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Summary 
 

Chemical reactions often need an input of energy in order to proceed. Most commonly, this is 
achieved by the addition of heat, light or electricity to the reaction system. There is, however, another 
way of supplying energy to a reaction, namely by application of a force to put in mechanical energy: 
mechanochemistry.  For a long time, people have used the application of mechanical stress mainly in 
a destructive way: to either deform or destroy materials. More recently, scientists have developed 
molecules that are able to give a constructive response to mechanical force. 

In the last 10 years, a large number of these so-called “mechanophores” has been developed. The 
function of such a mechanophore can be versatile; for example, stress-reporters, stress-releasers and 
stress-activated reinforcers have been published. In our group, the stress-reporting bis(adamantyl)1,2-
dioxetane unit was developed. This molecule, when embedded in a polymer, is able to emit light when 
the polymer is subjected to a mechanical force. This so-called “mechanoluminescence” originates from 
the strained four-membered dioxetane ring that decomposes into two ketones, one of which can be 
in the excited state. Upon relaxation, visible light is emitted, that can be monitored in situ. 

In recent publications, the 1,2-dioxetane mechanophore has proven to be of great use as a stress-
sensing probe. However, the relative mechanical strength of the dioxetane unit has not been well-
established yet. It would be of great value to know this mechanical strength, as this would allow for 
even more accurate applications in the investigation of the mechanical properties of polymeric 
systems. 

In this project, a macrocyclic monomer containing the 1,2-dioxetane unit that is suitable for 
entropy-driven ring-opening metathesis polymerisation (ED-ROMP) has been developed. The 
mechanoluminescence of polymers that were synthesised with ED-ROMP will be assessed. 
Furthermore, copolymers of 1,2-dioxetane with  other, non-scissile, mechanophores will be studied to 
create a competition between the activation of both mechanophores under application of mechanical 
stress. This way, the relative mechanical strength of the 1,2-dioxetane mechanophore is addressed.
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1 Introduction 

1.1 Historical aspects of mechanochemistry 

Most chemical reactions require an input of energy in order to proceed. Traditionally this energy 
input is most often achieved by supplying thermal energy to a reaction system. Besides these thermally 
activated reactions, activation by application of light (photochemistry) or electricity (electrochemistry) 
is also well established. There is however another, less well known method of activating a reaction. 
This method relies on the application of mechanical force to transfer energy to a system: 
mechanochemistry. 

Despite being a relatively unknown field, people have performed mechanochemical reactions 
(probably unwittingly) for centuries. The first mechanochemical reaction that has been documented 
dates back to 315 B.C. In this booklet, titled “On Stones”, Theophrastus of Eresus, a student of Aristotle, 
described the reduction of the mineral cinnabar to mercury by grinding it in a copper mortar with a 
copper pestle.1 The first systematic research on mechanochemical reactions was performed in the 19th 
century. In 1820 Faraday reported a “dry way of inducing chemical reactions”, reducing silver chloride 
by grinding it with zinc, tin, iron and copper in a mortar.2,3 In 1892, Carey Lea showed in his work on 
mercury and silver halides that mechanochemical reactions have the potential of giving other products 
than thermal reactions.4 According to James, this work can be seen as “the point at which 
mechanochemistry became a truly distinct sub-topic within chemistry”.5  

The term mechanochemistry was first introduced by Nobel Prize winner Wilhelm Ostwald in the 
late 19th century,6,7 and in 1919 he included the definition in one of his textbooks as a new separate 
branch of chemistry, together with thermo-, electro- and photochemistry.8 Since then, the scope of 
mechanochemical reactions has expanded from solely inorganic reactions to a whole variety of 
systems. Amongst these are fluids, colloids, polymers, nanoparticles and biomolecules.9 The 
introduction of mechanochemical methods in organic synthesis has led to the development of greener 
synthetic routes. In particular, the use of ball mills provides access to solvent-free routes towards C-C 
and C-X bond formations.5 In 2003, Kaupp et al. demonstrated a mechanochemical Knoevenagel 
condensation in the solid state by ball-milling stoichiometric amounts of the reactants (Figure 1.1).10 
This new approach gave quantitative yields, which had not been achieved with similar reactions in 
solution. Moreover, the obtained products were pure, making purification unnecessary and 
consequently reducing solvent use.   

 

Figure 1.1 Quantitative Knoevenagel condensations of aromatic aldehydes with barbituric acids by ball 
milling. Reprinted with permission from ref. 10.  Copyright 2003 Elsevier 
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Over the years, mechanochemical activation of polymers has become increasingly important. In the 
beginning this only involved the degradation of polymers under mechanical force, as first reported by 
Staudinger, who described the degradation of rubbers by mastication in 1934.11 In the past 10 years, 
scientists have focused on the incorporation of mechanically active functional groups within the 
backbone of polymers that have a productive, as opposed to destructive, response to mechanical 
force. These so-called “mechanophores” endow polymeric materials with novel properties, such as 
stress-reporting through mechanochromism or mechanoluminescence,12,13 force-induced healing 
through mechanocatalysis,14 and mechanically induced bond formation.15                                                                                                                                                                                      

1.2 Fundamentals of polymer mechanochemistry 

A first step towards a theoretical model for the activation of bonds by mechanical work was taken 
in 1940 by Kauzmann and Eyring in their study of the effect of an external force on the reaction rate of 
a chemical reaction.16 Later, Odell and Keller developed the thermally activated barrier to scission 
(TABS) model.17 This model describes mechanochemical reactions as thermally activated processes 
(Figure 1.2). Under normal conditions a covalent bond will have a Morse potential energy that is 
denoted by U(r). This potential energy gives rise to the dissociation energy D. Generally, for a polymer 
this energy barrier is too high to be overcome by thermal energy fluctuations (kBT). However, when a 
mechanical force is exerted on the polymer, covalent bonds will be stretched from their equilibrium 
position r0 to r’. The work of the external force (W(r)=F · (r’ - r0)) will result in a lowering of the Morse 
potential energy, with U’(r) = U(r) – W(r). This lowering of the Morse potential will hence lead to a 
lower dissociation energy for the covalent bonds. At a critical force, the energy barrier for activation 
can be overcome by the thermal energy, leading to bond activation. 

 

Figure 1.2 Thermally Activated Barrier to Scission model. The Morse potential energy of a covalent bond (U(r), 
dash-dotted line) will be lowered under influence of mechanical work (W(r), dashed line). The resulting 
dissociation energy barrier D’ can then be overcome by thermal energy, leading to bond activation. Reprinted 
with permission from ref. 18. Copyright 2011 American Chemical Society 
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Mechanochemical reactions also have the potential to open up unique reaction pathways that are 
not allowed through thermal or photochemical activation methods. A classic example of this 
phenomenon is the electrocyclic ring-opening of benzocyclobutenes (Figure 1.3A). It was shown by 
Hickenboth et al. that both the photochemically- and thermally-induced pathways proceed according 
to the Woodward-Hoffmann rules, yielding either the E,E- or E,Z-isomer of the ring-opened product 
(Figure 1.3, B and C).19 However, when incorporated in the centre of a PEG polymer and activated by 
sonication in solution, both isomers of benzocyclobutene resulted in the E,E-isomer of the product 
(Figure 1.3D). This means that stress-induced electrocyclic ring-opening of cis-benzocyclobutene 
proceeds via the thermally disallowed disrotatory pathway, thus not obeying the Woodward-
Hoffmann rules. Therefore, mechanochemically activated reactions can proceed via pathways that are 
not possible if the reaction were thermally or photochemically activated. 

 

Figure 1.3 Electrocyclic ring-opening of benzocyclobutenes. A) Cis- and trans-isomers of benzocyclobutene. B) 
photochemical and C) thermal electrocyclic ring-opening of benzocyclobutene obey the Woodward-Hoffmann 
rules. D) Stress-induced electrocyclic ring-opening of cis-benzocyclobutene proceeds through the thermally 
disallowed disrotatory pathway. Reprinted by permission from Macmillan Publishers Ltd: Nature ref. 19, 
copyright 2007 

1.3 Activation methods 

In order to test the mechanochemical activity of mechanoresponsive polymers, several activation 
methods have been developed. These methods can be used in solution as well as in the solid state and 
have different time scales. An overview of these different methods is given in Figure 1.4. 

 

Figure 1.4 Overview of experimental methods that have been developed to test mechanochemical activity. 
Reprinted with permission from ref. 20. Copyright 2009 American Chemical Society 

A B 

D C 
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The most common experimental method of mechanochemical activation in solution is ultrasonic 
irradiation. In this technique, a force is applied on polymers in dilute solutions by subjecting it to 
ultrasound waves. These acoustic waves, with a frequency of more than 20 kHz, will cause the 
formation of pressure waves in the solution (Figure 1.5A), which gives rise to the nucleation, growth 
and eventually collapse of microbubbles. This effect is commonly referred to as cavitation.21 Collapse 
of a microbubble will generate solvodynamic shear along the polymer backbone. Therefore, a polymer 
chain that is near a collapsing bubble will experience a force from this shear and is pulled towards the 
imploding bubble, resulting in extension from its random coil and cleavage of the polymer chain (Figure 
1.5B). It was postulated by Hoff and Gall that the probability of chain cleavage as a function of the 
position on the polymer backbone follows a Gaussian curve, with chain cleavage most likely to occur 
in the middle 15% of the chain.20 Hence, chain scission in polymers by this method is selective for weak 
bonds incorporated in the centre of the chain. The convenience of the required set-up, together with 
the relative low amounts of material that are needed, make that ultrasonication is often used as a ‘first 
test’ of novel mechanophores. 

 

Figure 1.5 Principles of ultrasonication. A)  Application of ultrasonic waves create pressure waves within the 
solution, leading to the formation and growth of microscopic gas bubbles. B) Upon collapse of a microbubble, 
a polymer chain that is in the vicinity will experience solvodynamic shear that leads to elongation and 
eventually chain scission. Reprinted with permission from ref. 20. Copyright 2009 American Chemical Society 

The usage of ultrasound as a mechanochemical activation method has the advantage that it gives 
access to relatively high strain rates of 106-107 s-1. Furthermore, experimental set-ups are often quite 
easy to build and the limiting molecular weight of mechanochemical activation is generally relatively 
low. A possible drawback of ultrasonication is the formation of side-products from hotspots within the 
solution. The implosion of gas bubbles is an adiabatic process, which leads to hotspots within the 
collapsing bubbles in which the temperature and pressure can increase tremendously, temperatures 
of over 300 °C have been reported.22 Pyrolysis and hence the formation of radical species are therefore 
real possibilities during sonication, meaning that many sonochemical side-reactions can occur within 
hotspots. It is therefore required to perform control experiments with end-functionalised polymers or 
small molecule model systems to prove that mechanophore activation is of truly mechanochemical 
and not thermal nature. The effect of sonication hotspots can also be reduced significantly by varying 
the used saturation gas. It was shown in our group that the use of methane as opposed to argon lead 
to a large reduction in sonochemical impurities.23 This effect was ascribed to the higher heat capacity 
of methane compared to argon. 

B A 
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Another common, yet less used, activation technique for polymers in solution is the opposed jets 
method. In this technique, first studied by Odell and Keller,24 opposing flows containing the polymer 
solution create two opposing orifices in the flow field (Figure 1.6A). Because of the geometry of the 
flow field, a region with zero velocity is created, which is called the stagnation point. A polymer chain 
can become trapped in this point and will then experience a high velocity gradient that will give rise to 
polymer elongation and eventually chain rupture or mechanophore activation. The strain rate in this 
technique can be relatively conveniently controlled by altering the velocity of the solution flow. The 
main disadvantage of this technique, however, is the relatively low amount of activation that can be 
achieved. This is due to the relatively small amount of polymer chains that can get trapped in the 
stagnation point.  

 

Figure 1.6 A) Opposed jets activation method. Opposing flows of polymer solution will form a zero velocity 
point in which a polymer can become trapped. The polymer will then experience a high velocity gradient, 
leading to elongation and chain scission. B) Contraction flow method. A sudden contraction will expose the 
polymer to a high strain rate, resulting in polymer scission. Reproduced from ref. 25 with permission of The 
Royal Society of Chemistry 

Analogous to opposed jets, a force can be exerted by contraction of a flowing polymer solution.26 
In this method a pressure differential is used to drive the solution past a narrow contraction (Figure 
1.6B). This leads to a sudden acceleration of the fluid, which creates a high strain rate across the 
contraction. Since polymers will only reside in the high strain field for a time period that is shorter than 
their relaxation time, this can result in chain scission. Despite the easy set-up that is required for this 
technique, one must choose the geometrical design of the set-up carefully to obtain reproducible 
results. Moreover, both flow methods require a relatively high polymer molecular weight, of about 
300 kDa.25 

Finally, in the solid state, bulk testing of a sample by either elongational tensile testing or 
compression testing is often the preferred method to investigate the mechanochemical activity of 
polymers. The drawback of these testing methods, however, is the phenomenon that the application 
of force in a bulk sample causes the displacement of atoms from their equilibrium positions. This will 
give rise to the formation of a large local strain, and with it a large local force, which may lead to 
deviations in the amount of change in activation energy of the reaction pathway.20,27 Moreover, bulk 
testing requires a relatively large amount of sample, which might not always be directly available. This 
could especially be the case when new mechanophores are tested and synthetic procedures have not 
been optimised yet. 

A B 
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1.4 Examples of mechanoresponsive materials 

Although the concepts of the effect of mechanical force on polymers have been known for decades, 
it was only in the past 10 years that scientists have started to develop mechanophores that are able to 
convert a mechanical stimulus into a useful response. Within the last decades, efforts were made to 
develop, for instance, self-strengthening materials, self-repairing and stress-reporting materials. In this 
section, a selection of these mechanophores will be highlighted.  

Pioneered by Craig and co-workers, gem-dihalocyclopropanes (gDHCs) have shown to be effective 
and versatile mechanophores. First reported in 2009, it was established that these mechanophores 
can undergo a ring-opening rearrangement reaction to give 2,3-dihaloalkanes (Figure 1.7).28 The 
function of this rearrangement can be two-fold. Firstly, the conversion of a gDHC to its 2,3-dihaloalkane 
form will result in extension of the polymer backbone.29 Hence, gDHCs can act as stress-relievers in a 
polymer. Secondly, as 2,3-dihaloalkanes are reactive towards nucleophilic substitution they can open 
the way to mechanically-induced bond-forming reactions. 

 

Figure 1.7 Mechanical activation of gem-dihalocyclopropanes gives rise to rearrangement reactions. 
Reprinted with permission from ref. 30 Copyright 2012 American Chemical Society 

In 2013, Craig and co-workers reported the use of the susceptibility of mechanically activated 
gDHCs towards nucleophilic substitution to create self-strengthening materials.15 This was achieved by 
functionalisation of polybutadiene with dibromochloropropane (gDBC) mechanophores (Figure 1.8). 
Upon application of a force to the polymer, alongside with chain scission, ring-opening of gDBCs will 
occur. This will lead to the formation of allylic bromides that can react with carboxylates that were 
mixed in, to form crosslinks. The resulting polymer networks were found to have a far higher modulus 
than the unactivated polymers.  

 

Figure 1.8 Mechanochemical activation of gDBC-functionalised polybutadiene results in network formation 
by carboxylate cross linkers. The resulting network is far stronger than the unactivated polymer. Reprinted by 
permission from Macmillan Publishers Ltd: Nature (ref. 15), copyright 2013 
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Figure 1.9 Mechanochemical activation of a latent Ru-based metathesis catalyst. Reprinted with permission 
from ref. 14. Copyright 2012 American Chemical Society 

Another approach towards mechanocatalysis is the use of latent transition metal catalysts. A 
particular example of such a system is the latent Grubbs catalyst that was developed in our group. 
Jakobs et al. incorporated this ruthenium-based catalyst in the middle of a polymer chain by attaching 
polymer segments to its NHC-ligands (Figure 1.9).14 When a mechanical force is applied, one of the 
metal-carbene bonds is broken, leading to the activation of the catalyst for metathesis reactions. After 
the initial development of this system in solution, it has also been taken to the solid state, being able 
to polymerise monomers that were imbedded in a polymer matrix upon mechanical activation. This 
may be employed in the development of new self-healing materials.31  

Besides mechanophores for force-induced bond-forming, mechanoresponsive materials that can 
act as stress-reporters have been developed. An interesting example is the mechanochromic 
spiropyran mechanophore that was first reported by Moore and co-workers.12 This mechanophore can 
undergo an electrocyclic ring-opening reaction when subjected to mechanical force, resulting in the 
formation of the strongly coloured merocyanine form of spiropyran (Figure 1.10). The 
mechanochemical activation of spiropyran to merocyanine is also reversible by visible light, making 
this mechanophore a nice tool for force-reporting. 

 

Figure 1.10 Mechanochromism of spiropyran-containing polymers. Upon mechanical force, the spiropyran 
moiety undergoes a cycloreversion to the strongly coloured merocyanine form. Reprinted by permission from 
Macmillan Publishers Ltd: Nature (ref. 12), copyright 2009. 



Chapter 1 
 

 
14 

1.5 Mechanoluminescence 

The use of mechanochromic moieties as stress-sensing probes like spiropyran has aided in gaining 
more insight in the mechanical properties of various polymeric systems. However, these 
mechanophores often suffer from sensitivity issues, as an external light source is required to read-out 
the mechanical response. Furthermore, the signal is cumulative making it difficult to observe small 
intensity changes with increasing application of force. Therefore in our group a mechanoluminescent 
molecular force probe based on the bis(adamantyl)-1,2-dioxetane unit has been developed.13 Since 
this mechanophore is luminescent, no external light source is required to read-out mechanical 
responses. This, combined with the fact that the output signal is transient, provides a significant 
increase in sensitivity. 

