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Summary 

Hydrogels have been widely studied in various fields, especially for biomedical applications, such as 

drug dilevery and tissue engineering. Designing of hydrogel biomaterial is one of the key factors for 

successful biomedical engineering. Therefore, a number of criteria for hydrogels in biomedicine field 

are listed, including physical parameters (such as swelling properties, mechanical behaviors as well 

as morphologies) and biological parameters (e.g. biocompatibility, biodegardability and cell adhesion 

properties). Supramolecular hydrogels are good candidates for biomedical applications, especially 

for mimicing the extra cellular matrix (ECM) due to their dynamic nature of physical bond and 

excellent biocompatibility. Bis-urea moeties are commonly used in supramolecular polymers 

because of their strong binding energy which is contributed from the combination of multiple 

hydrogen bonds. In Sijbesma’s group, bis-urea based bolaamphiphiles which formed rod-like 

micelles have been studied extensively and showed promissing results. Incorporating bis-urea 

supramolecular moieties into a copolymer, an injectable hydrogel was obtianed. Moreover, 

hydrogels formed by the bis-urea based rod-like micelles performed good mechanical behavior. 

Therefore, further investigation was done in this project. 

After an introduction on supramolecularchemistry, in chapter 2, a new generation of bis-urea 

bolaamphiphiles was reported. By replacing the methoxyl end groups with hydroxyl functionalities, 

the new generation bolaamphiphiles with increased solubility and possibility to be modified with 

different functionalities are obtained. Besides, mono-dispersed poly ethylene glycol (PEG) chain was 

incorporated instead of polydispersed PEG to give rise to the uniform rods structure. The successful 

synthesis of bis-urea bolaamphiphiles with optimized procedure and characterizations are reported 

in this chapter.  

In chapter 3, a hydrophobically modified graft polymer based on bis-urea is discussed for two 

functions. Firstly, the graft polymer is used as a cross-linker to physically crosslink the rod-like 

micelles made by bis-urea bolaamphiphiles. Secondly, a network can be formed by the 

hydrophobically modified graft polymer with a core-shell structure. The synthesis of the graft 

polymer is described using different approaches. However, further studies should be carried out in 

order to optimize the synthesis with a better difined structure.  
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1 Introduction 

1.1 Hydrogel 

Gels are defined as non-fluid colloidal networks or polymer networks that are expanded throughout 

their whole volume by fluid.1 They are categorized principally by the way the polymer network is 

formed, varying from covalent polymer network to physically aggregated polymer network, and 

polymer networks formed through glassy junction points, lamellar structures including mesophases 

and/or particulate disordered structures. In general, gels consist of at least two components, one of 

those being the swelling agent that is present in a large quantity, the other being a network 

component, usually a polymer network.  

Hydrogels are three-dimensional polymer networks in which the swelling agent is water. They are 

broadly classified into two categories: permanent/chemical gels and reversible/physical gels. 

Chemically cross-linked hydrogels are formed with covalent bonds, and thus, they have a permanent 

shape that can reversibly be deformed by the application of stress. Due to the irreversible nature of 

a covalent bond, such hydrogels cannot be processed using injection molding to a controlled shape.2 

In physical gels, the nature of the crosslinking process is physical (reversible). This is normally 

achieved via utilizing physical processes such as association, aggregation, crystallization, 

complexation, and hydrogen bonding. Because of the reversible nature of non-covalent 

intermolecular interactions, physical hydrogels can be processed into a desired shape.3 Hydrogels 

formed via these two crosslinking systems have been utilized in various fields. Recently hydrogels for 

biomedical applications have been studied widely. 

1.2 Hydrogels for biomedical applications 

Since 1960 the crosslinked HEMA hydrogels developed by Wichterle and Lim4, hydrogels have been 

of great interest to biomaterial scientists for many years5-7. Early in 1980s, Yannas et al8 showed the 

successful use of natural polymer hydrogel as human skin dressing. More recently, hydrogels used in 

tissue engineering have gained more interests due to their similar nature to the extracellular matrix 

(ECM) of many living tissues.9,10 Hydrogels for biomedical applications must meet a number of 

criteria to the desired function. These criteria include both physical parameters (e.g. Mechanical 

properties) as well as biological performance parameters (e.g. Biocompatibility), which determine 

the hydrogel performance in biomedical applications. 

1.2.1 Swelling property 

Among the physical parameters, the swelling property is one of the most important factors which 

determines hydrogel’s properties and applications. When a hydrogel in its initial state (glassy state) 

is immersed in water , the water molecules are in contact with hydrogel surface and penetrates into 

the polymeric network. The amount of water absorbed by hydrogel is expressed as the equilibrium 

water content (EWC), which has a significant effect on the permeability, surface properties and 

biocompatibility of the hydrogel material.11  

1.2.2 Mechanical property 

Mechanical property is another important feature of hydrogels in biomedical applications. For 

instances, in drug delivery applications, in order to load a certain amount of drug, hydrogels that are 

used have to possess a relatively high tensile strength12; in the use of tissue engineering, a good 
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strain stiffening property would prevent the rupture of soft lung tissue and blood vessels.13 

Therefore, the prediction and control of mechanical properties in hydrogels are of great importance 

in assessing the applicability of hydrogels. Besides, it has been shown that the mechanical properties 

of hydrogels are mainly dependent on the polymer structure, such as the original rigidity of polymer 

chains, types of crosslinking molecules and crosslinking-density, and degree of swelling. 14  

Other physical properties, like controlled degradation9 and elasticity15, also have certain effects on 

hydrogels of different applications.  

1.2.3 Biolocompatibility 

The required biological features are of great importance for hydrogels in biomedical applications. An 

absolutely critical parameter is the biocompatibility of hydrogels. Biocompatibility, is defined by D. F. 

Williams as ‘the ability of the material to perform with an appropriate host response in a specific 

application’.16  Of course this is just a general definition that can be applied for almost all 

biomaterials, more detailed explainations are still needed in different applications. Hydrogels used in 

tissue engineering is one of the most important applications recently, especially in building the 

scaffolds. Becuase tissue constructs are continuously interacting with the body during the tissue (re-

)generation and degradation process, this definition of biocompatibility is perticularly relavent in 

tissue engineering.  

1.2.4 Biodegradation 

Biodegradation is another basic aspect for hydrogel biomaterials in various applications. For instance 

in tissue engineering, biodegradation shows great influence on the maintance of biologrical 

processes associated with regeneration. Biodegradation also contributes to biocompatibility via the 

hydrogel degradtion products and the method of degradation17. The biodegradable hydrogels are 

usually broken down into constituent elements through enzymatic process and/or hydrolysis process; 

these elements are then bioeliminated or cleared by cellular metabolism18-22. On the other hand, 

biodegradation is needed to maintain the tissue functions in some particular situations. For example 

in the case of implatation in the brain,  glial sacarring can occur around permanent implants which 

leads to the inhibitation of the repairing and reconnection of neural circuitry17,23,24, therefore, 

degradation of the hydrogel is neccessary to prevent this damage.  

The design of hydrogels for biomedical applications should take all these criteria into consideration 

in order to create the appropriate functions in different applications. A diverse hydrogel polymeric 

materials are studied including both the natural and synthetic polymers. The natural polymers 

include for instance, chitosan, polypeptides and different polysaccharides. They are obtained from a 

variety of natural origins.25 Because of their intrinsic characteristics of biological recognition, such as 

biocompatibility and biodegradation, these natural polymer-based hydrogels are good candidates 

for a variety of biomedical applications. However, due to the low mechanical strength and batch 

variation these hydrogels are still limited in applications. Therefore, hydrogels based on synthetic 

polymers are developed to afford a broader application in biomedical field. Synthetic materials 

include poly(ethylene glycol) (PEG), poly(hydroxylethyl methacrylate) (PHEMA), poly(lactic acid) 

(PLA), and poly(vinyl alcohol) (PVA). These synthetic hydrogels show more controllable properties 

and reproducibility compared with natural polymers, therefore are appealing for biological systems. 

More recently, with the development of supramolecular chemistry, the synthetic supramolecular 



3 
 

polymers used in biological systems are gained more and more interests due to their inherent 

dynamical similarity to extracellular matrix(ECM).26  

1.3 Supramolecular hydrogels 

Supramolecular hydrogels, are physical hydrogels, in which monomers are connected via non-

covalent bonds. Due to the reversible nature of the physical bonds, supramolecular polymers behave 

much differently from conventional covalent bonded polymers. One of the most impressive features 

is the self-assembly of supramolecular polymers. This process occurs spontaneously via non-covalent 

interactions, such as hydrogen bonding, hydrophobic and π-π stacking. The resulted supramolecular 

hydrogels, therefore, would be able to provide a dynamic property by polymerizing and 

depolymerizing rapidly. Within the biological systems, self-assembly plays important roles such as 

maintaining the integrity of cells and performing cellular functions. Supramolecular hydrogels 

formed by self-assembly possess three-dimensional fibril networks that share similarities with the 

extra-cellular matrices (ECM) within biological systems, therefore, they are promising candidates for 

mimicking the ECM.  

