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ABSTRACT: Polyethers are ubiquitous in engineering and
biomedical applications because their oxygen-rich backbone allows
them to interact with a variety of polar small molecules such as
ions, gases, and pharmaceuticals. These materials are also able to
sustain large reversible deformations when cross-linked at the
molecular scale, leading to an interesting combination of functional
and mechanical properties. We synthesized two families of
polyether networks by organoaluminum-catalyzed ring-opening
copolymerization of ethyl glycidyl ether (EGE) monomer and 1,4-
butanediol diglycidyl ether (BDGE) cross-linker and explored the
relationship between network architecture and fracture properties.
The key result is that living copolymerizations, as enabled by a
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chelate of triethylaluminum with dimethylaminoethanol, afford access to a critical cross-link density, v, &~ 3 X 10* chains/m?, and
loss tangent, tan(6) & 0.09, at which fracture is dominated by chain scission rather than friction. Such control over the fracture
resistance of polyether networks unveils the potential of living copolymerizations to design the functional and mechanical properties

of soft materials.

B INTRODUCTION

Polyethers constitute an interesting class of materials for
polymer electrolytes, membranes, and drug delivery applica-
tions because their oxygen-rich backbone allows them to
interact with a variety of polar small molecules like ions"” and
pharmaceuticals.” Although these materials can be readily
synthesized from epoxide monomers, they remain rather
unexplored due to the low conversions and extended reaction
times inherent to many epoxide ring-opening polymerizations.
As a result, polyethers are primarily used as low molecular
weight polyol precursors of polyurethane rubbers or as non-
ionic triblock copolymer surfactants.*

Efforts to synthesize high molecular weight polyethers date
to the anionic polymerization of ethylene oxide by Staudinger
in the 1930s, with one of the most noteworthy contributions
being that of Vandenberg in the 1950s.”° By serendipitously
combining triethylaluminum (AlEt;), water, and acetyl
acetone, Vandenberg synthesized an organoaluminum catalyst
that regioselectively polymerizes monomers like propylene
oxide and epichlorohydrin to high molecular weight. This
catalyst affords polar elastomers of outstanding fuel resistance,
but its obscure active species precludes control over the
kinetics of epoxide ring-opening polymerization and polymer
molecular weight. More recently, Lynd and co-workers
synthesized chelates of trialkylaluminum (AIR;) with dialkyla-
minoethanol to attain control over the kinetics of polymer-
ization, enabling synthesis of polyethers of narrow dispersity,
well-defined molecular weight, and tailored end-group
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functionality. However, it is worth noting that Naumann,”*
Deffieux,” Coates,'”'" and others'? have attained similar
control using a range of catalysts.

Despite major progress in controlling the synthesis of high
molecular weight polyethers, not much attention has been paid
to the synthesis of polyether networks. These materials are
three-dimensional (3D) arrangements of polymer chains
interconnected at cross-linking points and, thus, exhibit
rubber-like mechanical properties.”> Long-established molec-
ular models on properties like elasticity, swelling, and fracture
idealize networks as homogeneous arrangements of polymer
chains when, in reality, they are heterogeneous and pervaded
by topological defects that affect the bulk mechanical
properties."* As such, numerous investigations have focused
on controlling the architecture of polymer networks by cross-
linking polymer chains of narrow dispersity, well-defined
molecular weight, and suitable end-group functionality.>~"*
However, these materials are often synthesized by copolymer-
izing a monomer and cross-linker: a strategy with a more
elusive relationship between synthetic conditions, network
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architecture, and mechanical properties. Fukuda,'”*° Bill-
ingham and Armes,*"*? Matyjaszewsl<i,23_25 and co-workers
have argued, for example, that networks synthesized by
controlled radical copolymerization of vinyl monomers and
cross-linkers (e.g., acrylates, methacrylates, and styrenes) are
presumably more homogeneous than those synthesized by free
radical copolymerization due to the reversible activation and
deactivation of polymer chain ends during gelation. Yet, how
such control over the network architecture ultimately affects
the bulk mechanical properties, particularly at large deforma-
tions, remains unknown.

