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Tearing tough soft solids such as rubbers, leather or meat is much harder than
cutting them with a sharp blade. To understand why, we use samples labeled
with mechanically sensitive fluorophores to investigate cutting and fracture
behavior in PDMS elastomers and quantify the extent of bond scission
resulting from cutting pre-stretched samples. Our findings reveal that stretch-
induced cracks produce significant deformation, bond scission and blunting
near the crack tip, requiring more energy to propagate. In contrast, using
blades reduces the amount of stretching and blunting required for crack
propagation, resulting in a lower fracture energy. The measured linear corre-
lation between fracture energy and the areal density of broken chains clarifies
the relationship between pre-stretching, blunting, and molecular damage.
These multi-scale insights demonstrate the key differences between fracture
and cutting mechanics of soft materials, allowing to optimize engineering
applications, such as rubber and food processing, energy-efficient recycling,

biomedical and surgical devices, protective equipment and sports gear.

Soft and tough materials such as meat, leather, or filled rubbers are
very difficult to tear apart, even when a small cut is made to weaken
them. In contrast, cutting with a sharp blade is much easier, involving
both lower forces and better control of the shape and surface finish of
the parts. This sensitivity to blade cutting can also be a major limitation
in the design of protective equipment, which has to resist penetration
by needles or blades, or sports gear, where very tough materials
can result in unexpected failure by accidental contact with blades.
Understanding the origin of the different resistance of a material to
cutting and tearing can open new promising strategies to design
materials where these two properties can be triggered independently.

Fracture mechanics teaches us that the critical force is not the
right metric to compare tearing and cutting since it strongly depends
on the size and shape of the objects as well as on the way the loads are
applied. The proper physical quantity to assess the resistance to crack
growth is the fracture energy, i.e., the energy required to extend the
crack by a unit area. Whether fracture energy can be used as a proper
material metric to characterize fracture by cutting has been a matter of
extensive research and is still debated"”’. Both tearing and cutting
involve new surface creation in a material by the extension of an
existing localized crack. However, in the tearing process, the energy

required to extend the crack is due to the application of a remote load
and reaches the crack tip through the singular stress/strain con-
centration fields. On the contrary, in the cutting process, the energy
required to extend the crack is dominated by the work provided by the
local contact of the blade against the material, which also modifies the
local stress/strain fields. Although both processes can be analyzed with
the Griffith energy balance criterion:
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(where Ug and W are, respectively, the elastic energy stored in the
sample and the external work, while A is the area of the crack surface)
they provide different values of the crack extension energy I' of the
same material, even when minimizing the energy losses due to friction
of the blade by pre-stretching the target material’. It is thus convenient
to use different words to address them, i.e., respectively, the fracture
energy and the cutting energy, while using the term crack extension
energy to refer to either of them.

Research on blade-induced damage in soft materials remains
relatively scarce, even if basic cutting experimental setups, like
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pure-shear’ and Y-shape cutting"®’ and their theoretical framework
started decades ago. The influence of the blades’ geometry'™,
sharpness™?, slicing™®", and surface friction on the cutting energy
have been addressed. More recently, Mars et al. combined numerical
simulations and strain field measurements to show that cutting allows
to localize large strains on a smaller region compared to fracture'®”.
Hutchens et al. have proposed a dimensionless fracture-cutting para-
meter to phenomenologically link the values of the fracture and cut-
ting energy through a power law combination of other material
parameters, pointing out the prime importance of the strain-
hardening characteristics of the material®’. Yet, most of these experi-
ments and numerical simulations have been conducted within the
framework of continuum mechanics. A molecular-level understanding
of the coupling between the nonlinear large strain and the damage
occurring in the polymer network during the cutting process remains
unknown. Addressing this shortcoming requires the development of
new methodologies in order to link the crack extension energy to
molecular-level energy dissipation, and in particular, energy dissipated
by bond scission, which is not captured by viscoelastic models of
energy dissipation’®.

Recent advances in mechanochemistry applied to soft materials
have made it possible to visualize and quantify molecular damage
before" and during fracture propagation® in soft polymer networks
under various loading situations and geometries®. This is possible by
labeling the network with a force-sensitive molecule, or mechan-
ophore incorporated as a crosslinker. As stress is applied, the
molecule breaks irreversibly, and one of the fragments becomes
fluorescent. Optical observation of the material with laser scanning
confocal microscopy and proper calibration makes it possible to map
and quantify the bond scission occurring near the fracture surface
obtained by a macroscopic fracture process® . Quantitative
mechanochemistry with properly labeled samples has, for example,
revealed how viscoelastic energy dissipation and sacrificial
bond scission couple during crack growth in multiple network
elastomers®. The combination of damage and stress mapping in the
process zone ahead of the crack tip has shed light on the mechanics
of damage during the fracture of soft materials**, both in monotonic
loading up to failure and in crack growth by cyclic fatigue®. Here, we
present the first use of mechanochemistry to reveal how contact with
a sharp blade influences molecular damage mechanisms in the
macromolecular network during crack extension.

