
 

Catalysis and luminescence in mechanically activated
polymers
Citation for published version (APA):
Jakobs, R. T. M. (2013). Catalysis and luminescence in mechanically activated polymers. [Phd Thesis 1
(Research TU/e / Graduation TU/e), Chemical Engineering and Chemistry]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR751841

DOI:
10.6100/IR751841

Document status and date:
Published: 01/01/2013

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 26. May. 2023

https://doi.org/10.6100/IR751841
https://doi.org/10.6100/IR751841
https://research.tue.nl/en/publications/e35f5871-2582-4224-8056-455f804b7308


 
 
 
 
 

Catalysis and Luminescence in Mechanically 
Activated Polymers 

 
 
 
 
 
 
 PROEFSCHRIFT 
 
 
 
 
 ter verkrijging van de graad van doctor aan de 
 Technische Universiteit Eindhoven, op gezag van de 
  rector magnificus, prof.dr.ir. C.J. van Duijn, voor een 
 commissie aangewezen door het College voor  
  Promoties in het openbaar te verdedigen 
 op dinsdag 16 april 2013 om 16.00 uur 
 
 
 
 
 door 
 
 
 
 
 
 Robert Theo Marie Jakobs 
 
 
 
 
 geboren te Venray 
 
 
 



 
 
 
Dit proefschrift is goedgekeurd door de promotor: 
 
 
prof.dr. R.P. Sijbesma 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cover design by Evelien Jakobs. Photograph © Gina Sanders / 123RF 
Printed by: Gildeprint Drukkerijen, Enschede 
 
A catalogue record is available from the Eindhoven University of Technology 
Library 
 
ISBN: 978-90-386-3357-2 
 
This work has been financially supported by Netherlands Organization for 
Scientific Research, Chemical Sciences (NWO-CW) and Dutch IOP Self-Healing 
Materials. 



 
 
 
 
 
 
 
 
 

‘Our patience will achieve more than our force’ 
 

Edmund Burke 



Table of content 

Introduction 

Catalysis and Luminescence in Mechanically Activated 

Polymers ..................................................................................... 1 

1.1 Mechanochemistry ......................................................................................... 2 

1.2 The use of mechanophores for mechanoresponsive materials .................... 4 

1.3 Mechanochemistry for self-healing materials .............................................. 8 

1.4 Mechanically activated catalysts ................................................................ 10 

1.5 Ruthenium–alkylidene based olefin metathesis catalysts ........................ 12 

1.6 Aim and outline of this thesis ..................................................................... 16 

References ........................................................................................................... 17 

 

Synthesis and scission of latent olefin metathesis catalysts 

and its activity in RCM ............................................................... 23 

2.1 Introduction .................................................................................................. 24 

2.2 Synthesis of mechanically activated metathesis catalyst .......................... 26 

2.3 Scission by sonication in solution ................................................................ 29 

2.4 Activity of scission product in ring closing metathesis .............................. 31 

2.5 Increasing catalyst activity in RCM ........................................................... 32 

2.6 Influence of sonication power and saturation gas on activation of 

latent catalyst .............................................................................................. 35 

2.7 Conclusions ................................................................................................... 37 

Experimental section ......................................................................................... 38 

References ........................................................................................................... 42 

 

Investigation of the active species of latent olefin metathesis 

catalysts in ROMP ...................................................................... 45 

3.1 Introduction .................................................................................................. 46 

3.2 Persistence of active species in ROMP ....................................................... 47 

3.3 Conclusions ................................................................................................... 51 

Experimental section ......................................................................................... 51 

References ........................................................................................................... 55 

 

3 

2 

1 



Mechanocatalytic polymerization and cross-linking in the 

solid state .................................................................................. 57 

4.1 Introduction .................................................................................................. 58 

4.2 Transferring macroscopic force to chemical bonds ..................................... 59 

4.3 Activation of a polymerization catalyst upon compression ....................... 61 

4.4 Activation of a cross-linking reaction by compression ............................... 66 

4.5 Conclusions ................................................................................................... 67 

Experimental section ......................................................................................... 67 

References ........................................................................................................... 72 

 

Probing bond scission in cross-linked networks by 

mechanoluminescence ............................................................... 75 

5.1 Introduction .................................................................................................. 76 

5.2 Improving the synthesis of cross-linked films ............................................ 78 

5.3 Improving the set-up for tensile tests ......................................................... 80 

5.4 Systematic investigation luminescence intensity ...................................... 81 

5.5 Influence of strain rate on light intensity .................................................. 83 

5.6 Influence of cross-link density on light intensity ....................................... 86 

5.7 Spatial and temporal resolution .................................................................. 89 

5.8 Conclusions ................................................................................................... 90 

Experimental section ......................................................................................... 90 

References ........................................................................................................... 92 

 

Conclusions and outlook ................................................................. 95 

Summary ........................................................................................ 97 

Samenvatting .................................................................................. 99 

Curriculum Vitae ........................................................................... 103 

List of publications ........................................................................ 105 

Dankwoord ................................................................................... 107 

5 

4 





1 
Introduction 

Catalysis and Luminescence in Mechanically Activated 

Polymers 

 

ABSTRACT:ABSTRACT:ABSTRACT:ABSTRACT: In this chapter, the concept of mechanochemistry is discussed. 

The history and fundamental aspects underlying scission of polymer chains are 

described. Current developments in mechanochemistry involve the 

introduction of mechanophores in polymer chains that can undergo useful 

reactions upon mechanical activation. Examples of solid state and of solution 

state polymer mechanochemistry are given, with an emphasis on 

mechanoresponsive and autonomous self-healing materials. After a description 

of mechanically activated catalysts, the focus shifts to olefin metathesis, the 

mechanocatalytic reaction investigated for this thesis. The development of 

olefin metathesis catalysts and the underlying mechanism are reviewed. The 

progress in synthesis of ruthenium–alkylidene complexes and the work in 

latent forms of these metathesis catalysts are described. Finally, the aim and 

outline of this thesis are given. 
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1.1 Mechanochemistry 

A mechanochemical reaction is a chemical reaction that is induced by the 

direct absorption of mechanical energy,1 and mechanochemistry refers to one 

of the four modes of supplying energy to promote chemical reactions, next to 

thermochemistry, electrochemistry, and  photochemistry.2 The term 

mechanochemistry refers to the phenomena observed in milling or grinding of 

crystals, metals, and alloys (e.g. mechanochemical synthesis),2–4 elongation of 

polymer materials or polymer chains in solutions (i.e. polymer 

mechanochemistry),5–7 and stretching of single chemical bonds in single 

molecule force spectroscopy.8,9 Although numerous examples of transduction of 

mechanical stimuli can be found in Nature—including clotting of blood,10 sense 

of touch and hearing11—they cannot be considered true mechanochemical 

reactions. Although force leads to a chemical or electrical signal in these 

processes, it does not form or break chemical bonds directly, but rather leads to 

partial unfolding of a protein or enzyme which triggers a series of secondary 

events. 
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Figure 1.Figure 1.Figure 1.Figure 1.1111: : : : Morse energy potentials of a covalent bond U(r), with 

dissociation energy D (dash-dotted line) and a covalent bond under force 

U’(r). U’(r) is the sum of U(r) and W(r), and has a lowered dissociation 

energy D’.13 

Polymer mechanochemistry was first described by Staudinger in the 

1930s,12 when he interpreted the decrease in molecular weight upon 

mastication of a polymer as the mechanical rupture of macromolecules. A few 

years later, Kauzmann and Eyring13 developed the thermal activation to bond 

scission (TABS) theory. This theory states that the standard Morse potential 

(U(r) in Figure 1.1) is lowered by the work put in by an external force  
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(W(r) = F × r in Figure 1.1). This gives rise to a new Morse potential  

(U’(r) = U(r) – W(r) in Figure 1.1) with a new activation barrier for bond 

dissociation D’ which is lowered compared to that of the unstretched bond D. 

When D’ is lowered enough, thermal fluctuations at room temperature are 

sufficient to overcome the energy barrier. 

Mechanically activated homolytic bond scission8 in polymers gives rise to 

so called mechanoradicals;14 their existence has been recorded in ball-

milling,4,5 mastication,15 squeezing,16 rubbing,17 or straining18 of polymers. The 

mechanoradicals created in this fashion have been used to synthesize block or 

graft copolymers or cross-linked materials and many examples of used 

polymers and monomers can be found in literature.14,19 Subjecting polymer 

melts or polymer solutions to large strains and strain rates also leads to chain 

scission, and the resulting mechanoradicals have also been used for copolymer 

synthesis.5,14 

Frenkel20 assumed in 1944 that the probability of mechanochemical chain 

scission in viscous flows is not equal over the entire length of the polymer 

chain. The velocity gradient in elongational flows causes the chain to partially 

unfold around its center. As the separate monomeric units each experience 

Stokes friction (the medium either being solvent or other polymer chains), the 

force builds up over the length of the chain and is highest at the center.8 Since 

the central part of the polymer chain will feel the highest force, bond scission 

is most probable there. The buildup of force over the length of the polymer 

chain also implies that the maximum force scales with M2, where M is the 

molecular weight of the polymer. The later developed bead–rod model21,22 also 

predicts this quadratic dependence of molecular weight with force. Since a 

molecular bond requires a minimum force in order to make dissociation 

possible (as predicted by TABS theory), this means that a minimum, limiting 

molecular weight is required for chain scission to occur, referred to as Mlim. 

Among the techniques capable of applying high elongational strain rates 

to polymer solutions, such as cross-slot devices22,23 and laminar flow in a 

viscometer,24 ultrasound has been recognized as one of the most efficient 

methods.25 The high frequency oscillating pressure wave applied to the 

solution leads to nucleation and growth of small gas bubbles in the solution 

(Figure 1.2).26 At a certain point, this cavitation bubble becomes unstable and 

collapses rapidly. Adiabatic collapse leads to extremely high temperatures and 

pressures (up to 5000 K and 500 bar)27 inside the bubbles, referred to as hot 

spots. Volatile molecules, present in the cavitation bubbles, pyrolyze under 



Chapter 1 

4 

these conditions, leading to radicals that may react further.27–29 The thermal 

effects of cavitation have been well studied, and have been used in e.g. 

sonoluminescence.27 Polymers, which are not volatile, do not experience the 

high temperatures inside cavitation bubbles, and their scission has mainly 

been attributed to mechanical effects.30,31 The inward motion of the boundary 

of the collapsing cavitation bubble gives rise to large velocity gradients and 

strain rates (up to 107 s–1) in the surrounding solution (Figure 1.2).29,30 As a 

result of the high strain rates, polymers unfold and break, similar to the 

behavior observed for other elongational flows.21,30,31 

a) b)

 

Figure 1.Figure 1.Figure 1.Figure 1.2222: : : : a) Bubble formation and growth as a result of the oscillating 

acoustic pressure wave from the ultrasonic irradiation. b) Sudden collapse 

of a cavitation bubble and the uncoiling and scission of a polymer chain in 

its vicinity. Reprinted with permission from Ref. 6. Copyright © 2009 

American Chemical Society.    

1.2 The use of mechanophores for mechanoresponsive materials 

Although polymer scission usually takes place at a random molecular 

bond around the center of the polymer chain, Encina et al.32 found that by 

placing weak O–O peroxide bonds at random positions in the polymer 

backbone, the scission rate could be increased by tenfold. This concept was 

further developed in the Moore group by incorporation of a single N=N azo 

group in a PEG polymer backbone.33 They found that the weak azo bond 

breaks selectively, even when it experiences a lower force when placed off-

center. Around the same time, experiments performed by Paulusse in our 

group, showed that Mlim is drastically reduced by the incorporation of a weak 

Pd–P coordination bond.34 

The observations on weak azo bonds in polymers led Moore to the 

introduction of the term ‘mechanophore’,7,35 for a weak bond in a polymer chain 

that can undergo useful reactions upon the application of force. Many different 



Introduction 

5 

mechanophores, activated both in solid state and in dilute solution by 

ultrasound, have been reported in literature and are expected to lead to the 

development of mechanoresponsive materials, in which the application of force 

gives rise to a change in material properties. 

The first mechanophore that reacts to give different products for 

mechanical as compared to thermal activation, was reported in 2007.35 A 

benzocyclobutene (BCB) moiety was incorporated in a poly(ethylene glycol) 

(PEG) chain (Figure 1.3a) and subjected to ultrasound. Irrespective of the 

geometry of the starting material (being either cis- or trans-substituted BCB), 

the E,E ring-opened product was formed upon mechanical activation (Figure 

1.3c). The outcome of the mechanochemical reaction is in strong contrast to 

thermal ring-opening, which follows a conrotatory pathway in line with the 

Woodward–Hoffmann rules, and gives the E,Z or the E,E product from cis-BCB 

or trans-BCB, respectively (Figure 1.3b). Computations35,36 confirmed the 

selective lowering of the activation barrier for disrotatory ring-opening of cis-

BCB (Figure 1.3d). The differences in outcome for the mechanically and 

thermally activated reactions are a direct result of the anisotropy of the 

applied force. In other words: Force has a direction, while thermal energy has 

not. 

A more recent example of different reaction products for thermal and 

mechanical activation was published by Bielawski et al.37 Upon sonication of a 

1,2,3-triazole embedded within a poly(methyl acrylate) (PMA) chain, retro 

[3+2] cycloaddition takes place, leading to azide and alkyne functionalized 

PMA (Figure 1.3e). Reconnecting these chains, by using the copper catalyzed 

Huisgen click-reaction,38 results in the initial triazole. Although recent 

computational results39 have put in doubt an activation mechanism that is 

solely mechanical, it is striking that the force of ultrasound rapidly ‘unclicks’ 

triazoles which are too stable to cleanly revert thermally. Follow-up studies 

showed that placement of the polymer chain on the 1,5-position of triazole ring 

(in contrast to the 1,4-position in Figure 1.3e) leads to a 1.2 times higher cyclo-

reversion rate, which was ascribed to a better deformability of the 1,5-isomer.40 
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b) c)

d)

e)

a)

 

Figure 1.Figure 1.Figure 1.Figure 1.3333::::    Examples of mechanically activated reaction that lead to 

different products than the thermally activated equivalent: a–c) Structures 

of cis- and trans-substituted benzocyclobutene (BCB). Thermally activated 

ring-opening (b) leads to different isomers, while mechanical activation (c) 

leads only to the E,E-isomer.35 Reprinted with permission from Ref. 35. 

Copyright © 2007 Nature Publishing Group. d) Force modified potential 

energy surface for ring-opening of a cis-substituted cyclobutene. The energy 

barrier for disrotatory ring-opening is lowered more effectively by force.36 

Reprinted with permission from Ref. 36. Copyright © 2009 American 

Chemical Society. e) Retro [3+2] cycloaddition of a 1,2,3-triazole embedded 

in a PMA polymer chain by the application of ultrasound and reverse click 

reaction.37 

The full potential of mechanically induced reactions for useful 

applications will probably only be realized by bringing mechanochemistry to 

the solid state. An inspiring example of transferring a process from solution to 

solid polymer activation was reported recently for the mechanochromic 

spiropyran (SP) to merocyanine (MC) transition. After initial study of the 

activation of a PMA-functionalized SP moiety by ultrasound,41 tensile 

experiments on elastomeric materials containing these polymers also showed 

mechanical activation (Figure 1.4a).42 The colorless SP is ring-opened to form 

the red MC dye upon mechanical activation. Stretching of a linear or cross-

linked SP-functionalized PMA matrix results in red coloring of the material 

before failure. Compression of glassy poly(methyl methacrylate) (PMMA) 

beads leads to similar results and could be used to visualize the stress 

distribution within the beads. In later studies, this SP mechanochromic probe 

was used to study the effect of temperature and plasticizers43 and was 
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embedded in polyurethanes44 and polycaprolactone45. This SP-based system 

can be regarded as a covalent alternative for other mechanosensitive polymer 

materials which use non-covalent interactions.46 Possible benefits of a covalent 

system include increased long-term stability and better tuning of activation 

stresses. 

Inspired by these results, our group reported on the incorporation of a 

bis(adamantyl)-1,2-dioxetane moiety in linear and cross-linked PMA films 

(Figure 1.4c).47 Generally, 1,2-dioxetanes are thermally labile species; they 

decompose into two ketone moieties, one of which is in an electronically excited 

state.48 Upon relaxation, light is emitted from the singlet excited state.48 The 

thermal stability of bis(adamantyl)-1,2-dioxetane, however, is greatly 

enhanced, and these moieties are known to be stable up to 150 °C.49 Upon 

tensile deformation of bis(adamantyl)-1,2-dioxetane functionalized polymers, 

emission of light was observed (Figure 1.4b). The autoluminescent properties 

of this system, in combination with the short lifetime of the luminescence, 

open opportunities for the study of chain scission in polymers with high spatial 

and temporal resolution.47 

a) b)

c)

 

Figure 1.Figure 1.Figure 1.Figure 1.4444: : : : Examples of mechanochemistry in polymeric materials. a) 

Mechanochromic respons of a PMA-functionalized spiropyran moiety which 

ring-opens mechanically to the red dye merocyanine.42 b,c) 

Mechanoluminescence observed by tensile tests of a bis(adamantyl)-1,2-

dioxetane embedded within a PMA chain.47 Figures reprinted with 

permission from Refs. 42 and 47. Copyright © 2009 and 2012 Nature 

Publishing Group. 
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1.3 Mechanochemistry for self-healing materials 

In addition to use in mechanoresponsive materials, mechanochemistry 

holds promise for autonomous self-healing materials.50 Stress—and resulting 

bonds scission—could trigger a healing event, without the use of any external 

stimulus. The use of dynamic bonds (e.g. hydrogen bonds or metal–ligand 

bonds) for autonomous self-healing materials often requires soft rubbery 

materials,51 although recent work of Guan et al.52 showed that the concept can 

also be used in high modulus thermoplastic elastomers. A macroscopic 

approach, in which the stress itself activates healing, was reported by White et 

al.53 In their approach, monomer-containing microcapsules embedded in a 

polymeric material rupture upon stress, after which the monomer is 

polymerized by catalyst present throughout the material. The concept was 

further optimized and tuned, and numerous examples of capsule- and 

vascular-based self-healing materials exist today.54 A molecular approach, in 

which rupture of a chemical bond triggers self-healing, would further broaden 

the applicability of self-healing materials, without the necessity of macroscopic 

inhomogeneities such as capsules. Such a principle is already at work in car 

tires, where stress-induced reactions in cross-linked and filler-interacted 

rubber components increase tire lifetime.55 A few approaches towards a 

mechanochemical self-healing mechanism have been reported. 

The Moore-group developed a dicyano-cyclobutane mechanophore (Figure 

1.5a), which ring-opens under ultrasound irradiation to form two 

cyanoacrylate end-groups.56 The high tendency of these electron-poor acrylates 

to polymerize might be used for cross-linking reactions in self-healing 

materials, although no solid state experiments have been reported so far. 

In a related approach, sonication of a 115 kDa perfluorocyclobutane 

polymer resulted in trifluorovinyl ether end-fuctionalized polymer fragments 

(10 kDa) by ring scission (Figure 1.5b).57 Heating the sonication product at 180 

°C for 16 hours led to the reformation of the perfluorocyclobutane polymer, 

albeit a much lower molecular weight was observed (37 kDa, ascribed to 

practical difficulties in these step-growth polymerizations at small scale). The 

process could be repeated in a second sonication/thermal-heating cycle. 

Although this concept cannot be used in autonomous self-healing materials, 

because of the high temperatures of the remending process, it effectively shows 

the mechanochemical formation of a functional group that can be used in a 

subsequent bond-formation reaction. 
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a)

b)

c)

 

Figure 1.Figure 1.Figure 1.Figure 1.5555:::: Approaches towards mechanochemical self-healing materials: a) 

Mechanochemical ring-opening by sonication of a dicyanocyclobutane 

moiety leads to a cyanoacrylate functional group.56 b) Ultrasound-induced 

scission and subsequent thermal remending of perfluorocyclobutane-

functionalized polymers.57 c) Formation of C–Cl bonds upon ring-opening of 

gem-dibromocyclopropanated polybutadiene in extrusion experiments.58 

The Craig-group also reported on mechanochemically triggered bond 

formation in polymer melts. Based on their thoroughly investigated gem-

dihalocyclopropanated polybutadiene (gDHC-PB) system, extrusion of such a 

polymer together with benzyl triethylammonium chloride resulted in partial 

halogen substitution of the formed 2,3-dibromoalkenes (Figure 1.5c).58 It was 

reported that approximately 25 times more covalent bonds are formed than 

polymer chains are broken in these experiments. When a suitable bis-

functional reactant could be found, the concept could be used for mechanically 

induced cross-linking. A similar gDHC-PB system was previously shown to 

form 1,3-diradical intermediates that are capable of radical addition in 

sonication reactions.59 A related concept, in which the cyclopropanes are 

substituted for epoxides, also led to covalent addition of small molecules to the 

polymer chain under ultrasound irradiation.60 This study showed the influence 

of polymer backbone stiffness and structure, as stiffer polymer chains lead to 

higher stresses on the mechanophore. Recent single-molecule force 

spectroscopy experiments revealed that part of the increased mechanophore 

activity comes from a lever-effect which can lead to orders of magnitude higher 

reaction rates when similar forces are applied to the backbone.61 
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1.4 Mechanically activated catalysts 

Based on the work on metal–phosphine coordination polymers,62 our 

group started investigating mechanical dissociation of silver(I)-coordination 

complexes with N-heterocyclic carbene (NHC) functionalized polymers (Figure 

1.6a).63 Soon after, it was found that the resulting free carbene can be used to 

catalyze the transesterification of benzyl alcohol and vinyl acetate.64,65 The 

complexed form of the carbene displayed no activity; this means that the 

catalyst is activated mechanically. The generality of the concept of 

mechanocatalysis was demonstrated with a bis-NHC ruthenium–alkylidene 

complex (Figure 1.6b). Such complexes are known to be latent catalysts for 

olefin metathesis.66,67 Upon sonication of a complex with polymer chains 

attached to the ligands, one of the NHC-ligands dissociated and the resulting 

ruthenium center was active in ring-closing metathesis and ring-opening 

metathesis polymerization.64,65,68 

Every latent catalyst that is activated by ligand dissociation in principle 

can be converted to a mechanocatalyst by functionalization with a polymer. 

Therefore, the concept holds promise for use in both mechanical signal 

transduction and autonomous self-healing materials. 

a)

b)

 

Figure 1.Figure 1.Figure 1.Figure 1.6666: : : : Mechanocatalysts developed in the Sijbesma group: a) NHC-

ligand, liberated upon sonication of a silver(I)–NHC complex, is the active 

catalyst in transesterification. b) Sonication of a bis-NHC ruthenium(II)–

alkylidene complex leads to an active olefin metathesis catalyst.64 
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Another mechanocatalytic system was developed by the Bielawski group. 

They used a palladium–pyridine mechanophore in which both ligand and 

metal are catalysts after mechanical activation by ultrasound (Figure 1.7a).69 

Upon sonication of the dipalladium complex, the metal–pyridine bond breaks 

and liberates a SCS–Pd and a pyridine. The metal complex can catalyze 

carbon–carbon bond formation between benzyl cyanide and N-tosyl imines, 

while the pyridine species is an active catalyst for the anionic polymerization 

of highly electron deficient α-trifluoromethyl-2,2,2-trifluoroethyl acrylate. A 

pyridine–boronium complex (Figure 1.7b) was used as an alternative metal-

free source for the pyridine catalyst.70 

No examples of mechanocatalysis in solids have been reported, however, a 

mechanogenerated acid (Figure 1.7c), which is activated upon compression of a 

crosslinked polymer, was published recently.71 Although it was not shown in 

the published study, the liberated acid could in principle be used as a catalyst. 