We recently started to address this question by investigating
the role of organoaluminum catalysts on the architecture and
mechanical properties of polyether networks.*® Using networks
derived from the ring-opening copolymerization of ethyl
glycidyl ether (EGE) monomer and 1,4-butanediol diglycidyl
ether (BDGE) cross-linker, we demonstrated that, at similar
catalyst loadings, the Vandenberg catalyst yields loosely cross-
linked, entangled, soft, and extensible networks, whereas the
Lynd catalyst, instead, affords highly cross-linked, stiff, and
brittle networks. Such catalytic control over the network
architecture serves as a strategy to rationally design the
mechanical properties of polyethers but also raises a question
on what the role of usage conditions like rate and temperature
is on their fracture.

Here, we examine this question by undertaking a fracture
mechanics approach, where failure results from the prop-
agation of a preexisting crack when the applied energy release
rate, G, overcomes the fracture energy, G. By evaluating the
mechanical properties of poly(ethyl glycidyl ether) networks
synthesized either with the Vandenberg or the Lynd catalyst
over a range of temperatures and stretch rates, we construct
master curves for the fracture energy, G, as a function of the
reduced crack propagation velocity, arv. Our results indicate
that there is a critical cross-linking density at which the fracture
energy, G, transitions from a damage- to a friction-dominated
regime, highlighting the potential of organoaluminum catalysts
and other living copolymerizations to fine-tune the mechanical
properties of polymer networks.

B BACKGROUND

In the realm of solid mechanics, fracture results from the
propagation of a preexisting crack at a critical energy release
rate, G ® G, This approach was pioneered by Rivlin and
Thomas in their seminal work on rubbers*” and describes the
fracture energy, G, as

G = Gy(1 + ¢(ap)) (1)

where ¢p(arv) is a velocity-dependent dissipative factor and G,
is an intrinsic or threshold fracture energy. The physics
underlying this equation is rather simple: the amount of energy
required to propagate a crack is that dissipated by the material
through mechanisms like damage and friction. Eq 1
successfully describes the G, of a range of elastomers and
hydrogels,®**7*° but it does not provide any insight on the
role of network architecture on the fracture properties.

Lake and Thomas addressed this issue by molecularly
modeling the strength of highly elastic materials as’

Gy = ZNU, ®)

In this equation, Gy is the threshold fracture energy, X, is the
areal density of elastically active polymer chains, N, is the
number of covalent bonds between cross-links, and Uy, is the

a1

energy of a covalent bond (i.e., typically the energy of a C—C
bond =350 kJ/mol but recently revised by Craig and co-
workers to 260 kJ/mol based on a probabilistic view of bond
scission®”). Namely, the Lake and Thomas model assumes that
the minimum amount of energy required to propagate a crack
corresponds to the energy stored in a monolayer of stretched
polymer chains. For an ideal polymer network, however, %
and N, are coupled through

X

yx<R0 2 ~ yx(COONx)l/ZIO
2 2

% ()
where (R,)"/? is the average end-to-end distance of an elastic
polymer chain, C,, the characteristic ratio, and I is the length
of a covalent bond along the polymer backbone. Hence, the
threshold fracture energy, G, is related to the density of elastic
chains, v,, by
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Here, p, My, and N, are, respectively, the density of the
polymer network, the molar mass of the monomer, and
Avogadro’s number. Equation 4 unveils the familiar trade-off
between stiffness and toughness in polymer networks, an
observation that has been experimentally verified in materials
that do not dissipate much energy by friction such as
elastomers at high temperatures® and hydrogels with high
water content.”* More recently, the Lake and Thomas model
has been revised by Arora et al,> Lin et al,* and Barney et
al.’” to account for the role of topological defects on the
threshold fracture energy, G,. Yet, polymer networks are often
used under conditions where the fracture energy, G, is
dominated by friction, ¢(arv) > 1, raising the question of
what the effect of entanglements and other topological defects
is on energy dissipation and fracture.

