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 Abstract 

Triggering chemical reactions by mechanical stimuli has become important as it enables the 

direct transformation of destructive effects, like structural damage or leaking material 

properties, to productive applications. This is used for instance in the field of self-healing and 

stress-sensing materials. Several linear copper(I)-bis(N-heterocyclic carbene) (NHC) catalysts 

were developed which were attached by poly(isobutylene) and poly(styrene) backbones, 

establishing a stress-sensing approach in bulk by force induced triggering of a fluorogenic 

“click” reaction with conversions up to 8%.  

In order to tune this approach in terms of catalytic activity, a series of chain-extended as well 

as network-based poly(styrene) mechanophores were designed containing copper(I)-

bis(NHC) moieties, inactive in their initial state, but switched to an active state upon cleavage 

of one shielding NHC ligand solely by force. These catalysts were investigated within a 

fluorogenic copper(I) azide alkyne cycloaddition (CuAAC) of initially non-fluorescent 

substrates, which were embedded into the matrix material forming a highly fluorescent reporter 

dye. The quantification of fluorescence via fluorescence spectroscopy revealed different 

activation efficiencies by varying the architecture of the mechanophore. Enabling a higher 

overall chain length, which accompanies by the presence of multiple copper(I)-centers (chain 

extended approach) enhances the catalytic activity up to conversions of 44% but abolishes the 

completely latent state. The introduction of a three-dimensional structured catalyst (network 

concept) restored this latency due to the reduction of the critical chain length but did not 

influence the catalytic activity (conversions up to 44%). This emphasized the network-

structured mechanophores as the most promising concept. 

Furthermore, a series of copper(I)-bis(NHC) containing poly(urethane) networks with 

covalently incorporated mechanophores were designed to transmit the applied force most 

efficiently to the labile Cu-carbene bond. The mechanophoric catalysts could trigger a modified 

fluorogenic “click” reaction of 8-azido-2-naphtol and 3-hydroxy phenylacetylene resulting in a 

highly transparent material. Systematic studies of applied nominal stress, stress rates and 

crosslinking densities towards the mechanophore activation efficiency were accomplished by 

quantifying the fluorescence via fluorescence spectroscopy. The increase of the maximum 

stress improved the overall activation of mechanophores (N = 1.45 MPa, 5% to 

N = 2.79 MPa, 17%) whereas the increase in stress rate influences the activation per time 

(f = 0.25 s-1, 105 cycles to f = 1.00 s-1, 104 cycles for 12% conversion). The reduction of 

crosslinking density steadily improved the catalytic activity reaching a maximum at 24 mol m-3 

with conversion up to 25% (24 h, N = 2.79 MPa, f = 0.50 s-1).  

As a result, a completely transparent force responsive poly(urethane) material was designed, 

beneficial and easy to adapt, proving the potential for stress-sensing applications.  

Additionally, single molecule force spectroscopy (SMFS) of cyclic low molecular weight 

copper(I)-bis(NHC) complexes were conducted via atomic force microscopy (AFM), precisely 

determine the bond rupture forces of copper carbene bond (1600 pN to 2600 pN) by utilization 

of a safety line concept. This allowed to transfer the mechanophore behavior from a 

microscopic scale to potential autonomous stress-sensing or self-healing applications. 
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 Kurzzusammenfassung 

Das Auslösen chemischer Reaktionen durch mechanische Stimuli gewann innerhalb der 

Materialwissenschaften eine stetig wachsende Bedeutung, da es die direkte Transformation 

von destruktiven Effekten zu produktiven Anwendungen ermöglicht. Die strukturell 

hervorgerufenen Schäden und die damit einhergehenden Änderungen der chemischen 

Umgebung prädestinieren diese Art von Materialien wiederum für den Einsatz im Bereich der 

Selbstheilung bzw. Stress Sensorik. In vorhergehenden Arbeiten wurde dieses Konzept durch 

die kraftinduzierte Katalyse einer fluoreszenzerzeugenden CuAAC durch polymere Kupfer(I) 

Bis(N-Heterozyklische Carben)-Komplexe realisiert. Die dafür benötigte thermische Latenz der 

Katalysatoren wurde durch das Anbringen linearer Polyisobutylen- bzw. Polystyrolketten 

gewährleistet, die aufgrund der hohen Volumenausdehnung das aktive Kupfer(I)-Zentrum 

abschirmen und auf Basis der Flexibilitätseigenschaften eine mechanische Entschlaufung 

ermöglichen. Innerhalb des entwickelten Stressdetektionsystems konnten Umsätze von bis zu 

8% erreicht werden. Ziel dieser Arbeit war es; den Einfluss verschiedener 

Polymerarchitekturen auf die mechanochemische Aktivierbarkeit zu untersuchen und somit die 

katalytische Aktivität hinsichtlich der fluoreszenzerzeugenden CuAAC in festen Materialien zu 

optimieren. Dazu wurden einerseits kettenverlängerte, Polystyrol-basierte 

Kupfer(I)-Bis(NHC)-Komplexe hergestellt, die sowohl eine höhere Gesamtkettenlänge als 

auch mehrere Kupfer(I)-Zentren innerhalb einer Polymerkette aufweisen. Dabei konnten im 

Gegensatz zu den linearen Katalysatoren Umsätze von bis zu 44% innerhalb der fluorogenen 

Klick-Reaktion erzielt, jedoch die vollständige thermische Latenz nicht aufrechterhalten 

werden. Die Anwendung netzwerkbasierter Polystyrol-Komplexe unterschiedlicher 

Netzwerkdichte, ermöglichten wiederum eine dreidimensionale Kraftübertragung und erzielten 

gleichwertige Umsätze (44%), wobei die thermische Latenz durch das Unterschreiten der 

kritischen Kettenlänge erhielten blieb. Diese Eigenschaften prädestinierten die 

netzwerkbasierten Strukturen als vielversprechende Kandidaten zur mechanochemischen 

Aktivierung. Um aufwendige Synthese- und Verblendungsstrategien der Komplexe zu 

vermeiden; wurde ein „All-in-one“-Ansatz entwickelt bei dem ein niedermolekularer, 

hydroxyfunktionalisierter Kupfer(I)-Bis(NHC)-Komplex kovalent in eine Polyurethanmatrix 

eingebracht wurde und hinsichtlich der kraftinduzierten, fluorogenen Klick-Reaktion von 

8-Azido-2-naphtol und 3-Hydroxyphenylacetylen untersucht wurde. Dabei wurden 

systematisch der Einfluss verschiedener Parameter, wie Maximalkraft, Frequenz und 

Netzwerkdichte auf die katalytische Aktivität und somit indirekt auf die mechanochemische 

Aktivierbarkeit getestet. Die Erhöhung der Maximalkraft induzierte eine Steigerung der 

Gesamtaktivität (N = 1.45 MPa, 5% zu  N = 2.79 MPa, 17%), wohingegen die Erhöhung der 

Frequenz zu einer schnelleren Aktivierung führt, jedoch den Gesamtumsatz nicht beeinflusst 

(f = 0.25 s-1, 105 Zyklen zu f = 1.00 s-1, 104 Zyklen für das Erreichen des Maximalumsatzes von 

12%). Weiterhin führt die Verringerung der Netzwerkdichte zu einer verbesserten katalytischen 

Aktivität, die ein Maximum bei 24 mol m-3 mit Umsätzen von 25% (24 h, N = 2.79 MPa, 

f = 0.50 s-1) erreicht. Diese transparenten und einfach zu adaptierenden Polyurethansysteme 

ermöglichten durch die Quantifizierung der stressinduzierten, auftretenden Fluoreszenz somit 

den Einsatz als potenzielle Materialien für den Bereich der Stresssensorik. 

Zusätzlich wurden die Kräfte der Kupfer-Carben-Bindungsspaltung auf mikroskopischer 

Ebene mittels Einzelmolekülspektroskopie untersucht. Hierbei wurden verschiedene zyklische 

und azyklische, niedermolekulare Kupfer(I) Bis(NHC)-Komplexe synthetisiert und die 

Bindungsenergien bzw. Elongationen durch Zuhilfenahme der 

Rasterkraftelektronenmikroskopie bestimmt. Dabei konnten Bindungskräfte von 1600 pN bis 

2600 pN ermittelt und durch quantenchemische Rechnungen bestätigt werden. 
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1. Introduction 

1.1. Mechanophores 

“Mechanophores are force sensitive molecular units, that respond to external mechanical fields 

by undergoing predicted chemical transformation.”1 Mechanophores mostly contain a labile 

chemical bond, e.g. a strained ring2 or an isomerizable functionality3, which are affected by 

mechanical pulses, thus causing a molecular transformation respectively a chemical reaction. 

First observations about the effect of mechanical forces on polymers has already been made 

by Staudinger4-6 in the 1930s. He observes the decrease in molecular weight of a rubber 

material during rolling process in the presence of oxygen and thus prove the breakage of 

chemical bond due to external forces. These homolytic bond cleavage along the polymer chain 

could be later investigated by electron spin resonance spectroscopy7 revealing a radical 

mechanism.  

 

 

Figure 1. Schematic classification of polymeric mechanophores and their mechanochemical response to external 

forces: (A) cleavage of covalent bonds with the formation of radical species, (B) isomerization induced color change, 

(C) the appearance of fluorescence and chemiluminescence and (D) the creation of a catalytic active site.  

There are several types of mechanophores (Figure 1), which can be divided by their response 

due to mechanical load. The selective cleavage of a labile bond, which accompanies by the 

formation of a reactive species, in turns enabling to trigger e.g., crosslinking reactions, 

represents the first category (A)8-19. Further, there are so called mechanochromophores (B) 

(e.g. spiropyranes1,3,11,20-46, spirothiopyranes47, naphthopyranes48,49, anthracenes50-55, 

coumarines56 and rhodamines57-60) in which a mechanical stimulus triggers an isomerization 

reaction which leads to a temporary color change. The third category (C) is represented by 

molecules that respond with the appearance of light emission under mechanical stress. This 

can be realized either by the force triggered release of a molecule2,61-65 or by the change in the 

spatial environment66-69. That goes along with the transient emission of light or by the formation 

of a UV-active molecule70-74 that shows fluorescence after irradiation. If a metal center is 
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D 

Force 

Mechanochemistry 
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attached by several ligands in which at least one ligand could be cleaved off under mechanical 

stress and thus initiating a metal catalyzed reaction, these are called mechanocatalysts75-89 

(D). There are various other subgroups of mechanophores e.g. oxime sulfonates90, 

triarylsulfonium salts55 or supramolecular mechanophores91 that will not be discussed in this 

work. In order to improve the mechanochemically activation polymer chains can be attached. 

Due to the application of external force these polymer chains will continuously uncoiled up to 

a fully stretched state. Thus, the applied force is transmitted to the labile chemical bond, which 

is also been stretched and weakened and finally breaks80. This weakening of the labile bond 

is explained by the lowering of the dissociation energy barrier within the thermally activated 

barrier scission (TABS)-theory92-94. Herein the increasing of applied force led to a reduction of 

the dissociation barrier and thus facilitate the mechanochemical activation even at lower 

temperatures. This can also be improved by an increased chain length of attached polymer 

backbones95-97,, due to the longer relaxation time to the initial random coil state. To ensure an 

optimal force transmission, the centered positioning of the labile bond is supportive95,98 ( 15%) 

otherwise promoting the occurrence of radicals in the polymer backbone or prevent bond 

scission completely. Therefore, living polymerization techniques were often used to synthesize 

the polymer backbones, guaranteeing low molecular weight distribution and thus immobilize 

the labile bond close to the middle point. Furthermore, the nature of polymer backbone 

influencing the activation process reaching an optimal balance between stiffness and flexibility 

for efficient force transmission 99-101 which will be discussed in the next chapter. 

1.2. Activation of mechanophores 

1.2.1. Activation on a microscopic scale 

 

Figure 2. Scale bar of different molecular processes and the required forces. 

In order to understand the mechanochemical activation within this large plethora of many 

mechanophores, the understanding of bond rupturing and its dependencies on polymer 

structure99, spatial influences102 as well as anchoring points24 on a microscopic scale plays a 

crucial role. For this purpose, single molecule force spectroscopy (SMFS) offers the 

possibilities to discover mechanosensitive moieties on a micro level and allows to transfer 

these observations to a “real life” application24,39.  

To classify the mechanochemistry in terms of required forces and applicability, Figure 2 shows 

the comparison between the classic mechanophores and some other molecular processes 

ranging from mechanoenzymatics103,104 or soft mechanochemistry (e.g. protein unfolding105,106) 
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in the low piconewton regime (10 – 100 pN) up to covalent bond breakage which, in turn, needs 

forces in the nanonewton regime (0.1 – 10 nN). Using atomic force microscopy for SFMS 

allows to comprise this broad range investigating bond rupture events as well as structural 

changes. For experimental realization a single polymer chain, which includes the 

mechanophore, is immobilized between a silicon substrate and the tip either by chemical 

reaction (e.g., peptide coupling) or solely by adsorption (Figure 3). Herein, the polymer chain 

allows to transmit the applied force to the labile chemical bond by minimizing the required 

dissociation energy as discussed in chapter 1.1. The retraction of the tip reveals the so-called 

force extension curve which allows to precisely determine characteristic molecular events, 

typically for the certain molecule. 

 

Figure 3: (A) Schematic representation of a typical AFM setup in which a mechanophore containing single polymer 

chain is immobilized between the surface and the tip. (B) Gradual retraction of the cantilever initiates the 

mechanophore rupture event.  

1.2.1.1. Multimechanophore concept (Method A) 

The simple immobilization of single mechanophores between the surface and the AFM tip did 

not reveal reliable results due to the ambiguous assignments of rupture events. Contrary to 

the required mechanophore rupture events several side events could occur like polymer 

backbone rupture events or anchor-surface rupture events. In order to precisely determine the 

required mechanophore rupture event different methods were developed (Figure 4). For 

multimechanophores (Figure 4 A), which were embedded into one polymer chain, a plateau 

value in force-tension curve was reached indicating the bond breakage event. The high 

resolution of this method also allowed correlating the influence of conformation and structural 

changes with the previous determined rupture force. First reports on determination of rupture 

forces investigated the behavior of  Z-alkene or E-alkene substituted gem-

dichlorocyclopropanes (gDCC) allowed to determine the respective rupture forces of 770 pN 

for E-alkene as well as 1160 pN for the Z-alkene100(Table 1, Ent. 3). The extension lengths, 

which were calculated with differential functional theory (DFT) and the experimental values 

coincide, resulted in an extension length of 16 nm (E-alkene) respectively 12 nm (Z-alkene). 

The lower rupture force of the E-alkene correlated with its higher mechanical advantage in 

comparison to the Z-alkene, acting as a kind of “lever” which, in turn, induced a more efficient 

force transmission. Further investigations regarding the lever arm effect99 used gDCC and 

gem-dibromocyclopropane (gDBC), which were immobilized in poly(butadiene) (PBD) as well 

as poly(norbornene) (PNB) matrix material. The influence of polymer backbone nature was 

studied for the first time contradicting the previous assumed chain length dependency as the 
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only influencing factor. Herein, the cyclopentyl rings of PNB backbones are mechanically 

advantageous acting as a lever arm which enhances the mechanical coupling to the force 

induced ring opening reaction. 

 

Figure 4. Several methods for identifying bond rupture events and their force-extension curves: (A) multiple 

mechanophores immobilized within a polymer chain, (B) a mechanophore is secured by a safety line and (C) 

multiple mechanophores each secured with safety line. 

Furthermore the multimechanophore concept, in which mechanophores were located within 

one polymer chain, was used to determined rupture forces of spiropyranes24, triggering a force 

induced isomerization to merocyanine. Herein activity-affecting regiochemical effects were 

investigated on a single molecule scale, achieved by different connection of the anchored 

polymer chain on the spiropyrane ring system. Both isomers, the external phenyl connected 

(Table 1, Ent. 5) and the nitrogen attached (Table 1, Ent. 6) reveal experimentally rupture 

forces of 260 pN and 240 pN, which are below the rupture forces of gDCC. The slight decrease 

was, in turn, explained by the occurring mechanical advantage due to favored regiochemical 

substitution. Further investigation on SMFS was done by Wang and coworkers107,108. They 

enabled the ring opening reactions of cyclopropanes as well as cyclobutanes which are 

prohibited according to the Woodward-Hoffman rules109. They found out, that symmetry 

allowed ring-opening reaction needs higher rupture forces in contrast to the symmetry 

forbidden. This was firstly determined by using gem-chlorofluorocyclopropanes (gDFC) 

observing a reduction of rupture forces from 1500 pN for disrotatory mechanism to 1290 pN 

for conrotatory mechanism. This was confirmed by further observation of gDCC and gDFC, 

heightened the rupture forces in favored disrotatory pulling from 1290 pN (gDFC) or rather 

1300 pN (gDCC) (Table 1, Ent. 1) to 1840 pN (gDFC) and 2290 pN (gDCC) (Table 1, Ent. 2)  

for conrotatory pulling. In contrast, benzocyclobutanes (BCB) showed different preferences 

resulting in higher activation forces of the allowed conrotatory pulling (1500 pN) as for the 

forbidden disrotatory pulling (1370 pN). This was explained by higher mechanochemical 

coupling/ reactivity of the cis-BCB compared to trans-BCB. While the previous described lever 

A B C 
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arm effect can be neglected here, further studies intentionally attached -alkene moieties and 

reduces the bond rupture forces of cis-BCB further from 1370 pN to 900 pN emphasizing the 

lever arm effect as an universal tool to realize actually forbidden reaction paths101. 

1.2.1.2. Safety Line concept (Method B) 

The concept of multimechanophore containing single polymer chains was substituted110, using 

a biochemical inspired template111-116, in which the mechanophore was bypassed with a safety 

line (Figure 4 B). Hence, rare mechanophore assigned bond rupture events can be precisely 

determined amidst a multitude of irrelevant ones (rupture of backbone, detachment from tip as 

well as multiple attachment of chains) detecting the defined length of the safety line. This allows 

to observe simple mechanochemical bond-breaking, which leads to a full polymer rupture 

instead of a determinable elongation of isomerizing mechanophores. First investigations were 

done using a macrocyclic triazole based mechanophore110 (Table 1, Ent. 12), in which the force 

sensitive triazole ring was located in the shorter branch and the longer branch was constituted 

by the safety line. Afterwards, the synthesized macrocycle was covalently immobilized 

between glass substrate and AFM tip conducting the SMFS experiment in the fly-fishing 

mode117 meaning the frequent immerse and retraction of the AFM Tip up to a binding event. 

Only 5% of all binding events were assigned to double rupture events, indicating the ring 

opening of a macrocycle or the detachment of two polymer chains. This can be defined more 

detailed by comparing the slopes in the force-extension curves. The revealed bond rupture 

forces for triazole ring opening reactions varying from 1100 pN to 2000 pN but due to the rare 

valuable events a quantitative statistical analysis did not occur. This concept was also 

transferred to cyclobutanes118, investigating the force induced cycloreversion, which was 

previous described by Moore14 and Craig13. Herein cyclobutanes were embedded into 

macrocycles with different sizes. This has improved the assignment of rupture sites in contrast 

to the triazole mechanophore. Rupture forces ranging from 1700 pN to 3900 pN (Table 1, 

Ent. 9) could be observed, which, in turn, could precisely identified by proving the elongation 

of the safety line (2.4 nm (for n = 18) and 3.4 nm (for n = 27)).  

1.2.1.3. Reaction cascade concept (Method C) 

Further investigations revealed the combination of both previous discussed concepts. Herein 

a dual mechanophore (5,5-dichlorotricyclo(7.2.0.0)undecane) was used building up a reaction 

cascade (Figure 4 C), in which cis-gDCC was “protected” by a cyclobutene moiety. This 

resulted in higher activation energies of  “protected” cyclopropane compared to the purely 

gDCC containing polymer119. The resulting force-extension curves showed a distinctive saw-

tooth pattern, which is attributed to the ring-opening reasoned extension of cyclobutane. This 

was specified by observing force-extension curves of cinnamate ester containing 

macrocycles102 yielding two different plateaus, which constitutes the different dissociation 

energy of syn-and anti-isomer. The resolution of each plateau indicates that each saw tooth 

corresponds to a single cycloreversion event with elongation of approximately 2.5 nm and 

rupture forces of 870 pN for syn dimer and 2000 pN for anti-dimer (Table 1, Ent. 11).  
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Table 1. Summary of different mechanophores and the determined forces via SMFS.    

Ent. Mechanophore Substructure Method Rupture force 

1 

gDHC99,100,107 

 

 

cis-gDHC 

A 

X, X´ = F, F 

1290 pN 

X, X´ = Cl, Cl 

1300 pN 

 

2 

 

trans-gDHC 

X, X´ = F, F 

1840 pN 

X, X´ = Cl, Cl 

2290 pN 

 

3 

 

cis-gDCC 

               PB                  1300 pN 

              PNB                 900 pN 

              E-  - alkene  770  pN 

              Z-  - alkene 1160 pN 

4 

 

cis-gDBC 

       PB       1210 pN 

        PNB       740 pN 

5 

Spiropyrane24 

 

5´, 8 - Spiropyrane 

A 

260 pN 

6 

 

1´, 8 - Spiropyrane 

240 pN 

7 

BCB101,107 

 

cis-BCB A 

                    - alkane 1370 pN 

              E-  - alkene  920 pN 

              Z-  - alkene 1250 pN 

8 

 

trans-BCB 

1500 pN 
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9 

Cyclobutane102,118,119 

      

 

B 1700 pN – 3900 pN 

10 

     

C 2200 pN 

11 

 

C 
Syn: 870 pN 

Anti: 2000 pN 

12 Triazole110 

 

B 1100 pN – 2050 pN 

13 Pincer complex120 

 

- 

 

93 – 166 pN 

 

54 – 102 pN 

14 DNA121 

 

- 65 pN 

15 UPy122 

 

- 180 pN 

Another example is the simultaneous bivalent coordination of Pd-N bonds120 (Table 1, Ent. 13). 

Herein the substrate surface as well as the AFM tip were functionalized via pyridine containing 

substituents, in which the simultaneous formation of several Pd-N bonds allows to determine 

the rupture forces. In contrast to the safety line concept potential side rupture events cannot 

be excluded. This technique was also used to investigate the force accelerating hydrolysis of 
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amide bonds123. As mentioned above SMFS can be also used to determine further 

supramolecular interactions by immobilization and withdrawn of (bio)macromolecules124 

(dsDNA stretching121(Table 1, Ent. 14), UPy-UPy interactions122 (Table 1, Ent. 15)). 

After all, SMFS turns out as a universal tool to investigate isolated single chains, studying 

covalent bond ruptures as well as unlock new fundamental insights in terms of structural, 

conformation and mechanistic influences on the mechanochemical behavior itself. However, 

the study of “real” material is invincible considering a variety of influences on activation 

behavior (e.g., polymer chain interactions), which are neglected on a microscopic scale but 

offers the potential for applicability of mechanochemistry even in industrial scale. 

1.2.2. Activation on a macroscopic scale 

The steadily growing of mechanoresponsive materials revealed a variety of activation 

methods, ranging from solution-based methods (e.g. pulsed ultrasound95,125-131 or freeze-thaw 

cycles132-134 ) over methods in bulk (e.g. compression23,37,85,135-139, grinding/ball milling18,19,134,140-

142 or tensile testing3,11,21,22,40) up to interfacial activation methods39,73,143-145, accompanying by 

a comprehensive variety of different forces and strain rates. 

  

Figure 5. The application of compression load led to disentanglement of matrix polymer chain, in which the anchored 

polymeric handles will be stretched and transmit the force to the labile centered bond. 

In solution, ultrasonication is the commonly activation method where the force is transferred 

by the formation of a void volume due to collapsing cavitation bubbles95,96,125-127,129,130. This 

stretches the polymer chain and transmit the force to the labile bond. Herein, higher strain 

rates are necessary for efficient mechanochemical activation because the molecular 

deformation must exceed the molecular vibration (strain rates > 104 s-1, maximum forces up to 

10-9 N). Several studies of mechanochemical activation were accomplished in solution by 

pulsed ultrasound (e.g. chain length dependency80,94-97,146-148), however, in polymeric 

mechanochemistry the most promising applications were realized in solid state material e.g. 

for stress-sensing applications91,149,150. Activation methods in bulk achieved higher maximum 

forces in contrast to the solution but often limited in accessible stress rates (strain rates > 1 s-
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1, maximum forces up to 105 N). For example, the activation by compression was realized by 

anchoring the polymeric backbone of the mechanophore within the matrix material (Figure 5), 

either by solely physical entanglements or by supramolecular26-29,151 or covalent chemical 

crosslinks25,42,57. The activation process itself was started by force induced stretching of the 

matrix polymer chains, whereby the anchored polymer chains were also stretched until a 

critical disentanglement is reached. This transmits the force through the polymer chain to the 

labile centered bond and finally activates the mechanophore.  

Figure 6. During tensile experiments, the matrix anchored mechanophore will be activated by stretching matrix 

polymer chains. 

Another example is the activation via elongation either by tensile testing via DMA or via 

rheological instrumentation2,152 (Figure 6). Herein, a defined shaped specimen (dog bone or 

precise rectangular shape) is fixed, and uniaxial stress is applied at the gauge region of the 

sample. The control and quantification of applied stress and strain are emphasized as the main 

advantages of tensile methods, contrary to the activation via compression. The group of 

Sijbesma triggered the cycloreversion of 1,2 dioxetanes, which were fixed as crosslinker within 

a PMMA matrix detecting the force induced chemiluminescence as a measure of activation2. 

Here, the force was applied via extension rheological instrumentation, in which the specimen 

was fixed between two rotating drums applying the uniaxial stress via elongating of the polymer 

film. The simultaneous optical detection allowed to quantify the mechanoresponsitivity and 

facilitated the correlation between material properties and mechanochemical activation. 

Additionally, tensile testing experiments were done by incorporating diazobenzenes amide 

oligomers into poly(urethane) networks which were immobilized in a specific cis conformation. 

During the application of tensile stress with strains ranging from 100 – 300% the hydrogen 

bond interaction between the mechanophores was distorted, which leads to a cis-trans 

isomerization detectable via UV-spectroscopy152. In contrast to the purely physically entangled 

polymers, the efficiency of activation could be improved by cooperating the polymer backbone 

of the mechanophore into a network structure21,25,30,62,85,139,140,149,153 or co-crystallize them within 

a matrix material85. This created more crosslinking points, which in turn, hindered the chain 

flexibility and the accompanying inhibition of entanglements. This led to a more efficient force 

transmission and thus enhanced the mechanochemical activation. In order to understand this 

context, deeper insights into the structure-property relationship of polymer networks are 

necessary. 

Force 
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1.3. Polymer networks 

Polymer networks154-156 are either covalently157 or non-covalently158 (ionic159,160, hydrogen 

bonds161 etc.) crosslinked. They are of steadily growing interest for a wide range of applications 

reaching from drug delivery systems162 over energy storage163 up to catalyst and sorbents163-

165. In order to ensure and expand this wide range of applicability, it is important to understand 

how structural factors influence the suitability for the respective usage. 

1.3.1. Classification of polymer networks 

In contrast to linear polymers, the manufacturing of polymer networks requires molecules 

containing at least three functionalities, which enable the formation of three-dimensional 

structures with high molecular weight. This leads to a multiaxial expansion, in which the 

crosslinking point connects several polymer strands like linear polymer chains or short 

molecules. Considering the type of linkage, two different categories can be derived from this: 

supramolecular as well as chemical polymer networks. While structural features of chemical 

networks are mostly described by covalent connections, supramolecular networks based on 

physical interactions like Van-der-Waals interactions, hydrogen bonding166 or metal-ligand 

interactions167. Referring to different structure and properties, polymer networks can be divided 

into four different categories: thermoplastics, elastomers, thermosets and gels (Table 2). 

Table 2. Classification of polymer networks with typical representatives. 

Thermoplastics Elastomers Thermosets Gels 

TPU SBS MPF Gelatin 

Acrylates SBR Phenol resin Polyacrylamide hydrogel 

UPy terminated PIB PU Epoxy PHEMA 

PA NR Polyester resin PVA 

1.3.1.1. Thermoplastics 

Thermoplastic polymer networks168 are linear polymer chains, which are connected by 

supramolecular interactions, and thus, are not irreversible crosslinked. Herein, the recyclability 

is guaranteed due to the transition of solid material to viscoelastic fluids above a certain 

temperature, in which the dissociation energy of supramolecular interactions is exceeded. 

However, the material properties of thermoplastic polymer networks (e.g., polyamide 6,6) are 

mostly similar to thermosets whereas the introduction of segmented block structured 

copolymers can also induce elastic properties (e.g., thermoplastic poly(urethane)s). 

1.3.1.2. Elastomers 

Slightly covalent crosslinked polymer networks which have soft and elastic properties (Young 

modulus E  1 MPa) are called elastomers169. In contrast to other polymer network classes, 

elastomers withstand high deformation (500 – 1000%) without rupture and are capable to 

restore their initial form after removal of stress. This elasticity based on the high chain length 

of polymer strands (soft domain) between crosslinking points, which normally have a low glass 

transition temperature ensuring the flexibility of the chain. This, in turn, induces physical 
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interactions (e.g., entanglements of polymer chains), which additionally allows to compensate 

the applied force. Prominent examples of elastomers are natural rubber170, crosslinked 

poly(urethane)s171 or styrene-butadiene-rubber172 (SBR). 

1.3.1.3. Thermosets 

Varying the ratio of strands and covalent crosslinking points to lower values accompanying 

with the reduction of the chain length in between leads to a dense material which is called 

thermoset173,174. In contrast to elastomers, thermosets are applied at temperatures below the 

glass transition temperature that classifies them to rigid and stiff material (Young modulus E  

1000 MPa). They are normally insoluble in any solvent and not further processable after 

manufacturing (except e.g. vitrimers175). Formaldehyde resins176 or epoxide resins177 can be 

assigned to this group, applicable due to their insensitivity and resistance of high temperatures. 

1.3.1.4. Gels 

Gels are physical or covalent polymer networks used in the swollen state, in which the solvent 

(water or any other organic solvent) is enclosed within elastic network structure leading to a 

wet and soft material (Young modulus E  0.001 – 0.01 MPa), capable of endure large 

deformation178. Gels can be further classified according to the source (e.g. natural or synthetic), 

to the liquid medium (e.g. hydrogels179/ organogel180) as well as to their type of cross-linkage 

(physical or chemical). Typical examples of gels are gelatin or poly(acrylamide) hydrogels.  

1.3.2.  Structure of polymer networks 

 

 

Figure 7. Structural elements within a polymer network indicating different chemical as well as physical interactions. 

Topological investigations of polymer networks become major importance in polymer science 

estimating information about material properties like elasticity181 or porosity182 by 

understanding structural relationships (e.g. crosslinking density). Since the most polymer 

networks are amorphous or semi-crystalline in nature, a variety of structural features can be 

identified. In Figure 7, different structural characteristics are shown, in which the strands are 

connected by network points with inhomogeneities in crosslinking density due to fluctuations 

High crosslinking 

density 

Entanglement 

Dangling chain 

Loop 

Low crosslinking 

density 
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during manufacturing. Besides the fully integrated chains, there are dangling chains, which 

remains after polymerization process, entanglements, emerging by interpenetration of random 

coil chains and finally loops, occurring by the reaction two chain ends of one strand with the 

same crosslinker. Although these topological characteristics are well known, only indirect 

methods are available for characterization (swelling, tension, rheology) allow predicting some 

structural properties like crosslinking density or critical entanglement.  

1.3.3. Mechanical properties of polymer networks 

1.3.3.1. Stress-strain curves 

The mechanical behavior of polymer networks having an outstanding significance for the 

activation of network-based mechanophores. It describes the stress, deformation as well as 

flow characteristics of matrix materials during the application of stress and thus provides 

information about force transmission processes. The probably most used method to 

investigate such material properties is represented by tensile testing. Herein, the stress-strain 

properties were determined by observing the tension stress during elongation of a polymer 

network up to its rupture183. The resulting stress strain curves offer structural features, which 

can unambiguously indicate the properties of a material. 

In Figure 8 A, the black plot describes schematically the behavior of a strong but not tough 

material, in which high forces but low energy (area below the curve) must apply on the material 

to break the sample. These brittle materials show very high stresses at very low deformations. 

The blue curve describes a flexible plastic material which does not resist deformation as strong 

as rigid plastics 184,185.  

  

Figure 8. (A) Schematic stress-strain curves of rigid plastic (black), flexible plastic (blue) and elastomers (red) as 

well as (B) typical characteristics of an elastomeric stress-strain curve. 

Applying stress to those plastic materials leads to an initially large slope but merge finally into 

a deformation regime, which in turn, suggests an approaching break. The red curve describes 

an elastic material, which behaves like a rubber material finally enabling a recovering of its 

original shape when stress is released. The main topic of this work deals with elastomer 

materials, therefore a closer look on the stress strain curve is necessary (Figure 8 B). The plot 

of an elastomer is divided into the elastic and plastic region which is kept apart by the so-called 

yield point. While in the plastic region permanent deformations remains after stress relaxation, 

a recovery of initial structure can be observed within the elastic region due to its entropic 

elasticity. An explanation can be given by Hook´s law, which describes the consistent 

proportionality of the applied stress with strain. It based on the compensation of force by 

flexible entanglements, which are brought to higher entropic state during deformation 
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subsequently returning to an entropy favorable state after stress release. The proportionality 

factor is the Young´s modulus E, which in turn, is a measure for the stiffness of a material.  

1.3.3.2. Rubber elasticity and network model 

In order to describe the rubber elasticity156 more detailed theoretical considerations reveals 

three different simplified network models: the affine networks186, the phantom networks187 and 

the real elastic networks.  

Figure 9. Schematic description of simplified network models as well as the connection of crosslinking density and 

storage modulus: (A) affine model with fixed network points as well as (B) phantom model with fluctuation network 

points considering the network branch functionalitiy f. 

Within the affine networks model (Figure 9 A) it is assumed that macroscopic deformations, 

equally acting on a network strands on microscopic scale, considering network strands as 

Gauß shaped chains and neglecting intermolecular interaction as well as incompressibility. 

Contrary, the phantom network model (Figure 9 B) describes polymer networks with fluctuating 

crosslinking groups around their middle position, which leads to a reduction of free energy due 

to the increasing degrees of freedom.  

The intensity of these fluctuations correlates with the relationship of microscopic and 

macroscopic deformation, however, assuming the penetrability of individual network chains188. 

The real elastic network model189-191 includes the influence of formed loops within the network 

structure and allows determining unambiguous values of shear modulus of certain gels. These 

three models give a good overview of rubber elasticity but neglect essential influences factors 

like topological restrictions (entanglements) which additionally acts as supramolecular 

crosslinkers and influence significantly the mechanical behavior. Therefore, many other 

advanced models complement these simplifications that describe intermolecular interactions 

as a basis of different assumptions (e.g. constrained-junction model192).  

