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      Summary 
 

Investigation of the microcrack formation in polymer based materials is of high importance 

for improvement of safety and reduction of materials waste. Microcracks are the main cause 

for premature failure, due to the unnoticeable reduction of mechanical properties, 

propagation into macrocracks and increased susceptibility to environmental factors. 

However, due to the fact that detection of microcrack initiation is rather difficult, a self-

diagnostic molecular system is desired. A suitable candidate was found in the world of 

polymer mechanochemistry, where the response of functionalized polymers to an external 

applied force is the main topic. Especially, a change in optical appearance is extremely viable, 

because of the non-invasive character and spatiotemporal resolution allowing determination 

of the precise location of microcrack formation. Here, the use of mechanofluorescence 

showed its benefits, since the generated fluorescent signal is continuous and can be detected 

at ultra-low concentrations. However, more investigation of this stress sensing technique is 

required in order to develop a method for microcrack detection as a final application. 

This work focusses on functionalization of a ductile polycarbonate matrix via a solution trans-

carbonation reaction and polymer mixture with functional methyl methacrylate : cyclo hexyl 

methacrylate co-polymer. Visualization of microscopic damage is investigated by 

functionalization of a polymer with a Diels-Alder adduct of π-extended anthracene and 

maleimide. Upon exposure to mechanical load, the stress probe undergoes a retro-Diels-Alder 

covalent bond cleavage which results in the release of the fluorescent anthracene. 

Chapter 1 addresses the importance for investigation of microcrack formation in polymeric 

materials. The historical development and fundamentals of polymer mechanochemistry are 

pointed out as well, as a discussion on the three types used for optical stress-sensing in 

mechanochemistry. Several techniques for activating bond cleavage are mentioned, and in 

addition the choice for ductile polycarbonate as solid matrix is emphasized. Finally, the aim 

of the project and applied methodology is described. 

In Chapter 2, a recently developed solution polymerization is investigated for the production 

of functional polycarbonates. The low-temperature polycondensation was proven to be an 

equilibrium reaction, shown by removal of the condensation product. The equilibrium 
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characteristics are tested for dependency towards temperature, monomer ratio and 

concentration. Furthermore, kinetics and thermodynamics are studied and quantified, via 

mathematical relations. 

Chapter 3 displays the synthesis of the two Diels-Alder adducts. The incorporation of the 

Diels-Alder in polycarbonate was achieved by using it as monomer or chain-coupling agent in 

the solution trans-carbonation reaction. Furthermore, a co-polymer of methyl methacrylate 

and cyclo hexyl methacrylate was functionalized via a single electron transfer living radical 

polymerization (SET-LRP) with the Diels-Alder as initiator. Finally, both polymers showed 

mechanical activated chain-cleavage in solution when sonnicated. 

The last chapter focusses on the film preparation for mechanical stress tests. First, a 

suitable solvent casting procedure was established, which resulted in fully transparent and 

homogeneous polycarbonate films. However, the polycarbonate : co-polymer mix showed 

phase separation for all MMA:CHMA compositions. Mechanical activation for the 

polycarbonate films was achieved via grinding, verified by an increase of the fluorescent 

emission spectra. However, the preliminary results of the quantitative tensile tests do not 

show that the Diels-Alder opens and requires further investigation. 
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        Chapter 1                 

   Introduction 

 

 1.1 Degradation of materials 
Nowadays polymer and polymer composite based materials are used abundantly and in a 

wide variety of fields, where people rely on their mechanical properties, e.g. planes, safety 

helmets, bridges etc.1–3 The versatile usage exposes the materials to a range of external 

factors as mechanical loading, heat, moisture, oxygen etc. , which can result in the failure of 

materials causing unsafe and even catastrophic situations (Figure 1).4,5,6 Although materials 

can visibly break without warning, degradation, formation of structural defects  and reduction 

of key properties starts prior to failure and is usually undetectable by eye.7,8 Due to repeated 

exposure to mechanical loading small cracks will start to form in the polymer matrix.9 These 

hardly traceable, tiny ruptures are called microcracks. The unnoticeable formation of these 

microcracks, hence initiation of the degradation process, forms a threat to safety.4 

Furthermore it reduces the life-cycle of materials resulting in a bigger waste.10 For these 

reasons the interest to get a better understanding of the initial degradation behavior of 

materials increased significantly, as then performance reliability, safety and the materials 

lifetime can be improved. 11,12  

Microcracks are the main threat to premature failure, due to three characteristics. Firstly, 

microcracks cause structural fragmentation within the polymeric material upon formation, 

leading to loss of mechanical properties such as strength and stiffness.8  As a consequence 

materials lose their functionality resulting in severe safety issues. Secondly, microcracks 

initiate the formation and propagation of macroscopic cracks and increase the sensitivity to 

Figure 1. Objects break visibly, and cause dangerous situations. 11,12 
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several types of environmental damage.13 Delamination within the material causes interfacial 

debonding and eventually results into polymer fracture. This provides space for external 

substances such as moisture and oxygen to penetrate the material, resulting in further 

degradation and eventually failure.4,13 The third characteristic is that microcracks are 

practically undetectable and repairing by conventional methods is almost impossible.12    

While macrocracks are clearly visible and can be repaired manually, microcracks are hard to 

detect since they are mostly positioned in the bulk of the material.13 Typical damage 

inspection techniques are based on ultra-sonics and radiography, are limited in resolution and 

therefore can’t probe the bulk. Furthermore, even if it would be possible to detect these 

microscopic ruptures, reparation is another challenge. Techniques that are currently 

investigated are based on the fabrication of self-healing materials. When a fracture is created 

in the material, it releases micro encapsulated healing agents which restores the materials 

matrix.16,17 Although these techniques show good results, full reconstruction of the material 

and its properties is far from being realized. A more suitable approach would be to prevent 

the formation of microcracks instead of repairing them. A first step towards prevention is to 

gain a better understanding of microcrack behavior and use this knowledge to adapt the 

material during fabrication. An important factor in studying the microcracks is the 

detectability. Moreover a self-diagnostic approach is the most promising method for the 

detection of microcracks, due to the fact that no interference is required prior to the damage 

reporting. A suitable candidate for a self-diagnostic method is to make use of polymer 

mechanochemistry. This field, which developed rapidly in the last decade, uses mechanical 

stress on polymeric chains to initiate covalent bond scission and so ignite chemical 

transformations.  

1.2 History of Mechanochemistry 

The connection between mechanical and the chemical worlds dates back to prehistoric 

times, where the first men started applying friction on wood to generate enough heat for 

producing fire.18,19 The earliest written record on chemistry dates already from the time of 

the old Greeks. One of the students of Aristoteles Theophastrus, wrote a small book named 

‘On Stones’ which contained a reference to mechanochemistry, where he described the 

reduction of cinnabar to mercury by grinding it with copper.20  Two millennia later, during the 

19th century, investigation of mechanochemistry became of bigger interest. One of the first 
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scientist who reported on fundamental work in mechanochemistry was Faraday, who 

investigated the reduction of silver chloride by grinding it with several metals.21 Throughout 

the 1800s more researchers joined him in exploring mechanochemistry in various disciplines, 

for example, in 1893, Ling and Baker where the first to report on the mechanical induced 

reactions within an organic system.22 Eventually in the early 20th century mechanochemistry 

was acknowledged as one of the four main branches within the chemical society by W. 

Ostwald, when he categorized chemistry.23 From that moment on mechanochemistry has 

developed rapidly and gained notable attention in the chemical society.24–27 Especially in the 

last 15 years, when characterization and experimental techniques were optimized, the usage 

of mechanically induced physiochemical transformations developed in a wide variety of fields, 

ranging from organic to inorganic synthesis and from cellular biology to polymer chemistry.28–

30 The use of molecules containing mechanical labile bonds, mechanophores, has shown to 

be very promising, due to the variety of physiochemical responses that can be generated. 31  

Specifically in the field of polymer chemistry the attention for these mechanical sensitive 

moieties rose rapidly. Embedding a mechanophore into a polymer could lead to different 

force-induced functionalities like mechanochromism,32,33 mechanoluminescence,34 

mechanocatalysis35,36 and even self-healing.37,38 These mechanoresponsive functional 

polymers find their application in the field of in self-healing materials, biological applications 

and force sensors.33,39 Due to the versatility of responses these functional polymers are 

extremely viable for damage reporting.  By using a mechanophore functionalized polymer and 

measure its force induced response, bond-scission can be monitored. The mechanophores 

Figure 2. Schematic representation of a mechanophore functionalized polymer that changes its optical appearance in the 
presence of a mechanical force. 41 
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investigated for this work, will undergo a change in optical appearance since this is the most 

promising and the most convenient way for damage reporting.  

1.3 Optical stress-sensing with mechanophores 
Mechanophores that undergo a change in optical properties, when exposed to mechanical 

stimuli, are well-suited for developing a self-diagnostic method for stress sensing. This optical-

feedback is non-invasive and has a high spatiotemporal resolution of light, hence the 

mechanical activated molecules can be detected very precisely and can be visualized 

remotely.40 Optical responses can vary, and in the field of polymer mechanochemistry there 

are three types: changes in color or adsorption, generation of chemiluminescence and 

generation of fluorescence (Figure 2).41  

The in absorption induced by mechanical stress, also known as mechanochromism, relies 

on the formation or alteration of a chromophore. The generated chromophore will due to a 

change in chemical structure respond different too light, hence its color changes. A popular 

and well-characterized mechanophore, which exhibits mechanochromic properties,  is 

spiropyran.42,43 This molecule can undergo a reversible 6π-electron electrocyclic ring opening 

when stress is applied, shown in figure 3.44 The yellow spiropyran transforms into a red-

shifted merocynanine, which on its turn reverses to spiropyran upon irradiation with visible 

light. Polymers functionalized with spiropyran have been used as optical probe for stress 

sensing in various systems.45 Quantification of stress in spiropyran containing polymers can 

be done by correlating the applied stress with the change in absorption via the law of 

Figure 3. Schematic representation of a spiropyran functionalized network, that when subjected to stress transforms in 
to the purple merocyanine. When exposed to visible light this process is reversed. 44 
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Lambert-Beer, provided the concentration and the molar absorptivity ε are known. However, 

due to the fact that measurements rely on the transmission of attenuated light, this technique 

exhibits a high signal to noise ratio.46 This limits the chromophore concentration that can be 

detected up to 10-5 M, which is significantly higher compared to the other two types, making 

mechanochromism less favorable for damage reporting.  

A more sensitive technique is mechanochemiluminescence, which relies on emission of 

electromagnetic radiation as result of a chemical reaction. Since the detection of light 

emission is easier, than measuring differences in light absorption, the concentration limit of 

chromophores that can be detected for mechanochemiluminescence is 10000 times lower 

(10-10 M vs 10-5 M).46 A well investigated compound that exhibits chemiluminescent behavior 

is a 1,2-dioxetane unit based mechanophore.47,48 This class of molecules contains a four 

membered ring that can be activated by force. Application of a force results in the 

decomposition of the four membered ring in two carbonyl groups of which one is in its 

electronically excited state. The excited carbonyl group emits light when the electron in the 

singlet excited state relaxes to the ground state of the molecule, hence mechanical applied 

force results in emission of electromagnetic radiation.49 Chen and Sijbesma showed the 

mechanical activation of a bis(adamantyl)-1,2-dioxetane moiety by embedding it into poly (-

methyl acrylate) (PMA).50 The decomposition of the dioxetane is shown in Figure 4a, where 

during the adamantyl keton formation emission of bright blue light was observed. Figure 4b 

Figure 4. Force induced activation of a dioxetane functionalized polymer a) Schematic representation of the formation of 
the excited keton product followed up by the generation of a chemiluminescent signal when it relaxes to its ground-state.     
b) Stress and light intensity vs. time plotted during a mechanical stress test.50 

b 

a 
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shows the results of a time dependent measurement, where it is clear that the emission of 

dioxetane happens only over a small time period. Within less than half a second the 

luminescent signal decreases back to zero, which is related to the chemiluminescent nature 

of dioxetanes. Since breaking of one dioxetane results in the net formation of one activated 

carbonyl group and relaxation by emission is irreversible, the mechanophore emits light only 

in a small time frame after activation. Using this method for damage reporting, required a 

continuous monitoring of the material. This does not allow the use of  

mechanochemiluminescence for analysis of damage after scission has taken place, for which 

mechanically induced generation of fluorescence is a more suitable approach.  