The pure-shear cutting experiment used in this study (Fig. 1a) was
first reported by Lake and Yeoh' in order to minimize the frictional
contributions during the cutting process and to provide a well-defined
steady-state cutting process (provided the crack propagation is

intrinsically stable for the selected material). Using the Griffith energy
approach Eq. (1) as a crack propagation criterion in steady-state con-
ditions, Lake and Yeoh propose to split the strain energy release rate G
in two contributions, G; and G,, from cutting and stretching, respec-
tively. The cutting term G; results from the work done per unit crack
area by the constant force f acting on the blade:

G =f/t 2

where ¢ is the thickness of the sample, while the stretching term G,
(also called tearing, since it is the only active term in pure-shear
tearing) results from the release of the constant elastic energy density
stored in the pre-stretched material. For the present range of applied
stretch (A<15), G, can be conveniently approximated by the
expression for a Neo-Hookean material as:

cz=h0§<az+%—z> 3)

where hy is the unstretched sample width, E is the Young modulus of
the soft incompressible elastomer, and A=h/h, is the uniform pre-
stretch applied to the material. The total strain energy release rate
becomes then:

G=G,+G, 4)

In steady-state conditions, fracture mechanics implies that G
should have a constant value: the crack extension energy TI'.

Using a custom cutting and stretching setup (described in Meth-
ods and in the Supplementary information), we carried out a series of
crack propagation experiments under combined stretching and cut-
ting on mechanophore-labeled PDMS elastomer samples to quantify
the changes in molecular damage occurring when the relative amount
of applied stretching and cutting is systematically varied (Fig. 1b, c).

Results

A commercial grade of Polydimethylsiloxane (PDMS), i.e., Sylgard 184,
was selected as a model elastomer since it is a readily available and
well-characterized material, and it is suitable for incorporating a vinyl
difunctionalized Diels-Alder adduct mechanophore (DACL) as a
crosslinker'®®. PDMS’s mechanical properties, network structure®,
and the damage induced by stress/strain concentration during fracture
propagation have been previously investigated'****?, providing a
robust framework for our cutting studies. The sample preparation is
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Fig. 1| Schematic representation of the pure-shear cutting and damage map-
ping. a Sketch of the pure-shear cutting and stretching experiment. b Sketch of the
PDMS network at the molecular scale with unbroken mechanophores represented
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iﬁ{ Activated Mechanophore

Fracture surface

I Polymer

as blue stars and activated mechanophores as yellow stars. This damage occurs in
the blunted crack tip zone during the combined stretching/cutting process.

c Sketch of the post-mortem PDMS cutting sample.
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Fig. 2 | Results of the pure-shear cutting experiments. a Force-displacement
curves during the cutting process for different stretch ratios A. b Variation of the
plateau force f (blue) and the blunting radius ry, (red) as a function of stretch ratio A.
The error bars correspond to the standard deviation. ¢ The crack extension energy
obtained by Eq. (4) is represented as a function of the stretch ratio, as well as the
two separate contributions to the strain energy release rate from cutting Eq. (2) and
stretching Eq. (3). The results can be divided into three distinct regions: Region I:

out-of-plane deformation and frictional contact, Region II: clean cutting in steady-
state, and Region III: pure fracture without the blade. d Left: The crack opening
profile for different stretch ratios (scale bar: 1 mm). Right: Parabolic fitting of the
crack opening profile to estimate the blunting radius r,, (R% = 0.9484, R% = 0.9688).
NB: the crack tip region at a lower scale than the blunting radius was excluded from
the parabolic fit since it is affected by non-linear terms?.

detailed in the Methods section. The comparison of the mechanical
properties of the mechanophore-labeled and original PDMS material
was evaluated in Supplementary Fig. 1.

