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ABSTRACT: The fracture of polymer networks is tied to the molecular N, weak linker
behavior of strands within the network, yet the specific molecular-level processes ! N,y = 50% 5 I (171
that determine the mechanical limits of a network remain elusive. Here, the ? ="s ’ [(weak T

question of reactivity-guided fracture is explored in otherwise indistinguishable N strong linker
3

end-linked networks by tuning the relative composition of strands with two

different mechanochemical reactivities. Increasing the substitution of less A -

mechanochemically reactive (“strong”) strands into a network comprising
more reactive (“weak”) strands has a negligible impact on the fracture energy
until the strong strand content reaches approximately 45%, at which point the

Fracture
zone
depercolates

fracture energy sharply increases with strong strand content. This aligns with the

measured strong strand percolation threshold of 48 + 3%, revealing that depercolation, or the loss of a percolated network structure,
is a necessary criterion for crack propagation in a polymer network. Coarse-grained fracture simulations agree closely with the tearing
energy trend observed experimentally, confirming that weak strand scissions dominate the failure until the strong strands approach
percolation. The simulations further show that twice as many strands break in a mixture than in a pure network.

ubbery polymeric networks are used in all facets of

modern life, from tough elastomeric products such as
tires or contact lenses to delicate, highly swellable gels used for
precise drug delivery or tissue engineering.' > Regardless of
the application, premature failure can have consequences
ranging from irritating to fatal. Understanding and predicting a
fracture on the molecular level is an ongoing challenge due to a
lack of quantitative correlation between single chain and bulk
properties as well as yet unverified theoretical assumptions.”™”
It is desirable to understand the nature of failure on the
molecular level to begin to overcome these limitations.

In 1967, Lake and Thomas first proposed that the threshold
tearing energy of elastomers, I'y, should be equal to the
number of bridging strands per unit cross-section area
multiplied by the energy stored per strand when a bridging
strand breaks.” One key assumption often adopted is that the
fracture zone, or the region at the crack tip within which
strands are breaking and determine the tearing energy, is on
the order of a single-chain end-to-end distance. While Lake
and Thomas discussed the possibility of treating a larger
fracture zone, in practice, their theory is often applied by
assuming that the crack will follow a “simple path” across the
material, breaking a single layer of chains. Likely because of its
ease of implementation and qualitative success, this assump-
tion has been used extensively in fracture literature, typically
with an empirical enhancement factor to match experimental
data®™"*

Contemporary studies have revealed that this assumption is
often not sufficient to capture molecular behavior. Elegant
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prior work has examined crack propagation using mechano-
chemical reporter molecules incorporated in various types of
polymer networks'>~'” and revealed that the damage zones in
some networks are hundreds of microns up to several
millimeters in width.'”'®*° These results suggest that the
crack is likely not a simple molecular path, such that
considering a volume around the crack tip may be more
realistic.

While many authors have recently proposed updated
fracture theories that account for various types of topological
defects,'”*"*> most have maintained the simple path
assumption. Arora et al. proposed a modified Lake Thomas
theory that treats topological defects and re-examines the
simple path assumption.”” Their Micronetwork Fracture
Theory (MFT) updated the fracture criterion to consider the
fracture zone as a subnetwork that will fail when enough
strands break to depercolate the network enclosed in the
volume. The strand scission process and corresponding
transition from continuous network to disparate fragments
are termed depercolation to distinguish it from the forward
process of network formation, although both share the same
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Figure 1. (a) Chemical structure and single molecule fracture behavior of the weak mechanophore (blue) and strong covalent (red) linkers.
Hypothesized network fracture behavior and the corresponding trend expected in tearing energy for (b) the simple path, based on a lattice-based
interpretation of the original Lake Thomas theory and (c) the reactivity-guided prediction where weak linkers are kinetically favored and fracture

occurs when the fracture zone becomes depercolated.

percolation threshold. Depercolation occurs when p < p,
where p is the fraction of intact strands and p, is the
percolation threshold."> The percolation threshold of a single-
component network is commonly predicted with percolation
theory”>™ and was originally calculated by Flory’® and
Stockmayer”’ for a loop-free Cayley tree network. The
distinguishing feature of MFT is that it treats a fracture zone
much larger than a single layer of bridging strands, leading to
qualitatively different tearing energy predictions.

