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ABSTRACT: The fracture of rubbery polymer networks involves a series of molecular events, beginning with conformational
changes along the polymer backbone and culminating with a chain scission reaction. Here, we report covalent polymer gels in which
the macroscopic fracture “reaction” is controlled by mechanophores embedded within mechanically active network strands. We
synthesized poly(ethylene glycol) (PEG) gels through the end-linking of azide-terminated tetra-arm PEG (M, = S kDa) with bis-
alkyne linkers. Networks were formed under identical conditions, except that the bis-alkyne was varied to include either a cis-diaryl
(1) or cis-dialkyl (2) linked cyclobutane mechanophore that acts as a mechanochemical “weak link” through a force-coupled
cycloreversion. A control network featuring a bis-alkyne without cyclobutane (3) was also synthesized. The networks show the same
linear elasticity (G’ = 23—24 kPa, 0.1—100 Hz) and equilibrium mass swelling ratios (Q = 10—11 in tetrahydrofuran), but they
exhibit tearing energies that span a factor of 8 (3.4 J, 10.6, and 27.1 J-m™2 for networks with 1, 2, and 3, respectively). The difference
in fracture energy is well-aligned with the force-coupled scission kinetics of the mechanophores observed in single-molecule force
spectroscopy experiments, implicating local resonance stabilization of a diradical transition state in the cycloreversion of 1 as a key
determinant of the relative ease with which its network is torn. The connection between macroscopic fracture and a small-molecule

reaction mechanism suggests opportunities for molecular understanding and optimization of polymer network behavior.

he fracture of rubbery covalent polymer networks limits

the lifetime and utility of biomedical implants," consumer
products,2 and soft devices for emerging applications.3
Network fracture is most commonly perceived macroscopi-
cally, for example, by how difficult it is to tear a contact lens
relative to a piece of gelatin or an automobile tire. Concepts of
very specific chemical reactivity are rarely invoked. The
macroscopic event, however, comprises of a series of molecular
events, including low-energy conformational changes and
higher-energy bond stretching, that culminate in a covalent
chemical reaction: the scission of network strands that bridge
the growing crack plane. Thus, it should be possible to connect
behaviors on two very different length scales: the local
molecular structure (e.g., substituent effects) that dictates
chemical reactivity and the macroscopic tearing of bulk
material. Here, we report covalent polymer gels in which the
reactivity of a single functional group within a network strand
dictates the fracture energy.

Our approach, described in Figure la, is to embed a
mechanophore®® into each elastically active strand of a
polymer network, systematically varying the mechanochemical
reactivity in the otherwise identical networks. We chose
cyclobutane-based mechanophores®™® whose reactivity
through scissile cycloreversion differs as a result of the
substituent (aryl vs methylene, dark vs light blue in Figure
1b) on the cyclobutane ring. The mechanochemical reactivity
of the diaryl cyclobutane was previously characterized by Weng
and co-workers using single-molecule force spectroscopy
(SMFS), and a force of 1.0 & 0.1 nN is required to reduce
the half-life for cycloreversion to ~40 ms.” We expected that
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converting the aryl substituents of I to methylenes in II would
increase the force necessary for cycloreversion, and SMFS
studies using previously reported methods'”'" revealed that
much larger forces (2.1 + 0.1 nN) are required to achieve the
same lability (see the Supporting Information for PII).

These mechanophores were incorporated into polymer
networks as shown in Figure 2. Mechanophores I and II
were incorporated into bis-alkyne linkers 1 and 2, respectively
(Figure 2a). A bis-alkyne linker (3) without cyclobutane was
synthesized as a control. Linkers 1—3 were each then reacted
via copper(I)-catalyzed azide—alkyne cycloaddition
(CuAAC)">" with azide-terminated tetra-arm PEG (M, = S
kDa), prepared as previously reported'™'® to form the
corresponding networks Gel-1, Gel-2, and Gel-3. Networks
were formed under identical preparation conditions (25 mM
PEG, alkyne/azide = 1:1, propylene carbonate as solvent). The
preparation volume fraction ¢, & 0.11 was chosen to be just
above the overlap volume fraction ¢* = 0.097 and well below
the entanglement volume fraction,'®'” so the load in every
elastically active strand must be transmitted through a linker.
Further details of the gel preparation can be found in the
Supporting Information.
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Figure 1. (a) Schematic illustration of embedding mechanochemically
(I) “weak” and (II) “medium” mechanophores and a (III) “strong”
control structure into the otherwise identical networks. (b) Structures,
force-coupled reactivities, and the reaction mechanisms of I and IL

(a) \
—
o CuAAC

O,
A/);“ ’r“‘\%\ Gel-1

/\,z? Y~
el et = [
1 Ir“~_ CuAAC

Azide termmated

4-arm PEG 2 Gel-2
PYYS
Gel-3

(b) (c)

30 12
~25
(C
o 20
X
15

OoON DO OO

Gel-1 Gel-2 Gel-3 Gel-1 Gel-2 Gel-3

Figure 2. (a) Schematic illustration of gel preparation; all gels were
prepared at the same condition. (b) Storage moduli of Gels 1-3 at the
as-prepared state. (c) Equilibrium swelling ratios in THF.