A very well-known supramolecular system is made of  peptide amphiphiles (PAs).In the study of 

Hartgerink et al,27 it was proposed that these molecules consisted of five domains, illustrated by 

Figure 1A. Region 1 is a long alkyl chain that contributes to the hydrophobicity of the molecule, and 

region 2 contains four consecutive cysteine residues that can be oxidized to form disulfide bonds to 

polymerized the self-assembled structure; region 3 is composed of short peptide sequence capable 

of forming intermolecular hydrogen bonding and provide flexibility; region 4 is charged group (a 

single phosphorylated serine residue) that is designed to interact with cesium ions and helps direct 

mineralization of hydroxyapatite; region 5 displays the cell adhesion ligand RGD. Based on this 

design, the reversibly cross-linked nanofibers were formed with tunable integrity, and after  

crosslinking, the fibers are able to direct mineralization of hydroxyapatite to form a composite 

material which shows the consistent alignment as collagen fibrils and hydroxyapatite crystals in bone. 

Later on, the self-assembly of this molecule was studied based on pH and oxidation state.28 The 

molecule self-assembles under acidic condition to form the nanofibers and dissassemble at neutral 

and basic pH when fully reduced. The molecule can be oxidized to form intramolecular disulfide 

bonds or be reduced with the presence of dithiothreitol (DTT). And these oxidized molecules will not 

self-assemble at acidic environment probably because of the distorted  conformation caused by 

intramolecular disulfide bonds. Alternatively, the molecule can undergo two steps to reach the 

oxidized crosslinking state via self-assembly and oxidization. However, this state stabilizes the 

structure via intermolecular disulfide bonds, therefore, cannot be reduced at basic pH. Nevertheless, 

due to the reversible polymerization of this self-assembly scaffold, versatile applications can be 

reached both in biological and nonbiological systems.  
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Figure 1. (A) Chemical structure of the peptide amphiphile, highlighting five key structural features.
27 

(B) 
Schematic illustration of the self-assembly and covalent capture of the Pas based on pH and oxidation state.

28
 

Another example of a small-molecule-based bioactive hydrogel formed through self-assembly was 

demonstrated by Zhou et al.29 This hydrogel consists of two building blocks of two aromatic short 

peptide derivatives: Fmoc-FF (Fluorenylmethoxy carbonyl-diphenylalanine) and Fmoc-RGD (arginine-

glycine-aspartate), as shown in Figure 2A. 

A.  

Figure 2. (A) The chemical structures of the hydrogel building blocks: Fmoc-FF and Fmoc-RGD.
29

 (B) The 
supramolecular model that demonstrates the formation of nanofibers and their further lateral assembly into 

larger ribbons. RGD sequences are presented on the fiber surface. 
29

 

It was found that the RGD sequence as part of the Fmoc-RGD building block plays a dual role of a 

structural component and a biological ligand. The FF and RGD peptide sequences undergoes self-

assembly into β-sheets which is consequently interlocked by π-π stacking of the Fmoc groups. This 

process contributes to the generation of the cylindrical nanofibres interwoven within the hydrogel, 

and these nanfibres then aligned parallel to each other into larger ‘flat-ribbons’(Figure 2B). On the 

surface, the RGDs were presented which enhanced their accessibility to cells, and the bio-availability 

of these nanofibers was also verified.  

B 

B 

O 
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The Fmoc-FF/RGD hydrogels were studied with encapsulating the HDFa (human adult dermal 

firoblasts) cells, and the cell-gel constructs formed rapidly (within 1 minutes) at 37 °C which provides 

homogeneous distribution of the cell throughout the hydrogels.  It was shown that these developed 

self-assembled peptide based hydrogels are very promising in generating 3D environments for cell 

culture, and diverse peptide sequences can be recruited to create varied 3D tissue models in order 

to study in the cell therapy and tissue engineering areas.29,30  

In addition, due to their inherent and excellent biocompatibility and biodegradability, 

supramolecular hydrogels are also widely developed in the area of wound healing,31 bio-

mineralization,32 as vehicles for controlled drug release,33,34 matrixes for protein microarray35 and 

components for enzyme mimetices. 36,37 Li et al reported a self-assembled supramolecular hydrogel 

system used for drug delivery, in which poly(ethylene oxide)s (PEOs) and α-cyclodextrin (α-CD) are 

network components of the hydrogel for controlled drug delivery. 38 The formation of hydrogel is 

based on supramolecular self-assembly induced physical crosslinking. The gelation kinetics was 

found to be dependent both on the concentrations of polymers and also on the molecular weight of 

the PEO used. Moreover, supramolecular hydrogels can also be used as a low cost platform for 

screening enzyme inhibitors or enzymes detection according to Yang et al.39,40 

In order to obtain various applications, supramolecular hydrogels based on different physical 

interactions have been studied over past few decades. Among these weak interactions, hydrogen 

bonding interaction is very suitable for supramolecular hydrogel formation, due to its directionality, 

reversibility and strength. Single hydrogen bond may not be strong enough for a stable aggregation. 

Incorporation of multiple hydrogen bonds in one functional unit would show an enhancement in the 

interaction between moieties.41-43 This increase can result from both the number of hydrogen bonds 

and the secondary interaction with neighboring sites. 44 Supramolecular polymers based on multiple 

hydrogen bonding were first developed by Lehn and coworkers45, employing a triple hydrogen-

bonding system that associates with two monomers to form a mesogenic supramolecule. (Show in 

Figure 3A) Polymeric supramolecular species are achieved by utilizing ditopic components which 

forms hydrogen bonding on both ends with other complementary components, showed by Figure 3B. 

 
A 

  
B 

Figure 3.(A) Mesogenic supramolecule formed by two complementary monomers: uracil and 2,6-
diaminopridine .(B) Formation of a supramolecular polymer by association of two ditopic components.

45
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Other examples of supramolecular polymers using hydrogen bonding such as polymers with 2-

ureido-pyrimidinone (UPy) groups and polymers with bis-urea moieties will be discussed in details. 

1.3.1 The 2-ureido-pyrimidinone (UPy) based supramolecular hydrogels 

In the earlier study of R. P. Sijbesma, the 2-ureido-pyrimidinone (UPy) group was proven to form 

dimers via quadruple hydrogen bonding between two self-complementary motifs (Figure 4) with a 

high dimerization constant Kdim > 106 M-1 in CHCl3.
41 Polymer-like behaviour was observed in semi 

dilute solution and the predictable tautomerism is well appreciated by the supramolecular 

architectures such as supramolecular polymers with a high degree of polymerization.41,42  

              

 

Figure 4. Schematic representation of (A) quadruple hydrogen bonding formation between two 
monofunctionalized UPy derivatives and (B) bifunctionalized UPy containing molecules.

41  

Later on, they showed that incorporation of a functionalized reactive UPy synthon into a telechelic 

polymer gives an end-functionalization of the polymer (Figure 5), which would result in a dramatic 

increase in material properties.43  

 

Figure 5. Schematically drawing of telechelic polymers functionalized with UPy units.
43

  

For instance, in the case of end-functionalized poly (ethylene butylene) where before 

functionalization, the polymer is an amorphous liquid with a low glass transition; after 

functionalization with UPy the polymer shows an elastic behavior (Show by Figure 6). 43 The reason 

of the behavior illustrates that upon dimerization of the UPy endgroups, these dimers subsequently 

stacked together caused by the lateral interactions come from the incorporation of urea or urethane 

groups. This aggregation gives rise to the elastomeric properties of polymer.46 

 

                A                                                                                                     B 
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Figure 6. (A) Poly (ethylene butylene) with hydroxyl end group shows low glass transition; (B) UPy-
functionalized poly (ethylene butylene) behaves as an elastomer.

43
  

Several years later, P. W. Dankers and coworkers developed a bioactive material that is based on 

supramolecular polymers containing UPy moieties. Low-temperature processability and 

biocompatibility can be reached by simply mixing these UPy-functionalized biomolecules with UPy 

polymers. This is due to the fact that UPy-functionalized peptides are easily incorporated via non-

covalent interactions with the UPy groups present in the supramolecular polymer.47 Figure 7 shows 

the modular approach to such bioactivate supramolecular materials. 

 

Figure 7. modular approach to bioactivate supramolecular materials: UPy moieties act as cross-linker within 
the material and incorporate with UPy-functionalized biomolecules (red and green).

47
  

More recently, a supramolecular hydrogel network based on 2-ureido-pyrimidinone (UPy) motifs 

was reported by P. W. Dankers.48 As shown in Figure 8, the UPy moieties can be shielded in a 

hydrophobic alkyl pocket decorated with a urea motif which is used for lateral hydrogen bonding 

formation. Different supramolecular polymers were synthesized with various alkyl spacer lengths (X) 

and different molecular weights of Poly (ethylene glycol) (Zk). 

 

Figure 8. General formula of UPy modified PEG with tunable alkyl spacers (X) and different average molecular 
weights of PEGs (Zk).