Molecular friction is important for fracture when crack
propagation occurs on time scales comparable to those of
polymer chain relaxation. However, given that the dynamics of
polymer chains are generally governed by multiple relaxation
times, the contribution of molecular friction to the fracture
energy, G, is complex and typically evaluated using an
empirical approach based on linear viscoelasticity, where the
velocity-dependent dissipative factor, ¢(arv), is given by

¢(arw) ~ (agv)" (6)

Here, a is the Williams—Landel—Ferry shift factor, v is the
crack propagation velocity, and # is a power-law exponent that
measures the contribution of molecular friction to energy
dissipation and fracture. Numerous investigations have used
this approach to study the effects of temperature and stretch
rate on the fracture energy, G, noteworthy ones being that of
Gent and co-workers on styrene-butadiene rubber n ~ 0.4,>
that of Gong and co-workers on double-network hydrogels n =
0.2,”° and, of particular interest to our work, that of Creton and
co-workers on polyurethanes synthesized by end-linking low
molecular weight polyols with trifunctional isocyanates.'® In
this latter work, n notably depends on the dispersity of the
precursor chains, highlighting the importance of network
architecture on the fracture properties of polymer networks.
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B RESULTS AND DISCUSSION

We synthesized a series of polyether networks through epoxide
ring-opening copolymerization of ethyl glycidyl ether (EGE)
monomer and 1,4-butanediol diglycidyl ether (BDGE) cross-
linker. Detailed synthetic conditions are provided in the
Materials and Methods section and Table S3 of Dookhith et
al,”® but they differ both in the choice of organoaluminum
catalyst (Figure 1A) and nominal cross-linker concentration.

(A Lynd Vandenberg
1
O, .0
\’\pld' N
(NG~

~N
\,A')'O‘A@/

(B)

3.00 5.00 10.0
Vandenberg ] ]
Lynd u L]

102k

H N EEEE N EEEEDN -
N EEEEEEEEEEEEEE B

= mEEEmmEmEEEERS

0% o0 pomonnneED |

100k

G’ G” [MPa]

107 . 4
10 1072 10°
af[Hz]

102

Figure 1. (A) Stoichiometrically representative structures of the Lynd
and Vandenberg catalysts. (B) Linear viscoelastic properties of PEGE
networks. Storage (M) and loss ((0) moduli, G’ and G”, indicate that
networks synthesized with the Vandenberg catalyst are softer and
more viscoelastic than those synthesized with the Lynd catalyst.
Figure reproduced from Dookhith et al.*®

These networks are analogous to those synthesized by
Dookhith et al.,*® and their densities of chemical cross-links
and entanglements are summarized in Table 1. The key result
from this work was that organoaluminum catalysts provide
control over the architecture and mechanical properties of the
gel fraction of polyether networks (i.e., after extracting the sol
fraction with organic solvent and drying under vacuum). The
Vandenberg catalyst afforded loosely cross-linked, entangled,
soft, and extensible networks, whereas the Lynd catalyst,
instead, led to highly cross-linked, stiff, and brittle networks.
This trade-off between stiffness and elasticity at low
deformations (i.e., high modulus and negligible energy

dissipation) and resistance to crack propagation (i.e., tough-
ness) is characteristic of polymer networks that rely on
molecular friction to dissipate energy in the vicinity of the
crack tip and is further investigated in this work. For
nomenclature purposes, we refer to these networks as
Vandenberg- and Lynd-catalyzed networks, though it is
worth noting that, strictly speaking, these organoaluminum
catalysts were used to copolymerize EGE and BDGE rather
than catalyze the networks themselves.

