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The insertion of force-active molecules (mechanophores) with optical-switching properties into polymer
chains has enabled the development of various mechanochromic polymers. Among them, colorimetric
spiropyran (SP) has been the most extensively studied. However, the low extent of SP activation in bulk
materials and the associated poor material mechano-sensitivity have hindered its broader applications.
To address this challenge, we report the amplification of SP mechanophore activation in bulk materials
through a tethering design. Two SP mechanophores were tethered through a long aliphatic linker, and
the resulting molecule was employed as a crosslinker in silicone elastomer networks. This approach
resulted in an enhancement of SP activation by more than twofold compared to its mono-SP
counterpart. Additionally, we observed that increasing the number of added short linkers leads to greater
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DOI 10.1039/d5mr00037h tension constraints on these linkers, creating a self-reinforcing effect on mechanophore activation. We
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Introduction

Polymer materials are subjected to mechanical load during
their lifespan, leading to aging and, eventually, failure of
materials."” The disruption of their structural integrity is
associated with the underlying stretching and scission of poly-
mer strands at the molecular level. Early research primarily
scrutinized the degradation behaviour of polymers under
various types of mechanical loads, such as mastication,® flow
shearing,* ultrasonication,” and extrusion,® with typically
unselective chain/bond scissions observed. Initial attempts to
harness mechanical force for selective bond scissions were
demonstrated by solution studies of polymers embedded with
weak peroxide” and azo® groups. The selective utilization of
strained polymer strands in bulk materials was first reported by
Sottos and coworkers, who incorporated a switchable spi-
ropyran (SP) molecule into poly(methyl acrylate) and poly(-
methyl methacrylate) matrices as a force probe.® They observed
pronounced optical signals in the strained bulk materials
resulting from the mechanical activation of the SP molecule.
Organic functional molecules covalently embedded within
polymer backbones that selectively undergo transformations in
response to mechanical force such as the aforementioned
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peroxide and azo compounds and SP, are termed mechano-
phores.” The judicious molecular designs''* of mechano-
phores have enabled stress-responsive polymers exhibiting
a wide range of functions, including altering optical signals,*
releasing small-molecules,*>** catalysing reactions,'®” self-
recovering/strengthening,'® and on-demand degradation.*

Polymer materials that can sense mechanical load through
switching optical signals (referred to as mechanochromic
polymers) are particularly useful in indicating strained polymer
strands,?*** force constraints,>*** and material overloads and
damages.”® These materials offer opportunities in under-
standing material fundamentals***” and developing self-
alarming materials®® for potential facilitated repairing/
replacing processes. SP has been the most extensively studied
mechanophore that enables mechanochromic polymers.*
When materials are subjected to mechanical load, mechanical
force transduced to SP molecules preferentially cleaves the weak
C-0 bond, triggering a ring-opening reaction that converts the
colourless SP form into the coloured merocyanine (MC) form
(Fig. 1).

The intrinsic reactivity of the SP mechanophore can be tuned
through substituent design,*® regiochemical design®** and
choice of the polymer matrix.*> However, the activation of SP
mechanophores in stretched polymer networks remains rela-
tively low,*® which translates to a low material mechano-
sensitivity. Theoretical modelling has indicated a force distri-
bution in a stretched polymer network, with a low distribution
probability of strands experiencing high forces (>100 pN).**
Meanwhile, single molecule force spectroscopy (SMFS) revealed
an activation force of 240-415 pN for some reactive SPs.**** A
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Fig. 1 Spiropyran-based mechanochromic polymer materials, and
amplification of spiropyran activation in bulk materials through
a tethering strategy.

similar result was observed for a gem-dichlorocyclopropane
mechanophore derivative, which was activated at 900 pN in the
SMFS study and exhibited only ~0.2% activation in polymer
networks.*® As such, unlike the mechanophore activation in
plastic materials®**° or using other mechanical methods such
as ball milling or grinding,*"** the historically low SP activation
in stretched polymer networks seems to be intrinsic to both the
mechanochemical reactivity of SP and the force-transduction
limitations of polymer network matrices.

Strategies such as employing pre-swollen polymer matrices*
or multi-network design®****** can enhance SP activation in
stretched polymer networks. However, these polymer topology
modifications either drastically alter material properties by
introducing a plasticizer or create single-use materials by
sacrificing the first network. Other strategies such as intro-
ducing crystalline polymer chains,*® anchoring SP at the
composite interface,> and concentrating SP as crosslinkers on
the surface of different materials*” can also improve mechano-
phore activation. Despite these advances, achieving a high
extent of SP activation in stretched polymer networks remains
challenging. We therefore aim to improve the SP activation in
stretched polymer networks (i.e., material mechano-sensitivity)
by leveraging tension transduction along individual polymer
chains for activation of tethered SP (tSP) mechanophores
(Fig. 1). Unlike conventional single-SP systems, our approach
positions two SP units to undergo simultaneous activation
within a single chain or crosslinker. This strategy is hypothe-
sized to amplify both mechanophore activation and material
sensitivity compared to existing systems.

