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Abstract 

 

Multivalent components, equipped with the newest generation of “click” type moiety, suitable for the 

chelation-assisted copper(I)-alkyne/azide cycloaddition (ca-CuAAC), were investigated in respect to 

their crosslinking efficiency, addressing autonomous self-healing (SH) of growing microcracks at low 

temperatures (< 20 °C) via fast network formation reactions. 

Two different regioisomers of picolyl azides (4, 7) were successfully synthesized and further tested upon 

efficiency in solution via NMR spectroscopy. The model reaction of picolyl azide 3 and phenylacetylene 

was completed within five minutes at room temperature (RT), using CuBr as a catalyst and DIPEA as a 

base. The crosslinking efficiency of low molecular weight and trivalent picolyl azide (18) in the ca-

CuAAC was studied via DSC-measurements, using homogeneous and heterogeneous Cu(I)-catalysts. 

The begin of the ca-CuAAC crosslinking at 4 °C was verifying the essential low temperature activity of 

18 and a trivalent alkyne (20). A high molecular weight crosslinking approach was designed by attaching 

picolyl azides 4 or 7 to star-shaped poly(isobutylenes) (PIBs) (34a, 34b) (Mn ~ 6 000 g/mol), synthesized 

via living carbocationic polymerization (LCCP) technique. The network-formation of 34a (or 34b) and 

star-shaped alkyne-PIB (35) in rheology experiments was completed within 15 minutes at 20 °C and 

within 71 minutes at 10 °C, proving the concept of low temperature crosslinking in the melt. Star-shaped 

picolyl azido telechelic PIB (34b), [CuBr(PPh3)3], coumarin azide (36) as sensing precursor and the 

trivalent alkyne (20), encapsulated in an urea-formaldehyde (UF)-shell, were compounded to a 

scaffolding PIB-matrix. Notching the specimen with a razor blade led to the rupture of the embedded 

capsules and thus the release of the liquid alkyne component, which upon contact with the Cu(I)-catalyst 

and the azides triggered the autonomous SH and fluorescent network formation.  

A second approach aimed for the optimization of a Cu(I)-mechanocatalyst, being employed in an 

autonomous sensing material, triggering the fluorogenic CuAAC by mechanical impact. A new chain 

transfer agent (CTA) (40) bearing an imidazolium group was designed, enabling the synthesis of long 

polymer handles (poly(styrene) (PS) (49) or poly(n-butyl acrylate) (P-nBuA) (51)) via reversible 

addition fragmentation transfer (RAFT) polymerization. Thus, a direct attachment of the N-heterocyclic 

carbene (NHC) ligand to the polymer chain was ensured, preventing the otherwise required and often 

inefficient post-polymerization functionalization. The bis(polymer-NHC)-Cu(I)-mechanocatalyst (52), 

coumarin azide (36) and phenylacetylene were embedded into a pTHF-matrix, which was formed to a 

pellet. The scission of the otherwise inactive catalyst into the active Cu(I)-monocarbene species was 

triggered upon compression, leading to an increase in fluorescence emission by formation up to 22% of 

the „click“-product, demonstrating the ability of the concept to act as an autonomous sensing tool.  

 

 

  

 

 

 

 

 

 



 
3 

 

Kurzdarstellung 

 

Multivalente Verbindungen wurden mit der neuesten „Click“ Generation ausgestattet und hinsichtlich 

ihrer Vernetzungseffizienz in der ca-CuAAC untersucht. Eine sehr schnelle und effiziente 

Netzwerkbildung in autonomen Selbstheilungs- (SH)-Systemen sollte somit auch bei niedrigen 

Temperaturen (< 20 °C) die Ausbreitung von Mikrorissen durch Versiegelung verhindern können. 

Zwei Regioisomere des Picolylazides (4, 7) wurden erfolgreich synthetisiert und anschließend in Lösung 

mittels NMR Spektroskopie hinsichtlich ihrer Effektivität in der ca-CuAAC untersucht. Picolylazid 3 

und Phenylacetylen zeigten bei RT innerhalb von 5 Minuten in Gegenwart von CuBr als Katalysator 

und DIPEA als Base einen vollständigen Produktumsatz. Die Vernetzungseffizienz des trivalenten 

Picolylazides (18) von niedrigem Molekulargewicht wurde sowohl in Gegenwart von homogenen als 

auch heterogenen Cu(I)-Katalysatoren mittels DSC-Messungen untersucht. Der Vernetzungsprozess 

zwischen 18 und einem trivalentem Alkin (20) begann bei 4 °C und bestätigte somit die entscheidende 

Niedrigtemperatur-Aktivität der multivalenten Verbindungen. Sternenförmige PIBs (34a, 34b) von 

hohem Molekulargewicht (Mn ~ 6 000 g/mol) wurden mittels lebender carbokationischer 

Polymerisation synthetisiert und anschließend durch Endgruppenmodifikation mit Picolylaziden (4 oder 

7) funktionalisiert. Schmelzrheologische Experimente von 34a (oder 34b) und sternenförmigen PIB-

Alkin (35) zeigten die Ausbildung eines vollständigen Netzwerkes innerhalb von 15 Minuten bei 20 °C 

sowie innerhalb von 71 Minuten bei 10 °C und belegten somit die Niedrigtemperatur-Vernetzung des 

ca-CuAAC Konzepts in der Schmelze. Sternenförmiges Picolylazid-PIB (34b), [CuBr(PPh3)3], 

Coumarinazid (36) als Sensorvorstufe und das trivalente Alkin (20), eingekapselt in einer Harnstoff-

Formaldehyd Schale, wurden in eine PIB-Matrix eingebracht. Das Schneiden des Probekörpers mit einer 

Rasierklinge führte zum Bruch der eingebetteten Kapseln und der Freisetzung des flüssigen Alkins, 

welches bei Kontakt mit dem Cu(I)-Katalysator die selbstheilende und fluoreszierende Netzwerkbildung 

mit den Aziden bewirkte.  

Eine weitere Anwendung zielte auf die Optimierung eines Cu(I)-Mechanokatalysators ab, der in einem 

autonomen Sensormaterial durch mechanische Beanspruchung aktiviert wird. Dazu wurde ein CTA (40) 

mit einer Imidazolium-Endgruppe entwickelt, der die Synthese von langen Polymerhanteln (bestehend 

aus PS (49) oder P-nBuA (51) mit Mn > 25 kg/mol) mittels der RAFT Polymerisation ermöglichte. 

Dadurch konnten die NHC-Liganden direkt an das Ende der Polymerkette angebracht werden, was eine 

Alternative zur ansonsten benötigten und häufig limitierten post-Funktionalisierung des Polymers 

darstellt. Der bis(Polymer-NHC)-Cu(I)-Mechanokatalysator (52) wurde zusammen mit Coumarinazid 

(36) und Phenylacetylen in eine hoch molekulare pTHF-Matrix eingebracht und anschließend zu einer 

Tablette gepresst. Die Spaltung des ansonsten inaktiven Katalysators in die aktive Cu(I)-

Monocarbenspezies wurde durch Kompression der Tablette ausgelöst. Dies bewirkte einen Anstieg der 

Fluoreszenz-Emission in Folge der Bildung von bis zu 22% des „Klick“-Produktes und zeigte somit die 

potentielle Anwendbarkeit des Konzeptes als autonomen Schadenssensor. 
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1 Introduction 

 

1.1 Copper(I)-alkyne/azide cycloaddition (CuAAC) 

The pursuit for reactions that are easily capable of building complex macromolecular structures as 

defined by quantitative carbon-X-carbon formation culminated in the development of "click" reactions. 

These were first defined by Sharpless et al. 2001: „The reaction must be modular, wide in scope, give 

very high yields, generate only inoffensive byproducts […], and be stereospecific. The required process 

characteristics include simple reaction conditions (ideally, the process should be insensitive to oxygen 

and water), readily available starting materials and reagents, the use of no solvent or a solvent that is 

benign (such as water) or easily removed, and simple product isolation.”[1] These conditions are 

transferred to polymeric systems[2] and can still be described as reactions, which are characterized by a 

thermodynamic gain of at least 20 kcal/mol.[1, 3-4] „Click“ chemistries (see Figure 1) such as the metal-

catalyzed 1,3-dipolar cycloadditions[3-9] (A) and the metal-free surrogates (B-H) such as the strain-

promoted alkyne/azide cycloaddition (SPAAC)[10-13] (B), the thiol-ene/yne[14-16] (C-D), the thiol-

bromo[14, 17] (E), the oxime formation[18-19] (F), the Diels-Alder cycloaddition[20-22] (DA) (G) and 

tetrazole-alkene[23-24] (H) reaction are most frequently applied, when rapid (within hours, T < 25 °C) and 

complete conversion in macromolecular synthesis is required. This pool of “click” chemistries is 

completed by the mild conjugation approaches such as the Michael-addition[25-26] (I), the thiol-

isocyanate reaction[27-28] (J) and the nitrile-oxide cycloaddition[29-30] (K). These approaches provide 

similar results in reaction rates, but lack the required orthogonality to be called “click” chemistries, 

limiting their application range[2, 31]. 

 
Figure 1. Overview of rapid converting chemistries (T ≤ 25 °C, t ≤ 2 h), subdivided in “click” based (A-H) and mild conjugation 

(I-K) chemistries. 

In terms of ease, expanded application range, solvent- and substrate- insensitivity the copper(I)-

alkyne/azide cycloaddition (CuAAC) is one of the most used “click” reaction[3-9, 13, 32-54], making it the 

method of choice to efficiently link two molecules under ambient conditions. The uncatalyzed Huisgen 

reaction[55-56] is the pure thermal conversion of azides and terminal alkynes leading to a mixture 

consisting of 1,4- and 1,5-regioisomers of 1,2,3-triazole products (see Figure 2a). The excellent 

characteristics of a “click”-reaction are gained by the addition of copper(I), that is initially described by 

Meldal and Sharpless in 2001/2002 independently (see Figure 2b).[57-59] The copper(I) catalysis 

(A) (C) (B) (D) (E) (F) 

(G) (H) (I) (J) (K) 
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introduces the regioselective formation of the 1,4-regioisomer, the feasibility of the reaction at organic 

solvents, water or ionic-liquids[60] and an increased reaction rate of up to seven orders of magnitude[36, 

61-62] and thus pushes the CuAAC to completeness within minutes at room temperature. Besides the 

copper(I) catalyzed Huisgen reaction, other metals such as Ni(II)[63], Pd(II)[63-64] and Pt(II)[63] (see Figure 

2c) are applied to conduct the regioselective conversion of azides and terminal alkynes or internal thio-

alkynes in case of iridium(I)-catalyzed intermolecular AAC[65] (see Figure 2d). In dependence of the 

alkyne structure and the Ru(II)-catalyst composition, 1,2,3-triazoles of either exclusive 1,4- or 1,5-

regioisomers or mixtures of both can be provided in the ruthenium(II)-alkyne/azide cycloaddition 

(RuAAC)[66]. RuAAC is most frequently conducted at ambient to elevated temperatures (25 – 110 °C) 

and leads to moderate yields (see Figure 2e)[9, 67]. Furthermore, the CuAAC of internal unstrained metal-

alkynes is performed under mild conditions applying either Au(I)-[68-70] or Te(I)-[71] acetylene complexes 

(see Figure 2f). However, with regard to efficiency (yield, time, temperature), scope of application and 

ease in feasibility none of them can compete with the potential benefits obtained by the copper(I) 

catalysis. 

  
Figure 2. a) Thermal Huisgen reaction; b) CuAAC; c) other metal(II) catalyzed AAC; d) Ir(I)-catalyzed AAC; e) RuAAC; f) 

CuAAC of Au(I)- or Te(I)- internal unstrained alkynes. 

Exploiting the CuAAC tool opens access to defined and complex architectures in polymer science[3-4, 8, 

72] such as star-[73-75], block-[76-77], graft-[78-79] polymers and dendrimers (see Figure 3)[80-81], which is 

otherwise often impossible due to incomplete conversions or a difficult work-up.  

 
Figure 3. Specific examples of complex architectures obtained by CuAAC „click“-chemistry. Here shown for star-, graft-, 

block- polymers and dendrimers. 

a) 

b) 

c) 

d) 

e) 

f) 
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The beneficial outcome of copper(I) catalyzing the thermal Huisgen reaction is mainly attributed to the 

change of mechanism and thus the overcoming of the kinetic barrier in formation of the desired triazole-

ring. Computational and experimental studies led to a change of mechanistic proposals from 

mononuclear[58] to at least dinuclear and the currently accepted mechanism for the CuAAC (see Figure 

4).[4, 6-9, 46, 82-84] Initially a π-complex of the copper(I)- and the alkyne- substrate is formed (I), lowering 

the pkA-value of the acetylide to 9.8[85] and thus facilitating the generation of the copper(I)-acetylide (II) 

even in absence of a base. In the next step, the formation of the dinuclear complex (III) with the 

coordinated azide group leads to a pre-orientation of the reactive functional groups, which in return 

leads to the formation of a six-membered ring, introducing the first covalent C-N-bond (IV). The desired 

1,2,3-triazole-product (V) is provided with formation of the second C-N-bond, which is generating the 

exclusive 1,4-regioisomer (VI) after final protonation.  

 
Figure 4. Mechanistic details of the CuAAC, including the areas of application. 

Plenty applications of the CuAAC in the fields of drug discovery[8, 86-87], polymer chemistry[3-8, 34-35], 

biochemistry[8, 13, 37, 41, 54, 88-90], material science[91] and nanomaterials[92] followed-up as a consequence of 

its outstanding advantages. The potential application field of the CuAAC is widely distributed due to its 

numerous benefits and its low tendency to undergo disturbing side reactions. Nonetheless, a few of them 

are existing such as the alkyne-coupling, the triazole-coupling and the Staudinger reduction with 

phosphines (see Figure 5a-d). Alkyne-coupling can appear by oxidative conditions in form of Glaser 

coupling (homocoupling) (see Figure 5a) or by Cadiot - Chodkiewicz heterocoupling conditions in 

presence of a catalytical amount of copper(I)salts and unhindered amines, such as TMEDA or pyridine 

(see Figure 5b), which are frequently used to accelerate the kinetic behavior in the CuAAC.[83, 93-95] The 

exchange of amine-protons with bulky substituents is forming sterically hindered bases, which reduce 

the ligand donor properties of the base and thus the stabilization of the intermediate to form coupled 

alkynes. These kind of external ligands (for more details see chapter 1.1.3) are further capable to protect 

copper(I) from oxidation to copper(II), which otherwise would lead to the termination of the CuAAC 

and is therefore the most prominent side-reaction within this “click”-tool.[3-4, 63] Especially in the 

presence of potassium carbonate the formation of bis(triazoles) as a major product is observed, when 

conducting the CuAAC at basic conditions (see Figure 5c)[96]. A few functional groups can interfere 

with the CuAAC, e.g. free accessible thiols and triphenylphosphanes are able to reduce the azides to 

primary amines via a Staudinger reaction (see Figure 5d)[97]. Further interfering groups are made of 
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strongly activated cyanides (see Figure 5e)[32] and strained or electronically activated alkenes (see Figure 

5f)[55]. 

 
Figure 5. Side reactions and groups the CuAAC can interfere with: a) Glaser coupling; b) Cadiot - Chodkiewicz 

heterocoupling; c) triazole-coupling; d) Staudinger reduction with triphenylphosphane; e) tetrazole-formation with electron-

deficient cyanides; f) cyclic alkenes. 

Further improvement of the CuAAC included the investigation of the homogeneous (see chapter 1.1.1), 

the heterogeneous (see chapter 1.1.2) and the ligand-accelerated CuAAC (see chapter 1.1.3). 

 

1.1.1 Homogeneous CuAAC 

The potential application field of the CuAAC can be distinguished in the various ways copper(I) is 

introduced to the system. In case of homogeneous catalysis, the educts and the catalyst are in the same 

phase, which is in general afforded by the addition of a solvent as the liquid phase.[98] The catalytical 

active copper(I) species is generated either by in situ reduction of copper(II) salts in presence of a 

reductive environment (A), by the direct addition of a copper(I) salt (B) or even in absence of copper 

under specific conditions (C). 

A) Copper(II)-salts 

The most frequently used system consists of Cu(II)SO4·5H2O, which is reduced by sodium ascorbate in 

aqueous or alcoholic solutions (see Figure 6a)[58, 82-83, 99]. The choice of such polar solvent requires the 

usage of hydrophilic azides and alkynes. As an alternative the water-soluble tris(2-

carboxyethyl)phosphine (TCEP)[90, 100-106] is used as a reducing agent for Cu(II)-salts, although it can 

form inhibitory complexes with Cu(I) and can interfere with aliphatic azides via Staudinger reduction, 

if applied in excess[107]. Thus, it opens access to biorthogonal ligation of living cells, which is often 

supported by the addition of external agents to prevent the formation of the toxic reactive-oxygen-

species (ROS), which is generated by interaction of copper(I/II) and oxygen (for more detailed 

discussion see chapter 1.1.3). Furthermore, Cu(II)(OAc)2 gets along without any reducing agent (see 

Figure 6b)[99, 108]. Subsequently copper(I) is generated by alcohol-oxidation making use of corresponding 

solvents or the oxidative homocoupling of terminal alkynes (see Figure 6c)[109]. Besides the chemical 

reduction method, the photochemical reduction (see Figure 6d-e) is also applied. For instance, leads the 

continuous exposure of Cu(II)/PMDETA in presence of benzyl azide and terminal alkynes to UV-

irradiation to high yields in the CuAAC conversion (see Figure 6d)[110]. In depth, the tertiary amine is 

acting as an electron-donor via a ligand-metal charge-transfer (LMCT) complex and further stabilizes 

the resulting oxidation state of copper(I) by complexation. Additionally, photoinitiators can be 

introduced to the system, to evoke the reduction of Cu(II) by radiation (see Figure 6e)[111]. 

 

a) 

b) 

c) 

d) 

e) 

f) 
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Figure 6. Chemical (a-c) and photochemical (d-e) strategies to in situ generate copper(I) from copper(II) by reduction. a) By 

adding the reducing agent sodium ascorbate; b) by alcohol-oxidation in corresponding solvents; c) by oxidative homocoupling 

of alkynes; d) by LMCT under UV-irradiation; e) by radical generating photoinitiator under UV-irradiation. 

B) Copper(I)-salts 

Exploiting of copper(I) salts offers the potential to exclude reducing agents, instead copper(I) needs to 

be stabilized against aqueous moisture, otherwise the appearing disproportionation to copper(0) and 

copper(II) would disturb the CuAAC immediately (for a more detailed discussion see chapter 1.1.3). 

Thus, the reaction has to be conducted at inert conditions or bulky organic substituents are required to 

stabilize the copper(I) complex. Therefore, [CuBr(PPh3)3], CuI•P(OEt)3, [CuF(PPh3)3] and 

[Cu(MeCN)4]PF6 are appropriate catalysts (see Figure 7a-c), possessing additionally a good solubility 

in organic solvents[40, 42]. Even better protection and further increased reaction rates are observed in 

presence of amine-bases as a consequence of accelerated copper(I)-acetylide formation[58, 63]. Depending 

on the structure of the applied catalysts the CuAAC can be exploited in water or in organic solvents and 

can be further promoted by microwave radiation[60]. 

Taking advantage of pre-catalysts is another way to address the oxidation-instability of copper(I). 

Utilization of NHC-ligands (for a more detailed discussion see chapter 1.1.3.3) that are able to build a 

copper(I)-carbene-bond and thus enable the implementation of bulky substituents to copper(I) leading 

to a better protection of the catalyst against moisture and air (see Figure 7d-g). The hydrophilic catalysts 

are mainly applied in aqueous media to conduct the CuAAC. For instance, the dinuclear NHC-complex 

(see Figure 7d)[112], the water-soluble 1,3-bis(2,6-di-iso-propylphenyl)imidazolidin-2-ylidene (SIPr) 

copper(I) complex (see Figure 7e)[113] and 1,3-bis(2,6-di-methylphenyl)imidazolidin-2‐ylidene (SIMes) 

copper(I)iodide complex (see Figure 7f)[114] can provide quantitative conversions in the CuAAC in 

absence of sacrificial reducing agents. Similar results are obtained by applying (2-bis-N-

crotyl)benzothiazolin-2-ylidene (NSHC)2 copper(I) bromide complex (see Figure 7g)[115], when one N-

donor atom of the NHC complex is exchanged versus one sulfur-atom. 

Furthermore, homogeneous Cu(I) catalysts anchored to polymeric substrates are developed (see Figure 

7h-i). For instance, a PIB-supported Cu(I) catalyst is designed, that is able to efficiently conduct the 

CuAAC in ethanol/heptane- mixtures at 90 °C (see Figure 7h)[116]. Additionally, this kind of catalyst is 

reusable by gravity-based separation of the catalyst from the product in subsequent reactions. Applying 

dendrimers as support material for Cu(I)- nanoparticles (NPs) leads to the simple removal of the 

a) 

b) 

c) 

d) 

e) 
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products by extracting the aqueous reaction-media with an organic solvent (liquid-liquid extraction) and 

thus allows for multiple uses of the same catalyst (see Figure 7i)[117]. Treating the triazole containing 

dendrimer with copper(II)sulfate and with sodium-ascorbate affords a polymeric copper(I) catalyst, 

which promotes the CuAAC very efficiently at 25 °C and up to 10 times in a row without a significant 

loss in yields. 

 
Figure 7. Structures of copper(I) catalysts suitable for the CuAAC at organic or aqueous conditions. a) 

Bromo/Fluorotris(triphenylphosphine)copper(I); b) iodocopper(I)-triethyl phosphite; c) tetrakis(acetonitrile)copper(I) 

hexafluorophosphate;  d) dinuclear bis-triazolylidene copper(I) acetate hexafluorophosphate; e) (1,3-bis(2,6-diisopropyl-4-

((tributylammonio)methyl)phenyl)imidazolidin-2-yl)copper(I) bromide dichloride; f) 1,3-bis(2,6-trimethylphenyl-4-triazolyl-

choline)imidazolin-2-ylidene copper(I) iodide; g) (2-bis-N-crotyl)benzothiazolin-2-ylidene copper(I) bromide; h) (PIB)-

supported Cu(I) catalyst; i) Cu(I)-NPs anchored on dendrimer support. 

C) Copper-free CuAAC 

Homogeneous conducted CuAAC includes the copper-free “click” chemistry, since reactive 

components are in the same phase. The elimination of copper(I/II) is of major importance to prevent the 

formation of toxic copper-ROS and is thus most frequently applied to label living cells or proteins in 

water[118]. To maintain the good reactivity even in absence of copper(I) another driving force is required. 

The SPAAC is using the release of the high ring strain of cyclooctynes when converted with azides (see 

Figure 8a)[10-13]. Accordingly, SPAAC is most frequently utilized for bio-orthogonal labeling due to its 

insensitivity towards water, its high tolerance to amines and thiols (which are present in living cells) and 

its stability to redox-processes. It further offers good conversions, even without external pressure, 

heating or high concentrations of reactants. The efficiency can be increased by modification of the ring-

a) b) c) d) 

e) 
f) 

g) 

h) i) 

Cu(I)-catalysts for organic solvents 

Cu(I)-catalysts for aqueous conditions 

Cu(I)-catalysts anchored to polymeric substrates 
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strain, e.g. by attachment of substituents[119] or electron-deficient moieties as fluor-atoms[10] adjacent to 

the internal alkyne. However, even the fastest of the strained alkynes ((aza)dibenzocyclooctyne) – 

achieving a reaction rate of 0.96 M-1 s-1, which is 450 times higher compared to unactivated 

cyclooctyne[12] – cannot compete with common rates received by the ligand-accelerated CuAAC (kobs = 

10 – 100 M-1 s-1 per 10 – 100 µM Cu(I)/Cu(II))[120] (for a more detailed discussion see chapter 1.1.3). 
The pressure-accelerated AAC represents the second copper free “click” version besides SPAAC (see 

Figure 8b)[121]. Azides and terminal alkynes are pre-organized by supramolecular interactions and AAC 

is induced by treatment in a hydraulic press, leading to a pressure-accelerated copper-free AAC at room 

temperature with exclusive formation of the 1,4-triazole-isomer. 

 
Figure 8. Possibilities for a copper-free „click”-chemistry. a) The release of the ring-strain in SPAAC of highly activated 

cyclooctyne and azide leads to a copper-free triazole formation. b) Pressure-accelerated cycloaddition of azides and alkynes. 

1.1.2 Heterogeneous CuAAC 

Heterogeneous catalysis is present, when reactants and catalyst are of different phases and can thus be 

separated easily from each other.[98] This concept is accessible by the implementation of the active 

catalytical species to support-materials, which are commonly inert to their environment. The ease in 

separation of the product and the catalyst is the biggest advantage, when compared to homogeneous 

catalysis. Thus, the catalyst can be recycled and reused by simple filtration in contrast to the often 

required chromatographic purification methods in the homogeneous CuAAC. Residual catalyst in 

products can be neglected, as the amount is lowered tremendously or not present at all in comparison to 

the homogeneous version. Consequently, heterogeneous catalysis delivers heavy metal free products, 

thus coming close to be considered as „green-chemistry“. It is estimated that 90% of the industrial 

processes are catalyzed and most of them belong to the heterogeneous catalyzed reactions due to its 

beneficial characteristics.[122] In case of the heterogeneous CuAAC, the copper(I) is anchored to different 

support materials, introducing the desired property of insolubility in aqueous or organic solvents. The 

support materials are composed of various classes such as polymeric substrates, carbon materials, 

inorganic solids and metallic copper, differing in their complex architectures (see Table 1)[123]. 

Table 1. Overview of supporter materials applied in the heterogeneous CuAAC. 

 

kind of 

supporter 

material 

structure 
copper-

salt 

conditions 

for the 

CuAAC 

recycle

-times 

A) polymeric substrates 

1 
polymer- 

networks 

 

CuI 

in MeCN 

and DCM at 

RT: > 90 % 

yields 

4 times 
[124] 

 

CuI 

in t-

BuOH:H2O 

at RT: 99 % 

yields 

10 times 
[125] 

a) 

b) 
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2 biopolymers 

 

CuI 

in H2O at 

70 °C: 96 % 

yield 

5 times 
[126] 

B) carbon materials 

3 charcoal 

 

Cu(NO3)2 

in dioxane at 

60 °C: 99 % 

yield 

3 times 
[127] 

4 CNT 

 

in H2O at 

RT: 95 % 

yield 

10 times 
[128] 

5 graphene 

 

Cu(OAc)2 

in THF at 

40 °C: 99 % 

yield 

10 

times[45] 

C) inorganic solids 

6 Si 

 

CuI 

no solvent, 

at RT: 93 % 

yield 

10 times 
[129] 

7 Al 

 

CuSO4∙5

H2O 

no solvent, 

ball-milling 

required, at 

RT: 92 % 

yield 

8 times 
[130] 

8 Ti 

 

CuCl2∙2 

H2O + 

NaOH 

in toluene, at 

60 °C: 99 % 

yield 

3 times 
[131] 

9 
mesoporous 

Si 

 

Cu(OAc)2 

in H2O:HCl 

at RT: 98 % 

yield 

3 times 
[132] 

10 
microporous 

zeolite 

 

 

 

CuCl 

in toluene at 

RT: 92 % 

yield 

4 times 
[133] 

USY-cage type: 

(Cu+)x[(AlO2)x(SiO2)y]x-  
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11 

microporous 

metal organic 

frameworks 

(MOFs) 

 

Cu(OAc)2 

neat at 

50 °C: 94 % 

yield 

5 times 
[134] 

12 
layered 

hydrotalites 

 

Cu(NO3)2 

in H2O at 

RT: 93 % 

yield 

5 times 
[135] 

13 layered clays 

 

CuI 

in DCM at 

RT: 99 % 

yield 

5 times 
[136] 

14 

non-porous 

poly- 

(oxometalate) 

(POM) 

 

CuCl2 

in MeCN, at 

60 °C: 98 % 

yield 

3 times 
[137] 

15 
non-porous 

spinels 
CuFe2O4-NP CuFe2O4 

in H2O at 

70 °C: 93 % 

yield 

4 times 
[138] 

16 
non-porous 

hydroxyapatite 

 

Cu(NO3)2 

in H2O at 

70 °C: 95 % 

yield 

8 times 
[139] 
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D) metallic copper 

17 nanoparticles 

 

CuSO4∙5

H2O + 

N2H4∙ 

H2O 

in MeOH at 

RT: 93 % 

yield 

3 times 
[140] 

18 
nanoporous 

copper 

 

Cu(0) + 

Mn(0) 

in toluene at 

70 °C: 99 % 

yield 

10 times 
[141] 

19 copper metals 

 

Cu(0) 

milling at 

RT: > 95 % 

yield 

100 

times 
[142] 

 

A) polymeric substrates 

In the heterogeneous CuAAC polymers are used as substrates for the first time in 2006 in the form of 

copper(I)iodide modified Amberlyst-A21 (= weak base tertiary amine resin derived from the reaction 

of a secondary amine with a chloromethylated styrene-divinylbenzene copolymer)[143] (see Table 1, 

entry 1A)[124]. This poly(styrene) based material is decorated with dimethylaminomethyl, that is able to 

act as a ligand and a base at the same time, which is known to promote the CuAAC[144-145]. Subsequently, 

a lot of other polymer-copper(I)-substrates are designed to improve the catalytic efficiency and to 

increase the number of recycling cycles with less leaching of copper and thus lead to a better 

sustainability. Therefore, nitrogen ligand grafted polymers are commonly reacted with copper(I) salts. 

In turn, a catalyst with ionic-liquid group, as is present in ammonium structures, yields 99% in 

conversion considering a pool of azides and alkynes in water at room temperature, while no lack in 

activity is observed, when reusing the same catalyst up to 10 times (see Table 1, entry 1B)[125]. The 

search for more green chemistry and the conservation of resources by closure of material-cycles increase 

the interest of applying biopolymers as support-materials in the heterogeneous catalysis[123]. 

Accordingly, copper(I) functionalized substrates based on polysaccharides such as chitosan[146-149], 

alginate[150] or cellulose[126] (see Table 1, entry 2) provide almost quantitative yields in the CuAAC, 

requiring elevated temperatures equal to or more than 70 °C though. 

B) carbon materials 

Activated carbon-based materials are characterized by a good stability, inert behavior against organic 

molecules and a high surface area caused by porosity[151]. These beneficial properties in addition to the 

generally required simple and highly efficient separation issue led to their use as support materials in 

the heterogeneous CuAAC. Functionalization of the surface of the carbons with hydroxy- and carboxyl 

groups by oxidation processes enables the introduction of transition-metals forming hybrid-materials, 

which can be applied in heterogeneous catalysis. Especially Cu/charcoal, Cu-CNTs (carbon nanotubes) 

and Cu-TRGO (thermal reduced graphene oxide) demonstrate to have excellent catalytical activity in 

the heterogeneous CuAAC[123, 152]. 

Activated wood charcoal suspended in an aqueous Cu(NO3)2-solution treated by ultra-sonication leads 

to the impregnation of the surface with CuO and Cu2O particles[127]. Several alkynes and benzyl azide 

are converted nearly quantitatively by applying the aforementioned catalyst dispersed in dioxane at 

60 °C in short time scales in the presence of Et3N (see Table 1, entry 3). This catalyst is reusable up to 

three times until a loss of activity is observed. A Cu/charcoal catalyst is used under continuous flow 
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conditions in the CuAAC, albeit the reaction is conducted at 170 °C and 20 bar pressure in acetone[153]. 

These high temperatures are required as Cu/charcoal systems tend to provide lower activities in 

comparison to other carbon support materials such as CNT or TRGO. 

The change in architecture and morphology of the catalyst leads to a tremendous increase in catalytic 

activity. Thus, applying CNTs, activated by chemical vapor deposition (CVD) followed by the  

impregnation with copper(I)-porphyrin, provide up to 95% yield in the CuAAC conducted in water at 

room temperature (see Table 1, entry 4)[128, 154]. Significant discrepancy in the surface area of multi 

walled (MW-CNT) and single walled CNT (SW-CNT) lead to priority usage of the MW-CNT with 

larger surface area and thus better catalytic efficiency. Its cylindrical shape combined with a sufficient 

size of pores enable the effective dispersion of the Cu-NPs and in turn prevent their agglomeration. This 

improved behavior in catalysis is mainly based on the efficient anchoring of copper(I) particles on the 

surface of the CNT[155-156]. However, the dependency of the catalytic efficiency on the diameter of the 

CNT and the high costs in synthesis[157] limit the application area of these catalysts. 

Graphene is obtained by separating a single carbon-layer from graphite and is characterized by 

remarkable thermal, electronic, mechanical and chemical properties[158]. The conventional mechanical 

exfoliation method provides low amounts of graphene layers. In contrast to that large amounts of 

graphene-oxide (GO) are obtained rapidly by the chemical approach using different oxidation routes of 

graphite[159]. Even though the introduced defects and the additional composition of ~ 5 layers (instead 

of originally one) diminish some of the beneficial properties of single layered graphene, catalysis in the 

CuAAC for hybrid materials, consisting of GO and metal-particles is still observed[160-162]. The 

honeycomb-like structure of GO serves - similar to CNTs - as a scaffold with an optimal surface area 

for anchoring metal ions and thus prevents the agglomeration of the nanosized particles[163]. GO is 

produced by chemical oxidation using the Hummers method[164] and is impregnated with Cu(OAc)2. 

Subsequently, chemical or thermal reduction affords the finely dispersed CuI-nanoparticles on graphene-

oxide[45]. The obtained catalyst demonstrates good performance in solution and in the melt-state. High 

conversions in THF at 40 °C of low molecular weight azides and alkynes are detected up to three times 

in a row, while excellent catalytic activity is observed for the CuAAC of star-shaped azido and alkyne 

telechelic polymers in the melt at room temperature (see Table 1, entry 5).  

C) inorganic solids  

Inorganic amorphous materials are easily accessible in large scales and are applied as heterogeneous 

supports simply by mixing with copper-salts. Insufficient binding of Cu-NPs to the surface of the 

amorphous solids leads to a significant copper-leaching[123]. In order to reduce the copper-leaching 

copper(I) can be covalently attached to silica supported catalysts by implementing ligands, such as 

nitrogen-[129] or phosphorous- moieties to the surface-area[165]. In addition to the effective prevention of 

copper-leaching the stabilization of the copper(I)-oxidation state is ensured (for more details see chapter 

1.1.3). In case of alumina-[130] or titania-[131] supports heterogeneous catalysts are afforded by mixing 

Cu(II)-salts and the corresponding oxides of metals. Reduction of Cu(II) to Cu(I) in absence of reducing 

agents is mainly attributed to the in situ alkyne homocoupling. The reaction conditions are adapted to 

ensure an oxygen-free environment, in consequence of missing ligands, able to protect copper(I) from 

oxidation. Subsequently, additional acceleration by elevated temperatures or mechanical impact is 

indispensable. However, all of these amorphous catalysts demonstrate activity (> 90% yield) in the 

CuAAC and are reusable up to 10 times without a significant loss in activity or a detectable leaching of 

copper (see Table 1, entry 6-8). 

Structured inorganic solids can be either of natural or of artificial birth and are most-likely characterized 

by a very defined morphology of edge-, border- and surface- attached tetrahedrons or octahedrons, often 

enabling the attachment of transition metals by cation-exchange. In accordance to their structure, pores 

of different sizes can be created and materials can be further distinguished in meso- (d = 2 – 50 nm) and 
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microporous (d = 1 - 20 Å) ones.[123] In both cases, the increasing surface area makes these support 

materials very interesting for heterogeneous catalysis, including the CuAAC. For instance, mesoporous 

silica is generally composed of spherical, cylindrical or hexagonal micelles, consisting of silica walls 

surrounding the former shaped organic polymers. Grafting of Cu(II)(OAc)2 to the pyridine-imine 

functionalized surface area leads to a heterogeneous catalyst with high performance in synthesis of 1,4-

disubstituted 1,2,3-triazoles at 0 °C to RT[132]. Naturally occurring zeolites inherently provide a 

microporous morphology and are composed of the general formula: (Mn+)x/m[(AlO2)x(SiO2)y]∙wH2O. 

The cations can be exchanged with copper(I)-ions, enabling the usage of zeolites as heterogeneous 

supports for the CuAAC[133]. The synthetic analogon is made of metal organic frameworks (MOFs), 

using organic linkers between the M+-nodes and leading to high conversions in the CuAAC (> 90%) 

under solvent free conditions up to five times in a row[134] (see Table 1, entry 9-11). 

The usage of copper-modified layered hydrotalites[135] or clays[136] in the heterogeneous CuAAC leads 

to a good catalytic performance (> 90% yield) at room temperature for the regioselective organic 

synthesis in water or organic solvents, respectively (see Table 1, entry 12-13). 

Another setup consists of inorganic amorphous and non-porous supports such as magnetic 

cuprospinel[138], copper(I) modified poly(oxometalates) (POMs)[137] or hydroxyapatites (HAP)[139], 

affording high conversions (> 90%) in the CuAAC at elevated temperatures (see Table 1, entry 14-16). 

D) metallic copper 

Metallic copper is able to provide the required Cu(I) for efficient CuAAC by oxidation of the metallic 

surface in presence of an oxygen-environment or by comproportionation of Cu(0) and residual 

copper(II). This process is often promoted further by impact of ultra-sonication and microwave 

radiation[62, 166]. The CuAAC „click“-reactions between alkynes and azides are also promoted by Cu-

NPs even in absence of any support-material in methanol (see Table 1, entry 17)[140]. However, 

separation issues and the growing agglomeration of NPs are the main drawback of these unsupported 

NPs in contrast to their supported analogues[167]. 

Besides these neat NPs, nanoporous copper in the form of CuNPore is applied to conduct the 

heterogeneous CuAAC[141, 168]. Electrochemical decomposing of the Cu30Mn70-alloy leads to the catalyst, 

providing quantitative yields in the CuAAC in toluene at 70 °C (see Table 1, entry 18). 

Applying metallic copper in the form of tubings[169], wires[170] and powder[171] leads to the regioselective 

formation of 1,4-triazoles. The concentration of residual copper in the final “click” product is very low 

(e.g., 4 – 9 µg/g[171]), since the solid catalyst can be removed with simple work-up techniques. Very high 

temperatures (100 – 150 °C) are required as a consequence of the low activity of the catalysts and the 

need to produce copper(I), which in turn leads to reaction conditions similar to the thermal Huisgen 

reaction, with the only exception of being regioselective. Large amounts of the desired triazole-products 

are accessible by reacting azides and alkynes especially under flow-reactor conditions combined with a 

good long-time stability of the applied catalyst[172]. Various alkynes and benzyl halides in presence of 

sodium azide are converted in a copper vial with a copper milling ball, providing high yields already at 

room temperature (see Table 1, entry 19)[142]. The vial is reused over 100 times without any loss in yields 

or reaction rate. 

 

1.1.3 Ligand-accelerated CuAAC 

The need to avoid the formation of the highly toxic ROS-species[118] when copper(I/II) encounters 

oxygen caused the development of new approaches, especially in the field of bioconjugation for the 

CuAAC. One way to address this issue is the copper free SPAAC, which however leads to tremendous 

reduction of the reaction-rate (10 – 100 times)[43]. In order to maintain the beneficial kinetics of copper(I) 

catalyzed cycloaddition another method is found: By addition of external ligands, able to form a complex 

with copper(I), a better control of the active species within the reaction media is gained and the formation 
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of the toxic ROS species is prevented by stabilization of the oxidation level (+I) and thus the required 

amount of the catalyst is reduced to a negligible ppm-level (see Figure 9)[7-8]. Subsequently, ligands can 

enhance the solubility of copper(I) in the desired media and improve the activity of the catalysts and 

facilitate the application range of the CuAAC in science[120, 173-175]. More precisely, ligands have to fulfill 

three different tasks, depending on the applied solvent: 1st, Ligands can protect copper(I) from oxidation 

by complexation and thus modulate the redox-potential of Cu(II)/Cu(I) pair (standard potential = 

159 mV from Cu2+/Cu+ and 520 mV from Cu+/Cu0 (measured vs SHE))[176]. This low reduction potential 

is giving one explanation for the least thermodynamic stability of Cu(I) in solution, compared to the 

most common oxidation states of copper (0, +I, +II)[36]. The reduction potential is strongly depending 

on the solvent applied and can be shifted by the addition of ligands[84, 174]. 2nd, the ligands also influence 

the solvation energy of the corresponding copper-ions[177]. The smaller copper(II) ions in combination 

with twice the charge of copper(I) interact more strongly with their environment, triggered by their heats 

of hydration of – 2100 kJ/mol (copper(II)aqua) and – 580 kJ/mol (copper(I)aqua)[178], resulting in a very 

short survivability (less than one second)[179] of copper(I)-aqua complexes in solution.[177] Either weaker 

complexing solvents such as acetonitrile[180] or the addition of nitrogen donors, e.g. amines, pyridine and 

TEA[181] can counterbalance this otherwise strong disproportionation of copper(I)[182] in solution. 3rd, 

ligands can act as a base to promote the copper(I)-acetylide formation, thus accelerating the CuAAC[120], 

if applied in aqueous media. For the purpose of optimizing the conditions for each application field of 

the CuAAC, a huge ligand screening is performed[63, 174-175, 183-185]. Classification of these ligands is most 

likely done by their composition. In principal, hetero-atoms are capable of ligand-transition-metal 

interactions, thus nitrogen, sulfur, phosphor, oxygen and activated carbons such as NHCs are employed 

in the different types of ligand-classes. 

 
Figure 9. Schematic representation of composition, function and benefits obtained by applying external ligands in the CuAAC. 

1.1.3.1 Nitrogen-ligands in the CuAAC 

Nitrogen-ligands represent the broadest quantity of ligands (see Figure 10), beginning with the low-

molecular sp3-hybridized supplements such as triethyl-amine[186-187], propyl-amine[188], DIPEA[59, 89] and 

tributyl-amines[189], which are mainly added to promote the copper(I)-acetylide formation in aqueous 

media. A precise investigation of the acceleration-effect, emerging from polydentate ligands in the 

CuAAC of diazido-terminated poly(styrene), propargylether (ratio 1:1) and CuBr (50 mM) as catalyst 

in DMF at 25 °C, led to the following order[63]: PMDETA (230) > HMTETA (55) > Me6TREN (50) > 

tpy (8.6) > TPMA (1.7) > bipyridine (0.4) > ligand-free CuAAC (1). The addition of aliphatic amines 
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(acceleration of 50 – 230) afforded a higher boost in reaction rate in comparison to pyridine-ligands 

(acceleration of 0.4 – 8.6). This is mainly attributed in the accelerated formation of the π-complex, 

related to a higher basicity and a higher electron-donating property of amines compared to pyridines. 

Tripodal PMDETA (230) is more than four times faster than the tetrapodal HMTETA (50), since the 

latter is coordinatively saturating the copper(I)-catalyst, thus blocking the required alkyne attachment. 

Applying the tripodal polytriazole-based (Trz)3
[107, 183] or tripodal benzimidazole-based (BimY)3

[174-175] 

ligands in the CuAAC accomplishes an even superior performance in terms of stabilized copper(I) and 

an increased reaction rate in different media. Utilization of the first generation ligands composed of tris-

(triazolylmethyl)amine skeletons such as TBTA[183] and THPTA[190-191] in the CuAAC showed an 

improved stability of the desired oxidation state (+I), increasing the redox-potential of Cu(I)/Cu(II) by 

almost 300 mV[183]. The partial or complete exchange of linear alkyl or benzyl ligands with bulky tert-

butyl groups as occurring in TTTA[36], BTTAA[192], TABTA[193], BTTE[185] and BTTP[194] prevents 

undesired alkyne-coupling (see Figure 10). Despite minor differences in acceleration-efficiency a better 

control in the current application task is established, e.g. better solubility in aqueous media by 

attachment of ionic structures such as ammonium moiety within the sidechain of the ligand. 

