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SUMMARY 
Supramolecular polymers are an interesting class of materials. They may exhibit the excellent mechanical 

properties of conventional polymers as well as the reversibility and ease of processing of supramolecular 

materials. However, when mechanical resistance is required, the reversible interactions are a drawback 

of the material. 

In this thesis, we sought to combine the principles of self-assembly with covalent fixation. Self-assembled 

polymerizable diacetylenes are interesting candidates for this purpose. A variety of diacetylene 

bolaamphiphiles was used to examine the molecular parameters necessary for polymerization. 

The synthesis of novel diacetylenic bolaamphiphiles is discussed in chapter 2. Bis-ester and bis-amide 

bolaamphiphiles were designed as potential building blocks for strain-stiffening materials in for example 

tissue engineering. SLS and DLS provided information on the self-assembly behavior. For both types of 

bolaamphiphiles, relatively large structures were found. Polymerization of the diacetylenes in aqueous 

solution appeared to be not possible. 

In chapter 3, the physical properties of bis-urea bolaamphiphiles are investigated with UV-Vis 

spectroscopy and AFM. Polydiacetylenes are known for their change in UV-Vis absorbance and 

fluorescence upon exertion of an external stimulus to the polymer backbone. In the case of rodlike 

micelles of self-assembled bis-urea bolaamphiphiles, these chromatic properties might be exploited in 

mechanical sensor systems. The most remarkable observations in this chapter were the time and 

concentration dependency on the conjugation length of the polymer backbone, probably caused by 

degradation of the samples under prolonged UV-exposure. Mechanical sensing was not yet possible with 

the bis-urea diacetylenes. 

Chapter 4 focuses on a novel strategy for diacetylene polymerization. Copper-click chemistry has already 

proven to be useful in biological applications, but also seems an alternative way to polymerize 

diacetylenes, instead of UV-irradiation and γ-rays. The reaction conditions for the diacetylene 

polymerization require further optimization, but the preliminary results are promising. 
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1 INTRODUCTION 

1.1 SUPRAMOLECULAR POLYMERS 
With the Nobel Prize in Chemistry awarded to Donald J. Cram, Jean-Marie Lehn and Charles J Pedersen in 

1987 for their “development and use of molecules with structure-specific interactions of high selectivity”, 

supramolecular chemistry became a widely accepted field in chemistry.1 

Supramolecular chemistry focuses on the non-covalent interactions, e.g. hydrogen bonding, Van-der-

Waals forces, π-π-stacking, host-guest interactions, electrostatic effects and hydrophobic interactions.2  

Supramolecular polymers are consequently polymers based on monomers that are held together via non-

covalent interactions. Brunsveld et al.3 proposed the following definition for 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 repetition of 

chemical fragments. The directionality and strength of the supramolecular 

bonding are important features of systems that can be regarded as 

polymers and that behave according to well-established theories of 

polymer physics.”  

 

Thus, the highly directional bonding between the monomers is the key feature of supramolecular 

polymers. This makes this particular kind of polymers very attractive, since they may display both the 

excellent mechanical properties of conventional polymers as well as the ease of processing and 

reversibility of supramolecular materials.3,4 

Supramolecular polymers are often found in nature, such as the tobacco mosaic virus,5 in which RNA and 

proteins self-assemble to form the virus, and microtubuli,6 consisting of tubulins that self-assemble into 

the tubular structure.  

In synthetic applications, one of the most crucial developments in supramolecular polymer chemistry was 

the discovery of the 2-ureido-4[1H]-pyrimidinone (UPy) motif, that can form four hydrogen bonds with 

another UPy molecule. Those UPy dimers can be incorporated in many types of structures, like telechelic 

polymers, as schematically shown in Figure 1.1.7  
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Figure 1.1: Schematic representation of 2-ureido-4[1H]-pyrimidinone (UPy) supramolecular polymerization. A: This 
plastic component is made from a supramolecular polymer. B: The molecular structure is a physical network of 
monomers connected via hydrogen bonds. C: The UPy units form hydrogen bonds to each other (dotted lines). Carbon 
atoms are shown in grey; nitrogen in blue; oxygen in red; and hydrogen in white. Reprinted by permission from 
Macmillan Publishers Ltd: Nature (ref. 7), copyright (2008) 

 

Besides entangled supramolecular polymeric networks formed by UPy’s, many other molecules and 

structures are reported. Stupp et al.8 report bilayers, tubes and planar stacking as possible nanostructures, 

but also rods and vesicles are reported.9,10  

Nowadays, supramolecular polymers is a growing field in chemistry, with its directionality and reversibility 

as main features. The latter in particular is interesting in for example self-healing materials, where the 

reversibility and dynamics of the system are of great advantage. However, in applications where 

mechanical resistance is required, the reversibility of the non-covalent bonds may be its greatest 

weakness, as they are more prone to dissociate under moderate stress.11 To circumvent this break-up of 

the non-covalent interactions, a polymerizable unit – like a diacetylene segment – can be incorporated 

into the self-assembling molecules, thereby strengthening the assembly upon covalent fixation. 

1.2 POLYDIACETYLENES 
The first polydiacetylenes (PDAs) were discovered in 1969, by Gerhard Wegner. He exposed 1,6-

bishydroxy-hexa-2,4-diyne to UV-light, inducing polymerization of the diacetylene unit.12 Upon 1,4-

topochemical polymerization of the diacetylene monomers, which is only possible with perfectly aligned 

monomers, a highly conjugated material is formed. This high extent of conjugation gives rise to 

absorptions in the visible region of the electromagnetic spectrum. The 1,4-topochemical polymerization 

is schematically shown in Scheme 1.1. 

 

Scheme 1.1: Schematic representation of 1,4-topochemcial polymerization of diacetylenes, induced by UV-light. 
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Polydiacetylenes are known to exist in two phases: a ‘blue’ and a ‘red’ phase. Through the influence of 

external stimuli, the material typically undergoes a phase transition, accompanied by a color change. The 

exact underlying mechanism behind this color transition is still not fully established, although some state 

that twisting of the conjugated polymer backbone is the main cause for this feature.13 The color change 

of the solution is generally visible with the naked eye, making polydiacetylenes extremely interesting 

materials for sensing properties.14 PDAs as sensors will be discussed in more detail in chapter 3. 

Except for the sensor application for polydiacetylenes, the polymerizable diacetylene unit can also be used 

to covalently fixate self-assembled systems, as will be discussed in chapter 1.3. 

1.3 POLYDIACETYLENES IN SELF-ASSEMBLED SYSTEMS 
Many different types of self-assembled polydiacetylenic materials have been reported for PDA materials 

with a polar head group and one or more diacetylene tails, including films, monolayers, multilayer coatings, 

colloids and immobilized colloids.13 This is schematically shown in Figure 1.2. 

 

Figure 1.2: Possible structures for self-assembly of polydiacetylene amphiphiles with a polar head group and a 
polydiacetylene tail (or tails). Reproduced from ref.13 with permission from the Royal Society of Chemistry. 

 

The colloidal PDAs are useful in liquid assays, whereas the solid supported PDAs are more useful in devices 

were robustness is required.13 Polydiacetylene micelles are investigated as gene deliverers.15 Thus, the 

diversity of polydiacetylene self-assembled structures leads to a broad range of applications. Combined 

with their chromatic properties, PDAs form a very interesting class of materials and are extremely useful 

in self-assembled systems. 

In the Sijbesma group,11 diacetylenes were incorporated into bis-urea bolaamphiphiles. Bolaamphiphiles 

are molecules consisting of a hydrophobic core, flanked by two hydrophilic segments. Bis-urea 

bolaamphiphiles are known to self-assemble into rodlike morphologies. With the diacetylene segment, 

the rodlike morphology could be fixated upon exposure to UV-light. The bis-urea bolaamphiphiles as 

synthesized by Pal et al.11 are depicted in Figure 1.3. 
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Figure 1.3: Molecular structure of bis-urea bolaamphiphiles as synthesized by Pal et al.11 UD10U: n = 2, UD12U: n=3. 

The hydrogen bonding urea group is depicted in red, the hydrophilic poly(ethylene glycol) segment with n=8 (average) 
is depicted in blue. The hydrophobic aliphatic segments are depicted in black.  

 

The bis-urea bolaamphiphiles as shown in Figure 1.3, self-assemble into rodlike micelles through an 

interplay between hydrogen bonding and hydrophobic interactions. The hydrophobic spacer between the 

urea groups and the hydrophilic poly(ethylene glycol) (PEG) segment shields the urea groups from water, 

thereby enhancing the intermolecular hydrogen bonding. Furthermore, the urea groups are used for 

molecular recognition. 

Upon polymerization of the self-assembled diacetylenes, crosslinking between the bis-urea 

bolaamphiphiles occurs, leading to fixation of the micellar structure. This is expected to result in better 

mechanical stability. Furthermore, the chromatic properties of this type of PDA are potentially useful as 

(biological) sensors and in particular for sensing mechanical stresses in biological networks, such as 

collagen or actin. 

1.4 AIM AND APPROACH 
This thesis combines the principles of self-assembly and covalent fixation. By using a variety of diacetylene 

containing bolaamphiphiles, we seek to explore which molecular parameters enable topochemical 

polymerization in self-assembled diacetylenes.  

Firstly, the focus will be on the synthesis of novel diacetylenic bolaamphiphiles as potential building blocks 

for strain stiffening materials (chapter 2). This new strategy revolves around bis-ester as well as bis-amide 

bolaamphiphiles. These novel molecules will be characterized with 1H-NMR (nuclear magnetic resonance), 
13C-NMR and LC-MS (liquid chromatography-mass spectrometry). The aggregation behavior will be 

studied via static and dynamic light scattering. Those two analysis techniques will be outlined in more 

detail in chapter 1.4.1. The polymerization behavior will simply be studied by UV-Vis spectroscopy, as 

successful polymerization typically leads to a dramatic change in color of the solutions, due to the 

formation of a poly-conjugated backbone.  

Secondly, the physical properties of previously reported bis-urea bolaamphiphiles will be discussed. The 

polymerization properties under the influence of several different parameters will be examined in chapter 

3, including temperature, polymerization time, polymerization concentration, electrostatic effects and 

mechanical stress. In order to address potential stimuli-induced morphological changes of the 

polymerized bis-urea bolaamphiphiles, atomic force microscopy – outlined in chapter 1.4.2. – will be used. 

Lastly, another strategy to polymerize the bis-urea diacetylenes is investigated. Diacetylenes are already 

known to polymerize under the influence of UV-irradiation or γ-rays. Herein, we propose an alternative 
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approach to induce polymerization of the diacetylene motif, based on a copper(I)-catalyzed reaction. In 

chapter 4, this new strategy will be studied with UV-Vis spectroscopy.  

Thus, this thesis can be clearly divided into three different parts: synthesis (chapter 2), physical properties 

(chapter 3) and reactivity (chapter 4). 

1.4.1 STATIC AND DYNAMIC LIGHT SCATTERING 
Static light scattering (SLS) and dynamic light scattering (DLS) give information on the size and shape of 

the supramolecular aggregates. A laser beam hits the sample, after which the intensity of the scattered 

light is measured with a detector. In Figure 1.4, a schematic representation of a light scattering set-up is 

shown.16  

 

Figure 1.4: Schematic representation of a typical light scattering set-up. Taken from ref 16. 

 

SLS measures the average light scattering intensity of the aggregates, whereas DLS measures the 

fluctuation in scattering intensity. The fluctuations in intensity provide information on the size distribution 

of the sample. Moreover, DLS can be used to estimate the diffusion constant and with a known shape, 

the Stokes-Einstein relation provides an estimate for the hydrodynamic radius. 

The average scattering intensity measured at different angles provides an indication of the shape of the 

sample, as schematically depicted in Figure 1.5.17  
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Figure 1.5: Schematic representation of the different regions for the q-dependence of the structure factor of a 
wormlike chain and their link to the different structural properties on different length scales. Reprinted from Neutron, 
X-rays and Light. Scattering methods applied to soft condensed matter, 1st edition, P. Schurtenberger, Static 
properties of polymers, page 281, Copyright (2002), with permission from Elsevier. 

 

When log (I) is plotted versus the logarithm of q, the wave vector, four distinct regions can be observed 

within the full q-range. The transitions between the regions are indicated with a grey dot in Figure 1.5. In 

the first region, at lower q-ranges, the curve reaches a plateau. From this, the weight average molar mass 

can be calculated. At the point where the plateau goes over into a slope – the first transition – the global 

structure can be determined. The second transition gives information about the flexibility of the polymer 

chains, whereas the third transition is refers to the local structure. SLS allows to measure the q-range 

before the second transition. Other scattering techniques, such as SAXS or SANS (small angle X-ray 

scattering or small angle neutron scattering) provide data at higher q-ranges (shorter length scales). In 

order to extract as much information from SLS data as possible, the q-range ideally lies around the first 

transition. Only in the second region the following equations apply. 

The scattered intensity of the aggregates is given by Equation 1.1, df being the fractal dimension.18 

𝐼(𝑞) ≈ 𝑞𝑑𝑓     (1.1)  

 

Or, alternatively: 

log(𝐼(𝑞)) = −𝑑𝑓 ∙ log (𝑞)  (1.2) 

When the intensity – or in this case the corrected intensity as the Rayleigh ratio – is plotted versus q, the 

slope – whose value ranges between -1 and -3 – gives an indication of the fractal dimension and therefore 

of the shape of the aggregates. A slope of -1 is generally indicative of cylinders or rods, whereas a slope 

of -2 is typically attributed to 2D-objects with fractal surfaces.18 
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Furthermore, SLS provides an estimate for the size of the aggregates. The most accurate estimate would 

be at the transition from plateau to slope. When the plateau is not reached for the q-values measured, 

then the minimal size of the aggregates can be determined with Equation 1.3. 

𝐿 ≥
2𝜋

𝑞𝑚𝑖𝑛
    (1.3) 

Being L the length of the aggregate and qmin the minimal value measured for the wave vector. 

1.4.2 ATOMIC FORCE MICROSCOPY 
In atomic force microscopy (AFM) the surface of the sample is scanned by tapping or touching it with a 

mechanical probe. This probe consists of a cantilever with a very small (1 atom thick) tip attached to it. A 

piezoelectric crystal allows the cantilever to oscillate, as such that the tip is constantly tapping the surface. 

This is the so-called tapping-mode, the most commonly used mode in AFM.  

The deflections of the cantilever, due to interactions between the surface and the tip, are monitored by 

a laser that is located exactly on the tip. By measuring the position of the laser an image can be obtained. 

A schematic representation of an AFM set-up is shown in Figure 1.6.19 

 

Figure 1.6: Schematic representation of an atomic force microscopy set-up. Taken from ref 19. 

 

In this thesis, AFM will be used to get deeper insights into the morphology of polymerized bis-urea 

bolaamphiphilic diacetylene fibers. AFM is a relatively fast technique, it does not require any sort of 

staining (like for example in confocal microscopy) and can be performed under ambient conditions, 

resulting in high resolution images.  

