Effect of the Activation Force of Mechanophore on lIts Activation
Selectivity and Efficiency in Polymer Networks

Zhi Jian Wangl#, Shu Wang?#, Julong Jiang3, Yixin Hu?, Tasuku Nakajimal#, Satoshi Maedal3,
Stephen L. Craig?”, Jian Ping Gongl4~*

nstitute for Chemical Reaction Design and Discovery (WPI-ICReDD), Hokkaido University, Sapporo 001-0021, Japan.
2Department of Chemistry, Duke University, Durham, NC 27708-0346, USA.

3Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060-8628, Japan.

4Faculty of Advanced Life Science, Hokkaido University, Sapporo 001-0021, Japan.

ABSTRACT: Over the recent decades, more than 100 different mechanophores with a broad range of activation forces have
been developed. For various applications of mechanophores in polymer materials, it is crucial to selectively activate the
mechanophores with high efficiency, avoiding non-specific bond scission of the material. In this study, we embedded
cyclobutane-based mechanophore crosslinkers (I and II) with varied activation force (fz) in the first network of the double
network hydrogels and quantitively investigated the activation selectivity and efficiency of these mechanophores. Our
findings revealed that crosslinker I, with a lower activation force relative to the bonds in the polymer main chain (fa-1 / fa-chain
= 0.8 nN / 3.4 nN), achieved efficient activation with 100% selectivity. Conversely, an increase of the activation force of
mechanophore II (fa-11 / fa-chain = 2.5 nN / 3.4 nN) led to a significant decrease of its activation efficiency, accompanied by a
substantial number of non-specific bond scission events. Furthermore, with the coexistence of two crosslinkers, significantly
different activation forces resulted in the almost complete suppression of the higher-force one (i.e., 1and I, fo-1 / fo-m= 0.8 nN
/ 3.4 nN), while similar activation forces led to simultaneous activations with moderate efficiencies (i.e., I and 1V, fo-1 / fa-iv=
0.8 nN / 1.6 nN). These findings provide insights into the prevention of non-specific bond rupture during mechanophore
activation and enhance our understanding of the damage mechanism within polymer networks when using mechanophores
as detectors. Besides, it establishes a principle for combining different mechanophores to design multiple mechanoresponsive
functional materials.

1. Introduction In addition to activation efficiency, the separate but
related concept of activation selectivity is equally important
but has received relatively less attention. When the load is
exerted on the mechanophore, the load is also distributed in
the connected polymer backbone, which can potentially
lead to unintended bond breakages. These bond breakages
lower the activation efficiency of the mechanophore and
generate  unexpected chemical signals  (usually
mechanoradicals) that might interfere with the desired
mechanochemical response.  Moreover, ambiguity
surrounding the sites of scission may lead to a
misunderstanding of the fracture mechanism when using
mechanophores as detectors.3? For example, a recent study
gives qualitative evidence of non-specific bond scission
when PEG chains with less reactive mechanophores are
exposed to ultrasound in a solution state,?” and similar
effects have been observed in a study of acrylates with a
chain-centered coumarin mechanophore.3! Quantitative
characterization of the selectivity of mechanophore
activation is still lacking, however, most notably in bulk
polymer materials.

Recent years have seen the rapid development of
polymer mechanochemistry, which endows polymer
materials with various functions,!3 including self-reporting
of stress/strain/damage through color change,*10
mechanical property enhancement,!t16 and force-
responsive small molecule release.!’-19 These functions are
usually based on mechanoresponsive units, known as
mechanophores, that translate external mechanical force to
chemical signals. Currently more than 100 different
mechanophores with a broad range of force-coupled
reactivity and functionality have been developed, for
example, azoalkane,2021 spiropyran,*822 cyclobutane,!3.16.23-
25 etc. When incorporating these mechanophores into a
polymer network, the activation efficiency of
mechanophores is often a key concern. Activation efficiency
refers to the fraction of embedded mechanophores that are
successfully activated under external forces. It is a crucial
factor as it directly influences the strength of the resulting
chemical signal and subsequent mechanoresponsive
functions in polymer materials. To enhance activation

efficiency, strategies such as lowering the activation force of ~ Inaddition to the issues mentioned above, most research
mechanophores?62’ and optimizing the surrounding in mechanochemistry have focused on the use of a single
mechanophore in the material to achieve a single

network structure have been proven to be effective.82829 ) ; : ) ;
mechanoresponsive function. With the rapidly growing



toolkit of available mechanophores and their associated
diverse range of function, combinations of mechanophores
are increasingly realistic targets for multiply
mechanoresponsive materials.6 Reports of such materials
remain very limited, however, in part because the
simultaneous activation of distinct mechanophores with
different force-coupled reactivity remains challenging. We
were therefore motivated to investigate the efficiency and
selectivity of mechanophore activation within a common
material system as a function of combination of multiple
mechanophores with differing reactivity.