The work is a modification of the gem-dihalocyclopropanated polybutadiene 

system developed in the Craig group, in which the cyclopropane-moiety is 

based on an 1,3-substituted indene. Mechanical activation of this moiety leads 

to the elimination of HCl, in which the aromatization to form 2-

chloronaphtalene is the driving force. The liberated acid was subsequently 

used to change the color of a pH indicator in solution. 

c)

b)a)

 

Figure 1.Figure 1.Figure 1.Figure 1.7777: : : : a) Palladium–pyridine complex which can be sonicated to form 

an active Pd(II) species, which catalyzes C–C bond formation, and a 

pyridine moiety, which is used to catalyze an anionic polymerization.69 b) 

Pyridine–boronium complex as a metal-free source for the previously 

reported pyridine mechanocatalyst.70 c) Elimination of HCl upon 

compression of PMMA containing mechanophore based on gem-

dichlorocyclopropanated indene.71 
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1.5 Ruthenium–alkylidene based olefin metathesis catalysts 

Olefin metathesis has become an increasingly important tool for synthetic 

and polymer chemists over the last two decades.72 Although olefin metathesis 

was first observed in the 1950s, the development of well-defined and stable 

catalysts in the early 1990s proved crucial for the full recognition of the 

potential of this “black swan” in organic synthesis.73 As its name suggests, 

olefin metathesis involves the transposition (‘metathesis’) around alkene 

(olefin) double bonds. Several different types of metathesis reactions have been 

recognized (Figure 1.8a), including cross metathesis (CM), ring-closing (RCM) 

and ring-opening metathesis (ROM), ring-opening metathesis polymerization 

(ROMP), and acyclic diene metathesis polymerization (ADMET).72 Chemically 

related reactions are alkyne metathesis (between two alkyne species) and 

enyne metathesis (between an alkene and an alkyne moiety), which follow a 

similar mechanism.74 In principle, these are all equilibrium reactions, but 

removal of volatile products or release of ring strain are often used to drive the 

reaction to the desired direction.75 

b)

a)

 

Figure 1.Figure 1.Figure 1.Figure 1.8888: : : : a) Different olefin metathesis reactions: cross-metathesis (CM), 

ring-closing (RCM) and ring-opening metathesis (ROM), ring-opening 

metathesis polymerization (ROMP), and acyclic diene metathesis 

polymerization (ADMET). b) Chauvin mechanism involving the formation of 

a metallocyclobutane.77 

The main reason for the long adaption time for olefin metathesis was a 

lack of insight in the reaction mechanism. Although the scrambling reaction 

was found to be catalyzed by early transition metals (in various forms) 

supported on silica or alumina (e.g. WO3/SiO2) or early transition metal 
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halides with alkylating agents (e.g. WCl6/AlEt2Cl), the actual active species 

was unknown.76 It was Chauvin who postulated the reaction of a metal–

alkylidene (M=C bond) with an olefin to form a metallocyclobutane 

intermediate in 1971 (Figure 1.8b).77 The proposed mechanism became known 

as the Chauvin mechanism, and was supported by an increasing number of 

experimental results,78 with the dispute being finally settled by the isolation of 

metathesis active metal–alkylidene complexes by Schrock in 1980.79 

The Schrock group increased the effort in finding stable and active 

metathesis catalysts, resulting in the development of the molybdenum-based 

Schrock catalyst (Scheme 1.1).80 Although this family of molybdenum- and 

tungsten-based complexes are still the most active olefin metathesis catalysts 

that exist today, they suffer from decomposition upon storage, sensitivity to air 

and moisture and incompatibility with many functional groups, such as 

alcohols and aldehydes.81 Despite these drawbacks, caused by the high 

oxophilicity of the high oxidation state, d0 early transition metal center, efforts 

to improve this types of catalyst continue unabatedly, and focus on 

regioselective metathesis and still higher reactivities.82 

 

Scheme 1.Scheme 1.Scheme 1.Scheme 1.1111: : : :  Typical olefin metathesis catalysts. From left to right: 

molybdenum-based Schrock catalyst;80 first ruthenium–alkylidene 

complex;83 Grubbs 1st generation catalyst;84 Grubbs 2nd generation 

catalyst.85 

In order to increase the functional group tolerance of the metathesis 

reaction, Grubbs focused on ruthenium-based systems. Being a late transition 

metal, ruthenium preferentially reacts with softer Lewis bases, such as olefins, 

over hard bases, such as oxygen-based compounds.72 After experiments with 

RuCl3, the necessity of lower oxidation state Ru(II) became apparent86 and 

much effort was put in the synthesis of a well-defined Ru(II)–alkylidene 

complex, as it was believed that a reaction mechanism similar to that of early 

transition metals would be operative.87 Although the first Ru(II) catalyst 

prepared by Grubbs (Scheme 1.1) was only active in ROMP of strained 
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monomers, it retained its activity in protic solvents.83 In order to increase the 

reactivity, initial attempts aimed at increasing the electrophilicity at the metal 

center,88 in correspondence with the work performed on Schrock catalysts.87 In 

contrast, it turned out that the use of more basic phosphine ligands (and thus 

increasing the electron-density at the metal center) eventually brought about 

the desired increase in activity.84 The commercialization of what later became 

1st generation Grubbs catalyst (Scheme 1.1) followed in 1995, and finally led to 

widespread use of olefin metathesis in organic synthesis. 

Mechanistic studies revealed that the first step in the catalytic cycle 

involves dissociation of one of the phosphine ligands to form 14-electron 

species IIIIIIII (Scheme 1.2).89 The use of basic and bulky phosphines promotes this 

initiation step, thereby increasing the overall activity of the catalyst. There is, 

however, a delicate balance in tuning the steric and electronic properties of the 

phosphine ligand; decomposition was also found to occur through intermediate 

IIIIIIII.90 The catalytic cycle proceeds via the earlier recognized Chauvin 

mechanism; coordination of an olefin is followed by the formation of a Ru(IV)-

metallocyclobutane, which can break down productively or unproductively to 

generate either a new alkene species, or give back the starting olefins. 

 

Scheme 1.Scheme 1.Scheme 1.Scheme 1.2222: : : : Catalytic cycle of Grubbs catalysts.89 

In order to increase the dissociation rate of the phosphine ligand, and 

thereby the activity of the catalyst, strongly σ-donating N-heterocyclic carbene 

(NHC) ligands91 were coordinated to the ruthenium–alkylidene center. While 

bis-NHC complexes were found to have only moderate metathesis activity,92 

complexes bearing one NHC and one phosphine ligand, discoverd by three 

individual research groups, indeed show a high activity.93 This led to the 
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development of 2nd generation Grubbs catalyst, bearing a saturated bis-mesityl 

NHC ligand (Scheme 1.1).85 

Although initial interests in the NHC ligand system where triggered by 

the increased σ-donating ability, it turned out that the actual phosphine 

dissociation was decreased by 102 times in the 2nd generation catalyst.94 

Computational methods later ascribed this to a lower overall charge donation 

due to π-backdonation95 and an altered rotation around the Ru–alkylidene 

bond.96 The increased activity is instead a result of preferential binding of 

intermediate IIIIIIII to a π-acidic olefin (IIIIIIII –> IIIIIIIIIIII) relative to the recoordination of 

the phosphine (IIIIIIII –> IIII).97 Later experimental and computational studies found 

more subtle differences in the stabilization of the different intermediates, 

which lead to an increase in overall reaction rate.98 In order to increase the 

initiation rate, an analogue was synthesized in which the phosphine ligand in 

the 2nd generation catalyst is replaced by two pyridine moieties.99 This 3rd 

generation catalyst is highly active, albeit that the stability is significantly 

decreased. Another phosphine-free analogue was synthesized by Hoveyda and 

coworker. By letting react the 1st or 2nd generation Grubbs catalyst with 

isopropoxystyrene, aryl-ether chelate complexes are formed, known as 

Hoveyda–Grubbs 1st and 2nd generation catalysts.100 These catalysts share the 

same active species as their phosphine-containing counterparts, but are highly 

recyclable because of the release/return mechanism of the chelate.101 

It should be noted that the position of the olefin in intermediates III III III III to 

VVVV—being either cis (side-bound mechanism) or trans (bottom-bound 

mechanism) relative to ligand L—is highly debated; experimental and 

computational support for both mechanisms have been reported.102 Recent 

computational work by Cavallo indicates that a delicate balance between 

steric, electronic and solvent effects result in either the side-bound or the 

bottom-bound mechanism being followed, and no generalizations for both 

generation catalysts can be made.103 

Applications of olefin metathesis outside organic synthesis can mainly be 

found in polymer chemistry.72 Recent research in ROMP catalysts focusses on 

the use of living conditions for polymers with narrow polydispersity104 and 

well-defined end-groups.105 For polymer chemistry, latent catalysts could be 

beneficial; for example, monomer and catalyst could be premixed and put in a 

mold, while polymerization starts only after application of a trigger.106 

Furthermore, latent catalysts can also be advantageous, because the inactive 

state, most often, is also a stable state, making it possible to create a catalyst 
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that lives forever.107 Numerous examples exist of catalysts that are activated 

by heat,108 light,109 acid,110 or other chemical components.111 In most cases, the 

activity is suppressed by a decreased ligand dissociation rate, which hampers 

catalyst initiation. Different catalyst design strategies have been applied in 

order to ensure latency (Scheme 1.3). By the use of two strongly coordinating 

ligands (Scheme 1.3A), the original catalyst morphology retains intact, but the 

diminished ligand dissociation ensures inactivity at ambient temperature.66 By 

placing a heteroatom on the alkylidene ligand (Scheme 1.3B), a Fisher 

carbene112 is formed, which only becomes active at elevated temperatures.113 

The use of a chelating ligand, either via the pseudohalogen ligand (Scheme 

1.3C)114 or the alkylidene ligand (Scheme 1.3D),115 can also give rise to latent 

catalysts, because of the increased coordination effect of the chelate. 

 

Scheme 1.Scheme 1.Scheme 1.Scheme 1.3333: : : : Different examples of latent olefin metathesis catalysts.66,113–115 

1.6 Aim and outline of this thesis 

Combining the work of latent olefin metathesis catalysts and 

mechanochemistry has resulted in the development of metathesis 

mechanocatalysts described earlier in this chapter. After the initial report64 of 

this catalyst, crucial questions still remained. The main aim of this thesis is 

further investigation of the catalyst and the use of this knowledge in exploring 

opportunities for self-healing materials. 

In Chapter 2, the synthesis of the mechanocatalyst is optimized and the 

mechanochemical scission rate under standardized sonication conditions is 

determined. The activity of the catalyst in ring-closing metathesis is 

investigated and attempts are made to increase the lifetime of the active 

species. Impurities formed by ultrasound were found to limit the activity, and 

their formation was suppressed by using methane as a saturation gas. By 

switching to ring-closing metathesis polymerization (ROMP) in Chapter 3, the 
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concentration and lifetime of the active species was investigated. It was found 

that all scission events lead to active catalyst species which have a lifetime of 

several hours in ROMP. 

In Chapter 4, the long-lived catalyst was used to catalyze a 

polymerization reaction in the solid state. The mechanocatalyst was activated 

by compression of a semi-crystalline polymeric material, and could 

subsequently be used in polymerization or crosslinking reactions. This new 

approach is expected to find its way to a new class of self-healing materials. In 

order to investigate the solid state activation further, a mechanoluminescent 

dioxetane-probe was used in Chapter 5. Since scission events can be visualized 

directly by using these dioxetane-moieties, the effect of strain rate and 

crosslink density on the mechanical activation of chemical bonds could be 

investigated in more detail. 
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2 
Synthesis and scission of latent olefin 

metathesis catalysts and its activity in RCM 

 

ABSTRACT: ABSTRACT: ABSTRACT: ABSTRACT: The development of mechanically activated catalysts 

(mechanocatalysts) would open opportunities for signaling large stresses in 

materials and for the development of self-healing materials. In this chapter, 

the preparation, substrate scope and activity of a previously reported olefin 

metathesis mechanocatalyst was investigated. Although the presence of 

unfunctionalized pTHF chains in the polymeric catalyst could not be 

prevented, these unfunctionalized chains did not influence the activity of the 

catalyst. Scission of the catalyst under ultrasound irradiation was monitored 

by GPC, which showed a first order scission rate constant of 0.011 min–1. The 

resulting active species was shown to have catalytic reactivity in ring-closing 

metathesis (RCM) of substrates with varying degrees of steric hindrance. The 

lifetime of the active species in RCM was shown to be limited to seconds. 

Catalyst lifetime was not influenced by radicals formed during ultrasound. 

Furthermore, the addition of weakly coordinating species did not lead to 

prolonged activity of the catalyst. Catalyst activity was increased at higher 

substrate concentrations. By varying the irradiation power in ultrasound, it 

was shown that impurities formed during sonication compete with the 

substrate, or decompose the active catalyst. The use of methane instead of 

argon as saturation gas suppressed the formation of these impurities.  

 

 

Parts of this chapter have been published: 

Jakobs, R. T. M.; Sijbesma, R. P. Organometallics 2012201220122012, 31, 2476–2481. 

and 

Groote, R.; Jakobs, R. T. M.; Sijbesma, R. P. ACS Macro Lett. 2012201220122012, 1012–

1015. 
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2.1 Introduction 

Controlling the activity of a catalyst by an external trigger creates 

opportunities in applications ranging from alternative production methods of 

polymeric materials (e.g. reaction injection molding) to self-healing materials. 

Ideally, a latent catalyst can be stored together with the substrate for a 

prolonged period, only initiating the reaction after the appropriate stimulus.1 

Traditionally, this stimulus consists of an increase in temperature,2 addition of 

a chemical agent,3 or irradiation with light.4 Activation is often based on 

breakage of a metal–ligand bond; the resulting coordinatively unsaturated 

species can bind to a substrate. 

An alternative way to break bonds is the application of mechanical force.5 

Mechanochemical scission of covalent bonds in polymers is well-studied, and 

although scission preferentially occurs midchain, inclusion of weaker bonds 

results in selective bond breakage.6 Recently, we demonstrated that the same 

principles hold for scission of coordination bonds.7 Ultrasound is one of the 

most efficient ways to apply mechanical forces in solution. The rapid collapse 

of cavitation bubbles in solution, generated by the acoustic pressure wave, 

creates local regions of high fluid strain that cause polymer chains to unfold 

and eventually break.8 In addition to mechanical effects, caused by the large 

elongational forces, other sonochemical effects are known to occur. Thermal 

effects comprise of radical formation due to pyrolysis of volatile (solvent) 

molecules and their subsequent reactions within the hot spot.9 Previously, we, 

and others, have shown that thermal effects can be suppressed by choosing 

saturation gases with a relatively high heat capacity, such as methane.9–11 A 

high heat capacity results in lower hot spot temperatures and hence lower 

radical production, whereas the mechanical effects are only marginally 

affected. 

Combining research on latent catalysts with mechanical scission of 

coordination bonds, recently led to the development latent catalysts that can 

be activated by mechanical force, i.e. mechanocatalysts.12,13 The newly defined 

field of mechanocatalysis opens ways to signal high stresses in materials or to 

reinforce materials that tend to fail (e.g. self-healing materials).14 One of the 

catalysts reported by us12 (complex 1a1a1a1a, Chart 2.1) is a modification of the 

Grubbs type olefin metathesis catalyst with two carbene ligands. 

Grubbs catalysts catalyze various olefin metathesis reactions, including 

ring-closing metathesis (RCM), ring-opening metathesis polymerization 
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(ROMP), cross metathesis (CM), and ene-yne metathesis.15 These ruthenium 

alkylidene complexes are known for their tolerance to most functional 

groups.16 Their versatility and functional group tolerance makes them into an 

increasingly important tool for organic and polymer chemists. The generally 

accepted activation mechanism for Grubbs type of catalysts is a dissociative 

one, where one of the ligands decoordinates to induce catalyst activation.17 

Ruthenium–alkylidene complexes containing two N-heterocyclic carbene 

(NHC) ligands are known latent catalysts.18,19 The lack of activity at room 

temperature is ascribed to the strong NHC–Ru bond, which only dissociates at 

elevated temperatures. The facile one-step synthesis of bis-NHC complexes 

reported in literature18 was adapted by Piermattei et al.12 by attaching 

polymer chains onto the NHC ligands (Chart 2.1). This modification led to a 

latent metathesis catalyst that was activated by application of ultrasound.12 

  

Chart Chart Chart Chart 2.2.2.2.1: 1: 1: 1: Structure of polymeric catalyst 1a1a1a1a. 

In the article by Piermattei, the activation rate of complex 1a1a1a1a was shown 

to be dependent on the molecular weight of the polymer. As expected, lower 

molecular weight polymer chains led to lower activity and an analogue only 

containing butyl groups instead of polymer chains was not activated at all. 

With these results, the mechanochemical activation of complex 1a1a1a1a was 

established; however, fundamental questions concerning the fate of the active 

catalyst species and the influence of radicals still remained.  

Here, we describe a thorough investigation of the earlier described 

mechanically activated metathesis catalyst. We show that mechanochemical 

scission of the complex follows first order reaction kinetics and that the 

activated catalyst performs ring-closing metathesis (RCM) of various 

(un-)hindered substrates. Furthermore, we show that the high temperature 

and pressure reached in the hot spot lead to the formation of impurities that 

compete with the substrate or deactivate the catalyst. Suppression of these 
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thermal effects by the use of methane as a saturation gas leads to a higher 

catalytic activity. 

2.2 Synthesis of mechanically activated metathesis catalyst 

One way to build a catalyst that can be activated by mechanical force is 

the incorporation of a latent catalyst into a polymer chain that transfers 

macroscopic forces to the individual molecular bonds. More specifically, 

polymer chains should be attached to the ligands that have to dissociate in 

order to activate the latent catalyst. 
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Scheme 2.Scheme 2.Scheme 2.Scheme 2.1111: : : : Alternative synthesis of complex 1a1a1a1a and 1b1b1b1b, including 

immobilization of metathesis active byproducts.    

In the original report of Piermattei et al.,12 the mechanocatalyst was 

synthesized from polymer functionalized N-heterocyclic carbene (NHC) ligand 

2a2a2a2a and 1st generation Grubbs catalyst 3333 to generate bis-NHC complex 1a 1a 1a 1a 

(Scheme 2.1). However, it was difficult to remove excess of    2a2a2a2a, since the 

solubility and polarity of both the product and the ligand are largely 

determined by the poly(tetrahydrofuran) (pTHF) chain. Therefore, we 

investigated an alternative synthesis in which an excess of Grubbs 1st 

generation catalyst 3333 was added to the NHC ligand. Test reactions were 

performed with low molecular weight analogue 1b1b1b1b (Scheme 2.1). The synthesis 

led to a mixture of product 1b1b1b1b, excess 3333 and monocomplex 4b4b4b4b, according to 1H 

NMR spectroscopy. Since 3333 and 4b4b4b4b are active metathesis catalysts at room 

temperature while 1b1b1b1b is not, an alkene functionalized resin20 was added to this 

mixture in dichloromethane in order to capture these contaminants. After 

stirring the suspension overnight, approximately 50% of compound 3333 and all of 

monocomplex 4b4b4b4b had reacted with the resin, and could be removed by 

filtration. The same separation method was used to purify polymeric complex 
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1a1a1a1a. However, addition of alkene resin did not result in full removal of 

monocomplex 4a4a4a4a (according to 1H NMR spectroscopy), possibly because the 

procedure had to be performed at a lower concentration to dissolve the pTHF 

part of the molecule. 
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Figure 2.Figure 2.Figure 2.Figure 2.1111: : : : a) UV–vis spectra of product 1a1a1a1a after different work-up 

procedures. Precipitated in diethyl ether (black), filtration over alumina 

plug (red), and after column chromatography multiplied by 1.8 (blue). 

Multiplication was done in order to obtain similar absorption coefficients as 

compared to reference complex 1b1b1b1b (green). b) GPC traces (eluent DMF) of 

free ligand 2a2a2a2a (black), and batch 1 (red) and 2 (blue) of complex 1a1a1a1a, 

indicating the presence of unfunctionalized pTHF.    

Since removal of monocomplex 4a4a4a4a proved unsuccessful, we decided to add 

stoichiometric amounts of ligand 2a2a2a2a to ruthenium compound 3333. In this case, no 

formation of monocomplex was observed. In the 1H NMR spectrum, no 

impurities were observed after evaporation of solvent and precipitation in cold 

ether. UV–vis spectroscopy, however, did show the presence of impurities, as 

evidenced by a difference in absorption spectrum relative to that of model 

complex 1b1b1b1b (Figure 2.1a). After passage through a small alumina plug, the 

UV–vis spectra of the resulting product and 1b1b1b1b still differed in shape. Only 

after performing column chromatography over neutral alumina, the spectrum 

was identical to that of 1b1b1b1b; however, the apparent molecular weight, assuming 

the same molar absorptivity as 1b1b1b1b, was 1.8 times higher than expected. 

Although a small increase in Mn due to the purification procedure is likely, 

GPC data (Figure 2.1b) showed that unfunctionalized pTHF chains were still 

present in the final product. The amount of these unfunctionalized pTHF 

chains differed from batch to batch and was determined by different methods 
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(Table 2.1). From the absence of a signal of an imidazolium proton around 10 

ppm in 1H NMR spectroscopy, we concluded that product 1a 1a 1a 1a did not contain 

original 2a2a2a2a. Analysis using hexafluoroacetone,21 showed that the amount of OH 

end groups in 2a2a2a2a, which could originate from termination of the polymerization 

by water, is <1%,22 and therefore cannot explain the presence of 

unfunctionalized pTHF chains. We speculate that the shoulder in GPC 

originates from pTHF chains with decomposed NHC ligands.23 

Table 2.Table 2.Table 2.Table 2.1111: : : : Different batches of catalyst 1a1a1a1a with molecular weight of pTHF 

ligand 2a2a2a2a and weight fraction of unfunctionalized pTHF chains according to 

different analysis methods. 

BatchBatchBatchBatch    MMMMnnnn    2a2a2a2a    (kg/mol)(kg/mol)(kg/mol)(kg/mol)aaaa    

Weight fraction of unfunctionalized Weight fraction of unfunctionalized Weight fraction of unfunctionalized Weight fraction of unfunctionalized 
pTHFpTHFpTHFpTHF    present in 1a:present in 1a:present in 1a:present in 1a:    

1111H NMRH NMRH NMRH NMRbbbb    GPCGPCGPCGPCcccc    UVUVUVUV––––VisVisVisVisdddd    

1 1.7 × 104 0.33 0.39 0.45 

2 1.7 × 104 0.27 0.30 0.16 

3 2.0 × 104 0.41 – e 0.36 

4 1.7 × 104 0.29 0.18 0.28 

a Mn of 2a2a2a2a was determined by end group analysis using 1H NMR spectroscopy in CDCl3.  
b Determined from ratio of integrals in the aromatic region (7.0 – 7.6 ppm) and pTHF 

regions (1.0 – 2.4 ppm and 3.0 – 4.0 ppm) in CD2Cl2. c Relative peak area belonging to 

molecular weight of a single pTHF chain from fit containing two Gaussian curves with 

similar width. d Based on absorption coefficient at 448 nm. e Not determined. 

For further determination of the actually used concentration of 1a1a1a1a, the 

apparent Mn from 1H NMR spectroscopy was used. As can be seen in Figure 

2.2, thermal activity of complex 1a1a1a1a and model complex 1b1b1b1b at 75 °C were exactly 

the same when the concentration of complex 1a1a1a1a was corrected for the presence 

of unfunctionalized pTHF chains. This suggests that these chains do not 

influence the catalytic activity. 
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Figure 2.Figure 2.Figure 2.Figure 2.2222: : : : a) Ring-closing metathesis (RCM) of diethyl diallylmalonate 7777. 

b) Time–conversion plot for RCM of 7777 using 0.38 mM 1a1a1a1a batch 1 (�) or 1b1b1b1b 

(�) and 38 mM 7777 in toluene-d8 at 75 °C. Conversion determined by 1H NMR 

spectroscopy. 