48
  

The fibers can form in the dilute solution and can assemble into hydrophobic domains upon 

presence of hydrogen bonding units. The transient network formation is induced by the inter-

nanofiber connections. The higher amount of specific connections, the more stable the network will 

be and solid-like material is formed.48  

                A                                              B 
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1.3.2 The bis-urea based supramolecular hydrogels 

The urea group contains two hydrogen atoms connected on two nitrogen atoms which can form 

bifurcated double hydrogen bonds with the oxygen atom of another urea group (Figure 9).49 This 

hydrogen bonding structure was well studied in supramolecular chemistry.49,50 

 

Figure 9. Hydrogen bonding formation between urea motifs.
49

 

Generally, units bearing two urea groups form a bis-urea motif. The bis-urea motif based 

supramolecular polymers has been reported to have the ability to self-assemble through hydrogen 

bonding to form fiber-like aggregates which intertwine to form a reversible gel in various 

solvents.49,52-56 One of the most remarkable examples is the 2,4-bis(2-ethylhexyl-ureido)toluene 

(EHUT) suparamolecular polymer described by Bouteiller et al.49,52,57 This bis-ureido-toluene 

derivative can aggregate in solvents with polarities ranging from water to toluene due to the 

combination of bis-urea motif, hydrophobic alkyl spacer and oligo(ethylene glycol) chain.58 In 

Feringa’s group, different bis-urea based derivatives with various features have been studied.59-61 For 

example, the benzyl substituted bis-urea shows an enhanced solubility via addition of amino acid 

esters (Figure 10A);59 the cyclohexane substituted bis-urea with polymerizable groups(Figure 10B) 

gives rise to a gel formation upon cooling process in many organic solvents.60  

                                                 

 

Figure 10. (A). Benzyl-substitued bis-urea with amino acid ester groups; 
59

(B). Cyclohexane substituted bis-urea 
group with polymerizable groups.

60
 

Indeed, the bis-urea supramolecular polymer can be an excellent organogelator in various organic 

solvents; there are also examples known  that  form gel in water . Since the main subject of this 

report are molecules that form hydrogel, therefore, the aforementioned examples will  discussed in 

more details. 

1.3.2.1 Benzyl bis-urea compounds 

Many organogelators have been reported with the ability to gel both water and organic solvents.62-64 

Obert et al showed a bis-urea based supramolecular polymer with both water- and organo-

solubility.58 The urea substituents are on the meta-position of the benzyl-ring and are linked to 

alkylene spacers; the water soluble ethylene oxide oligomers are chosen to be the outer part of the 

molecule which is at the end of the alkyl chain (Figure 11). With this design, the molecules are able 

to self-assemble in both highly polar and nonpolar environments. The driving force for association 

may come from the combination of hydrogen-bonding and hydrophobic interactions: the urea 

                A                                                                                                     B 
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motifs are hydrogen-bonding donating groups, while the alkylene spacers stabilize the association by 

hydrophobic interactions and provide a low-polarity microenvironment for the hydrogen bonds. 

Meanwhile, the hydrophilic ethylene glycol chains contribute to a good solubility in different 

solvents. 

 

Figure 11. Structure of benzyl-substitute bis-urea compounds 1a and 1b and reference compounds 1c and 1d.
58 

1.3.2.2 Cyclohexane bis-urea compounds 

Another novel example of hydrogelator based on bis-urea motif was introduced by Feringa’s group, 

who showed that a simple modification of the peripheral substituents of cyclohexane bis-urea 

organogelator with hydrophilic hydroxyl or amino functionalities can give rise to a hydrogelator 

formation.65 This cyclohexane bis-urea compound consists of two urea units attached adjacently on a 

cyclohexane ring, which can self-assemble in one dimensional anisotropic stacks and the peripheral 

substituents. The urea groups are linked with an aliphatic spacer that end up with hydrophilic 

functionalities like hydroxyl and amino groups. (Figure 12) Similar as the benzyl bis-urea compounds, 

the driving force of hydrogel formation is also due to the hydrophobic interaction and the hydrogen-

bonding between urea motifs. It is found that the hydrogelation is remarkably dependent on the 

balance between the hydrophilicity of the hydroxyl groups and the hydrophobicity of the alkylene 

spacers as well as the enantiomeric purity of the compounds. 

 
Figure 12. Cyclohexane bis-urea hydrogelator with hydrophilic end group.

65
 

1.3.2.3 PEG-Bisurea based segmented copolymers 

An injectable supramolecular hydrogel based on bis-urea-PEG segmented copolymers was 

developed by Pawar et al.66 The structure of the copolymer composed of a hydrophobic, 

biodegradable, crystallizable, and nonswellable bis-urea contained domain, as well as a swellable 

hydrophilic polyethylene glycol (PEG) domain (Figure 13). During the hydrogel formation, hydrogen 

bonding formed only among the urea groups, and the interfering from PEG segments was prevented 

by using 10 methylene groups (CH2) in between of the PEG and urea groups. The hydrogen bonding 

groups provide the additional interactions between hydrophobic segments to increase the strength 

and lifetime of the physical cross-links; on the other hands, they are capable of binding with other 
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bis-urea functional molecules, which provides the possibility to ‘click in’ functionality.  The hydrogels 

formed from this structure showed significant shear thinning therefore are good candidates for 

injecatable biomaterials.  

 

Figure 13. Schematic drawing of PEG-bis-urea segmented copolymers.
66

 

1.4 Bolaamphiphiles 

Bolaamphiphiles are amphiphilic molecules that have hydrophilic groups at both ends of a 

hydrophobic skeleton. Compared with conventional amphiphiles, two hydrophilic head-groups of 

bolaamphiphiles increase the water solubility and the critical micelle concentration (CMC). 

Aggregation of bolaamphiphiles contributes to the formation of different morphologies due to the 

varied chemical functionality of the hydrophilic end groups and the different hydrophobic linking 

groups. For instance, they can form a ‘bilayer’ that is one molecular thick, such as vesicles and other 

bilayer structures. Depending on the length and flexibility of the linker, some bolaamphiphiles can 

fold in half and form micelles (Figure 14).67 

 

Figure 14. The different aggregation morphologies that can be formed by a bolaamphiphile.
67

 

Franceschi et al.68 has studied a family of gelator based on amino acid bolaamphiphiles. They 

showed that micelles, vesicles, or fibers can be formed depending on the changing of linker length. 

Longer linkers allow the molecules to fold in half, essentially becoming an amphiphile that can 

assemble into micelles, as showed in Figure 14. For the molecules with shorter linkers, a 

concentration dependent transition from vesicles to fibers is observed. Therefore, only the 

bolaamphiliphles with longest linkers showed gel formation.  

1.5 Bis-urea based bolaamphiphiles 

The bis-urea based bolaamphiphile was studied previously in Sijbesma’s group.56,69 This 

bolaamphiphile consists of a central hydrophobic block which contains the hydrogen bonding bis-

urea motifs. The two ends of the molecule were attached to the poly ethylene glycol (PEO) chains to 

give rise to a better solubility.(1 in Figure 15) 
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Figure 15. Molecular structure of PEG based bolaamphiphiles with (1) and without (2) bis-urea groups.
69

 

The molecule synthesized by N. Chebotereva have a C7 spacer between the urea groups and a C11 

alkyl chain between the urea and polydispersed poly ethylene glycol (PEO) end group (1 in Figure 

15).69 The hydrogen bonds formed in aqueous solution only attributes to urea motifs because the 

hydrophobic spacer between the PEO and the bis-urea segments prevented the interaction of urea 

group with other hydrogen bonding donators. The morphology of aggregation is largely influenced 

by the urea groups. To demonstrate the effect of molecular recognition using the bis-urea hydrogen 

bonds another molecule without bis-urea motif but with identical hydrophilic : hydrophobic ratio (2 

in Figure 15) was synthesized. The cylindrical micelles formed from both compounds were shown by 

cryo-TEM on 1 wt% solutions(Figure 16). However, different length was observed (Figure 17) with 

short and straight micelles formed by 1, and narrow, much longer and curved micelles of 2. In 

addition, the DLS measurements upon sonication, tuning temperature and concentration indicated 

the strong differences in the dynamics of both compounds.    

                

Figure 16. Cryo-TEM images of 1 wt% micellar solutions of 1(a) and 2(b).
69

 

 

      

 

 

 

 

Figure 17.Micellar aggregations formed by 1 (a)and 2 (b) with a core diameter of 9nm and 7nm respectively.
69
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Several years later, A. Pal56 synthesized a group of PEG-bis-urea based bolaamphiphiles with a fixed 

length in between of the urea groups and the poly ethylene glycol (Figure 18). Various derivatives 

were obtained with varied length of the alkyl spacer (n) between the urea groups resulting in a 

group of compounds called UnU. Rod-like micelles formed in water for all species except for U12U, 

and the behavior of the rods indeed depends on the spacer length n.  

 

Figure 18. Structure of a serial of PEG-bis-urea bolaamphiphiles.
56 

Figure 19 shows the cryo-TEM images of 1 wt% micellar solution of U4U and U7U, in which the rods 

formed by U4U are in a compact arrangement while a random arrangement was observed in case of 

U7U solution. 

