
Mechanochemical and thermal cleavage of polymer linked copper 
(I)-biscarbene complexes

Philipp Michael a, Hossam Elgabarty b , Daniel Sebastiani b, Wolfgang H. Binder a,*

a Institute of Chemistry, Chair of Macromolecular Chemistry, Faculty of Natural Sciences II, Martin Luther University Halle-Wittenberg, Von-Danckelmann-Platz 4, 
06120, Halle (Saale), Germany
b Institute of Chemistry, Chair of Theoretic Chemistry, Faculty of Natural Sciences II, Martin Luther University Halle-Wittenberg, Von-Danckelmann-Platz 4, 06120, Halle 
(Saale), Germany

A R T I C L E  I N F O

Keywords:
Mechanochemistry
Mechanocatalyst
Mechanophore
Click chemistry
Cu-carbene-complexes

A B S T R A C T

The force-dependent activation of a latent mechanocatalyst based on polymeric Cu(I)-biscarbene complexes is 
demonstrated in solution by applied ultrasound, underscoring a mechanochemical activation pathway via an 
external acoustic field. Systematic experiments via ultrasound mediated activation of the Cu(I)-complex prove a 
chain length dependent cleavage, favored when longer polymer chains (Mn = 4750; 8900; 17200 g mol− 1) are 
attached to the Cu(I)-biscarbene-complex, displaying an subsequent reaction/deactivation pathway with 
increased ultrasound energy. A different decomposition pathway is observed via purely thermal activation, based 
on a direct scission of the polymeric chain from the N-heterocyclic carbene, thus prohibiting the formation of the 
desired catalytically active species. Quantum chemical calculations together with experimental investigations 
support that splitting one carbene residue from a biscarbene-Cu(I)-center is favored mechanochemically at a 
force of around 900 pN, in turn lowering the activation energy significantly in comparison to the purely thermal 
activation pathway.

1. Introduction

The cleavage of chemical bonds by mechanical force represents an 
important tool for triggering chemical reactions, similar to the signifi
cantly broader used activation by temperature or photons [1–4]. 
Mechanochemistry enables access to specific reaction pathways 
different from their temperature or light-induced counterparts. In 
polymers, the mechanochemical cleavage of covalent bonds becomes 
more likely: thus eg. bond rupture either in the solid state [1–3,5–10] is 
a well known phenomenon applying forces by e.g. compression, 
ball-milling, tension as well as shear force even in diluted macromo
lecular solutions [1–3,11] by e.g. external acoustic fields like ultra
sound. Therefore, the field of mechanochemistry has become 
considerably important in macromolecular science [2,4,12], as attached 
polymer chains allow an more efficient transmission of an applied force 
to weak links within a macromolecule, in particular addressing bonds of 
lower energy [1,13].

Covalent bonds in cyclic molecules (such as spiropyranes [6,14], 
oxiranes [15], gem-dihalocyclopropanes [8,16–19], diketenes [20], 

cyclo-butanes [21–26], or bis-adamantyldioxetanes [27–29]) or in metal 
complexes (like Ag- and Ru-carbenes [30,31], metal/pincer-complexes 
[32,33] or metal/multiligand complexes [34–36]) can display a spe
cific mechanochemical activation pathway, often different from their 
purely thermal or photochemical activation [15–17,20,26]. Thus e.g. in 
the electrocyclic ring-opening of cis-benzocyclobutenes, the disrotatory 
pathway is favored mechanochemically, whereas the conrotatory 
pathway proceeds as predicted by the Woodward-Hoffmann rules for the 
thermally triggered reaction [26].

We here report on the experimental mechanism of mechanochemical 
as well as thermal cleavage of a polymeric Cu(I)-biscarbene complexes 1 
(Fig. 1), onto which polymer chains of different chain length have been 
attached via N-heterocyclic carbene (NHC) linkers. When embedded in 
linear-polymers [37–39], polymer networks [40,41], peptides [42], or 
MOFs [43,44], the Cu(I)-biscarbenes can be activated by external me
chanical force [4]. Supported by theoretical (CoGEF calculations) and 
practical investigations, we here do show that a specific mechano
chemical pathway prevails, able to split one carbene residue from the 
biscarbene-Cu(I)-center upon applying external force, in turn lowering 

This article is part of a special issue entitled: Bond Breaking in Polymers published in Polymer.
* Corresponding author.