 

1.3.3.3. Rheology of polymer networks 

Polymer networks often exhibit properties, which correspond equally to solid and liquid 

materials, named viscoelasticity193. Here, shear induced deformation occurs, in which the 

respective parts can be assigned to either viscous or elastic behavior. The viscous behavior 

causes irreversible time dependent deformations of material whereas the elastic behavior 

leads to spontaneous, reversible deformation. The elastic part is described as storage modulus 

G´ whereas the loss modulus G´´ includes the viscous part. If the scenario G´>G´´ occurs, the 

A Affine model  B Phantom model  
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material behaves like a “solid” material, in which the opposite ratio G´´>G´ leads to liquid like 

behavior. Contrary to dynamic polymer networks, which often show complex rheological 

behavior, within covalent crosslinked polymer networks G´ significantly exceeds G´´ resulting 

in a frequency independent value at a certain deformation (shear modulus). Fluctuating 

behavior of loss modulus is attributed to relaxation behavior of soluble fractions as well as to 

imperfections within the network structure, which also leads to higher G´´ values. 

Experimentally, oscillatory shear experiments allow following network forming reactions 

observing the transition of a viscous solution to an elastic solid material, which is indicated by 

the crossing point of G´ and G´´, also named gel point194. Temperature dependent 

measurements offer information about dynamic properties (e.g. hydrogen bond) within polymer 

networks or reveal information about temperature dependent material properties (e.g. E-

modulus) or melting/ glass transition temperatures195.  

1.3.3.4. Swelling behavior of polymer networks 

In contrast to linear polymers, polymer networks, which are crosslinked via sufficiently strong 

covalent bonds are generally insoluble in any solvent. However, there are specific interactions 

which accompanies by an equilibrated volume increase due to the absorption of solvent (Figure 

10) 196,197.  

 

 

Figure 10. Schematic representation of a swollen polymer network with a good solvent establishing an equilibrium 

(Fmix = Fexpand). 

This could be described by the interplay of two driving forces. On the one hand, there is the 

free energy of mixing (polymer – solvent), in which the solvent infuses and thus dilute the 

polymer leading to an entropic increase. This dilution process depends on the number of 

solvent molecules as well as the volume fractions of polymer and solvent, and thus, likewise 

on the polymer-solvent interaction parameter also called Flory-Huggins parameter χ198. 

Opposed to this, the elongation of crosslinked polymer chain during swelling causes an inward 

elastic retractive force, which favors a decrease in entropy. The interplay of both opposing 

forces lead to a steady-state behavior (Fmix = Fexpand), which causes an equilibrium swelling. 

The Flory-Rhener equation199-201 describes the swelling process theoretically offering a simple 

estimation of material properties of polymer networks. 

The swelling behavior can be influenced by temperature, the nature of solvent and polymer as 

well as the amount of crosslinking. The higher the crosslinking density of a polymer network 

the higher the retractive forces and thus the lower the swelling degree. Considerations about 

swelling with this equation have some limitations, on the one hand the application on 

exclusively solvent free synthesized polymers, the assumption of Gauß distribution, as well as 

the neglection of monomer correlation along the chain. Over the years, several terms were 

Unswollen Swollen 
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added202-204 (e.g. osmotic pressure205) considering intra- and intermolecular interactions, which 

complement the theory.  

1.3.4. Mechanophoric networks 

As already mentioned above, embedding mechanophore into polymer networks leads to a 

more efficient activation due to the enhanced force transmission, which is caused mainly by 

covalent crosslinking points. Experimental considerations reveal that mechanophores which 

are parallel orientated to the vector of the applying force are preferably activated than the 

randomly distributed ones. However, within a polymer network the crosslinking points can 

redirect the applied force which in turn reach also the perpendicular orientated parts and lead 

to a more efficient mechanochemical activation3,20,21.  

1.3.4.1. Mechanochemically active spiropyrane 

Spiropyranes are force sensitive molecules, in which an applied force can induce a 6 π 

electrocyclic ring opening reaction to a merocyanine unit accompanying by a specific color 

change (yellow to purple) in the visible spectrum (Figure 11).  

 

Figure 11. Force induced activation of covalently crosslinked spiropyrane isomerizing in a 6π electrocyclic ring 

opening reaction to merocyanine which leads to a color change from yellow to purple. 

First linkage of spiropyranes within a polymer network was realized by crosslinking the divinyl 

attached spiropyrane into a glassy PMMA matrix by free radical polymerization and 

investigated their mechanical response towards compression force. In this connection, the 

stress induced color change raised centrally of the investigated bead, in which the maximum 

of simultaneous measured fluorescence intensity correlated with the predicted stress 

distribution. In order to enhance the load transfer to the mechanophore, the crosslinked PMMA 

matrix was modified with respect to the architecture31. Therefore, three different primary 

crosslinker with varying lengths were additionally introduced which are either similar or 

disparate to the length of spiropyrane (EGDMA, PEG550 and PEG750). Performed torsion 

testing revealed information about threshold of stress and strain values which are required for 

mechanochemical activation. However, the activation of mechanophores purely occurred after 

yield, thus, indicating the necessity of plastic flow, which could be influenced by varying several 

parameters (e.g., temperature, solvent). Overall, with growing crosslinker length (PEG550, 

PEG750) the needed stress became lower suggesting an enhanced load transfer to the 

mechanophore whereas the extension of PEG550 to PEG750 did not influence the 
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mechanochemical activation. Additionally, several parameters like temperature, loading rate 

or loading mode could intervene in the activation process, investigated precisely by tension or 

compression experiments206. Further studies also enabled to interrelate the fracture induced 

mechanochemical activation and the locally acting stress/strain within a propagating crack33. 

The author observes that the most efficient SP activation can be assigned to regions with the 

highest stress and strain. The determination of the force threshold as well as the spatially 

resolved activation of SP within this model system allows estimating field distribution of 

mechanophore containing specimen, in which no direct stress measurement took place.  

As discussed in Chapter 1.3, covalent crosslinked polymer networks can interact with solvents 

exclusively, absorbing the solvent which leads to a simultaneous increase in volume fraction. 

The acting force (Fexpand) within the expansion process could be applied for mechanochemical 

activation, in which the swelling induced stretch of polymer strands causes forces on molecular 

level, which in turn, drove the electrocyclic ring opening of covalently embedded SP30. More 

detailed observations indicate the influence of solvent as well as crosslinking density 

enhancing the swelling induced activation either by the reduction of crosslinking points or by 

usage of solvents of intermediate polarity. Overall, the tunability of SP containing, crosslinked 

PMMA matrix facilitates the capture of material fatigue within glassy matrices by monitoring 

the mechanically induced optical response.  

Furthermore, SP were incorporated into segmented poly(urethane)s23,26-29, which included soft 

domains often represented by poly(ether)s respectively poly(ester)s, as well as hard domains 

usually represented by isocyanates. This enabled supramolecular crosslinks due to the 

hydrogen bond interaction between the poly(urethane) groups which can further improved by 

using either chain extender (e.g., butanediol) or 2-ureido-4-pyromidone (UPy) units. This 

formed a doubled crosslinked network26, which improved the mechanochemical activation of 

SP units due to the phase separation. On the one hand, strong hydrogen bond interaction of 

UPy moieties generated additional crosslinking points, which could redirect the applied forces 

due to the three-dimensional structure. Additionally, the soft domain segments were 

responsible for strain-induced crystallization processes, which in turns led to a more efficient 

force transmission.  

The identification of a two-color transition state during mechanochemical activation caused by 

ring opening of SP at a strained state as well as isomerization of MC at a relaxed state allowed 

to realize a SP based stress mapping application. This could in turn reveal information about 

the rupture mechanism of a propagating crack34. The main advantage of this elastomeric 

systems dealt with the recyclability of the mechanochemical activation in which the applied 

irradiation with light after relaxing the sample led to the initial color and thus “renewed” the 

potential stress-sensing ability. This was also investigated by embedding SP into a 

poly(dimethyl siloxane) (PDMS) network40,207,208 confirming the fully shape recovery behavior 

over multiple activation cycles up to ten times in which the total activation of SP depends on 

electronic and geometric parameters.  

Among the large plethora of polymer classes, spiropyrane containing mechanophore networks 

play a crucial role in the development of applicable stress-sensing systems. Beyond glassy 

matrices and reloadable elastomers up to hydrogels209, polymer dispersions210 (LATEX), 

composites211,212 and self-healing polymers29, SP turns out as an universal tool in material 

science. 

1.3.4.2. Mechanochemically active dioxetanes 

Dioxetanes are pre-strained four-membered ring units, in which an applied force can induce a 

cycloreversion reaction that goes along with the formation of a singlet excited moiety. The  
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subsequent relaxation to the triplet state leads to an emission of blue light62. Due to the short 

timescale of the chemiluminescence, in situ crack propagations can be facilitated, and thus, 

enables to investigate polymer materials in terms of damage occurring and damage transfer. 

This was realized by embedding the dioxetane into an ethyl acrylate (EA) elastomeric network 

(Figure 12) and investigated their mechanical response during uniaxial stress loading, in which 

the chemiluminescence was detected by photocounting. Additionally, the mechanophore 

containing network was swollen with monomer and subsequently polymerized to form a double 

(DN) and triple network (TN). Realizing initial notch test revealed that swelling of the 

mechanophore containing network pre-stretched the network strands, which in turn pre-

stressed the mechanophore itself. This achieved a more efficient activation with increasing 

swelling degree and thus allowed to tune mechanochemical activation by the tuning of material 

properties, for the first time.  

 

Figure 12. Mechanochemical activation of adamantly substituted 1,2 dioxetane incorporated within a single (SN), 

double (DN) and triple network (TN). The accompanying formation of an excited moiety leads to the emission of 

light (chemiluminescence) and allows to monitor in situ a crack propagation. Image was adapted with permission 

from AAAS. 

In order to tune the material properties in terms of mechanical strength and high elasticity74, 

dioxetane mechanophores were incorporated within poly(urethane)/ siloxane hybrid polymers 

by polycondensation and subsequent sol-gel hydrolysis process. Different crosslinking 

densities were adjusted revealing a direct proportionality. The higher the crosslinking density 

the higher the cumulative light intensity at certain stress with consistent strain rate due to the 

improved force transmission.  

In contrast to the uniaxial stress activated dioxetanes, swelling induced mechanoluminescence 

within glassy PMMA networks were investigated by ingression with chloroform, which acted as 

plasticizer64. This allowed to monitor in situ the progress of acting osmotic pressure which led 

to a cascade of bond rupture events quantifying the scissions of dioxetanes to 109 to 1011 per 

event. Contrary to other crack monitoring applications213, the direct visualization, the 

microscopic level quantification as well as temporal resolution was accessible. 
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In addition, dioxetane containing covalent crosslinked networks were expanded by 

simultaneous introduction of dynamic (supramolecular) groups investigating the influence of 

metal-ligand63 or hydrogen bonding interactions to the chain scission behavior. The growing 

hydrogen bond strength supported the chain entanglement, which provided additional 

crosslinks and thus promote the efficiency of force transmission. 

The sensitivity of force induced luminescent probes could further improve by incorporating 

additional fluorescent dyes, accomplishing an energy transfer, which led to a yellow/green 

fluorescence63,214. Additionally, the sensitivity of dioxetane approaches could be improved by 

a shift of the white chemiluminescence to an intense red emission by inducing a controlled 

energy-transfer due to europium(III). Herein, transparent dioxetane crosslinked 

poly(methylacrylate) (PMA) films can be formed without mechanical shrinkage enabling the 

mapping of sensitive bond-breaking events within elastomeric materials. 

1.3.4.3. Mechanochemically active benzofuranones 

  

Figure 13. Mechanochemical activation of crosslinked diarylbibenzofurane (DABBF) leading to the formation of 

radicals accompanying with a color change from colorless to blue. 

Diarylbibenzofurane (DABBF) exhibits a dynamic covalent bond behavior due to the fully 

reversible bond scission of the dimeric arylbenzofuranon (ABF) structure (Figure 13). This 

homolytic bond cleavage leads to the formation of blue colored radicals which are equilibrated 

with the colorless initial structure at RT. This enabled potential self-healing properties as well 

as an application as mechanchromophore for stress-sensing due to the force induced color 

change. In contrast to other systems, in which the quantification accompanies by difficulties, 

the main advantage of DABBF is the direct grasp of bond scission by electron paramagnetic 

spectroscopy. This enables a spatial and time resolved quantification e.g., during the freeze 

induced mechanochemical activation. 

According to the literature215,216, the freeze induced cleavage of the labile bond is attributed to 

adhesion interactions of generated solvent crystallites with the polymer strands as well as 

morphological and conformation changes which induced mechanical forces along the polymer 

chain. This was exploited to study the mechanochemical activation of linear and crosslinked 

poly(urethane) matrices134, which contains DABBF-diol or -tetraol linkages. EPR 

measurements in a temperature range from 50 to -100 °C reveals that within the linear system 

the activation energy threshold for homolytic bond cleavage of DABBF was not exceeded 
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during freezing while the crosslinking approach allows activating mechanophore efficiently. 

Thus, crosslinking systems allowed to improve the propagating molecular forces, in which the 

transmission could be further enhanced by increasing number of crosslinker arms. Additionally, 

the force induced dynamic behavior of DABBF, which was incorporated in the soft segment of 

thermoplastic elastomers (poly(urethane)s)217 allowed to enable the combination of repeatable 

activation and autonomous regeneration (self-healing) accompanying by an equilibrated color 

change.  

In order to realize an applicable DABBF system with improved material properties, polymer 

composites145 were developed in which DABBF was embedded into rigid silica networks. 

These networks were embedded into crosslinked poly(butyl acrylates) to realize the inhibited 

recombination of radicals due to the slight chain mobility of rigid silica particles. The precise 

interplay of rigid hard domains and mobile soft domains allows to tune the 

mechanoresponsitivity of this polymer composites on hetero interfaces. Herein, the hard 

domains guarantee an efficient mechanochemical activation whereas soft domains were 

responsible for the recyclability process.  

Adding a mechanochromophore to the existing DABBF containing polymer/silica composite 

allows to create a multicolor mechanochemical active system. The distinct 

mechanchromophore caused force dependent color changes from blue over green up to 

orange143. Therefore, DABBF was immobilized within the silica rich domains, whereas the 

naphthopyrane (NP) was located in poly(n-butyl acrylate) rich domain monitoring the 

subsequent mechanochemical activation UV-spectroscopy. Kneading at different strengths 

caused different color changes, contributed to the premature activation of DABBF. This leads 

to a blue color shift followed by the higher force induced isomerization of NP accompanying by 

a mixed green color shift. Adding of solvent favors the recombination of ABF radicals enabling 

an orange-colored material in which the initial pale-yellow color can be restored by irradiation 

with UV-light. This emphasizes the multimechanophore containing polymer/silica composite 

as a recyclable force sensitive stress-sensing material. 

1.3.4.4. Mechanochemically active metal-ligand complexes 

 

Figure 14. Mechanochemical activation of europium-(III) crosslinked polymer network accompanying with a color 

change from colorless to deep purple due to the ion iron-(II) promoted ion exchange. 

 

Among a variety of different mechanophore networks, whose mechanoresponsitivity based on 

isomerization, ring opening or homolytic bond cleavage, a new class was developed based on 
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metal-ligand decoupling. First examples of metal based mechanophores were reported by 

Balkende et al., accomplishing the mechanochemical activation of europium(III)-2,6-bis(1´-

methyl-benzimidazolyl)pyridine (Eu(Mebip)) within a metallosupramolecular network by 

ultrasonication and needle puncture of swollen films (Figure 14)218. In addition to the force 

induced healable character of this supramolecular network, simultaneous provision of iron(II) 

ion allows the formation of a more stable Fe(Mebip) complex accompanying with an irreversible 

color change from colorless to deep purple, which offer the usage as mechanically healable 

mechanochromic material. Similarly, the complexation of Eu(III) and Tb(III) ions by terpyridyl 

end-capped four arm PEG enabled a force induced gel-sol phase transition leading to a color 

change from white (gel) to blue (liquid) in which the transition can be reversed without external 

trigger219.  

 

Figure 15. Mechanochemical activation of a copper(I) pincer complex crosslinked within a polymer structure in 

which the force induced suppression of isomerization leads to the appearance of light emission. 

Newest reports investigate the mechanoresponsive behavior of CuN4 complexes which were 

built up from a macrocyclic pyridinophane ligand (Figure 15)66 incorporated within a polymer 

structure and subsequently coordinating copper(I)-iodide. During tensile loading of 

mechanophore containing linear polymer films, the isomerization dynamic of CuN4 was 

suppressed, which in turn, restricted the non-radiative PL decay pathway and thus led to an 

increase in relative emission intensity. The additional coordination of an N-heterocyclic 

carbene (NHC) ligand allowed to induce an extension dependent blue shift of the relative 

emission which is attributed to the increase cation-anion separation during deformation67. In 

order to improve the stress or strain threshold, CuN4 complexes were introduced as crosslinker 

into a poly(n-butyl acrylate) backbone achieving mechanochemical activation at small strain 

and stress values (<50%, 0.1 MPa), and thus, confirmed the improved force transmission 

within network structured mechanophoric systems68. Preventing covalent bond breaking 

improved the recovery of the mechanophore initial state and guarantee a fully reversible 

response.  

Deeper insights into structural features of the metal based mechanophoric systems agree on 

one common point: the usage of NHC ligands.  
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1.4. Mechanocatalysts 

In contrast to the previous discussed metal-ligand mechanophores the field of 

mechanocatalyst uses polymeric structured substituents, blocking an active coordination site 

and thus prevent a thermal catalytic initiation. The application of external mechanical fields 

allows generating the catalytic active site by controlled cleavage of one ligand, and thus, trigger 

a catalytic process, solely by force.  

 

  

Figure 16. Force induced cleavage of polymeric metal-bis(NHC)-complexes initiating (A) transesterification by 

silver(I), (B) ROMP, RCM by Ru(II) and (C) dioxetane decomposition by Pd(II). 

The first potential mechanocatalyst were reported by Paulusse and coworkers75-78 who 

successfully investigated the selective bond scission of Pd- and Pt-P bonds in solution due to 

ultrasound induced shear forces. Herein, the attached pTHF chains could transmit the 

generated forces and led to selective bond rupture events of the labile M-P bonds, whereas 

the Pd-P bonds preferably broke three times faster after applying ultrasound for one hour 

(indicated by NMR-spectroscopy). This was the first time in which a metal coordination bond 

was reversibly ruptured solely by mechanical force, and thus, creates the basic requirements 

for the field of mechanocatalysis.  

This concept was extended to polymeric silver(I)-bis(NHC) complexes80-84, in which one ligand 

was cleaved off due to the application of ultrasound and catalyzed a transesterification reaction 

(Figure 16 A) between benzyl alcohol and vinyl acetate. Hereby, conversions up to 65% could 

be reached confirming the almost complete latency of catalysts by thermal control experiments 

as well as the usage of a non-polymeric catalyst. The exchange of the central metal atom to 
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Ru offered the possibility to mechanochemically trigger an RCM as well as ROMP (Figure 

16 B)84,86 with conversions up to 84%. In both cases, the catalytic performance could be 

increased by preventing thermal side effects through the usage of an inert gas with a high heat 

capacity (methane), which in turn, increase the recyclability of the respective catalyst. This was 

also transferred to solid state investigations where the mechanically induced ROMP was 

triggered within a pTHF matrix material by applying compression force. The polymerization of 

monofunctional norbornene in bulk, that occurred in this way, revealed conversions up to 25% 

whereas the functionalization of norbornene also enabled a force induced crosslinking 

reaction85. Additionally, a polymeric NHC based palladium catalyst220 was developed in which 

the ultrasound induced cleavage of one ligand led to the occurrence of chemiluminescence by 

a base catalyzed decomposition of dioxetane either by directly providing the dioxetane or in 

situ formation and subsequent decomposition in the presence of oxygen (Figure 16 C).  

There are series of other mechanocatalysts87,88,137,221-224, transition metal containing or metal 

free, which were developed to catalyze reactions like Heck- or Suzuki coupling or even could 

initiate an anionic polymerization. But one is common within the structure of these 

mechanocatalysts: The N-heterocyclic carbene. 

1.4.1. Metal-(NHC) complexes 

The first report of NHC complexes was done by Wanzlick and Oefele, who synthesized 

chromium(0)225 as well as mercury(II) NHC complexes226. From this, metal (NHC) complexes 

became more and more interesting applicable in several fields of chemistry, like homogenous 

catalysis227, coordination polymers228,229 or in the synthesis of metal organic frameworks230 

(MOF). Comparing the electronic features with Fischer231,232  and Schrock carbenes233-235 

revealed the main advantages of metal (NHC) complexes. Fischer carbene complexes236 

exhibit a positive charged carbene-carbon which is coordinated by midst or late transition 

metals (e.g. Mo(0), W(0)) which coordinates further π-acceptor ligands (e.g. CO). The 

additional substitution of π-donors (e.g. -OMe) on the carbene-carbon leads to an electrophilic 

character which is attributed to the overcome of acting - donation (from occupied sp2 hybrid 

orbital to empty metal orbital) in comparison with the slightly acting π-backdonation.  

This leads to an electron excess on the carbon atom in which the HOMO is formally metal-

centered whereas the LUMO is localized near to the carbene-carbon237. Fischer carbenes 

represent the so-called singlet carbenes due to the paired electronic character and allows 

catalyzing reactions like cyclopropanation238-, Hegedus239-241- as well as Dötz-reaction242-244. 

While Fischer carbenes often reacts under nucleophilic attachment, Schrock carbenes have a 

negatively polarized carbene carbon, and thus, displays reactions with electrophilic partners 

within methylenation reactions245 (Tebbe reagent) or olefin metathesis246 (Grubbs catalyst). 

The nucleophilic character based on the missing donor ligands on the carbene fragment as 

well as the absence of acceptor ligands on the metal center, which results in a favored back 

donation, and thus, increase the electron density on the carbene-carbon. Herein, the polar 

double bond character is more pronounced due to the interaction of two single occupied 

orbitals (sp2 and p) with the metal (e.g. Ta(V), W(VI)) in which the HOMO is located on the 

carbon atom and the LUMO on the metal (triplet carbene)247. 
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Figure 17. Electronic features within N-heterocyclic carbene metal complexes and their stability248. 

In the case of metal-(NHC) complexes, many single-crystal X-ray diffraction studies of main 

group metal (NHC) complexes (Li, Be,Th) revealed the presence of a single M-C bond which 

is attributed to the assumption of a pure -donating NHC ligand. However, the synthesized 

complexes are often temperature, moisture and air sensitive. Only at the transition to metals 

with filled d-electrons the resulting complexes became more stable due to their ability of 

forming a π* backdonation into the p-π orbitals of the carbene (Figure 17).  

Table 3. Average percent contributions of ∆𝐸𝑜𝑖
𝜎  and ∆𝐸𝑜𝑖

𝜋  to the orbital interaction energy as well as the amount of 

π*-backdonation and π-donation, respectively. 

 d-electrons 

0 4 6 8 10 

𝐸𝑜𝑖
𝜎  90 88 86 85 80 

𝐸𝑜𝑖
𝜋  10 12 12 15 20 

𝐸𝑜𝑖
𝜋  (π* - backdonation) 65 70 70 82 90 

𝐸𝑜𝑖
𝜋  (π - donation) 35 30 30 18 10 

Within the alkali metal NHC complexes there was no π interaction possible, whereas the group 

4 M-(NHC)´s already shown small but negligible parts. Along the transition metals (d0 – d10) 

the calculated orbital interaction revealed that with increasing d-electron count the metal to 

ligand π-interaction also increased (Table 3). While for formal d10 systems percent 

contributions of up 20% were determined within formal d0 systems the values decrease to 

negligible 10%.  

Quantum chemical calculations of transition metal-(imidazol-2-ylidene) (TM-NHC) complexes 

demonstrated general trends in bond dissociation energy (BDE) with increasing d electrons. 

Normally, the higher the transition metal group number for each row the higher the bond 

dissociation energy, indicating a higher stable M-(NHC) bond with increasing π* backdonation 

ability.  

In comparison with phosphine ligands the donor abilities of NHC complexes often exceeded 

the most trialkyl phosphines whereas the electronic rangeability of phosphines were generally 

more comprehensive due to the direct tuneability of donor atom (P) with varying ligands instead 

of exclusively peripheral ligand tuning249.  

Nevertheless, electronic features of NHC complexes could also be varied by changing the 

nature of azole ring ranging from low donating (benzimidazole) to high donating ability 

(imidazoline) or by changing the adjacent ligands from n-alkyl (low donation) over cyclic alkyl 

to aromatic structures (high donation)250-257. This allowed to tune the NHC complexes in terms 
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of thermal stability and catalytic function251. Influencing the electronic and steric features of 

metal(NHC) complexes also allow using these complexes to fulfill catalytic requirements 

among a large plethora of chemical reactions for example hydrosilylation reaction258 by using 

Ag(NHC), conducting cycloisomerization reaction259 with (Au(NHC)) and catalyze the CuAAC 

with Cu(NHC) complexes. 

1.4.2. Copper(I) (NHC) complexes 

In 1993, Arduengo260 and coworkers firstly isolate a stable homoleptic N-heterocyclic carbene 

complex containing copper(I). The field of copper(I) catalysis grows steadily due to some major 

advantages in terms of sustainable applicability, cost efficiency as well as the use in fields of 

biology and medicine. Especially in the field catalysis, the combination of copper(I) with 

advantageous NHC ligands takes a crucial role offering air, moisture and temperature stable 

catalysts which are easily tunable by simple variation of steric and electronic modification.  

There a mainly two different kinds of Cu(NHC) catalyst: the neutral [Cu(NHC)X] species as 

well as the cationic [Cu(NHC)2]X species in which several methods, direct or indirect, enable 

an efficient production of both complexes (Figure 18).  

 

 

Figure 18. Synthetic routes to copper(I)-NHC complexes: a) coordination of free NHCs; b) cleavage of electron-rich 

ene-tetramines by transition metals; c) transmetallation routes; d) small molecule elimination; e) in situ 

deprotonation and complexation; f) metal template synthesis; g) oxidative addition to a low valent metal complex261.  

The most common method is the direct deprotonation of azolium salts with a strong bases (e.g. 

KOtBu262,263, KN(SiMe3)2
264,265 which forms an in situ generated NHC subsequently reacting 

with a copper(I) salt (e.g. CuBr, [Cu(MeCN)4]PF6 to form the respective complex257 

(Figure 18 e)). Another possibility is the reaction of the NHC precursor ligands with a copper(I) 

moiety which already bear a strong base at high temperature, deprotonating and complexing 

simultaneously. For the air stable and moisture insensitive copper(I)-oxide the high yielding 

complex formation266,267 accompanies with the elimination of water in which the easy purifiable 

side products as well as the simple stoichiometric control consolidates this method as universal 

and clean268 (Figure 18 g)). An additional method is the previous formation of a silver(I)-(NHC) 

complex by using azolium salt and Ag2O that subsequently allows to form the copper(I) 

pendant in a transmetallation reaction269-271 due to the increased stability of Cu-NHC bond 

(Figure 18 c)). Despite the wide coverage of the described methods, there are many specific 

methods like electrochemical based techniques272, salt metathesis273 or N-alkylation 

reaction274 which also reveal NHC complexes but are rarely used. As mentioned above the 

diverse and simple synthesis as well as the outstanding electronic properties manifest these 
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complexes as an integral part of today’s catalysis. Some insights of the applicability will be 

discussed in the next section. 

1.4.2.1. Copper(I)-(NHC) complexes in catalysis  

 

Figure 19. Cu(I)-NHC-based catalysts subdivided into neutral complexes [Cu(NHC)X] and cationic complexes 

[Cu(NHC)2]X with a selection of five-membered -ylidene moieties employing different reaction types. 

First reports on catalytic utilization of copper(I)-(NHC) complexes deals with the ethylation of 

enones275 in 2001 as well as the reduction of , unsaturated carbonyl compounds276 in 2003, 

which were the counter stone for many other reactions like hydrosilylation, further conjugate 

addition reaction, carbene transfer reactions or the CuAAC (Figure 19)277. 

Hydrosilylation reactions in the presence of [Cu(IPr)Cl] were conducted by Nolan et al. for the 

first time278. They found out that the actual reaction is attributed to the in situ formed hydride 

complex whereas the systematic carbene ligand tuning emphasized the cyclohexyl based NHC 

ligands (ICy) as catalyst with the highest performance (3 mol%, 80 °C, 1 h, quant.)279. The 

additional introduction of a second NHC ligand as well as a precise counter ion tuning improved 

the catalytic performance, even under mild conditions253 (50 °C). Within conjugate addition 

reactions the introduction of enantiopure complexes could be realized by using either ligand-

Cu-salts mixtures or predefined copper (NHC) complexes in which the chirality transfer was 

realized by using chiral NHC ligands, tunable by the increasing bulkiness of adjacent 

substituents280,281. The required functionalities were transferred by an organometallic 

compound, which allows forming quaternary centers enantioselectivity. The first step was the 

usage of zinc organometallic compounds, which were, however, limited by the marginal 

Stability 

CuAAC Carben transfer 

Hydrosilylation Conjugate addition 

Imidazol-2-ylidene Imidazolin-2-ylidene BenzImidazol-2-ylidene Triazol-2-ylidene Pyrrol-2-ylidene 

InBu ItBu ICy IAd IMes IPr 

[Cu(NHC)2]X [Cu(NHC)X] 



1. Introduction  37 

availability of sufficiently different functionalities. The development of Grignard reagents 

enabled to omit an additional base and provided a higher availability of the implemented 

functionalities. For special applications further organometallic compounds like aluminum or 

boron could be used emphasizing the enormous versatility of copper (NHC) complexes277. 

Furthermore, carbene transfer reactions could be conducted by using copper (NHC) 

complexes, in which the catalyst is capable of abstracting a carbene from a diazo compound 

and subsequently transferred it to a double bond282. The regioselectivity of cyclopropane 

product can be influenced by using different metals (Au, Cu) reaching with [Cu(IPr)Cl]/ NH4PF6 

an almost pure tertiary substituted compound283. In this work, the main focus is on a reaction 

which was firstly described by Meldal284-286 and Sharpless287-289: the CuAAC290.  

 

Figure 20. Mechanistic insights of copper(I) catalyzed alkyne azide cycloaddition (CuAAC). 

 

The CuAAC was based on the thermal initiated Huisgen reaction291, where a substituted azide 

and an alkyne react in a [3+2] cycloaddition reaction revealing a triazole compound. The high 

activation energy as well as the missing regioselectivity within the reaction management could 

be passed over by the addition of copper(I). This led to an efficient catalytic system which acts 

under mild conditions and simply produces pure 1,4-triazoles compounds. Sharpless indicates 

this reaction as “click” reaction that fulfills special features. The main advantage of “click” 

reactions are the thermodynamic driving force of more than 20 kcal/mol which often led to 

quantitative yields. Furthermore, the reaction is stereoselective, solvent independent and 

simple purification steps are necessary. The CuAAC itself could be tuned by varying the 

substrates, the ligands or the catalyst itself, which allows to accomplish this reaction in diluted 

and bulk systems as well as for homogeneous and heterogeneous catalysis. This offers the 

use for many application in biological systems, for self-healing approaches as well as for 

stress-sensing materials (fluorogenic “click” reaction)290.  

Both species of copper (NHC) complexes, the neutral and the cationic could catalyze the 

CuAAC emphasizing that the binding affinity of carbene ligand, which is influenced by 

electronic and steric properties, plays a crucial role292 (Table 4). In the case of neutral 

complexes, the saturated SIMes based catalyst are more efficient than their unsaturated 

(IMes) and bulkier (DIPP) analogons255,293, whereas a N-aliphatic substitution (IAd/ICy) 

facilitate the CuAAC compared to their N-aromatic (IMes) analogues. In addition to this, the 

counterion as well as the solvent294,295 also influences the catalytic behavior highlighting the 
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I Ligand cleavage II Copper acetylide 
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combination of IAd substitution with iodine counterion293-297 as the most promising candidate 

among the neutral complexes. Adding one additional NHC ligand and thus creating the cationic 

(NHC) complex led to a gain in catalytic efficiency within the CuAAC (Figure 20) in which the 

second ligand supported the deprotonation of the acetylene moiety after cleavage (I)254 

accompanied by the formation of copper(I)-acetylide (II). Mechanistically285,298-305, the 

subsequent coordination of the azide (III) on the copper(I)-acetylide pre-orientate the triazole 

moiety by forming a binuclear/trinuclear complex and thus creates within the [3+2] 

cycloaddition (IV) a stereospecific product which can be obtained after protonation and 

decoordination (V). Typical conversion of copper(I)-bis(NHC) complexes within a CuAAC are 

shown in Table 4. 

Table 4. Catalyst screening of benzyl azide and phenylacetylene with different Cu(NHC) complexes in water252,293. 

Ent. [(NHC)xCu]X 
Temperature 

[°C] 

Time 

[h] 

Conversion 

[%] 

1 [(IPr)Cu(Cl)] 

RT 

18 18 

2 [(IPr)2Cu]PF6 18 71 

3 [(IPr)2Cu]BF4 8 100 

4 [(IMes)2Cu]BF4 6 100 

5 [(IAd)2Cu]BF4 3 100 

Combining the previous discussed mechanophore approach with the copper(I)-bis(NHC) 

concept should allow to induce the CuAAC solely by force. Therefore, several linear 

mechanochemical active copper(I)-bis(NHC) complexes were developed and their catalytic 

activity towards the CuAAC were investigated. Activation experiments were accomplished 

either in solution by activation via ultrasound or in bulk material by applying compression force 

(Figure 21) 306,307. In solution, the impact of ultrasound led to the detachment of one shielding 

ligand creating a free, catalytic active site. This, in turn, allowed to trigger the required formation 

of copper(I)-acetylide species which further initiated the catalytic process, as mentioned above. 

Hence, the mechanochemical activation of several complexes could be studied in terms of 

nature as well as chain length of polymer backbone by simple monitoring the conversion 

between benzylazide and phenylacetylene within a CuAAC via NMR spectroscopy. First 

experiments of PIB based mechanophore revealed the enhanced mechanochemical activation 

with the steadily increase of DP (degree of polymerization) (0%, model cat.; 11%, Mn = 

4750 g mol-1, DP = 72; 28%, Mn = 17200 g mol-1, DP = 294). The same trend was observable 

by using poly(styrene) (PS) backbone in which the enhanced DP led to higher conversion 

ranging from 23% (Mn = 6800 g mol-1, DP = 62) to 52% (Mn = 13600 g mol-1 DP = 126). Herein, 

the initially stiffer poly(styrene) (Tg ≈ 100 °C in comparison with poly(isobutylene) (Tg ≈ −80 °C) 

led to an almost doubling of conversion within the CuAAC which indicated a higher cleavage 

efficiency due to a better polymer solvent interaction, which, in turn, improved the force 

transmission. The attachment of pTHF polymeric handles led to a nearly quantitatively “click” 

conversion (97%, Mn = 15600 g mol-1) whereas the fully latent state was not guaranteed due 

to a significant conversion of 24% without applying ultrasound.  

This concept was further extended, and the catalysts were probed triggering a solvent free 

CuAAC within a high molecular weight pTHF matrix, which was able to achieve an optimal 

force transmission due to the included crystalline parts. In order to monitor the compression 

induced activation of mechanocatalysts, the so called fluorogenic “click” reaction was 

conducted, in which the CuAAC of non-fluorescent substrates (azido-coumarin and 

phenylacetylene) yielded a highly fluorescent product. 
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Figure 21. Force induced cleavage of polymeric copper(I)-bis(NHC)-complexes initiating the force induced CuAAC 

of benzylazide and phenylacetylene by ultrasound in solution as well as the fluorogenic CuAAC of 3-azido-7-

hydroxy-coumarin and phenylacetylene by compression in bulk. 