In this work, we incorporated cyclobutane
mechanophores with varying activation forces as
crosslinkers of the first network of double network (DN)
hydrogels and quantitatively investigated how the
activation force of cyclobutane mechanophores affects its
activation selectivity and efficiency under mechanical force.
We first elucidated the competition between the activation
of a single cyclobutane mechanophore motif and the non-
specific scission of other bonds in the polymer network
(Figure 1a). We then extended the study to the competition
between two mechanophores that are incorporated into the
same network (Figure 1b).
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Figure 1. Schematic illustration of the cyclobutane-based mechanophore activation in competition with nonspecific bond
rupture and other mechanophore activation. In this work, mechanophores are used as crosslinkers incorporated into the first
brittle network of double network hydrogels. (a) Illustration of the competition between the selective activation of mechanophore
in the crosslinker and nonspecific bond rupture in the main chain backbone. (b) Illustration of the activation competition between
different mechanophores. (c) Chemical structure of the crosslinkers and the main chain adopted in this work and their corresponding
activation force. (d) Force-induced activation of cyclobutane mechanophore generates C=C bonds and forms the cinnamate group
(i) while non-specific bond rupture on mainchain backbone or on ester group (ii) or activation of azoalkane group (iii) generates

mechanoradicals.

2. Design principle

We chose to study the activation of cyclobutane-based
mechanophores that are embedded in the first network of
DN hydrogels, which are an excellent material platform to
study polymer mechanochemistry.32 We adopted DN gels
consisting of two interpenetrating polymer networks with

contrasting mechanical properties. The first network is a
highly crosslinked brittle poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAMPS), and the second network is
a loosely crosslinked stretchable polyacrylamide (PAAm).33
In a double network with components of such contrasting



properties, the applied mechanical stress is predominantly
carried by the first network, which efficiently activates the
bond rupture in the first network, whereas the
interpenetrating second network absorbs stress of the first
network released by the bond ruptures3435 Via this
mechanism, the stress concentration is mitigated within the
surviving first network, and probability of bond activation
is controlled by the external force. Accordingly, this DN
structure allows for a much higher number of bond rupture
events compared with a conventional single network,!2
which increases the total number of mechanically triggered
chemical events and their accompanying signals.

Two diacrylate crosslinkers containing cyclobutane-
based mechanophores were chosen (crosslinker I and II,
Figure 1c) to form a side-chain cross-linked first network.
The difference in the substituents on the cyclobutane ring
leads to substantial differences in the activation force of
these two mechanophores. As suggested by the density
functional theory calculation (Figure S1,2) and by single-
molecule force spectroscopy,62* the activation force
necessary to achieve force-coupled unimolecular ring-
opening reaction with a rate constant of approximately 10
st at room temperature, fa, is ~ 0.8 nN and ~ 2.5 nN for
crosslinker I and crosslinker 11, respectively. The force-
induced scissile cycloreversion of the cyclobutane ring
generates two C=C double bonds, resulting in the formation
of two cinnamate groups in which the generated alkene is
conjugated with the existing benzene ring and ester group
(Figure 1d).3637 To investigate how other bonds in the first
network influence the activation of cyclobutane

