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Abstract: While coupling mechanical and chemical processes is widespread in living organisms, the idea to
harness the mechanically induced dissociation of weak covalent and non-covalent bonds to create artificial
materials that respond to mechanical stimulation has only recently gained attention. Here we summarize our
activities that mainly revolve around the exploitation of non-covalent interactions in (supramolecular) polymeric
materials with the goal to translate mechanical stresses into useful, pre-defined events. Focusing on mechano-
chromic polymers that alter their optical absorption or fluorescence properties, several new operating principles,
mechanosensitive entities, and materials systems were developed. Such materials are expected to be useful for
technical applications that range from the detection of very small forces in biological systems to the monitoring
of degradation processes and damage in coatings and structural objects.
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1. Introduction

Many materials systems found in living organisms have
the ability to adapt their properties to specific situations, often
in response to external cues.!!l Among the various transduction
schemes, mechanochemical processes, which connect mechanical
to chemical events, are omnipresent in nature.l?l For example, the
bioluminescence of dinoflagellates is triggered by force-induced
deformations of the cell membranes,3! and force transduction
to mechanosensitive ion-channels is the basis for the sense of
touch.l*l The idea to create synthetic materials that are inspired
by such principles and which respond to mechanical stimulation
with a useful property change has gained much attention over
the last two decades, although such engineered materials rely, of
course, on much simpler designs.

It has long been known that in synthetic polymeric materials,
stresses generally lead to an unspecific, irreversible scission of
the constituting polymer chains.[5! Indeed, the observation that
the molecular weight of poly(styrene) decreases in response to
high shear forces dates back to Staudinger.[1 Experimental and
theoretical investigations have since established a thorough un-
derstanding of the mechanically induced changes that occur in
polymeric materials on the molecular level.[’! Polymers initially
respond to tensile deformation with the extension of individual
macromolecules, which stretch and uncoil, before homolytic or
heterolytic cleavage of covalent bonds occurs.[® The idea to ex-
ploit this mechanism for the design of polymeric materials that
translate mechanical stresses into useful responses and functions
relies on the incorporation of ‘weak links’, also referred to as
mechanophores.[101 Motifs such as spiropyran-,l'!l dioxetane-,[12]
epoxide-,l'3 and azo-moieties,['*] have been explored in this con-
text and were shown to undergo mechanically induced chemical
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changes that lead to mechanochromic behavior, mechanically in-
duced chemiluminescence, and other functions. With the notion
that non-covalent interactions play an important role in (respon-
sive) biological materials.l15-16] we embarked on the exploration
of non-covalent interactions to access new (supramolecular) poly-
mers with useful stimuli-responsive functionalities.!!”]

2. From Mechanically-triggered Metal Release to
Displacement-activated Mechanophores
Early on, metal-ligand coordination bonds have been recog-
nized as motifs that can be (reversibly) dissociated when exposed
to mechanical force; examples include Pd-phosphane complexes,[!8]
Ag-, Ru-, or Cu-carbene complexes,!'9-2!l as well as Zn**-, Eu®*-,
Tb3*-, or La**-based metallosupramolecular polymers (MSPs).[22-25]
For instance, we have shown that metallopolymer networks assem-
bled from a telechelic poly(ethylene-co-butylene) terminated with
2,6-bis(1'-methylbenzimidazolyl)pyridine ligands and Eu(ClO,),
exhibit remarkable fluorescence intensity changes upon mechani-
cal stimulation, as the red fluorescing, dynamic Mebip-Eu** com-
plexes function as built-in optical probes that allow for a monitoring
of the extent of (dis)assembly.[2226] The relative weakness of such
non-covalent interactions, their tunable dynamic character, and their
c reversibility — which contrasts the behavior of most covalent mecha-
nophores — render them ideal to serve as pre-defined weak links in
polymeric materials. Similar MSPs are also attractive candidates for
= other sensing systems, as they can be processed into coatings and
self-supporting films, whose luminescence changes in response to
different chemical analytes.[27]

With regards to more strongly bound metal-ligand complexes,
we identified ferrocene (Fc) as a potentially interesting mechani-
cally responsive motif, based on the notion that the dissociation
enthalpy of the Fc motif is lower than that of C—C, C-O, and C-N
bonds present in ‘typical’ polymer backbones.[?8! Thus, polyure-
thanes (PUs) with multiple, randomly distributed Fc units (Fc-PU)
in their backbone, and poly(methyl acrylate)s (PMA) containing
a single Fc unit in the center of each macromolecule (Fc-PMA)
were prepared (Fig. 1a). The response of the Fc-containing and
the mechanophore-free reference polymers to mechanical stimu-
~ lation was studied by ultrasonication of solutions. The reduction