Hence, an optical signal was generated which correlated the increase of fluorescence intensity 

with mechanochemical activation. After calibration, this signal allowed to indirectly quantify the 

mechanochemical response. Herein, a stepwise increase of fluorescence intensity with higher 

number of compression cycle was valid for all linear mechanophores, which tended to a 

flattening due to catalyst decomposition. With increasing chain length of the attached polymer 

handles the mechanochemical activation was also enhanced, which is attributed to the better 

entanglement of catalyst and matrix polymer leading to a more efficient force transmission. 

However, due to synthetic hurdles this linear approach was limited in reaching up molecular 

weights over 15000 g mol-1 accompanied with maximum conversions up to 8 within the 

fluorogenic “Click” reaction. 

The created optical response due to mechanical stress highlights this approach to real life 

polymeric materials as potential self-reporting system for damage sensing applications. 

Force 
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2. Aim of the Thesis 

2.1. Objective and motivation  

The aim of this thesis was to investigate the mechanochemical activation of polymeric 

copper(I)-bis(NHC) complexes with different architectures. Due to the application of force, one 

shielding ligand can be detached, and thus, the generated catalytic active site will be able to 

trigger a copper(I) alkyne azide cycloaddition (CuAAC) (Figure 22 A). Previous investigations 

revealed that the catalytic activity increased with increasing chain length of the attached 

polymer backbone. Since the elongation of the chain length is limited due to the rising 

decomposition for longer polymer handles, a chain extended architecture should be 

developed. Herein, the bivalent functionalization should enable a chain-extended 

mechanophoric system with a higher overall chain length and an increased number of 

cleavable mechanophores. In order to further improve the force transmission to the 

mechanochemically labile bond, a network-structured mechanophore should be developed 

(Figure 22 B).  

 

 

Figure 22. The mechanochemical activation of copper(I)-bis(NHC) complexes of different polymeric architectures 

yielding the catalytic active mono(NHC)species, which is able to trigger the fluorogenic “click” reaction applicable 

for stress-sensing applications.  

In order to fulfil the requirements for potential stress-sensing applications, a transparent dye 

should be developed guaranteeing a much broader applicability compared to the previously 

dark-brown colored coumarins. Moreover, an all-in-one mechanochemical approach should be 

established, in which the copper(I)-bis(NHC) mechanocatalyst as well as the fluorogenic dye 

precursors should covalently incorporated within the matrix material. This allows to neglect 

matrix blending effects that causes inhomogeneous catalyst distribution as well as time-

consuming adaptions of the catalyst-polymer linkage. This system should enable an easy 

tunability of material properties in terms of stiffness and elasticity by varying, e.g., the 

crosslinking density, which also influences the activation of single mechanophore.  

Additionally, the mechanophoric behavior of the copper-carbon bond within a 

copper(I)-bis(NHC) complex should be investigated via SFMS to get precise information about 

rupture forces on a microscopic scale that can be transferred to further potential macroscopic 

applications. 

A 

B 

Low molecular 
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Linear Chain extended Network based 
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2.2. Concept 

In order to realize SFMS, different acyclic (5) and cyclic (10) copper(I)-bis(NHC) complexes 

should be synthesized by complexation of previously modified bis imidazolium moieties (4, 8) 

within a highly diluted copper(I)-oxide method. These cyclic complexes should be further 

modified and finally investigated via AFM in order to detect the necessary rupture forces for 

cleavage of copper(I)-(NHC) bond. 

 

 

Figure 23. Synthetic route towards acyclic and cyclic low molecular weight copper(I)-bis(NHC) complexes (5,10).  

The chain extended copper(I) bis(NHC)-complexes should be realized by increasing the 

overall number of copper(I)-bis(NHC) complexes per chain which in turn elongates the 

effective chain length, and thus, enhances the activation behavior.  

Poly(styrene) backbones should be used due the improved force transmission ability according 

to previous works. The use of living polymerization technique (RAFT) (Figure 24 A) should 

guarantee the required positioning of labile mechanochemically active bond, close to the 

middle of polymer chain, which is necessary for an optimal activation process. By using the 

highly efficient thio bromo “click” reaction to introduce the imidazolium moieties intends to yield 

after subsequent complexation the chain extended copper(I)-bis(NHC) complexes (18). 

Afterwards, the effect of chain length, degree of polymerization as well as the amount of 

copper(I) moieties should be investigated towards mechanochemical activation. Therefore, the 

catalysts should be embedded in a high molecular weight pTHF matrix triggering a 

compression force induced fluorogenic “click” reaction in which non fluorescent 3-azido-7-

hydroxy-coumarin (22) and phenylacetylene (23) generating a highly fluorescent 7-hydroxy-3-

(4-phenyl-1H-[1,2,3]triazole-1-yl)-coumarin (24). The progress of this reaction should be 

monitored and subsequently quantified via fluorescence spectroscopy. 

For realizing the network-based concept, two different strategies will be selected: Firstly, a 

statistic copolymer (20) bearing functional imidazolium groups will be prepared via ATRP 

(Figure 24 B). The amount of copper-carbene precursor should be simply varied adapting the 

monomer ratio of functional to non-functional component. Thus, the number of the crosslinking 

points can easily be tuned and varied in a broad range. A subsequent deprotonation and 

coordination step to a copper(I)-salt will establish the mechanophoric network (21) with 

different crosslinking densities. The influences towards the mechanochemical activation 

should also be investigated via the previous discussed, compression force induced fluorogenic 

“click” reaction. 
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Figure 24. Synthetic routes toward poly(styrene) based chain extended (18) or rather network based 

copper(I)-bis(NHC) complexes (21). (A) The synthesis of chain extended mechanocatalysts will be started from the 

bivalent dithiobenzoate end-capped initiator (14) which polymerize styrene in a RAFT polymerization. The 

subsequent functionalization via thio bromo “click” reaction will introduce the imidazolium moieties (17) and the final 

deprotonation and complexation with a NaOtBu and copper(I)-salt will yield the corresponding copper(I)-bis(NHC) 

complex (18). (B) The copolymerization of 19 with styrene via ATRP will lead to a side chain functionalized statistic 

polymer (20) which will be able to form after deprotonation with NaOtBu and complexation with copper(I)-salt the 

resulting network-based copper(I)-bis(NHC) mechanocatalyst (21). 

Furthermore, an all-in-one approach (Figure 25) with a bifunctional hydroxy-end-capped low 

molecular weight copper(I)-bis(NHC) complex (3) should be developed, which enables a direct 

covalent linkage into the poly(urethane) matrix material by polyaddition reaction. A new 

fluorogenic system (31, 32), which can also be covalently linked directly in the poly(urethane) 

matrix should be developed avoiding the dark brown color, the fluorescence quenching effects 

as well as potential leaching of components within the coumarin based system (22, 23). Thus, 

a colorless elastomeric PU film can be achieved in which the transparency enables the 

reduction of copper(I) due to the higher sensitivity. The mechanochemical activation of the 

obtained material should also be tested via tensile oscillatory rheology with regard to material 

properties e.g., stiffness or crosslinking density as well as the variation of experimental 

parameters.  

The synthesis of an OH-functionalized copper(I)-bis(NHC) complex (3) had to be established 

in which copper(I)-oxide should act as an internal base, which deprotonate the OH-
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functionalized imidazolium precursor (1), subsequently coordinated by copper(I). The so 

achieved copper(I)-bis(NHC) complex (3) should take part within a multicomponent 

polyaddition reaction using pTHF as soft segment, HDI as hard segment, 1,1,1 

trimethylolpropane (TMP) as trivalent crosslinker and 31 as well as 32 as fluorogenic dye 

precursor. The obtained elastomeric poly(urethane)s should be fabricated into foils and the 

mechanochemical response should be indirectly correlated with the increase in the 

fluorescence intensity by yielding the highly fluorescent 33. 

 

 

Figure 25. All-in-one stress-sensing approach based on a transparent poly(urethane) network film. 
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3. Result and discussion 

Parts of the Results and Discussion as well as of the Experimental Part were already published 

in  

1. “Mechanochemical activation of fluorogenic CuAAC "click" reactions for stress-sensing 

applications” (Michael, P.; Biewend, M.; Binder, W. H), Macromol. Rapid Commun., 

2018, 1800376, DOI: 10.1002/marc.201800376;  

2. “Synthesis of Polymer-Linked Copper(I) Bis(N-Heterocyclic Carbene) Complexes of 

Linear and Chain Extended Architecture” (Biewend, M.; Neumann, S.; Michael, P.; 

Binder, W. H.) Polym. Chem., 2019,10, 1078-1088. DOI: 10.1039/c8py01751d  

3.  “Detection of stress in polymers: mechanochemical activation of CuAAC click 

reactions in poly(urethane) networks” (Biewend, M., Michael, P.; Binder, W. H) Soft 

Matter., 2020, 5, 1137-1141. DOI: 10.1039/C9SM02185J 

and were in parts adapted with permission from John Wiley and Sons. Inc. ©2018 and Royal 

Society of chemistry ©2020. 

3.1. Synthesis and characterization of an acyclic and cyclic copper(I)-bis(NHC) 
complexes 

3.1.1. Synthesis of acyclic copper(I)-bis(NHC) complexes 

 

Figure 26. Two step synthesis of acyclic copper(I)-bis(NHC) complexes by direct quaternization with subsequent 

complexation reaction towards (A) OH- (3) and (B) COOH-functionalized (5) copper(I)-bis(NHC) complexes 

applying copper(I)-oxide. (C) Synthetic route for cyclic complexes with different chain length (10a for x=12 and 10b 

for x=16). 
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The synthesis of acyclic low molecular weight copper(I)-bis(NHC) complexes (3, 5) was 

accomplished within a two-step synthesis starting from with the direct quaternization of OH- 

(1) as well as COOH- (4) functionalized bromoalkane with 1-methylimidazole followed by 

complexation reaction with copper(I)-oxide (Figure 26 A and B). Herein, the copper(I)-oxide 

acts as an internal base at high temperature (100 °C) deprotonating the NCHN proton of 

imidazolium moiety forming the free carbene which was in situ complexed by copper(I)254,267. 

Varying the reaction conditions by using copper(I)-oxide in different amounts resulted either in 

the monocarbene species by using 0.65 eq. or the biscarbene species by using 5.00 eq. due 

to an internal condensation reaction. The obtained complexes were successfully synthesized 

and characterized by 1H-NMR and 13C-NMR spectroscopy as well as ESI-TOF-MS 

investigations proving the required copper(I)-bis(NHC) functionalization.  

 

Figure 27: 1H-NMR spectra of 1 (above), 2 (middle) and 3 (below) shows the disappearance of NCHN (H8) proton 

during complexation reaction as well as the shift of NCHCHN proton (H6 + H7). 

Comparing the 1H-NMR spectra of the OH-functionalized copper(I)-bis(NHC) complex (3) to 

the monocarbene species (2) and the initial imidazolium ligand (1), the disappearance of 

NCHN resonance at 9.19 ppm is clearly visible. Furthermore, a clear shift of the NCHCHN 

resonances from 7.78 and 7.71 for 1 to 7.17 ppm for 2 and 6.26 ppm for 3 could be observed 

depending on the change in the electronic structure of the aromatic functionality. Additionally, 

a noticeably shift of the resonances for the CH2 moieties (H5) as well as for the NCH3 resonance 

(H9) confirm the complex formation as assigned in Figure 27. In 13C-NMR spectroscopy a 

significant shift of the NCHN resonance from 136.5 ppm (1) to 171.3 ppm (2) to 152.8 ppm (3) 

is visible accompanied by a decreasing signal intensity due to the quadrupole coupling of Cu-C 

spins. A final undeniable proof of the predicted structure was accomplished by ESI-TOF-MS 

revealing the exact masses of 253.228 g mol-1 (simulated 253.227 C15H29N2O+) for 1, 474.982 
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g mol-1 (simulated 474.984 C15H28Br2CuN2O-) for 2 as well as 567.362 g mol-1 for (3) 

(simulated 567.369 C30H56CuN4O2
+). The synthesis and characterization of the COOH-

functionalized complex (5) (Figure 26 B) was done likewise to the OH-functionalized catalyst 

(3). However, the formation of monocarbene by using 0.65 eq. species could not be observed. 

Comparing the resonances in 1H-NMR and 13C-NMR spectroscopy as well as the measured 

and simulated pattern in ESI-TOF mass spectrometry confirm the required structure. 

3.1.2. Synthesis of cyclic copper(I)-bis(NHC) complexes 

For the synthesis of cyclic complexes (see Figure 26 C) with different cycle sizes (10a: x=12, 

10b: x=16), bivalent ,-dibromo alkanes act as starting point which had to be synthesized in 

the case of 6b by bromation of 1,16-dihydroxyhexadecane. The attachment of imidazole 

moieties was accomplished by using sodium hydride (NaH) in a nucleophilic substitution and 

the purified 7 was subsequently quaternized with 11-bromo-undenanol. The complexation 

reaction of the thus obtained compound 8, which acted, in turn, as a precursor for cyclic 

complexes was conducted by using copper(I)-oxide in highly diluted solutions to enable the 

formation of the intramolecular copper(I)-bis(NHC) complex (9). The required COOH end 

groups were introduced by a post-modification reaction of 9 with succinic anhydride. The direct 

usage of COOH imidazolium moieties during complexation reaction accompanied by an 

compete coordination of copper(I) by the carboxylic groups which, in turn, led to very low 

conversions.  

 

Figure 28. Partial cut of (A) 1H-NMR spectra and (B) 13C-NMR spectra for 7a (above), 8a (middle) and 9a (below), 

indicating a significant shift of NCHN (H1) respectively NCHCHN proton (H2 + H3) and of NCHN (C1) as well as 

NCHCHN (C2 + C3)  carbon resonances during functionalization. 

The structural proof of cyclic complex 9a (x=12) was accomplished by 1H-NMR (Figure 28 A) 

and 13C-NMR spectroscopy (Figure 28 B) analyzing the shift of NCHN proton resonances (H1) 

from 7.46 ppm for 7a to 9.21ppm for 8a and the subsequent disappearance during complex 

formation.  
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Figure 29. (A) Partial cut of 13C-NMR spectra for 9a (above) and 12 (below), showed the doubling of NCH2 

resonances comparing the cyclic and acyclic model complex. (B) Partial cut of 1H-NMR spectra for 9a (above) and 

10a (below) revealing the appearance of O=CCH2CH2C=O resonances at 2.63 ppm and the shifted of OCH2 

resonances from 3.46 ppm to 4.10 ppm confirming the successful functionalization. 

The shift of NCHCHN resonances (H2 + H3) from 7.06 ppm and 6.90 ppm for 7a to 7.80 ppm 

for 8a and 6.26 ppm for 9a as well as the carbon shift of NCHN resonances (C1) from 137.7 

ppm over 136.4 ppm to 152.9 ppm prove the change in electronic structure during synthesis. 

In order to verify the cyclic structure, a model complex (12) was synthesized according to the 

copper(I)-oxide method. Comparing the resonances of NCH2 group of 9 and 12 (Figure 29) 

showed a doubled carbon signal for the cyclic complex which is caused due to the fixed 

conformation and the accompanied loss of rotational degree of freedom. Contrary, the acyclic 

model complex showed a single carbon signal due to the lack of hindrance guaranteed the 

fully freedom of movement. ESI-TOF-MS analysis showed a good match of measured and 

simulated pattern 737.138 g mol-1 (simulated 737.538 C41H77CuN4O3
+) for (9a: x = 12) as well 

as 797.605 g mol-1 (simulated 797.549 C44H83CuN4O2Cl+) (9b: x = 12) prove the structural 

conformation. After post modification reaction, 1H-NMR spectroscopy showed a typical shift of 

CH2 protons in the direct neighborhood of the oxygen atom from 3.46 ppm for 9a to 4.10 ppm 

for 10a as well as the appearance of the CH2CH2 resonances of the attached end group at 

2.63 ppm. ESI-TOF-MS revealed no signal due to decomposition during ionization process. 

Complex 10b (x=16) was synthesized and fully characterized in the same manner (for more 

details see Appendix). 

3.2. Single molecule spectroscopy 

The mechanophoric behavior of copper-carbon bond within a copper(I)-bis(NHC) complex was 

investigated via single molecule force spectroscopy, in order to get precise information about 

rupture forces on a microscopic scale, that in turns can be transferred to potential macroscopic 

applications. Therefore, the acyclic and cyclic complexes were synthesized using the COOH 

functionalization as an anchor for immobilization of complexes between a modified AFM tip 

and a wetted substrate surface (for details see chapter 1.2.1). The AFM measurements were 

accomplished with special thanks by Matthew Sammon who is part of the working group of 

Martin Beyer from university of Innsbruck according to a published protocol110,118. For this 

purpose, the synthesized COOH end-capped cyclic and acyclic complexes were fixed between 
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the AFM tip and the glass substrate, coated with silane functionalized poly(ethylene glycol). 1-

Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxy succinimide (NHS) were 

used as coupling agents to attach the copper(I)-bis(NHC) complex on the coated surfaces. 

The AFM tip was repeatedly dipped to the glass substrate, which is wetted by the DMSO 

diluted coupling agents enabling to get force-extension curves and reveal information about 

bond strength and maximal extension of copper-carbon bond (Figure 30 A).  

 

Figure 30. (A) Applying of force leads to a double rupture event of the most labile Cu-C bond of an anchored 

copper(I)-bis(NHC) complex subsequently followed by a second covalent bond. This allows to calculate force-

distance curves which reveal information about (B) rupture forces and (C) elongation, offering the possibility to 

clearly identify the ruptured bond.  

The introduction of a safety line allowed to clearly identify the nature of the ruptured bond 

evaluated by the comparison of the slope in a double rupture event. The recorded single 

rupture events for the acyclic complex (5) and double rupture events for the cyclic complexes 

(10) showed rupture forces from 1600 to 2600 pN which was significant below the calculated 

values for the C-C (6900 pN) and C-O bonds (7600 pN) of the polymer chain (Figure 30 B). As 

expected, the comparison of the maximum elongation in double rupture events for the cyclic 

structure revealed an increasing elongation with the increasing cycle number (1.63  0.6 nm 

for 10a to 2.33  0.9 nm for 10b) (Figure 30 C).  

There is a good agreement with the simulated values of the copper carbene bond rupture 

determined by CoGEF calculation that offers forces of . 1500 pN. Thus, the bond strength 

within the copper(I)-bis(NHC) complex is comparable to other previous discussed 

mechanophores (Chapter 1.2.1) e.g., prestressed rings, but significantly exceed the forces of 

spiropyrane isomerization.  
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3.3. Chain extended and network structured copper(I)-bis(NHC) complexes  

3.3.1. Synthesis and characterization of chain extended copper(I)-bis(NHC) complexes 

Previous investigations of polymeric copper(I)-bis(NHC) complexes which were attached by 

poly(isobutylene) (PIB) or poly(styrene) (PS) “handles” showed an increased activity towards 

fluorogenic “click” reactions either by changing the backbone from flexible PIB to rigid PS or 

varying the chain length to a higher degree of polymerization306. Unfortunately, the direct 

quaternization of bromo telechelic polymers with 1-methylimidazole turned out as an 

unsuitable method for modifying longer polymer chains with molecular weight above 

15000 g mol-1 The bulky polymer chains hamper the quaternization or the subsequent 

formation of the Cu(I) (bis)NHC complexes sterically, resulting in uneconomically low yields. 

Accordingly, the previously used combination of either LCCP or ATRP followed by post-

functionalization chemistry led to an inefficient attachment of the N-alkyl imidazolium moieties, 

especially as these kinds of linkages displayed a Hofmann-type elimination reaction during the 

copper(I)-carbene formation307.  

 

Figure 31. Synthetic route for chain extended mechanophores (18), starting with radical bromation subsequently 

followed by Grignard reaction to form the chain transfer agent (14). Subsequently, the RAFT polymerization of 

styrene revealed dithiobenzoate end-capped PS (15) followed by a thio bromo click reaction yielding the 

imidazolium precursor (17). The final complexation reaction generated the chain extended mechanophores (18).  

In order to achieve an increase in chain length and ensure a more stable linkage of the 

copper(I)-(NHC) complex, a new synthetic strategy was developed. Figure 31 shows the 

synthetic route starting with the radical side chain bromation of diethylbenzene with N-bromo 

succinic imide (NBS) and (azobisisobutyronitril) AIBN to obtain the dibromated 13. The 

introduction of the dithiobenzoate end groups via Grignard reaction was achieved by using 

dibromo benzene and magnesium. A subsequent reaction with carbon disulfide formed the 

dithiobenzoate anion, which can further react in a nucleophilic substitution with 13. Afterwards, 

styrene was polymerized in a reversible addition fragmentation chain transfer (RAFT) 

polymerization which was thermally activated by auto initiation of styrene at 120°C308 using 14 
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as chain transfer agent (CTA). Three different molecular weights of 15 were achieved (Table 

5) ranging from 5000 g mol-1 15000 g mol-1 with low PDI around 1.2. This underlines the living 

character of this polymerization technique, which ensure the required centrally embedding of 

the mechanochemical active copper-carbon bond.  

 

Figure 32. 1H-NMR spectra 14 (above), 15b (middle) and 17b (below), indicating the successful polymerization via 

RAFT by the resonances of dithiobenzoate end group (ortho Ar-H) and the fully functionalization with imidazolium 

moieties by the signals of NCHN and NCHCHN. 

In order to obtain the bivalent imidazolium PS (17), the bis-thiol end-capped PS was formed 

by an in situ reduction reaction with tributyl phosphine/methylamine and subsequently linked 

to the previous synthesized 3-(11-(2-brompropionyloxy)undecyl)-methyl-1-imidazolium 

bis(trifluoromethane)sulfonimide (16) in a thio bromo “click” reaction with high yields308. The 

structural proof of the prepared α, ω-bis imidazolium functionalized precursors (17) was 

accomplished via 1H-NMR spectroscopy (Figure 32) by comparing the spectra of 14, 15 and 

17 showing the characteristic resonances of the imidazolium end group around 8.97 ppm 

(NCHN) and 7.54 ppm (NCHCHN) as well as the absence of dithiobenzoate group at 7.88 

ppm. ESI-TOF-MS (Figure 33) revealed only one double charged series with the maximum at 

2645.338 g mol-1 which matched well with the simulated isotopic pattern for [M]2+ 

(C
390

H
420

N
4
O

4
S

2
2+) 2645.321 g mol-1 and correspond to a molecular weight of 5290.679 g mol-1 

proving the successful attachment of both N-methylimidazolium end groups. The molecular 

weights as well as PDIs of (15) stayed unaffected during the modification compared to (17) 

(see Table 5). 
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Figure 33. (A) Full ESI-TOF-mass spectrum of bisimidazolium functionalized poly(styrene) (17a) using THF as 

solvent showing one series with a distance of 52 g mol-1 (B) which depends on the double charged character as 

well as (C) the measured and simulated isotopic pattern assigned to the C390H420N4O4S2
2+. 

Table 5. Reaction conditions and characterization data of bifunctional PS (15, 17) via RAFT. 

Ent. Comp. CTA:M 
n(CTA) 

[mmol] 

n(M) 

[mmol] 

T 

[°C] 

Mn (GPC) 

[g mol-1] 

Mn (NMR)a) 

[g mol-1] 
Đ  

yield 

[%] 

RAFT polymerization 

1 15 a 10: 500 1.75 

87.4 120 

4400 5000 1.10 37 

2 15 b 10: 750 1.16 9000 8300 1.18 25 

3 15 c 10:1000 0.87 15500 14800 1.17 13 

Thio bromo “click” reaction 

4 17 a 

- - - RT 

4500 4800 1.12 98 

5 17 b 9000 8500 1.15 89 

6 17 c 15100 18200 1.17 53 

a) Determined via 1H-NMR spectroscopy by ratio of resonance at 7.54 ppm and the polymer backbone. 

The chain-extended copper(I)-bis(NHC) complexes (18) bearing more than one 

copper(I)-bis(NHC) moiety in the linear polymer chain were prepared by a condensation 

reaction. The N-methylimidazolium functionalized precursor polymers (17) were deprotonated 

by NaOtBu in order to obtain the free N-heterocyclic carbene, which was subsequently 

complexed with the well soluble tetrakis(acetonitrile)copper(I) hexafluorophosphate 

[Cu(MeCN)4]PF6]. As expected for condensation chemistry, the concentration of the reaction 

partners played a crucial role. Higher concentration (0.15 mmol mL-1) of the precursor polymer 

(17a) (4500 g mol-1) preferred intermolecular condensation, in turn leading to higher molecular 

weights (e.g., 15000 g mol-1 for (18a)) (see Table 6) by combining several individual chains 

into one condensate resulting in conversions up to 87%. Lower concentrations (0.02 to 

0.08 mmol mL-1) decreased the conversion as well as the obtained molecular weights 

indicating a ring formation of only a few (1-2) chains.  

 

17a 

A 

B C 
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Table 6. Concentration effects in complexation reaction of 17a. 

Ent. 
ca) 

[mmol mL-1] 

Mn(GPC) (17a) 

[g mol-1] 

Mn(GPC) mixture of (18a) 

[g mol-1] 

Conversionb) 

[%] 

1 0.02 

4500 

5000 5 

2 0.04 7400 8 

3 0.08 9100 15 

4 0.15 15000 87 

a) Initial concentration of 17a before NHC-formation. 

b) Determined via 1H-NMR spectroscopy of the crude reaction mixture by integration of precursor signals at 7.54 ppm and the 

resonances at 6.25 ppm assigned to the copper(I)-bis(NHC) complex. 

1H-NMR spectroscopy was performed to prove the formation of the desired chain-extended 

copper(I)-bis(NHC) complexes (18) by a disappearance of the -NCHN- signal at 8.97 ppm and 

the shift of the -NCH2CH2N- signals from 7.54 ppm to 6.25 ppm as discussed in chapter 3.1.1. 

Analytic GPC measurements of the unseparated complexes revealed chromatograms with 

several maxima (see Figure 34 A) proving the formation of higher condensation products. In 

case of 18a, at least 3 – 4 individual copper(I)-bis(NHC) functionalized polymer chains could 

be obtained; additionally, indicated by a clear increase in the average molecular weight from 

e.g., 4500 g mol-1 for 17a to 15100 g mol-1 for the complex 18a (see Table 6). In case of the 

higher molecular weight precursor polymer 17c (15100 g mol-1) the formation of the poly-

copper(I)-bis(NHC) complex is suppressed, which resulted in only a single condensation 

process with two chains obtaining 18c in an average molecular weight of 31000 g mol-1.  

In order to separate the individual condensates, preparative GPC were performed: in case of 

e.g., 17a (see Figure 34 B) four fractions (F1 – F4) could be identified, containing different 

copper(I)-bis(NHC) complex condensates ranging from 4200 g mol-1 (F1) up to 17200 g mol-1 

(F4). Comparison with 1H-NMR spectroscopy (Figure 34 C) of the isolated fractions supported 

the formation of different condensate species. For fraction F1 the molecular weight in GPC 

remained unaffected when compared to the precursor (17a), and the 1H-NMR spectrum proved 

the presence of the neat N-methylimidazolium-telechelic macro ligand (17a) by the resonances 

H1 of the -NCHN- group as well as the protons H2 of the -NCH2CH2N- groups. Fraction F2 

showed a clear shift in GPC compared to the neat ligand in F1 and in comparison, to the 
1H-NMR spectrum of F2 the clear formation of a copper(I)-bis(NHC) condensate by the 

presence of the signals at 6.25 ppm corresponding to the -NCH2CH2N- of the Cu(I) complex. 

However, also some signals of the free N-methylimidazolium around 7.54 ppm and the -NCHN- 

group were visible but shifted in comparison to the neat ligand. Together with the absence of 

the neat ligand (17a) around 4200 g mol-1 of F1 in the GPC, a physical mixture of the desired 

Copper(I)-bis(NHC) complex and the initial N-methylimidazolium-telechelic macro ligand can 

be excluded. This indicates the presence of a copper(I)-bis(NHC) complex with two dangling 

N-methylimidazolium end groups, which match with the integration values of 1:1 of both signals 

H2 and H3. GPC also revealed two maxima (shifted to lower retention times and thus higher 

molecular weights) indicating the presence of two copper(I)-bis(NHC) condensates which 

could be identified as a condensate of 2 respectively 3 chains into one chain-extended 

complex. A similar behavior could also be observed for the fractions F3 and F4, revealing 

mixtures of mainly 3 (and minor 2) chains per chain-extended complex for fraction F3 and 3 

primarily 4 chains for F4. This indicates also the formation of macrocyclic structures by the 

absence of the dangling, unreacted imidazolium end groups H2 at 7.54 ppm in the 1H-NMR 

spectrum. 
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Figure 34. GPC traces of non-separated (A) and separated (B) copper(I)-bis(NHC) condensates (18a) formed 

during complexation reaction (F1 = 17200 g mol-1, F2 = 12800 g mol-1, F3 = 8500 g mol-1, F4 = 4200 g mol-1) as 

well as (C) 1H-NMR spectra from individual fractions (F1 – F4) of 18a after separation via preparative GPC. 

While the condensation for 17a and 17b yielded several condensates as described above, the 

condensation of 17c formed only the linear copper(I)-bis(NHC) complex containing two 

polymer chains as proven by GPC measurements, indicating a molecular weight increase from 

15100 g mol-1 to 31000 g mol-1 (see Table 7).  

Table 7. Characterization data of unfractionated Chain-extended copper(I)-bis(NHC) complexes (18) 

Ent. Precursor 
Mn(GPC) (17) 

[g mol-1] 
Complex 

Mn(GPC)a) (18) 

[g mol-1] 
Đ 

1 17a 4500 18a 15000 1.6 

2 17b 9000 18b 21500 1.5 

3 17c 15100 18c 31000 1.5 

a) average molecular weight of complex mixtures. 
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3.3.2. Synthesis and characterization of network structured copper(I)-bis(NHC) complexes 

 

 

Figure 35. Synthetic route for network based mechanophores (21), starting with the synthesis of the imidazolium 

containing monomer (19) which was subsequently polymerized via ATRP. The deprotonation of the imidazolium 

moieties of the statistical copolymers (20) and subsequent complexation of the resulting free carbenes formed the 

network-based copper(I)-bis(NHC) mechanophores (21). 

The synthesis of network based mechanophores (21) (Figure 35) was accomplished using 

statistic copolymers (20) consisting of styrene and an imidazolium functional monomer (19), 

which was synthesized by quaternization reaction of chloromethyl vinylbenzene and 

1-methylimidazol. This was followed by a counterion exchange to increase the hydrophobicity 

of ionic liquid und thus the solubility for further application. Using methyl-2-bromopropionate 

(MBP) as initiator an ATRP was performed with different ratios of styrene and 19 ranging from 

10/1 to 1/1 to create statistic copolymers which include a variety of cross linkable carbene 

precursor points. The imidazolium moieties of precursor polymer (20) were deprotonated by 

NaOtBu and complexed with [Cu(MeCN)4]PF6, which finally generate the required 

mechanophoric networks (21). 

 Table 8 Overview of synthesized copolymers (20) as well as their monomer feed and polymer composition. 

Ent. Copolymer 
Feed 

styr./19 

Polymer 

styr./19 

Mn(NMR) 

[g mol-1]a) 

Mn(GPC) 

[g mol-1] 
Đ 

Funct. 

groups 

1 20a 10:1 11:1 7500 6300 1.4 5 

2 20b 3:1 3:1 7200 5900 1.4 11 

3 20c 1:1 1:1 6000 5700 1.4 15 

a) Determined via 1H-NMR spectroscopy using the resonances at 0.88 ppm (CH3OC(O)CH(CH3) of initiator) and the aromatic 

protons of the repetitive units 6.52 – 7.02 ppm or the resonances of the ionic species at 5.25 ppm (NCH2C6H4). 

b) Heating rate 10 K min-1. 

 

 

21 

Styrene/19: 21 a – 55/5 

     21 b – 33/11 

     21 c – 14/15 

Styrene/19: 20 a – 55/5 

     20 b – 33/11 

     20 c – 14/15 

20 
19 
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The individual compositions of 20 were calculated according to 1H-NMR spectra by means of 

the resonances at 5.25 ppm of the NCH2C6H4 group of the ionic species and the signals of the 

aromatic part from the polymer backbone at 6.52 – 7.02 ppm. The ratios were determined to 

55/5 for (20a), 33/11 for (20b) and 14/15 for (20c) indicating a similar reaction rate for both 

monomers within the ATRP (see Table 8).  

The carbene formation for the network-based mechanophores was done similarly by 

deprotonating the methylimidazolium moieties of the statistic copolymers (20) using NaOtBu 

followed by the coordination to the copper(I)-salt. The thus formed copper(I)-bis(NHC) 

complexes are able to act as crosslinker between the individual polymer chains forming thus 

the covalent networks (21), which getting insoluble and start to precipitate over time. To 

determine the overall amount of copper inside the sample, FAAS measurements were 

performed figuring out copper contents of 0.055 mmolCu for 21a, 0.142 mmolCu for 21b and 

0.178 mmolCu for 21c per 100 mgsample corresponding to a conversion of 83%, 93% and 79% 

of the theoretical value for full consumption of the imidazolium precursor moieties (Table 9). 

Moreover, in situ melt rheology of toluene swollen networks was conducted to determine the 

network densities. The observed storage moduli (G´) of the swollen networks were used to 

calculate the crosslinking density from plateau value in accordance to equation 1 obtaining 

higher crosslinking density with increasing amount of functional groups in the copolymer from 

120 mol m-3 for (21a) (11/1 ratio of incorporated styrene/(19)) to 2360 mol m-3 (21b) (1/1 

styrene/(19)) (see Table 9). 

νx =  
G´

RT
          (1) 

Table 9 Characterization data for copper(I)-bis(NHC) based networks (21). 

Ent.  

Ratio  
Copolym. 

(Styrene/19)a) 

G´ 
[MPa] 

𝝑𝒆𝒙𝒑  

[mol m-3]b) 

Amount CuFAAS   
[mmolCu/100 

mgsample]c) 

Amount CuTheo 

[mmolCu/100 mgsample]d) 
Conv. 

[%] 

1 21a 11/1 0.30 120 0.055 0.072 83 

2 21b 3/1 1.76 710 0.142 0.152 93 

3 21c 1/1 5.85  2360 0.178 0.225 79 

a) Determined via 1H-NMR spectroscopy see Table 8.  

b) Crosslinking density ϑexp calculated according to equation (1) in swollen state.  

c) Determined by FAAS; d) theoretical value for full conversion of imidazole moieties of 20. 

3.3.3. Mechanochemical activation of chain extended and network structured 
copper(I)-bis(NHC) complexes in bulk by compression 

In order to get information about the catalytic activity of the successfully synthesized chain 

extended (18) and network-based copper(I)-bis(NHC) complexes (21), the mechanochemical 

activation should be accomplished in a solid matrix material. Due to the application of external 

force one shielding ligand should be cleaved, thus generating a free coordination side (see 

Figure 36) which enables to catalyzed e.g., CuAAC. Herein the placement of several 

mechanoresponsive groups into one polymer backbone is expected to increase the effective 

chain length and led to a larger amount of potentially activated mechanophores.  