mechanophore, a strong diacrylate crosslinker without
cyclobutane ring (111, fo ~ 3.4 nN) and a weak diacrylate azo
crosslinker (IV, fa ~ 1.6 nN) were also adopted.2?In contrast
to crosslinkers I and II, bond rupture in crosslinkers III and
IV generates mechanoradicals. Moreover, the homolytic
cleavage of C-C bonds in the main chain backbone (f. > 3.0
nN) also generates mechanoradicals.1220.38 The differences
in the products of various force-activated reactions allow
the bond rupture sites to be characterized by different
methods. The concentration of generated cinnamates from
scission of cyclobutane mechanophores I and II can be
quantified by taking advantage of the strong UV absorption
of cinnamate groups,?” while the mechanoradicals
generated by scission of crosslinkers III and IV or of non-
specific main chain bonds can be detected by Fenton color
reaction.’23? In this way, we can distinguish the bond
rupture sites in the first network and quantitatively
evaluate how the activation force of mechanophores affects
its activation selectivity and efficiency. The activation forces
and products of various mechanophores and main chain
backbone are summarized in Table 1. In the following
discussion, we have utilized calculated f; values. Due to the
computational cost, we adopted the value of ~3.4 nN as the
fa of the PAMPS main chain, which was obtained from the
calculation of a PAMPS analogues with -SOsNa group
simplified by -H (Figure S1). For ease of description, we
define “weak” species with activation force less than half of
strong common covalent bonds of 3.4 nN. “Medium” species
are defined with activation force greater than half but at
least 0.5 nN lower than typical covalent bonds.

Table 1. Activation force, f,, and bond rupture products for various bonds in mechanophores and polymers. The rate
constant for force-coupled bond activation used in the calculation is approximately 10 s.

species fa, calculated fa, experimentalt6:24 products
I, weak 0.8 nN 0.7 nN C=C
) I, medium 2.5nN 2.1 nN C=C
linker
111, strong 3.4 nN / radical
IV, weak 1.6 nN / radical
main chain PAMPS, strong > 3.0 nN (3.4 nN for PAMPS analogues) / radical

3. Experimental

3.1 Preparation and characterization of the double

network hydrogels. Seven types of DN gels were
synthesized via a two-step sequential free radical
polymerization process as illustrated in Figure S3. Three
different single crosslinkers (], II, and I1I) and four different
mixed crosslinkers (I+I1I, I+1V, II+I1], [1+IV) of equal mole
ratio of each crosslinker were used in the preparation of the
first PAMPS network. The concentration of AMPS monomer
was 1 M, and the concentration of initiator 2,2'-azobis(2,4-
dimethyl) valeronitrile was 10 mM. The total crosslinker
concentration in feed during the polymerization of the first
network, C;, was varied from 40 mM to 60 mM. For the
second PAAm network, 2 M monomer AAm and 0.2 mM
crosslinker N, N'-methylenebis(acrylamide) (MBA) were
used for all DN gels (Supporting Information). The
obtained DN gels are denoted according to the first network
crosslinkers as DN-X-Y, where X represents the crosslinker
species and Y represents the crosslinker concentration used

in the preparation of the first network. For example, DN-I-
60 represents DN gels with 60 mM crosslinker [ used in the
preparation of first PAMPS network. DN-I+I1I-60 represents
DN gels with 30 mM I and 30 mM III crosslinker used in the
preparation of first network. The mechanical properties of
DN gels were characterized by the uniaxial tensile test.

During the preparation of DN gels, the Young’s modulus
of the as-prepared first PAMPS network E1,0 was measured
to evaluate the number density of elastically effective
PAMPS strands in this as-prepared state (vi,0). We adopted
the phantom network model to estimate vi, for a network
with four-branched crosslinking points,*® vio = 2E1,0/3RT,
where R and T are the gas constant and absolute
temperature, respectively. The ratio of the length of a single
dimension in the equilibrated DN gels relative to that in the
as-prepared PAMPS single network, As, was also recorded to
evaluate the elastically effective PAMPS strands density at
the equilibrated state of DN gels, vi, where vi=v1,0/ As3.

Note that only a small fraction of crosslinkers in feed end
up functioning as linking points. To assess the activation



efficiency of cyclobutane mechanophore in the polymer
network, the concentration of elastically active
mechanophores, Cmp, is needed. In a single-linker system,
Cnmp is equal to the concentration of total effective linking
points, which is half of v1,%° giving Cmp = v1/ 2. In a 50:50
mixed-linker system crosslinker, we assume equal
reactivity for each crosslinker during network formation
and Cmp is considered half of the concentration of the total
effective linking points, resulting in Cmp = v1 / 4. Here, we
treat the contribution of trapped entanglements to the
modulus of the first network as being negligible, due to the
high crosslinker stoichiometry relative to the AMPS
monomer.