Results and discussion
Design of the tSP mechanophore

A previous study by De Bo et al.*® investigated the mechanical
reactivity of two tethered Diels-Alder adduct mechanophores.
Despite the innovative tethered design, no substantial differ-
ence in reactivity was observed, likely due to the scissile nature
of the mechanophores and the relatively long and flexible
tethers employed. Additionally, the design of tethered mecha-
nophores shares similarity with several bis-naphthopyran (BNP)
mechanophores developed by Robb et al.,*** which are fused
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structures containing short, rigid, and conjugated tethers.
Interestingly, in these BSP mechanophores, the activation of
one mechanophore appeared to influence the reactivity of the
other. The non-equivalent reactivities of these two fused
mechanophores can be attributed to electronic and/or geometry
effects. Another notable study on bis-rhodamine mechano-
phores by De Bo, Cao and Chen et al.,* reported enhanced
mechanochemical reactivity compared to the
counterpart. This improved reactivity was further attributed to
a cooperative effect arising from both geometry and electronic
factors.

To rule out interactive effects between the two tethered SPs,
we chose a long aliphatic linker with ten carbon atoms to ensure
that both SPs exhibit identical mechanical reactivity. As shown
in Scheme 1, 1,10-dibromodecane was first reacted with 2,3,3’-
trimethyl indolenine to produce a bis-indolenium salt 1.
Subsequent condensation of 1 with 2,3-dihydroxybenzaldehyde
yielded a tethered SP diol molecule 2, which was further func-
tionalized with diene to provide the final compound tSP. For
comparison, we also synthesized a mono-SP diene (SP) and
a control diene (Ctl). The installation of the diene functionality
allows these compounds to serve as crosslinkers in poly-
dimethylsiloxane (PDMS) elastomer networks prepared using
the commercial Sylgard 184 kit.*® To ensure clarity in compar-
ison, the contour lengths of all synthesized crosslinkers were
kept similar. Previous studies have demonstrated that within
a wide range of Kuhn numbers (1.1-5.7; contour length of 14.3-
74.1 A; Kuhn length = 13 A for PDMS), the linker length has
anegligible effect on the relative activation due to the non-affine
deformation of strands.”® Therefore, minor variances in the
crosslinker length are unlikely to contribute to the activation
difference.

mono-

Formulation of elastomer networks

We used the commercial Sylgard 184 kit to incorporate
mechanophores into PDMS elastomer networks (Fig. 2). The
feasibility of inserting diene-containing molecules through the
platinum-catalysed hydrosilylation reaction is well-established
in previous studies.****>*® We incorporated the tSP mechano-
phore into the PDMS elastomer at 0.5 wt% relative to the
material, with a base/curing reagent ratio of 10: 1. To compre-
hensively assess the relative activation of the tSP mechanophore
and the corresponding material mechano-sensitivity, we fabri-
cated four additional sets of samples. Formulation details for all
PDMS elastomer networks are provided in Table 1. Specifically,
the molar number of the tSP mechanophore linker (7 = 5.8 x
10~° mol per gram elastomer) was used as a reference, and
other linkers with the corresponding molar number were added
accordingly. For example, the molar number of added linkers in
N(SP) equals that in N(tSP), while it is twice that in N(2SP),
N(Ctl+tSP), and N(2tSP). Notably, N(Ctrl+tSP) contains equal
molar amounts of Ctl and tSP linkers.

For all elastomer networks, the amount of added diene
linker was less than 2.2 mol% or 4.4 mol% relative to the PDMS
base (vinyl-terminated PDMS linker), ensuring that the
mechanical properties of the resulting PDMS elastomers were

RSC Mechanochem., 2025, 2, 756-762 | 757
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ropyran mechanophore with a long alkyl tether, and a spiropyran diene and a control diene molecule used in our study.
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Fig. 2 Schematic incorporation of a mechanophore linker into PDMS
elastomer networks using the commercial Sylgard 184 kit. The amount
of added SP, tSP or Ctl+tSP diene is less than 2.2 mol% or 4.4 mol%
relative to vinyl-PDMS.

not affected. Indeed, the resulting elastomer networks exhibited
similar swelling ratios of 135-140% and gel fractions of 94-97%
(Table S271). The successful incorporation of the added diene
linkers was verified by the characterization of the sol fraction
using UV-vis spectroscopy, which revealed >92% incorporation
of SP containing diene (Table S3t).

