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Functional coordination compounds for
mechanoresponsive polymers

Tatiana Gridneva and Julia R. Khusnutdinova *

Small molecule probes that respond to a mechanical force (‘‘mechanophores’’) have emerged as an

important tool in the design of stimuli-responsive polymer materials. Although the majority of such

mechanohphores are based on organic molecules, the utilization of metal complexes has also attracted

attention as they offer a possibility to tune their spectroscopic properties and reactivity, and have the

ability to reversibly form and break metal–ligand bonds through rational design of the ligand environ-

ment surrounding the metal. This review features representative examples of coordination compounds

which were utilized as new, tunable tools to create various types of mechanoresponsive polymers.

Introduction

Mechanoresponsive materials have emerged as a class of
stimuli-responsive materials which can change their properties
(e.g. color, emission) in response to an applied mechanical
force. Among them, mechanoresponsive polymers1 are of par-
ticular interest due to the wide range of applications that span
everything from everyday consumables and flexible medical
devices to construction materials.

The most common strategy for the preparation of mechano-
responsive polymers is the incorporation of small molecules,
‘‘mechanophores’’, that respond to mechanical force. Mechano-
phores can be incorporated into polymers by either simple

blending into the matrix or by covalent attachment to the
polymer chains. Activation of a mechanophore by mechanical
force typically results in changes at the molecular level (e.g.
bond cleavage, dissociation of weak interactions, conforma-
tional change, etc.) which will then result in a measurable
property change of the bulk material such as color changes,
modification of the material’s luminescence properties, the
initiation of a chemical reaction, phase transition, etc.

Most commonly utilized mechanophores are small organic
molecules, with many examples involving covalent bond-cleavage
such as in spiropyran,2 naphthopyran,3 oxazine derivatives,4 1,2-
dioxetane,5 diaryldibenzofuranone,6 Diels–Alder adducts,7 and
ladderanes.8 Other examples involve more subtle changes in
the chemical structure, for example, via disrupting aggregation
behavior9 or charge transfer pairs.10 Furthermore, new types of
mechanophores which can be activated by subtle conformational
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changes11 have emerged recently, represented by the ‘‘flapping
molecule’’ reported by Kotani et al.11c Apart from organic small
molecules, diverse motifs such as o-carboranes,12 proteins,13

enzymes,14 and DNA15 were utilized as mechanophores.
Metal complexes, in which a weak metal–ligand bond is

targeted for mechanocactivation, have been considered promis-
ing candidates for the design of mechanoresponsive polymers.
The properties of coordination compounds and the strength of
the metal–ligand bond can be tuned by the choice of the metal
center, its oxidation state, and the ligand structure, providing
flexibility in mechanophore modification. The cleavage of a
dative bond of the coordination compound-based mechano-
phores can result in responses such as changes in the optical
properties of the material, catalyst activation, metal ion release,
and others (vide infra). Furthermore, recent studies have demon-
strated that the combination of metal complexes with well-
established, organic-based mechanophore systems can alter or
enhance their properties; coordination with the activated
mechanophore may induce charge transfer and other phenom-
ena, opening up further possibilities in the application of pre-
viously developed materials. Finally, coordination compound-
based mechanophores can find new activation pathways that
are not observed in the classical organic-based mechanophores.
For example, covalent bond cleavage often means there is a
limited degree of reversibility, while metal–ligand bond cleavage
is in many cases easily reversible, and this property can be used
to obtain fast and reversible responses to mechanical force.

Since it was first demonstrated that ultrasonication or
shearing force can cleave metal–ligand bonds in polymer chains
in the early 2000s,16 a number of mechanoresponsive systems
utilizing coordination bond cleavage have been developed,
although they generally received less attention than organic-
based mechanophores and were not specifically reviewed in the
literature. In this article, we will focus on the utilization of metal
complexes in mechanoresponsive materials and highlight
selected examples of mechanoresponsive polymer systems,
where a coordination bond is involved in the mechanoresponse.
The examples are categorized by the mechanism of the mechan-
ophore activation: (1) cleavage of the metal–ligand bond; (2)
interaction of metal species with organic mechanophores; and
(3) metal complexes with conformationally labile ligands. This
review does not aim to be a comprehensive description of all
coordination compounds that act as mechanophores; its main
goal is to illustrate a variety of application of coordination
bonds in mechanoactivation.

Systems with mechanophores solely based on organic mole-
cules will be not covered in this review since they are discussed
in previous literature (vide supra).

Activation by cleavage of the metal–
ligand bond

Metal–ligand bond cleavage upon mechanical force applica-
tion, typically in polymers with covalently incorporated metal
complexes containing weak bonds, is the most straightforward

and widely used approach for the design of mechanophores. In
this paper, representative examples of mechanophores acti-
vated by metal–ligand bond cleavage are introduced and
divided into three sections: the cleavage of metal–ligand bonds
to generate catalytically active species; the cleavage of sandwich
complexes by force, and finally dynamic metal–ligand bonds.

Cleavage of metal–ligand bonds to generate catalytically active
species

In this section, examples of the generation of the active
catalysts from the latent pre-catalyst via mechanoactivation will
be discussed, mostly limited to the metal complexes covalently
attached to the polymer chain.