 

Figure 1.11 Mechanoluminescence from bis(adamantyl)-1,2-dioxetane. Upon application of mechanical force, 
the four-membered 1,2-dioxetane ring will break. This yields two carbonyl species, one of which can be in the 
excited state. Relaxation then results in bright blue chemiluminescence. Reprinted by permission from 
Macmillan Publishers Ltd: Nature Chemistry (ref. 13), copyright 2012 

The bis(adamantyl)-1,2-dioxetane unit was first discovered by Wieringa et al. in 1970.32 Although 
1,2-dioxetanes are generally quite unstable, they showed that this particular 1,2-dioxetane shows a 
remarkable stability towards thermal decomposition, being able to withstand temperatures of up to 
200 °C with a relatively high scission barrier of 35 kcal/mol. Moreover, it was established that this 
dioxetane is chemiluminescent when heated to temperatures above 200 °C.32 In 2012 Chen et al. 
showed that luminescence from bis(adamantyl)-1,2-dioxetane could also be induced in a 
mechanochemical process, by incorporating this unit covalently in PMA chains.13 The application of 
mechanical force than leads to scission of the four-membered dioxetane ring, yielding two carbonyl 
species, one of which is in the exited state (Figure 1.11). Upon relaxation, a photon (at a peak 
wavelength of 420 nm) is emitted. The quantum yield of this mechanoluminescence can be further 
improved by adding a fluorescent acceptor molecule like 9,10-diphenylanthracene (DPA).  

As a stress-reporting probe, bis(adamantyl)-1,2-dioxetane has already found an application in  
thermoplastic elastomers,33 supramolecularly cross-linked gels,34 and elastomers with multiple 
interpenetrating networks.35  
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1.6 Aim and outline of this report 

The aim of this report is to further enlarge the scope of the bis(adamantyl)-1,2-dioxetane 
mechanophore by incorporating it in a macrocyclic monomer that is suitable for ring-opening 
metathesis polymerisations. Furthermore we aim to get more insight in the relative mechanical 
strength of this mechanophore and take the first steps towards copolymers of the 1,2-dioxetane 
mechanophore with other mechanophores. 

In chapter 2, we report the synthesis of a bis(adamantyl)-1,2-dioxetane macrocycle through ring 
closing metathesis. This macrocycle can be used in an ED-ROMP with other cyclic monomers to obtain 
copolymers containing the 1,2-dioxetane mechanophore. We also report the removal of the 
adamantanone impurity that is formed during the different steps of the macrocycle synthesis. 

In chapter 3, the ED-ROMP of the previously synthesised 1,2-dioxetane macrocycle with cis-
cyclooctene is described. Upon ultrasonication, the polymer emits mechanoluminescence, and we 
verified that the luminescence is of mechanochemical nature, rather than thermally induced. This 
observation confirms that mechanoluminescent polymers can be synthesised with ROMP. 

In chapter 4, copolymers of 1,2-dioxetane and gDCC were obtained through ED-ROMP. By 
exploiting a competition between the activation of both mechanophores upon sonication, we planned 
to elucidate the relative mechanical strength of the 1,2-dioxetane mechanophore. We show that the 
used model gives promising results on our copolymer of 1,2-dioxetane and gDCC. However, in order 
to directly compare the strength of 1,2-dioxetane with other mechanophores, similar amounts of these 
mechanophores should be incorporated in a polymer with a similar molecular weight. 

In chapter 5, we propose an alternative approach for the determination of the relative mechanical 
strength of the 1,2-dioxetane mechanophore. Instead of gDCC, we exploit a competition between 1,2-
dioxetane and the spiropyran mechanochromic unit. Initial and preliminary results show that such an 
approach can give promising results, yet optimisations to the system should still be made. 
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2 Synthesis and purification of a bis(adamantyl)-1,2-
dioxetane macrocyclic ROMP monomer 

2.1 Introduction 

Mechanoluminescence from bis(adamantyl)-1,2-dioxetane has already found  application in various 
polymeric systems. Besides its original incorporation in polymethylacrylate (PMA),1 the 
bis(adamantyl)-1,2-dioxetane mechanophore has also been exploited in thermoplastic elastomers,2 
supramolecularly cross-linked gels3 and elastomers with multiple interpenetrating networks.4  
Moreover, currently in our group bis(adamantyl)-1,2-dioxetane is used as a probe to study the 
influence of covalent bond scission in the strain-softening behaviour of silica-filled 
poly(dimethylsiloxane) (PDMS) elastomers.   

So far bis(adamantyl)-1,2-dioxetanes have been incorporated in polymer systems by using it as a 
cross-linker in a free radical polymerisation or by growing polymer chains from both adamantyl 
moieties in a living radical polymerisation. In this project we aim to further extend the scope of this 
versatile mechanophore by incorporating it in a macrocyclic monomer that is suitable for entropy-
driven ring-opening metathesis polymerisations (ED-ROMP). This would open the way to the synthesis 
of copolymers of 1,2-dioxetane with other ROMP substrates. Furthermore, since a wide range of 
functionalities can be incorporated in a macrocycle,5 this approach could be used to synthesise 
copolymers of bis(adamantyl)-1,2-dioxetane with other mechanophores. 

2.2 Ring-closing metathesis 

The first step towards mechanoluminescent ROMP polymers is the synthesis of a bis(adamantyl)-
1,2-dioxetane macrocycle. A convenient synthetic tool for this purpose is the ring-closing metathesis 
(RCM) reaction. First reported in the early 1980s, this reaction permits the conversion of dienes into 
cyclic alkenes via transition metal catalysis.6 (Figure 2.1A)  

 

Figure 2.1 A) Schematic representation of the ring-closing metathesis reaction (RCM). B) General mechanism 
of the RCM reaction as proposed by Chauvin. Reprinted with permission from ref. 6. Copyright 2003 John Wiley 
and Sons 

A B 
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The mechanism of the RCM reaction was first proposed by Chauvin (Figure 2.1B).7 In this 
mechanism, one of the terminal alkene groups of the diene coordinates to the transition metal centre 
in a [2+2] cycloaddition to yield the metallocyclobutane intermediate II. Subsequently, the metal 
carbene species III is formed with loss of ethylene. An intramolecular [2+2] cycloaddition will then form 
metallocyclobutane IV. Finally, a cycloreversion will yield the cyclised product and regenerate the 
catalytic species. Later, this proposed mechanism was confirmed experimentally by Grubbs and co-
workers.6 Although the RCM reaction is an equilibrium process, the formation of the cyclised product 
is favoured by removal of ethylene from the reaction mixture. 

Over the years, many catalytic systems have been developed which promote the RCM of dienes. 
Examples are tungsten metal complexes, first reported by Villemin,8 and Schrock’s molybdenum 
alkylidene catalyst M1 (Figure 2.2), mostly known as Schrock catalyst.9 However, the Grubbs first- and 
second generation ruthenium-carbene complexes G110 and G211 are more active as well as being more 
stable towards air and moisture. Consequently they are currently the preferred catalysts for 
metathesis reactions.                                               

 

 

2.3 Synthesis of bis(adamantyl)-1,2-dioxetane macrocycle 

Our synthetic route towards a macrocycle containing the bis(adamantyl)-1,2-dioxetane 
mechanophore is based on 1,2-dioxetane diol 4 that has been developed in our group and has been 
used by Chen et al. to incorporate the mechanophore in a PMA backbone. An overview of the synthesis 
of 4 is given in Scheme 2.1. 

AlBr3, Br2

Br

Br

Br

HO
OH

AgBF4; 1,4-dioxane O
HO

O
OH

O
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O
OH

O O

2

3 4
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(94%)

(49%) (84%)
 Scheme 2.1 Synthetic route towards bis(adamantyl)-1,2-dioxetane diol 4 
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Figure 2.2 Examples of catalytic systems that are suitable for metathesis reactions 
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 Compound 2 was synthesised from adamantylideneadamantane via a Lewis acid-mediated 
bromination reaction. Despite the inconvenience of the extraction that has been carried out to isolate 
compound 2, still a high yield of 94% could be obtained. Subsequently compound 3 was synthesised in 
a nucleophilic substitution reaction of 2 with ethylene glycol, making use of AgBF4 as a halide 
abstractor. Extraction followed by column chromatography yielded 3 in a moderate yield of 49%, 
comparable to literature values. Finally dioxetane diol 4 can be formed by photooxidation of 
compound 3 using methylene blue as a sensitiser. Methylene blue can be easily removed by active 
charcoal, leading to the isolation of dioxetane diol 4 in 84% yield.  

Once compound 4 was obtained, we proceeded with the synthesis of a macrocycle containing the 
bis(adamantyl)-1,2-dioxetane moiety. Our strategy towards this comprised of two steps: firstly, to 
couple two terminal alkene-functionalised fatty acids to diol 4 via an esterification reaction, then to 
ring-close the resulting acyclic diene species via RCM, giving the bis(adamantyl)-1,2-dioxetane 
macrocycle.   

O
O

OH

DCC

DCM, r.t., o.n.

1
(60 %)

O

O

 

Scheme 2.2 Synthesis of 10-undecenoic anhydride 1 

Despite the remarkable thermal stability of the bis(adamantyl)-1,2-dioxetane group, it is still 
relatively sensitive to acid-induced decomposition. Moreover, the terminal alkenes that we are 
introducing could potentially be reactive moieties. Therefore, mild conditions are required during the 
esterification of compound 4. We chose to employ a Steglich esterification, which is milder than a 
traditional Fischer esterification. However, the coupling reagent that is required in this reaction, N,N’-
dicyclohexylcarbodiimide (DCC), forms dicyclohexylurea (DCU) as a by-product. In order to avoid an 
inconvenient purification procedure to separate 1,2-dioxetane diene from DCU, which usually requires 
a silica column,  we chose to divide the Steglich reaction into two reaction steps. First, 10-undecenoic 
anhydride 1 was synthesised from 10-undecenoic acid using DCC as a coupling reagent (Scheme 2.2). 
Coupling of 1 to diol 4 was then performed using 4-dimethylaminopyridine (DMAP) as a catalyst 
(Scheme 2.3). Extraction followed by alumina column chromatography lead to the isolation of pure 
1,2-dioxetane diene 5 in a high yield (95 %).  
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Scheme 2.3 Synthetic route towards bis(adamantyl)-1,2-dioxetane macrocycle. 
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In the final step diene 5 was ring-closed using Grubbs second generation metathesis catalyst (G2) 
to form macrocycle 6. With these RCM reactions, we generally obtained conversions towards the 
macrocyclic species of 60-80%, comparable to reported literature values for similar RCM reactions of 
macrocycles.6 After ring-closing, catalyst G2 was removed by column chromatography on alumina to 
yield bis(adamantyl)-1,2-dioxetane macrocycle 6 in a moderate yield (67 %). 

2.4 Purification of bis(adamantyl)-1,2-dioxetane macrocycle 

Despite the remarkable thermal stability of bis(adamantyl)-1,2-dioxetane, this moiety may still 
undergo chemical decomposition, to form two adamantanones (Figure 2.3A). During the various 
reaction steps in the synthesis of 1,2-dioxetane macrocycle, from the photooxidation of compound 3 
to the ring-closing of diene 5, we observed by 1H NMR that up to 20% of the 1,2-dioxetane bonds had 
decomposed (Figure 2.3B). There could have been a number of causes for this decomposition, from 
over-oxidation of diol 4 to some acidic species during the different reaction and purification steps. 
Furthermore, the Grubbs catalyst could give rise to metal-induced decomposition of the dioxetane. 
Apart from the fact that the resulting decomposition products are obviously no longer mechanically 
active, they are also acyclic and contain only one alkene group. Hence they will act as chain stoppers 
in a ROMP polymerisation and should therefore be removed from the 1,2-dioxetane macrocycle. 

OO OO

+
HD HD

HD HD HK

HK HK

HK
 

 

Figure 2.3 A) Adamantanone decomposition products that are formed after decomposition of bis(adamantyl)-
1,2-dioxetane. B) 1H NMR of macrocycle 6. Peak corresponding to adamantanone decomposition product at 
2.63 ppm(HK)  is indicated by the arrow. 

However, purification of 1,2-dioxetane macrocycle 6 by alumina column chromatography did not 
result in the complete removal of the adamantanone decomposition products. This is due to the Rf 
values being too close to allow for complete separation. Although varying solvent polarity during 
chromatography did lead to a change in Rf, the difference in Rf values of macrocycle 6 and its 
decomposition products remained small. We therefore set out to react the adamantanone species 
with a functional group that would change its chromatographic properties, thus allowing its removal 
by column chromatography. A summary of the functional groups that were tested is given in table 2.1 
at the end of this section. 

A 

B 

HD 
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Scheme 2.4 Bis(adamantyl)-1,2-dioxetane model system that was used for test-reactions with functionalised 
primary amines 

Our initial strategy was to test a model system containing unsubstituted bis(adamantyl)-1,2-
dioxetane and 2-adamantanone. In this model system the adamantanone impurity was reacted with a 
substituted primary amine to form an imine species (Scheme 2.4). To this end both benzylamine (Table 
2.1, entry 1) and an amine-functionalised polystyrene resin (entry 2) were tested; the resulting imine 
species could then be removed by column chromatography on alumina (entry 1) or by filtering off the 
polymer resin (entry 2). Unfortunately, the reactions of adamantanone with both amines turned out 
to be extremely slow under neutral conditions. The dioxetane’s sensitivity to acid prohibited the use 
of an acid catalyst to increase the rate of imine formation. Attempts to drive the reaction by adding 
DCC to remove water from the reaction mixture and hence push the equilibrium towards the imine 
product did not lead to a significant increase in reaction rate. 
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Scheme 2.5 Bis(adamantyl)-1,2-dioxetane model system that was used for test-reactions with functionalised 
hydrazines 

In order to solve the reactivity issue, we switched to using substituted hydrazines on the same 
dioxetane model system, instead of primary amines (Scheme 2.5). Since hydrazines are more 
nucleophilic than amines, we anticipated that they would be more reactive towards the carbonyls, yet 
the mild reaction conditions (i.e. non-acidic) could be retained. Initially, phenylhydrazine (Table 2.1, 
entry 3) was tested. As expected, the reaction rate was faster than with the primary amines and full 
adamantanone conversion was achieved overnight. However, our attempts to separate dioxetane 
from the resulting hydrazone using alumina column chromatography were not successful, as the 
phenylhydrazine seemed to decompose on the column. Therefore, a hydrazine functionalised 
polystyrene resin (entry 4) was tested, which would avoid the need for a column. However, no 
conversion of adamantanone was achieved with this resin. We hypothesise that this is either due to 
the low quality of the resin batch or due to a decrease in reactivity caused by the reduced mobility of 
the hydrazine groups being immobilised on the resin. 

Next, 2,5-difluorophenylhydrazine (entry 5) and 2,4-dinitrophenylhydrazine (entry 6) were tested. 
These compounds were chosen as they should have similar reactivity to unsubstituted 
phenylhydrazine. Moreover, we hoped that the electron-withdrawing fluoro- and nitro groups would 
result in improved hydrazine stability during column chromatography, as well as further change the 
chromatographic properties of the adamantanone decomposition products with respect to the 
dioxetane. Initially, this strategy worked for the model system: bis(adamantyl)-1,2-dioxetane could be 
isolated by alumina column chromatography after reacting 2-adamantanone with either 2,5-
difluorophenylhydrazine or 2,4-dinitrophenylhydrazine. However, when tested on macrocycle 6, 
isolation of the pure macrocycle after reaction with these hydrazines was not possible. We attributed 
this to the presence of long alkyl chains on both the ketone and dioxetane reducing the difference in 
chromatographic properties between the two. 
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In order to obtain a larger change in chromatographic properties, a carboxylic acid-functionalised 
phenylhydrazine was selected. We hypothesised that such a functional group would have significantly 
more interaction with the, somewhat basic, alumina phase during column chromatography. Therefore 
p-hydrazino benzoic acid (Table 2.1, entry 7) was tested. Similar to entries 5 and 6, this carboxylic acid-
functionalised phenylhydrazine enabled the isolation of bis(adamantyl)-1,2-dioxetane in the model 
system. Reacting unpurified macrocycle 6 in THF at 60° C for 3 hours resulted in full conversion (by 1H 
NMR, Figure 2.4) of the decomposition products. Subsequent purification by alumina column 
chromatography resulted in the isolation of pure bis(adamantyl)-1,2-dioxetane macrocycle 6. The yield 
of this reactive purification process is quite low, only 49% of the macrocycle was recovered. We 
hypothesise that a part of the dioxetane bonds is broken by p-hydrazino benzoic acid. However, we 
argue that in this case a high purity is more important than a high yield.  

 

Figure 2.4 1H NMR of purified bis(adamantyl)-1,2-dioxetane macrocycle 6.  
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Table 2.1 Overview of compounds that were tested for the removal of adamantanone impurities from 
bis(adamantyl)-1,2-dioxetane 

 

2.5 Experimental 
2.5.1 Materials 

Solvents and commercial reagents were purchased from Sigma-Aldrich, Merck, Biosolve or Actu-All 
and were used as received unless stated otherwise. Anydrous DCM and anhydrous THF were freshly 
taken from an MBRAUN Solvent Purification System (MB SPS-800). Deuterated solvents were obtained 
from Cambridge Isotope laboratories. Column chromatography was performed manually with silica 
gel, particle size 40-63 μm (VWR), with neutral alumina, particle size 63-200 μm (Merck), or with basic 
alumina, particle size 63-200 μm (Merck). 