A typical measure of the linear viscoelastic properties is the
complex storage and loss moduli, G’ and G”, and this is
reproduced from Dookhith et al. in Figure 1B.*® Vandenberg-
catalyzed networks exhibit G’ &~ 0.1 MPa at 1 Hz, frequency-
dependent G”, and G’ > G”, whereas Lynd-catalyzed
networks, instead, exhibit G’ & 1 MPa at 1 Hz and a rubbery
plateau. The exception is the Lynd-catalyzed network
synthesized with 3 mol % BDGE, which has a minimum in
G” at 0.1 Hz. Overall, these complex moduli reveal two
important features. The first is that Vandenberg-catalyzed
networks are soft and viscoelastic irrespective of the cross-
linker concentration, and the second is that Lynd-catalyzed
networks become stiffer and more elastic as the nominal cross-
linker concentration, x, progressively increases from 3 to 10
mol %. Such differences in the viscoelastic properties affect
energy dissipation and fracture as will be subsequently
discussed.

To probe the effect of temperature and stretch rate on the
mechanical properties of PEGE networks, we subjected them
to uniaxial elongation until failure and single-edge notch crack
propagation. Representative stress—stretch curves for the
networks synthesized with S mol % BDGE are presented in
Figure 2A,B (see others in Figures S1 and S2), and these
demonstrate, once again, the significant control afforded by
organoaluminum catalysts over mechanical properties like
stiffness, extensibility, and toughness. Such stress—stretch
curves can be used to estimate the fracture energy, G, using
Greensmith’s approximation®®

6
G = —2w(1)

N (7)

In this equation, ¢, is the initial crack length, A, is the critical
stretch for crack propagation, and W(4,) is the strain energy
density of an unnotched specimen uniaxially stretched to 4.
Results are summarized in Figure 2C,D and unveil that both
families of networks are tougher at low temperature and high
stretch rate or, namely, that molecular friction is indeed
important for energy dissipation and fracture.

We further evaluated the contribution of molecular friction
to the fracture energy, G, using an empirical approach based
on linear viscoelasticity (eq 6), where the crack propagation

Table 1. Composition and Mechanical Properties of PEGE Networks”

catalyst x (mol %) E (MPa) G, (J/m?) v, (10* m™) v, (10* m™) n
Lynd 3 0.8 57 S1 18 0.4
S 2.0 21 160 8 0.2

10 43 13 470 0 0.1

Vandenberg 3 0.3 106 22 S 0.6
0.3 80 24 11 0.6

10 0.3 63 25 S 0.6

“Nominal concentration of BDGE cross-linker during gelation, x, Young’s modulus, E, at 30 °C, fracture energy, G,, at 30 °C, viscoelastic exponent,
n, and densities of chemical cross-links, v,, and entanglements, v,, at 30 °C.
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Figure 2. Mechanical properties of PEGE networks cross-linked with S mol % BDGE. Stress—stretch curves over a range of (A) temperatures at an
initial stretch rate of 0.003 s~* and (B) stretch rates at a temperature of 30 °C for notched (dashed) and unnotched (solid) specimens. Estimates of
the fracture energy, G,, over a range of (C) temperatures and (D) stretch rates reveal the importance of viscoelasticity on energy dissipation and

fracture.

velocity, v, is shifted by the Williams—Landel—Ferry (WLF)
factors, ar. Results are summarized in Figure 3 and Table 1
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Figure 3. Rate- and temperature-dependent fracture of PEGE
networks as given by the fracture energy, G, as a function of the
rescaled crack velocity, arv.