Effect of increasing the pre-stretch on the cutting energy
Figure 2a reports the force-displacement measurements during a ser-
ies of cutting tests with different values of the applied pre-stretch A. All
curves present an initial elastic loading phase due to the contact
between the sample and the blade. After reaching a peak, the blade
starts cutting through the sample, and the force reaches a plateau that
corresponds to steady-state cutting. The values of the plateau forces,
reported in Fig. 2b, systematically decrease with applied pre-stretch.
After summing the two contributions to the strain energy release
rate according to Eq. (4), the crack extension energy was found not to
be constant, as displayed in Fig. 2c. Its behavior can be divided into
three regions. In region | (1 <1.14), the stretch is too low to prevent the
frictional contact of the crack lips with the sides of the blade, and the
sample either wrinkles out-of-plane before cutting or cuts with an ele-
vated force due to frictional contact on the sides of the blade. In region
Il (1.14 <1< 1.42), we observe a clean cutting, i.e., a steady-state cutting
with stable crack propagation and constant measured force f on the
blade, resulting in smooth fracture surfaces. In region Il (1>142),
we observe a pure fracture propagation, i.e., the applied pre-stretch is
large enough to allow the steady-state crack propagation ahead of the
blade (without any contact between the sample and the blade).
Real-time imaging of the crack extension process in Fig. 2d reveals
that the local crack tip opening increases with applied pre-stretch. This
can be characterized by the blunting radius ry, i.e., the radius of cur-
vature of the crack opening profile near the crack tip”. This was
determined by extracting the crack opening profile by image analysis

(Fig. 2d left) and fitting it by a parabolic function (Fig. 2d right). The
results are plotted in Fig. 2b as a function of the applied pre-stretch
showing that the increase of the blunting radius r;, is concomitant to
the decrease of the measured cutting force f.

In the following, we will focus on the intermediate region II
(1.14 < 1<1.42), which corresponds to the clean cutting regime where
friction is minimized, and the crack grows in a well-defined steady-
state regime under the combined action of stretching and cutting
applied in variable proportions. This clean-cutting regime can be fur-
ther divided in two sub-regions. For moderate applied stretch
(1.14 < A< 1.25), the increase of the applied pre-stretch is compensated
by the decrease of the measured cutting force in order to maintain an
almost constant total strain energy release rate. For larger applied
stretch (1.25<A<1.42), while the cutting force keeps decreasing, the
total strain energy release rate is not constant but increases sig-
nificantly with increasing applied stretch. Although this trend has
previously been observed by Lake and Yeoh!, it was attributed to the
observed appearance of unstable stick-slip propagation in the large
pre-stretch region. Since in our model PDMS material, the crack pro-
pagation remains stable in the whole measured clean-cut regime, the
measured increase of the total strain energy release rate must be
attributed to a real increase of the cutting energy with the applied
stretch under combined stretch/cutting. Understanding and modeling
such an intrinsic dependency of cutting energy with the relative
amount of stretching and cutting will be the core of our investigation.

Comparing cutting and fracture energy

When comparing the clean-cutting region Il with the pure fracture
region IIl in Fig. 2c, we observe that the crack extension energy is
systematically lower in region Il than the pure fracture energy of
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540)-m? (1=1.45) and decreases when decreasing the applied stretch,
down to a plateau region of to 260J-m? (1=1.2), which is generally
referred to as the pure cutting regime"®. We emphasize that the cutting
energy of elastomers in the pure cutting regime has been shown to be
independent of the blade sharpness when the terminal radius of the
blade is below a threshold of about 120 nm’, which corresponds to our
selected blades.

The crack extension energy is thus a monotonically increas-
ing function of the applied stretch and also of the observed crack
tip blunting. The contribution of the sharp blade cutting is thus
not limited to providing a part of the work necessary to the
fracture process, but somehow this also reduces the total energy
needed for crack propagation. This very puzzling issue has
pushed us to investigate the changes in the molecular damage
mechanisms by using mechanochemistry tools illustrated in the
next section.

Visualization and quantification of network damage in pure-
shear cutting

In order to provide a quantitative mapping of the polymer chain
damage during the combined stretching and cutting of the elastomer
network, we incorporated mechanophores into the PDMS elastomer.
As illustrated in Fig. 3a and b, the specialized mechanophore cross-
linker in the elastomer undergoes force-induced scission, activating
permanent fluorescence. By mapping the fluorescence intensity on the
post-mortem fracture surfaces by confocal microscopy, we can
determine the volume density of broken bonds in the PDMS network,
for each of the combinations of applied stretch and cutting force.
Figures 3¢ and d report some typical 2D sections of the 3D maps,

Polymer chain

O Crosslinker

Diels Alder
Mechanophore

Fig. 3 | Postmortem mapping of damage by bond scission. a Mechanophores
(DACL) based on m-extended anthracene-maleimide adducts yield m-extended
anthracene moieties upon force-induced cycloreversion. b The mechanophores are
incorporated into the PDMS chains by substituting a given fraction of the cross-
links. ¢ After cutting the pure shear samples at a given value of pre-stretch A,

measured perpendicularly to the fracture surface to appreciate the
post-mortem damage distribution.

