.0, 127.6, 117.7 
103.9, 32.5, 29.5, 22.3, 13.7 ppm. FTR-IR 
(ATR) ν = 3154, 3080, 2961, 2931, 2865, 2744, 
1695, 1651, 1602, 1470, 1364, 1341, 1328, 1313, 
1275, 1232, 1223, 1177 cm-1. 
 

Imidazolide 7d. 6-tridecylisocytosine 6d (2.5 
g, 8.53 mmol) and CDI (1.79 g, 11.09 mmol) 
were dissolved in 10 mL of CHCl3 and this 
solution was stirred for three hours under 
nitrogen at room temperature. After cooling 
down to room temperature the reaction 
mixture was concentrated in vacuo and to the 
concentrated solution acetone was added. The 
resulting precipitate was filtered off and dried 
resulting in a white powder (yield 91%). 
1H-NMR (CDCl3): δ = 8.86 (s, 1H, N-
CH=N), 7.64 (s, 1H, (C=O)N-CH=CH), 
7.00 (s, 1H, (C=O)N-CH=CH), 5.81 (s, 1H, 
(C=O)CH=C), 2.64 (t, 2H, CH=C-CH2), 
1.75 (q, 4H, CH=C-CH2-CH2), 1.43-1.19 (m, 
10H, CH2), 0.87 (t, 3H, CH3) ppm. 13C-NMR 
(CDCl3): δ = 161.0, 157.3, 156.9, 156.8, 138.2, 

127.9, 117.9, 104.2, 33.1, 31.1, 29.9, 29.8, 29.7, 
29.6, 29.5, 29.3, 27.8, 22.9, 14.4 ppm. FTR-IR 
(ATR) ν = 3172, 3080, 2951, 2922, 2853, 2664, 
1979, 1693, 1649, 1603, 1470, 1409, 1371, 1342, 
1322, 1278, 1232, 1224, 1180, 1092, 1068, 1027, 
979, 914, 874, 858, 805, 751 cm-1. DIP(EI)-MS: 
found m/z 319, 293, 276, 264, 250, 234, 220, 
206, 192, 178, 164 g/mol. 
 

Typical experimental procedure for 
synthesis of mono-functional 
ureidopyrimidinones. 
The procedure for reacting imidazolides with 
amines is exemplified by the synthesis of 
mono-functional ureidopyrimidinone 17. 
Imidazolide 7a (1.04 g, 3.44 mmol) and 2,5-
dimethylaniline (0.5 g, 4.13 mmol) were 
dissolved in 10 mL of CHCl3 and this solution 
was stirred for three hours under nitrogen at 50 
oC. To the reaction mixture 50 mL of CHCl3 
was added and the organic layer was washed 
with 20 mL 1N HCl, 20 mL saturated 
NaHCO3 and, 20 mL brine. After drying with 
Na2SO4 the organic layer was reduced to about 
5 mL by evaporation in vacuo. This 
concentrated solution was slowly added to 30 
mL of MeOH under vigorous stirring, which 
resulted in a precipitate. The precipitate was 
filtered off, and washed thoroughly with 
MeOH. The resulting white powder was 
obtained in a 78 % yield.  
1H-NMR (CDCl3): δ = 13.18 (s, 1H, NH-
C=N), 12.47 (s, 1H, C-NH (C=O)NH-Ar), 
11.81 (s, 1H, C-NH(C=O)NH-Ar), 7.17 
(s+d, 2H, Ar-H), 7.15 (d, 1H, Ar-H) 5.88 (s, 
1H, (C=O)CH=C), 2.36 (m, 7H, (Ar-CH3 + 
(CH2)2CHC), 1.72-1.54 (m, 4H, CH2), 1.34-
1.23 (m, 4H, CH2), 0.90 (m, 6H, CH3) ppm. 
13C-NMR (CDCl3): δ = 173.0, 155.6, 154.8, 
135.9, 134.2, 131.3, 130.5, 127.6, 127.3, 106.3, 
45.3, 32.7, 29.2, 26.4, 22.3, 20.8, 17.6, 13.8, 11.6 
ppm. MALDI-TOF-MS: found (M+H+ = 
357.15, M+Na+ = 379.14 g/mol) calc. (M+ = 
356 g/mol). Elemental analysis: C20H28N4O2 
(356.47) calculated: C, 67.39 H, 7.92 N, 15.72 
found: C, 67.29 H, 7.86 N, 15.75. Mp = 178 
oC, FTR-IR: 3029, 2959, 2927, 2860, 2785, 
2593, 1670, 1611, 1591, 1556, 1439, 1388, 1319, 
1281, 1261, 1222, 1187, 1009, 992, 886, 845, 
795, 743, 704 cm-1. 
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Mono-functional ureidopyrimidinone 15. 
Synthesis was performed according to general 
procedure for mono-functional ureidopyrimi-
dinones. For further purification a silica 
column (eluens 1% MeOH in CHCl3) was 
used. The product was obtained as a white 
powder in a yield of 82%.  
1H-NMR (CDCl3): δ = 13.31 (s, 1H, NH-
C=N), 11.95 (s, 1H, ring-NH (C=O)NH), 
10.23 (s, 1H, ring-NH(C=O)NH), 5.87 (s, 
1H, (C=O)CH=C), 3.31 (m, 2H, 
(C=O)NHCH2) 2.34 (m, 1H, ((CH2)2CHC), 
1.72-1.57 (m, 6H, CH2), 1.34-1.23 (m, 7H, 
CH2 + CH3), 0.96 (m, 6H, CH3) ppm. 13C-
NMR (CDCl3): δ = 173.2, 156.7, 155.4, 154.8, 
106.1, 45.2, 39.7, 32.8, 31.4, 29.2, 26.3, 22.3, 
20.1, 13.7, 13.6, 11.6 ppm. MALDI-TOF-MS: 
found (M+H+ = 309.17, M+Na+ = 331.16 
g/mol) calc. (M+ = 308.22 g/mol). Elemental 
analysis: C16H28N4O2 (308.43) calculated: C, 
62.31 H, 9.15 N, 18.17 found: C, 62.73 H, 9.22 
N, 17.85. Mp = 178 oC, FTR-IR: ν = 3145, 
2958, 2929, 2861, 1696, 1650, 1578, 1524, 1464, 
1440, 1304, 1254, 1147, 1079, 999, 958, 920, 
852, 794, 742 cm-1. 
 

Mono-functional ureidopyrimidinone 16. 
Synthesis was performed according to general 
procedure for mono-functional ureido-
pyrimidinones. The product was obtained as a 
white powder in a yield of 66%. 
1H-NMR (CDCl3): δ = 13.38 (s, 1H, NH-
C=N), 11.76 (s, 1H, ring-NH (C=O)NH), 
9.65 (s, 1H, ring-NH(C=O)NH), 5.85 (s, 1H, 
(C=O)CH=C), 2.33 (m, 1H, (CH2)2CHC), 
1.76-1.57 (m, 4H, CH2), 1.47 (s, 9H, CH3), 
1.38-1.28 (m, 4H, CH2), 0.94 (m, 6H, CH3) 
ppm. 13C-NMR (CDCl3): δ = 172.9, 155.8, 
155.1, 105.9, 51.1, 45.2, 32.8, 29.2, 29.0, 28.7, 
26.5, 22.4, 13.7, 11.6 ppm. MALDI-TOF-MS: 
found (M+H+ = 309.17, M+Na+ = 331.15 
g/mol) calc. (M+ = 308.22 g/mol). Elemental 
analysis: C16H28N4O2 (308.43) calculated: C, 
62.31 H, 9.15 N, 18.17 found: C, 62.39 H, 9.25 
N, 18.26. Mp = 190-191 oC, FTR-IR: ν = 
3222, 3145, 2960, 2931, 2874, 2480, 1662, 1606, 
1558, 1453, 1396, 1363, 1317, 1290, 1222, 1172, 
1100, 929, 852, 799, 717, 690 cm-1. 
 

Mono-functional ureidopyrimidinone 18. 
Synthesis was performed according to general 

procedure for mono-functional ureidopyrimi-
dinones. For precipitation EtOH was used 
instead of MeOH. The product was obtained as 
a white powder in a yield of 64%. 
1H-NMR (CDCl3 + TFA): δ = 8.46 (d, 1H, 
NH-C-N-CH), 8.31 (t, 1H, NH-C-CH-CH), 
7.79 (d, 1H, NH-C-CH), 7.50 (t, 1H, NH-C-
CH-CH), 6.11 (s, 1H, (C=O)CH=C), 2.53 
(m, 1H, ((CH2)2CHC), 1.83-1.71 (m, 2H, 
CH2), 1.69-1.58 (m, 2H, CH2), 1.35-1.26 (m, 
2H, CH2), 0.96 (m, 6H, CH3), 0.90 (m, 6H, 
CH3) ppm. 13C-NMR (CDCl3): δ = 155.5, 
154.9, 151.9, 148.3, 137.9, 119.1, 144.9, 106.6, 
45.4, 32.8, 29.2, 26.5, 22.4, 13.8, 11.6 ppm. 
MALDI-TOF-MS: found (M+H+ = 330.09, 
M+Na+ = 352.07 g/mol) calc. (M+ = 329.19 
g/mol). Elemental analysis: C17H23N5O2 
(329.41) calculated: C, 61.99 H, 7.04 N, 21.26 
found: C, 61.97 H, 7.09 N, 21.19. Mp = 160-
161oC, FTR-IR: ν = 3228, 3177, 3011, 2958, 
2930, 2448, 1696, 1681, 1641, 1606, 1585, 1541, 
1461, 1428, 1329, 1292, 1265, 1223, 1174, 1146, 
1100, 1057, 1007, 861, 834, 805, 777, 767, 732 
cm-1. 
 

Bi-functional ureidopyrimidinone 19. 
Imidazolide 7a (6.0 g, 15.5 mmol) and 1,6-
hexamethylenediamine (0.78 g, 6.74 mmol) 
were dissolved in 10 ml of CHCl3 and this 
solution was stirred for three hours under 
nitrogen. To the reaction mixture 50 mL of 
CHCl3 was added and the organic layer was 
washed with 20 mL 1N HCl, 20 mL sat. 
NaHCO3, and 20 mL brine. The organic layer 
was dried with Na2SO4 and was reduced to 
about 5 mL by evaporation in vacuo. To this 
concentrated solution 30 mL of acetone was 
added to under vigorous stirring, which 
resulted in a precipitate. The precipitate was 
filtered off, and washed thoroughly with 
MeOH. The resulting white powder was 
obtained in a yield of 95 %. 
1H-NMR (CDCl3): δ = 13.25 (s, 2H, NH-
C=N), 11.90 (s, 2H, C-NH (C=O)NH-Ar), 
10.19 (s, 2H, C-NH(C=O)NH-Ar), 5.82 (s, 
2H, (C=O)CH=C), 3.24 (m, 4H, NH-
(C=O)-NH-CH2), 2.30 (m, 2H, 
(CH2)2CHC), 1.72-1.48 (m, 12H, CH2), 1.40 
(m, 4H, CH2), 1.35-1.18 (m, 8H, CH2) 0.93 
(m, 12H, CH3) ppm. 13C-NMR (CDCl3): δ = 
173.1, 156.6, 155.3, 154.7, 106.1, 45.2, 39.9, 
32.7, 29.3, 29.2, 26.6, 26.5, 22.3, 13.7, 11.6 
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ppm. MALDI-TOF-MS: found (M+H+ = 
587.39, M+Na+ = 609.37 g/mol) calc. (M+ = 
586.40 g/mol). Elemental analysis: C30H50N8O4 
(586.71) calculated: C, 61.41 H, 8.59 N, 19.10 
found: C, 60.54 H, 8.48 N, 18.88. Mp = 131-
133 oC, FTR-IR (ATR): ν = 2929, 2859, 1690, 
1644, 1568, 1520, 1458, 1381, 1335, 1299, 1250, 
1223, 1129, 1067, 985, 949, 843, 802, 723 cm-1. 
 

Bi-functional ureidopyrimidinone 20. 
Imidazolide 7a (5.62 g, 18.56 mmol) and 3,5-
diamino-4-methyl benzoic acid ethyl ester 
(1.51 g, 7.73 mmol) were dissolved in 20 mL of 
CHCl3 and this solution was stirred for three 
hours under nitrogen at 50 oC. To the reaction 
mixture 50 mL of CHCl3 was added and the 
organic layer was washed with 20 mL 1N HCl 
followed by 20 mL brine and dried with 
Na2SO4. The organic layer was reduced to 
about 10 mL by evaporation in vacuo. This 
concentrated solution was slowly added to 50 
mL of MeOH under vigorous stirring, which 
resulted in a precipitate. The precipitate was 
filtered off, and washed thoroughly with 
MeOH. The resulting white powder was 
obtained in a 88 % yield. 
1H-NMR (CDCl3): δ = 13.11 (s, 2H, NH-
C=N), 12.55 (s, 2H, C-NH (C=O)NH-Ar), 
12.00 (s, 2H, C-NH(C=O)NH-Ar), 8.02 (s, 
2H, Ar-H), 5.89 (s, 2H, (C=O)CH=C), 4.41 
(q, 2H, (C=O)-O-CH2), 2.47 (s, 3H, (Ar-
CH3), 2.35 (m, 2H, (CH2)2CHC), 1.7-1.6 (m, 
8H, CH2), 1.40 (t, 3H, O-CH2-CH3), 1.36-1.27 
(m, 8H, CH2), 0.93 (m, 12H, CH3) ppm. 13C-
NMR (CDCl3): δ = 168.9, 161.5, 152.9, 152.3, 
134.8, 132.3, 132.0, 122.4, 105.4, 45.8, 40.9, 
32.6, 30.9, 29.1, 26.4, 22.3, 19.9, 13.6, 13.5, 
12.4, 11.2 ppm. ESI-MS: found M+H+ = 
665.31 g/mol calc. M+ = 664.37 g/mol. 
Elemental analysis: C34H48N8O6 (664.37) 
calculated: C, 61.41 H, 7.22 N, 16.86 found: C, 
60.75 H, 6.85 N, 16.62. Mp = 186 oC, FTR-IR 
(ATR): ν = 2958, 2931, 2872, 1721, 1700, 
1644, 1563, 1555, 1520, 1482, 1367, 1327, 1304, 
1247, 1215, 1106, 1014, 957, 849, 764 cm-1. 
 

Tri-functional ureidopyrimidinone 21. 
Imidazolide 7d (1.08 g, 2.79 mmol) and 4-
aminomethyl-octane-1,8-diamine (0.14 g, 0.81 
mmol) were dissolved in 20 mL of CHCl3 and 
this solution was stirred for three hours under 

nitrogen at roomtemperature. The reaction 
mixture was slowly added to 100 mL of MeOH 
under vigorous stirring, which resulted in a 
precipitate. The precipitate was filtered off, and 
washed thoroughly with MeOH. The resulting 
white powder was obtained in a 84 % yield. 
1HNMR (CDCl3 + CF3CO2H): δ = 6.16 (s, 
3H, (C=O)CH=C)), 3.30 (m, 6H, CH2-
NH(C=O)-), 2.62 (t, 6H, C=C-CH2, 
J=7Hz), 1.66 (t, 6H, C=C-CH2CH2, J=7Hz), 
1.58 (m, 7H, CH2CH2NH(C=O)-), 1.4-1.2 
(m, 26H, CH2-CH2-CH2), 0.88 (t, 9H, CH3, 
J=7Hz) ppm.  
1H-NMR (CDCl3): δ = 13.17 (br.s,3H, NH-
C=N), 11.85 (br.s., 3H, CH2-NH-
(C=O)NH), 10.19 + 9.99-9.75 (br.s. 3H, 
CH2-NH-(C=O)NH), 5.82 + 5.64 (br.s., 3H, 
C=CH), 3.24 (br.s., 6H, CH2-NH(C=O)-), 
2.45 (br.s., 6H, C=C-CH2), 1.62 (br.s., 6H, 
C=C-CH2CH2), 1.4-1.2 (m, 33H, CH2-CH2-
CH2), 0.87 (br.s., 9H, CH3) ppm. 
13C-NMR (CDCl3): δ = 173.2, 172.8, 156.7, 
154.8, 152.5, 152.0, 105.9, 105.1, 40.1, 32.8, 
32.0, 29.7, 29.4, 29.3, 29.1, 27.8, 14.2 ppm. 
MALDI-TOF-MS: found (M+H+ = 1131.69, 
M+Na+ = 1153.68 g/mol) calc. (M+ = 
1130.87 g/mol). Elemental analysis: 
C63H110N12O6 (879.17) calculated: C, 66.87 H, 
9.80 N, 14.85 found: C, Mp = 204-209 oC, 
FTR-IR (ATR): ν = 2922, 2852, 1660, 1561, 
1524, 1440, 1377, 1323, 1253, 1188, 1147, 1077, 
953, 830, 766, 710 cm-1. 
 
Resin 22. ArgoPoreTM (4.04 g, 1.12 mmol NH2 
groups) and 3.5-dinitro-p-toluicacid (1.63 g, 
7.20 mmol) and a catalytical amount of DMAP 
(~1 mol%) were added to 20 mL of DMF. The 
suspension was cooled for half an hour at 0 oC, 
followed by the addition of diisopropyl-
carbodiimide (0.91 g , 7.20 mmol). The 
suspension was shaken overnight at room 
temperature. A sample of beads was taken out 
of the solution and tested for the presence of 
primary amines with the Kaiser test, which was 
negative. The resin was filtered off, and was 
thoroughly washed, with DMF, MeOH, and 
CHCl3. After overnight drying at 50 oC the 
resin was obtained in a yield of 4.26 g (95 %) 
Elemental analysis: found: C, 87.04 H, 7.28 N, 
1.44, calculated degree of functionalization 103 
%.31 
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Resin 23. To resin 22 (4.25 g) a 1 M solution 
of SnCl2 in DMF was added (30 mL). The 
suspension was shaken overnight at 50 oC 
under an inert atmosphere. A sample of beads 
was taken out of the solution and tested for the 
presence of amines with the ninhydrin test, 
which was positive. The resin was filtered off, 
and was thoroughly washed, with DMF, 
MeOH, and CHCl3. After overnight drying at 
50 oC the resin was obtained in a yield of 4.19 g 
( 91 %) Elemental analysis: found: C, 78.52 H, 
6.88 N, 1.25, calculated degree of 
functionalization 93 %. 
 
Resin-MP-(UPy)2 24. To resin 23 (4.10 g) a 
solution of imidazolide 7a (1.36 g, 4.48 mmol) 
in DMF was added (30 mL). The suspension 
was shaken overnight at 50 oC under an inert 
atmosphere. A sample of beads was taken out of 
the solution and tested for the presence of 
amines with the ninhydrin test, which was 
negative. The resin was filtered off, and was 
thoroughly washed, with DMF, MeOH, and 
CHCl3. After overnight drying at 50 oC the 
resin was obtained in a yield of 4.65 g (88 %) 
Elemental analysis: found: C, 85.22 H, 7.70 N, 
2.85, calculated degree of functionalization 84 
%. FTR-IR (ATR; * resin): ν = 3025*, 2924*, 
1662, 1603*, 1511, 1493*, 1452*, 1331, 1064*, 
1030*, 965*, 892*, 827*, 793*, 759*, 699* cm-1. 
 
PEB-3,5-dinitrotoluate 26. PEB-OH (5.63 g, 
1.44 mmol) and Et3N (0.80 mL, 5.77 mmol) 
were dissolved in 8 mL of CHCl3. A solution 
of 4-methyl-3,5–dinitro-benzoyl chloride (see 
chapter 6) 25 (1.41 g, 5.76 mmol) in 7 mL 
CHCl3 was slowly added, and this mixture was 
stirred for 3 hours at room temperature under 
nitrogen. The reaction mixture was washed 
twice with 1 N NaOH, twice with 1 N HCl 
and brine solution. The organic layer was dried 
with MgSO4, followed by in vacuo removal of 
CHCl3. The crude product was further 
purified by column chromatography with 
CHCl3 as eluens. The product was obtained as 
a colorless oil in a 82 % yield (4.75 g). 
1H-NMR (CDCl3): δ = 8.62 (s, 2H, Ar-H), 
4.46 (t, 2H, CH2-O-(C=O)), 2.68 (s, 3H, Ar-
CH3), 1.79 (m, 2H, (C=O)-O-CH2-CH2), 1.3-
1.1 (m, 434H, CH2-CH2-CH2), 0.8 (t, 104H, 
CH2-CH3) ppm. 13C-NMR (CDCl3): δ = 
163.5, 151.7, 131.3, 130.8, 127.8, 65.4, 65.3, 

39.2, 39.1, 38.9, 38.6, 38.5, 38.0, 36.7, 36.2, 
33.7, 33.6, 33.5, 33.3, 30.7, 30.3, 30.1, 29.8, 
29.6, 27.0, 26.8, 26.7, 26.5, 26.2, 26.1, 26.0, 
11.4, 10.9, 10.7, 10.6, 10.5 ppm. SEC (THF, 
rel. to PS) Mn = 6737 g/mol PDI 1.04. Mn (1H-
NMR) = 4019 g/mol. FTR-IR (ATR): ν = 
2960, 2921, 2853, 1736, 1627, 1546, 1461, 1379, 
1347, 1300, 1276, 1214, 1159, 1031, 973, 761, 
722 cm-1. 
 