Mechanophore containing networks should similarly enhance the activation behavior due to 

the three-dimensional structure in which the crosslinking points were able to redirect the 

applied force and allowed to activate also the perpendicular parts, additionally to the parallel 

orientated parts. 
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Figure 36. Mechanochemical activation of copper(I)-bis(NHC) complex attached by polymeric handles, transmitting 

the force through the polymer chain to the labile copper carbon bond, thus creating an active coordination site. 

By using high molecular weight pTHF as matrix material (Mn = 112 000 g mol-1; crystallinity 

68%) the optimal transmittance of the applied force due to the crystalline regions306 was 

guaranteed. Therefore, the synthesized mechanocatalyst (18, 21) and the initially non-

fluorescent components 3-hydroxy-7-azidocoumarine (22) and phenylacetylene (23) were 

embedded, in which the mechanochemical response of these catalysts triggers a force induced 

CuAAC and thus generating the highly fluorescent 7-hydroxy-3-(4-phenyl-1H-[1,2,3]triazole-1-

yl)-coumarin (Figure 37). Hence, the increase in fluorescence intensity can indirectly correlate 

with the catalytic activity of the activated mechanocatalyst.  

 

Figure 37. Fluorogenic “click” reaction of initially non fluorescent 3-azido-7-hydroxycoumarine (22) with 

phenylacetylene (23) triggered by the activation of a mechanocatalyst (18, 21, 26) solely by external applied force 

(compression) resulting in the formation of a highly fluorescent 7-hydroxy-3-(4-phenyl-1H-[1,2,3]triazole-1-yl)-

coumarin (24). 

In order to quantify the efficiency of the mechanochemical activation of different catalyst, 

fluorescence spectroscopy was performed, based on a calibration of the obtained fluorescence 

intensity as described in Chapter 4.5.3. The mechanochemical performance was investigated 

embedding 0.033 equivalents of the bis(NHC) complexes (18, 21) together with 22 and 23 in 

200 mg matrix material, achieving an overall mechanophore concentration of 

5.4·10-6 mmol mgsample
−1. Subsequently, a compression force of ten tons (corresponding to 

0.74 GPa) was applied via a hydraulic press into several compression cycles and the 

Latent catalyst Active catalyst 

24 

23 
22 

21 

26 

18 
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fluorescence was measured after the 1st, 2nd, 3rd, 10th, and 20th compression cycle at an 

emission wavelength of 427 nm after excitation at 360 nm.  

The obtained results are shown in Figure 38 and are summed up in Table 10. In comparison 

with the linear polymer mechanophores, which were investigated306 the chain extended 

mechanophores (18) consisting of α,ω-NHC telechelic PSs linked to multiple Cu(I)-centers per 

polymer chain, showed a stepwise increase in fluorescence intensity at 427 nm with an 

increasing number of compression cycles (Figure 38 A). As expected, when the overall chain 

length of the attached polymer handles was heightened the catalytic efficiency was enhanced. 

This results in conversions up to 16.1% for (18a) (Mn= 15 000 g mol-1, DP ≈ 190) and up to 

44.2% for (18b) (Mn= 21 500 g mol-1, DP ≈ 190).  

An additional model complex was also synthesized performing a control experiment which 

underline the necessity of polymer chains for mechanochemical activation (for details see 1.1). 

The investigation of a low molecular weight copper(I)-bis(NHC) complex (26) in compression 

experiments show no significant increase in fluorescence intensity. 

 

 

Figure 38. Mechanochemical activation of (A) chain extended (18) and (B) networks based mechanocatalysts (21) 

triggering a fluorogenic “click” reaction which results in the increase of the fluorescence activity due to the formation 

of highly fluorescent 24. Pictures of 18b (C) and 21a (D) before and after compression experiments under white 

light as well as UV-light (366 nm). 

Control experiments were performed in order to investigate thermal influences or the influence 

of the compression itself. For this purpose, control experiments without mechanocatalyst were 

conducted which did not show any catalytic activity thus excluding an occurring force induced 

cycloaddition. Furthermore, the prepared samples, which were also stored at room 

temperature for at least one week did not show a significant increase in fluorescence intensity 

for 18a. The heightening of catalytic activity for higher molecular weight chain extended 

catalyst 18b accompanied by an interruption of the fully latent state. This based on the reduced 

activation energy of ligand detachment due to the increased chain length which resulted in an 

initial value up to 3%. To improve the latency of mechanocatalysts and to shorten the effective 

length of the polymer chains between the copper(I)-bis(NHC) species, the network-based 

A B 
Network based catalyst (21a) 

(21a) (18b) 

366 nm 

white light 

C 

20th cycle 

Fluorogenic “click” 

20th cycle 

Fluorogenic “click” 

Control w/o 
Model catalyst   (26) 
Network based catalyst (21c) 
Network based catalyst (21b) 

Control w/o 
Model catalyst    (26) 

Chain extended catalyst (18a) 
Chain extended catalyst (18b) 
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copper(I)-bis(NHC) complexes (21) were tested (Figure 38 B). Herein, the active chain-length 

between the copper(I)-bis(NHC) centers was smaller (~11 repetitive units compared to more 

than 100 for the chain-extended complexes) and thus the complexes (21) were latent for the 

CuAAC until activated by external force. Thus, these complexes can still be activated very 

efficiently as can be seen by the high conversions for the fluorogenic “click” reaction of up to 

44.1% for (21a, copolymer composition 11:1 styrene/19). Increasing the amount of ionic 

monomer (19) to 3:1 (21b) or 1:1 (21c) led to a decrease in their mechanochemical activation, 

presumably due to the lower flexibility and higher Tg preventing an efficient force transmission.  

Table 10. Experimental conversions in the fluorogenic “click” reaction of initially non-fluorescent 3-azido-7-

hydroxycoumarine (22) with phenylacetylene (23) forming the highly fluorescent 7-hydroxy-3-(4-phenyl-1H-

[1,2,3]triazole-1-yl)-coumarin (24) after 20th compression cycle 

 

a) Determined after 20 compression cycles as average value of at least three different measurements determined by fluorescence 

spectroscopy at 427 nm and calculated according to calibration. Deviation of measurements from 0.2 to 1.6%. 

For the chain extended as well as network-based copper(I)-bis(NHC) complexes a catalytic 

activity towards the fluorogenic “click” reaction of the initially non-fluorescent of 3-azido-7-

hydroxy-coumarine and phenylacetylene could be proven yielding the highly fluorescent dye 

after activating the complexes by compression force. However, the potential to use this system 

for stress-sensing applications is limited by some major drawbacks indicated e.g., the missing 

latency of chain extended mechanocatalyst. Within the most effective network-based 

approach, miscibility problems between the insoluble network and the matrix material limits the 

applicability due to the appearance of inhomogeneities. These causes an uneven distribution 

of catalysts, which limits the spatial availability for dye molecules hindering, in turn, the CuAAC. 

In addition, the dark brown colored properties of the sensing system lead to fluorescence 

quenching effects at higher dye concentrations306. Furthermore, potential leaching effects due 

to missing chemical anchoring into the matrix material reduce the practical use. To circumvent 

these problems a new all-in-one approach should be developed thus excluding matrix blending 

effects as well as a time-consuming adaption of the catalyst-polymer linkage. For this purpose, 

Ent  

copper(I)-bis(NHC) 
complex “click” 

conversion 

[%]a) Nr. 
Mn (GPC) 

[g mol-1] 

1 
Control experiment 

- without 0.3 

2 26 low MW 0.9 

3 Mechanochemical activation of chain 
extended mechanocatalyst 

18a 15000 16.1 

4 18b 21500 44.2 

5 
Mechanochemical activation of network 

based mechanocatalyst 

21a 11:1 network 44.1 

6 21b 3:1 network 12.0 

7 21c 1:1 network 13.0 

24 23 22 
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new potential anthracene- and naphthalene-based fluorogenic systems were synthesized and 

investigated with respect to their application for stress-sensing system in respect to their optical 

properties (Figure 39).  

 

   

 

Figure 39. Fluorogenic dyes (A) coumarin-based system, (B) anthracene-based system as well as (C) naphthalene-

based system. 

3.4. Fluorogenic “click” dyes 

3.4.1. Anthracene-based system 

3.4.1.1. Synthesis of anthracene-based azide 

In order to ensure the transparency of our material, a new fluorogenic dye was developed 

based on a bifunctionalized anthracene in which the azide group suppressed the actual 

fluorescence due to the photo induced electron transfer (PET)309.  

 

Figure 40. Synthetic route to (10-azidomethylanthracen-9-yl)methanol (29). 

The additional OH moiety acts as potential chemical anchoring point, which allowed to 

covalently embed the non-fluorescent dye within the polymer matrix. The synthesis (see Figure 

40) was accomplished by performing a Johnson-Corey-Chaykovsky reaction of anthraquinone 

to get the epoxide substituted moiety that was further subjected to an intramolecular 

disproportionation. The thus obtained hydroxyl functionality was substituted by methane 

sulfonyl chloride (MesCl) subsequently followed by sodium azide to introduce the required 

azide functionality. The reduction of the aldehyde functionality with sodium borohydride 

generated finally the required OH as anchoring point and yielded 29 as slight yellow colored 

powder. The subsequent CuAAC with phenylacetylene yielded in a triazole formation (30) 

which theoretically interrupted the azide induced PET and thus generates a highly fluorescent 

compound.  
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3.4.1.2. Optical properties of the anthracene-based dyes 

In order to realize the application of the synthesized components as an fluorogenic “click” 

system for the mechanochemical activation experiments the fluorogenic dye (29) should not 

exhibit an initial fluorescence, but exclusively be generated by fluorogenic CuAAC. According 

to literature310 the excitation wavelength at 370 nm was used to determine the fluorescence 

behavior of 29 and 30 in THF as well as in a PU matrix (Figure 41). After excitation the 

fluorescence intensity at an emission wavelength of 420 nm increased but also revealed that 

the azide induced PET of 29 did not completely suppress the initial fluorescence. Therefore, 

this system turned out as unsuitable for potential stress detection. 

 

Figure 41. Fluorescence spectrum of 29 (black) and 30 (red) in THF after excitation at ex  370 nm and images of 

30 and 31 in THF in UV-light (366 nm) as well as images of 29 and 30 within PU matrix in white and UV-light (366 

nm). 

3.4.2. Naphthalen based dyes 

3.4.2.1. Synthesis of naphthalene-based azide 

 

Figure 42. Synthetic route to 8-azidonaphthalen-2-ol (31). 

In order to prevent the appearance of initial fluorescence, the anthracene-based approach was 

substituted by a system, which consists of non-fluorescent 8-azidonaphthalen-2-ol (31) and 

commercial 3-hydroxyphenylactylene (32) forming the highly fluorescent 8-(4-(3-

hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol (33). The synthesis of 31 was accomplished 

by diazotization of 8-aminonaphthalen-2-ol forming in situ a diazonium salt which were 

substituted by sodium azide (Figure 42). The resulting product 31 contained additionally a 

hydroxyl functionality, which can act as a potential reaction partner for isocyanates enabling 

the covalently integration into e.g., poly(urethane) network. Furthermore, a CuAAC of 31 and 

32 were conducted to obtain the required “click” dye (33) for the calibration of our system, 

which will be discussed in chapter 4.8.1. 
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3.4.2.2. Optical properties of naphthalene-based dyes 

UV-experiments were done to determine the optical properties of 31 and 33 and revealed an 

absorption wavelength (ex) for 8-azido-naphthalene-2-ol (31) as well as 8-(4-(3-

hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol (33) at 340 nm, which did not compete with 

matrix signals (Figure 43).  

 

Figure 43. (A) Fluorescence spectrum of 31 (black) and 33 (red) in THF after excitation at ex  342 nm and B) in 

PU matrix after excitation at ex  377 nm as well as (C) images of 31 and 33 in THF in UV-light (366 nm) and (D) 

images of 31 and 33 within PU matrix in white and UV-light (366 nm). 

After excitation at 340 nm, fluorescence occurred at 380 nm in the case of 33 while 31 showed 

no fluorescence (Figure 43 A). This is a result of the strong donation properties of the azide 

functionalization, which restrained the emission of light after excitation. This is annulled by the 

extension of the conjugated system during “click” reaction (33). The covalent embedding of 

compound 31 and 33 in a poly(urethane) matrix showed a slight shift in excitation and emission 

wavelength due to the change in the electronic properties of the conjugated system, while the 

absence of the initial fluorescence remained. Hence, the naphthalene approach was selected 

for further mechanochemical investigations, which were accompanied after external 

calibration, necessary for quantifying the occurred stress. 

3.5. Mechanochemically active poly(urethane) networks 

3.5.1. Synthesis and chemical characterization of crosslinked poly(urethane)s (PUXX) 

The chemical design of the material is shown in Figure 44, depicting the novel copper(I)-

bis(NHC) mechanophore (3) which were synthesized as previous discussed in chapter 3.1.1.. 

The thus obtained bivalent OH-end-capped copper(I)-bis(NHC) complex can be used in a post 

functionalization reaction e.g., with isocyanates to form a urethane group. For this purpose, a 

base initiated addition reaction with 1,8-diazabicyclo[5.4.0]undec-7-en (DBU) as catalyst was 

accomplished to activate the OH group and neglecting the potential redox reactions between 

copper(I) and tin(IV) which is commonly used as catalyst.  

31 
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33 31 31 31 33 
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Figure 44. Schematic procedure for the synthesis of poly(urethane) based mechanophores (PUXX), consisting of 

pTHF as soft segment, HDI as hard segment, TMP as trivalent crosslinker, 3 as mechanochemical active 

component as well as 31 and 32 as fluorogenic system. 

Thus, the mechanophore (3) was integrated into a multicomponent polyaddition reaction of α, 

ω-telechelic bis(hydroxy) poly(tetrahydrofuran) (pTHF) (Mn = 2900 g/mol), 1,6-

hexamethylenediisocyanate (HDI) trimethylolpropane (TMP), resulting in an elastomeric 

poly(urethane) material which fulfills all requirements for the application as stress-sensing 

material (Figure 44). The synthesis was accomplished under inert conditions to prevent water 

and obtaining transparent foils. 

Within this material, pTHF acts as a soft segment which introduce the required elasticity and 

enabling in turn an optimal force transmission due to the interplay of a low Tg and an existing 

crystallinity. Furthermore, the combination of HDI, which acted as a hard segment and TMP, 

which was applied as a trivalent crosslinker a robust, but highly transparent material was 

obtained fulfilling all requirements for an efficient mechanochemical activation. On the one 

hand, a sufficient stiffness for mechanochemical activation, which acts as a kind of lever and 

on the other hand the network offered the necessary mobility for the subsequent mechanical 

activation process without backbone fragmentation. The optimal placement of the 

mechanophores is crucial for the final activation as a positioning close to the midpoint of the 

polymer handles ensured a more efficient cleaving.  

Prepolymerization reaction of 3 with HDI and pTHF was performed leading to an in situ 

generated α, ω-isocyanate-telechelic pTHF chain extended copper(I)-bis(NHC) complexes 

(Cu-PU), which can further react with the α, ω-telechelic bis(hydroxy) pTHF and finally 

crosslinked by the trivalent TMP crosslinker.  

Prepolymerization Crosslinking Poly(urethane) networks 

Structural components 

OH ratio:  PU20 – 0.2 

 PU30 – 0.3 

 PU40 – 0.4 

 PU50 – 0.5 

 PU60 – 0.6 

 PU70 – 0.7 

 PU80 – 0.8 
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Figure 45. (A) GPC traces of Cu-PU monitoring the progress of the prepolymerization (measured in THF after 

precipitation in MeOH) as well as (B) Comparison of 1H-NMR spectra of copper(I)-bis(NHC) complex (3) and pTHF 

and the resulting prepolymer (Cu-PU) (ratio (3)/pTHF of 1/0.6) indicating the successfully introduction of 3 into the 

polymer.  

Figure 45 A shows the increase in molecular weight during prepolymerization resulted in 

molecular weights up to 6 000 g mol-1 in 60 min whereas the correct linkage is proved by 

comparing the 1H-NMR spectra of a model prepolymer containing 0.6 eq. of TMP (regarding 

the amount of pTHF) the pure 3 and pTHF (Figure 45 B). It is visible that the NCHNCH protons 

of copper(I)-bis(NHC) complex remains during prepolymerization process as well as the 

disappearance of CH2OH which indicates the successfully introduction of the low molecular 

weight complex into the polymer chain. Conducting the crosslinking process after 10 min by 

adding TMP and thus forming the required network structure turns out to be the best condition 

for mechanochemical activation, which will be further discussed in chapter 3.5.3.1 

 

Figure 46. FT-IR spectrum of PU 60 indicating fully crosslinking by the absence of NCO stretching band at 2262 

cm-1 as well as the forming of urethane groups at 3323 cm-1 (NH-stretch), 1717 cm-1 (amide I) and 1537 cm-1 (amide 

II). 
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In order to prove the successful crosslinking of prepolymers IR spectroscopy was performed 

(Figure 46) pointing out the absence of the NCO stretching band, which is normally located at 

2200 to 2300 cm-1. Furthermore, the appearance of NH stretches at 3300 cm-1 as well as 

amide I and amide II band at 1700 cm-1 and 1550 cm-1 prove the required urethane formation. 

DSC experiments (for more details see experimental part) showed a significant melting peak 

at 24 °C with a melting enthalpy of Hm = 41.4 J g-1 allowing to calculate the degree of 

crystallization to 24% (Hm0 (pTHF) = 172 J g-1 .311 

3.5.2. Determination of material properties 

 

Figure 47. (A) Experimental setup of extensional rotational rheology experiments (B) Loading and unloading stress 

strain curve of PU60 with strain rate 0.1% per second offering (C) the classification of the linear elastic and plastic 

regime as well as (D) the determination of Young’s modulus.  

The material properties of the synthesized poly(urethane) elastomers were determined via 

extensional rotational rheology to enable a subsequent correlation with the mechanochemical 

activation. PU foils with a rectangular shape of 40 x 10 x 0.1 mm were fixed in the UXF sample 

holder and were subjected to oscillating stress-strain experiments (Figure 47 A). The strain 

controlled rotational experiment of PU 60 showed the dependence of stress with increasing 

strain up to 90% (Figure 47 B). Directly after starting the experiment, the poly(urethane) 

elastomer showed only a slightly linear increase in stress with increasing strain (Figure 47 C). 

This offered the possibility to determine the Young’s modulus (E modulus), which describe the 

stiffness of a material and can be calculated by the slope of a stress-strain curve in the linear 

elastic region (Figure 47 D).  

For PU 60, an E modulus of 0.7 MPa was determined which classified the material as a “rubber 

like” material. Further elongation of the PU60 caused a higher increase in the resulting stress 

reaching the plastic region. This inelastic deformation of the material enabled the activation of 

the included mechanophores due to the uniaxial tension. For the later discussed activation of 

mechanophores, three different strain values (40%, 60% and 80%) were chosen leading to 

E = 
∆𝜎

∆𝜀
 

Plastic region Elastic region 

C D 

A B 
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stress values of 1.6 MPa, 2.2 MPa as well as 2.8 MPa. However, strain values over 90% could 

not reach due to the limitation of the device (full turn of the sample holding drum), which 

prevented the determination of the maximum elongation as well as the tensile strength at 

break. Unloading the stretched materials resulted in stress values below the initial values, due 

to loss of energy by structural and morphological changes (plastic deformation) as well as the 

permanent disrupture of the sample. 

 

Figure 48. Determination of Young’s moduli via linear regression within the elastic regime for poly(urethane) 

networks varying the OH ratio (tri/bivalent) from 0.2 (PU20) to 0.8 (PU80). 

The experimental Young’s modulus, which can be obtained from the previous discussed 

stress-strain plots, revealed an estimated crosslinking density as average number of networks 

stands per volume which based on the discussed rubbery elasticity theory (see chapter 

1.3.3.2). Within this theory, the Young’s modulus is correlated to the tensile storage modulus 

G´ (equation (2)) including the Poisson coefficient as material parameter (ratio of transverse 

strain to axial strain during elongation). Subsequently, the required crosslinking density x can 

be calculated, with the assumptions of affine network model, according to equation (3). 

𝐺´ =  
𝐸

2(1 + )
 

𝐺´ = 𝑋𝑅𝑇 

Referring to these equations the Young´s modulus of several poly(urethane) networks were 

determined varying the ratio of bivalent OH functionalities (pTHF + 3) to trivalent OH 

functionalities (TMP) from 20/100 (tri/bivalent) (PU20) to 80/100 (PU80) as shown in Figure 48 

and summarized in Table 11. The correlating crosslinking densities range from 0.4 (PU20) to 

168 mol m-3 (PU80) which allows to tune the material properties and correlate that with the 

mechanochemical activation that will be discussed later. 

Additionally, the swelling ratios S of the resulting poly(urethane) networks were calculated with 

equation (4) in which Ww and Wd describes the weight of the polymer in the swollen state 

respectively in the native, dry form. THF was used as a good solvent for the soft domain of the 

poly(urethane) elastomers to ensure a maximum absorbance of solvent by the polymer until 

the retractive forces (opposed to the volume increase) overcompensate the forces of 

swelling196. 

(3) 

(2) 
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The absolute values (Table 11) of crosslinking density, which were determined by swelling 

using the Flory Rhener equation (equation (7)) parameters used from polymer handbook312), 

comparable with the mechanical calculated values, differ. The deviation occurs due to some 

inaccurate assumptions with respect to the Flory Huggins parameter as well as the affine 

network theory. Nevertheless, this allows to emerge a trend: The higher the crosslinking feed, 

the higher the crosslinking density of the material accompanies with an increasing stiffness 

and a reduced elasticity. 

Table 11. Experimental results for the determination of material properties. 

Ent. Comp. 
OH 

Ratio) 

Ea) 

[MPa] 

312 

[#] 
G´b) 

[MPa] 

x
c) 

[mol m-3] 
Sd) 
[%] 

x
e) 

[mol m-3] 

1 PU20 0.2 0.04 

0.49 

0.01 4 1160 10 

2 PU30 0.3 0.10 0.03 12 -  

3 PU40 0.4 0.19 0.06 24 820 37 

4 PU50 0.5 0.32 0.11 45 -  

5 PU60 0.6 0.68 0.23 90 510 86 

6 PU70 0.7 1.00 0.34 139 -  

7 PU80 0.8 1.20 0.40 168 420 130 

a) Determined via linear regression within the elastic regime of extensional rotational rheology. 

b) Calculated arcording to equation (2). 

c) Calculated according to equation (3). 

d) Calculated according to equation (4). 

e) Calculated according to equation (7) 

 

 

 

 

 

 

𝜙 =
1

1 + Q
 

𝑆 =  
𝑊𝑤 −  𝑊𝑑

𝑊𝑑
∗ 100% 

 𝜙          - volume fraction 

 𝑚𝑝/𝑠   - mass of polymer/ solvent 

 𝜈𝑥        - crosslinking density 

(5) 



𝜐𝑥
= 𝑀𝑐 = −

𝜌𝑉𝑚(𝜙
1
3 −

𝜙
2

) 

ln(1 − 𝜙) + 𝜙 + (𝜒𝜙2)
 (7) (6) 

(4) 

Density polymer  (PU) = 1.101 g cm
-3  

 

Molar volume: V
m
= 81.09 cm

3
 mol 

Flory Huggins parameter Χ (PU) = 0.39  

Density solvent  (THF) = 0.889 g cm
-3 

 

Q =

𝑚𝑝

𝑑𝑝
+

𝑚𝑠

𝑑𝑠

𝑚𝑝

𝑑𝑝
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3.5.3. Mechanochemical activation of copper(I)-bis(NHC) complex in poly(urethane) 
networks 

 

 

Figure 49. Mechanochemical activation of copper(I)-bis(NHC) complex covalently embedded within poly(urethane) 

matrix. Extensional oscillating rheology triggers the fluorogenic “click” reaction of initially non-fluorescent 8-

azidonaphthalene-2-ol (31) with 3-hydroxyphenylacetylene (32) resulting in the formation of a highly fluorescent 8-

(4-(3-hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol (33). 

In order to study the mechanochemical response of the copper(I)-bis(NHC) complex (3) which 

was covalently linked into the poly(urethane) network, extensional oscillatory rheology was 

conducted (Figure 49). This allowed applying defined stress values to the system and also 

offered to correlate the catalytic activity and thus the mechanochemical response to the 

previous determined material properties. In contrast to our previous developed mechanophoric 

system, the new all-in-one PU approach did not require an additional matrix material as it 

formed the matrix by the PU scaffold itself, which allows to direct the force to the labile copper 

carbene bond. This circumvents potential miscibility problems of the mechanophore and the 

matrix material itself and enable to tune precisely the mechanochemical activation without 

time-consuming adaption of the catalyst polymer linkage. Furthermore, a simple tunability of 

material properties in terms of strength and stiffness is possible by varying the number of 

crosslinking points, the nature of the soft- as well as hard domain and the defined amount of 

low molecular weight copper(I)-bis(NHC) complex (3). Thus, the so obtained, highly 

transparent material displayed a sufficient stiffness for mechanochemical activation to act as 

a kind of lever as well as guarantee the necessary mobility for the subsequent mechanical 

activation process without backbone fragmentation. 

3.5.3.1. Quantification of fluorogenic “click” reaction during mechanochemical activation 

The mechanochemical activation was accomplished via oscillating tensile rheology applying 

defined stress rates and deformations to mechanophore containing poly(urethane) films (PU20 

– PU80) with rectangular shape (40 x 10 x 0.1 mm) (containing 0.85 mol(Cu) g-1
(sample) , which 

were fixed in the UXF sample holder and subjected to oscillating stretch experiments for 24 h 

(Figure 50 A). Afterwards, the increase in fluorescence was measured three times at three 

Fluorogenic  

“Click” 

33 32 

 

3 

31 
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different positions at an emission wavelength of 437 nm (excitation wavelength 377 nm). 

During one cycle experiment (24 h) the material was deformed plastically which activate the 

incorporated mechanophores and led to a loss of the peak stress as well as the plateau value 

of the storage modulus (Figure 50 B). Subsequently, the procedure was repeated until a 

plateau value of fluorescence intensity was reached. Several control experiments were 

conducted at room temperature to neglect the premature activation of mechanophores during 

preparation (Figure 50 C). The samples were stored at room temperature for 96 h in total, in 

which the fluorescence intensity was measured every 24 h observing no significant increase 

at room temperature. Heating up the sample for 96 h to 60°C the intensity increases with time, 

which is attributed to the thermal activation of included copper(I)-bis(NHC) complex. 

Furthermore, oscillation experiments (80%, 0.5 s-1) were conducted in which the catalyst was 

excluded, proving thus the essential of copper(I)-bis(NHC) complex and also neglect a 

potential stress induced AAC. Finally, a model complex bearing low molecular weight urethane 

side chains was synthesized, by converting 3 with hexyl isocyanate. This prevents the 

covalently integration of the mechanophore into the poly(urethane) network to prove the force 

transmission via the polymeric handles.  

The actual activation experiment was realized with the poly(urethane) foil PU 60 including the 

fluorogenic “click” system as well as the covalently embedded catalyst which were tested under 

the same conditions (80%, 0.5 s-1). An increase of fluorescence intensity with time was 

observable reaching a plateau value after 96 h with conversion up to 16% (Figure 50 C and 

D). This plateau value turned out as a characteristic feature of the fluorogenic “click” reaction 

in bulk, independently of experimental or structural parameters. This is ascribable on the one 

hand to the oxidation of included Cu(I) to Cu(II) over time which retards the CuAAC as well as 

the limited spatial proximity of the covalently anchored dyes ((31) and (32)) to the catalyst.  

 

Figure 50. (A) Schematic protocol of rheological and fluorescence measurements of 24 h tensile rheological 

treatment interrupted by fluorescence spectroscopic measurements. (B) Peak stress behavior during one cycle 

experiment (24 h) (C) Thermal and pure control experiments in comparison with activation experiment of PU 60 D: 

Images of PU networks before and after activation in white and UV-light (366 nm). 
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In order to enable an optimal force transmission within the network and thus activate the 

embedded mechanophore efficiently the correct placement of the mechanophores turned out 

to be crucial for the final results.  

 

Figure 51. Schematic representation of PUXX (A) without (B) with 10 min as well as (C) with 30 min 

prepolymerization time in which the distance between crosslinking points (dx) increase with increasing time 

(d1<d2<d3). 

Pre-experiments revealed that the simultaneous addition of linear components and crosslinker 

resulted in an inefficient activation of formed mechanophoric network (10% conversion in 

CuAAC of 31 and 32) (Figure 52 A). This can be explained by the non-optimal positioning of 

the Cu-mechanophores close to the midpoint of a polymer strand due to the differing reactivity 

of low molecular weight components and pTHF, which in turns led to lower chain lengths 

between the respective crosslinking points (Figure 51 A).  

 
Figure 52. (A) Prepolymerization time dependence of PU60 during mechanochemical activation. (B) Correlation of 

adjusted deformation and resulting nominal stress N. (C) Stress rate dependence of PU60 during 

mechanochemical activation. (D) Deformation dependence of PU60 during mechanochemical activation. 
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Prepolymerization reactions of 3 with HDI and pTHF were performed leading to an in situ 

generated α, ω-isocyanate-telechelic pTHF chain extended copper(I)-bis(NHC) which can 

further react with the α, ω-telechelic bis(hydroxy) pTHF and finally crosslinked by the trivalent 

TMP crosslinker. This offered longer chain lengths of polymer strands (Figure 51 B) which 

enhanced the force transmission and resulted in higher mechanochemical activation (18% 

conversion). Further increase of prepolymerization time (30 min) revealed an extension of 

respective polymer strands (Mn = 6000 g mol-1) and resulted in a lower mechanochemical 

response (15% conversion) presumably due to increased loops during the network formation 

(Figure 51 C). These loops impair the force transmission in all direction and prevent an optimal 

force yield, which is guaranteed by the central positioning of the copper(I)-bis(NHC) moiety.  

Further activation experiments were done with a prepolymerization time of 10 min. In order to 

investigate the stress rate dependency of the CuAAC in bulk, PU60 with a ratio of 60/100 

(tri/bivalent alcohols) was used, chosen by the optimal balance between toughness, elasticity 

and activation. The forces which act at different deformations, are shown in Figure 52 B, 

revealing the increase in nominal stress with increasing deformation. At a strain of  = 60% 

(correlates to nominal stress N = 2.14 MPa) and a variable stress rate, a stepwise increase in 

fluorescence intensity with increasing time was visible in all cases. With increasing stress rate 

an accelerated mechanophore activation (determined again by the increasing fluorescence of 

formed 33 dues to the triggered CuAAC) could be observed, represented by a larger slope 

(Figure 52 C).  

 

Figure 53. (A) Correlation of Young´s modulus and calculated crosslinking densities to crosslinker feed. (B) 

crosslinking density correlated with conversion in a force induced CuAAC and (C) images of different PU networks 

(PU30 – PU70) after activation process (t = 24h, f = 0.5 s-1,  = 80%) in UV light (360 nm). 

However, the overall activation is stress rate independent, which was revealed by a constant 

conversion of 12% in CuAAC for 0.25 s-1, 0.50 s-1, 0.75 s-1 as well as 1.00 s-1. Therefore, the 

stress rate was fixed to 0.50 s-1 and 96 h for further investigations to prevent a premature 
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rupture of the sample by fatigue failure. The deformation dependency was investigated by a 

stepwise increase in deformation, and thus, the acting nominal stress, observing an 

enhancement of overall mechanochemical activation (Figure 52 D) due to the elongated 

effective tension length. Deformations of  = 40% (N = 1.45 MPa) revealed CuAAC 

conversions up to 5%, 60% deformation (N = 2.14 MPa) caused an increase up to 12%, while 

80% deformation (N = 2.79 MPa) finally increase the CuAAC conversion up to 17%. A further 

enhanced deformation could not be realized due to limitations in the experimental setup (full 

turn of the fixing drums). 

Table 12. Calculated conversions for the fluorogenic “click” reaction of the non-fluorescent 8-azidonaphtalen-2-ol 

(26) with 3-hydroxyphenylacetylene (27) yielding fluorescent 7 fluorescent 8-(4-(3-hydroxyphenyl)-1,2,3-triazol-1-

yl)naphthalen-2-ol (28) by varying experimental parameters (DeformationPUXXFrequency                  ) 

a) Conversion after 24 h. 

PU-foils with precisely adjusted densities (PU20 – PU80) were prepared by varying the ratio 

of bivalent (chain-extending) and trivalent (crosslinking) functionalities as previous discussed. 

The crosslinking density was determined by stress strain experiments via gradual increasing 

of deformation (0.01 ≤  ≤ 2.00%) revealing the E-modulus by determining the slope within the 

linear elastic area (0.01 ≤  ≤ 0.50%) and thus obtaining the crosslinking densities which 

increase exponential with increasing crosslinker feed. (Figure 53 A). Subsequently, 

fluorescence measurements were performed to quantify the influence of the crosslinking 

density in response to their mechanochemical activation (Figure 53 B, C) applying the 

previously discussed optimal activation conditions (80% deformation and 0.50 s-1 stress rate). 

As expected, the overall activation of mechanophore is enhanced with decreasing crosslinking 

density (PU70 – 5.2% and PU 60 – 8.5% and PU 50 – 10.1%), due to the longer chain 

Ent. 
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Compound 
Deformation 

[%] 
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80 0.50 

0 11 

6 PU-6010 10 18 

7 PU-6030 30 16 

Frequency dependence 

8 PU-600.25 

80 

0.25 

10 

12 

9 PU-600.50 0.50 14 

10 PU-600.75 0.75 14 

11 PU-601.00 1.00 12 

Deformation dependence 

12 40Pu-60 40 

0.50 10 

6 

13 60PU-60 60 14 

14 80PU-60 80 18 

Crosslinking density dependence 

16 PU30 

80 0.50 10 

16a) 

17 PU40 25a) 

18 PU50 11a) 

19 PU60 9a) 

20 PU70 5a) 

Precondensation time 



3. Result and discussion  72 

extension between crosslinking points and the accompanying enhancement of the 

mechanochemical response. However, the highest conversion of 25% could be determined for 

PU 40 with x of 24 mol m-3. We propose that in this region the optimal OH-ratio of the chain 

extended polymer chains act as handles for the copper(I)-bis(NHC) complex and thus improve 

its mechanochemical response and trivalent crosslinker, which directs the acting force three-

dimensionally (Figure 51). With further decreasing crosslinking density, a lower conversion is 

observed caused by excessive chain extension between crosslinking points, resulting in a 

suboptimal force transmission whereby the activation of mechanophores is deteriorated. 

Summarized, the developed all-in-one mechanocatalytical PU system, which contains a 

covalently incorporated low molecular weight copper(I)-bis(NHC) complex (3) and incorporated 

fluorogenic dye precursors (31, 32), proved its potential for the application as damage sensing 

material. Thus, the disadvantages of the coumarin based system could be overcome by the 

exclusion of an external matrix, the implemented material transparency as well as the easy 

tunability of material properties in terms of elasticity and force transmission. Thus, a completely 

transparent force responsive poly(urethane) material is designed, beneficial and easy to adapt.  

