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Abstract: The correlation of mechanical properties of polymer
materials with those of their molecular constituents is the
foundation for their holistic comprehension and eventually
for improved material designs and syntheses. Over the last
decade, optical force probes (OFPs) were developed, shed-
ding light on various unique mechanical behaviors of
materials. The properties of polymers are diverse, ranging
from soft hydrogels to ultra-tough composites, from purely

elastic rubbers to viscous colloidal solutions, and from trans-
parent glasses to super black dyed coatings. Only very
recently, researchers started to develop tailored OFP solutions
that account for such material requirements in energy (both
light and force), in time, and in their spatially detectable
resolution. We here highlight notable recent examples and
identify future challenges in this emergent field.

/

1. Introduction

The mechanical deformation of a polymer material usually starts
with the macroscopic application of force and leads to
conformational, configurational, and constitutional covalent
and non-covalent bond rearrangements on the molecular level.
This process hence covers around seven to ten orders of
magnitude in length scale, rendering its analysis and under-
standing a conceptual and instrumental challenge. A compre-
hensive insight into the mechanical properties of a polymer
material requires suitable analytical tools and techniques that
allow collecting and mapping mechanical information across
these scales.

In polymer mechanochemistry, functional molecular
motifs (mechanophores)®® are designed to undergo faster
bond dissociation or isomerization reactions under force
compared to the polymers they are incorporated within. The
force-induced activation of the latent mechanophore function
can be tailored to cause an alteration in the optical properties,
rendering the mechanophore an OFP.>® Such OFPs allow real-
time in situ or post mortem monitoring of force-induced events
from the molecular to the macroscopic scale, making them
ideal tools to investigate material mechanics.

OFPs undergo diverse optical transformations in response
to force. Changes in absorption, fluorescence, and chemilumi-
nescence are most widely used in this context - each with their
own associated advantages and disadvantages.” Although
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absorption alterations can be easily detected by eye, their
sensitivity and spatial resolution are limited by Lambert-Beer’s
law and the diffraction limit® Fluorescence modulation in
combination with highly resolved microscopy techniques offers
advantages in both sensitivity and spatial resolution®'” but is
less advantageous for spatiotemporally resolved measurements,
as the cumulative increase of the signal can interfere with the
detection of single events. Conversely, chemiluminescence is a
transient phenomenon that gives spatiotemporally resolved
insights, yet it requires in situ observation, as post mortem
analysis is not possible.l"

However, OFPs are not a one-size-fits-all solution for every
polymer material and research problem. The identity, capabil-
ities, and localization of an OFP within a material determine the
mechanical information that is accessible regarding the spectral
properties, force range, and spatiotemporal resolution in
solution, the homogenous bulk, and at interfaces as well as
interphases. Polymer materials are vastly different, for example,
in their time-dependent mechanical properties (creep, stress-
relaxation) or in their optical properties (opacity, intrinsic
fluorescence). Hence, tailoring OFPs to a specific demand of the
parent material under investigation is a necessary step to obtain
meaningful and representative data.

In recent years, brilliant works on adjusting OFPs in their
responses to energy (both light and force), in time, and in their
spatially detectable resolution have been published, and we
here highlight notable examples that put a dent in the universe
of optical force sensing.

2. Tailoring the Optical Response

The targeted design of the optical responses of OFPs is the
basis to achieve optical orthogonality and complementarity in
their applications. Fine-tuning of absorption, excitation, and
emission wavelengths including the associated Stokes shifts
enables, for example, the separate detection of non-activated
and activated OFP states. Moreover, complex and compartmen-
talized materials call for the parallel use of multiple OFPs that
must be addressed and resolved independently. OFPs must
have specific properties which depend on the requirements for
the quality of information. For example, an OFP tasked to
simply visualize a deformation process must meet different
criteria than those for local resolution of mechanical processes
on different scales, for the quantitative characterization of
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mechanical events, or for real-time insitu bond scission
detection.