PEB-3,5-diaminotoluate 27. PEB-3,5-
dinitrotoluate 26 (2,0 g, 1.44 mmol) and Sn2Cl 
(0.66 g, 2.91 mmol) were dissolved in 3 mL 
ether and 2 mL ethanol. The solution was 
heated for 5 hours at reflux temperature under 
nitrogen. The reaction mixture was washed 
twice with 1 N NaOH, twice brine. The 
organic layer was dried with Na2SO4, followed 
by in vacuo removal of CHCl3. The product 
was not purified further and was used in the 
next step as such. 
1H-NMR (CDCl3): δ = 6.86 (s, 2H, Ar-H), 
4.27 (t, 2H, CH2-O-(C=O)), 3.64 (b, 4H, 
NH2) 2.00 (s, 3H, Ar-CH3), 1.69 (m, 2H, 
(C=O)-O-CH2-CH2), 1.3-1.1 (m, 434H, 
CH2-CH2-CH2), 0.8 (t, 104H, CH2-CH3) ppm. 
Mn (1H-NMR) = 3959 g/mol. FTR-IR (ATR): 
ν = 2960, 2921, 2853, 1699, 1616, 1528, 1462, 
1379, 720 cm-1. 
 
PEB-MP-(UPy)2 28. Imidazolide 7a (0.90 g, 
2.98 mmol) and PEB-3,5-diaminotoluate 27 
(4.04 g, 0.99 mmol) were dissolved in 10 mL of 
CHCl3 and this solution was stirred for four 
hours under nitrogen at 50 oC. To the reaction 
mixture 50 mL of CHCl3 was added and the 
organic layer was washed with 2x20 mL 1N 
HCl, 20 mL sat. NaHCO3, and 20 mL brine. 
The organic layer was dried with Na2SO4 
followed by in vacuo removal of CHCl3. The 
crude product was purified by column 
chromatography, starting with an eluens of 1/2 
hexane/CHCl3, of which the polarity was 
slowly increased by decreasing the amount of 
hexane until only pure CHCl3 was used. The 
product was obtained as a light brown solid in a 
yield of 60%. 
1H-NMR (CDCl3): δ = 13.13 (s, 2H, NH-
C=N), 12.56 (s, 2H, C-NH (C=O)NH-Ar), 
12.03 (s, 2H, C-NH(C=O)NH-Ar), 8.02 (s, 
2H, Ar-H), 5.89 (s, 2H, (C=O)CH=C), 4.35 
(b, 2H, CH2-O-(C=O)), 2.60 (s, 3H, Ar-CH3), 
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2.48 (m, 2H, (CH2)2CHC), 1.7-1.6 (m, 8H, 
CH2), 1.3-1.1 (m, 456H, CH2-CH2-CH2), 0.8 
(t, 110H, CH2-CH3) ppm. MALDI-TOF-MS: 
found Mn 4215 g/mol PDI 1.02. SEC (THF, 
rel. to PS) Mn = 7845 PDI 1.04. Mn (1H-
NMR) = 4429 g/mol. FTR-IR (ATR): ν = 
2960, 2921, 2853, 1725,1691, 1656, 1612, 1586, 
1557, 1460, 1379, 1312, 1261, 1228, 1097, 1019, 
838, 800, 769, 720 cm-1. 
 
Kaiser test. A small amount of resin was 
carefully washed. Subsequently droplets each 
of the following solutions were added: KCN 
(1.4 g, 100 mL pyridine), phenol (1.0 g, 100 mL 
ethanol) and ninhydrin (2 g, 100 mL ethanol). 
The mixture was heated to 100 oC for 5 
minutes. The test colors primary amines to a 
deep purple, the sample was compared with a 
reference resin containing primary amines. 
 
Hexafluoroacetone solution in 
chloroform. A 10% solution of 
hexafluoroacetone (HFA) in chloroform was 
obtained by adding 18.1 mmol HFA·1.5 H2O 
(Aldrich) drop wise to concentrated (95%) 
H2SO4 of 135°C in an argon atmosphere. The 
gas that evolved was bubbled through 10 ml of 
stirred, ice-cooled CDCl3, which had been pre-
dried over active alumina. The solution 
contained a mixture of free HFA and the water 
adduct of HFA ((CF3)2CO·H2O), due the 
presence of traces of water. 19F-NMR (376.5 
MHz, CDCl3): δ –75.05 (s, (CF3)2CO) and δ –
82.47 (s, (CF3)2CO·H2O) ppm. 
 
19F-NMR on HFA adducts of hydroxy 
groups. A 19F-NMR sample of the HFA 
adduct of the hydroxy groups of PEB(OH)2 
and ureidopyrimidinone functionalized PEB 2 
was made by adding 0.9 ml HFA solution in 
CDCl3 to a solution of 0.020 mmol PEB(OH)2 
or 0.050 mmol ureidopyrimidinone 
functionalized PEB 2 in 1 ml of CDCl3, pre-
dried over active alumina. 0.020 mmol 4-tert-
butylcyclohexanol (Janssen Chimica) was 
added as internal standard. 
 
Trimethylsilylized (hydrophobic) petri 
dishes. Glass petri dishes were cleaned with 
concentrated H2SO4 with 30% H2O2, rinsed 
with demineralized water and dried at 120°C. A 
solution of 10 mmol 1,1,1,3,3,3-

hexamethyldisilazane and 5 mmol 
trimethylsilylchoride in 40 ml toluene was 
added and the petri dishes were left 24h under 
a nitrogen atmosphere. The petri dishes were 
rinsed with successively toluene, acetone and 
demineralized water, dried and stored in a 
water free atmosphere. 
 
Tensile testing. Stress-strain measurements 
were performed on a Zwick Z010 Universal 
Tensile Tester at an elongation rate of 1 
mm/min and a preload of 0.1 N. Films of the 
polymers were obtained by solution casting 
from toluene in a hydrophobic petri dish. From 
these films tensile bars were punched with a 
test section of 18 mm length (between the 
clamp region) and a cross section of 2.5 mm2. 
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4 Polymerization–induced phase separation (PIPS) using 
hydrogen-bonded supramolecular polymers* 

Abstract 

The concept of Polymerization Induced Phase Separation (PIPS) with hydrogen-bonded supramolecular 

polymers was investigated by the photopolymerization of films containing mixtures of supramolecular 

polymer 1a or 1b and varying amounts of mono-acrylate and diacrylate with UV-A (320-400 nm) 

radiation (5 W/cm2) for 0.3 seconds. The extent of the phase separation after photopolymerization was 

determined by Differential Scanning Calorimetry and Scanning Electron Microscopy, which showed that 

the film containing no diacrylate was macro-phase separated, while the films containing 17.0 or 42.5 % 

of diacrylate are micro-phase separated. Increasing the amount of diacrylates has a strong influence on the 

morphology development, as it decreases the length scale of the phase separation by shortening the time 

available before vitrification sets in. In this way the crystallinity of the supramolecular phase is decreased. 

Tensile tests and DMTA measurements showed that the mechanical properties of the films containing the 

hydrogen-bonded supramolecular polymers are comparable to those films containing covalent high 

molecular weight polymers. 

                                                       
* Part of this chapter has been published: Keizer, H. M.; Sijbesma, R. P.; Jansen, J. F. G. A.; Pasternack, G.; 
Meijer, E. W. Macromolecules 2003, 36(15), 5602-5606. 



Chapter 4 

4.1 Introduction 

In the last decade, following the 

development of strong hydrogen bonding 

dimers1-3, several research groups have applied 

these dimers for the formation of hydrogen-

bonded supramolecular polymers.4-8 Within our 

group, hydrogen-bonded supramolecular 

polymers were developed based on the self-

complementary quadruple hydrogen bonding 

ureidopyrimidinone group.9-12 It was shown that 

functionalization of telechelic oligomers with 

ureidopyrimidinone groups results in a 

spectacular improvement of the material 

properties.12 These and other supramolecular 

materials13,14 show pronounced visco-elastic 

behavior, and due to the reversibility of the 

bonds between the repeating units, they respond 

to environmental changes. As a result, the 

viscosity in bulk and in solution highly depends 

on temperature and concentration.10  

One application where the reversibility of 

supramolecular polymers might be advan-

tageous is in polymerization-induced phase 

separation (PIPS) as schematically shown in 

figure 4.1.15 In PIPS, a polymer is dissolved in a 

reactive monomer, which is subsequently 

polymerized to cause phase separation resulting 

in two polymeric phases with certain 

morphology. PIPS is used to produce 

multiphase composite materials like polymeric 

dispersed liquid crystals (PDLCs)16-18 and high 

impact polystyrene.19,20 Recently, it was shown 

by Broer et al.21 that by applying directionally 

controlled PIPS a photo-enforced stratification 

can be achieved with which single-substrate 

LCD’s can be formed. By using this principle 

in the production of polymeric materials, the 

use of solvent is avoided and it is fast and clean. 

The rate of phase separation in PIPS is 

generally limited by the mobility of the 

dissolved polymer.22-25 For conventional 

polymers, the most important mechanism for 

stress relaxation is reptation, described by De 

Gennes26 and by Doi and Edwards.27-30 

Supramolecular polymers however, can relax 

via the additional mechanism of dissociation 

and association of the hydrogen bonds; a 

process theoretically described by Cates.31,32 

Indeed, dissociation and association of the 

hydrogen bonds were shown to contribute to 

the stress relaxation of hydrogen-bonded 

supramolecular polymers.12 This results in a 

strong dependency of the viscosity on the 

monomer concentration. Therefore, we 

anticipated that the use of a supramolecular 

polymer in the starting mixture of PIPS would 

allow a high degree of phase separation within a 

very short reaction time. In this chapter 

polymerization induced phase separation of 

solutions of hydrogen-bonded supramolecular 

polymers in acrylates within the short reaction 

times (0.3 sec.) used in UV-curing, is reported. 

This strategy could be used for either 

stratification or patterning via a mold in thin 

films. 
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Figure 4.1. Schematic representation of PIPS using hydrogen-bonded supramolecular polymers. 

4.2 Film formation by UV-curing 

The concept of PIPS with supramolecular 

polymers was investigated in mixtures with 

acrylate monomers, due to their ability to 

photopolymerize in a very short time (0.3 sec.) 

by UV-curing. Supramolecular polymers 1a 

and 1b were synthesized on grounds of their 

synthetic accessibility and their anticipated high 

solubility in acrylate monomers (scheme 4.1). 

The reported synthesis12 of polymers 1a and 1b 

was improved by shortening the reaction time 

to 3 hours in chloroform. In order to study 

polymerization-induced phase separation, 

combinations of acrylates and supramolecular 

polymers 1a and 1b with high miscibility were 

identified prior to polymerization (figure 4.2). 

Functionalized polyTHF 1a was found to 

dissolve in polar acrylates like 2-hydroxy-ethyl-

acrylate (HEA) and phenoxy-ethoxy-acrylate 

(PEA) up to high weight percentages of 50 %. 

Polycarbonate 1b dissolves up to 25 weight% in 

more apolar acrylates like iso-butylacrylate 

(iBA). Clear solutions of the supramolecular 

polymers were obtained by heating the 

mixtures for several hours at 80 oC. The 

solutions remained clear after cooling to room 

temperature.  
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Scheme 4.1. Synthesis of supramolecular polymers 1a and 1b. 
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Figure 4.2. The structures of mono-acrylates, diacrylates, random copolymer MMA/EA (acryloid) and urethane-

acrylate (UA). 

Films containing either supramolecular 

polymer 1a or 1b and varying amounts of 

mono-acrylate and diacrylate were prepared by 

exposing a 100 µm thick film of the mixture to 

UV-A (320-400 nm) radiation (5 W/cm2) for 

0.3 sec. under a nitrogen atmosphere at room 

temperature (table 4.1). For comparison, films 

containing polymerizable urethane acrylates 

(UA) (see figure 4.2) or random copolymer 

MMA/EA (acryloid) were prepared (vide infra).  

Table 4.1. Composition of UV polymerized films 1-8. 

Film Polymer Wt % Mono-
acrylate 

Wt % Diacrylate Wt % 

1 1a 30 PEA 60 TEGDA 10 

2 1a 15 HEA 72.5 HDDA 12.5 

3 1a 25 HEA 64 HDDA 11 

4 1b 10 iBA 90 HDDA 0 

5 1b 15 iBA 68 HDDA 17 

6 1b 15 iBA 42.5 HDDA 42.5 

7 UA 30 PEA 60 TEGDA 10 

8 acryloid 30 PEA 60 TEGDA 10 
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4.3 Film characterization 

4.3.1 Optical characterization 

After UV-curing the films were colorless, 

transparent, flexible and strong enough to be 

pealed off the glass substrate. Film 4 containing 

no diacrylate was an exception, because it was 

opaque and too soft to be easily pealed off the 

glass substrate. With an optical microscope, it 

was determined that film 4 has a morphology 

of small droplets (~2 µm) of 1b in a 

continuous matrix of iso-butylacrylate.  

4.3.2 Scanning electron microscopy 

To characterize the morphology of the films 

Scanning Electron Microscopy (SEM) 

measurements were performed (figure 4.3). 

For the SEM measurements supramolecular 

polymer 1b was (partially) etched out of films 

4, 5, and 6 by immersion of the films for 10 

min. in chloroform and drying in air 

afterwards. The SEM micrographs in figure 4.3 

show that in films 4, 5, and 6 the 

supramolecular phase as the minor phase is 

dispersed as small droplets in a continuous 

matrix of the acrylate phase. The size of the 

droplets containing supramolecular polymer 

clearly decreases with increasing amounts of 

diacrylate from ~2 µm, ~200 nm to <100 nm 

in films 4, 5 and 6, respectively. This 

observation can be explained by the higher rate 

of reaction of diacrylates compared to mono-

acrylates, which causes an earlier onset of 

gelation and earlier vitrification.33 Moreover, 

the length scale on which phase separation 

takes place is influenced by the time available 

for diffusion of the supramolecular phase 

before it is trapped in the acrylate network. 

Thus, the increasing amount of diacrylates 

decreases the length scale of the phase 

separation by shortening the time available 

before vitrification sets in.  

4.3.3 Differential scanning microscopy 

Further investigation of the extent of phase 

separation for films 2-6 was performed by 

Differential Scanning Calorimetry (DSC). In 

the thermograms (figure 4.4) the 2nd heating 

runs contain both the Tg's of the acrylate phase 

and the supramolecular phase and in the 1st 

heating runs a melting peak of the 

supramolecular phase is observed in all films.  

A B C

 

Figure 4.3. SEM micrographs of A. film 4, B. film 5, and C. film 6 after etching with chloroform. 

53 



Chapter 4 

-60 -40 -20 0 20 40 60

 

 
H

ea
tf

lo
w

 (
En

do
 u

p)

Temperature (oC)
-50 0 50 100

 

 

H
ea

tf
lo

w
 (

En
d

o 
u

p)

Temperature (oC)

A B

1b

film 4

film 5

film 6

1a

film 3

film 2

 

Figure 4.4. DSC thermograms of A. first and second heating runs of films 4-6 and pure 1b; B. first and second 

heating runs of films 2, 3 and pure 1a. 

These melting points are similar to those of 

materials 1a and 1b with Tm 74.5 and 42.8 oC 

respectively. Therefore, it can be concluded 

that film 5, which contains no diacrylates, is 

macro-phase separated, while films 5 and 6 

containing 17.0 and 42.5 % diacrylate 

respectively are micro-phase separated. When 

the areas (∆H) below the melting peak around 

45 oC are compared (∆H = 2.7, 6.5, 8.0, 32.9 

J/g for films 6, 5, 4 and 1b, respectively), it is 

clear that the crystallinity of the supramolecular 

1b phase decreases with increasing amount of 

diacrylates. The decrease in the crystallinity of 

the supramolecular polymer phase with 

increasing amounts of diacrylates confirm the 

observations with SEM (vide supra) that the 

length scale of phase separation is influenced by 

the amount of diacrylate. 

 

Table 4.2. DSC results for cured films 2-6. 

 Acrylate phase  Supramolecular phase 
Film 1st heating run 2nd heating run  1st heating run 2nd heating run 

2 Tg 6.2 oC Tg 6.2 oC  Tg 

Tm 

-62.2 oC 

71.7 oC 

Tg 

Tm 

-62.2 oC 

71.7 oC 

3 Tg 6.9 oC Tg 6.9 oC  Tg 

Tm 

-62.2 oC 

69.5 oC 

Tg 

Tm 

-62.2 oC 

69.5 oC 

4 Tg -20.3 oC Tg -20.8 oC  Tm 42.8,  

6.1 oC 

Tg -33.3 oC 

5 Tg -1.5 oC Tg -1.5 oC  Tm 46.2 oC Tg -37.0 oC 

6 Tg 25.9 oC Tg 25.9 oC  Tm 48.3 oC Tg -33.8 oC 

 

54 



PIPS using hydrogen-bonded supramolecular polymers 

4.3.4 Tensile and DMTA tests 

The mechanical properties of films 1, 7 and 

8 were studied. Films 7 and 8 contain a reactive 

urethane-acrylate (UA) oligomer with the same 

molecular weight as 1a or a high molecular 

weight acrylate copolymer (acryloid), respect-

tively. The mechanical properties of the three 

films were measured with Dynamic 

Mechanical Thermal Analysis (DMTA) and 

tensile tests, for the results see table 4.3. A 

typical DMTA curve is shown in figure 4.5. 

 

Figure 4.5. DMTA curves of film 1 containing 1a 

measured at 1 Hz. 

From the mechanical tests, it can be 

concluded that films 1, 7 and 8 all have good 

mechanical properties despite the difference in 

the composition of the films. This shows that 

the hydrogen-bonded supramolecular polymer 

1a in film 6 behaves as a high molecular weight 

polymer and does not act as a low molecular 

weight softener, which would reduce the 

modulus. As expected film 7 is not phase-

separated due to the reactive end groups of the 

oligomers, which forms a network with acrylate 

phase, and this increase in cross-link density 

explains also the somewhat higher E0 of film 7. 

4.3.5 FT-IR Attenuated Total Reflection 
(ATR) 

To study whether or not a concentration 

difference between the top and the bottom of 

the films exists, IR-Attenuated Total 

Reflectance (ATR) was used. The IR-spectra of 

the top and bottom of the cured films were 

compared as shown in figure 4.6. For film 1 the 

intensity of the C=O vibration of the ester in 

the acrylate phase and the C=O and N-H 

vibrations of the UPy group in the 

supramolecular polymer phase were compared. 

These vibrations were chosen, because of the 

absence of absorbance in the acrylate ester area 

of 1a and vice versa.  

Table 4.3. DMTA and Tensile tests on cured films 1, 7 and 8. 

 Tensile tests DMTA 
Film Elongation 

at break 
Tensile 
Strength 

Young's 
Modulus 

Tg/Tan δ E0 

 (%) (MPa) (MPa) (oC) (MPa) 
1 30.2 2.27 17.8 11.5 1.7 

7 38.8 1.61 5.73 11.0 7.1 

8 69.1 1.74 9.03 15/30 2.0 
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Figure 4.6. A. FT-IR ATR spectra of top and bottom of film 1 and supramolecular polymer 1a; B. FT-IR ATR 

spectra of top and bottom of film 5 and supramolecular polymer 1b. 

The intensity in the C=O vibration of the 

acrylate ester for the top is lower compared to 

the intensity at the bottom in film 1. Whereas 

for the UPy vibrations the opposite is found, 

the intensity of the C=O and N-H vibration 

are higher at the top compared to the bottom of 

the film. Thus the acrylate phase appears to be 

more concentrated at the bottom of the film, 

while the supramolecular phase 1a is more 

concentrated at the top of the film. The same 

was observed in the case of film 5 (figure 4.6B) 

and this appeared to be a general phenomenon, 

also observed for all the films described here. 

The heterogeneous division of the acrylate and 

supramolecular polymer phase over the film 

could be ascribed to several forces34,35 like 

surface tension gradients, selective wetting, and 

phase contraction during film formation as a 

process of phase separation. Some of these 

forces can be ruled out such as phase 

contraction which would lead to the inverse 

situation of more acrylate at the top of the film 

instead of at the bottom, but due to the 

complexity of the PIPS mechanism it is 

difficult to exactly determine which of these 

described forces defines the concentration 

differences.  

4.4 Discussion & conclusions 

In summary, it was shown that the use of 

supramolecular polymers allows Poly-

merization Induced Phase Separation (PIPS) 

with very short reaction times. Two separated 

polymer phases are formed simultaneously by 

performing a simple polymerization. Increasing 

the amount of diacrylates has a strong influence 

on the morphology development, as it 

decreases the length scale of the phase 

separation by shortening the time available 

before vitrification sets in. In this way 

decreasing the crystallinity of the 

supramolecular phase. The mechanical pro-

perties of the films containing the 

supramolecular polymer are comparable to 

those films containing covalent high molecular 

weight polymers. Although the formation of 

two polymeric phases in one polymerization 
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step is advantageous, it also complicates the 

study of the morphology development, because 

the phase-separation process is influenced by 

both the radical polymerization of the reactive 

solvent and the supramolecular polymerization. 