In 2008, Sijbesma and co-workers reported that a silver N-
heterocyclic carbene (NHC) complex attached to a polymer
chain can be cleaved by ultrasonication in solution, and the
process can be monitored by the formation of the imidazolium
product in the presence of water.17 Based on these findings, the
activation of a homogeneous catalyst induced by a mechanical
force was later achieved by the same group.18 Silver(I) complexes
of NHCs functionalized with poly(tetrahydrofuran) (pTHF) were
prepared (Fig. 1a), and sonication experiments together with
benzyl alcohol and vinyl acetate were performed to study the
activity of the complexes as latent catalysts for transesterifica-
tion. Catalyst 1a bearing ligands with a molecular weight of
5.0 kDa showed a turn-over number exceeding 800 and 65%

Fig. 1 (a) pTHF functionalized AgI–NHC complexes (1a and 1b) and RuII–
NHC complexes (3a and 3b) with corresponding non-polymeric analo-
gues 2 and 4. (b) Time–conversion plots of the sonication-induced RCM
reaction of diethyl diallylmalonate at 20 1C using 3a, 3b and 4 as catalysts.
Error bars are based on standard errors in duplicate runs. Image (b) is
adapted with permission from ref. 18. Copyright 2009, Springer Nature.
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conversion after 60 min of sonication. Sonication without the
catalyst, on the other hand, did not yield the product.

Detailed mechanistic studies of bond scission in the Ag–
NHC system reported later revealed that the activation via
radical species can be excluded as predominant mechanisms
for the activation of the latent catalyst.19

Using a similar approach, mechanoactivation of the ruthe-
nium–alkylidene complexes was achieved to induce catalytic
olefin metathesis reactions. The latent bis[N-(alkyl)-N-(2,6-
diisopropylphenyl)carbene]Ru catalysts were activated by soni-
cation to catalyze both a ring-closing metathesis (RCM) reac-
tion of diethyl diallylmalonate and a ring-opening metathesis
polymerization (ROMP) of cyclooctene. When a ligand with a
short butane substituent (complex 4, Fig. 1) was used instead of
pTHF, no reactivity was observed for both RCM and ROMP
reactions which supports the mechanical rather than thermal
activation pathway for the catalyst at room temperature. Nota-
bly, when the sonication was interrupted during the RCM
reaction, the conversion increase also stopped, indicating that
the active catalyst species have a limited lifetime (Fig. 1b).

Further investigations of the Ru–NHC latent catalyst
revealed that in the RCM reaction the lifetime of the active
species can be increased by addition of triphenylphosphine or

by increasing the substrate concentration. In the case of ROMP,
the active species were found to have a lifetime of several
hours.20

Later, Sijbesma and co-workers demonstrated that the acti-
vation of the latent catalyst is not limited to solution, but can
also be achieved in the bulk material.21 The polymer-
functionalized ruthenium–alkylidene NHC catalyst discussed
above was blended with the norbornene monomer in the pTHF
matrix, and compression force was employed to activate the
latent catalyst and promote the ROMP reaction (Fig. 2). During
5 cycles of 5 min compression for each cycle (with folding the
sample in between compression cycles), the conversion of the
polymerization reaction increased approximately linearly and
finally reached 25% (average of multiple batches). The use of a
bifunctional monomer resulted in a cross-linked product,
demonstrating the potential application of the system to
mechanosensitive self-healing polymer materials.

In 2015, Binder and Michael reported that the mechanical
activation of the latent NHC catalyst can be expanded to the
copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC) click
reaction by polymer-chain functionalized Cu–NHC complexes,
both in solution and in bulk material (Fig. 3a).22 In the case of
activation in solution, [Cu(polymer-NHC)2]X (X = Br�, I�, PF6

�)
complexes were sonicated together with phenylacetylene and
benzylazide. The click reaction was followed by NMR spectro-
scopy, with conversion of up to 44%. Notably, the catalyst 5b
bearing rigid poly(styrene) (PS) based ligands showed higher
conversion compared to catalyst 5a bearing poly(isobutylene)
(PIB) chains, even in the case when the PIB catalyst with higher
molecular weight ligands was employed. Moreover, the mechan-
ical activation of the click reaction was demonstrated in bulk
pTHF by compression. The latent catalyst 5a was embedded
into the polymer matrix together with phenylacetylene and
3-azido-7-hydroxycoumarin, and the formation of the fluoro-
genic 7-hydroxy-3-(4-phenyl-1H-[1,2,3]triazole-1-yl)-coumarin dye

Fig. 2 Activation of the latent polymeric ruthenium–alkylidene NHC
catalyst by compressive force and subsequent polymerization of the
norbornene monomer. Scheme redrawn from ref. 21.

Fig. 3 (a) Structure of the latent CuI–NHC catalysts bearing PIB chains (5a: Mn(GPC) = 4750–17 200 mol�1) and PS chains (5b: Mn(GPC) = 13 100 mol�1),
and their active form. (b) The click reaction of phenylacetylene and 3-azido-7-hydroxycoumarin catalyzed by the active CuI–NHC catalyst. (c)
Photographs of the mechanochemical activation of the latent mechanocatalyst within the bulk material containing the starting materials. (i) Before
compression with 5a. (ii) After compression with 5a. (iii) After compression without 5a. (iv) With 5a, without compression, after thermo-treatment at
60 1C. Scheme (a) and (b) are redrawn from ref. 22. Image (c) is adapted with permission from ref. 22. Copyright 2015, John Wiley and Sons.
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by the click reaction enabled quantitative evaluation of the
catalytic reaction (Fig. 3b). Upon application of 10 tons of pressure
(3 � 30 min), an increase of blue fluorescence at 427 nm could be
observed, indicating the successful mechanical activation of the
catalyst (Fig. 3c). By fluorescence measurement after compression,
the conversion of the reaction was calculated to be approximately
(4.3 � 1)%. In the case of control experiments without the
mechanophore catalyst or with heating to 60 1C without compres-
sion, no significant fluorescence was observed.

Further investigation by the same group was conducted on
the mechano-activated CuAAC click reaction by latent polymeric
CuI–NHC catalysts. By employing polymers with different architec-
tures (Fig. 4), it was found that sample 7 bearing the chain-
extended structure and sample 8 bearing a cross-linked network
structure are much more efficient in the CuAAC click reaction
compared to the sample 6 bearing a single-unit linear polymer
chains.23 The CuI-bis(NHC) mechanophoric catalyst was also found
to be highly adaptable towards incorporation into various motifs
such as amino-acids,24 peptides,24,25 polyurethane thin films,26

metal–organic frameworks,27 and 3D-printed composites,28 while
preserving its mechanoresponsive properties.