2.1. Absorbing force probes

OFPs that alter their absorption (Figure 1a, left) generally exhibit
color changes that are visible by eye and hence are popular for
the straightforward visualization of force-induced events in
materials. In more quantitative approaches, the absorption
changes are recorded by solution and solid-state spectroscopy
or by high-speed cameras for real-time, qualitative, macroscopic
monitoring (cf. Section 5.1).*™

Notable examples include a bis-naphthopyran reported by
McFadden and Robb."" This double-mechanophore OFP shows
gradient multicolor mechanochromism and resolves the
amount of force delivered to the OFP by activation of either
one or two of the conjugated naphthopyran moieties, leading
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to a gradual bathochromic shift in the latter scenario. Robb and
coworkers recently enhanced this OFP system by color tuning
and tailoring of the fading kinetics for higher versatility."

Multicolor mechanochromism can also be achieved by
simple mixing of different mechanochromic polymers, as
Otsuka and coworkers have demonstrated."®'” Polymers with
tetraarylsuccinonitrile and diarylbibenzothiophenonyl OFPs are
activated simultaneously and the polymer blends differentiate
between stretching and grinding."® In another work, they have
shown how a diarylbibenzofuranone (DABBF) OFP (Figure 1b,
left) in a polymer/silica composite is placed in the silica-rich
domains and a naphthopyran OFP in the polymer-rich
domain.'”” Depending on the magnitude of force, solvent
addition, and time, different compartments of the material are
activated, showing a gradual color evolution of absorption.

A future challenge is to further shift the absorption changes
to the red and infrared (IR) region. While Stauch and Dreuw
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Figure 1. Different optical responses of OFPs that alter either absorption,
fluorescence, or chemiluminescence. (a) Schematic depiction and (b)
structural formula of exemplary OFPs. DABBF is a scissile, reversible OFP that
becomes blue colored upon activation."” Anthracene-maleimide Diels-Alder
adducts are scissile, quasi-static OFPs that can either turn “on” their
fluorescence or are dual-fluorescent."® Dioxetanes are scissile, quasi-static,
mechanoluminescent OFPs."" Note that force-induced transitions can be
either scissile or non-scissile as indicated by the dashed lines in (a). Dashed
lines in (b) indicate the attachment points to the macromolecular frame-
work.

[21,22]

suggest NIR, IR, and Raman OFPs by computation,
respective synthetic implementation remains to be realized.

a

2.2. Fluorescent force probes

Fluorogenic OFPs rely on the conversion of an optically silent
state into a fluorescent one (or vice versa), or their fluorescence
is modulated between a non-activated and activated dual-
fluorescent OFP (Figure 1a, middle). Compared with purely
chromogenic OFPs, fluorogenic OFPs offer higher sensitivity
and spatial resolution (cf. Section 5).” Dual-fluorescent OFPs are
advantageous for tracking of the non-activated material by
fluorescence microscopy, which is helpful for non-uniform,
compartmentalized, or mobile materials, such as nanoparticles
and colloids.””

Many examples for fluorogenic OFPs have been reported.
Amongst them, we highlight a dual-fluorescent benzoxazole
OFP recently prepared by Weder and coworkers.”” Upon force-
induced ester scission, an excited state intramolecular proton
transfer is activated, leading to a fluorescence shift from blue to
green. Gostl and coworkers have improved the optical
orthogonality between the non-activated and activated states
of dual-fluorescent OFPs.™® By the preparation of benzothiadia-
zole- (BTD) and naphthothiadiazole-based anthracene-malei-
mide Diels-Alder adducts, they have realized a distinctive
fluorescence band transition at different wavelengths without

Chem. Eur. J. 2021, 27, 15889 - 15897 www.chemeurj.org

spectral interference between the two OFP states (Figure 1b,
middle and Figure 2a).

Further shifting excitation and emission wavelengths into
the red and IR region is also a future challenge for fluorogenic
OFPs. In addition to spectral tuning, this might be realized
through photophysical effects, such as the force-activated
triplet-triplet annihilation photon upconversion where low-
energy excitation light is anti-Stokes converted to high-energy
emission light.?