E-mail address: wolfgang.binder@chemie.uni-halle.de (W.H. Binder). 

Contents lists available at ScienceDirect

Polymer

journal homepage: www.elsevier.com/locate/polymer

https://doi.org/10.1016/j.polymer.2025.128816
Received 10 June 2025; Received in revised form 10 July 2025; Accepted 11 July 2025  

Polymer 335 (2025) 128816 

Available online 15 July 2025 
0032-3861/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-4945-1481
https://orcid.org/0000-0002-4945-1481
https://orcid.org/0000-0003-3834-5445
https://orcid.org/0000-0003-3834-5445
mailto:wolfgang.binder@chemie.uni-halle.de
www.sciencedirect.com/science/journal/00323861
https://www.elsevier.com/locate/polymer
https://doi.org/10.1016/j.polymer.2025.128816
https://doi.org/10.1016/j.polymer.2025.128816
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2025.128816&domain=pdf
http://creativecommons.org/licenses/by/4.0/


the activation energy significantly in comparison to the purely thermal 
activation. The present system is of particular importance, as a subse
quent “click”-based chemistry can allow site-specific crosslinking re
actions, in turn enabling to activate a “click”-catalyst specifically only at 
the site of damage and facilitate thus pressure specific self-healing 
[45–51]. The Cu(I)-biscarbene complexes 1 were designed in compli
ance with generally accepted requirements for mechanophores. Linear 
mechanochemical systems including weaker chemical bonds with 
binding energies of 30–70 kcal/mol [30–36,52] have shown an efficient 
activation via mechanical force when incorporating the labile bond of a 
mechanophore in the midst of polymer chains [53–56]. Metal-carbenes 
in particular reveal the potential to be excellent mechanochemical 
activation systems, as the metal-carbene bonds are relative stable and 
chemically inert groups [57,58] but can also be mechanochemically 
activated by ligand removal, in turn leading to active the metal-catalysts 
[30,51,59]. An increase in chain length of the used polymers usually 
favors the transmittance of force onto the middle part of the polymer 
chains, culminating in bond-cleavage of the most labile bond within the 
polymer chain [1–3,55,60,61]. Beside the influence of the initial poly
mer molecular weight, the sonication intensity, the concentration of 
mechanophores, the temperature as well as the choice of solvent plays 
an important role on the scission rate of polymers by acoustic fields [19,
62–64]. We here report the spectroscopic evidence for specific activa
tion pathways of mechanocatalysts 1, which proves a mechanochemical 
activation behavior, in turn generating a catalytically active catalyst.

2. Results and discussion

2.1. Mechanochemical and thermal decomposition

The mechanophores 1 [51] consist of a centered copper(I) atom 
linked to two poly (isobutylene) (PIB) chains by N-methyl
imidazol-2-ylidene groups, acting as polymeric handles to transmit the 
applied force to the mechanochemical labile C–Cu bond (see Fig. 1). 
Three different molecular weights of the polymers were attached 
ranging from 4750 g mol− 1 to 17200 g mol− 1 (Table 1) in order to 
investigate its influence on the activation behavior. As there is a limi
tation in the living cationic polymerization with a endgroup fidelity up 
to about 20 kDa, polymer 1c is the one with the highest Mn. Addition
ally, NMR analysis to monitor the subsequent endgroups at higher mo
lecular weights would not be possible due to the endgroup-dilution, then 
excluding to analyse specific reaction pathways of the Cu-bisNHC 
segment.

We believe that the attached, highly rigid endgroups (= the Cu-bis 
NHC) change the adsorption behavior of the polymers during SEC 
significantly. As the Mn - values determined by NMR are lower than the 
SEC values and we have used PIB standards to exclude eventual cali
bration errors from the PS- vs. PIB polymers, we tend to assign this 
difference to the rigidity of the Cu-bis-NHC middle segment. In addition 
to NMR-endgroup analysis (see Fig. 4), SEC measurements (Mn, PDIs) 

for all polymers during thermal or sonochemical cleavage experiments 
are provided in Fig. 2A/B. A series of GPC experiments were subse
quently conducted to investigate the more detailed influence of ultra
sound as well as the thermally induced chain scission of our Cu(I)- 
mechanophores 1. Ultrasound is used for activation as it is a generally 
accepted methodology to simulate stress onto dissolved mechanophores 
[1,3]. As known from literature [3,13,56,61,62,65–67], a specific 
mechanochemical activation pathway can be induced by ultrasound in 
solution by the formation and subsequent collapsing of cavitation bub
bles, leading to a defined strain, stretching the polymer molecule until a 
mechanophore depending scission limit is reached and the most labile 
bond is cleaved, thus activating the mechanophore. In order to avoid 
undesired thermal effect during the mechanochemical scission process 
due to heat generation by collapsing cavitation bubbles, the reactions 
mixtures were externally thermostated, thus excluding unspecific side 
reactions [67].

