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ABSTRACT

Quantitative characterization of the energy dissipation zone around a crack tip is the focal point
in the fracture mechanics of soft materials. In this report, we present a mechanochemical
technique for the visualization and quantification of the degree of polymer strand scission in the
damage zone of tough double-network hydrogels. This technique uses mechanoradicals
generated by covalent bond scission to initiate radical polymerization, which records the internal
fracturing around the crack tip during crack opening or propagation. We adopted the
mechanoradical polymerization of N-isopropylacrylamide, which forms a thermoresponsive
polymer and whose distribution was visualized using an environment-responsive fluorescent
probe. Two- and three-dimensional damage distributions were captured using a laser scanning
confocal microscope. This technique also allowed for the quantitative estimation of the spatial
distribution of stress, strain, and energy dissipation around the crack tip. The advantages and

limitations of this technique are also discussed.



INTRODUCTION

Mechanically robust soft materials have garnered significant attention with respect to
fundamental science! > and the requirements of emerging applications, including medical
implants,®’ soft robots®® and wearable soft electronics.!®!! For the practical application to ensure
the mechanical reliability, toughness, i.e. crack resistance of the material, is crucially important
as well as high strength and appropriate stiffness. Among the techniques of fabricating tough soft

materials such as hydrogels and elastomers, the double-network (DN) concept'?

provides an
effective and general strategy that is applicable to soft polymeric networks made using various
chemistries.!*!® Specifically, a DN material comprises two contrasting polymer networks: a
brittle and sparse network and a stretchable and concentrated network,'* customarily called the
first and second networks, respectively, according to the sequence in the two-step synthesis. For
a typical DN hydrogel, the concentrations of the first and second networks are 1-3 wt.% and 10—
20 wt.%, respectively, and the rest is water. Even while possessing 80-90 wt.% water, a DN gel
exhibits remarkably high fracture toughness of 100-5000 J m™? that is one or two orders of
magnitude higher than that of the conventional hydrogels.!*!°2! It has also been reported to

exhibit high resistance of fatigue fracture.?

Previous studies have shown that the extraordinarily high fracture toughness of the DN gels, or
multiple-network elastomers that use the DN concept, is attributable to the scission of covalent
bonds of the first network strands, referred to as internal fracturing.'>'’**2" The internal

fracturing results in the formation of a large damage zone*-!

around a crack tip where the stress
is highly concentrated. A large amount of mechanical energy is dissipated to form the damage

zone prior to the crack progress, analogous to a Dugdale plastic zone of metals and a local



crazing of glassy polymers, resulting in high fracture toughness. Therefore, quantitative

characterization of the damage zone is the focal point in fracture mechanics of tough DN gels.

The damage zone of a DN gel has been characterized via optical microscope observation of the
structural heterogeneity induced by internal fracturing.>'*? Yu et al. observed the damage zone
with a size of several hundred micrometers using a three-dimensional (3D) violet laser scanning
microscope.’! Liang et al. then distinguished three regions (hardened zone, yielded zone, and
pre-yielding zone) in the damage zone of a thin (100 um thick) DN gel using a phase-contrast
optical microscope as well as the 3D violet laser scanning microscope.*? While these optical
observations can directly identify the damage zone, quantification of the degree of internal
damage and its spatial distribution is difficult. Furthermore, re-swelling treatment of the sample
is required after the fracture, which causes the overestimation of the size of the damage-zone.
Hence, a new technique that enables the quantitative characterization of as-fractured DN gels is

required.

Recently, mechanochemical techniques (i.e., chemical transformation induced by mechanical
force) have been proposed to investigate the mechanics of polymeric materials.!”*32 In typical
mechanochemical sensing, force-responsive molecules (called mechanophores) are chemically
incorporated into the polymer backbone or crosslinking point. For example, internal fracturing
around the crack tip of a multiple-network elastomer was visualized using a dioxetane
mechanophore that emitted light when it broke.!” Chain scission at the fractured surface of a
hydrogel was visualized by scission-induced fluorescence of m-extended anthracene adducts.*’
This mechanochemical technique can also provide quantitative information on bond