2.3. Mechanoluminescent force probes

In contrast to the permanent optical signals of absorbing and
fluorescent OFPs, mechanoluminescent OFPs show ephemeral
chemiluminescence when subjected to force (Figure 1a, right
and Figure 2b and c). This is of great use for the temporal
resolution of force-induced transitions in materials (cf. Sec-
tion 4.2). The only mechanoluminescent OFP developed up
today is bis(adamantyl)-1,2-dioxetane (Figure 1b, right). As
bond scission generates an adamantone in an energetically
defined T, state, spectral tuning of the emission wavelengths
can only be achieved by the introduction of triplet acceptors.”

Chen, Sijbesma, and coworkers have introduced rare-earth
Eu" complexes alongside dioxetane OFPs in a polymer to
harvest intense red chemiluminescence upon OFP activation.””
Notably, Chen and coworkers also use a rhodamine OFP as
triplet acceptor alongside the dioxetane OFP.2¥ This allows the
combination of mechanoluminescence and mechanochromism,
where Forster resonance energy transfer (FRET) from the
activated dioxetanes to the activated rhodamines also red-shifts
the dioxetane emission.

3. Tailoring the Force Range

The force under which an OFP responds with a signal must be
smaller than the force required for non-selective mechano-
chemical transformations in the material under investigation.
Hence, a high-performance structural polymer with a stiffness
in the GPa region requires a different OFP than a biomimetic
hydrogel where the stiffness may be only hundreds of Pa. In
addition, OFPs can be divided into those that undergo thresh-
old transformations at a critical force (mostly relying on bond
scission, cf. Figure 1) and those that undergo gradual optical
changes and can be used as “force rulers” (Figure 3).

Adaption of the force response is generally achieved by
tuning the bond dissociation energy (BDE) of the OFP through
transition from strong, covalent to weak, non-covalent bonds.
Very low forces may even be displayed by force-induced bond
rotations. However, since the mechanochemical BDE usually
correlates to the thermal BDE, the display of very high or very
low forces is a challenging endeavor. For example, industrial
manufacturing conditions of many high-performance polymers
entail processing temperatures of more than 200°C, which is
beyond the thermal stability of most OFPs. On the other hand,
the force response of an OFP designed for very low forces may

15892  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. A selection of bond scission mapping visualizations in OFP-crosslinked polymer networks: (a) Overlay of CLSM micrographs showing non-activated
(cyan) and activated (yellow) BTD OFP in crosslinked rubber networks, and pixel-by-pixel contour map representation of left panel showing the percentage of
activated relative to remaining non-activated BTD upon fracture. Reproduced from Ref. [18]. Copyright 2021, the authors. (b) Progression and extent of a crack
front in time and space for dioxetane-crosslinked PMMA networks under chloroform ingress and swelling-induced mechanoluminescence. Reproduced from
Ref. [19]. Copyright 2017, American Chemical Society. (c) Intensity-based mapping of bond scission in notched samples of single, double, and triple networks,
containing dioxetane crosslinker in the first network, around the tip of a propagating crack and schematic of the bond scission mechanism. Reproduced from
Ref. [20]. Copyright 2014, American Association for the Advancement of Science. (d) Stress map around the tip of a propagating crack in acrylate networks
crosslinked with spiropyran converted to different merocyanine isomers. Reproduced from Ref. [13]. Copyright 2021, Royal Society of Chemistry.

become indistinguishable from its response to slight temper-
ature changes during the mechanical deformation.