758 | RSC Mechanochem., 2025, 2, 756-762

Table 1 Summary of the molar number and weight fraction of added
linkers per gram of the PDMS elastomer network in the samples under
study (n = 5.8 x 107% mol)

N(SP)  N(tSP)  N(2SP)  N(Ctl+tSP)  N(2tSP)
tSP linker — n — n 2n
SP linker n — 2n — —
Ctl linker — — — n
Total wt% 0.38 0.5 0.76 0.76 1.0

Mechanophore activation under tensile testing

All samples were cut into a “dog bone” shape using an ISO 37
Type 4 cutting die (see the ESIT for details) and subjected to
uniaxial tensile testing. Fig. 3 shows a representative set of
images taken at various strains for the five samples of interest.
All samples exhibited a clear blue colour at high strains, indi-
cating the mechanical activation of SP mechanophores. The
activation of SP at various strains was further quantified

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Representative set of images and A(B/G) values of PDMS elastomer networks at various tensile strains. (a)—(e) Refer to N(SP), N(tSP),
N(2SP), N(Ctl+tSP), and N(2tSP), respectively. The images are calibrated using a standard grey card followed by an increase in exposure by 3 fold
for the purpose of presentation, and the marked dots in (a), (c) and (e) were used to validate the tensile strain at the sample gauge sections.
Images only present partial images acquired during the tensile tests, and each data point in the bottom graph indicates a A(B/G) value from image

analysis at the corresponding strain.

through image analysis using B/G values. We plotted the
increase in B/G value, denoted as A(B/G), as a function of strain.
As shown in the plot of A(B/G) vs. tensile strain, A(B/G) remains
near zero in the low-strain region (<100%), where entropic
extension of polymer chains dominates. The activation of the SP
mechanophore, indicated by an increase in A(B/G), occurs after
100% strain. Beyond this activation onset, the relative activation
grows linearly. Previously, this specific SP mechanophore
derivative was quantified by SMFS to activate at 415 pN in
nonpolar media.*> Polymer chains, such as PDMS chains,””
experience such high force typically at strains corresponding to
the enthalpic deformation of chains/bonds. Therefore, the
activation of the SP mechanophore was typically observed to
take place in the post strain-hardening region, and the onset of
activation corresponds to the strain-hardening point, as has
also been observed previously.***>¢

We sought to compare the relative activation of these five
samples by normalizing strain to the strain-hardening point.
The stress-strain curves obtained from the tensile test are
reasonably consistent for all samples (Fig. S41), and the vari-
ance may have several origins, including (1) an error in thick-
ness measurement of thin film samples (0.1-0.4 mm); (2) the
“snapping” nature of the PDMS elastomer, which is closely
related to propagating cracks primarily initiated by defects such
as dust particles and voids in the film; and (3) pulling of
materials out of the clamp during the tensile test. Determina-
tion of the strain-hardening point by identifying the intersec-
tion of linear fits to stress-strain curves before and after the
nonlinear transition® seemed to be inconvenient and some-
what inconsistent in our experience. Fortunately, the intrinsic
mechanical response of the SP mechanophore occurs at the
strain-hardening point, enabling us to take the activation onset
as the strain hardening point for normalization. An overlay of
A(B/G) vs. normalized strain for four samples is shown in Fig. 4,
and the relative activation post activation onset follows the
order N(2tSP) > N(Ctl+tSP) > N(2SP) > N(tSP) > N(SP).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Overlay of the representative set of A(B/G) values for the
samples under study. The strain was normalized to the activation onset
strain.

Material mechano-sensitivity and insights

The increase in A(B/G) with strain quantifies material mechano-
sensitivity (SP activation per unit stain). Diverging trends
observed after the activation onset reveals inherent differences
in material mechano-sensitivity across the five samples.

To minimize potential human error and to provide insights
into SP activation within PDMS elastomer networks, we repro-
duced the quantification studies and overlaid all data to eval-
uate systematic consistency. As shown in Fig. 5, the collected
data from each sample clustered with acceptable variation. We
further calculated the slope values of A(B/G) versus strain after
the activation onset to quantify the material mechano-
sensitivity. The grey areas indicate the variation range of slope
values.