A downside of conventional AFM is that the samples in general need to be dried prior to measuring, hence 

drying-induced aggregation or interactions between the molecules and the surface cannot be disregarded.  
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2 SYNTHESIS OF BOLAAMPHIPHILIC DIACETYLENES 

2.1 INTRODUCTION 
Most soft tissues become stiffer as they undergo 

small deformations.1 This is referred to as strain-

stiffening (Figure 2.1). This feature is particularly 

useful in for example blood vessels to maintain the 

tissue integrity.2 In biological tissues, strain-stiffening 

originates from semi-flexible filamentous proteins 

arranged into network architectures, such as actin 

and collagen.3 Artificial networks used in tissue 

engineering should resemble the mechanical 

properties of the biological tissue, since stem cell 

differentiation depends on the elasticity of the 

surrounding material. 4 

Storm et al.5 predicted in a theoretical model, that strain stiffening is inherent to any network consisting 

of long, semi-flexible rods, interconnected via small, flexible linkers. This model stablished the bases for 

the design of artificial biomaterials. 

Previous research in the Sijbesma-group6 has focused on bis-urea bolaamphiphiles as building blocks for 

strain-stiffening materials with potential applications in, for example, tissue engineering. Such 

bolaamphiphiles are known to self-assemble into rodlike morphologies. The urea groups are strong 

hydrogen bonding motifs that are used for molecular recognition to enhance self-assembly of the 

bolaamphiphiles. The hydrophobic core of the bolaamphiphiles consists of a long aliphatic spacer. The 

hydrophilic segments, consisting of poly(ethylene glycol) (PEG) chains, are separated from the urea groups 

by alkyl spacers, thereby shielding the urea groups from water. The molecular structure is depicted in 

Figure 2.2. 

 
Figure 2.2: Schematic molecular structure of the bis-urea bolaamphiphiles as investigated previously in the Sijbesma-
group. 

 

Pal et al.7 was the first to incorporate a diacetylene unit in the hydrophobic core of the bis-urea 

bolaamphiphiles. They demonstrated that fixation of the rodlike morphology is possible, upon 

polymerization of the diacetylenes, leading to high degrees of polymerization.  

The length of the rods is an important parameter in the onset of non-linear elasticity.5 To this end, we 

sought to develop longer rodlike micellar structures with photo-polymerizable diacetylene units, to fixate 

the micellar morphology. First, we focused on bis-ester bolaamphiphiles, in which the urea groups are 

replaced with ester groups. Then, we focused on bis-amide bolaamphiphiles, with amide groups instead 

of urea blocks.  

Figure 2.1: Typical strain-stiffening behavior in biological 
tissues. Reprinted by permission from Macmillan 
Publishers Ltd: Nature (ref. 3), copyright (2005) 
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2.2 BIS-ESTER BOLAAMPHIPHILES 
Chebotareva et al.6 demonstrated that longer rods are 

formed when the urea groups are replaced by ester groups. 

As the urea group is strongly hydrogen bonding, the hydrogen 

bonded segments form relatively ‘hard blocks’, which force 

the adjacent blocks – the PEG chains and the aliphatic core – 

to stretch. The stretched PEG chains lead to an accumulation 

of steric hindrance, resulting in shorter rods. As the ester 

group lacks hydrogen bonding abilities, there is no such strain 

along the micellar structure, driving the formation of longer 

rods. This is schematically depicted in Figure 2.3.  

In order to prevent break-up of the non-covalent interactions when a mechanical stress is applied, we 

sought to incorporate a polymerizable diacetylene segment in the hydrophobic core of the bis-ester 

bolaamphiphiles. Since ester groups lack the ability to form intermolecular hydrogen bonds, we decided 

to leave the alkyl spacers between the esters and the PEG segments out, thereby leading to a simplified 

synthetic approach. 

2.2.1 SYNTHESIS OF BIS-ESTER BOLAAMPHIPHILES 
The following synthesis scheme (Scheme 2.1) was designed for the synthesis of a library of four different 

bis-ester bolaamphiphile analogues (DA-1 – DA-4). 

 
 
Scheme 2.1: Schematic overview for the synthesis of ester-based bolaamphiphiles. DA-1: n = 6, m = 8, R = CH3; DA-
2: n = 1, m = 8, R = CH3; DA-3: n = 6, m = 4, R = H; DA-4: n = 1, m = 4, R = H. 

 

The first step in the synthesis of bis-ester bolaamphiphiles proceeded via an oxidative coupling of two 

acetylenes in the presence of a copper(I) salt. This resulted in the corresponding diacetylene diacid, which 

could directly be used for the second step. This second step involved an enzymatic esterification into the 

target compound with Candida antarctica lipase B, immobilized on an acrylic resin (Novozym 435). The 

synthesis of DA-3 and DA-4 required an additional step, whereby tetraethylene glycol was protected on 

one side with a trityl group. Acid mediated removal of the trityl group induced the formation of 

transesterification products, which could not be removed with column chromatography. Based on 1H-

NMR, the amount of transesterification products ranges between 5 and 10%. We expect that the present 

impurities do not influence fiber formation and polymerization to a large extent. 

Figure 2.3: schematic representation of the 
micellar structure of bis-urea bolaamphiphiles 
(left) and ester-based bolaamphiphiles (right). 
Reproduced from ref.6 with permission from 
the Royal Society of Chemistry. 
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2.2.2 AGGREGATION BEHAVIOR IN AQUEOUS SOLUTION 
Each of the synthesized bis-ester diacetylene compound has a different hydrophilic to hydrophobic ratio, 

leading to different interactions between the molecules, and thus different aggregation behavior and 

potentially leading to varying polymerization properties. The hydrophobic to hydrophilic ratio was 

calculated using equation 2.1. The ratios for DA-1 to DA-4 are listed in Table 2.1. 

𝑅ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 𝑡𝑜 ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐 =  𝑀𝑤,ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 𝑀𝑤,ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐⁄    (2.1) 

In which Rhydrophobic to hydrophilic is the hydrophobic to hydrophilic ratio, Mw, hydrophobic is the molecular weight 

of the hydrophobic block and Mw, hydrophilic is the molecular weight of the hydrophilic segment of the 

bolaamphiphile. 

Table 2.1: Hydrophobic to hydrophilic ratios for bis-ester bolaamphiphiles. Ratios were calculated with Equation 2.1. 

Compound Hydrophobic to hydrophilic ratio 

UD10U7 0.44 

UD12U7 0.48 

Bis-ester bolaamphiphile6 0.41 

DA-1 0.36 

DA-2 0.17 

DA-3 0.61 

DA-4 0.30 

 

The aggregation behavior of the four bis-ester bolaamphiphiles was investigated with static and dynamic 

light scattering experiments (SLS and DLS). The static light scattering data is shown below in Figure 2.4. 

 

Figure 2.4: Static light scattering data for bis-ester bolaamphiphile aqueous solutions compared to bis-urea 
bolaamphiphile solutions in water. The Rayleigh ratio is plotted versus the wave vector q. The Raleigh ratio is 
calculated using toluene as a reference. DA-1 (0.5 mM): black squares; DA-2 (0.5 mM): red circles; DA-3 (0.7 mM): 
blue triangles; DA-4 (0.5 mM): green triangles; UD10U (0.5 mM): open diamonds; UD12U (0.5 mM): open squares.  
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From the SLS data, it can already be observed that the Rayleigh ratio leads to a positive value, suggestive 

of aggregation in water. Moreover, an estimate of the shape of the aggregates can be extracted, as already 

explained in chapter 1.4.1. 

As shown in Figure 2.4, a slope of -1.2 can be found for UD10U (open diamonds), therefore suggestive of 

cylindrical shaped objects. These results are in good agreement with those reported by Pal et al.7, showing 

the formation of rodlike micelles as derived from CryoTEM (Cryogenic Transmission Electron Microscopy) 

analysis. For DA-1 (black squares) and DA-4 (green triangles), a slope of -1.3 and -1.4 was found, 

respectively, probably associated to rod-like morphologies as well. Without additional data from, for 

example, small angle X-ray scattering (SAXS) or CryoTEM, this data is not conclusive. 

For DA-3 (blue triangles), the bis-ester bolaamphiphile with a relatively large hydrophobic core, a slope of 

-0.7 was found, which is comparable to the -0.8 slope corresponding UD12U (open squares). Here it seems 

that the first transition, towards the plateau, is reached. It is therefore not possible to give an indication 

of the shape of DA-3 aggregates. Pal et al.7 determined rodlike morphologies with CryoTEM for UD12U 

aggregates in aqueous solutions, but for DA-3 the morphology could not yet be determined. 

The logarithm of the Rayleigh ratio of DA-2 versus log(q) shows a slope of -2.2. The fluctuations in intensity 

are most probably caused by dust particles interfering with the light scattering from the aggregates. The 

-2.2 slope is indicative for 2D-objects with fractal surfaces, such as for example disc-like structures. This is 

probably caused by the relatively large hydrophilic parts of the molecule – compared to the hydrophobic 

part – preventing the hydrophobic core from forming intermolecular hydrophobic interactions and thus 

the packing of the molecules into rodlike structures is less favorable. 

With equation 1.4, an estimate for the size of the aggregates could be extracted from the SLS data. For 

DA-1 and DA-4 a minimal length of 1.2 μm is found. For DA-3 and UD10U, the minimal length of the 

aggregates lies around 0.5 μm. For UD12U and DA-2 it was not possible to determine the size of the 

aggregates, since the plateau region is reached.  

DLS provided the correlation function for each q-value for the bis-ester analogues. With an exponential 

fit on the correlation function, the decay rate (Γ) can be determined for each individual q-value. When the 

decay rates are plotted versus q2, the diffusion constant is given by the slope. This provides additional 

information on the size and in particular on the polydispersity of the sample. When for one sample only 

one decay rate (mono-exponential fit) and thus one diffusion constant is found, the system is (nearly) 

monodisperse. When a double exponential decay fits the data best, the sample consists of at least two 

components both decaying with a different rate and thus a second diffusion constant will be found. This 

then means that the sample is polydisperse.  

Furthermore, when the shape of the aggregates is known, the diffusion constant can be used to calculate 

the hydrodynamic radius (RH) of the aggregates via the Stokes-Einstein relation. However, since the shape 

of the aggregates formed by the bis-ester bolaamphiphiles could not be determined with full precision, 

the RH could not be calculated. 
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For all bolaamphiphiles, two diffusion constants were found. The calculated diffusion constants are listed 

in Table 2.2. For the linear fits on Γ versus q2 is referred to Appendix A. 

Table 2.2: Diffusion constants for the synthesized bis-ester bolaamphiphiles, compared to bis-urea bolaamphiphiles.  

Compound Diffusion constant (m2 ∙ s-1) x 10-12 Diffusion constant (m2 ∙ s-1) x 10-11 

UD10U 3.28 ± 0.17 1.35 ± 0.03 

UD12U 8.20 ± 0.14 2.20 ± 0.03 

DA-1 4.53 ± 0.17 3.68 ± 0.22 

DA-2 1.62 ± 0.24 0.58 ± 0.02 

DA-3 4.28 ± 0.63 5.26 ± 0.22 

DA-4 2.67 ± 0.24 0.71 ± 0.17 

 

As shown in Table 2.2, for all bis-ester bolaamphiphiles two diffusion constants could be calculated, 

meaning that at least two components are present with a different diffusion constant. This suggests that 

the samples are polydisperse in all cases. This polydispersity is an intrinsic feature of equilibrium self-

assembled supramolecular polymers that either polymerize via isodesmic polymerization with a 

polydispersity index of 2 or polymerize via more complex distributions of cooperative aggregation.8  

Taking the hydrophobic to hydrophilic ratios of the different compounds into account, the ratios for DA-

1 and DA-4 are quite similar (0.36 and 0.31, respectively), leading to similar self-assembly behavior 

according to SLS. However, DLS provides different values for their diffusion constants. DA-3, with a 

hydrophobic to hydrophilic ratio of 0.63, has the largest diffusion constants, indicating that smaller 

aggregates are formed. DA-2 has the smallest hydrophobic to hydrophilic ratio (0.17), and the smallest 

diffusion constants, suggesting that relatively large aggregates are formed. According to SLS, DA-2 and 

DA-3 self-assemble into differently shaped aggregates compared to DA-1 and DA-4. 

To summarize, it can be concluded that the four ester-based bolaamphiphiles form relatively large (> 0.5 

μm) aggregates in aqueous solution. For DA-1 and DA-4 it seems that rodlike structures are formed, but 

this should be confirmed with additional analysis techniques, such as SAXS or CryoTEM. All samples are 

polydisperse. 

2.2.3 POLYMERIZATION OF BIS-ESTER BOLAAMPHIPHILES 
With the confirmed aggregation behavior and general indications on the size and shape of the aggregates, 

polymerization experiments were performed.  

Diacetylene monomers can be polymerized under the influence of UV-light (254 nm). When diacetylenes 

polymerize, a dramatic change in color is observed, due to the formation of a conjugated polymer 

backbone. In order to polymerize the bis-ester bolaamphiphile analogues in water, solutions were placed 

in a quartz cuvette and irradiated with UV-light in a photo-reactor (Figure 2.5). Additionally, a 

polymerization experiment was performed by placing a droplet – bulk material – of DA-2 on a glass slide 

within the photo-reactor (Figure 2.6). 
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Figure 2.5: Polymerization experiments for bis-ester bolaamphiphiles. First row: polymerization of DA-1 (58 mM). 
From left to right: t=0, t=15 min and t=105 min (1h, 45 min). Second row: polymerization of DA-2 (27 mM). From left 
to right: t=0, t=15 min and t=110 min (1h, 50 min). Third row: polymerization of DA-3 (61 mM). From left to right: 
t=0, t=21 min and t=44 min. Fourth row: polymerization of DA-4 (74 mM). From left to right: t=0, t=17 min and t=41 
min. Solutions were placed in a quartz cuvette and irradiated with UV-light in a photo-reactor. Pictures were taken 
immediately after polymerization. 

 

 

 

Figure 2.6: Polymerization of DA-2 in the bulk state on a glass slide. Polymerization was performed in a photo-reactor. 
Pictures were taken immediately after polymerization. 

 

 

DA-1 (58 mM) 

t = 0 t = 15 min t = 105 min 

DA-2 (27 mM) 

t = 0 t = 15 min t = 110 min 

DA-3 (61 mM) 

t = 0 t = 21 min t = 44 min 

DA-4 (74 mM) 

t = 0 t = 17 min t = 41 min 

t = 0 t = 15 min 

DA-2 
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As shown Figure 2.5, no significant changes in color of the aqueous solutions were observed. This is most 

probably due to degradation of the sample under prolonged UV-exposure. Also in the bulk state no color 

change was observed, as shown in Figure 2.6. The fact that all the bis-ester bolaamphiphiles are liquid in 

the bulk state is indicative of weak supramolecular interactions, preventing solid materials to be formed. 