3.1. Probes for covalent bond scission

OFPs undergoing covalent bond scission withstand forces in
the nN range and are ideal for applications in stiff and tough
materials (Figure 3a, left). Most OFPs described above are of this
variety, because they tend to be thermally bistable with AG™ far
above operating temperature, which facilitates post mortem
analysis. As covalent bond scission reactions are discrete events,
OFPs of this variety are threshold probes and provide an optical
signal that is proportional to the number of broken bonds
within a material. Examples for popular OFPs cleaving in the nN
range are anthracene-maleimide Diels-Alder adducts or coumar-
in dimers.”**® Spiro compounds,”” such as spiropyran, naph-
thopyran, or rhodamine, are notable exceptions as these
isomerize reversibly at hundreds of pN (Figure 3b, left and
Figure 2d).®** Craig and coworkers have demonstrated that
the force required for the isomerization of spiropyran can be
tuned by varying the attachment points of the OFP to the
polymer chain.®*** However, this has only a minimal effect on
the mechanical activation in bulk polymeric materials due to

Chem. Eur. J. 2021, 27, 15889 - 15897 www.chemeurj.org

the elusive nature of the interplay between molecular OFP and
macroscopic polymer system.5*”

3.2. Non-covalent force probes

Non-covalent force probes rely on the alteration of, for example,
van der Waals, m-m, H-bond, or hydrophobic interactions
(Figure 3a, middle). Since such interactions (individually) pos-
sess much smaller BDEs compared to covalent bonds, they are
useful for the detection of pN forces.

Perylene, perylene bisimide, or oligo(phenylenevinylene) are
examples for popular aggregachromic OFPs that are blendable
into a polymer matrix and alter their aggregation state, i.e., the
interaction of their m-systems upon force-induced material
deformation.®® Generally, an alteration of the fluorescence
signals corresponding to the aggregated (excimer emission)
and de-aggregated (single dye emission) OFPs is correlated to
the deformation of the matrix polymer. While the macroscopic
mechanical state is visualized well, the depth of obtainable
molecular mechanical information is limited, as aggregachromic
OFPs are not anchored within their matrix polymer. Notably,
Weder, Schrettl, Sagara, and coworkers as well as De Bo and
coworkers have converged the principles of aggregachromic

15893  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. Examples for different force responses of OFPs undergoing non-
scissile covalent bond isomerization, non-covalent bond rearrangement, or
bond rotation. (a) Schematic depiction and (b) structural formula of
exemplary OFPs. Spiropyran is a non-scissile, reversible OFP that undergoes
covalent bond isomerization to merocyanine, which has purple color and is
red fluorescent.®" PBI loops vary between excimer (associated) and
monomer (dissociated) emission.®® Diketopyrrolopyrroles change the emis-
sion wavelength based on charge transfer from the planarization of the
twisted phenyl moiety.“’

and discrete mechanophore OFPs by synthesizing folded
perylene bisimide loop structures®® pyrene-containing
cyclophanes,® and rotaxane-based emitters.*>*¥ In these, the
formerly intermolecular transitions are now rendered reversible
intramolecular deaggregation/aggregation events and the
structures are covalently anchored within the polymer material
(Figure 3b, middle). This allows the analysis of such OFPs in
analogy to a traditional mechanophore and opens a new alley
towards spectral tuning of OFPs.

To detect even lower forces in the fN range, transitions that
exhibit a similarly low AG™, such as bond rotations, must be
exploited (Figure 3a, right). Sprakel and coworkers have used a
conjugated donor polymer poly(dioctylfluorene-alt-benzothia-
diazole) that is randomly doped with dithienyl-benzothiadiazole
acceptor moieties.*” Since the OFP essentially acts as an
entropic spring, uncoiling of the chain leads to an optically
detectable alteration of the energy transfer efficiency, which is
readily connected to the applied force. Moreover, OFPs relying
on bond rotation are often continuous, non-threshold systems,
which allows their use as “force rulers”. Sommer and coworkers
have demonstrated this principle by using a diketopyrrolopyr-
role donor-acceptor OFP that acts as a torsional spring and
reflects macroscopic force through a variation of its dihedral
angle and consequently the emission spectrum (Figure 3b,
right)."!