Subjecting the mechanophore samples in THF/MeOH mixtures 
(concentration 0.75 mM) to ultrasonication revealed a significant 
decrease of the molecular weight during the sonication process 
(Fig. 2A). A clear dependency of a symmetric chain cleavage on the 
sonication time as well as on the initial molecular weight could be 
observed. With increasing sonication time (represented by different 
sonication cycles of 90 min ultrasonication with 30 % of max. amplitude 
of 125 μm and 60 min without sonication) a clear shift to higher 
retention times and thus smaller molecular weight (with about half of 
the initial molecular weight 8700 g mol− 1 when starting from 17200 g 
mol− 1) could be observed. This proves the mechanophore fragmentation 
into smaller fragments via symmetric chain cleavage. Mechanocatalysts 
with longer polymer chains (1c, 17200 g mol− 1, Fig. 2B) show a sig
nificant faster molecular weight degradation compared to those with 
shorter appended polymer chains (1a, 4750 g mol− 1) proving thus that 
increased chain length favors the transmittance of force, culminating 
finally in bond-cleavage of the most labile bond close to the midst point 
of the polymer chain [1–3,55,60,61].

In order to compare the individual cleavage efficiencies, a (semi-) 
quantification of the GPC traces was accomplished by calibrating the RI- 
signal intensity to the concentration of the polymeric bis- (1) and 
monocarbene (2) moieties (for details see Supporting Information). 
Results are summarized in Table 2 and depicted graphically in Fig. 2C. 
The highest content (~84 %) of cleaved mechanophore by ultrasound 
was observed for the longest catalyst 1c (Mn = 17200 g mol− 1), while in 

Fig. 1. Mechanochemical versus thermal activation of polymeric Cu(I)-biscarbene mechanocatalyst 1 (R = propoxyphenyl telechelic polyisobutylene (PIB)).

Table 1 
Investigated Cu(I) mechanocataysts 1 after synthesis via living carbocationic 
polymerization and subsequent endgroup modification.

Ent. Cu(I) catalyst Mn;GPC
a [g mol− 1] Mn;NMR [g mol− 1]

1 1a 4750 2400
2 1b 8900 5100
3 1c 17200 8900

a All values are determined in THF using PIB as standard.
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case of the shortest mechanocatalysts 1a (Mn = 4750 g mol− 1) only ~ 
45 % of the chains were cleaved after the same sonication time. An 
almost linear decrease of the molecular weight and thus a linear increase 
of mechanochemical cleaved catalysts could be observed for the first 
three sonication cycles up to 7.5 h independently on the initial molec
ular weight (Fig. 2B and C). After 5 cycles of sonication, the curve 
converges slowly to the aforementioned final values, indicating a 
significantly slower cleavage of the smalls chains by ultrasound [68]. 
Additionally, a broadening of the molecular weight distribution (PDI) e. 
g. from 1.2 to 1.5 for 1c could be observed (Table 2).

The effect of the methanol addition was investigated as MeOH is able 
to protonate the cleaved carbenes in turn preventing the back reaction 
with the Cu(I)-monocarbene complex 2 (Fig. 3). Using pure tetrahy
drofuran (THF) without MeOH leads to a significantly lower activation 
of the mechanophores, e.g. 11 % for 1c compared to 84 % when THF/ 
MeOH 30:1 mixtures were used (Fig. 2, Table 2 entries 3 + 4). Control 
experiments were conducted by monitoring the molecular weights of 1 
by GPC without ultrasound or thermal treatment. In all cases no sig
nificant chain scission could be observed (Fig. 2B and C, Table 2 entry 
6). Furthermore, the pure thermal activation behavior of the mecha
nophores 1 was investigated by GPC. Subjecting 1 to a purely thermal 
treatment (65 ◦C for 72 h) also leads to chain scission (Fig. 2, Table 2
entry 5), although the resulting catalyst does not show catalytic activity 
(vide supra).