                   

Figure 19. Cryo-TEM images of 1 wt% micellar solution of (a) U4U and (b) U7U.
56

 

High specificity of self-sorting was observed by using exciplex fluorescence probes. As shown by 

Figure 20, the probes with the same CH2 spacer between bis-urea groups are incorporated into the 

rods to form an exciplex when molecular contact occurs. Barely exciplex is formed upon the mixing 

of nonmatching micelles, suggesting the formation of coexisting micellar phases in single solution. 

Besides, the study of self-sorting behavior with chiral bis-urea bolaamphiphile70 gives the similar 

conclusion that the formation of segregated enantiomeric compartments in water can be achieved. 

 

Figure 20. Cartoon of the use of exciplex fluorescence to probe self-sorting in the bis-urea rod-like micelles.
56
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Previously in Sijbesma’s group, these bolaamphiphiles were reported no gelation behavior without 

cross-linkers, but formed rod-like micelles via supramolecular self-assembly.56,71 Therefore, 

crosslinking of bis-urea based bolaamphiphiles were studied thoroughly by using tetra-urea cross-

linker71, as well as metal-carboxylic acid interactions72.  

The tetra-urea cross-linker consists of two bis-urea blocks with the same structure in the 

bolaamphiphile connected by a hydrophilic PEG linker. (Figure 21) The cross-linker can connect two 

rods by incorporating the bis-urea motifs into two different micelles.  

 

Figure 21. Structure of the bolaamphiphiles (UmU) and cross-linkers (mXn). The number m and n designate the 
number of CH2 between the ureas.

71
 

To prevent the intramicellar loop formation in the homo-crosslinking system(Figure 22A), the 

hetrerobifunctional cross-linker (Figure 22B) was created to increase the crosslinking efficiency. The 

hydrogel obtained with hetero-crosslinkers showed a storage modulus up to 6 KPa, which is 15 times  

higher  than the modulus of that in homo-crosslinking system.  

 

Figure 22.(A) Intramicellar loop formation in homo-crosslinking system. (B) Hetero-crosslinked 
bolaamphiphiles.

71
 

However, at high strains, the solid hydrogels displayed no strain stiffening, which might be due to 

the length of the flexible PEG linker between the bis-urea segements. In order to prevent the use of 

long polymer chain as crosslinker,  crosslinking sites were introduced in the UnU rods by using metal-

carboxylic acid interactions.72 The metal-carboxylic acid interactions has been frequently used in 

synthetic procedures, such as ionically crosslinking polymers73,74 and fibrous aggregation of low 

molecular weight organic molecules75-77. To implement this ionic interaction in the system, cross-

linkers containing carboxylic acid end groups based on bis-urea bolaamphiphiles were synthesized 
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and incorporated into bolaamphiphiles with the matched spacer. The calcium ion was used to form 

tetrahedral complex with two acid groups on different rods. (Figure 23) 

 

Figure 23. Structure of bis-urea bolaamphiphile U6U and bis-urea based carboxylic cross-linker AU6UA; 
schematic representation of crosslinking of bolaamphiphiles via calcium-carboxylic acid interactions.

72 

Due to these ionic interactions, a visco-elastic crosslinking network formed, and was most efficient 

at high PH. Although the crosslinking was successful, the desired strain stiffening was not observed, 

possibly due to failure of the supramolecular interactions between bolaamphiphiles and the cross-

linkers.  

1.6 The aim of the project 

The self-sorting behavior of bis-urea based bolaamphiphiles (UnU) was studied in great detail by N. 

Chebotereva69 and A. Pal56. In order to investigate the dynamics of the rod-like micelles that formed 

by these molecules, a better defined molecular structure and probe molecules which more closely 

mimic the original structure of bolaamphiphiles, are required. Therefore, a new generation of UnU 

molecules was designed with a structure shown in Figure 24. Compared to the old generation 

bolaamphiphiles(Figure 24), the main differences are that the polyethylene glycol chain is 

monodisperse and the methoxy end groups are replaced with of hydroxyl functional groups. This 

hydroxyl group is introduced to improve the solubility, and to obtain a handle to incorporate new 

functionalities. The new generation of UnU molecules with more precise structures can be modified 

with functional groups such as fluorophores (for dynamic study) or peptides (for incorporation of 

biofunctionality). The primary aim of this project is to synthesize this new generation UnU molecule. 

The main focus of synthesis was on the U4U molecule with 8 PEG repeating units. 
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Figure 24. Molecular structure of two different generations of bis-urea based bolaamphiphiles. 

Previously in our group, the crosslinking of rods-like micelles was investigated by M. Koenigs.71The 

formation of visco-elastic networks based on semi-flesible rods connected via a flexible tetra-urea 

cross-linker was observed.(Figure 25A) The cross-linker contains two bis-urea motifs that can be 

incorporated into the rods via hydrogen bonding interactions, thus a connection between two rods 

is established. This system gelates in water and the resulted hydrogels possess high modulus. 

However, no strain stiffening response was obersved, most probably due to the flexibility of high 

content PEG segments in the crosslinker. Another approch to crosslink the bolaamphiphiles is using 

ionic interactions, which was reported by M. Koenigs as well.72 The structure of cross-linker consists 

of a bis-urea motif and two carboxylic ends connected via the alkyl chain.(Figure 25B) The cross-

linker is able to be incorporated in the rods and creates the crosslinking sites. Calcium ion was used 

because of its strongly ionic nature that provides calcium-carboxylic acid interactions with high 

binding energy. Nevertheless, cross-linking was successful but no strain stiffening was observed. 

Therefore, an alternative crosslinker based on bis-urea graft polymer was designed by Y. Chen 

(Figure 25C).78 The new design of crosslinker used an alkyl chain between the bis-urea group and the 

polymer backbone to reduce the flexibility. In order to achieve the hydrogels with strain stiffening 

properties, the synthesis of such crosslinker is reported in this thesis. 

 
 

 
 

 

Figure 25. Structures of different cross-linkers (A). tetra-urea based flexible PEG cross-linkers; (B). Carboxylic 
acid cross-linker; (C). Bis-urea containing graft polymer. 

A 

C 

B 
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Inspired by Weiss et al.79, a new visco-elastic network can be achieved by hydrophobically modified 

graft polymer. They synthesized a copolymer with N,N-dimethylacrylamide (DMA) and 2-(N-

ethylperfluorooctane sulfonamido)ethyl acrylate (FOSA). (Figure 26A) The FOSA moieties aggregate 

via physically cross-linking to form a core and shelled by hydrophilic DMA chains. (Figure 26B) The 

mobility of DMA chains was restricted by the covalent attachment to the FOSA aggregates. 

Therefore, physical hydrogel formed with these core-shell structure.  

   

Figure 26. (A).Synthetic scheme of PDMA - FOSA copolymers. (B).Cartoon of water-swollen PDMA-FOSA 
hydrogel with core-shell structure.

79
 

Similarly, the graft polymer we designed(Figure 25C) can implement the same concept to form a 

core-shell structure: aggregation of bis-urea via hydrogen bonding can form the core structure, 

which is shelled by the hydrophilic poly acrylic acid (PAA) chain. The physical hydrogel can be 

achieved consequently. The synthesis of hydrophobically modified PAA with bis-urea pendant 

groups is reported in this thesis. 

Chapter 2 focuses on the synthesis of new generation bis-urea based bolaamphiphiles, mainly U4U. 

Additionally, the critical micelle concentration of this bolaamphiphile is reported. Chapter 3 starts off 

with the synthesis of a bis-urea based graft polymer which was designed to crosslink the rod-like 

micelles formed by bolaamphiphiles. Moreover, a hydrogelator was developed by using the similar 

structure. Different strategies towards this crosslinker are discussed in this chapter. Finally, a 

conclusion is drawn in the fourth chapter.   

A B 
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2 Design and synthesis of bis-urea based bolaamphiphiles  

2.1 Introduction 

Bis-urea based bolaamphiphiles studied by N. Chebotereva1 and A. Pal2 have offered insights into the 

supramolecular interactions. In order to gain more knowledge into kinetics of such interactions, a 

new generation of bis-urea based bolaamphiphiles were designed with more precise structure and 

the ability to be modified with functional groups. This new generation of bolaamphiphiles has 

monodispersed PEG chains at both ends to give rise to the uniform molecular weight as well as the 

uniform rods morphology. In addition, incorporation of hydroxyl end groups is expected to increase 

the solubility of the molecule and creates a handle to incorporate new functionalities.  

2.2 Synthesis of bis-urea based bolaamphiphiles 

The PEG-based bis-urea bolaamphiphile with hydroxyl end-group, U4U-PEG8, was synthesized 

partially according to the literature procedure3-8 depicted in Scheme 1. One remarkable feature of this 

synthetic strategy is that the utilization of chromatography is avoided as much as possible. In the 

first step, instead of using chromatography, two times liquid-liquid extraction were done to obtain 

the desired pure product. It is extremely beneficial for the whole synthetic scheme. The synthetic 

procedure is described as following:  

First the mono-benzyl protection of tetraethylene glycol 1 was initiated by adding sodium hydride 

(60% in mineral oil) into tetraethylene glycol, the resulted compound 2 was separated from mixture 

by two times liquid-liquid extractions with high degree of purity. In the second step the other 

hydroxyl end of compound 2 was tosylated to create an active site for the next step reaction with 

tetraethylene glycol. Product 3  was purified thoroughly with extraction and flash chromatography. 