Compared with de novo synthesized OFPs, DNA-based OFPs
are readily obtained, programmable, and generally rooted in
the spectral modulation of known distance-sensitive FRET dye
pairs.*® While these OFPs enable the detection of forces in the
pN range, which is suitable for soft biomimetic hydrogels, their

Chem. Eur. J. 2021, 27, 15889 - 15897 www.chemeurj.org

incorporation into artificial materials is synthetically challenging,
which Walther and coworkers recently have tackled with
acrylamide-terminated DNA OFP crosslinkers.*” Since the
analysis of mechanical processes in biohybrid materials and the
associated interaction between living systems and polymers is
an emerging challenge,*® nucleic acid and genetically engi-
neered protein® OFPs could become increasingly important.

4, Tailoring the Temporal Response

Due to the viscoelastic behavior of most polymers, their
mechanics depend on the timescale on which a deformation is
experienced by a material. For time-independent polymer
materials, a singular, invariable, and permanent signal from a
corresponding OFP can be translated into useful information.
However, when time-dependent properties, such as deforma-
tional creep, stress-relaxation, or fatigue should be investigated,
the response of the OFP must meet the corresponding
requirements.®” Hence, it is currently a challenge to develop
OFPs that synchronize their response with the mechanical
properties of the matrix polymer."™

4.1. Quasi-static force probes

Quasi-static OFPs enable the post mortem examination of
deformed or fractured materials and are an invaluable tool for
processes where force application cannot be performed and
monitored insitu or where multiple analytical stages are
required (Figure 4, left). Note that while the principle of
microscopic reversibility applies to any given system, many
OFPs become quasi-irreversible by kinetic (low concentrations)
or thermodynamic (high AG*) constraints after their activation.

A representative example for this OFP class are Diels-Alder
adducts from anthracene and maleimide by Gostl and co-
workers (Figure 1b, middle)."” When incorporated as cross-
linkers into hydrogel networks, mapping of bond scission
events and crack propagation by confocal laser scanning
microscopy (CLSM) is possible.”? With dual-fluorescent Diels-
Alder adduct OFPs (cf. Section 2.2), the non-activated and
activated states can be visualized independently by CLSM and a
direct pixel-by-pixel quantification of the mechanochemical
activation process can be achieved (Figure 2a)."® The irrever-
sibility of the OFP is important, as the instrumental require-

quasi-static transient reversible
| F F | N\
t t t

Figure 4. Different temporal responses of OFPs that are either quasi-static,
transient, or reversible. The measured optical signal intensity / is shown as a
function of observation time t and timepoints of force application to the
material are indicated with F.
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ments of highly resolved optical microscopy are incompatible
with most mechanical deformation techniques, rendering the
in situ monitoring an open challenge in such scenarios.

4.2. Transient force probes

When real-time tracking of individual force-induced events is
desired, the cumulative signal increase of quasi-static OFPs can
decrease the spatial detectability of such events (Figure 4,
middle). Dioxetane OFPs (cf. Section 2.3, Figure 1, right) are
especially useful in such scenarios.

For example, Clough, van der Gucht, and Sijbesma have
recorded a cascade of discrete bond scission events in glassy
dioxetane-crosslinked poly(methyl methacrylate) (PMMA) net-
works upon chloroform ingress with temporal resolution and
spatial correlation (Figure 2b). They discern flashes of light over
several minutes caused by the tensile stresses exerted from the
swollen part of the polymer onto the non-swollen part." Also
in multinetworks, Creton, Sijbesma, and coworkers have shown
the real-time mapping of bond scission ahead of a propagating
crack by using the dioxetane OFP (Figure 2¢).”” Notably, these
authors investigate the complex mechanical behavior of silica-
filled polydimethylsiloxane (PDMS) regarding its irreversible,
history-dependent stress-softening, i.e., the Mullins effect.”
They revealed a complex, possibly delayed stress transfer from
the bulk material to the OFPs upon unloading of the networks
previously subjected to cyclic uniaxial tensile testing.