Mechanofluorochromism has the same benefits in terms of mechanophore concentration 

limit as chemiluminescence, however, the origin of the luminescent signal differs. 

Mechanofluorescent chromophores uses instead of a chemical reaction, electromagnetic 

radiation to excite an electron from the singlet ground-state to the singlet excited state.46 

Relaxation to the ground-state results, in the case of chemiluminescence, in emission of light. 

Since the electrons are excited via electromagnetic radiation instead of breaking chemical 

bonds, the molecule remains intact. This allows repetition of the excitation and relaxation 

cycle, hence the mechanofluorescent signal is continuous and can be detected long after the 

mechanophore is activated. A widely studied mechanofluorescer is the Diels-Alder (DA) 

adduct of fluorescent anthracene and maleimide (figure 5) 31,41,51,52. Formation of the DA-

adduct takes away the fluorescence due to interruption of the conjugated π system of 

anthracene.53 Force-induced breakage of the DA-adduct releases the anthracene which has 

Figure 5. Illustration  of the activation of the Diels-Alder adduct when a functionalized polymer sample is subjected to compression, 
resulting in a blue fluorescent signal originating from the released anthracene. 41 
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blue fluorescence under irradiation of UV-light. Li et al. incorporated the DA-adduct into block 

co-polymers of poly(acrylic acid) (PAA) and poly(butyl acrylate) (PBA).54 Non-transparent 

micelles were formed, exposed to mechanical force and showed covalent bond scission, 

determined by measuring the fluorescent signal of the solution (Figure 6) . This shows that 

the DA-adduct is a suitable probe for the detection of mechanical stress in polymers. 

Furthermore, the mechanofluorescent character allows the detection of a fluorescent signal 

of the anthracene over a large time-span making it the most suitable mechanophore for 

damage reporting and was therefore studied in this work. 

 

1.4 Force-induced activation in polymers 
Through the years researchers developed a variety of techniques to measure the 

mechanophoric behavior of mechanoresponsive polymeric materials. Figure 7a, shows the 

various methods that have been utilized to determine responses of the mechanophore to 

specific forces and strain rates.55 The common techniques are solution and solid-state based 

where some of them even can probe single bond scission in a material.  

Ultrasonication is a widely used tool to study polymers that are functionalized with 

mechanophores. This method uses highly energetic ultrasound waves to create bubbles in 

the solvent mixture.56 Sudden collapse of these bubbles induces a solvodynamic shear in the 

mixture and elongation of the polymer chains. Ultimately, the polymer chains will cleave after 

a certain elongation (Figure 7b). However, this technique is solution based and therefore not 

suitable as quantitative measure for microcrack detection.  

The force-induced activation in solid state is normally achieved by applying a mechanical 

load in the form of compression, shear, torsion or tension on the bulk material.57 Formation 

of ruptures on the microscopic level correlate to supramolecular level events like polymer 

b 

Figure 6. a) Illustration of the Diels-Alder cleavage when a mechanical force is induced to a solution of functionalized micelles. 
b) Increase of the fluorescent signal of the released anthracene over various sonication times. 54 

a 
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chain slippage. As a result of this slippage the polymer will introduce friction on other chains, 

creating forces within the polymer. This eventually results in bond cleavage on atomic level 

and hence activation of the mechanophore.55 This correlation between a microscopic event 

and the atomic disruption, in this work mechanophore activation, is depicted in Figure 8. 

Observations of bond scission within the mechanophore is possible due the generation of the 

fluorescent signal of the anthracene, furthermore chain cleavage can be quantified by 

correlating the intensity of the fluorescent signal to the concentration of mechanophore. In 

this way a novel and sensitive method can be established for detecting microcracks regarding 

different forces and strain rates. 

Figure 8. Illustration of the correlation between atomic bond changes, supramolecular chain 
slippage and microscopic crack formation. 55 

Figure 7. a) Overview of experimental methods for investigation of mechanochemical activity in solution and in solid 
polymers. b) Illustration of the sonication process, where bubble collapse generates solvodynamic shear, resulting in chain 
cleavage. 55 

a b 



Introduction 

9 
 

1.5 Polycarbonate matrix 
The choice for a solid matrix is of great importance to perform and develop quantitative 

mechanical tests on a mechanophore functionalized system. The work of Annelore Aerts uses 

the brittle polystyrene as solid matrix, however, more ductile polymer has advantages in 

terms of probing the mechanophoric characteristics. Therefore bisphenol-A (BPA) based 

polycarbonate will be used in this work.58 This is an amorphous polymer, well-known for its 

unique property profile,  consisting of flame retardancy, dimensional stability, ductility, high 

strength and modulus characteristics. These characteristics in combination with transparency 

allows the usage in applications reaching from identity cards to aerospace technology.59,60 

The widespread use of this polymer has demonstrated its versatility. However, the main 

arguments for using it here are the ductile behavior and transparency.  

Ductility allows polycarbonate to undergo a bigger plastic deformation, than polystyrene, 

hence the polymers can stretch more and a higher strain can be achieved. (Figure 9).61 As the 

material can undergo a higher strain, polycarbonate reaches a plastic deformation region in 

which the possibility to activate the Diels-Alder mechanophore increases, and therefore the 

fluorescent signal was expected to be increased compared to polystyrene. Furthermore, as 

result of this characteristic, tensile tests are possible and therefore more path-ways can be 

employed for investigation of the mechanical behavior. Together with the transparency of 

the aromatic polycarbonate it is a desired combination for this work. The transparent feature 

Figure 9. Stress-strain curve of a brittle and a ductile material, where the area under 
the curve equals the absorbed energy upon deformation. 62 
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makes it possible to follow the generation of the fluorescent signal in the sample, hence this 

can correlate the generation of microcracks to stress and strain in a very precise manner.62 

1.6 Aim and outline of this report 

The detection of microcracks, which are the main cause of premature failure in materials, 

is of high importance. The degradation of mechanical properties in combination with the 

propagation into macroscopic cracks and increased susceptibility to environmental damage, 

requires a better understanding of the formation of microcracks. Improving knowledge about 

microcrack formation will improve safety and reduce materials waste. Since current crack 

detection techniques don’t have sufficient resolution, polymer mechanochemistry will be 

used for probing the force-induced microcrack initiation. A Diels-Alder adduct of anthracene 

and maleimide is proposed as the most suitable mechanophore. Its mechanofluorescent 

nature allows the detection of very small quantities of mechanophore and furthermore gives 

the opportunity to measure cracks after they are formed. The proposed Diels-Alder adduct 

will be embedded into a polycarbonate polymer matrix by using it as monomer or initiator. 

The use of polycarbonate as solid matrix was chosen for its properties of being transparent 

and ductile, allowing to measure in solid state and a more various way, e.g. tensile tests. 

In Chapter 2, the characterization of a solution based carbonation reaction is described. 

The temperature dependence, equilibrium behavior and reaction kinetics of the activated 

carbonate based polymerization is studied.   

Chapter 3 focusses on the synthesis and embedding of the Diels-Alder adduct. Synthesis 

of the hydroxyl and ATRP functionalized DA-adduct were straightforward and were 

performed at large scale. The DA-diol was incorporated in a polycarbonate chain utilizing the 

trans-carbonation reaction described in chapter 2, confirmed by DOSY-NMR. The DA-initiator 

was used in a single electron living radical polymerization reaction to form a methyl 

methacrylate, cyclohexyl methacrylate co-polymer, confirmed by sonication experiment.  

In Chapter 4, the preparation is reported of polycarbonate films by solvent casting for 

investigation of the behavior of mechanophores in a solid system. The polymer samples were 

exposed to grinding and tensile tests, and activation was measured via fluorescence 

spectroscopy. 
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     Chapter 2 

  Synthesis of polycarbonates via solution carbonation 
 

 2.1 Introduction 
Polycarbonate materials are used for a wide range of applications nowadays. The 

advantageous properties such as strength, flame retardancy and durability together with its 

optical properties make polycarbonates extremely useful materials, e.g. for energy storage or 

biomedical applications.1,2 As mentioned in the introductory chapter the ductility and 

transparency of aromatic (bisphenol-A-based) polycarbonates are of great importance to 

develop a method for damage reporting.3  

In order to study mechanical damage of polycarbonates at the molecular level, a 

mechanophore needs to be incorporated in the polymer chain. Investigating different 

synthetic path-ways towards polycarbonates can be generalized to a reaction between a di-

alcohol monomer and a ‘C=O’-donor.4 Considering industrial processes for polycarbonate 

synthesis there are two path ways which dominate the polycarbonate production. In the first 

pathway, phosgene is used as ‘C=O’-donor in a interfacial phase polycondensation (Scheme 

1).4 The the second pathway uses diphenyl carbonate (DPC) in a melt trans-carbonation 

polymerization (Scheme 2) with phenol as a by-product.5 For these optimized industrial 

processes, very high temperatures (T>200°C) are used and requires reactants with high 

thermal stability. Since the Diels-Alder adduct used in this work is not sTable above 150°C, the 

commercial routes can not be used to incorporate mechanophores into polycarbonate. 

Hence, an alternative approach with a maximum operating temperature of 150°C is required.  

 

Scheme 1. Schematic representation of polycarbonate synthesis from phosgene and diols.  

Scheme 2. Schematic representation of melt trans carbonation using DPC as CO-donor. 
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Kamps et al. showed that substituting DPC with an activated carbonate has promising 

features regarding reaction kinetics and by-product formation.6 The activated carbon used in 

this work was a DPC derivative functionalized with electron withdrawing groups on the ortho-

position (Figure 1). Here, a methyl ester was used to transform the aromatic rings in better 

leaving groups resulting in an increased reactivity of the carbonate moiety. Kamps et al. 

showed that in melt polymerization at temperatures of 190-200°C the reaction rates with bis-

(methyl salicyl) carbonate (BMSC) were significantly higher than in the polymerization with 

traditional DPC. These promising results led to follow-up research in which the possibilities 

for solution polymerizations at reduced temperatures were investigated. Preliminary data 

showed that solution carbonation at 120°C was possible with BMSC.7 Furthermore, the results 

showed that with this synthetic route, it is possible to incorporate mechanophores in 

polymer.  This all makes the use of this solution based polycarbonate synthesis extremely 

interesting for our work, however, the reaction is quite recently discovered and therefore 

needs more characterization before it can be used in a suitable way. In this chapter 

temperature dependence, reaction kinetics and thermodynamic properties of polycarbonate 

synthesis via solution carbonation is investigated. 

 

 

 

 

2.2 Conceptual method for solution carbonation 

The work of J.H. Kamps used Bisphenol A (BPA) and BMSC as the monomers, o-

dichlorobenzene (o-DCB) as solvent in presence of sodium hydroxide (NaOH) as basic 

catalyst.7 Scheme 3, shows the reaction of BPA (1) and BMSC (2) towards polycarbonate (3) 

with methyl salicylate (4) as condensation product.  