3.2 Measurement of C=C bonds concentration and

mechanoradical concentration after stretching. The
concentration of generated carbon-carbon double bonds
(Cc=c) was estimated through the UV characteristic
absorption of cinnamate esters at 290 nm (Figure S4).
Unstretched pristine DN gels exhibited no absorbance at
290 nm. The absorbance at 290 nm appeared after
stretching, indicating the formation of cinnamate ester. The
concentration of cinnamate ester, equivalent to Cc=c, was
determined by directly comparing the normalized
absorbance (obtained by dividing the measured absorbance
by the sample thickness to mitigate the effect of sample
thickness) at 290 nm of stretched DN gels with calibration
curves.

The mechanoradical concentration was estimated using
the Fenton color reaction (Figure S5,6).123° DN gels were

immersed into an aqueous solution containing ferrous ion
(Fe?*) and xylenol orange (XO) to reach the equilibrium.
Unstretched DN gels fed with Fe2* and XO exhibited a yellow
color with no absorbance at 580 nm. The color changed
from yellow to brown, and absorbance at 580 nm appeared
after stretching, indicating the formation of XO-Fe3+
complex, where ferric ion Fe3* was derived from the
oxidation-reduction  reaction between Fe?* and
mechanoradicals. The concentration of Fe3+, approximately
equal to the Cra, was determined by comparing the
normalized absorbance at 580 nm with calibration curves.
For samples in which a necked region and unnecked
region co-exist, both regions were measured. Detailed
synthetic procedures and bond rupture product
measurement are provided in the supporting information.

4. Results and discussion

4.1 Activation competition between the mechanophore
and non-specific bond rupture

We first investigated the bond rupture of first network
when a single crosslinker (I, 11, and III) was used. As shown
in Figures 2a, b and Figure S7, at the same (3, E1,0 of as-
prepared PAMPS single network (SN) gels and As of
equilibrated DN gels with three different crosslinkers
displayed only minor difference, indicating highly similar
PAMPS network structures were formed by these three
different crosslinkers.
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Figure 2. Mechanical properties of the gels crosslinked by a single type of crosslinker I, I, and III. (a) Young’s modulus
of the as-prepared PAMPS gels Ei for different crosslinker concentration C:. (b) Length swelling ratio (As) of the PAMPS
network in DN gels for different Ci. (c-e) Tensile stress-stretch ratio curves of the DN-I, DN-II, and DN-III gels for different C:.
(f) The rescaled yield stress oyAs? as a function of the number density of the elastic strands in the as-prepared PAMPS network
(v1.0). The error bars represent the standard deviations among at least three measurements.

Figures 2c-e show the stress-stretch ratio curves of the
DN gels associated with each of the aforementioned first

networks: DN-I-Y (Y = 40, 50, 60), DN-II-Y (Y = 40, 50, 60),
and DN-III-Y (Y = 40, 50, 60). All DN’s exhibited distinct



yielding and necking phenomenon.3* That is, beyond the
yielding point, the DN gels exhibit coexistence of a soft
region and a hard region along the tensile direction. In the
soft region, known as the necked region, substantial
internal fracture of the first network has occurred and the
second network carries the transferred load.*42 The
necking zone then develops to span the whole sample with
increased stretching. Remarkably, there is only a slight
difference in the mechanical properties, including yield
stress oy and yield stretch ratio Ay, between the three DN
gels (Figure S8). To remove the effect induced by variation
in the number density of elastically effective strands in the
equilibrated DN gels, we compared the rescaled yield stress
(oyAs?) at the same vi,0 by taking as-prepared first network
as a reference state, as reported previously.3343 Figure 2f
illustrates thatthe rescaled yield stress for the three DN gels
is nearly identical at the same vi,0. These results indicate
that the activation force of the crosslinker had a minimal
effect on the yielding behavior of the gels in this work.