As evidenced by the scope of recent experimental and
theoretical fracture studies, many outstanding questions
remain about the fundamental conceptualization of the crack
itself: Should the crack path be considered as the rupture of a
predefined set of polymer strands that bridge a simple cross-
sectional plane or as a distributed set of events spread over a
(variable) volume? To what extent do strand scission events
occur outside of the minimum crack path? What processes
govern crack propagation? And how does the molecular
composition of a network influence those processes?

To begin to answer these questions, networks are cross-
linked with varied ratios of “weak” and “strong” bis-alkyne
linkers, as characterized via single molecule force spectroscopy
(Figure 1a) to link microscopic network composition to
macroscopic fracture behavior. Wang et al. previously
embedded small-molecule mechanophores with varied force-
coupled reactivities as linkers in the middle of polymer
network strands in end-linked organogels.””*” These networks
had identical connectivity but exhibited tearing energies that
spanned a factor of 8 due to the specific mechanochemical
strength of the network strands.”® Each network consisted of a
single type of linker, which suggested a direct correlation
between the strand reactivities and the network mechanical
strength.
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Here, experimental data from networks of mixed reactivity
are used to test the molecular behavior of crack propagation,
while simulations lend further insight into fracture zone
process details still out of reach with current experimental
techniques. Existing molecular fracture models lead to different
hypothesized outcomes. In the lattice-based simple path
scenario, the crack proceeds across the material by cleaving
the next strand on the path. This simple path approach
assumes that chain scission occurs only along the crack plane.
In a system of mixed-strand reactivities, the resulting tearing
energies that would result are proportional to the statistical
average of strong and weak strands, as shown in Figure 1b.
Alternatively, molecular scission may be guided by their
intrinsic mechanochemical reactivity, ie., weak strands are
more likely to break than strong strands. In this “reactivity
guided” mechanism, the MFT predicts that the tearing energy
should be relatively constant, favoring weak strand scission to
depercolate the fracture zone with minimal strong strand
cleavage. Above the percolation of strong strands, the number
of strong strands that must break to depercolate the fracture
zone will increase as the strong strand content increases,
resulting in a qualitative tearing energy prediction shown in
Figure lc. As long as weak strands are favored to break in the
fracture zone, the observed fracture energy is predicted to be
below the simple path statistical average in networks of the
same topology. These two hypotheses present simplified,
testable scenarios that are probed in this work by varying the
reactivity of the network strands.

To create mixed reactivity networks, bis-alkyne linkers were
reacted with azide-functionalized 4-arm poly(ethylene glycol)
(PEG, M, = S kDa) via copper-catalyzed alkyne azide click
(CuAAC) chemistry. The weak linker WL was a diaryl-
substituted cyclobutane-based mechanophore, which is stable
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for more than 100 years in the absence of strain at room
temperature, but undergoes a scissile cycloreversion reaction
under external force (Figure 1a).”” A force of ~0.7 nN is
required to reduce the half-life for cycloreversion to ~0.25 s
(Figure S1). The strong linker SL is tetraethylene glycol.
Previous studies suggest that the polymer chain made from SL
would break at the @ C—C bond of the triazole group (pseudo
benzylic position), which has a breaking force of >3 nN.”” The
gels were prepared at concentrations above overlalp but well
below the critical concentration for entanglement,3 such that
the tension along each elastically effective strand must be
transmitted through the mechanochemical linkers. The linear
viscoelastic properties of gels with each type of linker are
consistent (Figure S2a). Loss moduli were also very close
(Figure S2b) such that the viscoelastic dissipation should be
similar for networks with either linker.

Tearing energies, obtained via the Thomas Rivlin method,*
do not follow the simple path prediction as shown in Figure 2.
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Figure 2. Tearing energy data as a function of the percentage of
strong linker (S%) in tetra-PEG networks show that crack
propagation is much more complex than the simple path assumption
(blue line). Error bars represent standard error of the mean of five
replicates.