  
Figure 10. Structure of common N-donor-ligands applied to accelerate the CuAAC. Acceleration factors (framed ligands) are 

adapted from[63] for the CuAAC in DMF at 25 °C, applying CuBr/L ratios of 1:1, except for bpy it is 1:2. 
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Fast reaction rates (kobs = 48 – 38 455 M-1 s-1 per M Cu) for the CuAAC in DMSO:H2O, 80:20  (Cu:L, 

1:2) or in DMSO:H2O, 10:90 (kobs = 5601 – 151 879 M-1 s-1 per M Cu) (Cu:L, 2:1) are provided by tris-

(heterocyclemethyl)amines, further allowing a decrease of the initial Cu concentration to 10 – 100 µM, 

while a significant ligand-acceleration is still ensured[120]. The ligand-accelerated CuAAC can be up to 

thousandfold faster in kinetics compared to the ligand-free CuAAC[183, 195]. This significant acceleration 

is mainly attributed to the improved solubility of the catalyst and further supported by the facilitated 

formation of the strained metallacycle[33, 36]. 

The benefit of the ligand-accelerated CuAAC is caused by a change of the mechanism[120, 173, 196], while 

the effect is strongly dependent on the donor-strength of the chosen ligand and the applied solvent[120] 

(see Figure 11). The CuAAC is accelerated most efficiently by a dinuclear copper(I) complex, which is 

preferably facilitated by tripodal ligands, allowing the assemble of both copper(I)-centers with free 

accessible coordination sites for reactants. During the catalysis-cycle a threefold competition of the free 

coordination sites at copper(I)-centers arises (1st: azide-reactant, 2nd: ligands, 3rd: solvent-molecules), 

while the donor-strength of the azide-reactant is inherently weak. The strength of the remaining two 

competitors can be adjusted by proper tuning of the external ligand and the solvent used for the reaction. 

The donor strength of solvents differentiate over a broad range, while in the current approach water 

belongs to the weaker donor solvents compared to DMSO, DMF and 1-methylpyrrolidin-2-one, which 

are referred to as the strong donor solvents in the following. 

The tripodal external agents are in general composed of three different units attached to the central amine 

and can be subdivided into three classes (see Figure 11a). In dependence on the binding affinity of the 

ligands to copper(I) the following classes can be distinguished[120]: Class I ligands are characterized by 

weak donor-abilities, which are often based on (triazolylmethyl)amine (Trz) skeletons. For ligands 

categorized in class II two side-arms are exchanged either by benzimidazole (BimH) or pyridine (Py) 

units, which tend to bind much stronger compared to the Trz ligands of class I.  Also replacing the third 

arm against BimH or Py completely inhibits the catalyst as a consequence of the very strong binding 

affinity and thus represents the distinctive feature of class III ligands. Accordingly, only ligands 

belonging to class I and II can be used to afford the efficient ligand-accelerated CuAAC. The proposed 

mechanism of the ligand-accelerated CuAAC by Finn et al.[120] and further adapted by Straub et al.[173] 

is giving the explanation for the different kinetics observed, when either varying the amount of ligand, 

its chemical composition or the donor-strength of the ligand-solvent sphere (see Figure 11b): Inhibitory 

complexes A and B tend to attenuate the CuAAC (see Figure 11b, right top). Complex A lacks the 

opportunity to coordinate a second copper center, which is required to facilitate the C-N bond forming 

step. In the dimerized complex (B) all coordination sites of copper are blocked by the ligand. The weaker 

donor-abilities of the reactants cannot compete with this ligand-sphere, thus suppressing the catalytic 

activity. Inhibitory complex formation is most frequently observed when class II ligands are applied in 

excess, especially when conducted in aqueous media with its weak coordination-ability. In contrast, 

class I ligands in combination with water as solvent provide excellent acceleration in kinetics even 

though the ligands are used in excess (up to 4:1, ligand:Cu), but can lose their potential action in a 

competing strong-donor-environment such as DMSO. Both, class I (in aqueous media) and class II 

ligands (in strong donating solvents) permit access for solvent-molecules to binding sites of copper and 

in turn the catalysis cycle can start by the formation of complex C (see Figure 11b, framed catalytic 

cycle). Its halide and solvent ligands can be exchanged to form the acetylide-complex (D), which further 

coordinates the second reactant (E), allowing for a fast ring-closure in the next step (F). The efficiency 

of ligand-acceleration is now dependent on how the desired triazole-product is released, which can 

follow two different routes (path I and II). In weak donor solvents (path I) the dinuclear copper 

complex persists in the inner cycle until the triazole-product is released, ready to conduct the next 

“click”-reaction and is thus facilitating the process. In strong donor solvents (path II) the dinuclear 
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copper complex F, which is required for efficient catalysis breaks up in the mononuclear copper-

complex (A) and the solvated copper-triazole-complex (G) (see Figure 11b, left bottom). Even though 

triazole-products are produced, in the next step the copper catalyst is trapped again in the equilibrium 

of the inhibitory complexes A and B, which is giving the explanation for the different kinetics observed 

for the numerous combinatorial possibilities of external ligands and solvent media. It can be generalized 

that class I ligands are favored in aqueous media, due to their weaker binding affinity to copper,  

 
Figure 11. a) Different classes of external ligands subdivided by their ability to coordinate to copper(I) for the ligand-

accelerated CuAAC. b) Proposed mechanism of the ligand-accelerated CuAAC adapted from [120, 173]. 
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preventing the formation of inhibitory complexes (A) and (B). For the same reason class I ligands can 

be used in excess up to 4:1, while the best ligand to copper ratio is found to be 1:1 up to 2:1. In a 

competing environment such as strong-donor-solvents application of class I ligands leads to tremendous 

drop in kinetics of the CuAAC, whereas class II ligands offer their full potential. In this case the optimal 

copper to ligand ratio is found to be 0.5:1 to 1:1, while excess of class II ligands leads to a limited access 

of copper(I) for reactants and in turn to stagnation in catalysis. 

 

1.1.3.2 Phosphorus-, oxygen- and sulfur-ligands in the CuAAC 

Phosphane ligands are introduced to increase the solubility of copper(I) sources in organic solvents such 

as toluene and DCM in the following order: (PPh3)3 > PCy3 > BINAP > dppe[197]. Several copper(I)-

salts are stabilized against oxidation by attachment of phosphorus ligands as occurring in (EtO)3P•CuI 

and [CuBr(PPh3)3][198], which is further extended by the utilization of phosphoramidites[199] to accelerate 

the CuAAC (see Figure 12a). However, the reaction rates are not as fast as in the case of nitrogen-based 

ligand acceleration, for which further supply with DIPEA or DBU and microwave radiation is required. 

Oxygen containing ligands are used least in the CuAAC and are implemented in the form of L-histidine 

(see Figure 12b), providing similar acceleration compared to TEA and DIPEA[200]. The attachment of 

the amino-acid to the imidazole is essential, since neat imidazole is not providing any catalytic activity 

at all. L-Histidine is affecting a similar acceleration as is originated by TBTA, BPS and THPTA ligand 

addition, while advantageously less toxicity is observed[201]. However, L-histidine seems to be the unique 

representative for this purpose, since acceleration emerging from O-N-O macroligands, producing 

interlocked [2]rotaxanes[202], are less efficient compared to the ligand-free CuAAC. Also the 

hydroxylamine ligands remain inactive[203], while the sulfonated ligands (see Figure 12c) such as low-

molecular thioanisoles provide good performance in water at room temperature, yielding the desired 

triazole-product within minutes[204]. However, in complex fields of application such as bioconjugation 

 
Figure 12. Structure of external ligands to accelerate the CuAAC based on a) phosphorus-, b) oxygen- and c) sulfur-ligands. 

Conversions of benzyl azide (0.5 mmol) and phenylacetylene (0.6 mmol) in H2O at RT for various CuBr (5 mol%)/L (30 mol%) 

combinations (framed sulfur ligands) are adapted from[204]. 
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with the aid of the CuAAC polytriazolyl-based ligands are once again the preferred choice. For instance, 

an increased solubility and a reduced toxicity are achieved by introducing sulfonated moieties as 

occurring in sulfonated bathophenanthroline (BPS)[195, 205], BTTES[206] and BTTPS[207], providing as 

similar efficiencies as their non-sulfonated analogues[207]. The thiophenolato-copper(I)-complex 

achieves good yields (> 90%) in the CuAAC in DCM and is also found to be useful for decoration of 

dendrimeric structures and thus is a good alternative to other Cu(I)-catalysts[208]. 

 

1.1.3.3 Carbene-ligands in the CuAAC 

The NHC-based ligands (see Figure 13) evolve their protection effect by the formation of a carbene 

bond between the metal applied and the carbon localized in the center of two nitrogen-atoms (see also 

chapter 1.3) and has proven to be highly efficient in organocatalysis[209-210]. The NHC-based ligands are 

characterized by a remarkable stability towards moisture, heat and oxygen, allowing their application in 

the CuAAC in absence of any other supplements[184]. General conclusions of the catalytic performance 

of the NHC-Cu(I) complexes (NHC = SIMes, 1,3-bis(2,6-di-methylphenyl)imidazol-2‐ylidene (IMes), 

SIPr, 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]copper(I) (IPr), 1,3-bis(cyclohexyl)imidazol-2-

ylidene]copper(I) (Icy), 1,3-bis(adamantyl)imidazol-2-ylidene]copper(I) (IAd) and 1,3-bis(tert-

butyl)imidazol-2-ylidene]copper(I) (ItBu)) in the CuAAC derived from a detailed investigation: 1st, in 

case of the neutral complexes of the general formula [(NHC)CuX] the saturated SIMes provide faster 

conversions than the unsaturated IMEs/IPr analogues[211-212]. 2nd, the respective anion of the neutral 

complexes also influences the reaction- acceleration of the CuAAC in the following order: iodine > 

bromine > chlorine for most of the NHC ligands[184, 212-217]. Applying [(IAd)CuI] in the neat CuAAC 

completes quantitative conversion within 10 minutes and thus is representing the most efficient catalyst 

amongst the neutral NHC-Cu(I) catalysts[216]. 3rd, the reaction- acceleration is strongly dependent on the 

applied solvent, e.g. [(SIPr)CuCl] accelerates the CuAAC most in THF > i-PrOH > H2O > DMF > 

H2O:t-BuOH, 1:1 > acetone ~ DMSO[213]. The other NHC ligands provide poor conversions in organic  

  
Figure 13. NHC-based Cu(I)-catalysts employed in the CuAAC, subdivided in neutral complexes of the general formula 

[(NHC)CuX] and cationic complexes of the general formula [(NHC)2Cu]X. a) Row of the reactivity (blue) observed for neutral 

NHC-complexes in conducting the CuAAC of benzyl azide and phenylacetylene under neat conditions at RT[216] or b) in 

aqueous t-BuOH mixture at RT[212].  

NHC ligands (neutral) 

NHC ligands (cationic) 
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solvents such as THF, DCM and t-BuOH, but an improved efficiency when applied in water or under 

neat conditions[212, 216]. 4th, N-alkyl substitution seems to accelerate the CuAAC more efficiently, than 

N-aryl modified NHC-Cu(I)-complexes (IAd ~ ICy > SIPr > IPr). 5th, it is assumed that the efficiency 

in catalysis is strongly dependent on the binding affinity of the ligands to Cu(I), which is influenced by 

the bulkiness of the ligands and their electron donating properties. 

The cationic derivatives of the general formula [(NHC)2Cu]X, X = PF6
−, BF4

− are also investigated[218].  

Their catalytic performance in the CuAAC is similar to their neutral analogues, while no general trend 

can be observed. For instance, the cationic [(SIMes)2Cu]X is the most inefficient ligand combination, 

in contrast to its neutral analogue [(SIMes)CuX][212], which is more efficient than IMes > IPr ligands in 

accelerating the CuAAC. The most efficient catalyst amongst the cationic bis(NHC)-Cu(I) complexes 

employed in the CuAAC of various azides and alkynes is the [(ICy)2Cu]PF6, leading to a noteworthy 

turnover number (TON) of 16 000 at low copper(I) loadings (50 ppm) for reactions conducted in water 

at room temperature[218]. 

Progressing research included the design of specific (NHC)-Cu(I) catalysts, e.g. different combinations 

of IPr-ligand with other NHC- or phosphorus- ligands[211, 219] (see Figure 14a-b). Furthermore, 

[(SIMes)CuCl] encountered by nitrogen- ligands[184, 215] (see Figure 14c) and recently abnormal NHCs- 

(aNHCs) Cu(I) catalysts[220-222] (transition metal is bond via C-4 carbon atom, instead of metal bonding 

to C-2 carbon atom in normal NHC-metal complexes) are developed (see Figure 14d). Altogether, the 

outcome to the CuAAC (e.g., TON of I = 19 800 for 0.005 mol% catalyst loading in the CuAAC of 

benzyl azide and phenylacetylene at 25 °C under neat conditions) is comparable to the efficiency 

obtained by the normal NHC-Cu(I)-catalysts, developed previously by Nolan et al.[209-210, 212-213, 216, 218, 

223-224]. However, in the various composition of ligands a conspicuous integration of nitrogen containing 

moieties seems to be favored, indicating that nitrogen-based ligands facilitate the CuAAC the most. 

 

 
Figure 14. Development of specific NHC-Cu(I) complexes for the CuAAC included the design of a) IPr-NHC-Cu(I) 

combinations; b) IPr-phosphorus ligand combination; c) SIMes- nitrogen ligand combination; d) aNHC-Cu(I) catalysts. 

1.1.3.4 Chelation-assisted (ca) CuAAC 

Briefly after discovering the CuAAC auto-acceleration of the reaction has been observed. This is 

attributed to the increasing concentration of triazole-rings and referred to their ability to act as ligands 

to promote the reaction further (see Figure 15)[82, 107, 183]. The acceleration is mainly based on the 

formation of 1,2,3-triazole-rings, containing three N-donor-atoms, which are able to act as internal 

donors and thus forming a temporary complex with copper(I)[6, 40, 82]. As a consequence, the copper(I)-

acetylide can be pre-organized, leading to a close proximity between the active centers – the copper(I)-

acetylide and the next azide-group. The growing concentration of triazole-rings acting as internal 

ligands, leads to an increase of the reaction-rate with proceeding time, as detected for multivalent 

polymers (poly(acrylates) and PIBs) in the CuAAC. In turn of this auto-catalytic effect the reaction of 

multivalent PIBs with poly(propargyl acrylate-co-ran-n-butyl acrylate)s is accelerating itself by a factor 

of up to 4.3.[40] 

a) b) c) d) 
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Figure 15. Autocatalytic-effect observed in the CuAAC, resulting in increasing reaction-rates with proceeding time, in turn of 

increasing triazole concentration, able to act as internal ligands, pre-organizing the next copper(I)-acetylide close to the next 

azide group. 

Based on this rate acceleration by pre-organization of the reactants, the utilization of internal ligands 

capable of the chelation-assisted CuAAC can provide superior acceleration compared to the external 

nitrogen-ligands (see Figure 16). Besides the supply of external ligands and the changed structure of the 

alkyne-moiety as occurring in SPAAC, the direct change of composition adjacent to the azide leads to 

tremendous effects in kinetics. Even though picolyl azides have previously been applied as reactants in 

the CuAAC[225-226], their beneficial outcome in reaction-rate is described for Cu(II)(OAc)2 mediated the 

CuAAC in alcoholic media for the first time[109]. Full conversion of „click“-reactions is observed within 

120 seconds under optimal conditions at room temperature, which is addressed to the electronically and 

sterically facilitating property of the nitrogen-atom close to the actual active azide-moiety. Further 

investigations hypothesizes that the nitrogen-atom inside the pyridine-ring close to the azide group 

enhances its electrophilicity by chelating the catalytic copper(I)-center in close proximity to the 

alkylated Nα of the azide group[227]. Thus, the kinetic barrier for the rate-determining formation of the 

metallacycle is lowered upon nucleophilic attack of the copper(I)-acetylide.  

Figure 16. Mode of action of the internal chelation-assisted CuAAC. 

Ligand-screening[227] for the CuAAC, exploiting Cu(II)(OAc)2 as a catalyst without a reducing agent 

conducted in t-BuOH revealed that acceleration-effect of nitrogen-chelation is superior to other hetero-

atoms such as sulfur and oxygen (see Figure 17a-b), which is consistent with the findings obtained by 

previous researches, regarding the usage of external ligands (compare with chapter 1.1.3.1 – 1.1.3.3). In 

depth, employing ether- and sulfur- bridged auxiliary ligands in the CuAAC provides only low to 

moderate yields (6 – 53%) within extended reaction times (16 – 24 hours, see Figure 17a), while most 

of the amine/pyridyl ligands achieve 86 – 99% triazole-yield within three hours (see Figure 17b). A 

detailed kinetic report of a library of azides capable of chelation-assistance subjected to the CuAAC, 

applying the common CuSO4/NaAsc system, clearly states the superior performance by increased 

reaction rates of up to 4∙104 times compared to standard azides without chelation-assistance (see Figure 

17c)[185].  
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Figure 17. Design of azide-reactants, capable of chelation-assistance. a) Sulfur and oxygen based donor-ligands. Efficiency is 

tested upon reaction with 4-ethynylanisole in t-BuOH by addition of Cu(OAc)2 and ordered in accordance with increasing 

yields in the CuAAC by time[227]. b) Nitrogen based donor-ligands. Efficiency is tested upon reaction with 4-ethynylanisole in 

t-BuOH by addition of Cu(OAc)2 and ordered in accordance with increasing yields in the CuAAC by time 
[227]. c) Nitrogen 

based donor-ligands. Efficiency is tested upon reaction with 7-ethynylcoumarin in phosphate buffer:DMF by addition of CuSO4 

and sodium ascorbate and ordered in accordance with increasing reaction rate V provided in the CuAAC, which are adapted 

from [185]. 

The extent of the acceleration-effect depends on the physical proximity of the donating nitrogen, 

responsible for the pre-organization of the copper(I)-acetylide and the reactive azide-moiety. Thus, 

insignificant acceleration is provided from pyridine functionalized methyl azides in meta- and para-

position (compare I – III, V [nM-1 s-1] = 0.01 – 0.59). Similar observations are made for reactants, which 

are restricted in their mobility such as 8-azidoquinoline (IV, 0.22 nM-1 s-1), where the fixed position of 

the azide prevents the internal chelation. In turn, the addition of a mobile methylene spacer in-between 

the rigid aromatic system and the reactive azide group is enabling the full potential of the chelation-

assistance effect. For instance, usage of the 2-(2-azidoethyl)pyridine (VII, 19.87 nM-1 s-1) leads to an 

increased reaction rate by ~ 2·103 and is also slightly more active in comparison to picolyl azide (VI, 

13.35 nM-1 s-1) as a consequence of a better movement of the azide-group. Even superior reaction rates 

are obtained by adapting the polydentate(triazole)- and polydentate(benzimidazole)- composition of the 

most efficient external ligands to the ca-CuAAC ligand design (see VIII – XII, 37.29 – 402.54 nM-1 s-1). 

Hence, employing VIII – X in the ca-CuAAC causes the reactions to quantitatively convert within mere 

seconds (37.29 – 46.14 nM-1 s-1). The fastest known ligand up to date (XII, 402.54 nM-1 s-1) is also 

substituted with a bulky tert-butyl group and an acid-moiety in the sidechain to enhance the solubility 

in aqueous media and to further prevent the alkyne homocoupling. Accordingly, the modified 

bis(triazole)-based XII shows slight improvement in reaction-rate compared to the unmodified 

benzimidazolium analogue (XI, 171.25 nM-1 s-1), which still achieves fast conversions in the ca-

CuAAC. 
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General trends observed in the chelation-assisted CuAAC 

The low yields obtained by sulfur- (I’) and oxygen- (II’) auxiliary ligands are attributed to their lower 

Lewis basicities in comparison to the nitrogen-ligands (III’) (see Figure 18a). As a consequence, a 

weaker binding of the Lewis acidic Cu(II) is assumed, resulting in an insufficient activation of the azide 

group, limiting the acceleration effect originated by sulfur- and oxygen- ligands (I’ and II’)[227]. 

Subsequently, the favorable kinetics that occur with nitrogen-auxiliary ligands make them the preferred 

choice in the CuAAC. Accordingly, applying picolyl azides allows for a tremendous reduction of the 

required copper-amount and thus lowers the toxicity level to such an extent that efficient labeling of 

proteins is enabled (compare IV’ and V’ in Figure 18b)[43, 228]. Precise studies revealed that electron-

donating groups (OMe) (VI’) attached to the pyridine-ring improved the kinetic outcome in the CuAAC 

(in comparison to V’), while electron-withdrawing groups (Cl (VII’), F) act vice versa (see Figure 18b). 

This is attributed to the reduced donor-capacity of the nitrogen-atom, while the higher the capacity the 

better the coordination of the copper(I)-acetylide, which facilitates the reaction-rate. Hence, the increase 

 
Figure 18. Beneficial outcome in kinetics when reactants, capable of internal-chelation are applied in the CuAAC. a) 

Performance of internal-chelation assisted ligands in the CuAAC with different hetero-atoms such as nitrogen (N), sulfur (S) 

and oxygen (O). Results are adapted from [227]. b) Effect of the rate acceleration in the CuAAC by usage of internal chelation-

assisted ligands (picolyl azide) and the influence by electron- donating/withdrawing groups compared to conventional ligands 

(benzyl azide) without chelation-assistance. Results are adapted from [43]. c) Differences in rate of conventional (benzyl azide), 

ligand-accelerated (external: BTTEE) and the internal chelation-assisted CuAAC. Results are adapted from [185]. 
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of copper(I)- concentration close to the reaction-center is another reason for an outstanding acceleration 

in the CuAAC. Accelerated processes achieved by internal chelation-assistance is at least similar or even 

superior compared to acceleration-effects originated by external ligands such as THPTA or BTTEE[185], 

applied to convert aromatic- or aliphatic azides, making the internal chelation-assistance the fastest 

CuAAC version up to date[43] (see Figure 18c). For instance, the reaction rates V [nM-1 s-1] of the 

conversion of benzyl azide (VIII’) without further supplements, benzyl azide in presence of the external 

ligand BTTEE (IX’) or the newest chelation-assisted internal ligand (X’) with 7-ethynyl-coumarin are 

compared[185]: while the conventional CuAAC of pure benzyl azide provides the least reaction rate 

(VIII’: 0.01 nM-1 s-1), an acceleration by more than 1500-fold (IX’: 15.59 nM-1 s-1) is observed by the 

addition of the external ligand BTTEE, being even exceeded by additional 26-fold when employing the 

internal chelation-assisted ligand (X’: 402.54 nM-1 s-1). 

 

1.2 Covalent crosslinking systems for autonomous self-healing (SH) approaches 

Self-healing in material science describes the ability of a material to regain a specific property, which 

has been lost as a consequence of failure[229]. Recognizing any input of damage and the simultaneous 

availability of the appropriate response, e.g. rapid formation of a covalent network via crosslinking 

multivalent reactants, is the characteristic of autonomous self-healing materials. Non-autonomous 

approaches, however, require external stimuli such as light or temperature to trigger self-healing[230]. 

These biomimetic materials try to copy the principle of curing liquids in nature[231]. Similar to humans, 

when blood is filling the gap as a consequence of a cut in our skin and thus inducing self-healing, 

synthetic liquids diffuse into the crack, react with each other and seal the fracture point in the material. 

Such a concept can be realized by implementation of multivalent polymers capable of conducting the 

required crosslinking within a host-material. The created network combines the cracked areas and thus 

prevents the failure of the material (see Figure 19a).  

 
Figure 19. Crosslinking of two complementary functionalized multivalent polymers to form a macromolecular network inside 

the gap of two cracked surfaces.  

Besides the ability to form a dense network, emerging from a high thermodynamic gain in reaction, the 

reactants have to resist adverse conditions. For instance, very high tolerance to other functional groups 

in an adjacent environment, a long storage life-time and the capacity to maintain a liquid-flow-behavior 

even at low temperatures is simultaneously required. These criteria are particular fulfilled for the 

CuAAC, making it the ideal chemistry to develop autonomous self-healing approaches at low 

temperatures[6]. For the first time the CuAAC crosslinking is used to prepare resin type structures upon 

reaction of trivalent azides and alkynes to link metallic surfaces (e.g., copper) by non-covalent 

interactions, exerted by the formed triazoles or unreacted acetylenes, respectively. (see Figure 20a)[232]. 

The strength of the adhesion formation is further investigated, applying a plethora of multivalent azides 

and alkynes to the CuAAC, mediated by metallic copper plates in presence of Cu(I) catalysts[233]. In a 

second approach a bulk step growth polymerization of bivalent azides and alkynes through the CuAAC 

is conducted (see Figure 20b)[234-235], while utilizing homogeneous [CuBr(PPh3)3] (TP = 96 °C) the 
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CuAAC is more efficient than heterogeneous Cu/C (TP = 140 °C). In a third approach the efficiency of 

the CuAAC mediated crosslinking, varying both, the monomer architecture (A-D) and the Cu(I)-catalyst 

source (E-F), has been systematically researched (see Figure 20c).[6] A large variety of low molecular 

weight monomers of star shaped architecture (A) together with various Cu(I)-sources are subjected to 

DSC measurements in order to find optimal conditions to conduct the CuAAC crosslinking. Hence, II 

(R = (CH2)2-CH3) in combination with III (R = Et) in presence of [Cu(PPh3)3]F shows a conversion at 

Tp = 50 °C.[236] Upon melt-rheology experiments low molecular weight IV and polymeric star shaped 

VII (Mn ~ 4 000 g/mol) in presence of [Cu(PPh3)3]Br turned out to provide the fastest crosslinking 

(gelation time = 380 min) at 40 °C.[42] As efficient crosslinking is often limited by insufficient diffusion 

of reactants, liquid reactants of different molecular weights (Mn ~ 5 – 35 kg/mol) and functional group 

density (3 – 21 groups/chain) are developed (B-D).[40, 44] Thus,  network-formation of VI (Mn ~ 

6 500 g/mol) with PIB-based alkyne VIII (Mn ~ 6 300 g/mol) through the CuAAC is accomplished 

within 290 minutes at room temperature.[40] Further changing from star shaped alkyne VIII to random 

poly(propargyl acrylate-co-n-butyl acrylate) XI (Mn ~ 7 000 g/mol) increases the number of functional 

groups per chain from three to approximate eight, resulting in an increased efficiency in the subsequent 

CuAAC (gelation time = 104 min, RT) (approach C). Decreasing the molecular weight of polymers (VI 

and XI) leads to decreased gelation times, which is attributed to the increased molecular mobility.   

 
Figure 20. The CuAAC for crosslinking approaches; a) bulk polycondensation of bivalent structures; b) multivalent monomers, 

forming adhesives upon contact with Cu(I) ions generated from Cu(0) surface; c) systematical screening of multivalent azides 

and alkynes (A-D) as healing agents and Cu(I)-catalysts (E-F) for a capsule-based system.  

A similar effect towards auto-acceleration[82, 107] of the CuAAC (e.g., VI + VIII + [Cu(PPh3)3]Br) is 

observed, resulting in an acceleration of up to 3.8 for the more mobile VIa (Mn ~ 5.5 kg/mol) or 2.1 for 

the more rigid VIb (Mn ~ 30 kg/mol) with progressive conversion, respectively[40]. The gelation time 

required for crosslinking PIBs through the CuAAC is further reduced to 33 minutes at room temperature 

by introducing a hyperbranched version of spherical shaped XII (Mn ~ 34 100 g/mol) and XIII (Mn ~ 
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35 300 g/mol) with up to nine arms containing the functional monomer groups (approach D).[44] Besides 

this change of architecture for kinetic improvement, further attempts have been made, including the 

change from homogeneous (E) to heterogeneous catalysts (F)[45, 49-50, 152, 236-241]. In total, these researches 

are systematically improving the efficiency of the CuAAC crosslinking approaches to develop 

autonomous sensing[48, 51, 242] (for a more detailed discussion see chapter 1.3) and low temperature self-

healing systems (for more details see discussion of entry 9A and 9B of Table 2 this chapter).[6, 39, 240] 

In order to design a covalent self-healing approach, crosslinking chemistry needs to be implemented 

into a material, which is first described by White et al., using the capsule based system in 2001 (see 

Figure 21).[243] Their system consists of dicyclopentadiene (DCPD), protected by encapsulation in urea-

form-aldehyde shells to prevent degradation and premature crosslinking. Upon rupture of the scaffolding 

epoxy matrix (see Figure 21a) and the embedded capsules the healing content is released (see Figure 

21b), thus closing the crack upon contact of the monomers and the Grubbs catalyst, triggering ring-

opening-metathesis-polymerization (ROMP) (see Figure 21c and Table 2, entry 1 for healing 

chemistry). This healing-process recovers 75% in toughness of the virgin material.  

 
Figure 21. Schematic representation of a self-healing system, corresponding to White et al.[243] a) Crack appears at the left side 

of the specimen, consisting of epoxy-matrix, embedding Grubbs first catalyst and UF-capsules, containing DCPD-monomers. 

b) Upon proceeding crack size capsules are ruptured and are thus releasing their healing-content. c) The DCPD-monomer is 

getting polymerized when getting into contact with the catalyst and in turn sealing the crack.  

This crucial trigger caused the development of a plethora of covalent SH approaches, aiming to increase 

SH-efficiency, thus opening an access to our everyday life[230, 244] (see Table 2). Even though, healing 

efficiency is defined as the restoration of a specific material property and is summarized in one specific 

percentage, it is noteworthy that performance of covalent SH approaches is a very complex process, 

depending on a variety of influencing parameters[229]. A rough distribution of the dependency can be 

ordered as in the following: First, the chemical concept applied, second, the temperature the experiment 

is conducted at and third, the examined property. In order to create the covalent SH approach particulate 

fillers need to be embedded into a host material, requiring the compatibility of both. Therefore, the 

microcapsules have to possess an adequate strength to ensure protection of the reactive components, 

proper dispersion in the scaffolding matrix and a long shelf-time stability, but also the correctly tuned 

fragility to break upon stress, if required[245-246]. These characteristics can be adjusted in terms of density, 

thickness, size and architecture of the microcontainers (capsule or vascular interwoven channels)[247]. 

Exact dosage and volume fraction of the external healing containers embedded in the host material is 

decisive to improve healing efficiency.[248-249] The addition of microcontainers to a final material is 

affecting the mechanical performance, which can lead to increased fracture toughness or a reduced 

mechanical strength.[245] Catalysts, which are often added to enhance the activity of crosslinking, need 

high stability concerning degradation as observed for Ru-carbene catalysts[250], which are commonly 

applied in olefin-metathesis capsule based SH approaches. Furthermore, a good dissolution of the 

catalyst is required to ensure a well dispersion and thus the ability to conduct crosslinking throughout 

the host material.[251] Considerations have to be expanded upon applicability tests to the SH material, 

when stress-induced, approaching crack is rupturing the microcontainers, releasing the liquid healing 

agents to the cracked area via capillary effects, which upon mixing can seal the crack by covalent 

crosslinking[252]. In this process, both the diffusion and the crosslinking are rate-determining steps, which 

a) b) c) 
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strongly depend on the temperature (usually at or below RT) and the composition of the crosslinking 

components (chain length, rigidity, chemistry of reactive groups) applied. The material rehabilitation is 

also dependent on the appearing crack- and the available healing volume[247]. In order to qualitatively 

and quantitatively evaluate the healing performance, strong efforts have been made for adaption of 

appropriate methods, techniques and specimen geometries.[253] A collection of the present mechanical 

self-healing concepts for polymers and their dependency on their chemical and matrix composition as 

well as the healing- temperature and efficiencies can be found in Table 2.[230, 246] 

Table 2. Autonomous self-healing systems based on the formation of covalent networks in dependence of matrix, temperature 

and healing-efficiency. 

 self-healing concept conditions 

A) capsule-based systems 

 

1 

ROMP – DCPD 

 

epoxy-matrix, healing 

recovery: 90% at RT after 

10 hours[254-255] 

2 

thiol - isocyanate 

 

epoxy-matrix, healing 

recovery: 54% at RT after 

5 days[256] 

3 

maleimide - based 

 

epoxy-matrix (furan-

functionalized), healing 

recovery: 71% at RT after 

1 day[257] 

4A 

siloxanes – DBTL 

 

 

 

epoxy-matrix, healing 

recovery: 24% at 50 °C after 

1 day[258] 

4B 

siloxanes – Pt-catalyst

 

PDMS-matrix, healing 

recovery: 100% at RT after 

2 days[259] 
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5 

amine - epoxy 

 

epoxy-matrix, healing 

recovery: 77% at RT after 

1 day[260], by applying 

EPON-815H and EPIKURE 

3274: healing recovery: 91% 

at RT after 1 day[261] 

6 

thiol - epoxy 

 

epoxy-matrix, healing 

recovery: 86% at - 10 °C 

after 36 hours[262] 

7A 

CuAAC 

 

PIB-matrix, healing 

recovery: 91% at RT after 5 

days[39] 

7B 

 

epoxy nanocomposite, 

healing recovery: 100% at 

RT after 36 hours[240] 

B) vascular based systems 

 

8 

isocyanates 

 

closed-cell isocyanurate 

foam, healing recovery: 

100% at RT after 1 day[263] 

9 

cyanoacrylates 

 

polyester, healing recovery: 

97% at RT after 1 day[264] 
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10 

acylhydrazine/methacrylates 

 

polyester, healing recovery: 

62% at RT after 1 day[265] 

 

The original first autonomic SH-approach consisting of the DCPD-ROMP system compounded to an 

epoxy-thermoset, which is chosen due to its good adhesion to various materials, recovered 75% of 

fracture toughness at RT.[243] By varying the microcapsule and catalyst concentration the healing 

performance is increased to over 90% and completed within 10 hours (see Table 2, entry 1).[254-255] 

Employing the thiol-isocyanate chemistry requires residual amines inside of the host-epoxy material to 

catalyze the crosslinking reaction (see Table 2, entry 2)[256]. A two-capsule based approach is designed, 

where the tetradentate thiol-component and the tridentate isocyanate agents are separately encapsulated 

(melamine-formaldehyde and UF shells). Upon rupture of the microcapsules and a healing time of five 

days a moderate 54% of the virgin fracture toughness is recovered at RT, which is attributed to the high 

viscosity of the healing agents, spatial distribution of the microcapsules and an insufficient healing 

volume. Incorporation of multimaleimide (MMI) filled UF-capsules into an epoxy-amine thermoset 

leads to a 71% recovery of the initial load after fracture by DA-crosslinking and the swelling of phenyl 

acetate, which is added to dissolve the MMI (see Table 2, entry 3)[257]. 

The siloxane based healing approach achieves healing efficiencies of just 24% at 50 °C within the epoxy 

matrix (see Table 2, entry 4A)[258], whereas the similar chemistry provides 100% healing efficiency 

within a PDMS matrix at room temperature (see Table 2, entry 4B)[259], due to the same composition of 

the healing agents and the host material, leading to a good miscibility. Hence, a lot of efforts have been 

made to design epoxy-thermosets capable of autonomous healing by epoxy-based healing strategies, 

providing healing performance of up to 91% via nucleophilic ring-opening by either residual[266-267] or 

supplemented amines[260-261] for crosslinking reactions (see Table 2, entry 5). Significant improvement 

is achieved by the addition of a thiol component to the epoxy concept, leading to the design of the lowest 

temperature self-healing approach recorded so far (see Table 2, entry 6)[262]. Healing efficiencies of 86% 

at – 10 °C are achieved, indicating a good liquid-flow behavior of the healing agents, maintaining their 

high reactivity just in presence of a tertiary amine catalyst. However, thiols tend to react with a versatile 

pool of functional groups, thus lacking a sufficient storage life and are one of the most odorous 

components existing, e.g. the perception threshold of ethanethiol is about 1 mg/t and thus added to 

liquefied gases as odor sensor. Hence, these systems are rarely applicable in real-life systems. 

Furthermore, the CuAAC crosslinking is employed when subjecting a specimen of a high molecular 

weight PIB-matrix (Mn = 250 000 g/mol), containing azido telechelic three-arm star PIBs (Mn = 
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3 900 g/mol) and low molecular weight liquid alkynes, encapsulated separately to micron-sized UF-

capsules, to tensile-stretch measurements (see Table 2, entry 7A).[39] Before strain experiments have 

started optical micrographs clearly show the appearance of unruptured capsules, being finely dispersed 

inside the host material. Measuring the tensile storage modulus reveals the loss of 30% in strength, after 

150% strain is applied to the specimen, containing 15wt% of capsules. Subsequent storage of the 

specimen at RT or at 60 °C for five days leads to an increase of the storage modulus to 91% or 107%, 

respectively. 

A systematical screening of healing agents and Cu(I)-sources leads to an improved crosslinking 

efficiency in the CuAAC[39-40, 42, 44-45, 48-50] (for a more detailed discussion see Figure 20c), resulting in a 

superior CuAAC capsule based epoxy nanocomposite with graphene filler in terms of SH performance 

(see Table 2, entry 7B).[240] The added graphene filler is acting as both the catalyst to conduct the CuAAC 

crosslinking and a reinforcement agent to counterbalance the reduced tensile strength, caused by the 

addition of capsules, which establish the SH ability into the epoxy composite. In depth, two different 

approaches (I, II) are investigated, consisting of two-capsule based (I) and one-capsule based (II) 

concepts. Approach I uses liquid, three-arm star-shaped and low molecular weight azides and alkynes, 

separately encapsulated in poly(urea-formaldehyde) shells of ~ 400 nm size, which are uniformly 

dispersed (15wt% in total) in the epoxy nanocomposite along with a Cu(I)-source as the CuAAC 

catalyst. While the expected loss of the Young’s modulus from 1240 MPa (neat epoxy) to ~ 1110 MPa 

caused by the addition of capsules (15wt%) in presence of homogeneous [Cu(PPh3)3]Br/F, 

reinforcement by addition of Cu2O-TRGO filler is more than counterbalancing material fatigue, 

increasing the Young’s modulus to 1440 MPa, which is attributed to an efficient load transfer of GO 

and epoxy by adhesion[268]. Notching the specimen (approach I + Cu(I)-TRGO) leads to a decrease of 

the storage modulus E’ from 2150 MPa to 1900 MPa, of which 91% is recovered by treating the 

specimen at 60 °C for a period of six hours[240]. 

An improved healing performance is achieved by applying the one-capsule based approach II, in which 

only the azide component is encapsulated in comparatively smaller poly(vinyl formal) (PVF) capsules 

of ~ 100 nm size. The alkyne component, however, is uniformly dispersed in the matrix. The capsule 

loading to the specimen is significantly reducing the mechanical integrity by a continuous decrease of 

the Young’s modulus from E’ = 1440 MPa (neat specimen) to 910 MPa (20wt% capsule-loading). This 

reduction is also counterbalanced by the addition of Cu(I)-TRGO to the epoxy composite, possessing a 

Young’s modulus of 1560 MPa at 15wt% capsule-loading and providing full recovery in healing 

performance after 36 hours at room temperature. Healing efficiency is improved with increasing capsule 

loading, thus 20% recovery at 5wt%- in comparison to 60% at 10wt%- and finally 100% recovery at 

15wt%- and 20wt%- capsule loading at RT after 48 hours is detected. It is assumed, that 5wt% and 

10wt% capsule loading is providing insufficient healing volume to fill the crack plane completely, 

limiting the healing performance. Considering the contrasting effects of both mechanical fatigue with 

increasing capsule-loading and the difference in healing, an optimal loading of 15wt% is recommended. 

Furthermore, the homogeneous [Cu(PPh3)3]Br/F catalysts provide 75% recovery after being stored at 

RT for 36 hours, thus also being less efficient in terms of healing performance compared to the 

heterogeneous Cu(I)-TRGO (100% recovery). These results demonstrated that with regard to 

mechanical integrity and the healing performance the heterogeneous Cu(I)-TRGO is superior to the 

commercial and homogeneous [Cu(PPh3)3]Br/F catalysts. This is primarily caused by the scaffolding 

properties, emerging from the graphene sheets, which effectively prevent an agglomeration of the 

copper(I) nanoparticles (size ~ 25 nm)[45, 269], improving the long-time capability of such a SH 

nanocomposite. In contrast, homogeneous catalysts tend to form agglomerates within the epoxy matrix, 

limiting their SH performance with increasing time[240]. 
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The vascular based approaches can also lead to healing-efficiencies of more than 90%, while two of 

them utilize isocyanates (100%, see Table 2, entry 8)[263] and cyanoacrylates as healing agents (97%, see 

Table 2, entry 9)[264]. The complex SH-mechanism, consisting of the acylhydrazine/methacrylates 

approach, is one of the best concepts to date to provide large volume SH, filling gaps that exceed 35 mm 

in diameter and recover 62% of total absorbed energy of the initially impacted damage (see Table 2, 

entry 10)[265]. However, the required dense network of the pipelines introduced into the material 

significantly affects the virgin property of the host material, limiting the application field of the vascular 

based concepts. 

A capsule based approach, exploiting the CuAAC crosslinking healing agents (offering various open 

opportunities to be discovered), might lead to the design of an orthogonal SH-material, able to address 

the major challenge most of the autonomous SH approaches cannot compete with until now: the ability 

to provide highly efficient crosslinking reactions at temperatures below 20 °C, since lower temperatures 

cause most of these reactions to stagnate. For instance, successfully implementing SH materials to 

aircrafts, flying at an altitude of about 8 000 – 12 000 meters, dominated by temperatures of -50 to -

80 °C, could lead to the prevention of expensive repair-costs, emerging from otherwise unhindered 

growing micro-cracks.[270]  

 

1.3 Mechanochemical sensing 

Efficient damage sensing can be a powerful tool to reduce extensive repairs of manufactures. In the form 

of radiation at the damaged area a precise localization of the failure in material is signalized and leads 

to a deeper understanding in the operating principle and the reason of failure. One way to address this 

issue is the utilization of mechanochemistry, able to give a chemical response to a mechanical impact, 

often leading to the failure of materials. The chemical response either consists of a structural 

transformation in the chemical composition, causing a change of the properties such as color-change 

(see Figure 22a) or of the collapse into reactive components, which are able to conduct a second (= 

desired) reaction (see Figure 22b)[271]. The mode of action and the beneficial outcome is based on the 

structural composition of such mechanophores: the enclosure of a labile bond close to the center of long 

polymer chains enables the efficient transmittance of the mechanical force to the active core.  

 
Figure 22. General principles of mechanophoric structural elements enclosed in the midst of long polymer chains. a) By impact 

of a force the labile core undergoes chemical transformation to a new structure (ring-opening, isomerization, etc.), 

simultaneously changing its property (e.g. emitting of light). b) By impact of a force the labile center is decomposed by scission 

into reactive components.  

Subsequently, mechanochemical response can be triggered in numerous ways, generally distinguishing 

between bulk- and solution- activation. Applying US in solution evokes the creation of cavitation 

bubbles, that are able to trigger the mechanochemical activation by collapse[272]. Efficiency of scission 

is dependent on the US-intensity, the solvent, the temperature and the concentration of the 

mechanocatalyst[273]. Solvents of high vapor pressure reduce the efficiency of cavitation bubble collapse 

and thus the activation of the mechanocatalyst. Accordingly, US-activation of mechanochemistry is 

improved at lower temperatures, leading to a better force transmission[274]. 

a) 

b) 

labile bond 

labile bond 

transformation in structure 

scission into active components 
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The second and simultaneously largest pool of mechanochemical structures is designed by anchoring 

the mechanophores via supramolecular or covalent bonds[275] to the surrounding matrix material or by 

co-crystallization[276] of the polymer handles with the matrix polymers. If stress in the form of tensile 

stretch[277], torsional shear force[278] or compression[279] is applied to these bulk-materials, their 

mechanochemical composition will lead to the chemical response. 

General observations for optimal activation are made for solution and solid state materials: applying 

longer polymer-chains results in an improved activation of the mechanocatalyst due to a more efficient 

force transmission of the incoming impact to the labile bond. In depth, the potential energy of a chemical 

bond is described by the Morse potential: if the bond is stretched by an external force (Fext) its 

dissociation energy barrier (De) is lowered by the amount of Fext applied to the system, resulting in a 

new temporary dissociation barrier De’ (see Figure 23).[280-286] In accordance to the thermally activated 

barrier to scission (TABS)-theory implementing the Constrained Geometries simulate External Force 

(CoGEF) method the mechanochemical scission can appear even at lower temperatures (illustrated by 

the horizontal lines), when De’ is low enough. Exploiting mechanophores (in solution) to ultra-

sonication leads to the collapse of cavitation bubbles, causing the coil-to-stretch transformation of the 

polymer chains. Short chains will return to the random coil formation rapidly, whereas longer chains 

require longer relaxation times, allowing for an improved cavitation and thus activation of the 

mechanophores in solution[285]. In the solid state an increased and sufficient entanglement of the longer 

polymer chains ensures a better force transmission. Falling below the critical length of polymer chains, 

required for efficient activation, disturbs the mechanochemical response immediately. For an optimal 

transmittance of the mechanical impact to the labile core a central positioning into the polymer chains 

is crucial. A discrepancy of more than ± 15% leads to a tremendous drop in activation of the 

mechanophore, getting worse with growing distance up to complete absence of a chemical response[287]. 