2.5.2 Instrumentation 
NMR spectra were recorded at room temperature on a 400 MHz (100 MHz for 13C) Varian Mercury 

VX spectrometer or on a 400 MHz (100 MHz for 13C) Bruker Avance III HD spectrometer. Residual 
solvent signals were used as internal standards (1H: δ(CDCl3) = 7.26 ppm, 13C : δ(CDCl3) = 77.16 ppm). 
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) was 
performed on a Autoflex Speed MALDI-MS instrument (Bruker, Bremen, Germany) equipped with a 
355 nm Nd:YAG smartbeam laser. MALDI-TOF MS experiments were performed by spotting samples 
on a MTP 384 target ground steel plate using an α-cyano-4-hydroxycinnamic acid (CHCA) (Fluka, 
Switzerland) matrix. Samples were 1:1 premixed with CHCA in 50/50 acetonitrile/water supplemented 
with 0.1% v/v trifluoroacetic acid (TFA). Mass spectra were acquired in reflector positive ion mode by 
summing spectra from 500 selected laser shots. The MS spectra were calibrated with cesium triiodide 
of known masses. 

Entry Reagent Able to purify 
model 
compounds 

Able to purify 
1,2-dioxetane 
macrocycle 

Remarks 

1 
NH2  

 Not tested Reactivity too low 

2 NH2   Not tested Reactivity too low 

3 

N
H

NH2

 
 Not tested Decomposes during column 

chromatography 

4 N NH2
  Not tested Does not react at all 

5 

N
H

NH2

F

F
 

  
Only sufficiently changes 
chromatographic properties of 
model compound  

6 

N
H

NH2

NO2O2N

 

  
Only sufficiently changes 
chromatographic properties of 
model compound 

7 O

OH
H2N

N
H  

  

Sufficiently changes 
chromatographic properties of 
both model compound and 
macrocycle 
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2.6 Synthetic procedures towards bis(adamantyl)-1,2-dioxetane macrocycle 

2.6.1 10-undecenoic anhydride 
10-undecenoic acid (2.2 g; 11.9 mmol) was 

dissolved in anhydrous DCM (40 mL). To the 
resulting solution was added N,N’-

dicyclohexylcarbodiimide (DCC) (1.3 g; 6.3 mmol). Reaction flask was brought under an argon 
atmosphere and stirred overnight. The reaction mixture was filtered to remove the dicyclohexylurea 
byproduct that precipitates during reaction. Solvent was removed under reduced pressure and 
mixture was taken up in Et2O (50 mL). Mixture was filtered once more and solvent was removed 
under reduced pressure. Purification by column chromatography (silica, n-heptane/EtOAc 9:1) gave 
1.3 g (3.7 mmol; 62%) of pure 1 as a white cloudy oil. 

1H NMR (400 MHz, CDCl3): δ 5.85-5.75 (m, 2H), 5.01-4.91 (m, 4H), 2.44 (t, 4H), 2.03 (q, 4H), 1.65    
(p, 4H), 1.40-1.26 (m, 24H) 

13C NMR (100 MHz, CDCl3): δ 169.57, 139.08, 114.15, 35.25, 33.74, 29.20, 29.11, 28.92, 28.82, 24.19 

MALDI-TOF (m/z): [M+] C22H38O3 calculated 350.28; found [M+Na+] 373.35 

2.6.2 Dibromoadamantylideneadamantane 
A 250 mL round-bottom flask was charged with adamantylideneadamantane 
(3.14 g; 11.7 mmol) followed by tert-butyl bromide (1.5 mL; 1.83 g; 13.4 mmol). 
Then aluminium(III) bromide was added (15.0 g; 56.2 mmol). Upon addition, 
reaction mixture turned orange. Finally, bromine (11.2 g; 70.0 mmol) was added. 
This gave rise to the evolution of a large amount of HBr gas, which was quenched 

in aqueous Na2S2O3 (15% w/w). Mixtures were stirred for 2 hours and were then left standing for 2 
days. Afterwards the resulting black solid was quenched with ice, while adding small portions of DCM. 
The mixture was then very inconveniently extracted with DCM and washed with H2O (3x 200 mL). 
Organic phase was dried over MgSO4

 and evaporated to dryness which yielded a tarry black solid. 
Product was purified over a plug column (silica, DCM) to give 4.7 g (11.0 mmol, 94%) of 2 as a brown 
solid 

1H NMR (400 MHz, CDCl3): δ 3.04 (br, 4H), 2.44-1.65 (m, 24H) 

13C NMR (100 MHz, CDCl3): δ 131.78, 65.54, 50.42, 48.73, 37.47, 35.72, 32.70 

2.6.3 5,5’/7’-Di(2-hydroxyethylenoxy) adamantylideneadamantane 
A 250 mL round-bottom flask was charged with 2 (2.0 g; 4.7 mmol), 

followed by 1,4-dioxane (20 mL). To the resulting brown suspension was 
added ethylene glycol (112 mL; 2 mol). The flask was put under Ar 
atmosphere and AgBF4 (4.0 g; 20.5 mmol) was added. Mixture was 

heated to 85 °C and stirred for 3 hours. During the reaction a fine suspension of silver salts appeared. 
Afterwards, reaction mixture was cooled to room temperature and Et2O (300 mL) was added. Mixture 
was filtered and washed with water (3x 200 mL). Organic phase was isolated, dried over MgSO4 and 
evaporated to dryness. Purification by column chromatography (silica, CHCl3 followed by 5% 
MeOH/CHCl3) gave 0.9 g (2.32 mmol, 49%) of pure 3 as a light brown solid. 

1H NMR (400 MHz, CDCl3): δ 3.68 (m, 4H), 3.51 (m, 4H), 3.11 (br, 4H), 2.23-1.57 (m, 24H) 

13C NMR (100 MHz, CDCl3): δ 132.21, 72.36, 72.30, 62.32, 61.09, 42.77, 42.72, 41.21, 41.15, 38.39, 
38.36, 33.42, 30.84, 30.80                                                                                                                                                                                                                                     
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2.6.4 5,5’/7’-Di(2-hydroxyethylenoxy) adamantylideneadamantane 1,2-dioxetane 
A reaction vessel was charged with 3 (300 mg, 0.77 mmol) and 
methylene blue (30 mg). Mixture was dissolved in DCM (60 mL). The 
resulting solution was stirred at room temperature while bubbling with 
O2 and irradiating with a 600W high pressure sodium lamp for 4 hours. 
After this time, conversion of the reaction was checked with 1H NMR. 

Methylene blue was then removed by activated charcoal followed by filtration. The yellow solution 
was then evaporated to dryness to yield 270 mg of pure 4 as a yellow solid. 

1H NMR (400 MHz, CDCl3): δ 3.67 (m, 4H), 3.51 (m, 4H), 2.84 (br, 4H), 1.44-2.20 (m, 24H)  

13C NMR (100 MHz, CDCl3): δ 94.58, 93.94, 71.41, 70.76, 62.21, 62.18, 62.16, 61.49, 61.29, 61.17, 
53.41, 42.68, 41.26, 41.21, 40.99, 38.50, 36.20, 36.18, 34.07, 34.02, 33.90, 33.77, 33.66, 33.50, 
31.63, 29.47, 28.77, 28.58, 28.52 

2.6.5 Bis(adamantyl)-1,2-dioxetane acyclic diene 
A round bottom flask was charged with dioxetane diol 4 (170 
mg, 0.40 mmol) and DMAP (226 mg, 1.85 mmol). Anhydrous 
DCM (20 mL) was added and the flask was brought under Ar 
atmosphere. To the solution was then added 10-undecenoic 
anhydride 1 as a solution in 5 mL of anhydrous DCM. The 

resulting mixture was stirred overnight at room temperature. Afterwards, the mixture was 
concentrated in vacuo and taken up in 80 mL of Et2O. The resulting precipitate was removed by 
filtration, after which the filtrate was washed with H2O (3x 60 mL). The organic phase was isolated, 
dried over MgSO4 and evaporated to dryness. Purification by column chromatography (neutral 
alumina, n-heptane/EtOAc 2:1) gave 291 mg (0.386 mmol, 94%) of pure diene 5 as a yellow oil. 

1H NMR (400 MHz, CDCl3): δ 5.86-5.76 (m, 2H), 5.06-4.91 (q, 4H), 4.20-4.10 (m, 4H), 3.66-3.52 (m, 
4H), 2.83 (br, 4H), 2.31 (t, 4H), 2.20-1.43 (m, 28H) 1.40-1.26 (m, 24H) 

13C NMR (100 MHz, CDCl3): δ 173.85, 139.18, 114.13, 93.91, 70.91, 64.01, 63.93, 58.78, 58.62, 41.20, 
38.48, 38.34, 36.19, 36.03, 34.26, 34.10, 34.04, 33.92, 33.79, 33.66, 33.62, 33.52, 33.41, 32.96, 32.75, 
32.08, 31.89, 31.63, 30.93, 29.50, 29.30, 29.26, 29.23, 29.12, 29.08, 29.02, 28.91, 28.80, 28.55, 26.43, 
24.93, 22.69, 14.11 

MALDI-TOF: [M+] C46H72O8 calculated 752.52; found [M+Na+] 775.53 

2.6.6 Bis(adamantyl)-1,2-dioxetane macrocycle 
A round bottom flask was charged with anhydrous DCM (170 mL). Diene 
5 (270 mg, 0.36 mmol) was added as a solution in 5 mL of anhydrous 
DCM. The resulting solution was heated to 40 °C while sparging with Ar 
over the course of 15 minutes. Then Grubbs catalyst G2 (30 mg, 0.036 
mmol, 10 mol%) was added as a solution in 2 mL of anhydrous DCM. 
The mixture was then stirred at 40 °C overnight while sparging with 
argon. Afterwards, mixture was allowed to cool to room temperature 

and ethyl vinyl ether (1 mL) was added to quench the catalyst. Mixture was concentrated in vacuo. 
Purification by column chromatography (basic alumina, n-heptane/EtOAc 2:1) gave 174 mg (0.24 
mmol, 67%) 

1H NMR (400 MHz, CDCl3): δ 5.44-5.29 (m,2H), 4.21-4.15 (m, 4H), 3.63-3.55 (m, 4H), 2.83 (br, 4H), 
2.31 (t, 4H), 2.20-1.43 (m, 28H), 1.38-1.26 (m, 20H) 
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13C NMR (100 MHz, CDCl3): δ 173.83, 130.37, 93.87, 70.81, 63.74, 58.76, 46.78, 41.40, 41.35, 38.42, 
38.36, 35.95, 34.47, 34.43, 34.14, 34.01, 33.88, 33.76, 33.64, 33.60, 33.51, 33.39, 32.61, 32.45, 32.26, 
31.62, 29.64, 29.55, 29.42, 29.29, 29.20, 29.13, 29.10, 29.03, 28.96, 28.87, 28.83, 28.77, 28.50, 25.07, 
25.02, 24.98, 24.85, 22.67, 14.11 

MALDI-TOF: [M+] C44H68O8 calculated 724.49; found [M+Na+] 747.49 

2.7 Synthetic procedures towards purification of bis(adamantyl)-1,2-dioxetane 
macrocycle 

2.7.1 Bis(adamantyl)-1,2-dioxetane 
A reaction vessel was charged with adamantylideneadamantane (300 mg, 1.12 

mmol) and methylene blue (30 mg). Mixture was dissolved in DCM (70 mL). The 
resulting solution was stirred at room temperature while bubbling with O2 and 

irradiating with a 600W high pressure sodium lamp for 3 hours. After this time, conversion of the 
reaction was checked with 1H NMR. Methylene blue was then removed by activated charcoal followed 
by filtration. The colourless solution was then evaporated to dryness to yield 263 mg (0.88 mmol, 79%) 
of pure bis(adamantyl)-1,2-dioxetane as a white solid. 

1H NMR (400 MHz, CDCl3): δ 2.64 (s, 4H), 1.99-1.55 (m, 24H) 

13C NMR (100 MHz, CDCl3): δ 95.79, 37.26, 34.63, 32.78, 31.84, 26.73, 26.52 

2.7.2 2,4-dinitrophenylhydrazine 
To a round-bottom flask was added EtOH (50 mL) followed by hydrazine 

monohydrate (5.5 mL). Then, 2,4-dinitrochlorobenzene (1.79 g, 8.84 mmol) was 
added dropwise as a solution in EtOH (60 mL). Upon addition, mixture turned 

from yellow to red. After 1 hour a precipitate had formed. Mixture was left to stir for another 15 
minutes and was then placed on ice. Filtration followed by drying in vacuo gave 1.27 g (6.41 mmol, 
72%) of pure 2,4-dinitrophenylhydrazine as a red solid.  

1H NMR (400 MHz, DMSO-d6): δ 9.99 (s, 1H), 8.82-8.81 (d, 1H), 8.27-8.24 (dd, 1H), 7.69-7.66 (d, 1H), 
5.04 (s, 2H) 

13C NMR (100 MHz, DMSO-d6): δ 149.07, 134.16, 129.47, 127.44, 123.39, 115.46   

2.7.3 General synthetic procedure towards purification of bis(adamantyl)-1,2-dioxetane model 
system 

To a dry round-bottom flask was added bis(adamantyl)-1,2-dioxetane (1 eq.) followed by 2-
adamantanone (0.2 eq.), DCC (4 eq.) and the functionalised amine or phenylhydrazine (4 eq). Mixture 
was then dissolved in anhydrous THF, placed under Ar atmosphere and stirred overnight. Afterwards, 
conversion of 2-adamantanone towards imine or hydrazone derivative was checked by 1H NMR. If the 
reaction was successful, purification of bis(adamantyl)-1,2-dioxetane was tried by column 
chromatography (basic alumina, n-heptane/EtOAc 2:1) 

2.7.4 Synthetic procedure towards purification of bis(adamantyl)-1,2-dioxetane macrocycle 
Bis(adamantyl)-1,2-dioxetane macrocycle 6 (76 mg, 0.10 mmol) was dissolved in anhydrous THF (5 

mL). Flask was placed under Ar atmosphere. p-Hydrazinobenzoic acid (75 mg, 0.60 mmol) was added 
and solution was heated to 60 °C. Mixture was stirred for 2.5 hours. Conversion of adamantanone 
impurity was checked by 1H NMR. Residual undissolved p-hydrazinobenzoic acid was filtered off. 
Purification of macrocycle 6 by column chromatography (basic alumina, n-heptane/EtOAc 2:1) gave 40 
mg (0.06 mmol; 55 %) of pure bis(adamantyl)-1,2-dioxetane macrocycle as a clear yellow oil. 
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3 Mechanoluminescent ROMP polymers 

3.1 Introduction 

After the successful synthesis and purification of a bis(adamantyl)-1,2-dioxetane macrocycle, our 
next step was to (co)polymerise this macrocycle in order to obtain mechanoluminescent ROMP 
polymers. In this chapter we show that it is possible to polymerise the bis(adamantyl)-1,2-dioxetane 
mechanophore through ROMP of the macrocyclic monomer by copolymerising it with cis-cyclooctene. 
Moreover, we show that these polymers are indeed mechanoluminescent. 

3.2 Ring-opening metathesis polymerisation (ROMP) 

Ring-opening metathesis polymerisation (ROMP) is a convenient tool for the polymerisation of 
cyclic monomers. The first publication of a ring-opening polymerisation dates back to 1960, in which 
Truett et al. report the polymerisation of norbornene catalysed by a Ti-based catalyst.1 Over the years, 
it was established that these ring-opening polymerisations proceed by olefin metathesis and are 
catalysed by transition metal-carbene complexes.2 Since then a large number of these complexes has 
been developed for olefin metathesis reactions, many of which can act as initiators for ROMP.3 
However, nowadays the ruthenium carbene complexes that were developed by Grubbs and co-
workers (vide Chapter 2) are the preferred catalysts for these polymerisations, because of their 
superior stability towards air and moisture as well as their tolerance of a wide range of functional 
groups. 

 

Scheme 3.1 Mechanism of ROMP. Reprinted by permission from Macmillan Publishers Ltd: Polymer Journal 
(ref. 4) , copyright 2010 

Based on the general mechanism for metathesis proposed by Chauvin,2 the mechanism of ROMP is 
given in Scheme 3.1. In the initiation step, the cyclic monomer coordinates to the metal alkylidene of 
the catalyst. Subsequently, [2+2] cycloaddition gives a metallocyclobutane intermediate that 
undergoes a cycloreversion reaction to form a linear chain. During the propagation of the 
polymerisation, these steps are repeated to give the polymer chain. Polymerisation then continues 
until either the monomer is consumed completely, or the system has reached equilibrium. 
Alternatively, polymerisation can be terminated by addition of a monofunctional alkene. Often, ethyl 
vinyl ether is added to quench the polymerisation, as this not only terminates the reaction, but 
removes the metal from the polymer chain as well.  
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Usually, ROMPs are driven by the relief of ring-strain in cyclic olefins. In order to overcome the 
unfavourable decrease in entropy upon polymerisation, considerable ring strain is required (> 5 
kcal/mol).4 This limits the range of suitable monomers to highly strained molecules like norbornene, 
cis-cyclooctene and cyclopentene. However, in recent years a large number of studies have been 
published, describing the ROMP of virtually strainless macrocyclic olefins. In these cases, the 
polymerisation is entropy-driven rather than driven by the relief of ring-strain. Therefore, these 
polymerisations are commonly referred to as entropy-driven ring-opening metathesis polymerisations 
(ED-ROMP).5  

Despite the fact that translational entropy will decrease upon polymerisation, this loss will be lower 
for macrocycles than for smaller rings, because of their relatively high molecular mass. Therefore, the 
effect of translational entropy loss is relatively small in macrocyclic monomers. Furthermore, the 
translational entropy is concentration-dependent. Hence, the relative loss in translational entropy 
upon polymerisation can be minimised by using high molecular mass polymers at a high concentration. 
Additionally, for a macrocycle the conformational entropy will increase upon polymerisation, as the 
linear chain will have more available microstates than the ring-closed monomer. The relatively low loss 
in translational entropy together with the increase in conformational entropy provide an entropic 
driving force for the polymerisation of macrocyclic olefins. 