By measuring the fluorescence intensity on a series of calibrated
samples of PDMS with variable densities of activated mechanophores,
we evaluated the calibration parameter a by a linear fit (Supplementary
Note 1). The fraction of activated mechanophores in the PDMS net-
work ¢,y can thus be estimated from the fluorescent intensity map
ooy as:

1
Dyz = %(I(x,y,z) - ’bkg) ©)

where c is the concentration of mechanophore crosslinks in the
material, and /pg is the background fluorescence intensity of the
image. This determination is based on the hypothesis that the prob-
ability of breaking an ordinary or mechanophore crosslink is the same,
which has been validated for relatively dilute concentrations®.

Since the damage is distributed quite evenly along the fracture
surfaces, we could increase the signal-to-noise ratio by averaging the
depth profile of the damage ¢, as a function of the depth y below the
fracture surfaces:

1 ZS .XS d d
coy—@/o /0 Pyyzdxdz ©)

where x; (500 um) and z, (50 um) correspond to the dimensions of the
sampled region along the x-axis and z-axis at the fracture surface,
respectively. These dimensions represent a reasonable region to cap-
ture the damage distribution while ensuring consistent measurements.

Isatin
\ (o]

®
. o%

Fracture
surface

Elastomer

¥ (um)

fluorescence microscopy was performed near the fracture surfaces (red square)
and represented in (d), the size bar corresponds to 100 pm in all damage maps: the
PDMS sample is on the left of the bright fracture surface where damage is con-
centrated. e Comparison of the damage maps for two different pre-stretch A of 1.2
(i) and 1.45 (i) with the corresponding average depth profile of bond damage ¢,.
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Fig. 4 | Changes in the damage distribution. a The damage zone depth d and (b)
the dimensionless damage surface density X in the cutting edge as a function of the
applied stretch ratio A. The error bars for each data point represent the standard

A

deviation of the fluctuations over several hundred independent depth profiles
acquired on at least three different samples.

The data in Fig. 3e show that the damage maps are highly dependent
on the applied pre-stretch.

When approaching the fracture surface, the activation ratio ¢,
increases well beyond the value ¢y, = 0.02% that is observed in the bulk
of the sample (cf. Fig. 3e), which indicates significant covalent bond
scission caused by the cutting process. Accordingly, we define the
damage zone as the region where the activation ratio exceeds this
threshold and plot its depth d in Fig. 4a as a function of pre-stretch.

When further integrating the depth profile ¢, in the remaining
Jy-direction, we can estimate the average surface density X, of broken
bonds per unit area of fracture surface:

L
Lexp =20y /0 o, dy (7)

where v, is the volume density of crosslinks for an affine network
model, estimated in Supplementary Note 2. This is the appropriate
observable to be compared with the measured cutting/fracture
energy. Although Sylgard 184 contains small amounts of silica fillers
that influence its properties®*°, its polymer network structure is
similar to pure PDMS. Thus, it is treated as an ideal PDMS polymer
chain when estimating the number of broken bonds and in the fol-
lowing theoretical calculations.

The Lake and Thomas model® provides a physical theory of the
fracture energy of an affine polymer network, where all the chains
crossed by an ideal fracture plane with density X, ; are broken. We will
consider here the dimensionless damage surface density X:

< Zep <u )/L
= =2( U d 8)
Ly r)Jo @y

Since the Lake-Thomas model corresponds to a single layer
of broken bonds in a perfect network, we can interpret the dimen-
sionless damage surface density I as an effective number of broken
layers® (cf. Supplementary Note 2 for an estimation of the orders of
magnitude).