3.5.4. Self-healing ability 

In order to expand the mechanophore concept a material should be generated which gives an 

optical response and can form an additional covalent network solely due to effect of mechanical 

stress.  

 

 

 

 Figure 54. Several fluorogenic systems for potential use as stress-sensing approach accompanies by simultaneous 

self-healing.  

By using multivalent fluorogenic dyes the force induced CuAAC could initiate a crosslinking 

reaction which could lead to an autonomous self-healing ability. For this purpose, a trivalent 

alkyne (37) was synthesized in which the stepwise expansion of the conjugated system during 

CuAAC should lead to a fluorescence signal with a shifting emission maximum depending on 

the degree of crosslinking. The determination of optical properties (see Figure A 90) in solution 

revealed the occurrence of an initial fluorescence caused by substrates as well as the 

overlapping of the emission maxima of trivalent alkyne and the “click” product. This allows the 

potential usage for additional crosslinking agents but hindered the detection as well as the 

quantification of ongoing self-healing reaction. 
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To circumvent the limitations further crosslinking agent (42) were synthesized that exhibited 

fluorescence behavior solely initiated by mechanical stress. This could approve by 

determination of their optical properties in solution (see Figure 55 A, B) in which the embedding 

of 42 and 43 in the previous discussed PU networks and the subsequent activation via 

extensional rheology offered an increase in optical response (see Figure 55 C).  

 

 

Figure 55. Optical properties of the trivalent fluorogenic system. (A) UV-spectrum of 42 (black) and 44 (red) in THF 

and (B) fluorescence spectrum of 42 (black) and 44 (red) in THF after excitation at ex  341 nm. (C) Fluorescence 

intensity after excitation at ex  341 nm during activation process of 42 and 32 embedded within a PU matrix via 

extensional rheology (f = 0.5 s-1,  = 80%). 

This could further expand by the simultaneous usage of the trivalent azide 42 and a new 

synthesized trivalent alkyne 46 in which preliminary results emphasize these dyes as potential 

candidates for the combination of stress-sensing and self-healing approaches. 
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4. Experimental Part 

4.1. Methods and materials 

 

All reactions were carried out under dry inert argon atmosphere using common Schlenk 

techniques unless noted. All solvents were purchased in technical grade and were distilled 

before use, while dry solvents were prepared using standard drying techniques and degassed 

by freeze-pump-thaw-cycles. Chemicals were purchased from Sigma-Aldrich or VWR and 

used as received. N-methylimidazole were dried over molecular sieve and distilled after 

purchasing. Copper(I)-bromide was washed three times with acetic anhydride, dry ethanol and 

finally with dry diethyl ether and was stored in a Schlenk tube within the glove box. High 

molecular weight PTHF matrix (Mn(GPC) = 112 000 g mol-1) was synthesized via cationic ring 

opening polymerization using methyl trifluoromethanesulfonate as initiator and methanol for 

quenching. Column chromatography was performed on Merck silica gel 60 (230 – 400 mesh). 

PTHF was purchased from Sigma Aldrich with a molecular weight of Mn = 2900 g mol-1 and 

polydispersity of Đ = 1.60. Fluorescence measurements were carried out in the bulk state on 

a Cary Eclipse fluorescence spectrometer from Agilent, fixing the samples with a solid sample 

holder between two quartz glass slides. Emission spectra were recorded after excitation at 377 

nm with a maximum at 438 nm and repeated at least three times. UV measurements were 

carried out via Perkin Elmer UV/vis Lambda 365 using Helma analytics quartz glass cuvettes 

(d = 10 mm) with a concentration of 0.20 mmol L-1 in THF. NMR spectra were recorded on a 

Varian Gemini 400 or 500 spectrometer at 27°C. Chemical shifts () are reported in ppm and 

referred to the solvent residual signal (CDCl3 7.26 ppm for 1H and 77.0 ppm for 13C; THF-d8 

3.58 and 1.72 ppm for 1H as well as 67.2 and 25.3 ppm for 13C; DMSO-d6 2.50 ppm for 1H and 

39.5 ppm for 13C). GPC was performed on a Viscotek GPCmax VE 2001 with a set of a 

HHR-H Guard-17369 and a GMHHR-N-18055 main column in DMF with 0.75 mM LiNTf2 

at 60°C. Detection was realized with a refractive index VE 3580 RI detector from 

Viscotek at 35°C. The injection volume was 100 µL with a standard sample concentration of 

5 mg mL-1 in DMF and the flow rate was adjusted to 1 mL min-1. External calibration was done 

using poly(styrene) (PS) standards (purchased form PSS) with a molecular weight range from 

1050 to 115 000 g mol-1. Preparative GPC was performed on a VWR HITACHI Chromaster 

using a KD-2002.5 column from Shodex in DMF at 55°C. The detection of the refractive index 

was performed with a RI detector from VWR at 50°C. The concentration of the samples was 

adjusted to 50 – 100 mg mL-1 and a flow rate of 0.35 mL min-1 to 0.70 mL min-1 resulting in 

pressures ranging from 6 to 21 bar. EZChrom Elite (version 3.3.2 SP2) was used for analyzing 

the data. 

ESI-TOF-MS measurements were performed on a Bruker Daltonics microTOF via direct 

injection with a flow rate of 180 µL h-1 using the positive or negative mode with an acceleration 

voltage of 4.5 kV. Samples were prepared by dissolving in HPLC grade solvent at a 

concentration of 1 mg mL-1 without additional salt. MALDI-TOF-MS experiments were 

conducted on a Bruker Autoflex III system equipped with a smart beam laser (355 nm, 532 nm, 

808 nm and 1064 nm ± 5 nm; 3 ns pulse width; up to 2500 Hz repetition rate) accelerated by 

a voltage of 20 kV and detected as positive ions operating either in reflectron or linear mode. 

The ratio of matrix:analyte:salt was 100:10:1 and 1 μL of a solution was spotted on a 

MALDI-target plate adjusting samples concentration of 10 mg mL-1 in THF, matrix 

concentration (dithranol or DCTB) of 20 mg mL-1 in THF and LiTFA or NaTFA salt concentration 

of 10 mg mL-1 in THF. ATR-IR spectra were recorded on a Bruker Tensor Vertex 70 additionally 



4. Experimental Part  75 

equipped with a Golden Gate Heated Diamond ATR Top-plate. For analyzing data Opus 6.5 

and OriginPro 8G SR4 (v8.0951) was applied. Differential scanning calorimetry (DSC) 

experiments were performed in aluminium pans using a DSC 204 F1 Phoenix provided from 

NETZSCH. Samples were measured in a temperature range of -40°C to 180°C with a heating 

rate of 10 K min -1 and data interpretation was accomplished using Proteus Thermal Analysis 

(V 5.2.1). The crystallinity was determined with 172 J/g as Hm0 for 100% crystallinity311. 

Melting rheology experiment were performed on Anton Paar (Physica) MCR 101/SN 

80753612 using parallel plate-plate geometry (d = 8 mm). The temperature was controlled with 

a thermoelectric cooler/heater in a chamber filled with dry air. Extensional oscillatory and 

rotational rheology experiments of thin films were conducted on Anton Paar (Physica) MCR 

101/SN 80753612 via Universal Extensional Fixture (UXF) at 20°C. Therefore, the films with 

rectangular shape (40 x 15 x 0.15 mm) containing 0.85 mol(Cu) g-1
(sample) were fixed in the UXF 

sample holder and subjected to oscillating stretch experiments. To investigate the influence of 

the strain rate towards the mechanochemical activation of the Cu(I)-bis(NHC) catalysts, the 

strain rate was varied from 0.25 s-1, 0.5 s-1, 0.75 s-1 to 1.0 s-1, while keeping the deformation 

constant at  = 60%. The deformation dependency of the mechanochemical activation was 

investigated varying the deformation from 40%, 60% to 80% and keeping the frequency 

constant at 0.5 s-1. Crosslinking dependence investigations were done with a strain rate of 0.5 

s-1and deformation of 80%.  

4.2. Synthesis of low molecular weight copper(I)-bis(NHC) complexes 

4.2.1. Synthesis of 3-(11-hydroxyundecyl)-1-methylimidazolium bromide (1) 

 

 

Scheme 1. Synthesis of 3-(11-hydroxyundecyl)-1-methylimidazolium bromide (1). 

1-Methylimidazole (3.01 mL, 38 mmol) was added to a suspension of 11-bromoundecan-1-ol 

(10.00 g, 40 mmol) in acetonitrile (MeCN) (50 mL) at room temperature (RT) and was stirred 

for 24 h at 80°C. The reaction mixture was allowed to come to RT and was diluted with diethyl 

ether (Et2O) (120 mL). The resulting precipitate was filtered off, washed again with Et2O (3 x 

50 mL) and 1 was obtained as colorless solid after drying in high vacuum (12.41 g, 37.24 mmol, 

98%). 

1H-NMR (DMSO-d6, 400 MHz): δ [ppm] 9.20 (d, 3JH,H = 1.7 Hz, 1H, NCHN), 7.80 (t, 3JH,H = 1.8 

Hz, 1H, NCHCHN), 7.73 (t, 3JH,H = 1.8 Hz, 1H, NCHCHN), 4.31 (t, 3JH,H = 5.1 Hz, 1H, OH), 4.16 

(t, 3JH,H = 7.2 Hz, 2H, NCH2), 3.86 (s, 3H, NCH3), 3.36 (td, 3JH,H = 6.5, 4JH,H = 4.9 Hz, 2H, OCH2), 

1.83 – 1.69 (m, 2H, NCH2CH2), 1.39 (p, 3JH,H = 6.7 Hz, 2H, OCH2CH2), 1.20 – 1.31 (m, 14H, 

(CH2)7).  

13C NMR (DMSO-d6, 100 MHz): δ [ppm] 136.5 (NCHN), 123.5 (CH3NCHCHN), 122.2 

(CH3NCHCHN), 60.6 (OCH2), 48.7 (NCH2), 35.7 (NCH3), 32.5 (OCH2CH2), 29.3, 29.0, 28.9, 

28.9, 28.8, 28.3, 25.5, 25.4.  
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ESI-TOF MS (positive mode, MeOH, m/z): [M-Br]+ found 253.228, simulated 253.227 for 

C15H29N2O+.  

4.2.2. Synthesis of copper(I) mono(NHC) complex (2)  

  

Scheme 2. Synthesis of Cu(I) mono(NHC) complex (2) using copper(I) oxide method. 

Compound 1 (780 mg, 2.34 mmol) and copper(I)-oxide (220 mg, 1.52 mmol, 0.65 eq.) were 

suspended in dry 1,4-dioxane (4.8 mL) and stirred at 100°C for 24 h. After cooling to RT, the 

reaction mixture was filtered twice, and the solvent was removed under reduced pressure. The 

residue was dissolved in dichloromethane (DCM) (10 mL) and was precipitated in n-hexane 

(15 mL). Cu(I) mono(NHC) complex (2) was obtained as a colorless solid (1.07 g, 2.70 mmol, 

90%) after drying in high vacuum.  

1H-NMR (THF-d8, 500 MHz): δ [ppm] 7.15 (d, 3JH,H = 17.2 Hz, 2H, NCHCHN), 4.13 (t, 3JH,H = 

7.0 Hz, 2H, NCH2), 3.81 (s, 3H, NCH3), 3.46 (q, 3JH,H = 5.9 Hz, 2H, OCH2), 3.26 (t, 3JH,H = 4.7 

Hz, 1H, OH), 1.86 (p, 3JH,H = 7.2 Hz, 2H, NCH2CH2), 1.45 (p, 3JH,H = 6.9 Hz, 2H, OCH2CH2), 

1.39 – 1.25 (m, 14H, (CH2)7). 

13C-NMR (THF-d8, 125 MHz): δ [ppm] 171.3 (NCCuN), 121.7 (CH3NCHCHN), 120.5 

(CH3NCHCHN), 61.6 (NCH3), 50.7 (NCH2), 37.1 (OCH2), 33.1 (NCH2CH2), 31.4 OCH2CH2, 

29.6, 29.5, 29.5, 29.4, 29.1, 26.3, 25.9.  

ESI-TOF MS (negative mode, THF, m/z): [M+Br]- found 474.982, simulated 474.984 for 

C15H28Br2CuN2O-. 

4.2.3. Synthesis of OH end-capped copper(I)-bis(NHC) complex (3) 

 

Scheme 3. Synthesis of copper(I)-bis(NHC) complex (3) using copper(I) oxide method. 

Compound 1 (2.0 g, 6.0 mmol) and copper(I)-oxide (4.3 g, 30.0 mmol, 5 eq.) were suspended 

in dioxane (50 mL) and stirred at 100°C for 3 days. After cooling to RT, excess of Cu2O was 

filtered off. The solvent was removed under reduced pressure. Compound 3 (1.55 g, 2.4 mmol, 

40%) was obtained after column chromatography on silica by gradually changing the polarity 

of solvent from pure CHCl3 to CHCl3/MeOH 20/1 (Rf = 0.40 CHCl3/MeOH 20/1) as a light yellow 

solid. 

1 2 
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1H-NMR (THF-d8, 400 MHz): δ [ppm] 6.27 – 6.23 (m, 4H, NCHCHN), 3.51 (t, 3JH,H = 7.2 Hz, 

4H, NCH2), 3.46 (q, 3JH,H = 6.4 Hz, 4H, OCH2), 3.35 (t, 3JH,H = 5.2 Hz, 2H, OH), 3.12 (s, 6H, 

NCH3), 1.60 (p, 3JH,H = 7.2 Hz, 4H, NCH2CH2), 1.47 (p, 3JH,H = 6.9 Hz, 4H, OCH2CH2), 1.31 (m, 

28H, (CH2)14). 

13C-NMR (CDCl3, 100 MHz): δ [ppm] 153.2 (NCCuN), 111.1 (CH3NCHCHN), 109.9 

(CH3NCHCHN), 62.9 (NCH2), 43.6 (OCH2), 32.8, 30.3, 29.5, 29.5, 29.4, 29.4, 29.3, 29.1, 26.5, 

25.6.  

ESI-TOF MS (positive mode, THF, m/z): [M]+ found 567.362, simulated 567.369 for 

C30H56CuN4O2
+. 

4.2.4. Synthesis of 3-(11-hydroxyundecyl)-1-methylimidazolium bromide (4) 

 

Scheme 4. Synthesis of 3-(11-hydroxyundecyl)-1-methylimidazolium bromide (4).  

1-Methylimidazole (1.50 mL, 19 mmol) was added to a suspension of 11-bromoundecanoic 

acid (5.30 g, 20 mmol) in acetonitrile (MeCN) (20 mL) at room temperature (RT) and was stirred 

for 24 h at 80°C. The reaction mixture was allowed to come to RT and was diluted with diethyl 

ether (Et2O) (80 mL). The resulting precipitate was filtered off, washed again three times with 

Et2O (3 x 50 mL) and compound 4 was obtained as colorless solid after drying in high vacuum 

(6.31 g, 18.17 mmol, 95%). 

1H-NMR (DMSO-d6, 400 MHz): δ [ppm] 11.94 (s, 2H, COOH), 9.13 (s, 2H, NCHN), 7.76 (s, 

2H, NCHCHN), 7.69 (s, 2H, NCHCHN), 4.14 (t, 3JH,H = 7.2 Hz, 4H, NCH2), 3.83 (s, 6H, NCH3), 

2.16 (t, 3JH,H = 7.3 Hz, 4H, OCH2), 1.75 (m, 4H, NCH2CH2), 1.46 (m, 4H, OCH2CH2), 1.22 (m, 

24H, (CH2)6).  

13C NMR (DMSO-d6, 100 MHz): δ [ppm] 174.9 (COOH), 137.0 (NCHN), 124.0 (CH3NCHCHN), 

122.7 (CH3NCHCHN), 49.2 (NCH2), , 36.2 (NCH3), 34.1 (OCH2), 29.8 (OCH2CH2), 29.2, 29.2, 

29.1, 29.0, 28.8, 25.9, 24.9.  

ESI-TOF MS (positive mode, MeOH, m/z) [M-Br]+ found 267.206, simulated 267.207 for 

C15H27N2O2
+. 

4.2.5. Synthesis of OH end-capped copper(I)-bis(NHC) complex (5) 

 

Scheme 5. Synthesis of OH end-capped copper(I)-bis(NHC) complex (5) 

Compound 4 (2.08 g, 6.0 mmol) and copper(I)-oxide (4.30 g, 30.0 mmol, 5 eq.) were 

suspended in dioxane (50 mL) and were stirred at 100°C for 3 days. After cooling to RT, the 

excess of Cu2O was filtered off and the solvent was removed under reduced pressure. 

4 
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Compound 5 (0.54 g, 0.8 mmol, 13%) was obtained after column chromatography on silica by 

gradually changing the polarity of solvent from pure CHCl3 to CHCl3/MeOH 10/1 

(Rf = 0.24 CHCl3/MeOH 20/1) as a white solid. 

1H-NMR (CDCl3, 400 MHz): δ [ppm] 6.18 (q, 4H, NCHCHN), 3.60 (t, 3JH,H = 7.3 Hz, 4H, NCH2), 

3.12 (s, 6H, NCH3), 2.34 (t, 3JH,H = 7.2 Hz, 4H, OCCH2), 1.71 – 1.58 (m, 8H, NCH2CH2), 1.31 

(m, 24H, (CH2)12). 

13C-NMR (CDCl3, 100 MHz): δ [ppm] 174.3 (C=O), 153.2 (NCCuN,) 111.0 (CH3NCHCHN), 

109.9 (CH3NCHCHN), 51.4 (NCH2), 43.6 (NCH3), 34.1 (OCH2), 30.3, 29.5, 29.4, 29.3, 29.5, 

29.1, 28.1, 26.6, 24.9.  

4.2.6. Synthesis of 1,5-dibromododecane (6a) 

 

 

Scheme 6. Synthesis of 1,5-dibromododecane (6a). 

HBr (48% in H2O, 63.0 mL, 380 mmol) was added dropwise to Ac2O (108 mL, 1.1 mol) at 0°C 

followed by the addition of compound 1,16-dihydroxyhexadecan (4.47 g, 17 mmol). The 

reaction mixture was stirred at reflux for 24 h. After cooling to RT, the solution was extracted 

with hexanes (3 x 50 mL) and washed with H2O (3 x 100 mL). The solvent was removed under 

reduced pressure and compound 6 (17 mmol, 6.55 g, 99%) was obtained as a white solid.  

1H-NMR (CDCl3, 400 MHz): δ [ppm] 3.41 (t, 3JH,H = 6.9 Hz, 4H, BrCH2), 1.85 (p, 3JH,H = 6.9 Hz, 

4H, BrCH2CH2), 1.48 – 1.36 (m, 4H, BrCH2CH2CH2), 1.27 (m, 20H, (CH2)10).  

13C-NMR (CDCl3, 100 MHz): δ [ppm] 34.0 (BrCH2), 32.8 (BrCH2CH2), 29.6 (Br(CH2)2CH2), 29.6 

(Br(CH2)3CH2), 29.5 (Br(CH2)4CH2), 29.4 (Br(CH2)5CH2), 28.8 (Br(CH2)6CH2), 28.2 

(Br(CH2)7CH2). 

4.2.7. Synthesis of 1,5-di(imidazolyl) alkane (7) 

 

 

Scheme 7. Synthesis of 1,5-di(imidazolyl) alkane (7) with different chain length. 

NaH (80.0 mmol, 60%) was suspended in DMF (50 mL) and was cooled to 0°C followed by 

the dropwise addition of imidazole (72.4 mmol). After stirring for 15 min at 0°C, ,-

dibromoalkane (30.0 mmol) was added. The reaction mixture was heated up to 70°C and was 

further stirred for 4 h. The reaction mixture was allowed to come to RT, diluted with ethyl 

acetate (120 mL) and was washed with water (3 x 50 mL). The combined organic phases were 

dried via NaSO4. After solvent evaporation was under reduced pressure compound 7 was 

obtained as colorless solid. 

6a 
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Characterization of 7a (X = 8):  

Yield: (8.60 g, 28.5 mmol, 95%) 

1H-NMR (CDCl3, 400 MHz): δ [ppm] 7.46 (s, 2H, NCHN), 7.06 (s, 2H, CH2NCHCHN), 6.90 (s, 

2H, CH3NCHCHN), 3.91 (t, 3JH,H = 7.1 Hz, 4H, NCH2), 1.76 (p, 3JH,H = 6.8 Hz, 4H, NCH2CH2), 

1.36 – 1.18 (m, 16H, (CH2)8).  

13C-NMR (CDCl3, 100 MHz): δ [ppm] 137.0 (NCHN), 129.4 (NCHCHN), 118.7 (NCHCHN), 47.0 

(NCH2), 31.0 (NCH2CH2), 29.4 (N(CH2)2CH2), 29.3 (N(CH2)3CH2), 29.0 (N(CH2)4CH2), 26.5 

(N(CH2)5CH2).  

ESI-TOF MS (positive mode, THF, m/z): [M+Na]+ found 325.235, simulated 325.236 for 

C18H30N4Na+.  

Characterization of 7b (X = 12):  

Yield: (9.98 g, 27.9 mmol, 93%) 

1H-NMR (DMSO-d6, 400 MHz): δ [ppm] 7.58 (s, 2H, NCHN), 7.13 (s, 2H, CH2NCHCHN), 6.85 

(s, 2H, CH3NCHCHN), 3.91 (t, 3JH,H = 7.1 Hz, 4H, NCH2), 1.66 (p, 3JH,H = 7.2 Hz, 4H, NCH2CH2), 

1.20 (m, 24H, (CH2)12). 

13C-NMR (DMSO-d6, 125 MHz): δ [ppm] 137.7 (NCHN), 128.7 (NCHCHN), 119.7 (NCHCHN), 

46.4 (NCH2), 40.0 (NCH2CH2), 31.0 (N(CH2)2CH2), 29.5 (N(CH2)3CH2), 29.4 (N(CH2)4CH2), 

29.6 (N(CH2)5CH2), 28.9 (N(CH2)6CH2), 26.3 (N(CH2)7CH2).  

ESI-TOF MS (positive mode, THF, m/z): [M+H]+ found 359.316, simulated 359.317 for 

C22H39N4O2
+. 

4.2.8. Synthesis of 1,1'-(alkane-1,5-diyl)bis(3-(hydroxyundecyl)imidazolium) bromide (8) 

 

Scheme 8. Synthesis of 1,1'-(alkane-1,5-diyl)bis(3-(hydroxyundecyl)imidazolium) bromide (8) with different chain 

length. 

Compound 7 (13.25 mmol) was added to a suspension of 11-bromoundecan-1-ol (7.50 g, 

30.00 mmol) in acetonitrile (MeCN) (100 mL) at RT and was stirred for 24 h at 80°C. The 

reaction mixture was allowed to come to RT and was diluted with diethyl ether (Et2O) (120 mL). 

The resulting precipitate was filtered off, washed again with Et2O (3 x 50 mL) and 8 was 

obtained as colorless solid after drying in high vacuum. 

 

 

 

Characterization of 8a (X = 8):  

Yield: (10.46 g, 13.0 mmol, 98%) 

7 
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1H-NMR (DMSO-d6, 500 MHz): δ [ppm] 9.21 (s, 2H, NCHN), 7.80 (s, 4H, NCHCHN), 4.30 (t, 
3JH,H = 5.1 Hz, 2H, OH), 4.15 (t, 3JH,H = 7.0 Hz, 8H, CH2NCHNCH2), 3.36 (q, 3JH,H = 6.4 Hz, 4H, 

OCH2), 1.77 (m, 8H, CH2CH2NCHNCH2CH2), 1.38 (p, 3JH,H = 6.7 Hz, 4H, OCH2CH2), 1.29 – 

1.11 (m, 44H, (CH2)22).  

13C-NMR (DMSO-d6, 125 MHz): δ [ppm] 136.4 (NCN), 122.9 (NCHCHN), 61.2 (OCH2), 49.3 

(NCH2), 40.6 , 40.4, 40.2, 40.0, 39.9, 33.0, 29.7, 29.7, 29.5, 29.5, 29.4, 29.4, 29.3, 29.3, 28.9, 

28.8, 26.0, 26.0, 25.9.  

ESI-TOF MS (positive mode, THF, m/z): [M-2Br]2+ found 322.299, simulated 322.298 for 

C40H76N4O2
2+. 

Characterization of 8b (X = 12):  

Yield: (10.85 g, 12.6 mmol, 95%) 

1H-NMR (DMSO-d6, 400 MHz): δ [ppm] 9.19 (s, 2H, NCHN), 7.78 (s, 4H, NCHCHN), 4.29 (t, 
3JH,H = 5.1 Hz, 2H, OH), 4.14 (t, 3JH,H = 7.0 Hz, 8H, CH2NCHNCH2), 3.36 (q, 3JH,H = 6.4 Hz, 4H, 

OCH2), 1.78 (p, 3JH,H = 7.4 Hz, 8H, CH2CH2NCHNCH2CH2) 1.37 (p, 3JH,H = 6.8 Hz, 4H, 

OCH2CH2), 1.28 – 1.13 (m, 52H, (CH2)26).  

13C-NMR (DMSO-d6, 125 MHz): δ [ppm] 136.4 (NCN), 122.9 (NCHCHN), 61.1 (OCH2), 49.3 

(NCH2), 40.4, 40.2, 40.0, 39.8, 39.6, 33.0, 29.7, 29.6, 29.6, 29.5, 29.5, 29.4, 29.3, 29.3, 28.8, 

28.8, 26.0, 25.90.  

ESI-TOF MS (positive mode, THF, m/z): [M-2Br]2+ found 350.327, simulated 350.329 for 

C44H84N4O2
2+. 

4.2.9. Synthesis of OH end-capped copper(I)-bis(NHC) complexes with safety line (9) 

 

Scheme 9. Synthesis of OH end-capped copper(I)-bis(NHC) complexes (9) with different length of safety line using 

copper(I) oxide method.  

Compound 8 (6.00 mmol) and copper(I)-oxide (4.3 g, 30.00 mmol, 5 eq.) were suspended in 

dioxane (300 mL) and was stirred at 100°C overnight. After cooling to RT, excess of Cu2O was 

filtered off and the solvent was removed under reduced pressure. Compound 9 was obtained 

after column chromatography on silica by gradually changing the polarity of solvent from pure 

CHCl3 to CHCl3/MeOH 20/1 (Rf = 0.42 CHCl3/MeOH 20/1) as a light yellow solid. 

 

 

Characterization of 9a (X = 8):  

Yield: (0.40 g, 0.60 mmol, 10%) 
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1H-NMR (THF-d8, 400 MHz): δ [ppm] 6.26 (s, 4H, NCHCHN), 3.52 (t, 3JH,H = 7.1 Hz, 8H, 

CH2NCHNCH2), 3.46 (q, 3JH,H = 5.9 Hz, 4H, OCH2), 3.42 (t, 3JH,H = 4.8 Hz, 2H, OH), 1.65 – 

1.56 (m, 8H, CH2CH2NCHNCH2CH2), 1.47 (p, 3JH,H = 6.8, 4H, OCH2CH2), 1.41 – 1.22 (m, 44H, 

(CH2)22).  

13C-NMR (THF-d8, 100 MHz): δ [ppm] 152.9 (NCCuN), 109.9 (NCHCHN), 109.9 (NCHCHN), 

63.0 (OCH2), 43.5 (NCH2), 43.4 (NCH2), 32.8, 29.7, 29.5, 29.5, 29.5, 29.4, 29.3, 29.2, 29.1, 

26.6, 26.5, 25.7. 

ESI-TOF MS (positive mode, THF, m/z): [M + CH3OH]+ found 737.138, simulated 737.538 for 

C41H77CuN4O3
+ 

Characterization of 9b (X = 12):  

Yield: (0.73 g, 0.96 mmol, 16%) 

 1H-NMR (THF-d8, 400 MHz): δ [ppm] 6.24 (s, 4H, NCHCHN), 3.51 (t, 3JH,H = 7.1 Hz, 8H, 

CH2NCHNCH2), 3.46 (q, 3JH,H = 6.4 Hz, 4H, OCH2), 3.34 (t, 3JH,H = 5.2 Hz, 2H, OH), 1.60 (p, 
3JH,H = 7.3 Hz, 8H, CH2CH2NCHNCH2CH2), 1.46 (p, 3JH,H = 6.7 Hz, 4H, OCH2CH2), 1.38 – 1.13 

(m, 52H, (CH2)26).  

13C-NMR (CDCl3, 100 MHz): δ [ppm] 152.9 (NCCuN), 109.9 (NCHCHN), 109.8 (NCHCHN), 

63.0 (OCH2), 43.5 (NCH2), 43.4 (NCH2), 32.8, 29.6, 29.6, 29.5, 29.5, 29.5, 29.5, 29.4, 29.3, 

29.2, 29.1, 26.6, 26.6, 25.7.  

ESI-TOF MS (positive mode, THF, m/z): [M-Br+Cl+H]+ found 797.605, simulated 797.549 for 

C44H83CuN4O2Cl+ 

4.2.10. Synthesis of COOH end-capped copper(I)-bis(NHC) complexes with safety line (10) 

 

Scheme 10. Synthesis of COOH end-capped copper(I)-bis(NHC) complexes (7) with different length of safety line. 

Compound 9 (0.15 mmol) was dissolved in THF (5 mL) followed by addition of NEt3 (50 L, 

0.35 mmol). The reaction mixture was stirred at RT overnight, washed with HCl (10 mL, 1M) 

and was extracted with CH2Cl2 (3 x 20 mL). The combined organic phases were concentrated 

under reduced pressure. Compound 10 was obtained after precipitation with hexane as a 

colorless solid (Rf = 0.37 CHCl3/MeOH 20/1). 

 

 

Characterization of 10a (X = 8):  

Yield: (0.18 g, 0.12 mmol, 80%) 
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1H-NMR (CDCl3, 500 MHz): δ [ppm] 6.19 (s, 4H, NCHCHN), 4.10 (t, 3JH,H = 6.3 Hz, 4H, OCH2), 

3.61 (m, 8H, CH2NCHNCH2), 2.64 (m, 8H, OCCH2CH2CO), 1.63 (m, 12H, 

CH2CH2NCHNCH2CH2 + OCH2CH2), 1.40 – 1.07 (m, 36H, (CH2)18).  

13C-NMR (CDCl3, 100 MHz): δ [ppm] 172.4 (HOC=O), 170.5 (CH2OC=O), 152.8 (NCCuN), 

110.3 (CH3NCHCHN), 110.2 (CH3NCHCHN), 64.8 (OCH2), 43.7 (NCH2), 43.5 (NCH2), 29.5 

(HOC=OCH2), 29.5 (CH2OC=OCH2), 29.4, 29.2, 29.1, 29.0, 29.0, 28.9, 28.8, 28.4, 28.3, 26.5, 

26.3, 25.7. 

Characterization of 10b (X = 12):  

Yield: (0.11 g, 0.10 mmol, 72%) 

1H-NMR (CDCl3, 500 MHz): δ [ppm] 6.19 (s, 4H, NCHCHN), 4.10 (t, 3JH,H = 6.3 Hz, 4H, OCH2), 

3.61 (td, J = 7.3, 2.9 Hz, 8H, CH2NCHNCH2), 2.64 (dq, J = 10.6, 5.8 Hz, 8H, OCCH2CH2CO), 

1.63 (m, 12 H, CH2CH2NCHNCH2CH2 + OCH2CH2), 1.39 – 1.20 (m, 44H, (CH2)22).  

13C-NMR (CDCl3, 100 MHz): δ [ppm] 172.4 (HOC=O), 170.5 (CH2OC=O), 152.8 (NCCuN), 

110.3 (CH3NCHCHN), 110.2 (CH3NCHCHN), 64.8 (OCH2), 43.7 (NCH2), 43.5 (NCH2), 29.5 

(HOC=OCH2), 29.5 (CH2OC=OCH2), 29.4, 29.2, 29.1, 29.0, 29.0, 28.9, 28.9, 28.8, 28.8, 28.6, 

28.5, 28.4, 28.3, 26.5, 26.3, 25.7. 

 

4.2.11. Synthesis of 3-(11-hydroxyundecyl)-1-hexylimidazolium bromide (11) 

 

Scheme 11. Synthesis of 3-(11-hydroxyundecyl)-1-hexyllimidazolium bromide (11). 

1-Hexylimidazole (1.52 mL, 10.00 mmol) was added to a suspension of 11-bromoundecan-1-

ol (2.38 g, 9.50 mmol) in acetonitrile (MeCN) (20 mL) at room temperature (RT) and was stirred 

for 24 h at 80°C. The reaction mixture was allowed to come to RT and was diluted with diethyl 

ether (Et2O) (120 mL). The resulting precipitate was filtered off, washed again with Et2O (3 x 

50 mL) and 11 was obtained as colorless solid after drying in high vacuum (3.75 g, 9.30 mmol, 

98%). 

1H-NMR (DMSO-d6, 500 MHz): δ [ppm] 9.21 (s, 1H, NCHN), 7.79 (m, 2H, NCHCHN), 4.29 (t, 
3JH,H = 5.1 Hz, 1H, OH), 4.14 (t, 3JH,H = 7.0 Hz, 4H, NCH2), 3.36 (q, 3JH,H = 5.4 Hz, 2H, OCH2), 

1.77 (p, 3JH,H = 7.2 Hz, 4H, NCH2CH2), 1.37 (p, 3JH,H = 6.7 Hz, 2H, OCH2CH2), 1.28 – 1.15 (m, 

20H, (CH2)10), 0.84 (t, 3JH,H = 6.9 Hz, 3H, CH3). 

13C NMR (DMSO-d6, 125 MHz): δ [ppm] 136.4 (NCHN), 122.9 (NCHCHN), 61.1 (OCH2), 49.3 

(NCH2), 32.9 (OCH2CH2), 30.9, 29.7, 29.7, 29.5, 29.4, 28.8, 26.0, 25.9, 25.6, 22.3, 14.24 (CH3).  

ESI-TOF MS (positive mode, MeOH, m/z): [M-Br]+ found 323.304, simulated 323.306 for 

C20H39N2O+.  

11 
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4.2.12. Synthesis of 6,11 - OH end-capped copper(I)-bis(NHC) complex (12) 

 

Scheme 12. Synthesis of 6,11 copper(I)-bis(NHC) complex (12) using copper(I)-oxide method. 

Compound 11 (1.20 g, 3.00 mmol) and copper(I)-oxide (2.15 g, 15.00 mmol, 5 eq.) were 

suspended in dioxane (20 mL) and were stirred at 100°C for 3 days. After cooling to RT, the 

excess of Cu2O was filtered off and the solvent was removed under reduced pressure. 

Compound 12 (0.66 g, 0.84 mmol, 28%) was obtained after column chromatography on silica 

by gradually changing the polarity of solvent from pure CHCl3 to CHCl3/MeOH 20/1 

(Rf = 0.40 CHCl3/MeOH 20/1) as a colorless solid. 

1H-NMR (CDCl3, 400 MHz): δ [ppm] 6.16 (s, 4H, NCHCHN), 3.63 (q, 3JH,H = 6.5 Hz, 4H, OCH2), 

3.58 (t, 3JH,H = 7.3 Hz, 8H, NCH2), 1.70 – 1.60 (m, 8H, NCH2CH2), 1.56 (p, 3JH,H = 6.8 Hz, 4H, 

OCH2CH2), 1.37 – 1.20 (m, 40H, (CH2)20), 0.87 (t, 3JH,H = 6.5 Hz, 6H, CH3). 