Traditional ROMPs (when tightly controlled) are generally able to display living behaviour, giving 
access to nearly monodisperse polymers. However, ED-ROMPS are thermodynamically controlled and 
typically produce a mixture of cyclic oligomers and linear polymers, as backbiting during 
polymerisation is relatively likely because of the high concentration.5 Therefore, the polydispersity of 
ED-ROMPs is usually significantly higher than for ROMPs and can reach values of up to 2.6 

3.3 Fast-initiating Grubbs catalyst 

As mentioned earlier in this chapter, Grubbs first generation and in particular Grubbs second 
generation catalysts are mostly the preferred catalysts for metathesis reactions. However, the rate of 
initiation (ki) of the Grubbs second generation catalyst is lower than its rate of propagation (kp), which 
is disadvantageous for the polydispersity of the resulting polymer. This effect is even more pronounced 
when the polymerisation is entropy-driven, as ED-ROMPs are statistical dynamic covalent ring-chain 
equilibrations.5 
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Scheme 3.2 Synthesis of fast-initiating Grubbs-py catalyst 

In order to increase the rate of initiation, modified second generation Grubbs catalysts have been 
developed. In these catalysts, the phosphine ligand is replaced by more labile pyridine ligands. Since 
we anticipated that using such a modified catalyst would lower the polydispersity of our polymers, we 
synthesised a fast-initiating Grubbs catalyst (Grubbs-py) by carrying out a ligand exchange reaction on 
the commercially available G2 catalyst. (Scheme 3.2) 
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3.4 Synthesis of polymers 

Our synthetic procedure towards mechanoluminescent ROMP polymers relied on the ED-ROMP of 
our macrocyclic bis(adamantyl)-1,2-dioxetane monomer with cis-cyclooctene, initiated by Grubbs-py 
(Scheme 3.3).  
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Scheme 3.3 Synthesis of Poly(Diox-COE) 

Since the polymerisation is entropy-driven, a high monomer concentration was required. 
Therefore, the polymerisations were carried out at a concentration of 1 M. The 1,2-dioxetane 
macrocycle and cis-cyclooctene were mixed in a 1:99 molar ratio respectively, in order to obtain 
Poly(Diox-COE) containing 1 mol% of 1,2-dioxetane mechanophore. In order to reach a molecular 
weight that is sufficient for mechanochemical activation, a relatively low amount of catalyst, 0.01 
mol%, was used to minimise the number of growing chains and thus to maximise the molecular weight 
per chain. Furthermore, the polymerisations were carried out over the course of 1h, which is a usual 
time period for ROMP.7 We hypothesised that this time period is long enough for the random 
incorporation of 1,2-dioxetane in the chains, as any non-random incorporation of 1,2-dioxetanes can 
be overcome by secondary metathesis. This means that the active catalytic species will react with an 
internal alkene bond in the growing polymer chain.8 Furthermore, this time period is short enough to 
prevent significant loss in polymer molecular weight due to backbiting of the growing chains, which 
would also lead to an increase in polymer dispersity.8  This way we were able to obtain Poly(Diox-COE) 
with a Mn of 109.2 kDa and a dispersity of 1.64.  

  

Figure 3.1 1H NMR of Poly(Diox-COE) 
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In order to verify that Poly(Diox-COE) indeed contains 1 mol% of 1,2-dioxetane, we performed 1H 
NMR analysis on the polymer (Figure 3.1). Comparison of the integral of the olefinic region (HA) with 
the integrals of the signals belonging to the ester groups in bis(adamantyl)-1,2-dioxetane macrocycle 
(HB and HC), as well as the characteristic 1,2-dioxetane resonance (HD) confirmed that Poly(Diox-COE) 
contains 1 mol% 1,2-dioxetane. 
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Scheme 3.4 Synthesis of Poly(COE) 

Besides Poly(Diox-COE), we also synthesised a poly(cyclooctene) control polymer (Poly(COE)) 
(Scheme 3.4). This control polymer was required to verify that any activity of Poly(Diox-COE) that is 
measured in ultrasonication is of mechanochemical nature, rather than thermally-induced activity in 
sonication hotspots. Therefore a control polymer was needed that has a similar molecular weight as 
Poly(Diox-COE). Since cis-cyclooctene was expected to be far more reactive in ROMP than a 1,2-
dioxetane macrocycle and is reported to rapidly gelate upon initiation of polymerisation,9 control of 
molecular weight is quite challenging for these polymers. For this reason we used cis-1,4-diacetoxy-2-
butene as a chain transfer agent (CTA) in the polymerisation. This acyclic olefin terminates the 
polymerisation and removes the polymer chain from the metal centre (as described in Scheme 3.1), 
yet without deactivating the catalyst as a quenching agent like ethyl vinyl ether would. By varying the 
ratio between CTA and cis-cyclooctene, we were able to control the molecular weight of Poly(COE). 
Ultimately we were able to synthesise Poly(COE) with a Mn of 138.5 kDa and a dispersity of 1.59. We 
assert that this molecular weight matches that of Poly(Diox-COE) (Mn =  109.2 kDa) to a sufficient extent 
for the purposes of a mechanoluminescence control experiment. 

3.5 Mechanochemical scission of polymers 

3.5.1 Mechanoluminescence 
Upon sonication of Poly(Diox-COE), the emission of light could be observed almost instantaneously 

(Figure 3.2, blue line). The maximum intensity of mechanoluminescence is reached within seconds 
after the start of sonication. When this maximum intensity was reached, it decreased rapidly in the 
first minutes of sonication, after which the decay was more gradual. Firstly, this indicates that 
Poly(Diox-COE) underwent mechanically induced chemiluminescent decomposition. Secondly, the 
presence of both a fast- and a more gradual decay of luminescence intensity indicate that the scission 
rate of Poly(Diox-COE) was not constant over time. We propose that this results from the dispersity of 
the polymer. Despite the dispersity of Poly(Diox-COE) being relatively low (1.64) for ED-ROMPs, this 
still corresponds to a broad distribution of molecular weights. We hypothesise that in the first 2 
minutes of sonication a small fraction of the polymer chains were broken that were very high in 
molecular weight. Since chain scission of polymers in ultrasonication is a function of the polymer 
molecular weight, this would explain the faster intensity decay in the first minutes of sonication. 

In order to confirm that the measured luminescence is of truly mechanochemical nature, a control 
sonication with Poly(COE) was carried out. Unfunctionalised bis(adamantyl)-1,2-dioxetane was added 
to the polymer solution. Upon sonication, no light emission was observed for this mixture (Figure 3.2, 
black line). This was as expected, since the dioxetane was not attached covalently to the polymer and 
was therefore decoupled from the applied force. Therefore, the control experiment confirmed that 
the measured luminescence is indeed mechanochemically induced. 
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With these measurements we have been able to show the proof-of-concept of our ED-ROMP 
approach to synthesise mechanoluminescent polymers. This allows for future extension of this 
synthetic tool to synthesise copolymers of 1,2-dioxetane with other mechanophores. 

 

Figure 3.2 A 2 mg/mL solution of Poly(Diox-COE) in CH4 saturated toluene was sonicated in the presence of 
9,10-diphenylanthracene. Sonication flask was cooled to 2 °C. Luminescence was monitored with a 
photodiode, which was placed under the sonication flask during sonication. Light intensity was measured as 
the change in current. A control solution containing Poly(COE) and unfunctionalised bis(adamantyl)-1,2-
dioxetane did not give any light emission upon sonication 

 

3.5.2 Molecular weight decrease 
Aside from emitting light upon mechanochemical activation, Poly(Diox-COE) was also expected to 

break faster during sonication than a polymer that does not contain a mechanophore, as it contains a 
number of intrinsically weak bonds. Hence, the molecular weight of Poly(Diox-COE) should be 
decreasing faster during sonication than the molecular weight of Poly(COE). In order to verify that this 
is the case, GPC measurements of the sonicated polymers were carried out for a range of sonication 
time periods. The GPC traces of these measurements are given in Figure 3.3 (A and C). For both 
polymers, the GPC traces shifts towards longer retention times upon sonication, which should be the 
case for a polymer that is decreasing in molecular weight. Moreover, the shift is continuous for 
increasing time periods. However, from the GPC traces, it is not clear which polymer has experienced 
a faster molecular weight decrease (Table 3.1). In addition, the two polymers cannot not be compared 
directly, as the initial molecular weight of both polymers differs. 
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Figure 3.3 GPC data of sonicated polymers. A) GPC traces of Poly(Diox-COE) B) Molecular weight distribution 
of GPC RI chromatogram of Poly(Diox-COE) C) GPC traces of Poly(COE) D) Molecular weight distribution of 
GPC RI chromatogram of Poly(COE) 

Table 3.1  Decrease in number-average molecular weights and polydispersities of Poly(Diox-COE) and 
Poly(COE) after subjection to ultrasonication 

 Poly(Diox-COE) Poly(COE) 
 Mn (kDa)  Ð Mn (kDa)  Ð 
Initial polymer 109.2 1.64 138.5 1.59 
5 min 85.7 1.51 122.6 1.40 
10 min 78.4 1.48 116.6 1.36 
15 min 78.1 1.45 103.5 1.38 
25 min 69.3 1.45 101.2 1.35 
45 min 65.9 1.40 90.6 1.29 

 
The molecular weight distributions (MWDs) for the various sonication times of both polymers show 

a similar trend (Figure 3.3, B and D). The high molecular weight parts of the distribution show a 
decrease in intensity with increasing sonication time, which subsequently gives rise to an increase in 
intensity at the low molecular weight part of the distribution. Furthermore, the width of the molecular 
weight distribution decreases in the first minutes of sonication, i.e. the dispersities of both polymers 
decrease during sonication. In the case of Poly(Diox-COE) this decrease is most profound in the first 15 
minutes of sonication, where Ð decreases from 1.6 to 1.4 (Table 3.1). This supports our hypothesis that 

A 

C 

B 

D 
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during sonication, a fraction of very large chains are broken initially, followed by a more gradual 
scission of the rest of the polymer distribution. In the case of control Poly(COE) the decrease in 
dispersity continues after 15 minutes of sonication. However, this polymer does not contain a 
mechanophore, hence it will only undergo aspecific scission.  

In order to compare the relative amounts of chain scission for each polymer, we make use of the 
scission cycle concept. Introduced by Craig and co-workers, the polymer scission cycle (SC) is a measure 
of the generation of daughter chains that originate from a parent chain which is sonicated.10 The 
polymer scission cycle is calculated from the number-average molecular weights during a range of time 
intervals in the sonication experiment, and can be calculated using eq. 3-1. 

𝑆𝑆𝑆𝑆 = ln�𝑀𝑀𝑛𝑛,0�−ln (𝑀𝑀𝑛𝑛,𝑡𝑡)
ln (2)

         (3-1) 

A schematic representation of the physical significance of this concept is given in figure 3.4. For a 
single polymer chain, one scission cycle means that the chain is cut in half, giving two daughter chains. 
Then, in the next scission cycle the two daughter chains are cut into four granddaughter chains etc. 
Consequently, for a distribution of polymer chains one scission cycle represents a two-fold decrease 
of the number-average molecular weight. Hence, the polymer scission cycle is a useful expression for 
the degree of chain scission of a certain polymer. Furthermore, it can be used as a means of normalising 
individual sonication experiments. 

 

Figure 3.4 Schematic representation of the polymer scission cycle. Reprinted with permission from ref. 11. 
Copyright 2011 American Chemical Society. 

SC = ln�𝑀𝑀𝑛𝑛,0� −ln(𝑀𝑀𝑛𝑛,𝑡𝑡)
ln(2)

  

ln(Mn,t)= ln�Mn,0� -ln(2)∙SC  
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By applying eq 3-1 to the number-average molecular weights as a function of sonication time that 
were calculated from GPC traces, the polymer scission cycles of Poly(Diox-COE) and Poly(COE) can be 
determined (Figure 3.5). From the scission cycles at the various sonication times it immediately 
becomes clear that Poly(Diox-COE) is broken faster during ultrasonication than the control Poly(COE), 
as its scission cycle at each individual time point is higher. This is due to the fact that the concept of 
polymer scission cycle is a way of normalising for differences in sonication conditions (e.g. initial 
molecular weight). Although the molecular weights of the polymer do not precisely match (i.e. the 
difference in Mn is 30 kDa), this is unlikely to affect the conclusion of our analysis: if the molecular 
weight of the control polymer were the same as the dioxetane copolymer, the scission cycle of the 
control polymer would be even lower.10 Nevertheless, for a fully quantitative analysis, a control 
polymer with the exact same molecular weight would be required. 

 

Figure 3.5 Polymer scission cycles of Poly(Diox-COE) and Poly(COE) at various time periods of 
ultrasonication. 

3.6 Experimental 

3.6.1 Materials 
Solvents and commercial reagents were purchased from Sigma-Aldrich, TCI Chemicals, Acros 

Organics, Biosolve or Actu-All and were used as received unless stated otherwise. Toluene was dried 
over 4 Å molecular sieves. Anhydrous DCM was freshly taken from an MBRAUN Solvent Purification 
System (MB SPS-800). Deuterated solvents were obtained from Cambridge Isotope laboratories.  

3.6.2 Instrumentation 
NMR spectra were recorded at room temperature on a 400 MHz (100 MHz for 13C) Varian Mercury 

VX spectrometer or on a 400 MHz Bruker Avance III HD spectrometer. Residual solvent signals were 
used as internal standards (1H: δ(CDCl3) = 7.26 ppm). Gel permeation chromatography (GPC) was 
performed on a Shimadzu Prominence-I LC-2030C 3D system equipped with a RID-20A refractive index 
detector and THF as a solvent at a flow rate of 1 mL/min (20 °C). Molecular weights were calculated 
relative to monodisperse PS standards. 
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3.6.3 Ultrasonication experiments 
A homemade, double-jacketed glass reactor with a volume of 10 mL was used in the sonication 

experiments. A Sonics & Materials 20 kHz, 0.5” diameter titanium alloy ultrasound probe with half-
wave extension (parts 630-0220 and 630-0410) was operated using a Sonics & Materials VC750 power 
supply. The temperature in the sonication flask was maintained at 2 °C with a Lauda E300 cooling bath. 

For the individual sonication experiments, 4 mL of polymer dissolved in dry toluene at a 
concentration of 2 mg/mL was added to the pre-cooled sonication flask. Solutions were bubbled with 
saturation gas (CH4) via teflon tubing for 15 minutes prior to sonication as well as during the sonication. 
Toluene was removed after sonication and residues were dissolved in THF for GPC analysis. 

The sonication set-up was covered in darkness during mechanoluminescence measurements to 
exclude background light. 9,10-Diphenylanthracene (DPA) was added to the polymer solutions at a 
concentration of 50 mM to increase the quantum yield om mechanoluminescence. For the control 
experiment, unfunctionalised bis(adamantyl)-1,2-dioxetane was added to the Poly(COE) solution. 
Mechanoluminescence intensity was measured with a silicon photodiode (Hanamatsu, diameter of 
photosensitive area 7 mm) connected to a Keysight B2981 Femto/Picoammeter. 

3.7 Synthetic procedures towards polymers 

3.7.1 Grubbs-py catalyst 
 Synthesis of Grubbs-py catalyst was carried out by adapting a 

literature procedure.12 A dry Schlenk tube was flushed with Ar for 
10 minutes. Grubbs II catalyst (148 mg, 0.17 mmol) was added, 
followed by anhydrous toluene (1.0 mL). To the resulting red 
solution was added pyridine (1.2 mL). Upon addition, the solution 
immediately turned green. Mixture was stirred for another 15 
minutes and was then precipitated into cold pentane (5 mL). 
Filtration followed by drying under vacuum gave 43 mg (0.06 

mmol, 35) of Grubbs-py as a green solid. 

3.7.2 Poly(Diox-COE) 
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To a dry round bottom flask was added bis(adamantyl)-1,2-dioxetane macrocycle (12.5 mg; 0.016 
mmol) as a solution in anhydrous DCM (0.9 mL). Cis-cyclooctene (0.18 mL, 153 mg, 0.14 mmol) was 
added and the solution was placed under Ar atmosphere. After stirring under Ar for 15 minutes, 
Grubbs-py (1.11 mg, 0.1 mol%) was added as a solution in anhydrous DCM (0.1 mL). Reaction mixture 
became very viscous after addition of catalyst, therefore 1 mL of anhydrous DCM was added to allow 
stirring of the mixture. After 1 hour a few drops of ethyl vinyl ether were added to stop the 
polymerisation. Mixture was left to stir for 15 more minutes. Polymer was precipitated from cold 
MeOH, isolated, redissolved in DCM and precipitated in cold MeOH once more. Filtration followed by 
drying under vacuum gave 141 mg (85%) of Poly(Diox-COE) as a white solid. 