Apart from metal–NHC complexes, mechanoactivation of
latent catalysts has been reported in Pt–acetylide catalyzed
olefin hydrosilylation by Wei et al. in 2017.29 Poly(methyl-
acrylate) (PMA) chains containing a Pt–acetylide complex in
the center were prepared (Fig. 5a), and the scission at the Pt
mechanophore under pulsed ultrasonication in solution was
confirmed by gel permeation chromatography (GPC) and UV/
Vis spectroscopy. In order to investigate the catalytic activity in
olefin hydrosilylation, sonication of the solution containing the
catalyst in a mixture with the substrate and reagent (1-octene

and (Me3SiO)2MeSiH) was performed. The reaction conversion
showed an ‘‘on–off’’ behavior with no conversion observed
during interruption of the sonication, indicating the short
lifetime of the active species, similar to the Ag–NHC mechano-
catalyst (Fig. 5b). The reaction conversion reached 28% after
four 6 h periods of sonication, interrupted for three 6 h periods.
In the case of a polymer bearing the Pt–acetylide complex at the
end or the Pt–acetylide initiator not attached to a polymer
chain, only very small conversions (o5%) were observed under
the same conditions.

The cleavage of sandwich complexes by a mechanical force

Since their discovery in 1950s, ferrocene (Fc) and its analogue
metallocenes have attracted much interest in various fields due to
their unique structure and properties.30 Although the cyclopen-
tadienyl (Cp) moieties of metallocenes are known to rotate easily,
making them applicable as rotamers, the metal–Cp bonds have
very high dissociation energies sometimes even exceeding those
of covalent C–C bonds (ex. 90 kcal mol�1 for Fc).31

However, recent studies showed that application of mechan-
ical force to the polymer chains can lead to different reaction
pathways and cleave the metallocene core, opening up the
possibility of application of metallocenes as mechanophores.32

Fig. 4 Schematic illustration of polymers incorporating [Cu(NHC)2]X
latent catalysts with different polymeric architectures. Figure redrawn from
ref. 23.

Fig. 5 (a) Scheme showing the mechanochemical regulated hydrosilyla-
tion of 1-octene by (Me3SiO)2MeSiH, and the structure of the Pt–acetylide
polymer catalyst, end-functionalized polymer and the initiator. (b) Time–
conversion plots of the hydrosilylation reaction catalyzed by the polymer
catalyst, end-functionalized polymer, and initiator, respectively. Error bars
are derived from standard errors in multiple runs. Image (b) is adapted with
permission from ref. 29. Copyright 2017, American Chemical Society.
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The cleavage of the metal–Cp bond can result in the release of Fe
and Cp moieties, which can further react with the surrounding
molecules and lead to a macroscopic response in the system.
While there is often a trade-off between the thermal stability and
mechanical lability in conventional mechanophores, metallocene-
based mechanophores represent an example showing high force-
free stability and high mechanical lability.

One of the first reports of an Fc derivative as a mechan-
ophore in polymer chains which releases the metal ion on
application of mechanical stress in solution was that by Gian-
nantonio et al. in 2018.33 PMA and polyurethane (PU) with Fc
units attached to the main polymer chain through two Cps were
prepared (Fc–PMA and Fc–PU, Fig. 6a). Upon ultrasonication,
the number average molecular weight of Fc–PMA decreased
much faster than that of the reference PMA without Fc units.
Halving of the Mn was observed by size-exclusion chromato-
graphy, which indicated the preferential cleavage of the Fc
units that are in the middle of the polymer chain. Furthermore,
the addition of potassium thiocyanate to the sonicated solu-
tions turned the solution of Fc–PMA red, characteristic of an
iron(III) thiocyanate complex, indicating the release and oxida-
tion of iron upon ultrasonication (Fig. 6b). In the case of Fc–PU,
which has more Fc units per polymer chain, the formation of
the red thiocyanate complex can be observed at lower concen-
trations of the polymer as compared to Fc–PMA. An application
of the iron ion release was demonstrated by the formation of
Prussian blue on sonication of Fc–PU in a solution of
K4[Fe(CN)6] (Fig. 5c).

Sha et al. independently demonstrated the preferential
cleavage of the Fe–Cp bond of the Fc units incorporated in
polybutadiene-like polymers by pulsed ultrasonication.34 The
sonication process was monitored by NMR with peaks of the

dissociated Cp units (as cyclopentadiene attached to the polymer)
generated during sonication. Successful detection of the iron ion
by the phenanthroline ligand, the absence of radical species
detected by TEMPO and finally computational studies utilizing
the constrained geometries simulate external force (CoGEF)
method all suggested a predominate heterolytic cleavage process
of a Fc unit to Cp� and [CpFe]+ fragments, which is considered to
follow further decomposition and H-atom abstraction (Fig. 7a).

Further publications from the same group demonstrated
that ruthenocene and cobaltocenium derivatives in polymer
chains can be similarly activated by mechanical force, although
the parent sandwich complexes are even more inert than Fc.35

Both were found to undergo heterolytic cleavage; however, the
cleavage mechanisms different from Fc were suggested based
on the CoGEF studies.

In the case of the ruthenocene mechanophore, it was sug-
gested that the dissociation involves two steps in contrast to one
step in the case of Fc, which can be attributed to a different
coordination structure available in the case of ruthenium but
not in the case of iron (Fig. 7b).35a On the other hand, in the
case of cobaltocenium mechanophores, which are charged
species, the computational studies suggest that during the
elongation the counter-anion inserts between the two Cp rings,
finally leading to the ‘‘peeling’’ dissociation of cobaltocenium in
contrast to Fc where a ‘‘shearing’’ or ‘‘slipping’’ dissociation
motion was observed.35b

Fig. 6 (a) Structures of Fc–PMA and Fc–PU. (b) Solution of Fc–PMA with
KSCN added before sonication (left) and after sonication (right). (c) Color
change of the solution of Fc–PU (i) before sonication in the presence of
K4[Fe(CN)6], (ii) after sonication with K4[Fe(CN)6], and (iii) after sonication
with KSCN. Images (b) and (c) are adapted with permission from ref. 33.
Copyright 2018, John Wiley and Sons.