= = of their molecular weight was monitored by size exclusion chro-

Q_matography (SEC) as a function of sonication time (Fig. 1b). The

— evaluation of the chain scission kinetics clearly confirmed the

e preferred scission of the Fc-mechanophore. The release of iron
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ions from mechanically cleaved Fc units was demonstrated by ad-
dition of potassium thiocyanate and the rapid formation of colored
thiocyanatoiron complexes (Fig. 1c¢). Accordingly, Fe-type com-
plexes are viable mechanophores and the concept should be read-
ily applicable to other metallocene-type complexes with potential
applications spanning from colorimetric sensing to catalysis. The
versatility of the approach was recently confirmed by Tang, Craig,
and coworkers, who not only integrated the Fc motifs in other
polymers, but also demonstrated that the mechanically induced Fc
cleavage occurs through a predominately heterolytic mechanism
that involves the initial dissociation into [CpFe]* and Cp~.[2]

To detect particularly weak forces, a fundamentally new mech-
anochemical transduction principle was conceived, which is based
on exploiting the molecular-shuttle function of rotaxanes. The prin-
ciple relies on the idea that the positional rearrangement upon re-
versible displacement of two mechanically interlocked molecules
can be designed to elicit an optical signal. As a first embodiment,
a benzothiadiazole fluorophore macrocycle was threaded onto a
dumbbell-shaped molecule containing a naphthalene bisimide as
a fluorescence quencher (Fig. 2).30 The rotaxane, whose fluores-
cence is quenched in the idle state, was covalently incorporated
in the backbone of a thermoplastic polyurethane elastomer. This
material does not show any fluorescence, but the characteristic
benzothiadiazole fluorescence is gradually turned on upon defor-
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Fig. 1. (a) Poly(methyl acrylate) with a single ferrocene unit in the center
(Fc-PMA). (b) Size exclusion chromatography traces as a function of
ultrasonication time of a Fc-PMA solution show a reduction of molecular
weight. (c) Potassium thiocyanate was added to solutions of Fc-PMA
before (left) and after 90 min of sonication (right). The rapid formation of
the red Fe-thiocyanate complex demonstrated the release of iron ions.
Adapted with permission from ref. [28b]; Copyright 2018 John Wiley and
Sons.

mation (Fig. 2c), due to the separation of the mechanically inter-
locked fluorophore/quencher pair. Our investigations showed that
the process can only be activated by mechanical force (and not heat
or light), that the mechanism is very efficient and reversible, and
that the optical signal correlates with the extent of deformation.
The mechanism fundamentally differs from the chemical activa-
tion exploited in other mechanophores, as it relies on a mechanical
trapping of an entropically unfavorable configuration. This prin-
ciple should be applicable to other interlocked architectures and
is useful for the detection of very small forces that are otherwise
difficult to assess, e.g. in biological systems.

In addition to the above non-covalent mechanophores, several
covalent mechanophores were developed and studied. For exam-
ple, diaryldibenzofuranone, a scissile dynamic covalent mechano-
phore, was covalently bound to the surface of cellulose nanocrys-
tals (CNCs) and the particles were used to create a nanocompos-
ite with a healable polymer containing the same dynamic motif.
The formation of reversible covalent bonds between the modified
CNCs and the matrix polymer imparted the composites not only
with mechanochromic behavior, but also with the ability to heal.[3!]
Moreover, the mechanochromic response of dithiomaleimide- as
well as benzoxazole-containing polymers were explored. For ex-
ample, the fluorescent dithiomaleimide-motif was placed in the
center of either PMA or poly(e-caprolactone) (PCL) and acted
as a mechanophore that was selectively cleaved when exposed to
ultrasonication in solution, causing a corresponding fluorescence
intensity decrease.!32! Similarly, an aliphatic 2-(2'-hydroxyphenyl)
benzoxazole ester was employed as a mechanofluorophore;[33!
here, an excited-state intramolecular proton transfer is enabled
upon sonochemical cleavage of the ester moieties, which in turn
causes a marked change of the emission color.[34]