To elucidate the chemical species after mechanochemical or thermal 
cleavage, both, the mechanochemical and thermal reactions were 
investigated in more detail by in-situ 1H NMR spectroscopy. Therefore, 
the mechanocatalysts 1 were subjected to either to mechanochemical 
force by ultrasonication or thermal treatment (at 65 ◦C). Fig. 4A shows 
the 1H NMR spectra for the mechanochemical cleavage of 1c as virgin 
catalyst and after the 1st, 2nd, 3rd, 5th, 10th and 20th sonication cycle. 
Indeed we observe a change in mechanism after the 3rd sonication cycle. 
Although the amounts of the activated/decomposed catalyst are truly 
small, we however see in the first two cycles a clear (expected) carbene 
removal, which then moves into the destructive (and obviously nonre
versible pathway) as described in Fig. 4. Before ultrasonication only the 
resonances of the virgin catalyst 1 (NCH–CHN at 6.25 and 6.20 ppm, 
phenoxy group at 6.81 ppm) were visible. Ultrasonication up-to the 3rd 
sonication cycle led to an increasing amount of the cleaved mono
carbene species 2 (visible at 6.40 and 6.63 ppm NCH–CHN, phenoxy 
group at 6.75 ppm) as well as of the protonated macroligand 3 (NCHN at 
9.98 ppm, phenoxy group at 6.85 ppm), proving the specific cleavage of 
the Cu-carbene-bond in the mechanophore 1 (Fig. 3) together with 

Fig. 2. (A) GPC traces of the virgin catalyst 1c before ultrasonication (black) 
and decreasing molecular weight indicated by increased retention volume after 
multiple sonication cycles. (B) Decreasing molecular weight of 1 (determined 
by GPC) versus the sonication time depending on the initial molecular weight 
and sonication conditions. (C) Cleavage of mechanocatalyst 1 depending on the 
initial molecular weight and sonication conditions.

Table 2 
Cleavage of mechanocatalysts 1a-c with different molecular weights under 
different cleavage conditions (for time dependent values see Supporting 
information).

Ent CuI 

cat
US 
cyclesa

T 
[◦C]

solvent PDI cleaved 
mechano- 
phoresb [%]initial end

1 1a 20 20 THF/ 
MeOH

1.6 1.8 45

2 1b 20 20 THF/ 
MeOH

1.2 1.5 55

3 1c 20 20 THF/ 
MeOH

1.2 1.5 84

4 1c 20 20 THF 1.2 1.2 11
5 1c - 65 THF/ 

MeOH
1.2 1.5 97

6 1c - 20 THF/ 
MeOH

1.2 1.2 0

a Ultrasonicaton cycle: 90 min sonication with 30 % of max. amplitude of 125 
μm with pulse sequence 5s on, 10s off and 60 min without sonication.

b Determined after 20 sonication cycles (50h) for entries 1–4 and after 72h for 
entries 5–6 from GPC values according to equation Seq 1 (see supporting 
material).
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another reaction pathway.
Thus after the 3rd sonication cycle the intensity of the monocarbene 

species 2 decreases until its complete disappearance after the 10th cycle 
(Fig. 4A) revealing the further decomposition of the Cu(I)-monocarbene 
complex 2 with ultrasonication. The additional resonances (at 8.98 ppm 
and around 5.75 ppm) can be assigned to the decomposition products 
4–7, formed by either the elimination of the methylimidazol-2-ylidene 

end group or the complete elimination of the methylimidazol-2- 
ylidene bearing phenoxy end group from the PIB chain generating in
ternal and terminal double bonds (see Fig. 3). These observations proved 
a change in the decomposition pathway of 1 after the third sonication 
cycle form the desired ultrasound induced cleavage into 2 and 3 to a 
destructive mechanism leading to a breakdown of the polymer-carbene 
scaffold.

Fig. 3. A) Mechanochemical activation of polymeric biscarbene Cu(I) complex (1) by ultrasound forming the catalytic active monocarbene complex (2) and further 
decomposition to degradation products 4–7. B) Thermal decomposition of 1 (T = 65 ◦C) without intermediate activation. (Labeled protons of mechanocatalyst and its 
degradation products (* - 1; ● - 2; ▴ - 3; ∇ - 4; ◆ - 5; ◊ - 6 + 7), corresponding to the NMR peaks presented in Fig. 4).