Figures 4a and b represent, respectively, the variation of the
damage zone depth d and dimensionless surface density of broken
bonds X as a function of the applied stretch for the same samples as in
Fig. 2. Note that both measurements are a representation of the acti-
vated mechanophores. In the data from Region I, we can observe
enhanced damage on the fracture surfaces corresponding to strong
friction on the side of the blade. We will neglect this region here since
the aim of the paper is comparing regions Il and IlI for clean cutting
and pure fracture, respectively. We can remark that in regions Il and IlI,

both the damage depth d and the damage surface density X increase
with the level of applied pre-stretch, consistent with the observed
increase of the cutting/fracture energy in Fig. 2d. The depth of the
damage region d changes from 20 to 40 um, while the dimensionless
damage surface density I changes from 2.0 to 4.3 network layers
(corresponding to a real surface density X, increasing from 8.110" to
1.7-10" broken bonds:-m?), and the crack extension energy changes
from 260 to 540 J-m?. This good correlation is even clearer when we
plot the measured crack extension energy as a function of the mea-
sured surface density of broken chains, as shown in Fig. 5a. The pure
fracture appears as a coherent limiting case of the clean cutting curves
with variable applied pre-stretch. Interestingly, the damage zone depth
d is proportional to (but much smaller than) the observed blunting
radius rp, of the crack (Fig. 5b), suggesting that a larger level of blunting
causes more extensive molecular damage.

Molecular model for the cutting energy

The Lake-Thomas model has long been the most widely accepted
molecular model for the fracture of elastomers, relating the threshold
fracture energy (without viscoelastic dissipation) to the cost of
breaking all the polymer chains crossing a well-defined fracture plane,
i.e., a single layer of the crosslinked polymer network®. Classic models
have always considered that molecular fracture was not dependent on
strain rate or temperature'®,

Recent investigations of the fracture mechanisms with mechan-
ophores have, however, proven that the surface density of broken
bonds near the fracture surface of an elastomer depends on the test
conditions (rate and temperature notably*’) and on the network
architecture, as well as the presence or absence of fillers. In non-
threshold conditions, the molecular damage can spread over a thick-
ness of the order of tens of microns, which is much larger than the
nanometric mesh size of the polymer network. The measured values of
activated mechanophores correspond to the rupture of a larger
number of chains, which is equivalent of several full mesh
layerszo,zz,zzﬁ-

This increase in damage zone depth was rationalized by con-
sidering that common networks are intrinsically polydisperse in strand
length and strand conformation. Some shorter or more extended
chains can reach their maximum stretch at some micrometric distance
away from the crack tip, even if the average strain is lower there.
Fracture mechanics states that the width of the region that experiences
strains exceeding 100% around a propagating crack is driven by the
blunting radius ry, which scales as I'/E (- 100 um for PDMS)*. Although
this is one order of magnitude larger than the typical 10 um thickness
of the measured damage zone, it suggests that the damage zone depth
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Fig. 5 | Interpretation of the damage mechanisms. a The relationship between
the cutting/fracture energy and the surface density of broken bonds. b The rela-
tionship between the blunting radius r, and damage zone depth d. ¢ Photos of the
cutting and tearing process (scale bar: 1 mm) and the sketch of the damage
mechanism: the contribution of the cutting blade allows the propagation of the

fracture for a lower applied stretch and a reduced radius of blunting of the tip. The
reduction of the volume where large strains are experienced in front of the crack tip
results in the reduction of the number of chains broken per unit fracture surface
area and, thus, of the crack extension energy.

d should be proportional to the fracture energy. This is also a good
guide to understand why cutting is easier than tearing.

When comparing pure fracture and combined stretch/cutting, the
crack can be propagated with a reduced pre-stretch of the elastomer
(more than a factor of two), since the contribution of the work of
cutting reduces the stretch energy required to reach the Griffith cri-
terion. According to our observations, the role of the blade is to limit
the size of the large strain region and, hence, to reduce the density of
bonds that need to be broken and, therefore, the crack extension
energy.

Discussion

This investigation provides the first mapping of the extent of mole-
cular damage occurring during the combined cutting and stretching of
elastomers. The total cutting energy was shown to be proportional to
the number of broken bonds per unit area (quantified by mechan-
ophores), much like in fracture propagation. However, the use of a
blade allows to reduce the amount of stretch required for fracture
propagation. This reduces, in turn, the blunting radius of the crack tip
and, thus, the volume where the material undergoes large strains that
can induce the failure of overloaded chains in the network. In other
words, using a blade localizes the bond-breaking region to a smaller
scale than simple tearing, thus reducing the total energy required for
crack extension.