As catalyst concentration and monomer stoichiometry were optimized by Kamps, the same 

ratios were used for the current work. The stoichiometric ratios for the catalyst and the 

monomers were 0.002:1 (NaOH:BPA) and 1:1.01 (BPA:BMSC). This resulted in a stoichiometric 

imbalance (r) of 0.99. In addition, the reactions were carried out with flame dried glass ware 

Figure 1. Chemical structure of bis(methyl salicyl) carbonate (BMSC). 
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in water free and inert conditions to prevent side reactions. The polycondensation was carried 

out for two hours at 120°C and sampled after reacting for five minutes, one hour and two 

hours. Samples were quenched in THF, before analyzation. After the reaction was finished the 

reaction mixture was precipitated in n-hexane and the resulting polymer was filtered off and 

dried. The samples were analyzed with size exclusion chromatography (SEC) which is shown 

in Figure 2.  

From the SEC data in Figure 2a it is clear that within one hour final molecular weight was 

reached as the SEC traces, at one and two hours are the same. Then the reaction was left 

overnight at room-temperature, before it was precipitated. Figure 2b, shows the results of 

samples taken before and after precipitation. An obvious observation is that the molecular 

weight distributions shift to higher molecular weights after cooling. This indicates that after 

the heating is stopped the polymerization continues until the product is precipitated. The only 

parameter that is changed, is reduction of the temperature from 120°C to room-temperature, 

Scheme 3. Solution carbonation of BPA and BMSC to aromatic polycarbonate. 

Figure 2. Normalized SEC data of polycondensation at 120°C, with [BPA]:[BMSC} 1:1.01. a) Samples were taken during the 
reaction.   b) Effect of cooling on the reaction . MW increased, but no effect was observed due to the change of the solvent 
used for precipitation. 
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which suggests that this trans-carbonation is an equilibrium polymerization, as expected for 

a polycondensation polymerization.8 

2.3 Factors influencing equilibrium 

2.3.1 Removal of methyl salicylate 

Verification that this polymerization is an equilibrium reaction was done by removing the 

condensation product. In an equilibrium polymerization, removal of methyl salicylate would 

shift the equilibrium towards higher degrees of polymerization.   

For this experiment the same polymer as in the previous section was used. The isolated 18 

kDa polymer was washed with n-hexane to remove the methyl salicylate. 1H-NMR proved the 

successful stripping of the condensation product. Figure 3, displays the spectra before and 

after washing, which show the disappearance of characteristic peaks at 10.75 and 3.95 ppm 

correlating to respectively the hydroxyl and methoxy group of the methyl salicylate. The small 

peak at 3.92 ppm that remains, corresponds to the methoxy groups of the methyl salicylate 

end groups.  

 

The methyl salicylate free polymer was redissolved in o-DCB and was heated at 120°C 

overnight. The progress of the reaction was followed with SEC as depicted in Figure 4. The 

Figure 3. 1H-NMR spectra of the polymer before (bottom) and after hexane wash (top) clearly showing that 
the alcohol (red circle) and methyl ester (blue circle) peaks disappear. 
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molecular weight distribution clearly shifts to higher molecular weights, corresponding to a 

molecular weight increase  from 18 kDa before to 65 kDa after the reaction. This proves that 

the hypothesis is valid and this reaction behaves as an equilibrium reaction. 

2.3.2 Temperature dependence 

The temperature dependence of the reaction was studied by performing the reaction at 

60°C and 90°C. The choice for these temperatures follows from the of J.H. Kamps that there 

is already some activation at 60°C. In order to get a better view of the whole temperature 
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Figure 4. Normalized SEC data of the polymerization after removal of the condensation product.   
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Figure 5. Comparison of the maximum molecular weight distributions at 60 °C, 90 °C and 120°C. 
Samples were taken after respectively 23, 19 and 2 hours. 
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range, also a temperature in the middle of 120°C and 60°C was picked. The same experimental 

method was used as discussed in section 2.2 and the SEC data were plotted for the different 

temperatures (Figure 5). The graph shows that upon decreasing the reaction temperature, 

the molecular weight distribution shifts to the right. Hence, reduction of the temperature 

results in a significantly increase in the polymer size. 

The temperature dependence was further verified by performing in temperature cycling 

experiments. Figure 5 already showed that the degree of polymerization is temperature 

dependent. Since the polymerizing reaction mixture was not changed, temperature is the only 

parameter that influences the molecular weight. The SEC traces of experiments in which the 

reaction mixture was first cycled between 60°C and 120°C and then between 120°C and 160°C 

are displayed in Figure 6, while, the molecular weights are listed in Table 1. The data shows 

that after every cycle the molecular weight distributions return to the same molecular 

weights, hence the polymerization is reversible with temperature dependent molecular 

weight. Small variations in the molecular weight at 60°C are within the experimental error. 

Furthermore, the small off-set at 120°C in the fourth and fifth cycle can be addressed to side 

reactions that occur at elevated temperatures.  

 

Table 1. Molecular weights obtained from SEC data at 60°C, 120°C and 160°C, obtained during the heat cycle experiments. 

Cycle Mw at 60°C (kDa) Mw at 120°C (kDa) Mw at 160°C (kDa) 

1 21.7 15.8 - 

2 24.7 15.6 - 

3 22.9 15.3 - 

4 - 14.7 10.7 

5 - 13.6 11.3 
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Figure 6. Molecular weight distributions of heat cycle experiments a) between 60 and 120°C b) between 120 and 160°C. 
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An explanation for the temperature related molecular weight distribution shift can be 

found in the nature of this polycondensation. The driving force of this reaction is related to 

the alcohol formation of BPA and the condensation product. Depending on the stability of the 

two alcohols in solution, the equilibrium will be effected. The structure of methyl salicylate 

plays an important role in the position of the equilibrium, since it can form an intramolecular 

hydrogen bond (Figure 7). The formation of this intra-molecular bond stabilizes the OH group 

of methyl salicylate, relative to the OH groups of BPA. When temperature increases the effect 

of the hydrogen bond reduces and the stability difference between the two alcohols 

decreases. Therefore, at higher temperatures, methyl salicylate will be more in competition 

with BPA and the equilibrium will shift to the reactants. This explains that increasing 

temperature, where the hydrogen effect is less dominant, the chains will remain shorter 

whereas at reduced temperatures the polymers will have higher molecular weights. 

 

 

 

 

 

 

2.3.3 Concentration dependence 

Further investigation of the equilibrium behavior was performed by studying the effect of 

the overall concentration. For these experiments the concentration BMSC was set to 0.378M 

and 0.0757M, which is respectively 50% and 10% of the concentration used in the previous 

experiments, where the stoichiometric ratios of the monomers and catalyst were kept the 

same. The various concentrations were compared by SEC at respectively 120°C and 60°C. 

Figure 8, displays molecular weight distributions at the three different concentrations. Here 

it is clear that the difference is that at lowering the concentration peaks appear in the lower 

molecular weight region. These peaks correspond to the formation of tetra and hexameric 

cyclic polymers, which are expected to be more present at lower concentrations. Low 

concentrated mixtures result in a decrease in  the rate that a reactive group finds  another 

chain. So in this case, the reactive group attached to a tetramer or hexamer can be positioned 

Figure 7. Molecular representation of methyl salicylate, showing intramolecular hydrogen bond. 
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towards its own second reactive group due to molecular rotations, resulting in a cyclic 

polymer. However, when these peaks are neglected and the peak at higher molecular weight 

is considered, the maxima does not differ between the three concentrations. This indicates 

that the equilibrium is not dependent on the overall concentration. 

 2.3.4 Stoichiometric imbalance 

The last factor that was investigated was the stoichiometric imbalance of the monomers. 

Theory about step growth polymerization shows that an increase in the monomeric 

imbalance leads to a reduction of the chain length.9 An excess of one monomer will result in 

polymers with the same functionality, which are not able to react further due to the absence 

of the other reactant. Hence, one of the monomers acts as the limiting species. 

The effects of stoichiometric imbalance was investigated by comparing the previously used 

monomeric ratio of 1:1.01 BPA:BMSC to two mixtures with an increased imbalance, 
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Figure 8. Molecular weight distribution for [BMSC] = 0.757, 0.378 and 0.0757M at a) 120°C b) 60°C, absence of 0.757 M due 
precipitation of the polymer, resulting in unreliable data. 
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Figure 9. Effect of the stoichiometric imbalance on the molecular weight distribution at a) 120°C b) 60°C 
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respectively 1:1.02 (r=0.98) and 1:1.05 (r=0.95) BPA:BMSC. The experiments were performed 

at a concentration BMSC of 0.378 M to prevent the precipitation of polycarbonate. The results 

are plotted in Figure 9, and show that at both temperatures the size of the polymers 

decreases when the stoichiometric imbalance increases i.e. when r goes to 1 the molecular 

weight distribution shifts to higher molecular weights. 

2.4 Determination of Keq 
Correlating the observed equilibrium to a calculatable value, will give more insight in the 

temperature dependency, and moreover in the thermodynamic properties of the reaction. In 

this section the equilibrium constant Keq was investigated in correlation with temperature, 

therefore a mathematical derivation was required to correlate Keq to the measured molecular 

weights in terms of conversion. 

2.4.1 Theory 

In a step-growth polymerization an expression for K can be derived depending on the 

functional groups of the monomers and the formed bonds.9 In this case, considering Scheme 

3, the reactive groups are the alcohol groups [OH] and methyl salicylate groups [Ø] of 

respectively BPA and BMSC. This combination results in the formation of one carbonyl link [O-

(C=O)-O] and one methyl salicylate [ØH] molecule. Therefore Keq can be expressed as shown 

in Equation 1. 

Furthermore the stoichiometric imbalance (r) can be expressed in the ratio of reactive 

groups at the start of the reaction (Equation 2), determined by dividing the limiting reactive 

groups by the dominating ones. 

 𝒓 =
[𝑶𝑯]𝟎

[Ø]𝟎
 (2)  

The conversion of the reaction is calculated based on the limiting functionalities, hence the 

amount of reacted OH groups determines the conversion (p). Together with Equation 2, the 

concentrations of Equation 1 can be rewritten in terms of conversion, stoichiometric 

imbalance and initial alcohol concentration [OH]0, as shown below. 

 [𝑶𝑯] = (𝟏 − 𝒑) ∗ [𝑶𝑯]𝟎 (3)  

 𝑲𝒆𝒒 =
[𝑶 − (𝑪 = 𝑶) − 𝑶] ∗ [Ø𝑯]

[𝑶𝑯] ∗ [Ø]
 (1)  
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 [Ø] =  [Ø]𝟎 − 𝒑 ∗ [𝑶𝑯]𝟎 =  (
𝟏

𝒓
− 𝒑) ∗ [𝑶𝑯]𝟎 (4)  

 [𝑶 − (𝑪 = 𝑶) − 𝑶] =  [𝑶𝑯]𝟎 ∗ 𝒑  (5)  

 [Ø𝑯] =  [𝑶𝑯]𝟎 ∗ 𝒑  (6)  

 
Substitution of these expressions in Equation 1 results in an expression for Keq in terms of 

stoichiometric imbalance and conversion. 

 𝑲𝒆𝒒 =
𝒑𝟐

(𝟏 − 𝒑)(
𝟏
𝒓 − 𝒑)

=
𝒑𝟐

𝟏
𝒓 −

𝒑
𝒓 − 𝒑 + 𝒑𝟐

 (7)  

The stoichiometric imbalance can be determined from the initially added monomers to the 

reaction flask, however the conversion must be determined from the molecular weight 

obtained via SEC. Determination of the conversion can be done by the average degree of 

polymerization, which is expressed as the initial number of molecules N0 divided by the 

number of molecules at a certain time, t (N). Or Mn divided by M0, meaning the number 

average molar mass divided by the molar mass of one repeating unit (Equation 8). 

  �̅�𝒏 =
𝑵𝟎

𝑵
=  

𝑴𝒏

𝑴𝟎
 (8)  

Now for a reaction with a stoichiometric imbalance the average degree of polymerization 
can be expressed as: 

  �̅�𝒏 =
𝒓 + 𝟏

𝒓 + 𝟏 − 𝟐 ∗ 𝒓 ∗ 𝒑
 (9)  

Rewriting 9 gives Equation 10 which expresses conversion in terms of r and X̄n. 
 