17,37,40

scission, and is potentially applicable to DN gels.** However, the requirement of



mechanophore incorporation often limits its extensive application. Furthermore, direct
mechanophore incorporation may affect the network structure or mechanical properties of the

materials.!”>7

In this study, we propose a novel mechanochemical technique for the visualization and
quantification of the bond scission of DN gels without using a designed mechanophore, inspired
by our recent finding.?’” The technique is based on the combination of mechanoradical
polymerization and fluorescence microscopy, as conceptually illustrated in Figure 1.
Specifically, the internal fracture of a DN gel generates a large amount of mechanoradicals at the
ends of the broken first network strands.?’ These mechanoradicals are used to initiate the
polymerization of the pre-loaded monomer N-isopropylacrylamide (NIPAAm), thus forming a
temperature-responsive polymer poly(N-isopropylacrylamide) (PNIPAAm).** The PNIPAAm
chains tethered at the broken ends of the first network are visualized using a pre-loaded
fluorescent molecule, 8-anilino-1-naphthalenesulfonic acid (ANS), that exhibits strong
fluorescence in the hydrophobic environment.**¢ Since PNIPAAm becomes hydrophobic above
its lowest critical solution temperature (LCST) at approximately 30-35 °C,* ANS exhibits
strong fluorescence in the damaged region above the LCST. Therefore, by using a laser scanning
confocal microscope (LSCM), two-dimensional (2D) or 3D images of the damage zone can be
captured without the re-swelling treatment of the samples. In this study, we first visualize the
damage zone of a DN gel using this method. Then, we demonstrate the extraction of the spatial
distributions of stress, strain, and dissipated energy density from the quantitative fluorescence
result. We also discuss the advantages and limitations of this technique in comparison with other

methods.
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Figure 1. Conceptual scheme representing a visualization of the damage zone where internal
fracturing of the first network occurred around the crack tip in the DN gels. In the damage zone,
the mechanoradicals generated by polymer strand scission initiate the polymerization of
NIPAAm to form PNIPAAm, a thermo-responsive polymer showing LCST-type micro-phase
separation. Because the fluorescent molecule ANS exhibits strong fluorescence only in the
hydrophobic environment, the damaged region is visualized when observed at a temperature that
exceeds the LCST of the PNIPAAm while the undamaged region hardly exhibits fluorescence.
The fluorescence image and spatial distribution of fluorescence intensity around the crack tip or

a fractured surface are obtained using a laser scanning confocal microscope (LSCM).



EXPERIMENTAL SECTION

Materials. DN gels comprising a poly(2-acrylamido-2-methylpropane sulfonic acid sodium salt)
(PNaAMPS) first network and a polyacrylamide (PAAm) second network were synthesized (see
Supporting Information).!®?” The synthesized DN gels were immersed in a large volume of

deionized water for at least one day before the following experiments were conducted.

Mechanoradical polymerization via tearing. To induce mechanoradical polymerization at the
damage zone through tearing fracture, a DN gel containing NIPAAm and ANS was torn in an
argon glove box.?’ First, a DN gel was cut into a trouser shape (thickness ~3 mm, full width 8
mm, each leg’s width 4 mm, full length ~50 mm, and initial cut length ~20 mm). The trouser-
shaped gel was immersed in a filtered aqueous solution of 1.0 M NIPAAm and 200 mg L' ANS
(in typical) for 1 day in an argon glove box at ~15 °C to supply NIPAAm and ANS into the gel
and to remove the oxygen from the gel. Afterwards, the sample containing NIPAAm and ANS
was torn using a tensile tester (MCT-2150, A&D Co.) at a crosshead velocity of 100 mm min ™!
in the glove box at ~15 °C. After tearing, the gel was wrapped with plastic film (Saran wrap) to
avoid drying, and stored in the glove box overnight (~18 h) to allow for mechanoradical

polymerization.

Mechanoradical polymerization via stretching. A procedure that was similar to the one above
was used for the mechanoradical polymerization of NIPAAm induced by stretching. A
dumbbell-shaped DN gel (standardized to JIS-K 6251-7; 12-mm gauge length, 2-mm width, and
~3-mm thickness) was immersed in a filtered aqueous solution of 1.0 M NIPAAm and 200 mg

L ! ANS for 1 day in an argon glove box (~15 °C). The sample was then stretched using a tensile

tester to a certain displacement, and then unloaded to the original length. The crosshead velocity



was 100 mm min!. The imposed maximum strain, emax, was calculated from the distance
between two dots applied on the gel measured using a caliper. The stretched gel was wrapped
with plastic film and stored overnight in the glove box. For this test, individual test pieces were

used for each strain imposed (emax = 0.5, 0.6, 0.8, 1.5, 2.1, or 3.3).