Fig. 7 (a) Proposed heterolytic dissociation mechanism of a Fc-
containing polymer by ultrasound-induced chain scission. (b) CoGEF
potential and force as a function of stretched distance for ruthenocene
and Fc model compounds. Image (b) is reproduced with permission from
ref. 35a. Copyright 2019, The Royal Society of Chemistry.

ChemComm Feature Article

Pu
bl

is
he

d 
on

 2
9 

 2
02

4.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

5 
09

:5
9:

53
. 

View Article Online

https://doi.org/10.1039/d4cc05622a


446 |  Chem. Commun., 2025, 61, 441–454 This journal is © The Royal Society of Chemistry 2025

In 2021, Zhang et al. reported that restricting the Cp rotation
by bridging the two Cp components with a short alkyl chain can
direct the mechanism of Fe–Cp mechanoactivation towards the
‘‘peeling’’ pathway instead of the shearing pathway (Fig. 8a).36

Single-molecule force spectroscopy studies and computational ana-
lysis of polymer chains incorporating such ansa-ferrocenes demon-
strated that restricting the conformational freedom of Fc and
altering its dissociation pathway can lead to an altered mechan-
oinduced reactivity. The mechanoresponsive behavior of ansa-
ferrocene mechanophores was tested in bulk silicone elastomers.
The ansa-ferrocene mechanophores as well as normal Fc mechano-
phores were covalently incorporated as cross-linkers in the polymer
network, and phenanthroline was introduced into the elastomers as
an iron ion detector by swelling. A drop test and a split Hopkinson
pressure bar test showed that in both cases the ansa-ferrocene
sample developed a deeper red color after the impact compared to
normal Fc. Furthermore, sonication of the ansa-ferrocene sample
containing linear polymers resulted in an interesting application
(dramatic mechanical change upon introduction of mechanical
stress), where an insoluble cross-linked network formed due to
the dimerization of the bridged Cp ligand after cleavage of the Fc
moiety (Fig. 8b). As might be expected, in the case of normal Fc
containing polymers no cross-linking was observed.

Labile metal complexes

In contrast to the irreversible metal–ligand bond cleavage
highlighted in the previous sections, facile and usually rever-
sible metal–ligand dissociation in labile metal complexes can
afford responsive systems which are able to restore their initial
properties on removal of the external stimulus, and are more-
over able to report the strength of the stimuli by possessing a
dynamic response.

The typical requirement for the coordination complex to
exhibit dynamic reversibility is to have high thermodynamic
stability and at the same time high kinetic lability.37

With the appropriate choice of a metal–ligand combination,
polymers that are fully or partially connected by coordination

bonds may allow for the controlled activation of the metal–
ligand bonds when triggered by a stimulus. Indeed many
examples showing thermo-, mechano-, chemo- and other
stimuli-responsive properties have been reported.38 Another
specific feature of the metal-containing gels and polymers is
the dependence of their properties on the oxidation state of the
metal, which affects the stability and lability of metal
complexes.39 In this section, representative examples among
mechanoresponsive polymers which utilize dynamic and rever-
sible coordination bonds are highlighted.

In one of the early examples reported by Beck and Rowan in
2003,16a metallosupremolecular gels which show reversible
mechanoresponsive sol–gel transitions on shaking, heating or
addition of acid were prepared. The cross-linked metallosupra-
molecular gel structure was achieved by the combination of ZnII

or CoII ions coordinated to the 2,6-bis(10-methylbenzimidazolyl)-
pyridine (MeBIP) functionalized monomer with a ratio of 2 : 1,
and the lanthanoid LaIII or EuIII ions which coordinate with the
ligand with a ratio of 3 : 1 (Fig. 9a). The selective cleavage of the
lanthanoid-ligand cross-linking points on application of stimuli
is considered to be the cause of the collapse of the gel structure,
leading to the sol–gel transition. At the same time, in the case of
the EuIII containing gel, a decrease of the lanthanide-based
emission is observed. The thixotropic behavior of the Zn/La gel
is shown in Fig. 9b, where the original gel structure could be
restored after ca. 20 seconds of standing.

Similar mechanoresponsive sol–gel transition or thixotropy
in metallosupramolecular gel systems has been reported invol-
ving various metals such as Rh,40 Ir,40 Eu,41 Tb41 and Cd.42

Fig. 8 (a) Schematic illustration of the proposed dissociation mechanism of
mechanochemical ‘‘peeling’’ of conformationally locked metallocenophane.
(b) Schematic illustration of the activation of ansa-ferrocene containing
polymers by sonication followed by cross-linking via the Diels–Alder reac-
tion (or dimerization) between Cp units. Figures redrawn from ref. 36.

Fig. 9 (a) A schematic representation of the formation of metallo-
supramolecular gel-like materials using a combination of lanthanoid and
transition metal ions mixed with the telechelic monomer. (b) The mechano-
response of the Zn/La gel. Image (b) is adapted with permission from ref. 16a.
Copyright 2003, American Chemical Society.
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Some examples, in particular those involving lanthanide ions,
tend to form photoluminescent gels, and their emission prop-
erties can also be altered via the mechano-induced sol–gel
transition.41

The utilization of labile, photoluminescent Eu complexes to
observe mechano-induced changes in polymers was reported by
Weder and co-workers in 2014.43 They prepared a crosslinked
metallopolymer consisting of EuIII and MeBIP functionalized
poly(ethylene-co-butylene) telechelic chains (BKB) (Fig. 10a and
b), which showed a decrease of EuIII based red emission on
ultrasonication of the solution (Fig. 10c). Furthermore, the
solid films can show mechano-induced self-healing properties:
pushing together the cut films under ultrasonication resulted
in welding the films together, with their original mechanical
properties fully restored. Finally, application of the mechanical
force to the films after treating them with a Fe(ClO4)2 salt
induced a visible color change from colorless to purple via the
metal-exchange reaction (Fig. 10d). However in this case, the
color change is irreversible due to the stronger binding of the
Fe2+ ions with the ligand.

