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Visualization of mechanochemical polymer-chain scission
in double-network elastomers using a radical-transfer-type
fluorescent molecular probe

The fracture phenomena in Double-network (DN) elastomers
are much less understood than those in DN gels due to the
limited scope of visualization methods. Here, we demonstrate
the visualization of sacrificial bond cleavage in DN elastomers
during elongation by adding a diarylacetonitrile (DAAN)
derivative as a radical-transfer-type fluorescent molecular
probe, which enables the visualization of polymer-chain
scission without altering the mechanical properties. A tensile
test of the DN elastomers that contain DAAN revealed that
mechanoradicals are generated from the entire elongated
region of the elastomers in the strain-hardening region.
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Double-network (DN) elastomers are renowned for combining stiffness and toughness. Their exceptional

physical properties have garnered significant attention in recent years. However, the fracture phenomena

in DN elastomers are much less understood than those in DN gels due to the limited scope of

visualization methods. Here, we demonstrate the visualization of sacrificial bond cleavage in DN

elastomers during elongation by adding a diarylacetonitrile (DAAN) derivative as a radical-transfer-type

fluorescent molecular probe, which enables the visualization of polymer-chain scission without altering
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the mechanical properties. A tensile test of the DN elastomers that contain DAAN revealed that

mechanoradicals are generated from the entire elongated region of the elastomers in the strain-
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Introduction

The double-network (DN) method is an effective and widely used
approach to enhance the toughness of polymeric materials, and
has been successfully applied to numerous hydrogel and elas-
tomer systems.’® A comprehensive examination of the fracture
mechanisms in DN gels and elastomers is important not only
from a fundamental chemical point of view, but also from an
application perspective, as it has the potential to propel the
development of advanced functional materials. However, ana-
lysing the fracture phenomena in polymeric materials still poses
a significant challenge due to the short lifetime of the mecha-
noradicals generated by polymer-chain scission,” which makes
them difficult to detect even using specialized equipment.®® In the
solution, mechanoradicals can be detected using spin-trapping
agents, such as nitroso species,'>" nitrones,"” and hydrazyl
radicals.”** In DN hydrogels, the mechanoradicals generated by
the cleavage of the sacrificial polymer chains can be visualized by
using the Fenton reaction,” a combination of mechanoradical-
induced polymerization and an environment-responsive fluores-
cent probe,” or the use of prefluorescent probes for detecting
oxygen-relay radical-trapping reactions.*® The results of these
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hardening region. In contrast, DN gels generate mechanoradicals only at the necked region. This
method is expected to accelerate the investigation of the fracture properties of various DN elastomers.

pioneering studies have greatly advanced research into the frac-
ture and toughening mechanisms of DN hydrogels. However,
these mechanoradical-visualization methods theoretically require
the presence of water and/or dissolved oxygen in water, and thus
cannot be directly applied to DN elastomer systems. Therefore,
color-changing mechanophores, which are known as mechano-
chromophores, have been used to visualize sacrificial bond
cleavage in DN elastomers.**?* Mechanochromophores are
molecules wherein chemoselective rearrangements proceed
accompanied by optical changes in response to mechanical
stress.”* As such, they are ideal tools to obtain crucial informa-
tion on sacrificial bonds by virtue of their self-reporting
capability.***” However, introducing mechanophores into elasto-
mers alters the properties of the original materials, as the activa-
tion energy of mechanophores is typically lower than those for the
cleavage of representative C-C bonds, which means that the
results may not accurately reflect the intrinsic properties of the DN
elastomers.** Moreover, covalent introduction of mechano-
phores often complicates the synthetic process.