We next verified that aside from the content of the linker
segment Gel-1—3 have effectively identical network structures.
Shear moduli were measured with small-amplitude oscillatory
shear rheology in the as-prepared state. All three networks
exhibit frequency-independent storage moduli G’ across
frequencies of 0.1—100 s' (Figure S1), and the average
moduli of the networks are indistinguishable within exper-

imental uncertainty across five different characterizations: 23.0
+ 1.8,23.2 + 0.8, and 24.4 + 2.0 kPa, respectively (Figure 2b).
The similar moduli indicate that the CuAAC polymerization is,
as expected, similarly efficient across the networks, resulting in
an indistinguishable number and distribution of elastically
active strands. Further confirmation of structural homology
comes from removing the propylene carbonate and immersing
the formed networks in excess tetrahydrofuran; as with the
elastic moduli, the equilibrium mass swelling ratios Q, defined
as the mass ratio between the fully swollen and dry states, are
statistically equivalent across four independent measurements:
109 + 1.1, 11.3 + 0.5, and 10.5 + 0.9, respectively (Figure
20).

We then characterized the impact of the embedded
mechanophores on the strength of the network. A first
indication of significant effect came from simply handling the
materials; we were struck by the obvious differences in their
tactile behavior. In particular, the texture of Gel-1 is more
fragile to the touch than Gel-2, to the point that it feels
“crumbly” during sample transfer. Care is needed when
introducing a notch to Gel-1 with a razor blade for tear
testing, as uncontrolled cuts result in the entire piece falling
apart. In contrast, Gel-2 is much easier to handle, but it still
showed noticeably less resistance than Gel-3 when cut with a
punch or a razor blade. The gels have negligible differences in
chemical composition, low strain, and linear mechanical
properties, and this qualitative observation suggested that
there must be differences in mechanical properties that are
associated with the behavior of the linkers at higher strains.

The stress—strain curves of unnotched and notched samples
under uniaxial tension are shown in Figure 3a,b. As with the
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Figure 3. Stress—strain curves for (a) unnotched and (b) notched
samples of Gel-1-3. (c) Tearing energies of Gel-1-3. All
measurements were performed at the as-prepared state.

oscillatory rheology, the stress—strain behavior of the
unnotched samples is identical, but the critical strain required
for fracture (peak stress in the stress—strain curve) goes in the
order Gel-1 < Gel-2 < Gel-3. The difference in strength is
better quantified through the tearing energies, I', obtained
from the strain necessary for the propagation of a crack
introduced into notched samples.'® Unlike the moduli, the
tearing energies are significantly different across the gels: 3.4 +
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1.5, 10.6 + 1.7, and 27.1 + 1.6 J-m™? for Gel-1, Gel-2, and
Gel-3, respectively (Figure 3c).

The difference in tearing energies is attributed to the only
significant difference in the gels: the single mechanophore
present in each linker. In strands made from 1 and 2, the
mechanical “weak bond”'**° is the cyclobutane mechano-
phore, whereas the site of scission in strands incorporating 3 is
less clear. We hypothesize that the likely scission pathway is a-
cleavage at the C—C bond next to the 1,4-disubstituted 1,2,3-
triazole ring, which has been reported to be a mechanochemi-
cally weak site,”" but other possibilities include bonds at highly
substituted centers such as the junctions of the 4-arm PEG and
the o carbon of isobutyrate ester.

The correlations highlight an important distinction. To date,
many molecular interpretations of polymer fracture are based
on the well-known Lake—Thomas theory,”* which connects
the fracture energy of the polymer network to the energy
stored per chain along the elastically active strand when it
breaks. Such interpretations of polymer fracture energies
default to the thermodynamics of the bond scission reaction
(e.g., total bond dissociation energy) as the relevant molecular
thermodynamic quantity.”>** The systems employed here
reveal limitations of this assumption, as the total BDEs
(enthalpy of the cycloreversion reaction) for cyclobutane
scission in 1 is exothermic,” so fracture would require no
energy. Instead, the relevant molecular parameters are
associated with the kinetics of reactivity, as captured in
SMES measurements of force-coupled bond lifetimes for 1 and
2. As noted above, the forces required for lifetimes of tens of
ms are roughly 1 and 2 nN for 1 and 2, respectively, whereas
extrapolating prior calculations by Smale and Uggerud gives a
corresponding value of ~3 nN for triazole a-cleavage in 3.”'