Hence, living polymerization techniques are favored for synthesis of polymer-chains to ensure low PDI-

values, leading to polymer chains of equal length, able to center the labile bond.  

 
Figure 23. Morse-potential of a chemical bond, illustrating the change in energy potential in turn of mechanical input. The 

energy barrier for bond dissociation De (black curve) is lowered to De’ (blue curve) or De’’ (red curve) by increasing external 

force (Fext) with Fext (De’’) > Fext (De’). 

The mode of action of mechanophoric systems is described by Moore et al. in 2007, when impact of 

ultra-sonication triggers the linkage of benzocyclobutene polymer and N-(1-pyrene)-maleimide via 

mechanical ring opening followed by cycloaddition[277, 281]. 

Sensing materials based on mechanochemistry are designed by implementation of functional groups, 

such as mechanochromophores. Spiropyrane[279], spirothiopyrane[288] and the dimers of coumarin[289] and 

anthracene[290] belong to the mechanochromophores, emitting radiation via mechanoluminescence, 

whereas 1,2-dioxetanes[291] undergo a transformation to excited structures, able to drop their energy-

level via a chemiluminescent mechanism (see Figure 24). The principle of mechanochromophores is 

based on the chemical transformation in turn of mechanical impact, which leads to a change in color 
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(see Figure 24a-d). Thus, colorless spiropyran (SP) changes to purple merocyanine (MC) by applying 

US (see Figure 24a). In case of spirothiopyran, when oxygen is exchanged by a sulfur atom, the color-

change appears greenish by isomerization of spirothiopyran (STP) to thiomerocyanine (TMC) instead 

(see Figure 24b). The collapse of the cyclobutane ring of the non-fluorescent dimers of coumarin (see 

Figure 24c) or anthracene moiety (see Figure 24d) leads to the decomposition in their highly fluorescent 

monomers. Treating a solution containing 1,2-dioxetanes with US leads to the decomposition in excited 

ketones of a singlet or a triplet spin configuration, emitting light directly or by energy transfer to 

acceptors in close proximity, forming adamantanone (see Figure 24e). 

 
Figure 24. Mechanosensing activated via force. a) Chemical transformation of colorless SP to purple MC by impact of US. b) 

Chemical isomerization of colorless STP to greenish TMC by US in solution or stretch in solid state. c, d) Decomposition of 

non-fluorescent coumarin dimer (c) or anthracene dimer (d) in highly fluorescent monomers by impact of either US or crack. 

e) Decomposition of 1,2-dioxetane into excited and non-excited adamantanone. Excited adamantanone emits light by dropping 

its energy level to the initial state of adamantanone via chemiluminescence. 

Using NHC-metal complexes is advantageous, based on their positive stabilization effects and thus 

better resistance to dissociation processes[292]. The otherwise unstable, but very reactive carbenes are 

stabilized by the exchange of adjacent carbon- or hydrogen-atoms with nitrogen-atoms, leading to the 

formation of stable crystals with a carbenic structure, which were isolated for the first time in 1991[293]. 

The occurring stabilization is mainly attributed to three different effects: 1.) The nucleophilicity of the 

σ-orbital is lowered by the negative inductive effect, originated by the adjacent nitrogen-atoms. 2.) The 

electrophilicity of the empty π-orbitals is lowered by the positive mesomeric effect of the free-electron 

pairs of the nitrogen-atoms and 3.) additional stabilization is caused by an aromatization, according to 

the Hückl’s rule (see Figure 25a)[294]. The conversion of Cu(I)-salts and NHC-ligands at basic conditions 

can lead to the formation of Cu(I)-bis-NHC-complexes. The metal-NHC-complex is stabilized by strong 

σ-donation, originated by the carbene structure and the weak π-back donation of the central and electron-

rich Cu(I) (see Figure 25b)[295]. The active center is stereoelectronically shielded, which leads to an 

improved resistance to oxygen, moisture and heat and can further be adjusted by the various kinds of 

ligands (see Figure 8e-g in chapter 1.1.1 and Figure 14 in chapter 1.1.3.3) attached to the NHC-moieties.  

a) b) c) 

d) e) 



 
43 

 

 
Figure 25. a) Stabilization of the reactive carbene structure by adjacent nitrogen-atoms. b) Stabilization of the Cu(I)-NHC 

complex by strong σ-donation and weak π-back donation. 

The group of Sijbesma et al. is the first to apply the structural element of NHC to mechanochemistry 

based approaches (see Figure 26a, approach A-C)[285]. In this specific case, the impact of an external 

force leads to a chemical response as a consequence of the released active species. Applying US to a 

bis(pTHF-NHC)-silver(I) complex (I) induces the scission of the core, consisting of AgPF6 and the 

previously attached NHC-polymer-chains (see Figure 26a, approach A)[283, 296-297]. The 

mechanochemical triggered release of the NHC-ligand is inducing the transesterification of benzyl 

alcohol and vinyl acetate to form benzyl acetate[284, 298]. Second, a bis(pTHF-NHC)-ruthenium(II) 

catalyst (II) is developed, cleaving one NHC shielding ligand under scission, thus gaining one free 

coordination site at the ruthenium complex (see Figure 26a, approach B)[299]. Hence, ROMP of a 

norbornene derivative[276, 299] or a ring-closing metathesis (RCM) of diethyl diallylmalonate 

(DEDAM)[298, 300] is conducted upon ultra-sonication impact in solution or upon compression in the solid 

state, when the norbornene derivative and the mechanocatalyst II (Mn = 34 000g/mol) are incorporated 

to a semi-crystalline pTHF matrix (Mn = 170 000 g/mol)).[276] The pTHF handles attached to the 

bis(NHC)-ruthenium(II) complex are able to co-crystallize with the surrounding matrix as consequence 

of their similarities in chemical composition (melting point ≈ 40 – 44 °C, degree of crystallinity ≈ 46 – 

54%), which is improving the efficiency of the external force transmittance applied to the material by 

subsequent compression cycles. Thus, up to 25% of the monomer content is polymerized to 

poly(norbornene) after subjecting the specimen to five compression cycles (approximate linear increase 

after each compression cycle is observed). Third, a bis(pTHF-NHC)-palladium(II) complex (III) is 

designed, which collapses into the corresponding carbene, acting as a base to deprotonate a 

spiroadamantyl-substituted phenolic 1,2-dioxetane (see Figure 26a, approach C).[301] The high-energy 

intermediate emits blue light upon decomposition under ambient conditions, thus illustrating another 

approach of mechanically triggered chemiluminescence. 

Mechanochemical approaches based on bis(NHC)-Cu(I) complexes for the CuAAC 

Furthermore, bis(NHC)-metal complexes are designed, able to conduct the CuAAC of benzyl azide and 

phenylacetylene in solution upon ultra-sonication (see Figure 26b, approach D)[48, 302]. The impact of the 

mechanical force is inducing the release of one of the NHC-ligands, gaining one free coordination site 

at the copper(I)-center. In turn, the alkyne (phenylacetylene) can be attached, followed by the formation 

of the desired copper(I)-acetylide complex, subsequently following the normal catalysis cycle of the 

CuAAC (see Figure 4, chapter 1.1) to finally provide the triazole product. The influence of the rigidity 

of the polymeric handles to the cleaving process is investigated either by the chemical composition of 

the polymeric backbone or by their different degree of polymerization (DP). Hence, PIB- (IV), PS- (V) 

a) b) 
carbene N-heterocyclic carbene 

electron-sextette: 

highly reactive, 

transition-state 

stabilization by: 1.) –I-effect; 2.) +M-effect 

3.) aromatization by Hückel’s rule 

strong σ-donation 

weak π-backdonation 
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and pTHF- (VI) based Cu(I)-mechanocatalysts of different molecular weights are subjected to 

subsequent ultra-sonication experiments. An increased DP improves the cleaving of a NHC-ligand and 

in turn the catalytic efficiency of the mechanocatalyst, thus enhancing the conversion from 11% to 28% 

after 10 sonication cycles from the lowest (IV, Mn = 4 750 g/mol) to the highest molecular weight (IV, 

Mn = 17 200g/mol) catalysts, composed of PIB. In case of PS, the “click” conversion is increasing from 

23% (V, Mn = 6 800 g/mol) to 52% (V, Mn = 13 600 g/mol), due to an initially higher stiffness (Tg (PS) 

≈ 100 °C > Tg (PIB) ≈ -80 °C) of its chemical composition, providing almost twice the conversion in the 

CuAAC compared to the most efficient PIB-mechanophore (IV, Mn = 17 200g/mol, DP ≈ 107), 

counterbalancing the lower DP (V, Mn = 13 600 g/mol, DP ≈ 190). The highest „click“ conversion of 

97% is provided upon ultra-sonication using the pTHF based Cu(I)-mechanocatalyst (VI, Mn = 

15 600g/mol). However, in appropriate control experiments VI also afforded 24% conversion in absence 

of mechanical impact, contrary to the totally latent mechanocatalysts IV and V. 

 
Figure 26. Application of bis(NHC)-transition metal complexes for mechanochemical approaches upon ultra-sonication: a) 

(A) trans-esterification of benzyl alcohol and vinyl acetate, applying (I); (B) ROMP of norbornene or RCM of DEDAM, 

applying (II); (C) deprotonation of spiroadamantyl-substituted phenolic 1,2-dioxetane, which under decomposition emits blue 

light; b) the CuAAC of benzyl azide and phenylacetylene (D), applying IV-VI. 

Finally, a mechanochemical triggered the CuAAC sensing approach is developed (see Figure 27)[48]. 

The bis(NHC)-copper(I) catalysts (I-V) of different architecture, coumarin azide and phenylacetylene 

are embedded into a high molecular weight pTHF-matrix (Mn = 112 000 g/mol) (see Figure 27, concepts 

A-D).[48] Upon compression of such sensing pellets an increase of fluorescence intensity is observed, 

which is caused by the formation of the highly fluorescent triazole-product as an outcome of the released 

copper(I)-monocarbene species, able to conduct the fluorogenic “click” reaction. Different polymeric 

I II III 

IV 

V 
VI 
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architectures are studied recently (II-V) to investigate the efficiency of the force transmitting scaffold 

on the activation behavior of the mechanocatalysts.[242] The pellet, containing none copper(I)-source or 

I (see Figure 27, concept A), provided almost no conversions (< 1.0%)  in subsequent “click” reactions 

upon compression impact. On the one hand, this illustrates that the CuAAC is not triggered by pressure-

accelerated AAC, on the other hand, that mechanocatalysts cannot be activated if handles, attached to 

the NHC-moieties, are too short to provide sufficient transmittance of the external force to overcome 

the activation barrier De. Furthermore, subjecting pellets, containing II or III, to 60 °C for 72 hours in 

absence of mechanical impact led to an insignificant change of the fluorescence intensity (conversion < 

1.0%) and thus excluded an activation of the mechanocatalysts by thermal treatment. The linear 

approach, applying PIB-based Cu(I)-mechanocatalyst II (Mn = 17 200g/mol, Tg ≈ -80°C) or the stiffer 

PS-based Cu(I)-mechanocatalyst III (Mn = 13 600g/mol, Tg ≈ 100 °C), provided 7.2% and 7.9% 

conversion in the CuAAC, respectively (see Figure 27, concept B). The more efficient PS-backbone is 

chosen for the chain-extended- (C) and the network approach (D). Both the higher content of potentially 

activatable Cu(I)-centers (3-4 times) and the higher DP of IV (Mn = 13 600 g/mol, DP ≈ 190) in 

comparison to III (DP ≈ 107) explain the tremendous increase of “click” conversion to 44.2% in 

subsequent experiments (see Figure 27, concept C). Even though DP is lower in network based Cu(I)-

mechanocatalyst (DP between each Cu(I)-center ≈ 10-12) compared to the chain-extended VI (DP ≈ 

190), the force emitted to each mechanophore is higher in turn of possible redirection by the crosslinking 

points of the network (D), while only the parallel and anti-parallel chains in the chain-extended approach 

(C) can participate in the activation process[303]. Similar conversion in the mechanochemical CuAAC of 

44.1% is detected, applying the network-based Cu(I)-mechanocatalyst V composed of poly(styrene)-

stat-1-methyl-3-(4-vinylbenzyl)imidazol-2-ylidene]copper(I) linked units (see Figure 27, concept 

D).[242] 

 
Figure 27. Application of bis(NHC)-transition metal complexes for mechanochemical approaches upon compression: for 

conducting a highly fluorescent CuAAC within a final material (high molecular weight pTHF), applying bis(NHC)-Cu(I) 

catalysts of different architecture: (A) low molecular weight (I); (B) linear PIB (II) and PS (III); (C) chain-extended PS (IV); 

(D) network PS-stat-1-methyl-3-(4-vinylbenzyl) copolymer based bis(NHC) Cu(I)-mechanocatalyst (V). 
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2 Aim of the thesis 

 

2.1 Objective and motivation 

The aim of this thesis was the development of a crosslinking chemistry, usable for autonomous self-

healing approaches, applicable at sub-ambient conditions. For this purpose, appropriate reactants, 

suiting a ca-CuAAC mechanism, should be designed, the reaction rates determined and finally the SH-

capability tested within a host-material (see Figure 28). In order to find optimal conditions to accelerate 

the SH-approach, both homogeneous and heterogeneous copper(I) catalysts should be investigated. This 

includes the conception and testing of NHC-Cu(I)-mechanocatalysts of different rigidities in order to 

design the autonomous and capsule-free sensing approach. The induced failure of the bulk material and 

the subsequent healing should be visualized by sensing agents. 

 
Figure 28. Design of a capsule-based fluorogenic SH approach based on the ca-CuAAC, supported by homogeneous or 

heterogeneous catalysts. Conception of an autonomous and capsule free sensing approach, utilizing a Cu(I)-mechanocatalyst. 

Most of the common autonomous SH approaches lack of sufficient efficiency at sub-ambient conditions 

(< 20 °C). Appropriate reagents should provide high orthogonality and rapid crosslinking, describing 

the characteristics of a “click”-reaction.[1, 3-4, 8, 16, 21, 31, 34-35, 232-233, 304] Among them, the ca-CuAAC of 

newest generation of azides and terminal alkynes is the most versatile tool, promising rapid conversions 

of the reactants at almost any conditions.[43, 185, 227-228] Therefore, adequate multivalent components 

should be developed and the crosslinking efficiency in solution and in the melt should be studied. 

Furthermore, homogeneous catalysts, providing a good availability of all components and in turn high 

reaction rates and heterogeneous catalysts, enabling “a green” recyclability of the catalyst[123], should be 

designed and tested upon efficiency within the concept. Premature reaction of the healing agents in the 

scaffolding matrix should be prevented either by micro-container protection[39, 229-230, 240, 243, 245-246], 

permuted in a one-capsule-based approach, or by utilization of a latent Cu(I)-mechanocatalyst[48, 242, 302]. 

The latter concept can be employed as a capsule free version, due to the inactivity of the catalyst under 

neat conditions. Catalyst activation should be accomplished upon mechanical impact to the host 

material. The efficiency of the activation can be tuned by the polymer handles attached to the labile 

bond, consisting of NHC-Cu(I), while longer polymer chains should provide an improved activation[242, 

280, 283-286]. A new synthesis strategy should be developed, enabling the design of a high molecular weight 

polymer-NHC precursor, addressing higher activation efficiency of subsequent mechanocatalysts to 

provide sensing within the material, triggered by compression impact.  
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2.2 Concept 

Low molecular weight picolyl azides should be selected to confirm and improve the ca-CuAAC rate, 

when converted with phenylacetylene in solution by in situ NMR experiments. Therefore, the influence 

of both homogeneous and heterogeneous catalysts should be studied. For that purpose, copper(I) 

modified thermally reduced graphene oxide (Cu-TRGO) should be synthesized as a heterogeneous 

catalyst via a three-step synthesis. In the first step, a commercially available graphite should be 

chemically oxidized, followed by the implementation of Cu(II)-nanoparticles by ion exchange on the 

previously created imperfections of the graphene-oxide. Finally, thermal reduction should provide the 

heterogeneous Cu(I)-catalyst, able to conduct the CuAAC “click” reactions. Furthermore, the 

crosslinking efficiency in solution should be tested by DSC measurements. For this purpose, picolyl 

azides should be modified with a carboxylic group, enabling the attachment to the alcoholic groups of 

the star-shaped precursors via esterification. Consequently, the attachment of picolyl azides to a trivalent 

alcohol of low molecular weight should be accomplished, before testing the reactivity with star-shaped 

alkyne moieties (see Figure 29). Reaction conditions should be optimized, varying between 

homogeneous and heterogeneous Cu(I)-catalysts.  The kinetics of the network-formation of the high-

molecular weight components should be monitored by melt rheology experiments, varying the 

temperature-profile to sub-ambient conditions (< 20 °C). Thus, the star-shaped precursor of PIB should 

be synthesized via LCCP of isobutylene, utilizing mono-, bi- and trivalent initiators. Subsequent 

endgroup transformation to the desired picolyl azides should afford the highly reactive reagent. As its 

crosslinking counterpart trivalent alkyne-PIB should be used and both polymers should maintain their 

liquid flow-behavior by controlling their molecular weight (Tg ~ -80 °C, Mn ~ 6 000 g/mol).  

 
Figure 29. Concept for kinetic investigations of the chelation-assisted CuAAC of low-molecular and high molecular weight 

systems for efficient crosslinking at lower temperatures. 

Star-shaped picolyl azido telechelic PIB, urea-formaldehyde (UF) capsules, containing the trivalent 

alkyne, the Cu(I)-catalyst and a sensing tool should be compounded to either poly(dimethylsiloxane) 

(PDMS) or high molecular weight PIB (see Figure 30A) to accomplish the SH approach. SH capability 

of the final material should be determined by performing scratch experiments. The approaching crack 

low molecular weight compounds 

high molecular weight compounds 

solution NMR 

solution DSC

 

melt rheology
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will rupture the capsules, leading to the release of the healing agents, monitored by the increase of the 

fluorescence-intensity, which is indicating the simultaneous formation of the network. For this purpose, 

coumarin azide should be synthesized and implemented to the system, able to act as a sensing tool. 

Optimized activation efficiency of mechanocatalysts should be achieved by tuning the length of the 

appropriate polymer handles, using a new CTA, allowing to conduct RAFT of styrene and n-butyl 

acrylate, while the introduction of NHC is enabled simultaneously. The influence of the different 

rigidities to the efficiency of bond-cleaving should be examined by both, varying the nature of the 

polymeric backbone (PS or P-nBuA) and the molecular weight of the polymer handles. Therefore, PS- 

and P-nBuA-NHC precursors of at least three different molecular weights should be synthesized, 

ranging from 2 000 g/mol to 30 000 g/mol. Treatment of the NHC telechelic polymers with a base and 

a copper(I)-source should afford the desired mechanophores. The activation behavior of the Cu(I)-

mechanocatalysts should be investigated in solution upon ultra-sonication and within the host-material 

upon compression. The latter approach should be accomplished by compounding the catalyst, coumarin 

azide and phenylacetylene to a high molecular weight pTHF. Hence, compression induced activation of 

the Cu(I)-mechanocatalysts should be executed, proving the autonomous sensing behavior of the final 

material, triggered by the subsequent fluorogenic CuAAC (see Figure 30B).  

Figure 30. Concept to investigate materials in self-healing (A) or sensing-behavior (B). A) Self-healing approach, consisting 

of star-shaped picolyl azido telechelic PIB, coumarin azide, CuI-source and star-shaped alkyne telechelic PIB (encapsulated in 

UF-microcontainers) compounded to high-molecular weight PIB. Scratching the specimen evokes the release of the alkyne to 

undergo network formation with the azide components upon contact with the Cu(I)-catalyst, which leads to an increase of 

fluorescence-intensity by formation of the “click” product. B) Design of an autonomous sensing-system: I) Synthesis of CTA-

NHC for RAFT of styrene or n-butyl acrylate (II) and further transformation (III) to polymeric Cu(I)-mechanocatalyst. 

Mechanocatalyst, phenylacetylene and coumarin azide are compounded to a high molecular weight pTHF matrix, which upon 

compression (IV) leads to an increase of fluorescence intensity, due to scission of the mechanocatalyst into the active CuI-

monocarbene species, conducting the fluorogenic CuAAC.  

A) self-healing system 

B) autonomous sensing system 

I) network formation + fluorescence upon scratch 

IV)  fluorescence upon compression 

pressure 

I) CTA-NHC for RAFT II) RAFT III) mechanophore  
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3 Results and discussion 

 

Parts of the results and discussion as well of the experimental part were already published in “Chelation-

assisted CuAAC in star-shaped polymers enables fast self-healing at low temperatures” (Neumann, S.; 

Döhler, D.; Ströhl, D., Binder, W.H. Polym. Chem. 2016, 7, 2342. DOI: 10.1039/c5py01818h) - 

Published by The Royal Society of Chemistry and were in parts adapted with permission from The 

Royal Society of Chemistry (Copyright 2016). 

 

3.1 Design of a low temperature and fluorogenic SH approach 

Rapid crosslinking components were synthesized, suiting the ca-CuAAC mechanism in order to design 

an autonomous SH approach, giving response to damage-impact even at lower temperatures. First of all, 

the synthesis of an azide, containing the chelation-assisted responsible part – the nitrogen atom, carrying 

at least one free electron pair in close proximity to the active group had to be accomplished. Followed 

by the determination of the performance in the ca-CuAAC in solution monitored by in situ NMR 

experiments. Furthermore, the presence of a second functionality, allowing the attachment of the desired 

property to the star-shaped precursors, was indispensable. Accordingly, two different regioisomers of 

carboxylic picolyl azides (4 and 7) were designed and further attached to the alcoholic groups of mono-, 

bi- and trivalent PIB (high molecular weight approach) as well as to low-molecular weight 2-

(hydroxymethyl)-2-ethylpropane-1,3-diol. The crosslinking rates were investigated either in solution 

(via DSC) and in the melt state (via rheology). Additionally, the influence of homogeneous and 

heterogeneous copper(I) catalysts was studied, while the latter had to be synthesized. Finally, the best 

crosslinking system was compounded to scaffolding matrix (PIB), providing an autonomous SH 

material, which upon scratch conducted the fluorogenic “click” formation. 

 

3.1.1 Chelation-assisted CuAAC of picolyl azides in solution 

3.1.1.1 Synthesis and characterization of picolyl azides (4, 7) 

Synthesis of picolyl components was done according to Ting et al.[43, 228]. The design considered two 

key aspects, which need to be fulfilled, if aiming for the ca-CuAAC capable crosslinking components: 

first, at least one nitrogen atom had to be in close proximity to the active azide moiety -N3, being 

perfectly addressed by the composition of picolyl azides, additionally allowing for excellent mobility of 

the azide group, due to the existent methylene-spacer in between the azide and the pyridine-ring (see 

Figure 31). Secondly, a second functional group was required in order to attach the desired property to 

alcoholic precursors. Therefore, the carboxylic-acid moiety was introduced to the pyridine-ring, 

enabling the attachment of mono- to multivalent alcohols via esterification reactions. Two different 

regioisomers (2,4- and 2,5-) of picolyl azides were synthesized within this work. Synthesis strategy for 

both regioisomers was almost the same, while esterification was just required in case of 2,4-regioisomer 

(1), in turn of the commercial availability of the 2,5-derivative. The most critical step in this synthesis  

 
Figure 31. Synthetic route to obtain 2,4‘- and 2,5‘-regioisomers of chelation-assisted CuAAC suitable picolyl azide moieties.  
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route was the selective reduction (II) of the methyl ester to an alcohol, which was located in ortho-

position to the nitrogen-atom of the pyridine-ring. Besides the desired conversion, the undesired 

reduction of the second methyl ester group was also prominent. The inherent chemical structure of the 

2,4- di-substituted pyridine derivative (1) shifted the electron deficient point of the aromatic ring, 

emerging from the nitrogen-atom, from α- to γ- position, causing similar reactivities for both ester 

moieties and thus led to reduced yields of 2 (~ 30%) as consequence of the formation of the double-

reduced side-product. 

Therefore, the 2,5-regioisomer was employed, since β- position was not conjugated with the hetero-

atom inside the ring, eliminating the undesired side-reaction. Subsequently, 2-(6-hydroxymethyl)-

pyridine-5-carboxylic acid methyl ester (5) was obtained in gram-scales within short time-scales, by 

increasing the appropriate (average) yield from ~ 30% (2) to ~ 75% (5). Successful conversion to 5 was 

confirmed in 1H-NMR spectroscopy, when the signal at δ = 4.03 ppm, belonging to the methyl-ester at 

α- position, was shifted to δ = 4.82 ppm of the resulting methylene group attached to the newly 

introduced hydroxy group (see Figure 32a). The following nucleophilic substitution (III) was promoted 

by conversion of the alcoholic group to the mesylate ester, before sodium azide was added. The 

increased nucleophilicity of the mesylate, due to resonance stabilization of the leaving group, caused 

high yields of 80% for subsequent substitution to 2-(6-azidomethyl)-pyridine-5-carboxylic acid methyl 

ester (6). Successful introduction of the azide moiety was verified by both, spectrometry- (ESI-ToF-

MS) and spectroscopy- methods as NMR and IR. Thus, in NMR-spectrum the signal of the methylene 

group attached to the azide-moiety was now shifted to δ = 4.57 ppm (see Figure 32b), while in IR-  

 
Figure 32. 1H-NMR-spectrum of a) 2-(6-hydroxymethyl)-pyridine-5-carboxylic acid methyl ester 5 in CDCl3; b) 2-(6-

azidomethyl)-pyridine-5-carboxylic acid methyl ester 6 in CDCl3; c) 2-(6-azidomethyl)-pyridine-4-carboxylic acid 7 in 

DMSO-d6. 

a) 

b) 

c) 
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spectrum the azide vibration at ν = 2113 cm-1 was newly detected. In the last step, hydrolysis (IV) was 

performed similar to the 2,4-analogue, applying LiOH to adjust the required basic conditions in the 

aqueous solution, affording 7 in quantitative yields. The missing signals at δ = 3.05 ppm (1H-NMR-

spectrum) (see Figure 32c) and at δ = 52.6 ppm (13C-NMR-spectrum) of the before present methyl-ester 

group proved the successful completion of the reaction, which was confirmed by a measured loading of 

m/z = 179.0664 g/mol (simulated: m/z = 179.0564 g/mol) in ESI-ToF-MS analysis. Detailed spectra can 

be found in the appendix 7.1. 

 

3.1.1.2 In-situ NMR of the ca-CuAAC applying picolyl azides 

To achieve a highly efficient and fast self-healing process via the chelation-assisted CuAAC, different 

reaction setups, including the change of the copper(I) source and the addition of N,N-di-

isopropylethylamine (DIPEA) as a base, were investigated via in situ NMR measurements (see Figure 

33). 2-(6-Azidomethyl)-pyridine-4-carboxylic acid methyl ester (3) and phenylacetylene served as ideal 

low molecular weight substrates for in situ NMR-studies, containing the azide, the alkyne, the copper(I) 

source and DIPEA (Table 3, entries 5–8), separately dissolved in deuterated THF. For better comparison 

the same experiments were conducted when 3 was exchanged with polymeric PIB-analogue 28. Mixing 

of all components in a NMR-tube defined the starting point of every single experiment (see Table 3), 

allowing the quantification of the reaction progress.  

 
Figure 33. Experimental setup for in situ NMR investigations. 

Conversion of every single measurement was determined by the ratio of the integrals of the methylene-

group attached to the azido-group (e.g., 3: at δ = 4.54 ppm) and the integrals of the methylene-group 

attached to the triazole-ring (e.g., 8: at δ = 5.79 ppm) according to equation 1: 

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑑

(𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑑 + 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑎)
∙ 100 % (𝒆𝟏) 
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Figure 34. In situ NMR measurement of the chelation-assisted CuAAC of picolyl azide (3) and phenylacetylene conducted in 

THF-d8 in presence of CuBr and DIPEA (0.01 eq.) (Table 3, entry 6). 

NMR-experiments were conducted at different period of times and the signals of the reactants and the 

product (8) were assigned (see Figure 34). First of all, applying 3 in presence of [Cu(CH3CN)4]PF6 

(Table 3, entry 1) or Cu(OAc) (Table 3, entry 2) and phenylacetylene resulted in conversions of 32% 

and 82% within one day and thus turned out to be too slow for fast self-healing applications. Amongst 

the tested Cu(I)-catalysts, CuBr delivered the best results, leading to quantitative conversion within nine 

hours at 27 °C (Table 3, entry 3). Thus, CuBr was chosen to run the reaction in the presence of DIPEA, 

which can promote the formation of a Cu(I)-acetylide species in the first step and therefore initially the 

“click” reaction. In the first NMR spectrum, measured five minutes after mixing all components, no 

NMR resonances of the starting material can be found (Table 3, entries 4 and 5). Even with just 1 mol% 

DIPEA the reaction went to completion within 17 minutes (Table 3, entry 6). The conventional CuAAC, 

employing benzyl azide instead of picolyl azide (3) showed no conversion of 9 at the same time, 

increasing slowly to 7% after 110 minutes (Table 3, entry 14), which was caused by the missing 

chelation-assistance acceleration. [CuBr(PPh3)3] was also tested as catalyst due to its increased solubility 

in THF[235], due to the attached triphenylphosphane ligands. Contrary, [CuBr(PPh3)3] showed a lower 
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conversion (10% after 2 hours) in the presence of 1 mol% DIPEA (Table 3, entry 7) compared to pure 

CuBr. Thus, it is presumed that DIPEA is not just promoting the formation of the initially required 

Cu(I)-acetylide by acting as a base, but also further disintegrates unreactive CuBr clusters[8], delivering 

an ideal catalyst system for fast “click”-reactions in solution. Change of homogeneous Cu(I)-sources to 

heterogeneous Cu(I)-TRGO provided 94% conversion within one day and was not as efficient as CuBr 

(Table 3, entry 8). However, change to commercially available Cu/charcoal catalyst resulted in a poor 

conversion (< 1%) within nine hours (Table 3, entry 9).  

In case of monovalent picolyl azido telechelic PIB (28) complete conversions can be observed in 42 

minutes in lonely presence of CuBr (Table 3, entry 12). Further acceleration was achieved by the 

addition of DIPEA (1 mol%), leading to a full conversion within four minutes (Table 3, entry 13). 

[CuBr(PPh3)3] demonstrated again weak performance in solution, when compared to CuBr, resulting in 

a poor conversion of 32% within one day (Table 3, entry 10), being just slightly improved by utilization 

of [CuF(PPh3)3] and 64% within 11 hours (Table 3, entry 11). Utilization of the conventional CuAAC 

mechanism, exchanging picolyl azide with azide group in 11 (Table 3, entry 15) further suppressed the 

conversion of 12 to 9% and was thus more than three times less in comparison to the chelation-assisted 

mechanism. 

Table 3. (A) The chelation-assisted CuAAC of 2-(6-azidomethyl)-pyridine-4-carboxylic acid methyl ester 3 (c = 104 mM) or 

monovalent picolyl azido telechelic PIB 28 (c = 104 mM) and phenylacetylene (c = 125 mM) at 27 °C in deuterated THF, 

applying different Cu(I)-catalysts investigated via in situ NMR-measurements. (B) The CuAAC of benzyl azide or monovalent 

azido telechelic PIB (11) and phenylacetylene, exploiting the same conditions of (A). 

entry azide catalyst [DIPEA] [eq.] time conversion [%] 

A) NMR experiments applying the ca-CuAAC of either 3 or 28 and phenylacetylene 

1 3 [Cu(CH3CN)4]PF6
a
 – 24 h 32 

2 3 Cu(OAc) a – 16 h 82 

3 3 CuBra – 9 h > 99 

4 3 CuBra 1.2 d < 5 ming > 99 

5 3 CuBra 0.1 e < 5 ming > 99 

6 3 CuBra 0.01 f 17 min > 99 

7 3 [CuBr(PPh3)3]b
 0.01 f 2 h 10 

8 3 Cu-TRGOc – 24 h 94 

9 3 Cu/charcoala – 9 h < 1 

10 28 [CuBr(PPh3)3] a
 – 24 h 32 

11 28 [CuF(PPh3)3] a
 – 11 h 64 

12 28 CuBr a – 42 min > 99 

13 28 CuBr a 0.01 f < 4 ming > 99 

B) 
NMR control experiments applying the CuAAC of either benzyl azide or 11 and 

phenylacetylene 

14 benzyl azide CuBr a 0.01 f 110 min 7 

15 11 [CuBr(PPh3)3] a
 – 24 h 9 

a) 0.1 equivalents of the catalyst were added; b) 0.05 equivalents of the catalyst were added; c) 0.02 equivalents of the catalyst 

were added; d) c = 125 mM; e) c = 10.4 mM; f) c = 1.04 mM; g) the first NMR-spectrum showed complete conversion. 

Selected spectra of in situ NMR experiments to determine the “click” conversions after different periods 

of time (illustrated in Table 3) can be found in the appendix 7.2. 

 

3.1.2 Synthesis and characterization of graphene based copper(I)-catalysts 

3.1.2.1 Cu-TRGO (15) and Cu-TREGO (17) 

In order to increase the reaction rate of the ca-CuAAC heterogeneous Cu(I)-catalysts were applied. 

Implementing Cu(I)-nanoparticles onto graphene layers was accomplished to combine the substantial 

advantageous characteristics of the support material such as recyclability and the beneficial outcome in 
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reaction acceleration for the ca-CuAAC originated by the Cu(I)-NPs. Starting from graphite respectively 

yielded in the synthesis of the desired heterogeneous catalysts by two different methods. Separation of 

the graphite-layers was accomplished either by chemical oxidation using the Hummers method[164] or 

by exfoliation of graphene, applying an additional electrical field, providing graphene-oxide sheets 

each.[238] The distance of the layers is increased and the functional groups are established on the surface 

of the graphene layer by both methods (see Figure 35). Cu(II)-nanoparticles were introduced by treating 

an aqueous solution of ultra-sonication dispersed graphene-oxide with Cu(OAc)2, resulting in the 

exchange of protons versus CuII-cations. Reducing the catalytically inactive Cu(II)-species to CuI-

nanoparticles in an oven at 600 °C afforded the thermally reduced copper(I) graphene oxide (Cu-TRGO) 

(15) and the thermally reduced copper(I) exfoliated graphene oxide (Cu-TREGO) (17). 

Figure 35. Synthesis of Cu-TRGO (15) and Cu-TREGO (17). 

Successful conversions were monitored by XRD-measurements. Theta scan of the graphite shows peak-

position belonging to the graphite-layers at 2Ɵ = 25.600 °, shifting to 2Ɵ = 11.168 ° with a second order 

peak located at 2Ɵ = 22.068 ° for graphene-oxide (13), demonstrating a complete conversion for the 

chemical method (see Figure 36a, top). In case of exfoliated graphene (provided by Prof. Feng’s group) 

residual graphite can be observed, occurring at 2Ɵ = 26.454 °, beside the graphene-peak located at 2Ɵ 

= 12.677 °, limiting thus the concentration of the functional groups required for anchoring the Cu(I)-

NPs (see Figure 36a, bottom).[238] Introduction of Cu(I)-NPs onto graphene-layers was detected by the 

shift of theta to 2Ɵ = 26.288 ° in case of Cu(I)-TRGO (15) (see Figure 36b, top) and 2Ɵ = 26.501 ° for 

Cu(I)-TREGO (17), overlapping the still present signal of the residual graphite, appearing at the same 

position (see Figure 36b, bottom). Additional peaks appear at 2Ɵ = 35.97 ° and 42.69 ° and belong to 

Cu2O and to Cu0 respectively, verifying the presence of Cu-particles. 
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Figure 36. XRD-graphs of a) graphene-oxide (13) and superimposed area, showing the first order and second order-peaks (top) 

and of exfoliated graphene, showing residual graphite peak beside the graphene peak (bottom). b) XRD-graphs of Cu-TRGO 

15 (top) and Cu-TREGO 17 (bottom). 

FAAS-measurements were conducted to determine the exact amount of Cu-particles of the 

heterogeneous catalysts. A Cu-content of 6.8 wt% Cu/C for Cu-TRGO (15) and of 5.2 wt% Cu/C for 

Cu-TREGO (17) was measured. The minor amount of copper of Cu-TREGO (17) was caused due to a 

reduced concentration of the functional groups, emerging from the insufficient oxidation process 

(compare Figure 36a, top and bottom). Presence of Cu-particles was further confirmed by transmission 

electron microscopy (TEM)-images, illustrating nanoparticles in the size of d = 10 – 100 nm anchored 

to the carbon-sheets in the size of d = 1 – 5 µm. TEM-images can be found in the appendix 7.3. 

 

3.1.3 Crosslinking investigations of star-shaped picolyl azides in the ca-CuAAC  

3.1.3.1 Synthesis and characterization of trivalent picolyl azide (18) 

In order to develop an efficient SH-material upon the ca-CuAAC, the responsible picolyl azide moiety 

(7) had to be attached to a star-shaped precursor, enabling the investigation of the crosslinking behavior. 

Thus, 2-(hydroxymethyl)-2-ethylpropane-1,3-diol was used, promising excellent conversion, since a 

good mobility of every single alkyl chain without bulky substituents and a good reactivity of the primary 

alcohol-groups were given. For the functionalization Steglich’s method was applied, exchanging N,N'-

dicyclohexylcarbodiimide (DCC) by 3-(ethyliminomethyleneamino)-N,N-dimethylpropan-1-amine 

(EDC) (see Figure 37a).[305] The resulting 1-ethyl-3-(3-dimethylaminopropyl)urea (EDU) can be 

removed more easily by washing with water, when compared to the otherwise produced 1,3-

dicyclohexylurea (DCU). Column-chromatography was accomplished to remove the excess of 7, N,N-

dimethylpyridin-4-amine (DMAP) and still present alcoholic side-products, providing the tris-picolyl 

azide 18, suitable for the chelation-assisted CuAAC. The successful introduction of the picolyl azide 

moieties was confirmed by the aromatic signals at δ = 9.15 ppm, 8.26 ppm and 7.42 ppm in 1H-NMR-

spectra (see Figure 37b), confirmed by the azide vibration at ν = 2095 cm-1 in IR-spectrum (see appendix 

7.4). Purity and thus complete conversion of all three alcoholic groups can be verified in NMR-spectra 

a) b) 
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via the shift of the appropriate methylene signal from δ = 3.73 ppm to δ = 4.55 ppm[306]. All signals in 
13C-NMR spectrum can be assigned to the desired structure, approving the high purity of the product 

(see Figure 37c), validated by the mass detected in ESI-ToF-MS of m/z = 637.1976 g/mol (simulated: 

m/z = 637.1994 g/mol) (see appendix 7.4). 

 

 
Figure 37. a) Synthesis of trivalent picolyl azide (18) via Steglich esterification of 2-(hydroxymethyl)-2-ethylpropane-1,3-diol 

with picolyl azide (7). b) 1H-NMR spectrum of 18 in CDCl3. c) 13C-NMR spectrum of 18 in CDCl3. 

3.1.3.2 DSC of NHC-Cu(I)-catalysts and multivalent picolyl azides (solution crosslinking) 

The difference in kinetics of the CuAAC and the chelation-assisted CuAAC was further investigated by 

DSC-measurements. Previous studies of crosslinking the CuAAC, using a non-chelation-assisted 

trivalent azide (19)[49] (see Figure 38a), were compared to the crosslinking approach based on the ca-

CuAAC, converting star-shaped 18 with a trivalent alkyne (20) to form a network (see Figure 38b). The 

efficiency of various catalysts, including homogeneous and heterogeneous ones were probed. 

Continuously, the thermal activation of the previously synthesized homogeneous bis(NHC)-Cu(I)-

catalysts (21 and 22) was tested (see Figure 38c). 

The crosslinking efficiency of 19 and 20 in the CuAAC and 18 + 20 in the ca-CuAAC varying the Cu(I)-

source was detected by comparison of TPeak of the uncatalyzed and the catalyzed experiments (see Table 

4). In absence of a catalyst the thermal Huisgen reaction was conducted at temperatures, which were in 

the range of the reported literature values of 120 – 133 °C (see Table 4, entry 1 and 6).[56] The CuAAC 

of 19 and 20 in presence of a homogeneous Cu(I)-source led to a reduced TPeak of 74 °C ([CuBr(PPh3)3]) 

a) 

b) 

c) 
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(see Table 4A, entry 2) or of 66 °C ([CuF(PPh3)3]) (see Table 4A, entry 3). In comparison, less efficiency 

was provided, applying heterogeneous Cu-TRGO (15) instead, increasing TPeak slightly to 85 °C (see 

Table 4A, entry 4). Insignificant change of TPeak to 76 °C was observed, applying Cu-TREGO (17) (see 

Table 4A, entry 5). Thus, heterogeneous catalysts were less efficient than the homogeneous catalysts in 

triggering the CuAAC of crosslinking reactants (see Figure 38a).  

 
Figure 38. DSC-experiments of a) CuAAC suitable azide (19) and trivalent alkyne (20) and b) chelation-assisted CuAAC 

suitable azide 18 and trivalent alkyne (20). c) Thermal activation of the homogeneous NHC-catalysts (21 and 22) was verified 

via DSC-experiments of the ca-CuAAC. 

Switch to the ca-CuAAC mechanism, employing trivalent picolyl azide (18) required the addition of a 

solvent (anhydrous chlorobenzene (50 wt%)), ensuring proper diffusion of the substances, as a 

consequence of the solid appearance of 18 (see Figure 38b). A continued reduction of TPeak to 59 °C 

([CuBr(PPh3)3]) (see Table 4B, entry 7) or 41 °C ([CuF(PPh3)3]) (see Table 4B, entry 8) was observed, 

lowering the reaction temperature by ~ 20 °C compared to the conventional CuAAC. The beneficial pre-

organization of the Cu(I)-acetylide to close proximity of the azide-group led to the improved 

acceleration in catalysis. Highest efficiency was provided in presence of heterogeneous Cu-TRGO with 

a measured peak T of 38 °C (see Table 4B, entry 9). The thermal activation of the latent and 

homogeneous NHC-catalysts (21 and 22) was probed (see Figure 38b-c), revealing that the inactive 

biscarbene-Cu(I) unit cannot be abolished by the thermal treatment (see Table 4B, entry 10-12). In turn, 

scission into the active monocarbene-Cu(I)-species was inhibited, leading to a TPeak similar to a non-

catalytic reaction at approximately ~ 120 °C (see Table 4B, compare entry 6 with entry 10-12). The 

addition of a base such as 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or 1,5-diazabicyclo[4.3.0]non-5-

ene (DBN) led to a significant reduce of TPeak (see Table 4B, entry 13-16). It is assumed that one Cu-

carbene-bond is cleaved off by the base-treatment, releasing the active Cu(I)-monocarbene species, able 

to conduct the crosslinking “click” reaction. In particular the combination of the NHC-catalyst (22) in 

a) 

b) 

c) 

CuAAC 

chelation-assisted CuAAC 
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presence of DBU demonstrated to be most efficient, leading to a start of the „click“-reaction at TON = 

4 °C (see Table 4B, entry 16). The reaction setups, which were already starting below 35 °C (see Table 

4B, entry 8, 9, 15 and 16) simultaneously provided the lowest “click” conversions, varying between 

11% to 40%. This was presumably referred to the delay time in turn of the device-related measurement 

setup: the crosslinking reaction already started upon mixing the components with the Cu(I)-catalyst, 

while it took in total approximately ~ 2 – 3 minutes (= delay time) to subject the samples into the 

crucibles, to close the latter with lids and to transfer it to the oven (driven by the device ~ 1.5 minutes), 

before the hole sample was cooled (from RT) and finally heated to start the measurement. 