(see details in Figures S8—S11 and Table S1) and demonstrate
the leverage afforded by the organoaluminum catalysts and the
nominal concentration of cross-linker over the fracture
properties. Vandenberg-catalyzed networks collapse onto a
master curve with power-law exponent, n ~ 0.6, whereas Lynd-
catalyzed networks, instead, transition from viscoelastic, n =
0.4, to elastic, n 0.1, fracture as the cross-linker
concentration progressively increases. These power-law ex-
ponents are comparable to those of viscoelastic styrene-
butadiene rubber (SBR), n &~ 0.4, and natural rubber (NR), n
~ 0.1, though the latter is insensitive to rate and temperature
due to strain-induced crystallization.” Particularly noteworthy
is the fracture behavior of the Lynd-catalyzed network

~
~

43

synthesized with 5 mol % BDGE, n &~ 0.2, as this material
appears near-perfectly elastic in its response to linear amplitude
oscillatory shear (see plateau modulus in Figure 1B) despite
being rather viscoelastic when subject to monotonic crack
propagation. This observation indicates that the fracture
properties are not necessarily controlled by the mechanical
response at low deformations, but, instead, by that at large
deformations as experienced in the vicinity of the crack tip.
The size of the large deformation zone, often referred to as a
process zone, can be estimated from the elasto-fracture length,
e, ~ G./E, as discussed by Qi et al. in their seminal
investigation on silicone elastomers*” or by Long et al. and
Creton et al. in recent reviews.""** This length scale typically
scales with the crack tip opening displacement, dcop ~ €f, with
the exponent @ being near one (@ ~ 1) in a range of soft
materials. Figure 4A reveals that such scaling relation, dcop ~
€1, is valid for networks synthesized with the Vandenberg
catalyst, but not for those synthesized with the Lynd catalyst
where a & 0.6. Hence, synthesizing polyether networks by
controlled copolymerization notably compromises crack
blunting before propagation, leading to numerous bifurcations
at the crack tip as well as rough fracture surfaces (Figure 4B).
This behavior is qualitatively similar to that reported by Barney
et al. in poly(ethylene glycol) hydrogels subjected to needle-
induced cavitation, where the ratio of the elasto-fracture
length, &, to the crack geometry (i.e., cavity radius) controls
the transition from smooth inflation to rough fracture.” Our
estimates of the surface roughness, R, from the areal density of
black pixels in binarized SEM images indicate that this
transition from rough to smooth fracture occurs as €, /dcop =
1, suggesting that it is a mesoscopic manifestation of the

~
~
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Figure 4. Mesoscopic picture of fracture in PEGE networks. (A) Scaling of the crack tip opening displacement, §cop, with the elasto-fracture
length, &;. (B) SEM images of the fracture surfaces after crack propagation. (C) Surface roughness, R, as a function of &, /Scop: the ratio of the
characteristic length scale of the process zone to that of the crack geometry.

different network architectures attained with the Lynd and
Vandenberg catalysts (see details in Figures S15—S17).

So far, we have established a connection between the
macroscopic fracture energy, G, and the mesoscopic region
ahead of the crack tip, £, neglecting features of the network
architecture such as chemical cross-links, entanglements, and
topological defects. To examine the role of such features on the
fracture of polyether networks, we considered the stress—
stretch curves in Figure 2A,B (and Figures S1 and S2) within
the molecular model of Rubinstein and Panyukov,** where the
engineering stress in uniaxial tension, oy, is given by

v 1
o = |U. + c k T /1 - —
N (’“ 0.741 + 0.6147%5 — 0.35) b ( /12) (8)

In this equation, A is the stretch, and v, and v, are the
respective densities of chemical cross-links and entanglements
in the undeformed configuration. The Rubinstein—Panyukov
model describes the mechanical response of entangled polymer
networks up to the stress softening regime where the polymer
chains are stretched far from their limiting extensibility, 4}, as is
the case for most of our polyether networks when subject to
low or moderate deformations (1 < 2.2). The exception is the
network synthesized with the Lynd catalyst at 10 mol % BDGE
cross-linker, which has 4, & 1.5 and a stretch at break 4, =~ 1.1.
Acknowledging this limitation, we conducted nonlinear least-
square regressions to estimate v, and v, for both families of
networks. Results are summarized in Table 1 (see details in
Figures S3—S7) and indicate that, irrespective of the
temperature and the stretch rate, networks synthesized with
the Vandenberg catalyst are less cross-linked and more
entangled than those synthesized with the Lynd catalyst.
This difference in network architecture is probably related to
the kinetics of copolymerization during gelation, though this
hypothesis requires further experimental validation.