2.3 Scission by sonication in solution 

Further investigations focused on scission and activation of complex 1a1a1a1a. 

Upon sonication of a toluene solution of 1a1a1a1a, the weak NHC–Ru bond is broken, 

leading to products 5a5a5a5a and 6a6a6a6a (Scheme 2.2). Previously, this was 

demonstrated12 in an experiment in which the adduct of 5a5a5a5a with 

tricyclohexylphosphine was obtained when sonication was performed in the 

presence of PCy3. Since 1a1a1a1a has twice the molecular weight of 5a5a5a5a and 6a6a6a6a, and 

rebinding of the ligand was shown not to occur, the extent of scission could be 

followed by GPC. 

 

Scheme 2.Scheme 2.Scheme 2.Scheme 2.2222: : : :     Scission of 1a1a1a1a under ultrasound.    
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Figure 2.Figure 2.Figure 2.Figure 2.3333: : : : a) Normalized GPC traces in DMF of solution containing 0.2 

mM of catalyst 1a1a1a1a (batch 2), 200 mM of methyl-N,N-

bis(methylallyl)benzenesulfonamide 9999 and 136 mM of hexadecane in 

toluene before and during sonication at 30% amplitude and argon as 

saturation gas. GPC trace of ligand 2a2a2a2a. Fitted curves are displayed slightly 

transparent having similar color than experimental trace. b) First order 

kinetic plot of relative area of fitted Gaussian curve belonging to complex 

1a1a1a1a. Data points and error bars based on average and standard deviation of 

experiments in triplicate (2 experiments with 200 mM 7777, 1 experiment with 

200 mM 9999). 

During sonication, the higher molecular weight peak in GPC decreased 

and the lower molecular weight peak increased (Figure 2.3a). By fitting two 

Gaussian peaks with similar peak width to the data, scission of complex 1a1a1a1a 

could be followed quantitatively. The reaction was shown to follow first order 

reaction kinetics. Sonication under argon with an amplitude of 30% leads to a 

scission rate constant ksc of 11.2 (± 0.3) × 10–3 min–1 (Figure 2.3b). As can be 

seen in Table 2.2, the rate constant is independent of substrate (7777, 8888, and 9999, 

vide infra) and substrate concentration (20 mM and 200 mM), indicating that 

the measurement indeed probes the primary scission process independent of 

rebinding or substrate. When low molecular weight analogue 1b1b1b1b was used, 1H 

NMR spectroscopy showed no visible decrease in the alkylidene signal (19.2 

ppm) over 80 minutes of sonication under similar conditions,22 confirming the 

mechanical origin of the scission process. 
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Table 2.Table 2.Table 2.Table 2.2222: : : :  Scission rate constants ksc of 1a 1a 1a 1a in sonication experiments under 

different conditions as determined by fitting of GPC data. Concentration of 

1a1a1a1a (batch 2) was 0.2 mM. Ultrasound was used at 30% amplitude and argon 

was used as saturation gas. 

ExpExpExpExp    SubstrateSubstrateSubstrateSubstrate    Substrate concentration Substrate concentration Substrate concentration Substrate concentration 
(mM)(mM)(mM)(mM)    

ScissScissScissScission rate constant ion rate constant ion rate constant ion rate constant kkkkscscscsc        
((((×    10101010––––3333    minminminmin––––1111))))    

1 7777    200 13 ± 1 

2 8888    200 11.9 ± 0.3 

3 9999    200 12.1 ± 0.5 

4 7777    20 (+ 6.4 mM 10101010)  12.1 ± 0.3 

5 7777    200 10.8 ± 0.4 

6 7777 200 11.2 ± 0.4 

7 7777 20 (+ 6.4 mM 10101010) 10.3 ± 0.3 

8 9999    200 11.8 ± 0.1 

2.4 Activity of scission product in ring-closing metathesis 

Compound 5555 is believed to be the active species in the dissociative 

mechanism of ruthenium type olefin metathesis catalysts.24,25 Therefore, we 

tested catalytic activity against different substrates for ring-closing metathesis 

(RCM). As can be seen in Figure 2.4, 1000 equivalents of diethyl 

diallylmalonate (DEDAM) 7777 was converted for more than 40% after 75 minutes 

of sonication in presence of polymeric complex 1a1a1a1a (batch 2), resulting in a turn 

over number (TON) of 440. Sonication with low molecular weight analogue 1b1b1b1b 

results in conversion below 1%,22 proving the necessity of polymer chains and 

the mechanical nature of activation.  

Increasing the steric demand of the substrate by using diethyl allyl-

(methylallyl)-malonate 8888 leads to a significant decrease in activity, with only 

15% conversion after 75 minutes. Compound 8888 is known to be a more 

challenging substrate for RCM, and the observed decrease in reaction rate by a 

factor of 2.8 is well in agreement with the reduction observed in literature by a 

factor of 2 to 3.26 The even more challenging substrate methyl-N,N-

bis(methylallyl)benzenesulfonamide 9999 is only converted for 6% after 75 

minutes of sonication. 
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Figure 2.Figure 2.Figure 2.Figure 2.4444: : : : a) General scheme of ring-closing metathesis (RCM) using 

ultrasonically activated catalyst 1a1a1a1a. b) Structures of substrates 7777-9999. 

c) Time–conversion plot of RCM of 7777 (�), 8888 (�), or 9999 (▲) using 0.2 mM of 1a1a1a1a 

batch 2 and 200 mM of substrate under ultrasound activation with 30% 

amplitude and argon saturation gas. Conversion determined by GC-FID, 

using hexadecane as an internal standard; data points and error bars based 

on average and standard deviation of experiments in duplicate.    

2.5 Increasing catalyst activity in RCM 

In our earlier report,12 it was shown that upon discontinuation of 

irradiation with ultrasound, conversion in ring-closing metathesis immediately 

stopped. The most likely cause for this effect was a limited lifetime of the 

active species. After confirming the on/off cycle, we attempted to increase the 

lifetime of the active catalyst, in order to increase the conversion during 

sonication. 

One of the known effects of ultrasound is the formation of radicals due to 

the high temperatures and pressures reached in the cavitation bubble.9,27 

These highly reactive species could be the cause for the limited lifetime of the 

active species in RCM. In order to investigate the influence of radicals, 2,6-

bis(1,1-dimethylethyl)-4-methylphenol (BHT, 10101010) and 1,4-benzoquinone (BQ, 

11111111), two well-known radical inhibitors, were added to the sonicated solutions. 

Under thermal activation, 10101010 and 11111111 show no effect on the activity of catalyst 

1111bbbb in RCM of DEDAM 7777.22 Under ultrasonic activation, the radical scavengers 

also had little influence on the catalytic activity of 1a 1a 1a 1a (Figure 2.5b). We 

conclude that radical species do not directly limit the lifetime of the active 

species under the current conditions. 
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Figure 2.Figure 2.Figure 2.Figure 2.5555:::: a) Structures of additives 10101010––––14141414. b) Time–conversion plots of 

sonicated solutions of 0.2 mM 1a1a1a1a (batch 2) and 20 mM of DEDAM 7777, 

without radical scavenger (�), with 6.4 mM BHT 10101010 (�), or with 13 mM BQ 

11111111 (▲). c) Time–conversion plots of a sonicated solution of 0.2 mM 1a1a1a1a (batch 

3) and 20 mM of DEDAM 7777, without coordinating species (�), with 0.4 mM 

of pyridine 12121212 (�), with 0.2 mM of isopropoxystyrene 13131313 (▲), or with 0.2 

mM of triphenyl phosphine 14141414 (▼). Conversions determined by GC-FID, 

using hexadecane as an internal standard; data points and error bars based 

on average and standard deviation of experiments in duplicate. 

Decomposition is thought to occur mainly through the 14 electron species 

generated upon activation.28 Therefore, it was thought that the addition of 

weakly coordinating species could slow down catalyst decomposition. The 

addition of pyridine (12121212) and isopropoxystyrene (13131313), both coordinating species, 

however, led to a decrease in activity in the RCM of DEDAM 7777 (Figure 2.5c). 

Possibly, competition between substrate and these species plays a role. When 

triphenylphosphine (14141414) was added, the time–conversion plot shows an 

initiation period (or lag phase) while the conversion after 75 min is similar 

(Figure 2.5c). This suggests initial coordination of PPh3 towards the catalyst, 

while at later stages decoordination leads to similar activities. In an on–off 

experiment with added PPh3, however, no increased lifetime was observed.22 

For ruthenium–methylidenes, which are the propagating species in RCM, it is 

known28 that adding coordinating phosphine ligands does not influence their 

decomposition, in contrast to other ruthenium–alkylidene complexes. 
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Figure 2.Figure 2.Figure 2.Figure 2.6666: : : :  Time–conversion plots of RCM of DEDAM 7777 upon sonication of 

a 0.2 mM solution of 1a1a1a1a (batch 2) and 20 mM (�), 200 mM (▲), or 1 M (�) of 

7777 in toluene. Conversions determined by GC-FID, using hexadecane as an 

internal standard; data points and error bars based on average and 

standard deviation of experiments in duplicate. 

In a final attempt to increase the activity of the catalyst, we varied the 

concentration of substrate. Figure 2.6 shows that decreasing the concentration 

of 7777 from 200 mM to 20 mM led to a decrease in conversion after 75 minutes 

from 44% to 36%. The calculated turnover number (TON) after the same time 

period decreased from 440 to 36. On the other hand, increasing DEDAM 

concentration to 1 M, led to a higher conversion of 53% and a TON of 2657 

after 75 minutes. These result can be explained by the stabilization of the 

active species at higher substrate concentration, similar to what has been 

observed for ring-closing metathesis with Ru–alkylidene catalysts when bulk 

substrates were used.29 Since olefin binding to the activated species is rate 

determining,17,25 it is likely that the reaction rate can be enhanced by 

increasing substrate concentration further. In an attempt to push the catalyst 

to its limit, sonication was done in pure DEDAM. However, no conversion was 

observed, most likely due to absence of cavitation bubbles in DEDAM, due to 

its high viscosity and low vapor pressure.30 It should be noted that at all 

concentrations, conversion using catalyst 1b1b1b1b was found to be below 1% (GC-

FID or GC-MS) upon applying ultrasound, providing additional evidence for 

the mechanical nature of the activation step.22 
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2.6 Influence of sonication power and saturation gas on activation of 

latent catalyst 

In order to investigate the influence of sonication power on both the 

scission rate and the resulting catalytic activity of 1a1a1a1a, sonication was 

performed using different amplitudes. As expected,31 lower amplitude led to a 

lower power input which resulted in a lower scission rate (Table 2.3). Reducing 

the amplitude from 30% to 27% and 25% led to a decrease power input of 14% 

and 28%, respectively; as a result, the scission rate constant ksc decreased with 

17% and 33%, respectively.  

Table 2.Table 2.Table 2.Table 2.3333: : : : Scission rates determined by Gaussian fits of GPC traces when 

using different amplitude and different saturation gases, with resulting 

average power input over 75 minutes sonication. 

Saturation Saturation Saturation Saturation 
gasgasgasgas    

Amplitude Amplitude Amplitude Amplitude 
(%)(%)(%)(%)    

Power Power Power Power 
(W)(W)(W)(W)    

Scission rate Scission rate Scission rate Scission rate     constant constant constant constant kkkkscscscsc    

(*10(*10(*10(*10––––3333    minminminmin––––1111))))    

Ar 25 9.3 5.5 ± 0.1 

Ar 27 11.1 6.9 ± 0.2 

Ar 30 12.9 8.3 ± 0.2 

CH4 33 13.1 5.8 ± 0.2 
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Figure 2.Figure 2.Figure 2.Figure 2.7777: : : : a,b) Time–conversion plot of ring-closing metathesis of DEDAM 

7777 (200 mM), using 0.2 mM of 1a1a1a1a batch 4 by ultrasound activation under:  

a) argon using 25% (�), 27% (�), or 30% (▲) amplitude. b) using argon (▲) 

or methane (�) under similar power input conditions. Conversion 

determined by GC-FID, using hexadecane as an internal standard; data 

points and error bars in b) based on average and standard deviation of 

experiments in duplicate. 
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It is striking to see that conversion in RCM of DEDAM 7777, was only 

reduced marginally, 5% and 14%, respectively (Figure 2.7a). A possible 

explanation for the observed effect is the production of impurities that 

decompose the active species or compete with the substrate by ultrasound, 

which would be higher at higher power input. 

To test the hypothesis of the formation of impurities by ultrasound, we 

performed sonication experiments using methane as saturation gas. Since 

methane has a higher heat capacity than argon, the temperature in the 

collapsing cavitation bubbles (hot spots) is lower. This has been shown to 

result in lower radical formation in the hot spots.11 As described above, ksc 

under argon was found to be 8.3 × 10–3 min–1 (Table 2.3) and a DEDAM 

conversion of 34% (TON = 340) after 75 min (Figure 2.7b). Under methane, 

using an identical energy input, a 30% lower scission rate was observed (ksc = 

5.8 × 10–3 min–1). This is ascribed to the slightly higher solubility of methane in 

toluene compared to argon. The greater solubility helps to cushion the 

collapsing cavitation bubbles resulting in slower polymer scission.10-11 In view 

of the lower catalyst activation, it was striking to observe a significantly higher 

conversion (49%, TON = 490) with methane as saturation gas. This clearly 

indicates that during sonication under argon, impurities are formed that lower 

overall catalyst activity by either competing with the substrate or decomposing 

the active species. Sonication under methane suppresses the formation of these 

impurities. 

In order to further investigate the nature of the impurities responsible for 

catalyst decomposition, reaction mixtures were first sonicated without catalyst 

for 75 min, either under argon or under methane. Catalyst complex 1b1b1b1b was 

then added to the presonicated solutions and subsequently heated in order to 

thermally activate the catalyst. Model catalyst complex 1b 1b 1b 1b was used since it 

was shown to have similar thermal catalytic activity compared with polymer 

catalyst complex 1a1a1a1a    (vide supra). The solution sonicated under argon showed a 

dramatic decrease in catalyst activity compared to the corresponding non-

sonicated solution, while presonication under methane led to only a small 

decrease in activity (see Figure 2.8). 

This leads us to propose that the formed impurity is a stable product of 

sonochemical reactions, rather than the radicals formed in the hot spots 

initially. This is in line with earlier observed lack of effect of the addition of a 

radical scavenger to the reaction mixture. Although analysis of the sonicated 

solutions using GC-MS, GC-FID, and 1H NMR spectroscopy did not reveal the 
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nature of this species, it is most likely that the impurity consists of 

unsaturated hydrocarbons, which are well-established toluene pyrolysis 

products. Whether this impurity either deactivates the active species or 

competes with the substrate can only be established after full identification. 
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Figure 2.Figure 2.Figure 2.Figure 2.8888: : : : Time–conversion plot showing the effect of reaction mixture 

pretreatment by ultrasound for the ring-closing metathesis of DEDAM 7777. 

No presonication (�), presonication under argon (�), or methane (▲). 

Reaction conditions: 75 min presonication time, 0.60 mM solution of model 

catalyst complex 1b1b1b1b, 180 mM DEDAM 7777 in toluene at 75 °C. Conversion 

determined by GC-FID. 

2.7 Conclusions 

The work presented here establishes polymeric complex 1a1a1a1a as a useful 

latent catalyst that is activated by mechanical force, as opposed to a low 

molecular weight analogue 1b1b1b1b. GPC experiments demonstrated that scission of 

1a1a1a1a by ultrasound follows first order reaction kinetics, whereas for low 

molecular weight analogue 1b1b1b1b, no scission was observed. The activated 

complex is active in ring-closing metathesis for various substrates, where the 

effect of steric hindrance of the substrate is similar to that of other type of 

ruthenium–alkylidene catalysts. 

The active species, formed by sonication of 1a1a1a1a, had a limited lifetime in 

the order of seconds. The lifetime and activity were not prolonged by the 

addition of radical scavenger or coordinating species. Increasing the substrate 

concentration did lead to higher conversions. The performance of 1a1a1a1a was 

shown to be reduced by persistent thermally-produced impurities that 

deactivate the active catalyst or compete with the substrate. Suppression of 

thermal effects by using methane as saturation gas significantly increased 

catalyst performance by suppressing the formation of these impurities. A 
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similar, but even larger effect was observed for a mechanically activated 

silver–carbene catalyst,32 although the impurities responsible for catalyst 

deactivation are different in both catalytic systems. 

Experimental section 

General 

A Varian 400MR or a Varian Mercury 400 spectrometer was used to record 1H 

NMR (400 MHz) and 13C NMR (100 MHz). For NMR spectra at elevated 

temperatures, a Varian Inova 500 spectrometer was used to record 1H NMR spectra 

(500 MHz). Chemical shifts are reported in ppm and referenced to tetramethylsilane 

or solvent (1H and 13C). Absorption spectra were recorded on a Perkin Elmer Lambda 

40 UV/Vis Spectrometer using a 1 cm cuvet. GPC in dimethyl formamide (DMF) was 

performed on a PL-GPC 50 Plus of Polymer Laboratories with integrated refractive 

index detector, using a Polymer Standards Service Gram Linear M 8 × 300 mm, 10 

µm particles column, and DMF with 10 mM LiBr as eluent at a flow rate of 1 mL/min 

(27 °C for Section 2.3 and 50 °C for Section 2.5). Polyethylene glycol standards were 

used for calibration (50 °C).  GC-MS was performed on a Shimadzu GC-2010 equipped 

with a GCMS-QP2010plus detector, using a Phenomenex Zebron ZB-5MS column (30 

m, 0.25 mm, 0.25 µm). GC-FID was performed on a Shimadzu GC-2010 using a 

Chrompack CP-sil 5CB-MS column (25 m, 0.32 mm, 0.25 µm). Syntheses of the 

ligands and the complexes were carried out under dry Argon atmosphere using 

standard Schlenk techniques or in a glovebox (O2 < 2ppm, H2O < 1 ppm). All 

chemicals used were obtained from Acros or Aldrich and used without further 

purification, unless stated otherwise. Toluene, diethyl ether, tetrahydrofuran, and 

dichloromethane (HPLC grade) were degassed with argon and purified by passage 

through activated alumina solvent column prior to use. Dioxane for freeze drying was 

distilled to remove the stabilizer. Silica gel 60 (0.040–0.063 mm) and aluminum oxide 

90 active neutral were purchased from Merck and 3 wt% H2O was added before use. 

Argon (purity: 99.999% v/v, max. 3 ppm water) and methane (99.995% v/v, max. 5 

ppm water) were purchased from Linde, The Netherlands. 

Sonication experiments were performed using a Sonics VC 750 Watt Ultrasonic 

processor from Sonics and Materials, Inc., with a 13 mm probe at a frequency of 20 

kHz, applying indicated amount of the maximum amplitude of 125 µm. Sonicated 

solutions were cooled using tap water (14 °C) or a cooling bath at 14 °C, leading to an 

internal temperature of approximately 35 °C during sonication, as measured by a K-

type thermocouple. A custom-made sonication vessel was used. The ultrasound probe 

was placed approximately 7 mm above the bottom of the vessel. 

Polymeric and small molecular weight N–heterocyclic carbene ligands (2222aaaa and 

2b2b2b2b) and low molecular weight complex 1b1b1b1b    were synthesized using earlier described 

procedures.12 Polymeric ligand 2a2a2a2a was dried by freeze-drying from dioxane solution. 

Alkene functionalized resin,33 diethyl 2-allyl-2-(2-methylallyl)malonate,34 and 4-

methyl-N,N-bis(2-methylallyl)benzenesulfonamide,34 were synthesized using 

literature procedures. 
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Synthesis 

Catalyst Catalyst Catalyst Catalyst 1b1b1b1b    using alkene resin: using alkene resin: using alkene resin: using alkene resin: In 1 mL toluene, 50 mg (0.16 mmol) of 2b2b2b2b and 34 

mg (0.17 mmol) of KHMDS were dispersed. After 10 minutes of stirring, 82 mg (0.10 

mmol) of 3333 was added, and the resulting solution was stirred for another 3 hours at 

room temperature. After filtration under argon, solvent was evaporated, and a 1H 

NMR spectrum was taken. According to alkylidene signals, a mixture of 1b1b1b1b (19.04 

ppm) : 3333 (20.05 ppm) : 4b4b4b4b (19.18 ppm) of 1 : 0.27 : 0.05 was formed. Dry 

dichloromethane (1 mL) and approximately 200 mg of alkene resin were added. After 

stirring overnight, the ratio of signals was 1 : 0.12 : 0, indicating the removal of 

monocomplex 4b4b4b4b. 

 

Catalyst 1a using alkene resin: Catalyst 1a using alkene resin: Catalyst 1a using alkene resin: Catalyst 1a using alkene resin: In 5 mL of toluene, 400 mg (0.024 mmol) of 2a2a2a2a 

and 6.5 mg (0.033 mmol) of KHMDS were dissolved. After stirring for 10 minutes, 20 

mg (0.024 mmol) of 3333 was added and the resulting solution was stirred for another 2 

hours at room temperature. Solvent was evaporated, and a 1H NMR spectrum was 

taken. According to alkylidene signals, a mixture of 1a1a1a1a (19.04 ppm) : 3333 (20.05 ppm) : 

4a4a4a4a (19.18 ppm) of 1 : 1.89 : 0.56 was formed. Dry dichloromethane (5 mL) and 

approximately 200 mg of alkene resin were added. After stirring overnight, the ratio 

of signals was 1 : 0.08 : 0.42, indicating that 4a4a4a4a was still present in similar amounts. 

Increase in temperature or reaction times did not improve the separation.    

 

Catalyst 1a using stoichiometric ratios: Catalyst 1a using stoichiometric ratios: Catalyst 1a using stoichiometric ratios: Catalyst 1a using stoichiometric ratios: In 10 mL of toluene, 800 mg (0.048 

mmol) of 2a2a2a2a and 16.5 mg (0.083 mmol) of KHMDS were dissolved. After stirring for 10 

minutes, 20.0 mg (0.024 mmol) of 3333 was added and the resulting solution was stirred 

for another 2 hours at room temperature. After evaporation of the solvent, the product 

was dissolved in diethylether. Half of this solution was put into the freezer (–18 °C) 

overnight. Filtration of the precipitated product yielded 360 mg (90%) of a brown-

green sticky solid. Of this fraction, 266 mg was dissolved in diethylether : acetone 9:1 

and filtered over a plug of neutral alumina, yielding 215 mg (80%) of a dark green 

sticky solid. The second half of the diethylether solution of the reaction mixture was 

loaded onto a column of neutral alumina using diethylether as an eluent. 

Subsequently, the product was eluted using diethylether : acetone 9:1. The green 

fractions were put together, solvent was evaporated, and the resulting green, viscous 

oil was dissolved in diethylether and put into the freezer overnight. Filtration of the 

precipitate resulted in 207 mg (52%) of a light green solid. Of all products, 1H NMR 

spectra were similar to reported12 and therefore UV–vis spectra were recorded of a 

solution of approximately 1 mM. Multiplication of the UV–vis spectrum of the product 

after alumina column by a factor of 1.8 results in an exact overlay of the reference 

compound 1b1b1b1b. 

Batches of polymer (starting from 3.0 g of 2a2a2a2a) were synthesized in a similar way, 

and the entire product mixture was purified by column chromatography over alumina. 

After precipitation in diethylether, the polymeric complex 1a1a1a1a was dried by freeze 

drying from dioxane solution, leading to approximately 1.6 g of catalyst 1a1a1a1a (53% 
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yield). 1H NMR spectroscopy was used to determine the total molecular weight of the 

pTHF relative to the complex. This differed from batch to batch. 