To examine the differences in the bond rupture site and
density in the first network, pure DN gels or DN gels fed with
FeZz*and XO were stretched to a preset stretch ratio and then
unloaded for the UV measurement (Figure 3a). Here, the
preset stretch ratio was chosen at A = 6, which is well
beyond the yield point of these DNs but still not reaching the
strain-hardening region. Before the yielding point, only a
small proportion of the short strands within the first
network experience rupture, so that the output bond
rupture signal is too weak to be accurately measured. Only
after reaching the yielding point, extensive bond rupture in
the first network occurs in the necked region and gives an
enhanced chemical signal. Such strain-dependent internal
fracture in the first network was confirmed in this work
(Figure S9). Prevention from reaching the strain-hardening
region can avoid the bond rupture in the second network.3*
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Figure 3. Bond rupture site in DN gels after stretching when crosslinked by different single crosslinkers. (a)
[llustration of the stretching process to measure the bond rupture product in the first network. A pure DN gel or a DN gel with
ferrous ion (Fe?*) and xylenol orange (X0) was stretched to a preset stretch ratio of 6, then unloaded to the initial length. The
necked region was cut for the UV measurement. (b) UV spectrums of pure DN-I gels (top) and DN-I gels fed with Fez*and XO
(bottom) before and after stretching at different Ci. (c) UV spectrums of pure DN-II gels (top) and DN-II gels fed with Fe2*and
XO (bottom) before and after stretching at different C:. The image inset in the bottom panel of b and c is the picture of DN gel
fed with FeZ* and XO after stretching. (d) The C=C bond concentration Cc=c (top) and the mechanoradical concentration Crad
(bottom) generated in stretched DN gels at different C1. The error bars represent the standard deviations among at least three

measurements.

Figures 3b-d indicate the formation of the cinnamate
product of crosslinker rupture in the necked DN-I and DN-
II gels. Before stretching, pure DN-I gels with varied C:
exhibited no UV absorbance at 290 nm (Figure 3b). Upon
stretching to necking, a distinct UV absorbance at 290 nm
appeared, indicating the formation of C=C bonds and the

force-induced cycloreversion of cyclobutane ring. The
concentration of generated C=C bonds (Cc=c) in the necked
region was evaluated to be 66 pM, 169 uM, and 381 pM for
DN-I1-40, DN-I-50, and DN-I-60, respectively (Figure 3d).
The increase of Cc=c with C:is attributed to the increase of
the PAMPS network density at the swelling equilibrated



state (vi) at which the mechanical deformation was
performed. However, DN-I gels fed with Fe?+ and XO did not
show any UV absorbance at 580 nm after stretching and,
consequently, no color change in the necked region. The
lack of Fenton chemistry suggests that no mechanoradicals
were generated in DN-I gels. In contrast, DN-III generated a
large number of mechanoradicals upon stretching (Figure
$10). Thus, in DN-I gels, the mechanophores were
selectively activated by the applied mechanical stress, with
almost no non-specific homolytic bond scission.

In comparison, at the same Ci, the UV absorbance at 290
nm in stretched DN-II gels was considerably lower than DN-
I gels (Figure 3c, d). The concentration of generated C=C
bonds was found to be 19 uM, 43 uM, and 68 pM for DN-II-
40, DN-II-50, and DN-II-60, respectively. The most
significant difference between DN-II and DN-I gels is that
DN-II gels fed with Fe?+ and XO showed strong absorbance
at 580 nm and exhibited color change from yellow to brown
after stretching, similar to the DN-III gels. This result
indicates the formation of mechanoradicals in stretched
DN-II gels. The generated mechanoradical concentration
was evaluated to be 11 uM, 22 uM, and 66 uM for DN-I1-40,
DN-II-50, and DN-II-60, respectively. These collective
findings clearly demonstrate that, in DN-II gels, in addition
to the activation of the cyclobutane mechanophore, a
comparable amount of non-specific bond rupture
simultaneously occurred in the main chain backbone under
external force.

To further discuss the effect of activation force of
mechanophores on the activation efficiency and selectivity,
we estimated two quantities. One is the activation efficiency
(AE), defined as the percentage of activated cyclobutane
mechanophores among the mechanophores effectively
incorporated as linking points in the gel synthesis. It can be
calculated using AE = (Cc=c / 2) / Cmp x 100%.

The other is the activation selectivity of cyclobutane
mechanophore AS, defined as the percentage of bond
rupture in the cyclobutane mechanophore among the total
bond rupture in the first network. It can be calculated using
AS = Ce=c / (Cc=c + Crad) x 100%.