 𝒑 =
(𝒓 + 𝟏)(𝟏 −  �̅�𝒏)

−𝟐 ∗ 𝒓 ∗  �̅�𝒏

 (10)  

So Equations 7,8 and 10 correlate the equilibrium constant mathematically to the 

molecular weight of the formed polycarbonates. 

2.4.2 Calculation of Keq & van ‘t Hoff plot 

The obtained molecular weight distributions during the heat cycle experiments were used 

to determine the equilibrium constants at 60 °C, 90 °C, 120 °C and 160 °C. The Mw, measured 

with SEC, was used to determine X̄n. Mw was used instead of Mn to reduce the effect of 

cyclisation of the polymers and estimate the degree of polymerization as good as possible. 

Assuming a polydispersity index, the value of Mn in Equation 8 was estimated as Mw/2. M0 

was determined to be 127.3 (g/mol) which resulted in the data depicted in Table 2. The 
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increase of Keq with a decrease in temperature, follows the observation that the equilibrium 

shifts to higher molecular weights, hence longer polymers will be formed. 

 Furthermore, the characteristic of an step-growth polymerization can be found in the 

small difference in conversion. For these types of polymerizations the increase in length 

happens in the later stage of the reaction, correlating a small increase in conversion to a big 

difference in molecular weight. 

Table 2. Values for determination of Keq, listed per temperature. 

Temperature (°C) Mw (kDa) X̄n Conversion (%) Keq 

160  11.0 44 98.35 1967 

120 15.4 61 98.86 3948 

90 19.4 77 99.22 6766 

60 23.3 92 99.42 10753 

 

From the calculated equilibrium constants an estimation of the thermodynamic values can 

be obtained. Using the Equation below, also known as the van ‘t Hoff Equation, which 

correlates K to the change in enthalpy and entropy.10  

 𝒍𝒏(𝑲𝒆𝒒) = −
Δ𝑯𝟎

𝑹𝑻
+

Δ𝑺𝟎

𝑹
 (11)  

A plot of 1/T versus ln(Keq) will result in a linear plot where the slope correlates to ΔH0 and 

the intercept to ΔS0. This so called van ‘t Hoff plot is constructed using the four different 

temperatures and is depicted in Figure 10. Via a linear fit the formula for the corresponding 

line is obtained as y = -2459*x+1.97. The corresponding thermodynamic parameters are, ΔH0 

= -2459*8,3145 = -20,4 kJ/mol and ΔS0 = 1,97*8,3145 = 16,37 J/mol*K-1.  
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 2.5 Rate of the reaction 
The experiments in this chapter showed what kind of effect temperature has on the 

thermodynamics, however, a better understanding of the kinetics is important to fully 

understand the reactions behavior. The polymerizations at different temperatures showed 

already different rates, but to further verify this, a more mathematical approach was 

necessary.  

2.5.1 Theory 

The reaction rate of a polycondensation catalyzed by a mineral base, can be expressed in 

terms of the reactive groups, catalyst concentration [s] and rate constant k, shown in the 

Equation below.9 

Due to the fact that the amount of reacted alcohol groups is equal to that of salicylate 

groups (Equation 13), [Ø] can be expressed in terms of [OH] (Equation 14). Furthermore, 

keeping [s] constant the rate can be written as stated in Equation 15. 

 [𝑶𝑯]𝟎 − [𝑶𝑯] = [Ø]𝟎 − [Ø] (13)  

 [Ø] =  [Ø]𝟎 − [𝑶𝑯]𝟎 + [𝑶𝑯]  (14)  

 −
𝒅[𝑶𝑯]

𝒅𝒕
= 𝒌 ∗ [𝒔] ∗ [𝑶𝑯] ∗ [Ø] (12)  
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Figure 10. Van ‘t Hoff plot, for the trans carbonation reaction with BMSC and BPA. 
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 −
𝒅[𝑶𝑯]

𝒅𝒕
= 𝒌′ ∗ [𝑶𝑯] ∗ ([Ø]𝟎 − [𝑶𝑯]𝟎 + [𝑶𝑯]) (15)  

 

Separation of variables gives: 

 
𝟏

[𝑶𝑯] ∗ ([Ø]𝟎 − [𝑶𝑯]𝟎 + [𝑶𝑯])
𝒅[𝑶𝑯] = −𝒌′ ∗ 𝒅𝒕  (16)  

 

And integration from t=0 to t=t results in: 

 𝒍𝒏 (
([Ø]𝟎 − [𝑶𝑯]𝟎 + [𝑶𝑯])

[𝑶𝑯]
) − 𝒍𝒏 (

[Ø]𝟎

[𝑶𝑯]𝟎
) = 𝒌′ ∗ ([Ø]𝟎 − [𝑶𝑯]𝟎) ∗ 𝒕  (17)  

Using Equation 2 and introducing conversion via [OH] = (1-p)*[OH]0, Equation 17 

transforms into: 

 𝒍𝒏 (𝒓 ∗
((

𝟏
𝒓 − 𝟏)[𝑶𝑯]𝟎 + (𝟏 − 𝒑)[𝑶𝑯]𝟎)

(𝟏 − 𝒑)[𝑶𝑯]𝟎
) = 𝒌′ ∗ ([Ø]𝟎 − [𝑶𝑯]𝟎) ∗ 𝒕   (18)  

Cancelling out the [OH]0 in the logarithm and rewriting the formula for conversion in terms 

of time, gives the final expression. 

 𝒑 = −(𝟏 − 𝒓) ∗ 𝒆𝒙𝒑(−𝒌′ ∗ ([Ø]𝟎 − [𝑶𝑯]𝟎) ∗ 𝒕) +
𝟏

𝒓
 (19)  

 

2.5.2 Reaction rate at 60°C, 90°C and 120°C 

Investigation of the reaction rate was done by performing the reaction at 60 °C, 90 °C and 

120 °C and follow the conversion by the increase in the molecular weight, as explained in 

section 2.4.1. A reaction mixture of BPA and BMSC in a ratio 1 to 1.01 was made by solubilizing 

it in o-DCB and heat it to the desired reaction temperature. The initiation (t=0) was set at the 

moment of the addition of the catalyst. Then at several time intervals SEC samples were taken 

and the conversion was calculated as shown in Figure 11. 

The conversion vs. time plot clearly shows the temperature influence on the reaction rate, 

due to the steepness of the curves. The reaction rate at 120°C was significantly faster than 

the ones of 90 °C and 60 °C, which became even more clear when the resulting rate constants 

were calculated. Since, Equation 19 shows that conversion relates to the exponent from 

negative time, the data obtained from the three experiments were fitted via an exponential 

decay fit (Appendix A1).  
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The obtained formulas were related to Equation 19, and so an estimation for the rate 

constants were calculated (Table 3). The values correspond to the earlier observation, due to 

the fact that the rate constant at 120°C is 13.1 and 47.1 times higher than the one at 

respectively 90°C and 60°C.  

Table 3. Rate constants at the various temperatures, determined from exponential decay fit for the data shown in Figure 9. 

Temperature (°C) k’ (L*mol-1*sec-1) k’ (L*mol-1*min-1) 

120 3.19 191.6 

90 0.244 14.62 

60 0.0678 4.07 

 

 2.6 Conclusions 
The solution trans-carbonation reaction between Bisphenol-A and bis(methyl salicyl) 

carbonate, showed temperature dependent equilibrium behavior. Increasing the 

temperature results in lower molecular weights, due to the decreased effect of the internal 

hydrogen bond in the condensation product. Concentration and stoichiometric imbalance 

showed to have no influence on the equilibrium position. However, lowering the 

concentration increased the formation of cyclic polymers and furthermore increasing the 

stoichiometric imbalance resulted in lower molecular weights.  Thermodynamic and kinetic 

properties were correlated to mathematical relations by using the measured molecular 

weights and conversion. The equilibrium constant was calculated for four different 

temperature and showed an increase when temperature is lowered. Furthermore, a van ‘T 

Figure 11. Conversion versus time plot of the condensation polymerization at 60°C, 90°C and 120°.  
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Hoff plot was constructed from which the reaction enthalpy and entropy was determined to 

be ΔH0 =  -20,4 kJ/mol and ΔS0 =  = 16,37 J/mol*K-1 respectively. The kinetic experiments 

showed that at 120 °C the reaction rate is significantly higher than at 90 °C and 60 °C. 

 2.7 Experimental details 

2.7.1 Materials & instrumentation 

The chemicals used were purchased from Sigma Aldrich, Merck, Cambridge Isotopes 

Laboratories or Biosolve and used as received unless stated otherwise. 1,2-dichlorobenzene 

was dried by mol sieves (4Å). Bisphenol-A (BPA) and Bis (methyl salicyl) carbonate (BMSC) 

were kindly provided by Jan Henk Kamps.  1H-NMR and DOSY spectra were recorded at room 

temperature using a 400 mHz Bruker UltrasSHield Nuclear Magnetic Resonance 

spectrometer, in CDCl3. Chemical shifts are given in ppm with tetramethyl silane (TMS, 0 ppm) 

used as internal standard. Size exclusion chromatography (SEC) were performed in THF on a 

Shimadzu Prominence-I LC-2030C 3D equipped with a RID-20A detector and polystyrene as 

calibration standard.  

2.7.2 Sample preparation  

Samples were taken with an argon flushed needle and sirringe.1H-NMR samples were 

prepared by dissolving ± 5 drops of the reaction mixture in CDCl3. The preparation of SEC 

samples was performed, by quenching ± 0,1 mL of the reaction mixture in 4 mL THF. After 

evaporation of the solvent at the rotary evaporator, the product was redissolved in 1.5 mL 

THF. 

2.7.3 Polymerization procedure 

In Appendix Table A1, the exact masses, concentrations and reaction conditions are listed. 

General approach: BPA, BMSC and NaOH were added to a flame dried three neck round 

bottom flask, equipped with a septum, reflux cooler, tap and stirring bar. Before addition of 

the o-DCB, the flask was argon flushed. The resulting reaction mixture was heated up to the 

desired reaction temperature, while stirred and under argon flow. After the reaction was 

finished, the mixture was precipitated into n-hexane in a ratio 1 to 15 v/v respectively. The 

resulting white polymer was filtered of over a glass filter and dried in the vacuum oven, 

overnight at 40°C. 

Temperature-cycle experiment: The reaction mixture was first heated to 120°C and reacted 

for two hours. Temperature switch was performed by heating or cooling down the oil bath to 
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the desired temperature. The residence time at 60 °C and 90 °C were overnight, while at 120°C 

and 160°C the maximum reaction time was 2 hours, before sampling and switching to a new 

temperature. 

Reaction rate experiments: First a reaction mixture was prepared with BPA and BMSC and o-

DCB as described above. The resulting mixture was heated to the desired temperature and 

stirred under argon flow. NaOH was added via an aluminum weighing boat when the 

temperature was stabilized. Samples were quenched in cold THF. 

Continuation of the polymerization after removal methyl salicylate: 250 mg of a previously 

synthesized polymer (18 kDa) was added to a flame dried, argon flushed slenk flask equipped 

with a stirring bar. 4 mL of o-DCB was added and the resulting reaction mixture was reacted 

overnight at 120°C under inert conditions. After the reaction the mixture was precipitated in 

n-hexane and the resulting polymer was filtered off and dried in a vacuum oven at 40°C 

overnight. 
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        Chapter 3 

      Incorporation of the Diels-Alder adduct 
 

 3.1 Introduction 
Studying the microscopic damage development in polycarbonates will help to understand 

the behavior of microcrack formation. Probing damage can be achieved by mixing in small 

quantities of  functionalized polymers in the unfunctionalized solid matrix. These mixtures are 

of great importance for stress sensing, since the functional polymer will not influence the 

mechanical and optical properties of the matrix. Hence, the polycarbonate used in this work, 

will keep the required ductility and transparency.  