13C-NMR (CDCl3, 100 MHz): δ [ppm] 152.9 (NCCuN), 109.9 (CH3NCHCHN), 62.9 (NCH2), 62.9 

(NCH2), 43.4 (OCH2), 32.8, 31.4, 29.6, 29.5, 29.5, 29.4, 29.3, 29.1, 26.6, 26.3, 25.7, 22.5, 14.0 

(CH3).  

ESI-TOF MS (positive mode, THF, m/z): [M-Br]+ found 707.548, simulated 707.526 for 

C40H76CuN4O2
+. 

4.3. Synthesis of chain extended polymeric copper(I)-bis(NHC) complexes 

4.3.1. Synthesis of 1,4-bis(1-bromoethyl)benzene (13) 

 

 

Scheme 13. Synthesis of 1,4-bis(1-bromoethyl)benzene (13) via radical bromation. 

1,4-Diethylbenzene (5.00 g, 33.60 mmol) was dissolved in tetrachloromethane (50 mL) 

followed by the addition of N-bromo succinimide (NBS) (13.23 g, 74.30 mmol) and 

azobisisobutyronitrile (AIBN) (57 mg, 0.33 mmol). The obtained solution was heated overnight 

under reflux. Subsequently, the cold suspension was filtered, the solvent was removed and 

the resulting solid was recrystallized three times in diethyl ether to obtain 13 (9.11 g, 31.25 

mmol) as a white solid in a yield of 93%. 

1H-NMR (CDCl3, 400 MHz): δ [ppm] 7.41 (s, 4H, CHAr), 5.19 (q, 3JH,H = 6.9 Hz, 2H, BrCH), 2.04 

(d, 3JH,H = 6.9 Hz, 6H, CHCH3). 

13C-NMR (CDCl3, 100 MHz): δ [ppm] 143.8 (CCH), 127.6 (CAr), 49.2 (BrCH), 27.2 (CHCH3). 

11 12 
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4.3.2. Synthesis of 1,4-phenylenebis(ethane-1,1-diyl) dibenzodithioate (14) 

 

 

Scheme 14. Synthesis of 1,4-phenylenebis(ethane-1,1-diyl) dibenzodithioate (14) via Grignard reaction. 

Bromobenzene (1.43 mL, 13.71 mmol) and magnesium (0.33 g, 13.71 mmol) were suspended 

in dry THF (30 mL) and a small amount of iodine was added to etch the magnesium. The 

reaction mixture was heated under reflux for 2 hours, subsequently cooled in an ice bath and 

carbon disulfide (0.83 mL, 13.71 mmol) was added slowly at 0°C. After refluxing for 2 hours, 

13 (1.00 g, 3.43 mmol) was added and the solution was refluxed for further 48 hours. 

Afterwards, the solvent was removed, the crude product was re-dissolved in DCM (50 mL) and 

washed with HCl (1M, 20 mL) and water (50 mL). The combined organic layers were dried 

over Na2SO4, the solvent was removed under vacuo and the crude product was purified via 

chromatography on silica with n-hexane/DCM 4/1 (Rf = 0.25) obtaining 14 (1.00 g, 2.30 mmol) 

as a red viscous liquid in a yield of 67%. 

1H-NMR (CDCl3, 400 MHz): δ [ppm] 7.95 (d, 3JH,H = 7.3 Hz, 4H, CHortho), 7.50 (t, 3JH,H = 7.4 Hz, 

2H, CHpara), 7.42 (s, 4H, CHCCHCHCCH), 7.35 (t, 3JH,H = 7.8 Hz, 4H, CHmeta), 5.26 (q, 3JH,H = 

7.1 Hz, 2H, SCHCH3), 1.79 (d, J = 7.1 Hz, 6H, SCHCH3).  

13C-NMR (CDCl3, 100 MHz): δ [ppm] 226.9 (C=S),144.9 (CC=S), 140.7 (CCH), 132.3 (Cpara), 

128.3 (Cortho), 128.1 (Cmeta), 126.9 (CHCCHCHCCH), 49.8 (CCH), 20.7 (CHCH3). 

ESI-TOF MS (positive mode, THF, m/z): [M+Na]+ found 461.096, simulated 461.050 for 

C24H22S4Na+. 

4.3.3. General RAFT polymerization for bivalent poly(styrene)s (15) 

 

Scheme 15. Synthesis of bivalent dithiobenzoate end-capped poly(styrene) (15) via RAFT polymerization in bulk.  

All RAFT polymerizations were carried out in bulk under dry and inert conditions using common 

Schlenk techniques. For the synthesis compound 14 was placed together with destabilized 

and freshly distilled styrene in a Schlenk tube and subjected to several freeze-pump-thaw 

13 14 
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cycles. Subsequently, the reaction mixture was placed in a pre-heated oil bath and stirred for 

16 hours at 120°C. Cooling fast to room temperature by means of an ice bath terminated the 

reaction and the crude product was purified by diluting the reaction mixture with a small amount 

of toluene and precipitating three times in ice-cold MeOH. The pure product (15) was obtained 

after drying the sample in high vacuum for several hours.  

1H-NMR (CDCl3, 400 MHz): δ [ppm] 7.87 (s, 4H), 7.48 (s, 4H), 7.12 (s, Ar-H of phenyl-residue), 

1.65 (s, CH2- + CH-groups of repetitive units).  

Table 13. Reaction conditions and characterization data of bivalent poly(styrene) (15) via RAFT. 

Ent. Comp. CTA:M 
n(CTA) 

[mmol] 

n(M) 

[mmol] 

T 

[°C] 

Mn (GPC) 

[g mol-1] 

Mn (NMR) 

[g mol-1] 
Đ  

yield 

[%] 

1 15a 10: 500 1.75 

87.4 120 

4400 5000 1.10 37 

2 15b 10: 750 1.16 9000 8300 1.18 25 

3 15c 10:1000 0.87 15500 14800 1.17 13 

4.3.4. Synthesis of 3-(11-(2-brompropionyloxy)undecyl)-methyl-1-imidazolium 
bis(trifluoromethane)sulfonimide (16) 

 

Scheme 16. Synthesis of 3-(11-(2-brompropionyloxy)undecyl)-methyl-1-imidazolium bis(trifluoromethane)- 

sulfonimide (16). 

3-(11-Hydroxyundecyl)-1-methylimidazolium bromide (1) (3.5 g, 10.5 mmol) was dissolved in 

dry dichloromethane (DCM) (30.0 mL) followed by addition of 2-bromopropionyl bromide 

(3.3 mL, 6.8 g, 31.5 mmol). The obtained reaction mixture was subsequently stirred for 

48 hours at room temperature. The solvent was removed in vacuo and the oily residue was 

transferred to a separation funnel diluted with water (50 mL) and washed with DCM (3 x 

50 mL). The aqueous phase was mixed with lithium bis(trifluoromethane)sulfonimide (3.3 g, 

11.6 mmol) and the reaction mixture was stirred for 24 hours at room temperature followed by 

extraction with DCM (3 x 50.0 mL). The combined organic layers were dried over Na2SO4, the 

solvent was removed in vacuo and 16 was obtained as colorless oil in a yield of 83%.  

1H-NMR (CDCl3, 400 MHz): δ [ppm] 8.79 (s, 1H, NCHN), 7.30 (t, 3JH,H = 1.8 Hz, 1H, 

CH2NCHCHN), 7.27 (t, 3JH,H = 1.8 Hz, 1H, NCHCHNCH3), 4.36 (q, 3JH,H = 6.8 Hz, 1H, BrCH), 

4.24 – 4.05 (m, 4H, NCH2 + OCH2), 3.95 (s, 3H, NCH3), 1.94 – 1.83 (m, 2H, OCH2CH2), 1.82 

(d, 3JH,H = 6.9 Hz, 3H, CH3CHBr), 1.72 – 1.60 (m, 2H, NCH2CH2), 1.44 – 1.19 (m, 14H, (CH2)7).  

13C-NMR (CDCl3, 100 MHz): δ [ppm] 170.5 (C=O), 136.1 (NCHN), 123.6 (NCHCHNCH3), 122.3 

(NCHCHNCH3), 119.9 (q, 3JC,F = 321.2 Hz, CF3), 66.2 (OCH2), 50.4 (NCH2), 40.5 (BrCH), 36.6 

(NCH3), 30.2, 29.3, 29.3, 29.2, 29.1, 28.8, 28.3, 26.1, 25.6, 21.7.  

19F-NMR (CDCl3, 375 MHz): δ [ppm] -79.00 (CF3).  

16 1 
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ESI-TOF MS (positive mode, THF, m/z): [M-Br]+ found 387.154, simulated 387.162 for 

C18H32BrN2O2
+ and ESI-TOF MS (negative mode, THF, m/z) [NTf2]− found 279.951 , simulated 

279.918 for C2F6NO4S2
-. 

4.3.5. Synthesis of bivalent imidazolium-telechelic poly(styrene) (17) 

 

 

Scheme 17. Synthesis of bivalent 1-methylimidazolium end-capped poly(styrene) (17) via thio bromo “click” 

reaction. 

The bivalent PS precursor 15 (1.0 g, 1.0 eq.) was placed in a Schlenk flask and was dissolved 

in a mixture of dry THF/MeCN 1:1 (10 mL) followed by five freeze-pump-thaw cycles. 

Afterwards, tributyl phosphine (0.1 eq.) and methylamine (2M in THF, 2.2 eq.) were added. 

The reaction mixture was stirred at room temperature for one hour until the red color completely 

disappeared. Subsequently, triethylamine (4.4 eq.) and 16 (4.4 eq.) were added and stirred for 

24 h at 40°C. After evaporating the solvent, a small amount of toluene was added, and the 

sample was precipitated in methanol. The pure product 17 were obtained by column 

chromatography on silica changing the polarity of the eluent gradually from pure DCM to 

DCM/MeOH 4/1 (Rf = 0.40, DCM/MeOH 4/1) in almost quantitative yields. 

 
1H-NMR (THF-d8, 400 MHz): δ [ppm] 8.97 (d, 2H, 3JH,H = 1.9 Hz, NCHN), 7.54 (d, 4H, 3JH,H = 

14.5 Hz, NCHCHN), 6.91 (bs, Ar-H of phenyl-residue), 4.23 (t, 3JH,H = 8.0 Hz, 4H, OCH2), 3.93 

(s, 6H, NCH3), 3.77 (s, 4H, NCH2), 1.51 (bs, CH2- + CH- of repetitive unit,  

ESI-TOF-MS of 17a (positive mode, THF, m/z): [M-2NTf2]2+ found 2645.338, simulated 

2645.321 for C
390

H
420

N
4
O

4
S

2
2+. 

Table 14. Characterization data of bivalent imidazolium end-capped poly(styrene) (17) via thio-bromo “click” 

reaction. 

Ent. Comp. Prec. 
n(15) 

[mmol] 

n(16) 

[mmol] 

m(16) 

[mg] 

Mn (GPC) 

[g mol-1] 

Mn (NMR) 

[g mol-1] 
Đ 

yield 

[%] 

1 17a 15a 0.200 0.880 587 4500 4800 1.12 98 

2 17b 15b 0.120 0.528 352 9000 8500 1.15 89 

3 17c 15c 0.068 0.299 199 15100 18200 1.17 53 

 

17 
15 
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4.3.6. Synthesis of chain-extended copper(I)-bis(NHC) complexes (18) 
 

 

Scheme 18. Synthesis of chain extended mechanocatalysts (18) using strong base method. 

Polymer 17 was dissolved in dry toluene adjusting a concentration of 0.15 mmol mL-1 followed 

by five freeze-thaw cycles in order to remove oxygen. After adding NaOtBu (2.6 eq.), the 

reaction mixture was stirred at room temperature for 15 minutes followed by the addition of 

tetrakis(acetonitrile)copper(I) hexafluorophosphate (1 eq). The solvent was removed under 

vacuo and the crude product was purified by preparative GPC to obtain 18 as a light yellow 

solid.  

1H-NMR (THF-d8, 400 MHz,): δ [ppm] 7.27 − 6.35 (m, Ar-H of phenyl-residue), 6.23 (d, 3JH,H = 

2.9 Hz, 2H, NCHCHN), 3.50 (s, 4H, NCH2 + OCH2), 3.50 (s, 3H, NCH3), 2.39 − 1.08 (m, CH2- 

+ CH-groups of repetitive unit). 

Table 15. Conversion in complexation reaction of 17a using different concentration. 

Ent. c17a  
[mmol * mL-1] 

Mn(GPC)17a  
[g mol-1] 

Mn(GPC)18a  
[g mol-1] 

Ð Conv.a) 

[%] 

1 0.02 

4500 

5000 1.3 5 

2 0.04 7400 1.3 8 

3 0.08 9100 1.5 39 

4 0.15 15000 1.5 87 
a) Determined via 1H-NMR spectroscopy of the crude reaction mixture by integration of precursor signals at 7.54 ppm and the 

resonances at 6.25 ppm assigned to the copper(I)-bis(NHC) complex. 

Table 16. Reaction conditions of Cu(I) bis(NHC)-complexes (18) formation. 

Ent. Comp. Prec. 
n(prec) 

[mmol]a) 

n(NaOtBu) 

[mmol] 

m(NaOtBu) 

[mg] 

n(Cu) 

[mmol] 

m(Cu) 

[mg] 

Mn (GPC)18 

[g mol-1]b) Đ 

1 18a 17a 0.104 0.270 25.99 0.104 38.76 15000 1.6 

2 18b 17b 0.059 0.153 14.74 0.059 21.99 21500 1.5 

3 18c 17c 0.027 0.071 06.83 0.027 10.06 31000 1.4 

a) Determined by using molecular weight via NMR, b) Determined via GPC (DMF + LiNTf2) using PS standard calibration. 
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4.4. Synthesis of network-based copper(I)-bis(NHC) complexes 

4.4.1. Synthesis of (bis(3-(vinylbenzyl)-1-methyl-imidazole-2-yl)copper(I)-
hexafluorophosphate (19) 

 
 

Scheme 19. Synthesis of (bis(3-(vinylbenzyl)-1-methyl-imidazole-2-yl)copper(I)-hexafluorophosphate (19). 

4–Vinylbenzylchloride (5.10 mL, 37.50 mmol,) was dissolved in CHCl3 (25 mL) followed by the 

addition of 1–methylimidazole (37.50 mmol, 3.00 mL) and was stirred for 18 h at 60°C. The 

resulted solution was mixed with water (100 mL) and washed with diethyl ether (3 x 50 mL). 

The aqueous phase was concentrated under reduced pressure and methanol was added (100 

mL). After addition of ammonium hexafluorophosphate (6.10 g, 37.50 mmol), the reaction 

mixture was stirred for 24 h at RT, the formed precipitate was filtered off and finally washed 

with methanol (3 x 20 mL). Compound 19 (34.50 mmol, 11.86 g, 92% was obtained after drying 

in high vacuum as a colorless powder. 

1H–NMR (DMSO–d6, 400 MHz): δ [ppm] = 9.40 (s, 1H, NCHN), 7.79 (dt, 3JH,H = 35.5, 4JH,H = 

1.7 Hz, 2H, NCHCH), 7.54 – 7.39 (m, 4H, CHAr), 6.74 (dd, 3JH,H = 17.6, 4JH,H = 10.9 Hz, 1H, 

CH2CHC), 5.86 (dd, 3JH,H = 17.7, 4JH,H = 0.9 Hz, 1H, CH2CHC), 5.44 (s, 2H, NCH2), 5.29 (dd, 
3JH,H = 10.9, 3JH,H = 0.8 Hz, 1H, CH2CHC), 3.86 (s, 3H, NCH3). 

13C–NMR (DMSO–d6, 100 MHz): δ [ppm] = 137.9 (CH2CHC), 137.2 (CH2CHC), 136.4 (NCHN), 

134.8 (CCH2N), 129.2 (CH2CHCCH), 127.1 (CH2CCH), 124.4 (CH3NCHCHN), 122.7 

(CH3NCHCHN), 115.7 (CH2CHC), 51.9 (NCH2), 36.3 (NCH3). 

4.4.2. Copolymerization of poly[(styrene)-stat-1-methyl-3-(4-vinylbenzyl)-1H-imidazol-3-
ium hexafluorophosphate] (20)  

 

 

 

Scheme 20.Synthesis of copolymers (20) consisting of styrene and 19 via ATRP.  

Styrene, 1-methyl-3-(4-vinylbenzyl)-1H-imidazol-3-ium hexafluorophosphate (19) (mol ratio 

10:1 for 20a, 3:1 for 20b and 1:1 for 20c), 2-bromopropionate (11.0 µl, 0.08 mmol), 

19 

19 20 
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N,N,N′,N′′,N′′-pentamethyl diethylenetriamine (PMDETA) (31.7 µl, 0.15 mmol) and butyronirile 

(3.0 mL) were placed in a Schlenk tube. The reaction mixture was subjected to several freeze-

pump-thaw cycles. Subsequently, copper(I) bromide (10.9 mg, 0.08 mmol) was added inside 

a glove box. The solution was stirred 15 minutes at room temperature and was placed 

afterwards in a preheated oil bath at 80°C until the desired molecular weight was achieved 

(GPC control). After fast cooling to room temperature, the reaction mixture was diluted with 

MeCN and precipitated in MeOH/HCl (conc.) (10:1 v/v%) three times to obtain poly[(styrene)-

stat-1-methyl-3-(4-vinylbenzyl)-1H-imidazol-3-ium hexafluorophosphate] (20) as a light yellow 

solid.  

1H-NMR (DMSO-d6, 400 MHz): δ [ppm] 9.15 (bs, 9H), 7.70 (bs, 19H), 6.78 (bs, C6H5 repetitive 

unit), 5.30 (bs, 20H), 3.85 (bs, 30H), 1.44 (bs, CH and CH2 repetitive unit), 0.88 (bs, 3H).  

13C-NMR (DMSO-d6, 100 MHz): δ [ppm] 145.6, 127.9, 125.6, 136.9, 124.4, 122.5, 52.0, 45.9 

– 44.3, 36.3.  

Table 17. Overview of synthesized copolymers (20) as well as their monomer feed and polymer composition. 

Ent. Copolymer 
Feed 

styr./19 

Polymer 

styr./19 

Mn(NMR) 

[g mol-1]a) 

Mn(GPC) 

[g mol-1] 
Đ 

Funct. 

groups 

Tg
b) 

[°C] 

1 20a 10:1 11:1 7500 6300 1.4 5 106 

2 20b 3:1 3:1 7200 5900 1.4 11 127 

3 20c 1:1 1:1 6000 5700 1.4 15 138 

a) Determined via 1H-NMR spectroscopy using the resonances at 0.88 ppm (CH3OC(O)CH(CH3) of initiator) and the aromatic 

protons of the repetitive units 6.52 – 7.02 ppm respective of the ionic species at 5.25 ppm (NCH2C6H4). 

b) Heating rate 10 K min-1. 

4.4.3. Synthesis of poly(styrene) copper(I)-bis(NHC) networks (21)  

 
 

Scheme 21. Synthesis of network based mechanocatalysts (21) using strong base method. 

In a typical procedure, 20a (1.00 g, 0.13 mmol, Mn (NMR) = 7500 g mol-1, 5 functional groups 

per polymer chain) were dissolved in DMF (1.0 mL) adjusting a concentration of 1.00 g mL-1 

followed by three freeze-pump-thaw cycles in order to remove oxygen. After adding NaOtBu 

(81 mg, 0.85 mmol, 1.3 eq. per functional group), the reaction mixture was stirred at room 

temperature for 15 min subsequently followed by addition of 

tetrakis(acetonitrile)copper(I)hexafluorophosphate (0.12 g, 0.33 mmol, 0.5 eq. per functional 

group) which caused immediately the formation of a precipitate. The solvent was removed, 

and the residue was washed with THF and MeCN to obtain network 21a as a yellow-brown 

solid. 

20 21 
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Table 18. Characterization data for copper(I)-bis(NHC) based networks (21). 

Ent. Comp. Ratio  

styr./19a) 

𝝑𝒆𝒙𝒑  

[mol m-3]b) 

Amount Cuexp   

[mmolCu/100 mgsample]c) 

Amount Cutheo 

[mmolCu/100 mgsample]d) 

Conv. 

[%] 

1 21a 11:1 120 0.055 0.072 83 

2 21b 3:1 710 0.142 0.152 93 

3 21c 1:1 2360 0.178 0.225 79 

a) Determined via 1H-NMR spectroscopy.  

b) Crosslinking density 𝜗𝑒𝑥𝑝 in swollen state.  

c) Determined by FAAS.  

d) Theoretical value for full conversion of imidazole moieties (20). 

4.5. Mechanochemical activation of copper(I)-bis(NHC) complexes in bulk via 
compression 

4.5.1. Synthesis of 3-azido-7-hydroxycoumarine (22) 

 

 
 

Scheme 22. Synthesis of 3-azido-7-hydroxycoumarine (22). 

2,4-Dihydroxybenzaldehyd (8.31 g, 60 mmol), N-acetyl glycine (7.05 g, 60 mmol) and sodium 

acetate (18.3 g, 240 mmol) was suspended in Ac2O (300 mL) and was stirred for 250 min 

under reflux. The reaction mixture was allowed to come to room temperature and poured in an 

ice bath (500 mL). The precipitate was filtered off and was washed with cold water (3 x 70 mL). 

The crude residue was dissolved in HCl (36 wt.%) /EtOH 2:1 (90 mL) and heated up for 60 min 

under reflux. After addition of ice water (70 mL), the reaction mixture was cooled to – 5°C. 

Sodium nitrite (8.31 g, 120 mmol) was added followed by the dropwise addition of sodium 

azide (11.70 g, 180 mmol). In this step, the temperature of 0°C was not exceeded. The 

resulting suspension was stirred for 15 min at RT, the precipitate was filtered off and finally 

dried in high vacuum to obtain compound 22 (1.53 g, 7.80 mmol, 13%) as a brown solid. 

1H–NMR (DMSO–d6, 400 MHz): δ [ppm] 10.53 (bs, 1H, OH), 7.59 (s, 1H, CHCN3), 7.48 (d, 
3JH,H = 8.5 Hz, 1H, OCCHCHC), 6.81 (dd, 3JH,H = 8.52, 4JH,H = 3.00 Hz, 1H, OCCHCHC), 6.76 

(d, 3JH,H = 2.2 Hz, 1H, OCCHC).  

13C–NMR (DMSO–d6, 100 MHz): δ [ppm] 160.7 (COH), 157.7 (C=O), 153.2 (COC=O), 129.5 

(CHCHCOH), 128.2 (CCHCOH), 121.5 (CN3), 114.2 (CHCHCOH), 111.7 (CCHCN3), 102.5 

(CHCN3).  

ESI-TOF-MS (positive mode, THF, m/z): [M+H]+ found 204.053, simulated 204.040 for 

C9H6N3O3
+ and [M–N2]+ found 175.026, simulated 175.074 for C9H5NO3

+.  

FT–IR (ATR): 1/λ [cm–1] = 3298 (m), 3051 (w), 2363 (w), 2114 (s), 1678 (s), 1618 (s), 1599 (s), 

1511 (w), 1453 (w), 1371 (w), 1342 (w), 1317 (m), 1257 (m), 1222 (m), 1155 (m), 1122 (m), 

1066 (w), 980 (w), 923 (w), 857 (w), 836 (w), 814 (w), 746 (w), 721 (w), 626 (w), 582 (w). 
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4.5.2. Synthesis of 7-hydroxy-3-(4-phenyl-[1,2,3]triazol-1-yl)-coumarin (24) 

 

 

Scheme 23. Synthesis of 7–hydroxy–3–(4–phenyl–[1,2,3]triazole–1–yl)–coumarin (24) 

3–Azido–7–hydroxycoumarin 22 (0.49 mmol, 100 mg) was added to a solution of 

phenylacetylene (23) (54 µl, 0.51 mmol), copper(II)–sulfate–pentahydrate (460 µl, 0.03 mmol, 

0.1 M in H2O) und sodiumascorbat (23.80 mg, 0.12 mmol) in 5.0 mL water/EtOH 1/3 and stirred 

for 18 h at RT. Ice water was added to the brownish suspension, EtOH was removed under 

reduced pressure, the residue was filtered off and finally washed with ice water (3 x 4 mL). 

After drying in high vacuum compound 24 (132 mg, 0.43 mmol, 90%) was obtained as brown 

solid. 

1H–NMR (DMSO–d6, 400 MHz): δ [ppm] 10.92 (s, 1H, OH), 8.99 (s, 1H, triazole), 8.64 (s, 1H, 

CHCN), 7.95 (d, 3JHH = 7.2 Hz, 2H, CHortho ), 7.77 (d, 3JHH = 8.5 Hz, OCCHCHC), 7.49 (t, 3JHH 

= 7.49 Hz, 2H, CHmeta), 7.38 (t, 3JHH = 7.4 Hz, 1H, CHpara), 6.92 (d, 3JHH = 8.6 Hz, 1H, OCCHCH), 

6.87 (s, 1H, CCHCO).  

13C–NMR (DMSO–d6, 100 MHz): δ [ppm] 163.4 (C=O), 156.8 (COH), 155.3 (CHCO), 146.9 

(NCHC), 137.3 (CHCCN), 131.5 (CHCCN), 130.5 (Cortho), 129.5 (O=CCN), 128.7 (Cmeta), 125.8 

(HOCCHCH), 122.6 (Cpara), 119.5 (CCHCN), 114.9 (CCHCN), 110.6 (HOCCHC), 102.7 

(HOCCHC).  

ESI-TOF-MS (positive mode, THF, m/z): [M+Na]+ found 328.050, simulated 328.069 for 

C17H11N3NaO3
+ and [M–C8H6N2Na]+ found 217.128, simulated 217.034 for C9H8O4NNa +.  

FT–IR (ATR): 1/λ [cm–1] = 3169 (w), 3134 (w), 3083 (w), 1731 (m), 1711 (m), 1603 (s), 1478 

(w), 1449 (w), 1411 (m), 1338 (w), 1238 (m), 1176 (w), 1130 (w), 1077 (w), 1051 (w), 995 (w), 

925 (w), 860 (w), 817 (w), 764 (w), 694 (w), 634 (w). 

24 22 23 
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4.5.3. Fluorescence calibration for fluorogenic “click” reaction 

 
 

Scheme 24. Components involved in calibration for fluorogenic "click" reaction. 

Calibration of fluorescence spectrometer was done by embedding the clicked fluorogenic dye 

24 in different concentrations in a high molecular weight pTHF matrix. Fluorescence quenching 

effects based on the chromaticity of the dye were neglected adjusting an overall concentration 

of coumarin based dyes (22 + 24) constant at 1.6 · 10-4 mmol mg-1. The experimentally used 

concentrations (c(24) = 0, 1.5∙10-6, 2.9∙10-6, 7.7∙10-6, 1.6∙10-5, 3.2∙10-5, 6.4∙10-5,1.6∙10-4 mmol(24) 

mgsample
-1) of 24 were adjusted dissolving the pTHF matrix (200 mg, Mn = 112 000 g mol-1), the 

corresponding amounts of 24 and 22 in dry THF. After the solution became homogenous, the 

solvent was removed under reduced pressure and the sample was brought roughly into a 

cylindrical form (diameter ~ 13 mm) using spatula and tweezer and was allowed to crystallize 

for one week into dark. After crystallization, the samples were compressed using an automatic 

hydraulic press together with a 13 mm pellet compression tool applying 10 tons pressure 

(corresponding to 0.74 GPa). The fluorescence intensity was measured at 427 nm after 

excitation at 360 nm. The obtained fluorescence was finally fitted versus the conversion. 

Table 19. Detailed data for the calibration of the fluorescence intensity versus the concentration of the 7-hydroxy-

3-(4-phenyl-1H-[1,2,3]triazole-1-yl)-coumarin (24) in a pTHF matrix. 

Ent. 
n(24) 

[mmol] 

m(24)  

[mg] 
n(22) 

[mmol] 

m(22) 

[mg] 

IFl. 

 (427 nm) 

Sample1 

[a.u.] 

IFl. 

 (427 nm) 

Sample 2 

[a.u.] 

IFl.  

(427 nm) 

Sample 3 

[a.u.] 

IFl. 

 (427 nm) 

Average 

[a.u.] 

conv.a) 

[%] 

1 0 0 3.4·10-2 6.98 17 17 17 17 0 

2 3.0·10-4 0.10 3.4·10-2 6.91 23 24 25 24 1 

3 6.0·10-4 0.20 3.4·10-2 6.85 25 26 26 25 2 

4 1.6·10-3 0.50 3.2·10-2 6.65 44 49 49 47 5 

5 3.2·10-3 1.00 3.1·10-2 6.31 74 78 88 80 10 

6 6.6·10-3 2.02 2.8·10-2 5.63 160 170 182 170 19 

7 1.3·10-2 4.08 2.1·10-2 4.26 477 483 510 490 39 

8 3.4·10-2 10.50 0 0 939 973 989 967 100 

a) Conversion was calculated according to y = 6.01∙106 ( 2.94∙105) x + 1.12∙101 ( 1.86∙101). 

 

24 23 
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4.5.4. Synthesis of 3-benzyl-1-methylimidazolium bromide (25) 

 

 

Scheme 25. Synthesis of 3-benzyl-1-methylimidazolium bromide (25). 

1-Methylimidazole (2.42 mL, 30 mmol) was added dropwise to a solution of benzyl bromide 

(6.48 mL, 30 mmol) in acetonitrile (MeCN) (15 mL) at 0°C and was stirred for 24 h at 60°C. 

The crude product was diluted with water (20 mL) and washed with CHCl3 (3 x 20 mL) followed 

by evaporation of water at reduced pressure. After drying in high vacuum 25 (7.41 g, 29.40 

mmol, 98%) was obtained as colorless highly viscous oil.  

1H-NMR (CDCl3, 400 MHz): δ [ppm] 10.24 (s, 1H, NCHN), 7.47 (m, 3H, CHpara + CHortho), 7.38 

– 7.28 (m, 4H, CHpara + NCHCHN), 5.55 (s, 2H, NCH2), 4.02 (s, 3H, NCH3).  

13C-NMR (CDCl3, 100 MHz): δ [ppm] 137.0 (NCHN), 133.1 (CCH2N), 129.4 (Cpara), 129.3 

(Cortho), 128.9 (Cmeta), 123.8 (CH3NCHCHN), 122.0 (CH3NCHCHN), 53.1 (NCH2), 36.7 (NCH3).  

ESI-TOF-MS (positive mode, MeOH, m/z): [M-Br]+ found 173.108, simulated 173.107 for 

C11H13N2
+. 

4.5.5. Synthesis of low molecular weight copper(I)-bis(NHC) complex (26) 

 

 

Scheme 26. Synthesis of low molecular weight copper(I)-bis(NHC) complex (26) using strong base method. 

To a solution of 25 (1.0 g, 3.97 mmol) in dry MeCN (15 mL) sodium tert-butoxide (0.42 g, 

4.37 mmol, 1.3 eq.) was added and the solution was stirred for 15 minutes at room temperature 

followed by addition of copper(I) bromide (0.28 g, 1.98 mmol, 0.5 eq.). The reaction mixture 

was stirred at 60°C for further 48 hours. The resulting suspension was filtered, and the solvent 

was removed under reduced pressure. After column chromatography on silica by gradually 

changing the polarity of solvent from EA/MeOH 50/1 to EA/MeOH 10/1 (Rf = 0.48 EA/MeOH 

10/1) bis(3-benzyl-1-methyl-imidazol-2-yl)copper(I)-bromide (26) (1.19 g, 2.42 mmol, 61%) 

was obtained as a colorless solid. 

1H-NMR (CDCl3, 400 MHz): δ [ppm] 7.41 – 7.21 (m, 10H, CHAr), 6.12 (dd, 3JH,H = 21.8, 4JH,H = 

2.9 Hz, 4H, NCHCHN), 4.78 (s, 4H, NCH2), 3.27 (s, 6H, NCH3).  

13C-NMR (CDCl3, 100 MHz): δ [ppm] 153.4 (NCCuN), 137.0 (CCH2N), 128.7 (Cpara), 127.8 

(Cortho), 127.7 (Cmeta), 111.6 (CH3NCHCHN), 109.8 (CH3NCHCHN), 47.2 (NCH2), 30.5 (NCH3). 

 

25 

25 26 
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4.5.6. Mechanochemical activation 

The catalytic activity of different latent copper(I)-bis(NHC) complexes was demonstrated by 

embedding 0.033 eq. of the bis(NHC) complexes and an equimolar ratio of phenylacetylene 

(23) and 3-azido-7-hydroxy-coumarin (22) in a high molecular weight pTHF matrix with a 

copper(I) concentration of 5.4·10-6 mmol mgsample
-1. After crystallizing the sample for one week, 

the sample was transferred in a KBr pellet die compression tool. A compression force of 10 

tons (corresponding to 0.74 GPa) was applied via a hydraulic press into 20 compression cycles 

folding the sample between each compression cycle. The fluorescence was determined before 

and after compression with an emission maximum at a wavelength of λem = 427 nm after an 

excitation at λex = 360 nm. Previous calibration of the fluorescence spectrometer with respect 

to the dye concentration enabled a quantitative comparison of catalytic efficiency.  

Table 20. Summary of catalytic activity of force activated chain-extended (18), network-based (21) and low 

molecular weight (26) mechanocatalysts, towards the fluorogenic “click” reaction from (22) with phenylacetylene 

(24). 

Ent. 
Cu(I) 

catalyst 

Mn(GPC) 

[g mol-1] 

Conversion [%] after compression cycle 

0 1st 2nd 3rd 10th 20th 

Control experiments 

1  without 0 0 0 0 0 0 

2 25 Low MW 0 0 0 0 0 0 

Chain extended copper(I)-bis(NHC) complexes 

3 18a 15000 1 5 6 7 14 16 

4 18b 21500 3 5 16 28 40 44 

Network based copper(I)-bis(NHC) complexes 

5 21a 11:1 0 20 24 33 44 44 

6 21b 3:1 0 4 7 9 11 12 

7 21c 1:1 0 7 8 11 12 12 

4.6. Synthesis of poly(urethane) networks 

4.6.1. Synthesis of trans-dispiro[oxirane-2,9´[10´H]-anthracene-10´,2´´-oxirane] (27) 

 

 

Scheme 27. Synthesis of trans-dispiro[oxirane-2,9´[10´H]-anthracene-10´,2´´-oxirane] (27) via COREY-CHAYKOVSKY epoxidation. 

To a suspension of NaH (0.50 g, 13.00 mmol, 60% in oil) in dry DMSO (30 mL) trimethyl 

sulfonium iodide (2.85 g,12.64 mmol) was added dropwise in the dark. After stirring for 8 hours, 

anthraquinone (1.17 g, 5.62 mmol) in DMSO (20 mL) was added and subsequently stirred at 

RT for additional 16 h. The reaction mixture was poured into an ice bath, the resulting 

27 
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precipitate was collected and after recrystallization in ethanol compound 27 (1.11 g ,4.66 mmol, 

78%) was obtained a colorless solid.  