Consequently, tetraethylene glycol was reacted with tosylated compound 3  to yield mono-benzyl 

protected long PEG chain compound 4. The unreacted tetraethylene glycol was removed by 

extraction with water and the side product Bn-PEG12-Bn was completely removed with a column 

chromatography. After that, an enzymatic reaction was conducted to afford the formation of an 

ester 5. During this step, molar sieves were added during the reaction in order to remove the 

produced water and move the reaction to highest conversion. Boc-deprotection was done in the 

presence of trifluoroacetic acid (TFA), the intermediate 6 was obtained. Consequently, reaction with 

diisocynate was performed to form the bis-benzyl protected product 7. Purification was done by 

extraction followed with a column chromatography. Finally, benzyl-deprotection was performed, 

with palladium on carbon as a catalyst, and the addition of triethylsilane (Et3Si) in situ generated 

molecular hydrogen. Therefore, the reduction of benzyl protect group was done rapidly and 

efficiently. Purification was needed only by filtration on celite. Solvent was removed by evaporation 

and final product 8 was obtained. The overall yield for the whole synthesis is 2.04%. 
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Scheme 1. (i).NaH (60% in mineral oil), dry THF, 16 h, 32.8%; (ii).KOH, THF, RT, 17h, 93.4%; (iii).NaH (60% in 
mineral oil), dry THF, RT, 19h, 36.37%; (iv).Novozym 435, CHCl3, 47℃, 750mbar, 24h, 45.06%; (v).TFA, DCM, RT, 

2h, 100%; (vi).Et3N, dry DCM, 53%; (vi).Pd/C, HEt3Si, EtOH/CHCl3(v/v=4/1),76.8%. 

2.3 Characterization  

One of the most important features of bolaamphiphiles is their aggregation behavior which is usually 

measured by critical micelle concentration (CMC). In principle, the proportion of molecules at the 

interface or in aggregates in the bulk liquid depends on the concentration of the surfactant (here 

refers to bolaamphiphile). At low concentrations, bolaamphiphiles prefer the interface. When a 

certain concentration is reached, the surface becomes completely loaded with bolaamphiphiles, and 

further increasing the concentration ends up with the formation of aggregates. This concentration is 

called the CMC. 

There are several approaches to determine the CMC: surface tension, conductivity method and 

pyrene-based fluorescent probe method are the most commonly used methods. Among these three 

methods, pyrene-based fluorescent probe method was used in our project to measure CMC. 9,10 

Under the influence of light at 334nm, pyrene is excited and fluoresces with maxima at λmax = 373 nm 

(I1). Pyrene excites from S0  S2 and emits at S1 
ν=0  S0 ν=0 (I1) and S1 

ν=0  S0 
ν=1 (I3). The emission 

properties of pyrene are sensitive to the polarity of the local environment. In an aqueous 

environment, I1 is higher than I3. In a hydrocarbon environment, I1 is lower than it is in water. 

Furthermore, I1 is more sensitive than I3 to solvent polarity. The CMC can be measured by the ratio, 

I1/I3. At low amphiphile concentration, there are no micelles. Both I1 and I3 are low, but the I1/I3 ratio 
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is much greater than one. As amphiphile concentrations increases, both I1 and I3 increase. When 

micelles form, the pyrene gets absorbed inside the micelle. Therefore, I1 decreases and the I1/I3 ratio 

gets closer to one. 

In this thesis, the CMC of U4U bolaamphiphiles was determined with pyrene based fluorescence 

method. The samples were prepared as a series of U4U solutions diluted from the stock solution and 

consequently added into pyrene containing vials. By varying the bolaamphiphile concentrations 

during the measurement, the change of emission intensity was observed. The CMC was determined  

from a plot of ratio of emission intensity (I1/I3) versus the logarithm of U4U concentration (Log[U4U]). 

The I1/I3 value decreased with increasing concentration but still larger than 1, indicating that there 

are no micelle formation. Later on the I1/I3 ratio started to level off and close to 1 with the increasing 

of concentration, showing the formation of micelles. Therefore, the point where it started to level 

off is the actual CMC value. Figure 27 shows the result of CMC measurement. The CMC of U4U 

determined with this method was ~1 * 10-6 M.  
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Figure 27. Plot of  I1/I3 versus Log[U4U]. 

2.4 Conclusions  

The new generation U4U molecule has been synthesized successfully. Within the whole synthetic 

procedure, the first step towards mono-benzyl ethylene glycol (2) was optimized. By simply using the 

liquid-liquid extraction, a pure compound can be obtained, which is less time and money consuming 

compared with column chromatography. It should be emphasized that the amount of water and 

hexane during the extraction is determined by the amount of the side product, bis-benzyl 

octaethylene glycol. The molar ratio between water, hexane and bis-benzyl octaehylene glycol 

should be 7000: 100:1. And the amount of side product can be determined by 1H-NMR spectra, a 

distinct peak is observed compared to the mono-benzyl octaethylene glycol. 

For the fourth step of the reaction scheme, an enzymatic esterification was performed effectively. 

However, it is worth to mention that: (a) the enzyme beads will be activated with the presence of 

water, thus at the beginning of the reaction no molecular sieves should be used; (b) on the other 

hand, with the increase of reaction time, water will be generated which will prevent the further 

esterification reaction, therefore, it is necessary to remove water after an optimized time, 6 hours.  
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2.5 Experimental section 

Materials  

All solvents were of AR quality or better and purchased from Biosolve, Sigma-Aldrich or Acros. All 

chemicals were purchased from Sigma-Aldrich, Fluka and Acros and used without further purification 

except poly acrylic acid, which was dried with freeze dryer overnight.  

Measurements 

Proton Nuclear Magnetic Resonance (1H NMR) spectra were recorded at room temperature (RT) on 

a downfield from tetramethylsilane (TMS, 0 ppm). Samples were prepared by dissolving ~ 10 mg in 1 

ml of appropriate deuterated solvents. Splitting patterns were assigned as singlet (s), doublet (d), 

quartet (q), quintet (quint.) or multiplet (m).  

Carbon nuclear magnetic resonance (13C NMR) spectra were recorded at RT on a 400 Varian 

Mercury 400 MHz NMR spectrometer with a corresponding frequency of 100 MHz. Carbon chemical 

shifts are reported downfield from TMS using the resonance of deuterated solvents as an internal 

standard. Samples were prepared by dissolving 50mg in ~ 1 ml of deuterated solvent. 

Infrared Spectroscopy (IR) spectra were recorded at RT on a Perkin Elmer Spectrum One FT-IR 

spectrometer with a universal ATR sampling accessory. 

Matrix assisted laser desorption ionization time-of-flight mass spectroscopy (MALDI-TOF) was 

performed on a Perseptive DE PRO Voyager MALDI-TOF mass spectrometer using α-cyano-

4hydroxycinnamic acid as the calibration matrix. 

Synthetic Procedure 

1-phenyl-2,5,8,11-tetraoxatridecan-13-ol (2) 3 

A round bottom flask was charged with tetraethylene glycol (5.3897g, 27.75 mmol) and 25ml of dry 

THF. The solution was stirred at 0℃ and sodium hydride (60% in mineral oil, 1.2693g, 33.30 mmol) 

was added, upon which the mixture foamed vigorously. Benzyl bromide (2.8465g, 16.65 mmol) was 

added, resulting in a turbid mixture and ice bath was removed after 30 minutes. The reaction 

mixture was stirred overnight at RT under argon. Subsequently, deionized water (100ml) was added 

and the mixture was extracted with diethylether (3* 100ml). the organic fractions were combined, 

dried with magnesium sulfate, filtered and concentrated in vacuo. Crude product was re-dissolved in 

deionized water (584.136 ml) and extracted with hexane (4* 60.5 ml) to remove the bis-benzyl-

protected side product. Water was removed under vacuo to obtain a slightly yellow oil compound 2 

(2.87g, 32.8%).  
1H NMR (400 MHz, Chloroform-d): δ 7.38 – 7.23 (m, 5H, -C6H5), 4.56 (s, 2H, -O-CH2-C6H5), 3.74 – 3.56 

(m, 16H, -CH2-CH2-), 2.77 (s, 1H, -OH). 

 phenyl-2,5,8,11-tetraoxatridecan-13-yl 4-methylbenzene-1-sulfonate (3)4 

To a solution of 2 (3.31g, 11.64 mmol) with dry THF (30ml), 4-toluenesulfonyl chloride (3.3g, 