Against this background, we propose here a simple and
versatile strategy to evaluate polymer-chain scission in DN elas-
tomers using a radical-transfer-type fluorescent molecular probe
that can detect mechanoradicals without affecting the physical
properties of the elastomers. For this purpose, we chose a diary-
lacetonitrile (DAAN) derivative with a methoxy group at the para-
position of the aromatic rings as the fluorescent molecular probe,
because it can be easily synthesized in large quantities via a one-
step reaction (Fig. 1a).">** DAAN derivatives react with the highly
reactive polymeric mechanoradicals generated by mechanical
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Fig. 1 (a) Chemical reaction of DAAN with mechanoradicals. (b)
Schematic illustrations of sacrificial bond scission and its visualization
using DAAN in a DN elastomer.

scission of polymer chains to produce the corresponding DAAN
radicals,*»** which are relatively stable under atmospheric condi-
tions and fluoresce under UV irradiation. As such, DAAN is ex-
pected to be an ideal probe to obtain information on sacrificial
bond cleavage in elastomers without altering their physical
properties (Fig. 1b). In addition, the ability to post-synthetically
endow DN elastomers with fracture-visualization properties
should accelerate the evaluation of their physical properties.

Experimental
Preparation of DN elastomers

The DN elastomers were synthesized according to a previously
reported procedure (Fig. 2a).”® The first networks (FNs) were
prepared using ethyl acrylate (EA) and triethylene glycol dime-
thacrylate (TGD) as cross-linkers via free-radical polymerization
at room temperature. After washing and drying the resulting
films to remove any unreacted components, the obtained FN
films were then immersed in a mixture of methyl acrylate (MA),
TGD, and the photoinitiator Irgacure 184. The films were
swollen to their equilibrium state and then exposed to UV light
while maintaining the film temperature <40 °C. Detailed
synthetic procedures are provided in the ESI.T We also prepared
several DN elastomers with different crosslinker loadings or FN
polymer species using the same procedure (Table 1). Here, the
weight fraction of the FNs in the DN elastomers varied
according to the crosslink density of the FNs. For example, the
swelling degree of the FNs in the monomer solution decreases
with increasing crosslink density, which in turn led to an
increase in the FN weight fraction in the resulting DN elasto-
mers. The detailed properties of the obtained elastomers are
summarized in Table S1.}

Then, DAAN was incorporated into the synthesized DN
elastomers by first swelling them in a saturated solution of
DAAN in a mixture of chloroform/methanol (1/1, v/v; ~2.46 x
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1072 mol L") for 3 h and subsequently shrinking them by
immersion in methanol for 3 h (Fig. 2b). The shrunken elasto-
mers were vacuum-dried at 40 °C for 24 h to completely remove
the solvent. The thus-prepared DAAN-doped elastomers are
denoted with the prefix “DAAN-". The amount of DAAN incor-
porated was ~1.05 =+ 0.15 wt% for all elastomers, as determined
by evaluating the weight difference before and after the incor-
poration process.

Tensile tests

Tensile tests were performed using a SHIMADZU EZ-L instru-
ment equipped with a 100 N load cell at room temperature. For
the tests dog-bone-shaped pieces were fabricated from the films
in accordance with the JIS-7 standard (12 mm x 2 mm gauge
section) with a thickness of 0.62-0.78 mm.

Fluorescence spectroscopy

Fluorescence-spectroscopy measurements were carried out
using a spectrofluorometer (JASCO FP-8550) between 500 nm
and 750 nm.

Results and discussion
Mechanical and mechanofluorescence properties

To investigate the mechanoradical-visualization ability of DAAN
in the DN elastomers, DAAN-EA-3/MA films were uniaxially
stretched at 10 mm min~'. As shown in Fig. 3a, the elastomer
exhibited yellow emission under UV irradiation (Aex = 365 nm).
The fluorescence spectrum of DAAN-EA-3/MA after the tensile
tests was in good agreement with the spectra derived from the
DAAN radicals (Fig. 3b).***> These results suggest that mecha-
noradicals are generated by sacrificial FN cleavage in the DN
elastomer during tensile testing, and that the DAAN radicals are
generated by the radical-transfer reaction between these
mechanoradicals and DAAN.

Tensile tests of EA-3/MA and DAAN-EA-3/MA were conducted
to evaluate the effect of the addition of DAAN, and the results
confirmed that DAAN does not affect the stress-strain (S-S)
curve (Fig. 3c). These results support the idea that the addition
of DAAN derivatives enables mechanoradical detection in DN
elastomers without altering their mechanical properties.