Furthermore, in 2018, He and co-workers reported multi-
stimuli responsive luminescence changes in Eu3+-containing
hydrogels (Fig. 11).44 The Eu3+-containing hydrogels were pre-
pared by addition of Eu(NO3)3 to an aqueous solution of the
hydrophilic polymer P(DMA290-co-IDHPMA96) bearing imino-
diacetate (IDA) coordination sites, to form an Eu-crosslinked
network. The strongly red-emissive hydrogel showed a stimuli-
induced sol–gel transition accompanied by a decrease in red
emission after the addition of acid, increase of temperature, or
ultrasonication. In all cases after restoring the environment to
the original state gels were reformed and the emission from the
Eu3+–IDA was also restored. Moreover, the compression of a
hydrogel consisting of a strong interpenetrating polymer

network of P(DMA290-co-IDHPMA96) and poly(acrylic acid)
showed a reversible transition from emissive to an opaque,
non-emissive state.

A detailed experimental study on the effect of different
metals on the properties of the polymers with dynamic coordi-
nation bonds was reported by Tew and co-workers in 2022.45 In
the polymer network cross-linked with metal–terpyridine (Tpy)
complexes, a clear trend was observed where the stress relaxation
time followed the order of RuCl2 4 FeCl2 4 NiCl2 4 CoCl2 4
ZnCl2 4 MnCl2, which is consistent with the relative stability of
MII–Tpy bonds reported in previous literature.46 The effect of the
counteranions was also studied in this work, where the networks
with acetate showed faster stress relaxation in general. This is
consistent with the previous work by Bao and co-workers, where
coordination networks bearing non-coordinating triflate anions
showed superior mechanical properties compared to the samples
with strongly coordinating nitrate anions.47

Coordination of a p-system to a late transition metal has also
been exploited as a mechanoresponsive motif in polymers.
Diesendruck and co-workers reported that when Rh2Cl2–p
bridges are introduced into the polybutadiene-based single-
chain polymer nanoparticles, the weaker Rh–p coordination
bonds can be cleaved preferentially under ultrasonication,
preventing the degradation of the molecular weight of the
chain. These polymer nanoparticles could also thermally refold
once the stress was removed.48

A potential practical utilization of the dynamic coordination
mechanoresponsive systems is the stimuli-triggered cargo-release,
which can be used for drug delivery and other applications. In
2014, Xia and co-workers reported opening up metallosupramole-
cular block copolymer micelles of CuII and Tpy modified polymers
(PPG–[Cu]–PEG, Fig. 12a) to release small molecules on application
of high intensity focused ultrasound (HIFU) (Fig. 12b).49 The
release of the cargo was monitored by employing fluorescent cargo
molecules which are quenched upon release. Reversible reassem-
bly of the micelles can be observed after termination of HIFU. In
the control experiments, RuII analogue micelles PPG–[Ru]–PEG
with a strong coordination bond and PEO–PPO–PEO with a

Fig. 10 (a) Structure of the BKB telechelic ligand. (b) Schematic illustration
of the Eu3+–BKB metallosupramolecular networks. (c) Picture cuvettes
containing a solution of [Eu(BKB)1.5](ClO4)3 before (right) and after ultra-
sonication (under UV). (d) Pictures of [Eu(BKB)1.5](ClO4)3 films before
treatment (top) and after swelling in a solution of Fe(ClO4)2 and subse-
quently ultrasonicating in CH3CN (bottom). Images (c) and (d) are adapted
with permission from ref. 43. Copyright 2014, American Chemical Society.

Fig. 11 Schematic illustration of the compression induced luminescence
change of hydrogels containing EU3+–IDA complexes. Figure redrawn
from ref. 44.
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covalent bond were subjected to HIFU power of 2 and 7 W, with no
cargo release being observed after 30 min. On the other hand, in
the case of the PPG–[Cu]–PEG micelle, the released percentage of
the cargo reached B75% in 30 min at a HIFU power output of 2 W,
demonstrating the lability of the CuII–Tpy bond compared to the
RuII–Tpy coordination bond or covalent bonds.

Bettinger and co-workers have also investigated ultrasound-
responsive FeIII-containing hydrogels, which can be potentially
used for biomedical applications. By varying the ratio of FeIII

species and the dopamine moieties in the system, hydrogels
showing different mechanical, sonolysis, and self-healing prop-
erties were prepared.50

Interaction of metal species with
organic mechanophores

So far we have discussed the mechanoresponsive polymer
systems where metal complexes themselves act as mechano-
phores. In this section, we will introduce examples where the
interaction of metal species in the polymers incorporating well-
known organic mechanophores can alter or improve their
properties in comparison with conventional, non-metal con-
taining systems.