According to the Lake—Thomas theory,”” when the number
of broken chains is constant, the fracture energy I' is
proportional to the energy stored per strand at rupture, U.
On the basis of recent adjustments”*° to the Lake—Thomas
theory, the energy U is approximately proportional to the
square of the breaking tension of the bridging strands (U ~
forea), because the stored elastic energy of the bridging
polymer chain is dominated by enthalpic deformation that is
assumed to have a springlike, linear force—displacement
dependence. A quadratic dependence is expected if the
majority of the stored energy is not held within the bridging
strands, but in the much softer (lower force constant) but still
springlike, entropic deformations of nonbridging strands
connected to the bridging strands in a treelike structure.
Assessing these molecular theories, however, requires knowl-
edge of the actual breaking forces of the strands during crack
propagation, which likely differ from those measured by SMEFS,
because the loading conditions during fracture and SMFS are
not identical. Unfortunately, the precise single-chain loading
rates at the propagating fracture plane are not known, but we
offer a rough estimate based on fracture mechanics, SMFS
experiments, and mechanical tests, and simulated data.

On the basis of previously reported treatments of steady-
state fracture processes, the relevant strain rates at the process/
plastic zone for Gel-1—3 are estimated to be ~10% s™".”” The
reported stretch stiffness of linear PEG is about 100 nN in the
enthalpic deformation regime at which strand scission
occurs,”® so the operative loading rate (product of strain rate
and strand stretch stiffness) per strand is estimated to be on
the order of 10* nN/s (see the Supporting Information). Using
previously reported force dependence’ and applying the Bell

model for force-dependent bond scission under dynamic
loading, the rate constant of I at a loading rate of 10* nN/s is
estimated to be about 10° s, and the average force at break is
about 1.3 nN (see the Supporting Information). Estimates of
2.6 nN for IT and 3.8 nN for III are obtained using calculations
by Boulatov and co-workers’ and Smale and Uggerud,”'
respectively (see the Supporting Information). Fitting these
data to a power law dependence (Figure S4), I' ~ fi..a
provides a value of a = 1.9 across the series of gels, in
comparison to a = 2 expected from the “coupled spring”
models described above. Given the assumptions involved in
this treatment, a more complete and quantitative examination
of the relationship between macroscopic tearing energy and
strand scission force is desirable. In particular, future efforts
will benefit from a detailed characterization of network
topology,'>” the effective strain rate at the crack tip, and
the precise rate—force dependence of strand scission for these
mechanophores.

Nonetheless, the results suggest a direct connection between
macroscopic and molecular behavior. Gel-1 and Gel-2 are
structurally indistinguishable, with the notable exception of the
difference in aryl versus methylene substituents at a single
moiety in the linker connecting tetra-PEG macromers. The
total aryl group content of Gel-1 is 0.55 wt % and immersed
within a majority mobile solvent phase, yet, as noted above, the
two gels are easily distinguished by their feel to the touch. The
difference in network properties that is actually being felt by
hand, in essence, is the connection between tearing energy and
force-coupled reactivities of the embedded mechanophores on
each strand.

We note the likely origins of the underlying reactivity
differences. Although the cycloreversion mechanism of II has
not been studied explicitly, it is expected to have a diradicaloid
transition state akin to similar cyclobutanes.”**’" Relative to
I1, therefore, the lower activation force of I can be attributed in
large part to the stabilization of the diradical transition
state””** by the aryl substituents, in a large part through
quantum mechanical effects manifested as resonance stabiliza-
tion.>® Ultimately, the differences in macroscopic behavior that
are easily felt by hand originate in these molecular-scale
electronic substituent effects.

Additional implications of these results include the
opportunity to expand the use of mechanophores as
quantitative probes of molecular fracture mechanisms.
Mechanochromic and mechanoluminescent mechanophores
provide molecular insights by enabling visualization of the
damaged zone,** and scissile mechanophores with known
force-coupled reactivity complement those tools by connecting
the structural observations to quantitative relationships
between macroscopic and molecular mechanical responses.
That opportunity motivates further characterizations of the
force dependency of mechanochemical reactions®**~*' that are
suited to this purpose, noting that historical connections
between strand scission and bond dissociation energies are
prone to error and become less valid as strands break through
reaction mechanisms other than homolytic scission. Together
with a better understanding of the relevant loading rate and
associated reaction dynamics at the propagating crack tip, such
efforts might ultimately lead to quantitative, first-principles
prediction of macroscopic fracture behavior as a function of
network molecular structure.
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