3. Mechanoresponsive Luminescent (Supramolecular)
Polymers

The above examples reflect that there is tremendous interest
in materials that display mechanoresponsive luminescence (MRL)
behavior, which is in part motivated by academic curiosity and
in part by the goal to provide materials that enable the examina-
tion of structural integrity or detection of tampering.[35 We first
reported an MRL effect in blends of different polymers and small
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Fig. 2. (@) Chemical structure of
the rotaxane-based mechano-
luminophore that was incorpo-
rated in a polyurethane (PU). (b)
Schematic depiction of the oper-
ating principle of a mechanically
interlocked mechanophore with
a force-induced displacement of
a quencher (brown) from a fluo-
rophore (green). (c) Fluorescence
emission spectra as a function
of applied strain for a film made
from the rotaxane containing PU.
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(d) Photographs of samples of the
PU film taken before, during, and
after uniaxial tensile deformation
show the fluorescence response.
Images in the top and bottom
were taken under illumination
with 365 nm UV light and ambient
light, respectively. Adapted with
permission from ref. [30] [https://
pubs.acs.org/doi/pdf/10.1021/
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amounts of photoluminescent cyano-substituted oligo(phenylene
vinylene) (cyano-OPV) dyes over 15 years ago.3¢ This approach
requires both the formation of nanometer-sized dye aggregates
in a given matrix, as well as their disruption through an efficient
stress-transfer upon bulk mechanical deformation of samples.[37-381
This mechanism, which can also be exploited with aggregachro-
~~. Mmic molecules,3°! works particularly well in semicrystalline host
= = polymers, because of nucleation effects as well as particular stress
transfer mechanisms. For example, we recently rendered poly-
amide 12 mechanochromic by blending this material with 0.15-
1 wt% of a cyano-OPV.10 Blends with a low dye concentration
(0.15%) displayed the green monomer fluorescence that is charac-
teristic of molecularly dissolved molecules, whereas aggregation
of the dye at higher concentrations led to red excimer emission.
The deformation of samples with a dye content of 0.25 wt% caused
a pronounced fluorescence color change from an excimer- to a
monomer-rich emission. While this approach has been realized for
select combinations of dyes and matrix polymers, recent results
suggest that it can be extended to a much broader palette of poly-
mers by employing a telechelic poly(ethylene-co-butylene) that
features the excimer-forming cyano-OPV fluorophores at the two
termini.[*!l We showed that the incorporation of 0.1-2 wt% of this
macromolecule bestowed different types of polymers with MRL
behavior (Fig. 3). Thus, blends of poly(styrene-b-butadiene-b-sty-
rene), poly(isoprene), or poly(caprolactone) with the cyano-OPV
terminated telechelic all displayed fluorescence color changes
in response to bulk mechanical deformation. The results suggest
that the stress-transfer to the dye aggregates can be significantly
improved by coupling the chromophores to a telechelic ‘carrier’,
presumably because the latter entangles with the matrix polymer.
About a decade ago, it was discovered that certain organic
and organometallic dyes, including the above-mentioned cyano-
OPVs, can display MRL behavior on their own, i.e. without being
embedded in a polymer.[*3-451 Such dyes display distinct emissive
colors depending on their assembly, with some cyano-OPV deriva-
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tives adopting up to five different assembly and emissive states.[40]
Conversion between the latter is possible by thermal or mechanical
treatment, 6471 which renders these dyes a priori useful for the cre-
ation of stimuli-responsive luminescent materials. In the meantime,
several hundred dyes with MRL behavior have been reported, 3!
but due to their low molecular weight, these compounds don’t
exhibit any mechanical properties to speak of. To mitigate this,
we devised materials that combine the concept of supramolecular
polymerization and the responsive behavior of MRL compounds.
In a first example of this approach, self-complementary hydrogen-
bonding ureido-4-pyrimidinone (UPy) groups were employed
to self-assemble an excimer-forming cyano-OPV derivative into
a supramolecular polymer (Fig. 3c—e).l*2l This material displays
the characteristics of a supramolecular polymer glass, with a stor-
age modulus of ca. 1.5 GPa and a glass transition temperature of
around 90 °C. The material can be melt-processed into self-sup-
porting films, fibers, and 3-D objects, which exhibit both MRL
as well as thermoresponsive luminescent behavior. Moreover, it
was demonstrated that patterning of this material with nanometer-
sized optical and topographical features can be achieved by local
thermal or mechanical stimulation with thermal scanning probe
lithography, providing a direct path towards information storage
systems.[*81 This conceptual approach should be applicable to other
MRL molecules as well as alternative binding motifs, and should
therefore be broadly exploitable for the creation of materials with
tailored stimuli-responsive luminescent behaviors.