Fig. 4. 1H NMR spectroscopic investigations of activation and decomposition of [Cu(PIB-NHC)2]X catalyst (1c). (A) Mechanochemical cleavage of 1c using ultra
sound in multiple cycles of 90 min sonication and 60 min intermission indicating the formation of catalytic active monocarbene species 2c and their subsequent 
decomposition to degradation products 4–7. (B) Time dependent thermal decomposition of 1c at 65 ◦C without intermediate activation generating directly the 
degradation products 4–7. (* - 1; ● - 2; ▴ - 3; ∇ - 4; ◆ - 5; ◊ - 6 + 7 – highlighted in Fig. 3).

P. Michael et al.                                                                                                                                                                                                                                 Polymer 335 (2025) 128816 

4 



Similar the purely thermal activation behavior of the mechano
phores 1 was investigated. Fig. 4B shows the 1H NMR spectra of the 
thermally treated mechanophore 1c after 3, 6, 12, 24, 48 and 72 h, 
indicating strong changes after 3 h heating at 65 ◦C in compliance to the 
observed chain scission observed by the GPC investigations. No forma
tion of the Cu(I)-monocarbene species 2 could not be observed, instead 
the formation of the re-protonated N-methylimidazol-2-ylidene tele
chelic PIB macroligand 3 (9.98 ppm) as well as the elimination products 
4–7 (8.86, 5.76, 5.73 and 5.70 ppm) were seen, clearly proving a 
different decomposition of the catalyst 1 via the thermal pathway, 
further supporting the obtained GPC results. In contrast to the mecha
nochemical pathway (Fig. 3), no formation of the catalytic active Cu(I)- 
monocarbene species 2 could be observed, resulting in the direct for
mation of the elimination products 4–7.

In both cases - the sonication-induced as well as the thermally- 
triggered scission - the formation of solid particles could be monitored 
and flame atomic absorption spectroscopy (FAAS) proved the presence 
of copper in significant amounts within the particles. Probing the exact 
nature of the copper species via STEM-EDXS measurements revealed the 
presence of Cu and O in a ratio of 63.4 : 36.6 (≈2 : 1), indicating the 
formation of copper(I)-oxide (Cu2O) (Fig. 5). The small, brighter region 
on the left side of the particle consist predominantly out of Cu2O but 
contains also Cu(II) halides (Br, I). The formation of these copper 
nanoparticles supports the decomposition of the Cu(I)-monocarbene 
complex 2 by ultrasound in the presence of oxygen traces. Blind ex
periments in the absence of ultrasonication or thermal treatment were 
performed without significant changes in 1H NMR or the formation of 
particles even after one week.

2.2. Catalytic activity in a mechanochemical “click” reaction

In order to prove the catalytic activity of the cleaved mechanocata
lysts 1 after activation by ultrasound or thermal activation, a model 
copper(I)-catalyzed alkyne/azide “click” reaction (CuAAC) of benzyl 
azide (8) with phenylacetylene (9) was performed (Table 3).

Mechanophores 1a-c were subjected to several ultrasonication cycles 
and the conversion of “click” reaction was monitored by in-situ 1H NMR 
spectroscopy after the 1st, 2nd, 3rd, 5th and 10th cycle and compared to 
the conversions observed via thermal activation. Initially, the latent 

catalysts 1 display no catalytic activity in their inactive origin state 
irrespective of their initial molecular weight when not subjected to 
either ultrasonication or thermal treatment (1c, Table 3 entry 5, Fig. 6). 
As the application of ultrasound to the mechanocatalysts 1 leads to a 
cleavage of one of the shielding polymeric-NHC ligands an activation of 
the latent catalysts under formation of an active Cu(I)-monocarbene 
complex 2 is expected. The observed catalytic activity scaled directly 
with the initial chain-length of the attached polymer chains: increasing 
Mn from 4750 g mol− 1 (1a) to 17200 g mol− 1 (1c) lead to a “click” 

Fig. 5. STEM-EDXS of Cu-precipitates obtained during cleavage of mechanophores 1.

Table 3 
Time and sonication cycle dependent investigation of click reaction from benzyl 
azide (8) and phenylacetylene (9) using [Cu(PIB-NHC)2]X catalysts (1).a.