 In order to provide force-induced properties to a polymer, a mechanophore must be 

embedded in the backbone.1 The functionality of the polymer in this work comes from a Diels-

Alder (DA) adduct between a π-extended anthracene and a maleimide derivative.2 

Anthracene was chosen for its mechanofluorescent behavior and because it has shown its 

potential in various works as described in the introduction of this thesis. Extending the π 

system of the anthracene with a phenyl group improves the quantum yield of the system. This 

results in an increase in resolution and makes the π-extended anthracene more interesting 

compared to the normal anthracene.2 

In order to successfully functionalize the polycarbonate matrix, the DA adduct needs to be 

extended with a suitable polymer. This means that the polymer also needs to be transparent, 

preferably ductile and most importantly be miscible with the desired polycarbonate matrix. 

In this case there are two options to incorporate the mechanophore: as a monomer in a 

polycondensation reaction or as an ATRP-initiator. For the first case, using the DA adduct as 

an diol (Structure 1) in the trans-carbonation polymerization, described in Chapter 2, will 

result in a functionalized polycarbonate polymer. Here the Diels-Alder will be distributed 

Structure 1  Structure 2 
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randomly throughout the chain and composition can be tuned by changing the monomer 

ratio’s. The random incorporation of the DA adduct provides a higher sensitivity towards 

stress, hence it might be easier to be detected. The second approach is to make use of a co-

polymer between methyl methacrylate  (MMA) and cyclohexyl methacrylate (CHMA) which 

is shown to be miscible with polycarbonate in certain ratio’s.3–6 This path-way used the DA as 

bifunctional initiator (Structure 2) in a single electron transfer living radical polymerization 

(SET-LRP), to make sure that every polymer chain only has one mechanophore in the middle.7  

Due to the precise incorporation of the mechanophore moiety in the middle of the chain, 

stress can be pin-pointed very accurately. The principle of the SET-LRP reaction is described 

in Figure 1.8 Here the initiator, indicated as Pn-x, forms a complex with a the copper catalyst 

via dissociative addition. The bromide connects to the catalyst and leaves a radical behind on 

the initiator, Pn.. This radical can attack on the alkene bond of the monomeric unit (nM) and 

connects it to the initiator. During this coupling a new radical is formed which is directly 

stabilized by re-addition of the bromide, regenerating Pn-x that now consists of one extra 

monomeric unit. Repetition of this cycle will build up a chain ‘brick by brick’ and eventually 

forms the desired polymer. In this chapter the synthesis of the two DA-adducts is described 

and furthermore the incorporation in polycarbonate and P(MMA-CHMA) co-polymer 

backbone is studied and characterized. 

 3.2 Polycarbonate 

3.2.1 Synthesis of Diels-alder diol 

In order to form the desired Diels-alder diol monomer, the maleimide and anthracene 

hydroxyl functionalized precursors were synthesized (Scheme 1). In order to obtain N-(2-

Figure 1. Schematic representation of the mechanism for a single electron transfer living radical polymerization. 
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Hydroxyethyl)maleimide (1) the retro-Diels-Alder of the protected maleimide (i) was 

performed. After work-up by re-crystallization a lower than expected yield was obtained due 

polymerization of the maleimide during evaporation of the solvent, verified in 1H-NMR (Figure 

A2).  

The synthesis of 4-(anthracene-9-yl)phenol (2) was performed by a Suzuki coupling of 9-

Bromoanthracene (ii) and 4-Hydroxyphenylboronic Acid (iii). Due to the relative  large scale 

(15 grams) the work-up was time consuming and resulted in spilling of some product, 

nevertheless after purification product (2) was obtained purely in high yield (Figure A3). 

The final step towards the desired Diels Alder diol monomer (3) was done by dissolving 1 

and 2 in a 3:2 (v/v) mixture of respectively toluene and isopropanol (IPA), after which it was 

refluxed at 100°C overnight. Due to the poor solubility of compound 3 in most organic 

solvents, including toluene and IPA, the product (3) precipitated out from the reaction 

mixture. After the reaction the purification was rather straight forward and was performed 

by filtration of the product over a membrane filter. After a wash with chloroform the desired 

product was obtained as a pure compound, verified by 1H-NMR (Figure A4). The relative low 

yield can be related to the fact that 1 partially contains polymer, which cannot form a Diels-

Alder bond, and therefore the ratio 1 and 2 is not stoichiometric. 

Scheme 1. Synthetic path way of the anthracene and maleimide precursors resulting finally in the Diels-Alder diol. 
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3.2.2 Polycondensation with 98:2 BPA:DA ratio 

The polycondensation described in the previous chapter has shown to be successful for 

the formation of polycarbonates at reduced temperatures via solution polymerization. J.H. 

Kamps already showed that incorporation in the chain of a different diol - a spiropyran - is 

possible, by substitution of a part of the Bisphenol-A (BPA) monomer.9 The same approach as 

in Chapter two was used to synthesize the functionalized polycarbonate. The BMSC:diol ratio 

is 1.01:1 and [NaOH]:[Diol] equals 0.002. Adapting the diol ratio into 98:2 mol% BPA:DA diol 

(3) and let it react at 60°C overnight, resulted in the formation of polymer chains as depicted 

in Figure 2. When the molecular weight distribution was compared to the ones without DA, it 

was clear that the functionalized polymer reached a significantly lower molecular weight, 15.9 

kDa compared to 27.7 kDa in the non-functional polymer after work-up. The reason for this 

could be that because the reactivity of an alkyl alcohol is different than that of a phenol, the 

equilibrium position is influenced.  

Diffusion ordered spectroscopy (DOSY) NMR was performed to check if the Diels-Alder 

adduct was embedded in the polycarbonate (Figure 3). The DOSY spectrum correlates the 1H-

NMR spectrum too the diffusion coefficients of the components.10 The dotted line in Figure 3 

indicates that the peaks corresponding to polycarbonate have the similar diffusion coefficient 

as the chemical shifts relating to the Diels-Alder. This means that the DA was built into the 

polycarbonate backbone.  

Figure 7. Molecular weight distribution of the polycondensation with BPA:DA diol (98:2) mol% , during the reaction and after work-up. 
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The mechanophoric properties of the polycarbonate were tested by sonication 

experiments.11 The polymer dissolved in tetrahydrofuran (THF) was exposed to ultrasonic 

waves which break the DA bond and result a fluorescent signal. However, no fluorescence 

was observed after one hour sonication, which means that the DA was still intact (Appendix 

A4). A plausible explanation could be that the chains were not long enough to be activated in 

solution. Since, during sonication experiments the breaking of the bonds is caused by a 

solvodynamic shear, smaller chains are exposed to lower stress levels compared to bigger 

ones.  

3.2.3 Chain coupling using the DA 

Since the incorporation of the DA during the polymerization resulted in lower molecular 

weight, a second approach was investigated. Chapter two showed that the polymers after 

precipitation are still reactive. This means that the DA can be used as chain coupling agent for 

two polymer chains, resulting in bigger chains with a more defined Diels-Alder position. The 

experiment was performed in a 2:1 ratio pre-made polymer(26 kDa):DA  at 120°C to make 

sure everything was dissolved. The experiment was followed with SEC and the results are 

Figure 3. Dosy-NMR spectrum of functionalized polycarbonate chain, indicated by the same diffusion coefficient (dotted line) 
of the characteristic peaks of polycarbonate (green rectangle) and Diels-Alder adduct (blue rectangle). 
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shown in Figure 4. The molecular weight distributions before and after the reaction show that 

the chain-coupling was successful and bigger polymers were obtained. Due to the low 

concentration of DA in the polycarbonate, DOSY could not verify the incorporation. However, 

sonication experiments show that the polycarbonates have mechanophoric properties, since 

the solutions became fluorescent and the polymer chains reduce in size after respectively half 

an hour and one hour sonication (Figure 5). This verifies that not only the DA was 

incorporated, but also on a position in the chain where it can be mechanically activated. 
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Figure 4. Normalized SEC data of chain-coupling reaction, resulting in the growth from 26 kDa to 71 kDa. 
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Figure 5. Sonication experiment on Diels-Alder functionalized polycarbonate showing activation of the DA a) fluorescent signal 
under irradiation with 365 nm at t=0, 0,5 and 1 hour b) Chain cleavage observed due to a shift to lower molecular weight of 
the molecular weight distribution. 
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 3.3 PMMA co-polymer 

3.3.1 Synthesis of Diels-alder initiator 

Diels-Alder initiator 5 can be synthesized via different routes. In our initial approach, we 

tried to functionalize both hydroxyl groups of DA-diol 3 with α-Bromoisobutyryl bromide to 

form the bi-functional initiator. However, due to solubility issues of the DA-diol this reaction 

was not successful. In a second approach the anthracene and maleimide precursors were pre-

functionalized and then the Diels-Alder adduct was constructed (Scheme 2). The hydroxyl 

precursors were converted into a mono-functional initiator via a substitution reaction with α-

Bromoisobutyryl bromide (iv). The anthracene precursor (v) was provided by Annelore Aerts 

and didn’t need further treatment.  

N-[2-(2-bromoisobutyryloxy)-ethyl]maleimide (4) was synthesized by reacting compound 

1 with an excess of α-Bromoisobutyryl bromide under basic conditions. After column 

chromatography and extraction, compound 4 was obtained, indicated by 1H-NMR (Figure A5).  

In the final step towards the DA initiator (5), equimolar amounts of compound 4 and the 

anthracene precursor were dissolved, in a solution of toluene and IPA in a ratio of 3:2 (v/v) 

and heated at 100°C overnight. 1H-NMR showed low conversion and therefore the 

temperature was increased to 120°C for another day. After the reaction the solvent was 

evaporated and the resulting product was purified by column chromatography and a 

methanol wash. Compound 5 was obtained in high purity, verified by 1H-NMR (Figure A6). 

Scheme 2. Synthetic path way of the mono functional anthracene and maleimide precursors resulting finally in the Diels-Alder ATRP 
initiator. 
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3.3.2 Incorporation in P(MMA-CHMA) co-polymer 

First a method was established to determine optimal conditions for the co-polymerization 

of MMA and CHMA. The reagents are listed in Figure 6, where the commercially available 

ethylene bis(2-bromoisobutyrate) (ethyl-bib), was used as bi functional initiator. Furthermore 

copper (Cu0) was used as active catalyst, copper(ll)bromide (CuBr2) as deactivator and 

N,N,N',N",N"-pentamethyldi-ethyleentriamine (PMDETA) as ligand. Di-methyl sulfoxide 

(DMSO) and isopropanol (IPA) were tested as solvent at various temperatures and with 

various concentrations.  

The initiator to monomer ratio was determined on the number of bromoisobutyrate 

groups, and was set 1:1000 mol. Since a bi-functional initiator was used the ethyl-bib : 

monomer ratio is 0.5 : 1000 mol. From literature was known that a composition of 25:75 wt% 

MMA:CHMA was miscible with polycarbonate and hence this was set as the required 

composition. The result of the successful polymerization in DMSO at room-temperature was 

depicted in Figure 7, where the molecular weight distribution at various reaction times is 

plotted, furthermore the equivalents and concentrations are listed in Table 1. 

Table 1. Equivalents and absolute concentrations used in the successful co-polymerization at room-temperature in DMSO. 

 
Compound Equivalent Concentration (M) 

Ethyl-bib 0.5 2.18*10-3 

MMA 830 3.62 

CHMA 170 0.74 

CuBr2 0.05 2.18*10-4 

PMDETA 0.36 1.57*10-3 

DMSO 1500 5.55 

MMA CHMA PMDETA Ethylene bis(2-bromoisobutyrate) 

Figure 6. Molecular structures of the reagents used in the SET-LRP. 
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Functionalization of the p(MMA-CHMA) co-polymer with the Diels-alder was done by 

substitution of ethyl-bib with compound 5 in the reaction mixture. Using the same ratios as 

in Table 1, resulted in the same increase in molecular weight by increasing reaction time 

(Figure 8a). The resulted co-polymer reached after five hours a Mw of 196 kDa and a 

MMA:CHMA ratio of (70:30 wt%). The mechanoresponsive behavior was tested by sonication. 