The tearing energy remains constant when the percentage of
strong linkers (S%) is below 40% (I ~ 2 J-m~*) and above
75% (' ~ 21 _]~m_2). The quantitative tearing energy values are
consistent with data previously reported on similar weak and
strong mechanophore gels.”® As the $% increases from 40% to
75%, an increase in the tearing energy from 2 to 21 J-m~* was
observed. While the initial plateau aligns with the reactivity-
guided hypothesis, tearing energy in the high S% region
surpasses the statistical average. This overshoot is not
predicted by current molecular models, motivating subsequent
studies with coarse-grained simulation.

The experimental percolation threshold was subsequently
measured to compare with the onset of the tearing energy
increase. A method of selective degradation was used to
measure the depercolation threshold of fully formed gels by
varying the ratio of cleavable to permanent linkers. Non-
degradable counterparts for both the weak and the strong
linkers, WL’ and SL’, respectively, are shown in Figure 3a. The
linear viscoelastic moduli of gels made with each of the linkers
were identical within error (Figure S2a). Gels were made with
a combination of WL and SL’ for weak strand percolation and
SL and WL’ for strong strand percolation (Figure 3b). The
gels reacted to high conversion (>99%, SI, section 4e),
although defects are still present due to nonideal end-group
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functionality and conversion. Next, all of the cleavable bonds
were degraded via basic hydrolysis, resulting in a homogeneous
solution if the number of cleavable bonds was high enough to
depercolate the network or a macroscopic gel if there were
enough permanent bonds to maintain a percolated network, as
demonstrated in Figure 3c. The interchangeability of the four
linkers used for depercolation measurements was confirmed by
consistent tearing energy across the degradable/nondegradable
combinations (Figure S3). The percolation threshold for both
weak and strong strands was measured at p, = 0.475 + 0.025
(Figures S4 and SS), plotted for comparison to the
experimental data in Figure 4a.

Coarse-grained fracture simulations were employed to
obtain further mechanistic details of the failure process. The
simulation first generates a network in real space via a Monte
Carlo algorithm,” followed by tensile deformation steps using
a kinetic Monte Carlo framework developed by Arora et
al,"*** updated here to allow for a bimodal population of
strand types (details in SI, section 2b). Differences in bond
reactivity are accounted for by modulating U,, the bond
dissociation energy of chain i, for each chain in the simulation.
Stress—strain curves were generated for each replicate, from
which toughness, W, was used as a representative comparison
for fracture energy since the limited simulation box size
prohibited the implementation of a notched sample equivalent.
Simulation results were averaged over 20 individual runs and
normalized across strong strand fractions for comparison to
experimental tearing energy data as follows:

w—-Ww,

min
W — W,

min

norm

where min and max denote the minimum and maximum
quantity observed across all S% ratios measured. Normalized
experimental tearing energy is compared to simulated
toughness in Figure 4a, with a trend across S% nearly identical
with the experimental data.

To further verify the MFT depercolation hypothesis, the
percolation threshold was calculated from the simulation with
a computational analogue of the experimental approach. A
specific number of strands were broken randomly throughout
the simulation box, and the network was analyzed to determine
whether it was still a gel (details in SI, section 2d). To compare
directly to the experiment, the simulated percolation threshold
was extrapolated to a thermodynamically large system size,
yielding p, = 0.50 + 0.005 (denoted by the dashed line in
Figure 4a), within the error of the experimentally measured
percolation threshold. Both the experimental and simulation
percolation thresholds were considerably greater than the
classical Flory—Stockmayer prediction of p, = 1/(f — 1) = 1/3.
This is because Flory—Stockmayer theory does not account for
any kind of cyclic structures which have been shown to
substantially suppress the gel point.”

In contrast to experiments, individual strand-breaking events
are readily extracted from simulation; the number of weak and
strong strands in the simulation box that were broken during
fracture (out of 10000 total) is plotted as a function of $% in
Figure 4b. The data in plot Figure 4b are visualized in Figure S,
and both show the increase in total strand failure up to 70% S
%, as well as the predominance of weak strand failure. More
than 99% of failure events are weak strands for 0—40 S%; this
proportion decreases very slightly to 98% immediately before
strong strands percolate at 50 S%. Even when 90% of the
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Figure 3. Experimental design to measure the depercolation threshold of a network. (a) Molecular structures of the nondegradable complements to
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strands are strong, 55% of the strands that fail are weak. The
increase in the total number of broken strands up to 70% S% is
readily apparent both in Figure 4b and Figure Sa; not only do
more strands break, but they appear to be more widely spread
across the box.