1H-NMR (CDCl3, 400 MHz): δ [ppm] 7.56 – 7.25 (m, 8H, CHAr), 3.25 (s, 4H, CH2). 

13C-NMR (CDCl3, 100 MHz): δ [ppm] 135.4 (CHCCO), 128.4 (CHCHC), 122.3 (CHCHC), 63.8 

(CH2O), 54.4 (CCH2O). 

4.6.2. Synthesis of 10-(hydroxymethyl) anthracene-9-carbaldehyde (28) 

 

 

Scheme 28. Synthesis of 10-(hydroxymethyl) anthracene-9-carbaldehyde (28). 

LiBr (1.00 g, 11.50 mmol) was added to a solution of compound 27 (0.59 g, 2.50 mmol) in 

MeCN (80 mL) and was stirred in the dark overnight. The reaction mixture was concentrated 

by removing MeCN under reduced pressure. After crystallization at 20°C, compound 28 

(0.53 g, 2.25 mmol, 90%) was obtained as light-yellow crystals. 

1H-NMR (CDCl3, 400 MHz): δ [ppm] 11.53 (s, 1H, HC=O), 8.94 – 8.91 (m, 2H, CHCCC=O), 

8.56 – 8.53 (m, 8H, CHCCCH2OH),), 7.74 – 7.62 (m, 4H, CHAr), 5.74 (d, 3JH,H
  = 5.8 Hz, 4H, 

CH2).  

13C-NMR (CDCl3, 100 MHz): δ [ppm] 193.8 (HC=O), 138.6 (CCH2OH), 131.4 (CCCH2OH), 

129.8 (CHCHCCC=O), 128.4 (CCC=O), 126.6 (CHCHCCCH2OH), 124.7 (CHCCCH2OH), 

124.2 (CC=O), 57.6 (CH2OH). 

4.6.3.  Synthesis of (10-Azidomethylanthracen-9-yl)methanol (29) 

 

Scheme 29. Synthesis of (10-Azidomethylanthracen-9-yl)methanol (29). 

Triethylamine (0.46 mL, 3.30 mmol) was added to a suspension of compound 28 (0.52 g, 2.20 

mmol) in DCM/MeCN 1/1 (40 mL) followed by the addition of methane sulfonyl chloride 0.32 

g, 2.75 mmol). The reaction mixture was stirred at RT for 4 h, HCl (30 mL, 1 M) was added 

and the organic layer was washed with water (2 x 50 mL) and brine (50 mL) and was dried 

over anhydrous Na2SO4. After removing the solvent under reduced pressure, the residue was 

dissolved in DMF (50 mL), NaN3 (0.21 g, 3.30 mmol) was added, the reaction mixture was 

stirred overnight. After the addition of water (100 mL), the solution was extracted with EA (3 x 

27 28 

28 29 
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50 mL). The combined organic layers were dried over anhydrous Na2SO4 and the solvent was 

removed under reduced pressure. Finally, the obtained residue was suspended in ethanol (50 

mL), NaBH4 (0.12 g, 3.30 mmol) was added in small portions at 0°C and the reaction mixture 

was stirred at RT overnight. Afterwards, concentrated HCl (5.00 mL, 37%) was added. Then, 

the reaction mixture was diluted with H2O (150 mL) and was extracted with DCM (3 x 70 mL). 

The combined organic layers were dried over anhydrous Na2SO4. After flash chromatography 

on silica (EA/Hex 1/4), compound 29 (0.30 g, 1.14 mmol, 52%) was obtained as a yellow solid. 

1H-NMR (DMSO-d6, 400 MHz): δ [ppm] 8.57 – 8.50 (m, 2H, CHCCCH2OH), 8.49 – 8.42 (m, 

2H, CHCCCH2N3), 7.66 – 7.58 (m, 4H, CHAr), 5.50 (s, 2H, CH2N3), 5.46 (d, 3JH,H = 5.3 Hz, 3H, 

CH2OH), 5.38 (t, 3JH,H = 5.3 Hz, 1H, OH). 

13C-NMR (DMSO-d6, 100 MHz): δ [ppm] 135.4 (CCH2OH), 130.6 (CCCH2OH), 130.0 

(CCCH2N3), 127.3 (CHCHCCCH2N3), 126.8 (CHCHCCCH2OH), 126.1 (CHCCCH2OH), 126.1 

(CHCCCH2N3), 124.9 (CCH2N3), 55.9 (CH2OH), 46.1 (CH2N3). 

4.6.4. Synthesis of [10-(4-Phenyl-[1,2,3]triazol-1-ylmethyl)-anthracen-9-yl] methanol (30) 

 

Scheme 30. “Click” reaction of (10-Azidomethylanthracen-9-yl)methanol (29) and phenylacetylene (23). 

Compound 29 (78.99 mg, 0.30 mmol) and phenylacetylene 23 were suspended in DMF/water 

3/1 (28 mL) followed by the addition of CuSO4 * 5H2O (7.00 mg, 0.05 mmol), NaAsc (14.00 

mg, 0.09 mmol) and TBTA (8.00 mg, 0.02 mmol). The reaction mixture was stirred at RT for 

24 h, water was added, and the solution was extracted by EA (3 x 25 mL). The combined 

organic layers were dried over anhydrous Na2SO4. After column chromatography on silica 

changing the polarity of solvent from EA/Hex 9/1 to EA/Hex 4/1, compound 30 (98.66 mg, 

0.27 mmol, 93%) was obtained as a yellow solid. 

 1H-NMR (DMSO-d6, 400 MHz): δ [ppm] δ 8.66 – 8.59 (m, 2H, CHCCCH2N), 8.59 – 8.52 (m, 

2H, CHCCCH2OH), 8.37 (s, 1H, triazole), 7.80 – 7.71 (m, 2H, CHortho), 7.69 – 7.57 (m, 4H, 

CHAr), 7.36 – 7.31 (m, 2H, CHmeta), 7.27 – 7.18 (m, 1H, CHpara), 6.68 (s, 2H, CH2N), 5.48 (d, 
3JH,H = 5.1 Hz, 2H, CH2OH), 5.39 (t, 3JH,H = 5.4 Hz, 1H, OH). 

13C-NMR (DMSO-d6, 100 MHz): δ [ppm] 146.7 (NCC), 135.9 (CCCH2OH), 131.0 (CCCH2N), 

130.7 (NCC), 130.1 (CCCH2OH), 129.2 (CCCH2N), 128.2 (CHpara), 127.1 (CHCHCCCH2N), 

126.4 (CHortho), 126.1 (CHmeta), 126.0 (CHCHCCCH2OH), 125.6 (CHCCCH2OH), 124.9 

(CHCCCH2N), 121.43 (NCHC), 55.9 (CH2OH), 46.4 (CH2N). 

29 23 30 
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4.6.5. Synthesis of 8-azidonaphthalen-2-ol (31) 

  

Scheme 31. Synthesis of 8-azidonaphthalen-2-ol (31). 

HCl (8 mL, 36 wt.%) was added dropwise to a suspension of 8-amino-2-naphthol (2.00 g, 

12.5 mmol) in water (70 mL) and was cooled to – 5°C. A solution of NaNO2 (1.30 g, 18.75 

mmol) in water (10 mL) was added slowly and the mixture was stirred for 30 min at -5°C. Over 

a time of 40 min, a solution of NaN3 (1.21 g, 18.75 mmol) in ice cold water (15 mL) was added 

and the reaction mixture was stirred at RT for 1 h. Afterwards, the solution was extracted with 

Et2O and washed with water. The combined organic layers were dried via Na2SO4 and the 

solvent was evaporated under reduced pressure. After purification via flash chromatography 

on silica with n-hexane/EA 5/1 (Rf = 0.51), compound 31 (1.46 g, 7.88 mmol, 63%) was 

obtained as a pale brown solid. 

1H-NMR (CDCl3, 400 MHz): δ [ppm] 7.73 (d, 3JH,H = 8.8 Hz, 1H, CCHCHCO), 7.57 (d, 3JH,H = 

8.2 Hz, 1H, CHCHCN3), 7.39 (d, 3JH,H = 2.5 Hz, 1H, N3CCHCHCHC), 7.32 (t, 3JH,H = 8.1 Hz, 

1H, OCCHC), 7.22 (d, 3JH,H = 7.1 Hz, 1H, CHCN3), 7.14 (dd, 3JH,H = 8.8, 4JH,H = 2.6 Hz, 1H, 

OCCH), 5.10 (s, 1H, OH). 

13C-NMR (CDCl3, 100 MHz): δ [ppm] 153.7 (COH), 134.9 (CN3), 129.8 (N3CC), 129.8 

(HOCCHCH), 127.5 (N3CHCH), 124.6 (N3CHCHCH), 123.3 (N3CCH), 118.7 (CHCCH), 114.5 

(HOCCH), 104.7 (HOCCHC).  

ESI-TOF MS (negative mode, THF:MeOH 99:1, m/z): [M-H]- found 184.066, simulated 184.052 

for C10H7N3O-.  

FT-IR (ATR): 1/λ [cm–1] = 3316 (br), 2121 (s), 1631 (w), 1594 (m), 1524 (w), 1465 (m), 1394 

(w), 1354 (w), 1294 (s), 1233 (m), 1199 (w), 1175 (s), 1137 (m), 1071 (w), 1012 (w), 916 (w), 

884 (w), 858 (w), 827 (s), 780 (w), 759 (w), 738 (m), 721 (w), 666 (w), 634 (w). 

4.6.6. Synthesis of 8-(4-(3-hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol (33) 

 

 

Scheme 32. Synthesis of 8-(4-(3-hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol (33). 

A stock solution of CuSO4 * 5H2O (54.0 µmol, 13.4 mg in 0.5 mL water) and a stock solution of 

sodium ascorbate (NaAsc) (80 0 µmol, 16.1 mg in 0.5 mL water) were added to a mixture of 

31 (100.0 mg, 0.54 mmol) and 3-hydroxyphenylacetylene (32) (67.1 mg, 0.54 mmol) in EtOH 

(4 mL). The resultant solution was stirred overnight at RT. The reaction mixture was diluted 

31 
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with water 15 mL, extracted with CHCl3 (3 x 10 mL) and dried over Na2SO4. The solvent was 

evaporated under reduced pressure. After purification via column chromatography with 

CHCl3/MeOH 20/1 (Rf = 0.30), compound 33 (154.0 mg, 0.51 mmol, 94%) was obtained as a 

yellow solid. 

1H-NMR (DMSO-d6, 400 MHz): δ [ppm] 10.01 (s, 1H, OHnaph), 9.59 (s, 1H, OHphe), 8.99 (s, 1H, 

triazole), 8.04 (d, 3JH,H = 8.2 Hz, 1H, OCCHCHnaph), 7.96 (d, 3JH,H = 8.9 Hz, 1H, 

CHCHCHCNnaph), 7.66 (d, 3JH,H = 7.2 Hz, 1H, NCCH), 7.47 – 7.40 (m, 2H, OCCHC + 

NCCCHCH), 7.37 (d, 3JH,H = 7.7 Hz, 1H, CCHCHphe), 7.27 (t, 3JH,H = 7.8 Hz, 1H, CCHCHphe), 

7.18 (dd, 3JH,H = 8.9, 4JH,H = 2.3 Hz, 1H, CCHCOphe), 6.78 (dd, 3JH,H = 2.5 Hz, 4JH,H = 1.0 Hz, 

1H, OCCHCHphe), 6.76 (d, 3JH,H = 2.4 Hz, 1H, OCCHCHnaph).  

13C-NMR (DMSO-d6, 100 MHz): δ [ppm] 158.3 (HOCphe), 157.5 (HOCnaph), 147.0 (NCCHN), 

132.3 (NCCH), 132.1 (HOCCHCH), 130.7 (CHCHCCHCH), 130.5 (NCCCH), 130.5 

(HOCCHCphe), 130.4 (HOCCHCHnaph), 128.9 (NCCHCHCH), 124.7 (NCCHCHCH), 124.5 

(NCHCN), 122.3 (NCCH), 120.3 (HOCCHphe), 116.7 (NCCCH), 115.6 (HOCCHnaph), 112.6 

(HOCCHCphe), 103.5 (HOCCHC). 

ESI-TOF MS (negative mode, THF:MeOH 99:1, m/z): [M-H]- found 302.041, simulated 302.094 

for C18H13N3O2
-.  

FT-IR (ATR): 1/λ [cm–1] = 3136 (br), 1602 (m), 1516, 1453 (m), 1428 (w) , 1383 (w), 1356 (w), 

1239 (s), 1200 (s), 1163 (w), 1080 (w), 1046 (w), 1000 (w), 968 (w), 910 (w), 871 (m), 829 (s), 

782 (s), 743 (m), 717 (w), 687 (m), 663 (w), 573 (w). 

4.6.7. Synthesis of 3-(1-(7-((hexylcarbamoyl)oxy)naphthalen-1-yl)-1H-1,2,3-triazol-4-
yl)phenyl hexylcarbamate (34) 

 

 

Scheme 33. Synthesis of model dye (34) for determination of optical properties in solution. 

Hexamethylene isocyanate (187 l ,1.28 mmol) was added to a mixture of 33 (150.0 mg, 

0.49 mmol) followed by the addition of DBU (0.05 eq) and the resultant solution was stirred 4 h 

at RT. The reaction mixture was diluted with water 15 mL, was extracted with CHCl3 (3 x 10 

mL), dried over Na2SO4 and the solvent was evaporated under reduced pressure. After 

purification via flash chromatography with CHCl3/MeOH 20/1 compound 34 (234.0 mg, 0.42 

mmol, 86%) was obtained as a pale brownish solid. 

1H-NMR (DMSO-d6, 500 MHz): δ [ppm] 9.17 (s, 1H, triazole), 8.23 (d, 3JH,H = 8.3 Hz, 1H, 

OCCHCHnaph), 8.17 (d, 3JH,H = 9.0 Hz, 1H, NCCHCHCH), 7.85 – 7.82 (m, 2H, NCCH + 

CCHCHCHphe), 7.80 (t, 3JH,H = 5.7 Hz, 2H, NH), 7.75 – 7.66 (m, 2H, OCCHCnaph + CCCHphe), 

7.54 – 7.46 (m, 2H, NCCHCH + CCHCOphe), 7.25 (d, 3JH,H = 2.0 Hz, 1H, OCCHnaph), 7.12 (dd, 
3JH,H = 7.9, 4JH,H = 1.9 Hz, 1H, OCCHCHphe), 3.08 (q, 3JH,H = 6.8 Hz, 2H, CH2NHnaph), 3.03 (q, 

34 33 
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3JH,H = 6.8 Hz, 2H, CH2NHphe), 1.52 – 1.39 (m, 4H, CH2CH2NH), 1.36 – 1.18 (m, 12H, (CH2)6), 

0.87 (t, 3JH,H = 6.8 Hz, 3H, CH3 naph), 0.83 (t, 3JH,H = 6.7 Hz, 3H, CH3 phe). 

13C-NMR (DMSO-d6, 125 MHz): δ [ppm] 154.7 (C=Onaph), 154.4 (C=Ophe), 152.2 (O=COCnaph), 

151.1 (O=COCphe), 146.5 (CNNNCH), 133.2 (NNCCCH), 132.0 (CCHCOH), 131.7 

(NCCHCHCH), 130.7 (NNNCHC), 130.4 (OCCHCHnaph), 130.3 (OCCHCHphe), 128.9 

(CHCHCCHCH), 125.3 (CHCHCCHCH), 124.9 (CHCCHphe), 124.9 (CHCCHphe), 123.7 

(NCCHCHnaph), 122.3 (NCCHCH), 122.1 (OCCHphe), 119.2 (OCCHnaph) , 113.1 (OCCHCnaph) , 

41.0 (CH2NHnaph), 40.9 (CH2NHphe), 31.4 (CH2CH2NHnaph), 31.4 (CH2CH2NHphe), 29.7 

((CH2)2CH2NHnaph), 29.5 ((CH2)2CH2NHphe), 26.4 ((CH2)3CH2NHnaph), 26.3 ((CH2)3CH2NHphe), 

22.5 ((CH2)4CH2NHnaph), 22.5 ((CH2)4CH2NHphe), 14.4 (CH3), 14.3 (CH3). 

4.6.8. Fluorescence calibration for fluorogenic “click” reaction 

The calibration of the fluorescence spectroscope was done embedding the clicked fluorogenic 

dye 33 in defined amounts into the poly(urethane) networks at the end of the crosslinking 

process in which followed leaching experiments guarantee the complete covalently 

incorporation. To compensate potential internal quenching effects of the dye, the overall 

concentration of naphthalene-based dyes (sum of mmol 31 and mmol 33) were kept constant 

at 8.50 mol g-1
sample. Afterwards, the fluorescence intensity was determined at 437 nm 

(excitation wavelength: 377nm) at least three times on three different positions to neglect 

potential inhomogeneities within the material. This results in a direct proportionality of dye 

concentration and fluorescence intensity and which allowed to determine the conversion of 33 

during activation process (Figure 55 B) and thus offered information about the 

mechanochemical response of the incorporated mechanocatalyst (3). 

Table 21 Detailed data for the calibration of the fluorescence intensity versus the concentration of (3) and (5) in PU 

matrix. 

Ent. 
n(33) 

[mmol] 

m(33)  

[mg] 

n(31) 

[mmol] 

m(31) 

[mg] 

IFl. 

 (438 nm) 

Sample1 

[a.u.] 

IFl. 

 (438 nm) 

Sample 2 

[a.u.] 

IFl.  

(438 nm) 

Sample 3 

[a.u.] 

IFl. 

 (438 nm) 

Average 

[a.u.] 

conv.
a) 

[%] 

1 0.000 0.00 0.03 5.55 15 15 15 15 0 

2 0.005 1.52 0.025 4.63 108 110 112 110 17 

3 0.015 4.55 0.015 2.77 352 355 364 357 50 

4 0.020 6.06 0.010 1.85 492 492 492 492 67 

5 0.025 7.58 0.005 0.92 652 657 662 657 83 

6 0.030 9.09 0.000 0.00 821 822 826 823 100 

a) Conversion was calculated according to y= 8.0519x-15.96. 
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Figure 56. Emission spectra of 29, which was directly incoorperated into poly(urethane) matrix in different 

concentration leads to an increase in fluorescence intensity with increasing amount of 29 showing up a linear 

depency, which can be used to quantify the mechanochemical activation of PUXX. 

4.6.9. Synthesis of thermoplastic poly(urethane)s as prepolymers (Cu-PU) 

 

Table 22. Representative examples for molecular weight and polydispersity of PU during pre-condensation (Cu-PU) 

process. 

Ent. Time 
[min] 

Mn
a) 

[g mol-1] 
Đ 

1 0 2900 1.6 

2 10 3800 1.6 

3 20 4400 1.7 
4 30 5100 1.7 

5 40 5400 1.7 

6 50 5900 1.7 

7 60 6000 1.7 
a) Determined via comparison of 1H-NMR and GPC measurements applying a correction factor of 0.68. 

 

 

 

Cu-PU 

3 

Scheme 34. Synthesis of thermoplastic poly(urethane)s (Cu-PU) by polyaddition reaction. 
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pTHF (3.00 g, 1.03 mmol) and 3 (2.70 mg, 4.00 mol) were dissolved in THF (5 mL) followed 

by addition of hexamethylene diisocyanate (HDI) (411.2 L, 2.56 mmol) and catalytic amounts 

of 1,8-diazabicycloundec-7-ene (DBU). The reaction mixture was stirred at RT and after 

defined times, samples (~250 L) were precipitated in MeOH (5 mL) and investigated via GPC.  

4.6.10. Synthesis of PU networks (PUXX) 

The synthesis was accomplished under inert conditions to exclude humidity, which in turn could 

lead to foam formation. In a representative procedure, e.g., for PU60, the precondensate was 

formed by dissolving pTHF (3.0 g, 1.03 mmol) and 3 (2.0 mg, 3.00 mol) in THF (5 mL) followed 

by addition of hexamethylene diisocyanate (HDI) (411.2 L, 2.56 mmol) and catalytic amounts 

of DBU. The reaction mixture was stirred at RT and after a 10 min, trimethylolpropane (TMP) 

(83.3 mg, 0.62 mmol) dissolved in THF (1.00 mL) was added as crosslinker. The reaction 

mixture was stirred at RT until the desired viscosity was reached (absence of capillary 

attraction). After 31 (5.5 mg, 0.03 mmol) and 3-hydroxyphenylacetylene (32) (3.73 mg, 0.03 

mmol) were added and was stirred again at RT for 5 min. The highly viscous liquid was poured 

in a Petri dish and was kept condensing further at RT for 1 h. The resulting foil (~0.1 mm 

thickness) was cut into shape (40 x 10 mm), were dried in high vacuum for 8 h in the dark and 

finally stored under N2 atmosphere for 1 day.  

Table 23. Reaction conditions of polyurethane network synthesis (PU20 – PU60). 

 

Ent. Comp. 

m 

(pTHF) 

[g] 

n 

(pTHF) 

[mmol] 

n 

(TMP) 

[mmol] 

m 

(TMP) 

[mg] 

n 

(HDI) 

[mmol] 

V 

(HDI) 

[L] 

n 

(3) 

[mol] 

m 

(3) 

[mg] 

n 

(31/32) 

[mol] 

m 

(31) 

[mg] 

1 PU20 

3.00 1.03 

0.21 27.8 1.75 280 2.17 1.4 21.70 4.0 

2 PU30 0.31 41.6 1.95 314 2.39 1.6 23.90 4.4 

3 PU40 0.41 55.5 2.15 347 2.61 1.7 26.10 4.8 

4 PU50 0.52 69.4 2.35 379 2.84 1.8 28.40 5.3 

5 PU60 0.62 83.3 2.56 411 3.00 2.0 30.00 5.6 

6 PU70 0.72 97.2 2.76 446 3.29 2.1 32.90 6.1 

7 PU80 0.83 111.1 2.96 474 3.50 2.3 35.00 6.5 

4.7. Mechanical properties of PU networks 

4.7.1. Determination of E-modulus 

Table 24. Young´s moduli of PU20 – PU80 networks and calculated G´ and x. 

Ent. Comp. OH ratioa) 

E 

modulusb) 

[MPa] 

G´c) 

[MPa] 

 
x
d) 

[mol/m3] 

1 PU20 0.2 0.04 0.01 4 

2 PU30 0.3 0.10 0.03 12 

3 PU40 0.4 0.19 0.06 24 

4 PU50 0.5 0.32 0.11 45 

5 PU60 0.6 0.68 0.22 90 

6 PU70 0.7 1.00 0.34 139 

7 PU80 0.8 1.20 0.41 168 

a) OH ratio of bivalent (pTHF, (3)) and trivalent (TMP).  

b) Determined according to E = /.  

c) Determined according to G´ = E / (2(1+)).  

d) Determined according to ´ = G´/(RT). 
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The E-moduli determination of PU foils (PU20 – PU80) with different crosslinker densities was 

done via tensile rheological experiments. The applied strain (ranging from 0.01% to 2.00%) 

correlated with the determined stress values. The E-moduli were calculated by using the slope 

of the linear regression in the low strain range from 0.01% to 0.50%. Crosslinking densities x  

were calculated from tensile rheological experiments (see chapter 1.3.3.2) by means of G’ 

assuming a Poisson Ratio  = 0.49312. 

4.7.2. Determination of crystallinity (DSC analysis) 

Table 25. Melting enthalpy H
m

 values and calculated crystallinity of PU networks (PU20 – PU80) 

Ent. Comp. 
OH 

ratio 

H
m 

[J g-1] 

 a) 

[%] 

1 PU20 0.2 46.2 26.8 

2 PU30 0.3 45.3 26.2 

3 PU40 0.4 44.4 25.8 

4 PU50 0.5 43.5 25.2 

5 PU60 0.6 41.1 23.8 

6 PU70 0.7 40.2 23.3 

7 PU80 0.8 38.3 22.3 

a) Crystallinity Xc was calculated according to  = (Hm/ Hm0) * 100% with a melting enthalpy of Hm0 = 172 J g-1 for pTHF 

(XC = 100%).  

4.7.3. Swelling experiments 

Swelling experiments were performed by placing the PU-foil (~50 mg) in THF (25 mL) and 

storing overnight at RT inside a closed system. Afterwards, the excess of THF was removed 

and the foil was dried by means of a filter paper. After weighing the sample in swollen state, 

the solvent was removed by using high vacuum for at least 24 h until a constant weight was 

reached. 

Table 26. THF uptake of PU networks. 

Ent. Comp. OH ratio THF uptake 

[%] 

1 PU20 0.2 1160 

2 PU40 0.4 819 

3 PU60 0.6 517 

4 PU80 0.8 422 

a) THF uptake was calculated according to THF uptake% = (m (swollen)/ m(dry)) * 100%. 

4.8. Mechanochemical activation of copper(I)-bis(NHC) complex containing PU 
networks via uniaxial tensile rheology 

4.8.1. Fluorescence calibration  

The calibration of the fluorescence spectrometer was done by embedding the clicked 

fluorogenic dye 33 in different concentration in the polyurethane matrix consisting out of pTHF, 

HDI, 3 and TMP in accordance with the synthetic procedure of PU60. To compensate potential 

internal quenching effects of the dye, the overall concentration of naphthalene-based dyes 
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(sum of mmol 31 and mmol 33) were kept constant at 8.50 mol g-1
sample. 33 and corresponding 

amounts of 31 (details see Table 27) were dissolved in dry THF (100 L), added to the reaction 

mixture as mentioned above and were stirred for 5 min at RT before pouring into a petri dish. 

After drying the PU foil, the sample was cut into the desired shape (40 x 20 x 0.15 mm) and 

dried in high vacuo. The foil was stored under N2 atmosphere at RT for one day. Afterwards, 

the fluorescence intensity was measured at 447 nm after excitation at 377 nm and plotted 

versus the conversion (calculated according to concentrations of dye 33 to dye 31). Linear 

fitting yield in a calibration equation used for calculating the conversion of the 

mechanochemically triggered “click” reaction based on the measured fluorescence. For the 

calibration of PU with different crosslinking densities (PU20 – PU60) fluorescence intensity 

was adapted to respective maximum amount of dye. 

Table 27. Detailed data for the calibration of PU matrix (PU60). 

Ent. 
n(31) 

[mmol] 

m(31) 

[mg] 

n(33) 

[mmol] 

m(33) 

[mg] 

IFl. S1 

[a.u.] 

IFl. S2 

[a.u.] 

IFl. S3 

[a.u.] 

IFl. 

[a.u.] 

Conv. 

[%] 

1 0.000 0.00 0.030 5.55 15 15 15 15 0 

2 0.005 1.52 0.025 4.63 108 110 112 110 17 

3 0.015 4.55 0.015 2.77 352 355 364 357 50 

4 0.020 6.06 0.010 1.85 492 492 492 492 67 

5 0.025 7.58 0.005 0.92 652 657 662 657 83 

6 0.030 9.09 0.000 0.00 821 822 826 823 100 

a) Conversion was calculated according to the equation of linear regression y = 8.0519x-15.96. 

4.8.2. Synthesis of OH end-capped copper(I)-bis(NHC) complex (35) 

 

Scheme 35. Synthesis of urethane terminated copper(I)-bis(NHC) complex (35). 

1H-NMR (THF-d8, 400 MHz): δ [ppm] 6.28 – 6.21 (m, 4H, NCHCHN), 3.94 (t, 3JH,H = 6.6 Hz, 

4H, OCH2), 3.58 (s, 6H, NCH3), 3.50 (t, 3JH,H = 7.1 Hz, 4H, NCH2), 3.06 (p, 3JH,H = 6.9 Hz, 4H, 

NHCH2), 1.68 – 1.38 (m, 12H, NCH2CH2), 1.31 (m, 40H, (CH2)20). 

13C-NMR (CDCl3, 100 MHz): δ [ppm] 156.2 (C=O), 152.9 (NCCuN), 110.5 (CH3NCHCHN), 

109.4 (CH3NCHCHN), 63.6 (OCH2), 42.8 (NCH2), 40.6 (NHCH2), 39.8 (NCH3), 31.55, 30.55, 

30.03, 29.46, 29.43, 29.39, 29.25, 29.12, 28.99, 26.45, 26.41, 25.88, 22.51, 13.37. 

4.8.3. Activation of PU networks 

Extensional oscillatory and rotational rheology experiments of thin films were conducted on 

Anton Paar (Physica) MCR 101/SN 80753612 via Universal Extensional Fixture (UXF) at 20°C. 

Therefore, the films with rectangular shape (40 x 10 x 0.10 mm) (containing 

0.85 mol(Cu) g--1
(sample)) were fixed in the UXF sample holder and subjected to oscillating stretch 

experiments. To investigate the influence of the strain rate towards the mechanochemical 

3 
35 
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activation of the Cu(I)-bis(NHC) catalysts (3), the strain rate was varied from 0.25 s-1, 0.5 s-1, 

0.75 s-1 to 1.00 s-1 while keeping the deformation constant at  = 60%. The deformation 

dependency of the mechanochemical activation was investigated varying the deformation from 

40%, 60% to 80% and keeping the strain rate constant at 0.5 s-1. Crosslinking dependence 

investigations were done with a strain rate of 0.5 s-1 and deformation of 80%. 

Table 28. Summary of catalytic activity of force activated poly(urethane) networks towards the fluorogenic “click” 

reaction from 27 with 3-hydroxyphenylacetylene (28). 

Ent. 

Poly(urethane) network 
Time  

[h] 
“click” conversion 

[%]a) 

 

Comp. 
Def. 
[%] 

Frequ. 
[Hz] 

Precond. 
[min] 

 

Control experiments  

1 W/O 
60 
 

0.50 
 

10 
 

Time [h] 0 24 48 96 

 

Conversion [%] 1 2 2 2 

2 LMW 
Time [h] 0 24 48 96 

conversion [%] 1 2 1 2 

3 
Therm 
(25°C) 

- - 10 

Time [h] 0 24 48 96 

Conversion [%] 1 1 0 1 

4 
Therm 
(60°C) 

Time [h] 0 24 48 96 

Conversion [%] 1 4 6 6 

Precondensation time dependency 

5 Pu-6000 

80 0.50 

00 
Time [h] 0 24 48 72 96 

Conversion [%] 1 7 9 10 11 

6 PU-6010 10 
Time [h] 0 24 48 72 96 

Conversion [%] 0 9 15 18 18 

7 PU-6030 30 
Time [h] 0 24 48 72 96 

Conversion [%] 1 10 13 15 16 

Frequency dependency 

8 PU-600.25 

80 

0.25 

10 

Time [h] 0 48 96 144 288 

Conversion [%] 1 5 8 10 12 

9 PU-600.50 0.50 
Time [h] 0 24 48 96 - 

Conversion [%] 0 4 9 14 - 

10 PU-600.75 0.75 
Time [h] 0 12 24 48 72 

Conversion [%] 0 8 13 13 14 

11 PU-601.00 1.00 
Time [h] 0 8 16 24 - 

Conversion [%] 0 12 13 12 - 

Deformation dependency 

12 40Pu-60 40 

0.50 10 

Time [h] 0 24 48 72 96 

Conversion [%] 0 4 5 5 6 

13 60PU-60 60 
Time [h] 0 24 48 72 96 

Conversion [%] 0 4 9 13 14 

14 80PU-60 80 
Time [h] 0 24 48 72 96 

Conversion [%] 0 9 15 17 18 

Crosslinking density dependency  

  

80 0.50 10 

Time [h] 0 24 

15 PU-30 Conversion [%] 1 16 

16 PU-40 Conversion [%] 1 25 

17 PU-50 Conversion [%] 1 11 

18 PU-60 Conversion [%] 0 9 

19 PU-70 Conversion [%] 0 5 
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4.9. Synthesis of multivalent fluorogenic dyes  

4.9.1. Synthesis of 2,4,6-tris((trimethylsilyl)ethynyl)phenol (36) 

 

Scheme 36. Synthesis of 2,4,6-tris((trimethylsilyl)ethynyl)phenol (36) via SONOGASHIRA coupling. 

Pd(PPh3)2Cl2 (0.15 g, 0.21 mmol) and copper(I) iodide (40.00 mg, 0.21 mmol) were added to 

a solution of 2,4,6 triiodo phenol (1.00 g, 2.12 mmol) in DMF (20 mL) followed by the addition 

of NEt3 (10 mL) and trimethylsilyl acetylene (TMSA) (1.05 mL, 7.37 mmol). The reaction mixture 

was stirred at RT for 6 h, HCl (50 mL, 1M) was added and the solution was extracted with 

diethyl ether (3 x 50 mL) three times. The combined organic layers were dried over anhydrous 

Na2SO4. After column chromatography on silica (EA/Hex 1/40) compound 36 (0.75 g, 

1.95 mmol, 92%) was obtained as a pale-yellow solid. 

1H-NMR (CDCl3, 400 MHz): δ [ppm] 7.45 (s, 2H, CHAr), 6.33 (s, 1H, OH), 0.26 (s, 18H, 

SiCH3ortho), 0.21 (s, 9H, SiCH3para). 

13C-NMR (CDCl3, 100 MHz): δ [ppm] 157.7 (COH), 136.3 (CHAr), 115.4 (CparaCC), 110.3 

(CorthoCC), 103.1 (CCSiortho), 101.9 (CCSiortho), 97.9 (CCSipara), 93.4 (CCSipara), -0.2 

(SiCH3). 

29Si-NMR (CDCl3, 80 MHz): δ [ppm] -16.8 (Siortho), -17.7 (Sipara) 

4.9.2.  Synthesis of 2,4,6-triethynylphenol (37) 

 

Scheme 37. Synthesis of 2,4,5-triethynylphenol (37) via basic deprotection. 

Compound 36 (0.46 g, 1.20 mmol) was dissolved in DCM (10 mL) followed by the addition of 

KOH (0.28 g, 5.00 mmol) in MeOH (10 mL). The reaction mixture was stirred at RT for 4 h, HCl 

(30 mL, 1 M) was added and the solution was extracted with DCM (3 x 20 mL). The combined 

organic layers were dried over anhydrous Na2SO4, the solvent was removed under reduced 

pressure and compound 37 (0.14 g, 0.82 mmol) was obtained after recrystallization in hexane 

as a pale brown solid. 

37 

36 

36 



4. Experimental Part  106 

1H-NMR (CDCl3, 400 MHz): δ [ppm] 7.53 (s, 2H, CHAr), 6.30 (s, 1H, OH), 3.43 (s, 2H, 

CCHortho), 2.99 (s, 1H, CCHpara). 

13C-NMR (CDCl3, 100 MHz): δ [ppm] 157.7 (COH), 136.3 (CHAr), 115.4 (CparaCC), 110.3 

(CorthoCC), 103.1 (CCpara), 101.9 (CCortho), 97.9 (CCHortho), 93.4 (CCHpara). 

4.9.3. Synthesis of (4-azidophenyl)methanol (38) 

 

 

Scheme 38. Synthesis of (4-azidophenyl)methanol (38) via modified ULLMANN reaction. 