Table 2 summarizes the slope values for all five samples.
Compared with N(SP), the enhanced SP activation in N(tSP) is
evident and significant. If we use the slope value to evaluate

RSC Mechanochem., 2025, 2, 756-762 | 759
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Table 2 Summary of the slope values of A(B/G) vs. normalized strain
post the activation onset, or mechano-sensitivity of materials

N(SP) N(tSP) N(2SP) N(Ctl+tSP)  N(2tSP)

0.10 £ 0.06  0.26 £ 0.03  0.30 =0.04 0.38 £0.07 0.49 £ 0.13

relative activation, the SP activation in N(tSP) is more than
twofold higher than that in N(SP) (0.26 + 0.03 vs. 0.10 £ 0.06),
despite containing only twice the number of SP mechano-
phores. When doubling the number of SP linkers (denoted as
sample N(2SP)), the slope value increases to 0.30 & 0.04 (a near
threefold increase). While a twofold increase in mechanophore
linkers might theoretically double tension-bearing crosslinkers,
the observed threefold activation enhancement suggests addi-
tional stress localization effects. This implies that increasing
the number of these shorter mechanophore linkers (compared
with the PDMS strands with an average molecular weight of
3000-3500 g mol " (ref. 57)) enables more tension to be
concentrated on these short linkers. This effect is further sup-
ported by comparing N(tSP) and N(Ctl+tSP). Though both
contain identical tSP mechanophore quantities, N(Ctl+tSP)
includes twice as many added linkers. Its substantially higher
slope value (0.38 £ 0.07 vs. 0.26 & 0.04) indicates that additional
control linkers redistribute tension to a greater proportion of
tSP mechanophores.

For N(tSP) and N(2SP), both contain the same number of SP
motifs; however, the number of added linkers in N(2SP) is twice
that of N(tSP). The effect of tension constraint, as mentioned
earlier, likely contributes to the slightly higher activation observed
in N(2SP) compared to N(tSP) (0.30 £ 0.04 vs. 0.26 + 0.04). When
the number of tSP linkers is increased to match the linker count

760 | RSC Mechanochem., 2025, 2, 756-762

in N(2SP)—as in N(2tSP)—the activation increases significantly
from 0.26 £+ 0.04 to 0.49 £ 0.13. If we assume a similar
enhancement of SP activation for N(2tSP) as observed for N(2SP)
relative to N(SP), the expected activation would be approximately
0.26 x 3 = 0.78. However, the observed lower activation in N(2tSP)
could be due to the aggregation of tSP linkers during material
fabrication (Fig. S2t), resulting in heterogeneous incorporation of
the tSP linker. In contrast, a homogeneous mixture indicating
good dispersion and incorporation of both Ctl and tSP linkers was
observed during the fabrication of N(Ctl+tSP) (Fig. S17). If the Ctl
linkers in N(Ctl+tSP) were replaced with tSP linkers, the calculated
activation for N(2tSP) would be 0.38 x 2 = 0.76, aligning well with
the expected enhancement in activation. Alternatively, we further
prepared N(Ctl+SP) and observed a slope value of 0.16 + 0.04 post
the activation onset (Fig. S10}). Therefore, when comparing
N(Ctl+tSP) and N(Ctl+SP) (0.38 + 0.07 vs. 0.16 £ 0.04), this teth-
ering design demonstrated a similar activation enhancement
greater than twofold.

Amplification of mechanophore activation via a tethered
design

From the comparison of N(SP) vs. N(tSP) and N(Ctrl+SP) vs.
N(Ctl+tSP), the tethering strategy appears to yield an amplifi-
cation factor greater than two in SP activation. This enhance-
ment is plausible, as the tethered design could facilitate
simultaneous activation of two SP units under tension. Notably,
simply doubling the SP linker—sample N(2SP)—instead of
using the tSP linker appears to achieve a similar effect in this
system. However, in polymer network systems where a SP
mechanophore is used as the sole or main crosslinker,***
doubling the number of crosslinkers would significantly alter
the mechanical properties.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

We have successfully demonstrated the amplification of SP
mechanophore activation in bulk materials through a tethering
strategy, with the enhancement observed to be slightly above
twofold. This tethering strategy is reminiscent of the multi-
mechanophore approach used for amplified mechanophore
activation in ultrasonication studies of linear polymer solu-
tion.®® Similar concepts involve effectively utilizing tension
along the same polymer strand to activate multiple mechano-
phores rather than just one. Consequently, it is conceivable to
explore designs incorporating more than two mechanophores
in the linker for further activation enhancement in bulk mate-
rials. However, tethering too many mechanophores may result
in the formation of long polymer chains that experience less
tension within a polymer network under typical non-affine
deformation. In contrast, tethering multiple mechanophores
within a linear polymer chain for bulk studies offers significant
activation enhancement, as recently demonstrated by Chen and
workers.®* They incorporated a rhodamine-rich polymer block
into poly(methyl acrylate) and polyurethane matrices, achieving
an activation enhancement by a factor of two. Lastly, our teth-
ering strategy presented here can be adapted to other polymer
network systems. We found that increasing the incorporation
amount of mechanophore linkers results in greater tension
constraints on these linkers. However, the poor compatibility of
the tSP linker with the PDMS matrix limits further amplification
through increased linker incorporation. We reason that incor-
porating additional mechanophore linkers would be more
suitable for other polymer networks, such as polyacrylates,
polyurethanes and gel systems.
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