 
Determination of alcohol end-groups in 2a 

In order to determine whether unfunctionalized pTHF chains in product 1a1a1a1a 

originated from water terminated pTHF, leading to alcohol end groups, a method 

using hexafluoroacetone (HFA) was used.21 By dropwise addition of HFA trihydrate to 

sulfuric acid at 135 °C, HFA gas was formed. A stock solution of HFA in CDCl3 was 

made by bubbling through HFA gas while cooling the CDCl3 in an ice bath. 

Approximately 130 mg of 2a2a2a2a was dissolved in ~1 mL of this stock solution followed by 

addition of 5 µL α,α,α-trifluorotoluene  as an internal standard. The solution was 

analyzed by 19F NMR spectroscopy. As a comparison, approximately 25 mg of pTHF-

(OH)2 1000 g/mol was measured in a similar way. No alcohol end groups can be seen 

using this technique, indicating that the number of alcohol groups is <1%.22 

 
Thermal activity of 1a and 1b in RCM of 7 

In 1 mL of toluene-d8, 3.8 × 10–4 mmol of complex 1a1a1a1a batch 1 (19.6 mg, taking 

into account that the weight fraction of unfunctionalized pTHF is 0.33, as 1H NMR 

spectroscopy indicates) or complex 1b1b1b1b (0.31 mg) and 8.0 µL (100 eq) of diethyl 

diallylmalonate (DEDAM) were dissolved in a capped NMR-tube. At 75 °C the 

integrals belonging to the ring-closed product (3.05 ppm) and those of the reactant 

(2.72 ppm) were used to calculate conversion. 

 
Scission experiments 

In dry toluene, 50 mg of complex 1a1a1a1a (batch 2 for section 2.3, batch 4 for section 

2.5), the appropriate amount 7777, 8888, or 9999 (24 µL or 240 µL), and 20 µL or 200 µL 

hexadecane were dissolved until the total volume was 5.0 mL. Sonication was started 

using the indicated gas and amplitude after saturating the solution with the gas by 

bubbling through for 30 min. Samples of 100–200 µL were taken after indicated time 

periods. Volatiles were evaporated under reduced pressure (no heating), and the 

residue was dissolved in dimethylformamide (DMF). GPC traces were fitted using 

Origin 8.5 using the formula: 
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Where: A1 = Area of peak 1, high molecular weight peak 

  w = 2σ = Width of both peaks 

  t = retention time 

  tc1 = retention time of center of peak 1, high molecular weight peak 

  A2 = Area of peak 2, low molecular weight peak 

  tc2 = retention time of center of peak 2, low molecular weight peak 

First, all peaks were normalized to have a total peak area of 1. Then, the GPC 

trace of ligand 2a2a2a2a was fitted with a standard Gaussian fit. This resulted in a value for 
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tc2 and w. Then, the GPC trace before sonication was fitted with the indicated 

formula, fixing tc2 and w, resulting in a value for tc1. All GPC traces during sonication 

were then fitted with the indicated formula, fixing values for tc1, tc2, and w. For section 

2.5 an additional constriction was used: A1 + A2 = 1, which led to slightly better fits. 

A1 could be fitted with the standard first order reaction kinetics formula: 
tksceAA

−∗=
0,11

 

Where: A1,0 = Area of peak 1 at sonication time is 0 min, fitting parameter 

  ksc = Scission rate constant, fitting parameter 

  t = sonication time in minutes 

For low molecular weight analogue 1b, 1b, 1b, 1b, a 10 mL toluene solution containing 1.8 

mg of complex 1b 1b 1b 1b (2.2 × 10–3 mmol), 40 µL 7777    , and 40 µL hexadecane was sonicated for 

85 minutes. After 20 and 85 min, 2.5 mL samples were taken. After removing 

volatiles under reduced pressure (no heating), samples were dissolved in CD2Cl2 and a 
1H NMR spectrum was taken. No significant change in the intensity of the alkylidine 

signal was seen in the 1H NMR spectrum, indicating that complex 1b1b1b1b is not affected 

by ultrasound.22 

 
Ring-closing metathesis under ultrasonic activation 

In dry toluene, 1.0 × 10–3 mmol of complex 1a1a1a1a (50 mg for batch 1, 2, and 4 or 65 

mg for batch 3) or complex 1b1b1b1b (0.83 mg), the appropriate amount substrate 7777, 8888, or 9999, 

and 20 µL or 200 µL hexadecane were dissolved until the total volume was 5.0 mL. In 

case a coordinating species or radical scavenger was used, this was added using the 

appropriate amount of a stock solution in toluene, dried over molecular sieves. The 

solution was saturated with argon or methane by bubbling through the appropriate 

gas for 30 minutes. Samples were taken after indicated time periods of sonication 

using the indicated amplitude, diluted using CHCl3, and injected into the GC-FID. 

When calculating the conversion, it was assumed that the effective carbon number 

(measured independently for 7777, 8888, and 9999) is reduced by 2 for the ring-closed product. In 

on–off experiments, the same protocol was used, but sonication was stopped after 30 

minutes and switched back on after 60 or 75 minutes. Both with and without the 

addition of PPh3 7777, conversion increases less than 1% during the off period.22 

 
Influence of radical scavengers during thermal activation 

In 1 mL of dry and degassed toluene, 3.8 × 10–4 mmol of complex 1b1b1b1b (0.3 mg), 

8.0 µL (100 eq) of diethyl diallylmalonate 2222, and 8.0 µL hexadecane were dissolved. 

The stirred solution was heated to 75 °C (in a preheated oil bath) under argon and at 

indicated time intervals, 100 µL aliquots were taken, diluted with CHCl3 and injected 

into the GC-FID. The addition of radical scavengers does not influence the thermal 

activity of catalyst 1b1b1b1b significantly.22 
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Thermal activation of catalyst 1b in presonicated reaction mixture 

For the sonicated solutions, 5 mL of reaction mixture without catalyst (4.6 mL of 

dry toluene, 240 µL DEDAM, and 200 µL hexadecane) was placed in the sonication 

vessel, saturated with argon or methane, and sonicated for 75 min in a similar 

manner as for the RCM mixtures. 1 mL of solution sonicated under argon, sonicated 

under methane, or unsonicated was put in a vial under argon. To this, 100 µL of a 

solution of 2.740 mg of control catalyst 1b1b1b1b in 0.5 mL of dry toluene was added. The 

resulting mixture was heated under argon in a preheated oil bath at 75 °C. Samples of 

10 µL were taken at the indicated time intervals. Samples were diluted with 1 mL 

chloroform and analyzed by GC-FID. 

In order to further identify the impurity formed, the (non-)sonicated solutions 

were also injected pure in the GC-FID. No differences between the chromatograms of 

the (non-)sonicated solutions could be found. 

 
Sonication in pure DEDAM 7 

In 3.5 mL of DEDAM 7777, 44 mg of 1a1a1a1a batch 3 (0.67 × 10–3 mmol) was dissolved. 

The solution was saturated with argon by bubbling through argon for 30 minutes. 

Samples were taken after indicated time periods of sonication, diluted using CHCl3, 

and injected into the GC-FID. Conversion was calculated from the ratio of product 

peak and DEDAM peak, taking into account a reduction of the effective carbon 

number from 9.9 for DEDAM (measured independently) to 7.9 for the ring-closed 

product. Conversion was less than 0.25% after 75 minutes of sonication.22 
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3 
Investigation of the active species of latent 

olefin metathesis catalysts in ROMP 

 

ABSTRACT:ABSTRACT:ABSTRACT:ABSTRACT: Details of the mechanical activation of metathesis catalyst 1a1a1a1a 

were investigated by performing ring-opening metathesis polymerization 

(ROMP). In ROMP, the catalyst acts as an initiator and the molecular weight 

distribution as a function of conversion provides information about the lifetime 

and concentration of active species. In contrast to the short lifetime of 

activated 1a1a1a1a in ring-closing metathesis (RCM) described in Chapter 2,  the 

lifetime in ROMP is approximately 4 h. ROMP experiments also showed that 

most, if not all of the latent precatalyst broken by ultrasound leads to active 

catalyst species. The activity of the formed active species, however, was 

approximately 20 times lower than commercial 3rd generation Grubbs 

catalysts. 
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3.1 Introduction 

Switching on and off a catalyst by a mechanical force may lead to the 

development of new methods for signaling stresses in materials1 or to self-

healing materals.2 Catalyst 1a 1a 1a 1a (Scheme 3.1) developed by Piermattei et al.3 

combined the work in latent olefin metathesis catalysts4 with that of 

mechanochemistry.5 Strong coordinative bonding of the N-heterocyclic carbene 

(NHC) ligands to the ruthenium center prevents ligand dissociation at room 

temperature. Since ligand dissociation is required for catalytic activity, bis-

NHC complexes of Ru–alkylidenes are latent catalysts.4 By functionalizing the 

NHC-ligands with pTHF chains, the complexes become susceptible to 

macroscopic mechanical forces.5 In Chapter 2, forces generated in ultrasound 

were shown to be large enough to activate catalyst 1a1a1a1a by dissociating one of the 

NHC-ligands. Catalyst 1a1a1a1a was used in ring-closing metathesis (RCM) of 

diethyldiallyl malonate 2222.    Since low molecular weight catalyst 1b1b1b1b is not 

influence by macroscopic elongational stresses, it was not activated by 

ultrasound. Thermal activation by heating to 75 °C, on the other hand, 

resulted in similar activities for catalyst 1a1a1a1a and 1b1b1b1b. 

 

Scheme 3.Scheme 3.Scheme 3.Scheme 3.1111:  :  :  :  Ring-closing metathesis of diethyldiallyl malonate 2 by 

polymeric catalyst 1a or low molecular weight control catalyst 1b by 

ultrasonic or thermal activation.  

It was shown that in RCM, the lifetime of the active species formed by 

sonication of 1a1a1a1a is limited to seconds. Higher substrate concentrations and 

lower sonication power led to a higher relative catalyst activity. These results 

were explained by the thermal formation of a persistent impurity that 

decomposes the active species or competes with substrate. Replacing argon 
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with methane, a saturation gas with high heat capacity, limited the thermal 

effects of ultrasound and led to significantly higher yields. 

In this chapter, we further investigate the active species formed from 1a1a1a1a 

by focusing on ring-opening metathesis polymerization (ROMP). In ROMP, the 

catalyst acts as initiator; one active species leads to a single growing chain 

under the conditions that the polymerization can be considered 'living'.6 

Therefore, product molecular weight, combined with conversion provides 

information on the concentration and lifetime of the active species. All 

experiments in this chapter are performed using catalyst 1a1a1a1a batch 3 as 

described in Chapter 2. 

3.2 Persistence of active species in ROMP 
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Figure 3.Figure 3.Figure 3.Figure 3.1111: : : : a) Ring-opening metathesis polymerization (ROMP) of 3 (100 

mM) using 1a (0.2 mM) under ultrasonic activation in toluene, and 

subsequent quenching with ethyl vinyl ether. b) Time–conversion plot for 

ROMP of 3 under continuous sonication (�). Conversion determined by 1H 

NMR spectroscopy. c) GPC traces (in THF) during continuous sonication of 

3 (100 mM) and 1a (0.2 mM) in toluene, taking aliquots at different time 

intervals, immediately quenched with ethyl vinyl ether. Molecular weights 

were corrected to correspond to actual molecular weights for this polymer 

by multiplication by a factor of 1.32.    
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Polymerizations were performed with bis-biphenyl-functionalized 

norbornene monomer 3333 (Figure 3.1a), with a UV-absorption band at 250 nm (ε 

= 3.4 × 104 L mol–1 cm–1), which allows distinguishing its ROMP product from 

the polymeric complex 1a1a1a1a (ε = 1.7 × 104 L mol–1 cm–1 at 250 nm) by GPC using 

a UV-detector. Continuous sonication of monomer 3333 in presence of catalyst 1a 1a 1a 1a 

led to a conversion of 20% after 75 minutes (Figure 3.1b), while the use of 

control catalyst 1b1b1b1b resulted in a conversion below 0.2%.7 The average 

molecular weight, however, hardly increased after 30 minutes of sonication 

(Figure 3.1c). The most likely explanation is the mechanical scission of polypolypolypoly----3333 

by the irradiation with ultrasound. In order to investigate this,    high molecular 

weight polypolypolypoly----3333 (Mn ≈ 230 kDa) was synthesized separately using 3rd generation 

Grubbs catalyst ((H2IMes)(py)2(Cl)2Ru=CHPh)). The isolated polypolypolypoly----3333 was 

sonicated for 75 minutes and it was found that polypolypolypoly----3333 is indeed prone to 

mechanical scission (Figure 3.2). The final molecular weight distribution after 

75 minutes of sonication is actually similar to that of the polymer made in the 

previous sonication experiment (Figure 3.1c). 
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Figure 3.Figure 3.Figure 3.Figure 3.2222: : : : GPC traces (in THF) during continuous sonication of high 

molecular weight poly-3 in toluene, taking aliquots at indicated time 

intervals. Molecular weights were corrected to correspond to actual 

molecular weights for this polymer by multiplication by a factor of 1.32. 
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Figure 3.Figure 3.Figure 3.Figure 3.3333: : : : a) Time–conversion plot for ROMP of 3 (100 mM) using 1a (0.2 

mM) in toluene under continuous sonication (�) and 10 minutes sonication 

on, then sonication off (▲); grey area indicates sonication period for on–off 

experiment. Conversion was determined by 1H NMR spectroscopy for the 

continuous experiment and GPC peak area for the on–off experiment (for 

the on–off measurement, points at t = 0, 10, 20, and 33 min are in triplicate; 

t = 5, 12, 15, 26, and 45 min are in duplicate; t = 60, 90, 120, 180, and 240 

min are single experiments. Error bars indicate standard deviation). b) 

Typical resulting GPC traces (in THF) of an on–off experiment taking 100 

µL aliquots at different time intervals. Molecular weights were corrected to 

correspond to actual molecular weights for this polymer by multiplication 

by a factor of 1.32.    

In further experiments, ultrasound was therefore stopped after 10 

minutes, after which conversion and Mn were followed by GPC and 1H NMR 

spectroscopy. Figure 3.3 shows that conversion continued to increase for hours 

after sonication was stopped, albeit at an approximately 4 times lower rate 

than under continuous sonication. A significant part of the reduced rate can be 

ascribed to the decrease in temperature from ~35 °C to 14 °C when sonication 

is stopped. Two different models were fitted to the experimental data (Figure 

3.4a). Both models assume first order kinetics in monomer concentration, but 

model 1 assumes that the catalyst decomposes following first order kinetics, 

while model 2 assumes a constant catalyst concentration. Model 1 seems to be 

a better fit; especially the slope at the beginning of the experiment seems to be 

better represented in model 1. Model 1 gives an apparent first order rate 

constant k’ = 1.1 (± 0.1) × 10–3 s–1 and a catalyst half-life τ = 244 ± 69 min, 

while model 2 gives k’ = 0.72 (± 0.03) × 10–3 s–1. The two experiments, in which 

the first 45 minutes were sampled more often, were also fitted individually 
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using model 2, since catalyst decomposition hardly plays a role at this time 

scale. This gave k’ = 1.2 (± 0.1) × 10–3 s–1 and 1.17 (± 0.04) × 10–3 s–1, which 

gave even more evidence that model 1 represents the measured data for the 

full experiment better. The long lifetime of 4 ± 1 hour is in strong contrast with 

the behavior of the latent catalyst with DEDAM.3 It is known that the 

ruthenium–methylidene intermediate present in RCM (Figure 3.4b) is a slowly 

propagating, fast decomposing species.8–10 The propagating species in ROMP, 

however, is much more stable, with a typical half-life of several hours.8 
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Figure 3.Figure 3.Figure 3.Figure 3.4444: : : : a) Time–conversion plot for ROMP of 3 for three experiments 

using catalyst 1a, sonicated for 10 minutes; grey area indicates sonication 

period. Lines indicate the fits of the two different models, one including 

catalyst decomposition (continuous line, k = 1.1 (± 0.1) × 10–3 s–1;  

τ = 244 ± 69 min) and one without catalyst decomposition (dashed line,  

k’ = 0.72 (± 0.03) × 10–3 s–1). Inset shows zoom-in of first 50 minutes of the 

experiment. Conversion determined by GPC peak area. b) Structures of 

ruthenium–methylidene (top) and ruthenium–alkylidene (bottom) as the 

propagating species in RCM and ROMP, respectively. 

The concentration of growing chains, and hence the concentration of 

active catalyst was calculated from the ratio of increase in degree of 

polymerization (DP) and conversion (Figure 3.5). During the first 50 minutes 

after sonication was stopped, the calculated concentration was approximately 

3 × 10–2 mM, or 15% of the initial catalyst concentration. The batch of 1a1a1a1a used 

for ROMP had a slightly higher molecular weight than the batch that was used 

in scission rate determination (34 versus 40 kDa, see Chapter 2). Therefore, 

15% activation is nicely in line with the 11% scission in 10 minutes of 
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sonication calculated from scission rate data, and indicates that many, if not 

all chain scission events give rise to active catalyst species. 
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Figure 3.Figure 3.Figure 3.Figure 3.5555: : : : Plot of Mn versus conversion for three different experiments, 

with linear fits of data point for first 50 min after sonication was stopped. 

Finally, the concentration of active species was used to calculate the 

second order rate constant of its reaction with monomer. The value obtained is 

35 min–1 M–1; approximately 20 times lower than for 3rd generation Grubbs 

catalyst ((H2IMes)(py)2(Cl)2Ru=CHPh) at 14 °C (which was determined to be 

711 min–1 M–1). The lower activity is most likely due to a combination of steric 

and electronic differences between the active species.9 These differences 

include the presence of a polymer chain, and one instead of two aryl groups on 

the NHC ligand of catalyst 1a1a1a1a. 

3.3 Conclusions 

In contrast to RCM, the active species in ring-opening metathesis 

polymerization (ROMP) has a lifetime of several hours, opening opportunities 

for catalysis in the solid state, where diffusion is low, and hence, reaction 

times are long. Data obtained with ROMP also indicate that most scission 

events lead to active catalyst. The activity of the active species is estimated to 

be more than an order of magnitude lower than for the active species formed 

from 3rd generation Grubbs catalyst. 

Experimental section 

General 

A Varian 400MR or a Varian Mercury 400 spectrometer was used to record 1H 

NMR (400 MHz) and 13C NMR (100 MHz) spectra. Chemical shifts are reported in 

ppm and referenced to tetramethylsilane or solvent (1H and 13C). Extinction 
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coefficients were determined using a Perkin Elmer Lambda 40 UV/Vis Spectrometer 

using a 1 cm cuvette. Gel permeation chromatography (GPC) in tetrahydrofuran 

(THF) was performed on a Shimadzu LC10-AD, using Polymer Laboratories PL Gel 

5µm MIXED-C and MIXED-D columns (linear range of MW: 200–2000000 g/mol), a 

Shimadzu SPD-M10A UV–vis detector at 254 nm and RID-10A refractive index 

detector, and THF as eluent at a flow rate of 1 mL/min (20 °C). Polystyrene standards 

were used for calibration. GC-FID was performed on a Shimadzu GC-2010 using a 

Chrompack CP-sil 5CB-MS column (25 m, 0.32 mm, 0.25 µm). All chemicals used 

were obtained from Acros or Aldrich and used without further purification, unless 

stated otherwise. Toluene (HPLC grade) was degassed with argon and purified by 

passage through activated alumina solvent column prior to use. Argon (purity: 

99.999% v/v, max. 3 ppm water) was purchased from Linde, The Netherlands. 

Sonication experiments were performed using a Sonics VC 750 Watt Ultrasonic 

processor from Sonics and Materials, Inc., with a 13 mm probe at a frequency of 20 

kHz, applying indicated amount of the maximum amplitude of 125 µm. Sonicated 

solutions were cooled using tap water (14 °C) or a cooling bath at 14 °C, leading to an 

internal temperature of approximately 35 °C during sonication, as measured by a K-

type thermocouple. A custom-made sonication vessel was used. The ultrasound probe 

was placed approximately 7 mm above the bottom of the vessel. 

Low molecular weight complex 1b1b1b1b    was synthesized using earlier described 

procedures.3 Complex 1a1a1a1a was synthesized as described in Chapter 2. Grubbs 3rd 

generation catalyst ((H2IMes)(py)2(Cl)2Ru=CHPh) was synthesized according to 

literature procedure.9 

 
Synthesis of monomer 3 

    
In accordance to literature procedure,11 4.52 gram of a 60% dispersion of NaH in 

mineral oil (113 mmol) was dispersed in 10 mL dry THF. Then, 5.0 gram of 5-

norbornene-2-exo,3-exo-dimethanol (32.4 mmol) dissolved in 10 mL dry THF was 

added dropwise. After stirring at room temperature for 40 minutes, 20.1 gram of 3-

phenylbenzyl bromide (81.3 mmol) dissolved in 30 mL of dry THF was added. The 

resulting dispersion was stirred at 60 °C under argon for 16 hours. The reaction was 

quenched by careful addition of a saturated NH4Cl solution in water. The product was 

purified by extraction with ethyl acetate and water. The organic layer was washed 

with water, after which the combined aqueous layers were backwashed twice with 

ethyl acetate. The organic layers were dried with MgSO4, filtered and evaporated 

under reduced atmosphere. Final purification was done by automated column 
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chromatography, using a gradient of 1–3 vol % of ethyl acetate in heptane. 

Evaporation of the volatiles led to a colorless highly viscous oil, which was dissolved 

in toluene and dried over molecular sieves before use. 
1H NMR (400 MHz, CDCl3): δ 7.63–7.22 (m, 18H, 8, 11–18), 6.16 (s, 2H, 1), 4.53 

(t, J=12.0 Hz, 4H, 6), 3.69 (dd, J = 9.1, 3.9 Hz, 2H, 5), 3.40 (t, J = 7.8 Hz, 2H, 5), 2.82 

(br s, 2H, 2), 1.95–1.80 (m, 2H, 3), 1.49 (d, J = 8.4 Hz, 1H, 4), 1.29 (d, J = 8.4 Hz, 1H, 

4), 13C NMR (100 MHz, CDCl3): δ 141.48 (10), 141.23 (9), 139.21 (7), 137.53 (1), 128.96 

(17), 128.89 (11,15), 127.45 (13), 127.31 (12, 14), 126.68 (16), 126.56 (8), 126.51 (18), 

73.31 (6), 72.05 (5), 45.09 (2), 42.95 (4), 40.80 (3). 

MALDI-TOF: m/z calculated for C35H34O2 (M+): 486.26; found: 487.13 (small, 

[M+H]+), 509.16 ([M+Na]+), 525.13 ([M+K]+). 

 
Polymerization of 3 using Grubbs 3rd generation catalyst 

Polymerization of 3333 (47.5 mg, 9.8 × 10–2 mmol) by Grubbs 3rd generation catalyst 

((H2IMes)(py)2(Cl)2Ru=CHPh) (0.693 mg, 9.5 × 10–4 mmol) in 3.0 mL of dry toluene at 

room temperature, was performed for 1 hour after which it was quenched by the 

addition of excess ethyl vinyl ether. 1H NMR spectroscopy showed full polymerization 

(disappearance of peak at 6.16 ppm, appearance of peak at 5.19 ppm). The resulting 

polymer had an apparent molecular weight according to GPC in THF of 38.1 × 104 

g/mol and a Mn/Mw of 1.09, indicating controlled polymerization. The expected 

molecular weight is 50.3 × 104 g/mol, so a correction factor of 1.32 was applied in all 

further analyses. 