Although we used a relatively brittle elastomer model system (I
~500)m™) to facilitate the incorporation of mechanophores, the
reduction of the extent of bond scission achieved with a sharp blade
should be quite general, and all the more effective for the case of
tougher and more viscoelastic elastomers such as styrene-butadiene
rubber (SBR) (I ~10-50k]m™?)*, multiple network elastomers
(' ~10k)m??, or filled rubbers (I' ~ 10-100 k) m?)*® or even ther-
moplastic elastomers (I ~ 140kJm™)¥, where the damage zone

remains large even under threshold conditions. In these tough mate-
rials, the blunting associated with fracture propagation can be huge,
and the spread of the damage over a large scale underpins their very
high fracture toughness. By limiting blunting, the blade is expected to
reduce both the extent of damage and the overall fracture energy, an
area that warrants further investigation. However, a key challenge in
this research approach lies in the need to develop specific chemical
strategies for incorporating mechanophores into different materials®®
while ensuring minimal impact on their mechanical properties. In
addition, the application of mechanophores in other soft materials,
such as tough hydrogels, remains constrained by their low emission
efficiency in aqueous environments.

Understanding the relationship between network architecture and
the varying degrees of molecular damage undercutting and tearing
conditions can play a crucial role in optimizing material design. By
tailoring network structures, it becomes possible to achieve specific
and independent resistance to these different fracture modes, enabling
the development of materials with enhanced durability and perfor-
mance. This knowledge is particularly valuable in applications such as
protective gears, biomedical devices, soft robotics components, and
high-performance elastomers used in tires and industrial seals, where
resistance to both sharp incisions and gradual tearing is essential.

Methods

Sample preparation

The mechanofluorescent m-extended anthracene maleimide probe,
also known as a Diels-Alder cross-linker (DACL), was incorporated into
PDMS (2 mol'm™) as a crosslinker via hydrosilylation of Sylgard 184
(10:1 base: curing agent). The synthetic procedures and characteriza-
tion of the DACL probe are described in detail in a previous work®’. The
preparation procedure of the PDMS sample was as follows: 5 mg of the
DACL mechanophore was dissolved in 1g of dichloromethane (Sigma
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Aldrich) and thoroughly mixed with 4 g of PDMS base and 0.4 g of
PDMS curing agent for 10 min. The resulting viscous solution was
poured into a 1 mm-thick glass mold, separated by a polyethylene
terephthalate film to ensure easy demolding. The mold was placed in a
vacuum tank for 30 min to remove residual dichloromethane solvent.
Finally, the sample was cured by heating the mold at 60 °C for 5 h.

Pure-shear Cutting experiment

A rectangular thin elastomer layer (with length L much larger than the
width hy) is secured on the x-y plane (Fig. 1a) with its longer edge fixed
parallel to the x-axis using two movable clamps. A constant and
homogenous stretch A= h/hy is applied along the width hy, leading to
what is called the pure-shear fracture propagation test. To combine
stretching and cutting, a custom-built fixture holds the pre-stretched
pure-shear sample orthogonally to a blade centered at the middle of
the stretched sample (Supplementary Fig. 2). A pre-notch is introduced
to the sample using a sharp blade. The blade is then displaced at a
constant velocity VV=0.2 mm-s™ while the applied force is recorded by
aload cell. A side camera captures the images of the strained sample,
as shown in Fig. 3d, to check steady-state propagation and measure the
blunting radius r;, of the crack opening profile. We used Feather Pla-
tinum coated blades with a sharpness radius =120 nm, as measured in
Supplementary Fig. 3. A new blade was used for each sample.

Visualization of damage by bond scission

The surfaces of the fractured specimens underwent cleaning with
ethanol and optical paper to remove any impurities. The m-extended
anthracene fluorophores were excited using a 405nm laser. The
fluorescent emission from these fluorophores was recorded within the
range of 420-530 nm. Fluorescence images were captured within
the sample at a depth of 100 um from the surface using a customized
Nikon AZ-100/C2 + confocal microscope in a single section normal to
the fracture surface. This microscope was equipped with an AZ Plan
Fluor 5x objective lens with a focal length of 15mm. The optical
maghnification was set to x 2, resulting in raw images of dimensions
1024 x 1024 pixels, with a pixel size of 1.63 pm. 3D scans were collected
starting from the specimen surface, specifically the plane of maximum
intensity. These scans were conducted through a depth of 200 pm,
with a step size of 10 um. This process allowed for the 3D mapping of
the damage due to bond scission, as reported in Fig. 3.

Data availability

Additional information related to the article is provided in the Sup-
plementary Information. The data presented in both the main paper
and supplementary information have been deposited in the OSF
database (https://doi.org/10.17605/0SF.I0/RZWKE). All data are also
available from the corresponding author upon request.
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