In 2013, Hong et al. have prepared polyurethane films
showing both mechanochromism by the spiropyran (SP) mechano-
phore and self-healing properties by dynamic metal–ligand
coordination.51 The metallo-supramolecular gels were prepared
by polymerization of 2,6-bis(1,2,3-triazol-4-yl)pyridine (BTP)
ligands and SP moieties, followed by the addition of ZnII or
EuIII species, where Zn ions form 2 : 1 ligand : metal complexes
and Eu ions form 3 : 1 complexes (Fig. 13a). When compared to
the control film which does not contain metal ions, a significant
increase of the tensile properties such as strain at breaking was
observed in both Zn- and Eu-containing films owing to metallo-
supramolecular interactions. Incorporation of the metal species
also shifted the color of the films after rupture to red as opposed
to purple for the control films (Fig. 13b), which is attributed to
binding of the dissociated parts of complexes to the merocya-
nine (MC) form of SP. The ZnII incorporating films showed good
self-healing properties with the mechanical properties of the
film restored after treatment, while in the case of EuIII films,
healing was less efficient. This is considered to be due to the
high chain branching and less chain mobility/flexibility of the
Eu incorporating polymer, as well as the effect of the lower
concentration of Eu species compared to Zn.

Another recent example by Braun and co-workers clearly
shows the interaction between the metal ions dispersed in the
polymer and the MC formed by ring-opening of SP (Fig. 14a).52

Li+, Ca2+ or Mg2+ salts were introduced into polydimethyl-
siloxane films incorporating SP mechanophores and the color

Fig. 12 (a) Structure of the PPG–[Cu]–PEG block copolymer. (b) Sche-
matic illustration of the HIFU responsive process of block copolymer
micelles containing labile CuII–Tpy bonds. Figure redrawn from ref. 49.

Fig. 13 (a) Structure of PU films incorporating SP and BTP ligands, and the coordination of BTP ligands to Zn2+ and Eu3+ ions. (b) Mechanically induced
color change of the control film (without metal species) and the metallosupramolecular films (incorporating Zn2+ or Eu3+ ions) at variable strain e (%).
Image (b) is reproduced with permission from ref. 51. Copyright 2013, American Chemical Society.
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change of the films by MC–metal bond formation was mon-
itored by measuring the UV/vis absorbance. Under dark condi-
tions, the films show spontaneous coloration due to the
equilibrium between the ring-closed SP and metal-coordinated
MC even before application of force. This degree of spontaneous
coloration before stretching (Athermal) is affected by multiple
factors such as the solvent, electron-withdrawing substituents
on the SP, and the metal ions. It was found that when sponta-
neous activation is present at a certain degree, the efficiency of
activation by mechanical force (Amechanical/Athermal) becomes sen-
sitive to Athermal. At this point, differences in the coordination
strength among different metals which result in different Athermal

have a clear effect on mechanical activation efficiency. As a result,
the weakly coordinating Li+ showed the highest contrast in color
before and after stretching (Fig. 14b).

Yang et al. demonstrated that by the covalent incorporation
of the [Eu(2-thenoyltrifluoroacetone)3(1,10-phenanthroline)]
complex (Eu(TTA)3(Aphen)) into the side chain of a 1,2-
dioxetane cross-linked PMA, it is possible to turn the blue
chemiluminescence from cleaved dioxetane to a narrow and
intense red emission band from the EuIII center (Fig. 15).53 Red
emissive materials are of high interest due to their potential
applications in sensors, bioimaging, and light emitting diodes
with advantages of low energy, strong penetrability, and high
resolution. However, examples of mechanoresponsive polymer
systems emitting in red or near-IR region remain limited. In
this work, the energy transfer from the cleaved bis(adamantyl)-
1,2-dioxetane to the Eu(TTA)3(Aphen) moiety within the poly-
mer leads to the sharp red emission at 613 nm from transpar-
ent films, corresponding to the 5D0

7F2 transition of EuIII ions. A
control experiment where the non-bound EuIII complex was

dispersed in the polymer, resulted in aggregation and less
intense mechanoluminescence, highlighting the advantages
of covalently linking the mechanophores.

Metal complexes with
conformationally labile ligands

In many examples discussed above, mechanoactivation of metal
complexes is based on the cleavage of a metal–ligand bond
(reversible or irreversible), leading to the cleavage of the polymer
chain or a cross-linker. Alternatively, the ability to control mechano-
responsive properties via more subtle, non-destructive conforma-
tional changes or non-covalent interactions has garnered recent
attention. In particular, Sagara and Weder have developed
rotaxane-based mechanophores, which show a reversible response
based on the association/dissociation of the weakly interacting
fluorophore/quencher pair.10a,c Furthermore, Kotani et al. recently
reported a photoluminescent mechanoprobe based on a conforma-
tionally flexible conjugated small molecule, which shows emission
at different wavelengths in the bent and straightened states.11c This
‘‘flapping molecule’’, when incorporated into polymer chains, can
be excited by mechanical force, changing the distribution between
the two forms and allowing for the monitoring of force distribution
in bulk material reversibly and in real time.

Conformationally fluxional metal complexes, often sup-
ported by large macrocyclic ligands, offer an interesting and

Fig. 14 (a) Structures of SP derivatives incorporated in polydimethylsiloxane
and their metal-coordinated MC form. (b) Photographs of polymer films
incorporating SP0, hexyl acetate and various metal salts before stretching, after
stretching and immediately after releasing the films. Image (b) is reproduced with
permission from ref. 52. Copyright 2020, American Chemical Society.

Fig. 15 (a) Schematic illustration of the bis(adamantyl)-1,2-dioxetane
cross-linked PMA incorporating (Eu(TTA)3(Aphen)) complexes, and the
mechanically induced chemiluminescence through energy transfer. (b)
Changes of stress and light intensity against strain upon stretching the film
(the inset shows a picture of the film before fracture). Image (b) is
reproduced with permission from ref. 53. Copyright 2020, American
Chemical Society.
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underexplored motif in the design of mechanophores. The
ligand, typically a large macrocycle, may be attached to the
polymer chains through the weakly coordinated atoms or other
fragments that may be responsive to mechanical force applied to
the polymer sample. This occurs through mechanical force result-
ing in a restriction of the conformational changes in the ligand,
affecting the coordination environment around the metal, with-
out leading to polymer chain or cross-linker bond scission.