A possible explanation for this is the orientation of the bis-ester diacetylene monomers relative to each 

other. In order to be able to polymerize, the monomers need a very specific distance and orientation, 

hence the name topochemical polymerization. This orientation is schematically shown in Figure 2.7.9 

 

Figure 2.7: Schematic representation of the necessary orientation and distance of the diacetylene monomers relative 
to each other. Adapted from ref. 9 with permission from the Royal Society of Chemistry. 

 

Since, according to light scattering experiments, it was already established that bis-ester bolaamphiphiles 

do form aggregates in water, the lack of polymerization can then be attributed to a non-favorable 

orientation and/or relative distance of the monomers. This non-favorable alignment could potentially 

originate from the absence of intermolecular hydrogen bonding between ester groups. Thus, the 

interactions between the monomers are weaker, leading to a less efficient packing. In order to circumvent 

this, we sought to incorporate hydrogen bonding amides instead of esters.  

2.3 BIS-AMIDE BOLAAMPHIPHILES 
Efficient polymerization was observed by Yoon et al.10 in bis-urea bolaamphiphiles which lack the 

hydrophobic spacer between the urea group and the poly(ethylene glycol) segment. Chebotareva and 

coworkers6 already showed that longer rodlike micelles are formed when the packing of the monomers is 

less constrained. However, as reported in the previous chapter, bis-ester bolaamphiphiles lack the specific 

orientation and/or required distance needed for polymerization of the diacetylenes. Along these lines, we 

sought to replace the ester groups with amides capable of intermolecular hydrogen bonding, providing 

the necessary spatial prerequisites for the monomers to polymerize.  
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2.3.1 SYNTHESIS OF BIS-AMIDE BOLAAMPHIPHILES 
The bis-amide bolaamphiphiles were synthesized using the following synthetic scheme (Scheme 2.2). 

 

Scheme 2.2: Schematic overview for the synthesis of amide-based bolaamphiphiles. DA-5: n = 6, m = 8; DA-6: n = 1, 
m = 8.  

 

The synthesis of the amide-based bolaamphiphiles involves an oxidative coupling in the presence of 

copper(I) salts. Then, the diacid was converted to the diacid chloride upon treatment with oxalyl chloride 

and catalytic dimethylformamide (DMF). Subsequently, the amidation reaction of amine functionalized 

PEG with the acid chloride in the presence of triethyl amine afforded the final products. 

2.3.2 AGGREGATION BEHAVIOR IN AQUEOUS SOLUTION 
Each diacetylene compound has a different hydrophobic to hydrophilic ratio. The ratios for DA-5 and 

DA-6 are listed in Table 2.3. 

Table 2.3: Hydrophobic to hydrophilic ratios for bis-amide bolaamphiphiles. Ratios were calculated with Equation 2.1. 

Compound Hydrophobic to hydrophilic ratio 

UD10U7 0.44 

UD12U7 0.48 

Bis-ester bolaamphiphile6 0.41 

DA-5 0.36 

DA-6 0.17 

 

Since the two different bis-amide bolaamphiphiles (DA-5 and DA-6) have a different hydrophobic to 

hydrophilic ratio, we expect that the self-assembly behavior changes, and thus the polymerization 

properties should vary. The self-assembly behaviour was measured with static and dynamic light 

scattering (SLS and DLS). The static light scattering data of the synthesized bis-amide bolaamphiphiles is 

shown in Figure 2.8. 
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Figure 2.8: Static light scattering data for bis-amide bolaamphiphile aqueous solutions compared to bis-urea 
bolaamphiphile solutions in water. The Rayleigh ratio is plotted versus the wave vector q. The Raleigh ratio is 
calculated using toluene as a reference. DA-5 (0.5 mM): blue triangles; DA-6 (0.5 mM): green triangles; UD10U (0.5 
mM): open diamonds; UD12U (0.5 mM): open squares. 

 

In Figure 2.8, the Rayleigh ratio is plotted versus the wave vector q. As already explained in chapter 1.4.1, 

a -1 slope in a log (I) versus log (q) plot is indicative of rodlike aggregates. For DA-5 (blue triangles) a slope 

of -2.3 was found, pointing towards 2D-objects with fractal surfaces. The static light scattering data for 

DA-6 shows a -2.7 slope, indicative of 3D-objects with fractal surfaces (e.g. snowflakes). The difference 

between the two bis-amides can be explained with their varying hydrophobic to hydrophilic ratios (0.17 

for DA-6 and 0.36 for DA-5). Compared to the -1.3 slope from UD10U, from which it is known to form 

rodlike structures in aqueous solutions, it can be assumed that both bis-amide bolaamphiphiles do not 

form rodlike micelles in water. This has to be confirmed with other analysis techniques such as SAXS or 

CryoTEM. 

With Equation 1.3, an estimate for the minimal length of the aggregates can be given. For both bis-amide 

bolaamphiphiles a minimal length of 0.5 μm was found.  

Structurally, the two amide-based bolaamphiphiles are very similar to two of the ester-based 

bolaamphiphiles. DA-5 is the amide analogue of DA-1, while DA-6 is analogous to DA-2. The hydrophobic 

to hydrophilic ratios for the bis-amides are similar to those of the corresponding bis-ester bolaamphiphile. 

The light scattering data of the bis-amides is compared to the bis-esters in Figure 2.9.  
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Figure 2.9: Static light scattering data for bis-amide bolaamphiphile 0.5 mM aqueous solutions compared to 
corresponding bis-ester bolaamphiphile solutions in water. The Rayleigh ratio is plotted versus the wave vector q. 
The Raleigh ratio is calculated using toluene as a reference. A: DA-1 (ester, red circles) compared to DA-5 (amide, 
black squares). B: DA-2 (ester, red circles) compared to DA-6 (amide, black squares).  

 

As shown in Figure 2.9A, DA-1 and DA-5 have a different slope, despite the fact that their molecular 

structure is quite similar. The difference in slope suggests that the amide bolaamphiphile self-assembles 

into a different type of aggregate. We argue that the presence of intermolecular hydrogen bonding 

between amide groups leads to a change in morphology with respect to their ester-based counterparts.  

Figure 2.9B shows that the slopes of DA-2 and DA-6 match, indicating that the aggregates formed in water 

are quite similar. For both bolaamphiphiles the slope suggests that 2D-objects are formed instead of rods.  

From dynamic light scattering, the diffusion constants of the bis-amide bolaamphiphiles were calculated. 

The diffusion constants are listed in Table 2.4. The linear fits can be found in Appendix A. 

Table 2.4: Diffusion constants for the synthesized bis-amide bolaamphiphiles, compared to bis-urea bolaamphiphiles. 

Compound Diffusion constant (m2 ∙ s-1) x 10-12 Diffusion constant (m2 ∙ s-1) x 10-11 

UD10U 3.28 ± 0.17 1.35 ± 0.03 

UD12U 8.20 ± 0.14 2.20 ± 0.03 

DA-5 0.92 ± 0.12 0.50 ± 0.06 

DA-6 0.61 ± 0.92 0.50 ± 0.02 

 

As indicated in Table 2.4, for both bis-amide bolaamphiphiles two diffusion constants were calculated. 

This means that the samples are polydisperse, which is again due to the type of supramolecular 

polymerization. 

Furthermore, based on the differences in diffusion constants, the bis-amide bolaamphiphiles form larger 

aggregates than the bis-urea bolaamphiphiles. This could be due to differences in the hydrogen bonding 

abilities between the bis-amide and the bis-urea bolaamphiphiles, leading to a less constrained packing 

for the amide-based bolaamphiphiles. 

A B 
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2.3.3 POLYMERIZATION OF BIS-AMIDE BOLAAMPHIPHILES 
With the confirmed formation of aggregates in water – though no rodlike aggregates were formed – 

polymerization experiments were conducted on the bis-amide bolaamphiphiles. The bis-amide 

bolaamphiphiles were dissolved in water and then placed in a quartz cuvette within a photo-reactor. The 

results are shown below in Figure 2.10. 

 

Figure 2.10: Polymerization experiments for bis-ester bolaamphiphiles. From left to right: polymerization of DA-5 (32 
mM); t=0 and t=15 min; polymerization of DA-6 (42 mM) t=0 and t=15 min. Polymerization was performed in a photo-
reactor and solutions were placed in a quartz cuvette. Pictures were taken immediately after polymerization. 

 

Figure 2.10 shows polymerization of DA-5 and DA-6. After 15 minutes, a faintly green solution was 

observed for DA-5. Although green polydiacetylenes are not known, the green color might be due to 

partial polymerization of the solution. For DA-6, precipitation in aqueous solution was observed and 

polymerization was not successful, as indicated by its yellow color. This is again due to a wrong orientation 

between the monomers, which prevents polymerization. 

In contrast to the bis-ester bolaamphiphiles, the bis-amides are solid at room temperature. The results of 

polymerization in the solid state are shown in Figure 2.11. 

 

Figure 2.11: Polymerization in the solid state of the synthesized bis-amide bolaamphiphiles, DA-5 and DA-6. From 
left to right: DA-5: t=0 and t=15 min; DA-6: t=0 and t=15 min. Polymerization was performed in a photo-reactor. 
Pictures were taken immediately after polymerization. 

 

As shown in Figure 2.11, both bis-amide bolaamphiphiles polymerize in the solid state upon irradiation 

with UV-light. In solution, the hydrogen bonds between the monomers are disrupted because there is no 

shielding from water. However, in the solid state, hydrogen bonds can be formed, leading to a better 

alignment. Dissolving the polymerized solids in water was, however, not possible. 

DA-6 (42 mM) 

t = 0 t = 15 min 

DA-5 (32 mM) 

t = 0 t = 15 min 

DA-6 

t = 0 t = 15 min t = 0 t = 15 min 

DA-5 
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2.4 CONCLUSIONS & OUTLOOK 
In this chapter, the synthesis and characterization of bis-ester bolaamphiphiles and bis-amide 

bolaamphiphiles was discussed. Both were designed as potential building blocks for strain stiffening 

networks. 

After successful synthesis of the new bolaamphiphiles, their self-assembly behavior in aqueous solutions 

was examined using static and dynamic light scattering. From dynamic light scattering experiments the 

diffusion constants were calculated. From static light scattering experiments, it can be concluded that 

relatively large aggregates are formed (>0.5 μm) upon self-assembly. From the SLS and DLS data, it was 

found that the bis-ester bolaamphiphiles form the largest aggregates, which is in well agreement with 

Chebotareva’s results.  

Rodlike structures seemed to have formed in aqueous solutions of DA-1 and DA-4, two ester-based 

bolaamphiphiles, which is beneficial for strain stiffening networks. For both bis-amide bolaamphiphiles 

(DA-5 and DA-6) as well as DA-2 the static light scattering data is suggestive of assemblies with different 

structures other than rods. For DA-3 the data is inconclusive. The micellar structure of the 

bolaamphiphiles could be further investigated with SAXS, SANS or CryoTEM.  

With the confirmed aggregate formation of the diacetylene monomers, polymerization experiments were 

performed. For all six bolaamphiphiles no significant color change of the solution was observed, meaning 

that no efficient polymerization in aqueous solution takes place. Since there is no hydrogen bonding 

between the ester-based bolaamphiphiles and only weakly hydrogen bonding between the bis-amide 

bolaamphiphiles, the monomers lack the specific orientation needed for polymerization. 

The four bis-ester bolaamphiphiles are liquid at room temperature – indicative of weak supramolecular 

interactions – and also in their bulk state no polymerization was observed. The bis-amide bolaamphiphiles, 

however, are solid at room temperature, indicating that their non-covalent interactions are stronger 

compared to the bis-ester bolaamphiphiles. Polymerization in the solid state was observed for the bis-

amide bolaamphiphiles. It appeared to be impossible to dissolve the polymerized solids in water.  

Due to the inefficient polymerization of the diacetylenic bolaamphiphiles, the newly synthesized 

compounds are not useful for incorporation in strain stiffening networks. The non-covalent interactions 

are expected to be too weak to resist high stresses. A potential alternative would be to use the previously 

reported bis-urea bolaamphiphiles synthesized by Yoon and coworkers,10 which were already 

demonstrated to polymerize efficiently despite of the absence of a hydrophobic spacer to shield the urea 

groups from water. Alternatively, we propose to incorporate a diacetylene unit within Chebotareva’s6 bis-

ester bolaamphiphile. However, the absence of intermolecular hydrogen bonding between the monomers 

might hamper the specific orientation needed for polymerization. 
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2.5 EXPERIMENTAL 

2.5.1 MATERIALS 
Reagents and solvents were purchased from Sigma Aldrich, Merck or Acros. All chemicals were used as 

received, unless stated otherwise. Deuterated solvents were obtained from Cambridge Isotopes 

Laboratories. UD10U and UD12U were synthesized by Marcos Fernandez, according to literature 

procedures.7  

2.5.2 INSTRUMENTATION 
Solvents were dried, if necessary, using an MBraun Solvent Purification System (MB SPS-800). Thin Layer 

Chromatography (TLC) was performed on Merck Silica Gel 60 F254 TLC plates. Detection was performed 

with UV-light (254 nm) and/or by staining with iodine staining and/or by staining with KMnO4. Flash 

column chromatography was performed using an Automated Grace Reveleris X2 Column in Flash Liquid 

mode. NMR spectra were recorded at room temperature on a 400 MHz Varian Mercury VX spectrometer 

and/or on a Bruker Avance III HD spectrometer (400 MHz). FT-IR spectra were recorded at room 

temperature on a Perkin Elmer Spectrum One spectrometer equipped with a universal Attenuated Total 

Reflectance (ATR) sampling accessory. Purity and exact mass of the synthesized compounds was 

determined using a Thermo Finnigan LCQ Fleet ion trap mass spectrometer, equipped with a Surveyor 

autosampler and Thermo Finnigan Surveyor PDA detector. The crude material has been ran over a reverse 

phase C18 column (GraceSmart 2x 50 mm, Grace) prior to mass analysis, using a 2-90% acetonitrile linear 

gradient in water for 0.1% formic acid. Solvents were pumped with a flow of 0.2 mL/min using a high 

pressure gradient system equipped with two Shimadzu LC-10AD pumps. Dynamic and static light 

scattering measurements were performed on an ALV/CGS-3 Compact Goniometer system, equipped with 

a ALV/LSE-5004 Light Scattering Electronics and Multiple Tau Digital Correlator Laser system (Laser 

wavelength: 532.0 nm). Samples were measured at multiple angles, with an angular step size of 5°. Each 

angle was measured five times for 30 s. All measurements were performed at 20 °. Diacetylenic structures 

were polymerized in a Luzchem Photoreactor LZC-4V, equipped with Ushio G8T8 UV-C lamps (100-280 nm 

wavelength). UV-Vis absorption spectroscopy was performed on a Jasco V-750 spectrophotometer with a 

Hellma quartz cuvette. 