Mn (GPC): 109.2 kDa 

Ð (GPC): 1.64 (Figure 3.6) 
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Figure 3.6 Molecular weight distribution of GPC RI chromatogram of Poly(Diox-COE) 

3.7.3 Poly(COE) 

O

O
O

O

n

Poly(COE)  

To a dry round bottom flask was added anhydrous DCM (2.1 mL) followed by cis-cyclooctene (0.29 
mL, 250 mg, 2.3 mmol). Solution was put under Ar atmosphere and left to stir for 15 minutes. 
Afterwards, cis-1,4-diacetoxy-2-butene (1.8 μL, 0.165 mg, 0.00023 mmol) was added to the mixture. 
Grubbs-py (0.165 mg, 0.01 mol%) was added as a solution in anhydrous DCM (0.2 mL) to initiate 
polymerisation. After 1 hour a few drops of ethyl vinyl ether were added to stop the polymerisation. 
Mixture was left to stir for 15 more minutes. Polymer was precipitated from cold MeOH, isolated, 
redissolved in DCM and precipitated in cold MeOH once more. Filtration followed by drying under 
vacuum gave 229 mg (92%) of Poly(Diox-COE) as a white solid.  

Mn (GPC): 138.5 kDa 

Ð (GPC): 1.59 (Figure 3.7) 

 
Figure 3.7 Molecular weight distribution of GPC RI chromatogram of Poly(COE) 
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4 Towards elucidation of the relative mechanical strength of 
the dioxetane mechanophore 

4.1 Introduction 

Since its development as a mechanochemical stress-reporting unit, the bis(adamantyl)-1,2-
dioxetane has been used in a range of polymeric systems (vide chapter 1). However, the (relative) 
mechanical strength of this mechanophore has yet to be characterised. Although the decomposition 
energy of the 1,2-dioxetane under thermal activation was established to be 35 kcal/mol in 1975,1 the 
decomposition energy under an applied force has never been determined. Since the 1,2-dioxetane is 
used as a stress-reporting unit, it would be of great importance to know the force at which it 
decomposes. The thermal decomposition energy of the 1,2-dioxetane only provides a rough estimate 
for the strength of the mechanophore, as mechanochemical scission is sensitive to the geometry of 
the force that is experienced by the mechanophore. 

In this chapter, we report a strategy towards the elucidation of the relative mechanical strength of 
the dioxetane mechanophore, by synthesising multimechanophore copolymers containing 1,2-
dioxetane moieties in a mechanoactive gem-dichlorocyclopropane (gDCC) backbone and subsequently 
studying the competition between the activation of both mechanophores. 

4.2 gDCC as a tool for the determination of the relative mechanical strength of 
weak bonds 

In a recent study, Craig and co-workers determined the relative mechanical strength of several 
“weak” scissile bonds, namely the carbon-nitrogen bond of an azobisdialkylnitrile, the carbon-sulphur 
bond of a thioether and the carbon-oxygen bond of a benzylphenylether (Figure 4.1).2 By scissile, we 
mean that under mechanochemical activation, the bond undergoes scission, dividing the chain into 
two halves. 

N
N

CN

NC
S

O

 

Figure 4.1 Scissile “weak” bonds that were studied by Lee et al.2 The attachment points for polymeric handles 
are denoted by green circles.  

The strategy of this study is shown in Figure 4.2. By synthesising copolymers of the scissile weak 
bonds of interest with non-scissile gDCC mechanophores, a competition between scission of the weak 
bond and ring-opening of the gDCC mechanophore is created when such a polymer is subjected to 
mechanochemical activation (e.g. ultrasonication).  Effectively, this means that when a force is applied 
on the polymer chain, the gDCC moieties will start to ring-open due to a build-up of stress as the 
polymer elongates. This process will continue until the weak bonds experience sufficiently high forces 
to undergo scission. In such an experiment the amount of gDCC ring-opening as compared to the 
amount of weak bond scission will be a measure of the relative mechanical strength of the weak bond. 
The weaker the scissile bond, the fewer gDCCs open prior to chain scission. 

By exploiting this mechanophore competition strategy, Craig and co-workers have been able to 
determine the relative mechanical strength of the aforementioned “weak” bonds. They found that the 
mechanical strengths do not follow the same pattern as their thermodynamic decomposition energies. 
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Whereas, thermodynamically, the C-N bond of an azobisdialkylnitrile (24-30 kcal/mol)3 is the weakest 
bond, followed by the C-O bond of a benzylphenylether (52-54 kcal/mol)4 and the C-S bond of a 
thioether (71-74 kcal/mol),5 the benzylphenylether turned out to have a greater mechanical strength 
than the thioether.2 The origin of this remarkably high mechanical stability was ascribed to poor 
mechanochemical coupling caused by rehybridisation due to a change in geometry during the bond 
elongation.2 In addition to outlining a new methodology for the determination of the relative 
mechanical strengths of “weak” covalent bonds, this study demonstrated that the mechanical strength 
of a bond does not necessarily correlate with its thermodynamic bond strength. 

 

Figure 4.2 Schematic representation of the multimechanophore approach of Lee et al.2 to determine the 
relative mechanical strength of several scissile “weak” bonds. Reprinted with permission from ref. 2. Copyright 
2015 American Chemical Society. 

4.3 Theoretical aspects 

Inspired by the aforementioned study of Craig and co-workers, we employed a similar strategy to 
study the relative mechanical strength of the bis(adamantyl)-1,2-dioxetane. This strategy included the 
synthesis of a copolymer of our 1,2-dioxetane macrocyclic monomer with a cyclic gDCC-containing 
ROMP substrate. Activation of such a polymer by ultrasonication would then lead to a competition 
between scission of the 1,2-dioxetane and gDCC-ring opening, similar as in the study of Lee et al., but 
with the additional advantage that the scission of the weak bond produces light and can therefore be 
monitored in situ (Figure 4.3). 

 
Figure 4.3 Schematic representation of the multimechanophore approach of bis(adamantyl)-1,2-dioxetane 
with gDCC. When subjected to ultrasonication, elongation of the polymer chain will lead to activation of the 
non-scissile gDCC followed by mechanoluminescent scission of the 1,2-dioxetane bond. 
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Effectively, sonication of a 1,2-dioxetane-gDCC copolymer will give rise to three mechanochemical 
responses that each can be measured, namely the amount of gDCC moieties that have ring-opened, 
degradation of the molecular weight of the polymer and the emission of mechanoluminescence. The 
ratio of ring-opened gDCC-moieties is readily determined from 1H NMR spectroscopy. Namely, the 2,3-
dihaloalkane formation due to gDCC ring-opening will give rise to the appearance of new 1H resonances 
at 5.86 ppm (HA) and 4.46 ppm (HB) (Figure 4.4).6 By determining the integrals of these new 1H NMR 
peaks, as well as the integral of the original alkene resonance at 5.4-5.5 ppm, the amount of gDCC ring-
opening (φ) can be calculated using equation 4-1:2 

ϕ = 
Int HA+Int HB 

Int HC∙(1-𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑑𝑑𝑚𝑚%
100 )

         (4-1) 

Note that the dioxetane macrocycle has the same alkene resonance (Hc) as the gDCC 
mechanophore. Equation 4.1 is corrected for this by subtracting the relative amount of 1,2-dioxetane 
macrocycle that is present in the polymer from the Hc integral. 

ClCl

Cl Cl

ClCl

ClCl Cl ClCl

)))

HA

HB

Cl

HC

HC

HC

HC HCHC

 

Figure 4.4 Ultrasound-induced ring-opening of gDCC will give rise to new 1H NMR resonances, denoted by HA 
and HB. This allows for the determination of the relative amount of ring-opened gDCC moieties in a polymer 
by relating the integrals of HA and HB to the integral of the original alkene Hc. 

By measuring the decrease in polymer molecular weight with increasing sonication time with GPC, 
the amount of chain scission, expressed as polymer scission cycle as introduced in Chapter 3, can be 
determined. Then, the amount of ring-opening (φ) can be plotted against the polymer scission cycle. 
Extrapolation to one full scission cycle by taking the slope of the φ versus SC curve, φi, will then 
represent the amount of gDCC ring-opening that occurs before one single bond scission. Not only is 
this a measure of the relative mechanical strength of the polymer that was sonicated, and hence the 
mechanophore that is incorporated in it, we can use it to determine the force that is required for chain 
scission of the polymer to occur as well, as we describe below.  

When a polymer chain is fully elongated during sonication, the force distribution along the chain 
will take a parabolic form, assuming that the chain becomes fully elongated during sonication (Figure 
4.5). The force will peak in the middle of the chain, where we assume that a scissile mechanophore 
will be that will break, and decreases to both ends of the chain. In a previous study, the force that is 
required to activate the gDCC mechanophore was determined by Craig and co-workers to be 1.33 nN.7 
However, this force was determined by single-force molecular spectroscopy, which acts on a 
significantly different time scale (100-101 s) than ultrasonication (10-6 s).8 Therefore, extrapolation of 
the gDCC ring-opening force to the time scale of ultrasonication by fitting a cusp model is necessary, 
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and this yields Fopen = 2.04 nN.2 As both Fopen of gDCC and the amount of ring-opening prior to scission 
are known, the fraction of the polymer chain that experiences a force high enough to activate the gDCC 
can be determined (Figure 4.5). Furthermore, the force that is required to break the polymer chain 
(Fbreak) follows from Fopen and the parabolic shape of the force-distribution curve by applying equation 
4-2: 

ϕ i= �Fbreak- Fopen

Fbreak
     (4-2) 

 

Figure 4.5 Force distribution along a polymer backbone that is elongated by ultrasonication. The force at 
which the polymer chain breaks is represented by Fbreak. The force that is required for gDCC ring-activation on 
the time scale of activation by ultrasonication is represented by Fopen.  

With the abovementioned analysis it is possible to quantitatively compare the forces that are 
required to break polymers containing different mechanophores. However, we must stress that the 
forces that can be calculated with this method represent the forces at break of the polymers containing 
the mechanophores. Despite the assumption that chain scission occurs at the mechanophore, being 
inherently weaker than the other covalent bonds in the main chain, Fbreak does not directly represent 
the force that is needed to break the mechanophore itself. Polymer chain scission by ultrasonication 
is also affected by the molecular weight of the polymer. Therefore, two polymers containing the same 
mechanophore, yet having different molecular weights will have a different Fbreak. Consequently, 
comparison of the relative mechanical strength of mechanophores using this method is only valid 
when the polymers that contain the mechanophores have a similar molecular weight. Furthermore, 
the amount of chain scission will as well depend on the amount of mechanophore incorporation in the 
polymer chain. Therefore similar amounts of mechanophores should be incorporated in a polymer. 
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4.4 Synthesis of a gDCC monomer that is suitable for ROMP 

In order to incorporate our bis(adamantyl)-1,2-dioxetane macrocycle in a gDCC polymer backbone 
by ED-ROMP, the synthesis of a cyclic gDCC-containing moiety was required. We chose a gDCC-
containing cyclooctene derivative (gDCC-COE, Scheme 4.1), as this molecule was used in the study by 
Lee et al., in addition to being reported previously in the literature.9 Moreover, a copolymer of 1,2-
dioxetane macrocycle with gDCC-COE will have a similar structure as Poly(Diox-COE) that was 
described in Chapter 3. This will facilitate the comparison of both polymers. 

+
Cl Cl

Cl

ClCl

NaOH

N

Cl gDCC-COECOD
 

Scheme 4.1 Synthesis of gDCC-COE 

For the synthesis of gDCC-COE, a dichlorocarbene route was followed (Scheme 4.1). Deprotonation 
of chloroform by aqueous sodium hydroxide yielded the dichlorocarbene reactive intermediate. In 
order to facilitate the migration of hydroxide into the organic phase, benzyltrimethylammonium 
chloride was used as a phase transfer catalyst. A [1+2] cycloaddition of dichlorocarbene to 1,5-
cyclooctadiene (COD) lead to the formation of gDCC-COE, which was purified by vacuum distillation to 
give pure gDCC-COE in a moderate yield (26%). 

4.5 Synthesis of polymers 
To synthesise copolymers of bis(adamantyl)-1,2-dioxetane macrocycle with gDCC-COE, we 

employed a similar strategy as for the synthesis of Poly(Diox-COE) that was described in chapter 3, 
again making use of Grubbs-py as an initiator for ROMP (Scheme 4.2).  
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Scheme 4.2 General synthesis of Poly(Diox-gDCC) 

Initially, we tried to incorporate 10 mol% of 1,2-dioxetane in the Poly(gDCC) backbone, in order to 
allow for direct comparison of the relative mechanical strength of 1,2-dioxetane with the “weak” 
bonds that were studied by Lee et al., as in this study, the polymers also contained 10 mol% of the 
weak bond units.2 However, when we tried to polymerise a 1:9 mixture of bis(adamantyl)-1,2-
dioxetane macrocycle and gDCC-COE, the molecular weight of the resulting polymer turned out to be 
very low (i.e. Mn = 22 kDa). Furthermore, 1H NMR analysis indicated that the polymer only contained 5 
mol% of 1,2-dioxetane. We hypothesised that the 1,2-dioxetane functional group coordinated to the 
metal centre of the Grubbs catalyst, which would lead to deactivation of the active species, thus 
preventing full conversion of both monomers. This could explain the low molecular weight of the 
polymer as well as the incomplete incorporation of 1,2-dioxetane macrocycle, as the polymerisation 
would be terminated before complete monomer consumption. Another explanation might be that 
there is an intrinsic difference in reactivity between 1,2-dioxetane macrocycle and gDCC-COE.  
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Since we have shown that it is possible to incorporate 1 mol% of 1,2-dioxetane in a 
poly(cyclooctene) backbone in chapter 3, we contended that the proposed deactivation of the active 
catalytic complex would be less profound when a lower amount of 1,2-dioxetane is incorporated in 
the polymer. Therefore, we decided to synthesise Poly(Diox-gDCC) containing 1 mol% of 1,2-dioxetane. 
As expected, this did indeed result in a higher molecular weight, with Mn = 103 kDa and a dispersity 
similar to the copolymers with cyclooctene, Ð=1.69. We noticed that the polymerisations of our 
bis(adamantyl)-1,2-dioxetane macrocycle with gDCC-COE showed quite poor reproducibility, as three 
polymerisations that were carried out under similar conditions all have a rather different molecular 
weight (Table 4.1). 

Table 4.1 Overview of synthesised Poly(Diox-gDCC) 

 Monomer : catalyst ratio Mn (kDa) Ð 
Poly(Diox-gDCC)-1 1000:1 103 1.69 
Poly(Diox-gDCC)-2 1000:1 64.6 1.66 
Poly(Diox-gDCC)-3 1000:1 40.7 1.64 
Poly(gDCC) 1000:1 125 1.63 

 
Besides the possibility of differences between monomer batches as well as catalyst batches, we did 

not find a satisfying explanation for these variations in the polymer molecular weight. Nevertheless, it 
provided us with the opportunity to study the competition between chain scission and gDCC ring-
opening for three polymers of different molecular weight. Next to the copolymers of 1,2-dioxetane, 
we also synthesised a control polymer Poly(gDCC), with Mn = 125 kDa and Ð=1.63.  

Analysis of the polymers by 1H NMR showed that Poly(Diox-gDCC)-2 and Poly(Diox-gDCC)-3 contain 
slightly more than 1 mol% of 1,2-dioxetane, namely 1.7 mol% and 1.6 mol% respectively, based on the 
integral of 1,2-dioxetane resonance HD (spectrum of Poly(Diox-gDCC)-2 is shown in Figure 4.6). 
Unfortunately we were unable to determine this for Poly(Diox-gDCC)-1, because of a noisy baseline in 
the spectrum. However, we assume that a similar amount of 1,2-dioxetane has been incorporated in 
Poly(Diox-gDCC)-1. 

 

Figure 4.6 1H NMR spectrum of Poly(Diox-gDCC)-2 
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4.6 Confirmation of random mechanophore incorporation 

In order to be able to measure the competition between scission of 1,2-dioxetane and ring-opening 
of gDCC moieties in the polymer backbone of Poly(Diox-gDCC), it is crucial that a 1,2-dioxetane is 
present roughly in the middle of the polymer chain. This means that during the polymerisation, the 
bis(adamantyl)-1,2-dioxetane macrocycle needs to be randomly incorporated in the growing polymer. 
To confirm that the copolymer structure is indeed random, we performed methanolysis on the ester 
bonds in the 1,2-dioxetane units (Scheme 4.3) 
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Scheme 4.3. Methanolysis of Poly(Diox-gDCC)-2 to confirm random copolymer structure 

Effectively, by performing this methanolysis reaction on Poly(Diox-gDCC), the 1,2-dioxetane units 
will be cleaved from the polymer chain. This results in formation of hydroxyl-terminated 1,2-dioxetane 
units as well as methyl ester-terminated Poly(gDCC). For Poly(Diox-gDCC)-2, the Mn of the resulting 
Poly(gDCC) fragments is expected to be 19.5 kDa for a random copolymer, and 64 kDa for a di-block 
copolymer (see Appendix for derivation). By analysis of the methanolysis product of Poly(Diox-gDCC)-
2 with GPC, we found that the Mn = 22.7 kDa after methanolysis (Figure 4.7), which confirmed that 
Poly(Diox-gDCC)-2 is indeed a random copolymer. We assume that this will as well be the case for the 
other copolymers. 

 

Figure 4.7 Molecular weight distribution of GPC RI chromatogram of Poly(Diox-gDCC)-2 (blue line) and its 
methanolysis product (red line) 
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4.7 Sonochemical testing of polymers 

4.7.1 gDCC ring-opening 
Upon sonication of Poly(Diox-gDCC)-1 and Poly(gDCC), we were able to measure the amount of 

gDCC ring-opening with increasing sonication time by 1H NMR, as well as the decrease in polymer 
molecular weight by GPC (Figure 4.8). Conversion of the molecular weight decrease to the polymer 
scission cycle via equation 3-1 allowed for the determination of the amount of gDCC-ring opening as a 
function of chain scission (Figure 4.9).  