Table 4. DSC investigations of (A) the CuAAC of star-shaped azide (19) or (B) the ca-CuAAC of trivalent azide (18) with 

trivalent alkyne (20). 

entry 
catalyst 

base 
TON [°C] at 

5 K/min 

TP [°C] at 

5 K/min 

∆Hm 

[kJ/mol] 

conversion 

[%] composition mol% 

A) CuAAC of tris-azide (19) and tris-alkyne (20)a)   

1c) without - - 91 133 -205.3 78 

2c) [CuBr(PPh3)3] 3 - 59 74 -185.4 71 

3 c) [CuF(PPh3)3] 3 - 39 66 -191.0 73 

4 Cu-TRGO (15) 3 - 64 85 -78.2 30 

5 Cu-TREGO (17) 3 - 55 76 -77.6 30 

B) chelation-assisted CuAAC of tris-azide (18) and tris-alkyne (20)b)   

6 without - - 92 121 -209.8 80 

7 [CuBr(PPh3)3]c) 3 - 44 59 -139.6 53 

8 [CuF(PPh3)3]c) 3 - 27 41 -76.5 29 

9 Cu-TRGOa) 3 - 20 38 -105.8 40 

10 21 3 - 90 125 -126.3 48 

11 21 10 - 90 126 -223.8 85 

12 22 10 - 90 126 -149.6 57 

13 21 10 DBNd) 45 91 -231.5 88 

14 21 10 DBUd) 45 77 -159.3 61 

15 22 10 DBNd) 30 64 -58.4 22 

16 22 10 DBUd) 4 40 -28.5 11 

a) Azide and alkyne mixture (1:1) was dissolved in DCM and stirred before the solvent was evaporated to ensure proper 

diffusion of the components. The mixture (5 – 10 mg) was transferred to the crucible and mixed with Cu(I)-catalyst by spatula. 

In b) additional chlorobenzene (0.5 wt%) was added; c) unpublished work of the working group, see chapter 4.1; d) 10 mol% 

compared to the reactants was added. 

The extent of the network formation was estimated by comparing the literature-value of enthalpies of 

reactions of entirely converted phenylacetylene and benzyl azide with 1 mol% [CuBr(PPh3)3] (∆Hm = 

262 kJ/mol[49]) and those detected by own measurements. Selected DSC-spectra can be found in the 

appendix 7.5. 

 

3.1.3.3 Synthesis and characterization of star-shaped picolyl azido telechelic PIBs (34a/b) 

Star-shaped polymers, possessing a low Tg, were required to ensure a proper diffusion of the reactants, 

enabling an efficient crosslinking at low temperatures (< 20 °C) in absence of solvents. Thus, PIBs (Tg  

≈  -80 °C)[39] of different valence were synthesized via LCCP of isobutylene, applying either 2-chloro-

2,4,4-trimethyl-pentane (TMPCl) (23), 5-tert-butyl-1,3-bis(1-chloro-1-methylethyl)-benzene (DCCl) 

(24) or 1,3,5-tris(2-methoxyisopropyl)benzene, (tricumyl methoxy, TriCuOMe) (25) as initiators (see 

Figure 39). Allyl-terminated PIBs (26, 29, 32) were provided in a one-pot synthesis by quenching the 

polymerization with allyltrimethylsilane (ATMS) and were subsequently converted to hydroxy groups 

by treatment with 9-BBN and m-CPBA in a second step. The molecular weights were limited to 3 000 

– 6 000 g/mol, maintaining the beneficial advantage of a liquid flow-behavior. The hydroxy telechelic 
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PIBs (27, 30, 33) were now used as alcoholic-precursors for anchoring the ca-CuAAC responsible 

group. 

Figure 39. Synthesis of mono-, bi- and trivalent hydroxy telechelic PIB precursor (27, 30, 33) synthesized via LCCP of 

isobutylene, applying TMPCl (23), DCCl (24) and TriCuOMe (25) as initiators and ATMS as quenching-agent in a one-pot 

synthesis. Followed by the conversion to the desired alcoholic groups by treatment with 9-BBN and m-CPBA in a second step. 

In contrast to the synthesis-route of 18, the Steglich esterification remained insufficient in case of mono- 

to multivalent hydroxy telechelic PIBs. Accordingly, the reactivity of 4 or 7 was increased by treatment 

with oxalyl chloride in DCM. In a one-pot synthesis the previously synthesized acid chloride, EDC∙HCl 

and DMAP were added to the polymeric precursors, affording the picolyl azido telechelic PIBs (28, 31, 

34a and 34b) (see Figure 40).  

Figure 40. Synthesis of the chelation-assisted CuAAC suitable polymers based on PIB (28, 31, 34a/b). 
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The molecular weight of the polymers was limited to < 7000 g/mol, verified via GPC- and NMR- 

measurements, showing also a narrow distribution of the obtained molecular weights, illustrated by the 

low PDI-values of 1.1 – 1.3 (see Table 5). 

Table 5. Overview of analytical data of the synthesized PIBs. 

PIB-allyl  PIB-OH  PIB-picolyl-N3 

Mn(GPC)
a) 

[g/mol] 

Mn(NMR)
b) 

[g/mol] 
PDIa) 

 Mn(GPC)
a) 

[g/mol] 

Mn(NMR)
c) 

[g/mol] 
PDIa) 

 Mn(GPC)
a) 

[g/mol] 

Mn(NMR)
d) 

[g/mol] 
PDIa) 

26: 3 000 3 100 1.16  27: 2 700 3 700 1.19  28: 3 000 4 100 1.17 

29: 3 500 3 400 1.18  30: 3 300 3 900 1.22  31: 4 000 4 100 1.21 

32: 4 500 6 300 1.34  33: 5 000 7 300 1.32  34a: 6 500 6 600 1.33 

        34b: 5 800 6 800 1.31 

a) GPC-measurement was performed in THF and PIB-standards were used for the calibration. b) Calculated, according to the 

ratio of the signals at δ = 5.84 ppm of the allylic head group and δ = 1.11 ppm of the repetitive unit (two CH3-groups), 

considering the relation of the initiator-part at 26: δ = 0.99 ppm (15 H); 29: δ = 0.79 ppm (12 H); 32: δ = 0.80 ppm (18 H). c) 

Calculated, according to the ratio of the signals at δ = 3.61 ppm of the CH2-moiety attached to the hydroxy-group and δ = 1.11 

ppm of the repetitive unit (two CH3-groups), considering the relation of the initiator-part at 27: δ = 0.99 ppm (15 H); 30: δ = 

0.79 ppm (12 H); 33: δ = 0.80 ppm (18 H). d) Calculated, according to the ratio of the signals at δ = 4.33 ppm of the CH2-

moiety attached to the ester group and δ = 1.11 ppm of the repetitive unit (two CH3-groups), considering the relation of the 

initiator-part at 28: δ = 0.99 ppm (15 H); 31: δ = 0.79 ppm (12 H); 34/34b: δ = 0.80 ppm (18 H). 

Successful introduction of the picolyl azide moieties was verified by NMR- and IR- spectroscopy and 

MALDI-ToF-MS. The progress of the reaction was comprehensible, focusing on the transformation of 

the end group signals in NMR-spectroscopy (see Figure 41). The allylic signals, (of 26) appearing at δ 

= 5.85 ppm and δ = 5.03 ppm (see Figure 41a), shifted in the first instance to the triplet-signal at δ = 

3.61 ppm, corresponding to the methylene group, carrying the alcoholic unit (of 27) (see Figure 41b) 

and finally to δ = 4.33 ppm of the methylene group, containing the picolyl azide moiety (of 28) (see 

Figure 41c). 

 
Figure 41. 1H-NMR spectra in CDCl3 of a) allyl telechelic PIB (26); b) hydroxy telechelic PIB (27); c) picolyl azido telechelic 

PIB (28). 

a) 

b) 

c) 
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For the bi- and trivalent PIBs the same characterization-methods were applied, confirming the successful 

synthesis of the crosslinkers suitable for the chelation-assisted CuAAC. Conversion of all arms for the 

bivalent azido telechelic PIB (31) and the trivalent 34a was complete, when compliance of the following 

two characteristics was given: first, the entirely disappearance of the triplet signal at δ = 3.61 ppm and 

secondly by the matching integrals of the signals, corresponding to the initiator part (for instance δ = 

7.13 – 7.17 ppm) and the signals, belonging to the end group (e.g., δ = 7.44 – 9.19 ppm) (see Figure 42a 

and 42b). In case of 34b the separation of the final product from semi-converted contaminants remained 

insufficient. A repeatedly conducted reaction in order to accomplish a full conversion and further 

purification by column chromatography and repeated precipitation in MeOH afforded a mixture, 

consisting of azido- and hydroxy- functionalized PIBs. In consequence 34b was mixed with hydroxy 

telechelic PIB to an extent of 20%, according to the ratio of the corresponding integrals (CH2-OH at δ 

= 3.61 ppm and CH2-OR-N3 at δ = 4.32 ppm) in NMR-spectra (see Figure 42c). Hence, it was estimated, 

that 34b would provide less performance in the subsequent crosslinking experiments compared to the 

star-shaped azido telechelic PIB (34a). The star-shaped PIBs (34a and 34b) were distinguished in 1H-

NMR spectra, differing in the position of the aromatic protons, as a consequence of their dissimilar 

regiostructures (see Figure 42b and 42c). Thus, the aromatic signals of the pyridine-ring for the 2,4-

analogue (34a) appeared at δ = 8.76 ppm, δ = 7.90 ppm and δ = 7.80 ppm, in contrast to those of 34b 

located at δ = 9.20 ppm, δ = 8.34 ppm and δ = 7.46 ppm.  

 
Figure 42. 1H-NMR spectra in CDCl3 of a) bivalent azido telechelic PIB (31); b) trivalent 2,4-azido- telechelic PIB (34a); c) 

trivalent 2,5-azido- telechelic PIB (34b). 

a) 

b) 

c) 
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A MALDI-ToF-MS analysis proved the attachment of the desired picolyl azido moiety to the 

monovalent PIB (28) (see Figure 43a-c) and the trivalent PIB (34a). The m/z-distance of each signal was 

56 g/mol, belonging to the molecular weight of the repetitive unit of isobutylene (see Figure 43b). The 

structure of the monovalent PIB (28) was detected by two different series, while the first one with its 

maximum at 2348.375 g/mol was identified as the desired picolyl azido telechelic PIB (28) with 

additional silver cation, matching well with its simulation of 2348.259 g/mol (error 49 ppm) ([M+Ag]+ 

(C4H8)34C18H28N4O2Ag+) (see Figure 43c). The second series could again be assigned to the picolyl azido 

telechelic PIB (28) with additional sodium trifluoroacetic acid and proton with the absolute maximum 

at 2320.693 g/mol, fitting well with its simulation of 2320.272 g/mol (error 181 ppm) ([M+NaTFA+H]+ 

(C4H8)33C18H29N4O2C2F3O2Na+) (see Figure 43c). The limited resolution of the MALDI-ToF-MS was 

preventing the inspection of the compliance of the isotopic patterns of the measured and the simulated 

spectra. The existence of the picolyl azide moiety for all the PIBs (28, 31, 34a and 34b) of various 

valence was additionally detected via IR-measurements, showing the azide vibration for each of them 

at ν = 2103 cm-1 – 2105 cm-1. 1H-NMR-spectra of precursor PIBs of a bivalent and a trivalent 

composition, MALDI-ToF-spectrum of 34a and IR-spectrum can be found in the appendix 7.6. 

    
Figure 43. MALDI-ToF-MS of picolyl azido telechelic PIB (28). a) Full spectrum of 28, showing two series. b) Superimposed 

area of spectrum of 28, showing distance between peaks of both series of 56 g/mol. c) Measured peaks and their simulated 

isotopic pattern, belonging to the displayed structures. 

3.1.3.4 Rheology of ca-CuAAC PIBs for crosslinking in the melt 

The crosslinking behavior of the obtained azido telechelic PIBs (34a, 34b) was monitored by melt 

rheology measurements. Thus, either azido component 34a or 34b was mixed with the star-shaped PIB-

alkyne (35) (see Figure 44), varying the conditions (like catalyst or temperature), allowing a 

comprehensive comparison to previous results, applying the conventional CuAAC based systems.[40, 42, 

44, 47] Since the use of CuBr in solution delivered full conversion in the shortest period of time it was also 

tested in melt rheology experiments. Although 1 mol% of DIPEA was added, the network formation 

took 870 minutes (gelation time, see Table 6, entry 1), which was mainly attributed to oxidation of the 

catalyst during the rheology experiment. In accordance with literature[39-40, 42, 44] [CuBr(PPh3)3] was 

probed as an alternative catalyst, despite its relatively poor performance in the initial low molecular 

weight compound tests. Consequently, this system showed significantly shorter gelation times of 255 – 

266 min (Table 6, entries 2 and 3) and was slightly better than the comparable conventional CuAAC 

(290 min, RT) approach[40]. Change of the counterion of the catalyst from bromide to fluoride 

a) 

b) 

c) 
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presumably led to an improved solubility of the catalyst within the mixture[307] and thus to further 

tremendous reduction of the gelation-times, accomplishing crosslinking within 15 minutes at room 

temperature (Table 6, entry 4). This system was even faster than the crosslinking hyperbranched PIB-

polymers (20 °C, 33 minutes) converted via the conventional CuAAC.[44] Change from the 2,4- (34a) to 

the 2,5-isomer (34b) nearly doubled the crosslinking time to 29 minutes at 20 °C (Table 6, entry 5), 

which was caused by its lower amount of crosslinking capable groups. However, rapid crosslinking was 

also provided at 10 °C, forming the network within 71 minutes (Table 6, entry 6). Further reduction of 

the temperature to 5 °C caused the condensation of water-droplets in the inner system of the device, 

leading to the deactivation of the catalyst. In turn, the increased gelation time of 663 minutes at 5 °C 

was not only caused by the lower temperature, reducing the crosslinking rate, but also by the 

condensation of water, decomposing the Cu(I)-catalyst (Table 6, entry 7). 

 
Figure 44. Melt-rheology of star-shaped picolyl azido telechelic PIBs (34a and 34b) and multivalent alkyne telechelic PIB 

(35) in presence of a Cu(I)-catalyst to form a macromolecular network by the chelation-assisted CuAAC crosslinking. 

Table 6. Network formation of the star-shaped picolyl azido telechelic PIBs (34a or 34b) (4 mmol) and PIB-alkyne (35) 

(4 mmol), using the chelation-assisted CuAAC monitored via melt rheology measurements.a) 

entry 
PIB-

azide 
catalyst 

T 

[°C] 

t(Gel)
d) 

[min]  

cM 

[M] 

cCu [M] 

(*10-2) 

k0 [M−3 

min−1] 

kcrossover 

[M−3 

min−1] 

r0 [M 

min−1] 

1b) 34a CuBr 20 870 0.254 2.54 - - - 

2b) 34a [CuBr(PPh3)3] 20 255 0.254 2.54 2 200 7 300 0.092 

3c) 34a [CuBr(PPh3)3] 20 266 0.254 2.54 400 1 000 0.017 

4 34a [CuF(PPh3)3] 20 15 0.254 2.54 -e) -e) -e) 

5 34b [CuF(PPh3)3] 20 29 0.200 2.00 3 100 9 100 0.050 

6 34b [CuF(PPh3)3] 10 71 0.200 2.00 2 500 7 500 0.041 

7 34b [CuF(PPh3)3] 5 663 0.200 2.00 -f) -f) -f) 

a) 34a or 34b was mixed with 35 (1:1) and dissolved in anhydrous DCM, followed by evaporation of the solvent. The mixture 

was subjected to the device and the catalyst (0.1 eq. per functional group) dissolved in CHCl3 (20 µL) was added as stock-

solution to start the measurement. b) 0.01 eq. of DIPEA was added; c) 0.1 eq. of DIPEA was added; d) determined via melt 

rheology, G″ = G′ at ω = 10 Hz; e) reaction was too fast for determination; f) water was disturbing the measurement. 

The rate constants near the gel point were calculated using equation 2[40, 308-309]: 
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𝑘 =
𝑒(𝑘′𝑡)−1

𝑡 ∙[𝐴]0 ∙[𝐶𝑢]2  (e2) 

For all the performed crosslinking reactions an acceleration of the reaction rates with progressing time 

was observed (see Figure 45). This autocatalytic effect was caused by an increasing concentration of the 

formed triazole rings during the proceeding crosslinking reactions, since these heterocyclic rings could 

act as internal ligands, capable of chelating copper[40, 82]. Further, the auto-acceleration of the chelation-

assisted CuAAC originated by the newly formed triazole rings should not be as strong as in the classical 

CuAAC, due to the presence of the internal pyridine ligand already at the very beginning of each 

reaction. Indeed, the acceleration factors of the chelation-assisted CuAAC varied from 2.9–3.3 (see 

Figure 45 and Table 6, entries 2, 5 and 6) and were therefore lower compared to the classical CuAAC 

approach, utilizing polymers with comparable molecular weights (acceleration factor of 3.8).[40] 

 
Figure 45. Rate-constants k vs. time, displaying the auto-acceleration-effect of the ca-CuAAC of 34a + 35 (black squares and 

red dots) and of 34b + 35 (blue and green triangles) with proceeding reaction-progress (see Table 6). 

Although the difference in the acceleration of the chelation-assisted CuAAC and the classical CuAAC 

was moderate, a substantial distinction in the calculated rate constants resulted. While the classical 

CuAAC started with a rate constant of k0 ∼ 700 M−3 min−1,[40] up to fourfold higher k0 values (2200–

3100 M−3 min−1) were observed for the crosslinking reactions, following the chelation-assisted CuAAC 

mechanism from the very beginning (Table 6, entries 2, 5 and 6). In entry 3 (see Table 6), the rate 

constant k0 was ∼ 400 M−3 min−1 and was therefore just 1/5 of k0 in entry 2 (see Table 6), leading, 

however, to identical gelation times of ∼ 260 minutes for both experiments. For crosslinking 34b + 35 

in the presence of the most active catalyst [CuF(PPh3)3], k0-values of ∼ 2500–3100 M−3 min−1 (Table 6, 

entries 5 and 6) were observed already at the very beginning of the reaction, resulting in strongly reduced 

gelation times (29–71 minutes) even at 10 °C. 

Network strand densities νx were determined for the final crosslinked materials according to equation 

(3)[310-311]: 

G𝑁 = 𝑣𝑥𝑅𝑇 =
𝜌𝑅𝑇

𝑀𝑐
 (1 −  

2𝑀𝑐

𝑀𝑛
)  (e3) 

where GN is the measured plateau modulus at ω = 100 Hz, ρ is the density of the polymer mixture, Mn 

is the average molecular weight of the polymer mixture, R is the universal gas constant (8.3145 J mol−1 

K−1), T is the temperature in K and Mc is the average molecular weight between two network points. By 

assuming a complete conversion, the maximum network strand density νx,max was calculated. The 

experimental network strand density νx,exp was determined, using the experimentally determined plateau 

moduli. Relation of the experimental and the maximum network strand density provided information 

about the amount of the formed network points during the crosslinking and thus the completeness of the 

reaction (see Table 7). Both the plateau modulus GN (1 x 104 Pa) and the calculated network strand 

density νx,exp (4 mol/m3 = 1.6% network density) were low, using CuBr as a catalyst (Table 7, entry 1), 
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which was in agreement with only slight changes observed in the viscosity during the network formation, 

indicating incomplete crosslinking, presumably due to oxidation instability of the catalyst during the 

melt rheology experiment. Exchange of CuBr to more oxidation stable [CuBr(PPh3)3] catalyst resulted 

in increased network strand densities of up to 46 mol/m3, corresponding to a network density of 18.5% 

(Table 7, entries 2 and 3). The network density was further doubled to 40.2% (network strand density: 

102 mol/m3) by change to the most active catalyst, namely [CuF(PPh3)3] (Table 7, entry 4), which was 

in accordance with the observed short gelation time (15 minutes) caused by the better solubility of 

[CuF(PPh3)3] in organic media in contrast to [CuBr(PPh3)3].[307] Network strand densities decreased to 

36 – 45 mol/m3 (network density: 20 – 25%), employing isomer 34b, which was referred to the dead 

ends, consisting of hydroxy groups, unable to conduct the CuAAC crosslinking (Table 7, entries 5 and 

6). 

Table 7. Calculated network densities based on equation (3) for crosslinking of 34a or 34b + 35 (1:1, 4 mmol). 

entry catalyst T [°C] 
PIB-

azide 
GN [Pa]a) 

vx,max 

[mol m-3] 

vx,exp 

[mol m-3] 

vx,exp/vx,max 

[%] 

1 CuBr 20 34a 1 x 104 254 4 1.6 

2 [CuBr(PPh3)3] 20 34a 1.03 x 105 254 43 16.9 

3 [CuBr(PPh3)3] 20 34a 1.13 x 105 254 46 18.1 

4 [CuF(PPh3)3] 20 34a 2.48 x 105 254 102 40.2 

5 [CuF(PPh3)3] 20 34b 8.73 x 104 181 36 19.9 

6 [CuF(PPh3)3] 10 34b 1.07 x 105 181 45 24.9 

7 [CuF(PPh3)3] 5 34b 6.05 x 104 181 26 14.4 

a) Constant value (= plateau) at ω = 100 Hz. 

IR-measurements of the finally obtained networks showed significant reduce up to disappearance of the 

azide vibration at ν ∼ 2100 cm−1 (for entry 2-7 of Table 7), indicating a full conversion of the azide. 

While the azide vibration for the crosslinking attempt, using CuBr as a catalyst (Table 7, entry 1) was 

still present, explaining the low network strand density of 1.6%. Determination of the apparent rate 

constant k’ and selected IR-spectra can be found in the appendix 7.7. 

 

3.1.4 Detection of SH-PIB via fluorogenic scratch experiments 

The evaluated crosslinking kinetics in the melt promised potential efficiency in the subsequent 

autonomous SH-approach, applying the benefits from the ca-CuAAC suiting components (34b). A 

sensing agent was designed, which should visualize the healing within the host-material. Successful 

synthesis of coumarin azide (36) was verified via NMR- and IR- analysis and ESI-ToF-MS (for spectra 

see appendix 7.8). Embedding of SH-components to PDMS and to various blends of PDMS and PIB 

failed, caused by the rejection of the two different polymer compositions (for experimental details see 

chapter 4.2.8.1.), thus an alternative was required. Therefore, a high molecular weight PIB (Mn ~ 

210 000 g/mol) was used as a matrix material, which was not restricted to mixing limitations. 

Photographs of the compounding attempts can be found in the appendix 7.9. 

Autonomous self-healing within the polymer material was probed via a fluorogenic dye, able to measure 

the damage induced “click” reaction. The specimen contained the star-shaped picolyl azido telechelic 

PIB (34b, 5 wt%), micron-sized UF-capsules filled with a trivalent alkyne (2,2-bis(prop-2-2-

ynyloxymethyl)-1-(prop-2-ynyloxy)butane (20), 10 wt%), the Cu(I)-source [(CuBr(PPh3)3], 2 wt%) and 

the non-fluorescent azido coumarin dye (36, 2.5 wt% of 34b). Scratching the specimen (37a) evoked 

the rupture of the capsules, which in turn released their inner content, inducing the healing reaction upon 

contact with the Cu(I)-catalyst and the azido components. The fluorescence emission generated in the 
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subsequent “click”-reaction was measured, emerging from the elongation of the conjugated π-system 

by the formation of the coumarin-triazole product (see Figure 46 and Figure 47a). 

 
Figure 46. Fluorogenic “click”-reaction within SH-PIB-specimen (37a). Star-shaped picolyl azido telechelic PIB (34b), UF-

capsules filled with the trivalent alkyne (20), [CuBr(PPh3)3] and the fluorogenic azido coumarin dye (36) were incorporated 

into a high molecular weight PIB matrix. Micron-sized capsule breaking was evoked by scratches, in turn the alkyne-moiety 

(20) was released and thus enabled to undergo “click”-reaction with 34b and azido coumarin (36), leading to the formation of 

the highly fluorescent triazole-product. 

The fluorogenic “click”-reaction was investigated for 24 hours at room temperature, monitoring the in 

situ fluorescence (excitation: 330 nm, emission: 450 nm) (see Figure 47a). The observed increase in the 

fluorescence intensity was related to the fluorogenic “click”-reaction indicative of the healing, 

representing the autonomous SH-approach. In turn, the alkyne (20) conducted “click” reactions with 

both, the star-shaped picolyl azido telechelic PIB 34b and the azido coumarin dye (36), which was  

 
Figure 47. Fluorescence-measurements of a) self-healing-specimen (37a), containing star-shaped picolyl azido PIB (34b), UF-

capsules filled with 20, [CuBr(PPh3)3] and azido coumarin (36). Scratching the specimen 37a with a razor-blade resulted in 

subsequent change in fluorescence-intensity, measured over a period of 24 hours at room temperature. b) Same specimen (37a) 

in absence of scratches. c) Scratching the specimen without Cu(I)-catalyst (37b) led to no change in fluorescence intensity. 

a) 

b) c) 
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visualized by the formation of the fluorogenic coumarin triazole product. In control experiments, 

missing either the impact of scratches (37a) (see Figure 47b) or the Cu(I)-source (37b) (see Figure 47c), 

no increase of fluorescence intensity was observed as a consequence of prevented “click” reactions.  

 

3.2 Design of a capsule-free sensing approach based on mechanocatalysts 

The design of an autonomous sensing approach independent of the need of micro-container protection 

to prevent premature reactions, initiated the development of a mechanocatalyst. The latent catalyst shall 

be activated just in turn of mechanical impact, providing the chemical response. A very specific design 

of the mechanocatalyst is required to ensure best force transmission to the most latent bond. Therefore, 

the labile bond shall be centered between two long polymer chains of equal length. Hence, the beneficial 

characteristics of RAFT shall be employed to provide large amounts of either PS or P-nBuA of at least 

three different molecular weights, ranging from 2 000 g/mol to 30 000 g/mol. These polymers shall be 

attached to mechanophoric precursors such as N-heterocyclic carbenes (NHC), ideally in a one pot 

polymerization strategy. Thus, limitations in functionalization of especially long polymer chains can be 

circumvented, which was commonly observed in previous synthesis strategy, subjecting bromo- 

functionalized polymer chains to quaternization reactions with N-methylimidazole.[48, 302] It was 

assumed, that the bulkiness of polymer chains longer than 15 000 g/mol were hampering an efficient 

quaternization, resulting in very low yields of the desired NHC telechelic polymers. Therefore, a new 

CTA, able to conduct RAFT and to simultaneously introduce the NHC to the polymer chain at once 

shall be synthesized, potentially enabling the accessibility to high molecular weight mechanocatalysts. 

In detail, the effect in weakening the labile bond by partially stretching long polymer chains in turn of 

incoming force, leading to the activation of the mechanocatalyst, is stronger than compared to the effect 

originated by short polymer chains, according to the TABS-theory implementing the CoGEF method[280-

283]. The dissociation energy barrier (typical values for bis(NHC)-Cu-mechanophores range from De = 

400 – 900 pN[48, 283]) in the Morse potential can be lowered, tuning the molecular weight of the polymer 

handles attached to the mechanocatalyst, which in turn can improve the bond-scission efficiency and 

thus the activity of the catalyst. Finally, a Cu(I)-source shall be enclosed by polymeric NHC-ligands, 

delivering a system, which can be activated by incoming external stress. The compression induced 

scission of the latent catalyst into the active monocarbene-Cu(I)-species shall start the fluorogenic 

“click” reaction of phenylacetylene and coumarin azide within a host-material, proving its potential 

application as an autonomous sensing approach.  

 

3.2.1 Synthesis and characterization of chain-transfer agents (CTAs) (40, 43, 44, 46) 

A CTA going to be used to conduct RAFT, acting as a radical control agent by establishing the 

equilibrium between dormant and active species, can be composed of four different classes of substances 

such as dithiobenzoate, dithiocarbamate, xanthogenate and trithiocarbonate. In this thesis imidazolium 

modified trithiocarbonates were selected as CTA, since they open the opportunity to simultaneously 

conduct RAFT polymerization and to introduce the mechanophoric precursor at once. Thus, a new 

attempt to synthesize CTA-imidazolium as ionic liquid (IL) was probed (see Figure 48), while methyl-

imidazolium was in the first instance treated with 11-bromo-undecanol, introducing the ionic-liquid 

character located at the nitrogen-atom of 38, being confirmed via assignment of all signals in 1H-NMR-

spectra. The introduced chlorine was exchanged with bis(trifluoromethane)sulfonimide anion in the next 

step, initiating the reversal of the solubility behavior of 39. Thus, excess of water-soluble 38 was 

removed by water extraction of the organic phase, containing the mixture of the desired product (39) 

and 38. The thio-bromo “click” reaction in the last step provided the CTA-imidazole (40), according to 

NMR-spectrum and ESI-ToF-MS in a yield of 96%.  
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Figure 48. Synthesis route to obtain CTA-imidazole (40). 

In 1H-NMR-spectrum the introduction of the butyl trithiocarbonate group was verified by the appearing 

signal at δ = 3.35 ppm, belonging to the methylene group next to the trithiocarbonate (see Figure 49a), 

being validated in 13C-NMR spectrum by the signal at δ = 222.1 ppm, corresponding to the thiocarbonyl 

group (see Figure 49b). The presence of the imidazolium-unit was proved by the signals at δ = 8.79 ppm, 

δ = 7.29 ppm and δ = 7.27 ppm, matching with their total integral of three to the corresponding structural 

elements. The successful implementation of the bis(trifluoromethane)sulfonimide anion was detected in 
13C-NMR spectrum by the apparent quartette at δ = 124.6 – 115.0 ppm. Coupling of the appropriate 
13carbon atom with its three adjacent 19fluoro atoms caused the splitting of this resonance into a quartet. 

ESI-ToF-MS verified both, the cationic and anionic structure (spectra can be found in the appendix 

7.10). In positive mode the peak maximum at 473.230 g/mol was assigned to the desired cationic 

structure, fitting well with its simulation of 473.232 g/mol (error: 4 ppm) ([M]+ C23H41N2O2S3
+). The in 

the negative mode apparent peak at 280.014 g/mol was assigned to the bis(trifluoromethane)sulfonimide 

anion, matching well with its simulation of 279.918 g/mol (error: 343 ppm) ([NTf2]- C2F6NO4S2
-). 

 
Figure 49. a) 1H-NMR spectrum of 40 in CDCl3; b) 13C-NMR spectrum with superimposed area (right corner) of 40 in CDCl3. 

a) 

b) 
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Previous synthesis strategy started with the treatment of methyl-imidazolium with chloro-propanol, 

followed by the addition of a tertiary bromide acid, leading to an incomplete conversion in the following 

thiol-bromo “click” reaction (see Figure 50). Thus, CTA-IL (43) contained also after purification with 

column-chromatography starting material 42, according to 1H-NMR-spectra of up to 30% and was not 

used further within this work. For experimental spectra see appendix 7.10.  

 

Figure 50. Synthesis attempt to obtain CTA-IL (43). 

In turn, a new synthesis strategy was required, leading to the conduction of test experiments, 

investigating the influence of the chain-length attached to the trithiocarbonate-group and the substitution 

grade of the carbon atom linked to the bromo position upon efficiency in conversion. Thus, both ethyl 

(see Figure 51a and Figure 51b) and butyl mercaptan (see Figure 51c and Figure 51d) were converted 

either with secondary or tertiary acid bromides. 

 
Figure 51. Investigation of influence of the chain-length of the thiol-component and substitution grade of the acid reactant to 

the outcome in subsequent thiol-bromo “click” reaction. a) Successful conversion of ethyl-thiol + secondary bromide; b) 

incomplete conversion of ethyl-thiol + tertiary bromide; c) successful conversion of butyl-thiol + secondary bromide; d) 

incomplete conversion of butyl-thiol + tertiary bromide. 

Control-experiments indicated an insignificant influence of the chain-length, but a substantial outcome 

to the completion of the thiol-bromo “click” reaction originated by the substitution grade of the carbon 

atom. Consequently, only the attempts, applying secondary bromo-components, afforded pure ethyl-

CTA (44) and butyl-CTA (46), evidenced by 13C-NMR-spectra, assigning all the appearing signals to 

the corresponding structures (see appendix 7.10). In contrast, test experiments, applying the tertiary 

bromide acids instead, resulted in incomplete conversions (45 and 47) as a consequence of the limited 

accessibility of the bromo group in the subsequent “click” reaction (see Figure 51b and 51d). Complete 

analysis screening of 40 – 47 can be found in the appendix 7.10. 

c) 

d) 

b) 

a) 
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3.2.2 Synthesis and characterization of RAFT-PS (48, 49a-m) 

The RAFT- technique, counting to the controlled radical polymerization methods, was applied to 

provide polymers of similar molecular weights (low PDI) as a consequence of the introduced 

equilibrium between dormant and active radical species.[312] The essential equilibrium is established by 

the addition of a CTA such as trithiocarbonate components, reducing the reactive radical species 

originated by the use of initiators as 2,2′-azobis(2-methylpropionitrile) (AIBN) (see Figure 52a). A 

couple of vinyl-monomers, including styrene are capable of auto-initiation at elevated temperatures (~ 

120 °C)[313-314], starting with the Diels-Alder-cycloaddition, followed by re-aromatization and 

subsequent formation of the initiating radical-species (see Figure 52b).  

 
Figure 52. a) General mechanism of RAFT polymerization, starting with the origination of radicals by thermal decomposition 

of the radical initiator (I) in initiator radical (I∙). Followed by monomer (M) polymerization, resulting in growing polymer chain 

(Pn∙), controlled by the CTA (trithiocarbonate). The established equilibrium is shifted to the dormant species, reducing the 

active radical species Pn∙, (left sided) or R∙ (right sided). b) Probable mechanism of auto-initiation of styrene: at elevated T (~ 

120 °C) two styrene monomers can undergo [4+2] cycloaddition (Diels-Alder reaction), forming the first radicals under 

involvement of a third monomer. The dimeric structure is providing the initiating species (I∙) after re-aromatization process, 

qualified to start the RAFT-polymerization in absence of initiator and solvent. 

Therefore, in bulk polymerization the addition and subsequent removal of an external initiator and a 

solvent is no longer required, facilitating the purification of the polymer. In order to establish the optimal 

force transmission of mechanical impact to the latent bond, forwarded by the polymeric backbone, the 

influence of its rigidity to the scission efficiency of the latent bond was investigated. The rigidity of the 

backbone was varied by either employing two different composition of polymers (see also chapter 3.2.3) 

and by synthesizing at least three different molecular weights of each polymer. CTA-imidazole (40) was 

added to mediate the RAFT polymerization and to introduce simultaneously the NHC-moiety as end 

group, according to the literature.[315-317] A bunch of different PS (49a – m), varying in their molecular 

weights of 3 000 g/mol – 42 000 g/mol, were afforded, adjusting the ratio between CTA-imidazole (40) 

and the amount of styrene (see Figure 53b and Table 8). The PDI-values were in the scope of 1.07 – 

1.23, confirming, in combination with the detected linear chain-growth of the polymers, the livingness 

of the performed polymerizations. Separation of the products from excess of monomer was achieved by 

precipitation in ice-cold MeOH, allowing to get rid of CTA-imidazole (40) additionally. The 

polymerization was in the first instance accomplished in toluene and in presence of AIBN as initiator at 

80 °C, providing PS (e.g., 49a) of low yields ƞ = 5 – 14% (see Table 8A, entry 2). The mismatch of the 

calculated molecular weight from NMR (20 400 g/mol) and from GPC (10 900 g/mol) indicated 

incomplete conversions. 

a) 

b) 
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Figure 53. RAFT-polymerization of styrene to afford PS with a) –COOH (48) as end group and b) -imidazole (49) as end 

group. 

Likewise, moderate results were observed, when CTA-imidazole (40) was changed to CTA-COOH (46), 

providing PS (48) (see Figure 53a and Table 8A, entry 1). Therefore, the conditions were changed, e.g. 

when polar solvents such as acetonitrile and dioxane were applied instead of nonpolar toluene (see Table 

8A, entry 3 and 4) the miss-match of the molecular weights determined by NMR and GPC for PS (49b 

– 49c) was fixed and the yields increased up to ƞ = 32 % (see Table 8A, entry 4). Consequently, the 

removal of the solvent and AIBN, employing the bulk-polymerization (T = 120 °C) completed the search 

for optimal RAFT-conditions, affording the desired good yields of ƞ = 67 – 73 % for PS (49d – 49f) 

(see Table 8B, entry 5 – 7).[315] Among all synthesized PS, three of different molecular weight (49d = 

5 900 g/mol, 49e = 11 500 g/mol and 49f = 25 300 g/mol) were chosen for further investigations. 

Detailed information of the remaining PS (49g – 49m) can be found in the chapter 4.3.2 and the appendix 

7.11. 

Table 8. Synthesis details of selected RAFT-polymerization of styrene. 

entry polymer CTA Mn(GPC)
a) [g/mol] Mn(NMR)

b) [g/mol] PDI solvent 
T 

[°C] 

yield 

[%] 

A) RAFT-polymerization using AIBN for initiation in solution 

1 48 46 3 000c) 4 200d) 1.23 toluene 80 6 

2 49a 40 10 900 20 400 1.24 toluene 80 13 

3 49b 40 4 000 4 500 1.16 MeCN 80 23 

4 49c 40 11 400 14 500 1.16 dioxane 80 32 

B) RAFT-polymerization conducted in bulk in absence of AIBN 

5 49d 40 5 900 6 000 1.07 / 120 70 

6 49e 40 11 500 11 100 1.17 / 120 67 

7 49f 40 25 300 26 000 1.15 / 120 68 

a) GPC-measurements were performed in HPLC-grade DMF with the addition of LiNTf2 (c = 10.0 mM) and molecular weight 

was determined by calibration with external PS-standards (MP ~ 1 000 - 115 000 g/mol) and detection of refractive-index. b) 

Calculated by the ratio of initiator at δ = 3.28 ppm and repetitive unit at δ = 7.24 – 6.32 ppm. c) GPC-measurements were 

performed in HPLC-grade THF and molecular weight was determined by calibration with external PS-standards (MP ~ 1 000 

- 115 000 g/mol) and detection of refractive-index. d) Calculated by the ratio of initiator at δ = 3.26 ppm and repetitive unit at 

δ = 7.24 – 6.32 ppm. 

PS (48 and 49) were characterized by GPC- and NMR- analysis, ESI-ToF-MS and MALDI-ToF-MS. 

For 48 the attachment of the trithiocarbonate group from the initiator part and COOH as head-group was 

confirmed in MALDI-ToF-MS, detecting two different species with a distance of 104 g/mol each, 

corresponding to styrene as the repetitive unit of the polymeric backbone (see Figure 54a-b). The 

absolute maximum was detected at 5171.477 g/mol, belonging to the desired structure with potassium 

a) 

b) 
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as cation, fitting well with the simulation of 5171.933 g/mol (error: 88 ppm) ([M+K]+ 

(C8H8)47C8H14O2S3K+) (see Figure 54c). The second series could be identified as the carboxylic PS (48) 

with two additional potassium cations, caused by an additional exchange of one proton versus 

potassium, leading to a peak maximum at 5209.511 g/mol, matching well with the simulation of 

5209.899 g/mol (error: 73 ppm) ([M-H+2K]+ (C8H8)47C8H13O2S3K2
+) (see Figure 54c).  

 
Figure 54. MALDI-ToF-MS of PS-COOH (48). a) Full spectrum of 48, showing two series. b) Superimposed area of spectrum 

of 34, showing distance between peaks of both series of 104 g/mol. c) Measured peaks and their simulated isotopic pattern, 

belonging to the displayed structures. 

1H-NMR-analysis verified the complete structure of PS-COOH (48) by assigning all signals to the 

apparent composition of the polymer (1H-NMR-spectrum can be found in the appendix 7.11). In NMR-

spectra of 49 singlets at δ = 8.85, 7.56, 7.52 and 3.92 ppm can be assigned to the successful introduction 

of the imidazole ligand and thus, the presence of the potential mechanophoric precursor unit (see Figure 

55a). NMR signals of the polystyrene-backbone can be found at δ = 7.24 – 6.32 ppm, corresponding to 

the aromatic unit of the polymer and as an additional multiplet at δ = 2.44 − 1.18 ppm, belonging to the 

aliphatic part of the repetitive unit. ESI-ToF-MS of 49d proved the attachment of the complete initiator 

part to the polymeric structure (see Figure 55b-c). The absolute maximum at 2556.284 g/mol of the main 

series could be assigned to the cationic part of the polymer, fitting well with the simulation of 

2556.490 g/mol (error: 81 ppm) ([M]+ (C8H8)20C23H41N2O2S3
+) (see Figure 55c). Matching of both 

isotopic pattern proved the correlation of the measured and simulated spectra. The apparent difference 

in the molecular weight determined by GPC/NMR (Mn ~ 6 000 g/mol, see Table 8B, entry 5) with the 

one displayed in ESI-ToF-MS (Mn ~ 2 600 g/mol, see Figure 55) of 49d resulted from detection 

limitations in ESI-ToF-MS-analysis. Thus, MALDI-ToF-measurements were applied for high 

molecular weight PS, providing the compliance in measured and calculated molecular weights, but 

missing the isotopic pattern resolution instead. The minor series in ESI-ToF-MS remained unidentified 

(see Figure 55b), being repeatedly observed for all MALDI-ToF-MS and ESI-ToF-MS of PS-NHCs 

(49a -49m). Selected spectra for the components can be found in the appendix 7.11. 

 

a) 

b) 
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Figure 55. Characterization of PS-NHC (49d). a) 1H-NMR spectrum of 49d in THF-d8. b) Full ESI-ToF-MS of 36d, showing 

three series and a distance of 104 g/mol, belonging to the repetitive unit of PS. c) Measured peaks (top) and their simulated 

isotopic pattern (bottom), belonging to the displayed structure. 

3.2.3 Synthesis and characterization of RAFT-P-nBuA (50, 51a-j) 

The rigidity of the polymeric backbone was also varied, polymerizing a second monomer such as n-

butyl acrylate, providing P-nBuA of lower glass transition-temperature (Tg ~ 219K) compared to 

poly(styrene), possessing an approximated Tg ~ 373 K. RAFT-polymerization was carried out, applying 

either CTA-COOH (46) to conduct a control-polymerization (see Figure 56a) or CTA-imidazole (40), 

allowing for the simultaneous introduction of the mechanophoric precursor (see Figure 56b).  

 
Figure 56. RAFT-polymerization of n-butyl acrylate to afford P-nBuA with a) –COOH (50) as end group or b) -imidazole (51) 

as end group. 

In the first instance, RAFT-polymerization was conducted in toluene, according to previous experiments 

in our own working group.[316] Contrary to literature results, P-nBuA (51a) of a low yield ƞ ~ 10% and 

a moderate PDI-value of 1.6 was afforded (see Table 9A, entry 2), which was attributed to the different 

composition of the CTAs. Thus, more polar solvents such as acetonitrile and dioxane were exploited, 

increasing the yields of P-nBuA (51b-c) up to 41%, decreasing the obtained PDI-values (1.35 – 1.48), 

but still missing a perfect match of molecular weight determined via GPC and calculated by NMR 

(molecular weight difference = 3 500 – 4 000 g/mol) (see Table 9A, entry 3 and 4). Performing the 

RAFT-polymerization in DMF resulted in P-nBuA (50, 51d-f) with low PDI-values of 1.21 – 1.30, good 

conformity of the determined molecular weights by NMR and GPC and very high yields in the range of 
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ƞ = 66 – 93% (see Table 9A, entry 1, 5, 6 and 7). In order to synthesize at least three different molecular 

weights, the ratio of CTA:M (10:500, 10:1 000, 10:2 000) was varied, accomplishing P-nBuA of 

molecular weights in between 12 700 – 37 100 g/mol, still missing thus the low-molecular weight 

polymers. Accordingly, bulk polymerization of n-butyl acrylate at 120 °C[318] was tested, avoiding the 

requirement of a solvent or the addition of AIBN (see Table 9B, entry 8 and 9), finally affording the 

desired low-molecular weight P-nBuA (51h) (Mn = 2 300 g/mol) in a moderate yield of 42% and a very 

good PDI value of 1.13 (see Table 9B, entry 9). Experimental data of the remaining P-nBuA (51i-j) can 

be found in chapter 4.3.2 and the appendix 7.12. 