17.46mmol) was added and the mixture was stirred at 0℃. Potassium hydroxide (2.2896g, 40.74 

mmol) was dissolved in deionized water (4 ml) and the solution was added dropwise to the reaction 

mixture over 30 minutes. After 30 minutes the ice bath was removed and stirred overnight. Few 

drops of saturated ammonium chloride were added to neutralize the mixture. THF was removed by 

evaporation and aqueous phase was extracted with DCM (40 ml). Organic phase was dried with 

magnesium sulfate, filtered and concentrated in vacuo. A flash column chromatography with ethyl 

acetate was done and a slightly yellow oil compound 3 (4.7663g, 93.4%) was obtained. 
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1H NMR (400 MHz, Chloroform-d) δ 7.88 – 7.69 (m, 2H), 7.43 – 7.18 (m, 7H, -C6H5), 4.56 (s, 2H, -O-

CH2-C6H5), 4.22 – 4.08 (m, 2H, -CH2-O-Tsyl), 3.90 – 3.36 (m, 14H, -CH2-CH2-), 2.44 (s, 3H, -CH3).  
13

C NMR (100 MHz, Chloroform-d) δ 144.75 , 138.26 , 133.00 , 130.45 – 126.60 (m), 85.32 – 61.62 (m).
 13C 

NMR (100 MHz, Chloroform-d) δ 144.75 , 138.26 , 133.00 , 130.45 – 126.60 (m), 85.32 – 61.62 (m). 

phenyl-2,5,8,11,14,17,20,23-octaoxapentacosan-25-ol (4)5 

To a solution of tetraethylene glycol (4.2163g, 21.73 mmol) in dry THF (40 ml) was added sodium 

hydride (60% dispersion mineral oil, 1.7403g, 43.48 mmol) in portions. The mixture was stirred 15-

20min under argon before adding a solution of tetraethylene glycol monobenzyl ether tosylate in 

THF (20ml) dropwise over 1 hour. The reaction mixture was then allowed to stir overnight at RT. The 

reaction was quenched with brine (150ml) and then THF was removed in vacuo. The aqueous 

mixture was extracted with dichloromethane (4*150ml), dried over magnesium sulfate and then 

concentrated in vacuo to afford a yellowish oil crude product. The crude product was purified with a 

flash chromatography on silica gel (ethyleneglycol dimethacrylate : heptane 90 : 10) to yield 3.8092g 

of compound 4 as a colorless oil (36.37%). 
1H NMR (400 MHz, Chloroform-d) δ 7.34 (d, 5H, -C6H5), 4.56 (s, 2H, -O-CH2-C6H5), 3.75 – 3.57 (m, 32H, 

-CH2-CH2-). 

phenyl-2,5,8,11,14,17,20,23-octaoxapentacosan-25-yl 11-

{[(tertbutoxy)carbonyl]amino}undecanoate (5)6 

To a round bottom flask (100ml) compound 4 (1.635g, 3.552 mmol) and boc-11-aminoundecanoic 

acid (1.1777g, 3.907 mmol) were loaded and dissolved in fresh CHCl3 (40ml). Novozym 435 was 

added into the mixture and reaction was kept in water bath (47℃) under the rotavapor with 

750mbar pressure for 6 hours. Solvent was removed and 4 Å molar sieves were added. New CHCl3 

was added into the mixture and continued the reaction under the same condition as described 

above for another 24 hours. Purification was done by column chromatography on basic aluminum 

oxide (ethyleneglycol dimethacrylate: heptane 95: 5) to yield a colorless compound 5 (1.0904g, 

45.06%). 
1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.18 (m, 5H, -C6H5), 4.57 (s, 2H, -O-CH2-C6H5), 4.29 – 4.17 

(m, 2H, -CO-O-CH2-CH2), 3.74 – 3.51 (m, 14H, -CH2-CH2-), 3.10 (q, 2H, -NH-CH2-CH2-), 2.32 (t, 2H, -CO-

CH2-CH2-), 1.81 – 1.17 (m, 23H, -CH2-CH2-). 

1-phenyl-2,5,8,11,14,17,20,23-octaoxapentacosan-25-yl 11-aminoundecanoate salt (6)7 

Compound 5 (1.0904g, 1.4676 mmol) was loaded in a 100ml round bottom flask. Dichloromethane 

together with TFA (DCM: TFA (v/v) 1: 0.5) was added to the flask at 0℃. Ice bath was removed after 

1 hour and reaction was stirred at RT for another 2 hours. Solvent and TFA were removed in vacuo 

and a brownish oil intermediate 6 was obtained with a yield around 100%. 

 

phenyl-2,5,8,11,14,17,20,23-octaoxapentacosan-25-yl 11-[({4-[({11-oxo-11-[(1-phenyl-

2,5,8,11,14,17,20,23-octaoxapentacosan-25-

yl)oxy]undecyl}carbamoyl)amino]butyl}carbamoyl)amino]undecanoate (7)8 

In a 50ml round bottom flask, 1,4-diisocyanatobutane (98mg, 0.7 mmol) was dissolved in 3ml DCM. 

Triethylamine was added dropwise to the solution at 0℃. After 30 minutes ice bath was removed 

and reaction mixture was stirred overnight. Mixture was diluted with 60ml DCM, followed by 

extraction with 0.001M HCl (60ml), washed with brine (2*60ml). Organic fractions were dried over 

magnesium sulfate, concentrated in vacuo. A column chromatography on silica was done 
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(DCM/Methanol, step gradient from 99: 1 to 97: 3) to yield a white solid compound 7 (529.6mg, 

53%).  
1H NMR (400 MHz, Chloroform-d) δ 7.34 (d, 10H), 4.56 (s, 4H), 4.30 – 4.12 (m, 4H), 3.78 – 3.55 (m, 

32H), 3.26 – 3.04 (m, 8H), 2.32 (t, 4H), 1.27 (s, 36H). 

2-hydroxyethyl 4-({[3-({[4-(2-hydroxyethoxy)-4-

oxobutyl]carbamoyl}amino)propyl]carbamoyl}amino)butanoate (8)9 

To a 100ml flask contained compound 7 (450mg, 0.315 mmol) and ethanol/CHCl3 (v/v=4/1), 

palladium on carbon (15.92mg, 20w%) was added. Reaction was stirred for 15 minutes at RT under 

nitrogen flow. Triethylsilane was added in portion and kept the reaction under hydrogen 

atmosphere overnight. Filtration on celite and solvent was removed in vacuo to afford a white solid 

final product (301.8mg, 76.8%). 
1H NMR (200 MHz, Chloroform-d) δ 4.22 (dd, 4H, -CO-O-CH2-), 3.80 – 3.55 (m, 32H, -CH2-CH2-), 3.14 

(d, 8H, -NH-CH2-), 2.32 (t, 4H, -CO-CH2-), 1.49 (s, 2H, -OH), 1.26 (s, 32H, -CH2-CH2-).  
13C NMR (100 MHz, Chloroform-d) δ 77.44 , 76.61 , 70.56 , 63.15 , 40.39 , 27.38. FT-IR (v, cm-1): 3327 

v, 2922 m, 2852 m, 1732 s, 1614 s, 1576 s, 1100 broad peak, s.  

MALDI-TOF: [M+Na+]= 1269.82 Da, 

General method for CMC measurements 

The 0.01 M pyrene stock solution was prepared by dissolving solid pyrene (209.08 mg) into methanol 

(103.38 ml). Diluting 0.01 M stock solution (1 ml) into methanol (100 ml) gave 1 * 10-4 M pyrene 

solution. The 1 * 10-4 M pyrene solution (10 μl) was taken into each vial and methanol was removed 

by placing it in the oven at 60℃ for twenty minutes.  

The 0.01 M stock solution of U4U bolaamphiphile was prepared by dissolving U4U solid (49.94 mg) in 

demi water (4 ml). The dilution series were made in vials by using the stock solution and demi water. 

Then those dilutions were added into the dried pyrene containing vials. The CMC measurements 

require solution (3000 μl) for each dilution. All the solutions were prepared freshly before the 

measurements.  

A Perkin Elmer Luminescence Spectrometer LS 45 was used to measure CMCs for samples. The 
pyrene was excited at 334nm and fluoresces maxima at 373nm (I1) and 385 nm (I3). The fluorescence 
of pyrene was recorded from 365 to 650nm. I1/I3 versus [U4U] plot was plotted to determine the 
CMCs. 
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3 Design and synthesis of bis-urea based graft polymer 

3.1 Hydrophobically modified graft polymer as a cross-linker 

Hydrogels are crosslinked polymer networks which absorb large amount of water. Their applications 
attracted much attention due to their unique properties, such as biocompatibility, dynamic property 
and mechanical behaviors. Among these functions, the mechanical property of hydrogels shows 
great effects on the application. In order to control over the mechanical properties of hydrogels, our 
group has developed a hydrogel system, in which a hydrogelator was achieved via the bis-urea based 
rod-like micelles connected by a flexible polyethylene glycol(PEG) linker. Hydrogelation was 
observed with both viscoelastic properties and high mechanical performance.1 The structure of 
crosslinking system and the micelles are shown in Figure 28. 