 

Figure 4.8  1H NMR spectra (left) and molecular weight distributions of GPC RI chromatograms (right) of 
sonicated Poly(Diox-gDCC)-1. Integrals from NMR spectra were used to determine φ using eq. 4-1. Number-
average molecular weights (Mn) from GPC were used to determine the polymer scission cycle using eq. 3-1 

 

 

Figure 4.9 Ring opening (φ) as a function of scission cycle in Poly(Diox-gDCC-1) and control polymer 
Poly(gDCC). Lines are linear fits through the data. Poly(Diox-gDCC)-1: R2=0.9913, Poly(gDCC): R2=0.9963 
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Both Poly(Diox-gDCC)-1 and Poly(gDCC) allow for a good linear fit through the data. Furthermore, 
based on the slopes of the linear fits, we can conclude that more gDCC ring-opening occurs before 
chain scission in the control Poly(gDCC) than in Poly(Diox-gDCC). This indicates that the incorporation 
of 1,2-dioxetane in a Poly(gDCC) backbone increases the likelihood chain scission under an application 
of force, which is to be expected. However, the linear fits through the data should pass through the 
origin: before a force is applied to the polymer there can be no gDCC ring-opening (i.e. φ = 0), and also 
no chain scission (i.e. SC = 0). In this case, the linear fits do not pass the origin. 

We argue that this deviant behaviour of our gDCC-polymer can be ascribed to the relatively high 
dispersity of the polymers. Similar to the copolymers of 1,2-dioxetane with cyclooctene, described in 
chapter 3, we hypothesise that also in this case a small fraction of very high molecular weight polymer 
chains break first. This will lead to an underestimation of the amount of chain scission, as the daughter 
chains that result from these high molecular weight chains will still have a relatively high molecular 
weight, hence the decrease in number-average molecular weight (and thus the polymer scission cycle) 
will be underestimated. Moreover, these high molecular weight chains will experience a relatively large 
force, which will result in significant gDCC ring-opening. This means that these chains are likely to have 
a relatively large contribution to the absolute number of ring-opened gDCCs. To circumvent this issue 
we hypothesised that first data points (i.e. after 2 minutes of sonication) can be taken as the initial 
states of the polymer, meaning that the Mn of the polymer distribution after 2 minutes of sonication is 
taken as the initial molecular weight (Mn,0) and the scission cycle values of the rest of the 
measurements will be calculated from this new Mn,0. Moreover, we disregard the amount of gDCC ring-
opening that we measure in the first 2 minutes of sonication. This way, we correct for the high 
molecular weight chains that presumably break first. Furthermore, by this correction the time that is 
required for the temperature in the sonication vessel to stabilise at 25 °C, which is about 30 seconds, 
is disregarded. 

 

Figure 4.10 Corrected ring opening (φ) as a function of scission cycle in Poly(Diox-gDCC-1) and control polymer 
Poly(gDCC). Lines are linear fits to the data that are constraint through the origin. Poly(Diox-gDCC)-1: 
R2=0.9965, Poly(gDCC): R2=0.9987 
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When we applied this correction on the data, it once more allowed for a linear fit through it (Figure 
4.10), and furthermore, these linear fits now did pass through the origin. This implied that we were 
now able to determine the slope φi of these fits in order to extrapolate the data to one full scission 
cycle, which allowed for the calculation of Fbreak of both polymers from the force distribution plots 
(Figure 4.11) and equation 4-2.  

 

Figure 4.11 Force distribution plots along the polymers backbones of control Poly(gDCC) (left) and Poly(Diox-
gDCC)-1 (right). The forces-at-break of both polymers were determined using equation 4-2 and the slopes (φi) 
of the φ versus scission cycle plots in figure 4.10 

From Figure 4.11, we can conclude that the calculated peak force for Poly(Diox-gDCC) is 2.3 nN, 
whereas the peak force for the control Poly(gDCC) is 2.7 nN. We emphasise that these values are 
reasonable estimates for the forces that are required to break the polymers, although they depend on 
a number of assumptions. First of all, the polymer chains must be fully elongated during sonication for 
this analysis to be valid, otherwise the force distribution will not follow the predicted parabolic shape 
along the polymer backbone. Furthermore, this analysis assumes that activation without scission and 
multiple scissions of a single chain are rare events.2 However, activation without scission cannot be 
ruled out entirely, as it is likely that the polymer distributions (due to their dispersity) contain a fraction 
of chains that are so low in molecular weight that they will experience a force that is too low for scission 
to occur, yet high enough for gDCC-ring-opening. This would artificially increase φ. Furthermore, the 
presence of multiple weak bonds (i.e. 1,2-dioxetanes) may facilitate multiple scission of a single chain, 
which would artificially decrease φ. However, since our polymers only contain 1 mol% of 1,2-
dioxetane, we hypothesise that this is still unlikely. Finally, as we were not able to confirm the amount 
of 1,2-dioxetane in the polymer, there is a probability that actually less 1,2-dioxetane has been 
incorporated. This would mean that the calculated force is an upper limit for the actual force that is 
required to break a polymer containing 1 mol % of 1,2-dioxetane. Nevertheless, we propose that the 
calculated values for Fbreak are reasonable estimates. Despite the fact that Fbreak is not equal to the 
force-at-break of the mechanophore itself, we can use it as a means of comparing the relative 
mechanical strength of bis(adamantyl)-1,2-dioxetane with other scissile mechanophores.  

Besides Poly(Diox-gDCC)-1, we have also synthesised two Poly(Diox-gDCC)s with a lower molecular 
weight. When these polymers were sonicated, we found that the slope of the φ versus scission cycle 
fit increases dramatically with decreasing molecular weight (Figure 4.11). Effectively, this means that 
with lower molecular weight, the polymer chains are less likely to reach the required force to undergo 
scission, and therefore the gDCC units within the chain have more opportunity to ring-open before the 
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chain breaks. This means that for Poly(Diox-gDCC)-2, with a Mn of 56.9 (after correction by excluding 
the first 2 minutes of sonication), the slope φi increases dramatically to 0.95. This implies that Fbreak 

that is calculated from the model would become so high that chain scission upon sonication could not 
occur anymore. We assert that this cannot be the case, as we observe that chain scission does occur: 
SC > 0 (Figure 4.12) In the case of Poly(Diox-gDCC)-3, the Mn (36.8 kDa) is so low that it approaches the 
limiting molecular weight of the polymer, leading to φi = 2.2, which makes it impossible to calculate a 
force-at-break, as φi > 1. Based on these obervations, we emphasise that the initial molecular weight 
of the polymers is a key parameter. Consequently, an optimum in molecular weight should be found 
with a Mn that is sufficient to avoid overestimation of gDCC ring-opening. An overview of the studied 
polymers is given in table 4.2. 

 

Figure 4.12 Corrected ring opening (φ) as a function of scission cycle in Poly(Diox-gDCC-1) (blue), Poly(Diox-
gDCC)-2 (red) and Poly(Diox-gDCC)-3 (green) . Lines are linear fits through the data that are constraint 
through the origin. 

Table 4.2 Overview of sonicated polymers   

 Mn,0 (kDa) Corrected 
Mn,0 (kDa) 

φi Fbreak (nN) 

Poly(gDCC) 124.1 114 0.51 2.7 
Poly(Diox-gDCC)-1 103 97.9 0.32 2.3 
Poly(Diox-gDCC)-2 64.6 56.9 0.95 n.a. 
Poly(Diox-gDCC)-3 40.7 36.8 2.22 n.a. 

 

4.7.2 Mechanoluminescence 
The presence of 1,2-dioxetane moieties in our Poly(Diox-gDCC) polymers provides us with a 

secondary mechanochemical output upon application of a force. Although the Poly(gDCC) backbone 
of the polymers will give rise to a competition between mechanophore activation, we envisioned that 
the amount of mechanoluminescence emitted by Poly(Diox-gDCC)-1 would not be significantly 
different from Poly(Diox-COE). The presence of gDCC units might give rise to a somewhat slower 
activation of the dioxetane units, due to some stress-relief from ring-opening of gDCC. However, since 
in ultrasonication the entire chain is stretched, we contend that this effect will only be minor. 
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The mechanoluminescence from both Poly(Diox-gDCC)-1 and Poly(Diox-COE), which have a similar 
Mn (103 kDa and 109 kDa respectively), is given in figure 4.13. In contrast to our expectation, the 
mechanoluminescence from Poly(Diox-gDCC)-1 was significantly different than the signal from 
Poly(Diox-COE). Not only did the peak intensity, that we observed shortly after application of 
ultrasound, decrease by 2.4-fold, the area under the curve decreased dramatically as well, to 26% of 
the area under the mechanoluminescence curve of Poly(Diox-COE). Although the gDCCs might reduce 
the rate of mechanoluminescence, as explained above, the total amount of luminescence that is 
emitted over the entire sonication time should be similar. A possible explanation for this observation 
might be that Poly(Diox-gDCC)-1 contains in fact less 1,2-dioxetane then we initially expected. For this 
particular polymer, we were not able to integrate the 1H NMR resonances corresponding to the 1,2-
dioxetane units. Initially we ascribed this to the noisy baseline of the measurement. However, it could 
also be that Poly(Diox-gDCC)-1 simply contains less 1,2-dioxetane. If this indeed the case, the 
mechanoluminescence from this polymer would suggest that Poly(Diox-gDCC)-1 contains 
approximately 0.25 mol% dioxetane, one quarter of the amount in Poly(Diox-COE). 

Furthermore, normalisation of the mechanoluminescence signal indicates that the decay of 
mechanoluminescence was faster for Poly(Diox-gDCC)-1 than for Poly(Diox-COE). At first, this seemed 
counter-intuitive, as one would expect that if the decay of mechanoluminescence in Poly(Diox-gDCC)-
1 would be different from Poly(Diox-COE), some stress-relief by gDCC would result in a slower, rather 
than faster, decay of mechanoluminescence. However, the potential difference in 1,2-dioxetane 
incorporation between the polymers might explain the faster decay in Poly(Diox-gDCC)-1. 

 

Figure 4.13 A) Measured mechanoluminescence upon ultrasonication of Poly(Diox-gDCC-1) and Poly(Diox-
COE). B) Normalised mechanoluminescence curves. 

Besides a comparison between Poly(Diox-gDCC)-1 and Poly(Diox-COE), we also studied the effect 
of the decreasing Mn of the Poly(Diox-gDCC) polymers. The mechanoluminescence of these polymers 
is given in Figure 4.14A. Since polymer chains that have a higher molecular weight experience a larger 
force in ultrasonication, we anticipated that the polymer with the highest Mn (i.e. Poly(Diox-gDCC)-1) 
would have the highest mechanoluminescence intensity, followed by Poly(Diox-gDCC)-2 and Poly(Diox-
gDCC)-3. Moreover, because of the high dispersity by ED-ROMP, polymers with low molecular weight 
are expected to have a significant fraction of their distribution that experience a force that is below 
the limiting molecular weight for dioxetane scission. However, it turned out that Poly(Diox-gDCC)-2, 
with Mn =64.6 kDa, showed the highest peak intensity, as well as the largest area under the curve, 
followed by Poly(Diox-gDCC)-1 (Mn = 103 kDa) and Poly(Diox-gDCC)-3 (Mn = 40.7 kDa). Again, the 
behaviour of Poly(Diox-gDCC)-1 might be explained by a lower amount of dioxetane incorporation, 

A B 
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which will lead to a decrease in mechanoluminescence. Nevertheless, upon normalisation of the data, 
the decay rates of the mechanoluminescence of the polymers do follow a logical pattern. That is, the 
polymer with the highest Mn (Poly(Diox-gDCC)-1) displays the fastest decay, which decreases with 
decreasing Mn (Figure 4.14B). 

 

Figure 4.14 A) Measured mechanoluminescence upon ultrasonication of Poly(Diox-gDCC)s. B) Normalised 
mechanoluminescence curves. 

4.8 Relative mechanical strength of the 1,2-dioxetane mechanophore 

As mentioned in the introduction of this chapter, the goal of synthesising copolymers of 1,2-
dioxetane with gDCC was to determine the relative mechanical strength of the 1,2-dioxetane 
mechanophore, similar to a recent study from Craig and co-workers.2 We have shown in this chapter 
that the incorporation of 1,2-dioxetane in a Poly(gDCC) backbone leads to a decrease in the amount of 
gDCC ring-opening as a function of the polymer scission cycle. This is as we anticipated, since the 
incorporation of 1,2-dioxetane weakens the polymer chain and hence facilitates scission upon 
sonication.  

We planned to determine the relative mechanical strength of the 1,2-dioxetane mechanophore by 
comparing Fbreak of Poly(Diox-gDCC) by those of the polymers that were investigated in the above-
mentioned study of Craig and co-workers. However, due to some difficulties in the polymerisations, 
we have only been able to incorporate 1 mol% of 1,2-dioxetane in the polymers. This is not a problem 
for the analysis of the mechanical strength per se, yet in order to directly compare mechanophore-
containing polymers, they should have similar amounts of mechanophore incorporated. For this 
reason, we are not able to draw a conclusion on the relative mechanical strength of bis(adamantyl)-
1,2-dioxetane, relative to an azobisdialkylnitrile, thioether and benzylphenylether yet. However, we 
are planning to synthesise copolymers of gDCC with 1 mol% of these weak bonds, which should allow 
for the determination of the relative mechanical strength of 1,2-dioxetane in the near future. 
Moreover, we could employ this strategy with other mechanophores that are used within our group 
as well, for instance with metal coordination complexes. 

  

A B 
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4.9 Experimental 

4.9.1 Materials 
Solvents and commercial reagents were purchased from Sigma-Aldrich, Merck, TCI Chemicals, 

Acros Organics, Biosolve or Actu-All and were used as received unless stated otherwise. Anhydrous 
DCM was freshly taken from an MBRAUN Solvent Purification System (MB SPS-800). Toluene was dried 
over 4 Å molecular sieves. Deuterated solvents were obtained from Cambridge Isotope laboratories. 
Column chromatography was performed manually with silica gel, particle size 40-63 μm (VWR), with 
neutral alumina, particle size 63-200 μm (Merck), or with basic alumina, particle size 63-200 μm 
(Merck). 

4.9.2 Instrumentation 
NMR spectra were recorded at room temperature on a 400 MHz (100 MHz for 13C) Varian Mercury 

VX spectrometer or on a 400 MHz Bruker Avance III HD spectrometer. Residual solvent signals were 
used as internal standards (1H: δ(CDCl3) = 7.26 ppm). Gel permeation chromatography (GPC) was 
performed on a Shimadzu Prominence-I LC-2030C 3D system equipped with a RID-20A refractive index 
detector and THF as a solvent at a flow rate of 1 mL/min (20 °C). Molecular weights were calculated 
relative to monodisperse PS standards. GC-MS Spectra were recorded on a Shimadzu GC-2010 Gas 
Chromatograph with Shimadzu GCMS-QP2010 Plus Gas Chromatograph Mass Spectrometer equipped 
with a Phenomex Zebron ZB-5MS size × I.D. = 30 m × 0.25 mm, df = 0.25 μm and helium as carrier gas. 

4.9.3 Ultrasonication experiments 
A homemade, double-jacketed glass reactor with a volume of 10 mL was used in the sonication 

experiments. A Sonics & Materials 20 kHz, 0.5” diameter titanium alloy ultrasound probe with half-
wave extension (parts 630-0220 and 630-0410) was operated using a Sonics & Materials VC750 power 
supply. The temperature in the sonication flask was maintained at 2 °C with a Lauda E300 cooling bath. 

For the gDCC ring-opening experiments, a stock solution of each polymer was prepared at a 
concentration of 2 mg/mL in dry toluene. Individual sonication experiments were carried out for each 
time point, using 4 mL of the polymer stock solution. After sonication, the solution was transferred to 
two separate vials, then toluene was removed in vacuo. Afterwards THF was added to one vial for GPC 
analysis, and the contents of the other vial were dissolved in CDCl3 for 1H NMR analysis. 

The sonication set-up was covered in darkness during mechanoluminescence measurements to 
exclude background light. 9,10-Diphenylanthracene (DPA) was added to the polymer solutions at a 
concentration of 50 mM to increase the quantum yield om mechanoluminescence. For the control 
experiment, unfunctionalised bis(adamantyl)-1,2-dioxetane was added to the Poly(COE) solution. 
Mechanoluminescence intensity was measured with a silicon photodiode (Hanamatsu, diameter of 
photosensitive area 7 mm) connected to a Keysight B2981 Femto/Picoammeter. 

4.10 Synthetic procedures 

4.10.1 gDCC-COE 
Synthesis of gDCC-COE was carried out by adapting a literature procedure.9 

Benzyltrimethylammonium chloride (186 mg, 1 mmol) and cis,cis-1,5-cyclooctadiene 
(12.3 mL, 0.1 mol) were dissolved in chloroform (32 mL, 0.4 mol). To the resulting 
solution was added EtOH (1 mL). Then, an ice cold, freshly prepared 50% w/w NaOH 
solution (32 mL, 0.4 mol) was added dropwise to the reaction mixture over the course 

of 15 minutes, while cooling to 0 °C. The resulting slightly yellow emulsion was then stirred at r.t. for 1 
hour. Afterwards, the mixture was heated to 55 °C and stirred for 20 hours. The emulsion was then 

ClCl
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acidified concentrated HCl and diluted with chloroform and water. The organic phase was isolated, 
washed with water (2x 50 mL), dried over MgSO4 and concentrated under reduced pressure. Vacuum 
distillation gave 4.8 g (0.026 mol, 26 %) of gDCC-COE as a colourless oil, b.p. 95 °C at 7 mbar. 