Figure 8b shows that after respectively 0, 0.5 and 1 hour of sonication a fluorescent signal 

was observed, indicating that the anthracene was released and the Diels-alder was embedded 

in the polymer.  
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Figure 7. Molecular weight distribution of the SET-LRP with the commercial ethyl-bib in DMSO at room-temperature. 
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Figure 8. a) Development of the molecular weight distribution over time, of the SET-LRP with the Diels-Alder ATRP initiator b) 
Sonication of DA functional MMA-CHMA co-polymer in THF showed fluorescence after 0.5 and 1 hour. 



Chapter 3 
 

40 
 

3.4 Conclusions 
Synthesis and purification of the two DA-adducts 3 and 5 were successful and resulted in 

the products with high yield and purity. Furthermore, via solution trans-carbonation a 

functionalized polycarbonate was obtained. Chain-coupling of pre-made polycarbonate with 

compound 3, resulted in elongated chains that were cleaved by sonication. Also a DA-

functionalized MMA-CHMA co-polymer was successfully synthesized, by using compound 5 

as bi-functional initiator, which also showed mechanophoric properties in solution while 

sonicated. 

 3.5 Experimental Details 

3.5.1 Materials & Instrumentation 

The chemicals used were purchased from Sigma Aldrich, Merck, Cambridge Isotopes 

Laboratories or Biosolve and used as received unless stated otherwise. Dry solvents were 

obtained using the MBraun solvent purification system (MB SPS-800). 1,2-dichlorobenzene 

was dried over mol sieves (4Å). Reactions were monitored by either 1H-NMR or thin-layer 

chromatography (TLC) using Silica-gel 60 F254. For TLC KMnO4 stain was used. The precursors  

for the synthesis of respectively N-(2-Hydroxyethyl)maleimide and the DA ATRP initiator were 

kindly provided by Annelore Aerts. Bisphenol-A and Bis (methyl salicyl) carbonate were kindly 

provided by Jan Henk Kamps.  Methyl methacrylate and cyclohexyl methacrylate were 

stripped of their inhibitor before use, by filtering over a plug of basic alumina. 1H-NMR, 13C-

NMR, HBMC, HSQC, DOSY and COSY spectra were recorded at room temperature using a 400 

mHz Bruker UltrasSHield Nuclear Magnetic Resonance spectrometer, in CDCl3 or d6-DMSO. 

Chemical shifts are given in ppm with tetramethyl silane (TMS, 0 ppm) used as internal 

standard. Column chromatography was performed manually using silica (60-200µm, 60 Å) as 

stationary phase. Matrix assisted laser desorption/ionization-time of flight mass spectra 

(MALDI-TOF) were measured using a Bruker Autoflex Speed mass spectrometer using α-

cyano-4-hydroxycinnamic acid (CHCA) or trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]-maloneitrile (DCBT) as matrix. Size exclusion chromatography (SEC) was 

performed in THF on a Shimadzu Prominence-I LC-2030C 3D equipped with a RID-20A 

detector and polystyrene as calibration standard. Conversion of SEC data to polycarbonate 

standard was done by dividing the obtained distribution by 1.55.  Sonication experiments 

were carried out with a Q500 sonicator (30 % amplitude, 5s:1s on:off cycle). 
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3.5.2 Synthetic procedures  

N-(2-Hydroxyethyl)maleimide (1): In a 1 L round bottom flask 2-(2-

hydroxyethyl)-3a,4,7,7a-tetrahydro-4,7-epoxyisoindole-1,3-dione (12.40 g, 

87.86 mmol) was dissolved in 700 mL toluene. The reaction mixture was 

stirred at 120°C overnight. After the reaction the mixture was cooled in the 

freezer, white crystals were formed. The solid phase was collected by filtration over a glass 

filter and further dried in a vacuum oven at 20°C, yielding 6.5 gram (78%) of compound 1. 1H-

NMR (400 mHz, CDCl3): δ 6.75 (s, 2H), 3.80 (t, J = 5.2 Hz, 2H), 3.74 (t, J = 5.0 Hz, 2H). 13C-NMR 

(400 mHz, CDCl3): δ 171.15, 134.26, 60.93, 40.70. 

Synthesis of 4-(anthracene-9-yl)phenol (2): A 1L 3-neck round bottom flask 

was dried in the oven and equipped with a tap, septum and cap. 9-

Bromoanthracene (13.82 g, 53.7 mmol, 1eq), 4-hydroxyphenylboronic 

acid (14.90 g, 108 mmol, 2 eq), K2CO3 (41.90 g, 303 mmol, 5.6 eq) and 

Pd(PPh3)4 (3.12 g, 2.7 mmol, 0.05 eq) were added and the flask was 

degassed three times. 500 mL of dry DMF was added via a canula after which the reaction 

mixture was heated to 90°C and reacted for 4 days while stirring under argon atmosphere. 

After the reaction the precipitate was separated via filtration. The crude product was 

obtained from the filtrate after evaporating the DMF using high vacuum rotary evaporator. 

The crude product was dissolved in CHCl3 and washed two times with demineralized water 

and once brine. NaSO4 was used to remove water from the CHCl3 fraction and after filtration 

the filtrate was dried in the rotary evaporator for removal of CHCl3. The obtained solid was 

further purified by column chromatography (silica, 4:1 heptane:EtOAc (v/v) yielding 12.1 g 

(78%) of compound 2 as a yellow solid. 1H-NMR (400 mHz, CDCl3): δ 8.48 (s, 1H), 8.04 (d, J = 

8.5 Hz, 2H), 7.71 (dd, J = 8.8, 1.0 Hz, 2H), 7.51 – 7.39 (m, 2H), 7.39 – 7.27 (m, 4H), 7.12 – 6.99 

(m, 2H), 5.01 (s, 1H). 13C-NMR (400 mHz, CDCl3): δ 155.00, 136.69, 132.52, 131.42, 131.04, 

130.54, 128.35, 126.87, 126.43, 125.27, 125.08, 115.31. Maldi-TOF MS: m/z calculated for 

C20H14O (M)+: 270.01 found 270.06. 
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Synthesis of Diels-alder diol (3): 4-(anthracene-9-yl)phenol (4.219 g, 15.6 

mmol, 1 eq) and N-(2-Hydroxyethyl)maleimide (2.204 g, 15.6 mmol, 1eq) 

were added to an oven dried 1 L round bottom flask. The reactants were 

dissolved in a mix of 250 mL toluene (60 v%) and 160 mL isopropanol (40 

v%). The reaction mixture was heated to 100°C and reacted for 4 days 

under reflux while stirring. After the reaction the solvent was removed by 

the rotary evaporator obtaining a off white solid. This crude product was 

further purified by a triple wash with CHCl3. After filtration the residue 

was isolated and dried in a vacuum oven. Compound 3 was obtained as a solid powder 

yielding 5.4 gram (83.6%). 1H-NMR (400 mHz, d6 DMSO): δ 9.58 (s, 1H), 7.83 (s, 1H), 7.51 (d, J 

= 6.9 Hz, 1H), 7.31 (d, J = 6.9 Hz, 1H), 7.24 – 6.86 (m, 8H), 6.31 (d, J = 7.6 Hz, 1H), 4.84 (d, J = 

3.0 Hz, 1H), 4.58 (t, J = 5.8 Hz, 1H), 4.00 (d, J = 8.3 Hz, 1H), 3.28 (dd, J = 8.2, 3.0 Hz, 1H), 2.94 

(t, J = 6.8 Hz, 2H), 2.54 (t, J = 8.0 Hz, 2H).     13C-NMR (400 mHz, d6 DMSO): δ 176.38, 175.56, 

156.82, 146.10, 141.57, 141.18, 139.40, 133.37, 131.77, 126.94, 126.90, 126.55, 126.37, 

125.99, 125.42, 125.22, 124.93, 123.90, 114.93, 56.83, 55.39, 48.93, 46.91, 45.59. Maldi-TOF 

MS: m/z calculated for C26H21NO4(M+Na)+: 434.14  found 434.09. 

Synthesis of N-[2-(2-bromoisobutyryloxy)ethyl]maleimide (4): To a 3 neck 

round bottom flask equipped with bubble counter, septum and cap N-(2-

Hydroxyethyl)maleimide (2.296 g, 16.3 mmol, 1 eq) and tri ethylamine (2.8 

mL, 20.0 mmol, 1.2 eq) were added under argon flow. After dissolving the 

compounds in 100 mL dry THF the mixture was cooled down in an ice bath. 

A solution of α-Bromoisobutyryl bromide (2.5 mL, 20.2 mmol, 1.2 eq) in 30 mL dry THF was 

added drop wise to the reaction mixture and was reacted for 3 hours at 0°C while stirred. 

After the reaction the mixture was filtered and a yellowish filtrate was obtained. THF was 

evaporated and the obtained solid was re-dissolved in chloroform before it was washed with 

consecutively  5% NaHCO3, demi water and brine. The CHCl3 extract containing the crude 

product was dried using rotary evaporator. The crude product was further purified by silica 

columnar chromatography using 100% CHCl3. Compound 4 was obtained as a white solid in a 

yield of 2.97 grams (63%). 1H-NMR (400 mHz, CDCl3):  δ 6.73 (s, 2H), 4.33 (t, J = 5.6 Hz, 2H), 

3.86 (t, J = 5.3 Hz, 2H), 1.89 (s, 6H). 13C-NMR (400 mHz, CDCl3): δ 171.62, 170.33, 134.27, 
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62.89, 55.45, 36.60, 30.61. Maldi-TOF MS: m/z calculated for C10H12BrNO4 (M+Na)+: 311.98 

found 311.94 

Synthesis of Diels-alder ATRP initiator (5): N-[2-(2-

bromoisobutyryloxy)ethyl]maleimide (1.714 g, 5.9 mmol, 1eq) and 

4-(anthracen-9-yl)phenyl 2-bromo-2-methylpropanoate (2.481 g, 

5.9 mmol, 1eq) were added to an oven dried 250 mL round bottom 

flask. The reactants were dissolved in 82 mL of 60:40 % toluene/IPA 

(v/v). The reaction mixture was heated to 120°C and reacted for 2 

days under reflux while stirred. After the reaction the solvent was 

evaporated via rotary evaporator. The obtained crude product was 

further purified via column chromatography (Silica, 2:1 

hexane:EtOAc (v/v). Two fractions were obtained and the second 

fraction containing the product was further purified via column 

chromatography (Silica, 2:1 hexane:EtOAc (v/v). After evaporation of the solvent and drying 

in the vacuum oven the final product 5 was obtained in the form of white needles with a yield 

of 80%. 1H-NMR (400 mHz, CDCl3): δ 8.11 (s, 1H), 7.51 – 7.29 (m, 5H), 7.25 – 7.13 (m, 4H), 7.03 

(td, J = 7.6, 1.3 Hz, 1H), 6.48 (d, J = 7.7 Hz, 1H), 4.87 (d, J = 3.0 Hz, 1H), 3.90 (d, J = 8.4 Hz, 1H), 

3.70 – 3.51 (m, 2H), 3.44 – 3.20 (m, 3H), 2.14 (s, 6H), 1.88 (s, 3H), 1.86 (s, 3H).     13C-NMR (400 

mHz, CDCl3): δ 175.79, 174.88, 170.26, 150.12, 140.12, 138.31, 127.26, 127.12, 126.89, 

126.52, 125.51, 125.24, 125.10, 123.42, 61.97, 55.98, 55.62, 55.44, 49.12, 47.19, 46.13, 36.68, 

30.70. Maldi-TOF MS: m/z calculated for C34H31Br2NO6(M+Na)+:  732.04 found 731.99. 

3.5.3 Polymerization procedures 

The polymerizations were tracked with 1H-NMR and SEC. The samples of the SET-LRP 

reactions were stripped off their cupper via an neutral alumina plug, prior to measurements. 