4.5 Experimental section 

General methods. Differential Scanning 
Calorimetry: Thermal transitions of films 1-3, 
7 and 8 and polymers 1a and 1b were 
determined on a Perkin Elmer Pyris-1 under a 
nitrogen atmosphere with heating and cooling 
rates of 20 oC min-1. Solution 1H-NMR and 
13C-NMR spectra were recorded on a Varian 
Gemini 300 or a Varian Mercury Vx 400 with 
TMS as internal reference. SEM studies on 
gold-sputtered samples were performed on a 
JEOL JSM-840A microscope at an acceleration 
voltage of 10 kV. Before the SEM 
measurements the samples were immersed for 
10 min. in chloroform after which the samples 
were dried in the air overnight. 
 
α,ω-Functionalized polyTHF (1a). To a 
solution of polyTHF 2a (20 g, 0.020 mol) in 
chloroform (150 mL) synthon 312 (12.31 g, 
0.042 mol) and dibutyltindilaurate (2 drops) 
were added. The mixture was refluxed during 3 
hours resulting in a suspension. The 
suspension was filtered and to the filtrate, silica 
and dibutyltindilaurate (2 drops) were added. 
This mixture was refluxed overnight after 
which the silica was filtered off. The solvent in 
the filtrate was removed under vacuum and the 
remaining solid (white powder) was 
precipitated out of acetone (30 g, 95%). 1H-
NMR (CDCl3, 298K) δ 13.1 (s, 1H, CH3-C-
NH), 11.9 (s, 1H, CH2-O-(C=O)-NH), 10.1 
(s, 1H, CH2-NH-(C=O)-NH), 5.8 (s, 2H, 
CH=C-CH3), 4.9+4.6 (s, 2H, NH-(C=O)-
O), 4.1 (m, 4H, CH2-O-(C=O)-NH), 3.4 (m, 
64H, CH2-O-CH2), 3.3 (m, 4H, CH2-NH-
(C=O)-O), 3.2 (m, 4H, CH2-NH-(C=O)-
NH), 2.2 (s, 6H, CH3-CH=C), 1.6 (m, 68H, 
O-CH2-CH2 + N-CH2-CH2), 1.4 (m, 4H, 
CH2-CH2-CH2-CH2-CH2) ppm; 13C-NMR 
(CDCl3, 298K) δ 173.4, 156. 8, 154.9, 148.5, 

106.9, 70.9, 70.8, 70.5, 64.7, 40.9, 39.8, 30.0, 
29.5, 26.7, 26.4, 26.3, 26.2, 19.1 ppm DSC 
(scanning rate 20oC/min) Tm = 77.93 oC (∆Η= 
12.6 J/g); Tg = -63.78 oC (∆Cp= 0.38 J/goC). 
 

α,ω-Functionalized polycarbonate (1b). 
To a solution of polycarbonate 2b (9.0 g , 4.46 
mmol) in chloroform (80 mL) synthon 312 (3.0 
g, 10.2 mmol) and dibutyltindilaurate (2 drops) 
were added. The mixture was refluxed 
overnight resulting in a suspension. The 
suspension was filtered and to the filtrate, silica 
and dibutyltindilaurate (2 drops) were added. 
This mixture was refluxed overnight after 
which the silica was filtered off. The solvent in 
the filtrate was removed under vacuum 
yielding a solid polymer film (9.9 g, 85%). 1H-
NMR (CDCl3, 298K) δ 13.1 (s, 1H, CH3-C-
NH), 11.9 (s, 1H, CH2-NH-(C=O)-NH), 
10.1 (s, 1H, CH2-NH-(C=O)-NH), 5.8 (s, 
2H, CH=C-CH3), 4.9+4.6 (s, 2H, NH-
(C=O)-O), 4.1-3.9 (m, 30H, CH2-O-(C=O)-
O), 3.3 (m, 4H, CH2-NH-(C=O)-O), 3.2 (s, 
1H, CH2-NH-(C=O)-NH), 2.2 (s, 6H, CH3-
CH=C), 1.6-1.7 (m, 34H, CH2-CH2-O-
(C=O)-O + N-CH2-CH2), 1.5-1.4 (m, 34H, 
CH2-CH2-CH2-CH2-O-(C=O)-O + CH2-
CH2-CH2-CH2-CH2) ppm; 13C-NMR 
(CDCl3, 298K) δ 173.3, 157.0, 156.7, 154.9, 
148.5, 106.9, 70,8 (m), 64.7, 40.9, 40.0, 39.8, 
30.0, 29.5, 26.7 (m), 19.1 ppm; DSC (scanning 
rate 20oC/min) Tm = 43.1 oC (∆Η= 32.9 J/g), 
5.6 oC (∆Η= 2.2 J/g); Tg = -36.99 oC (∆Cp= 
0.58 J/goC). 
 
UV-curing procedure. A typical UV-curable 
solution consisted of 25-30 wt% of hydrogen-
bonded polymer, 60 wt% of mono-acrylate, 10-
15 wt% of diacrylate, and 1 % of photo-initiator 
(Irgacure® 907). In an oven, this solution was 
heated at 80 oC until it was homogeneous. 
Then a 100 µm film was (mechanically) drawn 
on a glass substrate and UV-cured under 
nitrogen with a Fusion F600 D-Bulb (I0 = 5 
W/cm2) with a belt speed of 10.4 m/min, which 
is equivalent to an irradiation time of 0.3 s. 
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5 Morphology control in mixtures of hydrogen-bonded 
supramolecular polymers 

Abstract 

In this study the dynamics in morphology of thin films of a blend of two hydrogen-bonded supramolecular 

polymers was investigated upon changing the evaporation rate of the common solvent. Supramolecular 

polymer 1 has a flexible poly(ethylene-butylene) (PEB) polymer as a linker, while the linker in 2 is a 

short rigid hexamethylene (HM) spacer. For the spin-coated films a complex morphology of fibrils 

embedded in a composition dependent matrix was found by AFM studies. The fibrils are mono-disperse 

in width (5 nm) and are proposed to consist of a stack of two UPy end groups of 1 which are associated to 

one molecule of 2. This structure may be envisaged as a block copolymer containing isolated units of 2 in a 

supramolecular chain of 1, in which the fibrils form physical cross links between the polymer chains. The 

formation of the fibrils is an irreversible process. The fibrils are kinetically formed during evaporation, thus 

creating metastable structures that disappear upon annealing. Changing the method of film preparation by 

using drop-casting instead of spin-coating resulted in films with a less well-defined morphology and a 

larger length scale of the phase separation. Due to the lower rate of evaporation during the drop-casting, 

less of compound 2 is frozen in the fibrilar morphology and more is kinetically allowed to relax to a 

phase-separated state. This is the thermodynamic more stable morphology which was confirmed by the 

observation that after annealing, the spin-coated films have a morphology typical for phase separation via 

spinodal decomposition, and the surface area covered by each of the two phases corresponds well to the 

initial composition in solution. 



Chapter 5 

5.1 Introduction 

Novel materials with improved or new 

combinations of (mechanical) properties are 

usually the result of blending of 

homopolymers.1,2 However, in most cases 

homopolymers do not mix due to the 

unfavorable mixing entropy which generally 

leads to poor mechanical properties. 

Compatibilizers are needed to prevent macro-

phase separation. The Flory-Huggins theory 

gives a thermodynamic description of polymer 

blends and shows that the phase behavior of a 

blend of polymers is generally determined by 

the total degree of polymerization, the 

fractional composition, and the Flory-Huggins 

interaction parameter χ.3-7 To avoid macro-

phase separation the different components can 

be combined covalently in one polymer chain. 

This results either in a homogeneous phase for 

statistical copolymers or in a micro-phase-

separated morphology in case of block 

copolymers.1,2,8-10 Furthermore, for solvent-cast 

composites it is known that the phase-

separation kinetics and related morphologies 

depend on the time scale for solvent 

evaporation.11 Steiner et al.12 showed that films 

containing the immiscible polymers 

PS/PMMA, which were spin-coated from a 

common solvent, are far from thermodynamic 

equilibrium. They found that the equilibration 

of the films during annealing depends strongly 

on the phase morphology and some long-lived 

metastable configurations were found. 

Thus, macro-phase separation can be 

avoided by connecting different polymeric 

components via covalent bonds. But what 

happens when the different components are 

connected via non-covalent bonds? The 

reversibility of the non-covalent bonds allows 

for association and dissociation during the 

phase separation process, which means that the 

entropy of mixing may be influenced due to 

changes in the polymer chain length. Because it 

is the length of the polymer chains that cause 

the tendency of polymers to phase separate. 

Furthermore, the process of association and 

dissociation provides the non-covalent 

polymers with an additional mechanism for 

relaxation apart from the reptation mechanism 

(see Chapter 4), which allows reversible 

polymers to diffuse faster. Thus, it is expected 

that non-covalent polymers have the possibility 

to form locally energetic favorable morpho-

logies by structural rearrangement via bond 

breaking and forming and fast diffusion during 

the phase-separation process. When phase-

separation is very fast a local minimum 

structure may be formed, while when phase-

separation is relatively slow a morphology 

closer to the global minimum is expected to be 

formed. Therefore, the rate of association and 

dissociation is an important factor to be 

considered when two interacting supra-

molecular polymers are mixed. When the rate 

is too slow compared to the rate of phase 

separation no effect on the morphology is 
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expected to be observed, while a too fast rate 

means a low association constant and thus a 

low degree of polymerization. The quadruple 

hydrogen bonding ureidopyrimidinone group 

has a lifetime of 120 ms in chloroform and 

1700 ms in toluene.13 That makes it ideal to 

study the effect of the reversibility of the bonds 

between the monomers on the phase separation 

process, because the rate of phase separation is 

slow compared to the lifetime of the UPy-

group when it takes minutes to hours and it is 

fast when it only takes seconds. Another 

advantage of the UPy group is that it is self-

complementary which results in the formation 

of a mixture of hetero- and homo-couples 

when two bi-functional UPy’s are mixed in 

solution. Thus, forming a statistical copolymer 

in solution, of which the composition can be 

easily changed by mixing in the components in 

different ratios. For these experiments 

hydrogen-bonded supramolecular polymers 1 

and 2 where selected, because of their different 

material properties (figure 5.1). The synthesis 

and characterization of 1 and 2 is described in 

chapter 3. The linker in 1 is a flexible 

poly(ethylene-butylene) (PEB) polymer (Mn = 

3500 g/mol), while the linker in 2 is a short 

hexamethylene (HM) spacer. 
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Figure 5.1. A. Hydrogen-bonded supramolecular polymers 1 and 2; B. A possible structure of a blend containing 

1 and 2. 
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DSC measurements show that PEB-(UPy)2 

1 is an amorphous polymer with a low Tg at  

–56oC, while HM-(UPy)2 2 is a hard brittle 

semi-crystalline material with a melting peak 

Tm = 120 oC and in the second heating run it 

showed a Tg at 70oC (see figure 5.2). Supra-

molecular polymers 1 and 2 were dissolved in a 

common solvent toluene (11 % polymer by 

weight) at different ratios (table 5.1).  
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Figure 5.2. DSC measurements of 1 and 2; heating 

runs 1 (upper line) and 2 (lower line).  

5.2 Film preparation and 
appearance 

Films were prepared by both spin- and 

drop-casting on a glass substrate at room 

temperature (table 5.1). The spin-coated films 

(method I) were prepared applying four to five 

drops (2-2.5 µL) of the toluene solution (~11 

wt%) on a glass substrate, which was rotated at 

1500 rpm at room temperature. Based on 

weight and area of the film the thickness of the 

films is estimated to be 2.5–3.5 µm. Thus, the 

surface structure will not be influenced by the 

substrate.14 The drop-cast films (method III) 

were prepared by applying several drops of the 

toluene solutions on a glass substrate and 

evaporation of the solvent over a time of several 

hours. To ensure that the films of method I 

and III are in thermodynamic equilibrium, they 

were annealed for 24 h under vacuum at 90 oC, 

resulting in methods II and IV, respectively. 

Table 5.1. Film appearance for methods I, II, III, and IV. 

Solution 
composition 1/2 in 
wt% (2 in mol%) 

Method I 
spin-coated 

film 

Method II 
spin-coated & 
annealed film 

Method III 
drop-cast film 

Method IV 
drop-cast & 

annealed film 
100/0 (0) clear clear clear clear 

97/3 (20) clear clear clear clear 

94/6 (30) clear clear clear clear 

91/9 (40) clear clear clear clear 

89/11 (45) clear clear clear clear 

87/13 (50) clear clear clear clear/turbid 

82/18 (60) clear clear clear turbid 

75/25 (70) clear clear clear/turbid turbid 

64/36 (80) clear clear turbid turbid 

44/56 (90) clear clear/turbid turbid turbid 

62 



Morphology control in mixtures of supramolecular polymers 

Already from the appearance of the films 

(see table 5.1) it can be concluded that rate of 

solvent evaporation and annealing have a 

considerable influence on the film 

morphology. The spin-coated (method I and 

II) films were all clear films even after 

annealing, except the film (method II) with 1/2 

= 44/56, which was slightly hazy afterwards. 

Whereas, drop-cast films (method III) 

containing higher amounts of 2 (25-56 wt%) 

were turbid and after annealing films with 13-

56 wt% 2 of method IV were turbid, indicating 

that they are macro-phase separated. 

5.3 AFM studies 

5.3.1 Spin-coated films 

The spin-coated films were all clear films, 

meaning that macro-phase separation did not 

take place during process of spin-coating. To 

investigate the morphology of the films after 

spin-coating, AFM measurements were 

performed and typical height and phase images 

are depicted in figure 5.3. The AFM phase 

images of the films show rigid fibrils embedded 

in a soft (dark) matrix. The fibrils are uniform 

in thickness d ~ 5.0 nm and the length ranges 

to over 100 nm. The contrast difference 

between height and phase image is apparent 

and illustrates that the fibrils are not located at 

the surface but several nm below the surface. 

The fibrils in the phase image are only visible 

when the surface is scanned with a relatively 

strong force. The formation of the fibrils is 

therefore not likely to be just a surface effect.  

0 1 µm 1 µm0  

Height Phase

87/13

 

Figure 5.3. AFM images of spin-coated film with composition 1/2 87/13; height (left) and phase contrast (right). 
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In figure 5.5 the phase images of the spin-

coated films (method I) at different 

concentration of 2 are given. Only in the film 

of pure PEB-(UPy)2 1 no fibrils are observed. 

The number of fibrils increases in the films 

upon increase from 6, 11 to 13 wt% 2, while in 

films containing over 18 – 56 wt% (>50 mol%) 

2 the number remains roughly the same. The 

matrix in which the fibrils are embedded 

changes from amorphous/soft (dark) phase for 

films with 6, 11 to 13 wt% 2 to a phase-

separated state of a soft- (dark) and hard-phase 

(white) for films 18-56 wt% 2. Moreover, the 

hard-phase content increases with relative 

increase of 2. The length scale of phase 

separation of the matrix is with several hundred 

nm the largest in the film with 56 wt% 2. Due 

to the imaging conditions, the high phase lag 

can be attributed to the more rigid part (HM-

(UPy)2 2) and the lower phase lag to a softer 

region (PEB-(UPy)2 1).15,16  

5.3.2 Drop cast films 

The morphology of the drop cast films 

(method III) was also studied with AFM. 

Figure 5.4 shows that in the drop cast films 

containing 5 and 13 wt% of 2, respectively 

some fibrils are formed embedded in a phase-

separated matrix. In comparison to the spin-

coated films it is evident that the drop-cast 

films are far less well defined. The matrix 

contains already at 5 wt% of 2 larger domains 

of the hard phase. The surface roughness of the 

films with a higher content of 2 (> 25 wt%) 

was too large to determine the morphology. 

95/5 87/13

 

Figure 5.4. AFM phase contrast images of drop-cast films (method III). The numbers in top left corner indicate 

the weight ratio 1/2; the scan size is 1.0 µm. 

64 



Morphology control in mixtures of supramolecular polymers 

87/13
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Figure 5.5. Phase images of films with 0, 6, 11 and 18-56 wt% of 2 after spin coating on a glass substrate. The 

numbers in top left corner indicate the weight ratio 1/2. Scan size is 1.00 µm. 
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5.4 Annealing of spin-coated 
and drop-cast films 
(methods II and IV) 

5.4.1 AFM studies on annealed spin-
coated films 

After annealing of the spin-coated films at 

90 oC for 24 h (method II) only the film with 

56 wt% 2 became slightly hazy, while the other 

films remained clear. An AFM study of the 

films was performed to study the morphology 

of these films. Typical height and phase images 

are depicted in figure 5.6. At low content of 2 

(13 wt%, 50 mol%) round hard domains 

(white) in a soft (dark) co-continuous phase 

was observed. In the annealed film containing 

56 wt% (90 mol%) of 2 the hard domains have 

grown to form also a continuous phase and the 

morphology shows a phase separation by 

spinodal decomposition. The ratio between 

surface areas covered by the two phases as 

determined by image analysis corresponds well 

to the initial ratio of 1 and 2 in the toluene 

solution. Thus neither of the two UPy 

polymers tends to have a preference for the 

surface.  

87/13

44/56

0 5 µm 5 µm0height phase  
 

Figure 5.6. AFM images of spin-coated & annealed films (method II) with composition 1/2 87/13 and 44/56, 

respectively; height (left) and phase contrast (right). 
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From the AFM images of the spin-coated 

films it is clear that after annealing the fibrils, 

which are present directly after spin-coating, 

have disappeared. Therefore, it can be 

concluded that the fibrils are kinetically formed 

and form a metastable phase that disappears 

above a certain temperature. The disappearance 

of the fibrils was studied with AFM with a 

heating stage. At different temperatures, phase 

contrast images were taken of the film 

containing 56 wt% of 2 as shown in figure 5.7. 

From these images it is clear that disappearance 

of the fibrils starts around 40 oC and is finished 

at 50 oC. Above 50 oC the phase-separated 

matrix remains, which slowly becomes too soft 

at 60-65 oC to give any contrast. After slowly 

(30 min–1 hour) cooling down to room 

temperature no fibrils are observed, but a 

phase-separated morphology is observed. This 

morphology differs from the morphology 

observed for the same film after annealing at 90 
oC for 24 h (see figure 5.6). The length scale of 

the phase separation is smaller (< 200 nm) and 

the phases are inverted, the hard phase is the 

co-continuous phase instead of the soft phase 

as is the case after annealing for 24 h at 90 oC.  

 

 

 

30 oC 35 oC 40 oC 45 oC

50 oC 60 oC 65 25 oC65 25 oC65 oC  

Figure 5.7. Phase contrast images taken at different temperatures 30-65 oC of spin-coated film with composition 

1/2 44/56 wt%, the insets at 30-45 oC are enlargements (scale 400 nm); (lower right corner) phase contrast image 

of the same film after cooling down from 65 oC to room temperature; scan size is 2.0 µm.  
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5.4.2 Optical microscopy study on 
annealed drop-cast films 

After annealing of the drop-cast films 

(method IV) the films containing above 13 wt% 

were all turbid (see table 5.1). Hence, the 

morphology of the films 13-56 wt% 2 of 

method IV was studied with optical microscopy 

(see figure 5.8). The pictures taken with 

crossed polarizers (lower row) show that the 

films containing 13 and 18 wt% of 2 have small 

crystals embedded in a co-continuous 

amorphous phase. At higher content of 2 (25 

and 36 wt%, respectively) the number of 

crystals decreases and no clear phase contrast is 

observed, although these films are also turbid 

in appearance. At the highest content of 2  

(56 wt%) no crystal phase is present anymore 

and two co-continuous phases are observed. 

The length scale of phase separation of film IV 

with 56 wt% 2 is estimated to be~7-8 µm.  

5.5 DSC measurements 

Differential scanning calorimetry (DSC) 

measurements were performed to obtain more 

quantitative data on the thermal transitions in 

the spin-coated (method I) and drop-cast 

(method III) films. The first (upper) and 

second (lower) heating traces of films with 

different concentrations of hard block HM-

(UPy)2 2 are depicted in figures 5.9A and B. All 

spin-coated films in figure 5.9A show a Tg at  

–56 oC in the first and second heating run, 

which can be attributed to the soft amorphous 

PEB-(UPy)2 1 phase (see figure 5.2). The Tg of 

soft amorphous phase closely resembles the Tg 

of the pure PEB-(UPy)2 1. Furthermore, the 

spin-coated films (method I) containing 2, 6 

and 13 wt% of HM-(UPy)2 2 show in the first 

heating run a melting peak at Tm ~ 57, 61, 60 
oC, respectively. 