4.3. Reversible force probes

Reversible OFPs enable repeated activation and the correlation
of the emerging optical signal to the deformation history of the
polymer material under investigation (Figure 4, right). The most
notable representatives of this class are spiro OFPs (cf.
Section 3.1, Figure 3, left) whose reversibility is enabled by their
non-scissile nature and low AG*. The time-dependent activation
of the spiropyran OFP in poly(methyl acrylate) during stress
relaxation® or in PMMA under creep loading®™ lays the
foundation for mechanotransduction studies with reversible
OFPs. In PDMS, which is a polymer with complex rheological
behavior and time-dependent elastic deformation, this OFP
shows reversible activation over multiple cycles of tensile
elongation.®® This is in accordance with the mechanical
response of the material, which regains its original shape upon
force removal.

Creton and coworkers have used the differently colored
merocyanine isomers generated upon spiropyran activation to
measure and map stress history in acrylate networks."® This
allows the construction of a pixel-by-pixel stress map around a
crack tip just at its initiation and before its propagation prior
failure (Figure 2d).

To further reduce OFP response time, Moore and coworkers
have synthesized oxazine OFPs and integrated them into
PDMS.5” Compared to other spiro OFPs, their reversible
mechanochromism fades within the ms to ps range upon force

Chem. Eur. J. 2021, 27, 15889 - 15897 www.chemeurj.org

removal, owing to the absence of double-bound isomerization
compared to the spiropyran OFP. Notably, the opposite
direction of temporal tuning is also possible. McFadden and
Robb have prepared a permanent naphthopyran OFP that does
not isomerize back to its initial form, rendering it a quasi-static
OFP."®

5. Spatial Resolution

The multiscale interrelation of macroscopic with molecular
mechanical properties of a material is not only a challenge
regarding the design and synthesis of OFPs but also an
apparent instrumental analytical contradiction. The ideal spa-
tially resolved image dataset, which an OFP could deliver,
contains molecularly resolved information over a cm-sized
sample (Figure 5). From viewpoints, such as image acquisition
time, reproducibility, and generated data size, this is technically
not feasible. Since most optical properties are scale invariant, a
workflow emerged over time where OFP alterations are initially
monitored on a whole sample level and then regions of interest
where a force-induced event can be locally resolved with high
resolution are identified. Naturally, the OFPs must satisfy the
high demands regarding optical performance of the corre-
sponding method.

5.1. Whole sample monitoring

Monitoring an OFP-functionalized material over the entire
dimensions of the sample is likely the method with the highest
potential for in situ monitoring. Cameras, if required in combi-
nation with appropriate optics, filters, and light sources, can be
set up at most mechanical testing equipment. This enables
correlation of macroscopic mechanical properties and continu-
um simulations to the macroscopically resolved local OFP
signal. This is reported for absorbing,"*' fluorescent,*****" and
mechanoluminescent® OFPs (Figures 2c and d). Yet, such
methods do not allow sub-um spatial resolution where
fluorescence microscopy techniques become necessary.

diffraction-limited

whole sample

super-resolved

cm range um range nm range

Figure 5. Different spatial resolutions that can be achieved during OFP
analysis exemplified on a dog bone-shaped sample widely employed for the
mechanical testing of polymers. Either whole sample monitoring, diffraction-
limited microscopy, or super-resolved microscopy techniques are used and
indicate the optical signal at the region of interest.
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5.2. Diffraction-limited microscopy

Fluorescence imaging shows high sensitivity and its spatial
resolution is determined by the Rayleigh criterium of ca. '/, of
the excitation wavelength when high numerical aperture optics
are used. CLSM is the technique of choice when sensitivity,
spatial resolution, sharp imaging, and optical sectioning are
required. However, CLSM optics do not allow straightforward
integration of mechanical testing equipment, which is why this
is a post mortem technique and requires quasi-static OFPs up to
today.