2.5.3 PREPARATION OF COPPER(I)CHLORIDE 
Copper(I) chloride was prepared by dissolving 30 g CuSO4∙5H2O and 9 g NaCl in 100 mL H2O while heating 

slowly. In another beaker, 4.5 g NaOH and 7 g NaHSO3 were dissolved. When the mixture from the first 

beaker is added to the mixture in the second beaker, a white precipitate appears. The suspension was left 

to stir for 5 min and then left so that the white crystals could precipitate. The water was decanted, and 

the crystals were washed with water two times. The solids were filtered off under vacuum and washed 

with EtOH and diethyl ether, resulting in white crystals (yield not determined) that become green under 

influence of moist and brown under the influence of oxygen. For every reaction involving Cu(I)Cl, a new 

batch of copper(I)chloride was freshly prepared. 
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2.5.4 SYNTHESIS OF 10,12-DOCOSA-DIYNE-DIOIC ACID 
A solution of 1.656 g NH4Cl (31 mmol) and 0.921 g of freshly 

prepared Cu(I)Cl (9.30 mmol) in 8 mL H2O and a few drops HCl was 

heated to 50 °C in a round bottom flask (25 mL). A solution of 10-

undecynoic acid (0.523 g, 3.22 mmol) in 4 mL EtOH was added 

dropwise. Air was bubbled through the reaction mixture constantly. The solution was heated to 70 °C and 

stirred for 1 h. After 1 h, 12 mL solvent (EtOH:H2O; 1:2) was added and the solution was stirred for an 

additional 1 h. The precipitate was filtered off under vacuum and washed with HCl and H2O. 

Recrystallization from a 9:1 EtOH:H2O mixture yielded slightly red crystals. Drying under vacuum yielded 

red crystals in 72% yield (0.394 g, 1.09 mmol). 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 2.39-2.35 (t, 4H, O=CCH2), 2.28-2.25 (t, 4H, CH2-C), 1.68-1.61 (m, 4H, 

CH2), 1.53-1.47 (m, 4H, CH2), 1.44-1.31 (m, 16H, CH2) 13C-NMR (400 MHz, CDCl3) δ (ppm) = 179.09, 77.45, 

65.33, 33.82, 28.96, 28.80, 28.79, 28.53, 28.16, 24.58, 19.13 

2.5.5 SYNTHESIS OF DA-1  
10,12-docosa-diyne-dioic acid (0.358 g, 0.989 mmol), 

poly(ethylene glycol) methyl ether (Mn ~350, 0.794 

g, 2.27 mmol), Novozym 435 (0.491 g, 30 wt%) and 

10 mL dry CHCl3 were added to a round bottom flask 

(25 mL). The reaction mixture was stirred in a rotary 

evaporator at 47 °C and 750 mbar. After 5 hours, molecular sieves were added and the mixture was left 

to react overnight. The resulting suspension was filtered over vacuum. The filtrate was evaporated to 

dryness. The product was purified using flash column chromatography (80 g silica gel, MeOH/CHCl3 

gradient (3/97 – 1/9 v/v) and subsequently dried under vacuum. The resulting yellow oil was obtained in 

34.1% yield (0.355 g, ~ 0.334 mmol). 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 4.23-4.20 (t, 4H, CH2-O-C=O), 3.70-3.63 (m, ~60H, CH2, PEG), 3.55-3.53 

(t, 4H, CH2-CH2-O-C=O), 3.37 (s, 6H, CH3-O), 2.33-2.29 (t, 4H, O=CCH2), 2.25-2.21 (t, 4H, CH2-C), 1.64-1.59 

(m, 4H, CH2), 1.53-1.46 (m, 4H, CH2), 1.40-1.25 (m, 16H, CH2) 13C-NMR (400 MHz, CDCl3) δ (ppm) = 173.76, 

77.47, 71.92, 70.60, 69.19, 66.25, 63.35, 59.01, 34.15, 29.08, 29.06, 28.89, 28.77, 28.30, 24.84, 19.17 LC-

MS [M+Na+] = 1073.83 ± n * 44 (calculated: 1073.66 ± n * 44) 

2.5.6 SYNTHESIS OF 5,7-DODECA-DIYNE-DIOIC ACID 
5-hexynoic acid (1.021 g, 9.11 mmol) was added to a suspension of 

Cu(I)Cl (2.660 g, 26.61 mmol) and NH4Cl (4.790 g, 89.55 mmol) in 

water (14 mL) in a round bottom flask (50 mL). The mixture was then 

heated to 60 °C. Air was bubbled through for 3.5 h. The reaction was quenched with 20 mL concentrated 

HCl solution. The crude crystals were filtered off under vacuum and washed with a HCl:H2O 1:1 mixture 

and subsequently washed with water. Recrystallization from a MeOH:H2O 8:2 mixture and drying under 

vacuum overnight yielded pink crystals as the final product in 45% yield (0.452 g, 2.035 mmol). 

1H-NMR (400 MHz, MeOH-d4) δ (ppm) = 2.42-2.39 (t, 4H, O=CCH2), 2.35-2.31 (t, 4H, CH2-C), 1.83-1.76 (m, 

4H, CH2) 
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2.5.7 SYNTHESIS OF DA-2 
5,7-dodeca-diyne-dioic acid (0.170 g, 1.50 mmol), 

poly(ethylene glycol) methyl ether (Mn ~350, 1.244 

g, 3.30 mmol), Novozym 435 (0.567 g, 30 wt%) and 

7.5 mL dry CHCl3 were added to a round bottom flask 

(25 mL). The reaction mixture was stirred in a rotary evaporator at 47 °C and 750 mbar. After 5 hours, 

molecular sieves were added and the mixture was left to react overnight. The resulting suspension was 

filtered over vacuum. The filtrate was evaporated to dryness. The product was purified using flash column 

chromatography (80 g silica gel, MeOH/CHCl3 gradient (3 – 10 v/v% MeOH)) and subsequently dried under 

vacuum. The resulting yellow oil was obtained in 47.9% yield (0.687 g, 0.719 mmol). 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 4.24-4.21 (t, 4H, CH2-O-C=O), 3.70-3.63 (m, ~60H, CH2, PEG), 3.55-3.53 

(t, 4H, CH2-CH2-O-C=O), 3.37 (s, 6H, CH3-O), 2.48-2.44 (t, 4H, O=CCH2), 2.35-2.31 (t, 4H, CH2-C), 1.88-1.81 

(m, 4H, CH2) 13C-NMR (400 MHz, CDCl3) δ (ppm) = 172.84, 76.41, 71.92, 70.59, 70.56, 70.50, 66.01, 63.54, 

59.00, 32.84, 23.48, 18.61 LC-MS [M+Na+] = 843.42 ± n * 44 (calculated for PEG-8: 977.53 ± n * 44) 

2.5.8 SYNTHESIS OF TRITYL PROTECTED PEG-4 
In a round bottom flask (100 mL), 15.6 mL tetraethylene glycol (17.55 

g, 87.75 mmol) and 5 mL triethyl amine (3.63 g, 35.91 mmol) were 

dissolved in dry DCM (20 mL) and the mixture was cooled to 0 °C. 

Then trityl chloride (triphenyl methyl chloride; 5.195 g, 18.64 mmol) 

in 5 mL DCM was added dropwise to the solution. The reaction was left to react overnight at room 

temperature under argon atmosphere. The solvent was evaporated with a rotary evaporator. The crude 

product was redissolved in 67 mL DCM. The mixture was washed with 10 wt% K2HPO4 in H2O (2x 67 mL), 

H2O (1x 67 mL) and subsequently dried over anhydrous MgSO4. The solvent was evaporated under 

reduced pressure. The product was purified with flash column chromatography (2x 80 g silica gel, n-

heptane/ethyl acetate gradient (40 – 100 v/v% ethyl acetate)). Evaporation of the solvent yielded the 

product as a yellow oil in 38.1 % yield (3.090 g, 7.078 mmol).  

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.47-7.44 (m, 3H, CHar), 7.31-7.22 (m, 12H, CHar), 3.70-3.66 (m, 12H, 

CH2, PEG), 3.60-3.58 (m, 2H, CH2, PEG), 3.26-3.23(t, 2H, CH2-CHar) LC-MS [M+Na+] = 459.25 (calculated: 459.21) 

2.5.9 SYNTHESIS OF TRITYL PROTECTED DA-3 
10,12-docosa-diyne-dioic acid (0.353 g, 0.976 mmol), 

Novozym 435 (0.565 g, 30 wt%) and trityl protected 

PEG-4 (0.950 g, 2.178 mmol) were added to 10 mL 

dry CHCl3 in a round bottom flask (25 mL). The 

reaction mixture was stirred in a rotary evaporator 

at 47 °C and 750 mbar. After 5 hours, molecular 

sieves were added and the mixture was left to react overnight. The resulting suspension was filtered over 

vacuum. The filtrate was evaporated to dryness. The product was purified using flash column 

chromatography (80 g silica gel, n-heptane/ethyl acetate gradient (40 – 100 v/v% ethyl acetate)) and 
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subsequently dried under vacuum. The resulting yellow oil was obtained in 51.6% yield (0.360 g, 5.031 

mmol). 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.47-7.44 (m, 3H, CHar), 7.30-7.20 (m, 12H, CHar), 4.21-4.19 (t, 4H, 

CH2-O-C=O), 3.68-3.62 (m, 24H, CH2, PEG), 3.25-3.22 (t, 4H, CH2-CHar), 2.32-2.28 (t, 4H, O=CCH2), 2.24-2.20 

(t, 4H, CH2-C), 1.61-1.56 (m, 4H, CH2), 1.53-1.46 (m, 4H, CH2), 1.39-1.24 (m, 16H, CH2)  

2.5.10 SYNTHESIS OF DA-3 
Deprotection of trityl protected DA-3 was 

performed by dissolving the compound (0.360 g, 

0.503 mmol) in 3 mL dioxane in a round bottom flask 

(10 mL). The mixture was cooled to 0 °C and then 3 

mL HCl solution (4 M in dioxane; 12 mmol) was 

added dropwise. The reaction was left for 2h at room temperature. The solvent was evaporated with a 

rotary evaporator. The product was purified with flash column chromatography (80 g silica gel, 

CHCl3/MeOH gradient (1 – 20 v/v% MeOH)). The product was obtained as a yellow oil (0.252 g). The 

product was slightly contaminated with transesterification products, due to the acid catalyzed 

deprotection; the impurities could not be removed with column chromatography. 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 4.24-4.21 (t, 4H, CH2-O-C=O), 3.73-3.64 (m, 24H, CH2, PEG), 3.62-3.60 

(m, 4H, HO-CH2), 2.34-2.30 (t, 4H, O=CCH2), 2.25-2.21 (t, 4H, CH2-C), 1.64-1.59 (m, 4H, CH2), 1.53-1.46 (m, 

4H, CH2), 1.40-1.24 (m, 16H, CH2) 13C-NMR (400 MHz, CDCl3) δ (ppm) = 173.77, 77.47, 72.49, 70.65, 70.55, 

70.35, 69.22, 63.31, 61.76, 34.15, 28.75, 28.29, 24.84, 19.17, 14.18 LC-MS [M+H+] = 715.25 (calculated: 

715.46) 

2.5.11 SYNTHESIS OF TRITYL PROTECTED DA-4 
5,7-dodeca-diyne-dioic acid (0.168 g, 0.757 mmol), 

Novozym 435 (0.350 g, 30 wt%) and trityl protected 

PEG-4 (0.728 g, 1.665 mmol) were added to 7.5 mL 

dry CHCl3 in a round bottom flask (25 mL). The 

reaction mixture was stirred in a rotary evaporator 

at 47 °C and 750 mbar. After 5 hours, molecular 

sieves were added and the mixture was left to react overnight. The resulting suspension was filtered over 

vacuum. The filtrate was evaporated to dryness. The product was purified using flash column 

chromatography (80 g silica gel, n-heptane/ethyl acetate gradient (40 – 100 v/v% ethyl acetate)) and 

subsequently dried under vacuum. The resulting yellow oil was obtained in 28.9% yield (0.233 g, 0.219 

mmol). 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.47-7.45 (m, 3H, CHar), 7.31-7.20 (m, 12H, CHar), 4.22-4.18 (t, 4H, 

CH2-O-C=O), 3.70-3.63 (m, 24H, CH2, PEG), 3.25-3.22 (t, 4H, CH2-CHar), 2.45-2.40 (t, 4H, O=CCH2), 2.34-2.29 

(t, 4H, CH2-C), 1.88-1.78 (m, 4H, CH2) 
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2.5.12 SYNTHESIS OF DA-4 
Deprotection of trityl protected DA-4 was 

performed by dissolving the compound (0.232 g, 

0.219 mmol) in 2.2 mL dioxane in a round bottom 

flask (10 mL). The mixture was cooled to 0 °C and 

then 2.2 mL HCl solution (4 M in dioxane; 8.8 mmol) was added dropwise. The reaction was left for 3h at 

room temperature. The solvent was evaporated with a rotary evaporator. The product was purified with 

flash column chromatography (80 g silica gel, CHCl3/MeOH gradient (2 – 20 v/v% MeOH)). The product 

was obtained as a yellow oil (0.128 g). The product was slightly contaminated with transesterification 

products, due to the acid catalyzed deprotection; the impurities could not be removed with column 

chromatography.  

1H-NMR (400 MHz, CDCl3) δ (ppm) = 4.25-4.22 (m, 4H, CH2-O-C=O), 3.73-3.65 (m, ~24H, CH2, PEG), 3.62-3.60 

(m, 4H, HO-CH2), 2.48-2.45 (t, 4H, O=CCH2), 2.35-2.32 (t, 4H, CH2-C), 1.88-1.81 (m, 4H, CH2) 13C-NMR (400 

MHz, CDCl3) δ (ppm) = 172.87, 77.31, 72.49, 70.65, 70.34, 69.12, 66.01, 63.52, 61.74, 32.46, 23.46, 18.60 

LC-MS [M+H+] = 575.17 (calculated: 574.30) 

2.5.13 SYNTHESIS OF PEG-8 MESYLATE 
To a round bottom flask (250 mL) were added poly(ethylene glycol) methyl 

ether (Mn~350; 5.029 g, 14.36 mmol), triethyl amine (5.6 mL, 40.02 mmol) 

and THF (100 mL). The solution was stirred for 30 min at room temperature. 