4. Self-reporting, Microcapsule-containing Polymer
Materials

Another versatile approach towards polymeric materials that
exhibit a chromic response to mechanical stimulation is the use
of dye-filled microcapsules.[*91 The principal advantage of this
concept is that such microcapsules can be incorporated into any
kind of polymer, independent of the employed dye, the solvent,
or the chemical characteristics of the capsule. Deformation of the
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Fig. 3. (@) Photographs of a poly(styrene-b-butadiene-b-styrene) (SBS) blend with 0.5 wt% of the aggregachromic macromolecule taken before (left)
O and upon (right) stretching the film to 730% strain. (b) Plot of the monomer-to-excimer emission intensity ratios determined in repeated deformation
®  cycles (730% strain and relaxation to 0% strain). Adapted with permission from ref. [41]; Copyright 2018 John Wiley and Sons. (c) Chemical struc-
ture of the excimer-forming cyano-OPV derivative with hydrogen-bonding UPy groups. (d) Photograph of a film of the UPy-functionalized cyano-
OPV and response upon scratching the surface, as indicated by a change of the emission color from red to yellow. (e) Photographs of a cylinder as
well as a fluorescence microscopy image of a fiber made from the UPy-functionalized cyano-OPV. Adapted with permission from ref. [42]; Copyright
m 2017 American Chemical Society. All images displaying fluorescence were taken under illumination with 365 nm UV light.

bulk composite damages the embedded microcapsules, which in
turn release their cargo and the desired mechanochromic effect.
O To maximize the observed visual contrast, the dye system should
O ideally be chemically or physically activated upon release, and,
depending on the employed type of dyes, this conceptually simple
approach can be readily used to achieve versatile mechanochro-
mic responses.59-321 In one embodiment of this approach, mi-
~. crocapsules filled with charge-transfer complex precursors were
= = ysed to visualize polymer deformation.[53 Thus, microcapsules
Q_ consisting of a poly(urea-formaldehyde) shell, toluene as the sol-
vent, and either chloranil as acceptor or hexamethylbenzene as
HI donor were prepared by emulsion polymerization (Fig. 4a). The
microcapsule pairs were embedded in a poly(dimethylsiloxane)
C (PDMS) matrix by dispersing them in the monomer and subse-
quently curing the material. The microcapsules ruptured when the
material was placed under mechanical load, the donor/acceptor
pair was released into the polymeric matrix where they formed a
red-colored charge-transfer complex (Fig. 4b).

The versatile nature of this approach was demonstrated by
combining the mechanically controlled release of a cargo with
the concept of aggregation-induced excimer-formation of cyano-
OPYV dyes (Fig. 4c).541 Thus, poly(urea-formaldehyde) microcap-
sules were filled with a cyano-OPV solution and embedded in
PDMS, an epoxy resin, as well as a styrene-butadiene rubber. In
all cases, capsule rupture upon deformation of the composites fur-
nished a pronounced fluorescence change due to excimer forma-
tion in the damaged area. Detailed investigations with the silicone
composites demonstrated that impact, incision, compression, and
tensile deformation all triggered the chromic response. Moreover,
the emission from unopened capsules was found to serve as a
built-in reference, rendering the response a ratiometric signal and
the materials self-calibrating (Fig. 4d,e). In this sense, the evalu-
ation of both spectroscopic data as well as RGB color analyses of
pictures taken under UV light allowed for a quantification of the
mechanical damage and an assessment of the structural integrity
of the composite materials.

5. Conclusions

The research outcomes summarized here demonstrate that
non-covalent interactions are an attractive design element for
mechanoresponsive moieties. Emulating, at least in a conceptual
manner, transduction principles found in nature, the responses
of materials containing such motifs are generally reversible,
dynamic, and readily tunable and several novel functions were
demonstrated. As such, these results go significantly beyond the
state of the art that relies mostly on the irreversible dissociation
of covalent bonds!> and provide a broad basis for the design of
novel materials that translate mechanical stimuli into useful func-
tions. Continued development of novel motifs and detailed in-
vestigations of the response of such non-covalent interactions to
mechanical stimuli will further increase the understanding of the
molecular mechanisms, which in turn is expected to facilitate the
design of materials that respond in distinct ways to multiple dif-
ferent stimulil5! and help to bridge the performance gap between
artificial and biological materials.
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