Based on our group’s longstanding interest in studying
conformational behavior of metal complexes, we first proposed
to use complexes supported by a tetradentate pyridinophane
ligand (N4) attached to the polymer matrix. The previous
studies of pyridinophane complexes revealed their rich con-
formational behavior in solution, where the N4 may coordinate
in a bidentate, tridentate, or a tetradentate fashion to a metal
center, showing fluxional behavior in solution (Fig. 16).54

In order to achieve a detectable response in a polymer-
supported system, copper(I) pyridinophane complexes were
selected as they are photoluminescent in solution and in the
solid state. The photoluminescence quantum yield in copper
complexes has previously been reported to be dependent on the
conformational lability or the coordination of external ligands.
In the case of copper(I) pyridinophane complexes, we have also
shown that the photoluminescence quantum yield (PLQY)
increases in less fluxional complexes.54d,55

As conformational changes in such complexes (see below)
often involve changes in coordination of the pendant amine
group, the amine substituents were selected as the main target
for the covalent attachment of N4 to the polymer chain.

In our first reports, a hydroxy-functionalized ligand was
incorporated as a part of the linear polyurethane chain and
further metalated with copper(I) iodide.56 The resulting samples
showed an increase in photoluminescence intensity in response
to tensile stretching observed at a millisecond time scale.

The drawback of the initial system was a relatively low PLQY
of copper iodide complexes, their sensitivity to air, and the
significant strain required to observe measurable changes in
photoluminescence intensity. To overcome these challenges
and obtain more robust and sensitive mechanophores, our
group then utilized a series of pyridinophane (N4)Cu(NHC)+

mechanopores used as cross-linkers in poly(butyl acrylate)
samples (Fig. 17).55 These complexes showed greater stability
in air and allowed us to obtain fast and reversible changes in
response to mechanical stretching even at small strain (o50%)
and stress (o0.1 MPa) values. Control experiments by physical

blending of the model complex into the polymer film showed no
noticeable increase in photoluminescence intensity, suggesting
that covalent attachment was necessary for the response.

An empirical study of the photophysical properties of the
model Cu–NHC complexes revealed that the complexes bearing
bulkier substituents (e.g. tBu groups) on the bridging amines
show less fluxionality, and thus a slower conformational
exchange between the k3 coordination mode and the k4 mode
in solution, compared to complexes bearing less bulky sub-
stituents. Complexes bearing bulkier substituents also dis-
played a trend of an increase in PLQY and a decrease of the
non-radiative decay constant knr in solution. Based on these
observations and the literature reports on other emissive CuI

complexes, we proposed that the mechanism of the increase in
emission intensity on application of force through polymer
chains to the bridging amines is the restriction of the fluxion-
ality of the complexes and suppression of the Jahn–Teller
distortion in the excited state which promotes the non-
radiative decay. Furthermore, suppression of the formation of
the exciplex by coordination of the pendant amine of the N4
ligand may also be responsible for the increase in PLQY.

Filonenko and co-workers have also demonstrated the use of
(N4)Cu(NHC)+ complexes with a N,N0-dimethylimidazolium
derived NHC ligand for the study of the deformation behavior
of the different phases of PU on stretching.57 Later the same
group reported the mechanochromism of the analogous
N4–CuI–NHC mechanophores in the PU soft phase on tensile

Fig. 16 Structure of the N4 macrocyclic ligand and the coordination
modes of N4 in metal complexes.

Fig. 17 (a) Structure of the N4–Cu–NHC complex incorporated into PBA
chains. (b) Emission spectra of the PBA film incorporating the N4–Cu–
NHC complex during stretching from 0% to 100%. Image (b) is reproduced
with permission from ref. 55. Copyright 2020, The Royal Society of
Chemistry.
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stretching, attributed to the anion–cation separation which
occurs as the result of the free volume increase of the polymer
on elongation.58

All abovementioned (N4)Cu complexes showed emission in
the range of ca. 560–585 nm, affected by the ligand environment
around the Cu center. Taking this into account, we aimed to
shift the emission of copper complexes to near-IR or red region
because of the high permeability and low scattering rate that
may find applications such as bioimaging, or imaging in other
non-transparent materials which otherwise absorb visible light.

Examples of efficient, red-emitting Cu complexes are not
very common in the literature despite the practical interest in
developing efficient red emitters based on inexpensive metals.

We were able to obtain a new family of red-emitting Cu
complexes based on pyridinophane and an amide ligand that
show emission maxima at a lmax of 598–745 nm in the crystal-
line state and in solution (Fig. 18a).59 TD-DFT studies suggested
that the shift in absorption can be attributed to ligand-to-ligand
charge transfer from the highest occupied molecular orbital
(HOMO) localized on the carbazole ligand to the lowest unoc-
cupied molecular orbital (LUMO) localized on the N4 ligand.

Accordingly, using electron-donating substituents in the
carbazolate ligand was used a tool to induce a red shift by
reducing the HOMO–LUMO gap.

These complexes were covalently incorporated as cross-linkers
into poly(butyl acrylate) samples, which showed a sensitive and
reversible increase in PL intensity in response to mechanical
stretching, repeatable over 30 cycles. The changes in PL intensity

could be detected spectroscopically or with a CCD camera
(Fig. 18b–d).

We have investigated the conformational behaviour of (N4)Cu
complexes experimentally and by DFT calculations.54d,55,59 In
solution, the major NMR peaks of the N4–Cu–amide complexes
are attributed to the k3 isomer; however in the case of some
complexes, small peaks attributed to the minor k4 isomer could
be also observed. Also, some peaks of the pyridinophane ligand
of the k3 isomer show broadening, indicating a generative
exchange between the two k3 isomer forms (Fig. 19a). According
to the calculated energy profile of complex 13, the exchange
occurs through the associative pathway through k4-13, rather
than the dissociative pathway involving the k2-13 (Fig. 19b). The
activation barrier of 15.0 kcal mol�1 is easily accessible at room
temperature. The small difference in energies between k3-13 and
k4-13 (1.6 kcal mol�1) is also consistent with the NMR evidence
for the presence of the k4-13 complex as the minor isomer in
solution.