Gostl, Sijbesma, and coworkers have shown CLSM on Diels-
Alder adduct OFPs in hydrogels to elucidate their fracture
behavior depending on the water content.”” Gong, Matsuda,
and coworkers have demonstrated CLSM imaging on a crack tip
of a double-network hydrogel by using the produced mecha-
noradicals for latent fluorophore polymerization.”® However,
the obtained signal loses its correlation to the number of
mechanochemical events in this process. Creton, Comtet, Gostl,
and coworkers have tackled this issue by calibrating the CLSM
with OFP reference molecules and established the first
quantitative protocol.®™® There, they have quantified the
number of broken bonds during crack propagation in a polymer
network and find that bond scission can extend as far as
100 pm away from the fracture plane. Creton and coworkers
have also applied this method in the analysis of cavitation
phenomena induced in elastomers where a fast hydrogen gas
decompression has been applied.®™ Géstl and coworkers have
further developed the quantification approach with dual-
fluorescent OFPs (cf. Section 2.2, Figure 1, middle and Fig-
ure 2a), which enables the estimation of the number of broken
bonds by quantitative comparison of the photon number of
intact to cleaved OFPs per volume unit in the material."®

5.3. Super-resolution microscopy

One of the most attractive goals using OFPs is to correlate
optical information resolved on the molecular scale to the
molecular and macroscopic mechanical properties of a polymer
material. In this direction, Sprakel and coworkers have used
their entropic spring OFP (cf. Section 3.2) to map forces down
to the fN range on a single molecule level.*¥ Yet, this method is
limited to conjugated polymers and more general solutions are
required.

Liddle, Wang, and coworkers have tackled this issue by
using single molecule fluorescence microscopy and resolved
the localization as well as orientation of the transition dipole
moment of single fluorophores blended within a PMMA matrix,
entirely without OFPs.™ Regular structures are imprinted by
nanolithography, which enables the combination of signals
from similar regions and improves labelling density and
statistics. In this way, they identify and spatially resolve areas
inside these structured regions with up to 20 nm resolution,
thereby proving an anisotropic distribution of fluorophore
orientations which were generated by mechanical deformations
of the polymer matrix at the nanoscale.
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Yet, the application of OFPs for fractographic approaches
using super-resolution techniques is an open challenge and
remains to be implemented. The major super-resolved
fluorescence microscopy techniques are based on the sequen-
tial switching of fluorophores either in highly localized volumes
or in a stochastic approach. They can be categorized in two
groups: (i) point scanning of an engineered point spread
function, such as RESOLFT (reversible saturable optical
fluorescence transitions) and STED (stimulated emission deple-
tion) microscopy. and (ii) single molecule localization methods,
such as PALM (photoactivated localization microscopy) and
STORM (stochastic optical reconstruction microscopy).®'%¢” To
realize the application of super-resolution methods with OFPs,
it is necessary to address the design of dedicated OFPs capable
of performing under the demanding super-resolution condi-
tions. For instance, STED requires high photostability, high
depletion quantum yield, and a sufficient shifted emission
spectrum with respect to the excitation wavelength to allow
depletion.”® However, for single molecule localization ap-
proaches, even more specific aspects must be considered, such
as the energy of the excited states, transition rates between
states as well as quantum vyields of fluorescence emission,
photoswitching, and/or photobleaching.®” We envisage that
the design of such mechanophores could open an exciting
door into the world of optical visualization of mechanical
performance in polymer materials at the nanoscale.

6. Conclusions

Tailoring of OFPs in the context of polymer mechanochemistry
is a comparably young field. Thus far, OFPs have been color-
tuned through the whole visible spectrum; force ranges from
the fN to the nN range have been enabled; reversible reaction
timescales of seconds have been achieved; the first steps
towards highly resolved imaging have been made. However,
polymers are such diverse materials that every copolymer,
blend, or composite requires a tailor-made OFP solution.
Pushing the analytical limits of known OFP parameter spaces
and benchmarking OFP performances against each other to
warrant comparability of the produced data will be the major
research efforts. While this is a synthetic chemical task at its
core, it is imperative to tackle this challenge in a trans-
disciplinary approach. A hammer is useless without a nail, and
we can ask questions that a given OFP can answer only if we
understand the advantages and limitations of this OFP.
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