 

Figure 28. Crosslinked network of rod-like micelles connected via bis-urea containing segmented flexible linker 
(top) and the structure of the linear crosslinker (bottom).1 

However, the hydrogel formed with such structure shows no strain stiffening response which is 
probably due to the flexibility of the crosslinker. In order to improve the mechanical property of the 
hydrogel, a new design is developed by Y. Chen2 that uses a graft polymer to replace the old 
crosslinker (shown in Figure 29).  

                                      

Figure 29. Schematic representation of bis-urea based graft polymer as crosslinker.2 

In this structure, the biocompatible and water soluble poly acrylate acid is used as the backbone and 
bis-urea pendent groups are randomly grafted on the backbone via ester bond. The flexibility 
between the bis-urea crosslinking points can be effectively reduced and carboxylic acid makes it 
possible to introdcuce  different functions.  

3.2 Hydrophobically modified graft polymer forms hydrogel 

A new design based on hydrophobically modified hydrogel was considered, inspired by the system 
that developed by Hao and Weiss.3 In their paper, they proposed a physically cross-linked copolymer 
hydrogel synthesized from N, N-dimethylacrylamide (DMA) and 2-(N-ethylperfluorooctane 
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sulfonamido) ethyl acrylate (FOSA) with varying FOSA concentrations. This copolymer formed 

hydrogels in aqueous environment with a core-shell structure: The strong hydrophobic association of 

the FOSA moieties is the driving force and produced core of the nanodomains; the DMA portion of 

the copolymer is hydrophilic and is surrounding outside of the core(Figure 30). Thus, the highly 

swollen hydrogels can be formed when immersed in water.4,5  

 

Figure 30. Schematic of core-shell structure of a water-swollen PDMA-FOSA hydrogel.
3
 

Similar to Weiss’s strategy, we designed a system that also forms the core-shell structure. The 

polymer we used in this design is the same as mentioned previously in section 3.1, the bis-urea 

based polyacrylic graft polymer (Figure 25C). The hydrophobic interaction of bis-urea moieties acted 

as the driving force to form a core and it is shelled by poly acrylic acid chains which are hydrophiclic 

and water-depleted components. It is important to control the proportion of bis-urea containing 

group in the polymer network within 10wt% because the main reason to introduce the bis-urea 

motifs is to form the nanodomins. Higher concentration of hydrophobic group may lead to a 

blockiness of nanodomains. In order to form the nanodomains, a high molecular weight poly acrylate 

acid (Mw= 95K) was used and it was hydrolyzed from poly (tert-butyl acrylate) (PtBA) in presence of 

trifluoroacetic acid (TFA).6 The hydrolysis reaction is shown in Scheme 2.  

 

Scheme 2. Hydrolysis of PtBA by using TFA. 

The hydrolyzed poly acrylate acid was used in further experiment to graft with bis-urea containing 

molecule to give rise to hydrophobically modified graft polymer. In practice, only U4U monomer 

with hydroxyl end group was grafted with high molecular poly acrylic acid using EDC coupling 

reaction and the product was purified with dialysis in water for four days.  

3.3 Synthesis of Bis-urea pendant group  

The synthesis procedure of bis-urea side chain has been described by Y. Chen.2 The same route 

applied in this project with slight difference. The multistep synthesis (Scheme 3) was performed 

through reaction of the monoBoc-protected diaminoalkanes (1) with 2-ethylhexyl isocyanate by 

dissolving both components in chloroform at room temperature and stirred under argon for 6 hours, 

yielded intermediates (2) with one urea group. Then the Boc protecting group was removed using 

HCl in dioxane to yield the amine groups in salt form (3). The reaction mixture was neutralized with 
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triethylamine and the excess triethylamine is removed by quenching in deionized water and 

extraction 3 times with dimethylene chloride. In the third step, compound (3) was coupled to 12-

isocyanatododecan-1-ol (5), which was converted from 12-aminododecan-1-ol in situ by dissolving in 

dry dichloromethane, resulting in the formation of mono-hydroxyl-functionalized bis-urea molecules 

(6). The reaction mixture was filtrated to give solid products. The spacer length between urea motif 

is varied from 2 (U4U) to 4 (U6U). And a fixed length (12 -CH2 units) between the urea groups and 

the hydroxyl group is synthesized to avoid interaction between polymer backbone and side chain, 

urea motif to be specified.  

 

Scheme 3. (I).CHCl3, RT, 6h, (a)68.08%, (b)88.79%; (II). DCM, HCl in dioxane; Et3N, H2O, DCM, 100%; (III). Dry 
DCM, RT, 26h, (a)53.89%, (b)71.7%. 

3.4 Modification of Poly acrylic acid (PAA) 

After the synthesis of bis-urea side chains with hydroxyl-end group, different strategies were utilized 

to graft it on the poly acrylate acid. One of the approaches is to attach the bis-urea side chains by 

post-modification of poly acrylate acid with EDC coupling. (show in Scheme 4) 

 

Scheme 4. EDC coupling of bis-urea containing monomer with poly acrylate acid (Mn=1.8K). 

EDC coupling has been widely used for esterification.7,8 Nevertheless, it is found out after several 

attempts that the EDC coupling does not work in this case. One of the reasons might be because the 

EDC coupling is selectively more efficient for amino acid bond formation than the ester bond 

formation. Therefore, the CDI coupling is utilized as an alternative for the final grafting. (Scheme 5) 
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Scheme 5. synthetic scheme of bis-urea containing graft polymer by using CDI coupling. 

The feasibilty of application of N, N’–carbonyl-diimidazole in the modification of poly acrylate acid to 

react with alcohol which gives rise to ester bond formation has been reported.9 In this method, 

acidic groups are first activated by the carbonyl-diimidazole and form the imidazolides intermediates. 

With the addition of alcohol, an exchanging reaction happens between the alcohol and imidazolides. 

Isolation of the intermediate is not possible since the polyimidazolides is extremely sensitive to 

moisture. Strictly anhydrous recation condition must be applied to prevent inefficient coupling. The 

final product was treated with water, in order to hydrolyze any imidazolide unit which might have 

remained at this stage. Based on these facts, a testing reaction of CDI coupling was conducted with 

12-dodecan-1-ol and methanol, and they all showed successful esterification. Figure 31 showed the 
1H-NMR of the grafting products with 1-dodecanol (above) and with methanol (bottom) and their 

corresponding protons (labeled with alphabet). 10 mol% of acid groups were expected to be 

modified for each case. 

 

 

Figure 31. 
1
H-NMR spectra of grafting products with 1-dodecanol (above) and with methanol (bottom). 

C 
d a b 

a b 
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These testing experiments provided the evidence which showed the ester bond formation can be 

achieved between poly acrylic acid and other hydrophobic molecules, such as 1-dodecanol and 

methanol. Followed the same procedure, the esterification of bis-urea based pendant group (U4U) 

and poly acrylic acid (Mn=1.8K) was performed as well.  

3.5 Conclusions  

The bis-urea containing pendant groups with different spacers between urea groups have been 

synthesized with good purity and a relatively high yield (36.69% for U4U and 63.66% for U6U). 

For the synthesis of bis-urea containing graft polymer, two synthetic procedures have been 

evaluated. The EDC coupling was done both with higher molecular weight poly acrylic acid (Mw = 

95K, obtained from hydrolysis of PtBA) and with lower molecular weight PAA (Mw= 1.8K). Further 

purification was done only for the product of high molecular weight PAA due to the limitation of the 

diameter of dialysis Cassettes. And the results after dialysis showed no evidence of ester bond 

formation, which indicated the EDC coupling reaction was not succeed.  

The next method to graft PAA with bis-urea pendandt group was CDI coupling. First, the test reaction 

with methanol and 1-dodecanol were performed and showed successful grafting of these groups on 

PAA (Figure 31). However, replacing with the bis-urea pendant group created a complicated system 

due to the lower ratio of hydrophobic groups presented in the system, which greatly decreased the 

feasibility of purification. Therefore, we can conclude that both the EDC coupling and the CDI 

coupling are not suitable for the synthesis of bis-urea containing graft polymer.  

3.6 Alternative route to achieve bis-urea based graft polymer 

An alternative method to achieve the graft polymer is to utilize copolymerization of bis-urea bearing 

monomers 7 with hydrophilic monomer instead of grafting on polymer (Scheme 6).  The compound 

7 can be achieved by coupling the mono-hydroxyl functionalized bis-urea molecule with 

methacryloyl chloride, which will efficiently reach the ester bond formation. The monomer can react 

through thermally induced radical copolymerization with acrylate acid to generate desired polymer. 

In this method, some disadvantages can be concluded is that: (a) it is less controled in the molecular 

weight and polydispersity; (b) it is hard to control over the ratio of bis-urea side chains. This is due to 

the relatively lower reactivity of compound 7 compared to acrylate acid.  

 

Scheme 6. Synthetic procedure towards the graft polymer by using copolymerization. 

3.7 Experimental section 

Materials  



32 
 

All solvents were of AR quality or better and purchased from Biosolve, Sigma-Aldrich or Acros. All 

chemicals were purchased from Sigma-Aldrich, Fluka and Acros and used without further purification 

except poly acrylic acid, which was dried with freeze dryer overnight before using. 