87/13 82/18 64/3675/25 44/56  

Figure 5.8. Optical microscopy pictures of films with 13-56 wt% 2 of Method IV; the lower row shows pictures 

taken with crossed polarizers. 
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At higher content of 2 Tm’s were found in 

the first heating run at 50 and 82 oC for 75/25 

wt% and at 50 and 79 oC for 44/56 wt%. The 

spin-coated film containing 56 wt% of HM-

(UPy)2 2 additionally shows in the first and 

second heating run a Tg at 68 oC, which can be 

attributed to the hard block HM-(UPy)2 2. The 

close resemblance between the glass transition 

temperature in this film and the Tg of pure 

HM-(UPy)2 2 (Tg = 67 oC) confirms the 

absence of mixing between the soft and hard 

phases. The melting peaks found in the first 

heating runs for all the spin-coated films have 

to originate from the hard HM-(UPy)2 2 phase 

although the melting peak in the pure material 

is at 120 oC. This indicates that either the 

crystal morphology of the HM-(UPy)2 2 phase 

in the blended films differs from a film of pure 

HM-(UPy)2 2, or that the size of the crystalline 

domains is smaller in the blended films. The 

DSC measurements of the film with 56 wt% 2 

shows a Tm at 50 oC which is in good 

agreement with the results obtained by the 

AFM measurements with the heating stage 

(figure 5.7) on the same film, that showed the 

melting of the fibrils around 50 oC. Similar to 

the DSC traces of the spin-coated films, the 

drop-cast films (figure 5.9B) show in the first 

and second heating run a Tg at –56 oC which 

can be ascribed to the soft PEB-(UPy)2 1 phase. 

Furthermore, all drop-cast films show a 

melting peak in the first heating run around Tm 

~ 67oC and the film containing 56 wt% of 2 

shows an additional melting peak at Tm = 83 
oC. The Tm at 67 oC may be ascribed to the 

melting of the fibrils, which are present in the 

drop-cast films as was shown by the AFM 

measurements (figure 5.4). The other melting 

peak at 83 oC originates from the semi-

crystalline HM-(UPy)2 2 in the phase-

separated matrix. Similar to the spin-coated 

film containing 56 wt% of 2, the drop-cast film 

containing the same weight percentage of 2 has 

a Tg in the second heating run at 66 oC. 

44 / 56
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Figure 5.9. A. DSC traces of spin-coated films (method I) with different compositions 1/2 as indicated to the 

right; B. DSC traces of drop-cast films (method III) with different compositions 1/2 as indicated to the right; the 

heating rate was 20 oC/min. 
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Table 5.2. The melting points Tm and melting enthalpies ∆Hm for the spin-coated and drop-cast films of the first 

heating run.  

Spin-coated (method I) Drop-cast (method III) 
1/2 in wt% Tm (oC), ∆H (J/g) 1/2 in wt% Tm (oC), ∆H (J/g) 

98 / 2 57, 1.45 99 / 1 63, 1.95 

94 / 6 61, 5.22 95 / 5 67, 5.97 

87 / 13 60, 3.81 87 / 13 67, 4.56 

75 / 25 56, 0.44 - 82, 0.81 82 / 18 66, 5.63 

44 / 56 49, 0.63 - 79, 0.79 44 / 56 68, 1.94 - 85, 2.46 

 

There is a clear difference in the melting 

enthalpies (table 5.2) of the drop-cast films 

compared to the spin-coated films. The 

melting enthalpies of the drop-cast film are 

consistently higher than those of the spin-

coated films, indicating that the crystalline 

domains are larger in the drop-cast films. 

5.6 SAXS 

To confirm that the fibril structure is 

present in the whole film small angle x-ray 

scattering (SAXS) measurements were 

performed on drop-cast films with different 

HM-(UPy)2 2 content. Figure 5.10 shows the 

scattering intensity I(q) versus the scattering 

vector q, where 

2
sin4 θ

λ
π

=q  (5.1) 

Pure PEB-(UPy)2 1 has a maximum at q = 

0.45 nm-1 which corresponds to a distance of 

14.0 nm. The films containing an increasing 

amount of HM-(UPy)2 2 show all a maximum 

at q = 0.82 nm-1, indicating a distance of 7.6 

nm. This distance of 7.6 nm agrees reasonably 

well with the width of the fibrils, which were 

found by AFM measurements and confirm that 

the fibrils are not just a surface effect. 
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Figure 5.10. Small angle x-ray scattering data of 

drop-cast films containing different ratios of 1/2.  

5.7 Tensile tests 

Tensile and elastic properties of solution 

cast films containing different amounts of hard 

block HM-(UPy)2 2 were studied. From these 

solvent cast films tensile bars were punched. 

The stress-strain behavior of the tensile bars is 

shown in figure 5.11.  
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Figure 5.11. Stress-strain curves of films containing 

different amounts of hard block HM-(UPy)2 2 at 1 

mm/min. 

All films show Hookean behavior at 

deformations up to 5%, that is a linear increase 

of stress with in increase of strain. The Young’s 

modulus increases with the increase of hard 

block HM-(UPy)2 2 content, while the strain at 

break decreases (see table 5.3). This indicates 

that the films become stronger but also more 

brittle upon increase of the hard block content. 

When the soft phase PEB-(UPy)2 1 content 

decreases the material is less able to deform 

plastically. Because more hard phase HM-

(UPy)2 2 is present the material is less able to 

redistribute the stress through deformation and 

reformation. Toughness is the energy that is 

absorbed until the material fails and is reflected 

by the area under stress-strain curve. A small 

amount of ~5% of hard phase HM-(UPy)2 2 

seems to toughen the material, because the 

toughness almost doubles going from 0.29 to 

0.49 kJ/kg for 1 to 5 % of hard phase. Adding 

more hard phase does not change the 

toughness, because of two counter-acting 

effects, the material becomes stronger but also 

more brittle. 

5.8 Discussion 

An explanation for the formation of the 

fibrils, is that they consist of stacks of HM-

(UPy)2 2 in between two PEB-(UPy)2 1 end 

groups as shown in figure 5.12. The driving 

force for the formation of the stacks are π-π 

interactions between the UPy groups and the 

possibility of hydrogen bonding between the 

urethane groups in PEB-(UPy)2 1. 

Table 5.3. Results of the tensile tests on films at 1 mm/min (averages of 5 tests). 

HM-(UPy)2 2 Young's-
modulus 

Strain at break Ultimate tensile 
strength 

Toughness 

wt% E [MPa] εbr [-] σUTS [N/mm2] kJ/kg* 
1 2.84 0.92 0.39 0.29 

2 3.03 1.14 0.41 0.40 

5 6.96 0.62 0.98 0.49 

13 10.98 0.49 1.50 0.56 

18 11.31 0.40 1.52 0.45 

30 13.69 0.37 1.85 0.50 
* In the calculations of the toughness the density of the materials was assumed to be 1x103 kg/m3. 
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A block consisting of one molecule of 2 

associated to two end groups of 1 has a length 

of ~5 nm, which corresponds well to the width 

of the fibrils. This structure may be envisaged 

as a block copolymer containing alternating 

blocks of 1 and 2 in which the fibrils form 

physical cross links between the polymer 

chains. Thus, when 1 and 2 are mixed in a 1:1 

molar ratio all the UPy end groups are involved 

in the formation of the fibrils. Changing that 

ratio to higher contents of 2 means that there 

are not enough UPy end-groups present in 1 

and the excess of 2 has to form a separate phase. 

The AFM measurements confirm that indeed a 

separate hard phase is formed in films with 

>13 wt% (> 50 mol%) of 2 and that the hard 

phase increases with the relative increase of 2. 

The formation of the defined structure of the 

fibrils may be explained by the reversibility of 

the hydrogen-bonded supramolecular poly-

mers, which allows them to form locally 

energetically favorable morphologies by 

structural rearrangement via bond breaking and 

forming and fast diffusion during the phase 

separation process. The AFM and DSC 

measurements confirm that in both the spin-

coated and drop-cast films fibrils are formed 

embedded in a composition dependent matrix. 

However, from the AFM measurements it is 

apparent that the drop-cast films are less well 

defined and contain already at low weight 

percentages (> 4 wt%) of 2 a phase-separated 

matrix of a hard and soft phase. Furthermore, 

the DSC traces show that the hard phase in the 

drop-cast films is more crystalline, which 

indicates that the length scale of phase 

separation is larger in drop-cast films compared 

to the spin-coated films. Thus, a faster rate of 

evaporation in case of spin-coating results in a 

well defined nonequilibrium phase morpho-

logy. While the slower rate of evaporation of 

drop casting allows for more relaxation toward 

equilibrium during the phase separation 

process and a ‘mixed’ morphology is found. 

Because, the drop-cast films still contain fibrils, 

but the length scale of the phase-separated 

matrix is larger. The AFM measurements show 

that after annealing the morphology of the 

spin-coated films is very similar to a blend of 

immiscible covalent polymers. 
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Figure 5.12. Molecular model for the structure of the fibrils. 
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At 90°C the dynamics of the hydrogen bond 

breaking and forming is fast, resulting in a 

"normal" blend of two (immiscible) 

compounds that phase separates at a certain 

temperature and composition. The films are 

still micro-phase separated except the 

containing 56 wt% of 2, which is macro-phase 

separated (slightly hazy appearance). Whereas, 

the drop-cast films which consist of more than 

>13 wt% of 2 are all turbid after annealing, 

showing that they are macro-phase separated 

(see figure 5.8). An explanation for the larger 

length scale of phase separation of the drop-cast 

films after annealing may be the difference in 

the length scale after evaporation of the 

common solvent, because the annealing 

process for both spin-coated (method II) and 

drop-cast (method IV) was kept the same. 

During the annealing process a relatively slow 

enrichment of the hard and soft phase takes 

place. Thus, when at the start of the annealing 

process the length scale of phase separation of 

the drop-cast films is already larger than the 

length scale of the spin-coated films, the length 

scale of phase separation after annealing will 

also be larger. But a more extensive study 

towards the kinetics during the annealing 

should be performed to get more insight in the 

annealing process. 

5.9 Conclusions 

In summary, a complex morphology of 

fibrils in a composition dependent matrix was 

found by AFM and DSC measurements on 

spin-coated films with different ratios of 

hydrogen-bonded supramolecular polymers 1 

and 2. The fibrils are mono-disperse in width 

(5 nm) and are proposed to consist of a stack 

two UPy end groups of 1 which are associated 

to one molecule of 2. The driving forces for the 

formation of the stacks are mainly π-π 

interactions between the UPy groups and 

hydrogen bonding between the urethane 

groups in 1. Spin-coated films with a 1:1 ratio 

or less of 1 and 2 contain only fibrils in a soft 

matrix. When the relative amount of 2 is 

increased above 50 mol% a phase-separated 

matrix is observed in which the hard block 

content increases with relative increase of 2. 

DSC and AFM showed that the fibrils melt at 

50-60 oC. The fibrils are kinetically formed 

during the phase separation process, thus 

creating metastable structures that do not 

reappear after equilibration via annealing. 

Thus, the formation of the fibrils is not a 

reversible process. Changing the method of 

film preparation by using drop-casting instead 

of spin-coating resulted in films with a less well 

defined morphology and a larger length scale of 

the phase separation as was shown by AFM and 

DSC and the appearance of the films. Thus the 

lower rate of evaporation during the drop-

casting has a considerable influence on the 

phase separation kinetics, less of compound 2 is 

frozen in the fibrilar morphology and more is 

kinetically allowed to relax to the phase-

separated matrix. The spin-coated films have 

after annealing a morphology typical for phase 

separation via spinodal decomposition, and the 
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surface area of the two phases corresponds well 

to the initial composition in solution, 

confirming that this morphology is 

thermodynamically more stable. The tensile 

tests show that upon increase of the hard phase 

2 the material becomes stronger and more 

brittle. Addition of a small amount 5 mol% of 

hard phase already leads to a higher toughness. 

5.10 Experimental 

General methods.  
 
The synthesis and characterization of PEB-
(UPy)2 1 and HM-(UPy)2 2 are described in 
chapter 3. 
 
Instrumentation.  
 
Optical microscopy. Optical properties of the 
films were determined on a Jevenal polarization 
microscope equipped with a Linkam THMS 
600 hot stage with crossed polarizers. 
 
DSC. Thermal transitions were determined on 
a Perkin Elmer Pyris-1 under a nitrogen 
atmosphere with heating and cooling rates of 
20 oC min-1. 
 
Tensile testing. Stress-strain measurements 
were performed on a Wick Z010 Universal 
Tensile Tester at an elongation rate of 1 
mm/min and a preload of 0.1 N. Films of the 
polymers were obtained by solution casting 
from toluene in a hydrophobic petri dish. From 
these films tensile bars were punched with a 
test section of 18 mm length (between the 
clamp regions) and a cross section of 2.5 mm2. 
 
Spin-coating. For spin-coating a few drops of 
the toluene solution were applied to a glass 
substrate, which was spun at 1500 rpm for 60 s.  
 
Drop-casting. In the drop-casting procedure a 
glass substrate was covered with the toluene 
solution and left drying overnight. 
 

AFM. Atomic Force Microscopy images were 
recorded under ambient conditions using a 
Digital Instrument Multimode Nanoscope IV 
operating in the tapping mode regime. Micro-
fabricated silicon cantilever tips (nanosensors) 
with a resonance frequency of approximately 
300 kHz and a spring constant of about 0.5 
Nm-1 were used. The scan rate varied from 0.5 
to 1.5 Hz. The set-point amplitude ratio (rsp = 
Asp/Ao, where Asp is the amplitude setpoint, and 
Ao is the amplitude of the free oscillation) was 
adjusted to 0.9. All AFM images shown here 
were subjected to a first-order plane-fitting 
procedure to compensate for sample tilt. AFM 
analysis was done off-line. The heating 
experiments were performed with a high-
temperature heater accessory and Digital 
instruments Nanoscope Thermal controller. 
 
SAXS. The SAXS experiments were 
performed at the European Synchrotron 
Radiation Facility (ESRF, Grenoble, France). 
For SAXS the beamlines ID02 (wavelength λ = 
0.154 nm; camera length =2 m) was applied, 
providing the domain 0.1 < Q < 3.1 nm-1 for 
the Q range (Q = (4π/θ)sin(θ/2), with θ = 
scattering angle) and corresponding with length 
scale 2 < d < 60 nm. Because of the high-
intensity synchrotron radiation and position-
sensitive detectors, acquisition times between 1 
s and 1 min were sufficient to provide SAXS 
patterns with optimal signal-to-noise ratios. 
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6 Cylindrical aggregates from hydrogen-bonded 
ureidopyrimidinone hexameric cycles 

Abstract 

Bi-functional ureidopyrimidinone derivatives 1 and 2 containing a meta-substituted phenyl group as a 

linker self-assemble into hexameric cycles in chloroform and toluene. Above a certain concentration, the 

cycles form cylindrical aggregates in a hierarchical fashion. At low concentrations of 1 (<3 mM for toluene 

and <10 mM for chloroform) stable hexameric cycles are formed as confirmed by ESI-MS and 1H-

NMR. At higher concentrations the hexameric cycles formed by 1 aggregate into cylindrical structures. The 

stability and length of the cylindrical aggregates can be tuned by the polarity of the solvent. In toluene the 

aggregates are larger and more stable than in chloroform. Additional hydrogen bonds in 2 provided by 

replacing the ester substituent on the phenyl ring in the linker of 1 with an amide group increase the 

stability and the length of the cylindrical aggregates.  

 



Chapter 6 

6.1 Introduction 

In the past few decades hierarchical self-

assembly has been employed for the formation 

of a rich collection of nanosized architectures 

by specific non-covalent interactions.1-3 Among 

the novel supramolecular architectures formed 

by self-assembly tubular structures are of 

interest due to their potential use in 

applications like catalysis, transport of 

molecules and as scaffolds.4,5 Nature provides a 

beautiful example of a tubular aggregate in the 

form of the tobacco mosaic virus (TMV), in 

which the tubular structure protects the RNA 

inside. The coat protein of the TMV folds 

through hydrogen bonding and hydrophobic 

effects into a helical structure in which the 

RNA inside serves as a template (see chapter2). 

The elegancy of the self-assembly process of 

the TMV has inspired the group of Percec to 

develop artificial tubular aggregates formed by 

non-covalent interactions between gallic acid 

derivatives.6-9 Shape-persistent arylene ethyn-

ylene macrocycles have been shown to self-

assemble into nanotubes mainly by π-π 

stacking and Van der Waals interactions.10 

Reinhoudt et al. reported on the formation of 

linear rod-like structures through the self-

assembly of bi-functional calix[4]arenes 

containing either cyanuric acid or melamine as 

recognition sites.11 Tubular structures based on 

β-sheet motifs like D,L-α-peptides by Gharidi 

et al.12-14 and β-barrels by Matile et al.15-18 have 

been used amongst others to transport 

molecules over a membrane. In recent years 

several groups19-32 have shown that hydrogen 

bonding can be used to form stable 

macrocycles in solution. They also 

demonstrated that the preferential formation of 

rosette structures by non-covalent synthesis 

above their linear counterparts is a complex 

process governed by subtle interactions like 

pre-organization of the covalent structure, 

peripheral crowding, solvent type and binding 

strength. However, further aggregation of 

hydrogen-bonded cycles has not been reported 

until recently, when Fenniri et al. 

demonstrated the hierarchical formation of 

tubular structures by aggregation of self-

assembled macrocycles in water.33-35 

In bi-functional 2-ureido-4[1H]-pyrimi-

dinone (UPy) units the equilibrium between 

cycles and polymers is amongst other factors 

influenced by the configuration of the linker.36-

39 A rigid meta-xylylene linker between the UPy 

groups gives in contrast to the n-aliphatic 

linkers only cyclic dimers, due the pre-

organization of the linker.40 While linkers, 

which were designed to leave a certain degree 

of freedom, form mixtures of polymers and 

cycles depending on the temperature and 

concentration.36-39 In this chapter, the 

formation of hexameric cycles by self-assembly 

of bi-functional UPy's containing a meta-

substituted phenyl linker (figure 6.1) is 

described. 

78 



Cylindrical aggregates from hydrogen-bonded UPy hexameric cycles 

(1)6

N
H
ON

N

O

N
H

H

NH
O

N N ON
H H

R

O

O

N

O

H

R = 

R =

1

2

N
H
ON

N

O

N
H

H

NH
O

N N ON
H H

R

O

O

N

O

H

R = 

R =

1

2

 

Figure 6.1. The hierarchical self-assembly of bi-functional UPy 1 into a one-dimensional aggregate through 

hexameric cycle (1)6. 

Furthermore, the concentration dependent 

aggregation of the hexameric cycles into cylin-

drical aggregates by variation in the structure, 

changes in solvent polarity, and in comparison 

to random coil forming hydrogen-bonded 

supramolecular polymers, was studied. The 

complex aggregation behavior of 1 shows 

similarity to the hierarchic self-assembly 

process of the TMV coat protein, which can 

vary from monomers to disks, to limited stacks 

or helices upon changes in the pH and ionic 

strength.41 

6.2 Design 

The bi-functional UPy derivatives 1, 2 and 

11 have phenyl groups as linkers, whose 

substitution pattern can be used to pre-organize 

the molecules. Meta-substituted linkers ensure 

that the spatial orientation of UPy groups is 

120 o, which makes it possible to form a cyclic 

hexamer20,21,23, where as a para-substitution 

pattern pre-organizes the bi-functional UPy’s 

to form linear structures. With the high 

binding constant of the UPy dimers of 6x107 

M-1 in chloroform an important prerequisite 

for the formation of stable hexameric cycles is 
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met.19,21 Additionally, near co-linearity of the 

C-N bonds connecting two linkers on each 

side of a UPy dimer, allows free rotation of 

UPy dimers in a hexamer (figure 6.2).  
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Figure 6.2. Schematic representation of the free 

rotation of UPy dimers in a hexameric cycle. 

This feature of the UPy dimers, which has 

been pointed out by De Mendoza42, limits the 

entropic cost for formation of cyclic hexamers. 

In the design of the monomer a branched 

ethylpentyl side chain was included on the 6-

position of the UPy to enhance solubility. 

From figure 6.1 it is clear that the space inside 

the hexameric cycle is just enough to 

accommodate six of these side chains. The 

driving force for the formation of cylindrical 

aggregates of 1 (Van der Waals and π-π stacking 

interactions) is relatively weak. The strength of 

the aggregation can be increased by replacing 

the ester substituent on the phenyl ring in 1 by 

an amide group in 2. In this way, additional 

hydrogen bonds between the phenyl rings can 

be formed, which can stabilize the cylindrical 

aggregates. 

6.3 Synthesis 

In the first step of the synthetic route 

(scheme 6.1) towards synthon 5, the racemic 

mixture of 2-ethylhexanoylchloride was reacted 

with the potassium salt of ethylmalonate to 

form the ß-ketoester according to a literature 

procedure.43  
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Scheme 6.1. The synthesis of synthon 5. 
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The ß-ketoester 3 was subsequently ring-

closed with guanidine carbonate to form 1-

ethylpentylisocytosine 4, which was isolated in 

yields of 60-70%. In the last step the isocytosine 

was reacted with carbonyldiimidazole (CDI) to 

form synthon 5 in yields over 95%. Synthon 5 

is stable at room temperature under dry 

conditions and can be used to react with both 

aliphatic and aromatic diamines (see chapter 

3).44 As shown in Scheme 6.2 the synthesis of 

meta-substituted linkers 8 and 10 started from 

4-methyl-3,5-dinitro-benzoic acid, which was 

converted to the acid chloride using 

oxalylchloride in dichloromethane with 1% of 

DMF. The acid chloride 6 was either reacted 

with butylamine to form the amide 9 or with 

ethanol to form the ethyl ester 7 in good yields 

(80-90%). The nitro groups on both derivatives 

were then reduced using a mixture of formic 

acid and triethylamine with Pd/C as a catalyst.45 

The bi-functional ureidopyrimidinone 

molecules 1, 2 and the analog 11 with a para-

substituted linker were formed (scheme 6.3) by 

adding a slight excess of synthon 5 to the 

aromatic diamines 8, 10 and benzene-1,4-

diamine in yields of 70-90 %. In contrast to the 

bi-functional UPy’s 1 and 2 with a meta-

substituted linker, which are readily soluble in 

most common organic solvents such as THF, 

toluene, ethylacetate and chloroform the bi-

functional UPy with a para-substituted linker 

11 was not soluble in DMSO, DMF, or chloro 

form. Bi-functional 11 is only solubilized by 

adding 2% of hexafluoroisopropanol (HFIP), a 

solvent which is known to be able to break up 

hydrogen bonds, to chloroform. The striking 

difference in solubility between the UPy 

dimers with the para- and meta-substituted 

linkers is a good indication for the difference in 

architecture between the aggregates of these 

isomers.  
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Scheme 6.2. Synthesis of meta-substituted di-aminophenyl linkers 8 and 10. 
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Scheme 6.3. Synthesis of bi-functional UPy's 1, 2, and 11. 