High molecular weight polypolypolypoly----3333 for scission experiments was synthesized by 

dissolving Grubbs 3rd generation catalyst ((H2IMes)(py)2(Cl)2Ru=CHPh) (0.825 mg, 1.1 

× 10–3 mmol) in 0.6 mL of dry toluene and adding 263 mg of 3333 (0.54 mmol) in 1.1 mL of 

dry toluene while stirring rapidly. After stirring for 6 min at RT, the polymerization 

was quenched by adding excess (~150 µL) ethyl vinyl ether and stirring for a few 

minutes. To remove the catalyst, 0.5 g of activated charcoal and 0.5 g of silica were 

added, which was subsequently filtered off over a plug of silica. The filtrate was dried 

by evaporation of the solvent, leading to a colorless solid. Conversion was determined 

by 1H NMR spectroscopy (99%), after which the monomer was removed by 

precipitation in MeOH. After drying the precipitate under vacuum, 200 mg (77%) of a 

colorless solid was obtained. GPC showed two peaks, one at the expected molecular 

weight, and a small peak at twice the expected molecular weight. 

 
Polymerization of 3 using ultrasonic activation 

In 4.75 mL of dry toluene, 1.0 × 10–3 mmol of complex 1a1a1a1a (65 mg, batch 3, see 

Chapter 2) or complex 1b1b1b1b (0.83 mg) and 240 mg (0.5 mM) of 3333 were dissolved. 

Monomer 3333 was added using the appropriate amount of a stock solution in toluene, 

dried over molecular sieves. The solution was saturated with argon by bubbling 

through argon. Samples of 100 µL were taken after indicated time periods of 

sonication, immediately quenched with ethylvinyl ether and evaporated under 

reduced pressure at room temperature. In the on–off experiment, sonication was 
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switched off after 10 minutes, after which samples were still taken, continuing cooling 

at 14 °C. Samples were dissolved in 0.7 mL CDCl3 for 1H NMR analysis or 1.0 mL 

THF for GPC analysis. 

 
Estimating concentration of active species in ROMP of 3 

The Mn was found to increase linearly with conversion (Figure 3.5). A linear fit 

was applied to the individual experiments for the data points the first 50 minutes 

after sonication was stopped, to exclude major active catalyst decomposition. The 

average slope of the fits was 1.6 × 106 g/mol. When we assume a living polymerization 

in which the concentration of active catalyst is equal to the concentration of growing 

chains, the following equations hold: 

][

][

][

][ 0

cat

mMX

cat

mM
M MM

n

⋅⋅∆
=

⋅∆
=∆    leads to: 

][

][ 0

cat

mM

dX

dM Mn ⋅
=  

 Where: ∆Mn = change in Mn 

  ∆[M] = change in monomer concentration 

  mM = molecular weight of repeating unit: 486.64 g/mol 

  [cat] = concentration active catalyst 

  ∆X = change in conversion 

  [M]0 = initial monomer concentration: 0.1 mol/L 

  
dX

dM n  = slope in plot of Mn against conversion 

The concentration of active catalyst can then be estimated to be 3.0 × 10–2 mM, 

or 15% of the initial concentration 1a1a1a1a. 

 
Calculating propagation rate constant and lifetime of active catalyst species 

To normalize all data, y at 10 minutes experiment time (when sonication was 

stopped) was set to 1 for the individual experiments. For one experiment, the data 

point at 10 minutes seemed to be an outlier, so y was estimated based on 

extrapolation of other data points. 

Then, the time scale was shifted 10 minutes, to set the switching off of the 

ultrasound at t = 0. Two different models were fitted to the data, one including 

catalyst decomposition and one assuming a constant active catalyst concentration.  

Model 1: ][][][]][[
][

022 MkeMecatkMcatk
dt

Md tt
ττ

−−

===
−

 

 Where: [M] = monomer concentration 

  k2 = second order rate constant  

  [cat] = concentration active catalyst 

  [cat]0 = initial concentration active catalyst 

  τ = half-life of catalyst in minutes 

  k = apparent first order rate constant 

  t = time in minutes (t = 0 is end of sonication period) 
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1

yey

t

ek

−=








−

−
ττ

 



Investigation of the active species of latent olefin metathesis catalysts in ROMP 

55 

 Where: 1
][

][

][

][

10

0

10

+−=
−=

=

−= t

t

t M

M

M

M
y  

  [M]t=–10 = monomer concentration at t is –10 min (start of sonication) 

  [M]t=0 = monomer concentration at t is 0 min (end of sonication) 

  y0 = value of y at t is 0 min, fitting parameter 

 

Model 2: ]['][][]][[
][

022 MkMcatkMcatk
dt

Md
===

−
 

 Where: k’ = apparent first order rate constant 

Gives: 
0

' yey tk −= −  

The results are plotted in Figure 3.4, containing the original data for all 

individual experiments.  

The second order rate constant for the active catalyst using k found in model 1 

and an active catalyst concentration of 3.0 × 10–2 mM (vide supra), gives k2 = 35 min–1 

M–1. 

 
Determination of propagation rate constant for Grubbs 3rd generation catalyst 

The found second order rate constant of active species formed during sonication 

of catalyst 1a1a1a1a was compared to that of Grubbs 3rd generation catalyst 

((H2IMes)(py)2(Cl)2Ru=CHPh). To determine the latter rate constant, 26.28 mg (5.4 

×10–2 mmol) of 3333 and 0.078 mg (1.17 × 10–4 mmol) of Grubbs 3rd generation catalyst 

were dissolved in 0.7 mL of toluene-d8 and cooled to 14 °C inside the NMR 

spectrometer. The decrease in monomer peak in the 1H NMR spectrum (6.09 ppm) 

was followed over time, and subsequently the decrease in monomer concentration 

(calculated from the integral of the peak at 6.09 ppm divided by the total integral of 

the peaks at 6.09 and 5.31 ppm) was plotted.7 The resulting apparent first order 

reaction constant k’ = 0.109 min–1. Assumed that the reaction is also first order in 

catalyst concentration and that all of the 3rd generation catalyst leads to active 

catalyst, the second order propagation rate constant is 711 min–1 M–1. This is 20 times 

higher than the rate constant found for the active species formed upon sonication of 

catalyst 1a1a1a1a. 
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4 
Mechanocatalytic polymerization and cross-

linking in the solid state 

 

ABSTRACTABSTRACTABSTRACTABSTRACT:::: Mechanical activation of a latent polymerization catalyst 

embedded in a polymeric material is demonstrated. Latent ring-opening 

metathesis polymerization (ROMP) catalyst 1a1a1a1a was blended with 

semicrystalline pTHF and monomer 3333. Although tensile deformation control 

experiments with pTHF-functionalized mechanoluminescent probe pTHFpTHFpTHFpTHF----2222 

demonstrated that macroscopic forces are transferred to mechanophores in 

this system, the same mode of deformation did not lead to significant 

activation of 1a 1a 1a 1a in the blend. However, upon compression instead of stretching 

the material, activation did occur, and norbornene monomer 3333 polymerized 

with a conversion that increased linearly with number of compression cycles to 

25% after five compressions. Upon compression, catalyst was activated 

instantaneously and the subsequent polymerization continued for several 

minutes. When a bifunctional monomer was used, mechanochemical catalyst 

activation gave rise to cross-linked networks. These results open up 

opportunities for autonomous self-healing materials since by using the 

principles demonstrated here, mechanical deformation may result in local 

reinforcement of polymeric materials.  
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4.1 Introduction 

Autonomous self-healing materials mimic wound healing in biological 

tissues, a process in which the mechanical damage initiates a number of 

events which eventually lead to full recovery of the tissue. Although many 

synthetic self-healing materials have been reported,1 most require the 

application of additional, external stimuli, such as heat or light. One 

particularly successful approach to autonomous self-healing materials was 

reported by White et al.2 who used monomer-containing microcapsules which 

rupture upon failure of the material. The monomer is subsequently 

polymerized by a catalyst present in the polymeric material. This concept has 

been optimized, and numerous examples of capsule- and vascular-based self-

healing materials exist today.3 A radically different approach to self-healing 

materials would be the use of covalent mechanochemistry.4 Inducing a 

polymerization or cross-linking reaction by using mechanical force could lead 

to autonomous self-healing without the use of microcapsules, since the 

presence of these inhomogeneities lower the mechanical properties of the 

material. The default mechanochemical reaction is random homolytic scission 

of polymer chains,5 and the resulting mechanoradicals6 have been used to 

synthesize block copolymers7 or cross-linked materials.8 However, radicals are 

highly reactive species, and have limited potential for use in self-healing 

materials. Mechanically induced activation of gem-dihalocyclopropane 

mechanophores has been shown to lead to bond formation in the solid state, 

and has been proposed as self-healing strategy.9 An alternative way to employ 

a mechanical force to induce self-healing would be the mechanical activation of 

a polymerization catalyst.10 Recently, mechanically activated catalysts have 

been described in literature.10–12 In these mechanocatalysts, a latent catalyst 

precursor, consisting of a transition metal complex with tightly bound ligands, 

is activated upon force-induced dissociation of a metal–ligand bond.   

Activation has been brought about by removal of the polymeric ligand using 

the mechanical effects of cavitation in sonicated solutions. One of the 

mechanocatalysts we have developed10,12 is latent metathesis catalyst 1a1a1a1a with 

two tightly bound N-heterocyclic carbene (NHC) ligands on a ruthenium–

alkylidene species (Scheme 4.1). The latent catalyst is activated upon 

mechanical dissociation of one of the NHC ligands. Catalyst 1a 1a 1a 1a was shown to 

be active in both ring-closing metathesis (RCM) and ring-opening metathesis 

polymerization (ROMP) upon activation by ultrasound. However, 
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mechanochemical catalyst activation in a polymeric material, essential for 

autonomous self-healing, has not been reported. 

 

Scheme 4.Scheme 4.Scheme 4.Scheme 4.1111: : : : Chemical structure of catalyst 1a1a1a1a and its mechanical 

activation.    

First, we investigate the possibility to transfer macroscopic forces on a 

solid polymer film to individual chemical bonds via crystallites in a semi-

crystalline polymer. For this purpose, we use a mechanoluminescent probe 

developed in our group,13 since the primary bond scission event can be probed 

directly using this system. Then, we describe mechanical activation of latent 

metathesis catalyst 1a1a1a1a in the solid state. Upon application of a compressive 

force, the catalyst is activated and catalyzes the polymerization of a 

monofunctional monomer or cross-linking of a bifunctional monomer which is 

homogenously dispersed throughout the material. 

4.2 Transferring macroscopic force to chemical bonds 

In order to activate individual chemical bonds, macroscopic forces need to 

be transferred via chemical cross-links or physical cross-links with sufficiently 

long lifetimes. The semi-crystallinity (24–80% crystalline)14 of 

poly(tetrahydrofuran) (pTHF), opens opportunities for physical cross-linking 

through the crystallites. In order to gain insight in bond scission in these 

materials, pTHF containing a central bis(adamantyl)-1,2-dioxetane moiety 

(pTHFpTHFpTHFpTHF----2222) of similar molecular weight (Mn = 45 kDa) compared to catalyst 1a1a1a1a 

(Mn = 34 kDa) was synthesized (Figure 4.1a), since scission in 1a 1a 1a 1a cannot be 

visualized directly. Dioxetane-containing polymers where developed in our 

group, as mechanoluminescent probes for polymer chain scission.13 Upon 

mechanical bond scission of the 1,2-dioxetane moiety, two ketones are formed, 

one of which exist in an electronically excited state.15 The singlet excited state 

relaxes back to the ground state by emission of blue light which can be 

recorded by camera. To increase the sensitivity of the system, an energy 

acceptor can be added to shift the emission wavelength.13 
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pTHF of a molecular weight of around 40 kDa is brittle, and in order to 

obtain ductile materials, methoxy end-capped, high molecular weight pTHF 

(Mn = 170 kDa, PDI = 1.3) was used as a matrix. For optomechanical tests, 1.0 

g of pTHF matrix, 200 mg of pTHFpTHFpTHFpTHF----2222, 100 or 400 µL of diethyl diallylmalonate 

(DEDAM, Figure 4.1b, added as a plasticizer) and 5 mg of 4,7-di(thiophen-2-

yl)-benzo[c][1,2,5]thiadiazole (used as the energy acceptor) were dissolved in 

tetrahydrofuran, and casted in a mold. The solvent was evaporated in air, in 

order to obtain solid, optically homogeneous polymer films. Upon stretching by 

hand, extremely weak light was observed for both the film containing 8 wt% 

and 25 wt% of DEDAM. When these films were stretched in a rheometer, 

equipped with two rotating drums, an image containing very weak 

luminescence could be recorded using a camera only for the 8 wt% film (Figure 

4.1c). The intensity is much lower than was observed for PMA films containing 

the same mechanoluminescent probe13 and even in that case only a few 

percent of scission was measured after material failure. For the film 

containing 25 wt% DEDAM no light emission was observed by camera at all. 

We can conclude that in a mixed system of high molecular weight pTHF 

and a lower molecular weight polymer containing a mechanophore transfer 

macroscopic forces to individual chemical bonds takes place. The amount of 

chain scission in tensile tests, however, is small. 

+ hν

c)

a)

b)

 

Figure 4.Figure 4.Figure 4.Figure 4.1111: : : : a) Synthesis of pTHFpTHFpTHFpTHF----2222 (n ≈ 310) and subsequent 

chemiluminescence under mechanical force. b) Structure of diethyl 

diallylmalonate (DEDAM). c) Recorded frame showing 

mechanoluminescence (visible in white circle) of a stretched film consisting 

of 77 wt% pTHF matrix, 15 wt% pTHFpTHFpTHFpTHF----2222, 8 wt% DEDAM, and 0.4 wt% of 

4,7-di(thiophen-2-yl)-benzo[c][1,2,5]thiadiazole. 
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In order to investigate the possibility to activate catalyst 1a1a1a1a (Mn = 34 

kDa), it was mixed with pTHF matrix and DEDAM in a similar fashion, and 

tested in tensile experiments. However, upon stretching the film until fracture 

multiple times, no significant ring-closing metathesis of DEDAM was observed 

in GC. A large number of experiments was performed, using different 

substrates (including norbornene and norbornene-derivative 3333, vide infra), 

substrate concentrations, and experimental set-up, but in all cases, no 

conversion was observed. We therefore conclude that the amount of activated 

catalyst 1a1a1a1a in tensile tests is too small to lead to significant activity. 

4.3 Activation of a polymerization catalyst upon compression 

Further research focused on the solid phase activation of catalyst 1a1a1a1a in 

compression tests in a KBr press, using a standard 13 mm pellet die. This 

method has been described in literature as the most efficient way to activate 

polymer functionalized mechanophores.16 Maximum stress and strain reached 

in compression experiments of semi-crystalline polymers are much higher, as 

voiding (visible as whitening of many polymers under tension) and necking, 

which precedes sample failure, does not occur in compression.17  

b)

a)

 

Figure 4.Figure 4.Figure 4.Figure 4.2222: : : : a) Schematic representation of activation of catalyst 1a1a1a1a in the 

semicrystalline matrix by compressive force and subsequent polymerization 

of monomer. b) Mechanical activation of catalyst 1a1a1a1a (n ≈ 240) leading to 

ring-opening metathesis polymerization of 3333 to polypolypolypoly----3333. 
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First, cocrystallization of the pTHF matrix and catalyst 1a1a1a1a was 

investigated. Both the matrix and catalyst 1a1a1a1a show a melting point of 40–44 °C 

in DSC with an estimated degree of crystallinity of 46% and 54%, respectively 

(Table 4.1).  The similarities in chemical structure, melting point, and degree 

of crystallinity make co-crystallization of the matrix and 1a 1a 1a 1a highly    plausible 

(Figure 4.2). 

Table 4.Table 4.Table 4.Table 4.1111: : : : Melting point, melting enthalpy, and degree of crystallinity of 

catalyst 1a1a1a1a, and mixtures of pTHF matrix and monomer 3333    as determined by 

DSC. 

SampleSampleSampleSample Melting point Melting point Melting point Melting point 
(°C)(°C)(°C)(°C) 

∆H∆H∆H∆Hmmmm    (J/g)(J/g)(J/g)(J/g) Degree of Degree of Degree of Degree of 
crystallinity (%)crystallinity (%)crystallinity (%)crystallinity (%)[a][a][a][a] 

Catalyst 1a1a1a1a 43 93 54 

Matrix pTHF 41 79 46 

Matrix pTHF + 13% w/w 3333    47 56 32 

Matrix pTHF + 24% w/w 3333 44 31 18 

aBased on ∆Hm of 12.4 kJ mol–1 (or 172 J/g) for 100% crystalline pTHF.18 

Samples for mechanically induced polymerization were prepared from 

pTHF (74% w/w) with 15% w/w of 1a1a1a1a and 11% w/w of norbornene derivative 3333 

as the monomer. The presence of 3333    decreases the degree of crystallinity from 

46% to 32% (Table 4.1). The Young’s modulus and yield stress in compression 

tests decreases from 28 MPa and 6 MPa, respectively, for pure pTHF matrix, 

to 16 MPa and 3 MPa, respectively, for pTHF matrix containing 3333. In order to 

prepare the blend, the components were first dissolved in THF; subsequent 

evaporation of the solvent under reduced pressure    resulted in optically 

homogeneous dispersion of all components. 

Globular samples of approximately 15 mg were compressed at a standard 

compressive force of 0.8 GPa (calculated according to full surface area of 

plunger of the pellet die, as upon applying the compressive force, the material 

fully covers this surface). The resulting true strain was calculated to be 

approximately –3, although after the force is released, part of the strain is 

recovered elastically, leading to a true plastic strain of approximately –2.5. 
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Figure 4.Figure 4.Figure 4.Figure 4.3333: : : : a) Typical 1H NMR spectra of dissolved films (74% pTHF 

matrix, 15% catalyst 1a1a1a1a, and 11% monomer 3333) before and after indicated 

number of compressions at 0.8 GPa and waiting for 5 minutes in between 

loading cycles. Different signals were assigned to monomer 3 3 3 3 (*) or polypolypolypoly----3333 

(#). b) Conversion toward polypolypolypoly----3333 as determined by 1H NMR spectroscopy 

after indicated times of applying pressure using catalyst 1a1a1a1a (�) or catalyst 

1b1b1b1b (�). Points represent average of 4–6 experiments with standard 

deviation. 

Upon compressing the blend at 0.8 GPa for 5 min, approximately 4% 

conversion to polypolypolypoly----3333 was observed using 1H NMR spectroscopy on a dissolved 

sample (Figure 4.3a).    When a folded sample was compressed for 5 min a 

second time, conversion increased to around 10%. Upon five compression 

cycles, conversion increased approximately linearly to 25%, although 

reproducibility between samples was relatively poor (Figure 4.3b).    When 

several experiments were performed using the same batch of polymer blend, a 

linear increase in the conversion was always observed, but the slope of graph 

differed from sample to sample. Variation in the degree of crystallinity, 

observed in DSC, could be one of the causes of the sample-to-sample 

differences. 
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Figure 4.Figure 4.Figure 4.Figure 4.4444: : : : a) GPC trace (UV-detector) of film before (�) and after (▲) five 

compressions by KBr press. Normalization was performed by total peak 

area in RI trace. b) Structure of control catalyst 1b1b1b1b. 

The formation of polypolypolypoly----3333 was also observed by GPC (Figure 4.4a). Using 

the UV-detector, the formation of a polydisperse, high molecular weight 

polymer was observed; molecular weights as high as 1.5 × 106 g/mol were 

formed, while the average peak molecular weight was around 3 × 105 g/mol. 

The molecular weight distribution of polypolypolypoly----3333    could not fully be analyzed due to 

the overlap with the signal of 1a1a1a1a. 

To exclude thermal effects or the influence of mechanoradicals generated 

from homolytic bond scission as the cause of catalyst activation, control 

catalyst 1b1b1b1b (with n-butyl groups instead of  pTHF chains on the NHC ligands, 

Figure 4.4b) was dispersed in the pTHF matrix19 and compressed in a similar 

way. Even after five compression cycles, no conversion (< 1%) of 3333 was 

observed by 1H NMR spectroscopy (Figure 4.3b), indicating that thermal 

activation is negligible. A clear hint that the forces inside the compressed 

sample are indeed large enough for scission of chemical bonds can be found in 

the refractive index (RI) traces of the GPC. After five compressions at 0.8 GPa, 

the Mn of the matrix pTHF decreased from 170 kDa to 135 kDa (Figure 4.5). 

Furthermore, the peak ascribed to broken complex 1a1a1a1a increases over multiple 

compressions, although overlap hampers quantification. 
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Figure 4.Figure 4.Figure 4.Figure 4.5555: : : : a) GPC traces (RI detector) of polymer blends (74% pTHF 

matrix, 15% catalyst 1a1a1a1a, and 11% monomer 3333) before and after indicated 

number of compressions at 0.8 GPa and waiting for 5 minutes in between 

loading cycles. Peak around 12 min retention time is ascribed to pTHF 

matrix, around 13.8 min to catalyst 1a1a1a1a, and 14.4 min to broken 1a1a1a1a. b) Plot of 

the Mn ascribed to peak of pTHF matrix in GPC over multiple compression 

cycles in two different experiments. 

The moderate reproducibility impeded quantitative investigation of all 

the parameters of interest, but qualitative analysis could still be done (Table 

4.2). Applying a lower pressure of 0.08 GPa leads to significantly lower 

conversion, confirming the mechanical nature of activation. When the applied 

pressure (0.8 GPa) was released immediately, and a 5 min waiting time 

without pressure was used between cycles, conversions were unchanged. When 

the 5 min waiting time was omitted, a lower conversion was observed. Waiting 

for 30 minutes between cycles did not lead to higher conversion. This indicates 

fast catalyst activation upon applying the pressure, while the subsequent 

polymerization towards polypolypolypoly----3333 takes several minutes. Since the lifetime of the 

active species in ROMP was found to be in the order of hours upon ultrasound 

activation (Chapter 3), the observed activity of minutes suggests that local 

monomer depletion and low diffusion limit further conversion. 
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Table 4.Table 4.Table 4.Table 4.2222: : : : Influence of applied pressure and waiting time on observed 

conversion.[a] 

PPPPressureressureressureressure    
(GPa)(GPa)(GPa)(GPa)    

Time with Time with Time with Time with 
pressure (min)pressure (min)pressure (min)pressure (min)    

Time without Time without Time without Time without 
pressure (min)pressure (min)pressure (min)pressure (min)    

Observed conversion (%)Observed conversion (%)Observed conversion (%)Observed conversion (%)    

Batch 1Batch 1Batch 1Batch 1    Batch 2Batch 2Batch 2Batch 2    Batch 3Batch 3Batch 3Batch 3    

0.8 5 0 26; 44 23; 24 14; 18 

0.08 5 0 – 7; 9 – 

0.8 0 5 44; 36 – – 

0.8 0 0 15; 15 – – 

0.8 30 0 – 41; 25 – 

aConversion of monomer 2222 determined by 1H NMR spectroscopy of dissolved sample after 

five compression cycles. Both results of duplicate experiments are given. Dash indicates 

that experiment was not performed. All batches contain 74% pTHF matrix, 15% catalyst 

1a1a1a1a, and 11% monomer 2222, but are prepared separately. 

4.4 Activation of a cross-linking reaction by compression 

For self-healing applications, it is desirable to be able to initiate a cross-

linking reaction with the activated catalyst. Using this approach would result 

in reinforcement of the material specifically at the site and time where it 

threatens to fail. In order to investigate the feasibility of the current system to 

yield cross-linked networks, difunctional monomer 4444 (Figure 4.6a) was used. 