Summary and future outlook

In this article, we have covered several classes of coordination
compounds used as versatile and convenient mechanophores
in polymers, with uses ranging from inducing mechanoacti-
vated catalysis, to changes in color, mechanical, or photolumi-
nescence properties. The representative examples of
mechanoresponsive polymers incorporating metal complex-

Fig. 18 (a) Structure of the model N4–Cu–amide complexes 13–18 and the N4–Cu–amide complexes incorporated in PBA chains. (b) Photolumines-
cence spectra of film PBA16 during stepwise stretching from 0% to 200% strain. (c) Optical imaging of film PBA13 at 0% (top) and 200% (bottom) strain (in
pseudocolor based on grayscale pixel intensity). (d) Change of average image intensity of the selected area of the film (black square of (c)) during
30 cycles of continuous stretching and releasing (0%–200%–0%) measured with a CCD camera. Images (b)–(d) are reproduced with permission from
ref. 59. Copyright 2024, The Royal Society of Chemistry.

ChemComm Feature Article

Pu
bl

is
he

d 
on

 2
9 

 2
02

4.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

5 
09

:5
9:

53
. 

View Article Online

https://doi.org/10.1039/d4cc05622a


452 |  Chem. Commun., 2025, 61, 441–454 This journal is © The Royal Society of Chemistry 2025

based mechanophores highlighted in this paper are summar-
ized in Table 1.

One strategy to activate metal complexes used as mechan-
ophores is based on an irreversible bond cleavage, for example,
in metal–N-heterocyclic carbene complexes leading to the rup-
ture of the polymer chain and the generation of the catalytically
active species by mechanical action on a bulk sample or
ultrasonication of a polymer solution.

In another approach, metallocenes were used as robust and
simple mechanophores that are cleaved by mechanoactivation,
usually in an irreversible manner, leading to metal ion release and
changes in the properties of the bulk sample (for example: color).

An alternative strategy relies on the use of labile coordina-
tion compounds via dynamic and reversible metal–ligand bond
dissociation, which results in change of the rheological or/and
photophysical properties of the materials. Furthermore,
dynamic coordination systems found applications in the design
of cargo-release systems.

Another approach of the application of coordination chem-
istry in mechanoresponsive polymers is their combination with
organic mechanophores. The presence of metal ions or metal
complexes in the system can alter its mechanoresponsive
properties by the interactions of the metal species with the
activated mechanophore resulting in a different response from
their counterparts solely incorporating the organic mechano-
phore such as the shift in the color of the mechanochromism or
the emission wavelength.

Finally, using the polymer-attached conformationally labile
ligand and their copper complexes avoids the irreversible
release of the metal and leads to fast and reversible changes
in the photoluminescence properties of the polymer sample
upon mechanical activation.

Overall, the use of coordination compounds has signifi-
cantly expanded the library of existing mechanophores, which
have a number of features that make them complementary to
the classical organic-based mechanophores such as spiropyran.
In particular, the metal–ligand bond strength can be adjusted
by choosing the needed metal–ligand combination. Depending
on the system, reversible dissociation of the ligand can be
conveniently achieved, a phenomenon which is less common in
organic mechanophores where covalent bonds often have to be
cleaved. Metal complexes allow for an easier modulation of
their spectroscopic or photoluminescence properties via alter-
ing ligand substituents or changing a spectator ligand. This
allows for a custom-design of metal-based mechanophores,
where ultimately efficient red emitters based on inexpensive
metals using relatively simple ligand motifs can be obtained.
Mechanoactivation of metal complexes can also provide impor-
tant information about the nature of metal–ligand bonds and
the interplay between the macroscopic properties of a material,
and molecular changes around the metal center. The major
challenges towards wider utilization of mechanophores based
on metal complexes are often related to their stability or air
sensitivity and biocompatibility, as well as the high cost in the
case of precious metals. Therefore, the exploration of air-stable,

Fig. 19 (a) Proposed mechanism of the generative exchange between the
two k3 isomers of complex 13 in solution. (b) Calculated energy profile of
the isomerization of complex 13 in CH2Cl2.

Table 1 Overview of representative examples of mechanoresponsive polymers containing metal complexes as mechanophores

Mechanophore Activation method Response Ref.

AgI–NHC, RuII–NHC Ultrasonication RCM, ROMP reaction 18
RuII–NHC Compression ROMP reaction 21
CuI–NHC Ultrasonication, compression CuAAC reaction 22
Pt–acetylide Ultrasonication Olefin hydrosilylation reaction 29
Fc Ultrasonication Release of iron ion 33
Fc Ultrasonication Release of iron ion 34
Ruthenocene Ultrasonication Cleavage of ruthenocene 35a
Cobaltocenium Ultrasonication Cleavage of cobaltocenium 35b
Fc Ultrasonication, drop test, pressure bar test Release of iron ion, cross-linking 36
[ZnII or CoII/LaIII or EuIII]–MeBIP Shearing (shaking) Sol–gel transition, emission intensity change 16a
EuIII–MeBIP Ultrasonication, piercing Emission intensity change, welding, color change 43
EuIII–IDA Ultrasonication, compression Emission intensity change 44
CuII–Tpy HIFU Cargo release 49
ZnII, EuIII–BTP/Sp Stretching Color change 51
LiI, CaII, MgII/Sp Stretching Color change 52
[EuIII(TTA)3(Aphen)]/1,2-dioxetane Stretching Light emission 53
N4–CuI–NHC Stretching Emission intensity change 55
N4–CuI–arylamide Stretching Emission intensity change 59
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non-toxic and cost-effective metal complex-based mechano-
phores represents a promising direction for future research.
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