6.4 Hydrogen-bonded hexameric 
cycles 

6.4.1 ESI-MS and VPO measurements 

To confirm the formation of hexameric 

cycles by 1 in solution, electrospray ionization 

mass spectrometry (ESI-MS) was performed 

on a solution of 1 at 0.3 mM in THF/ 

HCOOH 1/0.05 v/v. A high intensity signal in 

the ESI-MS spectrum was observed at 3986.56 

g/mol, showing that even in the presence of 

HCOOH 1 forms hexamers (figure 6.3). The 

observed molecular weight of 3986.56 g/mol is 

in good agreement with the calculated mass of 

(1)6 (M+ = 3986.22 g/mol). In the spectrum 

also signals for 5-mers, 4-mers etc. are present, 

which are part of the dynamic mixture of 

cycles.  
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Figure 6.3. Deconvoluted ESI-MS spectrum of 1 in THF/HCOOH 1/0.05 v/v solution at 0.3 mM.
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Vapor pressure osmometry (VPO) measure-

ments were performed on solutions of 1 in 

chloroform at 35 oC with benzil as a standard. 

The concentration range was 0-20 mM of 1 in 

chloroform. The molecular weight found was 

4.27 ± 0.28 x 103 g/mol, which is in agreement 

with the calculated mass of 3998.8 g/mol for a 

hexameric cycle of 1. For accurate VPO 

measurements an ideal solution is needed. 

Therefore, it was presumed that there is no 

aggregation between the hexameric cycles in 

this concentration range. When the response of 

the VPO measurements was plotted against the 

concentration a straight line was found, and a 

plot of the response (R)/concentration versus 

the concentration did not display any 

curvature, indicating that 1 shows non-ideal 

behavior in solution in the concentration range 

0 - 20 mM.26,46-48 

6.4.2 1H-NMR measurements 

The 1H-NMR spectrum of 1 in CDCl3 

(figure 6.4) at 10 mM and 25 oC shows single 

peaks for the hydrogen-bonded protons H2, H3, 

and H4 in the low field region (12-13 ppm). 

The alkylidene proton H1 and the aromatic 

proton H5 give single peaks at 5.85, and 8.02 

ppm, respectively. The simplicity of the 

spectrum is remarkable, taking into account 

that 1 is a mixture of three stereo isomers, and 

that the hexameric cycle can be in a variety of 

conformations, due to free rotation of the 

UPy-dimers (vide supra). Considering that the 

exchange of the hydrogen-bonded dimers is 

slow on the NMR timescale (lifetime 120 ms 

in CHCl3)49, the presence of only one set of 

signals shows that all the molecules of 1 are 

part of a single population in which the protons 

are in the same (chemical) environment. 

Indeed, in other bi-functional UPy’s multiple 

signals per proton were observed in the 1H-

NMR spectrum when a mixture of cyclic 

structures and polymers is present.38,39 Only at 

low concentrations (below 3 mM) additional 

signals for H2, H3, and H4 are observed. 

Moreover, at high concentration (100 mM) no 

significant broadening of the signal is observed 

at all, which shows that 1 still forms well-

defined structures at high concentrations. The 

resemblance between the 1H-NMR spectrum 

of hexameric cycles of 1 at 10 mM and the 

cylindrical aggregates observed with SANS at 

100 mM (vide infra) shows that the chemical 

environment of the protons (H1-H5) changes 

remarkably little upon aggregation. 
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Figure 6.4. 1H-NMR spectra (5.5 – 13.5 ppm) of 3, 10 and 100 mM solutions of 1 in CDCl3.  

The low field region of 1H-NMR spectrum 

of 1 in toluene-d8 is more complicated than the 

spectrum in CDCl3 shown in figure 6.4. By 

comparison of the NMR spectra with reference 

compound 12 (figure 6.5) it was concluded that 

the additional signals in toluene could be 

attributed to the enol tautomeric form50 and are 

not due to different conformations of the 

hexameric cycle. In chloroform the peak 

positions of the H-bonded protons and the 

alkylidene protons of 12 are very similar to 

those of 1. In toluene, however, each of these 

protons of 12 have two peaks, the additional set 

of peaks at δ = 13.9, 11.9 , 11.4, and 6.3 ppm 

can be assigned to the enol-form.50 Integration 

of both sets of signals shows that in toluene 12 

is present in a keto/enol ratio of 2:1. Whereas, 

in case of 1 in toluene the keto/enol ratio is 

~20:1, which is independent of the 

concentration. 
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Figure 6.5. (left) 1H-NMR-spectra of 1 and 12 at 10 mM in toluene-d8; (right) keto – enol tautomers of (12). 
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6.5 Concentration dependent 
aggregation 

6.5.1 1H-NMR diffusion measurements 

Translational diffusion measurements 

making use of Pulsed Field Gradient (PFG) 

NMR methods have been used for 

characterization of supramolecular aggregates 

and have been shown to give useful 

information about size of the aggregates.51-53 

Therefore, diffusion ordered 1H-NMR 

spectroscopy (DOSY) measurements were 

performed on solutions of 1 in CDCl3 and 

toluene-d8 at different concentrations with 

methylated β-cyclodextrine (β-CD) as an 

internal standard (figure 6.6). For the 1H-

NMR diffusion measurements the aromatic 

and the alkylidene protons were observed (in 

toluene both enol and keto signals). In 

chloroform and toluene two concentration 

regimes can be distinguished for 1 in a double 

logarithmic plot of the relative diffusion 

coefficient versus the concentration. In the 

high concentration region (>10 mM in CDCl3 

and >3 mM in toluene) the relative diffusion 

coefficient decreases with an exponent αD =  

-0.26 in chloroform and αD = -0.40 in toluene 

with an increase in concentration, while below 

these concentrations in the low concentration 

region the relative diffusion coefficient levels 

off to a constant value D/Dref = ~0.5. In the 

higher concentration region the relative 

diffusion coefficients are lower in toluene than 

in chloroform, which shows that in toluene the 

aggregates of 1 are larger than in chloroform. 

The increased size of the aggregates of 1 in 

toluene can be attributed to stronger hydrogen 

bonding between the UPy groups and stronger 

π-π stacking interactions between the phenyl 

rings in toluene than in chloroform. 
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Figure 6.6. Concentration dependent diffusion 1H-NMR measurements in toluene-d8 and CDCl3 at room 

temperature. As an internal standard methylated β-CD was used. Best fits are shown for 1 in chloroform (—), 1 

in toluene (---), and 2 in chloroform (····). 
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Furthermore, in toluene-d8 the same 

diffusion coefficient was observed for both the 

enol and keto species of 1.Two concentration 

regimes are also observed in DOSY 

experiments of 2 in CDCl3. At low concen-

tration (<8 mM) the relative diffusion 

coefficient approaches a constant value D/Dref 

= ~0.5, while in the high concentration region 

the relative diffusion constant decreases with an 

exponent of αD = –0.73. In the high 

concentration region the relative diffusion 

coefficients of 2 are lower than of 1, showing 

that 2 forms larger aggregates than 1. The 

increased length of the aggregates of 2 in 

chloroform can be explained by additional 

hydrogen bonds between the amide substi-

tuents on the linker. 

6.5.2 Specific viscosity 

The specific viscosity (ηsp) of a solution is 

influenced by the concentration, shape and 

dimensions of the solute, thus it can be used to 

get information about the aggregation behavior 

of 1 in solution. Double logarithmic plots 

(figure 6.7) of ηsp versus the concentration of 1 

in chloroform and toluene give slopes of 1.66 

and 1.76, respectively. In contrast to this, 

hydrogen-bonded supramolecular polymers 

with a random coil structure54 have a much 

stronger dependency of ηsp on the concen-

tration (slope > 3.5 above critical overlap 

concentration c*). 

6.5.3 Small angle neutron scattering 
(SANS) 

To study the aggregates of 1 in further 

detail, SANS measurements were performed 

on solutions of 1 in toluene-d8 and CDCl3 

(figure 6.8). For 1 in toluene, the plot of the 

scattering vector q against the scattering 

intensity is a combination of a linear part with a 

slope of -1 (0.01<q<0.1 Å-1) and a symmetrical 

side maximum (see inset qmax~0.54 Å-1) indica-

ting the presence of cylindrical aggregates. 
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Figure 6.7. The specific viscosity (ηsp) of 1 at different concentrations in toluene and chloroform at 20 oC, with 

best fits for toluene (---) and chloroform (––). 
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Therefore, the scattering data of 1 in 

chloroform and toluene were fitted, using a 

homogeneous cylinder model. Interactions 

between the aggregates were neglected and 

only the form factor of cylindrical structure was 

used to fit the scattering data. The fitted radius 

for the cylindrical aggregates was found to be 

11.9 (± 0.3) Å in toluene and 8.7 (± 1.0) Å in 

chloroform and the fitted length was 348 (± 

31) Å and 104 (± 3) Å in toluene and 

chloroform, respectively. Concentration 

dependent SANS measurements were perfor-

med to study the concentration dependency of 

the aggregation behavior of 1 in toluene-d8 

(table 6.1). The length of the cylindrical 

aggregates does not increase linearly with the 

concentration, but increases faster at low 

concentration (<10 mM) and only shows a 

small increase at higher concentrations. An 

average radius of 13.0 (± 0.4) Å was found over 

a concentration range of 5.3 to 50 mM. 

 

Table 6.1. The fitted length and radius for different 

concentrations of 1 in toluene-d8. 

Concentration 
(mM)* 

Length (Å) Radius (Å) 

5.3 223 (± 14) 13.7 (± 0.4) 
11.0 288 (± 23) 13.6 (± 0.5) 
29.2 311 (± 40) 12.9 (± 0.4) 
48.6 348 (± 31) 11.7 (± 0.3) 

* SANS measurements were performed at lower 
concentration (1 mM), but due to poor statistics of 
the data no good fit could be obtained.  
 

Further SANS measurements were 

performed on solutions of 2 in deuterated 

chloroform (figure 6.9). For 2 in chloroform, 

the plot of the scattering vector q against the 

scattering intensity shows a slope of -1 

(0.01<Q<0.1 Å-1), which is typical for a 

cylindrical shaped architecture. From the 

forward scattering (Q 0), which is an estimate 

for the size of the aggregate, it is clear that at 50 

mM in chloroform the cylindrical aggregates 

formed by 2 are larger than the aggregates 

formed by 1.  
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Figure 6.8. SANS data for 50 mM solutions of 1 in CDCl3 and toluene-d8; inset: log-log plot of SANS data 

of high Q values in toluene-d8. 
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Figure 6.9. SANS data for 50 mM solutions of 1 and 2 in CDCl3. 

6.6 Characterization of the solid 
state 

Rigid rod-like polymers or cylindrical 

aggregates often show liquid crystalline 

behavior in concentrated solutions or in bulk.55 

To check whether 1 shows liquid crystalline 

behavior differential scanning calorimetry 

(DSC) measurements were performed. In the 

first heating run a melting peak at 159oC was 

observed. In the second and third runs a Tg 

around 144oC was observed, but there was no 

indication of liquid crystalline behavior. 

Furthermore in a very concentrated solution 

(>400 mM) of 1 in toluene no birefringence 

under crossed polarizers in optical microscopy 

was observed. Therefore, 1 is isotropic in 

concentrated solutions and in the bulk. 

6.7 Discussion 

The 1H-NMR diffusion measurements in 

chloroform and toluene show two 

concentration regimes for 1. In the high 

concentration region (>10 mM in CDCl3 and 

>3 mM in toluene) the relative diffusion 

coefficient decreases with an exponent, while 

below these concentrations in the low 

concentration region the relative diffusion 

coefficient levels off to a constant value. For a 

solute of concentration independent size, the 

diffusion coefficient does not change with an 

increase in concentration. Therefore, it can be 

concluded that in the low concentration region 

in chloroform and in toluene 1 is present as a 

hexameric cycle, while in the high 

concentration region the hexameric cycles 

aggregate.  
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6.7.1 Hydrogen-bonded hexameric 
cycles 

The 1H-NMR diffusion measurements 

show that 1 starts to aggregate above 10 mM in 

chloroform while in the VPO measurements in 

the concentration range of 0-20 mM there was 

no indication for aggregation. But due to the 

higher temperature (35 oC) of the VPO 

measurements the aggregation of the hexamers 

is suppressed. 

In the 1H-NMR spectrum at low 

concentrations of 1 in CDCl3, more signals per 

proton were observed for the H-bonded 

protons (figure 6.4), which can be attributed to 

a mixture of populations. The largest 

population at 3 mM is still the hexameric cycle, 

but the origin of the additional peaks is not 

entirely clear. The most likely explanation for 

these extra signals in the 1H-NMR spectrum is 

the presence of lower molecular weight cycles 

(5-mer, 4-mer etc.) although in the NMR 

diffusion measurements a similar diffusion 

coefficient as for the hexameric cycle was found 

for these signals. Therefore, it can not be 

excluded that these extra signals originate from 

hexameric cycles in different conformations.  

The more complicated low field region of 

the 1H-NMR spectrum of 1 in toluene-d8 

compared to CDCl3 can be explained by the 

presence of 1 as a mixture of enol and keto 

tautomers. Furthermore, from 1H-NMR 

diffusion measurements it is clear that the enol 

species do not have a different diffusion 

coefficient compared to the keto form, which is 

a good indication for the incorporation of enol-

cycles in the cylindrical aggregates formed by 

the keto-cycles. In figure 6.10 is depicted how a 

hexameric cycle may be formed by all enol 

tautomers of 1 or by asymmetrical molecules 

containing one UPy group in the enol form 

and one UPy group in the keto tautomeric 

form. 
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functional UPy molecules containing a UPy group in the enol- and keto- tautomeric form. 
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6.7.2 Concentration dependent 
aggregation 

Remarkably, no visible upfield shift of the 

aromatic protons (δ = 8.0 ppm) in the 1H-

NMR measurements at different concen-

trations (3, 10, and 100 mM) of 1 in 

chloroform is observed upon aggregation of the 

hexameric cycle, while it is expected that π-π 

stacking interactions between the phenyl rings 

in the linker of the bi-functional UPy 

molecules form a considerable contribution in 

the driving force for the aggregation.10 Until 

now we do not have an explanation for this 

phenomenon, although it is known that there is 

no direct relation between the association 

constant and the upfield shift in NMR caused 

by π-π stacking interactions.56  

The specific viscosity (ηsp) measurements of 

1 in chloroform and toluene show that 1 has a 

low dependency of ηsp on the concentration 

(slope = 1.66 in chloroform), while hydrogen-

bonded supramolecular polymers with a 

random coil structure have a strong depen-

dency of ηsp on the concentration (slope > 3.5 

above c*). The latter can be explained by the 

formation of entangled aggregates that increase 

in size at higher concentration as theoretically 

proposed by Cates57. The low viscosity of 1 is 

in agreement with the formation of rigid 

aggregates by 1 that show little interaction with 

each other and do not form entanglements up 

to 100 mM. The slopes in the plots of figure 

6.7 are in remarkable agreement with the 

theoretically58 proposed concentration depen-

dent viscosity for very stiff micelles in the fast 

breaking limit, for which the viscosity has been 

predicted to increase with c1.71.  
1H-NMR diffusion experiments on 

solutions of linear supramolecular polymers 

with a random coil structure display two 

regimes for the concentration dependent 

diffusion coefficient, with a low exponent αD of 

~-0.25 below the critical overlap concentration 

(c*) and a high exponent αD of ~-1.56 above 

c*.59 Thus, the low exponent of 1 in both 

chloroform and toluene at high concentrations 

(>10 mM) indicates that the hexameric cycles 

of 1 aggregate into rigid structures, that do not 

entangle and hardly show any interaction as 

was observed with the specific viscosity 

measurements. Furthermore, the difference in 

slope αD in figure 6.6 between toluene (αD =  

-0.40) and chloroform (αD = -0.26) indicates 

that the aggregates of 1 in toluene grow faster 

than in chloroform with an increase in 

concentration. Therefore, the high exponent 

(αD = -0.73) for 2 shows that the aggregates of 

2 grow even faster as compared to 1 in both 

toluene (αD = -0.40) and chloroform (αD =  

-0.26) with an increase in concentration. 

In toluene the SANS measurements show 

for 1 in the plot of the scattering vector q 

against the scattering intensity a slope of -1 

(0.01<Q<0.1 Å-1), which is typical for a 

cylindrically shaped architecture. Whereas in 

chloroform the slope is only -1 at higher q 

values (0.05 <Q< 0.1 Å-1) and the fitted radius 

of 1 in chloroform is small (8.7 Å) compared to 

the radius found (11.9 Å) for 1 in toluene. 
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These differences may be explained by the 

presence of smaller aggregates of hexameric 

cycles of 1 in chloroform, which can be present 

due to the lower aggregation strength in 

chloroform compared to toluene. Both the 

viscosity and the 1H-NMR diffusion 

measurements indicate that hexameric cycles of 

1 in chloroform like in toluene aggregate into 

rigid structures, not showing any entangle-

ments, and that also these aggregates in 

chloroform are smaller than in toluene. 

Furthermore, the polydisperisity of aggregates 

of 1 in chloroform could be larger, due to 

lower aggregation strength in chloroform, 

which is not taken into account by the fitted 

model.  

6.8 Conclusions 

Incorporation of a meta-substituted phenyl 

group in the linker of bi-functional 

ureidopyrimidinone 1 pre-organizes these 

molecules to form stable hexameric cycles in 

chloroform and toluene. Increasing the 

concentration of 1 in toluene or chloroform 

causes hierarchical self-assembly of hexameric 

cycles into cylindrical aggregates. The complex 

aggregation behavior of 1 shows similarity of 

the hierarchical self-assembly process of the 

TMV coat protein, which can vary from 

monomers, to disks, limited stacks or helices 

upon changes in the pH and ionic strength. 

The stability and length of the cylindrical 

aggregates can be tuned by the polarity of the 

solvent. In toluene the aggregates are more 

stable and longer than in chloroform. By 

introducing an amide group on the phenyl ring 

in the linker in 2, the stability and the length of 

the cylindrical aggregates in chloroform can be 

increased. An important issue still being 

studied is the intriguing question whether 

either the cylindrical aggregates are stacks of 

hexameric cycles or the hexameric cycles open 

up during the aggregation process and fold into 

a helical structure. 

6.9 Experimental section 

General methods. Unless stated otherwise, all 
reagents were obtained from commercial 
sources and used without further purification. 
1H-NMR, and 13C-NMR spectra were 
recorded on a Varian Mercury Vx 400, a Varian 
Gemini or Varian Inova 500 spectrometers at 
frequencies for 1H at 400.1, 300.1, and 499.8 
MHz respectively. and for 13C 100.6, 75.0, and 
125.7 MHz, respectively. Chemical shifts in 
1H-NMR are in ppm downfield from TMS. 
1H-NMR diffusion measurements were 
performed using the BPPSTE pulse sequence 
and were evaluated by the Varian DOSY 
software incorporated in VNMR. Elemental 
analyses were carried out using a Perkin Elmer 
2400 series II CHNS/O Analyzer. Electrospray 
ionization mass spectrometry (ESI-MS) was 
carried out on a Perkin Elmer API 300 mass 
spectrometer. Matrix assisted laser 
desorption/ionization mass-time of flight 
(Maldi-TOF) spectra were obtained using a 
PerSeptive Biosystems Voyager-DE PRO 
spectrometer. Infrared spectra (IR) were 
recorded on a Perkin-Elmer Spectrum One 
FT-IR spectrometer. Melting points were 
determined on a Jevenal polarization 
microscope with a Linkam THMS 600 hot 
stage, and are uncorrected. GC/MS 
measurements were performed on a Shimadzu 
GCMS-QP5000 using a Zebron ZB-5 column. 
Vapor pressure osmometry (VPO) was 
measured in an Osmomat 070 cell unit with an 
Osmomat 070/090 control unit-B. The 
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instrument was operated at 35 °C using 
ethanol-free chloroform as solvent. Calibration 
took place with benzil standards that were 
prepared gravimetrically and the solvent zero 
was periodically checked for instrument drift. 
The samples were also prepared 
gravimetrically. Solution viscosities were 
determined with Schott-Geräte capillary 
Ubbelohde microviscometers with a suspended 
level bulb of different capillary tube diameters 
(type 538/10, K = 0.01, type 538/20, K = 0.1 
and type 538/30, K = 1). The temperature of 
the solution was kept constant at 20 ºC. The 
retention time was measured with a Schott 
AVS 350 apparatus. The solutions were filtered 
over 5 µm filters before measurement. Small 
angle neutron scattering experiments were 
performed using spectrometer PACE of 
Laboratoire León Brillouin (CE-Saclay), 
France. Samples were recorded in CDCl3 and 
toluene-d8 solutions. The temperatures of the 
samples were maintained using a circulating 
temperature bath with an accuracy of 0.5 °C. 
Samples were left sufficient time to obtain an 
equilibrium state. Scattered intensities were 
fitted using a homogeneous cylinder model and 
the interaction between the aggregates was 
neglected maintaining only the form factor of 
cylindrical structures in the scattering cross-
section.  
 