Methane sulfonyl chloride (2.0 mL, 26.19 mmol) was added dropwise. The 

resulting suspension was left for 4.5 h to react. The solvent was evaporated on a rotary evaporator. The 

residue was redissolved in DCM (60 mL) and washed with HCl (3 wt% in H2O; 2x 60 mL) and brine (1x 60 

mL). The solvent was evaporated with a rotary evaporator, resulting in a yellow oil in quantitative yield. 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 4.38-4.36 (t, 2H, CH2-O-S=O), 3.70-3.63 (m, ~28H, CH2, PEG), 3.55-3.53 

(t, 2H, CH2-CH2-O-S), 3.37 (s, 3H, CH3-O), 3.07 (s, 3H, CH3-S) LC-MS [M+H+] = 463.17 ± n * 44 (calculated: 

463.21 ± n * 44) 

2.5.14 SYNTHESIS OF PEG-8 PHTHALIMIDE 
The mesylated PEG-8 (14.36 mmol) was dissolved in MeCN (100 mL) in a 

round bottom flask (250 mL). Potassium phthalimide (3.407 g, 18.39 mmol) 

was added and the suspension was refluxed at 90 °C for 5 h. The unreacted 

Potassium phthalimide was removed by filtration. The solvent was 

evaporated using a rotary evaporator. The compound was redissolved in 

DCM (100 mL) and subsequently washed with H2O (2x 100 mL) and brine (1x 100 mL). The solvent was 

evaporated, yielding a yellow oil. The product was purified with flash column chromatography (120 g silica 

gel, CHCl3/MeOH gradient (1 – 100 v/v% MeOH)), yielding a yellow oil (~64.1% yield, 3.683 g, ~9.208 mmol). 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.84-7.82 and 7.71-7.69 (2x m, 5H, CH2, ar), 3.90-3.87 (t, 2H, CH2-N), 

3.74-3.71 (t, 2H, CH2-CH2-N), 3.65-3.56 (m, 3.70-3.63 (m, ~28H, CH2, PEG), 3.37 (s, 3H, CH3-O) LC-MS [M+H+] 

= 514.08 ± n * 44 (calculated: 514.26 ± n * 44) 
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2.5.15 SYNTHESIS OF AMINE FUNCTIONALIZED PEG-8 
The phthalimide derivate (…) (2.494 g, 4.87 mmol) was dissolved together 

with hydrazine monohydrate (1.2 mL, 24.37 mmol) in an EtOH/THF mixture 

(1:1; 100 mL) in a round bottom flask (250 mL). The mixture was heated to 

90 °C under reflux and left to react overnight. After cooling the mixture to 

room temperature, the solids were filtered off under vacuum. The filtrate was dried on a rotary 

evaporator. The remaining solids were redissolved in a sodium bicarbonate solution (50 mL) and 

subsequently washed with DCM. The solvent was evaporated with a rotary evaporator. The product was 

redissolved in EtOH (25 mL) and filtered over celite. Then EtOH was removed on a rotary evaporator to 

yield a yellow oil in ~58.6% yield (0.9982 g, ~2.852 mmol). 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 3.64-3.61 (m, ~30H, CH2, PEG), 3.55-3.53 (t, 2H, CH2-CH2-O-C=O), 3.37 

(s, 3H, CH3-O), 2.86-2.83 (t, 2H, CH2-NH2 13C-NMR (400 MHz, CDCl3) δ (ppm) = 73.33, 71.89, 70.55, 58.99, 

41.71 LC-MS [M+H+] = 384.33 ± n * 44 (calculated: 384.25 ± n * 44) 

2.5.16 SYNTHESIS OF 10,12-DOCOSA-DIYNE-DIOIC ACID DICHLORIDE 
In a round bottom flask (10 mL), 10,12-docosa-diyne-dioic acid (0.102 

g, 0.282 mmol) was dissolved in dry DCM (5 mL) together with oxalyl 

chloride (0.1 mL, 1.16 mmol). The mixture was stirred for 30 min. Then, 

1 drop dry DMF was added and the mixture was stirred for an 

additional 3.5 h. Evaporation of the solvent yielded the product as brown crystals in quantitative yield. 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 2.89-2.85 (t, 4H, O=CCH2), 2.26-2.22 (t, 4H, CH2-C), 1.73-1.66 (m, 4H, 

CH2), 1.54-1.47 (m, 4H, CH2), 1.41-1.25 (m, 16H, CH2) FT-IR 2929, 1795 

2.5.17 SYNTHESIS OF DA-5 
10,12-docosa-diyne-dioic acid dichloride (0.113 g, 

0.284 mmol), triethyl amine (0.1 mL, 0.718 mmol) 

and amine functionalized PEG (0.296 g, 0.846 mmol) 

were dissolved in dry DCM (5 mL) in a round bottom 

flask (10 mL). The reaction was left to stir for 1.5 h. 

After evaporation of the solvent, the product was purified using flash column chromatography (40 g silica 

gel, CHCl3/MeOH gradient (3 – 100 v/v% MeOH)). Evaporation of the solvents using a rotary evaporator 

yielded the product as slightly green crystals in ~29.2% yield (0.087 g, ~0.0829 mmol). 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 3.66-3.64 (m, ~60H, CH2, PEG), 3.57-3.55 (3, 8H, CH3-O-CH2), 3.47-3.43 

(m, 4H, CH2-NH), 3.38 (s, 6H, CH3-O), 2.25-2.22 (t, 4H, O=CCH2), 2.19-2.15 (t, 4H, CH2-C), 1.64-1.60 (m, 4H, 

CH2), 1.52-1.49 (m, 4H, CH2), 1.36-1.25 (m, 16H, CH2) 13C-NMR (400 MHz, CDCl3) δ (ppm) = 173.55, 76.70, 

71.94, 70.61, 70.24, 69.98, 65.28, 59.05, 39.14, 36.70, 29.23, 28.96, 28.81, 28.33, 25.70, 19.20 LC-MS 

[M+H+] = 1093.67 ± n * 44 (calculated: 1093.73 ± n * 44) 
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2.5.18 SYNTHESIS OF 5,7-DODECA-DIYNE-DIOIC ACID DICHLORIDE 
5,7-dodeca-diyne-dioic acid (729.5 mg, 4.503 mmol) was dissolved in 

an ethanolic NaOH solution (264.4 mg crushed NaOH pellet, 6.57 

mmol; 5 mL EtOH) in a THF/EtOH mixture (1:1; 10 mL) in a round 

bottom flask (25 mL). A white precipitate was formed and the suspension was stirred for 5 min. The 

solvents were evaporated on a rotary evaporator. The pink crystals were dried overnight under vacuum.  

The crystals were redissolved in dry ether (10 mL) and 1 drop DMF in a round bottom flask (25 mL). Then 

the solution was cooled to 0 °C. Oxalyl chloride (2.5 mL, 29.14 mmol) was added and the mixture was 

stirred for 2 h at 0 °C. Filtration and evaporation of the solvent from the filtrate, followed by drying 

overnight under vacuum yielded the product as brown crystals in quantitative yield. 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 3.07-3.03 (t, 4H, O=CCH2), 2.40-2.37 (t, 4H, CH2-C), 1.96-1.89 (m, 4H, 

CH2) FT-IR (cm-1) 2943, 1794 

2.5.19 SYNTHESIS OF DA-6 
5,7-dodeca-diyne-dioic acid chloride (0.131 g, 0.545 

mmol), amine functionalized PEG (…) (0.436 g, 1.244 

mmol) and triethyl amine (0.25 mL, 1.80 mmol) were 

dissolved in dry DCM (5 mL) in a round bottom flask 

(10 mL). The mixture was left to stir for 2.5 h. The product was purified using flash column chromatography 

(40 g silica gel, CHCl3/MeOH gradient (3 – 100 v/v% MeOH)). The solvents were evaporated to yield the 

product in ~25.3% yield (0.132 g, ~0.138 mmol) as pink crystals. 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 3.66-3.60 (m, ~40H, CH2, PEG), 3.56-3.53 (t, 8H, CH3-O-CH2), 3.46-3.42 

(m, 4H, CH2-NH), 3.37 (s, 6H, CH3-O), 2.34-2.28 (m, 8H, O=CCH2 and CH2-C), 1.89-1.82 (m, 4H, CH2) 13C-

NMR (400 MHz, CDCl3) δ (ppm) = 172.09, 77.19, 71.91, 70.58, 70.54, 65.96, 59.01, 39.20, 34.99, 24.13, 

18.72 LC-MS [M+H+] = 953.42 ± n * 44 (calculated: 953.57 ± n * 44) 
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3 PHYSICAL PROPERTIES OF RODLIKE POLYDIACETYLENES 

3.1 INTRODUCTION 
Polydiacetylenes exhibit interesting chromatic properties. Electron delocalization within the conjugated 

polymer backbone gives rise to an intense blue color, whereas a disruption of the conjugation leads to a 

shift towards red colors. The mechanism behind this color change is still not fully established, but it is 

thought that the pendant side chains play a major role in this process.1  

The two main colors that are known for polydiacetylenes – red and blue – are called phases. This phase 

change is easily followed by UV-Vis spectroscopy, in which the band associated with the blue phase 

(around 650 nm), disappears with concomitant development of a new band at around 550 nm for the red 

phase.2 

Next to the change in absorption spectrum of the PDAs upon exertion of an external stimulus, also the 

fluorescence changes. The ‘red’-phase exhibits a bright fluorescence, whereas the ‘blue’-phase does not.1 

The change in color of the solution caused by an external stimulus is usually visible with the naked eye. 

Furthermore, fluorescence can be measured relatively easily. This makes PDA materials extremely 

interesting as sensor materials.1 The sensor properties were first investigated in 1993 by Charych et al.3 

They created a PDA monolayer matrix for sensing biomolecules. 

A sensor based on polydiacetylene vesicles was used for the detection of the influenza A virus by Seo et 

al.4 A schematic overview on the influenza A virus detection with polydiacetylene is shown in Figure 3.1. 

 

Figure 3.1: Schematic representation of the polydiacetylene sensor for the detection of the influenza A virus. 
Reprinted with permission from ref. 3, Copyright (2013) John Wiley and Sons. 
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Within the same group, a material sensitive to the amount of swelling of a hydrogel was developed.5 Upon 

swelling the material, the PDA chains were stretched, leading to a shift towards red colors. Thus, the color 

of the gel appeared to be a measure for the degree of swelling, thereby highlighting the potential of PDAs 

as probes to sense mechanical stresses within the material. 

Song et al.6 developed a polydiacetylene sensor based on lipid-based diacetylenes that self-assemble into 

ribbon-like morphologies. Under the influence of temperature, pH and mechanical stresses caused by 

specific ligand-pathogen binding, the system undergoes the desired color change.  

Besides the detection of large (bio)molecules and mechanical stresses, many other stimuli have been 

reported to induce a phase change in polydiacetylenic materials, such as temperature 

(thermochromism),7 organic solvent (solvatochromism)8 and pH.2 

In this chapter, the chromatic properties of the bis-urea bolaamphiphiles as developed by Pal et al.9 are 

investigated (Figure 1.3). These molecules, are known to self-assemble into rodlike morphologies, a 

morphology which has been less extensively investigated as compared to monolayers, vesicles and 

Langmuir-Blodgett films.1 

The influence of the several parameters was measured using UV-Vis spectroscopy, including 

polymerization concentration via temperature and polymerization time to mechanical effects. In the 

following chapters, every parameter will be outlined in more detail. 

3.2 TIME DEPENDENCY 
The first parameter investigated was the polymerization time. We hypothesize that the λmax does not shift 

over time, whereas the absorption should increase with the irradiation time.  

The UV-Vis spectra for UD10U and UD12U are shown in Figure 3.2A and B, respectively. The shift of the 

absorbance maxima as function of polymerization time are shown in Figure 3.3. The shift of the λmax as 

function of polymerization time is shown in Figure 3.4.  

A first remarkable difference between UD10U and UD12U is the shape of their absorbance spectra and 

thus the color of the solutions of the two. Solutions of UD10U are purple to red, whereas solutions of 

UD12U are blue. This already suggests that there is a difference between the two regarding their self-

assembly behavior and in particular their hydrophobic packing within the core of the micelles. Since 

UD12U has a larger hydrophobic core than UD10U, we argue that this leads to more hydrophobic 

interactions and thus a better packing of the monomers within the rodlike micelles. Similar differences in 

the UV-Vis spectra were reported by Ramakers et al.10 for peptide diacetylene amphiphiles, which was 

also attributed to varying packing of the monomers. 
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Figure 3.2: Effect of polymerization time on UD10U and UD12U. Samples were polymerized at 32 mM and measured 
at 0.5 mM. A: UV-Vis spectra for UD10U. B: UV-Vis spectra for UD12U. C: pictures of the solution after irradiation 
and after dilution of UD10U. From left to right: 5 minutes of exposure to 45 minutes. D: pictures of the solutions after 
irradiation and after dilution of UD12U. From left to right: 5 minutes of exposure to 30 minutes. 

 

 

Figure 3.3: Shift of the absorbance maxima as function of polymerization time for UD10U (A) and UD12U (B). Samples 
were polymerized at 32 mM and measured at 0.5 mM. Values were taken from the raw data and the highest value 
for the absorbance is reported. 

 

A B 

C D 

B A 
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Figure 3.4: Shift of the λmax for the different peaks as a function of polymerization time for UD10U (A) and UD12U 
(B). Samples were polymerized at 32 mM and measured at 0.5 mM. 

 

As shown in Figure 3.2, UD10U exhibits a dramatic shift from a purple color towards a red color upon 

longer irradiation times. This shift even is visible with the naked eye. The UV-Vis spectrum UD12U shows 

that the λmax shifts towards red colors only to a limited extent, but this shift is not visible with the naked 

eye. 

For UD12U, both absorption bands increase with polymerization time, whereas for UD10U the 

absorbance around 675 nm (absorbance of red light) decreases. The other two peaks for UD10U (540 nm 

and 490) both increase, although some fluctuations are observed. Those fluctuations might be caused by 

measuring errors or errors made in sample preparation. For UD10U, the conjugation length decreases 

with irradiation time. For both UD10U and UD12U the absorption maxima shift to lower wavelengths. 

This also means that the solutions undergo a blue-shift (the absorbance increases in the blue-region and 

consequently a red color of the solution is observed) with subsequent decrease of the conjugation length. 

The observed shift towards red colors might be caused by degradation of the polymers in solution. Bloor 

et al.11,12 report degradation or chain scission upon prolonged UV-irradiation times for several 

polydiacetylenes, which is accompanied by a shift towards red colors. This was attributed to the high 

energy of the UV-irradiation. Only for systems with slow polymerization rates the conjugation length 

increases with the polymerization time.13  

Thus, the shift towards red colors for UD10U might be due to degradation or depolymerization of the 

polydiacetylenes. UD12U seems less vulnerable to degradation, although some shift in the spectrum is 

observed. UD12U has a better hydrophobic packing, which might cause the difference between the two 

bis-urea bolaamphiphiles. Furthermore, the absorbance of UD12U reaches much higher values (up to 2.5) 

than UD10U (only up to 1.1), which leads overall to less UV-irradiation exposure of the solution with 

increasing polymerization time. Because of less UV exposure, less degradation takes place. This should be 

further examined with for example CryoTEM or AFM. Also DLS could be used for further analysis, but this 

then requires a set-up with a different laser to avoid absorbance of the laser light. 
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3.3 THE INFLUENCE OF OXYGEN 
We hypothesize that oxygen might potentially induce polydiacetylene degradation. To investigate this, a 

similar time-dependent measurement as in chapter 3.2 was conducted, both in the presence and absence 

of oxygen (Figure 3.5). In Figure 3.6, the shift in absorption and λmax is plotted as function of polymerization 

time. Since for UD10U the blue-shift is more pronounced, this experiment was only conducted with 

UD10U.  