4-(bromophenyl)methanol (0.50 g, 2.67 mmol) was dissolved in EtOH/H2O 7/3 (5 mL) and 

copper(I) iodide (49.51 mg, 0.26 mmol), NaAsc (25.75 mg, 0.13 mmol) and NaN3 (0.35 g, 

5.34 mmol) were added followed by the addition of DMEDA (88 L, 0.40 mmol). The reaction 

mixture was stirred at 80°C for 1 h, HCl (10 mL, 1 M) was added and the solution was extracted 

with EA (3 x 20 mL). The combined organic layers were dried over anhydrous Na2SO4, the 

solvent was removed under reduced pressure and after flash chromatography on silica 

(EA/Hex 1/4) compound 38 (0.38 g, 2.53 mmol, 95%) was obtained as a brown solid. 

1H-NMR (DMSO-d6, 400 MHz): δ [ppm] 7.36 – 7.31 (m, 2H, CHCN3), 7.08 – 7.02 (m, 2H, 

CHCCH2OH), 5.17 (bs, 1H, OH), 4.45 (s, 2H, CH2). 

13C-NMR (DMSO-d6, 100 MHz): δ [ppm] 140.1 (CCH2OH), 138.1 (CN3), 128.5 (CHCN3), 119.2 

(CHCCH2OH), 62.8 (CH2OH). 

4.9.4. Synthesis of 4-azidobenzyl hexylcarbamate (39) 

 

 

Scheme 39. Synthesis of 4-azidobenzyl hexylcarbamate (39). 

Hexamethylene isocyanate (192 l ,1.34 mmol) was added to a mixture of 38 (0.20 g, 

1.34 mmol) followed by the addition of DBU (0.05 eq) and the resultant solution was stirred 4 h 

at RT. The reaction mixture was diluted with water (15 mL), was extracted with EA (3 x 10 mL), 

dried over Na2SO4 and the solvent was evaporated under reduced pressure to obtain 

compound 39 (0.36 g, 1.31 mmol, 98%) as a yellow solid. 

38 

38 39 
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1H-NMR (DMSO-d6, 400 MHz): δ [ppm] 7.39 – 7.34 (m, 2H, CHCN3), 7.19 (t, 3JH,H = 5.8 Hz, 

1H, NH), 7.13 – 7.06 (m, 2H, CHCCH2OH), 4.96 (s, 2H, CH2), 2.95 (q, 2H, 3JH,H = 6.8 Hz, 

CH2NH), 1.36 (p, 3JH,H = 7.1 Hz, 2H, CH2CH2NH), 1.27 – 1.16 (m, 6H, (CH2)3), 0.83 (t, 3JH,H = 

6.9 Hz, 3H, CH3). 

13C-NMR (DMSO-d6, 100 MHz): δ [ppm] 156.5 (C=O), 139.3 (CCH2O) , 134.7 (CN3), 130.0 

(CHCN3), 119.5 (CHCCH2OH), 64.9 (CH2OH), 40.7 (NHCH2), 31.4 (NHCH2CH2), 29.8 

(NH(CH2)2CH2), 26.3 (NH(CH2)3CH2), 22.5 (NH(CH2)4CH2), 14.3 (NH(CH2)5CH3). 

ESI-TOF MS (positive mode, THF:MeOH 99:1, NaI, m/z): [M+Na]+ found 299.172, simulated 

299.148 for C14H20N4O2Na+.  

4.9.5. Synthesis of trivalent conjugated dye (40) 

 

Scheme 40. Synthesis of trivalent conjugated dye (40) via CuAAC. 

Compounds 37 (0.25 g, 1.50 mmol) and 39 (1.20 g, 4.50 mmol) were dissolved in THF (25 mL) 

followed by the addition of copper(I)-iodide (57.00 mg, 0.30 mmol) and DIPEA (107 L, 0.60 

mmol). The reaction mixture was stirred at 60 °C overnight, HCL (20 mL, 1 M) was added, the 

solution was extracted with DCM (3 x 20 mL) and finally washed with water (20 mL). The 

combined organic layers were dried over anhydrous Na2SO4. The solvent was removed under 

reduced pressure and compound 40 (1.19 g, 1.20 mmol, 80%) was obtained after column 

chromatography on silica (CHCl3/MeOH 30/1) as a colorless solid. 

1H-NMR (THF-d8, 400 MHz): δ [ppm] 9.01 (t, 3JH,H = 0.9 Hz, 3H, triazole), 8.77 (d, 3JH,H = 1.8 

Hz, 1.5H), 8.38 (dd, 3JH,H = 1.8, 0.6 Hz, 1.5H), 8.00 (dd, 3JH,H = 8.5, 2.1 Hz, 6H, CHCN), 7.98 

(d, 3JH,H = 2.2 Hz, 1.5H), 7.59 (t, 3JH,H = 7.6 Hz, 6H, CHCCH2OH), 7.04 (d, 3JH,H = 2.2 Hz, 1.5H), 

6.46 (q, 3JH,H = 5.6 Hz, 3H, NH), 5.13 (d, 3JH,H = 4.5 Hz, 6H, CH2), 3.17 – 3.09 (m, 6H, CH2NH), 

1.50 (p, 3JH,H = 7.1 Hz, 6H, CH2CH2NH), 1.39 – 1.28 (m, 18H, (CH2)3), 0.90 (t, 3JH,H = 6.8 Hz, 

9H). 

13C-NMR (THF-d8, 100 MHz): δ [ppm] 156.0, 150.9, 148.0, 146.0, 142.3, 138.5, 138.1, 136.9, 

136.7, 128.88, 128.7, 126.8, 120.3, 119.9, 119.5, 119.1, 117.8, 117.7, 115.4, 107.5, 64.6, 64.6, 

40.7, 31.5, 23.0, 26.4, 22.5, 13.4. 

ESI-TOF MS (negative mode, THF:MeOH 99:1, m/z): [M-H]- found 993.509, simulated 993.509 

for C54H65N12O7
-. 

  

37 39 40 



4. Experimental Part  108 

4.9.6. Synthesis of tris(4-bromophenyl)methanol (41) 

 

Scheme 41. Synthesis of (4-bromophenyl)methanol (41). 

To a solution of 1,4-dibromobenzene (8.70 g, 37.20 mmol) in THF (135 mL) which was cooled 

to -78°C, BuLi (13.5 mL, 33.80 mmol, 2.5 M in hexane) was added dropwise and was stirred 

for 3 h at 78°C. Afterwards the solution was transferred to a separate prepared solution of 

diethyl carbonate (1.02 mL, 8.50 mmol) in THF (3 mL), which was also cooled to 78°C and 

subsequently was allowed to come to room temperature. After stirring for 6 h, the reaction 

mixture was quenched with saturated aqueous NH4Cl (50 mL), was extracted with EA (3 x 20 

mL) and the combined organic layers was finally dried over anhydrous Na2SO4. After 

purification via column chromatography on silica changing the polarity of solvent from hexane 

to EA/Hex 3/1 compound 41 (3.28 g, 6.63 mmol, 78%) was obtained as a colorless solid. 

1H-NMR (DMSO-d6, 400 MHz): δ [ppm] 7.54 – 7.48 (m, 6H, CHCBr), 7.15 – 7.07 (m, 6H, 

CHCCOH), 6.74 (s, 1H, OH). 

13C-NMR (DMSO-d6, 100 MHz): δ [ppm] 144.9 (CCOH), 131.3 (CHCBr), 129.5 (CHCCOH), 

122.0 (CBr), 81.1 (COH). 

ESI-TOF MS (negative mode, THF:MeOH 99:1, m/z): [M-H]- found 494.855, simulated 494.841 

for C19H12Br3O-.  

4.9.7. Synthesis of tris(4-azidophenyl)methanol (42) 

 

Scheme 42. Synthesis of (4-azidophenyl)methanol (42) via modified ULLMANN reaction. 

Compound 41 (1.32 g, 2.67 mmol) was dissolved in EtOH/H2O 7/3 (10 mL) and copper(I) iodide 

(49.51 mg, 0.26 mmol), NaAsc (25.75 mg, 0.13 mmol) and NaN3 (0.35 g, 5.34 mmol) were 

added followed by the addition of DMEDA (88 L, 0.40 mmol). The reaction mixture was stirred 

at 80°C for 8 h, HCl (10 mL, 1 M) was added and the solution was extracted with EA (3 x 

20 mL). The combined organic layers were dried over anhydrous Na2SO4, the solvent was 

removed under reduced pressure and after flash chromatography on silica (EA/Hex 1/7) 

compound 42 (0.82 g, 2.13 mmol, 80%) was obtained as a brown viscous liquid which 

crystallize slowly at 4 °C. 

41 

41 42 
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1H-NMR (DMSO-d6, 400 MHz): δ [ppm] 7.24 – 7.18 (m, 6H, CHCN3), 7.09 – 7.01 (m, 6H, 

CHCCOH), 6.58 (s, 1H, OH). 

13C-NMR (DMSO-d6, 100 MHz): δ [ppm] 144.8 (CCOH), 138.4 (CN3), 129.7 (CN3), 118.8 

(CHCCOH), 80.1 (COH). 

ESI-TOF MS (negative mode, THF:MeOH 99:1, m/z): [M-H]- found 382.128, simulated 382.116 

for C19H12N9O-.  

4.9.8. Synthesis of 3-ethynylphenyl hexylcarbamate (43) 

 

Scheme 43. Synthesis of 3-ethynylphenyl hexylcarbamate (43). 

Hexamethylene isocyanate (192 l ,1.34 mmol) was added to a solution of 3-

hydroxyphenylacetylene (32) (0.17 g, 1.34 mmol, 95%) followed by the addition of DBU 

(0.05 eq) and the resultant solution was stirred overnight at RT. The reaction mixture was 

diluted with HCl (10 mL), was extracted with EA (3 x 10 mL), was dried over Na2SO4 and the 

solvent was evaporated under reduced pressure to obtain compound 43 (0.31 g, 1.26 mmol, 

94%) as a yellow solid. 

1H-NMR (CDCl3, 400 MHz): δ [ppm] 7.36 – 7.25 (m, 3H, CHCHCH), 7.15 (dt, 3JH,H = 7.4, 2.1 

Hz, 1H, CCHC), 5.04 (s, 1H, NH), 3.27 (q, 3JH,H = 6.7 Hz, 2H, CH2NH), 3.08 (s, 1H, OH), 1.58 

(p, 3JH,H = 7.3 Hz, 1H, CH2CH2NH), 1.42 – 1.27 (m, 6H, (CH2)3), 0.91 (t, 3JH,H = 6.9 Hz, 3H, 

CH3). 

13C-NMR (CDCl3, 100 MHz): δ [ppm] 154.2 (C=O), 150.9 (COC=O), 129.2 (CCHCH), 129.0 

(CCHCH) , 125.2 (CCHC), 123.2 (CCCH), 122.5 (CHCHCO), 82.8(CCCH), 77.7 (CCCH), 

41.3 (NHCH2), 31.4 (NHCH2CH2), 29.8 (NH(CH2)2CH2), 26.4 (NH(CH2)3CH2), 22.5 

(NH(CH2)4CH2), 14.0 (CH3). 

4.9.9. Synthesis of trivalent “click” dye (44) 

 
Scheme 44.Synthesis of trivalent “click” dye (44) via CuAAC. 

A stock solution of CuSO4 * 5H2O (54.0 µmol, 13.4 mg in 0.5 mL water) and a stock solution of 

sodium ascorbate (NaAsc) (80 0 µmol, 16.1 mg in 0.5 mL water) were added to a mixture of 

42 (0.21 g, 0.54 mmol) and 43 (0.39 g, 1.62 mmol) in EtOH (4 mL) and the resultant solution 

was stirred overnight at RT. The solution was diluted with water (20 mL), was extracted with 

43 

43 42 
44 
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DCM (3 x 20 mL) and finally washed with brine (20 mL). The combined organic layers were 

dried over anhydrous Na2SO4, the solvent was removed under reduced pressure and 

compound 44 (0.56 g, 0.50 mmol, 92%) was obtained after flash chromatography on silica 

(CHCl3/MeOH 30/1) as a colorless solid. 

1H-NMR (DMSO-d6, 400 MHz): δ [ppm] 9.35 (s, 1H, triazole), 7.97 (d, J = 8.6 Hz, 6H, 

CHCCOH), 7.79 (m, , 6H, CHCHCH), 7.66 (m, 3H, CHCHCH), 7.58 (d, 3JH,H = 8.7 Hz, 6H, 

CHCN), 7.48 (t, 3JH,H = 7.9 Hz, 3H, NH), 7.10 (ddt, 3JH,H = 8.0, 2.4, 1.2 Hz, 3H, CCHC), 7.06 

(s, 1H, OH), 3.07 (q, 3JH,H = 6.6 Hz, 6H, CH2NH), 1.47 (p, 3JH,H = 7.1 Hz, 2H, CH2CH2NH), 1.38 

– 1.20 (m, 18H, (CH2)3), 0.86 (t, 3JH,H = 6.6 Hz, 9H, CH3). 

13C-NMR (DMSO-d6, 125 MHz): δ [ppm] 154.7 (C=O), 152.2 (COC=O), 147.9 (CCHN), 147.1 

(CN), 135.9 (CCOH), 131.9 (CCN), 130.4 (CHCCOH), 129.7 (CHCHCH), 122.2 (CHCHCN), 

122.1 (CHCO), 120.5 (CHCCN), 120.1 (OCCHC), 119.2 (CCHN), 80.4 (COH), 40.9 (NHCH2), 

31.4 (NHCH2CH2), 29.6 (NH(CH2)2CH2), 26.4 (NH(CH2)3CH2), 22.5 (NH(CH2)4CH2), 14.4 

(CH3). 

4.9.10.  Synthesis of tris(4-((trimethylsilyl)ethynyl)phenyl)methanol (45) 

 

Scheme 45. Synthesis of tris(4-((trimethylsilyl)ethynyl)phenyl)methanol (45) via SONOGASHIRA coupling. 

Pd(PPh3)2Cl2 (0.15 g, 0.21 mmol) and copper(I) iodide (40.00 mg, 0.21 mmol) were added to 

a solution of compound 41 (1.05 g, 2.12 mmol) in DMF (20 mL) followed by the addition of 

NEt3 (10 mL) and TMSA (1.05 mL, 7.37 mmol). The reaction mixture was stirred at RT for 6 h, 

HCl (50 mL, 1M) was added and the solution was extracted with EA (3 x 50 mL) three times. 

The combined organic layers were dried over anhydrous Na2SO4 and after column 

chromatography on silica (EA/Hex 1/40) compound 45 (1.12 g, 2.04 mmol, 96%) was obtained 

as a pale yellow solid. 

1H-NMR (CDCl3, 400 MHz): δ [ppm] 7.42 – 7.37 (m, 6H, CHCCC), 7.18 – 7.12 (m, 6H, 

CHCCOH), 0.24 (s, 5H, SiCH3). 

13C-NMR (CDCl3, 125 MHz): δ [ppm] 146.2 (CCOH), 131.7 (CHCCC), 127.7 (CHCCOH), 

122.4 (CCCSi), 104.6 (CCCSi), 94.9 (CCCSi), 81.5 (CHOH), -0.1 (SiCH3). 

29Si-NMR (CDCl3, 80 MHz): δ [ppm] -17.7 (Sipara). 

ESI-TOF MS (positive mode, THF:MeOH 99:1, NaI, m/z): [M+Na]+ found 571.197, simulated 

571.228 for C34H40OSi3Na+.  

41 45 
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4.9.11. Synthesis of tris(4-(ethynyl)phenyl)methanol (46) 

 

Scheme 46. Synthesis of tris(4-(ethynyl)phenyl)methane (46) via basic deprotection. 

Compound 45 (0.55 g, 1.00 mmol) was dissolved in DCM (10 mL) followed by addition of KOH 

(0.22 g, 4.00 mmol) in MeOH (10 mL). The reaction mixture was stirred at RT for 4 h, HCl (30 

mL, 1 M) was added and the solution was extracted with DCM (3 x 20 mL). The combined 

organic layers were dried over anhydrous Na2SO4, the solvent was removed under reduced 

pressure and compound 46 (0.23 g, 0.68 mmol, 68%) was obtained after flash chromatography 

on silica (EA/Hex 1/10) as a pale-yellow oil. 

1H-NMR (CDCl3, 400 MHz): δ [ppm] 7.48 – 7.44 (m, 6H, CHCCC), 7.25 – 7.21 (m, 6H, 

CHCCOH), 3.09 (s, 3H, CCH). 

13C-NMR (CDCl3, 125 MHz): δ [ppm] 146.6 (CCOH), 131.9 (CHCCC), 127.8 (CHCCOH), 

121.5 (CCCH), 83.2 (CCCH), 81.5 (COH), 77.7 (CCCH). 

ESI-TOF MS (positive mode, THF:MeOH 99:1, NaI, m/z): [M+Na]+ found 355.113, simulated 

355.111 for C25H16O.  
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5. Summary 

In summary a series of cyclic as well as acyclic low molecular weight copper(I)-bis(NHC) 

complexes (3, 10) were synthesized via the copper(I)-oxide method at high temperatures and 

modified with carboxylic end groups either directly or by post functionalization. In order to 

determine the rupture forces of the mechanochemically active copper-carbon bond, these 

complexes were subjected to SMFS via AFM. The occurrence of force on the immobilized 

complexes led to single as well as double rupture events and resulted in forces up to 1600 to 

2600 pN, which was in good agreement with the calculated values of 1500 pN, enabled future 

estimations to connect macro- and microscopic forces. 

Furthermore, the mechanochemical activation in bulk state was improved by varying the 

mechanophoric architecture.  

 

 

 
 

 

Figure 57. (A) Synthetic pathway for the chain extended mechanocatalysts (18) as well as (B) Synthetic pathway 

of the network based mechanocatalyst (21). 

In case of the 3-azido-7-hydroxycoumarine system (22, 23), the mechanochemically activation 

efficiency was enhanced by the increase in the effective polymer chain length via multi 

copper(I)-centers, which in turn led to a facilitated force transmission. In order to improve the 

A Chain extended approach 
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17 a: MGPC = 4500 g mol-1 

17 b: MGPC = 9000 g mol-1 
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20 b: n(st)/ n(19) = 3/1 

20 c: n(st)/ n(19) = 1/1 
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18 a: MGPC = 15000 g mol-1 
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18 c: MGPC = 31000 g mol-1 
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latency of catalysts, covalent crosslinking points were implemented, which allowed to redirect 

the applied force through the network structure and thus enabled the additional activation of 

the perpendicular to the force orientated mechanophores.  

The synthesis of the chain extended mechanophores (18) (Figure 57 A) started with the 

thermal induced polymerization of styrene via controlled radical technique (RAFT), yielded in 

three different molecular weights, ranging from 4 400 g mol-1 to 15 500 g mol-1 offering narrow 

molecular weight distributions with PDIs of 1.1. This guaranteed the well-defined positioning 

of the labile copper(I) bond which was necessary for an optimal activation process. The 

subsequent integration of imidazolium moiety was performed via highly efficient thio bromo 

“click” reaction in mostly quantitative yield. After deprotonation and subsequent complexation 

of the bivalent end capped NHC precursor (17), a chain extended mechanophore (18) could 

be obtained in which the initial molecular weight of the macro ligand as well as concentration 

effects influenced the number of obtained copper(I) centers as well as the overall chain length.  

In order to obtain the mechanochemically active networks (Figure 57 B), an imidazolium 

containing monomer (19) was developed and subsequent copolymerized via atomic transfer 

radical polymerization with styrene adjusting the ratio of both monomers from 1/1 to 11/1. This 

allowed to control the amount of potential crosslinking points within the mechanophore (21) 

which were generated by deprotonation and subsequent complexation of imidazolium 

moieties, revealed crosslinking densities in the equilibrium swelling state of 120 mol m-3 for 

21a (11/1), 710 mol m-3 for 21b (3/1) and 2160 mol m-3 for 21c (1/1).  

 

Figure 58. Fluorogenic “click” reaction of non-fluorescent substrate to highly fluorescent dyes. 

The catalytic activity of chain extended (18) and network based (21) mechanophores were 

tested in a high molecular weight pTHF matrix generated a rise of fluorescence intensity due 

to copper(I)-triggered fluorogenic “click” reaction of 22 and 23. This revealed a high fluorescent 

dye 24 (Figure 58 A). Therefore, the catalytic active site was generated by the compression 

induced cleavage of one shielding ligand. The increase in chain length, and thus, the 

accompanying duplication of copper(I) centers within the chain extended concept led to 

conversion up to 16% for the catalyst 18a. Further extension of chain length (18b) revealed a 

high increase in fluorescence intensity reached conversion up to 44% but could not maintained 

the required latency (initial conversions of 3 – 4%). By testing the network-based 

mechanophore resulted in values up to 44% for 21a (11/1), 12% for 21b (3/1) and 12% for 21c 

(1/1) while the fully latency could be retained in contrast to the chain extended concept. This 

emphasized the network structured mechanophore as the most promising candidate in terms 

of architectural influences on mechanochemical activation. 

22 

31  32  

23  24  

33  

Fluorogenic “click “  

         reaction 
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Furthermore, an all-in-one approach was developed, in which all required components for the 

fluorogenic “click” reaction as well as the mechanocatalyst itself were anchored covalently into 

a poly(urethane) based matrix. This approach enabled a circumvention of matrix blending 

effects, time-consuming adaptions of the catalyst-polymer linkage and prevents leaching of 

dye components. Moreover, a simple tunability of material properties in terms of strength and 

stiffness by varying the number of crosslinking points could be established. Within the 

poly(urethane) networks (PUXX), the linear components (pTHF, HDI) controlled the elasticity 

and stiffness whereas TMP acted as trivalent crosslinker. The simultaneous integration of 

mechanophore (3) during DBU catalyzed poly(addition) reaction and the final implementation 

of fluorogenic substrates (31, 32) allowed forming a suitable material (Figure 58 B). It displayed 

a sufficient stiffness as well as a necessary mobility for the subsequent mechanochemical 

activation. While the concentration of 3, 31 and 32 were kept constant, the adjustment of the 

OH ratio (bivalent and trivalent OH functionalities) enabled to tune the Young’s modulus 

ranging from 0.04 MPa (PU20) to 1.20 MPa (PU80). This offered the possibility to calculate 

the crosslinking density of the formed materials ranging from 4.0 mol m-3 for PU20 to 168 mol-3 

for PU80. 

 

 

Figure 59. Mechanochemical activation of a covalently anchored low molecular weight copper(I)-bis(NHC) complex 

within a poly(urethan) matrix by extensional oscillating rheology triggered a fluorogenic “click” resulting in an 

increase in fluorescence intensity.  

Finally, the catalytic activity of poly(urethane) mechanocatalysts (PUXX) were tested applying 

mechanical force on PU foils by extensional oscillating rheology (Figure 59).  

The correct placement of the mechanophores turned out to be crucial for adequate results. 

Pre-experiments revealed that the simultaneous addition of linear components and crosslinker 

resulted in an inefficient activation of formed mechanophoric network. Therefore, in situ 

generated α, ω-isocyanate-telechelic pTHF chain extended copper(I)-bis(NHC) complexes 

were accomplished by pre-polymerization of linear components which enabled a more efficient 

force transmission. As a result, the activation of the obtained mechanophore network 

increased while a longer pre-polymerization time of 30 min led an over extension of polymer 

chains (Mn = 6000 g mol-1) and resulted in a lower mechanochemical response presumably 
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due to increased loops during the network formation. These loops impaired the force 

transmission in all directions and prevented an optimal force yield.  

Stress rate dependency was investigated by varying the stress rate from 0.25 s-1 to 1.00 s-1 

observing an accelerated mechanophore activation with increasing stress represented by a 

larger slope. Herein, the overall activation is stress rate independent (constant conversion of 

12%). Within deformation dependence experiments, an enhancement of overall 

mechanochemical activation with increasing deformation could be observed, which could be 

correlated to the elongated effective tension length. Deformations of  = 40% revealed 

conversions up to 5%,  = 60% deformation up to 12% and  =80% up to 17%. 

Finally, the influence of the crosslinking density (x) on the mechanochemical response were 

studied, in which the experimental parameters kept constant ( = deformation and f = 0.50 s-1). 

An enhanced overall activation of mechanophores was determined with decreasing 

crosslinking density for PU70 to 5.2%, for PU 60 to 8.5% and for PU 50 to 10.1%. The 

extension of polymer strands between crosslinking points caused an enhancement in force 

transmission accompanied by a higher mechanochemical response. However, the highest 

conversion of 25% could be determined for PU 40 with crosslinking density of 24 mol m-3. In 

this region, the optimal OH-ratio was reached. Herein, the extended polymer strands acted as 

handles for efficient force transmission, whereas the trivalent crosslinker enabled to redirect 

the acting force three dimensionally. 

Therefore, the transparent material was predestined due to its easy tunability in material 

properties to become a highly sensitive stress-sensor, storing the stress history of the material 

via the generated fluorescence as a simple optical readout. 
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7. Appendix 

7.1. Synthesis of cyclic and acyclic complexes 

  

Figure A 1. 1H–NMR spectrum of 1 in DMSO–d6. 

 

Figure A 2. 13C–NMR spectrum of 1 in DMSO–d6. 

 

Figure A 3. 1H–NMR spectrum of 2 in THF–d8. 
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Figure A 4. 13C–NMR spectrum of 2 in THF–d8. 

 

Figure A 5. 1H–NMR spectrum of 3 in CDCl3. 

 

Figure A 6. 13C–NMR spectrum of 3 in THF–d8. 

 

Figure A 7. 1H–NMR spectrum of 4 in DMSO–d6. 

 

Figure A 8. 13C–NMR spectrum of 4 in DMSO–d6. 
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Figure A 9. 1H–NMR spectrum of 5 in CDCl3. 

 
Figure A 10. 13C–NMR spectrum of 5 in CDCl3. 

 

Figure A 11. 1H–NMR spectrum of 6a in CDCl3. 

 

Figure A 12. 13C–NMR spectrum of 6a in CDCl3. 
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Figure A 13. 1H–NMR spectrum of 7a in CDCl3. 

 

Figure A 14. 13C–NMR spectrum of 7a in CDCl3. 

 

Figure A 15. 1H–NMR spectrum of 7b in DMSO–d6. 

 

Figure A 16. 13C–NMR spectrum of 7b in DMSO–d6. 
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Figure A 17. 1H–NMR spectrum of 8a in DMSO–d6. 

 

Figure A 18. 13C–NMR spectrum of 8a in DMSO–d6. 

 

Figure A 19. 1H–NMR spectrum of 8b in DMSO–d6. 

 

Figure A 20. 13C–NMR spectrum of 8b in DMSO–d6. 
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Figure A 21. 1H–NMR spectrum of 9a in THF–d8. 

 

Figure A 22. 13C–NMR spectrum of 9a in THF–d8. 

 

Figure A 23. 1H–NMR spectrum of 9b in THF–d8. 

 

Figure A 24. 13C–NMR spectrum of 9b in THF–d8. 
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Figure A 25. 1H–NMR spectrum of 10a in CDCl3. 

 

Figure A 26. 13C–NMR spectrum of 10a in CDCl3. 

 

Figure A 27. 1H–NMR spectrum of 10b in CDCl3. 

 

Figure A 28. 1H–NMR spectrum of 11 in DMSO–d6. 
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Figure A 29. 13C–NMR spectrum of 11 in DMSO–d6. 

 

Figure A 30. 1H–NMR spectrum of 12 in CDCl3. 

 

Figure A 31. 13C–NMR spectrum of 12 in CDCl3. 

 

Figure A 32. ESI–TOF–MS spectrum of 1 (left) and 2 (right). 
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Figure A 33. ESI–TOF–MS spectrum of 3 (left) and 9a (right). 

 

Figure A 34. ESI–TOF–MS spectrum of 9b (left) and 11 (right). 

7.2.  Atomic force microscopy 

Table A 1. Summary of single molecule spectroscopy measurements (AFM). 

Ent. Comp. 

Length 

Safety 

line 

d 

nm 

F 

pN 

Slope 

S1a) 

Slope 

S2b) 
Amount (S2/S1) 

Without safety line 

1  no 2.14 2658 117.9 116.3  

Safety line 

2  12 1.41 1579 119.6 122.7 102.6 

3   1.57 1611 127.0 126.3 99.4 

4   1.22 1723 122.6 124.2 101.3 

5   1.28 2141 154.4 158.4 102.6 

6   1.41 2293 141.8 142.8 100.7 

7   2.09 1584 137.4 140.6 102.3 

8   2.39 1691 161.8 166.2 102.7 

 

 



7.Appendix  141 

7.3.  Synthesis of chain extended mechanophores 

 

Figure A 35. 1H–NMR spectrum of 13 in CDCl3. 

 

Figure A 36. 13C–NMR spectrum of 13 in CDCl3. 

 

Figure A 37. 1H–NMR spectrum of 14 in CDCl3. 
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Figure A 38. 13C–NMR spectrum of 14 in CDCl3. 

 
Figure A 39. 1H–NMR spectrum of 16 in CDCl3. 

 

Figure A 40. 13C–NMR spectrum of 16 in CDCl3. 

 

Figure A 41. 1H–NMR spectrum of 15 in CDCl3. 
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Figure A 42. 1H–NMR spectrum of 17b in THF–d8. 

 

Figure A 43. 1H–NMR spectrum of 18b in THF–d8. 

 

Figure A 44. ESI–TOF–MS spectrum of 14 and 16. 
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Figure A 45. ESI–TOF–MS spectrum of 17a and 17b. 

7.4.  Synthesis of network based mechanophores 

 

 

Figure A 46. 1H–NMR spectrum of 19 in DMSO–d6. 

 
Figure A 47. 1H–NMR spectrum of 20a in THF–d8. 
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Figure A 48. Rheological investigation of 21 in the swollen state showing an increase of storage modulus G´ with 

an increasing amount of imidazolium side chain functionalization in the copolymer precursor. 

7.5. Synthesis of coumarin based fluorogenic system 

 
Figure A 49. 1H–NMR spectrum of 22 in DMSO–d6. 

 
Figure A 50. 13C–NMR spectrum of 22 in DMSO–d6. 
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Figure A 51. 1H–NMR spectrum of 24 in DMSO–d6. 

 
Figure A 52. 13C–NMR spectrum of 24 in DMSO–d6. 

 

Figure A 53. (A) Absorption spectra of 22 (black) and 24 (red) in THF. (B) Emission spectra of 22 (black) and 24 

(red) in THF. (C) Overlapping absorption (black) and emission (red) spectrum of 24 in THF and (D) Emission spectra 

of 22 (black) and 24 (red) in solid state.  
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7.6.  Synthesis of low molecular weight model complex 

 

Figure A 54. 1H–NMR spectrum of 25 in CDCl3. 

 
Figure A 55. 13C–NMR spectrum of 25 in CDCl3. 

 
Figure A 56. 1H–NMR spectrum of 26 in CDCl3. 

 
Figure A 57. 13C–NMR spectrum of 26 in CDCl3. 
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7.7.  Synthesis of anthracene based fluorogenic “click” system 

 
Figure A 58. 1H–NMR spectrum of 27 in CDCl3. 

 
Figure A 59. 13C–NMR spectrum of 27 in CDCl3. 

 
Figure A 60. 1H–NMR spectrum of 28 in CDCl3. 

 
Figure A 61. 13C–NMR spectrum of 28 in CDCl3. 
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Figure A 62. 1H–NMR spectrum of 29 in DMSO–d6. 

 
Figure A 63. 13C–NMR spectrum of 29 in DMSO–d6. 

 

 
Figure A 64. 1H–NMR spectrum of 30 in DMSO–d6. 

 
Figure A 65. 13C–NMR spectrum of 30 in DMSO–d6. 
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7.8.  Synthesis of naphthalene based fluorogenic system 

 
Figure A 66. 1H–NMR spectrum of 31 in CDCl3. 

 
Figure A 67. 13C–NMR spectrum of 31 in CDCl3. 

 

Figure A 68. 1H–NMR spectrum of 33 in DMSO–d6. 

 
Figure A 69. 13C–NMR spectrum of 33 in DMSO–d6. 
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Figure A 70. ESI–TOF–MS spectrum of 31 and 33. 

 

 

Figure A 71. Optical properties of the non-colored fluorogenic system. (A) UV-spectrum of 31 (black) and 33 (red) 

in THF. (B) Fluorescence spectrum of 31 (black) and 33 (red) in THF after excitation at ex  342 nm. (C) Comparison 

of absorption (black) and emission (red) maxima of 33 and (D) Comparison of absorption (black) and emission (red) 

maxima of 34. 
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Figure A 72. 1H–NMR spectrum of 34 in DMSO–d6. 

 
Figure A 73. 13C–NMR spectrum of 34 in DMSO–d6.  

7.9. Synthesis of urethane quenched copper(I)-bis(NHC) complex 

 

Figure A 74. 1H–NMR spectrum of 35 in THF–d8. 

 

Figure A 75. 13C–NMR spectrum of 35 in THF–d8. 
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7.10. Synthesis of trivalent fluorogenic “click” systems 

 
Figure A 76. 1H–NMR spectrum of 36 in CDCl3. 

 
Figure A 77. 13C–NMR spectrum of 36 in CDCl3. 

 
Figure A 78. 29Si–NMR spectrum of 36 in CDCl3.  

 
Figure A 79. 1H–NMR spectrum of 37 in CDCl3. 
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Figure A 80. 13C–NMR spectrum of 37 in CDCl3. 

 
Figure A 81. 1H–NMR spectrum of 38 in DMSO–d6. 

 
Figure A 82. 13C–NMR spectrum of 38 in DMSO–d6.  

 
Figure A 83. 1H–NMR spectrum of 39 in DMSO–d6. 
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Figure A 84. 13C–NMR spectrum of 39 in DMSO–d6. 

 
Figure A 85. 1H–NMR spectrum of 40 in THF–d8. 

 
Figure A 86. 13C–NMR spectrum of 40 in THF–d8. 
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Figure A 87. H–H COSY–NMR spectrum of 40 in THF–d8. 

 

 

Figure A 88. gHSQCAD–NMR spectrum of 40 in THF–d8. 
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Figure A 89. gHMBCAD–NMR spectrum of 40 in THF–d8.  

 

 

Figure A 90. Optical properties of the trivalent fluorogenic system. (A) UV-spectrum of 37 (black) and 40 (red) in 

THF. (B) Fluorescence spectrum of 37 (black) and 40 (red) in THF after excitation at ex  341 nm. 

Figure A 91. 1H–NMR spectrum of 41 in DMSO–d6. 

4 

3 

OH 



7.Appendix  158 

 

Figure A 92. 13C–NMR spectrum of 41 in DMSO–d6.  

 

Figure A 93. 1H–NMR spectrum of 42 in DMSO–d6. 

 

Figure A 94. 13C–NMR spectrum of 42 in DMSO–d6.  

 

Figure A 95. 1H–NMR spectrum of 44 in DMSO–d6.  
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Figure A 96. 1H–NMR spectrum of 44 in DMSO–d6.  

 

Figure A 97. ESI–TOF–MS spectrum of 41 and 42. 

 

Figure A 98. 1H–NMR spectrum of 45 in CDCl3. 

 

Figure A 99. 13C–NMR spectrum of 45 in CDCl3. 
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Figure A 100. 29Si–NMR spectrum of 45 in CDCl3. 

 

Figure A 101. 1H–NMR spectrum of 46 in CDCl3. 

 

Figure A 102. 13C–NMR spectrum of 46 in CDCl3. 

 

Figure A 103. ESI–TOF–MS spectrum of 45 and 46.
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