Table 9. Synthesis details of RAFT-polymerization of n-butyl acrylate. 

entry polymer CTA Mn(GPC)
a) [g/mol] Mn(NMR)

b) [g/mol] PDI solvent 
T 

[°C] 

yield 

[%] 

A) RAFT-polymerization using AIBN for initiation in solution 

1 50 46 12 700c) 13 500d) 1.19 DMF 65 91 

2 51a  40 9 600 13 700 1.62 toluene 70 10 

3 51b 40 12 100 14 600 1.35 MeCN 80 41 

4 51c 40 11 200 15 300 1.48 dioxane 80 25 

5 51d 40 13 400 13 900 1.21 DMF 65 80 

6 51e 40 21 800 23 800 1.23 DMF 65 66 

7 51f 40 25 600 24 400 1.30 DMF 65 93 

B) RAFT-polymerization conducted in bulk in absence of AIBN 

8 51g 40 16 000 16 900 1.15 / 120 51 

9 51h 40 2 300 2 100 1.13 / 120 42 

a) GPC-measurements were performed in HPLC-grade DMF with the addition of LiNTf2 (c = 10.0 mM) and molecular weight 

was determined by calibration with external PBMA-standards (MP ~ 0.8 kg mol-1 – 111 kg mol-1) and detection of the refractive-

index. b) Calculated by the ratio of the methylene-group of the initiator at δ = 3.39 ppm and repetitive unit at δ = 4.12 – 

3.94 ppm, of which the integral-value of 2 was subtracted, due to overlay with methylene-group of initiator-part. c) GPC-

measurements were performed in HPLC-grade THF and molecular weight was determined by calibration with external PBMA-

standards (MP ~ 0.8 kg mol-1 – 111 kg mol-1) and detection of the refractive-index. d) Calculated by the ratio of the methylene-

group of the initiator at δ = 3.34 ppm and the repetitive unit at δ = 4.16 – 3.83 ppm. 

Polymers were characterized by MALDI-ToF-MS, GPC- and NMR- analysis. All parts of the chain 

transfer agent and the polymeric backbone can be assigned in NMR-spectrum (see Figure 57a): beside 

the signals, belonging to the imidazolium unit (for discussion see chapter 3.2.2), the remaining CTA-

part was assigned to the multiplet at δ = 4.85 ppm and the two apparent triplets at δ = 4.21 ppm and at 

δ = 3.39 ppm. Signals of the repetitive unit composed of n-butyl acrylate were found as multiplets at δ 

= 4.04 ppm, corresponding to the methylene group in adjacency of the carboxylic ester moiety and at δ 

= 0.95 ppm, belonging to the terminally methyl group and the abundant multiplets between δ = 2.40 – 

1.24 ppm of the remaining backbone. The complete proof of the structure (e.g. for 51h) was verified in 

MALDI-ToF-MS, detecting one series with its absolute maximum at 2011.391 g/mol, fitting well with 

the simulation of 2011.241 g/mol (error: 75 ppm) and its isotopic pattern ([M]+ for 

(C7H12O2)12C23H41N2O2S3
+) (see Figure 57b-c). The measured molecular weight (Mn ~ 2 000 g/mol) was 

matching well compared with these one obtained via GPC- and NMR- measurement (Mn ~ 2 200 g/mol). 

The distance of 128 g/mol of each peak was assigned to the repetitive unit, belonging to n-butyl acrylate 

(see Figure 57b). Selected spectra for the remaining P-nBuA (51a-j), including P-nBuA-COOH (50), 

can be found in the appendix 7.12. 
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Figure 57. Characterization of P-nBuA-NHC (51h). a) 1H-NMR spectrum of 51h in THF-d8; b) Full MALDI-ToF-MS of 51h, 

showing one series. Superimposed area showing a distance of peaks of 128 g/mol, corresponding to the repetitive unit of n-

butyl acrylate. c) Measured peak (top) and its simulated isotopic pattern (bottom), belonging to the displayed structure. 

3.2.4 Synthesis and characterization of PS-mechanocatalysts (52a-f)  

The synthesized PS (49d-f) and P-nBuA (51d, 37f, 37h) of different molecular weights each were now 

applied as precursors to afford mechanocatalysts, able to conduct the CuAAC reactions. The following 

polymers were subjected to the subsequent transformation (see Figure 58), starting with low-molecular 

PS (49d) of 5 900 g/mol and P-nBuA (49h) of 2 300 g/mol, slightly increased by 5 000 – 10 000 g/mol 

in case of PS (49e) (Mn ~ 11 500 g/mol) and P-nBuA (51d) (Mn ~ 13 400 g/mol) and being stopped by 

additional 10 000 g/mol for PS (51f) (Mn ~ 25 300 g/mol) and P-nBuA (51f) (Mn ~ 25 600 g/mol).  

 
Figure 58. Synthesis attempts to form the Cu(I)-mechanocatalyst by deprotonating the imidazole and adding the Cu(I)-source 

to build the desired biscarbene structure. 

Synthetic strategy started with deprotonation of the proton in between the two nitrogen atoms of the 

imidazolium-unit by addition of a base in accordance with literature.[48] A complete deprotonation (pKa 

(in water) of NHC-polymer = 19 – 23)[319-321], without affecting the polymeric backbone nor the carboxylic-

ester group, connecting the polymer-chain with the NHC unit, was crucial, thus applying either sodium 

tert-butoxide (NaOtBu) (pKa (in water) = 19)[322] or potassium 1,1,1-trimethyl-N-
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(trimethylsilyl)silanaminide (KHMDS) (pKa (in water) = 26)[323]. Both belong to the class of non-

nucleophilic bases, but differ in their corresponding pKa-values and were known to minimalize 

disturbing side-reactions towards mechanophore synthesis of NHC telechelic PIB, pTHF and PS 

precursor[302]. It was shown, that a not adequate combination of the polymer and the base can lead to 

decomposition of the formed biscarbene structure or the elimination of N-methylimidazole, leaving an 

external double bond at the end of the polymer. In case of PS-NHC this was minimal for NaOtBu, being 

the major choice within this work. Secondly, by the addition of [Cu(MeCN)4]PF6 the Cu(I)-catalyst was 

located in the center of the two polymer-arms tied by the carbene bond as NHC-Cu-NHC 

mechanocatalyst. The formation of the mechanophore unit was controlled by in situ GPC measurements 

by doubling of the molecular weight and confirmed by NMR-measurements, displaying the shift of 

NCHCHN protons attached to the imidazole-ring. 

In case of PS efficient transformation was accomplished in MeCN, verified by doubling of the molecular 

weight in GPC and the disappearance of NCHN resonance at δ = 8.93 ppm and the shift of NCHCHN 

resonances from δ = 7.56 – 7.52 ppm to δ = 6.25 – 6.22 ppm. Same experiments conducted in THF, 

toluene and mixtures were preventing the formation of the biscarbene structure, according to GPC and 

NMR (no doubling in molecular weight and no shift of protons). Furthermore, polymers (PS) of up to 

6 000 g/mol were completely dissolved in MeCN, while longer chains remained as solidified particles 

in the solution, thus forming a suspension. The dissolving power of non-polar PS decreased with 

increasing chain length in pure MeCN, preventing a complete transformation of NHC telechelic PS to 

bis(NHC)-Cu(I)-mechanocatalyst. When added a few µL of THF or toluene, in order to re-establish a 

pure solution to increase transformation efficiency, the formation of the biscarbene structure was 

disturbed immediately (according to GPC and NMR). In turn, PS mechanophore synthesis was 

conducted in pure and anhydrous MeCN, providing mixtures of the desired bis-NHC structure and of 

the unreacted NHC telechelic precursor in different ratios. Especially for the highest molecular weight 

of PS-NHC (49f) with 25 300 g/mol and thus a low dissolving amount in MeCN, the formed biscarbene 

content was low (approximately 23%), while for the lower molecular weights (49d-f) (5 900 – 

11 500 g/mol) 55 – 77% biscarbene was formed. In order to separate the precursor from the desired 

mechanocatalyst substantial purification was attempted. Separation by preparative GPC was the only 

purification method, providing mechanophores (52a-c) of high purity for 12 000 g/mol (52a) (see Figure 

59a), 23 000 g/mol (52b) (see Figure 59b) and 50 500 g/mol (52c) (see Figure 59c) in very low isolated  

 

 
Figure 59. Preparative GPC was conducted in pure HPLC-grade DMF, while analytical GPC was conducted in HPLC-grade 

DMF with the addition of LiNTf2 (c = 10.0 mM) and molecular weights were determined by calibration with external PS-

standards (MP ~ 1 000 – 115 000 g/mol) and detection of the refractive-index. a) Preparative GPC of 52a (top) and analytical 

GPC (bottom) of 52a (red) and 49d (black). b) Preparative GPC of 52b (top) and analytical GPC (bottom) of 52b (red) and 49e 

(black). c) Preparative GPC of 52c (top) and analytical GPC (bottom) of 52c (red) and 49f (black).  
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yields of 4 – 7%. This was caused by the experimental issues of the preparative GPC, requiring high 

temperatures (55 °C) and high pressures (> 10 bar) to ensure proper eluent flow during the purification 

procedure (preparative GPC, DMF as a solvent). The longer the polymer mixture was exposed to these 

conditions the more the ratio of the molecular weight distribution was shifted to the single polymer chain 

structure (= precursor), detected via strong shift from the high molecular weight peak to the low 

molecular weight one with increasing time (complete disappearing of the doubled molecular weight 

peak within three hours was observed at these conditions). When the eluent solvent was changed from 

DMF to THF, in turn allowing more moderate conditions, an immediate decomposition of the bis-NHC-

structure appeared, visualized by the greenish discoloration of the solution and verified by NMR- and 

GPC-measurements. Other purification attempts such as precipitation in CHCl3 or MeOH as well as 

column-chromatography (either Al2O3, silica or diatomaceous earth) remained insufficient. Most 

frequently the biscarbene proof in NMR disappeared (e.g., applying column-chromatography), 

indicating the unsteady composition of the mechanocatalyst with its fragile core. Only the precipitation 

of mechanocatalyst mixtures in acetonitrile was removing the excess of the base and the 

[Cu(MeCN)4]PF6 without decomposing the biscarbene structure. Thus, mixtures of bis-NHC-Cu(I)-

mechanocatalyst and NHC telechelic PS precursor (52d-f) in different ratios (23 – 76% biscarbene 

content) for three different molecular weights (10 100 – 38 700 g/mol) were afforded (see Table 10B). 

The experimental proof can be found in the appendix 7.13. In total six different mechanocatalysts were 

synthesized for PS, subdivided in pure ones (52a-c), obtained by preparative GPC in low amounts (see 

Table 10A) and mixtures of the same three molecular weights purified by simple precipitation in 

acetonitrile (52d-f), providing moderate purity (23 – 76% biscarbene content) and high yields (ƞ = 45 – 

71%) (see Table 10B). Accordingly, perfect doubling of the molecular weight (and low PDI-values: 

1.08 – 1.38) was just accomplished in case of preparative GPC purification, whereas the precipitation 

method afforded decreased molecular weights and increased PDI-values (1.36 – 1.73) (see Table 10). 

For further experimental details, see also chapter 4.3.3. 

Table 10. Overview of synthesized mechanocatalysts based on PS. 

polymer 
start-

PS 

Mn(GPC)
a) of 

36 [g/mol] 
PDI 

Mn(GPC)
a) [g/mol] 

of 52 
PDI 

biscarbene 

content [%]b) 

isolated 

yield [%] 

A) pure mechanophores purified by preparative GPC 

52a  49d 5 900 1.07 12 000 1.08 100 4 

52b 49e 11 500 1.17 23 000 1.16 100 7 

52c 49f 25 300 1.15 50 500 1.38 100 5 

B) mechanophore mixtures purified by precipitation in MeCN 

52d 49d 5 900 1.07 10 100 1.36 55 45 

52e 49e 11 500 1.17 19 200 1.73 76 57 

52f 49f 25 300 1.15 38 700 1.53 23 71 

a) Analytical GPC was conducted in HPLC-grade DMF with the addition of LiNTf2 (c = 10.0 mM) and molecular weights 

were determined by calibration with external PS-standards (MP ~ 1 000 – 115 000 g/mol) and detection of refractive-index. b) 

Determined via 1H-NMR and the ratio of imidazole-protons of precursor located at δ = 7.56 – 7.52 ppm and imidazole-protons, 

belonging to the biscarbene structure at δ = 6.25 – 6.23 ppm. Presumably apparent monocarbene structure was not taken into 

account, in turn of overlapping signals of suspected structure with multiplet at δ = 7.24 – 6.34 ppm, belonging to the aromatic 

part of the repetitive unit. 

Mechanophore structure was proven by the combination of the doubled molecular weight detected in 

GPC-analysis and the shift for the protons attached to the imidazolium-ring from δ = 7.56 – 7.52 ppm 
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(precursor) to δ = 6.25 – 6.22 ppm (biscarbene structure) monitored via 1H-NMR-measurement (see 

Figure 60).  

 
Figure 60. 1H-NMR spectrum of 52a in THF-d8. Residues of DMF were cut out. Superimposed spectrum of stacked precursor 

49d (top) and 52a (bottom).  

Synthetic attempts to provide P-nBuA mechanophores remained insufficient, even though different 

condition-setups were investigated, varying the solvents (MeCN, THF, mixture), the temperature (T = -

40 °C – +20 °C) and the amount of bases (0.5 – 2.3 eq.) (for experimental details see chapter 4.3.3. and 

appendix 7.13). It was assumed, that the high polarity of the P-nBuA backbone in combination with the 

apparent trithiocarbonate group tended to promote side-reactions at basic conditions as detected in 

NMR-spectrum, missing the shift of the NCHCHN resonances, even though doubling of the molecular 

weight was detected in GPC. Presumably, the trithiocarbonate group was hydrolysed, forming an 

elongated disulfide-bridged polymer, preventing the desired formation of the mechanocatalyst (see 

Figure 61). 

 
Figure 61. Synthesis of disulfide bridged P-nBuA preventing the formation of the desired mechanophore structure. 

3.2.5 Activation of mechanocatalysts in solution and bulk state 

Testing of the mechanocatalysts (52a-f) in solution and bulk state required appropriate experiments and 

sufficient amount of the catalyst. Limited amounts of the pure mechanocatalysts (52b-c) prevented their 

proper use in the final material, thus 52a was the only pure mechanocatalyst available to design the 

autonomous sensing material. While reserves of mechanocatalyst-mixtures (52d-f) allowed for their 

investigation in both, the solution and the bulk state. 

 

3.2.5.1 Ultra-sonication experiments of mechanocatalysts 

The efficiency of the synthesized mechanocatalysts (52d-f) was probed in solution by conducting the 

CuAAC of benzyl azide (75 mM) and phenylacetylene (75 mM) and monitoring the “click” conversion 

by in situ 1H-NMR measurements. The exposure of the system to ultra-sonication shall cleave the 

49d 

52a 
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weakest bond of the mechanocatalyst, releasing the active monocarbene-Cu(I)-species, able to catalyze 

the „click“-reaction (see Figure 62), subsequently following the normal CuAAC mechanism[48, 218-219, 302] 

(see Figure 4, chapter 1.1). The cleaving efficiency in solution upon ultra-sonication depends on the 

coil-to-stretch transformation of the polymer handles caused by the collapse of the cavitation bubbles, 

which can be tuned by the sonication power, the polymer concentration, the temperature and the 

molecular weight of the polymer handles.[273] In order to investigate only the influence of polymer 

handles to cleaving efficiency the experimental setup was adopted from literature[302], exploiting the 

same experiment conditions. In absence of ultra-sonication all coordination sites of the latent Cu(I)-

catalyst should be occupied, preventing the alkyne-coordination and thus the „click“-reaction. 

 
Figure 62. Mechanophoric activation by ultra-sonication, releasing the catalytic active Cu(I)-monocarbene species, able to 

conduct the „click“-reaction of benzyl azide and phenylacetylene. 

At first, 52d (0.01 eq., 10 100 g/mol, 55% biscarbene content) was subjected to ultra-sonication 

experiment conducted in a THF:MeOH, 30:1 mixture, providing a continuous increase of the conversion 

with increasing time and US-cycles. “Click” conversions of 36% after the third US-cycle, 62% after the 

fifth US-cycle and 75% after the tenth US-cycles were calculated via 1H-NMR measurements, 

comparing the CH2 resonances of δ = 4.34 ppm (N3) and δ = 5.58 ppm (triazole) and the increasing 

triazole resonance at δ = 8.10 ppm (see Table 11B, entry 7). Contrary, a “click” conversion of 13% 

before US was applied, led to verification via control experiments. In absence of US, employing the 

mechanocatalysts (52d-f), complete conversions within 18 hours were afforded (see Table 11A, entry 

1-3). This was presumably caused by two different reasons: first, residual monocarbene-Cu(I) species 

might be left within the mixtures of 52d-f, indicated by the bimodal distribution in GPC. The 

experimental verification in NMR is not possible, due to overlapping of the resonances of the repetitive 

PS-unit at δ = 7.27 – 6.35 ppm with the potential signals of NCHCHN of the monocarbene structure.[302] 

Second, the labile bond of 52d-f was too fragile to persist in solution in terms of the dissociation energy 

barrier in the Morse potential[280-285]. However, these catalysts missed the required latency to be applied 

as mechanocatalysts as was similar observed, using a mechanocatalyst with pTHF-handles[302]. It was 

further tried to weaken the polymer-solvent interaction[272, 274, 324] by change from THF to DMF:MeOH, 

30:1 mixtures. The “click” conversion of the CuAAC conducted in DMF:MeOH, 30:1 control 

experiments (absence of US), applying mechanocatalysts (52d-f), was indeed lower (80% in 24 hours) 

than in THF (100% after 18 hours), but was still missing the required latency (see Table 11A, entry 4-

6) to be further investigated in US solution experiments. Experimental data can be found in the appendix 

7.14. 
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Table 11. Conversion of phenylacetylene and benzyl azide in THF-d8 or DMF-d7 in presence of a Cu(I)-mechanocatalyst (52), 

applying ultra-sonication or not (control experiments)a). 

entry Cu(I)-catalyst Mn(GPC) [g/mol] solvent T [°C] US conversion [%]b) 

A control-experiments without US t [h] 1 2 18 24 

1 52d 10 100 THF:MeOH 20 off - - 100 100 

2 52e 19 200 THF:MeOH 20 off - - 100 100 

3 52f 38 700 THF:MeOH 20 off - - 100 100 

4 52d 10 100 DMF:MeOH 20 off 2 - - 80 

5 52e 19 200 DMF:MeOH 20 off 4 20 - - 

6 52f 38 700 DMF:MeOH 20 off 2 - - - 

B mechanochemical activation with US 
US-cycles 0 3 5 10 

t [h] 0 7.5 12.5 25 

7 52d 10 100 THF:MeOH 0 on 13 36 62 75 

a) For all reactions an equimolar concentration (c = 75 mM) of benzyl azide and phenylacetylene in the mentioned solvent 

mixture (30:1) was adjusted. The concentration of the Cu(I)-mechanophore (52d-f) was adjusted to c = 0.75 mM (0.01 

equivalents). b) Conversion was calculated by determining the increasing triazole-resonance at δ = 8.10 ppm and the CH2 

resonance of the triazole product at δ = 5.58 ppm. Comparison of triazole-resonance with the CH2-resonance of benzyl azide 

at δ = 4.34 ppm afforded the conversion to different period of times, when the aliquot was taken and 1H-NMR-experiments 

were conducted. 

3.2.5.2 Detection of sensing pTHF-pellets via fluorogenic compression experiments (activated via 

mechanocatalysts) 

The afforded strain rates to activate linear mechanocatalysts in solution are higher than in the solid state, 

leading to a commonly observed less performance of the same catalyst in the solid state compared to 

their solution efficiency[48, 272, 325]. Thus, the mechanocatalyst mixtures 52d-f can eventually develop 

their full potential better in the solid approach, than in solution. The effect of the increasing molecular 

weight of the polymer handles to the catalytic efficiency within a host-material was studied by 

monitoring the fluorogenic CuAAC of coumarin azide (36) and phenylacetylene within a scaffolding 

pTHF-matrix upon compression impact according to literature conditions[48, 242] (see Figure 63).  

Figure 63. Activation of mechanophores (52) upon compression leads to release of the active Cu(I)-monocarbene species, able 

to conduct the fluorogenic CuAAC. Cleaving-efficiency should increase with increasing molecular weight of the polymer 

handles attached to the labile bond. 

High molecular weight pTHF[299] (Mn(GPC) = 112 000 g/mol; crystallinity 68%), coumarin azide (36) and 

phenylacetylene (c = 1.56 ∙ 10-4 mmoldye/mgsample) were dissolved in anhydrous THF and continuously 

stirred, affording a good distribution of the components within the scaffolding matrix. To prevent 

improved scission efficiency of Cu(I)-mechanocatalysts leads to an increase of the catalytic efficiency in the CuAAC  
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premature decomposition of the (PS-NHC)2-Cu(I)-mechanocatalysts (52a, 52d–f) complete evaporation 

of THF was required, before the catalyst (dissolved in DMF) was added to the crude and viscous 

mixture. The remaining solvent was removed under reduced pressure and the complete specimen (53a-

d) were allowed to crystallize for one week in the dark at – 40 °C (47 – 61% crystallinity determined 

via DSC, see also chapter 4.3.6.1.), since crystalline regions within host-material were known to improve 

the mechanochemical force transmission[276]. Gentle pressing with a spatula was forming the pTHF 

pellet, which upon compression should induce the scission of the latent catalyst into the active Cu(I)-

monocarbene-species, able to conduct the fluorogenic CuAAC. The reaction progress was monitored 

before the pellet was subjected to the hydraulic press (0th cycle), followed by the 1st, 2nd, 3rd, 5th, 10th and 

20th compression-cycle, applying 10 tons of pressure (corresponding to 0.74 GPa) for 30 minutes (see 

Figure 64 for calculated “click” conversions and chapter 4.3.6.2. for experimental data). The increasing 

fluorescence-intensities, emitted at λ = 432 nm, were compared with previously documented calibration-

curves[48], allowing to determine the “click”-conversion (see Table 12) after each compression cycle (for 

detailed information of calibration see appendix 7.15).  

Table 12. Calculated “click”-conversions for the 20th fluorescence-compression cycle for each pTHF pellet (53a-d), containing 

the mechanocatalysts (52a, 52d-f), coumarin azide 36 and phenylacetylene. 

entry 
pTHF

-pellet 

mechanocatalyst 
fluorescence 

intensity [a.u.]c) 

“click”-conversion 

[%]d) No. 
Mn(GPC) 

[g/mol]a) 
mb) 

npure 

[µmol] 

1 53a 52a 
12 000 

(100 %) 
6.4 wt% 1.2 227 21.8 ± 0.8 

2 53b 52d 
10 100 

(55 %) 
11.0 wt% 1.2 112 11.1 ± 1.1 

3 53c 52e 
19 200 

(76 %) 
14.8 wt% 1.2 170 16.2 ± 0.3 

4 53d 52f 
38 700 

(23 %) 
19.2 wt% 0.2 143 13.1 ± 1.2 

a) Values in brackets represent the amount of Cu(I) bis(NHC) complex according to 1H-NMR analysis. b) Values represent 

wt% of the mechanocatalyst (or mixture) in the pTHF pellet. c) Average value of multiple determined fluorescence spectra at 

three different positions of the sample after excitation at λ = 382 nm and fluorescence emission at λ = 432 nm. d) Calculated 

according to eq. 5, assuming a maximum concentration of the fluorescence dye of 1.56 ∙ 10-4 mmoldye/mgsample (see appendix 

7.15). 

The highest fluorescence intensity of 227 was detected after the 20th compression cycle of pellet 53a, 

containing the pure mechanocatalyst 52a (Mn = 12 000 g/mol, 100% biscarbene), corresponding to a 

“click” conversion of p = 21.8% (see Table 12, entry 1 and Figure 64). For specimen 53b-d 

mechanocatalyst mixtures 52d-f were applied and their wt%-amount within the pellets was increased 

(up to 19.2 wt% for 53d) in order to keep the same concentration of activatable catalyst (1.2 µmol). 

Limitations in mixing of pTHF matrix and PS-mechanocatalysts and the low biscarbene content (23%) 

of the highest molecular weight mechanocatalyst 52f led to the tremendous reduce of concentration of 

the latent catalyst (0.2 µmol) within pellet 53d. However, the trend that cleaving-efficiency was 

improved with increasing molecular weight of polymer handles was still significant. Pellet 53b (55% 

biscarbene content), containing the lowest molecular weight catalyst (10 100 g/mol) was providing 

halve the „click“-conversion (p = 11.1%, fluorescence intensity: 112) of pellet 53a, containing the same 

catalyst in 100% purity (see Table 12, entry 2 and Figure 64), which was caused by the “dead” amount 

of the catalyst upon mechanochemical activation. However, doubling of the chain length (from 

6 000 g/mol to 12 000 g/mol), applying the mechanocatalyst mixture 52e (Mn = 19 200 g/mol, 76% 

biscarbene) in pellet 53c, afforded an increase in conversion to p = 16.2% (fluorescence intensity: 170) 

(see Table 12, entry 3 and Figure 64). Additional doubling of the molecular weight of the 
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mechanocatalyst (38 700 g/mol, 23% biscarbene content in 52f), subjecting pellet 53d to compression 

cycles, afforded a moderate fluorescence intensity of 143, representing a “click” conversion of p = 

13.1% (see Table 12, entry 4 and Figure 64). The marginal reduction in “click” conversion was founded 

in the tremendous decrease of mechanocatalyst content in 53d (npure = 0.2 µmol), being less than one 

fifth compared to the other pTHF pellets 53a-c (npure = 1.2 µmol). 

 
Figure 64. Graph of „click“-conversions determined after each compression cycle by fluorescent measurement by comparing 

to calibration curve of sensing-pellets (53a–d) (black, blue, red and green curve, value% represents the bis(NHC)-Cu(I) content 

within the mechanocatalyst) and of control specimen[48] without catalyst (grey curve). 

Neither the specimen missing the mechanocatalyst (see Figure 64, grey curve adopted from[48]) nor the 

ones (53b-d) missing the mechanical impact provided any increase in “click” conversion (see Figure 

64, blue, red and green curve at 0th cycle), proving the mechanochemical activation was induced by 

compression impact.[48] Just in case of pTHF pellet (53a), containing the pure mechanocatalyst (52a) an 

increase of fluorescence-emission was detected before any compression was applied, which was 

presumably caused during the crystallization of the scaffolding pTHF-matrix (see Figure 64, black curve 

at 0th cycle). The documentation and detection of the process by a UV-lamp (λ = 366 nm and 254 nm) 

clearly visualized the progress of the reaction by an increasing fluorescence-emission after each 

compression cycle (see Figure 65). 

 
Figure 65. Photographs of pTHF pellet (53a) after each compression cycle and excitation by UV-lamp (λ = 366 nm or 254 nm) 

and photographs taken at day light. 

Summed up, an autonomous and capsule free sensing approach triggered by compression impact was 

accomplished. The material (53a), containing the pure mechanocatalyst (52a), afforded the highest 

“click”-conversion of p = 21.8%, representing its capability for stress-reporting systems. While pTHF 

pellets (53b-d), consisting of mechanocatalyst-mixtures (52d-f), provided less efficiency in catalysis, 

but were demonstrating the dependency of the mechanocatalyst activation from the chain length 

anchored to the labile bond (bis(NHC)-Cu(I)). The longer the polymer chain the better the activation of 

the catalyst and the higher the “click” conversion was, indicated by a higher fluorescence intensity. 
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4 Experimental part 

 

4.1 Materials and methods 

The following reactions were carried out under dry argon atmosphere, using common Schlenk 

techniques unless noted. All solvents were purchased in technical grade and were distilled before further 

use. THF was predried over potassium hydroxide, while toluene was predried over calcium chloride. 

Final drying was done by heating under reflux over sodium/benzophenone until the blue color persists. 

Dichloromethane (DCM) was predried over calcium chloride and dried finally by refluxing over calcium 

hydride for several hours. Dimethylformamide (DMF), acetonitrile (MeCN), triethylamine (TEA) and 

butyronitrile were dried by refluxing over calcium hydride and freshly distilled prior use. n-Hexane was 

predried over KOH and freshly distilled over sodium and KOH under a nitrogen atmosphere prior to 

use. 

All chemicals were used as received without further purification unless noted. 2,4-Pyridinecarboxylic 

acid hydrate was purchased from TCI. Calcium chloride (ultra dry 99.9%), 2,4-dihydroxy benzaldehyde 

(98%) were purchased from Alfa Aesar, lithium hydroxide from Lachema, hydrochloric acid (37%) 

from Grüssing, oxalyl chloride from Merck, high molecular weight poly(isobutylene) (250 000 g/mol) 

from BASF and 4-(dimethylamino)pyridine from Fluka. Copper(I)bromide was obtained from Sigma 

Aldrich and washed with glacial acetic acid followed by dry ethanol and finally by dry diethyl ether, 

before it was dried in high vacuum and stored in a Schlenk tube within the glove box prior to use. 

Copper(I)acetate, copper charcoal (3 wt%), tris(triphenylphosphine)copper(I) bromide, 

tris(triphenylphosphine)copper(I) fluoride, potassium hexamethyldisilazide (KHMDS, 95%), sodium 

tert-butoxide (NaOtBu, 97%), tetrakis(acetonitrile)copper(I) hexafluorophosphate ([Cu(MeCN)4]PF6, 

97%), N-methylimidazole (97%), sodium iodide (99.9%), 1,4,7,10,13-pentaoxacyclopentadecane (15-

crown-5-ether, 98%), phenylacetylene (98%), copper(II) sulfate pentahydrate, sodium ascorbate, 

anhydrous sodium acetate (99%), sodium nitrite (99%), sodium azide (99.5%), methyl 

trifluoromethanesulfonate (98%) and 2,6-di-tert-butylpyridine (97%) were purchased from Sigma 

Aldrich. Graphite flakes (KFL 99.5, min 20% > 100 μm) were received from Kropfmühl AG. N-

Acetylglycine as well as acetic anhydride (99%) were purchased from VWR. Column chromatography 

was performed, using Merck silica gel 60 (230 – 400 mesh). Thin-layer chromatography (TLC) was 

carried out on Merck TLC aluminum sheets (silica gel 60 F254). Spots on TLC plates were visualized 

either by UV light with a wavelength of 254 or 366 nm or by oxidizing agents such as “blue stain”, 

consisting out of Ce(SO4)2∙4H2O (1 g) and (NH4)6Mo7O24∙4H2O (1 g) dissolved in a mixture of distilled 

water (90 mL) and concentrated sulfuric acid (6 mL). 

The synthesis of azido telechelic PIB (11) (Mn(GPC) = 2 800 g/mol, Mn(NMR) = 3 000 g/mol, PDI = 1.2) 

was done according to literature[326] by Dr. Florian Herbst, synthesis of ((2-((2-acetoxy-3-

azidopropoxy)methyl)-2-ethylpropane-1,3-diyl) bis(oxy))bis(3-azidopropane-1,2-diyl) diacetate (19) 

was done according to literature[49, 236, 327] by Neda Kargarfard, synthesis of 2,2-bis(prop-2-2-

ynyloxymethyl)-1-(prop-2-ynyloxy)butane (20) was done according to literature[42] by Jan Freudenberg, 

synthesis of the homogeneous low molecular weight bis(NHC)-catalysts (21, 22) was done according 

to literature[48] by Michel Biewend, synthesis of mono- (23)[328-329], bi- (24)[330] and trivalent initiator 

(25)[331] for LCCP[331-333] of isobutylene and subsequent endgroup transformation from allylic to hydroxy 

moiety[334-335] was done according to literature during my master’s degree, synthesis of star-shaped PIB-

alkyne (35) (Mn = 6 600 g/mol, PDI = 1.4) was done according to literature[40] by Dr. Diana Döhler, the 

synthesis and encapsulation of (2,2-bis(prop-2-2-ynyloxymethyl)-1-(prop-2-ynyloxy)butane (20) in 

urea–formaldehyde microcapsules with an average hydrodynamic diameter of 6–8 μm, using an oil-in-

water emulsion technique, was done according to literature[39, 42, 336-337] by Wilton Osim, synthesis of 



 
84 

 

high molecular weight pTHF (Mn = 112 000 g/mol)[48] and performance of calibration measurements of 

fluorogenic dye (54) within pTHF matrix[48] was done by Dr. Philipp Michael and thankfully received 

for conducting experiments. Exfoliated graphene[238] was thankfully provided by the working group of 

Prof. Feng. Parts of the DSC-experiments were conducted by Dr. Ali Shaygan Nia[49], Neda 

Kargarfard[236] and Moritz Schüller (unpublished work) and displayed within this work for better 

comparison of the present work. 

NMR spectra were recorded on a Varian Gemini 2000 (400 MHz) or on a Varian Unity Inova 500 

(500 MHz) at 27 °C. Deuterated chloroform (CDCl3), deuterated dimethylformamide (DMF-d7), 

deuterated methanol (MeOD) or deuterated tetrahydrofuran (THF-d8) were used as solvents. All 

chemical shifts are given in ppm and referred to the residual solvent signals. MestReNova software 

(version 6.0.2-5475) was used for interpretation of the NMR spectra. 

Rheology experiments were performed on an Anton Paar (Physica) MCR 101/SN 80753612 at either 

20 °C or 10 °C. For regulating the sample temperature, thermoelectric cooling/heating in a Peltier 

chamber under a dry oxygen atmosphere was applied. For all measurements parallel plates with a 

diameter of 8 mm were used. Frequency measurements were performed within the linear viscoelastic 

range. For the evaluation of the data, RheoPlus/32 software (V 3.40) and OriginPro8 were used. 

Fluorescence measurements were performed on a Cary Eclipse Fluorescence Spectrophotometer from 

Agilent Technologies. The excitation wavelength was set to 330 nm (or 360 nm) while detecting the 

fluorescence emission from 350 to 650 nm for scratch-SH approach (or 380 – 650 nm for compression 

sensing approach). The samples were fixed in a solid sample holder between two object slides out of 

quartz glass. All fluorescence experiments were repeated at least three times. For the evaluation of the 

data, Cary Eclipse Scan Applications Software (v. 1.2 (147)) and Origin Pro8G (v. 8.0951) were used.  

For inline FTIR-measurements a Bruker Vertex 70 MIR spectrometer equipped with an ATR-FTIR 

diamond probe was used. Opus 6.5 was used for analyzing the data. 

Differential scanning calorimetry (DSC) measurements were performed on a differential scanning 

calorimeter 204F1/ASC Phoenix from Netzsch. Crucibles and lids made of aluminum were used. 

Measurements were performed in a temperature range from -100 to 250 °C, using a heating rate of 

5 K/min. As purge gas a flow of dry nitrogen (20 mL/min) was used for all experiments. For evaluation 

of data the Proteus Thermal Analysis Software (Version 5.2.1) and OriginPro8 were used. 

Gel permeation chromatography (GPC) measurements were performed on a Viscotek GPCmax VE 2002 

using a HHRH Guard-17369 and a GMHHR-N-18055 column in THF at 40 °C and the detection of the 

refractive index was performed with a VE 3580 RI detector of Viscotek. For external calibration, 

PIBstandards (320 g/mol to 578 000 g/mol) from Viscotek were used. The concentration of all samples 

was 3 mg/mL and the flow rate was 1 mL/min. GPC measurements of polymers, containing ionic-

groups, were performed on a Viscotek GPCmax VE 2001, using a GMHHR-N-18055 column in DMF 

with LiNTF2 (10 mM) at 60 °C and the detection of the refractive index was performed with a VE3580 

RI detector of Viscotek at 30 °C, using a flow rate of 1 mL/min. PS standards (1.0 kg/mol – 170 kg/mol) 

from Malvern and poly(butyl methacrylate) (PBMA) standards (0.8 kg/mol – 111 kg/mol) from PSS 

were used for external calibration of analytic and preparative GPC. Preparative GPC was used to 

separate the biscarbene from the monocarbene complexes and 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 and the flow rate was 0.7 mL/min.  
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Electrospray Ionization – Time of Flight Mass Spectrometry (ESI-ToF-MS) was performed on a Bruker 

Daltonics microTOF via direct injection with a flow rate of 180 μL/h, using the positive mode with an 

acceleration voltage of 4.5 kV. Samples were prepared by dissolving the sample in THF or MeOH, 

adjusting concentrations of 0.1 mg/mL for neutral components by addition of NaI or of 0.001 mg/mL 

for positive charged ionic-components without the addition of a salt. 

Matrix Assisted Laser Desorption Ionization – Time of Flight Mass Spectrometry (MALDI-ToF-MS) 

were conducted on a Bruker Autoflex III system. The ionization was accomplished via 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) 

and an acceleration voltage of 20 kV. The molecules were detected as positive ions either in reflector or 

linear mode and the baseline subtraction as well as the smoothing of the recorded spectra were 

performed, using a three point Savitzky-Golay algorithm. The sample preparation was done spotting the 

polymer solution in a 2 mg/mL concentration in THF together with trans-2-[3-(4-tert-butylphenyl)-2-

methyl-2-propenylidene] malononitrile (DCTB) as matrix in a 20 mg/mL concentration in different 

ratios of matrix:analyte:salt on the MALDI target. LiTFA, AgTFA or NaTFA were used as salts. 

For transmission electron microscopy (TEM) the samples (Cu-TRGO and Cu-TREGO) were dispersed 

in isopropanol, using a sonication bath and spread onto a Cu grid coated with a Carbon-film. After 1 min, 

excess liquid was blotted off with filter paper. The dried specimens were examined with an EM 900 

transmission electron microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany). Micrographs 

were taken with a SSCCD SM-1k-120 camera (TRS, Moorenweis, Germany). 

XRD measurement were performed, using a Bruker AXS D8 advanced X-ray diffractometer with CuKα 

(λ = 0.15406 nm) radiation in the 2θ range between 5–80° with a scan rate of 2°/min. 

For synthesis of TRGO-Cu2O and TREGO-Cu2O a glass tube oven from Nabertherm, Mod. RSR-B120 

/ 750 / 11 was used. 

Flame atomic absorption spectroscopy (FAAS) measurements were recorded via an instrument of 

Analytik Jena AG novAA 350 #113A0641 Tech: Flame. For analysis of data Software-Version ASpect 

LS 1.4.1.0 was used. Calibration was accomplished by external and plotting methods. To determine the 

copper content samples were burnt to ashes at 800 °C and subsequently diluted with nitric acid (2 M, 

50.0 mL). Followed by mixing with 0.2wt% potassium chloride solution (0.4 g KCl dissolved in 

200.0 mL bidest. water, ratio 1:1), providing the sample, which was measured. 

Ultra-sonication experiments were conducted under inert conditions with a Sonics VCX 500 ultra-sonic 

processor at a frequency of 20 kHz equipped with a long full wave solid probe (254 mm) out of titanium 

alloy (Ti-Al-4V) with a diameter of 13 mm, an internally threaded stainless steel adapter (fitting to the 

full wave long 13 mm probe at nodal point) and a 10 mL reaction vessel with two additional 14/20 side 

necks, which was temperate at 20 °C by an external cooling bath. 30% of the maximal amplitude of 

125 μm was used, corresponding to a sonication intensity of 8.75 W/cm2 in a THF/MeOH 30:1 mixture, 

while the energy input was determined as 21 kJ per applied ultra-sonication cycle, consisting out of 

90 min sonication with a pulse sequence of 5 s on and 10 s off. 

The compression experiments were conducted on the automatic hydraulic Atlas Power Presses T15 from 

Specac together with an Atlas 13 mm evacuable pellet die applying 10 tons’ pressure. 
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4.2 Synthesis of a low temperature and fluorogenic SH approach 

4.2.1 Synthesis of picolyl azides (4, 7) 

4.2.1.1 Synthesis of 2-(6-azidomethyl)-pyridine-4-carboxylic acid (4)[43, 228, 338-340] 

 
Scheme 1. Synthetic route to obtain 2-(6-azidomethyl)-pyridine-4-carboxylic acid (4). 

2,4-Pyridinedicarboxylic acid monohydrate (10.9 mmol, 2.0 g) was suspended in methanol (12.0 mL) 

and concentrated sulfuric acid (12.0 mmol, 640 μL) was added. The solution was refluxed for 48 hours 

and subsequently allowed to cool to room temperature. The mixture was treated with saturated aqueous 

sodium bicarbonate solution until pH = 7 was achieved. The solvent was removed under reduced 

pressure. The residue was suspended in chloroform (30.0 mL) and was filtered and the organic layer 

was washed with a saturated solution of sodium chloride for several times. The organic layer was dried 

over magnesium sulfate and concentrated under reduced pressure to provide 2,4-pyridinedicarboxylic 

acid dimethyl ester (1) in a yield of 82%. Rf (ethyl acetate) = 0.61. 

1H-NMR (CDCl3, 400 MHz): δ = 8.90 (dd, 1H, 3JH,H = 4.9 Hz, 5JH,H = 0.6 Hz, CH), 8.64 (dd, 1H, 4JH,H 

= 1.5 Hz, 5JH,H = 0.8 Hz, CH), 8.03 (dd, 1H, 3JH,H = 4.9 Hz, 4JH,H = 1.6 Hz, CH), 4.03 (s, 3H, CH3), 3.98 

(s, 3H, CH3). 

13C-NMR (CDCl3, 100 MHz): δ = 165.1 (C=O), 164.8 (C=O), 150.8 (CHaromat), 149.1 (C-COOMe), 

138.8 (C-COOMe), 126.4 (CHaromat), 124.4 (CHaromat), 53.2 (CH3), 53.0 (CH3). 

2,4-Pyridinedicarboxylic acid dimethyl ester (1) (3.8 mmol, 750 mg) and ultra dry calcium chloride 

(99.99%, 17.1 mmol, 1.9 g) were dissolved in anhydrous tetrahydrofuran (6.0 mL) and anhydrous 

methanol (12.0 mL). The solution was cooled to −5 °C and subsequently sodium borohydride was added 

in small portions (5.6 mmol, 225 mg, (3 × 75 mg)). The reaction was complete after ∼ 160 minutes and 

quenched with ice-cold water (15.0 mL). The solution was extracted with chloroform (3 × 40.0 mL) and 

the combined organic layers were dried over magnesium sulfate. The solvent was removed under 

reduced pressure to afford 2-(6-hydroxymethyl)-pyridine-4-carboxylic acid methyl ester (2) in a yield 

of 66%. Rf (ethyl acetate) = 0.41. 

1H-NMR (CDCl3, 400 MHz): δ = 8.70 (d, 1H, 3JH,H = 5.1 Hz, CH), 7.83 (s, 1H, CH), 7.75 (dd, 1H, 3JH,H 

= 5.1 Hz, 4JH,H = 0.7 Hz, CH), 4.83 (s, 2H, CH2-OH), 3.96 (s, 3H, CH3). 

13C-NMR (CDCl3, 100 MHz): δ = 165.5 (C=O), 160.4 (C-CH2OH), 149.4 (CHaromat.), 138.1 (C-

COOMe), 121.6 (CHaromat.), 119.8 (CHaromat.), 64.2 (CH2-OH), 52.7 (CH3). 

2-(6-Hydroxymethyl)-pyridine-4-carboxylic acid methyl ester (2) (0.3 mmol, 50 mg) was dissolved in 

anhydrous dichloromethane (6.6 mL), followed by the addition of triethylamine (1.5 mmol, 207 μL) and 

4-methylbenzene-1-sulfonyl chloride (0.5 mmol, 87 mg). After stirring for two hours the solvent was 

removed under reduced pressure. The residue was dissolved in anhydrous tetrahydrofuran (3.3 mL) and 

sodium azide (3.0 mmol, 193 mg) was added. The reaction was stirred for further 24 hours at room 

temperature, subsequently followed by dilution with ethyl acetate (30.0 mL) and water (30.0 mL). After 

extraction of the aqueous layer with ethyl acetate (three times 30.0 mL), the combined organic layers 

were washed with a saturated solution of sodium chloride and dried over magnesium sulfate. The crude 
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product was purified by chromatography (SiO2, n-hexane/ethyl acetate 4:1, Rf = 0.65 in n-hexane/ethyl 

acetate 1:1), providing 2-(6-azidomethyl)-pyridine-4-carboxylic acid methyl ester (3) in a yield of 69%. 

1H-NMR (CDCl3, 400 MHz): δ = 8.74 (d, 1H, 3JH,H = 5.0 Hz, CH), 7.89 (s, 1H, CH), 7.79 (dd, 1H, 3JH,H 

= 5.0 Hz, 4JH,H = 1.4 Hz, CH), 4.56 (s, 2H, CH2-N3), 3.96 (s, 3H, CH3). 