An important result that emerges from the Rubinstein—
Panyukov fits is that ineflicient cross-linking and entangle-

a4

ments lead to energy dissipation and toughness. This effect is
also observed when considering the fracture energy, G, within
the molecular model of Lake and Thomas on the strength of
highly elastic materials (eq 7),”" where G, ~ v,~'/%. Results are
presented in Figure SA and unveil that networks synthesized
with the Lynd catalyst obey the Lake and Thomas scaling,
whereas networks synthesized with the Vandenberg catalyst,
instead, notably deviate from it with G, ~ v,”* A similar
observation was reported by Dookhith et al. for fracture of
analogous PEGE networks at room temperature and an initial
stretch rate of 0.003 s71,°° and here, we simply generalize the
result for a range of temperatures and stretch rates. However,
we provide additional insight by normalizing the rescaled crack
propagation velocity, arv, by the elasto-fracture length, &;.
Whether this length scale is the relevant one for describing
crack propagation in viscoelastic solids remains a topic of
active investigation,%’46 yet we use it here to estimate a
characteristic timescale of fracture by crack propagation, av/
€1. Results are summarized in Figure S13 and convey a similar
picture to that presented in Figure 3 and Table 1: a transition
from viscoelastic to elastic fracture as the cross-linker
concentration progressively increases.

This characteristic timescale (or frequency) of fracture by
crack propagation, av/€;, can now be used to estimate the
contribution of molecular friction to energy dissipation,
evaluating loss tangent, tan(§), under linear amplitude
oscillatory shear (Figure 1B) at apf &~ arv/e.. Results are
summarized in Figure 5B and enable construction of a
multiscale picture of fracture. At low cross-linking densities,
U, the networks are pervaded by entanglements and other
topological defects with sufficient mobility to slide against each
other, dissipate energy by friction, and fracture with a rate and
temperature dependence. As the cross-linking density
increases, v, &~ 3 X 10* chains/m?, and loss tangent decreases,
tan(5) =~ 0.09, the networks still contain some entanglements
and topological defects that slide against each other, but
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Figure 5. Contributions of friction and damage to the fracture energy
of PEGE networks. (A) Fracture energy, G, of Lynd-catalyzed
networks scales with the prediction of Lake and Thomas, G, ~ 1,75,
suggesting that energy dissipation is primarily by network chain
scission (i.e, damage). (B) Fracture energy, G, becomes rate- and
temperature-dependent at a critical tan(5) &~ 0.03, indicating that at
cross-link densities, v,, ranging from 3 X 10% to 2 X 10?® chains/m®
PEGE networks are viscoelastic in fracture despite dissipating energy
mainly by network chain scission.

dissipation is mainly by damage. After all, the fracture energy,
G, in this regime still scales as predicted by the Lake and
Thomas model, G, ~ v,”"/% which neglects contributions of
chain friction to energy dissipation. Finally, at a cross-linking
density, v, &~ 2 X 10* chains/m?, and loss tangent, tan(5) ~

0.03, the entanglements and topological defects freeze or
become kinetically arrested, leading to energy dissipation
primarily by damage and near-perfect elasticity in fracture, n &
0.1. A depiction of this transition from viscoelastic to elastic
fracture is presented in Scheme 1.