Crosslinker I has an extremely low activation force
relative to the polymer main chain (fa-1 / fo-chain = 0.8 nN / 3.4
nN), and we find that AE = 60% and AS = 100% in DN-I gels
(Figure 4a, b). In contrast, crosslinker II has an
intermediate activation force (fa-11 / fa-chain= 2.5 nN / 3.4 nN),
and for DN-II gels, AE = 10% while AS = 60%. Thus, the
difference in fz has a substantial impact on both the
selectivity and overall efficiency of crosslinker scission.

Either the generated C=C bonds or the mechanoradicals
were derived from the bond rupture in the first network
after stretching. Thus, we can evaluate the percentage of the
total ruptured bonds among the elastically effective PAMPS
strands, @, using the formula @1 = (Cc=c + Crad) / 2 / v1 %
100%. As depicted in Figure 4c, due to the contribution of
non-specific bond rupture, the @r values of DN-II gels

remained lower compared to those of DN-I gels, but
approached the levels observed in DN-III gels.

The irreversible bond rupture of the first network led to
the large hysteresis in the DN gels during loading-unloading
cyclic tensile tests (Figure S11).** Interestingly, despite
noticeable variations in the bond rupture sites and quantity
among the three gels, the hysteresis energy density at the
same C; and at the same yield stress was remarkably
consistent. It indicates that the specific details of the bond
rupture propagation process in the first network had a
limited effect on the hysteresis of the DN gels. Besides, the
observation of the same dissipated energy but more bond
rupture in DN-I gels indicates that the dissipated energy per
bond scission is significantly lower for weak crosslinker I,
which can be attributed to its lower activation force.

With the detailed information on the bond rupture site in
the first network provided above, we can elucidate the role
of the mechanophore’s activation force on its scissile
activation when embedded in an inhomogeneous network
as a crosslinker. The first network formed by free radical
polymerization shows high structural inhomogeneity.*> Due
to the wide distribution of strand length and resulting
different angles of force exertion (Figure 4e,f), the ratio of
force exerted on the crosslinker to the maximum force
exerted on the neighboring main chain K = fiinker / fchainshows
a wide distribution. This broad distribution of K can explain
why, at the same activation force of the main chain fa-chain,
altering the activation force of the mechanophores in
crosslinker faiinker can impact the activation selectivity of the
mechanophore. When extensive bond rupture of first
network occurs, the bond rupture point will lie in the
crosslinker for those K > fa-linker / fa-chain and the bond rupture
point will lie in other non-specific point in the main chain
for those K < falinker / fa-chain. Thus, even though falinker of I is
smaller than fa-chain (fa-11/ fa-chain = 0.73), only a 60% activation
selectivity was achieved. The 40% non-specific bond
ruptures suggest the involvement of approximately 40% of
linking points where K < 0.73. With the fo1inker of [ deceased
to 0.8 nN (fa1/ fa-chain = 0.23), almost no non-specific bond
rupture occurred, indicating there are few linking points
where force on the crosslinker is less than 0.23 times the
force on connected main chain.

It should be noted that rupture at different sites results in
different stress release and redistribution on the surviving
network. Rupture of the crosslinker I and II only partially
unloads the force on the polymer strands and lengthens the
strands.’® During the force redistribution after bond
rupture, the lengthened strands are advantageous for
transferring the load to remote regions and inducing the
bond scissions in these areas. In contrast, rupture of the
main chain backbone fully unloads the strands.
Consequently, a weak crosslinker I, with 100% bond
rupture located at the crosslinking points, can induce a
higher total bond scission in the network when compared
to a medium crosslinker Il and a strong crosslinker III.
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oyAs? at the same v1,0 to mitigate the effects of E10 and As, the
scaling relationship oyAs? ~ v1,0 for all these DN gels fell on
the same curve, independent of the type of the mixed
crosslinkers used (Figure S12h). Furthermore, the true
yielding stress normalized to the as-prepared state of the
PAMPS gel, oyAyAs3, exhibited a constant value, independent
of vi,0 and the crosslinkers (Figure S$12i).43 These results
are consistent with those obtained with a single crosslinker,
suggesting thatall DN gels had a similar network. Therefore,