 
Figure 3.5: Effect of polymerization time on UD10U (A) and UD10U in an oxygen-free environment (B). Samples were 
polymerized at 32 mM and measured at 0.5 mM. Both spectra are normalized. C and D: pictures of the solutions after 
polymerization and after dilution for polymerization in ambient conditions and polymerization in an oxygen-free 
environment, respectively. From left to right: 5 minutes to 45 minutes of UV-irradiation. 

 

 

Figure 3.6: Effects of polymerization time for UD10U (open squares) and UD10U in an oxygen-free environment 
(black squares). Samples were polymerized at 32 mM and measured at 0.5 mM. Reported values are taken from the 
normalized data. A: shift of the absorbance maximum around 675 nm as function of polymerization time; B: shift of 
the λmax (around 675 nm) as function of the polymerization time. 
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From Figure 3.5, it already can be concluded that the blue-shift for polymerization in an oxygen-free 

environment is less pronounced than for polymerization in ambient conditions. This shift, however, is not 

visible with the naked eye.  

Figure 3.6A shows that both polymerization in ambient conditions and polymerization under oxygen-free 

conditions undergo a blue-shift. The shift in λmax for both experiments is also comparable, as shown in 

Figure 3.6B. From this, we argue that oxygen does not play a significant role in the degradation of the 

polydiacetylenes. Probably the high-energy UV-irradiation is of more importance in the degradation 

process. 

3.4 CONCENTRATION DEPENDENCY 
Another parameter tested is the concentration at which the solutions are polymerized. It is hypothesized 

that small changes in the UV-spectra may occur, due to varying sizes of the self-assembled micelles. The 

normalized UV-Vis spectra for UD10U and UD12U are shown in Figure 3.7. For UD12U the spectra are 

normalized as such, that the second maximum (600 nm) equals 1.  

Figure 3.8A displays the shift of the absorbance maxima for UD10U, Figure 3.8B shows the absorbance 

shift for UD12U. In Figure 3.9, the shift of the λmax is shown. UD10U is shown in Figure 3.9A, UD12U in 

Figure 3.9B. 

 

Figure 3.7: Polymerization concentration effects for UD10U and UD12U. All samples were measured at 0.5 mM and 
polymerized for 15 minutes. A: Normalized UV-Vis spectra for UD10U. B: Normalized UV-Vis spectra for UD12U; 
normalized as such, that the peak around 600 nm equals 1. C, D: pictures of UD10U and UD12U, respectively, after 
polymerization and after dilution. From left to right: 1 mM polymerization to 32 mM.  
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Figure 3.8: Shift of the absorbance maxima for the different peaks as function of polymerization concentration for 
UD10U (A) and UD12U (B). Samples were polymerized for 15 minutes and measured at 0.5 mM. Values were taken 
from the raw data and the highest value for the absorbance was reported. A: Black squares: maximum absorbance 
around 675 nm; red circles: maximum absorbance around 535 nm; blue triangles: maximum absorbance around 490 
nm. B: Black squares: maximum absorbance around 660 nm; red circles: maximum absorbance around 600 nm. 

 

 

Figure 3.9: Shift of the λmax for the different peaks as a function of polymerization concentration for UD10U (A) and 
UD12U (B). Samples were polymerized for 15 minutes and measured at 0.5 mM. 
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With increasing polymerization concentration, the color of the solutions shifts from red to blue. For 

UD10U, this shift is more pronounced than for UD12U. We argue that this is related to the highly 

concentrated solutions absorbing more light than diluted ones. This can be explained by the Beer-Lambert 

law (Equation 3.1). 

𝐼(𝑧) = 𝐼0exp (−𝛼𝑧)   (3.1) 

With the penetration depth, 𝛿𝑝 =
1

𝛼
 and

𝐼(𝑧)

𝐼0
= 10−𝐴, this can be rewritten as: 

ln (10−𝐴) = −
1

𝛿𝑝
∙ 𝑧    (3.2) 

For UD10U, the absorbance of the solution polymerized at 16 mM is approximately 1 after dilution to 0.5 

mM, which means that the 15 mM solution has an absorbance A of 32. From Equation 3.2, it follows that 

the penetration depth is then around 10 μm (z = 1 mm), leading to less UV-light exposure in concentrated 

solutions. For lower concentrations, the penetration depth increases, leading to more intense UV-

irradiation, causing degradation of the sample. The more concentrated solutions also suffer from 

degradation, but due a large amount of the light being absorbed by the solution, degradation proceeds 

more slowly compared to the solutions with a lower concentration. This can be confirmed with time-

dependent UV-Vis spectra for dilute solutions (0.5 mM) (Figure 3.10). 

 

Figure 3.10: Effect of polymerization time on UD10U (A) and UD12U (B). Samples were polymerized at 0.5 mM and 
measured at 0.5 mM. 

 

As shown in Figure 3.10, dilute solutions are blue at shorter irradiation times, while they become red upon 

longer UV-exposure. Compared to the 32 mM time dependence in Figure 3.2, the shift towards lower 

wavelengths occurs at a shorter time scale. From this, it can be concluded that the absorption of the 

solutions is indeed of importance in the degradation caused by UV-irradiation. 
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To investigate the degradation of the samples, atomic force microscopy was conducted on two different 

samples of UD10U (Figure 3.11). One of the samples was polymerized at 1 mM for 15 minutes, while the 

other was polymerized at 32 mM, also for 15 minutes. 

 

Figure 3.11: Atomic Force Microscopy pictures for samples with different polymerization concentrations for UD10U. 
A, B, C: Polymerization at 1 mM for 15 minutes. D, E, F: Polymerization at 32 mM for 15 minutes. A, D: Amplitude; B, 
E: height; C, F: phase. Samples were dropcast from CHCl3. Scale bar is 1 μm.  

 

As shown in Figure 3.11, the morphology obtained for varying polymerization concentrations is different. 

Polymerization at 32 mM results in fiber-like structures. Polymerization at 1 mM leads to irregularly 

shaped objects, which could be caused by degradation of the sample under UV-light. However, it should 

be investigated whether those objects are artifacts in the AFM measurements or the real structure after 

polymerization. For solutions polymerized at 32 mM the rodlike morphology is observed, since the 32 mM 

solution is less susceptible to degradation. With further analysis of those samples and other 

concentrations and polymerization times as well, the results shown above should be confirmed. 

Additionally, CryoTEM could be a useful tool in analysis of the formed structures upon polymerization. 
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Since the solution polymerized at 1 mM is the brightest red compared to the other solutions measured, 

the fluorescence spectrum corresponding to this solution was measured (Figure 3.12).  

 

Figure 3.12: Fluorescence (red) and absorption spectra (black) for UD10U. Solutions were polymerized at 1 mM. 
Absorbance was measured at 0.5 mM, fluorescence was measured at 0.05 mM.  

 

The blue phase from UD10U is, as expected, not fluorescent. In contrast, the red phase does show some 

fluorescence, as shown in Figure 3.12. However, this only happens to a limited extent, while it is reported 

that the red phase fluoresces intensely.13 The limited fluorescence of UD10U could be due to self-

absorption of the emitted photons.  

3.5 TEMPERATURE DEPENDENCY 
Besides the polymerization time dependency and the concentration dependency, the influence of 

temperature on the polymerized solutions was investigated (Figure 3.13). The shift in absorbance and the 

shift of λmax are depicted in Figure 3.14 and Figure 3.15, respectively. 

 

Figure 3.13: Temperature dependency for UD10U (A) and UD12U (B). A: Normalized UV-Vis spectra for UD10U. 
UD10U was polymerized at 1 mM and measured at 0.5 mM. B: Normalized UV-Vis spectra for UD12U, normalized as 
such, that the second maximum (600 nm) equals 1. UD12U was polymerized at 4 mM and measured at 0.5 mM. 
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Figure 3.14: Shift of the absorbance maxima as function of temperatures for UD10U (A) and UD12U (B). UD10U was 
polymerized at 1 mM and measured at 0.5 mM. UD12U was polymerized at 4 mM and measured at 0.5 mM. Values 
were taken from the raw data and the highest value for the absorbance is reported. A: Shift of the absorbance 
maxima for UD10U. Black squares: maximum absorbance around 665 nm. B: Shift of the absorbance maxima for 
UD12U. Black squares: maximum absorbance around 665 nm; red circles: maximum absorbance around 600 nm. 

 

 

Figure 3.15: Shift of the λmax for the different peaks as a function of temperature for UD10U (A) and UD12U (B). 
UD10U was polymerized at 1 mM and measured at 0.5 mM, UD12U was polymerized at 4 mM and measured at 0.5 
mM. 

 

Both UD10U and UD12U are blue-shifting with increasing temperature. Pal et al.9 ascribed this to the 

increased thermal motion of the hydrophilic moieties, reducing the delocalization of electrons along the 

polymer backbone. For UD10U, the shift towards red colors is more pronounced than for UD12U, due to 

the shorter hydrophobic spacer between the urea groups, leading to less hydrophobic interactions and 

thus weaker self-assembly. 
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The reversibility of the temperature effects was tested for UD12U. The results are shown in Figure 3.16. 

 

Figure 3.16: Reversibility of the thermochromism effects for UD12U. Samples were polymerized at 4 mM and 
measured at 0.5 mM.  

 

As shown in Figure 3.16, the thermochromism effects are reversible to a large extent for UD12U. Until 

50 °C, the effects of heating are completely reversible. Heating to 60 °C or above leads to irreversible 

changes in the conjugation length. Pal et al.9 found similar effects for UD12U and for UD10U it was found 

that the effects were reversible to a lesser extent. This was ascribed to the difference in hydrophobic 

spacer length. With a larger hydrophobic core the self-assembly is stronger, leading to better thermal 

stability. 

3.6 HOFMEISTER SERIES: ELECTROSTATIC EFFECTS 
In 1888 Franz Hofmeister developed a series of ions in order of their ability to ‘salt in’ or ‘salt-out’ 

proteins.14 The series as it is known nowadays for proteins is depicted in Figure 3.17. 

 

Figure 3.17: Hofmeister series as it is known for proteins. Upper row: anions; lower row: cations. 

 

Over the years, this series appeared to be applicable to many other systems as well. Jaspers et al.15 used 

the Hofmeister series to tune the mechanical properties of PEG-based hydrogels. Along these lines, we 

sought to change the solubility of the pendant PEG chains by adding electrostatic interactions, to exert a 

mechanical force on the polymer backbone and thus induce a color change of the system. 
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In the first experiment, salt solutions were added prior to polymerization, thus the polymerization was 

performed in electrolyte solutions (Figure 3.18). Different polymerization times were tested, Figure 3.18 

shows irradiation with UV-light for 1 minute (A, C) and for 15 minutes (B, D). 

 

Figure 3.18: Normalized UV-Vis-spectra for addition of salt prior to polymerization for UD10U (A, B) and UD12U (C, 
D). Both were polymerized at 0.5 mM and measured at the same concentration. Salts were added as solution prior 
to polymerization of the bis-urea bolaamphiphiles. A, C: Polymerization for 1 minute in the presence of salt; B, D: 
Polymerization for 15 minutes in the presence of salt. Final salt concentrations: 1M, except for NaCl: 1M and 2M 
were measured. 

 

Figure 3.18 shows the normalized UV-Vis spectra for UD10U and UD12U after polymerization in the 

presence of salt. For UD12U, there is no difference in UV-Vis spectra after 1 minute of polymerization (C). 

After 15 minutes, a small shift occurs at 675 nm (D). For UD10U the differences are more pronounced. 

For both UD10U and UD12U the difference in spectra is not visible with the naked eye.  

In the second experiment, salt solutions were added to pre-polymerized bolaamphiphile solutions (Figure 

3.19).  
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Figure 3.19: Normalized UV-Vis-spectra for addition of salt after polymerization for UD10U (A) and UD12U (B). 
UD10U was polymerized at 32 mM for 15 minutes and measured at 0.5 mM. UD12U was polymerized at 1 mM for 
15 minutes and measured at 0.5 mM. Salts were added as solution after polymerization of the bis-urea 
bolaamphiphiles. For NaCl the final salt concentrations were 1M and 2M, the final concentration of the other salts 
was 1M.  

 

As shown in Figure 3.19, only slight differences in the UV-Vis spectra occur upon addition of salt after 

polymerization. Those differences are not visible with the naked eye. Also Na2CO3 and Na2SO4 were tested, 

but the presence of these salts induced precipitation of the samples.  

We therefore conclude that the electrostatic effects are not sufficient to change the solubility of the PEG 

segments to such extent, that the force exerted on the polymer backbone is sufficient to induce a color 

change visible with the naked eye.  

3.7 MECHANICAL EFFECTS 
A possible application for the bis-urea polydiacetylene fibers is to incorporate them in (biological) 

networks, after which the mechanical behavior of the network can be monitored with the color change 

of the PDAs.  

Preliminary mechanical tests were performed with poly(N-isopropylacrylamide) (PNIPAm). PNIPAm is a 

water-soluble polymer, with a lower critical solution temperature (LCST) around 32 °C. When heated 

above the LCST, the polymer undergoes a phase transition from a hydrated state to a dehydrated state. 

Upon dehydration, the polymer shrinks and becomes insoluble in water.  

PNIPAm that is functionalized with 5% acetylene groups, synthesized by Dr. Robert Göstl, can be 

crosslinked to bis-urea bolaamphiphiles with azide-functionalities (N3-UD12U-N3, synthesized by Marcos 

Fernandez, Figure 3.20) via copper-click chemistry.  

 

Figure 3.20: Molecular structure of azide-functionalized UD12U. 
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We hypothesize that upon heating the solution above the LCST of the PNIPAm, the poly(N-

isopropylacrylamide) chains collapse, thereby exerting a mechanical force on the PDA backbone and 

inducing a color change of the PDA system. This is schematically depicted in Figure 3.21. 

 

Figure 3.21: Schematic representation of heating a PNIPAm-UD12U crosslinked system above the LCST. Blue: 
unstrained polydiacetylene fibers. Black: PNIPAm chains. Red: strained polydiacetylene fibers upon collapsing of the 
PNIPAm chains. 

 

For this experiment, two different concentrations of UD12U (0.5 mM and 19 mM), and azide-crosslink (5% 

crosslink for 0.5 mM UD12U concentration, 10% crosslink for 19 mM) were used with varying 

concentrations PNIPAm (1, 2 and 5 wt%). After crosslinking using a ligand accelerated copper azide-alkyne 

cycloaddition,16 the solutions were heated above the LCST. The UV-Vis spectra were measured before and 

after heating (Figure 3.22).  

 

Figure 3.22: UV-Vis spectra of PNIPAm-UD12U crosslinked systems before heating (solid line) and after heating 
(dashed line). A: Crosslinking with 5% N3-UD12U-N3, total concentration UD12U: 0.5 mM. Measured at 0.5 mM 
UD12U concentration. B: Crosslinking with 10% N3-UD12U-N3, total concentration UD12U: 19 mM. Measured at 0.6 
mM UD12U concentration.  