The mechanoradical generation of the prepared DAAN-con-
taining DN elastomers was investigated using uniaxial tensile
tests under UV irradiation (Ax = 365 nm). All measurements
were performed three times for each sample, which confirmed
the good reproducibility of the S-S curves (Fig. S17). All samples
begin to show yellow emission at a certain strain, which then
increases upon applying the tension (cf. e.g., Movie S11). For the
DAAN-EA/MA series with different FN crosslink densities,
strain-hardening occurs at lower strain for the higher-crosslink-
density samples (Fig. 4a). The onset points coincide well with
the onset of fluorescence for DAAN-EA-2/MA and DAAN-EA-3/
MA (Fig. 4b), suggesting that the sacrificial bond cleavage
occurs after the strain-hardening begins. However, DAAN-EA-1/
MA only begins to show emission in the latest stage, long after
the onset of strain-hardening. This result suggests that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Synthesis of DN elastomers. (b) Preparation of DAAN-containing elastomers (V-70: 2,2’-azobis(4-methoxy-2,4-dimethylvaleronitrile);

DMAc: N,N-dimethylacetamide).

Table 1 Monomer composition and crosslink density of the DN elastomers

FN DN
Entry Elastomer Monomer” Crosslink density Monomer” Crosslink density
1 EA-1/MA EA 1 mol% MA 1 mol%
2 EA-2/MA EA 2 mol% MA 1 mol%
3 EA-3/MA EA 3 mol% MA 1 mol%
4 BAEA-3/MA BA & EA 3 mol% MA 1 mol%
5 BA-3/MA BA 3 mol% MA 1 mol%

“ MA: methyl acrylate; EA: ethyl acrylate; BA: butyl acrylate; BAEA: mixture of BA and EA (1/1, mol/mol).

degree of sacrificial bond cleavage is insufficient to generate
DAAN radicals at the strain-hardening point in DN elastomers
with low crosslink density. In the case of DN gels, it is well
established that large numbers of mechanoradicals are gener-
ated only in the neck region in the constant-stress regime above
the yielding point.?*** However, the DAAN-doped DN elastomers
exhibited fluorescence over almost the entire film. This result
indicates that the mechanoradicals are generated over a larger
area in the DN elastomers than in the DN gels, and thus
suggests a mechanoradical-generation mechanism is different
from that of the DN gels. Specifically, the collapse of the first
network at a specific area with a concomitant necking event is
considered less likely in DN elastomers than in DN gels because
of the higher weight fraction of the first network and the friction
between the polymer chains during deformation due to the lack
of solvent. Consequently, the first network in a DN elastomer is
initially elongated without collapse until the strain-hardening
point is reached, after which it begins to break over the entire
elongated region without necking. In addition, we evaluated the
shape recovery of DAAN-EA-3/MA after elongating to either

© 2024 The Author(s). Published by the Royal Society of Chemistry

100% or 200% strain, the latter of which exhibited fluorescence
due to the polymer chain scission while the former did not. As
a result, both specimens fully recovered to their original shapes
after the tension was removed irrespective of the chain scission
(Fig. S27). These results suggest that most of the polymer-chain
scission in the DN elastomers originated from the first network
while little cleavage occurred for the second network that
constitutes the majority of the DN elastomer to maintain the
overall shape.

Next, we evaluated the effect of the polymer species in the FNs
by conducting the same tensile tests on DAAN-BAEA-3/MA and
DAAN-BA-3/MA. As shown in Fig. 4c, their S-S curves were almost
identical up to the strain-hardening region, despite the different
polymer species in the FN. This is because the mechanical
properties up to the strain-hardening region of the DN elasto-
mers are derived from the second network, which accounts for
>80% of their mass. Fluorescence was observed starting from the
onset of strain-hardening, in the same manner as for DAAN-EA-3/
MA (Fig. 3d), irrespective of the polymer species in the FN.
Interestingly, the fracture stresses and fluorescence intensity at

RSC Mechanochem., 2024, 1, 63-68 | 65
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Fig.4 (a) Stress—strain curves of DAAN-EA-3/MA, DAAN-EA-2/MA, and DAAN-EA-1/MA (10 mm min~Y). (b) Fluorescence intensity of DAAN-EA-
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(100 mm min~) and DAAN-BA-3/MA (10 mm min~Y). (f) Fluorescence intensity of DAAN-EA-3/MA (100 mm min~) and DAAN-BA-3/MA (10

mm min~Y).

the fracture points are very similar for all the elastomers tested.
Since approximately the same amount of DAAN is incorporated
into each film, the fluorescence intensity should correlate with
the amount of mechanoradicals generated. These similarities are
likely due to their comparable cross-link densities, which can be
expected to result in a similar number of mechanoradicals
generated prior to fracture.