Ent Cu(I) catalyst T [◦C] USb Conversion after US cyclec [%]

A Mechanochemical cylce 0 1 2 3 5 10
t [h] 0 2.5 5 7.5 12.5 25

1 without 20 on 0 0 0 0 0 0
2 1a 20 on 0 2 8 10 10 11
3 1b 20 on 0 6 14 16 18 19
4 1c 20 on 0 6 17 26 28 28
5 1c 20 off 0 0 – 0 – 0

B Thermal t [h] 0 3 6 12 24 72

6 1c 65 off 0 0 0 0 1 3

a For all reaction an equimolar mixture of 8 and 9 in THF/MeOH 30:1 where 
used together with 0.01 equiv. of mechanocatalyst 1 (c = 0.75 mM).

b Each ultrasonication cycle consists of 90 min sonication with 30 % of max. 
amplitude of 125 μm with pulse sequence of 5 s on, 10 s off and 60 min without 
sonication.

c Determined by 1H NMR spectroscopy in THF-d8/MeOH 30:1 monitoring the 
increasing triazole resonance at δ = 8.12 ppm as well as the shift of the CH2 
resonance from δ = 4.34–5.58 ppm.
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conversion from 11 to 28 % after 10 sonication cycles (Table 3 entries 
2–4). Analyzing the time dependent 1H NMR measurements reveal a 
saturation of the “click” conversion after the third sonication cycle, 
irrespective of the initial molecular weight of the mechanophore 
(Fig. 6), in compliance with the observations of GPC as well as the 1H 
NMR investigations described before, where the amount of the 
monocarbene-species 2 also reaches saturation after the third cycle.

Thermally induced scission of the mechanocatalysts 1 by heating to 
65 ◦C induces only a poor reactivity below 3 % conversion in the CuAAC 
reaction of 8 and 9 (Table 3 entry 6, Fig. 6) indicating no or neglectable 
amount of catalytic active monocarbene species 2. The reduction of the 
molecular weight observed in the pure thermal scission of 1 in GPC 
experiments thus does not lead to catalytically active Cu-carbene spe
cies, as also discussed via 1-NMR-spectroscopy (see Fig. 3).

2.3. Theoretical modeling of mechanochemical activation

In order to corroborate our practical observations, we performed a 
series of constrained geometry optimizations under the influence of an 
external pulling force [26,60,61,69,70] employing the CoGEF method 
(Constrained Geometries simulate External Force [60]). In recent years, 
such theoretical models have been successfully used to investigate and 
rationalize the response of covalent bonds to external mechanical forces, 
whether in the context of a single molecule in atomic force microscopy 
or in ultrasonication experiments. Forces computed using CoGEF are 
typically a bit larger than the true experimental forces. In this method a 
static geometry is considered (for all degrees of freedom except the 
constrained reaction coordinate), while in nature, all degrees of freedom 
are subject to vibrations, which are coupling to the reaction coordinate 
and have the potential to lower the force at which the bond cleavage 
occurs. In our work, the application of the CoGEF calculations is to 
determine the influence of an additional external force (applied to the 
molecular extremities) to the remaining force that is required for 
achieving a given bond rupture. In this setting, all the vibrational effects 
(that the CoGEF scheme ignores) apply to all computed conformations in 
the same way, so that the error largely cancels. The true rupture forces 
are certainly shifted with respect to more realistic calculations, but the 
mechanochemical effect of the additional force is most probably well 

reproduced.
The most simple theoretical models for breaking covalent bonds by 

mechanical force are one-dimensional models based on the Bell model 
[71] and its extensions (e.g. the “tilted potential energy surface model” 
[72,73] and the “extended Bell model” [74]). These models essentially 
require knowledge of the activation energy at zero force employing 
subsequently a truncated Taylor expansion of a force-dependent one-
dimensional potential energy surface to estimate the activation energy 
under a given force. Going beyond one-dimensional models is especially 
important if the focus of interest is on structure reactivity parameters or 
whenever catch-bonds or anti-Hammond effects are important [75,76].

To investigate the force-dependence of the dissociation barrier, 
constrained geometry optimization calculations in the presence of 
external mechanical forces were employed. Starting from the geometry 
optimized structure of 1 (with R––H), a series of constrained geometry 
optimizations were performed at different external forces (0 pN–900 pN 

Fig. 6. Time and sonication cycle dependent investigation of click reaction 
from an equimolar mixture of benzyl azide (8) and phenylacetylene (9) in THF/ 
MeOH 30:1 (75 mM) using [Cu(PIB-NHC)2]X (1) catalysts (0.75 mM) under 
sonication of pure thermal activation (for more detailed information see sup
porting information).