Bis(2-ethylhexyl) terephthalate (5555) was used as an internal standard, and BHT 

was added to inactivate radicals formed by homolytic bond cleavage of the 

pTHF matrix.20 After five compression cycles on a sample containing 4444, the 

product contained an insoluble fraction. 1H NMR spectroscopy of the liquid 

fraction showed a decrease of 84% (duplicate) in [4444], while only a small peak 

ascribed to polypolypolypoly----4444 was observed (Figure 4.6c). After washing the insoluble 

fraction three times with CHCl3, the residue was swollen with CDCl3. The 

solvent swollen particles were analyzed using HR-MAS 1H NMR spectroscopy 

using an Agilent Nanoprobe, a probe especially designed to obtain high 

resolution spectra of semi-solid samples.21 In the spectrum in Figure 4.6d, the 

formation of polymer is evident. When control catalyst 1b1b1b1b was used, only 2.0% 

decrease (duplicate) in [4444] was observed, proving the mechanical nature of 

catalyst activation. 
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Figure 4.Figure 4.Figure 4.Figure 4.6666: : : : a) Structure of difunctional monomer 4444. b–d) Part of 1H NMR 

spectra of b) dissolved film (71% pTHF matrix, 14% catalyst 1a1a1a1a, 5% 

monomer 4444, 5% internal standard 5555, and 4% BHT) before compression. c) 

Dissolved CDCl3 fraction of five times compressed film. d) Non-dissolvable 

fraction of five times compressed film. Compression was done at 0.8 GPa, 

waiting 5 minutes in between compression cycles. 

4.5 Conclusions 

By using a mechanoluminescent probe, it was found that crystallites in 

semi-crystalline high molecular weight pTHF are capable to transfer 

macroscopic forces to individual chemical bonds. In tensile tests, however, the 

amount of bond scission is insufficient to lead to significant activation of 

mechanocatalyst 1a1a1a1a. 

Catalyst 1a1a1a1a is activated under compressive strain in pTHF matrix. Up to 

25% polymerization of monofunctional norbornene monomer 3333    was reached 

after five compression cycles. When difunctional monomer 4444    was used, 

polymerization resulted in cross-linked product. In the current high modulus 

system, true mechanically triggered ‘reinforcement’ was not expected, but we 

anticipate that the concept of mechanically activated polymerization will open 

up numerous opportunities for self-healing in softer materials. 

Experimental section 

General 

All chemicals were purchased from Sigma-Aldrich and used without further 

purification unless specified otherwise. Dry tetrahydrofuran (THF, HPLC grade) and 

dichloromethane (DCM, HPLC grade) was degassed with argon and purified by 

passage through activated alumina solvent column prior to use. A Varian 400MR or a 

Varian Mercury 400 spectrometer was used to record 1H NMR (400 MHz) and 13C 

NMR (100 MHz) spectra. Peaks were assigned using 2D COSY and HMQC spectra. 
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For NMR spectra of the non-dissolvable fraction of the cross-linking experiments, a 

Varian Inova 500 spectrometer equipped with a HR-MAS Nanoprobe (Agilent) was 

used to record 1H NMR spectra (500 MHz). Chemical shifts are reported in ppm and 

referenced to tetramethylsilane or solvent. Extinction coefficients were determined 

using a Perkin Elmer Lambda 40 UV/Vis Spectrometer using a 1 cm cuvette. Gel 

permeation chromatography (GPC) was performed on a Shimadzu LC10-AD, using 

Polymer Laboratories PL Gel 5µm MIXED-C and MIXED-D columns (linear range of 

MW: 200–2000000 g/mol), a Shimadzu SPD-M10A UV–vis detector at 254 nm and 

RID-10A refractive index detector, and THF as eluent at a flow rate of 1 mL/min (20 

°C). Polystyrene standards were used for calibration. GC-MS was performed on a 

Shimadzu GC-2010 equipped with a GCMS-QP2010plus detector, using a 

Phenomenex Zebron ZB-5MS column (30 m, 0.25 mm, 0.25 µm). GC-FID was 

performed on a Shimadzu GC-2010 using a Chrompack CP-sil 5CB-MS column (25 m, 

0.32 mm, 0.25 µm). DSC measurements were performed in hermetic T-zero aluminum 

sample pans using a TA Instruments Q2000-1037 DSC equipped with a RCS90 

cooling accessory. The DSC experiments were conducted at a rate of 10 °C/min for all 

polymer samples. All melting peaks were recorded in the first heating run starting 

from room temperature. Tensile tests of pTHFpTHFpTHFpTHF----2222 using the rheometer were carried out 

on a Rheometrics, RDA III equipped with an Xpansion Instruments, SER-HV-A01, 

extensional fixture, which is described in literature.22 The drums of this fixture are 

colored black by permanent marker. Then, transparent tesafilm® double sided sticky 

tape (12 mm width) was put on the drums. The detachable fixture is covered with a 

PVC box, connected to a 35 cm PVC tube. On the other end of the PVC tube, the 

Nikon AF NIKKOR 50 mm 1:1.4D lens, equipped with an extension tube for a closer 

focus, connected to a sCMOS pco.edge monochrome CIS2051 camera (global shutter 

mode) is attached. The ROI of the camera was reduced to fit the polymer sample (640 

× 200 pixels) and frame rate was put to 50 fps, exposure time 19 ms. Stress–strain 

curves in compression were recorded on a Zwick 1475 universal tensile tensile testing 

machine, equipped with compression plates. 

Catalyst 1a1a1a1a,12 control catalyst 1b1b1b1b,10    and monomer 333323 were synthesized according 

to literature procedure. Bis(adamantyl)-1,2-dioxetane containing diol 2222 was kindly 

provided by Yulan Chen and synthesized according to literature procedure.13 

Dioxetane containing pTHF (pTHFpTHFpTHFpTHF----2222) was kindly provided by Ramon Groote and 

synthesized according to procedure described below. Mn of the pTHF-NHC ligand used 

to synthesize 1a1a1a1a was 17.1 kDa, weight fraction of unfunctionalized pTHF chains 

present in 1a1a1a1a was 17 or 20 wt% according to 1H NMR spectroscopy and UV–vis 

absorption coefficient, respectively. 

 
Synthesis 

Synthesis of pTHF matrix:Synthesis of pTHF matrix:Synthesis of pTHF matrix:Synthesis of pTHF matrix: In a 1 L Schlenk flask, 30 µL of di-tert 2,6-di-tert-

butylpyridine was dissolved in 600 mL of dry THF. While stirring at RT, 

polymerization was initiated by adding 60 µL of methyl trifluoromethanesulfonate. 

After stirring for 18 h at RT under argon atmosphere, 50 mL of methanol was added 

to quench the polymerization. The formed pTHF was precipitated by pouring the 
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viscous reaction mixture in 3.5 L of water. Remaining THF was squeezed out of the 

polymer. After drying, 70 g of 170 kDa pTHF (according to GPC in THF, injected with 

a standard pTHF sample of 20 kDa for comparison) was obtained. In portions of 

around 8 grams, the formed polymer was dissolved in Et2O, dried with MgSO4 and 

filtered. The solution was put in a freezer at –30 °C overnight after which the 

precipitated polymer was filtered while cold. The polymer was dissolved in distilled 

dioxane and freeze-dried to remove any water present. 

 

Synthesis of pTHFSynthesis of pTHFSynthesis of pTHFSynthesis of pTHF----2:2:2:2:24242424    80mg of diol 2222 (0.19 mmol) was dissolved in 1.9 mL of dry 

DCM and further dried over molecular sieves overnight. Then, 140 µL di-tert-

butylpyridine (0.62 mmol) and 70 µL trifluoromethanesulfonic anhydride (0.42 mmol) 

were added while cooling in ice. The reaction mixture was stirred at 0 °C for 15 min, 

and at RT for another 60 min. Then, 1 mL was transferred by syringe and injected 

into 100 mL of dry THF to start the polymerization. After stirring at RT for 135 min, 

2 mL of MeOH was added to terminate the polymerization and stirred for another 15 

min. The reaction mixture was concentrated by evaporation of THF under reduced 

pressure, and poured into 350 mL of H2O. The precipitate was collected and dissolved 

in Et2O, dried by MgSO4, filtered and put in the freezer (–30 °C) for several hours. 

The precipitated polymer was filtered, and dried in air. Circa 650 mg (25% yield, 

bimodal weight distribution in GPC, 1/3 of 45 kDa, 2/3 of 17 kDa) of a white polymer 

was collected. 
1H NMR (399 MHz, CDCl3): δ 3.71 – 3.08 (br, 3100H), 2.83 (br, 4H), 2.17 (s, 

1500H, residual acetone peak), 1.95 – 1.35 (br, 3200H). 

 

Synthesis of crossSynthesis of crossSynthesis of crossSynthesis of cross----linker 3: linker 3: linker 3: linker 3: NaH (0.70 g 60% dispersion in mineral oil, 17.6 

mmol) was dispersed in 20 mL of dry THF. Slowly, a solution of 5-norbornene-2-

methanol (endo and exo mixture, 1.5 g, 12.1 mmol) in 15 mL of dry THF was added at 

RT, resulting in mild bubbling. After stirring for 20 min, 1,6-dibromohexane (1.4 g, 

5.75 mmol) dissolved in 15 mL of dry THF was added dropwise. After the addition 

was complete, the reaction was heated to reflux for 1.5 h. After cooling down to room 

temperature, more NaH (0.70 g 60% dispersion in mineral oil, 17.6 mmol) was added 

and the reaction was stirred at RT for another 60 h. The reaction was quenched by 

slow addition of a saturated NH4Cl solution. Extraction was performed by adding 

more NH4Cl solution and EtOAc. The aqueous layer was washed twice with EtOAc. 

The combined organic layers were backwashed with NH4Cl solution and subsequently 

dried using MgSO4. After evaporation of the solvent, a slightly brown oil was 

obtained. According to TLC and 1H NMR spectroscopy, significant amounts of 

monosubstituted product and monosubstituted product with eliminated HBr were 

formed. Pure product 3 was obtained as a colorless oil (275 mg, 15% yield) by 

performing column chromatography over silica gel using 2% EtOAc in heptane as the 

eluent (Rf = 0.2). 
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1H NMR (399 MHz, CDCl3): δ 6.11 (m, 2H, 1 endo + 2 exo), 6.05 (dd, J = 5.6, 2.9 

Hz, 0.7H, 1 exo), 5.92 (dd, J = 5.6, 2.9 Hz, 1.3H, 2 endo), 3.53 – 3.25 (m, 5.4H, 8 exo + 

9), 3.13 (dd, J = 9.2, 6.6 Hz, 1.3H, 8 endo), 3.00 (t, J = 9.1 Hz, 1.3H, 8 endo), 2.90 (br, 

1.3H, 4 endo), 2.78 (br, 2H, 3 endo+exo), 2.74 (s, 0.7H, 4 exo), 2.39 – 2.26 (m, 1.3H, 7 

endo), 1.86 – 1.75 (m, 1.3H, 6 endo), 1.69 (m, 0.7H, 7 exo), 1.57 (m, 4H, 10), 1.39 (m, 

5.3H, 11 + 5 endo), 1.31 (s, 1.4H, 5 exo), 1.23 (m, 2H, 6 exo+ 5 endo), 1.10 (dt, J = 11.6, 

3.9 Hz, 0.7H, 6 exo), 0.48 (ddd, J = 11.6, 4.2, 2.7 Hz, 1.3H, 6 endo). 
13C NMR (100 MHz, CDCl3) δ 137.0 (1 endo), 136.6 (2 peaks, 1 exo + 2 exo), 132.5 

(2 endo), 75.5 (8 exo), 74.5 (8 endo), 71.0 (9), 70.9 (9), 49.4 (5 endo), 45.0 (5 exo), 44.0 (4 

endo), 43.7 (4 exo), 42.2 (3), 41.5 (3), 38.9 (7), 38.8 (7), 29.7 (3 peaks, 6 exo + 10),  29.2 

(6 endo), 26.1 (4 peaks, 11). 

GC-MS: 1 peak in GC. MS: 41, 55, 66, 79, 91, 107, 141, 199, 265, 330 [M+]. 

 
Tensile tests of pTHF-2 

Sample preparation: Sample preparation: Sample preparation: Sample preparation: 1.0 g of pTHF matrix, 200 mg of pTHFpTHFpTHFpTHF----2222, and 6 mg of 4,7-

di(thiophen-2-yl)-benzo[c][1,2,5]thiadiazole were dissolved in 10 mL of dry THF. 

Either 100 or 400 µL of diethyl diallylmalonate was added. The two viscous solutions 

were poured in Teflon molds (25 × 45 × 5 mm) and the solvent was evaporated first in 

air, and later under vacuum. 

Tensile tests: Tensile tests: Tensile tests: Tensile tests: Rectangular samples (of approximately 25 × 5 mm) were cut out of 

the film using scissors, and stretched by hand or rheometer. The true strain rate used 

for experiments performed on the rheometer was 5 s–1. 

 
Activation of catalyst 1a in tensile tests 

1.0 g of pTHF matrix was dissolved in 10 mL of dry THF. After everything was 

dissolved, 200 mg of catalyst 1a1a1a1a (4.7 µmol) was added and stirred until a 

homogenously colored solution was obtained. Then, 100 µL (0.41 mmol) of diethyl 

diallylmalonate (DEDAM) was added and the solution was stirred for another 20 min. 

The viscous solution was poured into a Teflon mold (25 × 45 × 5 mm) and dried in a 

chamber using a gentle N2 flow. After overnight in this chamber, high vacuum (~0.1 

mbar) was applied for several hours to evaporate all the THF. Rectangular parts (20 × 

5 mm) of the resulting green, turbid polymer films were elongated by plier in a 

glovebox (< 2ppm H2O and O2) until break, and left for a few hours. The broken pieces 

were again elongated until break, and left in the glovebox overnight. This process was 

repeated until too small pieces for another elongation were obtained. All fragments 

were collected, dissolved in CHCl3, and analyzed by GC-FID. No significant 

conversion (compared to an unstretched part of the film) could be observed. 

Similar experiments were performed for films containing 14 and 25 wt% 

DEDAM. Similar experiments were performed using 8, 14, and 25 wt% of monomer 2222 

as a substrate. In other experiment, broken pieces of films containing 8 wt% 2222 were 



 Mechanocatalytic polymerization and cross-linking in the solid state 

71 

dissolved in toluene containing 2-norbornene immediately after film fracture. In again 

other experiments, films containing 8 or 25 wt% DEDAM were sandwiched between 

two films of pure pTHF matrix, and molten together at 33 °C. The pTHF matrix films 

were then peeled apart in the glovebox similar to a 180° peel test. In all cases, no 

significant conversion (as compared to an untested part of the film) could be measured 

by GC-FID or 1H NMR spectroscopy. 

 
Compressive stress–strain behavior 

For pure pTHF samples, 1.1 g of pTHF matrix was dissolved in 10 mL of dry 

THF. For pTHF samples mixed with 3333, 0.5 g of pTHF matrix was dissolved in 7 mL of 

dry THF and 62 µL of 3333 was added. When everything was dissolved, solvent was 

evaporated by gently applying vacuum at RT, followed by applying high vacuum after 

bubbling ceased. 

Samples of 200 mg were taken and put in a cylindrical compression mold with 

an inner diameter of 6 mm, which was heated to 60 °C and subsequently compressed 

at 0.7 GPa for 10 min. Samples were not fully molten when they were taken out of the 

mold, and left overnight to crystallize further. 

The top and bottom part were made straightened in a milling machine, which 

led to cylinders with a diameter and height of 6 mm. For compression tests, the 

samples were sandwiched in between Teflon tape, and lubricated with Teflon spray to 

reduce friction between plates and sample. The compression tests were performed at a 

true strain rate of 0.01 s–1. Modulus and yield stress were determined from true 

stress–true strain curve. 

 
Compression tests 

Sample preparation:Sample preparation:Sample preparation:Sample preparation: Matrix pTHF (200 mg) was dissolved in approximately 5 

mL of dry THF under Ar atmosphere. After stirring for several hours, the matrix was 

fully dissolved. Then, 40 mg of 1a1a1a1a (0.94 µmol) and 30 µL (ρ = 1.0; 90 µmol) of monomer 

3333 were added. After stirring for several minutes, a homogenously green solution was 

obtained, and the THF was evaporated by gently applying reduced pressure. When 

bubbling seized, the sample was dried further under high vacuum (~10–1 mbar) for 

several hours. The sample was used only after storage in the freezer for at least 

overnight. The conversion of 3333 tended to increase in the course of days at RT to 

several %. To compare experiments done at different days, the initial conversion was 

subtracted from all experiments performed on that particular day. 

For control experiments, a similar protocol was used, only dissolving 120 mg 

pTHF matrix, 0.4 mg of 1b1b1b1b (0.48 µmol), and 15 µL of monomer 3333 (ρ = 1.0; 45 µmol). 

For experiments with bifunctional monomer 4444, a similar protocol was used. Now 

100 mg of pTHF matrix, 20 mg of 1a1a1a1a (0.47 µmol), 7.5 µL of monomer 4444    (ρ = 1.0; 23 

µmol), 7.5 µL of bis(2-ethylhexyl) terephthalate, and 5 mg of 2,6-di-tert-butyl-4-

methylphenol (BHT) were used. For control experiments, 120 mg pTHF matrix and 

0.4 mg of catalyst 1a1a1a1a (0.48 µmol), 7.5 µL of monomer 4444 (ρ = 1.0; 23 µmol), 7.5 µL of 



Chapter 4 

72 

bis(2-ethylhexyl) terephthalate, and 5 mg of 2,6-di-tert-butyl-4-methylphenol (BHT) 

were used. 

Sample compSample compSample compSample compressionressionressionression: : : : Approximately 15 mg sample was taken and molded using 

tweezers into a more or less spherical shape. The sample was put in a standard 13 

mm KBr pellet die (similar to Sigma-Aldrich product number Z506699). The sample 

was put under an argon atmosphere by repeated vacuum–argon cycles (making use of 

the hose connection of the pellet die). Then, typically 10 tons of compressive force was 

applied. In separate experiments, where a small plexiglass window was used in 

between the pellet die, it could be seen that the full 1.3 cm2 area of the die was filled 

with the sample upon compression. Using this area, 10 tons equals 0.8 GPa pressure. 

After the appropriate waiting time, the pressure was released and the sample 

was taken out. For subsequent compression cycles, the sample was folded multiple 

times and remolded into a more or less spherical shape using tweezers. Then the 

same cycle as described above was used. After the appropriate number of compression 

cycles was performed, the full sample was dissolved in CDCl3 and analyzed by 1H 

NMR spectroscopy. 

For experiments with bifunctional monomer 4444, not everything dissolved in 

CDCl3 after five compression cycles; the dissolved part was taken using syringe and 

needle and analyzed by 1H NMR spectroscopy. The undissolved particles were 

dispersed in 1 mL CHCl3, shaken for at least 1 h, centrifuged and the liquid layer was 

decanted. This process was repeated three times, after which the swollen particles 

were dried under vacuum. The dried polymer particles were put in an NMR tube for 

the Agilent Nanoprobe and swollen with CDCl3. 

 
Calculation of true stain 

A globular sample of approximately 15 mg was compressed. For ease of 

calculation, we assumed a cylindrical shape with a diameter and height of 3 mm (V = 

21 mm3). In experiments where a small plexiglass window was used in between the 

pellet die, it could be seen that the full 1.3 cm2 area of the die was filled with the 

sample upon compression. We thus assumed the compressed shape to be a cylinder 

(equal volume) having a diameter of 13 mm and a calculated height of 0.16 mm; this 

equals a strain of –0.95, or true strain of –2.9. After the compressive force was 

released, the formed cylinder relaxed to a diameter of approximately 10 mm. The 

height was calculated (equal volume) to be 0.27 mm; this equals a plastic strain of  

–0.91, or true plastic strain of –2.4. 
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5 
Probing bond scission in cross-linked networks 

by mechanoluminescence 

 

ABSTRACT:ABSTRACT:ABSTRACT:ABSTRACT: Scission of chemical bonds was investigated in cross-linked 

poly(hexyl methacrylate) films containing mechanoluminescent 1,2-

dioxetane cross-linker 1111. By using thermal polymerization, reproducibility 

issues with the previously reported procedure using photopolymerization 

were solved. Systematic investigation of the effects of strain rate and cross-

link density on luminescent intensities were performed with spatial and 

temporal resolutions in the µm and ms range, respectively. With constant 

cross-link density, the amount of light emitted from the rubbery cross-linked 

poly(hexyl methacrylate) films was influenced by the applied stress, while 

strain rate had no influence. Materials that contained a mixture of 

mechanoluminescent dioxetane and covalent tetraethylene glycol cross-

linker were used to study the influence on luminescence intensity. At 

similar total cross-link densities, the light intensity was found to increase 

linearly with the concentration of dioxetane. The light intensity was also 

increased by increasing the total cross-link density, while keeping the 

dioxetane concentration constant. Although the latter results might be 

explained by preferential scission of the dioxetane bonds, further 

experiments are necessary to rule out other possible explanations. Finally, 

the spatial resolution of 40 µm and temporal resolution of 2 ms could be 

used to follow stress distribution around inhomogeneities present in 

polymer films. 
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5.1 Introduction 

In order to gain more knowledge of mechanical chain scission in 

polymeric materials, direct observation of chain scission events would be 

highly advantageous. This has mainly been achieved with electron spin 

resonance (ESR), which has been used extensively to study radicals formed by 

homolytic bond scission of solid materials.1 Although in situ ESR has been 

used for various deformation modes, including stretching,2 these experiments 

have limited spatial and temporal resolution. Furthermore, the radical 

concentration in uniaxially stretched rubbers (polymers networks above their 

Tg) is too low to be analyzed by ESR.3 Other techniques, such as IR and NMR 

spectroscopy, have been used to detect new chain end groups resulting from 

subsequent reactions of the radical chain scission products, but these 

techniques generally show even lower sensitivities.4 Additional research has 

focused on the inclusion of non-covalent interactions that alter material 

properties such as UV-absorption upon disruption of the aggregates.5 The use 

of specific weak covalent bonds, or mechanophores,6 in polymer chains has 

recently been added to the set of methods to analyze bond scission under 

stress. The first example was the cycloreversion of dimerized aromatic groups 

embedded in glassy polymer coatings, which was visualized by enhanced 

fluorescence around cracks in the coatings.7 Another example8 of a 

mechanophore reaction in bulk polymers was the ring-opening of a spiropyran 

(SP) moiety inside a polymer chain, which resulted in a color change of cross-

linked and linear polymer materials upon stretching or compression. The 

activation of the SP moiety under the influence of stress was investigated in 

detail by torsion of glassy cross-linked polymers and it was concluded that the 

activation stress for the mechanochemical ring-opening increased with 

increasing strain rate.9 

A more recent example from our group10 involves the mechanochemical 

scission of a bis(adamantyl)-1,2-dioxetane (Figure 5.1a and b). Generally, 1,2-

dioxetanes are thermally labile species, they decompose into two ketone 

moieties, one of which is in an electronically excited state.11 Upon relaxation, 

light (420 nm) is emitted from the singlet excited state within 20 ns of ring 

scission.11 The thermal stability is greatly enhanced by functionalization of the 

1,2-dioxetane with bulky groups; the bis(adamantyl)-1,2-dioxetane group is 

known to be stable up to 150 °C.12 By incorporation of such a dioxetane moiety 

in linear or cross-linked polymers, emission of blue light was observed when 
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the material was stretched (Figure 5.1c and d). The autoluminescent 

properties of this system, in combination with the short lifetime of the 

luminescence, open opportunities for the study of chain scission in polymers 

with spatial and temporal resolution only limited by the sensitivity of the used 

camera.10 

In this chapter, cross-linked films, containing cross-linker 1111 (Figure 5.1a), 

are investigated in more detail. Luminescence from cross-linked films of 

poly(methyl acrylate) have been investigated by Chen et al. and were shown to 

give higher mechanoluminescence intensities than films of linear poly(methyl 

acrylate) containing a central bis(adamantyl)-1,2-dioxetane moiety. However, 

in case of the linear polymer films, an energy acceptor could be used to 

increase the luminescence. This principle could not be applied to the cross-

linked films, because of the UV-initiated polymerization.10 One of the benefits 

of cross-linked films is that the network density and dioxetane concentration 

can easily be varied independently, which makes this system very useful for 

the investigation of bond failure in rubber-like materials. 

c)

b)a)

d)

 

Figure 5.Figure 5.Figure 5.Figure 5.1111: : : :  a) Structures of cross-linker 1111 and resulting cross-linked PMA 

films (X indicates cross-linking points). b) Schematic representation of 

mechanochemical bond scission of 1,2-dioxetane moiety and subsequent 

chemiluminescence of one of formed ketones. c) Pictures illustrating a 

tensile test performed on a polymer film using the rheometer with 

extensional fixture. d) Frame of movie taken during stretching of a cross-

linked PMA film containing 1111 as a cross-linker. Reprinted with permission 

from Ref. 10. Copyright © 2012 Nature Publishing Group. 
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5.2 Improving the synthesis of cross-linked films 

In the original report,10 cross-linked poly(methyl acrylate) (PMA) films 

were made by UV-initiated free radical polymerization. More specifically, 

photoinitiator benzoin (2-hydroxy-1,2-di(phenyl)ethanone) and dioxetane-

containing cross-linker 1111 were dissolved in methyl acrylate (MA) monomer and 

put in a Teflon mold, after which UV-initiated polymerization took place under 

N2. However, when this procedure was repeated, reproducibility was found to 

be low. The low boiling point of MA (80 °C) often resulted in films containing 

large bubbles, since the light of the UV-lamp and the rapid exothermic 

polymerization leads to local heating of the solution. To circumvent this 

problem, butyl acrylate (BA) was used as a monomer, since it has a higher 

boiling point (145 °C), while the resulting polymer still has a glass transition 

temperature (Tg) below room temperature (–43 °C).13 The films formed from 

this monomer, however, showed a gradient in cross-link density from top to 

bottom, which resulted in curling up of the films when they were swollen in 

THF. Due to the large thickness (~1 mm) of the films, a gradient in UV 

intensity from top to bottom is unavoidable, leading to a gradient in initiation 

rate. Furthermore, photopolymerization cannot be combined with the addition 

of acceptor dyes to increase light intensity during mechanoluminescent 

experiments, since the dye would absorb most of the UV light used for 

initiation. In order to use an energy acceptor for the cross-linked films, 

thermal initiation was investigated as an alternative polymerization method.  