 

As shown in Figure 3.22, there are only very slight differences in the UV-Vis spectra before and after 

heating. Increasing the total bolaamphiphile concentration and the amount of azide-functionalities does 

not make a difference.  
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Collapsing of the PNIPAm chains seems to be insufficient to exert a mechanical stress on the 

polydiacetylene backbone. Optimizing the crosslinking strategy might solve this problem. An alternative 

strategy for testing the mechanical response might be to incorporate the bis-urea bolaamphiphile fibers 

into a (hydro)gel and straining the material with, for example, tensile tests. 

3.8 CONCLUSIONS 
In this chapter, we discussed several parameters that influence the polydiacetylene backbone within self-

assembled bis-urea rods.  

First of all, the polymerization properties were investigated. With increasing irradiation time, a shift 

towards red colors is observed, while the solutions become bluer with increasing polymerization 

concentration. We hypothesize that the blue-shift under prolonged UV-exposure might be due to 

degradation. Oxygen does not play a role in this. AFM and CryoTEM may provide additional information 

on the degradation of the polydiacetylenes.  

Increasing the temperature of the polydiacetylene solutions lead to a blue-shift in the UV-spectrum. This 

can be ascribed to increasing mobility of the hydrophilic segments. For UD12U, the thermal effects were 

partly reversible. 

Exerting a mechanical stress on the polymer backbone by changing the solubility of the pendant PEG 

chains or via crosslinking with a PNIPAm system and subsequent heating of the solution above the LCST, 

appeared to have little effects on the color of the solutions and thus could not be used for sensors for this 

type of application.  

3.9 EXPERIMENTAL 

3.9.1 MATERIALS 
Reagents and solvents were purchased from Sigma Aldrich, Merck or Acros. All chemicals were used as 

received, unless stated otherwise. UD10U and UD12U as well as UD12U-N3 were synthesized by Marcos 

Fernandez according to literature procedures.9 PNIPAm with 5% acetylene functionalities was synthesized 

by Dr. Robert Göstl. 

3.9.2 INSTRUMENTATION 
Diacetylenic structures were polymerized in a Hellma quartz cuvette within Luzchem Photoreactor LZC-

4V, equipped with Ushio G8T8 UV-C lamps (100-280 nm wavelength; spectral peak at 253.7 nm; 2.4 Watt 

per lamp). UV-Vis absorption spectroscopy was performed on a Jasco V-750 spectrophotometer with a 

Hellma quartz cuvette. Fluorescence microscopy was performed on a Perkin-Elmer luminescence 

spectrometer LS50B with a Hellma quartz cuvette. Atomic force microscopy was performed on a 

Nanoscope IIIa Scanning Microscope controller, equipped with a Halcyonics damping plate MCD1 and a 

Point probe-plus Silicon-SPM-sensor (Nanosensor PPP-NCHR-10). Samples were prepared by drying the 

polymerized fibers (in aqueous solutions) overnight in a desiccator. Then the samples were redissolved in 

chloroform and dropcast on a mica surface. After evaporation, the sample was ready for imaging. 
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3.9.3 UV-VIS SAMPLE PREPARATION 
In all cases, UD10U and UD12U were dissolved in CHCl3 and the solvent was evaporated to yield a thin 

film that could be dissolved in water. With 15 minutes sonication, 1 minute vortexing, 15 minutes 

sonication, 1 minute vortexing, etc., the bolaamphiphiles could be dissolved in water fully.  

32 mM bolaamphiphile solutions were prepared by dissolving 20 mg bis-urea bolaamphiphile in 500 μL 

demi water. All solutions for one experiment were made from the same stock-solution.  

Time dependent for both bolaamphiphiles polymerization was carried out at 32 mM, measurements were 

performed at 0.5 mM. Oxygen-free UD10U was polymerized in degassed water at 32 mM (degassed by 

bubbling Argon through for >30 minutes), measured at 0.5 mM. The cuvette was flushed with argon prior 

to addition of the bolaamphiphile solution. Concentration dependent all samples were polymerized for 

15 minutes and measured at 0.5 mM. Temperature dependent for UD10U the sample was polymerized 

at 1 mM for 15 minutes and measured at 0.5 mM, UD12U was polymerized at 4 mM for 15 minutes and 

measured at 0.5 mM. The temperature was controlled with the built-in temperature device from the Jasco 

V-750 spectrophotometer. Hofmeister series-salt prior to polymerization UD10U was polymerized at 32 

mM for 15 minutes and diluted to 1 mM. Then 100 μL bolaamphiphile solution was added to 100 μL salt 

solution (2M, except for NaCl: 2M and 4M were used). Final concentrations: 0.5 mM bolaamphiphile, 1M 

salt (except for NaCl: also 2M was measured). UD12U was polymerized at 1 mM for 15 minutes. Then 100 

μL bolaamphiphile solution was added to 100 μL salt solution (2M, except for NaCl: 2M and 4M were 

used). Final concentrations: 0.5 mM bolaamphiphile, 1M salt (except for NaCl: also 2M was measured). 

Hofmeister series-salt after polymerization UD10U and UD12U 100 μL bolaamphiphile solution (1mM) 

was added to 100 μL salt solution (2M, except for NaCl: 2M and 4M were used). Then the solutions were 

polymerized for 15 minutes. Final concentrations: 0.5 mM bolaamphiphile, 1M salt (except for NaCl: also 

2M was measured). Mechanical effects UD12U was mixed with UD12U-N3 in CHCl3. After evaporation of 

the solvent, the bis-urea bolaamphiphiles were redissolved in the poly-NIPAM aqueous solutions by use 

of sonication (15 minutes), vortexing (1 minute) and sonication again (15 minutes). For 1 experiment a 

total concentration of 0.5 mM UD12U was used, with 5% N3-UD12U-N3 azide functionalized UD12U. The 

other experiment was performed with a total concentration of 19 mM UD12U with 10% N3-UD12U-N3. 

For both experiments, the concentration PNIPAm was varied between 1 and 5 wt%. Copper-click 

chemistry between the azide-functionalized UD12U and pNIPAM was performed with 0.1 mM CuSO4, 0.6 

mM THPTA ligand and 10 mM NaAsc. For this, the following stock-solutions were prepared: Cu(II)SO4 ∙ 5 

H2O: 1.47 mg / mL = 5.9 mM; Sodium-(L)-Ascorbate: 59.19 mg / mL = 298 mM; THPTA ligand: 15.53 mg / 

mL = 35.74 mM. Prior to adding the reagents to the solutions, Cu(II)SO4 and THPTA ligand were premixed 

(1:1 ratio). A blue solution appeared upon mixing. For 200 μL solutions, 6.68 μL Premix and 6.71 μL NaAsc 

solution were added. In all cases, the Premix was added prior to adding the sodium ascorbate. The copper-

catalyzed click-reaction was allowed to react overnight, in a water bath at room temperature. The 

solutions were heated to ~35 °C with a water bath.  
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4 COPPER(I)-MEDIATED DIACETYLENE POLYMERIZATION 

4.1 INTRODUCTION 
The concept of “click chemistry” was first introduced by the group of Barry Sharpless in 1999.1 In 2001, it 

was described as a group of reactions that ‘must be modular, high in scope, give very high yields, generate 

only inoffensive byproducts that can be removed by non-chromatographic methods and be stereospecific 

(but not necessarily enantioselective).’2 Furthermore, the required process characteristics ‘include simple 

reaction conditions, readily available starting material and reagents, the use of no solvent or a solvent that 

is benign or easily removed and simple product isolation’.2  

Since 1999, copper-click chemistry has evolved into a very popular topic.1 Also, click chemistry within 

biomedical applications is a growing field, due to linker-chemistry being important in various research 

areas. Some of the advantages of copper-click chemistry in biomedical applications are that the reactions 

can be performed in water and typically mild reaction conditions can be used, which is beneficial for other 

(biological) structures present in the reaction mixture to retain their function. Protection and deprotection 

reactions are not necessary when click chemistry is used, which prevents side-product formation.1 

Furthermore, click reactions are not affected by the side groups that are located next to the reactive 

species.3  

Copper-click reactions utilize copper(I) as a catalyst. Different copper(I) species have been used for 

reactions, among which Cu(I)I, Cu(I)Cl and copper acetate are perhaps the most popular ones. In aqueous 

solution generally Cu(II)SO4 is used, while Cu(I)Br and Cu(I)CH3COO are used in organic solvents.1 With the 

use of copper(II)sulfate as source for the copper(I)-ions in the reaction mixture, a reducing agent is 

necessary to generate in situ the catalytically active copper(I) species. A generally accepted mild reductant 

is ascorbate, typically used as sodium ascorbate.4 In an optimized protocol for the 1,3-cycloaddition 

reaction, an additional copper binding ligand is used, the water-soluble tris-(3-

hydroxypropyltriazolylmethyl)amine (THPTA) ligand, commonly used in bioconjugation reactions with 

concentrations within the millimolar range.5 This ligand protects the molecules in the reaction mixture 

from oxidation and accelerates the reaction by stabilizing the copper(I) species in aqueous solution.  

The mostly used copper-click reaction is the copper-catalyzed azide-alkyne cycloaddition (CuAAC), which 

is used to couple an azide and an alkyne in a 1,3-dipolar addition.3 This type of copper-click reaction is 

schematically shown in Scheme 4.1.  

 

Scheme 4.1: Schematic representation of 1,3-cycloaddition for a copper-catalyzed azide-alkyne cycloaddition 
reaction. 
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The conventional copper-click azide-alkyne cycloaddition reaction cycle as predicted with DFT 

calculations by Hein et al., is schematically shown in Scheme 4.2.1 

 

Scheme 4.2: Schematic representation of the conventional copper-click azide-alkyne 1,3-cycloaddition, as calculated 

with DFT calculations by Hein et al. Adapted from ref. 1 with permission from the Royal Society of Chemistry. 

 

The CuAAC starts with the deprotonation of an acetylene (Step A), after which the azide is coordinating 

to the copper(I) species (Step B). Then via a 1,3-cycloaddition and copper triazolide formation, the 

heterocycle is formed (Step C and D). Protonation (Step E) results in the triazole ring and the catalyst in 

its original form.1  

Although many reactions catalyzed by copper-click chemistry are known among which are cycloadditions, 

nucleophilic ring-openings, carbonyl reactions and additions to carbon-carbon multiple bonds are 

commonly found examples. However, polymerization of diacetylenes using the typical copper-click 

chemistry reaction conditions has not yet been reported.1 Diacetylenes were already known to polymerize 

under the influence of UV-irradiation or γ-rays, due to a relatively high activation energy, but copper-click 

reactions appear as a new polymerization strategy for diacetylenes. This novel application of the copper-

click reaction will be further discussed in the remainder of this chapter.  

4.2 COPPER(I)- POLYMERIZATION IN DIACETYLENIC (BOLA)AMPHIPHILES 

4.2.1 COPPER(I)-POLYMERIZATION WITH A STANDARDIZED BIOCONJUGATION PROTOCOL 
Presolski et al.5 developed a standardized protocol for copper-click reactions for bioconjugation 

experiments. In this protocol, 0.1 mM copper(II)sulfate, 0.6 mM THPTA ligand and 10 mM sodium 

ascorbate are used to catalyze alkyne-azide 1,3-dipolar cycloadditions at concentration in the millimolar 

range in water. For the first copper-catalyzed polymerization experiments, this standardized protocol was 

used, with a bis-urea bolaamphiphile concentration of 1 mM. The results as measured with UV-Vis 

spectroscopy are shown in Figure 4.1. Figure 4.2 shows the increase of absorbance maxima as function of 

time, Figure 4.3 shows the shift of the λmax as function of time. 
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Figure 4.1: Copper polymerization for UD10U (A) and UD12U (B). Polymerization was performed with 1 mM bis-urea 
bolaamphiphile, 0.1 mM Cu(II)SO4, 0.6 mM THPTA ligand and 10 mM NaAsc. 

 

 

Figure 4.2: Shift of the absorbance maxima as function of polymerization time for UD10U (A) and UD12U (B). 
Polymerization was performed with 1 mM bis-urea bolaamphiphile, 0.1 mM Cu(II)SO4, 0.6 mM THPTA ligand and 10 
mM NaAsc. 
 

 

Figure 4.3: Shift of the λmax as a function of polymerization time. Polymerization was performed with 1 mM bis-urea 
bolaamphiphile, 0.1 mM Cu(II)SO4, 0.6 mM THPTA ligand and 10 mM NaAsc. 
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For both UD10U and UD12U the absorption at the characteristic wavelengths (690 nm and 525 nm for 

UD10U; 690 and 625 nm for UD12U) increases over time. For UD12U the increase in absorbance is much 

more pronounced, which is probably due to a better hydrophobic packing in the core of the micelles, 

facilitating polymerization. Furthermore, UD10U undergoes to partial precipitation, most probably caused 

by the presence of SO4
2- ions in the solution. As already shown in chapter 3.6, UD10U is more prone to 

those electrostatic effects compared to UD12U.  

For both compounds the wavelength at which maximum absorption is measured shifts to shorter 

wavelengths upon polymerization. This effect was already observed in the time dependent UV-Vis 

experiments (chapter 3.3). Polymerization with copper(I) does not influence this shift.  

4.2.2 COPPER(I)-POLYMERIZATION VERSUS UV-POLYMERIZATION 
Due to the mild reaction conditions and slower polymerization rates, the blue-shift of the solutions 

polymerized with copper(I) is observed to a lesser extent than for UV-irradiated samples. However, even 

after more than 10 days, the polymerization process seems not to have reached full conversion. The 

copper(I)-mediated polymerization is compared with the UV-polymerization in Figure 4.4. 

 

Figure 4.4: Copper-polymerization compared to UV-polymerization for UD10U (A) and UD12U (B). Polymerization 
was performed with 1 mM bis-urea bolaamphiphile, 0.1 mM Cu(II)SO4, 0.6 mM THPTA ligand and 10 mM NaAsc. UV-
Polymerization was performed for 15 minutes, after copper-polymerization of the bis-urea bolaamphiphiles. 
 

For both UD10U and UD12U, the copper(I)-mediated polymerization does not reach full conversion, as 

shown in Figure 4.4. After irradiation with UV-light, the absorbance of the solution continues to increase 

to a very large extent. Based on the plots shown above, the conversion with copper-catalyzed 

polymerization reaches 30% – after 10 days – as compared to UV-polymerization (15 minutes). This is 

probably due to depletion of the sodium ascorbate, thereby preventing further copper(I) species to be 

formed, slowing down the reaction rate.  

Thus, the copper-catalyzed polymerization is relatively slow compared to UV-induced polymerization. 

While the UV-polymerization takes place within a few minutes, the copper-polymerization proceeds in 

several days. This is remarkable, since conventional bioconjugation copper-click reactions are generally 

relatively fast reactions.1 However, the reaction conditions used to polymerize the bis-urea diacetylenes 

are optimized for azide-alkyne reactions and not for diacetylene polymerization. The reaction mechanism 
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behind the bis-urea bolaamphiphiles is probably quite different from that of the azide-alkyne 

cycloaddition. It might be that the limiting step in the copper(I)-mediated polymerization is the access of 

copper(I)-ions to the hydrophobic core of the micelles. 