Fluorescence spectroscopy. Fluorescence spectra were obtained at 45 °C using a fluorometer
(FP-6600, Jasco Co.) equipped with an epifluorescence unit (EFA-383, Jasco Co.). The

excitation wavelength was 402 nm.

Fluorescence observation using a laser scanning confocal microscope (LSCM). Fluorescence
microscopic measurements were carried out using a laser scanning confocal microscope (LSCM)
(Nikon A1 Rsi and Ti-E, Nikon Co.) equipped with a Plan Fluor x4 objective lens (NA 0.13,
Nikon Co.). The excitation laser wavelength was 402.5 nm. Fluorescence emission was
measured within a wavelength range of 425475 nm. For all measurements, the sample was
placed in a glass-bottom dish (3970-035-SK, IWAKI & Co.) and maintained at 42 °C (above the
LCST of PNIPAAm) using a stage-top incubator (INUBG2H-TIZB, Tokai Hit Co.). For
qualitative observation (Figures 3, 5, 6, and S2), the excitation laser intensity was tuned to
appropriate values to obtain clear images. For quantification purposes (Figures 7, 8, and S4), the
same laser intensity was used for all measurements. The background intensity was subtracted

from the intensity data in the quantitative results.

Tensile test for mechanical characterization. Uniaxial and uniaxial cyclic tensile tests were
carried out in air at a crosshead velocity of 100 mm min™!.?° The detailed procedure is presented

in the Supporting Information.



RESULTS and DISCUSSION

Mechanoradical polymerization and fluorescence emission

First, we investigated the mechanoradical polymerization of NIPAAm in a stretched DN gel and
the resulting fluorescence behavior of the sample. All fluorescence measurements were carried
out at relaxed (stress-released) states of the gels. Hereafter, the “unstretched” gel denotes a
sample to which no stretch was applied (strain emax = 0), and “stretched” gel denotes a sample to
which a prescribed stretch (emax > 0) was applied. After the stretch was released, the length of the
stretched gel almost returned to the original length in the relaxed state. Figure 2a shows the
optical images of the unstretched (emax = 0) and stretched (emax = 4) DN gels fed with NIPAAm
and ANS observed at 45 °C. The unstretched DN gel was transparent, while the stretched one
was opaque. The opaque appearance of the stretched sample indicates that NIPAAm in the DN
gel was polymerized by the mechanoradicals, and the synthesized PNIPA Am underwent micro-
phase separation above the LCST. The monomer conversion was determined to be
approximately 40% in this typical case (see Figure S1). We also confirmed the presence of
strong fluorescence using a fluorescence spectrometer with an excitation wavelength of 402 nm.
As shown in Figure 2b, the stretched gel exhibits strong fluorescence at approximately 470 nm,
while the unstretched gel shows negligible fluorescence. This result demonstrates that internal

fracturing in a deformed DN gel can be detected by fluorescence.

Next, we observed the damage zone around the fractured surface of the DN gel. Figure
2c¢ shows the optical images of a trouser-shaped DN gel torn by hand. As expected, only the
region around the torn surface becomes opaque under visible light (Figure 2¢(i)) and exhibits

strong fluorescence under UV light (Figure 2c¢(ii)). These results clearly indicate that internal



fracturing occurred around the crack tip during the tearing of the sample. The damage zone from
the fractured surface to the bulk is several millimeters thick, which is close to the value observed
in previous reports on DN gels (0.1-0.9 mm)*"*? and multiple-network elastomers (several

millimeters).!”
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Figure 2. (a) Optical images of (i) unstretched and (ii) stretched (emax =~ 4) DN gels fed with

NIPAAm and ANS under visible light observed at 45 °C. (b) Fluorescence spectra (excitation:

402 nm) of the corresponding DN gels at 45 °C. (c¢) Optical images of a torn DN gel fed with

NIPAAm and ANS observed at 45 °C under (i) visible light and (ii) UV light (365 nm).
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Fluorescence imaging using LSCM

Using a laser scanning confocal microscope (LSCM), we visualized the two- and three-
dimensional fluorescence images of a torn sample. Figure 3a shows an optical image of the
trouser-shaped specimen torn for several millimeters. A strongly opaque region around the crack
tip, which is consistent with Figure 2¢(i), is observed. Figure 3b shows a two-dimensional
fluorescence image obtained from a depth of 5 um of the sample surface. A fluorescent region
with an arc shape in front of the crack tip and strip-shape along the fractured surface,
corresponding to the damage zone, is observed. Figure 3¢ shows a three-dimensional image
around the crack tip from the top surface to the bottom surface of the gel. The image is

constructed from two-dimensional images measured at different depths from the top surface.