First, the stability of the bis(adamantyl) dioxetane moiety at elevated 

temperatures was investigated. FT-IR and 13C NMR spectra were measured 

before and after heating 5,5’/7’-di(2-hydroxyethylenoxy) adamantylidene-

adamantane 1,2-dioxetane (2222) and 2,2’-azobis(2-methylpropionitrile) (AIBN) in 

ethyl acetate at 60 °C for 6 h (Figure 5.2). Although the carbonyl band in IR 

(1723 cm–1) and the carbonyl peak in 13C NMR (216 and 47 ppm) spectra both 

increased slightly, decomposition was marginal and we concluded that thermal 

polymerization at this temperature is feasible. 

Several monomers were tested by mixing different high boiling acrylates 

and methacrylates with AIBN and tetra(ethylene glycol) diacrylate 3333 (Scheme 

5.1). The mixtures were put in a Teflon mold and heated to 60 °C under N2 for 

6 h. AIBN was used as an initiator, since it has a half-life in the order of hours 

at 60 °C.14 As can be seen in Table 5.1, the resulting polymers have Tg’s both 

below and above room temperature. 
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Figure 5.Figure 5.Figure 5.Figure 5.2222: : : : a) Structure of 5,5’/7’-di(2-hydroxyethylenoxy) adamantylidene-

adamantane 1,2-dioxetane (2222). b, c) FT-IR (b) and 13C NMR (c) spectra of a 

mixture of 2222 and AIBN before and after heating at 60 °C for 6 h in EtOAc. 

Although the transition of poly(dodecyl acrylate) around 2 °C is reported 

as a glass transition,13 in differential scanning calorimetry (DSC) it became 

clear that it is the melting point of the polymer. The resulting film is very 

fragile and sticky; therefore, this monomer was not used in further 

experiments. The other two polymers, poly(butyl methacrylate) (PBMA) and 

poly(hexyl methacrylate) (PHMA), were investigated further by using bis-

adamantyl cross-linker 1 1 1 1 (resulting cross-linked polymers are named PBMAPBMAPBMAPBMA----1111 

and PHMAPHMAPHMAPHMA----1111). Although both of the resulting films give a flash of light at the 

moment of breakage, only the PHMAPHMAPHMAPHMA----1111 film gave enough light before film 

fracture to be captured by the current camera system. This is in line with the 

earlier report in which glassy polymers showed no light, ascribed to strong 

localization of strain which only gives chain scission at the exact time and 

position of macroscopic failure.10 All further experiments in this chapter were 

therefore performed with PHMAPHMAPHMAPHMA----1111 films. 

 

Scheme 5.Scheme 5.Scheme 5.Scheme 5.1111: : : : Structure of cross-linker tetra(ethylene glycol) diacrylate 3333. 
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Table 5.Table 5.Table 5.Table 5.1111: : : : Used monomers with boiling point and glass transition 

temperatures of resulting cross-linked polymers. 

MonomerMonomerMonomerMonomer    Boiling point Boiling point Boiling point Boiling point 
(°C)(°C)(°C)(°C)    

TTTTgggg    polymerpolymerpolymerpolymer    

(°C)(°C)(°C)(°C)aaaa    
RemarksRemarksRemarksRemarks    

n-Dodecyl acrylate 120 (1.1 mbar)b 2.0d Very fragile and sticky 

n-Butyl methacrylate 163c 32.8  

n-Hexyl methacrylate 203c –0.4  

Films made by mixing 2.0 mL of the monomer, 24 mg of AIBN, and 11 µL of 3333 in a Teflon 

mold and subsequent heating at 60 °C under N2 for 6 h. a Determined by DSC. b According 

to ref 15. c According to Sigma-Aldrich website. d Melting peak observed in DSC. 

5.3 Improving the set-up for tensile tests 

The experiments in the original report by Chen10 were recorded by using 

a camera at a frame rate of 30 s–1. In this case, at most 4 images showed the 

mechanically induced chemiluminescence. To increase the number of frames, a 

scientific CMOS (sCMOS) camera was used, which has low noise, high 

sensitivity, and a high frame rate (500 fps). Furthermore, a small dark 

chamber was constructed, for convenient sample change and complete removal 

of background light. Optomechanical tests were performed on a rheometer 

equipped with two rotating drums16 similar to the setup used in the previously 

reported experiments.10 The rotating drums allow for uniform extensional 

deformation at high strain rates. Initial tests showed two further problems 

that had to be solved before systematic studies could be performed. As can be 

seen in Figure 5.3a, light intensity appears to be higher at the ends of the film 

towards the drums then in the middle, due to reflection from the drums. By 

painting the drums of the rheometer black, reflection was countered (Figure 

5.3b). Another problem was slippage of the PHMAPHMAPHMAPHMA----1111 films during stretching. 

This leads to a sudden decrease in light intensity, which is visible by eye, and 

can also be quantified by analysis of the movie frames (Figure 5.3c). The use of 

double sided sticky tape16,17 on the drums prevented slippage and led to a 

smooth increase in light intensity until the breakage of the film.  
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Figure 5.Figure 5.Figure 5.Figure 5.3333: : : : a, b)    Movie frame of a stretching experiment of PHMAPHMAPHMAPHMA----1111 just 

before breakage, showing light reflection from unpainted drums (a), or 

blackened drums (b). c) Plot of normalized light intensity per frame versus 

time of a stretching experiment on a PHMAPHMAPHMAPHMA----1111 film with unmodified clamp 

set-up (solid line) or with cylinders covered with double sided tape (dashed 

line). 

5.4 Systematic investigation luminescence intensity  

Having optimized the film preparation and sample stretching, a 

systematic investigation of various parameters of interest could be 

undertaken. Several PHMAPHMAPHMAPHMA----1111 films were prepared, containing different 

amounts of dioxetane-containing cross-linker 1111 and unfunctionalized cross-

linker 3 3 3 3 (Table 5.2).  

Table 5.Table 5.Table 5.Table 5.2222: : : : Composition and average total light intensity of five different 

PHMAPHMAPHMAPHMA----1111 films prepared. 

FilmFilmFilmFilm    [1] [1] [1] [1] 
(mol%)(mol%)(mol%)(mol%)    

[3] [3] [3] [3] 
(mol%)(mol%)(mol%)(mol%)    

[t[t[t[total crossotal crossotal crossotal cross----link] link] link] link] 
(mol%)(mol%)(mol%)(mol%)    

Total luminescence intensity (a.u.)Total luminescence intensity (a.u.)Total luminescence intensity (a.u.)Total luminescence intensity (a.u.)aaaa    

Batch 1Batch 1Batch 1Batch 1    Batch 2Batch 2Batch 2Batch 2    

1111    0.25 0.75 1.0 13.0 ± 2.1 7.1 ± 2.0 

2222    0.50 0.50 1.0 29.8 ± 7.2 12.2 ± 1.0 

3333    0.75 0.25 1.0 42.8 ± 9.6 26.4 ± 4.6 

4444    0.50 0.50 0.50 14.1 ± 2.9 6.7 ± 0.6 

5555    0.50 1.0 1.5 29.2 ± 4.1 22.1 ± 2.7 

Films made by thermal polymerization at 60 °C using 24 mg of AIBN, 1 mL hexyl-

methacrylate, the appropriate amounts of 1111 and 3333, and 7 mg of acceptor dye. a Total pixel 

intensity of the full film area over the course of the tensile experiment. Average and 

standard deviation are given over five or six experiments at different strain rates with the 

exception of film 4, batch 2 which represent three experiments. 
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Cross-linker 3 3 3 3 was chosen because the number of atoms between the two 

acrylate groups is approximately equal to that in 1111, which leads to similar 

lengths for the two cross-linkers. All cross-linker amounts given in this chapter 

are in mol%, unless specified otherwise. As an energy acceptor, 4,7-

di(thiophen-2-yl)-benzo[c][1,2,5]-thiadiazole was added, in order to shift the 

wavelength of the emitted light to a value at which the human eye and the 

camera are more sensitive.10 After preparation of the films by casting and 

thermal polymerization, they were cut into pieces of 5.0 × 25 mm using a 

manual cutting press. The resulting films had a thickness of approximately 0.5 

mm and the Tg’s were identical to within 2 °C, independent of cross-link 

density. The samples were tested at different strain rates, while recording 

images at 500 fps. With the setup used, 1 pixel equals approximately 0.04 × 

0.04 mm of film. All frames showing luminescence were analyzed using a 

homemade-code implemented in MATLAB, to read out the light intensity for 

each pixel in the region of interest. Light intensity was then integrated over all 

pixels, giving total intensity per frame. Noise, or dark count, was subtracted 

from all frame intensities. Because the camera and the rheometer are not 

directly coupled, it was only possible to calculate back the time (and strain) 

before break, assuming a maximum luminescence intensity at break. 

All data presented was obtained by analyzing two batches of five different 

films (Table 5.2). Between the two batches, both mechanical and luminescence 

data varied, but within one film, the data was found to be very consistent 

(Figure 5.4). Only results for film 2 at a strain rate of 5 s–1 are shown, but all 

other samples show similar reproducibility. Furthermore, the trends observed 

within the two batches were similar (see for example luminescence data in 

Table 5.2). The observed variations between the different batches are likely to 

be the result of small differences in the purity of 1111, which was obtained as a 

viscous oil. For further analysis of the mechanical properties of the films, only 

data within the two separate batches were compared. Although reproducibility 

within one film is good (Figure 5.4a), film to film difference are likely to occur 

as a result of weighing errors. Therefore, no conclusions are drawn from small 

differences in the presented data. In order to compare luminescence data 

between the two different batches, the total luminescence intensity was 

normalized by dividing over the average for all experiments for that batch of 

films (25.8 and 14.9 for batch 1 and 2, respectively). It should be noted that the 

trends observed within each batch are consistent with the conclusions 

presented here. 
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Figure 5.Figure 5.Figure 5.Figure 5.4444: : : : a) True strain–true stress plots for PHMAPHMAPHMAPHMA----1111 film 2 (0.5 mol% 1111, 

0.5 mol% 3333) stretched at a strain rate of 5 s–1. Different samples of two 

separately prepared batches of film 2 are plotted. b) Plot of intensity per 

frame versus strain before break. Different samples of two separately 

prepared batches of film 2 are plotted. 

5.5 Influence of strain rate on light intensity 

The cross-linked PHMAPHMAPHMAPHMA----1111 films were stretched at different strain rates. A 

different number of frames with significant signal intensity were recorded for 

the different strain rates (Figure 5.5). At the lowest strain rate of 1 s–1, over 

100 frames, each having low light intensity, were recorded, while at 25 s–1 

approximately 10 frames with high light intensity were observed. For all 

strain rates used, luminescence is initially observed throughout the sample, 

while at breakage, luminescence is strongly localized at the site of fracture. It 

should be noted that the exact moment of breakage is not always recorded, 

indicating that the fracture event is extremely rapid (<1 ms). Figure 5.5c 

shows that at a strain rate of 25 s–1, the final frames before film fracture are 

sometimes overexposed. Immediately after fracture, no further luminescence 

was observed. 

The plots of true or Hencky strain (εH) versus true stress in Figure 5.6a 

show that at higher strain rates, stress starts to increase at lower strains, 

which is typical viscoelastic behavior of polymers above Tg. Stress for the 

highest strain rate applied (25 s–1) seems to lag behind with respect to the 

other strain rates. This is probably caused by the low time resolution or 

inertial limitations associated with the transient torque response;16 therefore, 

the stress-data at this strain rate was not used for further analysis. 
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Time

Frame 1 70 120 127

0 s 0.14 s 0.24 s 0.254 s

Time

Frame 1 20 36 44

0 s 0.04 s 0.072 s 0.088 s

Time

Frame 1 8 12 15

0 s 0.016 s 0.024 s 0.03 s

b) Strain rate 5 s-1

c) Strain rate 25 s-1

a) Strain rate 1 s-1

 

Figure 5.Figure 5.Figure 5.Figure 5.5555: : : : a–c) Typical frames during stretching of PHMAPHMAPHMAPHMA----1111 film 2 (0.5% 1111, 

0.5% 3333) at a strain rate of 1 (a), 5 (b), and 25 (c) s–1. Below each frame is the 

intensity distribution per pixel of that frame. Numbers at x- and y-axis of 

each graph given in mm. 

When it is assumed that integrated light intensity is proportional to the 

number of dioxetane scission events, the summed intensities of all frames up 

to a certain time is a measure of the total number of broken dioxetane bonds 

up to that moment. When the summed intensities are plotted against the 

applied strain, similar viscoelastic behavior as compared to the stress–strain 

curves is observed (Figure 5.6b); light intensity starts to increase at lower 

strain for higher strain rates. 
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Figure 5.Figure 5.Figure 5.Figure 5.6666: : : : a) Typical true strain–true stress plot for PHMAPHMAPHMAPHMA----1111 film 2 (0.5 

mol% 1111, 0.5 mol% 3333) stretched at different strain rates. Data of strain rate 

of 25 s–1 are skewed because of limited time resolution or inertia of rotating 

drums. b + c) Cumulative frame intensity versus true strain before break 

(b) or versus true stress (c) for PHMAPHMAPHMAPHMA----1111 film 2 stretched at different strain 

rates. d) Normalized total light intensity as a function of strain rate for 

films 1–5. Points represent average and standard deviation of 1–5 samples 

prepared from 1 or 2 different films. 

The stress at any given point can be correlated to the light intensity, 

assuming that the highest stress is observed at the point of film fracture. As 

becomes clear from Figure 5.6c, the cumulative light intensity as a function of 

applied stress is independent of strain rate. This indicates that the number of 

broken dioxetane bonds is determined only by the applied stress. As can be 

seen in Figure 5.6d, the total intensity over all frames is approximately equal 

for all strain rates irrespective of the cross-link density. This is in strong 

contrast with observations with linear poly(methyl acrylate) films with a 

central bis(adamantyl) dioxetane moiety.18 For these linear polymers, total 
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luminescence intensity increased at higher strain rates. Entanglements act as 

physical cross-links in linear polymers; at low strain rates, chain reptation is 

an effective mechanism for stress relaxation and prevents chain scission. In 

chemically cross-linked films, however, reptation is not possible, and the 

number of scission events is expected to be independent of strain rate. 

For the different strain rates, the intensity per frame seems to increase 

linearly with the applied stress (Figure 5.7), after a certain threshold stress. 

Because camera response is linearly dependent on the number of photons 

emitted, this means that the rate of chain scission increases linearly with 

applied stress. Theory,19 however, predicts that the rate of bond scission is an 

exponential function of the stress applied to the chemical bond. This 

exponential dependence has been observed in ESR experiments of oriented 

glassy Nylon 6.2 The observed linear dependence indicates that the 

macroscopic stress cannot be directly translated to forces acting on the 

individual polymer chains in rubbery cross-linked materials. This could be due 

to an increase in the number of stress-bearing chains at higher macroscopic 

stresses as a result of chain orientation. 
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Figure 5.Figure 5.Figure 5.Figure 5.7777:::: Intensity per frame as a function of applied true stress for 

PHMAPHMAPHMAPHMA----1111 film 2 (0.5 mol% 1111, 0.5 mol% 3333) stretched at different strain rates. 

5.6 Influence of cross-link density on light intensity 

To investigate the influence of the cross-link density on the total observed 

luminescence, the PHMAPHMAPHMAPHMA----1111 films with different cross-link densities were 

compared at a single strain rate (5 s–1). For the first set of experiments (film 1–

3, Table 5.2), the total cross-link density (total concentration of 1111 and 3333) was 

set to 1 mol%. The amount of 1111 was varied between 0.25 and 0.75 mol%. As can 

be seen in Figure 5.8a, the mechanical properties of the three films are 

approximately similar, although the exact stress at break is lower for the film 
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containing 0.5 mol% 1111, likely due to small bubbles or cracks that act as nuclei 

for voids. This means that although cross-linker 1111 includes a weaker bond, this 

does not lead to significantly weaker materials in these experiments. The 

observed total light intensity increased linearly with increasing amount of 1 1 1 1 

(Figure 5.8b). When corrected for the concentration of 1111 (see inset Figure 5.8b), 

the intensity is independent of this concentration. 

These experiments do not allow discrimination between preferential and 

non-preferential scission of the dioxetane bonds. Only if the preference for 

dioxetane bond scission is absolute and the number of bonds which have to be 

broken before material failure is smaller than the number of dioxetane bonds 

present, would you observe a luminescent intensity that is independent of 

dioxetane concentration. Other scenarios, would give rise to the linear 

relationship observed here.  
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Figure 5.Figure 5.Figure 5.Figure 5.8888: : : : a) Typical true strain–true stress curves for PHMAPHMAPHMAPHMA----1111 films with 

a total cross-link density of 1 mol% with varying amounts of 1111 and 3333 at a 

strain rate of 5 s–1. b) Normalized total intensity of the observed 

luminescence as a function of concentration 1111. Bars represent the average 

and standard deviation of 5 sample made out of 2 different films. Inset 

shows normalized total intensities corrected for concentration 1111. 

For the next set of experiments, the amount of 1111 was kept at 0.5 mol%, 

while varying the amount of 3333 to give different total cross-link densities (film 

2, 4, and 5, Table 5.2). As expected, the strain at break increases with 

decreasing cross-link density, although the difference between 1.0 mol% and 

1.5 mol% is too small to be significant (Figure 5.9a). More interestingly, total 

light intensity increases with increasing cross-link concentration, although the 

shape of the curve remains similar (Figure 5.9b,c). This might indicate 



Chapter 5 

88 

preferential scission of cross-linker 1111. However, an alternative explanation 

would be the decreased length between cross-links, which leads to higher 

entropic forces on the chain segments, typical for cross-linked rubbers.20 These 

higher forces lead to higher bond scission probability. 
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Figure 5.Figure 5.Figure 5.Figure 5.9999: : : : a) Typical true strain–true stress curves for PHMAPHMAPHMAPHMA----1111 films with 

a concentration of 1111 of 0.5 mol% and varying total cross-link densities at a 

strain rate of 5 s–1. b) Normalized total intensity of the observed 

luminescence as a function of total cross-link density. The intensity has 

been corrected for the analyzed film volume at break.21 Bars represent the 

average and standard deviation of 5 samples made out of 2 different films. 

c) Intensity per frame versus strain before break for different films. For 

comparison, total area under curve was normalized. 

It should be noted that these data have been corrected for the analyzed 

film volume at break, since these are different for these films as a result of the 

significantly different strain at break21 (for the film with a total cross-link 

density of 0.5 mol%, the analyzed film volume at break is approximately 40% 

smaller than that of the film with 1.5 mol%). For the other experiments in this 
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chapter, this correction is not necessary, since the strain at break is 

approximately equal for the different samples. 

5.7 Spatial and temporal resolution 

The main benefit of using 1,2-dioxetanes as a probe for bond scission is 

high spatial and temporal resolution, which are only limited by the sensitivity 

and resolution of the used camera, which currently leads to resolutions of 40 

µm and 2 ms (fundamental limitations are the lifetime of the excited state and 

wavelength of the emitted light, which are 20 ns and 420 nm, respectively). 

Although the temporal resolution led to more insight in the stress dependence 

of the overall scission rate in rubbery materials, the high spatial resolution is 

not beneficial in the current applied uniform extensional tests. However, a 

glance of the full potential of dioxetane mechanoluminecent probes was seen in 

an experiment on a film with a inhomogeneity of approximately 1 mm, 

depicted in Figure 5.10. Force-induced luminescence started around the 

inhomogeneity (frame 15). Throughout the experiment, the intensity at this 

location is higher (frame 36) than in other parts of the film, and film fracture 

initiates from this point (frame 37 and 38). The total luminescence intensity 

observed for this sample is only half of that of other samples from the same 

film. The inhomogeneity thus leads to a weaker sample, which also became 

apparent from a lower stress and strain at break. The resulting lower stresses 

lead to less overall chain scission. 

Time

Frame 15 36 37 38

0.03 s 0.072 s 0.074 s 0.076 s

 

Figure 5.Figure 5.Figure 5.Figure 5.10101010: : : : Typical frames during stretching of PHMAPHMAPHMAPHMA----1111 films (0.25% 1111, 

0.75% 3333) containing an inhomogeneity at a strain rate of 5 s–1. As can be 

seen, luminescence is higher around this air bubble throughout the 

extensional test. The eventual film failure starts at this bubble. Below each 

frame is the intensity distribution per pixel of that frame. Numbers at x- 

and y-axis of each graph are in mm.    
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The experiment shows that the chemiluminescent dioxetane system can 

be used to visualize weak spots in a polymer before film fracture occurs, and 

the way stresses are distributed around these weak spot. Furthermore, it could 

lead to more insight in stress distributions and chain scission events in 

samples that experience asymmetric stresses. 

5.8 Conclusions 

Cross-linked films, containing bis(adamantyl) dioxetane cross-linker 1111 

have been prepared and analyzed optomechanically. The system as described 

in literature10 has been optimized by using thermally initiated polymerization, 

which allowed the addition of an acceptor for enhanced light intensity and 

resulted in more uniform polymer films. Furthermore, temporal and spatial 

resolution were improved by the use of a CMOS camera. 