β-Keto ester 3. The synthesis was performed 
according to a literature procedure43 and 
obtained in a yield of 92% as slightly yellow oil. 
The final product is a mixture of ~20% enol 
and ~80% keto (as determined by 1H-NMR).  
1H-NMR (CDCl3): δ =enol: 12.05 (s, 1H, 
(C=O)-CH=(COH)-OCH2), 4.97 (s, 1H, 
(C=O)-CH=(COH), 1.94 (m, 1H, 
(CH2)2CH(C=O)) keto: 4.17 (q, 2H, (C=O)-
O-CH2-CH3), 3.43 (s, 2H, (C=O)-CH2-
(C=O)-O), 2.49 (m, 1H, (CH2)2CH(C=O)), 
1.7-1.2 (m, 18H, O-CH2-CH3 + CH2-CH3), 
0.88 (m, 6H, CH3) ppm. 13C-NMR (CDCl3): δ 
= 206.3, 181.3, 172.7, 167.1, 89.5, 61.1, 59.8, 
53.9, 48.4, 47.5, 32.1, 30.4, 29.5, 29.3, 25.7, 
24.1, 22.7, 22.6, 14.0 (multiple peaks), 11.8, 
11.5 ppm. +99% pure as by GC-MS found 
(M+ = 214, M+H+ = 215 g/mol) calc. (M+ = 
214 g/mol). FT-IR (ATR): 2961, 2934, 2875, 
2862, 1746, 1712, 1646, 1625, 1463, 1422, 1368, 

1304, 1226, 1151, 1095, 1031, 948, 843, 803, 
739. 
 
6-(2-Ethylpentyl) isocytosine 4. β-Keto ester 
3 (50 g, 0.23 mol) in ethanol (400 mL) was 
boiled with guanidinium carbonate (46.31 g, 
0.26 mol) overnight. The resultant clear, yellow 
solution was evaporated in vacuo, and then 400 
mL of CHCl3 was added. The organic layer was 
washed with 2x200 mL of saturated solution of 
NaHCO3, 200 mL of brine and dried by 
addition of Na2SO4. The organic layer was 
reduced to about 75 mL by evaporation and 
this solution was slowly added to pentane (500 
mL) under vigorous stirring and a precipitate is 
formed. The precipitate was filtered off, and 
washed thoroughly with pentane. The resulting 
white powder was obtained in 70 % yield.  
1H-NMR (CDCl3): δ = 7.0 (b, 2H, NH2), 5.63 
(s, 1H, (C=O)-CH=C), 2.23 (m, 1H, 
(CH2)2CHC), 1.58 (m, 4H, CH2), 1.30 (m, 4H, 
CH2), 0.84 (m, 6H, CH3) ppm. 13C-NMR 
(CDCl3): δ = 170.6, 165.5, 156.5, 101.3, 47.0, 
33.1, 29.4, 26.6, 22.5, 13.8, 11.7 ppm. DIP(EI)-
MS: found m/z 209, 194, 166, 153, 138, 125 
g/mol. Mp = 163 oC, FTR-IR (ATR): 3329, 
3152, 2958, 2929, 2873, 2859, 1636, 1463, 1378, 
1225, 1178, 1099, 980, 839, 824 cm-1. 
 
Imidazolide 5. 6-(2-Ethylpentyl) isocytosine 4 
(4 g, 19.14 mmol) and CDI (4.03 g, 24.88 
mmol) were dissolved in 20 mL of CHCl3 and 
this solution was stirred for three hours under 
nitrogen at room temperature. To the reaction 
mixture 50 mL of CHCl3 was added and the 
organic layer was washed with 20 mL water 
followed by 20 mL brine and dried with 
Na2SO4. The organic layer was evaporated in 
vacuo resulting in a light yellow powder in a 
yield of 93%.  
1H-NMR (CDCl3): δ = 8.85 (s, 1H, N-
CH=N), 7.65 (s, 1H, (C=O)N-CH=CH), 
7.07 (s, 1H, (C=O)N-CH=CH), 5.83 (s, 1H, 
(C=O)CH=C), 2.55 (m, 1H, (CH2)2CHC), 
1.75 (m, 4H, CH2), 1.32 (m, 4H, CH2), 0.95 (t, 
3H, CH3), 0.92 (t, 3H, CH3) ppm. 13C-NMR 
(CDCl3): δ = 162.3, 160.3, 157.3, 128.4, 117.3, 
103.7, 45.4, 32.7, 29.2, 26.5, 22.4, 13.8, 11.5 
ppm. DIP(EI)-MS: found m/z 235, 210, 206 
192, 179, 164 153, 138 g/mol. FTR-IR (ATR) ν 
= 3149, 2959, 2932, 2860, 2661, 1916, 1706, 
1691, 1626, 1600, 1466, 1418, 1375, 1311, 1277, 
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1221, 1175, 1092, 1067, 1023, 1004, 989, 952, 
912, 857, 833, 823, 790, 754 cm-1. DIP(EI)-MS: 
found m/z 235, 210, 206 192, 179, 164 153, 138 
g/mol. 
 
4-Methyl-3,5–dinitro-benzoyl chloride 6. 
3,5-Dinitrotoluic acid 6 (5.5 g, 22.90 mmol) 
was added to 20 mL of CH2Cl2 and to this 
suspension oxalylchloride (2.85 mL, 32.52 
mmol) was slowly added, followed by 1 drop of 
DMF. After 1 hour stirring at room 
temperature under nitrogen another drop of 
DMF was added and the mixture was stirred 
until it was clear. The solution was evaporated 
in vacuo resulting in a light yellow powder in a 
yield of 98%.  
1H-NMR (CDCl3): δ = 8.69 (s, 2H, Ar-H), 
2.70 (s, 3H, CH3) ppm. 13C-NMR (CDCl3): δ 
= 162.3, 160.3, 157.3, 128.4, 117.3 103.7, 45.4, 
32.7, 29.2, 26.5, 22.4, 13.8, 11.5 ppm. FTR-IR 
(ATR): ν = 3354, 3092, 1758, 1712, 1622, 
1535, 1343, 1225, 1200, 1098, 989, 905, 831, 
792, 722, 689 cm-1. 
 
4-Methyl-3,5–dinitro-benzoic acid ethyl 
ester 7. 4-Methyl-3,5–dinitro-benzoyl chloride 
6 (3.5 g, 14.31 mmol) was used without further 
purification and was added to 30 mL of EtOH 
and the slightly yellow solution was refluxed 
for 1.5 hours under nitrogen. The reaction 
mixture was cooled to room temperature and a 
crystalline product was obtained, after filtration 
and washing with cold EtOH. The filtrate was 
concentrated in vacuo and cooled at 0oC. Again 
the product was obtained as a crystalline solid 
after filtration and washing with cold EtOH. 
The two crystalline fractions resulted in a yield 
of 87%.  
1H-NMR (CDCl3): δ = 8.60 (s, 2H, Ar-H), 
4.47 (q, 2H, J = 7.2 Hz, (C=O)-O-CH2), 2.64 
(s, 3H, Ar-CH3), 1.45 (t, 3H, 2H, J =7.0 Hz, 
(C=O)-O-CH2-CH3) ppm. 13C-NMR 
(CDCl3): δ = 162.6, 151.6, 131.4, 130.7, 127.9, 
62.7, 15.2, 14.2 ppm. +99% pure as by GC-MS 
found (M+ = 254 g/mol) calc. (M+ = 254 
g/mol). Elemental analysis: C20H28N4O2 
(254.20) calculated: C, 47.25 H, 3.97 N, 11.02 
found: C, 47.30 H, 3.84 N, 10.95. Mp = 74 oC, 
FTR-IR (ATR): ν = 3087, 3070, 2988, 2939, 
1718, 1623, 1528, 1476, 1453, 1398, 1365, 1351, 
1303, 1284, 1210, 1168, 1117, 1019, 933, 907, 
869, 795, 776, 744, 723 cm-1. 

 
3,5-Diamino-4-methyl benzoic acid ethyl 
ester 8. The synthesis was performed 
according to a literature procedure45 and 
obtained in a yield of 98% as light brown solid.  
1H-NMR (CDCl3): δ = 6.85 (s, 2H, Ar-H), 
4.34 (q, 2H, J = 5.4 Hz, (C=O)-O-CH2), 3.62 
(s, 4H, Ar-NH2), 1.98 (s, 3H, Ar-CH3), 1.35 (t, 
3H, J = 4.7 Hz, (C=O)-O-CH2-CH3) ppm. 
13C-NMR (CDCl3): δ = 166.8, 145.0, 128.8, 
111.8, 107.4, 60.5, 14.2, 10.5 ppm. Mp = 147 
oC, FTR-IR (ATR): ν = 3367, 3238, 2980, 
1702, 1624, 1584, 1432, 1394, 1369, 1345, 1242, 
1204, 1160, 1024, 863, 772 cm-1. 
 
N-butyl-4-methyl-3,5–dinitro-benzamide 
9. 4-Methyl-3,5–dinitro-benzoyl chloride 6 
(0.2 g, 0.82 mmol) was used without further 
purification and was added to 3 mL of CHCl3. 
A solution of butylamine (0.12 g, 1.64 mmol) 
and Et3N (0.08 g, 0.82 mmol) in 2 mL CHCl3 
was slowly added, and this mixture was stirred 
for 3 hours at room temperature under 
nitrogen. The reaction mixture was washed 
with 1 N HCL and saturated NaHCO3 
solution. The organic layer was dried with 
Na2SO4, followed by in vacuo removal of 
CHCl3. The remaining solid was recrystallized 
from diisopropylether, which yielded a 
crystalline product in a yield of 84%.  
1H-NMR (CDCl3): δ = 8.42 (s, 2H, Ar-H), 
6.71 (b, 1H, C=O-NH), 3.51 (q, 2H, J = 6.8 
Hz, (C=O)-NH-CH2), 2.63 (s, 3H, Ar-CH3), 
1.64 (quintet, 2H, J = 5.6 Hz, NH-CH2-CH2), 
1.45 (sextet, 2H, J = 7.5 Hz, NH-CH2-CH2-
CH2), 0.99 (t, 3H, J = 7.6 Hz, NH-CH2-CH2- 
CH2-CH3) ppm. 13C-NMR (CDCl3): δ = 
162.9, 151.6, 134.6, 130.0, 125.8, 40.4, 31.5, 
20.1, 15.1, 13.7 ppm. +99% pure as by GC-MS 
found (M+ = 281 g/mol) calc. (M+ = 281 
g/mol). Elemental analysis: C20H28N4O2 
(281.27) calculated: C, 51.23 H, 5.34 N, 14.94 
found: C, 51.37 H, 5.28 N, 15.08. Mp = 119-
120oC, FTR-IR (ATR): ν = 3296, 3085, 3068, 
2962, 2930, 2860, 1640, 1531, 1471, 1436, 1397, 
1386, 1367, 1342, 1329, 1310, 1292, 1220, 1204, 
905, 797, 746, 721, 702, 686, 668 cm-1. 
 
3,5-diamino-4-methyl benzoic acid butyl 
amide 10. The synthesis was performed  
according to a literature procedure45 and 
obtained in a yield of 98% as light purple solid.  
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1H-NMR (CDCl3): δ = 6.58 (s, 2H, Ar-H), 
6.00 (s, 1H, NH-(C=O)), 3.67 (s, 4H, Ar-
NH2), 3.43 (m, 2H, (C=O)-NH-CH2), 2.01 
(s, 3H, Ar-CH3), 1.59 (q, 2H, (C=O)-NH-
CH2-CH2), 1.40 (sextet, 2H, -CH2-CH2-CH2), 
0.97 (t, 3H, -CH2-CH2-CH3) ppm. 13C-NMR 
(CDCl3): δ = 168.0, 145.4, 133.7, 110.1, 104.9, 
104.2, 100.2, 39.6, 31.8, 20.2, 15.0, 13.8 ppm. 
Mp = 144-147 oC, FTR-IR (ATR): ν =: 3456, 
3376, 3306, 3208, 3068, 2961, 2926, 2857, 1623, 
1574, 1547, 1506, 1466, 1445, 1434, 1421, 1376, 
1350, 1138, 1297, 1288, 1257 1224, 1158, 1073, 
974, 883, 791, 759, 694 cm-1. 
 
Bi-functional ureidopyrimidinone 1. 
Imidazolide 5 (5.62 g, 18.56 mmol) and 3,5-
diamino-4-methyl benzoic ethyl ester 8 (1.51 g, 
7.73 mmol) were dissolved in 20 mL of CHCl3 
and this solution was stirred for three hours 
under nitrogen at 50 oC. To the reaction 
mixture 50 mL of CHCl3 was added and the 
organic layer was washed with 20 mL 1N HCl 
followed by 20 mL brine and dried with 
Na2SO4. The organic layer was reduced to 
about 10 mL by evaporation in vacuo. This 
concentrated solution was slowly added to 50 
mL of MeOH under vigorous stirring, which 
resulted in a precipitate. The precipitate was 
filtered off, and washed thoroughly with 
MeOH. The resulting white powder was 
obtained in an 88 % yield. 
1H-NMR (CDCl3): δ = 13.11 (s, 2H, NH-
C=N), 12.55 (s, 2H, C-NH (C=O)NH-Ar), 
12.00 (s, 2H, C-NH(C=O)NH-Ar), 8.02 (s, 
2H, Ar-H), 5.89 (s, 2H, (C=O)CH=C), 4.41 
(q, 2H, (C=O)-O-CH2), 2.47 (s, 3H, (Ar-
CH3), 2.35 (m, 2H, (CH2)2CHC), 1.7-1.6 (m, 
8H, CH2), 1.40 (t, 3H, O-CH2-CH3), 1.36-1.27 
(m, 8H, CH2), 0.93 (m, 12H, CH3) ppm. 13C-
NMR (CDCl3): δ = 168.9, 161.5, 152.9, 152.3, 
134.8, 132.3, 132.0, 122.4, 105.4, 45.8, 40.9, 
32.6, 30.9, 29.1, 26.4, 22.3, 19.9, 13.6, 13.5, 
12.4, 11.2 ppm. ESI-MS: found M+H+ = 
665.31 g/mol calc. M+ = 664.37 g/mol. 
Elemental analysis: C34H48N8O6 (664.37) 
calculated: C, 61.41 H, 7.22 N, 16.86 found: C, 
60.75 H, 6.85 N, 61.62. Mp = 186 oC, FTR-IR 
(ATR): ν = 2958, 2931, 2872, 1721, 1700, 
1644, 1563, 1555, 1520, 1482, 1367, 1327, 1304, 
1247, 1215, 1106, 1014, 957, 849, 764 cm-1. 
 

Bi-functional ureidopyrimidinone 2. 
Imidazolide 5 (0.55 g, 0.82 mmol) and 3,5-
diamino-4-methyl benzoic butyl amide 10 
(0.181 g, 1.80 mmol) were dissolved in 10 mL 
of CHCl3 and this solution was stirred for three 
hours under nitrogen at 50 oC. To the reaction 
mixture 50 mL of CHCl3 was added and the 
organic layer was washed with 20 mL 1N HCl 
followed by 20 mL brine and dried with 
Na2SO4. The organic layer was reduced to 
about 5 mL by evaporation in vacuo. This 
concentrated solution was slowly added to 30 
mL of MeOH under vigorous stirring, which 
resulted in a precipitate. The precipitate was 
filtered off, and washed thoroughly with 
MeOH. The resulting white powder was 
obtained in an 65 % yield.  
1H-NMR (CDCl3): δ = 13.08 (s, 2H, NH-
C=N), 12.53 (s, 2H, C-NH (C=O)NH-Ar), 
12.00 (s, 2H, C-NH(C=O)NH-Ar), 7.74 (s, 
2H, Ar-H), 6.32 (s, 1H, NH(C=O)) 5.84 (s, 
2H, (C=O)CH=C), 3.41 (m, 2H, (C=O)-
NH-CH2), 2.40 (m, 3H, (Ar-CH3), 2.31 (m, 
2H, (CH2)2CHC), 1.72-1.48 (m, 10H, CH2), 
1.44-1.36 (m, 2H, CH2), 1.35-1.18 (m, 8H, 
CH2) 0.93 (m, 15H, CH3) ppm. 13C-NMR 
(CDCl3): δ = 168.9, 161.5, 152.9, 152.3, 134.8, 
132.3, 132.0, 122.4, 105.4, 45.8, 40.9, 32.6, 30.9, 
29.1, 26.4, 22.3, 19.9, 13.6, 13.5, 12.4, 11.2 
ppm. MALDI-TOF-MS: found (M+H+ = 
692.2, M+Na+ = 714.2 g/mol) calc. (M+ = 
691.4 g/mol) ). Elemental analysis: C36H53N9O5 
(691.42) calculated: C, 62.1 H, 8.3 N, 18.1 
found: C, 61.2 H, 7.6 N, 17.8. Mp = 196 oC, 
FTR-IR (ATR): ν = 2957, 2929, 2871, 1687, 
1650, 1563, 1519, 1462, 1331, 1303, 1243, 1224, 
1146, 1016, 956, 849, 765 cm-1. 
 
Bi-functional ureidopyrimidinone 11. 
Imidazolide 5 (3.33 g, 11.0 mmol) and 1,4-
diaminophenylene (0.91 g, 8.46 mmol) were 
dissolved in 20 mL of CHCl3 and this solution 
was stirred for three hours under nitrogen at  
50 oC. A precipitate formed, which was filtered 
off and washed thoroughly with CHCl3 and 
MeOH. The resulting white powder was 
obtained in a 70 % yield. 
 1H-NMR (CDCl3 + TFA): δ = 8.63 (s, 2H, 
ring(NH)), 7.49 (s, 4H, ArH), 6.36 (s, 2H, 
(C=O)CH=C), 2.63 (m, 2H, (CH2)2CHC), 
1.85-1.62 (m, 8H, CH2), 1.35-1.26 (m, 8H, 
CH2), 0.98 (t, 6H, CH3), 0.92 (t, 6H, CH3) 
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ppm. 13C-NMR (CDCl3 + TFA): δ = 162.2, 
151.9, 132.8, 122.5, 105.7, 46.0, 32.6, 29.0, 26.4, 
22.2, 13.2, 10.9 ppm. FTR-IR (ATR): ν = 
2958, 2927, 2860, 1698, 1648, 1574, 1501, 1445, 
1409, 1317, 1229, 1218, 1123, 1013, 955, 843, 
765, 741 cm-1. 
 
Mono-functional ureidopyrimidinone 12. 
Imidazolide 5 (1.04 g, 3.44 mmol) and 2,5-
dimethylaniline (0.5 g, 4.13 mmol) were 
dissolved in 10 mL of CHCl3 and this solution 
was stirred for three hours under nitrogen at 50 
oC. To the reaction mixture 50 mL of CHCl3 
was added and the organic layer was washed 
with 20 mL 1N HCl followed by 20 mL brine 
and dried with Na2SO4. The organic layer was 
reduced to about 5 mL by evaporation in vacuo. 
This concentrated solution was slowly added to 
30 mL of MeOH under vigorous stirring, 
which resulted in a precipitate. The precipitate 
was filtered off, and washed thoroughly with 
MeOH. The resulting white powder was 
obtained in a 78 % yield.  
1H-NMR (CDCl3): δ = 13.18 (s, 1H, NH-
C=N), 12.47 (s, 1H, C-NH (C=O)NH-Ar), 
11.81 (s, 1H, C-NH(C=O)NH-Ar), 7.17 
(s+d, 2H, Ar-H), 7.15 (d, 1H, Ar-H) 5.88 (s, 
1H, (C=O)CH=C), 2.36 (m, 7H, (Ar-CH3 + 
(CH2)2CHC), 1.72-1.54 (m, 4H, CH2), 1.34-
1.23 (m, 4H, CH2), 0.90 (m, 6H, CH3) ppm. 
13C-NMR (CDCl3): δ = 173.0, 155.6, 154.8, 
135.9, 134.2, 131.3, 130.5, 127.6, 127.3, 106.3, 
45.3, 32.7, 29.2, 26.4, 22.3, 20.8, 17.6, 13.8, 11.6 
ppm. MALDI-TOF-MS: found (M+H+ = 
357.15, M+Na+ = 379.14 g/mol) calc. (M+ = 
356 g/mol). Elemental analysis: C20H28N4O2 
(356.47) calculated: C, 67.39 H, 7.92 N, 15.72 
found: C, 67.29 H, 7.86 N, 15.75. Mp = 178 
oC, FTR-IR (ATR): ν = 3029, 2959, 2927, 
2860, 2785, 2593, 1670, 1611, 1591, 1556, 1439, 
1388, 1319, 1281, 1261, 1222, 1187, 1009, 992, 
886, 845, 795, 743, 704 cm-1. 
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7 Multi-component materials based on rigid bi-functional 
ureidopyrimidinones 

Abstract 

An approach is discussed towards materials with an ordered morphology by making use of well-defined 

structures as scaffolds. A bulky apolar PEB side group was attached to the rigid bi-functional 

ureidopyrimidinone group, which showed to have a pronounced influence on the aggregation behaviour of 

PEB-MP-(UPy)2 1. Viscosity and diffusion measurements complemented with preliminary light 

scattering measurements show for PEB-MP-(UPy)2 1 in toluene two concentration regions. The 

aggregates in the low concentration region (0.001 to 1 mM) are quite mono-disperse semi-flexible 

structures with a hydrodynamic radius Rh of 31 nm. Around 4 mM the structures start to interact with 

each other and ~4 mM could be assign as the c*. Due to size of the PEB side group the zigzag polymer 

is the most likely structure of the aggregates of 1, but further measurements are needed to confirm the 

internal structure of the aggregates formed by PEB-MP-(UPy)2 1 in these two concentration regions.  