13C-NMR (CDCl3, 100 MHz): δ = 165.3 (C=O), 157.0 (C-CH2N3), 150.5 (CHaromat.), 138.4 (C-COOMe), 

122.1 (CHaromat.), 121.1 (CHaromat.), 55.4 (CH2-N3), 52.8 (CH3). 

IR (bulk) [cm-1]: 2955 (w), 2105 (s), 1732 (s), 1603 (w), 1563 (w), 1438 (w), 1292 (m), 1214 (m), 1111 

(w), 762 (w). 

2-(6-Azidomethyl)-pyridine-4-carboxylic acid methyl ester (3) (2.6 mmol, 500 mg) was dissolved in 

methanol (10.0 mL), followed by the addition of a 1.0 M aqueous solution of lithium hydroxide 

(7.8 mmol, 7.8 mL). The reaction was stirred for 25 minutes at room temperature. Neutralization was 

achieved with the addition of a 1.0 M solution of aqueous hydrogen chloride. The solvent was removed 

under reduced pressure and the product was dried under high vacuum until constant weight to obtain 2-

(6-azidomethyl)-pyridine-4-carboxylic acid (4) in a quantitative yield. 

1H-NMR (DMSO-d6, 400 MHz): δ = 8.51 (d, 1H, 3JH,H = 4.9 Hz, CH), 7.74 (s, 1H, CH), 7.66 (dd, 1H, 
3JH,H = 4.9 Hz, 4JH,H = 1.1 Hz, CH), 4.48 (s, 2H, CH2-N3). 

13C-NMR (DMSO-d6, 100 MHz): δ = 167.2 (COOH), 155.7 (C-CH2N3), 149.5 (CHaromat.), 149.2 (C-

COOH), 123.1 (CHaromat.), 122.4 (CHaromat.), 55.1 (CH2-N3). 

IR (bulk) [cm-1]: 3354 (s), 2099 (s), 1603 (s), 1553 (m), 1425 (m), 1393 (m), 1335 (w), 1269 (w), 703 

(w). 

4.2.1.2 Synthesis of 2-(6-azidomethyl)-pyridine-5-carboxylic acid (7)[43, 228, 338-340] 

 
Scheme 2. Synthetic route to obtain 2-(6-azidomethyl)-pyridine-5-carboxylic acid (7). 

In a two-neck flask calcium chloride (414.5 mmol, 46.0 g) was dried, applying vacuum and simultaneous 

heating of the powder with a heating gun for 30 minutes. The anhydrous calcium chloride was suspended 

in dry tetrahydrofuran (200.0 mL) and dry methanol (400.0 mL), followed by the addition of 2,5-

pyridinedicarboxylic acid dimethyl ester (205 mmol, 20.0 g) and cooled to 0 °C. Subsequently, sodium 

borohydride was added in small portions (4 x 103 mmol, 4 x 3.9 g) and the mixture was stirred for 

further two hours at 0 °C. The reaction was monitored by TLC (SiO2, Rf = 0.63 in ethyl acetate). Once 

the reaction went to completion, cooled water (400.0 mL) was added and the reaction mixture was 

extracted with chloroform (4 x 300.0 mL). The combined organic phases were washed with water (3 x 

200.0 mL), dried over sodium sulfate and filtered. The solvent was removed under reduced pressure, 

obtaining 2-(6-hydroxymethyl)-pyridine-5-carboxylic acid methyl ester (5) as a colorless solid in a yield 

of 79%. 

1H-NMR (500 MHz, CDCl3): δ = 9.16 (d, 4JH,H = 2.1 Hz, 1H, CH), 8.29 (dd, 3JH,H = 8.1 Hz, 4JH,H = 

2.1 Hz, 1H, CH), 7.38 (d, 3JH,H = 8.1 Hz, 1H, CH), 4.83 (s, 2H, CH2-OH), 3.96 (s, 3H, CH3), 3.69 (bs, 

1H, OH). 
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13C-NMR (125 MHz, CDCl3): δ = 165.6 (C=O), 163.5 (C-CH2OH), 149.9 (CHaromat), 137.7 (CHaromat), 

124.9 (C-COOMe), 120.0 (CHaromat), 64.3 (CH2OH), 52.4 (CH3). 

ESI-ToF-MS (direct injection, NaI in MeOH 1.0 mg/mL, 0.1 mg/mL) [m/z]: [M+Na]+ C8H9NO3Na+: 

simulated: 190.0475 g/mol, measured: 190.0441 g/mol. 

In a two-neck flask 5 (23.9 mmol, 4.0 g) was suspended in dry DCM (240.0 mL) and cooled to 0 °C. 

Followed by the addition of methanesulfonyl chloride (25.8 mmol, 2.0 mL) and dry triethylamine 

(101.0 mmol, 14.0 mL), the mixture was stirred for 60 seconds at 0 °C. The solvent was removed under 

reduced pressure at 0 °C and the residue was suspended in dry THF (240.0 mL). Sodium azide 

(126.9 mmol, 8.25 g) was added and the reaction mixture was stirred for further 24 hours at room 

temperature. The suspension was filtered and the solvent was removed under reduced pressure at 40 °C. 

The crude product was diluted with water (100.0 mL) and ethyl acetate (200.0 mL). The aqueous phase 

was extracted with ethyl acetate (3 x 100.0 mL). The combined organic phases were washed with 

saturated sodium chloride solution (2 x 50.0 mL), dried over sodium sulfate and filtered. The solvent 

was removed under reduced pressure at 40 °C. The residue was purified by column chromatography 

(SiO2; Rf = 0.62 in n-hexane/ethyl acetate 2:1), obtaining 2-(6-azidomethyl)-pyridine-5-carboxylic acid 

methyl ester (6) as slightly yellow solid in a yield of 81%. 

1H-NMR (500 MHz, CDCl3): δ = 9.18 (d, 4JH,H = 1.4 Hz, 1H, CH), 8.32 (dd, 3JH,H = 8.1 Hz, 4JH,H = 

2.2 Hz, 1H, CH), 7.45 (d, 3JH,H = 8.1 Hz, 1H, CH), 4.57 (s, 2H, CH2-N3), 3.96 (s, 3H, CH3). 

13C-NMR (125 MHz, CDCl3): δ = 165.4 (C=O), 160.0 (C-CH2N3), 150.8 (CHaromat), 138.1 (CHaromat), 

125.3 (C-COOMe), 121.3 (CHaromat), 55.4 (CH2N3), 52.6 (CH3). 

ESI-ToF-MS (direct injection, NaI in MeOH 1.0 mg/mL, 0.1 mg/mL) [m/z]: [M+Na]+ C8H8N4O2Na+: 

simulated: 215.0539 g/mol, measured: 215.0471 g/mol. 

IR (bulk) [cm-1]: 3413 (w), 3062 (w), 2961 (w), 2113 (s), 1713 (s), 1597 (m), 1437 (m), 1309 (s), 1283 

(s), 1120 (m), 758 (w). 

In a two-neck flask 6 (10.1 mmol, 1.9 g) was suspended in water (40.0 mL) and methanol (40.0 mL). 

Lithium hydroxide monohydrate (46.1 mmol, 1.9 g) was added and the solution was stirred for 30 

minutes at room temperature. Subsequently, the pH-value was adjusted to 3 by the addition of diluted 

hydrochloric acid (1.0 M) and methanol was removed under reduced pressure at 40 °C. The aqueous 

solution was extracted with DCM (5 x 40.0 mL). The combined organic phases were dried over sodium 

sulfate, filtered and the solvent was removed under reduced pressure. 2-(6-Azidomethyl)-pyridine-4-

carboxylic acid (7) was afforded as a slight brownish solid in a yield of 87%. 

1H-NMR (400 MHz, DMSO-d6): δ = 13.41 (bs, 1H, COOH), 8.99 (d, 4JH,H = 2.1 Hz, 1H, CH), 8.18 (dd, 
3JH,H = 7.9 Hz, 4JH,H = 2.0 Hz, 1H, CH), 7.34 (d, 3JH,H = 7.9 Hz, 1H, CH), 4.49 (s, 2H, CH2-N3). 

13C-NMR (100 MHz, DMSO-d6): δ = 167.6 (C=O), 156.0 (C-CH2N3), 151.0 (CHaromat), 137.9 (CHaromat), 

134.7 (C-COOH), 121.7 (CHaromat), 54.8 (CH2-N3). 

ESI-ToF-MS (direct injection, NaI in MeOH 1.0 mg/mL, 0.1 mg/mL) [m/z]: [M+H]+ C7H7N4O2
+: 

simulated: 179.0564 g/mol, measured: 179.0664 g/mol. 

IR (bulk) [cm-1]: 3074 (s), 2108 (s), 1607 (s), 1589 (s), 1562 (m), 1401 (s), 1368 (s), 1347 (m), 1265 

(w), 777 (w). 
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4.2.2 In situ NMR investigations of picolyl azides 

 
Scheme 3. In-situ NMR investigations of the chelation-assisted CuAAC and the conventional CuAAC in deuterated THF. 

To determine the conversion efficiency of the ca-CuAAC 2-(6-azidomethyl)-pyridine-4-carboxylic acid 

methyl ester 3 (78 µmol, 15 mg, 1.0 equivalent) or monovalent picolyl azido telechelic PIB 28 

(4.6 µmol, 15.0 mg, 1.0 equivalents) was dissolved in THF-d8 (0.35 mL), while phenylacetylene 

(94 µmol, 10.3 μL, 1.2 eq.), the catalyst (0.05 or 0.1 eq.) and DIPEA (0.01, 0.1 or 1.2 eq.) (Table 13, 

entries 5–8) were separately dissolved in THF-d8 (0.40 mL). When using 0.01 eq. of DIPEA, a stock 

solution in THF-d8 was prepared. Mixing of the azide-containing solution and the alkyne-containing 

solution was the starting point for the in situ NMR experiments. The first NMR-experiment was recorded 

directly after mixing the solutions. Further experiments were conducted at different defined periods of 

time, while the corresponding conversion was calculated for each NMR-experiment by comparing the 

integrals of the CH2-moiety attached to the azide (educt, e.g 3: δ = 4.54 ppm) and the CH2-moiety 

attached to the triazole ring (product, e.g 8: δ = 5.79 ppm). Complete disappearing of the CH2-moiety 

attached to azide-component represented the complete conversion to 8 or 10. The same setup was used 

for control experiments of the CuAAC, exploiting either benzyl azide or azido telechelic PIB (11), 

leading to the formation of 9 or 12, respectively (see Table 13).  

1H-NMR of 8 (tetrahydrofuran-d8, 400 MHz): δ = 8.72 (d, 1H, 3JH,H = 4.8 Hz, N-CH of pyridine ring), 

8.26 (s, 1H, CH of triazole-ring), 7.87 (d, 2H, 3JH,H = 7.4 Hz, CH of phenyl ring), 7.83 (s, 1H, CH of 

pyridine ring), 7.78 (d, 1H, 3JH,H = 4.9 Hz, CH of pyridine ring), 7.45 – 7.21 (m, 3H, CH of phenyl ring), 

5.79 (s, 2H, CH2-triazole), 3.88 (s, 3H, CH3). 

ESI-ToF-MS of 8 (direct injection, NaI in THF 0.1 mg/mL, 0.1 mg/mL) [m/z]: [M+Na]+ 

C16H14N4O2Na+: simulated: 317.1009 g/mol, measured: 317.1150 g/mol; 2nd peak was found for 

[2M+Na]+ C32H28N8O4Na+: simulated: 611.2126 g/mol, measured: 611.1289 g/mol. 

1H-NMR of 9 (tetrahydrofuran-d8, 400 MHz): δ = 8.09 (s, 1H, CH of triazole-ring), 7.84 (d, 2H, 3JH,H = 

7.7 Hz, CH of phenyl ring), 7.46 – 7.19 (m, 8H, CH of phenyl ring), 5.58 (s, 2H, CH2-triazole). 
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1H-NMR of 10 (tetrahydrofuran-d8, 400 MHz): δ = 8.73 (s, 1H, N-CH of pyridine ring), 8.27 (s, 1H, CH 

of triazole-ring), 7.89 – 7.84 (m, 3H, CH of pyridine ring + CH of phenyl ring), 7.79 (d, 1H, 3JH,H = 5.0 

Hz, CH of pyridine ring), 7.46 – 7.22 (m, 3H, CH of phenyl ring), 5.78 (s, 2H, CH2-triazole), 4.28 (t, 

2H, 3JH,H = 6.8 Hz, CH2-O-C=O), 1.49 (s, CH2 of repetitive unit), 1.16 (s, CH3 of repetitive unit), 1.02 

(s, 15H, CH3 groups of initiator). 

MALDI-ToF-MS of 10: While using different matrices, salts and ionization methods, no matching 

spectrum could be found. 

IR of 10 (bulk) [cm-1]: 2950 (s), 2893 (s), 1732 (w), 1472 (m), 1389 (m), 1365 (m), 1228 (m), 949 (w), 

909 (w), 760 (w), 735 (w), 694 (w), 631 (m). 

1H-NMR of 12 (tetrahydrofuran-d8, 400 MHz): δ = 7.99 – 7.22 (m, 6H, CH of phenyl ring(product + educt) + 

CH of triazole ring), 4.36 (t, 2H, 3JH,H = 7.3 Hz, CH2-triazole), 3.23 (t, 2H, 3JH,H = 7.0 Hz, CH2-N3), 3.07 

(s, 1H, C≡CH) 1.42 (s, CH2 of repetitive unit), 1.11 (s, CH3 of repetitive unit), 0.99 (s, 15H, CH3 groups 

of initiator). 

Table 13. (A) Chelation-assisted CuAAC with 2-(6-azidomethyl)-pyridine-4-carboxylic acid methyl ester 3 (m = 15 mg, c = 

104 mM) or monovalent picolyl azido telechelic PIB 28 (m = 234 mg, c = 104 mM) and phenylacetylene (m = 9.6 mg, c = 125 

mM) at 27 °C in deuterated THF, applying different Cu(I)-catalysts investigated via in situ NMR-measurements. (B) CuAAC 

of benzyl azide or monovalent azido telechelic PIB (11) and phenylacetylene, exploiting the same conditions of (A). 

entry azide catalyst 
mcatalyst 

[mg] 
[DIPEA] [eq.] time 

conversion 

[%] 

A) NMR experiments applying the ca-CuAAC of either 3 or 28 and phenylacetylene 

1 3 [Cu(CH3CN)4]PF6
a)

 2.9 – 24 h 32 

2 3 Cu(OAc)a) 1.0 – 16 h 82 

3 3 CuBra) 1.1 – 9 h > 99 

4 3 CuBra) 1.1 1.2 (c = 125 mM) < 5 mind) > 99 

5 3 CuBra) 1.1 0.1 (c = 10.4 mM) < 5 mind) > 99 

6 3 CuBra) 1.1 0.01 (c = 1.04 mM) 17 min > 99 

7 3 [CuBr(PPh3)3]b)
 3.6 0.01 (c = 1.04 mM) 2 h 10 

8 3 Cu-TRGOc) (4.8 wt%) 2.1 – 24 h 94 

9 3 Cu/charcoala) (3 wt%) 16.5 – 9 h < 1 

10 28 CuBr(PPh3)3
a)

 7.3 – 24 h 32 

11 28 CuF(PPh3)3
 a)

 6.8 – 11 h 64 

12 28 CuBra) 1.1 – 42 min > 99 

13 28 CuBra) 1.1 0.01 (c = 1.04 mM) < 4 mind) > 99 

B) 
NMR control experiments applying the CuAAC of either benzyl azide or 11 and 

phenylacetylene 

14 benzyl azide CuBra) 1.1 0.01 (c = 1.04 mM) 110 min 7 

15e benzyl azide Cu-TRGOc) (4.8 wt%) 2.1 – 48 h 70 

16 11 [CuBr(PPh3)3]a)
 7.3 – 24 h 9 

a) 0.1 equivalents of catalyst were added. b) 0.05 equivalents of catalyst were added. c) 0.02 equivalents of catalyst were added. 

d) First NMR-spectrum showed complete conversion. e) Results are adapted from[45]. 

4.2.3 Synthesis of graphene-based copper(I)-catalysts (15, 17) 

Within this work two different heterogeneous Cu(I)-catalysts were obtained. Synthesis of Cu-TRGO 

was accomplished by starting with graphite and following the Hummers method to obtain graphene-

oxide, which was further modified with Cu(II) and reduced in an oven to finally afford catalytically 

active Cu-TRGO (15).[45, 164] Applying identical procedure to exfoliated graphene provided the second 

heterogeneous catalyst Cu-TREGO (17).  
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4.2.3.1 Synthesis of Cu-TRGO (15) 

 
Scheme 4. Synthesis of Cu-TRGO (15). 

In a three-neck flask graphite (12.0 g) was suspended in concentrated sulfuric acid (96%, 390.0 mL) and 

sodium nitrite (72.5 mmol, 5.0 g) was added. The suspension was cooled to 0 °C and potassium 

permanganate (191.0 mmol, 30.0 g) was added in small portions to ensure that the temperature was 

always kept below 5 °C. The greenish slurry was allowed to warm up to room temperature within two 

hours and was further stirred for 24 hours. The highly viscous suspension was dropped carefully into a 

big beaker filled with distilled water (1.0 L) and ice (300.0 g). Subsequently, an aqueous solution of 

hydrogen peroxide (3 wt%, 300.0 mL) was added and the mixture was stirred over night at room 

temperature. After intensive vacuum filtration of several days, the remaining residue was washed with 

an aqueous solution of HCl:H2O2, 1:1 (5 wt% each of them, 300.0 mL), followed by filtration. This 

procedure was repeated for five times, until there was no more visible bubbling when pouring the 

aqueous mixture to the crude product. In turn, the suspension was washed with distilled water. The 

superfine distributed layers were separated from the solution by centrifugation and simple decanting. 

This washing step was repeated until the supernatant was of neutral pH = 7. The remaining residue was 

freeze-dried, affording graphene-oxide (13). 

XRD (wide-angle, PD = 9.85 cm, T = 29 °C): first peak: 2Ɵ = 11.168 °, second peak: 2Ɵ = 22.068 °. 

TEM: 1 – 5 µm sized carbon sheets. 

Graphene-oxide 13 (1.0 g) and copper(II) acetate (1.65 mmol, 300.0 mg) were suspended in distilled 

water (300.0 mL) by ultra-sonication for 30 minutes. The suspension was stirred for 24 hours. The crude 

product was filtered and washed with water, followed by washing with acetone. Freeze-drying of the 

solid provided graphene-oxide, which was modified with copper(II) (14). In the next step, 14 was 

reduced in an oven at 600 °C, affording copper(I) thermally reduced graphene-oxide (Cu-TRGO, 15). 

XRD (wide-angle, PD = 9.85 cm, T = 29 °C): first peak: 2Ɵ = 26.288 °. 

TEM: 1 – 5 µm sized carbon sheets + 10 – 100 nm sized particles. 

FAAS: Cu-content = 6.8 wt% Cu/carbon. 

 

4.2.3.2 Synthesis of Cu-TREGO (17) 

Exfoliated graphene was synthesized according to published procedure (see chapter 4.1.).[238] 

XRD (wide-angle, PD = 9.85 cm, T = 29 °C): first peak: 2Ɵ = 12.677 °, second peak: 2Ɵ = 26.454 °. 

TEM: 1 – 5 µm sized carbon sheets. 

Exfoliated graphene (1.0 g) and copper(II) acetate (1.65 mmol, 300.0 mg) were suspended in distilled 

water (300.0 mL) by ultra-sonication for 30 minutes. The suspension was stirred over night. The crude 

product was washed with water, followed by washing with acetone. Freeze-drying of the solid provided 
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exfoliated-graphene-oxide modified with copper(II) (16). In the next step 16 was reduced in an oven at 

600 °C, obtaining copper(I) thermally reduced exfoliated graphene-oxide (Cu-TREGO, 17). 

XRD (wide-angle, PD = 9.85 cm, T = 29 °C): first peak: 2Ɵ = 26.501 °. 

TEM: 1 – 5 µm sized carbon sheets + 10 – 100 nm sized particles. 

FAAS: Cu-content = 5.2 wt% Cu/carbon. 

 

4.2.4 Synthesis of trimethylolpropane-tris-(pyridine-2-(6-azidomethyl)-5-carboxylat) (18) 

 
Scheme 5. Synthesis of trimethylolpropane-tris-(pyridine-2-(6-azidomethyl)-5-carboxylat) (18). 

2-(Hydroxymethyl)-2-ethylpropane-1,3-diol (3.4 mmol, 456.0 mg) and 7 (11.22 mmol, 2.0 g) were 

suspended in dry DCM (100.0 mL), before DMAP (3.1 mmol, 380.0 mg) was added. The reaction 

mixture was cooled down to 0 °C, subsequently EDC (12.3 mmol, 2.370 g) was added and the reaction 

was allowed to warm up to room temperature. The solution was stirred for 24 hours. The solvent was 

removed under reduced pressure and the obtained residue was diluted with DCM (100.0 mL) and water 

(100.0 mL). The organic phase was washed twice with a saturated solution of sodium carbonate 

(50.0 mL) and water (2 x 50.0 mL). The organic phase was dried over sodium sulfate, filtered and the 

solvent was removed under reduced pressure. Purification was done by column chromatography (SiO2; 

Rf = 0.4 in n-hexane/ethyl acetate 3:2), providing trimethylolpropane-tris-(pyridine-2-(6-azidomethyl)-

5-carboxylat) (18) as a slightly yellow solid in a yield of 84%. 

1H-NMR (500 MHz, CDCl3): δ = 9.15 (dd, 4JH,H = 2.2 Hz, 5JH,H = 0.8 Hz, 3H, CH), 8.26 (dd, 3JH,H = 

8.1 Hz, 4JH,H = 2.2 Hz, 3H, CH), 7.42 (dd, 3JH,H = 8.1 Hz, 5JH,H = 0.8 Hz, 3H, CH), 4.56 (s, 6H, CH2-N3), 

4.52 (s, 6H, CH2-O-C=O), 1.78 (q, 3JH,H = 7.6 Hz, 2H, CH2) 1.09 (t, 3JH,H = 7,6 Hz, 3H, CH3). 

13C-NMR (125 MHz, CDCl3): δ = 164.5 (C=O), 160.5 (C-CH2N3), 150.7 (C-7), 138.1 (C-8), 124.7 (C-

6), 121.4 (C-9), 64.9 (C-4), 55.3 (CH2-N3), 41.8 (C-3), 23.7 (CH2), 7.6 (CH3). 

ESI-ToF-MS (direct injection, NaI in THF 0.1 mg/mL, 0.1 mg/mL) [m/z]: [M+Na]+ C27H26N12O6Na+: 

simulated: 637.1990 g/mol, measured: 637.1976 g/mol. 

IR (bulk) [cm-1]: 2973 (w), 2095 (s), 1710 (s), 1596 (m), 1386 (m), 1260 (s), 1109 (s), 1022 (m), 956 

(m), 756 (s). 

 

4.2.5 DSC investigations of picolyl azides (+ NHC-Cu(I)-catalysts)[49] 

For DSC investigation 18 (36 µmol, 22.0 mg), trivalent alkyne 20 (36 µmol, 9.0 mg) and anhydrous 

chlorobenzene (50 wt%) were dissolved in anhydrous DCM (5.0 mL), ensuring a proper diffusion of all 

components. The solvent was removed under reduced pressure at 0 °C. The flask, containing the 

mixture, was cooled to – 5 °C. After dispersing the Cu(I)-source (0.03 equivalents = 1 mol% per 

functional group), the mixture was directly transferred to a DSC-crucible. The crucible was subjected 
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to the DSC-apparatus and its oven. Subsequently, the crucible and the reference crucible were cooled to 

– 20 °C with a cooling rate of 20 K/min. Followed by heating to 160 °C, applying a heating rate of 

5 K/min. The observed exothermic peak represents the CuAAC “click”-reaction of the components to 

the final network (see Table 14).  

 
Scheme 6. DSC investigation of network formation of the trivalent azide (18) and the trivalent alkyne (20), applying the 

chelation-assisted CuAAC mechanism and different kinds of Cu(I)-catalysts. 

Table 14. DSC investigations of „clicking“ picolyl azide (18) with trivalent alkyne (20) to form a network upon the ca-CuAAC. 

entry catalyst mol% of 18 base [eq.] TON [°C] at 5 K/min TP [°C] at 5 K/min 

1 without - - 90 120 

2a) [CuBr(PPh3)3] 3 - 44 59 

3a) [CuF(PPh3)3] 3 - 27 41 

4a) Cu-TRGO 3 - 20 38 

5 21 3 - 90 125 

6 21 10 - 90 126 

7 22 10 - 90 126 

8 21 10 DBN (0.1) 45 91 

9 21 10 DBU (0.1) 45 77 

10 22 10 DBN (0.1) 30 64 

11 22 10 DBU (0.1) 4 40 

a) Unpublished work of the working group, see chapter 4.1. 

The chelation-assisted CuAAC mechanism was compared with the conventional CuAAC, conducting 

the same DSC experiments, applying a trivalent terminal azide (19) instead of 18 (see scheme 7).  

 
Scheme 7. DSC investigation of network formation of the trivalent azide (19) and the trivalent alkyne (20), applying the 

conventional CuAAC mechanism and different Cu(I)-catalysts. 

For DSC investigation trivalent azide 19 (112 mmol, 62.4 mg) and trivalent alkyne 20 (112 mmol, 

27.8 mg) were dissolved in anhydrous DCM (5.0 mL) to ensure proper diffusion of all components. The 

solvent was removed under reduced pressure. After dispersing the Cu(I)-source (0.03 equivalents = 
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1 mol% per functional group), the mixture was directly transferred to a DSC-crucible. The crucible was 

applied to the DSC-apparatus and its oven. Subsequently, the crucible and the reference crucible were 

cooled to – 20 °C with a cooling rate of 20 K/min. Followed by heating to 160 °C, applying a heating 

rate of 5 K/min. The observed exothermic peak represents the CuAAC “click”-reaction of the 

components to the final network (see Table 15). 

Table 15. DSC investigations of „clicking“ trivalent azide (19) with trivalent alkyne (20) to form a network upon the CuAAC. 

entry catalyst mol% of 19 TON [°C] at 5 K/min TP [°C] at 5 K/min 

1a) without - 91 133 

2a) [CuBr(PPh3)3] 3 59 74 

3a) [CuF(PPh3)3] 3 39 66 

4 Cu-TRGO (15) 3 64 85 

5 Cu-TREGO (17) 3 55 76 

a) Values were adapted from literature[236], see chapter 4.1.  

4.2.6 Synthesis of picolyl azido functionalized PIBs (28, 31, 34a-b) 

Synthesis of star-shaped picolyl azido telechelic PIBs (34a, 34b) was done, using 1,3,5-tris(2-hydroxy-

2-propyl)-benzene (25) as initiator in the living carbocationic polymerization (LCCP) of isobutylene 

according to the literature followed by quenching with allyltrimethylsilane (ATMS) and further end 

group transformation to the corresponding alcohol according to known procedures.[332-334, 340-341] 

4.2.6.1 Synthesis of initiators for LCCP of isobutylene (23-25) 

 
Scheme 8. Synthesis of initiators for LCCP of isobutylene. TMPCl (23) for monovalent, DCCl (24) for bivalent and TriCuOMe 

(25) for trivalent initiation. 

For synthesis details of the monovalent initiator 2-chloro-2,4,4-trimethyl-pentane (TMPCl) (23), the 

bivalent initiator 5-tert-butyl-1,3-bis(1-chloro-1-methylethyl)-benzene (DCCl) (24) and the trivalent 

initiator 1,3,5-tris(2-methoxyisopropyl)benzene, (tricumyl methoxy, TriCuOMe) (25) for the LCCP of 

isobutylene see chapter 4.1. 
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4.2.6.2 Synthesis of picolyl azido telechelic PIBs (28, 31, 34a/b)[335, 340] 

 
Scheme 9. Synthesis of picolyl azido telechelic PIBs (28, 31, 34a/b). 

In previous investigations the allyl-functionalized PIB precursor (26, 29, 32) and subsequent 

transformation to hydroxy telechelic PIBs (27, 30, 33) were prepared according to the literature.[332-334, 

341] In the following 2-(6-azidomethyl)-pyridine-4-carboxylic acid (4) (4 eq. per functional group) was 

dissolved in anhydrous dichloromethane (5.0 mL), followed by the addition of oxalyl chloride (4 eq. per 

functional group). The reaction was heated under reflux for five hours and then allowed to cool to room 

temperature. Subsequently, either 27, 30 or 33 (1 eq.) and 4-(dimethylamino)pyridine (0.5 – 0.6 eq. per 

functional group) were dissolved in dichloromethane (2.0 – 5.0 mL) and added to the solution. Finally, 

N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (1.5 – 1.6 eq. per functional group) 

was added to the ice-cooled reaction mixture, which was then heated under reflux for three days. For 

the exact amount of reactants used to transform hydroxy telechelic PIBs (27, 30, 33) to picolyl azido 

telechelic PIBs (28, 31, 34a/b) see Table 16. In the next step the solution was diluted with 

dichloromethane (30.0 mL) and filtered. The organic layer was washed with a saturated solution of 

ammonium chloride (15.0 mL) and dried over sodium sulfate. Filtration, followed by evaporation of the 

solvent under reduced pressure afforded the crude product, which was purified by dissolving in n-hexane 

and precipitation in 15-fold excess of methanol. The final polymer was dried under high vacuum until a 

constant weight, providing the picolyl azido telechelic PIBs (28, 31, 34a/b). For the characterization 

data of monovalent telechelic PIBs (26-28) see Table 17, for bivalent telechelic PIBs (29-31) see Table 

18 and for trivalent telechelic PIBs (32-34a/b) see Table 19. 
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Table 16. Experimental conditions of PIB transformation from hydroxy- to picolyl azide moiety. 

polymer  4a) or 7b) 
 oxalyl 

chloride 

 
  DMAP 

 
EDC·HCl 

No. 
n 

[µmol] 

m 

[mg] 
 

n 

[µmol] 

m 

[mg] 

 n 

[µmol] 

V 

[µL] 

 n 

[µmol] 
m [mg] 

 n 

[µmol] 

m 

[mg] 

27 56 150  197a) 35  197 17  31 4  90 17 

30 30 100  240a) 42  240 21  30 4  96 18 

33 58 350  674a, b) 120  674 56  88 11  263 50 

a, b) Transformation of hydroxy- group to picolyl azido moiety was performed with both 2,4-regioisomer (4) and 2,5-regioisomer (7).  

Table 17. Characterization data of monovalent telechelic PIB. 

polymer Mn(theoretical) [g/mol] Mn(GPC)
a)[g/mol] Mn(NMR) [g/mol] PDIa) yield [%] 

26 3 500 3 000 3 100b) 1.16 96 

27 3 500 2 700 3 700c) 1.19 84 

28 3 700 3 000 4 100d) 1.17 89 

a) GPC-measurement was performed in THF and PIB-standards were used for the calibration. b) Calculated, according to the ratio of signals 

at δ = 5.84 ppm of the allylic head group and δ = 1.11 ppm of the repetitive unit (two CH3-groups), considering the relation of the initiator-part 

at δ = 0.99 ppm (15 H). c) Calculated, according to the ratio of signals at δ = 3.61 ppm of the CH2-moiety attached to hydroxy-group and δ = 

1.11 ppm of the repetitive unit (two CH3-groups), considering the relation of the initiator-part at δ = 0.99 ppm (15 H). d) Calculated, according 

to the ratio of signals at δ = 4.33 ppm of the CH2-moiety attached to the ester group and δ = 1.11 ppm of the repetitive unit (two CH3-groups), 

considering the relation of the initiator-part at δ = 0.99 ppm (15 H).
  

1H-NMR of 28 (CDCl3, 500 MHz): δ = 8.75 (d, 1H, 3JH,H = 5.0 Hz, CH), 7.90 (s, 1H, CH), 7.80 (d, 1H, 
3JH,H = 5.0 Hz, CH), 4.57 (s, 2H, CH2-N3), 4.33 (t, 2H, 3JH,H = 6.8 Hz, CH2-O-C=O), 1.42 (s, CH2 of 

repetitive unit), 1.11 (s, CH3 of repetitive unit), 0.99 (s, 15H, CH3 groups of initiator). 

MALDI-ToF-MS of 28 [DCTB, AgTFA or NaTFA] [m/z]: Two monovalent azido telechelic PIB 

species were found with additional silver cation as [M+Ag]+ for (C4H8)34C18H28N4O2Ag+ simulated 

2348.259 g/mol, found 2348.375 g/mol; with additional sodium trifluoroacetic acid and proton cation 

as [M+NaTFA+H]+ for (C4H8)33C18H28N4O2C2F3O2NaH+ simulated 2320.272 g/mol, found 

2320.655 g/mol. 

IR of 28 (bulk) [cm-1]: 2950 (s), 2892 (s), 2103 (w), 1734 (w), 1471 (m), 1389 (m), 1365 (m), 1229 (m), 

949 (w), 923 (w), 763 (w). 

Table 18. Characterization data of the bivalent telechelic PIB. 

polymer Mn(theoretical) [g/mol] Mn(GPC)
a)[g/mol] Mn(NMR) [g/mol] PDIa) yield [%] 

29 3 000 3 500 3 400b) 1.18 97 

30 3 000 3 300 3 900 c) 1.22 93 

31 3 400 4 000 4 100 d) 1.21 60 

a) GPC-measurement was performed in THF and PIB-standards were used for the calibration. b) Calculated, according to the ratio of signals 

at δ = 5.84 ppm of the allylic head group and δ = 1.11 ppm of the repetitive unit (two CH3-groups), considering the relation of the initiator-part 

at δ = 0.79 ppm (12 H). c) Calculated, according to the ratio of signals at δ = 3.61 ppm of the CH2-moiety attached to hydroxyl-group and δ = 

1.11 ppm of the repetitive unit (two CH3-groups), considering the relation of the initiator-part at δ = 0.79 ppm (12 H). d) Calculated, according 

to the ratio of signals at δ = 4.33 ppm of the CH2-moiety attached to the ester group and δ = 1.11 ppm of the repetitive unit (two CH3-groups), 

considering the relation of the initiator-part at δ = 0.79 ppm (12 H). 

1H-NMR of 31 (CDCl3, 500 MHz): δ = 8.75 (d, 2H, 3JH,H = 5.1 Hz, CH), 7.90 (s, 2H, CH), 7.80 (d, 2H, 
3JH,H = 5.1 Hz, CH), 7.17 (s, 3H, CH of initiator), 4.57 (s, 4H, CH2-N3), 4.33 (t, 4H, 3JH,H = 6.8 Hz, CH2-

O-C=O), 1.83 (s, 4H, CH2), 1.41 (s, CH2 of repetitive unit), 1.11 (s, CH3 of repetitive unit), 0.79 (s, 12H, 

CH3 of initiator). 

IR (bulk) of 31 [cm-1]: 2950 (s), 2894 (s), 2104 (w), 1734 (w), 1471 (s), 1389 (s), 1365 (s), 1230 (s), 

1112 (w), 949 (w), 923 (w), 762 (w), 717 (w), 686 (w). 
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The synthetic route to obtain 34b was the same as described for 34a, now applying esterification agent 

7 instead of its stereo-analogue 4. The conversion was 80%, meaning that product 34b was still mixed 

with unconverted 33 to an extent of 20 %. The final polymer was dried under high vacuum until a 

constant weight, providing trivalent azido telechelic PIB (34b) in a yield of 57%. 

Table 19. Characterization data of trivalent telechelic PIB. 

polymer Mn(theoretical) [g/mol] Mn(GPC)
a)[g/mol] Mn(NMR) [g/mol] PDIa) yield [%] 

32 6 000 4 500 6 300b) 1.34 85 

33 6 000 5 000 7 300 c) 1.32 76 

34a 6 500 6 500 6 600d) 1.33 52 

34b 6 500 5 800 6 800 d) 1.31 57 

a) GPC-measurement was performed in THF and PIB-standards were used for the calibration. b) Calculated, according to the ratio of signals 

at δ = 5.84 ppm of the allylic head group and δ = 1.11 ppm of the repetitive unit (two CH3-groups), considering the relation of the initiator-part 

at δ = 0.80 ppm (18 H). c) Calculated, according to the ratio of signals at δ = 3.61 ppm of the CH2-moiety attached to hydroxyl-group and δ = 

1.11 ppm of the repetitive unit (two CH3-groups), considering the relation of the initiator-part at δ = 0.80 ppm (18 H). d) Calculated, according 

to the ratio of signals at δ = 4.33 ppm of the CH2-moiety attached to the ester group and δ = 1.11 ppm of the repetitive unit (two CH3-groups), 

considering the relation of the initiator-part at δ = 0.80 ppm (18 H). 

1H-NMR of 34a (CDCl3, 500 MHz): δ = 8.76 (d, 3H, 3JH,H = 5.0 Hz, CH), 7.90 (s, 3H, CH), 7.80 (dd, 

3H, 3JH,H = 5.0 Hz, 4JH,H = 1.1 Hz, CH), 7.13 (s, 3H, CH of initiator), 4.57 (s, 6H, CH2-N3), 4.33 (t, 6H, 
3JH,H = 6.8 Hz, CH2-O-C=O), 1.85 (s, 6H, CH2), 1.41 (s, CH2 of repetitive unit), 1.11 (s, CH3 of repetitive 

unit), 0.80 (s, 18H, CH3 of initiator). 

MALDI-ToF-MS of 34a: [M+Ag]+ for (C4H8)88C45H54N12O6Ag+ simulated 5903.856 g/mol, found 

5903.266 g/mol. 

IR (bulk) of 34a [cm-1]: 2950 (s), 2892 (s), 2103 (w), 1734 (w), 1472 (m), 1390 (m), 1365 (m), 1229 

(m), 949 (w), 923 (w), 763 (w), 662 (w), 632 (w). 

1H-NMR of 34b (CDCl3, 400 MHz): δ = 9.20 (s, 3H, CH), 8.34 (dd, 3H, 3JH,H = 8.1 Hz, 4JH,H = 2.1 Hz, 

CH), 7.46 (d, 3H, 3JH,H = 8.1 Hz, CH), 7.14 (s, 3H, CH of initiator), 4.58 (s, 6H, CH2), 4.34 (t, 6H, 3JH,H 

= 6.7 Hz, CH2), 1.86 (s, 6H, CH2), 1.43 (s, CH2 of repetitive unit), 1.12 (s, CH3 of repetitive unit), 0.81 

(s, 18H, CH3 of initiator). 

IR (bulk) of 34b [cm-1]: 2950 (s), 2893 (s), 2105 (w), 1729 (w), 1598 (w), 1471 (m), 1389 (m), 1365 

(m), 1284 (w), 1229 (m), 1119 (w), 1025 (w), 949 (w), 924 (w), 758 (w), 632 (w). 

4.2.7 Investigation of network-formation via rheology at low temperatures[40, 47, 308-311, 340] 

Scheme 10. Crosslinking experiments of star-shaped PIBs (34a and 34b) and 35 at different temperatures.  
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For crosslinking experiments the picolyl azido functionalized and star-shaped PIB 34a or 34b (30.0 mg, 

1.0 eq.) and the alkyne functionalized and star-shaped PIB (35) (26.0 mg, 1.0 eq.) were put in a vial and 

dissolved in anhydrous CHCl3. After mixing both solutions and evaporation of the solvent under reduced 

pressure, the obtained polymer mixture was dried under high vacuum. The catalyst (CuBr, 

[CuBr(PPh3)3] or [CuF(PPh3)3]) (0.1 eq. per functional group) was dissolved in CHCl3 (20 μL) and 

added as a stock solution to the polymer blend. In cases of CuBr and [CuBr(PPh3)3], N,N-

diisopropylethylamine (DIPEA) (0.01 or 0.1 eq. per functional group) was additionally added as a stock 

solution. Subsequently, the reaction mixture was mixed with a spatula and was immediately put on the 

rheometer plate. Crosslinking experiments were performed with a strain γ of 0.1% and with an angular 

frequency ω ranging from 100 to 1 rad s−1. Gelation times were determined as a crossover of the storage 

(G′) and loss modulus (G″) at 10 rad s−1. Each measurement was stopped when the values of loss and 

storage modulus stayed constant (to two decimal places) for at least one hour. This time was considered 

as the total time. The determined plateau moduli corresponded to the storage moduli measured at this 

total time at 100 Hz. Measurements were conducted at different temperatures (see Table 20). 

Table 20. Network formation of star-shaped azido telechelic PIBs (34a or 34b) and PIB-alkyne (35) using the chelation-

assisted CuAAC to enable fast self-healing at low temperatures (10 °C) monitored via melt rheology measurements. 

ent. 
poly-

mer 
catalyst 

DIPEA 

[eq.] 

T 

[°C] 

t(Gel)
a) 

[min]  

cM 

[M] 

cCu [M] 

(*10-2) 

k0 [M−3 

min−1] 

kcrossover 

[M−3 min−1] 

r0 [M 

min−1] 

1 34a CuBr 0.01 20 870 0.254 2.54 - - - 

2 34a [CuBr(PPh3)3] 0.01 20 255 0.254 2.54 2 200 7 300 0.092 

3 34a [CuBr(PPh3)3] 0.1 20 266 0.254 2.54 400 1 000 0.017 

4 34a [CuF(PPh3)3] - 20 15 0.254 2.54 -b) -b) -b) 

5 34b [CuF(PPh3)3] - 20 29 0.200 2.00 3 100 9 100 0.050 

6 34b [CuF(PPh3)3] - 10 71 0.200 2.00 2 500 7 500 0.041 

7 34b [CuF(PPh3)3] - 5 663 0.200 2.00 -c) -c) -c) 

a) Determined via melt rheology, G″ = G′ at ω = 10 Hz. b) Reaction was too fast for determination. c) Water was disturbing 

the measurement. 

IR of network (bulk) [cm-1]: 2950 (s), 2892 (s), 1731 (w), 1599 (w), 1471 (m), 1389 (m), 1365 (m), 1292 

(w), 1229 (m), 1118 (w), 1033 (w), 949 (w), 924 (w), 828 (w), 722 (w), 694 (w). 

 

4.2.8 Synthesis of 3-azido-7-hydroxy-coumarin (36)[342] 

 
Scheme 11. Synthesis of 3-azido-7-hydroxy-coumarin (36). 

Acetic anhydride (150.0 mL) was filled in a three-neck flask equipped with a reflux-condenser, a gas-

tap and a stopper. 2,4-Dihydroxybenzaldehyde (30.0 mmol, 4.15 g, 1.0 eq.), N-acetyl-glycine 

(30.0 mmol, 3.53 g, 1.0 eq.) and anhydrous sodium acetate (120.0 mmol, 9.15 g, 4.0 eq.) were carefully 

added to the stirred solution. The mixture was heated to reflux for six hours, followed by pouring it to 

an ice-bath (750.0 mL). The brownish residue was filtered by suction-filtration and washed with cold 

distilled water for several times. The crude product was diluted with HCl (36 wt%)/EtOH 2:1 (90.0 mL) 

and heated until reflux for one hour. Subsequently, ice-cooled water (40.0 mL) was added and the 

reaction-mixture was cooled to 0 °C. Sodium nitrite (60.0 mmol, 4.16 g, 2.0 eq.) and sodium azide 

(90.0 mmol, 5.85 g, 3.0 eq.), each of them dissolved in water (10.0 mL), were added to the stirred 
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solution over a period of two hours, keeping the temperature below 5 °C. The mixture was stirred for 

further 15 minutes at room temperature. In the next step the product was separated by filtration, followed 

by washing with water for several times. Final drying in high vacuum provided 3-azido-7-hydroxy-

coumarin (36) as brownish solid in a yield of 16%. Experimental spectra can be found in the appendix 

7.8. 

1H-NMR (DMSO-d6, 400 MHz): δ = 10.52 (s, 1H, OH), 7.58 (s, 1H, CH), 7.47 (d, 1H, 3JH,H = 8.5 Hz, 

CH), 6.80 (dd, 1H, 3JH,H = 8.5 Hz, 4JH,H = 2.3 Hz, CH), 6.75 (d, 1H, 4JH,H = 2.2 Hz, CH). 