Fig. 7. CoGEF calculations for geometry optimized structure of mechanocata
lyst 1 (with R––H). A) The force-tilted potential energy surface of C–Cu bond 
cleavage. The energies and distances are references to the optimized geometry 
in the absence of external force, marked by the red circle. The bold line traces 
the position of the maximum as a function of the pulling force. B) Pulling force- 
dependence of one-dimensional energy profiles. All the curves are shifted to 0 
eV at the first point. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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in steps of 150 pN), where the force was always applied to the terminal 
carbon of the alkyl chain, along the direction shown in Fig. 7.

The results of the CoGEF scan are depicted in Fig. 7A, wherein both 
trends characteristic for covalent mechano-cleavage can be seen. With 
increasing external force, the potential energy barrier drops down to 1.2 
eV at a force of 900 pN. The force required for mechanical scission is one 
order of magnitude less than the typical values for covalent C–C bond 
cleavage and falls within the expected range for an organometallic bond 
[61]. Similarly, the C–Cu distance of the transition state (traced along 
the top of the hill running diagonally down the plot), moves closer to the 
equilibrium geometry at a force of 0 pN, i.e. the Hammond effect. 
One-dimensional plots are depicted in Fig. 6B for selected values of the 
external pulling force. The maximum slope of these one-dimensional 
energy profiles corresponds to the maximum force required to break 
the bond. The external force-dependence of the maximum slope shows 
an almost perfect linear trend with a slope of − 0.1, indicating the 
maximum force required to break the bond is decreased by exactly the 
value of the external pulling force (see Supporting Information). The 
computational results indeed support the experimental data (also sup
ported by SFMS-experiments [37]) indicating that external mechanical 
force is able to induce the cleavage of one C–Cu bond generating a free 
catalytic site. This bond is the weakest point in the dimerized polymer 
chains and is thus expected to be the preferred point of cleavage under 
applied external force via ultrasonication.

3. Conclusions

In summary, experimental and quantum chemical calculations 
(CoGEF) investigations prove that a polymer based Cu(I)-biscarbene 
catalyst 1 can be activated via two different pathways: a mechano
chemical reaction pathway (induced by ultrasound) under formation of 
a catalytic active Cu(I)-monocarbene complex 2 via specific cleavage of 
the Cu–N bond of the NHC-carbene, and a thermal pathway, leading to 
chain scission of the N–C bond of the attached polymer chain, and thus 
the absence of the specific carbene-cleavage. At longer ultrasonication 
times a further decomposition of the catalytic active species 2 is caused 
leading to Cu2O/Cu(II)-halide-species, similar to the thermal activation. 
Mechanochemical scission up to ~84 % of the mechanophores could be 
observed, increasing with increasing molecular weight of the attached 
polymers. In contrast, thermal treatment caused a direct decomposition 
of the mechanocatalyst without intermediate activation displaying no 
significant catalytic activity of 1 towards the “click” reaction. The ob
tained results are unique as now distinctly different reaction pathways 
can be controlled for a Cu-carbene-catalyst. Such mechanocatalysts are 
highly attractive systems for transforming stress into chemical reactions 
[37 - 44] via specific catalytic systems - for e.g. stress reporting as well as 
self-healing in polymeric materials.

4. Experimental

4.1. Materials and methods

All chemicals were purchased from Sigma-Aldrich and used without 
further purification unless noted. All NMR spectra were recorded on a 
Varian Gemini 400 spectrometer at 400 MHz at 27 ◦C in CDCl3 (Armar 
Chemicals, 99.8 Atom%D) or THF-d8 (Armar Chemicals, 99.8 Atom%D) 
respectively. Gel permeation chromatography (GPC) was performed on 
a Viscotek GPCmax VE 2002 using a column set of CLM3008 and 
GMHHR-N-18055 in THF (VWR Prolabo, HPLC grade) with a column 
temperature of 22 ◦C, an injection volume of 100 μL and a flow rate of 1 
mL/min. Detection was accomplished by refractive index on a VE 3580 
RI detector of Viscotek at 35 ◦C. External calibration was done using PIB 
standards (purchased form Polymer Standards Service in a molecular 
weight range from 340 to 87600 g mol− 1). All experiments were 
repeated at least twice and display the same results with maximum 
deviation of ±2 %. STEM-EDXS analyses (Scanning Transmission 

Electron Microscopy - Energy Dispersive X-ray Spectroscopy) were 
performed on FEI TITAN3 G2 80–300 using carbon-coated Ni TEM grids. 
The sample preparation was done by ultrasonic dispersion of the powder 
in isopropyl alcohol, followed by putting one droplet of the dispersion 
onto the TEM grid and drying on a hot plate. Poly (isobutylene) (PIB) 
based mechanocatalysts (1) were synthesized according to previously 
published procedure [51].