An exploratory study of reversible binding of a substrate on a resin for use in solid phase organic synthesis 

is reported. Functionalization of a highly cross linked resin with rigid bi-functional UPy groups with a 

meta-phenylene group as a linker shows promising binding properties of UPy functionalized guests. 

Gravimetrically it was determined that resin 3 is able to bind bi-functional guest 6 up to 86 % and 

mono-functional guest 5 up to 64 % out of a chloroform solution at a fourfold excess of resin 3. The time 

needed to reach the maximum binding is for guest 6 around 30 min while for guest 5 it is only 10 min.  



Chapter 7 

7.1 Cylindrical aggregates as scaffolds 

7.1.1 Introduction 

Block copolymers phase separate on a 

micro-scale due to the repulsion between the 

chemically connected blocks into a range of 

morphologies like lamellae, cylinders, and 

spheres.1 Non-covalent interactions can be 

applied in order to obtain novel morphologies 

and to gain control over the architectures of 

these morphologies as was shown by several 

groups.2-4 Ikkala and ten Brinke5-9 reported the 

hierarchical formation of structure-within-

structure morphologies through self-assembly 

of nonadecylphenol to a polystyrene-poly(4-

vinylpyridine) block copolymer via hydrogen 

bonding. Rod-coil block copolymers10,11 self-

assemble into materials with ordered 

morphologies like micro-porous materials,12-14 

ribbons,15-17 and ‘mushrooms’.11,18-20 

Another approach to obtain ordered 

materials is by making use of well-defined 

structures as scaffolds. As was recently shown 

by Höger et al.21 who used coil-ring-coil 

copolymers in which random-coil polymers are 

connected to a rigid phenylene-acetylene 

macro-cycle to form hollow cylindrical 

brushes. In our group Ky Hirschberg22,23 used 

this approach to form supramolecular block 

copolymers consisting of helical columns of bi-

functional ureidotriazine dimers and 

poly(ethylene-butylene) which was either 

mono- or bi-functionalized with ureidotriazine 

units. In chapter 6 the well-defined cylindrical 

structure formed by the hierarchical self-

assembly of a bi-functional UPy with a meta-

substituted phenyl ring as a linker is described. 

The defined architecture of the one-

dimensional aggregate could serve as a scaffold 

for the formation of a block co-polymer with a 

controlled morphology. As shown in chapter 3 

the synthetic methodology of blocked 

isocytosine isocyanates allows for the 

functionalization of hydroxy terminated 

polyethylene-butylenes (PEB-OH) with a bi-

functional ureidopyrimidinone unit linked via a 

meta-substituted phenyl group to form PEB-

MP-(UPy)2 1 (figure 7.1). By attaching a bulky 

apolar PEB side group to the rigid bi-functional 

ureidopyrimidinone group, a pronounced 

influence on the aggregation behavior of PEB-

MP-(UPy)2 1 is expected. Due to the apolarity 

and slow dynamics of the bulky side group, the 

aggregation will be enhanced. However, it is 

difficult to predict the effects of attaching the 

bulky PEB group in detail, because the size of 

the side group may prevent the system from 

forming a hexamer and force it to form a 

hydrogen-bonded polymer instead.  
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Figure 7.1. Schematic representation of possible aggregates formed by PEB-MP-(UPy)2 1. 

7.1.2 1H-NMR spectroscopy 

The simple 1H-NMR spectrum (figure 7.2) 

in CDCl3 of 1 is similar to that found for 2 (see 

also chapter 6). The spectrum at 10 mM of 1 at 

25 oC clearly shows single peaks for the 

hydrogen-bonded protons H1, H2, and H3 in 

the low field region (12-13 ppm). The 

alkylidene proton H5 and the aromatic proton 

H4 give single peaks at 5.85, and 8.02 ppm, 

respectively. Considering that the exchange of 

the hydrogen-bonded dimers is slow on the 

NMR timescale (lifetime 120 ms in CHCl3)24, 

the presence of only one set of signals shows 

that all of the molecules of 1 are part of a single 

population in which the protons are in the 

same (chemical) environment. Furthermore, 

the integrals showed that the ratio between the 

protons H6 of the CH2 next to the ester and 

the alkylidene protons H5 was 1 to 1, 

confirming that two UPy groups are attached 

to the PEB-OH (figure 7.2).  

101 



Chapter 7 

12 10 8 6 4

ppm

N
H1

ON

N

O

NH3

H2

NH
O

N N ON
H H

O
O

R

H4 H H5

H

H6

(1) R= PEB
(2) R= methyl

2

1
H1 H2 H3

H4 H5

H6

 

Figure 7.2. 1H-NMR-spectra (4-13.5 ppm) of (1) and (2) at 10 mM in CDCl3 at 25 oC. 

7.1.3 1H-NMR diffusion measurements 

As shown in chapter 6 diffusion ordered 1H-

NMR spectroscopy (DOSY) can be employed 

for the characterization of supramolecular 

aggregates and has been shown to give useful 

information about the size of the aggregates. 

Thus, 1H-NMR diffusion measurements were 

performed on solutions of 1 and 2 and toluene-

d8 at different concentrations (figure 7.3). For 

the 1H-NMR diffusion measurements the 

aromatic and the alkylidene protons of 1 and 2 

were observed and calibrated by the diffusion 

coefficient of toluene-d8.  
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Figure 7.3. Concentration dependent diffusion 1H-NMR measurements of 1 and 2 in toluene-d8 at room 

temperature. Best fits are shown for 1 (—) and 2 (---). 
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Two concentration regimes can be 

distinguished for 1 in a double logarithmic plot 

of the relative diffusion coefficient versus the 

concentration. In the high concentration region 

>0.02 g/mL (~4 mM) the relative diffusion 

coefficient decreases with an exponent αD =  

-1.90, while below these concentrations the 

relative diffusion coefficient hardly decreases 

with an exponent of αD = -0.15. The exponent 

of αD = -0.15 at low concentrations of 1 is 

small compared to the exponent αD = -0.40 

found for 2 (chapter 6). When the diffusion 

coefficients of 1 and 2 are compared, it is clear 

that for all concentrations the diffusion 

coefficients of 1 is almost a decade lower 

compared to 2, which shows that in toluene the 

aggregates of 1 are much larger than those of 2 

over the entire concentration range.  

7.1.4 Specific viscosity measurements 

The specific viscosity (ηsp) of a solution is 

influenced by the concentration, shape and 

dimensions of the solute, thus it can be used to 

get information about the aggregation behavior 

of 1 in solution. The double logarithmic plot 

(figure 7.4) of ηsp versus the concentration of 1 

shows two concentration regions for 1 as was 

also observed with the 1H-NMR diffusion 

measurements. For the low concentration 

region < 0.03 g/mL (~7 mM) an exponent αη 

= 1.14 was found, while for the high 

concentration region the exponent is αη = 

2.76. In the high concentration region the 

exponent αη = 2.76 of 1 is higher compared to 

the exponent αη = 1.76 found for 2, but is 

lower compared to the exponent αη > 3.5 

found for hydrogen bonded random coil 

supramolecular polymers25 above c*.  
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Figure 7.4. The specific viscosity (ηsp) of 1 and 2 at different concentrations (g/mL) in toluene at 20 oC, with best 

fits for 1 (––)and 2 (---). 
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7.1.5 Dynamic Light Scattering (DLS) 

Preliminary dynamic light scattering (DLS) 

measurements were performed to gain more 

insight in the aggregation behavior of PEB-

MP-(UPy)2 1. The DLS measurements were 

performed on solutions of PEB-MP-(UPy)2 1 

in toluene at room temperature. In figure 7.5 

the concentration dependent diffusion 

coefficients of the light scattering 

measurements are shown together with the 

data from 1H-NMR diffusion measurements. 

The diffusion coefficients measured with DLS 

correspond well with the 1H-NMR diffusion 

coefficients and provide complementary data at 

low and high concentrations. The 

concentration dependent diffusion coefficient 

shows two concentration regions. A low 

concentration region between 0.001 and 1 mM 

(4.5x10-6 – 4.5x10-3 g/mL) the diffusion 

coefficient and the intensity do not change and 

quite mono-disperse structures were observed, 

while above 1 mM the diffusion coefficient 

decreases rapidly with an exponent -3. In the 

low concentration region (0.001 – 1 mM) the 

in scattering intensity increases linearly with 

the concentration (see figure 7.6A and B), 

while the intensity divided by the 

concentration (I / c) versus the concentration 

remains constant in his region. This indicates 

that in the low concentration region not the 

size of the aggregates, but the number of 

aggregates increases with the concentration, 

which is in agreement with the results of the 

diffusion measurements. Above 0.02-0.03 g/mL 

the scattering intensity and I / c decrease rapidly 

with the increase in concentration, confirming 

the diffusion and viscosity measurements.  
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Figure 7.5. The concentration dependent diffusion coefficient measured by DLS and 1H-NMR of PEB-MP-

(UPy)2 1 in toluene.  
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Figure 7.6. DLS measurements of PEB-MP-(UPy)2 1 in toluene; A. The reduced concentration dependent 

scattering intensity; B. The scattering intensity divided by concentration versus concentration. 

7.1.6 Small angle neutron scattering  

To study the aggregates of 1 in further 

detail, SANS measurements were performed 

on solutions of 1 of different concentration in 

toluene-d8 (figure 7.7A). For 1 in toluene, the 

plot of the scattering vector Q against the 

scattering intensity is a combination of a linear 

part with a slope of -1 (0.07<Q<0.2 Å-1) which 

is indicative for the presence of locally 

cylindrical aggregates and a part with slope of  

–2 (0.03<Q<0.07 Å-1) indicating a more 

flexible structure. The forward scattering that is 

the I(Q) when Q approaches zero, which is a 

measure for the size of the structures, is much 

larger for 1 compared to 2, confirming the 1H-

NMR-diffusion measurements, which also 

showed that 1 forms much larger aggregates in 

toluene than 2. 
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Figure 7.7. A. SANS data for 10 mM solutions of 1 ( ) and 2 ( ) in toluene-d8 at room temperature; B. 

SANS data for different concentrations of 1 in toluene-d8 at room temperature. 
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The shape of the scattering data for 1, 5, and 

10 mM of 1 in toluene-d8 do not differ 

significantly, showing that for these 

concentrations the structures remain the same 

(figure 7.7B). Only the scattering intensity at 

low Q values drops with the increase in 

concentration from 1 to 10 mM, which is 

indicative for an increase in interactions 

between the structures.  

7.1.7 Discussion & conclusions 

The viscosity and diffusion measurements 

complemented with the preliminary light 

scattering measurements show for PEB-MP-

(UPy)2 1 in toluene two concentration regions. 

In the low concentration region ranging from 

0.001 to 1 mM the intensity of the light 

scattering divided by the concentration (I / c) 

and the diffusion coefficient do not change, 

indicating that the size of the structures does 

not change. The increase in concentration only 

leads to an increase in the number of structures 

instead, resulting in quite mono-disperse 

structures. The formation of mono-disperse 

structures has also been observed by several 

groups for systems with long polymer side 

chains in graft copolymers26 and dendronized 

polymers.27,28 The relatively large volume of the 

polymer side chain and the limited volume 

available near the backbone of the structure 

obscure at a certain length of the backbone the 

end-groups due to steric hindrance of polymer 

side chains that fold over the end-groups. The 

shape of the SANS data at 1 mM indicates that 

the mono-disperse structures have a semi-

flexible structure (Kuhn length 12 nm). The 

hydrodynamic radius Rh at 1 mM was 

calculated with the Stokes-Einstein equation 

assuming a spherical structure to be ~31 nm. 

That indeed large structures are formed by 1 in 

toluene is confirmed by the high forward 

scattering in the SANS measurements and the 

low diffusion coefficient compared to 2 under 

the same circumstances. Therefore, it is certain 

that the structures present in the low 

concentration region (0.001 – 1 mM) are not 

hexameric cycles, but are either a stack of 

hexameric cycles or a zigzag polymer. When 

the relative large volume of the PEB side chain 

is considered, the radius of gyration of the PEB 

side chain is estimated to be Rg = 2.2 nm, it is 

clear that in case of the zigzag polymer more 

volume close to the backbone is available 

compared to the hexameric stack (see figure 

7.8). In a hexameric stack the distance between 

two disks has to be 3.5 to 4 Å in order to make 

π-π interactions possible, while in the zigzag 

polymer the available distance between adjacent 

side chains is 1.2 nm. Thus, the formation of 

the zigzag polymer is energetically far more 

likely, because the PEB side chains hardly have 

to stretch out in case of zigzag polymers 

compared to the stack of hexameric cycles. But 

further modeling, is needed to confirm the 

internal structure of the aggregates formed by 

PEB-MP-(UPy)2 1 in this concentration 

region. Above 1 mM the diffusion coefficient 

and the scattering intensity in the DLS and 

SANS measurements decrease with the 

increase of the concentration. Furthermore, at 
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increased concentrations above 0.03 g/mL the 

viscosity increases with the concentration to the 

power 2.76 strongly suggesting that around 4 

mM (0.02-3 g/mL) the structures start to 

interact, resulting in an estimate of 4 mM as 

the overlap concentration c*. The scattering 

data of the SANS measurements at 1, 5 and 10 

mM have the same shape thus indicating that 

the structure of 1 at these concentrations 

remain the same.  
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Figure 7.8. Possible architectures and estimated dimensions of PEB-MP-(UPy)2 1. 

7.2 Solid phase organic 
synthesis  

7.2.1 Introduction 

Solid phase organic synthesis is widely used 

for the synthesis of peptides, because of easy 

purification and the possibility of automation 

of synthesis. Among the disadvantages are the 

difficulty in characterization of the products, 

due to the chemical cleavage of the products 

from the solid support and the difficulty of 

chemistry on surfaces compared to solution 

chemistry. For this purpose reversible, 

supramolecular binding to a solid support 

would be advantageous, because the synthesis 

and characterization can take place in solution, 

while the product can be bound to a resin by 

changing the solvent or temperature afterwards 

(see figure 7.9).  
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Figure 7.9. Schematic representation of supramolecular solid phase organic synthesis. 

Recently, Fukase et al.29,30 reported the affinity 

purification of synthetic compounds based on 

the molecular recognition of the Hamilton’s 

receptor.31 

7.2.2 Ureidopyrimidinone functionalized 
resins and guests. 

The solid carrier used in the experiments is 

a highly cross-linked amine functionalized 

polystyrene manufactured by Argonaut 

Technologies®. The resin has a rigid 

macrostructure and therefore quickly absorbs 

solvent and has approximately the same volume 

in a range of solvents. The amines of the 

functionalized resin are homogeneously 

distributed inside the resin beads with 

approximately 14% of the sites on the outer 

surface.32 The ArgoPore™ resin is loaded with 

0.28 mmol amine per gram of resin. One gram 

of resin has a surface area of 650 m2 per gram of 

resin. This implies an average area per binding 

site on the resin of approximately 4 nm2 and an 

average distance between binding sites of 

approximately 2 nm. The solvated resin has a 

volume of approximately 4.5 mL. This results 

in a density of approximately one binding site 

per 27 nm3 and an average distance between 

binding sites of 3 nm. The binding sites should 

be sufficiently isolated as long as the resin 

matrix is not too flexible. The functionalization 

of the ArgoPore™ resin 3 (see figure 7.10) with 

the meta-phenylene spacer is described in 

chapter 3, while the directly functionalized 

resin 4 can be prepared via the imidazolide of 

1-ethylpentylisocytosine. The synthesis of the 

guest 2 and 5 is described in chapters 3 and 6 

respectively and guest 6 is prepared via the 

imidazolide of tridecyl-isocytosine. Binding 

experiments with mono-functional resin & 

guest  
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Figure 7.10. Bi-functional resin 3, mono-functional resin 4; mono-functional guest 5 & 6 and bi-functional 

guest 2. 

The binding efficiency of a mono-

functional guest 6 to a mono-functional resin 4 

was studied with UV-VIS spectroscopy in a 

titration experiment. A range of solutions with 

increasing concentrations of guest 6 in toluene 

were prepared. Equal volumes of these 

solutions were added to constant amounts of 

resin 4. After addition to the resin the 

suspension was agitated for 45 minutes. The 

UV absorption of the solutions with and 

without the resin was determined. The 

percentage of occupied binding sites was 

determined using the decrease in absorption of 

guest 7, and the functionalization of resin 4, as 

determined by elemental analysis (0.23 mmol 

g–1). As a reference experiment a solution of 

guest 6 was added to non-functionalized 

ArgoPore™ and the UV- absorption of the 

solution was measured after agitation for 45 

min and the UV- absorption did not show any 

substantial decrease. This confirms that no 

aspecific binding of guest 7 to the resin occurs. 

The binding isotherm (figure 7.11A) shows 

that only 8% of the mono-functional 

ureidopyrimidinone molecules present on the 

resin are available for binding. This results in 

an effective functionalization of resin 4 of 0.018 

mmol g–1. 
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Figure 7.11. A. Binding sites occupation of guest 6 to resin 4 ( ) in toluene and binding of guest 2 to resin 3 

( ) in chloroform; in total approximately 1.2 equivalents of guest are added; the resin concentration was 0.11 

mM; B. The relative decrease of guest 6 ( ) and guest 2 ( ) in solution as a function of the equivalents of resin 4 

and 3, respectively; the lines serve to guide the eye. 

Furthermore, even at a very high excess  

> 15 eq. of resin 4 only a maximum of about 

30 % of the mono-functional guest 6 is 

associated to the resin 4, see figure 7.11B. The 

low functionalization of the resin may be the 

result of dimerization of the ureido-

pyrimidinone binding sites on the resin. 

Dimers of ureidopyrimidinone molecules 

covalently bound to the resin are not available 

for the binding of dissolved guest, thus 

lowering the quality of the binding sites and 

the effective functionalization. The binding of 

dissolved ureidopyrimidinone to a binding site 

is then entropically unfavorable. Dimerization 

of the binding sites eliminates the gain in 

enthalpy that is the driving force of association 

to the dissolved guest to a free binding site. 

7.2.3 Rigid bi-functional resin 

To avoid the self-association of the UPy 

units on the resin, a bi-functional 

ureidopyrimidinone unit with a m-phenyl 

spacer is attached to the resin as depicted in 

figure 7.10. Due to the rigidity of this phenyl 

spacer it is expected that the self association on 

the resin will be less, and the binding of the 

guest will increase. A titration experiment was 

performed to compare the bi-functional guest 2 

and resin 3 to the mono-functional guest 6 and 

resin 4 (see figure 7.10). A range of solutions 

with increasing concentrations of guest 2 in 

chloroform were prepared. Equal volumes of 

these solutions were added to constant 

amounts of resin 3. After addition to the resin 

the suspension was agitated for 720 minutes. 

The binding isotherm (figure 7.11A) shows 

that about 40% of the ureidopyrimidinone 

molecules present on the resin are available for 

binding, which is more than in case of the 

mono-functional resin 4, but it takes a long 

time (720 min) to reach an occupancy of 

binding sites of 40 %. Figure 7.11B shows that 
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Multi-component materials based on rigid bi-functional UPy’s 

a sevenfold excess of resin 3 to guest 2 is able to 

bind almost 90 % of guest 2 after 720 min, 

while mono-functional resin 4 is not able to 

bind more than 35 % even at very large excess 

(20 fold).  

The low starting concentration 10-4 – 10-5 M 

of guest 2 could be an explanation for the slow 

binding and the high excess of resin 3 needed 

to achieve high binding of guest 6. This low 

starting concentration was used, because it 

allows direct measurement of the amount of 

guest 6 in solution by UV spectroscopy. 