Standard viscoelastic behavior was observed upon varying strain rate in 

both the stress–strain curves and the onset of mechanoluminescence. Total 

observed luminescence, however, was independent of strain rate. We can 

therefore conclude that the amount of chain scission is independent of strain 

rate (in the tested regime) for chemically cross-linked polymer films. The rate 

of chain scission increases linearly with applied stress, which differs from the 

exponential dependence expected on a molecular scale.19 The observed linear 

dependence can be explained by considering the orientation of the chains 

under stress. 

The relative amount of 1111 does not influence the luminescence intensity 

while increasing total cross-link density leads to higher luminescence. 

Although the latter results might be explained by preferential scission of 

dioxetane 1111, further experiments are necessary to rule out other possible 

explanations. An indication of the opportunities given by observation of chain 

scission events with high temporal and spatial resolution was obtained from a 

small defect which shows up as a bright luminescent spot throughout the 

tensile experiment. 

Experimental section 

General 

All acrylate and methacrylate monomers as well as cross-linker 3333 were obtained 

from Sigma-Aldrich and filtered over a plug of basic alumina before use to remove the 

inhibitor. AIBN was obtained from Sigma-Aldrich and recrystallized from methanol 

before use. Bis(adamantyl) dioxetane-containing cross-linker 111110 and acceptor dye 4,7-

di(thiophen-2-yl)-benzo[c][1,2,5]-thiadiazole22 were kindly provided by Yulan Chen 
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and prepared using literature procedures. A Varian 400MR spectrometer was used to 

record 13C NMR spectra (100 MHz). Infrared spectra were measured on a Perkin 

Elmer Spectrum One UATR FT-IR spectrophotometer. DSC measurements were 

performed in hermetic T-zero aluminum sample pans using a TA Instruments Q2000-

1037 DSC equipped with a RCS90 cooling accessory. The DSC experiments were 

conducted at a rate of 40 °C/min for all polymer samples. All glass transition 

temperatures listed were recorded in the second or third heating run. 

Tensile experiments were carried out on a Rheometrics, RDA III equipped with 

an Xpansion Instruments, SER-HV-A01, extensional fixture, which is described in 

literature.16 The drums of this fixture are colored black by permanent marker. Then, 

transparent tesafilm® double sided sticky tape (12 mm width) was put on the drums. 

The detachable fixture is covered with a PVC box, connected to a 35 cm PVC tube. On 

the other end of the PVC tube, a Nikon AF NIKKOR 50 mm 1:1.4D lens, equipped 

with an extension tube for a closer focus, connected to a sCMOS pco.edge monochrome 

CIS2051 camera is attached. The ROI of the camera was reduced to fit the polymer 

sample (640 × 200 pixels) in order to increase the frame rate (500 fps, exposure time 

1.0 ms). Because of the extremely short burst of light observed at film fracture, the 

camera was used in global shutter mode. The frames of the resulting movie were 

exported as separate TIF-files, which were analyzed using a homemade program in 

MATLAB. The average intensity for a dark image was subtracted from all film 

intensities. 

 
UV polymerization of methyl acrylate and butyl acrylate 

In a glass vial, 2.0 mL of methyl acrylate, 11 µL 3333, and 3.5 mg benzoin mixed 

until everything dissolved. For PBA films, 2.0 mL of butyl acrylate, 25 µL 3333, and 20 

mg benzoin were used. The solutions were put in a Teflon mold (25 × 45 × 5 mm), 

covered with a glass plate and placed in a N2 chamber which was flushed for 5 min 

before irradiation. A Philips PL-S 10 UV-light source was placed approximately 25 cm 

above the mold, and the solution was irradiated for 5 min (PMA film) or 15 min (PBA 

film). The low molecular weight substances remaining in the samples after 

polymerization were extracted with THF (200 mL) at room temperature, which was 

exchanged for three times during 24 h. During the swelling of the PBA film, it was 

observed that the film curls up. The films were then dried first in air, and later under 

vacuum. 

 
Testing thermal stability of 5,5’/7’-di(2-hydroxyethylenoxy) adamantylidene-

adamantane 1,2-dioxetane (2). 

Dissolved 100 mg of 2222 and 100 mg of 2,2′-azobis(2-methylpropionitrile) (AIBN) 

in 1.5 mL of CDCl3. One half of this solution was used to measure 13C NMR and FT-IR 

(drop cast on ATR plate and chloroform evaporated) spectra. The solvent from the 

other half was evaporated under reduced pressure, and the residue was dissolved in 2 

mL of ethyl acetate. This mixture was heated for 6 hours at 60 °C under Ar 
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atmosphere, after which the solvent was removed under reduced pressure. The 

residue was dissolved in CDCl3 and used to measure 13C NMR and FT-IR spectrarin. 
 

Thermal polymerization of dodecyl acrylate, butyl methacrylate and hexyl 

methacrylate 

In a glass vial, 24 g of AIBN and 11 µL of 3333 were dissolved in 2.0 mL of dodecyl 

acrylate, butyl methacrylate, or hexylmethacrylate. The resulting solutions were put 

in a Teflon mold (25 × 45 × 5 mm), covered with a glass plate and put in an oven at 60 

°C under N2 for 6 h. The resulting polymer films were taken out part of the film was 

extracted with THF (200 mL) at room temperature to remove any low molecular 

weight substances remaining in the sample. The observed Tg in DSC after washing is 

similar or even lower than for the films before washing (reported in this chapter are 

Tg’s before washing). Therefore, in further experiments, the THF extraction step was 

omitted.  

For the PBMAPBMAPBMAPBMA----1111 and PHMAPHMAPHMAPHMA----1111 films, which were analyzed qualitatively, a 

similar procedure was followed. Cross-linker 3333 was replaced by 20 mg of cross-linker 1111 

and 3.1 mg 4,7-di(thiophen-2-yl)-benzo[c][1,2,5]thiadiazole was added as an acceptor. 

The amount of material was weighed before and after polymerization, and it was 

found that approximately 6 wt% of the BMA and 1 wt% of HMA is lost by evaporation. 

Although both the PBMAPBMAPBMAPBMA----1111 and PHMAPHMAPHMAPHMA----1111 films gave light when stretched by hand, 

optomechanical tests using the rheometer and camera only showed light for the 

PHMAPHMAPHMAPHMA----1111 film. Furthermore, it was observed that during the mechanical testing of the 

PHMAPHMAPHMAPHMA----1111 film the maximum torque limit of the rheometer/fixture set-up is reached. In 

further experiments thinner films were made. 

 
Preparation of PHMA-1 films for optomechanical testing 

In a glass vial, approximately 24 mg of AIBN, 6.5 mg of 4,7-di(thiophen-2-yl)-

benzo[c][1,2,5]thiadiazole, and the appropriate amounts of cross-linker 1111 (6.7 to 20 

mg) and 3333 (0 to 13.8 µL) were dissolved in 1.0 mL (5.1 mmol) of hexyl methacrylate by 

gentle heating. The resulting solutions were filtered through a 500 µm PTFE syringe 

filter to remove any dust or undissolved particles. The filtered solutions were put in a 

Teflon mold (25 × 45 × 5 mm), covered with a glass plate and put in an oven at 60 °C 

under N2 for 6 h. The resulting polymer films were taken out and cut into rectangles 

of 5 × 25 mm using a Zwick ZCP 020 manual cutting press equipped with a cutting 

blade of 5 mm width. The average film thickness at the center was 0.5 mm. 
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Conclusions and outlook 

The main aim of this thesis has been the investigation of the mechanical 

activation of a latent metathesis catalyst in more detail, and to use the 

obtained knowledge for self-healing materials based on mechanocatalysts. 

Activation in solution by the use of ultrasound showed that chain 

scission selectively occurs at the metal–ligand coordination bond. The active 

species was not affected directly by radicals formed during ultrasound 

irradiation, although other formed impurities negatively influenced the 

catalyst activity. Furthermore, it was found that the catalyst stays active 

much longer in ring-opening metathesis polymerization (ROMP) than in ring-

closing metathesis (RCM). This has been used in the mechanical activation of 

the catalyst in the solid state, where diffusion is low and hence, reaction times 

long. Upon compression of a semi-crystalline polymer film containing the 

latent catalyst and a norbornene-derived monomer, polymerization was indeed 

observed. For true self-healing materials, the kinetics of the catalytic reaction 

should be able to compete with crack propagation. Alternatively, catalyst 

activation should occur well before material failure. 

To investigate scission events directly, rather than looking to the 

secondary catalytic reaction, a mechanoluminscent probe can be used. Chain 

scission can be followed with a spatial and temporal resolution only limited by 

camera specifications. With the current experimental set-up, substantial chain 

scission before film fracture in tensile tests was only observed for materials 

above Tg. Furthermore, it was shown that increasing the total cross-link 

density, while keeping the mechanoluminescent probe concentration similar, 

led to increased scission of the incorporated weak bonds. 

 

In order develop true autonomous self-healing materials based on 

mechanically activated catalysts, numerous parameters have to be optimized. 

A more universal approach would be required to be able to tune material 

properties and catalyst activation over a broad range. Although the used 

method could in principle be applied to all semi-crystalline polymers, use of the 

catalyst complexes as chemical cross-links would broaden the scope of 

materials and catalysts. Studying fully analogous systems containing a 

mechanoluminescent probe, or even containing both catalyst and luminescent 

probe, could lead to the necessary insight for optimization of the catalyst 

activation step in relation to material failure. 
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Catalysis and Luminescence in Mechanically Activated Polymers 

Mechanochemistry refers to chemical reactions that are induced by the direct 

absorption of mechanical energy. In this respect, mechanical energy can be 

seen as an alternative method of supplying energy to promote chemical 

reactions, alongside thermal energy, electrical energy and (photo)chemical 

energy. When force is applied to polymeric materials, chain scission is 

observed, as a result of homolytic bond dissociation which occurs at room 

temperature. In viscous flows, polymers can be subjected to large extensional 

forces which lead to uncoiling of the chain and breakage around the center, 

where the force is highest. An effective method to apply large extensional 

forces in dilute polymer solutions is the use of ultrasound. Cavitation bubbles, 

formed under the oscillating acoustic pressure, collapse rapidly and create a 

strong velocity gradient in their vicinity. Although polymer scission typically 

occurs at a random molecular bond around the center of the polymer chain, 

specific bond breakage occurs upon placing a weak bond, or mechanophore, in 

the chain. 

Ruthenium-based olefin metathesis catalysts have to lose one of the 

coordinating ligands in order to enter the catalytic cycle. When a latent olefin 

metathesis catalyst is incorporated in the middle of a polymer chain, selective 

mechanical scission of one of the coordination bonds leads to catalyst 

activation. Mechanocatalysis in the solid state could open up opportunities for 

autonomous self-healing materials as the mechanical deformation itself may 

lead to reinforcement of the material by in situ activation of a reaction. 

In Chapter 2, the synthesis of a polymer-functionalized latent olefin 

metathesis catalyst was optimized, and although unfunctionalized polymer 

chains were still present in the product, their presence did not influence the 

catalytic activity. Mechanical scission of the catalyst (Mn = 34 kg mol–1) by the 

use of ultrasound was monitored by GPC, and a first order scission rate 

constant of 0.011 min–1 was found. The activated catalyst was used for ring-

closing metathesis (RCM) of different substrates. The lifetime of the active 

species was shown to be limited to seconds and was not influenced by the 

addition of radical scavengers or weakly coordinating species. The increase of 

substrate concentration, the decrease of ultrasonic irradiation power and the 

use of a saturation gas with a higher heat capacity resulted in a higher activity 

of the catalyst. The observed effects were explained by the formation of an 

impurity within the hot spots resulting from ultrasound. The impurity lowers 
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the activity by decomposition of the active species, or competition with the 

substrate. 

The active species was further investigated by the use of ring-opening 

metathesis polymerization (ROMP) in Chapter 3. In strong contrast to the 

short lifetime in RCM, the lifetime of the active species was shown to be 

approximately 4 h in ROMP. These experiments also showed that most, if not 

all, scission events lead to active catalyst species, underlining the selectivity of 

the mechanical bond scission process. 

The long lifetime observed in ROMP was used in Chapter 4 for 

mechanical activation of the latent olefin metathesis catalyst in the solid state, 

where diffusion is limited. Compression of a blend of semi-crystalline high 

molecular weight matrix, polymer-functionalized catalyst and a norbornene-

derivatized monomer leads to polymerization of the monomer. Conversion 

increases linearly with the number of compression cycles to 25% after five 

compressions. The use of a bifunctional monomer leads to cross-linked 

networks upon mechanical activation in compression tests. 

By monitoring the reaction after catalyst activation, a secondary process 

is investigated, which may not allow us to fully understand the various 

mechanisms at work in a material under stress. In order to follow bond 

scission in polymeric materials directly, a mechanoluminescent 1,2-dioxetane 

probe was used in Chapter 5. Cross-linked rubbery films were stretched in a 

rheometer, and the resulting luminescence was recorded using a camera, 

which leads to spatial and temporal resolutions in the µm and ms range, 

respectively. In these materials, the strain rate did not influence the amount of 

chain scission. Increased light emission observed on increasing the total cross-

link density whilst keeping the dioxetane concentration constant could be 

explained by preferential bond scission, although further experiments are 

necessary to rule out other explanations. 

The results presented in this thesis permit an improved understanding of 

the mechanically activated olefin metathesis catalyst in ultrasound-irradiated 

solutions. This knowledge has been used for catalyst activation in the solid 

state. Further insight on the activation process in solid state was obtained by 

the use of a mechanoluminescent probe. In order to take the next step towards 

autonomous self-healing, it is proposed that mechanocatalysts can be used as 

cross-links in polymer networks along with dangling reactive groups, thereby 

increasing cross-link density upon activation. 
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Katalyse en Luminescentie in Mechanisch Geactiveerde 

Polymeren 

Mechanochemie is het gebied van chemische reacties die door de directe 

absorptie van mechanische energie zijn geïnduceerd. Mechanische energie kan 

dan ook worden gezien als een alternatieve manier van het toevoeren van 

energie aan een chemische reactie, naast thermische energie, elektrische 

energie en (foto)chemische energie. Wanneer een kracht wordt uitgeoefend op 

polymere materialen kan dit resulteren in ketenbreuk, als gevolg van 

homolytische splitsing van chemische bindingen bij kamertemperatuur. In 

viskeuze stromingen kunnen polymeren worden blootgesteld aan rekkrachten, 

die leiden tot het ontvouwen van de polymeerketen en breuk rondom het 

midden van die keten, omdat daar de kracht het hoogst is. Een efficiënte 

manier om deze rekkrachten over te brengen in polymeeroplossingen is het 

gebruik van ultrageluid. Cavitatiebellen, die worden gevormd onder invloed 

van de oscillerende akoestische druk, imploderen razendsnel en zorgen daarbij 

voor grote snelheidsverschillen in de vloeistof rond deze bellen. Ketenbreuk 

vindt normaal plaats op een willekeurige molecuulbinding rondom het midden 

van de keten; wanneer echter een zwakkere binding (mechanofoor) in de keten 

wordt geplaatst, zal specifiek die binding breken. 

Bij alkeenmetathese-katalysatoren op basis van ruthenium moet een van 

de liganden decoördineren voordat het metaalcomplex de katalytische cyclus in 

kan gaan. Als een latente alkeenmetathese-katalysator wordt ingebouwd in 

het midden van een polymeerketen, leidt selectieve mechanische breuk van 

een van de coordinatiebindingen tot activering van die katalysator. 

Mechanokatalyse in de vaste fase zou kunnen leiden tot autonome 

zelfherstellende materialen, omdat de mechanische vervorming rechtstreeks 

kan leiden tot versterking van het materiaal door het activeren van een reactie 

op de plek en tijd waar de kracht het hoogst is. 

In hoofdstuk 2 wordt de geoptimaliseerde synthese beschreven van een 

latente alkeenmetathese-katalysator gefunctionaliseerd met polymerketens. 

Hoewel in het eindproduct nog ongefunctionaliseerd polymeer aanwezig was, 

werd de katalytische activiteit hierdoor niet beïnvloed. De mechanische breuk 

van de katalysator (Mn = 34 kg mol–1) onder invloed van ultrageluid kon 

worden gevolgd met GPC; het breukproces volgde eerste orde reactiekinetiek 

met een snelheidsconstante van 0.011 min–1. De geactiveerde katalysator werd 

gebruikt voor de ringsluitingsmetathese (RSM) van verschillende substraten. 



Samenvatting 

100 

Er werd gevonden dat de levensduur van het active deeltje slechts enkele 

seconden was en niet werd beïnvloed door toevoeging van radicaalvangers of 

zwak-coördinerende stoffen. Een hogere substraatconcentratie, een lager 

ultrageluidvermogen en het gebruik van een achtergrondgas met een hogere 

warmtecapaciteit resulteerde in een hogere katalysatoractiviteit. Deze effecten 

konden worden toegeschreven aan de vorming van een onzuiverheid in de 

hotspots die een gevolg zijn van ultrageluid. Deze onzuiverheid leidt tot een 

lagere katalysatoractiviteit door decompositie van het actieve deeltje of 

competitie met het substraat. 

Het actieve deeltje werd verder onder onderzocht in hoofstuk 3 door 

gebruik te maken van ringopening-metathese-polymerisatie (ROMP). In 

tegenstelling tot de korte levensduur in RSM is de levensduur van het actieve 

deeltje in ROMP ongeveer 4 uur. Met deze experimenten kon ook worden 

aangetoond dat de meeste, zo niet alle, breukexperimenten tot actieve 

katalysatordeeltjes leiden. Dit benadrukt de selectiviteit van het mechanische 

breukproces. 

De lange levensduur in ROMP werd in hoofdstuk 4 gebruikt voor de 

mechanische activering van de latente alkeenmetathese-katalysator in de 

vaste fase, omdat daar de diffusie traag is. Compressie van een mengsel 

bestaande uit een halfkristallijne polymere matrix met een hoog 

molecuulgewicht, polymeer-gefunctionaliseerde katalysator en een monomeer 

op basis van norborneen, leidt tot polymerisatie van het monomeer. De 

conversie neemt lineair toe met het aantal compressies, tot zelfs 25% na vijf 

compressies. Wanneer een bisfunctioneel monomeer werd gebruikt, werden 

netwerken gevormd (vernetting) na mechanische activering doormiddel van 

compressie. 

Door het volgen van de reactie ná het activeren van de katalysator, wordt 

een secundair proces onderzocht. Dit kan een belemmering vormen bij het 

volledig begrijpen van de verschillende mechanismes die spelen in een 

materiaal onder kracht. Een mechanoluminescent 1,2-dioxetaan-

sensormolecuul werd gebruikt in hoofdstuk 5 om de breuk van bindingen in 

polymere materialen direct te kunnen volgen. Filmpjes van vernette rubbers 

werden in een rheometer uitgerekt en de luminescentie als gevolg hiervan 

werd vastgelegd met behulp van een camera met een ruimtelijke resolutie in 

het µm regime en een tijdsresolutie in het ms regime. De reksnelheid had in 

deze materialen geen invloed op de hoeveelheid ketenbreuk. Er werd een 

verhoogde luminscentie gemeten wanneer de totale vernettingsgraad werd 
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verhoogd, terwijl de dioxetaanconcentratie gelijk bleef. Dit kan worden 

verklaard door selectieve breuk van de dioxetaanbindingen, hoewel verdere 

experimenten nodig zijn om alternatieve verklaringen uit te sluiten. 

De resultaten in dit proefschrift hebben geleid tot een beter begrip van de 

mechanisch geactiveerde alkeenmetathese-katalysator in oplossing met behulp 

van ultrageluid. Deze kennis is gebruikt bij het activeren van de katalysator in 

de vaste fase. Verdere inzichten in het activeringsproces in de vaste fase werd 

verkregen door het gebruik van mechanoluminescente sensormoleculen. Voor 

de volgende stap richting autonome zelfherstellende materialen, kunnen 

mechanisch geactiveerde katalysatoren worden ingebouwd as vernetters in een 

polymeernetwerk, samen met vrij reactieve groepen die zorgen voor een 

toename van de vernettingsgraad na katalysatoractivering. 
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Dankwoord 

Dan zit het er ook voor mij bijna op, ruim vier jaar onderzoek opgeschreven in 

ongeveer 100 pagina’s. Vier jaar lijkt lang, maar met alles wat je door de tijd 

heen leert en ‘uitvindt’ is het voorbij voor je het in de gaten hebt. De laatste 

paar bladzijden van mijn proefschrift wil ik graag opdragen aan de mensen die 

hebben bijgedragen aan de totstandkoming van dit proefschrift. 

Graag wil ik beginnen met het bedanken van mijn promotor, prof. Rint 

Sijbesma. Rint, van jou kreeg ik de kans om vier jaar lang aan een ontzettend 

boeiend onderwerp te werken. De grote verscheidenheid aan onderwerpen 

binnen je groep, gecombineerd met je gedrevenheid om zaken tot in de kleinste 

details te willen begrijpen, hebben ervoor gezorgd dat ik zowel in de breedte 

als in de diepte enorm veel geleerd heb, bedankt daarvoor. Ook op het gebied 

van het opschrijven en presenteren van mijn werk heb ik ontzettend veel van 

je opgestoken. Ik weet zeker dat jouw groep nog veel mooie wetenschap gaat 

bedrijven, zowel op het gebied van mechanochemie als de andere onderwerpen. 

De leden van de leescommissie wil ik van harte bedanken. Prof. Andreas 

Kilbinger, when we met two years ago having our posters next to each other at 

the GRC and discussing our research while enjoying a beer, I could not guess 

that the next time we would meet would be during my PhD defense, again 

discussing research, but without the beer this time. Dear Andreas, I would like 

to thank you for reading my manuscript and giving helpful comments in order 

to improve it. Ook wil ik prof. Gerrit Peters bedanken voor zijn outsiders view; 

Gerrit, ik denk dat hoofdstuk 5 door jou en dr. Leon Govaert enorm verbeterd 

is, en ik denk dat op dit grensvlak van de mechanochemie en materiaalkunde 

nog veel te halen valt. Prof. Luc Brunsveld en prof. Jan van Hest: hartelijk 

dank voor jullie deelname in de leescommissie en de nuttige commentaren op 

het manuscript. Tenslotte wil ik ook nog prof. Emiel Hensen bedanken voor 

het zitting nemen in mijn promotiecommissie. 

Enkele mensen van buiten de vakgroep waar ik mee heb samengewerkt 

wil ik zeker niet onvermeld laten. David Fernández Rivas, although the 

experiments turned out to be a bit more difficult than we initially hoped, I still 

really enjoyed the time in Enschede. Your friendly and positive attitude really 

inspired me, and I wish you all the best in your further scientific career. Joost 

Rooze, het gebruik van andere verzadigingsgassen in ultrageluid leverde mooie 

inzichten op, die uiteindelijk in drie proefschriften tot meer begrip van de soms 

alchemistische sonicatie-experimenten leidden. Emanuele and all the other 
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people that helped me at the Mechanical Engineering department, I would like 

to thank you very much for helping out a simple chemist like me. 

Ook de afstudeerders die ik heb mogen begeleiden, Roel Thijssen en 

Shuang (Max) Ma, wil ik van harte bedanken. Roel, hoewel het me niet gelukt 

is om je werk zover te krijgen om het in dit proefschrift op te nemen, wil ik je 

toch graag bedanken voor het mooie werk dat je hebt afgeleverd. Met je 

doorzettingsvermogen ben je er in geslaagd om ontzettend lastige 

organometaal-syntheses voor elkaar te krijgen, met een eindresultaat dat er 

mag zijn. Max, your project turned out to be really challenging, but you are a 

smart and strong (!) guy, and you managed to activate the catalyst in the solid 

state for the first time. I solved my lack of pure muscle power by using the 
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