Figure 3. (a) An optical image, and (b) two-dimensional and (¢) three-dimensional fluorescence
images obtained using a laser scanning confocal microscope (LSCM) around the crack tip of a

torn DN gel fed with NIPAAm and ANS observed at 42 °C.
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Fluorescence intensity profile

Next, we measured the fluorescence intensity profile in the damaged zone using a trouser-shaped
specimen (Figure 4). To facilitate the discussion afterwards, we set the coordinate for a fractured
piece in the relaxed state, as shown in Figure 4 (right). The fractured surface was set in the xy
plane with z = 0, the crack advanced direction was set along the x-axis, y was set as zero on one
of the sample surfaces, and the z-axis was assigned positive values within the sample. The in-
plane (xz plane) observation using LSCM was performed at a depth y = 5 um from the gel
surface (see Figure 4). The fluorescence intensity profile /(z) was obtained by line scan, at a step
of 6.2 um, along the z-direction from the fractured surface (z = 0) to the bulk (z = 2000 um). The
raw data contained relatively strong noise (Figure S2), which may have originated from
equipment such as from detector sensitivity and/or from the sample such as from the micro-scale
inhomogeneity of the internal fracturing. Hence, in this study, we show moving-averaged data
over 9 data points, which give an average over a length scale of ~50 um in the z-direction (see
Figure S2 for details). This length taking average (~50 um) is significantly smaller than the size

of the damage zone of the DN gels being studied.
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Fluorescence observation
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Figure 4. Schematic of the tearing test of a trouser-shaped DN gel and the observation plane of
the fluorescence image obtained using LSCM. The fluorescence intensity images were obtained

in the xz plane that is vertical to the fractured surface (xy plane), and the line scans were

performed along the z-axis, 5 pm beneath the sample surface.
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A typical LSCM image and the corresponding fluorescence intensity profile of a torn DN
gel are shown in Figures 5a(i) and 5b(i), respectively. The fluorescence intensity, which reflects
the degree of polymer strand scission as discussed later, shows a gradient distribution in the
damage zone. It maximizes near the fractured surface and decreases gradually from the surface

to the bulk. The damage zone extends over approximately 2000 um.

This technique clearly reveals that the damage zone profile strongly depends on the
fracture method. When the DN gel was cut using scissors and a razor blade, the damage-zone
thickness decreased to ~700 um and ~500 um, respectively (Figures 5a(ii), Sa(iii), Sb(ii) and
Sb(iii)), while the maximum intensity near the fractured surface was almost the same as that of
the torn sample. Because these observations were performed under the same experimental
conditions, these results suggest that the applied stress and deformation near the cut surface
hardly depend on the fracture method, while the stress and strain fields away from the crack tip
are dominated by the fracture method. It is worth mentioning that, in some practices, internal
damage within the range of ~100s um is possibly presented even when a DN gel is cut using a

razor blade.
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Figure 5. (a) Fluorescence images and (b) line profiles of fluorescence intensity /(z) of the DN
gels from fractured surface to bulk. The DN gel was ruptured using different methods including
being, (i) fractured by tearing using a trouser-shaped sample (see Figure 4), (ii) cut using
scissors, and (iii) cut using a microtome razor blade. Yellow highlighted regions in (b) roughly
denote the damage zone. The same experimental condition was used for these three individual

experiments. The profiles in (b) are the moving-averaged data (see Figure S2).
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Spatial resolution