Therefore, the same binding experiments were 

performed again, but at higher starting 

concentrations (~10-2 M) and with more resin 

~0.5 g. Larger amounts of guest and resin 

allow to determine the binding efficiency with 

UV-VIS spectroscopy and gravimetrically. In 

the experiments mono-functional guest 5 and 

bi-functional guest 2 were added to resin 3 in a 

ratio of 1:4 guest to resin in chloroform. Note 

that, in case of the mono-functional guest 5 the 

ratio UPy groups on guest to resin is 1:8. The 

binding rate was followed with UV-

spectroscopy by taking samples at different 

time intervals (figure 7.12). The UV 

measurements show that for both guests 5 and 

2 the binding is fast. In case of guest 2 the UV 

absorption hardly changes after 30 min and for 

guest 5 the UV absorption does not change 

after 10 min. When the initial UV absorption is 

compared to UV absorption after it stays 

constant, the maximum amount of bound 

guest can be calculated. Bi-functional guest 2 

was bound for 78 % to resin 3 and mono-

functional guest 5 was bound for 47% to the 

same resin.  
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Figure 7.12. UV absorption of 5 ( ) and 2 ( ) followed in time (min) in chloroform; the inset shows the 

decrease of UV absorption in time for guest 2 in chloroform. 
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For the gravimetric measurements resin 3 

was filtered off after 60 min. The first filtrate 

(filtrate I) was kept apart and resin 3 was 

washed twice with chloroform to remove 

physisorped guest form the resin (filtrate II) 

(earlier binding experiments with UPy guests 

and not functionalized resin did not show any 

binding). Filtrates I and II were evaporated and 

the dry mass was determined (see table 7.1). To 

recover bound guest 5 or 2 from the resin, a 

mixture of 1:1 THF/MeOH was added to the 

resin and this mixture was shaken for 1 hour. 

After which resin 3 was filtered off and washed 

3 times with 1:1 THF/MeOH. This filtrate was 

evaporated and the dry mass (recovered mass) 

was determined (table 7.1). 

Table 7.1. Gravimetric results for guests 5 and 2; all 

masses are in mg. 

 Guest 5 Guest 2 
Mass original  31.8 18.1 

Mass filtrate I 3.6 5.9 

Mass filtrate II 0.8 0.6 

Mass recovered 27.4 12.2 

Total filtr+recovered 31.8 18.7 

 

From the gravimetric experiments it is clear 

that guest 2 was bound for 86 % (calculated 

from filtrates I and II) and guest 5 for 64 %. 

The total mass from the filtrates I, II, and 

recovered mass is in good agreement with the 

starting mass showing that the 1:1 

THF/MeOH mixture is good solvent to wash 

all the bound guest off the resin, which makes 

it possible to use the resin again. The low mass 

of filtrate II for both guests 5 and 2 shows that 

only a small amount of guest is bound non-

specifically to resin 3. 

7.2.4 Conclusions & discussion 

The low binding of mono-functional guests 

to mono-functional resin may be the result of 

dimerization of the ureidopyrimidinone 

binding sites on the resin. The binding of 

mono-functional guests was improved by using 

a resin, which is functionalized with bi-

functional UPy’s with a rigid meta-phenylene 

linker. The bi-functional resin 3 is able to bind 

bi-functional guest 2 up to 86 % and mono-

functional guest 5 up to 64 % out of a 

chloroform solution at a fourfold excess of 

resin 3. The time needed to reach the 

maximum binding is for guest 2 around 30 min 

while for guest 5 it is only 10 min. Due to the 

increase in starting concentration of guest 2 and 

5 from 2x10-4 to 10-2 M, less time is needed to 

reach maximum binding (30 min instead of 720 

min), which could be explained by a higher 

local concentration at the surface of the resin. 

The UV-spectroscopy measurements give a 

slightly under estimated amounts of bound 

guest; 78 % instead 86 % and 48 % instead of 64 

% for guest 2 and 5, respectively. This under 

estimation of the UV-measurements is 

probably due to the lack of a measurable 

absorption maximum of guests 2 and 5 which 

leaves only a shoulder to measure the 

absorption and that is less accurate. The high 

binding efficiency of the bi-functional guest 2 

to the resin 3 is in agreement with theoretical 
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predictions for the interactions of a 

supramolecular polymer (self-complimentary) 

with a substrate which has an affinity with the 

reversible monomers.33 Nevertheless, the high 

binding efficiency of the bi-functional guest 2 

to resin 3 remains remarkable, considering that 

at the starting concentration of 10–2 M of 2 in 

chloroform it is assembled in cylindrical 

aggregates as was shown in chapter 6. The 

results which were obtained until now show 

that the reversible binding of guest to a 

substrate is a complicated process, which is far 

from understood. However, they could help in 

the theoretical understanding of the interaction 

between a supramolecular polymer and 

surfaces.  

7.3 Experimental 

General methods and materials. The 
synthesis and characterization of compounds 1, 
3, 5, and the imidazolides of 1-
ethylpentlyisocytosine and tridecylisocytosine 
are described in chapter 3, whereas compound 
2 is reported in chapter 6. The general 
characterization techniques are described in 
earlier chapters.  
 
Synthesis of guest 6. The imidazolide of 
tridecylisocytosine (62 mg, 0.16 mmol) and 7-
amino-4-methylcoumarin (28 mg, 0.16 mmol) 
were dissolved in 10 mL dry chloroform. The 
reaction mixture was heated overnight under 
an argon atmosphere at 50 oC. The solution 
was concentrated to 5 mL and precipitated 
from acetone, the precipitate was filtered and 
after drying yielded 45 mg (0.09 mmol, 56%) of 
pure white product 6.  
1H-NMR (CDCl3): δ = 12.96 (s, 1H), 12.89(s, 
1H), 12.36(s, 1H), 7.95(s, 1H), 7.64 (d, 1H), 
7.45 (d, 1H), 6.20 (s, 1H), 5.97 (s, 1H), 2.58 (t, 
2H, CH=C-CH2), 2.43 (s, 3H, CH3), 1.73 (m, 
2H, CH=C-CH2CH2), 1.42-1.20 (m, 20H, 

CH2CH2CH2), 0.87 (t, 3H, CH2CH3). 
Elemental analysis: C28H38N4O4 (494.64) 
calculated: C 67.99% H 7.74%, N 11.33%, 
found C 65.04% H 7.17% N 10.66%. FTR-IR 
(ATR): ν = 3037, 2920, 2851, 1734, 1703, 
1659,1575, 1532, 1388, 1241, 875, 846, 783, 
762, 738 cm-1. UV-VIS �max/cm–1 330; �/Lcm–

1mol–1 24829 ±150 Lcm–1mol–1. 
 
Synthesis of resin 4. To a suspension 
ArgoPore-NH2-LL™ resin (200 mg, 0.056 
mmol NH2) in 10 mL dry chloroform a 
solution of 8.2 mg (0.021 mmol) the 
imidazolide of 1-ethylpentylisocytosine was 
added. The reaction mixture was heated to 
reflux for 18 hours under an argon atmosphere. 
A sample of beads was taken out of the solution 
and tested for the presence of primary amines 
with the Kaiser test, which was negative. The 
resin was filtered off and washed with 
chloroform, acetone and methanol. FTR-IR 
(ATR; * resin): ν = 2923*, 2852*, 1684 (br), 
1490*, 1450*, 830*, 795*, 760*, 700* cm-1. 
 
SANS. Small angle neutron scattering 
experiments were performed using 
spectrometer LOQ of the UK Rutherford 
Appleton Laboratory, Oxford, Great-Britain. 
Samples were recorded in toluene-d8 solutions. 
Quartz cells of 1 cm path length were used. 
The momentum transfer Q range is 0.006 to 
0.24 Å-1. The temperature of the samples were 
maintained using a circulating temperature 
bath with an accuracy of 0.5 °C. Samples were 
left sufficient time to obtain an equilibrium 
state.  
 
DOSY. 1H NMR diffusion measurements 
were performed using the BPPSTE pulse 
sequence and were evaluated by the Varian 
DOSY software incorporated in VNMR. For 
the 1H-NMR-diffusion measurements the 
aromatic and the alkylidene protons were 
observed and calibrated by the diffusion 
coefficient of toluene-d8. 
 
DLS. The dynamic light scattering 
measurements were performed by Kristie 
Spijkers under the guidance from Prof. G. 
Fytas at the Fo R.T.H.–Institute for Electronic 
Structure and Laser, Heraklion, Crete, Greece.  
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Titration experiments of guest 6 to resin 4. 
From a stock solution of coumarin based guest 
6 in toluene a dilution series was prepared (10–

5-10–6 M), in reaction tubes approximately 2.3 
mg (5.3·10–7 mol) of resin 4 was placed and 5.1 
mL of each of the solutions was added to the 
resin. The mixture was mechanically shaken 
for 30 minutes. The solution was carefully 
pipetted of the resin and the absorption at 330 
nm was measured for each sample. 
 
Titration experiments of guest 2 to resin 3. 
From a stock solution of guest 2 in chloroform 
a dilution series was prepared (10–5-10–4 M), in 
reaction tubes approximately 2.0 mg (5.0·10–7 
mol) of resin 3 was placed and 5.0 mL of each 
of the solutions was added to the resin. The 
mixture was mechanically shaken for 45 
minutes. The solution was carefully pipetted of 
the resin and the absorption at λ = 275 nm was 
measured for each sample. 
 
Binding experiment of guests 2 and 5 to 
resin 3. Solutions of guest 2 ( 9.58 mM) and 5 
(10.52 mM) in 5 mL chloroform were added to 
two separate batches of resin 3 (~0.5 gram). 
The mixture was mechanically shaken. At time 
intervals a sample of 10 µL was taken from the 
solution, which was diluted in 10 mL 
chloroform and the UV absorption was 
measured at λ = 275 nm. After two hours the 
resin was filtered off and the filtrate (filtrate I) 
was evaporated in vacuo. Subsequently, the 
resin was washed twice with chloroform 
resulting in filtrate II, which was evaporated in 
vacuo. The resin was dried overnight under 
vacuum at 40 oC. The weights of filtrate I, II 
and resin were determined gravimetrically. To 
the resin a 1:1 mixture of THF/MeOH was 
added and this mixture was mechanically 
shaken for 1 hour at room temperature. The 
resin was filtered off and washed three times 
with a 1:1 mixture of THF/ MeOH. The 
filtrates and resin were dried in vacuo and their 
mass was determined gravimetrically.  
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Summary 

Supramolecular polymers form a new class 

of polymers where the reversibility of the 

non-covalent bonds between the mono-

mers gives rise to interesting material 

properties. The aim of this thesis was to 

utilize the reversible nature of hydrogen-

bonded supramolecular polymers (see fig-

ure 1) in mixtures with other hydrogen-

bonded supramolecular polymers or with 

conventional covalent polymers. Further-

more, bi-functional UPy molecules have 

been developed that by design self-

assemble in a hierarchical fashion into 

well-defined one-dimensional aggregates 

through hexameric cycles. The hierarchical 

self-assembly process is discussed in detail.  

Hydrogen-bonded polymers are now be-

yond the idea of a scientific curiosity and 

can enter into technology, provided very 

pure polymers can be conveniently synthe-

sized at large-scale. A procedure for the 

scale–up of the synthesis of hydrogen-

bonded polymers has been developed and 

applied on a 10 dm3 mini-plant scale. 

Blocked isocytosine isocyanates were con-

veniently obtained by reacting 1,1’-

carbonyldiimidazole (CDI) with isocytosi-

nes. The resulting blocked isocytosine iso-

cyanates could be isolated and stored for 

further use. Reaction with either aliphatic 

or aromatic amines gave the corresponding 

mono-, bi-, and tri-functional urei-

dopyrimidinone derivatives in good yields.  

The concept of Polymerization Induced 

Phase Separation (PIPS) with hydrogen-

bonded supramolecular polymers by fast 

(0.3 sec.) photopolymerization of films 

containing mixtures of supramolecular 

polymers and varying amounts of acrylates 

was investigated. Hydrogen-bonded su-

pramolecular polymers can, due to the ad-

ditional pathway of association and disso-

ciation, diffuse faster compared to conven-

tional polymers.  
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Figure 1. Structures of bi-functional ureidopyrimidinones (UPy) with different linkers. 
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The degree of phase separation after pho-

topolymerization of the films was investi-

gated.  

The dynamics in morphology of thin films 

of a blend of hydrogen-bonded polymers 

with either a rigid 2 linker or a flexible 1c 

linker was investigated upon changing the 

evaporation rate of the common solvent. 

For the spin-coated films a complex mor-

phology of fibrils embedded in a composi-

tion dependent matrix was found by AFM 

studies. The fibrils are mono-disperse in 

width (5 nm) and may be envisaged as a 

block copolymer containing rigid 2 in a 

flexible supramolecular chain of 1c, in 

which the fibrils form physical cross-links 

between the polymer chains. The forma-

tion of the fibrils is an irreversible process. 

The fibrils are kinetically formed during 

evaporation, thus creating metastable struc-

tures that disappear upon annealing. 

Changing the method of film preparation 

by using drop-casting instead of spin-

coating resulted in films with a less well-

defined morphology and a larger length 

scale of phase separation.  

The linker in a bi-functional UPy mole-

cule is of great influence on the equilib-

rium between cycles and polymers, which 

is present in these systems. Bi-functional 

UPy derivatives containing a meta-

substituted phenyl group as a linker 3a,b 

self-assemble into hexameric cycles in 

chloroform and toluene. Above a certain 

concentration, the cycles self-assemble in a 

hierarchical fashion into well-defined one-

dimensional aggregates. The stability and 

length of the cylindrical aggregates can be 

increased by using a more apolar solvent 

like toluene and by additional hydrogen 

bonds from amide substituents on the 

phenyl ring.  

An exploratory study of reversible bind-

ing of a substrate on a resin for use in solid 

phase organic synthesis is reported. The 

binding experiments with mono-

functional and bi-functional UPy guests 

showed that 86 % of the bi-functional and 

64% of the mono-functional UPy guests 

can be bound with a fourfold excess of 

resin.  

An approach is discussed towards mate-

rials with an ordered morphology by mak-

ing use of well-defined structures as scaf-

folds. A bulky apolar polymer (PEB) side-

group was attached to the UPy 3c, which 

showed to have a pronounced influence on 

the aggregation behavior. Viscosity and dif-

fusion measurements complemented with 

preliminary light scattering measurements 

show two distinct concentration regions 

with different structures in toluene. Below 

1mM the aggregates are quite mono-

disperse semi-flexible structures with a hy-

drodynamic radius Rh of 31 nm. Around 4 

mM the structures start to interact with 

each other and 4 mM could be assigned as 

the c*. However, further measurements 

are needed to find out the exact internal 

structure of the aggregates in toluene.  
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Samenvatting 

Supramoleculaire polymeren vormen een 

nieuwe klasse van polymeren waarbij de 

reversibiliteit van de niet-covalente 

bindingen leidt tot interessante eigen-

schappen. Het doel van dit proefschrift is 

om het reversibele karakter van de 

waterstofgebrugde polymeren (zie figuur 

1) te gebruiken in mengsels met andere 

waterstofgebrugde polymeren of met 

conventionele covalentgebonden poly-

meren. Daarnaast zijn er bifunctionele 

ureidopyrimidinonen (UPy’s) ontwikkeld 

die een zodanige covalente structuur 

bezitten dat zij cyclische hexameren 

vormen die vervolgens op hiërarchische 

wijze verder aggregeren tot eendimen-

sionale structuren. Deze hiërarchische 

wijze van aggregeren is uitgebreid 

bestudeerd.  

Waterstofgebrugde supramoleculaire poly-

meren zijn niet langer een weten-

schappelijke curiositeit en kunnen voor 

technologische toepassingen aangewend 

worden, mits deze polymeren zuiver en 

gemakkelijk op een grote schaal gepro-

duceerd kunnen worden. Daartoe is een 

procedure voor de opschaling van de 

synthese van waterstofgebrugde polymeren 

ontwikkeld en uitgevoerd op een 10 dm3 

schaal. Geblokkeerde isocytosine isocya-

naten kunnen op gemakkelijke wijze 

verkregen worden door 1,1’-carbonyl-

diimidazol (CDI) te laten reageren met 

isocytosines. Deze geblokkeerde isocy-

tosine isocyanaten konden worden 

geïsoleerd en voor verder gebruik worden 

opgeslagen. In reacties met zowel 

alifatische als aromatische amines werden 

de overeenkomstige mono-, di-, en 

trifunctionele ureidopyrimidinonen in 

goede opbrengsten verkregen.  
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Figuur 1. De structuur van bifunctionele ureidopyrimidinonen (UPy) met verschillende 

verbindingstukken.
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Het concept van door polymerisatie 

geïnduceerde fasescheiding met waterstof-

gebrugde supramoleculaire polymeren 

werd onderzocht. Hiertoe werden films, 

die mengsels van supramoleculaire 

polymeren en wisselende hoeveelheden 

acrylaten bevatten, op snelle (0.3 sec.) wijze 

fotogepolymeriseerd. Waterstofgebrugde 

supramoleculaire polymeren kunnen in 

vergelijking met conventionele polymeren 

sneller diffunderen door de alternatieve 

route van associatie en dissociatie van de 

reversibele binding tussen de monomeren. 

De schaal waarop fasescheiding na 

fotopolymerisatie was opgetreden, werd 

onderzocht. Naarmate er meer diacrylaat 

in het startmengsel aanwezig is, neemt de 

schaal van de fasescheiding af. De hogere 

reactiesnelheid van de diacrylaten veroor-

zaakt een eerder begin van gelering en 

vitrificatie.  

De dynamiek in de morfologie van dunne 

films van een mengsel van waterstof-

gebrugde polymeren met ofwel flexibele 1c 

of rigide 2 verbindingstukken werd 

onderzocht door de snelheid van 

verdamping van een gemeenschappelijk 

oplosmiddel te variëren. Voor de films die 

bereid werden via ‘spin-coating’ werd met 

AFM een complexe morfologie gevonden 

van fibrillen in een compositie afhankelijke 

matrix. De fibrillen hebben een mono-

disperse breedte verdeling (5 nm) en 

zouden kunnen worden voorgesteld als 

blokcopolymeren bestaande uit rigide 2 in 

een supramoleculaire keten van flexibele 

eenheden 1c, waarin de fibrillen fysische 

kruisverbindingen vormen tussen de 

polymeer ketens. De vorming van de 

fibrillen lijkt een irreversibel proces. De 

fibrillen worden kinetisch gevormd tijdens 

de verdamping, waarbij een metastabiele 

toestand gecreëerd wordt, die verdwijnt 

zodra de film voor langere tijd bij hoge 

temperatuur verwarmd wordt. Een andere 

methode van filmbereiding, uitgieten i.p.v. 

‘spin-coating’, resulteerde in minder goed 

gedefinieerde films met een fasescheiding 

op grotere schaal. De lagere snelheid van 

verdamping van het oplosmiddel na het 

uitgieten heeft tot gevolg dat minder van 

de rigide eenheden in de fibrillen terecht 

komen, omdat ze de gelegenheid hebben 

naar de fasegescheiden matrix te relaxeren. 

Het verbindingstuk in een bifunctioneel 

UPy molecuul is van grote invloed op het 

aanwezige evenwicht tussen cyclische 

structuren en polymeren. Bifunctionele 

UPy’s met een metagesubstitueerde phenyl 

groep 3a,b als verbindingstuk vormen 

hexamere cyclische aggregaten in zowel 

tolueen als chloroform. Boven een 

bepaalde concentratie vormen deze 

cyclische aggregaten op hiërarchische wijze 

goed gedefinieerde eendimensionale 

structuren. De stabiliteit en lengte van deze 

cilindrische structuren kan worden 

vergroot door gebruik te maken van 

apolaire oplosmiddelen zoals tolueen of 
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door extra waterstofbruggen afkomstig van 

amide substituenten aan de phenyl ring. 

Een oriënterend onderzoek naar het 

reversibel binden van substraten aan vaste 

dragers voor gebruik in organische 

synthese aan vaste dragers is beschreven. 

De bindingsexperimenten met mono- en 

bifunctionele UPy gasten laten zien dat  

86 % van de bifunctionele en 64 % van de 

monofunctionele UPy gasten gebonden 

kunnen worden door een viervoudige 

overmaat aan vaste drager. De effectiviteit 

van de binding werd gravimetrisch bepaald 

en gevolgd met UV-VIS spectroscopie.  

Om materialen met een geordende 

structuur te verkrijgen kan gebruik 

gemaakt worden van goed gedefinieerde 

structuren, die als een geraamte kunnen 

dienen. Hiertoe werd een apolaire 

polymere (PEB) zijketen bevestigd aan de 

phenyl ring in het verbindingstuk van de 

bifunctionele UPy 3c. Het aggregatie 

gedrag van deze bifunctionele UPy’s laat 

een duidelijke verandering zien ten 

opzichte van 3a zonder polymere zijketen. 

De resultaten van concentratie-afhankelijke 

viscositeits-, diffusie- en voorlopige licht-

verstrooiingsmetingen duiden op twee 

concentratiegebieden in tolueen met 

verschillende architecturen. Beneden 1 

mM hebben de structuren een mono-

disperse verdeling en een hydro-

dynamische straal van ongeveer 31 nm. 

Rond 4mM beginnen deze structuren een 

wisselwerking aan te gaan, waardoor 4mM 

als de kritische overlap concentratie c* kan 

worden aangeduid. Verdere metingen zijn 

nodig om de interne structuur van deze 

aggregaten te bepalen. 
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