The observed fracture behavior is markedly dependent on
the composition of the linker reactivity in the sample. Before
the simulated strong strand percolation threshold at 50% S%,
more than 98% of broken strands are weak (Figure 4b), despite
an increasing proportion of strong strands and strong strand
connectivity. The close agreement between relative tearing
energy in experiments and simulations suggests that this is also
likely to be true in experiments, where the tearing energy is
within the error of the pure weak linker network until 40% S%.
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Both simulation and experiment show a slight increase in the
relative fracture energy before the corresponding percolation
threshold that is mirrored by an increase in the total number of
broken strands. This increase is likely due to more weak strand
failure events to avoid chain scission within increasingly large
clusters of strong strands as the S% increases. Analysis of
strong strand clusters confirmed that the weight-average strong
strand cluster degree of polymerization increased by an order
of magnitude by 40% S% (SI, section 2f).

Over 70% of the total increase in fracture energy occurs in
the intermediate region of strong strand composition from
50—75% S$%. This region has the greatest number of broken
strands and the largest spatial distribution of strand failure
events. The high S% plateau above 75% S% observed in the
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Figure 5. (a) Visualizations of the initial simulation box with all strands (top) and broken strands mapped back to the initial box (bottom). (b)
Visualizations of the broken strands (top) and the remaining intact strands (bottom) in the simulation box for a 40% strong strand sample

immediately before failure.

experiment is inconsistent with the purely reactivity-driven
hypothesis put forth in Figure lc. Fracture is fundamentally a
kinetic process of chain scission governed by chain reactivity
such that additional scission events (seen across the 60% and
80% S% simulation box in Figure 4a) could drive tearing
energies to be greater than the energetic minimum. Due to the
large difference between the force-dependent lifetime of the
weak and strong strands coupled with the higher strain at break
in these majority-strong strand samples (Figure S6), many
weak strands which are not immediately within the crack plane
experience enough force to break. The kinetic nature of crack
failure is further evidenced by a sharp increase in strong strand
failure events immediately before failure, while a sharp increase
in weak strand failure events occurs at lower strains (Figure
S7). These excess weak strand failure events may explain the
unexpectedly large tearing energies, as extra weak strand
failures dissipate energy, resulting in tearing energies greater
than the predicted simple path average (blue line in Figure 2).

Crack propagation favors breaking the more reactive weak
strands, even at the expense of breaking a greater total number
of strands. Normalized experimental tearing energy results
agree remarkably well with normalized toughness calculated
from the simulation, demonstrating that the “sharpness” of the
real crack is not so great as to influence where stress is focused.
Both experimental and simulation results confirm that fracture
of polymer gels will occur when the broken strand fraction
surpasses the depercolation threshold, with the tearing energy
remaining nearly invariant until the strong strands percolate.
While this evidence supports a percolation process, there is not
enough fidelity in the current data to intuit whether the
percolation of the crack is classical or a more complex
phenomenon such as invasion percolation, which includes
dynamical considerations to favor the path of least resistance.*®
Simulation data demonstrate that the total number of broken
strands varies as a function of the linker composition and that
strand failure occurs across a wider region of the sample as the
strong strand clusters become larger. The spatial increase in
failure events does come at the cost of more total strands
broken, resulting in higher-than-predicted tearing energy, as
extraneous weak strand failure acts as a mechanism to dissipate
energy.
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In summary, these data support multiple fundamental
insights into the molecular basis of network fracture in these
systems: (a) that the depercolation of the fracture zone is a
necessary criterion for crack propagation, as suggested by the
micronetwork fracture theory; (b) that the distribution of
molecular processes responsible for propagation is guided by
the intrinsic reactivity of the components;* and (c) differences
in the reactivity of network strands influence the total number
of strands that break during fracture. These insights may also
apply to networks with strands of different lengths. The
findings have direct implications for fracture theories, which
predominantly consider a single plane or constant volume zone
for crack propagation regardless of strand chemistry or
composition. This updated picture of fracture mechanics
fundamentally shifts how fracture should be conceptually
considered and can be used to inform modeling efforts and
materials design.
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