Polycarbonate polycondensation: To a flame dried three neck round bottom flask, equipped 

with a septum, reflux cooler, tap and stirring bar Bisphenol A (0.678 gr, 2.97 mmol, 0.98 eq), 

Bis (methyl salicyl) carbonate (1.004 gr, 3.04 mmol, 1.01 eq), compound 3 (20.4 mg, 0.05 

mmol, 0.02 eq) and NaOH (0.3 mg, 7.5 µmol) were added. The flask flushed with argon after 

which 4 mL o-dichlorobenzene was added. The resulting reaction mixture was heated up to 

60°C, and reacted overnight while stirring under argon flow. After the reaction, the mixture 
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was precipitated into n-hexane in a ratio 1 to 15 v/v respectively. The resulting white polymer 

was filtered of over a glass filter and dried in the vacuum oven, overnight at 40°C. 

Chain-coupling polycarbonate: Compound 3 (21.4 mg, 0.05 mmol, 0.5 eq), pre-made polymer 

(2.039 gr, 0.11 mmol, 1 eq) and NaOH (1.2 mg, 0.03 mmol) and 10 mL ODCB were added to a 

flame dried schlenk flask. The resulting reaction mixture was heated up to 120°C and reacted 

overnight under inert conditions while stirring. After the reaction the resulting viscous 

solution was diluted with 10 mL chloroform and precipitated in n-hexane. The white polymer 

was obtained after filtration and solvent evaporation in the vacuum oven at 40°C. 

MMA-CHMA co-polymerization: To a flame dried schlenk flask (100 mL) methyl methacrylate 

(4.92 mL, 46.1 mmol, 830 eq), cyclo-hexyl methacrylate (1.66 mL, 9.44 mmol, 170 eq), 

ethylene bis(2-bromoisobutyrate) (10.0 mg, 27.8 µmol, 0.5eq), copper(ll)bromide (0.62 mg, 

2.78 µmol, 0.05 eq) and DMSO (7.5 mL) were added. A 5 cm copper wire (Cu0) was added 

after it was activated by immersing it in pure HCl for 30 seconds, rinsing with two times 

demineralized water followed by methanol. Argon was bubbled through the reaction mixture 

for 20 minutes, after which 4.2 µL N,N,N',N",N"-pentamethyldi-ethyleentriamine (0.36 eq) 

was added. The reaction was stirred for 7 hours, after it was stopped by exposing it to the air. 

The viscous reaction mixture was stripped of its cupper by a neutral alumina after which it 

was precipitated in methanol. The resulted precipitate was filtered and dried in a vacuum 

oven (40°C) overnight, obtaining a white polymer solid in moderate yield. 

DA-initiator incorporation in MMA-CHMA co-polymer: The same procedure and scale was 

used as described above, only ethyl-bib was substituted with compound 5. 
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Chapter 4 

Mechanophore activation in solid state 
 

4.1 Introduction 
Microcracks form when a solid material is exposed to external stresses in the form of 

tension, compression, torsion and shear.1 The previous chapter showed that activation in 

solution is possible, however, for studying the microcrack behavior, a quantitative analysis in 

solid state is required. Correlating the fluorescent signal of the anthracene to the applied 

energy gives an estimation for how many mechanophores are activated, as done by Li et al. 

in a micellar solution.2 Furthermore, the location and development of the fluorescent signal 

can be followed with real time measurements, so that the initiation of microcracks can be pin 

pointed. As mentioned before, tensile, shear, torsional and compression stress initiate 

microcrack formation. However, because in tensile and compression tests the applied force 

is perpendicular to the materials surface, these tests are most suitable for quantitative 

analysis of mechanophore activation.3 

In this work tensile testing is used, since the sample geometry required for compression 

tests was not possible with polycarbonate. For compression test an aspect ratio of 1 is 

required.4 Previously, for homogeneous polystyrene samples have been prepared by 

compression molding of a stack of thin films. However, for compression molding a 

temperature of at least 50°C above the Tg is required. For polycarbonate (Tg = 140°C) 

containing a reversible mechanophore with a decomposition temperature of 150 °C, 

compression molding is therefore not an option. 

This chapter focusses on the preparation of polymeric films, via solvent casting, 

furthermore grinding and tensile test are described for investigation of the mechanical 

activation in solid state. 

4.2 Sample preparation 
In order to perform quantitative analysis, suitable samples were required. Transparent 

films are needed to ensure that the formation of microcracks can be followed in real time, 

furthermore a homogeneous polymer mix is required to ascertain that the polymer chains are 
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well entangled. Due to the fact that the Diels-Alder adduct is not thermally stable, the only 

film preparation technique that can be used is solvent casting.  

A characteristic of polycarbonate is that it crystalizes in the presence of solvent, influenced 

by the evaporation rate.5 Therefore different solvents, concentrations and environments 

were tested, to optimize the conditions. A polycarbonate dichloromethane (CH2Cl2) solution 

of 150 mg/mL, was solvent casted in an aluminum mold in a CH2Cl2 free environment and 

resulted in a fully transparent film (Figure 1). Depending on the size of the aluminum mold, 

the amount of solution was adapted obtaining films ranging from 100 to 150 µm in thickness, 

and 4.5 to 7 cm in diameter. 

The functionalized MMA-CHMA co-polymer was mixed with polycarbonate by dissolving 

in CH2Cl2 (50/50 wt%) and solvent cast it via the method described above. However, this 

resulted in phase separation in the film as shown in Figure 2a. The ratio MMA:CHMA used 

here was 69:31 wt% as mentioned by  Park et al.6, however, findings for miscibility of 

polycarbonate with a MMA:CHMA co-polymer reports various results regarding the 

composition.7,8,9 Therefore, different co-polymer compositions were prepared ranging from 

30 wt % to 0 wt% CHMA, via a free-radical polymerizations with  azobisisobutyronitril (AIBN) 

Figure 1. Transparent polycarbonate film solvent casted from a 150 mg/mL CH2Cl2 solution in an 
aluminum mold. 

Figure 2. Polymer films of 50/50 wt% polycarbonate-P(MMA-CHMA) with MMA-CHMA composition of a) 69:31 wt% via SET-
LRP b) 82:18 wt% via free radical c) 95:5 wt% via free radical d) 95:5 wt% SET-LRP. 

a b c d 
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as initiator. The resulting polymers were mixed in polycarbonate via solvent casting from 

CH2Cl2, obtaining the films displayed in Figure 2b and 2c. The 95:5 wt% P(MMA-CHMA) co-

polymer seemed to be the most promising. However, when the polymer was functionalized 

through a SET-LRP, the film seemed to show more phase separation (Figure 2d). Due to time 

restrictions, the research was focused on the films containing only polycarbonate, since they 

didn’t show any phase separation.   

4.3 Solid state activation 

4.3.1 Grinding 

Grinding is a well-known method to induce the mechanical responsive behavior of a 

material and can be applied in various ways. Here, a mortar and pestle were used. A small 

piece the polymeric films (1 by 1 cm) was cut out and ground manually for 3 minutes. The film 

transformed from transparent to white hazy and damage was clearly visible by eye.  To make 

sure the optical change was not due to artefacts, the fluorescence was measured in a CH2Cl2-

solution. Figure 3 shows the results of two different lengths of functional polycarbonate, 15 

kDa and 70 kDa respectively.  In both cases the fluorescence increased upon grinding, which 

confirms the opening of the DA adduct. This proves that the functional polymer can be 

activated in the solid state. However because grinding forces are applied in all directions it is 

not a quantitative measure, and therefore more controlled experiments such as tensile tests 

were performed. 
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4.3.2 Tensile tests 

Via the uniaxial nature of tensile testing, the force that acts on the polymer chains can be 

correlated to fluorescent signal generated. During a tensile test a force was applied 

perpendicular to the specimen, as shown in Figure 4. This schematic representation of a 

typical ‘dog-bone’ shaped sample, shows that the applied force acts on two opposite sides of 

the material. Furthermore, due to the design of the sample, the force will concentrate on the 

area indicate as test length, hence the expected deformation will only occur in this area. 

Three different samples were investigated: 100 % commercial polycarbonate, 80-20 wt% 

commercial : functionalized polycarbonate and 100% functional polycarbonate. From the 

solvent casted polymeric films, dog-bone samples were stamped out, with a test length of 15 

mm and a diameter of 5 mm. The stress-strain curves are depicted in Figure 5, which shows 

that for all samples the same development in the curve was observed. Differences can be 

observed in the plastic deformation region, since this one showed to be bigger for the 

Figure 4. Schematic representation of typical ‘dog-bone’ sample used for tensile testing, where the force is applied 
perpendicular to the cross-section of the test length area. 
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functional polymer, compared to the other two. This could be related to the molecular weight 

of the polymers, since a longer polymer can undergo a bigger plastic deformation and 

therefore the functional polymer is tougher. Furthermore, this indicates that the mechanical 

properties, in terms of stress and strain, were not influenced significantly by the 

mechanophore. 

After the tensile tests, 1.5 mm above and under the rupture of the deformed area was 

dissolved and fluorescence of the resulting solution was measured. Figure 6, shows the 

fluorescence spectra of the 80/20 wt% and 100% functional polymer. Here, it can be clearly 

seen that there was no activation after the tensile test, and even a decrease in the spectra 

was observed. This indicates that the Diels-Alder adduct does not open while undergoing the 

tensile stress, furthermore it suggest that a part of the anthracene was quenched, possibly 

due Diels-Alder formation.  

A possible explanation that there is no activation observed can be related to the very local 

chain-cleavage in the material. If the activation happens in only a small section (e.g. 100 nm) 

of the sample, it will not have sufficient influence on the overall fluorescence. Another 

possible explanation for the fact that the Diels-Alder is not activated could be related to the 

amount of force acting on the chain. Konda et al. showed that for breaking a Diels-Alder 

adduct of anthracene and maleimide a force of at least 2000 pN was required.10 Calculating 

the load from the stress strain curve that was acting on the sample, and divide it by the 

number of chains in the cross section resulted in an avarage force of approximately 39 pN per 
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chain (Appendix A5). The calculation was performed with several assumptions such as, that 

the polymers are completely aligned and that the shape of one chain is cylindrical, however, 

the difference of two orders of magnitudes would not be compensated.  

However, the observed decrease of the fluorescence spectra was not explained by the 

above mentioned arguments. Due to that the measured spectra are correlating to very low 

concentrations of anthracene, a small abbreviation could result in a significant change. But, 

this does not verify the trend that in both cases the sample exposed to a tensile stress have 

less fluorescence, which could suggest that there is more going on. Therefore more research 

is required in order to draw final conclusions.  

4.4 Conclusion 
Transparent and homogeneous functionalized polycarbonate was successfully obtained 

via solvent casting from CH2Cl2. However, the mixed polymer films of polycarbonate with 

MMA-CHMA co-polymer phase-separated for all investigated compositions, and requires 

further investigation.  

The polycarbonate functionalized films were successfully activated by grinding, however 

in tensile testing activation was observed. Reasoning could be due to very local chain cleavage 

or that the force required for opening the Diels-Alder was not exceeded. Furthermore, the 

decrease in fluorescence suggest quenching of the anthracene, possibly due to Diels-Alder 

formation. Therefore, ongoing research should focus on the possibility that the Diels-Alder 

formation is possibly mechanically stimulated in this system.  