4.2.3 CONTROL EXPERIMENTS 
The mostly used protocol in copper(I)-click reactions is one with 0.1 equivalents of copper(II)sulfate and 

an excess of sodium ascorbate.3 Those conditions were tested for the bis-urea bolaamphiphiles (Figure 

4.5). 

 

Figure 4.5: Control experiments for UD10U (A) and UD12U (B). Polymerization was performed with 32 mM bis-urea 
bolaamphiphile, 3.2 mM Cu(II)SO4 (0.1 equivalents) and 64 mM (2 equivalents) NaAsc (Solid lines). Controls (dashed 
lines): Cu(II)SO4 only (3.2 mM) and NaAsc (64 mM). Solutions were measured at 1 mM bolaamphiphile concentration. 
Spectra were measured after 168 hours of polymerization. 

 

The extent of polymerization for the protocol without ligand is lower than for the protocol that uses the 

THPTA ligand. Further experiments should elucidate whether this is due to an earlier depletion of 

copper(I)-ions. Compared to UV-polymerization, a conversion of 30% is reached. Nonetheless, copper-

polymerization in the standardized ligand-accelerated conditions is so far the most efficient copper-

catalyzed polymerization reaction. 

In order to get deeper insights in the mechanistic aspects of the ligand-mediated copper-polymerization 

of diacetylenes, some control experiments were performed. In Figure 4.6, the standardized protocol is 

compared with two control experiments, in which one or more of the reactants are excluded from the 

reaction mixture. 

 

A B 



Chapter 4 

58 

 

Figure 4.6: Control experiments for UD10U (A) and UD12U (B). Standard polymerization was performed with 1 mM 
bis-urea bolaamphiphile, 0.1 mM Cu(II)SO4, 0.6 mM THPTA ligand and 10 mM NaAsc (Solid lines). Controls (dashed 
lines): Cu(II)SO4 only (0.1 mM) and Cu(II)SO4 (0.1 mM) with THPTA Ligand (0.6 mM). Solutions were measured at 1 
mM bolaamphiphile concentration. The spectra were measured after 168 hours of polymerization. 

 

As shown in Figure 4.6, for UD10U in the absence of sodium ascorbate minor amounts of poly-UD10U 

were formed. In ambient light, the amount of poly-UD10U is even lower. However, this seems to occur to 

a lesser extent compared to the optimized protocol. In contrast, for UD12U the control experiments lead 

to enhanced polymerization compared to the standard protocol. These unexpected differences could be 

due to prepolymerization of the samples when preparing them under ambient conditions. It should be 

further investigated whether this is true. Furthermore, to exclude prepolymerization processes, extra care 

should be taken in sample preparation and storage. 

Copper polymerization was proven to be successful in the self-assembled rodlike micelles of bis-urea 

bolaamphiphiles. To check whether this type of reaction could be extended to other types of self-

assembled diacetylenes, a diacetylene peptide amphiphile, PA 25C (10-12)-GAGAK-OH, known to self-

assemble into spherical micelles, was used in the copper-polymerization reaction.  

 

Figure 4.7: Molecular structure of the peptide-based amphiphile used for copper-polymerization experiments. 

 

The UV-Vis spectra for the polymerization of the peptide-based amphiphile is shown in Figure 4.8. The 

shift of the absorbance maxima and λmax is shown in Figure 4.9. 
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Figure 4.8: Copper polymerization for a diacetylene peptide amphiphile. Polymerization was performed with 1 mM 
peptide amphiphile, 0.1 mM Cu(II)SO4, 0.6 mM THPTA ligand and 10 mM NaAsc. 

 

 

Figure 4.9: Shift of the absorbance maxima (A) and λmax (B) for copper-polymerization as function of time for a 
peptide-based diacetylene amphiphile. 

 

As shown in Figure 4.8 and Figure 4.9, the absorption of the peptide-amphiphile increases with time, 

indicating that polymerization occurs, even though precipitation is observed. The λmax shows only slight 

shifts towards higher wavelengths. The UV-Vis spectra match with those reported by Ramakers et al.6 This 

suggests that copper-polymerization of diacetylenes is also possible in other morphological structures 

than rods. However, this should be investigated further in other self-assembled structures, such as 

monolayers or vesicles.  
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4.3 COPPER(I)-POLYMERIZATION IN THE PRESENCE OF TERMINAL ACETYLENES 
Given the reaction cycle for copper-click reactions (Scheme 4.2), starting with the formation of an 

acetylene-copper species, the reaction rate of the copper-polymerization of diacetylenes might be 

enhanced in the presence of acetylenes. To test this, the copper(I)-mediated polymerization reaction was 

performed in the presence of terminal acetylenes. It was hypothesized that the influence of the acetylenes 

should be catalytically, hence only 1 wt% acetylene – with respect to the bis-urea bolaamphiphile – was 

added. The amounts of copper(II)sulfate, sodium ascorbate and ligand were kept as in the standardized 

protocol.  

Two different types of acetylenes were used. The first type was the corresponding bis-urea 

bolaamphiphile with terminal acetylenes (Ac-UD10U-Ac and Ac-UD12U-Ac, synthesized by Marcos 

Fernandez), so that the acetylenes were located at the outside of the rodlike micelles. The second type of 

acetylene was 5-hexynoic acid for UD10U, while for UD12U, 6-heptynoic acid was added. By first 

dissolving the compounds in CHCl3 and mixing thoroughly, a homogeneous distribution of the acetylenes 

was expected. Furthermore, it was believed that the acetylenic acid would be incorporated into the 

hydrophobic core of the rodlike micellar structures upon evaporation of the chloroform and redissolving 

the material in water. Polymerization of the bis-urea bolaamphiphiles was followed using UV-Vis 

spectroscopy. The results are shown below in Figure 4.10; Figure 4.10A shows the results for UD10U, 

Figure 4.10B shows the results for UD12U. 

 

Figure 4.10: Copper polymerization for UD10U (A) and UD12U (B). Polymerization was performed with 1 mM bis-
urea bolaamphiphile concentration, 0.1 mM Cu(II)SO4, 0.6 mM THPTA ligand and 10 mM NaAsc. For the experiments 
with free acetylenes 1 wt% of the corresponding bis-urea acetylene terminated compound was added (UD10U-Ac 
and UD12U-Ac) or 1 wt% of the corresponding acetylenic acid (5-hexynoic acid for UD10U, 6-heptynoic acid for 
UD12U) was added. 

 

As shown in Figure 4.10A, the absorption of UD10U at 675 nm (filled symbols) and the absorption at 527 

nm (open symbols) is monitored over time. When the samples that contain terminal acetylenes are 

compared to the sample that does not, it is clear that the addition of acetylene does not speed up the 

reaction. In fact, it even seems that the reaction is slower compared to the reaction that only contains 

diacetylenes. For UD12U (Figure 4.10B), for which the absorption at 675 nm (filled symbols) and the 

absorption at 630 nm (open symbols) are measured, the differences in rate are even more pronounced. 
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Especially in the presence of 1 wt% 6-heptynoic acid, the reaction proceeds with a much lower rate 

compared to the reaction that does not contain any acetylene.  

An explanation for this was not yet established. A competing acetylene coupling reaction has not been 

reported, and thus is not likely to happen. Further analysis of the reaction in the presence of free 

acetylenes should be performed to give insight in why the reaction rate is slower for the terminal 

acetylenes compared to the reaction with diacetylenes. In order to elucidate the full mechanism behind 

the copper-catalyzed diacetylene polymerization, further experiments should be conducted. 

4.4 CONCLUSIONS & OUTLOOK 
In this chapter, a novel strategy for the polymerization of bis-urea diacetylenes was discussed. Copper-

click chemistry, a useful tool in biomedical applications, is a well-known reaction for the cycloaddition of 

an azide and an alkyne. Here, we proposed copper(I)-mediated reactions as a novel tool for the 

polymerization of diacetylenes. 

The protocol that was optimized for ligand-accelerated azide-alkyne reaction for was used for the copper-

catalyzed polymerization of bis-urea bolaamphiphiles and was proven to be the most efficient reaction. 

Upon addition of free acetylenes, the reaction rate was lowered.  

Compared to UV-polymerization, the copper(I)-polymerization reaction is less efficient: only 30% 

conversion was reached within 10 days. Due to the slower reaction rate and mild conditions, the blue shift 

was observed to a lesser extent than for UV-polymerization. Generally, copper-click reactions are 

relatively fast, hence the word ‘click’. Furthermore, copper-click chemistry in general has a high selectivity 

and the products can be purified relatively easily. This was not yet investigated here.  

Overall, the copper-catalyzed polymerization seems a promising strategy for the intermolecular 

crosslinking of bis-urea bolaamphiphiles. However, the reaction conditions should be optimized to 

enhance the efficiency and speed of the reaction. Additionally, further experiments should be performed 

in order to elucidate the mechanism of the reaction. 

4.5 EXPERIMENTAL 

4.5.1 MATERIALS 
Reagents and solvents were purchased from Sigma Aldrich, Merck or Acros. All chemicals were used as 

received, unless stated otherwise. UD10U and UD12U, as well as UD10U-Ac and UD12U-Ac were 

synthesized by Marcos Fernandez according to literature procedures.7 PA 25C (10-12)-GAGAK-OH peptide 

based diacetylene was kindly provided by Pim van der Asdonk, Britta Ramakers and Dennis Löwik. The 

synthesis was performed according to literature procedures.6 

4.5.2 INSTRUMENTATION 
Diacetylenic structures were polymerized in a Hellma quartz cuvette within a Luzchem Photoreactor LZC-

4V, equipped with Ushio G8T8 UV-C lamps (100-280 nm wavelength). UV-Vis absorption spectroscopy was 

performed on a Jasco V-750 spectrophotometer with a Hellma quartz cuvette. 
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4.5.3 SAMPLE PREPARATION 
In all cases, UD12U was dissolved in CHCl3 and the solvent was evaporated to yield a thin film that could 

be dissolved in water. With 15 minutes sonication, 1 minute vortexing, 15 minutes sonication, 1 minute 

vortexing, etc., the bolaamphiphiles could be dissolved in water fully.  

32 mM bolaamphiphile solutions were prepared by dissolving 20 mg bis-urea bolaamphiphile in 500 μL 

demi water. All solutions for one experiment were made from the same stock-solution.  

For the copper(I)-mediated polymerization at 1 mM (bola)amphiphile concentration, stock solutions were 

made for each reagent: Cu(II)SO4 ∙ 5 H2O: 1.47 mg / mL = 5.9 mM; Sodium-(L)-Ascorbate: 59.19 mg / mL = 

298 mM; THPTA ligand: 15.53 mg / mL = 35.74 mM . Prior to adding the reagents to the solutions, Cu(II)SO4 

and THPTA ligand were premixed (1:1 ratio). A blue solution appeared upon mixing. For 200 μL solutions, 

6.68 μL Premix and 6.71 μL NaAsc solution were added. In all cases, the Premix was added prior to adding 

the sodium ascorbate. For the control experiments, water was added instead of reagent solution. 

For the copper(I)-mediated polymerization at 32 mM bolaamphiphile concentration, the following stock-

solutions were prepared: Cu(II)SO4 ∙ 5 H2O: 2.35 mg / mL = 9.99 mM; Sodium-(L)-Ascorbate: 11.83 mg / 

mL = 59.6 mM. Cu(II)SO4 and NaAsc were premixed in this case (1:1 ratio) and subsequently added to the 

reaction mixture. For 200 μL reaction mixture, 13.36 μL of the premixed solution was added. For the 

control experiments, water was added instead of reagent solution. 
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5 CONCLUSIONS & OUTLOOK 
In this thesis we sought to combine the principles of self-assembly and covalent fixation. Using a variety 

of bolaamphiphilic diacetylenes the requirements for topochemical polymerization were explored. With 

new and conventional bolaamphiphiles, the self-assembly behavior, physical properties and reactivity of 

the diacetylene systems were investigated. The polydiacetylenes used in this thesis have proven to be an 

interesting class of materials, with a diverse range of applications. 

In strain-stiffening networks, polydiacetylenes may provide an enhanced mechanical stability for self-

assembled rodlike systems. In chapter 2 we discussed the use of bis-ester and bis-amide bolaamphiphilic 

diacetylenes. Although self-assembly into relatively large aggregates was observed in aqueous solution, 

the formation of rods – a prerequisite for strain-stiffening networks – could not be established fully. For 

two of the bis-ester bolaamphiphiles, SLS suggested that rodlike structures were formed, but this should 

be further investigated with additional analysis techniques, such as CryoTEM or SAXS. Polymerization of 

the self-assembled rodlike structures was not observed, due to the lack of specific orientation and/or 

required distance between the diacetylene motifs. Bis-amide bolaamphiphiles could be polymerized in 

the solid state, but dissolving the solids in water was not possible. The polymerization behavior may be 

improved by adding a hydrogen bonding unit (such as the urea block) or by increasing the hydrophobic 

interactions. Since intramolecular crosslinks are also an important parameter in the formation of strain-

stiffening materials, the crosslinking strategy should be taken into account when designing a synthetic 

strain-stiffening network. 

Due to their excellent chromatic properties, polydiacetylenes are useful in sensor applications. Upon 

exertion of a stress to the polymer backbone, the material undergoes a phase change, accompanied by a 

change in color. Chapter 3 focused on the chromatic properties of bis-urea polydiacetylene materials. 

Upon prolonged UV-exposure, the bis-urea bolaamphiphiles display a blue-shift – for UD10U to a larger 

extent than for UD12U – which is suggestive of degradation of the polymer. Oxygen does not play a role 

in the degradation process. However, the degradation should be further investigated with, for example, 

AFM or CryoTEM. Due to a shorter penetration depth of UV-light and thereby reducing the irradiation 

exposure for more concentrated solutions, the shift towards red colors is less pronounced. Exerting a 

mechanical force on the polymer backbone via either changing the solubility of the PEG segment or by 

heating a bolaamphiphile-PNIPAm coupled system above its LCST does not induce a color change of the 

solution. Thus, the bis-urea diacetylene system could not yet be used for mechanical sensing. 

Polydiacetylenes are known to polymerize under the influence of UV-irradiation or γ-rays. In chapter 4, a 

novel strategy for the polymerization of PDAs is investigated. Copper-click chemistry, a useful tool in 

biomedical reactions, was found to polymerize diacetylene systems. The copper(I)-catalyzed 

polymerization was not only useful in bis-urea rodlike micelles, also spherical micelles of peptide-based 

amphiphiles could be polymerized. Although polymerization was observed, it was rather slow compared 

to UV-irradiation and no full conversion was reached. Thus, the reaction conditions of the copper-induced 

polymerization need further optimization. In order to elucidate the mechanism behind the copper-
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induced polymerization, other experiments are necessary. Catalytic experiments may give insight in the 

order of reaction in copper concentration.  
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APPENDIX A: LINEAR FITS ON Γ VS Q2 
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APPENDIX B: NMR-SPECTRA FOR DA-1 – DA-6 
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