1H NMR (400 MHz, CDCl3): δ 5.62-5.54 (t, 2H), 2.42-2.34 (m, 2H), 2.18-2.03 (m, 4H), 1.91-1.81 (m, 2 
H), 1.70-1.62 (m, 2H) 

13C NMR (100 MHz, CDCl3): δ 129.12, 66.34, 32.22, 25.89, 24.55 

GC-MS: 4.6 min, m/z = 190 (1, M), 155 (12, M-Cl), 119 (19, M-Cl2), 93 (58), 81 (94, ), 67 (100) 

4.10.2 Poly(gDCC) 
To a dry round-bottom flask was added gDCC-COE (518 mg; 2.7 

mmol) followed by anhydrous DCM (2.5 mL). The resulting solution 
was brought under an Ar atmosphere and stirred for 15 minutes. Then, 
Grubbs-py (2.5 mg, 0.0034 mmol) was added as a green solution in 0.5 

mL of anhydrous DCM. The mixture immediately turned yellow upon addition. The mixture was stirred 
at room temperature for 3 hours, after which a few drops of ethyl vinyl ether were added to stop the 
polymerisation and remove the polymer from the metal centre. Polymer was precipitated in cold 
MeOH, isolated, redissolved in DCM and precipitated 4 more times. Drying in vacuo resulted in the 
collection of 315 mg (61%) of Poly(gDCC) as a greyish gum-like solid. 

Mn (GPC): 125.4 kDa 

Ð (GPC): 1.63 (Figure 4.15) 

 

Figure 4.15 Molecular weight distribution of GPC RI chromatogram of Poly(gDCC) 

  

ClCl
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4.10.3 Poly(Diox-gDCC) 

O
O

O
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O
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Cl Cl
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General procedure towards Poly(Diox-gDCC) 

gDCC-COE was freshly purified over a plug column (silica, pentane) just before polymerisation. 
Bis(adamantyl)-1,2-dioxetane macrocycle and gDCC-COE were dissolved in anhydrous DCM in a round-
bottom flask and brought under an Ar atmosphere and left to stir at room temperature for 15 minutes. 
After that time, Grubbs-py was added, dissolved in a small amount of anhydrous DCM, to initiate the 
polymerisation. After 1 hour at room temperature, a few drops of ethyl vinyl ether were added to 
quench the polymerisation and the mixture was left to stir for 15 minutes. The polymer was then 
precipitated from cold MeOH, isolated, dried, redissolved in DCM and precipitated once more. After 
drying in vacuo, Poly(Diox-gDCC) was received as an off-white gum-like solid. 

Poly(Diox-gDCC)-1 

Bis(adamantyl)-1,2-dioxetane macrocycle (12.5 mg, 0.016 mmol), gDCC-COE (255 mg, 1.33 mmol) 
and Grubbs-py (0.95 mg) in anhydrous DCM (1.4 mL) were polymerised according to general procedure 
to yield 76 mg (28%) of Poly(Diox-gDCC)-1. 

Mn (GPC): 103.1 kDa 

Ð (GPC): 1.69 (Figure 4.16) 

 

Figure 4.16 Molecular weight distribution of GPC RI chromatogram of Poly(Diox-gDCC)-1 

Poly(Diox-gDCC)-2 

Bis(adamantyl)-1,2-dioxetane macrocycle (10 mg, 0.013 mmol), gDCC-COE (250 mg, 1.3 mmol) and 
Grubbs-py (0.96 mg, 0.00132 mmol) in anhydrous DCM (1.3 mL) were polymerised according to 
general procedure to yield 168 mg (65%) of Poly(Diox-gDCC)-2. 
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Mn (GPC): 64.6 kDa 

Ð (GPC): 1.66 (Figure 4.17) 

 

Figure 4.17 Molecular weight distribution of GPC RI chromatogram of Poly(Diox-gDCC)-2 

Poly(Diox-gDCC)-3 

Bis(adamantyl)-1,2-dioxetane macrocycle (6.0 mg, 0.0079 mmol), gDCC-COE (150 mg, 0.79 mmol) 
and Grubbs-py (0.57 mg, 0.00078 mmol) in anhydrous DCM (0.9 mL) were polymerised according to 
general procedure to yield 103 mg (66%) of Poly(Diox-gDCC)-3. 

Mn (GPC): 40.7 kDa 

Ð (GPC): 1.64 (Figure 4.18) 

 

Figure 4.18 Molecular weight distribution of GPC RI chromatogram of Poly(Diox-gDCC)-3 
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4.10.4 Methanolysis of Poly(Diox-gDCC)-2 
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8 8

170.3 g/mol 170.3 g/mol

Poly(Diox-gDCC)-2 (40 mg) was dissolved in anhydrous DCM (17 mL). The flask was brought under an 
Ar atmosphere, then tetrabutylammonium hydroxide was added as a 1M solution in MeOH (1 mL). 
Upon addition, the mixture became slightly yellow and cloudy. The mixture was stirred at r.t. overnight. 
Afterwards, the solution was washed with HCl (4M, 2x 20 mL) and H2O (3x 20 mL) to remove the 
bis(adamantyl)-1,2-dioxetane units. Organic phase was isolated and dried over MgSO4. The solvent was 
removed in vacuo, which yielded a clear waxy solid (35 mg). A small part of this solid was dissolved in 
THF and submitted for GPC analysis.  
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5 Dual optically mechanoresponsive ROMP polymers 
containing dioxetane and spiropyran mechanophores 

5.1 Introduction 

As described in chapter 4, we successfully synthesised 1,2-dioxetane-containing 
multimechanophore ROMP polymers. In this chapter, we report the first attempts to synthesise ROMP 
polymers containing both bis(adamantyl)-1,2-dioxetane and the mechanochromic spiropyran 
mechanophore. The potential application of these copolymers is two-fold. Firstly, combining 1,2-
dioxetane with spiropyran in a single polymer chain will give access to polymers with multiple modes 
of mechanoresponse that can be monitored in situ, which is not possible with the gDCC 
mechanophore. Furthermore, it may be possible to exploit the competition between activation of 1,2-
dioxetane and spiropyran to determine the relative mechanical strength of the 1,2-dioxetane 
mechanophore. 

5.2 Spiropyran mechanochromism 

One of the first and most widely applied stress-reporting mechanophores is the mechanochromic 
spiropyran moiety. It was first reported in 1926 that spiropyran undergoes a reversible 6π electrocyclic 
ring-opening upon heating to give the strongly coloured merocyanine fluorophore.1 It was later 
established, in 1952, that the spiropyran ring-opening could also be induced by irradiation with UV 
light, showing that spiropyran is photochromic as well.2 Many years later, in 2001, Tipikin 
demonstrated that the spiropyran could also be activated mechanochemically by grinding.3 Inspired 
by this result, Moore and co-workers incorporated spiropyran in PMA addition polymers and 
demonstrated that the spiropyran-merocyanine transition could be induced by ultrasonication in 
solution (Figure 5.1). The implications of these results were two-fold. Not only did it show the potential 
of spiropyran as a stress-reporting probe in polymers, at the same time it provided further support for 
the potential of ultrasonication of mechanophore-containing addition polymers as a convenient 
screening method of new mechanophores as well.4 

 

Figure 5.1 Mechanochemical ring-opening of spiropyran by ultrasonication of a spiropyran-linked PMA 
addition polymer. Reprinted with permission from ref. 4. Copyright 2007 American Chemical Society 

Building on the initial success of spiropyran as a mechanophore in solution, Davis et al. covalently 
incorporated spiropyran as a mechanophore in bulk acrylate polymers through radical 
polymerisations, as briefly described in chapter 1. Tensile tests on the resulting polymers 
demonstrated that the spiropyran could be activated in the solid state, as the polymers turned red 
upon application of greater strains.5 They further showed that the intensity of the colour increased 
with increasing strain, permitting quantitative determination of mechanically-induced scission in the 
polymer. Following this ground-breaking demonstration of the potential of spiropyran as a stress-
sensing probe, the spiropyran mechanophore has been used in other polymeric systems as well. 
Examples are, amongst others: polyurethanes,6 PDMS elastomers,7 thermoplastic elastomers8 and gels 
cross-linked with hydrogen-bonded UPy dimers.9  
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5.3 Competition between activation of 1,2-dioxetane and spiropyran 

In this chapter, we make use of the well-characterised mechanochemical properties of the 
spiropyran mechanophore to take the first steps for the development of an alternative strategy to 
determine the relative mechanical strength of the 1,2-dioxetane mechanophore. However, instead of 
relying on a competition between 1,2-dioxetane and Poly(gDCC) backbone, we are now planning to 
exploit a competition between equal amounts of 1,2-dioxetane and spiropyran units. When such a 
polymer is sonicated, the force distribution along the polymer backbone will obey the same parabolic 
shape as explained in chapter 4 (Figure 5.2).  

  

Figure 5.2 Theoretical force distribution curves for spiropyran-containing polymers. Upon sonication of 
Poly(SP-COE), a fraction of the polymer chain will experience a force sufficient for spiropyran activation (purple 
units. Addition of 1,2-dioxetane to the chain (right plot) will lead to a decrease in the peak force, and hence 
to less spiropyran activation. 

In order to determine the relative mechanical strength of the 1,2-dioxetane, we would need to 
study a copolymer of 1,2-dioxetane and spiropyran: Poly(Diox-SP-COE), as well as a control polymer 
that contains only spiropyran units as mechanophores: Poly(SP-COE). The expected behaviour of the 
control polymer upon ultrasonication is illustrated in Figure 5.2: a fraction of the polymer chain will 
experience a force that is higher than the force required for the electrocyclic ring-opening of 
spiropyran (Fopen,SP). Hence, the equilibrium between spiropyran and merocyanine units within that 
fraction of the chain will be biased towards the merocyanine form, indicated by the purple dots in 
Figure 5.2. In the case of 1,2-dioxetane units being present, indicated by the blue diamonds, the 1,2-
dioxetane that is nearest the middle of the chain is expected to undergo scission. Effectively, this 
results in a downward shift of the force distribution plot in Figure 5.2, as the mid-chain peak force is 
decreased by the presence of 1,2-dioxetane. As a consequence, the fraction of the polymer that 
experiences a force > Fopen,SP decreases, meaning that the spiropyran-merocyanine equilibrium is 
biased towards merocyanine in a smaller fraction of the polymer chain. 

In a recent study, the force that is required for spiropyran activation, Fopen,SP, has been determined 
by Gossweiler et al.10 Moreover, the merocyanine units that are formed after activation of spiropyran 
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will give rise to a strong absorption peak in the UV-VIS spectrum of the polymer. Therefore, we propose 
that by comparing the absorption spectra of the polymer upon UV-activation (which would activate all 
spiropyran units) with the absorption spectra of the sonicated polymer, we would be able to determine 
the fraction of the polymer chains that experiences a force of at least Fopen,SP, which we will now refer 
to as θ. This approach is equivalent to the determination of the amount of gDCC-ring-opening via φi 
(vide chapter 3). Hence, the peak force in the middle of the polymer chain upon scission of 1,2-
dioxetane can be calculated from equation 5-1: 

θ = �Fbreak- Fopen,SP

Fbreak
         (5-1) 

The advantage of this method is that the polymer chains only contain a small fraction of the non-
scissile mechanophore (being spiropyran). We propose that this decreases the risk of over-estimation 
of the amount of ring-opening: when the entire polymer backbone consists of non-scissile 
mechanophores (e.g. gDCC), there is a fair probability of having polymer chains in the solution that are 
too low in molecular weight for 1,2-dioxetane scission to occur upon sonication. However, these chains 
might experience a force that is sufficient for ring-opening to occur. This would give rise to an 
overestimation of the amount of ring-opening versus chain scission, and thus to an overestimation of 
the relative mechanical force of the scissile mechanophore. By using only a small amount of non-
scissile mechanophores, this risk is significantly reduced, as short chains statistically only contain a low 
number of mechanophores. 

5.4 Synthesis of polymers 

For the synthesis of copolymers of 1,2-dioxetane with spiropyran, we once again made use of ED-
ROMP, similar as for our Poly(Diox-COE) and Poly(Diox-gDCC) polymers that were described in chapter 
3 and 4 respectively. As a cyclic spiropyran containing ROMP-monomer, we used an SP macrocycle 
that has previously been used by Gossweiler et al. for single molecule force spectroscopy 
measurements (SMFS) and that was prepared in a similar way to our bis(adamantyl)-1,2-dioxetane 
macrocyclic monomer.10 This macrocycle was kindly provided by the Craig group at Duke University. 
Again, cis-cyclooctene was chosen as the polymer backbone in which 1,2-dioxetane and spiropyran 
were to be incorporated.    
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Scheme 5.1 Synthesis of Poly(Diox-SP-COE) 

The synthetic approach towards Poly(Diox-SP-COE) is given in Scheme 5.1. Mixing of 1 mol% 
(respective to cis-cyclooctene) of both bis(adamantyl)-1,2-dioxetane macrocycle and SP macrocycle 
with cis-cyclooctene, followed by Grubbs-py induced ROMP lead to the formation of Poly(Diox-SP-COE) 
with Mn = 131 kDa and Ð=1.64.  
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Scheme 5.2 Synthesis of Poly(SP-COE) 
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In order to study the effect of 1,2-dioxetane on the activation of spiropyran within a polymer chain, 
we also synthesised a control polymer, Poly(SP-COE), which also contains 1 mol% of spiropyran in the 
polymer backbone (Scheme 5.2). Initially, when we tried to synthesise this polymer the reaction 
mixture gelated almost instantaneously, and the Mn of the resulting polymer turned out to be very 
high (350 kDa). However, for proper comparison Mn should be as close to that of Poly(Diox-SP-COE) as 
possible. Therefore, we used cis-1,4-diacetoxy-2-butene as a chain transfer agent in the 
polymerisation, similar to the synthesis of control Poly(COE) in chapter 3. This allowed for the synthesis 
of Poly(SP-COE) with Mn = 138 kDa and Ð = 1.53. 

5.5 Activation of polymers 

5.5.1 Mechanochromism 
Upon sonication of Poly(Diox-SP-COE) and Poly(SP-COE) in THF, we observed an almost 

instantaneous colour transition of the sonicated solution from slightly yellow to purple, indicating that 
spiropyran units within the polymer are converted into merocyanine. Measuring the UV-VIS absorption 
spectra with increasing sonication times allowed for the determination of the increase in merocyanine 
formation over time (Figure 5.3). 

 

Figure 5.3 Normalised UV-VIS absorption spectra of sonicated Poly(Diox-SP-COE) (left) and control Poly(SP-
COE) (right) with increasing sonication time 

In both polymers, although more distinct in Poly(SP-COE), the merocyanine absorption increases 
with increasing sonication time during the first 5 minutes of sonication (Figure 5.4). However, after 15 
minutes of sonication the absorption apparently decreases again in both polymers. A possible 
explanation for this decrease in absorbance could be that during sonication there is sufficient thermal 
energy, originating from the adiabatic imploding of gas bubbles, to revert the opened merocyanine 
units back to the spiropyran form. Of course, with continuing sonication, these units could be ring-
opened again, giving rise to a so-called “mechanostationary state”.11 However, there will be less 
activation, since the polymer molecular weight has decreased, either due to aspecific scission of the 
control polymer, or, even more profound, by scission of 1,2-dioxetanes in Poly(Diox-SP-COE). This 
would mean that the equilibrium between spiropyran and merocyanine units within the activated 
fraction of the polymers is biased towards merocyanine to a lesser extent. This explanation seems to 
be supported by the UV-VIS absorption spectra: after 15-minutes of sonication, the decrease in 
merocyanine absorption is stronger in Poly(Diox-SP-COE) than in Poly(SP-COE), which could indicate 
that chain scission is faster when the polymer contains 1,2-dioxetane.  
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Figure 5.4 Time-dependence of normalised merocyanine absorption after sonication of Poly(Diox-SP-COE) 
and Poly(SP-COE). The peak-intensities at λ=585 nm are given for comparison  

The faster chain scission of Poly(Diox-SP-COE) as compared to the control polymer was confirmed 
by GPC analysis. Conversion of the number-average molecular weights that were measured after 
sonication to the polymer scission cycle shows that Poly(Diox-SP-COE) has undergone more scission 
than Poly(SP-COE) at each time point (Figure 5.5). This means that scission is faster in Poly(Diox-SP-
COE).  

 

Figure 5.5 Polymer scission cycles of Poly(Diox-SP-COE) and Poly(SP-COE) at various time periods of 
ultrasonication. 
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We contend that, in order to study the relative mechanical strength of the 1,2-dioxetane 
mechanophore, the reversible activation of spiropyran in the polymers by ultrasonication, the so-
called mechanostationary state should be studied in more detail. This implies that the merocyanine 
absorption should be studied as a function of time more accurately, to allow closer monitoring of the 
apparent decrease in merocyanine formation due to chain scission.  

Moreover, the effect of thermal reversion should be studied. We emphasise that there is a 
possibility of spiropyran reversion due to hotspot formation during sonication. In their recent study of 
the kinetics of spiropyran activation by ultrasonication, May et al. argue that thermal reversion is an 
order of magnitude lower than mechanochemical activation, and hence might be neglected in their 
kinetic model.11 However, this study was performed on UV-activated spiropyran-containing polymer 
solutions that were cooled to 2 °C. This does not take into account that in ultrasonication, the 
temperatures are expected to be higher due to hot-spot formation, despite the sonication flask being 
cooled. Therefore, we propose that the thermal reversion at higher temperatures should be studied 
as well. 