Measurements 

Proton Nuclear Magnetic Resonance (1H NMR) spectra were recorded at room temperature (RT) on 

a downfield from tetramethylsilane (TMS, 0 ppm). Samples were prepared by dissolving ~ 10 mg in 1 

ml of appropriate deuterated solvents. Splitting patterns were assigned as singlet (s), doublet (d), 

quartet (q), quintet (quint.) or multiplet (m).  

Carbon nuclear magnetic resonance (13C NMR) spectra were recorded at RT on a 400 Varian 

Mercury 400 MHz NMR spectrometer with a corresponding frequency of 100 MHz. Carbon chemical 

shifts are reported downfield from TMS using the resonance of deuterated solvents as an internal 

standard. Samples were prepared by dissolving 50mg in ~ 1 ml of deuterated solvent. 

Infrared Spectroscopy (IR) spectra were recorded at RT on a Perkin Elmer Spectrum One FT-IR 

spectrometer with a universal ATR sampling accessory. 

Synthetic procedures 

tert-butyl N-(4-{[(2-ethylhexyl)carbamoyl]amino}butyl) carbamate (2a) 

To a 250 ml round bottom flask, 1.85g (9.826 mmol) of tert-butyl N-(4-aminobutyl)carbamate (1a) 

dissolved in 50ml CHCl3 and 1.525g (9.826 mmol) of 2-Ethylhexyl isocyanate dissolved in 30 ml CHCl3 

were added. The mixture was stirred for 6 hours at RT under Argon atmosphere. Solvent was 

removed in vaccuo and 4.5956g (68.08%) colorless oil was obtained. 
1H NMR (399 MHz, DMSO-d6) δ 6.76 (s, 1H), 5.68 (d, 1H), 3.01 – 2.80 (m, 6H), 2.49 (p, 1H, -CH), 1.36 

(s, 9H, -CH3), 1.26 – 1.04 (m, 12H, -CH2), 0.83 (dt, 6H, -CH3), 8.33 – 8.28 (m, 1H, -NH). 

tert-butyl N-(6-{[(2-ethylhexyl)carbamoyl]amino}butyl) carbamate (2b) 

To a 50 ml round bottom flask, 783.8mg (3.624 mmol) of tert-butyl N-(6-aminobutyl)carbamate (1b) 

dissolved in 10ml CHCl3 and 562.62mg (3.624 mmol) of 2-Ethylhexyl isocyanate dissolved in 5 ml 

CHCl3 were added. The mixture was stirred for 6 hours at RT under argon atmosphere. Solvent was 

removed in vaccuo and 1.1956g (88.79%) colorless oil was obtained. 
1H NMR (399 MHz, DMSO-d6) δ 6.76 (s, 1H), 5.68 (d, 1H), 3.01 – 2.80 (m, 6H), 2.49 (p, 1H, -CH), 1.36 

(s, 9H, -CH3), 1.26 – 1.04 (m, 16H, -CH2), 0.83 (dt, 6H, -CH3), 8.33 – 8.28 (m, 1H, -NH). 

1-(4-azaniumylbutyl)-3-(2-ethylhexyl) urea chloride salts (3a) 

In a 100 ml round bottom flask, 4.5956g of compound 2a was dissolved in 20ml DCM. 5 ml 4M HCl in 

dioxane was added and reaction mixture was stirred overnight at room temperature under Argon. 

Solvent was removed under vaccuo. 4.9475g (~ 100%) of light brownish oil intermedaite was 

obtained. 

1-(6-azaniumylbutyl)-3-(2-ethylhexyl) urea chloride salts (3b) 

In a 100 ml round bottom flask, 1.1956g of compound 2b was dissolved in 10ml DCM. 2 ml 4M HCl in 

dioxane was added and reaction mixture was stirred overnight at room temperature under Argon. 

Solvent was removed under vaccuo. 1.3849g (~ 100%) of light brownish oil intermediate was 

obtained. 

1-(4-{[(2-ethylhexyl)carbamoyl]amino}butyl)-3-(12-hydroxydodecyl) urea (6a) 
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In a 100 ml round bottom flask containing 850.1mg (4.22 mmol) and 40 ml dry DCM, 1.3267g (5.06 

mmol) di-tert-butyl tricarbonate was added quickly. Reaction mixture was stirred for 2 hours under 

argon at room temperature. 1.0267g (4.22 mmol) of compound 3a dissolved in 10 ml dry 

dichloromethane was added to the reaction mixture and stirred overnight. Filtrate the mixture and 

washed with DCM to afford 1.0706g (53.89%) light yellow solid final product (U4U). 
1H NMR (399 MHz, Methanol-d4) δ 3.19 – 3.00 (m, 10H), 1.59 – 1.44 (m, 11H), 1.43 – 1.21 (m, 22H), 

0.90 (q, 6H), 3.61 – 3.46 (m, 1H, -OH). 

1-(6-{[(2-ethylhexyl)carbamoyl]amino}butyl)-3-(12-hydroxydodecyl) urea (6b) 

In a 100 ml round bottom flask containing 255.5mg (1.2689 mmol) and 20 ml dry DCM, 399.8mg 

(1.5227 mmol) di-tert-butyl tricarbonate was added quickly. Reaction mixture was stirred for 2 hours 

under argon at room temperature. 343.8mg (1.2689 mmol) of compound 3b dissolved in 10 ml dry 

dichloromethane was added to the reaction mixture and stirred overnight. Filtrate the mixture and 

washed with DCM to afford 428.0mg (71.7%) light yellow solid final product (U6U). 
1H NMR (399 MHz, Methanol-d4) δ 3.19 – 3.00 (m, 10H), 1.59 – 1.44 (m, 13H), 1.43 – 1.21 (m, 24H), 

0.90 (q, 6H), 3.61 – 3.46 (m, 1H, -OH). 
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4. Conclusions and outlook 
One of the aims of this project was to design and synthesis the new generation of bis-urea based 

bolaamphiphiles with monodispers PEG and hydroxyl end functionalities. Compared to the old 

generation bolaamphiphile, this design was suitable for the dynamic study due to possibility of using 

hydroxyl group to add new functionalities, such as fluorophore that can be used in the study of 

dynamics of aggregation behavior, and also biomolecules for biofunctionality incorporations. For the 

synthesis, the bis-urea based bolaamphiphile (U4U molecule) has been successfully synthesized with 

an overall yield of 2.04%. Among the whole synthetic procedure, the third step towards mono-

benzyl protected octaethylene glycol was optimized. The purification was done by twice liquid-liquid 

extraction instead of using a column chromatography. For the fourth step, it was proven that the 

enzymatic esterification showed effective result compared to the EDC coupling. After the synthesis, 

the U4U bolaamphiphile was annualized for its critical micelle concentration (CMC). The CMC was 

determined with pyrene based fluorescence method with a value of 10-6 M. In principle, CMC can be 

measured by other methods such as surface tension method and conductivity measurement. 

However, due to the limitation of time these two approaches were not used to make comparisons.  

The second part of the project was the investigation of a new crosslinker, based on bis-urea 

containing graft polymer, which can be used in the crosslinking process of bolaamphiphiles. The 

attachment of bis-urea pendant group on the poly acrylic acid could contribute to such a linker 

which can connect the rod-like bolaamphiphiles via hydrogen bondings. Later on, with the study in 

literature, it was found that this structure would achieve the direct formation of hydrogels. In order 

to achieve this design, the poly acrylic acid was modified with hydrophobic bis-urea containing group 

to form the same structure as the graft polymer. It was expected to form a nanodomain which is 

based on the hydrogen bonding interactions of bis-urea motifs, and the surrounding hydrophilic poly 

acrylic acid chains will shield the nanodomains and absorb water to become hydrogel. Therefore, the 

synthesis of bis-urea pendant groups with variable spacer between urea groups were synthesized 

with overal yields of 36.69% and 63.66% for U4U and U6U respectively. For the synthesis of bis-urea 

containing graft polymer, two different routes were chosen, the EDC coupling and CDI coupling. The 

EDC coupling was proved not succeed after dialysis in water, which is probably due to the ineffective 

coupling of EDC for ester bond formation. The CDI coupling with 1-dodecanol and methanol were 

succeeded. However, coupling with bis-urea pendant group under the same condition created a 

complicated system. The purification of product cannot be performed by precipitation or other 

methods due to its hydrophilicity. Hence, an alternative route towards the desired compound has 

been proposed.  
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Appendix A 
1H-NMR of HO-PEG8-U4U-PEG8-OH (8) 

 

 

IR spectrum of HO-PEG8-U4U-PEG8-OH (8) 
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Maldi-TOF MS of HO-PEG8-U4U-PEG8-OH (8) 

 

Maldi-TOF MS (zoom in) of HO-PEG8-U4U-PEG8-OH (8) 
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Appendix B 
1H-NMR of U4U-OH (6a) 

 
1H-NMR of U4U-OH (6b) 
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COSY NMR spectrum of compound U4U-OH (6a) 

 