The spatial resolution of this method is limited by two factors: the size of PNIPAAm tethered to
the partially broken first network and the resolution of LSCM. To estimate the maximum
possible size of the tethered PNIPAAm chain, we assumed that the maximum polymerization
degree, N, of PNIPAAm was 10° (molecular weight of ~10% g mol™"). The radius of the
PNIPAAm chain in a random coil state was roughly approximated as aN'? ~ 250 nm, where a
was the length of the monomer unit (a = 0.25 nm). At 42 °C, the PNIPAAm chain in the globule
conformation above its LCST must be smaller. Therefore, the size of the PNIPAAm chain under
observation should be smaller than ~100s nm. On the other hand, the resolution of LSCM,
depending on the optical setup, is usually not smaller than 100 nm. For example, the theoretical
optical resolution of LSCM used in this work was ~1 pm in the observation plane, considering
the objective lens (numerical aperture 0.13) used under air (refractive index 1.0) and excitation
wavelength (402 nm). Therefore, the theoretical resolution of this technique is usually not
limited by the size of the PNIPAAm chain, but rather by the optical system. Note that our LSCM
setup is at a relatively low-resolution condition in order to capture a wide field image. A sub-
micrometer resolution is potentially achieved with an improved optical system. In the present
study, however, the 9-points moving-average (~50 um) was processed in the intensity profiles to
reduce the noise, as mentioned above. Hence, the resolution of the proposed data is expected to
be ~50 um, which is still significantly smaller than the thickness of the damage-zone observed in
the DN gels. We believe that the noise can be reduced by improving the optical system or the

fluorescent probe.
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To confirm the spatial resolution experimentally, we observed a fractured surface of a
single-network hydrogel. For the fracture of a single-network gel, only the surface network layer

4748 and the polymer scission inside the gel is

is expected to break upon crack propagation
negligible.**?” Therefore, the surface damaged region of a single-network gel is considered to be
the network mesh scale (~10°-10% nm), which is smaller than the resolution in our method. In
this experiment, a PNaAMPS single-network gel fed with NIPAAm monomer and ANS
fluorophore was broken by bending owing to the stiffness and brittleness of this gel. As shown in
Figures 6a and 6b, the left leg of the PNaAMPS gel was broken in the argon atmosphere to
allow for mechanoradical polymerization, while the right leg was broken in air as a control to
inhibit mechanoradical polymerization by oxygen. Observation using LSCM showed a clear
fluorescent line at the left fractured surface only (Figure 6¢). This fluorescence is not a result of
the surface effect (such as the drying effect) but rather mechanoradical polymerization because
such fluorescence was not observed on the right side where mechanoradical polymerization was
inhibited. The moving-averaged fluorescence profile (Figure 6d) indicates that the thickness of
the fluorescence around the fractured surface is ~60 um which is very close to the expected
resolution of ~50 um. This result also demonstrates that this technique is applicable not only to

the fracture of DN gels but also to the fracture of other materials accompanied by homolytic

bond scissions. Spatial resolution should be improved for some applications.
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Figure 6. Mechanoradical polymerization around the fractured surface of a PNaAMPS single-
network gel. (a) Optical images of the PNaAMPS gel before and after fracturing. (b) Schematic
of the fracture method. (¢) Fluorescence image obtained using LSCM. (d) Fluorescence intensity
profiles of the fractured PNaAMPS gel. Fluorescence around the fractured surface was observed
only on the left side (yellow highlight region in (d)) because the mechanoradical polymerization

on the right side was inhibited by oxygen under air. The profiles are the moving-averaged data.
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Quantitative characterization

In principle, the fluorescence intensity, /, reflects the damage degree because the intensity
depends on the amount of PNIPAAm that correlates to the mechanoradical concentration. In
previous studies, the damage degree of DN gels was typically characterized as the dissipated
mechanical energy density, Uadiss (unit of J m™), that is obtained from the mechanical hysteresis
in cyclic tensile tests.?*?>* Recently, Udiss has also been found to correlate well with
mechanoradical concentration.?’ In this section, we first clarify that / exhibits good correlation

with Udiss; then we demonstrate the quantitative characterization of the damage zone.

We used a DN gel whose tensile stress—strain curve is shown in Figure 7a. This DN gel
shows a typical tensile property that accompanies yielding and strain hardening phenomena.
Figure 7b presents the Uliss of this DN gel as a function of the maximum imposed strain, €max,
obtained from the uniaxial cyclic tensile test (Figure S3). The dissipation, Uliss, increases with
€max above a threshold strain of emax = 0.5. Below the threshold strain, the amount of internal

fracturing is negligibly small because of the extensibility of the first network.'-?>4