Spiropyran reversibility 
Exposure of the sonicated polymer solutions to ambient light resulted in a quite rapid decrease in 

merocyanine intensity, as can be seen from Figure 5.6. Apparently, reversion of merocyanine to 
spiropyran occurs readily at room temperature in THF, since in both cases most of the purple colour 
has disappeared after 4 minutes. This shows that it is important to keep the samples in the dark 
between mechanochemical activation and the measurement of UV-VIS absorption. 

 

Figure 5.6 Reversion of activated polymers to the spiropyran state upon exposure to ambient light. Pictures 
were taken continuously from a single sample. 

5.5.2 Photochromism 
In order to determine the percentage of mechanochemical spiropyran activation in the polymers, 

we needed to determine the total amount of spiropyran within the polymers. Therefore, we irradiated 
solutions of both polymers in THF with UV light (254 nm). In this case, the activation of spiropyran is 
photochemical, rather than mechanochemical. This means that, instead of just the spiropyran units 
within the mechanically active fraction of the polymer, the entire distribution of spiropyran along the 
chains will be activated. Again, the UV-VIS absorption spectra were measured, which allowed for 
comparison of merocyanine absorption after activation by sonication and UV irradiation (Figure 5.7). 

In accordance with our expectation, for both polymers the absorption peak due to UV-activation of 
spiropyran is larger than the peak due to activation by ultrasonication. This effectively means that 
indeed only a fraction of the sonicated polymers experiences a force that is sufficient for spiropyran 
activation. Yet, based on the absorption spectra in figure 5.6, the percentage of spiropyran activation 
in Poly(Diox-SP-COE) seems to be higher, 71% (based on peak areas), than the percentage in Poly(SP-
COE), 63%. This contradicts our hypothesis that 1,2-dioxetane would reduce the amount of spiropyran 
activation upon sonication, neither is it in accordance with our observation that Poly(Diox-SP-COE) 
undergoes more rapid chain scission. 
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Figure 5.7 Comparison of normalised UV-VIS absorption spectra of Poly(Diox-SP-COE) (left) and Poly(SP-COE) 
(right)  after activation by UV irradiation and ultrasonication 

We assert that there could be two reasonable explanations for this behaviour. First of all there is a 
probability that our method of measuring the absorption of the activated polymers is not yet 
sufficiently accurate. The reason for this is that after activation, either by UV or sonication, the sample 
is subjected to some ambient light during transfer of the solution to a cuvette, which might give rise 
to photochemical reversion of merocyanine to spiropyran. Furthermore, there is some time between 
activation of the polymer and the UV-VIS absorption measurement, during which the merocyanine 
units might revert thermochemically to their spiropyran form.  

Next to this, it is likely that there is a photostationary state between spiropyran and merocyanine 
units within the polymer, when it is activated by irradiation with UV light. This means that upon 
photochemical activation of the spiropyran units, after some time the system reaches an equilibrium 
between spiropyran and merocyanine states. Such an equilibrium can be caused by reversible cleavage 
and formation of the spiropyran C-O bond by the same stimulus (i.e. UV irradiation). In previous 
studies, it has already been shown that such a photostationary state can occur in spiropyran containing 
systems, both in the solid state as well as in solution.12,13 The presence of a stationary state would 
result in an overestimation of the percentage of spiropyran activation in our current analysis, as we 
are comparing the absorption caused by sonication with the absorption caused by UV irradiation. 
When the system reaches a photostationary state, the measured UV-VIS absorption does not 
represent activation of all spiropyran units in the chain, thus to an overestimation of mechanochemical 
spiropyran opening and an underestimation of Fbreak. 

For this reason, we emphasise that in order to perform an accurate analysis on this system, the 
photoactivation of spiropyran under the present conditions (i.e. polymer attachment point, solvent, 
activation time) should be studied in detail to elucidate the equilibrium behaviour of these polymers. 
It is crucial that this study matches the conditions under which the polymers are activated, as the 
photostationary state of spiropyran and merocyanine can be biased by a lot of stimuli, for example 
light, heat and solvent interactions.11 Furthermore, we propose that the accuracy of UV-VIS absorption 
measurements should be increased, as the probability of samples being exposed to both heat and light 
are significant with our current method. In a recent study, May et al. developed a continuous flow 
system which combined the sonication set-up in series with an in-line UV-VIS spectrophotometer.11 
Such a system enables the real-time monitoring of merocyanine absorption in time, and 
simultaneously will exclude any effect of light or heat exposure. 
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5.5.3 Mechanoluminescence 
Finally, we measured the mechanoluminescence of Poly(Diox-SP-COE) upon sonication and 

compared this with the control Poly(COE) that was described in chapter 3. An overview of the results 
is given in Figure 5.8. From the curves it is immediately clear that the addition of spiropyran to 
Poly(Diox-COE) does not inhibit the emission of luminescence upon sonication, as Poly(Diox-SP-COE) 
also shows mechanoluminescence. However, the peak intensity as well as the curve area (i.e. amount 
of luminescence) are significantly reduced, to 44% of the Poly(Diox-COE) signal. This effect cannot be 
explained by a difference in 1,2-dioxetane content, as both polymers contain 1 mol% of 1,2-dioxetane, 
according to 1H NMR. Secondly, the difference in molecular weight between Poly(Diox-SP-COE) 
(Mn=131 kDa) and Poly(Diox-COE) (Mn=109 kDa) is expected to give rise to a higher rate of 
mechanochemical scission, therefore we expected that the decay rate of mechanoluminescence would 
be somewhat higher in Poly(Diox-SP-COE) than in Poly(Diox-COE). The normalised 
mechanoluminescence curves seem to support this (Figure 5.8B). 

 

Figure 5.8 A) Measured mechanoluminescence upon ultrasonication of Poly(Diox-SP-COE) and Poly(Diox-
COE). B) Normalised mechanoluminescence curves. 

5.6 Spiropyran as a tool to determine the relative mechanical strength of 
mechanophores 

To summarise this chapter, we have proposed an alternative method for the determination of the 
relative mechanical strength of the 1,2-dioxetane mechanophore by exploiting a competition between 
activation of 1,2-dioxetane and spiropyran within a polymer chain. Our initial results show that, upon 
sonication of such a polymer, the absorption of merocyanine units that originate from spiropyran can 
be measured.  

However, our current analysis does not account for the presence of a photostationary state 
between spiropyran and merocyanine upon UV activation, which may give rise to an overestimation 
of the amount of spiropyran activation during sonication. Therefore, we propose that the 
photostationary state of spiropyran and merocyanine should be investigated in detail under the 
present conditions of polymer activation. 

Furthermore, we observed a decrease in merocyanine absorbance with longer sonication times. 
This indicated that chain scission might play a role in spiropyran activation. We proposed that the 
formation of merocyanine should be measured over time in more detail, to investigate the 
mechanostationary states of the polymers.  

A B 



Dual optically mechanoresponsive ROMP polymers containing dioxetane and spiropyran mechanophores 
 

 
67 

 

Nevertheless, we contend that in general our initial results are promising, despite the fact that some 
aspects of the analysis still need to be optimised. We propose that finding a solution to the issues that 
are mentioned above could really open the way to getting more insight in the relative mechanical 
strength of the 1,2-dioxetane mechanophore. 

5.7 Experimental 

5.7.1 Materials 
Solvents and commercial reagents were purchased from Sigma-Aldrich, Merck, TCI Chemicals, 

Acros Organics, Biosolve or Actu-All and were used as received unless stated otherwise. Anhydrous 
DCM was freshly taken from an MBRAUN Solvent Purification System (MB SPS-800). Toluene was dried 
over 4 Å molecular sieves. Deuterated solvents were obtained from Cambridge Isotope laboratories. 
Spiropyran SP macrocycle was kindly provided by Greg Gossweiler and was recrystallised from 
petroleum ether prior to polymerisation. 

5.7.2 Instrumentation 
NMR spectra were recorded at room temperature on a 400 MHz (100 MHz for 13C) Varian Mercury 

VX spectrometer or on a 400 MHz Bruker Avance III HD spectrometer. Residual solvent signals were 
used as internal standards (1H: δ(CDCl3) = 7.26 ppm). Gel permeation chromatography (GPC) was 
performed on a Shimadzu Prominence-I LC-2030C 3D system equipped with a RID-20A refractive index 
detector and THF as a solvent at a flow rate of 1 mL/min (20 °C). Molecular weights were calculated 
relative to monodisperse PS standards. UV-VIS absorption spectroscopy was performed on a Jasco V-
750 spectrophotometer with a Hellma quartz cuvette. 

5.7.3 Ultrasonication experiments 
A homemade, double-jacketed glass reactor with a volume of 10 mL was used in the sonication 

experiments. A Sonics & Materials 20 kHz, 0.5” diameter titanium alloy ultrasound probe with half-
wave extension (parts 630-0220 and 630-0410) was operated using a Sonics & Materials VC750 power 
supply. The temperature in the sonication flask was maintained at 2 °C with a Lauda E300 cooling bath. 

For the spiropyran ring-opening experiments, a stock solution of each polymer was prepared at a 
concentration of 2 mg/mL in THF. Individual sonication experiments were carried out for each time 
point, using 4 mL of the polymer stock solution. The sonication set-up was covered in darkness to 
reduce photochemical reversion of merocyanine. After sonication, an aliquot (0.3 mL) was transferred 
to a quartz cuvette that was covered in aluminium foil and taken to the UV-VIS spectrometer ASAP. 
UV-VIS absorption measurements were performed at 2 °C. Afterwards, the remaining solution was 
passed through a syringe filter and submitted for GPC analysis 

The sonication set-up was covered in darkness during mechanoluminescence measurements to 
exclude background light. 9,10-Diphenylanthracene (DPA) was added to the polymer solutions at a 
concentration of 50 mM to increase the quantum yield om mechanoluminescence. For the control 
experiment, unfunctionalised bis(adamantyl)-1,2-dioxetane was added to the Poly(COE) solution. 
Mechanoluminescence intensity was measured with a silicon photodiode (Hanamatsu, diameter of 
photosensitive area 7 mm) connected to a Keysight B2981 Femto/Picoammeter. 
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5.7.4 UV-activation of polymers 
A solution of each polymer was prepared at a concentration of 2 mg/mL. A glass vial was charged 

with 1 mL of this solution. Subsequently the vial was irradiated with UV light (254 nm) in a UV chamber 
for 5 minutes. Afterwards an aliquot (0.3 mL) was transferred to a quartz cuvette that was covered in 
aluminium foil and taken to the UV-VIS spectrometer ASAP. UV-VIS absorption measurements were 
performed at 2 °C. 

5.8 Synthetic procedures 

5.8.1 Poly(Diox-SP-COE) 

N O

O

NO2

O

O

O
O

O
OO

O
O

O O

Poly(Diox-SP-COE)  

A dry round bottom flask was charged with SP macrocycle (7.54 mg, 0.013 mmol). Then, 
bis(adamantyl)-1,2-dioxetane macrocycle (10 mg; 0.013 mmol) was added as a solution in 1 mL of 
anhydrous DCM, followed by cis-cyclooctene (0.18 mL, 150 mg; 1.3 mmol). The reaction mixture was 
brought under an Ar atmosphere and stirred for 15 minutes at room temperature. Then, Grubbs-py 
(0.1 mg, 0.01 mol%) was added as a solution in 0.2 mL of anhydrous DCM to initiate the polymerisation. 
After a few minutes, the mixture started to gel and was therefore diluted with 1 mL of anhydrous DCM. 
After 1 hour, a few drops of ethyl vinyl ether were added to stop the polymerisation and remove the 
polymer from the metal centre. Polymer was precipitated from cold MeOH, isolated, redissolved in 
DCM and precipitated once more. Drying of the pink polymer in vacuo resulted in the collection of 153 
mg (92%) of Poly(Diox-SP-COE) as a slightly yellow solid. 

Mn (GPC) = 130.7 kDa 

Ð (GPC) = 1.64 (Figure 5.9) 

 

 

Figure 5.9 Molecular weight distribution of GPC RI chromatogram of Poly(Diox-SP-COE) 
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5.8.2 Poly(SP-COE) 

N O

O

NO2

O

O

O

Poly(SP-COE)  

Spiropyran macrocycle (7.52 mg, 0.013 mmol) was dissolved in anhydrous DCM (1 mL). Cis-
cyclooctene (0.18 mL, 150 mg; 1.3 mmol) was added and the mixture was brought under an Ar 
atmosphere and was left to stir for 15 minutes at room temperature. Then, cis-1,4-diacetoxy-2-butene 
(1.8 μL, 1.19 mg, 0.0069 mmol) was added, followed by Grubbs-py (0.1 mg; 0.01 mol%) as a solution 
in 0.2 mL of anhydrous DCM to initiate the polymerisation. After a few minutes, the mixture started to 
gel and was therefore diluted with 1 mL of anhydrous DCM. After 1 hour, a few drops of ethyl vinyl 
ether were added to stop the polymerisation and remove the polymer from the metal centre. Polymer 
was precipitated from cold MeOH, isolated, redissolved in DCM and precipitated once more. Drying of 
the pink polymer in vacuo resulted in the collection of 153 mg (92%) of Poly(SP-COE) as a slightly yellow 
solid. 

Mn (GPC) = 138.0 kDa 

Ð (GPC) = 1.53 (Figure 5.10) 

 

Figure 5.10 Molecular weight distribution of GPC RI chromatogram of Poly(SP-COE) 
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6 Outlook 

The goal of this project was to develop mechanoluminescent ROMP polymers that can be used to 
determine the relative mechanical strength of the 1,2-dioxetane mechanophore. In this report, we 
have presented the synthesis and purification of a 1,2-dioxetane-containing macrocycle that can be 
employed in ED-ROMP. The resulting polymers were found to be mechanoluminescent upon 
ultrasonication in dilute solution. 

Secondly, we demonstrated that incorporation of 1,2-dioxetane in a Poly(gDCC) backbone resulted 
in a lower amount of gDCC ring-opening prior to chain scission, indicating that the incorporation of 
1,2-dioxetane indeed weakens the polymer chain. Further work is required to precisely quantify the 
mechanical strength of the dioxetane with the gDCC method described in the Craig group study, which 
will entail synthesising comparable reference polymers containing a similar amount of other weak 
bonds (e.g. diazo or thioether) to those reported here. 

Moreover, we propose that this method could also be applied to other mechanophores that are 
currently being studied in our group, or that will be developed in the future, to determine their 
mechanical strength, for instance, the Pd-NHC or Ag-NHCs complexes.  

Finally, we reported the synthesis of dual optically mechanoresponsive ROMP polymers containing 
dioxetane and spiropyran mechanophores. We hypothesised that these polymers can also be used for 
the elucidation of the relative mechanical strength of the 1,2-dioxetane mechanophore, by exploiting 
a competition between the activation of 1,2-dioxetane and spiropyran. Our initial and preliminary 
results indicate that this particular polymeric system should be studied in greater detail in order to 
determine mechanical strengths. To this end, both the photostationary state of spiropyran upon UV 
activation of the polymers, as well as the mechanostationary state upon activation by ultrasonication 
should be investigated in the future. 
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Appendix 

MW calculations for random and block copolymer methanolysis 

Random copolymer 

Methanolysis occurs at every 1,2-dioxetane unit or run of 1,2-dioxetane units. With 1 mol% of 1,2-
dioxetane incorporation, assuming a random distribution of monomers, the average run number is 
given by: 

𝑅𝑅 = 2 ∙ 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∙ 𝑃𝑃𝑔𝑔𝐷𝐷𝐷𝐷𝐷𝐷 = 2 ∙ 0.99 ∙ 0.01 = 0.0198  

The probability of one gDCC being followed by a dioxetane (P2,gDCC-diox) is equal to the probability of one 
dioxetane being followed by a gDCC (P2,diox-gDCC) and follows from: 

𝑃𝑃2,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−𝑑𝑑𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑃𝑃2,𝑔𝑔𝐷𝐷𝐷𝐷𝐷𝐷−𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑅𝑅
2

= 0.0099  

And the average run lengths of both units (lgDCC and ldiox) from: 

𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝑃𝑃2,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 0.99

0.0099
= 100  

 

𝑚𝑚𝑑𝑑𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑃𝑃2,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

= 0.01
0.0099

= 1.01  

Therefore, the average molecular weight for poly(gDCC) that remains after methanolysis is thus: 

𝑀𝑀𝑛𝑛,𝑟𝑟𝑟𝑟𝑛𝑛𝑑𝑑𝐷𝐷𝑟𝑟 = 𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∙ 𝑀𝑀𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 340.5 𝐷𝐷𝐷𝐷 = 100 ∙ 191 𝐷𝐷𝐷𝐷 + 368.6 𝐷𝐷𝐷𝐷 = 19.5 𝑘𝑘𝐷𝐷𝐷𝐷  

Block copolymer 

𝑀𝑀𝑛𝑛 = 𝑋𝑋 ∙ 𝑀𝑀𝑑𝑑𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑌𝑌 ∙ 𝑀𝑀𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  
𝑋𝑋

𝑋𝑋+𝑌𝑌
= 1

100
   

𝑀𝑀𝑛𝑛,𝑏𝑏𝑏𝑏𝐷𝐷𝑏𝑏𝑏𝑏 = 𝑀𝑀𝑛𝑛 − 𝑋𝑋 ∙ 𝑀𝑀𝑑𝑑𝐷𝐷𝐷𝐷𝐷𝐷 + 170.25 𝐷𝐷𝐷𝐷 = 64.5 𝑘𝑘𝐷𝐷𝐷𝐷 − 725 𝐷𝐷𝐷𝐷 + 184.3 𝐷𝐷𝐷𝐷 = 63.9 𝑘𝑘𝐷𝐷𝐷𝐷  

 

Reference: Harwood, J.H; Ritchey, W.M., J Polym Sci B, 1964, 2, 601 
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