42  Activation competition  between  mixed

mechanophores in crosslinkers

We then investigated the bond rupture of the first
network when mixed -crosslinkers were used. Four
crosslinker mixtures, each comprising an equal mole ratio
of individual crosslinkers, were selected based on the
activation force: weak and strong (I+III), weak and weak
(I+IV), medium and strong (II+III), medium and weak

(II+IV). The values of E1,0 and As for these PAMPS SN gels
were summarized in Figure S12a,b. In the As ~ v1,0 plot, all
datasets are roughly aligned on the same line, indicating
again the intrinsic correlation between these two
parameters (Figure S12c). All DN gels with mixed
mechanophores showed yielding behavior, and the yielding
stress increased with the in-feed crosslinker concentration
(Figure S12d-g). When comparing the rescaled yield stress

a comparison of mixed crosslinker to single crosslinker DN
gels allows to elucidate the influence of one crosslinker in
the presence of another.

The UV spectrum and corresponding concentrations of
generated C=C bonds and mechanoradicals at varied in feed
crosslinker concentration C; in above four sets of DN gels
are shown in Figure S13 and S14. The slight difference of



E10 and As reflects a difference in the PAMPS strand density
at the equilibrated state (v1), which in turn impacts the final
concentration of bond rupture products. To mitigate the
effects of differences in concentration, we compare the
bond rupture products in DN gels at the same level of v1in
the following discussion.

Firstly, we investigated how the incorporation of strong
crosslinker III influences the activation of weak crosslinker
I by comparing DN-I+III gels (weak and strong, fa-1/ fa-m = 0.8
nN / 3.4 nN) with DN-I gels. As shown in Figure 5a, at the
same v1, the Cc=c in stretched DN-I+III gels were almost the
same with that in DN-I gels. Thus, the average AE of
crosslinker I in DN-I+III was almost two times higher than
that in DN-I gels, since the amount of crosslinker I in DN-
[+III was half of that in DN-I (Figure 6a). However, the
mechanoradicals were still not detected in DN-I+III gels,
indicating that the bond rupture points in the first network
all still lay within the cyclobutane mechanophore (Figure
5b and 6b), achieving a 100% activation selectivity. These
results indicate that network rupture can propagate
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selectively along the weak mechanophores as low
activation force results in fast activation kinetics (Figure
6g). The activation of weak crosslinker became more
efficient in the presence of the strong crosslinker, while the
activation of strong crosslinker was totally suppressed by
the presence of weak crosslinker.

However, for DN-I+IV gels with two weak crosslinkers (fa-
1/ fav = 0.8 nN / 1.6 nN), the concentrations of generated
C=C bonds after stretching decreased compared to DN-I
gels. Besides, a large number of mechanoradicals was
detected. Given that DN-I gels exhibited no non-specific
bond rupture and did not generate mechanoradicals, the
observed mechanoradicals are attributed to the activation
of the azo-linker IV. AS of crosslinker 1 in DN-I+IV gels
decreased to 45%-65% from a value of 100% in DN-I. The
similar low activation forces of crosslinker I and crosslinker
IV make them show a similar possibility of being activated
during the bond rupture propagation. The total bonds
broken in DN-I+IV gels after necking are at the same level
observed in DN-I and DN-I+III gels (Figure 6c).
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Figure 5. Bond rupture product in DN gels after stretching for the PAMPS network crosslinked by two mixed
crosslinkers. (a,b) The generated C=C bond concentration Cc=c (a) and the mechanoradical concentration Craqa (b) in DN-I+III
and DN-I+IV gels as a function of the elastically effective PAMPS strands density at the equilibrated state v1. (c,d) Cc=c (c) and
Crad (d) in DN-II+III and DN-II+IV gels as a function of v1. For comparison, Cc=c and Crad in DN-I and DN-II gels are also included.
The error bars represent the standard deviations among at least three measurements.