To obtain the correlation, /—Uiiss, we first measured the fluorescence intensity, /7, of
stretched specimens of the DN gel fed with NIPAAm and ANS. We used six individual gel
specimens, each of which was stretched to a prescribed strain (emax = 0.5, 0.6, 0.8, 1.5, 2.1, or
3.3). The result clearly shows that / monotonically increased with emax above a threshold strain of
emax ~ 0.5 (Figure 7¢). The threshold strain for / is in good agreement with that of Uliss (Figure
7b), implying that / directly correlates to Udiss. The correlation between / and Uliss 1s then
obtained by combining the /—emax plot (Figure 7¢) and Uliss—emax plot (Figure 7b). Here, each

emax value in the /—emax plot is converted into the Udiss value using a polynomial regression in the
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Uliss—emax plot (fitted curve in Figure 7b). As shown in Figure 7d, I exhibits a nearly linear
correlation with Uliss and the linear regression goes through the origin (Z, Usiss) = (0, 0),
indicating that the fluorescence intensity / reflects the degree of damage quantitatively. The
relation between / and Uldiss or / and emax obtained from the tensile test should be applicable as
calibration curves to estimate the dissipation and the strain field around the crack tip from the

fluorescence intensity. It should be mentioned that 7 does not have to be a linear function of Uliss
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Figure 7. Uniaxial tensile test of a DN gel. (a) A uniaxial tensile stress—strain curve, (b)
dissipated energy density Uliss as a function of emax obtained from the cyclic tensile test (see
Figure S3), (¢) fluorescence intensity / as a function of imposed maximum strain emax after the
uniaxial stretching, and (d) / as a function of Uliss obtained from (b) and (c). The solid lines in
(b)—(d) are approximated fitting curves. A polynomial fit (Usiss = —0.0190 €max> + 0.1456 €max> —

0.0335 emax — 0.0028) in (b) and linear fits in (c) and (d) are applied.
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Since the fluorescence intensity / has good correlations with emax and Uliss, we can obtain
the emax and Uliss distributions experienced in the damage zone near a fractured surface from the
recorded fluorescence intensity profile. In this characterization, we assumed that the deformation
around a crack tip is approximated as uniaxial tension. Although the deformation near the crack
tip should be more complicated, uniaxial approximation is usually used to characterize the crack

tip field of soft materials**>

and a theoretical analysis has suggested that uniaxial tension
dominates at least ahead of the crack tip of a highly deformable soft solid under mode-I plane-
stress condition.’!>* With this uniaxial assumption, we can convert the distribution of
fluorescence intensity /(z) into emax(z) and Udiss(z) using the results of uniaxially stretched
samples. Linear regressions (Figures 7¢ and 7d) are used as calibration curves. Figure 8a shows
the fluorescence intensity profile, /(z), of a torn surface of this DN gel along the z direction (see
Figure 4 for the coordinate axis). The linear scales of emax and Uliss converted from 7 are also
shown. Note that an emax value that is less than 0.5 is not reliable because it is below the
threshold of exhibiting fluorescence. The inset letters A, B, C, and D in Figure 8a correspond to
those shown in Figure 7a. The observed maximum fluorescence intensity near the torn surface
almost corresponded to the fluorescence intensity at yielding point under uniaxial stretching. The
damage zone predominantly corresponds to the pre-yielding region with small strain (0.5 < g <
1.6 for this gel). Because there should be the yielded region closer to the crack tip, this result

implies that the size of the yielded region is close to or less than the spatial resolution of current

experiment (~50 um) and is much narrower than the pre-yielding region (~1000—1500 pum).
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We can also obtain the maximum stress profile omax(z) imposed around the crack tip from
the emax(z) profile (Figure 8a) and the stress—strain curve (Figure 7a) (see Figure S4 for the
detailed procedure). Figure 8b shows the omax(z) profile thus obtained. Note that a omax value
that is below 0.17 MPa cannot be obtained because of the fluorescence threshold (see B in
Figure 7a). The results show that stress increases rapidly with decreasing z (i.e., approaching the
fractured surface) and at z < 400 pum, the stress increase slows down, exhibiting a saturation
tendency, which is more clearly observed in the inset double-logarithm plot. This result implies
that, while an asymptotic-like stress field formed at z > 400 pm, the stress concentration near the

crack tip was moderated perhaps due to internal fracturing or the non-linear mechanical property.
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Figure 8. (a) Fluorescence intensity profile /(z) along with the scales of imposed maximum
strain emax and dissipated energy density Uliss. (b) Imposed maximum stress profile Gmax near the
fractured surface. The inset is the double-logarithm plot. The scales emax and Uliss in (a) and

profile omax(z) in (b) are estimated from the fluorescence data in Figure 8a using the tensile

results in Figure 7 as calibration curves.
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Advantages and limitations of this technique