4.2. Sonication experiments

Ultrasonication experiments were performed with a Sonics VCX 500 
ultrasonic processor at a frequency of 20 kHz. A 254 mm long full wave 
solid probe out of titanium alloy (Ti–Al–4V) with a diameter of 13 mm 
was used together with an internally threaded stainless steel adapter 
(fitting to probe at nodal point). All sonication experiments were con
ducted under inert and dry conditions in a 10 mL reaction vessel with 
two additional 14/20 side necks which was temperate at 20 ◦C by an 
external cooling bath. The mixtures of mechanocatalysts 1 were pre
pared either in pure THF or in 30:1 THF/MeOH mixtures according to 
common Schlenk techniques. In case of NMR investigations deuterated 
THF as well as non deuterated MeOH were used as solvents, while HPLC 
grade solvents were used for GPC experiments. The mechanophore 
concentration was adjusted in compliance to literature [31,68] to 0.75 
mM. Subsequently, ultrasound was applied with 30 % of the maximal 
amplitude of 125 μm in several sonication cycles. One cycle consists of 
90 min sonication (with a pulse sequence of 5s on and 10s off) followed 
by 60 min without sonication. NMR as well as GPC samples were directly 
taken out of the mixture at the end of the 1st cycle after 150 min, 2nd 
cycle after 300 min, 3rd cycle after 450 min, 5th cycle after 750 min, 
10th cycle after 1500 min and 20th cycle after 3000 min.

4.3. Thermal experiments

Thermal decomposition experiments were conducted under dry and 
inert conditions in normal two-necked flasks without ultrasonication. 
The mechanophore concentration was kept constant at 0.75 mM, while 
the temperature was adjusted to 65 ◦C under reflux conditions in THF/ 
MeOH 30:1. NMR or GPC samples were directly taken out of the mixture 
after appropriate time. Blind experiments were conducted applying the 
same conditions at room temperature.

4.4. Investigation of catalytic activity

The catalytic activity of mechanocatalysts 1 was investigated by 
means of a model “click” reaction from benzyl azide (8) and phenyl
acetylene (9). For that purpose, an appropriate amount of 1 was weight 
directly into the reaction vessel for ultrasound application (see above) 
and subjected to several vacuum-argon cycles. Subsequently, an equi
molar mixture of 8 and 9 (100 equivalents per catalyst each) were 
prepared in THF-d8/MeOH 30:1 in a concentration of 75 mM under dry 
and inert conditions and were transferred to the reaction vessel. Ultra
sound was applied in several sonication cycles using the same setup 
described above. Thermal experiments were performed under inert 
conditions in normal two-necked flasks equipped with condenser. The 
concentrations kept the same as for sonication experiments. In both 
cases, the NMR samples were taken directly out of the mixture at 
appropriate times.

4.5. Theoretical calculations

To investigate the force-dependence of the dissociation barrier, 
constrained geometry optimization (CoGEF) calculations in the presence 
of external mechanical forces were employed. Starting from the geom
etry optimized structure (Figure 7, 1 with R––H), a series of constrained 
geometry optimizations were performed at different external forces (0 
pN–900 pN in steps of 150 pN), where the force was always applied to 
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the terminal carbon of the alkyl chain, along the direction shows in 
Fig. 7. For each chosen value of external force, one of the carbene car
bons distances to copper was constrained at a particular value, which 
was scanned in steps of 0.2 Å.

All calculations were preformed with the CP2K [77] code using the 
GGA PBE exchange-correlationfunctional [78] plus a damped inter
atomic potential to account for van der Waals interactions [79], a plane 
wave density cutoff of 500 Ry, with Goedecker–Teter–Hutter pseudo
potentials and an accurate triple-zeta atom-centered Gaussian basis set 
with two sets of polarization functions (TZV2P) [80]. In order to perform 
calculations on an isolated cluster, a wavelet Poisson solver was 
employed to decouple the periodic potential [81].
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