Then we compare the activation differences in DN-II+II1
(medium and strong, fo-u/ fo-m = 2.5 nN / 3.4 nN) and DN-
[1+IV gels (medium and weak, fou/ fov = 2.5 nN / 1.6 nN)
after stretching in comparison to DN-II gels. As shown in
Figure 5c¢,d, at the same vi, the concentration of generated
C=C bonds in DN-II+III gels slightly decreased compared
with DN-II gels, while the mechanoradical concentration
didn’'t show an obvious increase. Consequently, AS of
crosslinker II decreased from 60% to 50% and the

percentage of total broken bonds @t decreased from 17% to
14% (Figure 6d-f), while AE of crosslinker II slightly
increased from 20% to 27% due to the less amount of
crosslinker II used. These results indicate that the addition
of the strong crosslinker III mainly affected the
concentration of the medium link I in the polymer network.
However, in DN-II+IV gels, the C=C bonds were not detected
after stretching. It indicates that the weak azo crosslinker IV
totally suppressed the activation of the medium crosslinker



II, similar to the DN-I+III system. Meanwhile, the
mechanoradical  concentrations in  DN-II+IV  gels
significantly increased, likely attributed to the efficient
activation of weak azo-linker 1V, resulting in a higher ¢r
compare with DN-II and DN-II+III gels without weak
crosslinkers.

Based on the obtained data, it is suggested that to achieve
multiple mechanoresponsive functions with dual distinct
mechanophores in a polymer network, both
mechanophores should be mechanically weak, which in our
system means that each has an activation force less than
half of the other strong bonds. Although their activation
forces may differ a few tenths of a nanonewton,
simultaneous activation can occur. This phenomenon arises
due to the heterogeneous distribution of tension in a
polymer network, enabling the activation of stronger

mechanophore in the tension concentrated region. This
stands in contrast to a single polymer chain where tension
remains uniform throughout and differences of a few 100
pN can lead to high selectivity for the lower force
mechanophore. However, if a significant disparity in
activation force exists between the mechanophores, where
one is weak and the other is either medium or strong, in a
polymer network, the distribution of tension in the polymer
network proves insufficient to mitigate this disparity. The
weaker mechanophore will be selectively activated in the
network when subjected to mechanical forces while the
stronger one is likely to be deactivated. Moreover, the
combination of two medium/strong mechanophores leads
to the simultaneous activation of the two mechanophores.
However, this combination faces the limitation of low
activation efficiency for both mechanophores and interferes
with non-specific bond breakage.
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Figure 6. Activation competition between different mechanophores in crosslinkers. (a-c) The activation efficiency AE
(a), the activation selectivity AS (b) of the cyclobutane mechanophore, and the percentage of total broken bonds out of the
total elastically effective strands ¢r (c) in DN-I, DN-I+III, and DN-I+1V gels. (d-f) AE, AS, and ¢r in DN-II, DN-II+I1], and DN-
[1+1V gels. (g) Illustration of the effect of different combinations of activation force on the sites and numbers of the bond
rupture. The error bars represent the standard deviations among at least three measurements.



5. Conclusion

By quantitatively detecting the concentrations of C=C
bonds and mechanoradicals after stretching, we have
gained insights into the role of activation forces in the
activation competition among mechanophores within a
polymer network. When a single mechanophore is
incorporated as the crosslinker, mechanophore activation
faces the challenge of competing with non-specific bond
ruptures. We observed that mechanophores with low
activation force relative to other bonds in the polymer
strand backbone (fa1/ fa-chain = 0.8 nN / 3.4 nN) could be
activated with 100% selectivity. An increase in the
activation force of the mechanophore (fa-11 / fa-chain = 2.5 nN /
3.4 nN) led to a significant decrease in activation selectivity
to ~ 60%, due to concomitant scission of a large number of
non-specific bonds in the backbone. These findings not only
provide crucial design principles for achieving selective
mechanophore activation but also deepen our
understanding of the damage mechanism within polymer
networks when utilizing mechanophores as detectors.

Furthermore, when two mechanophore are incorporated
in one polymer network as crosslinkers, mechanophore
activation faces the competition from the other
mechanophore, as well as non-specific bond cleavage in the
backbone. We discovered that weak mechanophores can
completely suppress the activation of medium or strong
mechanophores (e.g., fa1/ fo- = 0.8 nN / 3.4 nN). Therefore,
when aiming to achieve multiple mechanoresponsive
functions using two distinct mechanophores, it is important
that both mechanophores exhibit proximate low activation
forces. This research empowers us to exercise more precise
control over mechanophore activation by fine-tuning the
activation forces. Additionally, this work is poised to
facilitate the application of multiple mechanophores in
polymer materials for achieving programmed, diverse
mechanoresponsive functions.
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