4.5 Experimental section 

4.5.1 Materials & instrumentation 

The chemicals used were purchased from Sigma Aldrich, Merck, Cambridge Isotopes 

Laboratories or Biosolve and used as received unless stated otherwise. Dry solvents were 

obtained using the MBraun solvent purification system (MB SPS-800). Methyl methacrylate 

and cyclohexyl methacrylate were stripped of their inhibitor before use, by a basic alumina 

plug. 1H-NMR spectra were recorded at room temperature using a 400 mHz Bruker 

UltrasSHield Nuclear Magnetic Resonance spectrometer, in CDCl3. Chemical shifts were given 

in ppm with tetramethyl silane (TMS, 0 ppm) used as internal standard. Size exclusion 

chromatography (SEC) was performed in THF on a Shimadzu Prominence-I LC-2030C 3D 

equipped with a RID-20A detector and polystyrene as calibration standard. Fluorescence 
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spectroscopy was performed on a PerkinElmer LS 50B fluorescence spectrometer and on a 

jasco FP-6500 spectrofluorometer at room temperature, using an excitation wavelength of 

366 nm. Tensile tests were performed on a Lloyd EZ20 tensile machine equipped with a 500 

N loadcell. 

4.5.2 Film preparation 

A polymer solution in DCM was made with a concentration of 150 mg total amount of polymer 

per mL solvent. The desired compositions, based on wt%, were weighted in a vial and four or 

six mL of the resulting solution was casted in respectively a 4 cm or 7.5 cm diameter aluminum 

mold, in a solvent free environment. The commercial used polycarbonate had a molecular 

weight of Mw = 35 kDa. 

4.5.3 MMA-CHMA free radical polymerization 

In Appendix Table A2 the exact amounts, reaction times and final compositions are listed. 

General procedure: A flame dried schlenk tube was cooled to 0°C, and methyl methacrylate, 

cyclohexylmethacrylate, azobisisobutyronitril and dry THF were charged. The resulting 

mixture was degassed by bubbling argon through the mixture for 20 minutes and then heated 

to 60°C while stirring. After the reaction the resulting mixture was precipitated in methanol 

and the white polymer was obtained after filtration and drying in the vacuum oven at 40°C 

overnight. 
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     Conclusion  
 

In this work the development of a method for mechanical induced microcrack formation was 

studied by functionalization of a polycarbonate matrix with a Diels-Alder adduct of π-

extended anthracene and maleimide. 

A low temperature solution polycondensation reaction towards functional polycarbonates is 

investigated and showed temperature dependent equilibrium behavior. Lower temperatures 

resulted in higher degrees of polymerization possibly caused by to the internal hydrogen bond 

in the condensation product. Concentration and stoichiometric imbalance showed to have no 

effect on the equilibrium position, however increased cyclisation and reduced molecular 

weights were observed. The reaction enthalpy and entropy were calculated from the 

obtained equilibrium constants, via the van ‘t Hoff plot, and determined to be ΔH0 =  -20,4 

kJ*mol-1 and ΔS0 =  = 16,37 J*mol-1*K-1. Kinetic experiments showed that the reaction rate 

constant at 120°C is 13.1 and 47.1 times higher compared to the one at 90°C and 60°C. 

The studied solution trans-carbonation polymerization was used to successfully functionalize 

a polycarbonate with the synthesized Diels-Alder diol, via either monomer substitution or 

chain-coupling. Also, a MMA-CHMA co-polymer was produced by using a synthesized bi-

functional Diels-Alder ATRP initiator in a SET-LRP. For both polymers was proven by sonication 

that the Diels-Alder was built in and functions as a mechanophore, because after sonication 

a fluorescent signal was observed. 

The functional polycarbonate was successfully mixed in an unfunctionalized matrix, and films 

were produced via solvent casting from dichloromethane. However, the polycarbonate mix 

with MMA:CHMA co-polymers showed, for various compositions of the co-polymer, phase 

separation and therefore no stress tests were performed on these samples. 

Mechanical activation in solid state for the functional polycarbonates was achieved by 

grinding the film. However, preliminary results via tensile testing, did not show the generation 

of a fluorescent signal yet. 
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Outlook 
 

Even though we were able to successfully functionalize polymers with the Diels-Alder adduct 

and showed the mechanophore activation by both sonication and grinding, tensile tests 

suggested that more investigation was required. We speculate that the very local chain 

cleavage in combination with the fact that the activation energy of the Diels-Alder was not 

exceeded, extreme low amounts of Diels-Alder moieties were opened and the generated 

fluorescence was beneath the detection limit of the spectrometer. However, a trend of a 

decrease in fluorescence was observed and might suggest that the anthracene was rather 

quenched than released, which only can be the result of recombination with a free maleimide. 

To further verify this speculation, additional experiments with maleimide and anthracene 

end-capped polymers should be performed. Here, the formed film with ‘free’ maleimide and 

anthracene should be subjected to a tensile stress. When the fluorescent spectra would 

decrease again, it would confirm that there is Diels-Alder formation under presence of 

mechanical loading.  

Additionally, experiments that could extend the deformation area and hence increase the 

amount of opened Diels-Alders could be performed. In order to achieve the higher 

deformation area indentation could be a possible technique as here the polymer films are 

scratched with a sharp tip. When the angle of the cone shaped tip is wide enough, the flow 

of polycarbonate might be countered and hence the larger deformation area could possibly 

achieved. It is believed the detection of Diels-Alder activation would become easier due to 

higher amounts of released anthracene. If this turns out to be promising, calculations could 

be done to relate the local stress to the observed fluorescence. 

End-capping of the polymers via the solution carbonation showed in preliminary results that 

the introduction of mono-functional alcohol decreases the molecular weight. Further 

investigation is required to check whether the alcohol is able to break up the polymer chain 

or the reduction is a result of another experimental factor. 
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Appendix 

A1. Reaction rates of trans-carbonation polymerization 
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Figure A1. Exponential decay fit of the conversion vs time plot of the polycondensation at a) 120°C b) 90°C and c) 60°C. 
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A2. Experimental details of the solution polycondensation  
Table A4. Quantities of Bisphenol A, Bis methyl salicylate, oDCB and NaOH listed per experiment, with the stoichiometric 
imbalance calculated by [BPA]/[BMSC] and concentration determined on BMSC. 

 

 

A3. 1H-NMR spectra 
 

 

 

Experiment 
BPA 

(gr) 
BMSC 
(gr) 

ODCB 
(mL) 

NaOH 
(mg) 

r 
Concentration 

(mol*L-1) 

Growth 120°C 0.684 1.000 4 0.4 0.989 0.757 

Growth 90°C 2.052 3.001 24 0.9 0.989 0.379 

Growth 60°C 0.684 3.001 24 0.9 0.988 0.758 

Heat-cycle 2.044 2.998 12 1.5 0.986 0.756 

0.5*[C] 1.37 2.003 16 1.2 0.989 0.379 

0.1*[C] 0.686 1.000 40 0.9 0.993 0.0757 

r=0.98 2.033 3.000 24 1.1 0.980 0.378 

r=0.95 1.974 3.000 24 1 0.952 0.378 

Kinetic 120°C 2.054 3.002 24 1.1 0.990 0.379 

Kinetic 90°C 2.053 3.001 24 1 0.990 0.379 

Kinetic 60°C 2.053 2.999 26 1.1 0.990 0.349 

Figure A2. 1H-NMR spectrum of N-(2-Hydroxyethyl)maleimide, displaying the characteristic 
peaks and the presence of polymer. 
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Figure A4. 1H-NMR spectrum of Diels-Alder diol 

Figure A3.  1H-NMR spectrum of 4-(anthracene-9-yl)phenol 
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Figure A6. 1H-NMR spectrum of bi-functional Diels-Alder ATRP initiator. 

Figure A5. 1H-NMR spectrum of N-[2-(2-bromoisobutyryloxy)-ethyl]maleimide. 
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A4. Sonication experiment of functionalized polycarbonate (15 kDa) 
Figure A7, displays the absence of fluorescent signal after sonication for one hour of a THF 

solution with functionalized polymer. 

 

A5. Force per polymer chain calculation 
For calculating the force per chain the assumption was made that a polymer can be seen as a 

cylinder. Via the density of the polymer, the molecular weight and the length of the repeating 

unit, the cross sectional area of one chain can be calculated. This can then be used to estimate 

the amount of chains in the cross-section of the ‘dog-bone’ sample, and so the force per chain 

can be calculated.  

First, for a Bisphenol-A based polycarbonate the density is ρ = 1.20 g*mL-1 and the repeating 

unit has a molecular weight of Mw,repeating = 254.3 g*mol-1, as reported by Wolstensholme et 

al.1 The length of a repeating unit equals approximately L = 10 Å as determined by chem 3D. 

(Figure A8).  

0h 1h 

Figure A7. THF solution of functional polycarbonate (15 kDa) before and after sonication, 
exposed to UV-light of 365 nm. 

Figure A8. Chem3D image of the repeating unit of Bisphenol-A based polycarbonate, showing the 
approximate length of the repeating unit equal to 10 Å. 
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When the length of the chain was determined, the volume of a repeating unit can be 

calculated via Equation 1, using the density of the polymer, of, ρ = 1.20 g*mL-1 = 1.20*10-24 

g*Å-3, and the Avagadro constant (NA),. 

 𝑉𝑟𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔 =
𝑀𝑤,𝑟𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔

ρ𝑝𝑜𝑙𝑦𝑚𝑒𝑟 ∗ 𝑁𝐴
= 3.52 ∗ 102 Å3 (1)  

From the volume of a repeating unit, the cross sectional area was calculated with Equation 2: 

 𝐴𝑐ℎ𝑎𝑖𝑛 =
𝑉𝑟𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔

𝐿𝑟𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔
=

3.52 ∗ 102 Å3

10  Å
= 35.2 Å2 (2)  

Then considering the ‘dog-bone’ shape sample, for the tensile tests, the cross sectional area 

could be calculated by thickness times the diameter of the test length. Due to the necking the 

cross-sectional decreased during the tensile test. Therefore, after the measurement the 

thickness (tf) was reduced to 85 µm (85*104 Å) and the final diameter (df) was 3.5 mm  

(3.5*107 Å). Using these values, and assuming that all chains are aligned upon necking, the 

number of chains per cross section can be determined. (Equation 3). 

 #𝑐ℎ𝑎𝑖𝑛𝑠 =
𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑐ℎ𝑎𝑖𝑛
=

𝑡𝑓 ∗ 𝑑𝑓

𝐴𝑐ℎ𝑎𝑖𝑛
= 8.45 ∗ 1011 (3)  

Now, from the stress strain curves the maximum load applied on this sample was 33 N. This 

will than result in a force per chain: 

 𝐹𝑜𝑟𝑐𝑒 𝑝𝑒𝑟 𝑐ℎ𝑎𝑖𝑛 =  
𝐹𝑠𝑎𝑚𝑝𝑙𝑒

#𝑐ℎ𝑎𝑖𝑛𝑠
= 3.9 ∗ 10−11 = 0.039 𝑛𝑁 = 39 𝑝𝑁 (4)  

A6. Experimental details of free-radical co-polymerization 
Table 5. Reaction conditions and polymer characteristics listed for the formed methyl methacrylate (MMA) and cyclo-hexyl 
methacrylate (CHMA) co-polymers. 

 

A7. References 
1. Wolstenholme, W. E. Correlation of physical and polymer chain properties. Polym. Eng. Sci. 8, 142–150 

(1968).

Co-
polymer 

MMA 
(mL) 

CHM
A (mL) 

AIBN 
(mg) 

THF 
(mL) 

React
ion time 

Mw 
(kDa) 

Compositi
on 

MMA:CHMA 
wt% 

1 3.19 0.062 10.50 - 2 h 408 91:9 

2 2.71 0.46 9.96 - 
45 

min 
670 82:18 

3 3.16 0.03 20.8 3.2 1 h 140 95:5 

4 2.99 0.016 32 6.5 2 h 140 95:5 

5 5.27 0.05 46 22.5 6 h 146 99:1 



 

  

 

 