66 | RSC Mechanochem., 2024, 1, 63-68

To investigate the effect of the strain rate on the fracture
behavior of the sacrificial FN, DAAN-EA-3/MA was subjected to
tensile tests at 100 mm min ", and the results were compared to
those obtained from 10 mm min~". Strain-hardening occurred
earlier in the 100 mm min ™" test than in the 10 mm min ™" test,
and the strain at which the fluorescence emission started was
accordingly smaller (Fig. 4e and f). The elastomer properties

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Time-dependent fluorescence spectra of DAAN-EA/MA
after tensile tests. (b) Time-dependent fluorescence intensity at
556 nm after tensile tests.

were further analyzed using Mooney-Rivlin (eqn (1)) plots
(Fig. S4 and Table S27).**¢

a Cz

TN :2(C1+7) (1)
(-3)

Here, o is the stress, 4 is the extension ratio, and C; and C, are
the Mooney-Rivlin constants. C; is related to the crosslink
density while C, is related to non-permanent physical crosslinks
of the formed network.*” With increasing tensile speed, the C;
values decrease while the C, values increase. These results
indicate that with increasing tensile speed, the polymer chains
of the FNs behave like more stretched and the polymer chains
become more difficult to untangle. In other words, at higher
strain rates, the network shows more elastic behavior and the
molecular-chain scission occurs earlier than at slower strain
rates, resulting in the DAAN-radical-derived fluorescence being
observed in the lower-strain region.

Fluorescence decay

We further examined the decay of the fluorescence intensity
after stretching the DAAN-doped DN elastomers. The fluores-
cence intensity of the DAAN-EA-3/MA films at 556 nm after
stretching was monitored over time. We observed that the

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Mechanochemistry

fluorescence intensity diminished to half of its original value in
~2 min, and that the fluorescence intensity became almost
constant after 20 min (Fig. 5). This decay rate is significantly
higher than that of DAAN-doped polystyrene.*® We attribute this
difference to the higher mobility of the DAAN radicals in the
elastomeric matrix with a low Ty, considering that DAAN radi-
cals generally prefer to dimerize at room temperature.*® The fast
decay hindered our efforts to detect the DAAN radicals using
electron paramagnetic resonance. However, while the fluores-
cence intensity decay gradually converged, it did not completely
reach zero. This can be interpreted in terms of a diminished
probability of the coupling reaction to occur with decreasing
concentration of DAAN radicals in the DN elastomers. Impor-
tantly, such time-dependent emission-quenching properties are
advantageous for applications in the spatiotemporal charac-
terization of the fracture of materials.

Conclusions

In summary, we have demonstrated the visualization of sacri-
ficial bond cleavage inside generic DN elastomers by post-
synthetically adding a DAAN derivative and evaluated the frac-
ture phenomena of the obtained elastomers. Tensile tests
showed that sacrificial bond cleavage occurs after the onset of
strain-hardening. Increasing the cross-link density of the first
network causes the onset strain of mechanoradical generation
to decrease and the amount of mechanoradicals generated in
the elastomer to increase. Furthermore, very similar fluores-
cence intensity was observed for elastomers with different
acrylate monomers in the first network, indicating that the
amount of mechanoradicals generated at rupture is almost
identical. Higher strain rates were found to make the network
behave more elastically and induce molecular chain scission in
the lower-strain region. The present method represents
a simple and versatile technique for visualizing covalent bond
cleavage in elastomers without altering their physical proper-
ties. We expect that these findings will accelerate the elucida-
tion of the fracture mechanisms of elastomers.
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