13C-NMR (DMSO-d6, 100 MHz): δ = 160.3 (C-OH), 157.3 (C-O-C=O), 152.7 (C=O), 129.1 (CH), 127.8 

(CH), 121.1 (C-N3), 113.8 (CH), 111.3 (Cquart.), 102.0 (CH). 

ESI-ToF-MS (direct injection, without addition of salt, THF 0.01 mg/mL) [m/z]: [M-H]- C9H4N3O3
-: 

simulated: 202.026 g/mol, measured: 202.025 g/mol. 

IR (bulk) [cm-1]: 3300 (w), 3050 (w), 2113 (s), 1679 (s), 1600 (s), 1454 (w), 1372 (m), 1342 (s), 1317 

(s), 1299 (s), 1257 (s), 1213 (s), 1154 (s), 1123 (s), 1065 (m), 922 (m), 856 (s), 836 (s), 750 (s), 625 (s), 

583 (m). 

 

4.2.9 Synthesis and testing of the autonomous SH approach (PIB-matrix) 

4.2.9.1 Synthesis of high molecular weight PIB SH-system (37a)[39, 240, 340] 

 
Scheme 12. Embedding procedure of SH-components to high molecular weight PIB. 

The scaffolding matrix of the SH-specimen (3 g) consisted of high molecular weight PIB 

(∼ 210 000 g/mol, 2.49 g), which was dissolved in n-hexane (40.0 mL) overnight. To this highly viscous 

mixture, star-shaped picolyl azido telechelic PIB (34b) (5 wt%, 146.0 mg) dissolved in n-hexane 

(1.0 mL), UF-capsules, containing (2,2-bis(prop-2-2-ynyloxymethyl)-1-(prop-2-ynyloxy)butane (20) 

(10 wt%, 300.0 mg), [CuBr(PPh3)3] (2 wt%, 60.0 mg) and 3-azido-7-hydroxy-coumarin 36 (2.5 wt% of 

34b, 4.0 mg) were added. The components were homogeneously mixed by using a VORTEX-GENIE® 

touch mixer. The pressure was reduced carefully to 150 mbar and kept at this level for at least ten 

minutes to get rid of air-bubbles. The viscous mixture was poured into a mold and kept at 50 °C 

overnight. A specimen of approximate dimensions of 5 mm × 13 mm × 0.8 mm was cut out with a razor 

blade, yielding 37a. For control experiments a second specimen was synthesized without catalyst 

([CuBr(PPh3)3]), therefore the amount of high molecular weight PIB was increased to 2.55 g, 

representing 37b. 

In previous attempts pure PDMS-matrices and PDMS-PIB-blends as embedding materials were tested 

unsuccessfully (see Table 21). At first, optimal conditions (vacuum, form and size of mold) needed to 

be found to obtain air-bubble free specimen (Table 21, entry 1-4). Followed by attempts to introduce 
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UF-capsules, applying a layer by layer strategy (Table 21, entry 5-6), leading to rejection of the layers 

or the collection of capsules at the ground of the mold. Further attempts were made, using PDMS-PIB 

blends (90:10 or 95:5), which however led in all cases to rejection of the different matrix compositions 

(Table 21, entry 7-11). Thus, PIB-matrix was applied, affording a neat specimen (Table 21, entry 12), 

which was also compatible with capsule- and PIB fillers (Table 21, entry 13), enabling the synthesis of 

the SH specimen 37a (Table 21, entry 14) and the control specimen 37b (Table 21, entry 15). For 

photographs of different attempts see also appendix 7.9. 

Table 21. Embedding attempts of SH-components to different polymer-matrices to finally obtain a SH-specimen. 

entry polymer catalyst matrix alkyne attempts observations 

1  - - PDMS - temperature curing bubbles in matrix 

2  - - PDMS - vacuum over night  destroyed matrix 

3  - - PDMS - vacuum (2 min)a) neat thin blank 

4 - - PDMS - stretched deep mold insufficient curing 

5 - - PDMS - 
double layer + 

round moldb) 

neat layers reject 

each other 

6 - - PDMS 10 wt% 
triple layer (neat-

alkyne-neat) 

capsules collect at 

the ground 

7 - - PDMS-PIB, 95:5 - test of compatibility rejection 

8 - - PDMS-PIB, 90:10 - test of compatibility rejection 

9 - 2.0 wt% PDMS-PIB, 95:5 15 wt% test of compatibility rejection 

10 - - PDMS-PIB, 95:5 15 wt% test of compatibility rejection 

11 - 0.7 wt% 
PDMS-PDMS:PIB, 

95:5-PDMS 
10 wt% 

test of compatibility 

(triple layer) 
rejection 

12 - - PIB - 
vacuum (2 min), 

round deep mold 
neat blank 

13 5.0 wt% 2.0 wt% PIB 10 wt% random PIB used neat test specimen 

14 5.0 wt% 2.0 wt% PIB 10 wt% SH specimenc) neat 37a 

15 5.0 wt% - PIB 10 wt% control-specimenc) neat 37b 

a) Once, the problem of appearing bubbles inside the matrix was solved, this procedure was applied to all following attempts. 

b) Drying in deep round mold was more efficient than in stretched mold, thus the round mold was used for all following 

attempts. c) Coumarin azide (36) (2.5 wt% of 34b) was added. 

4.2.9.2 Detection of SH via fluorogenic scratch-experiment (PIB-system)[51, 340] 

 
Scheme 13. Scratch experiments of SH-specimen monitored via fluorescence measurements. 

The specimen (37a), containing the star-shaped picolyl azido telechelic PIB (34b, 5 wt%, 146 mg), 

micron-sized UF-capsules with an average hydrodynamic diameter of 6 – 8 µm filled with a trivalent 

alkyne (2,2-bis(prop- 2-2-ynyloxymethyl)-1-(prop-2-ynyloxy)butane (20) (10 wt%, 300 mg), the Cu(I)-

source ([CuBr(PPh3)3], 2 wt%, 60 mg) and 3-azido-7-hydroxy-coumarin 36 (2.5 wt% of 34b, 4 mg) was 
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scratched several times with a razor blade. The specimen was subsequently put in between two glass 

quartz plates and fixed within the sample holder. The measured fluorescence emission was increasing 

in consequence of the formation of the highly fluorogenic “click” product (λex = 330 nm, λem = 450 nm). 

The fluorogenic “click”-reaction within the PIB-matrix was measured every five minutes over a course 

of 24 hours at room temperature. Same procedure was employed to control-specimen 37b (without 

Cu(I)-catalyst). In a second control experiment, using unscratched specimen 37a, measurement was 

performed every five minutes over a period of six hours. 

 

4.3 Synthesis of an autonomous and capsule-free sensing approach 

4.3.1 Synthesis of CTAs for RAFT polymerization 

4.3.1.1 Synthesis of CTA-IL (40, 43)[343-345] 

 
Scheme 14. Synthetic route to obtain CTA-IL (40). 

N-Methylimidazole (50.4 mmol, 4.0 mL) and 11-bromo-undecanol (55.4 mmol, 13.9 g) were dissolved 

in chloroform and heated under reflux for 24 hours. The solvent was evaporated subsequently under 

reduced pressure and the crude product was washed with diethyl ether (three times x 10.0 mL). The 

highly viscous oil was dissolved in DCM (15.0 mL) and dried over sodium sulfate. Followed by 

filtration and removing of the solvent under reduced pressure. Drying at high vacuum afforded 3-(11-

hydroxyundecyl)-1-methylimidazolium bromide (38) as a colorless oil in a yield of 92%. 

1H-NMR (DMSO-d6, 400 MHz): δ = 9.19 (s, 1H, N-CH-N), 7.78 (t, 1H, 3JH,H = 7.8 Hz, CH), 7.71 (t,  

1H, 3JH,H = 7.8 Hz, CH), 4.29 (t, 2H, 3JH,H = 5.1 Hz, OH), 4.14 (t, 2H, 3JH,H = 7.2 Hz, N-CH2), 3.84 (s, 

3H, CH3), 3.34 (q, 2H, 3JH,H = 6.4 Hz, CH2-OH), 1.76 (quint, 2H, 3JH,H = 7.3 Hz, CH2), 1.36 (quint, 2H, 
3JH,H = 6.4 Hz, CH2), 1.28 − 1.18 (m, 14H, CH2). 

13C-NMR (DMSO-d6, 100 MHz): δ = 136.5 (N-CH-N), 123.5 (CH), 122.2 (CH), 60.6 (CH2-OH), 48.7 

(N-CH2), 35.7 (CH3), 32.5 (CH2), 29.3, 29.0, 28.9, 28.9, 28.8, 28.3, 25.5, 25.4. 

ESI-ToF-MS (direct injection, without addition of salt, MeOH 0.001 mg/mL) [m/z]: [M]+ C15H29N2O+: 

simulated: 253.227 g/mol, measured: 253.230 g/mol. 

3-(11-Hydroxyundecyl)-1-methylimidazolium bromide (38) (45.0 mmol, 15.0 g, 1.0 eq.) was dissolved 

in anhydrous DCM and 2-bromo-propionic acid bromide (135.0 mmol, 29.1 g, 3.0 eq.) was added in 

drops over a period of 30 minutes. The reaction was allowed to stir for 48 hours at room temperature. 

The solvent was evaporated under reduced pressure and the crude product was diluted with water 

(20.0 mL), followed by the addition of lithium bis(trifluoromethane)sulfonimide (49.5 mmol, 14.2 g, 

1.1 eq.). The resulting suspension was extracted five times with DCM (each 20.0 mL). The combined 
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organic layers were dried over magnesium sulfate and filtered. Removing the solvent under reduced 

pressure provided 3-(11-(2-brompropionyloxy)undecyl)-methyl-1-imidazolium bis(trifluoro-

methane)sulfonimide (39) as a colorless oil in a yield of 87%. 

1H-NMR (CDCl3, 400 MHz): δ = 8.75 (s, 1H, N-CH-N), 7.31 (t, 1H, 3JH,H = 1.8 Hz, CH), 7.29 (t,  1H, 
3JH,H = 1.8 Hz, CH), 4.36 (q, 2H, 3JH,H = 6.9 Hz, H3C-CH), 4.20 − 4.09 (m, 4H, CH2), 3.94 (s, 3H, N-

CH3), 1.90 − 1.81 (m, 2H, CH2), 1.81 (d, 2H, 3JH,H = 6.9 Hz, HC-CH3), 1.65 (quint, 2H, 3JH,H = 6.6 Hz, 

CH2), 1.41 − 1.20 (m, 14H, CH2). 

13C-NMR (CDCl3, 100 MHz): δ = 170.3 (C=O), 136.1 (N-CH-N), 123.6 (CH), 122.2 (CH), 119.9 (q, J 

= 321.2 Hz, CF3), 66.1 (CH2-O), 50.2 (N-CH2), 40.4 (H3C-CH), 36.3 (N-CH3), 30.0 (CH2), 29.3, 29.2, 

29.1, 29.0, 28.8, 28.3, 26.1, 25.6, 21.7 (HC-CH3). 

19F-NMR (CDCl3, 375 MHz): δ = -79.00 (CF3). 

ESI-ToF-MS (direct injection, without addition of salt, THF 0.001 mg/mL) [m/z]: (positive mode) [M]+ 

C18H32N2O2Br+: simulated: 387.164 g/mol, measured: 387.166 g/mol. (negative mode) [NTf2]− 

C2F6NO4S2
-: simulated: 279.918 g/mol, measured: 279.951 g/mol. 

1-Butanethiol (361 mg, 4.5 mmol, 1.1 eq.) was dissolved in a mixture of distilled water (3.0 mL), 

aqueous sodium hydroxide solution (0.36 g, 50 wt%) and acetone (1.0 mL) and stirred at room 

temperature for 30 min. Subsequently, the solution was cooled to 0 °C and carbon disulfide (343 mg, 

4.5 mmol, 1.1 eq.) was added dropwise and stirred for further 30 min at room temperature. The yellowish 

solution was cooled below 10 °C and 39 (2.74 g, 4.1 mmol, 1.0 eq.) was added in the countercurrent of 

argon. Distilled water (3.0 mL) was added and the reaction mixture was stirred overnight at room 

temperature. The solution was diluted with water (5.0 mL), extracted with dichloromethane (DCM) (3 

x 20.0 mL) and the combined organic layers were dried over magnesium sulfate. The solvent was 

removed under reduced pressure, providing the crude product, which was finally purified by column 

chromatography on silica (solvent mixture DCM/MeOH 4:1, TLC: Rf = 0.1 in pure DCM), obtaining 1-

((11-(3-methylimidazolium)un-decyloxy)carbonyl)ethyl butyl carbonotrithioate 

bis(trifluormethyl)sulfonimide (40) as a yellow oil in yields of 96%. 

1H-NMR (CDCl3, 400 MHz): δ = 8.79 (s, 1H, N-CH-N), 7.29 (t,  1H, 3JH,H = 1.6 Hz, CH), 7.27 (t,  1H, 
3JH,H = 1.7 Hz, CH), 4.79 (q, 2H, 3JH,H = 7.4 Hz, H3C-CH), 4.17 (t, 2H, 3JH,H = 7.5 Hz,O-CH2), 4.12 (dt, 

2H, 3JH,H = 6.7, 4JH,H = 3.5 Hz, N-CH2), 3.95 (s, 3H, N-CH3), 3.35 (dt, 2H, 3JH,H = 7.3, 4JH,H = 1.0 Hz, S-

CH2), 1.86 (quint, 2H, 3JH,H = 7.3 Hz, CH2), 1.71 − 1.61 (m, 4H, CH2), 1.60 (d, 3H, 3JH,H = 7.4 Hz, HC-

CH3), 1.42 (sext, 2H, 3JH,H = 7.4 Hz, H3C-CH2), 1.37 − 1.23 (m, 14H, CH2), 0.93 (t, 3H, 3JH,H = 7.4 Hz, 

H2C-CH3). 

13C-NMR (CDCl3, 100 MHz): δ = 222.1 (C=S), 171.2 (C=O), 136.3 (N-CH-N), 123.6 (CH), 122.1 (CH), 

119.8 (q, J = 321.2 Hz, CF3), 65.9 (CH2-O), 50.3 (N-CH2), 48.1 (H3C-CH), 36.9 (N-CH3), 36.4 (S-CH2), 

30.0 (CH2), 29.9, 29.3, 29.3, 29.1, 29.0, 28.8, 28.4, 26.1, 25.7, 22.0 (H3C-CH2), 16.9 (HC-CH3), 13.6 

(H2C-CH3). 

ESI-ToF-MS (direct injection, without addition of salt, THF 0.001 mg/mL) [m/z]: (positive mode) [M]+ 

C23H41N2O2S3
+: simulated: 473.232 g/mol, measured: 473.230 g/mol. (negative mode) [NTf2]− 

C2F6NO4S2
-: simulated: 279.918 g/mol, measured: 280.014 g/mol. 

A previous synthesis strategy made use of a tertiary bromide, providing in the last step a mixture of 1-

((11-(3-methylimidazolium)propyloxy)carbonyl)2-methyl-ethyl butyl carbonotrithioate 
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bis(trifluormethyl)sulfonimide (43) and 3-(11-(2-bromo-2-methyl-propionyloxy)propyl)-methyl-1-

imidazolium bis(trifluoromethane)sulfonimide (42) in turn of insufficient conversion and purification: 

 
Scheme 15. Synthetic route attempt to obtain CTA-IL (43). 

N-Methylimidazole (50.4 mmol, 4.0 mL) and 3-chloro-propanol (55.4 mmol, 4.63 mL) were mixed in 

a one-neck flask and heated to 80 °C for 24 hours. Cooling to room temperature afforded the crude 

product, which was washed with diethyl ether (three times x 10.0 mL). Final drying at high vacuum 

provided 3-(11-hydroxypropyl)-1-methylimidazolium chloride (41) as a colorless oil in a yield of 90%. 

1H-NMR (DMSO-d6, 400 MHz): δ = 9.31 (t, 1H, J = 1.6 Hz, N-CH-N), 7.80 (t, 1H, 3JH,H = 1.8 Hz, CH), 

7.72 (t, 1H, 3JH,H = 1.8 Hz, CH), 4.92 (t, 2H, 3JH,H = 5.2 Hz, OH), 4.23 (t, 2H, 3JH,H = 7.0 Hz, N-CH2), 

3.84 (s, 3H, CH3), 3.38 (q, 2H, 3JH,H = 5.6 Hz, CH2-OH), 1.91 (quint, 2H, 3JH,H = 7.0 Hz, 3JH,H = 5.9 Hz, 

CH2). 

13C-NMR (DMSO-d6, 100 MHz): δ = 136.8 (N-CH-N), 123.5 (CH), 122.4 (CH), 56.8 (CH2-OH), 46.1 

(N-CH2), 35.7 (CH3), 32.4 (CH2). 

3-(11-Hydroxypropyl)-1-methylimidazolium chloride (41) (45.0 mmol, 15.0 g, 1.0 eq.) was dissolved 

in anhydrous DCM and 2-bromo-propionic acid bromide (135.0 mmol, 29.1 g, 3.0 eq.) was added in 

drops over a period of 30 minutes. The reaction was allowed to stir for 48 hours at room temperature. 

After evaporation of the solvent under reduced pressure the crude product was diluted with water 

(20.0 mL), followed by the addition of lithium bis(trifluoromethane)sulfonimide (49.5 mmol, 14.2 g, 

1.1 eq.). The resulting suspension was extracted five times with DCM (each 20.0 mL). The combined 

organic layers were dried over magnesium sulfate and filtered. The solvent was removed under reduced 

pressure, providing 3-(11-(2-bromo-2-methyl-propionyloxy)propyl)-methyl-1-imidazolium 

bis(trifluoromethane)sulfonimide (42) as a colorless oil in a yield of 87%. 

1H-NMR (CDCl3, 400 MHz): δ = 8.75 (t, 1H, J = 1.6 Hz, N-CH-N), 7.39 (t, 1H, 3JH,H = 1.8 Hz, CH), 

7.32 (t, 1H, 3JH,H = 1.8 Hz, CH), 4.33 (t, 2H, 3JH,H = 7.1 Hz, N-CH2), 4.23 (t, 2H, 3JH,H = 5.8 Hz, O-CH2), 

3.94 (s, 3H, N-CH3), 2.30 (quint, 2H, 3JH,H = 7.1 Hz, 3JH,H = 5.8 Hz, CH2), 1.92 (s, 6H, CH3). 

13C-NMR (CDCl3, 100 MHz): δ = 171.4 (C=O), 136.3 (N-CH-N), 123.8 (CH), 122.6 (CH), 119.8 (q, J 

= 321.2 Hz, CF3), 61.8 (CH2-O), 56.1 (Cquart.), 47.0 (N-CH2), 36.4 (N-CH3), 30.5 (CH3), 29.0 (CH2). 

ESI-ToF-MS (direct injection, without addition of salt, MeOH 0.001 mg/mL) [m/z]: [M]+ 

C11H18N2O2Br+; simulated: 289.055 g/mol, measured: 289.047 g/mol. 

Ethanethiol (1.4 mmol, 104 µL, 2.0 eq.) and triethylamine (1.4 mmol, 194 µL, 2.0 eq.) were dissolved 

in anhydrous THF (20.0 mL). Carbon disulfide (1.4 mmol, 84 µL, 2.0 eq.) dissolved in anhydrous THF 
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(5.0 mL) was slowly added to the stirred solution. The yellowish mixture was cooled to 0 °C and stirred 

for one hour. Subsequently, 42 (0.7 mmol, 400.0 mg, 1.0 eq.) dissolved in anhydrous THF (5.0 mL) was 

added dropwise to the ice-cooled solution, which was stirred over a period of 24 hours. The solvent was 

removed under reduced pressure, the resulting residue was diluted with DCM (20.0 mL) and washed 

three times with water (3 x 15.0 mL). After drying over sodium sulfate, the suspension was filtered and 

the solvent was removed under reduced pressure. Further purification by chromatography (SiO2, 

DCM/MeOH 99:1, Rf = 0.5 in DCM/MeOH 15:1) afforded 1-((11-(3-

methylimidazolium)propyloxy)carbonyl)2-methyl-ethyl butyl carbonotrithioate 

bis(trifluormethyl)sulfonimide (43), including 42 as an impurity to an extent of 30%. 

1H-NMR (CDCl3, 400 MHz): δ = 8.72 (s, 1H, N-CH-N), 7.34 (t, 1H, 3JH,H = 1.8 Hz, CH), 7.32 (t, 1H, 
3JH,H = 1.8 Hz, CH), 4.24 (t, 2H, 3JH,H = 6.8 Hz, N-CH2), 4.15 (t, 2H, 3JH,H = 5.7 Hz, O-CH2), 3.94 (s, 

3H, N-CH3), 3.28 (q, 3JH,H = 7.4 Hz, 2H, S-CH2), 2.22 (quint, 2H, 3JH,H = 6.8 Hz, 3JH,H = 5.7 Hz, CH2), 

1.69 (s, 6H, CH3), 1.31 (t, 3H, 3JH,H = 7.4 Hz, CH3). 

13C-NMR (CDCl3, 100 MHz): δ = 222.5 (C=O), 172.8 (C=O), 136.3 (N-CH-N), 123.5 (CH), 122.6 (CH), 

119.7 (q, J = 321.2 Hz, CF3), 61.8 (CH2-O), 56.0 (Cquart.), 47.9 (N-CH2), 36.5 (N-CH3), 31.4 (S-CH2), 

30.5 (CH2), 25.2 (CH3), 12.8 (CH3). 

ESI-ToF-MS (direct injection, without addition of salt, MeOH 0.001 mg/mL) [m/z]: [M]+ 

C14H23N2O2S3
+: simulated: 347.092 g/mol, measured: 347.085 g/mol. 

4.3.1.2 Synthesis of CTA-COOH (44, 46)[343] 

 
Scheme 16. Synthesis of test chain-transfer agents 44 and 46. 

The thiol component (20 mmol of either Et-SH = 1.4 mL or Bu-SH = 2.2 mL) was dissolved in water 

(3.0 mL). Sodium hydroxide (1.6 g, 50 wt%-solution) and acetone (1.0 mL) were added carefully to 

keep the temperature always < 30 °C. To the ice-cooled solution carbon disulfide (22.5 mmol, 1.35 mL) 

was added, keeping the temperature < 10 °C for 30 minutes. Subsequently, 2-bromo-propane-carboxylic 

acid (20.5 mmol, 1.8 mL) was added, followed by the addition of NaOH (1.6 g, 50 wt%-solution). After 

diluting the yellow-orange suspension with water (3.0 mL) the mixture was stirred for further 24 hours 

at room temperature. Hydrochloric acid (10 M, 3.0 mL) was dropped carefully to the ice-cooled 

solution. In case of ethyl-CTA (44) n-hexane (15.0 mL) was added to the suspension. The organic phase 

was washed three times with water (3 x 15.0 mL). The combined organic layers were dried over sodium 

sulfate, filtrated and the solvent was removed under reduced pressure, providing ethyl-CTA (44) in a 

yield of 78%. 

1H-NMR (500 MHz, CDCl3): δ = 8.30 (s, 1H, COOH), 4.87 (q, 3JH,H = 7.4 Hz, 1H, CH-COOH), 3.38 

(q, 3JH,H = 7.4 Hz, 2H, CH2), 1.63 (d, 3JH,H = 7.4 Hz, 3H, CH3), 1.36 (s, 3H, CH3). 

13C-NMR (126 MHz, CDCl3): δ = 221.6 (C=S), 176.7 (C=O), 47.4 (CHCH3), 31.7 (CH2), 16.6 (CHCH3), 

12.9 (CH3). 
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In case of the butyl-CTA (46) the crude product was precipitated, filtered and washed three times with 

water (3 x 15.0 mL). Drying was accomplished in high vacuum to obtain butyl-CTA (46) in a yield of 

88%. 

1H-NMR (500 MHz, CDCl3): δ = 9.20 (s, 1H, COOH), 4.87 (q, 3JH,H = 7.4 Hz, 1H, CH-COOH), 3.37 (t, 
3JH,H = 7.4 Hz, 2H, CH2-S), 1.69 (p, 3JH,H = 7.4 Hz, 2H, CH2), 1.63 (d, 3JH,H = 7.4 Hz, 3H, HC-CH3), 1.43 

(sep, 3JH,H = 7.3 Hz, 2H, CH2),  0.94 (t, 3JH,H = 7.3 Hz, 3H, H2C-CH3). 

13C-NMR (126 MHz, CDCl3): δ = 221.8 (C=S), 176.8 (C=O), 47.4 (CHCH3), 37.1 (CH2-S), 29.9 (CH2), 

22.0 (CHCH3), 16.6 (CH2), 13.6 (CH3). 

 

4.3.2 Synthesis of RAFT-polymers (PS (48, 49a-m), P-nBuA (50, 51a-j))[315-318] 

 
Scheme 17. RAFT synthesis of PS-COOH (48) and P-nBuA-COOH (50), applying CTA-COOH (46) or RAFT synthesis of 

PS-NHC (49) and P-nBuA-NHC (51), applying CTA-NHC (40). 

Approach A – solution RAFT: General procedure for solution RAFT polymerizations of poly(styrene) 

(48, 49) and poly(n-butyl acrylate) (50, 51) using 46 or 40 as CTA: All RAFT polymerizations were 

carried out under dry and inert conditions using common Schlenk techniques. CTA 46 or 40 (4.0 – 10.0 

eq.), AIBN (1.0 eq.) and the destabilized and freshly distilled monomers styrene (1000 – 6000 eq.) or n-

butyl acrylate (1 000 – 6 000 eq.) were placed in a Schlenk tube and were dissolved in the anhydrous 

solvent (same amount as used as monomer-volume, see Table 22 for PS and Table 23 for P-nBuA). The 

suspension was subjected to several freeze-pump thaw cycles to get rid of oxygen. Subsequently, the 

reaction mixture was placed in a preheated oil bath to 80 °C in case of PS and to 65 – 80 °C in case of 

P-nBuA and stirred until the desired molecular weight was achieved (GPC control). Shock-freezing in 

liquid nitrogen 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 in case of 48, 

49 or ice-cold MeOH/H2O 2:1 mixture in case of 50, 51. The pure products were obtained after drying 

the sample in high vacuum for several hours. 

Approach B – bulk RAFT: General procedure for RAFT polymerizations of poly(styrene) (49) and 

poly(n-butyl acrylate) (51) using 40 as chain transfer agent (CTA): All RAFT polymerizations were 

carried out as bulk polymerizations under dry and inert conditions using common Schlenk techniques. 

CTA 40 (1 equivalent), the destabilized and freshly distilled monomers styrene (100 – 500 eq.) or n-

butyl acrylate (100 – 500 eq.) were placed in a Schlenk tube and subjected to several freeze-pump thaw 

cycles (see Table 22 for PS and Table 23 for P-nBuA). Subsequently, the reaction mixture was placed 

in a preheated oil bath to 120 °C and stirred until the desired molecular weight was achieved (GPC 

control). Shock-freezing in liquid nitrogen 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 in case of 49 or ice-cold MeOH/H2O 2:1 mixture in case of 51. The pure products were obtained 

after drying the sample in high vacuum for several hours. 
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Table 22. Synthesis details of RAFT-polymerization of styrene (48, 49). 

PS CTA 
CTA:I:M 

[eq.] 

nCTA 

[mmol] 

nmonomer 

[mmol] 

Mn(GPC)
a) 

[g/mol]  

Mn(NMR)
b) 

[g/mol] 
PDI solvent 

T 

[°C] 
yield [%] 

A) RAFT-polymerization conducted in solution 

48 46 4:1:2400 0.16 96.0 3 000 4 200 1.23 toluene 80 6 

49a 40  10:1:6000 0.20 119.7 10 900 20 400 1.24 toluene 80 13 

49b 40 10:1:1000 1.20 119.7 4 000 4 500 1.16 MeCN 80 23 

49c 40 10:1:2500 0.48 119.7 11 400 14 500 1.16 dioxane 80 32 

B) RAFT-polymerization conducted in bulk in absence of AIBN 

49d 40 10:500 1.75 87.4 5 900 6 000 1.07 / 120 70 

49e 40 10:1000 0.88 87.4 11 500 11 100 1.17 / 120 67 

49f 40 10:2500 0.35 87.4 25 300 26 000 1.15 / 120 68 

a) GPC-measurements were performed in HPLC-grade DMF with the addition of LiNTf2 (c = 10.0 mM) and molecular weight 

was determined by calibration with external PS-standards (MP ~ 1 000 – 115 000 g/mol) and detection of refractive-index. b) 

Calculated by the ratio of initiator at δ = 3.28 ppm and repetitive unit at δ = 7.24 – 6.32 ppm. 

1H-NMR of 48 (CDCl3, 400 MHz): δ = 7.24 − 6.32 (m, Ar-H of phenyl-residue), 4.96 − 4.68 (m, 1H, 

H3C-CH), 3.32 − 3.22 (m, 2H, S-CH2), 2.44 − 1.18 (m, CH2- + CH- of repetitive unit), 0.97 − 0.82 (m, 

6H, CH3). 

MALDI-ToF-MS of 48 [DCTB, no addition of a salt] [m/z]: two potassium series of PS were found as 

[M+K]+ for (C8H8)47C8H14O2S3K+; simulated 5171.933 g/mol, found 5171.477 g/mol, 2nd series was 

found as [M-H+2K]+ for (C8H8)47C8H13O2S3K2
+; simulated 5209.889 g/mol, found 5209.511 g/mol. 

1H-NMR of 49 (THF-d8, 400 MHz): δ = 8.85 (s, 1H, N-CH-N), 7.56 (s, 1H, CH), 7.52 (s, 1H, CH), 7.24 

− 6.34 (m, Ar-H of phenyl-residue), 4.21 (t, 2H, 3JH,H = 7.4 Hz, O-CH2), 3.92 (s, 3H, N-CH3), 3.28 (m, 

2H, S-CH2), 2.26 − 1.22 (m, CH2- + CH- of repetitive unit), 0.97 − 0.82 (m, 6H). 

MALDI-ToF-MS of 49 [DCTB, no addition of a salt] [m/z]: a monovalent imidazolium telechelic PS 

series was found as [M]+ for (C8H8)29C23H41N2O2S3
+; simulated 3493.054 g/mol, found 3493.135 g/mol. 

Table 23. Synthesis details of RAFT-polymerization of n-butyl acrylate (50, 51). 

P-

nBuA 
CTA 

CTA:I:M 

[eq.] 

nCTA 

[mmol] 

nmonomer 

[mmol] 

Mn(GPC)
a) 

[g/mol]  

Mn(NMR)
b) 

[g/mol] 
PDI solvent 

T 

[°C] 

yield 

[%] 

A) RAFT-polymerization conducted in solution 

50 46 10:1:1000 0.30 30.0 12 700 13 500 1.19 DMF 65 91 

51a 40 10:1:6000 0.04 23.9 9 600 13 700 1.62 toluene 70 10 

51b 40 10:1:1000 0.30 30.0 12 100 14 600 1.35 MeCN 80 41 

51c 40 10:1:1000 0.30 30.0 11 200 15 300 1.48 dioxane 80 25 

51d 40 10:1:500 0.84 42.1 13 400 13 900 1.21 DMF 65 80 

51e 40 10:1:1000 0.70 70.2 21 800 23 800 1.23 DMF 65 66 

51f 40 10:1:1000 0.30 30.0 25 600 24 400 1.30 DMF 65 93 

B) RAFT-polymerization conducted in bulk in absence of AIBN 

51g 40 10:1000 0.88 87.8 16 000 16 900 1.15 / 120 51 

51h 40 10:250 3.51 87.8 2 300 2 100 1.13 / 120 42 

a) GPC-measurements were performed in HPLC-grade DMF with the addition of LiNTf2 (c = 10.0 mM) and molecular weight 

was determined by calibration with external PBMA-standards (MP ~ 0.8 kg mol-1 – 111 kg mol-1) and detection of refractive-
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index. b) Calculated by the ratio of methylene-group of initiator at δ = 3.39 ppm and repetitive unit at δ = 4.12 – 3.94 ppm, of 

which the integral-value of 2 was subtracted, due to overlay with methylene-group of initiator-part. 

1H-NMR of 50 (CDCl3, 400 MHz): δ = 4.88 – 4.76 (m, 1H, H3C-CH), 4.16 – 3.83 (m, CH2 of repetitive 

unit), 3.34 (t, 2H, 3JH,H = 7.4 Hz, S-CH2), 2.39 – 2.21 (m, CH2 of repetitive unit), 1.98 – 1.83 (m, CH of 

repetitive unit), 1.72 – 1.52 (m, CH2 of repetitive unit), 1.50 – 1.30 (m, 2 CH2 of CTA + CH2 of repetitive 

unit), 1.08 (t, 3JH,H = 7.4 Hz, CH3 of CTA), 0.93 (t, 3JH,H = 7.3 Hz, CH3 of repetitive unit + HC-CH3). 

MALDI-ToF-MS of 50 [DCTB, no addition of a salt] [m/z]: two potassium series of P-nBuA were found 

as [M+K]+ for (C7H12O2)96C8H14O2S3K+; simulated 12 581.042 g/mol, found 12 580.744 g/mol, 2nd 

series was found as [M-H+2K]+ for (C7H12O2)96C8H13O2S3K2
+; simulated 12 618.997 g/mol, found 

12 618.678 g/mol. 

1H-NMR of 51 (CDCl3, 400 MHz): δ = 8.96 (s, 1H, N-CH-N), 7.58 (s, 1H, CH), 7.54 (s, 1H, CH), 4.85 

(m, 1H, H3C-CH), 4.21 (t, 2H, 3JH,H = 7.5 Hz, O-CH2), 4.12 – 3.94 (m, CH2 of repetitive unit), 3.93 (s, 

3H, N-CH3), 3.39 (t, 2H, 3JH,H = 7.4 Hz, S-CH2), 2.39 – 2.19 (m, CH2 of repetitive unit), 1.99 – 1.81 (m, 

CH of repetitive unit), 1.70 – 1.53 (m, 9 CH2 of CTA + CH2 of repetitive unit), 1.50 – 1.24 (m, 2 CH2 of 

CTA + CH2 of repetitive unit), 1.10 (m, CH3 of CTA), 0.95 (m, CH3 of repetitive unit + HC-CH3). 

MALDI-ToF-MS of 51 [DCTB, no addition of a salt] [m/z]: a monovalent imidazolium telechelic P-

nBuA series was found as [M]+ for (C7H12O2)12C23H41N2O2S3
+; simulated 2011.241 g/mol, found 

2011.391 g/mol. 

 

4.3.3 Synthesis of mechanocatalysts (52a-f)[48, 223, 302, 346-347] 

Scheme 18. Synthesis of mechanophoric CuI-catalysts based on PS and P-nBuA. 

Poly(styrene): The desired amount of linear poly(styrene) (49, 1.0 eq., see Table 24) was transferred to 

a Schlenk tube, dissolved in anhydrous acetonitrile (10 mM) and subjected to five freeze-pump thaw 

cycles in order to get rid of oxygen. The components were transferred to the glovebox to ensure a water 

and an oxygen free atmosphere. NaOtBu (1.3 eq., dissolved in MeCN (20 mM)) was added to the 

reaction mixture, which was stirred at room temperature for 15 minutes, followed by the addition of 

tetrakis(acetonitrilo)copper(I)-hexafluorophosphate (0.5 eq., dissolved in MeCN (10 mM)). The 

suspension was allowed to stir for 24 hours. The solvent was removed under reduced pressure and the 

residue was purified by two different methods (approach A and B):  

Approach A – preparative GPC: The samples were dissolved in DMF in a maximum concentration of 

20 mg/mL (V = 300 µL) before subjecting to the device and per manual command separately collected 

in tubes, subsequently followed by the immediate evaporation of the solvent under reduced pressure. 

This procedure was repeated multiple times until the initial reaction mixture was entirely consumed, 

obtaining pure linear PS-Cu(I) bis(NHC) complexes (52a-c) as a light yellow solid in very low yields 

(4 – 7% = collection of all runs), caused by decomposition of the complexes into the monovalent 

precursor (according to GPC) during the purification process at harsh conditions (55 °C, > 10 bar). 

Verification by shift of NCHCHN resonances from δ = 7.56 – 7.52 ppm (precursor) to δ = 6.25 – 6.22 
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ppm was just accomplished in case of 52a, while for 52b-c amounts were too low to conduct NMR 

experiment. However, complete conversion for 52b-c was assumed, due to monomodal distribution of 

doubled molecular weight in analytical GPC and presence of the NCHCHN resonance proof before 

preparative GPC was conducted. 

Approach B – precipitation: The purification by precipitation of the crude mixture in acetonitrile to get 

rid of excess of NaOtBu and [Cu(MeCN)4]PF6 afforded the mixtures 52d-f (according to GPC and NMR 

measurements), consisting of the desired bis(NHC) complexes and NHC telechelic PS precursor (36) in 

moderate to high yields (45 – 71%) (see Table 25 for characterization data of 52a-f). 

Poly(n-butyl acrylate): In case of n-butyl acrylate 51 same procedure as for PS (approach A or B) was 

applied (for synthesis attempts see Table S4 in appendix 7.13), but side reactions were preventing the 

formation of P-nBuA bis(NHC) complexes. Similar to PS a doubling of molecular weight was detected 

via GPC control, but the missing shift of NCHCHN protons in 1H-NMR spectra led to the assumption 

that the trithiocarbonate group was hydrolyzed in basic media, forming disulfide-bridged polymer 

chains. Further experimental spectra and synthesis attempts for both, PS-bis(NHC)- and P-nBuA-

bis(NHC) complexes can be found in the appendix 7.13.  

Table 24. Reaction conditions for PS-Cu(I) bis(NHC) complex (52) formation. 

entry precursor 
n(precursor) 

[mmol]a) 

n(NaO
t
Bu) 

[mmol] 

m(NaO
t
Bu) 

[mg] 

n(Cu-salt) 

[mmol] 

m(Cu-salt) 

[mg] 
purification 

yield of 38 

[%] 

 synthesis of PS-mechanophores   

1  49d 0.080 0.104 10.0 0.040 14.9 
52a: prep. GPC 

52d: precipitation 

4 

45 

2 49e 0.045 0.059 5.6 0.023 8.8 
52b: prep. GPC 

52e: precipitation 

7 

57 

3 49f 0.019 0.025 2.4 0.0095 3.5 
52d: prep GPC 

52f: precipitation 

5 

71 

a) Determined by using molecular weight via 1H-NMR measurement.  

Table 25. Characterization data of PS based bis(NHC)-Cu(I)-mechanocatalysts (52). 

comp. precursor 

precursor 49  complex 52 

Mn(GPC) [g/mol]a) Mn(NMR) [g/mol]b) PDI 
 Mn(GPC) 

[g/mol]a) 

biscarbene 

content [%]c) 
PDI 

52a 49d 5 900 6 000 1.07  12 000 100 1.08 

52b 49e 11 500 11 100 1.17  23 000 100 1.16 

52c 49f 25 300 26 000 1.15  50 500 100 1.38 

52d 49d 5 900 6 000 1.07  10 100 55 1.36 

52e 49e 11 500 11 100 1.17  19 200 76 1.73 

52f 49f 25 300 26 000 1.15  38 700 23 1.53 

a) Determined via GPC (DMF + LiNTf2) using PS standard calibration. b) Calculated by the ratio of initiator at δ = 3.28 ppm 

and repetitive unit at δ = 7.24 – 6.32 ppm. b) Determined via 1H-NMR measurement and the ratio of NCHCHN resonances of 

precursor (49) located at δ = 7.56 – 7.52 ppm and NCHCHN resonances, belonging to the biscarbene structure (52) at δ = 6.25 

– 6.22 ppm. The presumably apparent monocarbene structure was not taken into account, in turn of overlapping signals of 

suspected structure with multiplet at δ = 7.24 – 6.34 ppm, belonging to the aromatic part of the repetitive unit. 

1H-NMR of 52 (tetrahydrofuran-d8, 400 MHz): δ = 7.27 − 6.35 (m, Ar-H of phenyl-residue), 6.25 (d, 

2H, 3JH,H = 2.7 Hz, NCHCHN), 6.23 (d, 2H, 3JH,H = 2.9 Hz, NCHCHN), 3.98 (t, 4H, 3JH,H = 6.9 Hz, O-

CH2), 3.95 − 3.82 (m, 4H, N-CH2), 3.50 (s, 6H, N-CH3), 2.39 − 1.08 (m, CH2- + CH- of repetitive unit), 

0.97 − 0.82 (m, 12H, CH3). 

MALDI-ToF-MS of 52: While using different matrices, salts and ionization methods, no matching 

spectrum could be found. 
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4.3.4 CuAAC upon ultra-sonication of mechanocatalysts[284, 296, 302] 

 
Scheme 19. Mechanochemically triggered „click“-reaction by ultra-sonication. 

A headspace vial was evacuated and flushed with nitrogen for several times while transferring it to the 

glovebox. Benzyl azide (526 µmol, 70.0 mg, 1.0 eq.), phenylacetylene (526 µmol, 54 mg, 1.0 eq.) and 

the Cu(I)-mechanocatalyst (52d-f) were added to the headspace vial and dissolved in deuterated THF 

(1.0 mL). The three necked reaction-vessel equipped with the Sonics VCX 500 ultrasonic processor 

equipped with a long full wave solid probe (diameter 13 mm) and an internally threaded stainless steel 

adapter, a three-way-gas-tap and a rubber-septum was evacuated and flushed with argon for several 

times. After cooling the reaction vessel with an ice-bath to 0 °C the mixture, containing the “clicking” 

components, was added via syringe to the reaction-vessel. Subsequently, the mixture was diluted with a 

mixture of deuterated THF/MeOH 30:1 (6.0 mL) to finally adjust a concentration of 75 mM of benzyl 

azide and phenylacetylene and 0.75 mM of the Cu(I)-mechanophore (52d-f). The experiment was 

started by applying ultrasound (frequency: 20 kHz, max. amplitude: 30% of 125 µm, sonication 

intensity: 8.75 W/cm2 which belongs to an energy of 21 kJ per sonication cycle) for 90 minutes (pulse 

sequence: 5 s on, followed by 10 s off) followed by 60 minutes without ultra-sonication. During the 

complete experiment the reaction system was permanently cooled with an external ice-bath to keep the 

temperature below 25 °C towards the experiment. Immediately after mixing (0th cycle) and after 

450 minutes (3rd cycle), 750 minutes (5th cycle) and 1 500 minutes (10th cycle) aliquots were taken from 

the mixture (see Table 26) to monitor the “click” conversion via 1H-NMR measurements. NMR 

experiments were conducted without further purification. As a control experiment a Schlenk flask was 

evacuated and flushed with argon for several times. Benzyl azide (75 µmol, 10.0 mg, 1.0 eq.), 

phenylacetylene (75 µmol, 7.7 mg, 1.0 eq.) and the Cu(I)-mechanocatalyst 52d-f (0.01 eq.) were 

dissolved in a deuterated solvent:MeOH, 30:1 mixture (1.0 mL) and added to the Schlenk flask. As 

solvents either THF or DMF were used. The mixture was stirred at room temperature without ultra-

sonication. Aliquots were taken after different periods of time and used for NMR-experiments without 

further purification (see Table 26). 

Table 26. Conversions of phenylacetylene and benzyl azide in THF-d8 or DMF-d7 in presence of a Cu(I)- mechanocatalyst 

(52), applying ultra-sonication or not (control-experiments)a). 

entry Cu(I)-catalyst Mn(GPC) [g/mol] solvent T [°C] US conversion [%]b) 

A control-experiments without US t [h] 1 2 18 24 

1 52d 10 100 THF:MeOH 20 off - - 100 100 

2 52e 19 200 THF:MeOH 20 off - - 100 100 

3 52f 38 700 THF:MeOH 20 off - - 100 100 

4 52d 10 100 DMF:MeOH 20 off 2 - - 80 

5 52e 19 200 DMF:MeOH 20 off 4 20 - - 

6 52f 38 700 DMF:MeOH 20 off 2 - - - 

B mechanochemical activation with US 
US-cycles 0 3 5 10 

t [h] 0 7.5 12.5 25 

7 52d 10 100 THF:MeOH 0 on 13 36 62 75 

a) For all reactions an equimolar concentration (75 mM) of benzyl azide and phenylacetylene in the mentioned solvent mixture 

(30:1) was adjusted. Additionally, the concentration of Cu(I)-mechanophore (52d-f) was adjusted to 0.75 mM (0.01 

equivalents). b) Conversion was calculated by determining the increasing triazole-resonance at δ = 8.10 ppm and the CH2 

resonance of the triazole product at δ = 5.58 ppm. Comparing them with the CH2-resonance of benzyl azide at δ = 4.34 ppm 

afforded the conversion to different period of times, when the aliquots were taken and 1H-NMR-experiments were conducted. 