Finally, we discuss the advantages and limitations of our method of characterizing the damage
zone, in comparison with the other methods. The reported method of characterizing the DN gel is
the microscopic observation of the heterogeneity using an optical microscope.®'** While the
previous method requires re-swelling of the fractured samples to visualize the structural
heterogeneity, the current method requires a more complicated procedure using NIPAAm, ANS,
and an oxygen-free environment. However, the current method has considerable advantages.
First, it can characterize quantitative stress, strain, and energy dissipation profiles, as shown in
Figure 8, while the previous method cannot. Second, the current method performs observations
on as-fractured samples, which results in high spatial accuracy, while the previous method
required the re-swelling of the samples, resulting in the overestimation of the damage-zone size.
The third advantage is that, using the confocal microscopy technique, the current fluorescence
method can observe the three-dimensional distribution of the internal fracturing (Figure 3c¢),

while the previous method only provides information on two-dimensional distribution.

Recently, mechanophores have been applied to characterize the fracture of polymeric
materials, including single network hydrogels and multiple-network elastomers.!7#%% This
technique is potentially applicable in the visualization and quantification of the damage
distribution of DN gels. However, this technique requires the chemical incorporation of the
specific mechanophore into the polymer network, which may affect the network structure and
properties.!”*” Synthesizing a hydrogel with a mechanophore is challenging because most of the
reported mechanophores are hydrophobic. Even if the desired network structure is synthesized,
the rupture force of the network decreases because of the use of the mechanophore with a weaker

scissile bond that needs to be ruptured before the other covalent bonds in the network. In
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addition, mechanophores are hardly available in the market at present, which hinders facile use
or large-lot experiments. Our mechanoradical polymerization technique is almost free from these
limitations. Because no mechanophore incorporation is required, our method can easily
characterize various DN hydrogels with the homolytic covalent bond rupture. Chemicals
NIPAAm monomer and ANS fluorophore are readily available. Our technique is currently
limited because the method based on NIPAAm and ANS is only applicable to hydrogels. To
apply this technique to organogels or solvent-free elastomers, a suitable combination of
monomer and fluorophore is required. The intrinsic resolution of our technique is the size of
tethered PNIPAAm (~10s—100s nm) as discussed above, while that of the mechanophore
technique is the size of the mechanophore molecule or the broken polymer strand (~1—-10s nm).
However, the practical resolution should be limited by the optical system, such as a microscope

or a video camera, which is usually larger than these intrinsic resolutions.

Finally, our approach is not based on real-time observation but on posterior observation.
Although our method cannot monitor the real-time bond scission around the opening crack in-
situ, the posterior observation is complementary to the real-time one. An advantage of the
posterior observation is its applicability in the characterization of the complicated deformation or
high-speed fracture by recording the fracture history. For example, our technique can be applied
in the characterization of the needle-puncture and dynamic fracture whereby the crack

1

propagation is as fast as the shear wave speed of ~10 m s™!,>* whose detection using real-time

techniques is difficult. Some mechanophores such as dioxetane!”-*6->4

are applicable in real-time
observation, while other mechanophores such as n-extended anthracene adduct*®> and

anthracene dimer®® enable posterior observation.
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CONCLUSION

We developed a new method of visualizing the submillimeter to millimeter-scale damage zone of
DN gels around the crack tip by combining the mechanoradical polymerization of NIPAAm,
environment-responsive fluorescent probe ANS, and laser scanning confocal microscopy. The
damage zone recorded by PNIPAAm is clearly observed as a two- or three-dimensional
fluorescence image. The damage distribution was quantitatively captured as a fluorescence
intensity map or line profile. By calibrating the fluorescence intensity using tensile data, the
profiles of the maximum strain and stress imposed, and the dissipated mechanical energy density

in the damage zone of a DN gel are quantitatively estimated.

Our method bears three key advantages: (1) it allows for the quantitative characterization
of the damage distribution in two and three dimensions with high spatial accuracy, (2) it does not
require the incorporation of specific mechanophores into the polymer network, and (3) it allows
for the characterization of high-speed fractures or complicated deformations by recording the
damage history. Owing to these prominent advantages, we believe that this method will be used
to characterize the crack tip field of various DN gels, which will advance the fracture mechanics
of tough soft materials. Additionally, this mechanoradical polymerization technique is also
potentially applicable in the detection and characterization of the polymer chain scission of other
hydrogels, as demonstrated by the observation of the fractured surface of a single-network

hydrogel.
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