 
110 

 

4.3.5 Synthesis and testing of an autonomous sensing approach applying mechanocatalysts 

4.3.5.1 Incorporation of PS-mechanocatalysts into pTHF-matrix (pellets) (53a-d)[37, 48, 276] 

 
Scheme 20. Incorporation of (PS-NHC)2-CuI-machenocatalysts (52) into pTHF matrix. 

High molecular weight pTHF (~ 112 000 g/mol, 200.0 mg) and 3-azido-7-hydroxy-coumarin 36 

(36 µmol, 7.3 mg, 1.0 eq.) were stored in a flask, followed by evacuation and flushing with nitrogen for 

several times. The flask was further transferred to the glovebox to ensure an oxygen free environment. 

Phenylacetylene (36 µmol, 4.0 µL, 1.0 eq.) and anhydrous THF (5.0 mL) were added via syringe and 

the mixture was stirred at room temperature for two hours in the dark. The flask was removed from the 

glovebox and the solvent was removed under reduced pressure at 25 °C. Followed by the addition of 

(PS-NHC)2-CuI (52a, 52d – f) (0.006 – 0.033 eq., see Table 27) dissolved in anhydrous DMF. In the 

next step, the solvent was removed under reduced pressure and the system was evacuated and flushed 

with nitrogen. Subsequently, the flask was stored for one week in the glovebox in the dark for 

crystallization of pTHF matrix, providing the specimen (53a-d). Crystallinity of the specimen was 

determined by DSC-experiments before the first compression cycle was started (see Table 27). 

Table 27. Experimental details and calculation of crystallinity of sensing pellets 53a-d. 

entry pellet 

mechanocatalyst 

TM [°C] 
∆Hm 

[J/g] 

degree of 

crystallinity 

[%]c) 
No. 

Mn(GPC) 

[g/mol]a) 

mtotal 

[mg]b) 

mpure 

[mg] 

npure 

[µmol] 

1[48] Ref. - - - - - 46.3 117.8 68 

2  53a 52a 
12 090 

(100%) 

14.4 

(6.4 wt%) 
14.4 

1.2 

(0.033 eq.) 
39.8 103.0 60 

3  53b 52d 
12 090 

(55%) 

26.2 

(11.0 wt%) 
14.4 

1.2 

(0.033 eq.) 
40.9 105.6 61 

4  53c 52e 
23 520 

(76%) 

36.8 

(14.2 wt%) 
28.0 

1.2 

(0.033 eq.) 
38.4 81.1 47 

5 53d 52f 
49 090 

(23%) 

50.0 

(19.2 wt%) 
11.5 

0.2 

(0.006 eq.) 
41.2 95.2 55 

a) Values in brackets represent the amount of Cu(I) bis(NHC) complex according to 1H-NMR. b) Values in brackets represent 

wt% of mechanocatalyst (or mixture) in pTHF pellet. c) For calculation 172 J/g was used as ∆Hm for 100% crystalline pTHF.[348] 

4.3.5.2. Compression experiments for fluorescence sensing of a pTHF-matrix activated via 

mechanocatalysts[48] 

 
Scheme 21. Compression-fluorescence measurements of pTHF pellets 53a-d. 
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The mechanophoric specimen (53a-d) were removed from the flask by a spatula and transferred to an 

IR-press, where they were transformed to a pellet by gently pressing with a spatula. In the next step, the 

fluorescence intensity of the not activated pellet was measured by fixing the sample in a special quartz 

glass holder (λex = 360 nm, λem = 427 nm), followed by conduction of cyclic compression experiments: 

the samples (d = 13 mm) were subjected to an automatic hydraulic press and 10 tons pressure 

(corresponding to 0.74 GPa) were applied for 30 minutes, followed by 30 minutes of relaxation of the 

system. This procedure was repeated for 20 times, while the pellet was folded once with spatula each 

time before the next compressing cycle was started. Fluorescence intensity was measured at three 

different positions after 1st, 2nd, 3rd, 5th, 10th and 20th cycle (see Table 28). Calibration of the fluorescence 

spectrometer can be found in the appendix 7.15. 

Table 28. Calculated “click”-conversions for each fluorescence-compression cycle for each pTHF pellet 41a-d, containing the 

mechanocatalysts 38a, 38d-f, coumarin azide 40 and phenylacetylene. 

entry 
pTHF 

pellet 

mechanocatalyst compression 

cycle 

fluorescence 

intensity [a.u.]c) 

“click”-

conversion [%]d) No. Mn(GPC) [g/mol] a) m [mg] b) 

1 53a 52a 
12 000 

(100 %) 

14.4 

(6.4 wt%) 

0 

1 

2 

3 

5 

10 

20 

50 

128 

139 

169 

183 

224 

227 

3.9 ± 0.4 

11.7 ± 1.1 

12.8 ± 0.4 

15.9 ± 1.4 

17.3 ± 0.3 

21.6 ± 1.6 

21.8 ± 0.8 

2 53b 52d 
12 000 

(55 %) 

26.2 

(11.0 wt%) 

0 

1 

2 

3 

5 

10 

20 

3 

18 

65 

75 

106 

108 

112 

0.0 ± 0.0 

1.5 ± 0.3 

6.2 ± 0.6 

7.3 ± 0.4 

10.5 ± 0.6 

10.7 ± 1.2 

11.1 ± 1.1 

3 53c 52e 
23 000 

(76 %) 

36.8 

(14.8 wt%) 

0 

1 

2 

3 

5 

10 

20 

10 

17 

30 

74 

95 

130 

170 

0.0 ± 0.0 

0.7 ± 0.1 

2.0 ± 0.4 

6.5 ± 0.4 

8.6 ± 0.2 

12.1 ± 0.2 

16.2 ± 0.3 

4 53d 52f 
50 500 

(23 %) 

50.0 

(19.2 wt%) 

0 

1 

2 

3 

5 

10 

20 

13 

15 

26 

42 

54 

113 

143 

0.0 ± 0.0 

0.2 ± 0.2 

1.3 ± 0.4 

2.9 ± 0.6 

4.2 ± 0.2 

10.1 ± 0.5 

13.1 ± 1.2 

a) Values in brackets represent the amount of Cu(I) bis(NHC) complex according to 1H-NMR analysis. b) Values in brackets 

represent wt% of mechanocatalyst (or mixture) in pTHF pellet. c) Average value of multiple determined fluorescence spectra 

at three different positions of the sample after excitation at 382 nm and fluorescence emission at 432 nm. d) Calculated 

according to eq. 5 assuming a maximum concentration of fluorescence dye of 1.56 ∙ 10-4 mmoldye/mgsample. 
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5 Summary 

 

The aim of this thesis was the development of an autonomous self-healing material, applicable at sub-

ambient conditions. Therefore, crosslinking reagents were equipped with the newest “click” generation 

moiety – the picolyl azide, suiting the chelation-assisted CuAAC mechanism. The crosslinking 

efficiency in solution and in the melt state was determined and compared with results from the 

conventional CuAAC approach for the first time. 

At first, in situ NMR solution experiments of picolyl azides 3 and 28, reacting with phenylacetylene in 

presence of homogeneous Cu(I) catalysts were performed to probe the superior performance in “click” 

reactions compared to the standard CuAAC approach (see Figure 66a). The experiments were conducted 

in deuterated THF to find the ideal conditions for highly efficient and fast reaction-kinetics. CuBr in 

presence of DIPEA (0.1 eq.) was most suitable to gain fast acceleration in the chelation-assisted CuAAC 

of 3 by achieving quantitative conversion within five minutes. Confirmed by its polymeric counterpart 

28, providing similar conversions of > 99% within four minutes at lower concentrations of DIPEA (0.01 

equivalents). Whereas control experiments, employing the conventional CuAAC (usage of benzyl azide 

and monovalent azido telechelic PIB), only achieved low conversions of < 10% within hours, 

emphasizing the tremendous difference in reaction acceleration of the CuAAC, caused by the nitrogen 

atom adjacent to the azide group. 

In the next step, the beneficial acceleration behavior of picolyl azides in the chelation-assisted CuAAC 

was verified in crosslinking reactions in order to mimic the SH response. The picolyl azide moieties 

were successfully attached to star-shaped alcoholic-units, affording either low-molecular weight 18 or 

high-molecular weight PIB 34a and 34b (Mn ~ 6 000 g/mol) (see Figure 66b), verified by NMR- and 

IR-spectroscopy, ESI-ToF-MS and MALDI-ToF-MS. Further acceleration of the crosslinking rate 

included the deployment of homogeneous and heterogeneous catalysts. Thus, Cu(I)-nanoparticles were 

successfully implemented onto graphene-surfaces (15, 17), proven by TEM and XRD. The Cu(I)-

content on the carbon surface was in the range of 5 – 7wt%, confirmed via FAAS measurements.  

 
Figure 66. a) Comparison of results from kinetic investigations of the chelation-assisted CuAAC and the conventional CuAAC 

by in situ NMR-measurements in solution. b) Crosslinking reactants 18, 34a-b suitable for the chelation-assisted CuAAC 

mechanism and heterogeneous Cu(I)-catalysts such as Cu-TRGO (15) and Cu-TREGO (17). 

a) 

b) 

"click" product conventional CuAAC chelation-assisted CuAAC 
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Subsequently, star-shaped azide 18 was converted with trivalent alkyne to undergo the network 

formation upon heating via DSC- experiments (see Figure 67a). The start of the ca-CuAAC reactions 

were observed at 4 °C (bis(NHC)2-Cu(I)-catalyst + DBU), 20 °C (Cu(I)-TRGO) and 27 °C 

([CuF(PPh3)3]), while peak T of the thermal Huisgen reaction (120 °C) was lowered to 38 °C (Cu(I)-

TRGO) or 41 °C ([CuF(PPh3)3]). This verified the essential low temperature activity compared to the 

conventional CuAAC with homogeneous [CuBr/F(PPh3)3] or heterogeneous Cu-TRGO (15) or Cu-

TREGO (17), beginning to crosslinking at 39 – 64 °C and having a peak T at 66 – 85 °C. 

The high molecular weight concept was studied by subjecting star-shaped- picolyl azido telechelic PIBs 

(34a, 34b) and alkyne telechelic PIB (35) to melt-rheology experiments (see Figure 67b). The molecular 

weight of both was limited to ~ 6 000 g/mol to maintain the required liquid flow-behavior. Contrary to 

the results in solution, where CuBr in presence of DIPEA turned out to accelerate the reaction the most, 

the air-stable catalyst [CuF(PPh3)3] conducted crosslinking most efficiently in the melt-state. Network 

formation of the ca-CuAAC crosslinking was more than 19 times faster compared to the conventional 

CuAAC (290 minutes), completing the process within 15 minutes at 20 °C. Lowering the temperature 

to sub-ambient conditions (10 °C) still achieved complete network-formation within 71 minutes. 

Activation of the crosslinking process was also accomplished at 5 °C, clearly pointing out the potential 

efficiency of the ca-CuAAC to provide self-healing systems at temperatures of less than 20 °C.  

Figure 67. a) Comparison of the results from kinetic investigations of the chelation-assisted CuAAC and the conventional 

CuAAC by DSC-measurements. b) Comparison of the results from kinetic investigations of the chelation-assisted CuAAC and 

the conventional CuAAC by rheology-measurements of crosslinking star-shaped PIBs of a molecular weight of Mn ~ 

6 000 g/mol. 

Star-shaped picolyl azido telechelic PIB (34b), [CuBr(PPh3)3], coumarin azide (36) and a tridentate 

alkyne (20), encapsulated in UF-shell, were compounded to a scaffolding matrix in order to design the 

autonomous one-capsule based SH approach. Various matrices such as pure PDMS, blends of 

PDMS/PIB or pure PIB were used for the embedding procedure. The PIB-matrix of high molecular 

weight was best, since rejection of the PIB-components with PDMS prevented a sufficient embedding. 

a) 

b) 

chelation-assisted CuAAC conventional CuAAC 

Tpeak (catalyzed) = 38 – 59 °C 

Tpeak (uncatalyzed) = 120 °C 
Tpeak (uncatalyzed) = 132 °C 

Tpeak (catalyzed) = 66 – 85 °C 

20 °C: tGel = 290 min 20 °C: tGel = 15 min 

10 °C: tGel = 71 min 
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The star-shaped healing agent was enabled to undergo the fluorescent “click”-reaction with azido 

coumarin upon rupture of the capsules when notching the specimen with a razor blade. In turn, the 

increasing fluorescence intensity was indicative for the simultaneously occurring SH network-

formation. In control experiments, missing either the Cu(I)-source or the damage impact, no increase of 

the fluorescence-intensity was detected as a consequence of the prevented “click”-reaction. 

Efforts towards optimizing the activation efficiency of the mechanocatalysts have been made by tuning 

the molecular weight of the polymeric-NHC precursor handles. Therefore, a new CTA (40) was 

successfully designed, which allowed a simultaneous initiation of the RAFT-polymerization and the 

introduction of the NHC moiety at once (see Figure 68). NHC telechelic polymers, consisting of PS 

(49a-m) and P-nBuA (51a-j) of various molecular weights, ranging from 2 000 g/mol to 30 000 g/mol 

were synthesized, circumventing the common, but limited strategy of applying quaternization reactions 

to halo telechelic polymers. The established equilibrium between the dormant and the active species 

during RAFT polymerization, emerging from CTA (40), provided polymer chains of low PDI values 

(1.07 – 1.30). Analysis by GPC, NMR-spectroscopy, MALDI-ToF-MS and ESI-ToF-MS proved the 

complete attachment of the NHC-unit to each polymer-chain. Treatment of NHC telechelic PS with 

NaOtBu and [Cu(MeCN)4]PF6 afforded mixtures, consisting of the desired biscarbene-mechanophores 

and the unreacted precursor. Separation was accomplished either by preparative GPC, obtaining three 

pure PS-mechanophores of different molecular weights (52a-c) in an analytical scale or by precipitation 

in MeCN, leading to mixtures with a moderate purity (23 – 76% biscarbene content) and high yields. 

Presumably, the higher polarity of the P-nBuA backbone in combination with the trithiocarbonate group 

led to the formation of a side-product. The basic conditions during the mechanophore-synthesis 

hydrolyzed the trithiocarbonate group, forming disulfide-bridged polymers, which led to the observed 

doubling of the molecular weight in GPC analysis, while shift of the NCHCHN resonance in 1H-NMR 

spectrum was missing. Hence, the autonomous sensing approach was limited to mechanophores, 

consisting of PS-backbones within this work.  

 
Figure 68. Synthetic route to I) obtain CTA-NHC (40) for II) RAFT of styrene to afford PS (49) and of n-butyl acrylate to 

afford P-nBuA (51) to build III) mechanophoric unit (52) in case of PS and disulfide-bridged P-nBuA. 

In situ 1H-NMR measurements in solution were performed to investigate the activation efficiency of PS-

mechanophore mixtures (52d-f) (ratios of 76:24 up to 23:77 (mechanophore:PS-NHC)) in the CuAAC 

of phenylacetylene and benzyl azide. Upon ultra-sonication one of the NHC-shielding ligands should 

be cleaved, enabling the coordination of the alkyne-moiety to start the CuAAC, achieving a “click”-

conversion of 75% after the 10th US-cycle. Control-experiments of the catalysts (52d-f) either in 

I) CTA-NHC for RAFT II) RAFT 

III) mechanophore 
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deuterated THF or DMF without ultra-sonication showed similar to quantitative conversions within the 

same time, thus missing the required latency to be applied as mechanocatalysts in solution. 

Finally, a capsule-free sensing approach within a solid host-material was accomplished by compounding 

the mechanocatalysts (52a, 52d-f), the non-fluorescent azido coumarin (36) and phenylacetylene into a 

high molecular weight pTHF (210 000 g/mol) (see Figure 69a). Compression-impact to pTHF-pellets 

(53a-d) induced the scission of the latent catalyst into the active Cu(I)-monocarbene species, initiating 

the formation of the highly fluorescent triazole-product (see Figure 69b). “Click” conversions increased 

with an increasing molecular weight of the polymer chains in turn of the more efficient transmittance of 

the compression impact, activating a larger quantity of the mechanocatalyst. For instance, the pellet 

(53b), containing the lowest molecular weight mechanocatalyst of 12 000 g/mol, provided a conversion 

of moderate 11%, while doubling the molecular weight to 23 500 g/mol led to 16% “click” conversion 

within the host-material (53c). Activation efficiency of the mechanocatalyst mixtures was exceeded, 

employing the pure mechanocatalyst of 12 000 g/mol to compression-fluorescence cycles, achieving the 

highest “click” conversion of 22%. Control experiments verified the mechanochemical activation, since 

neither the specimen missing a mechanocatalyst nor the ones (53b-d) missing compression impact 

showed an increase of fluorescence intensity.  

Figure 69. Fluorescence-compression cycles of sensing-materials (53a–d) revealed the mechanophoric activation of the 

catalyst (52), leading to „click“ conversions of up to 22% within the pTHF-matrix, also visualized by the change of color of 

the pTHF pellets (53a-d) from a) black (initial state, before compression was applied) to b) blue appearance (λem = 432 nm) 

under UV-irradiation (λex = 366 nm) after the 20th compression cycle. 

In summary, appropriate reactants suiting the ca-CuAAC mechanism were successfully designed and 

tested upon crosslinking efficiency in solution (via DSC) and in the melt-state (via rheology) for the 

first time, proving the desired low temperature activity at ~ 5 °C for autonomous SH approaches. It was 

shown, that the homogeneous catalysts were better accelerating the “click”-reactions compared to the 

heterogeneous catalysts. 

A new CTA was developed, allowing for the synthesis of high molecular weight (> 15 000 g/mol) NHC 

telechelic precursor polymers (PS, P-nBuA), which were subjected to subsequent mechanophore 

transformation. The high molecular weight Cu(I)-mechanocatalysts were activated upon compression 

impact, leading to a fluorescent “click” conversion of up to 22% within a scaffolding matrix (pTHF), 

proving the potential autonomous sensing behavior. 

 

 

 

 

 

 

a) 

a) b) 

b) fluorescence conversion of up to 22% pressure 
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7 Appendix 

 

7.1. Characterization of picolyl azides (1-7) 

 
Figure S 1. 1H-NMR spectra in CDCl3 of 2,4-pyridinedicarboxylic acid dimethyl ester (1) (top) and 2-(6-hydroxymethyl)-

pyridine-4-carboxylic acid methyl ester (2) (bottom).  

 
Figure S 2. 13C-NMR spectra in CDCl3 of 2,4-pyridinedicarboxylic acid dimethyl ester (1) (top) and 2-(6-hydroxymethyl)-

pyridine-4-carboxylic acid methyl ester (2) (bottom). 
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Figure S 3. 1H-NMR spectra of 2-(6-azidomethyl)-pyridine-4-carboxylic acid methyl ester (3) in CDCl3 (top) and 2-(6-

azidomethyl)-pyridine-4-carboxylic acid (4) in DMSO-d6 (bottom). 

 
Figure S 4. 13C-NMR spectra of 2-(6-azidomethyl)-pyridine-4-carboxylic acid methyl ester (3) in CDCl3 (top) and 2-(6-

azidomethyl)-pyridine-4-carboxylic acid (4) in DMSO-d6 (bottom). 
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Figure S 5. IR spectrum of 2-(6-azidomethyl)-pyridine-4-carboxylic acid methyl ester (3). 

 
Figure S 6. IR spectrum of 2-(6-azidomethyl)-pyridine-4-carboxylic acid (4). 
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Figure S 7. 13C-NMR spectra in CDCl3 of 2-(6-hydroxymethyl)-pyridine-5-carboxylic acid methyl ester (5) (top), 2-(6-

azidomethyl)-pyridine-5-carboxylic acid methyl ester (6) (middle) and 2-(6-azidomethyl)-pyridine-5-carboxylic acid (7) in 

DMSO-d6 (bottom). 

 
Figure S 8. IR spectrum of 2-(6-azidomethyl)-pyridine-5-carboxylic acid (7). 
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7.2. In-situ NMR of the ca-CuAAC applying picolyl azides. 

 

 
Figure S 9. In situ NMR measurement of the chelation-assisted CuAAC of picolyl azide (3) and phenylacetylene conducted in 

THF-d8 in presence of CuBr (0.1 eq.) (Table 3A, entry 3). 
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Figure S 10. In situ NMR measurement of the chelation-assisted CuAAC of picolyl azido telechelic PIB (28) and 

phenylacetylene conducted in THF-d8 in presence of [CuF(PPh3)3] (0.1 eq.) (Table 3A, entry 11). 
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Figure S 11. In situ NMR measurement of control and the conventional CuAAC of benzyl azide and phenylacetylene conducted 

in THF-d8 in presence of CuBr (0.1 eq.) and DIPEA (0.01 eq.) (Table 3B, entry 14). 
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7.3. Characterization of graphene based catalysts (15, 17) 

 
Figure S12. TEM-image of Cu-TRGO (15) (left) and Cu-TREGO (17) (right). 

7.4. Characterization of crosslinking picolyl azide (18) 

 
Figure S 13. IR spectrum of trimethylolpropane-tris-(pyridine-2-(6-azidomethyl)-5-carboxylat) (18). 
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Figure S 14. a) Full ESI-ToF-MS of trimethylolpropane-tris-(pyridine-2-(6-azidomethyl)-5-carboxylat) (18), showing main 

peak at 637.1976 g/mol. b) Measured peak (top) and its simulated isotopic pattern (bottom), belonging to the displayed 

structure. 

7.5. DSC of multivalent components (solution crosslinking) 

 

 
Figure S 15. DSC investigations of the CuAAC “click” reaction of 19 and 20 applying different Cu(I)-catalysts. 
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Figure S 16. DSC investigations of the chelation-assisted CuAAC “click” reaction of 18 and 20, applying different Cu(I)-

catalysts. 

 
Figure S 17. DSC investigations of the chelation-assisted CuAAC “click” reaction of 18 and 20, applying different (NHC)2-

Cu(I)-catalysts (21 and 22), showing no thermal activation. 
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Figure S 18. DSC investigations of the chelation-assisted CuAAC “click” reaction of 18 and 20, applying different (NHC)2-

Cu(I)-catalysts 21 in presence of entry 13; DBN; entry 14: DBU; or 22 in presence of entry 15: DBN; entry 16: DBU. 

7.6. Characterization of picolyl azido telechelic PIBs 

 
Figure S 19. 1H-NMR spectra in CDCl3 of bivalent allyl telechelic PIB (29) (top) and bivalent hydroxy telechelic PIB (30). 
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Figure S 20. 1H-NMR spectra in CDCl3 of trivalent allyl telechelic PIB (32) (top) and trivalent hydroxy telechelic PIB (33). 

 

 
Figure S 21. IR spectrum of trivalent picolyl azido telechelic PIB (34a). 
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Figure S 22. MALDI-ToF-MS of trivalent picolyl azido telechelic PIB (34a). a) Full spectrum of 34a, showing two series. b) 

Superimposed area of spectrum of 34a, showing a distance between peaks of main series of 56 g/mol, belonging to the repetitive 

unit of isobutylene. c) Measured peaks (red) and their simulated isotopic pattern (green), belonging to the displayed structure. 

7.7. Rheology of star-shaped PIBs suiting the chelation-assisted CuAAC mechanism 

For determination of k‘ the following formula was used (e4)[40]: 

ln(𝜂) = 𝑘′ ∙ 𝑡 + ln (𝜂0)      (e4) 

Plotting of ln (η) vs. k’· t led to determination of the apparent rate constant k’ by linear fit of the slope, 

while η is the real part of the viscosity (see Figure S 23). 

 
Figure S 23. Determination of the apparent rate constant k‘ by plotting of ln (Re η) vs. k’· t and linear fit of the slope. 
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Figure S 24. IR spectra of the crosslinked networks of 34a/b + 35; a) see Table 6, entry 1; b) see Table 6, entry 6 (also all 

other). 

7.8. Characterization of coumarin azide (36) 

 
Figure S 25. 1H-NMR spectrum in DMSO-d6 of 3-azido-7-hydroxy-coumarin (36) and superimposed area (top). 13C-NMR 

spectrum of 3-azido-7-hydroxy-coumarin (36) in DMSO-d6 (bottom).  

a) 

b) 

ν (N3) 
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Figure S 26. IR spectrum of 3-azido-7-hydroxy-coumarin (36). 

 
Figure S 27. a) ESI-ToF-MS of 36 (negative mode); b) superimposed area, showing measured peak (top) and its simulated 

isotopic pattern (bottom), belonging to the displayed structure.  
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7.9. Synthesis and test of the autonomous SH approach (PIB-matrix) 

 
Figure S 28. Photographs of attempts to embed SH components to surrounding matrices. a) Molds applied (from left to right): 

stretched mold, deep stretched mold, deep round mold; b) see Table 20, entry 10 (left) and entry 8 (right); c) see Table 20, entry 

5 (1st layer was cured before the 2nd layer, containing the capsules filled with alkyne moiety, dissolved in n-hexane was added); 

d) see Table 20, entry 6; e) beaker (right) used for synthesis and mixing of components with dissolved matrix, round deep mold 

(left) used for drying of specimen; f) neat specimen (37a-b) obtained after drying (left) and the sliced piece of approximate 

dimension: 5 mm x 13 mm x 0.8 mm (right) applied to the subsequent SH-scratch-fluorescent measurement. 

7.10. Characterization of chain-transfer agents (CTAs) (40, 43, 44, 46) 

 
Figure S 29. 1H-NMR spectra of 3-(11-hydroxyundecyl)-1-methylimidazolium bromide (38) in DMSO-d6 (top); 3-(11-(2-

brompropionyloxy)undecyl)-methyl-1-imidazolium bis(trifluoro-methane)sulfonimide (39) in CDCl3 (bottom). 

a) 
b) c) 

d) e) 
f) 
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Figure S 30. 13C-NMR spectra of 3-(11-hydroxyundecyl)-1-methylimidazolium bromide (38) in DMSO-d6 (top); 3-(11-(2-

brompropionyloxy)undecyl)-methyl-1-imidazolium bis(trifluoro-methane)sulfonimide (39) in CDCl3 (bottom). 

 
Figure S 31. a) Superimposed ESI-ToF-MS of 38, showing measured peak (top) and its simulated isotopic pattern (bottom), 

belonging to the displayed structure. b) Superimposed ESI-ToF-MS of 39, showing measured peak (top) and its simulated 

isotopic pattern (bottom), belonging to the displayed structure.  
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Figure S 32. a) Full ESI-ToF-MS of 40 (positive mode). b) Superimposed area, showing measured peak (top) and its simulated 

isotopic pattern (bottom), belonging to the displayed structure. c) Full ESI-ToF-MS of 40 (negative mode); d) superimposed 

area, showing the measured peak (top) and its simulated isotopic pattern (bottom), belonging to the displayed structure. 

Figure S 33. 1H-NMR spectra of a) 3-methylimidazole-propanol (41) in DMSO-d6; b) 3-methylimidazole-propanoic acid-

2’bromo-2’-methyl-propanylester (42) in CDCl3; c) CTA-NHC (43) in CDCl3. 
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Figure S 34. 13C-NMR spectra of 3-methylimidazole-propanol (41) (top) in DMSO-d6; 3-methylimidazole-propanoic acid-

2’bromo-2’-methyl-propanylester (42) (middle) in CDCl3; c) CTA-NHC (43) (bottom) in CDCl3. 

 

 
Figure S 35. a) Full ESI-ToF-MS of 43; b) superimposed area, showing measured peak (top) and its simulated isotopic pattern 

(bottom), belonging to the displayed structure (precursor 42); c) superimposed area, showing measured peak (top) and its 

simulated isotopic pattern (bottom), belonging to the displayed structure of the product (43).  
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Figure S 36. 1H-NMR spectra in CDCl3 of ethyl CTA-COOH (44) (top); butyl CTA-COOH (46) (bottom). 

 
Figure S 37. 13C-NMR spectra in CDCl3 of a) CTA-COOH (44); b) CTA-COOH (46). 

 

a) 

b) 
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7.11. Characterization of RAFT-PS (48, 49a-m) 

 
Figure S 38. 1H-NMR spectrum of control RAFT polymerization, providing PS-COOH (48) (Mn(NMR) = 4 200 g/mol, PDI = 

1.23) in CDCl3. Polymer remained unpurified from residual styrene monomer (signals were cut out). 

 
Figure S 39. 1H-NMR spectrum of 49e (Mn(NMR) = 11 100 g/mol, PDI = 1.17) in THF-d8. 
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Figure S 40. 1H-NMR spectrum of 49f (Mn(NMR) = 26 000 g/mol, PDI = 1.15) in THF-d8. 

 
Figure S 41. MALDI-ToF-MS of PS-NHC (49e). a) Full spectrum of 49e, showing two series. b) Superimposed area of 

spectrum of 49e, showing distance between peaks of both series of 104 g/mol, belonging to the repetitive unit of styrene. c) 

Measured peak (top) and its simulated isotopic pattern (bottom), belonging to the displayed structure. 
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Table S1. Synthesis details of the remaining RAFT-polymerization of styrene. 

PS CTA 
CTA:I:M 

[eq.] 

nCTA 

[mmol] 

nmonomer 

[mmol] 

Mn(GPC)
a) 

[g/mol]  

Mn(NMR)
b) 

[g/mol] 
PDI solvent 

T 

[°C] 
yield [%] 

A) RAFT-polymerization conducted in solution 

49g 40 4:1:2400 0.16 96.0 13 200 21 900 1.31 toluene 80 14 

49h 40  10:1:1000 0.29 28.8 5 100 5 000 1.17 dioxane 80 27 

49i 40 10:1:5000 0.30 149.8 10 400 12 100 1.17 dioxane 80 13 

B) RAFT-polymerization conducted in bulk in absence of AIBN 

49j 40 10:5000 0.25 124.8 41 800 62 900 1.23 / 120 73 

a) GPC-measurements were performed in HPLC-grade DMF with the addition of LiNTf2 (c = 10.0 mM) and molecular weight 

was determined by calibration with external PS-standards (MP ~ 1 000 – 115 000 g/mol) and detection of refractive-index. b) 

Calculated by the ratio of the initiator signal at δ = 3.28 ppm and the signal of the repetitive unit at δ = 7.24 – 6.32 ppm. 

Table S2. Synthesis details of kinetic (growing of molecular weight by time) measurements of RAFT polymerization of PS. 

PS CTA 
CTA:I:M 

[eq.] 

nCTA 

[mmol] 

nmonomer 

[mmol] 
t [h]: Mn(GPC)

a) [g/mol] PDI solvent 
T 

[°C] 

yield 

[%]b) 

A) RAFT-polymerization conducted in solution 

49k 40 10:1:6000 0.04 24.0 

1: 5 960 

2: 9 000 

3: 12 280 

4: 13 930 

5: 14 440 

1.30 

1.30 

1.25 

1.24 

1.24 

toluene 80 5 

49l 40  10:1:2000 0.30 60.0 

1: 2 690 

2: 3 590 

3: 5 040 

4: 5 910 

5: 6 480 

6: 7 010 

1.12 

1.13 

1.10 

1.11 

1.11 

1.11 

dioxane 80 15 

B) RAFT-polymerization conducted in bulk in absence of AIBN 

49m 40 10:1000 0.60 60.0 

1: 1 720 

2: 2 660 

3: 3 380 

4: 4 160 

5: 4 910 

6: 5 390 

1.13 

1.12 

1.11 

1.10 

1.09 

1.10 

/ 120 71 

a) GPC-measurements were performed in HPLC-grade DMF with the addition of LiNTf2 (c = 10.0 mM) and molecular weight 

was determined by calibration with external PS-standards (MP ~ 1 000 – 115 000 g/mol) and detection of the refractive-index. 

b) Isolated yield of all collected fractions. 

 
Figure S 42. Linear chain growth of molecular weight during RAFT of styrene employing CTA 40 either in dioxane or in bulk. 



 
160 

 

7.12. Characterization of RAFT-P-nBuA (50, 51a-j) 

 
Figure S 43. 1H-NMR spectrum in CDCl3 of control RAFT polymerization, providing P-nBuA-COOH (50) (Mn(NMR) = 

13 500 g/mol, PDI = 1.19).  

 
Figure S 44. MALDI-ToF-MS of P-nBuA-COOH (50); a) full spectrum of 50, showing two series; b) Superimposed area of 

spectrum of 50, showing distance between peaks of both series of 128 g/mol, belonging to the repetitive unit of n-butyl acrylate. 

c) Measured peaks and their simulated isotopic pattern, belonging to the displayed structures.  
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Figure S 45. 1H-NMR spectrum of 51d (Mn(NMR) = 13 900 g/mol, PDI = 1.21) in THF-d8. 

 
Figure S 46. 1H-NMR spectrum of 51e (Mn(NMR) = 23 800 g/mol, PDI = 1.23) in THF-d8. 
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Figure S 47. MALDI-ToF-MS of P-nBuA-NHC (51d); a) full spectrum of 51d, showing two series; b) Superimposed area of 

spectrum of 51d, showing distance between peaks of 128 g/mol, belonging to the repetitive unit of n-butyl acrylate. c) Measured 

peak (top) and its simulated isotopic pattern (bottom), belonging to the displayed structure.  

 
Figure S 48. MALDI-ToF-MS of P-nBuA-NHC (51e); a) full spectrum of 51e, showing two series; b) Superimposed area of 

spectrum of 51e, showing distance between peaks of 128 g/mol, belonging to the repetitive unit of n-butyl acrylate. c) Measured 

peak (top) and its simulated isotopic pattern (bottom), belonging to the displayed structure. 
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Table S3. Synthesis details of the remaining RAFT-polymerization of n-butyl acrylate. 

P-

nBuA 
CTA 

CTA:I:M 

[eq.] 

nCTA 

[mmol] 

nmonomer 

[mmol] 

Mn(GPC)
a) 

[g/mol]  

Mn(NMR)
b) 

[g/mol] 
PDI solvent 

T 

[°C] 

yield 

[%] 

A) RAFT-polymerization conducted in solution 

51i 40 10:1:2000 0.21 42.1 37 200 50 400 1.31 DMF 65 60 

B) RAFT-polymerization conducted in bulk in absence of AIBN 

51j 40 10:500 1.76 87.8 2 300 2 100 1.15 / 120 18 

a) GPC-measurements were performed in HPLC-grade DMF with the addition of LiNTf2 (c = 10.0 mM) and molecular weight 

was determined by calibration with external PBMA-standards (MP ~ 0.8 kg/mol – 111 kg/mol) and detection of refractive-

index. b) Calculated by the ratio of integrals of the methylene-group of the initiator at δ = 3.39 ppm and the repetitive unit at δ 

= 4.12 – 3.94 ppm, of which the integral-value of 2 was subtracted, due to overlay with methylene-group of initiator-part. 

 

7.13. Characterization of polymeric mechanocatalysts 

 
Figure S 49. Stacked 1H-NMR spectra of attempted P-nBuA mechanophore synthesis; (8) pure P-nBuA-NHC (51h) for better 

comparison; (7) see Table S 4B, entry 7; (6) see Table S 4B, entry 8; (5) see Table S 4B, entry 9; (3) see Table S 4B, entry 12; 

(1) see Table S 4B, entry 14; All of them missed the biscarbene proof by shift of NCHCHN resonance from δ = 7.58 – 7.54 ppm 

to approximately δ = 6.25 – 6.22 ppm (area highlighted by light blue transparent marker).  
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Figure S 50. Stacked 1H-NMR spectra of aliquot taken from the reaction of PS-NHC with NaOtBu and [Cu(MeCN)4]PF6 in 

order to synthesize the bis(NHC)-mechanophore (top) and after purification by precipitation of the crude mixture in MeCN to 

remove excess of the base (HOtBu) (area highlighted by light blue transparent marker) and the catalyst [Cu(MeCN)4]PF6. Ratio 

of integrals of the biscarbene at δ = 6.25 – 6.20 ppm and the precursor at δ = 7.60 – 7.48 ppm remained the same. 

 
Figure S 51. 1H-NMR spectra of the mechanophore mixtures (52d) (top); (52e) (middle); (52f) (bottom) in THF-d8, showing 

the ratio of integrals, belonging to the biscarbene moiety at δ = 6.25 – 6.20 ppm and the precursor at δ = 7.60 – 7.48 ppm. 

Purification was accomplished by precipitation of the crude reaction mixture in MeCN (compare with Figure S 50). 
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Table S4. Different reaction conditions applied for synthesis of PS-mechanophores (A) and P-nBuA-mechanophores (B). 

entry precursor 
n(precursor) 

[mmol]a) 

n(NaO
t
Bu) 

[mmol] 

m(NaO
t
Bu) 

[mg] 

n(Cu-salt) 

[mmol] 

m(Cu-salt) 

[mg] 
solvent/purification 

biscarbene 

formation?b) 

A) synthesis fails for PS-mechanophores at 20 °C   

1  49e 0.080 
0.104 

(1.3 eq.) 
10.0 

0.040 

(0.5 eq.) 
14.9 

THF/precipitation 

(MeOH) 
no 

2 49e 0.080 
0.104 

(1.3 eq.) 
10.0 

0.040 

(0.5 eq.) 
14.9 

toluene/precipitation 

(MeOH) 
no 

3 49d-f 0.080 
0.104 

(1.3 eq.) 
10.0 

0.040 

(0.5 eq.) 
14.9 

MeCN/column (neutral 

Al2O3 or diatomaceous 

earth) 

no 

4 49d-f 0.080 
0.104 

(1.3 eq.) 
10.0 

0.040 

(0.5 eq.) 
14.9 

MeCN + toluenec)/ 

precipitation (MeCN) 
no 

5 49d-f 0.080 
0.184 

(2.3 eq.) 
17.7 

0.040 

(0.5 eq.) 
14.9 MeCN /column (silica) no 

6 49d-f 0.080 
0.184 

(2.3 eq.) 
17.7 

0.040 

(0.5 eq.) 
14.9 

MeCN + THFc)/ 

precipitation (MeCN) 
no 

B) synthesis fails for P-nBuA-mechanophores at -40 – +20 °C 

7 51h 0.080 
0.104 

(1.3 eq.) 
10.0 

0.040 

(0.5 eq.) 
14.9 

MeCN 

(+20 °C)/precipitation 

(MeOH:H2O, 2:1) 

no 

8 51h 0.080 
0.104 

(1.3 eq.) 
10.0 

0.040 

(0.5 eq.) 
14.9 

THF 

(+20 °C)/precipitation 

(MeOH:H2O, 2:1) 

no 

9 51h 0.080 

KHMDS 

0.104 

(1.3 eq.) 

KHMDS 

20.8 

0.040 

(0.5 eq.) 
14.9 

MeCN 

(+20 °C)/precipitation 

(MeOH:H2O, 2:1) 

no 

10 51h 0.080 
0.104 

(1.3 eq.) 
10.0 

0.040 

(0.5 eq.) 
14.9 

MeCN  

(-40 °C)/without 

workup 

no 

11 51h 0.080 
0.08 

(1.0 eq.) 
7.7 

0.040 

(0.5 eq.) 
14.9 

MeCN  

(-40 °C)/without 

workup 

no 

12 51h 0.080 
0.07 

(0.9 eq.) 
6.9 

0.040 

(0.5 eq.) 
14.9 

MeCN  

(-40 °C)/without 

workup 

no 

12 51h 0.080 
0.04 

(0.5 eq.) 
5.0 

0.040 

(0.5 eq.) 
14.9 

MeCN  

(-40 °C)/without 

workup 

no 

13 51d 0.080 
0.104 

(1.3 eq.) 
10.0 

0.040 

(0.5 eq.) 
14.9 

MeCN:THF, 1:1 

(+20 °C)/without 

workup 

no 

14 51d 0.080 
0.184 

(2.3 eq.) 
17.7 

0.040 

(0.5 eq.) 
14.9 

MeCN 

(+20 °C)/without 

workup 

no 

a) Determined by using the calculated molecular weight via 1H-NMR measurement. b) Resonance shift of NCHCHN in 1H-

NMR spectra measured in THF-d8 from δ = 7.56 – 7.52 ppm (precursor) to δ = 6.25 – 6.23 ppm (bis-carbene-structure) for PS 

and from δ = 7.58 – 7.54 ppm (precursor) for P-nBuA to ca. δ = 6.3x – 6.1x ppm (resonance location for P-nBuA-biscarbene 

structure is unknown, but should be similar to PS). c) A few µL of a second mentioned solvent were added to get a clear solution 

by dissolving of the remaining solid in the suspension. 
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7.14. Ultra-sonication experiments of mechanocatalysts (52d-f) 

 

 
Figure S 52. Stacked 1H-NMR spectra of the control experiment (without US), showing complete conversion of 

phenylacetylene and benzyl azide (equimolar ratio, c = 75 mM, 1.0 eq.) at RT after 18 hours of stirring in a THF-d8:MeOH, 

30:1 mixture, applying the mechanocatalyst (c = 0.75 mM, 0.01 eq.):  a) 52d; b) 52e; c) 52f.  
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Figure S 53. Stacked 1H-NMR spectra of US experiment, showing conversion (calculated by comparing integral ratio of signals 

at δ = 5.59 ppm (product) and at δ = 4.34 ppm (educt)) of phenylacetylene and benzyl azide (equimolar ratio, c = 75 mM, 

1.0 eq.), applying the mechanocatalyst 52d (c = 0.75 mM, 0.01 eq.) and US in THF-d8:MeOH, 30:1; a) 13% conversion (0th 

Cycle); b) 36% conversion (3rd cycle); c) 64% conversion (5th cycle); d) 75% conversion (10th cycle).  
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7.15. Detection of fluorogenic sensing within pTHF-pellets (53a-d) triggered by compression 

experiments (activated via mechanocatalysts) 

 
The calibration of the fluorescence spectrometer was done, embedding the “clicked” fluorogenic dye 54 

in different concentrations in a high molecular weight PTHF matrix (see Table S5). Fluorescence 

quenching effects based on the chromaticity of the dye were neglected, adjusting an overall 

concentration of the coumarin based dyes (36 + 54) constant at 1.6 · 10-4 mmol/mg. The experimentally 

used concentrations (c(54) = 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 as well as 1.6∙10-4 

mmol(54)/mg(sample)) of 54 were adjusted, dissolving the pTHF matrix (200 mg, Mn = 112 000 g/mol), the 

corresponding amounts of 54 and the non-fluorescent dye 36 in dry THF. After the solution becomes 

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 and the obtained 

fluorescence was fitted versus the concentration to yield equation 5 (e5).[349] 

 

IFluorescence = 6.01 ∙ 106 (± 2.94 ∙  105) 𝑐(𝑯) + 1.12 ∙  101 (± 1.86 ∙  101)   (e5) 

 

Table S5. 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 (54) in a pTHF matrix. 

 

c(54) 

[mmol(54)/ 

mgsample] 

n(54) 

[mmol] 
m(54) [mg] 

n(36) 

[mmol] 

m(36) 

[mg] 

Ifluorescence 

(427 nm) 

sample1 

[a.u.] 

Ifluorescence 

(427 nm) 

sample2 

[a.u.] 

Ifluorescence 

(427 nm) 

sample3 

[a.u.] 

Ifluorescence 

(427 nm) 

average 

[a.u.] 

1  0 0 0 3.4·10-2 6.98 17 17 17 17 

2 1.5·10-6 3.0·10-4 0.10 3.4·10-2 6.91 23 24 25 24 

3 2.9·10-6 6.0·10-4 0.20 3.4·10-2 6.85 25 26 26 26 

4 7.7·10-6 1.6·10-3 0.50 3.2·10-2 6.65 44 49 49 47 

5 1.6·10-5 3.2·10-3 1.00 3.1·10-2 6.31 74 78 88 80 

6 3.2·10-5 6.6·10-3 2.02 2.8·10-2 5.63 160 170 182 170 

7 6.4·10-5 1.3·10-2 4.08 2.1·10-2 4.26 477 483 510 490 

8 1.6·10-4 3.4·10-2 10.50 0 0 939 973 989 967 

 

 



 
169 

 

 
Figure S 54. Calibration plot of the fluorescence intensity versus the concentration of the “clicked” dye (54) in the polymer 

matrix. 
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