B CONCLUDING REMARKS

Polyether networks synthesized by epoxide ring-opening
copolymerization of monomer and cross-linker exhibit
architecture and mechanical properties that notably depend
on the choice of organoaluminum catalyst and the nominal
concentration of cross-linker. Vandenberg-catalyzed networks
are loosely cross-linked and pervaded by entanglements
irrespective of the nominal cross-linker concentration, resulting
in notable dissipation by molecular friction, process zones ca.
0.1—1 mm, smooth fracture surfaces, and viscoelastic fracture.
Lynd-catalyzed networks, instead, are highly cross-linked and
contain some entanglements that get kinetically arrested at a
critical cross-linker concentration, resulting in notable
dissipation by molecular damage, process zones ca. 1—10
pum, rough fracture surfaces, and a transition from viscoelastic
to elastic fracture at high cross-linker concentrations. Such
control over the architecture and fracture properties of
polyether networks is a consequence of the copolymerization
livingness procured by the Lynd catalyst, a chelate of
triethylaluminum with dimethylaminoethanol, during gelation.

Molecular models that describe the nonlinear elastic
response and fracture energy of polymer networks serve to
draw relationships between the network architecture and
fracture properties but have some unresolved limitations that
are worth noting. First, the Rubinstein—Panyukov model
assumes that polymer networks are composed of an ensemble
of polymer chains topologically constrained by a mean field in
the undeformed state.”* This description is rather accurate at
low to moderate deformations where the chains adopt a
Gaussian configuration but less so in the process zone where
the chains are stretched near their limiting extensibility. In this
regard, efforts that combine theory and experiments to
understand the load-bearing capacity of polymer chains within
the process zone are of utmost importance. Second, the Lake
and Thomas model only considers dissipation by scission of a

Scheme 1. Multi-Scale Picture of Fracture of PEGE Networks Illustrating a Transition from a Friction- (I) to a Damage-

Dominated (III) Regime
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monolayer of elastic polymer chains and neglects the
contributions of chain friction to the fracture energy.’’
These assumptions are inaccurate and outline a grand
challenge in the field of soft matter physics: understanding
and predicting the strong coupling between macroscopic
properties like the fracture energy, G, and the local processes
like damage and friction that occur in the vicinity of the crack
tip.

Finally, polyether networks synthesized by epoxide ring-
opening copolymerization of the monomer and cross-linker are
unfilled, meaning that they are tougher at low temperatures
and high stretch rates despite being, in more absolute terms,
brittle with G, ~ 10—100 J/m? These materials would typically
be used notably above the glass transition temperature, Ty, to
avoid viscoelastic losses and heating or, namely, in a rubbery
regime where the loss tangent, tan(5), at a representative
timescale of deformation is well below 0.1 and dissipation by
chain friction is negligible. Future work should focus on
toughening these soft, elastic, and functional materials through
network design.

B MATERIALS AND METHODS

Materials. Unless otherwise specified, all chemicals were used as
received. Ethyl glycidyl ether (EGE), 1,4-butanediol diglycidyl ether
(BDGE), and 2.0 M butyl magnesium chloride in THF were sourced
from TCI; acetyl acetone, anhydrous diethyl ether, 1.0 M
triethylaluminum (AIEt;) in hexanes, and dimethylaminoethanol,
from Millipore Sigma; methanol from VWR; and hydrochloric acid
from Fischer.

Slippery films of chemical-resistant Teflon PTFE and UHMW
Polyethylene were sourced from McMaster-Carr with a thickness of
0.010".

EGE (100 mL) was purified by stirring over butyl magnesium
chloride (2.0 M in THF, 1 mL) for 1 h and distilling under vacuum.
Caution! Butyl magnesium chloride is a pyrophoric and moisture-
sensitive chemical and should be handled with appropriate care.
Distilled EGE, acetyl acetone, and DI water were placed in dry
septum-sealed bottles, sparged with N, for 45 min, and transferred
into a N,-filled glovebox.

Synthesis of the Vandenberg Catalyst. The Vandenberg
catalyst was prepared following a procedure reported by Beckingham
et al*’” and more recently by Dookhith et al.”*® A dry septum-sealed
bottle equipped with a Teflon stir bar was placed in a LN, cold well
located inside a N,-filled glovebox. Anhydrous diethyl ether (40 mL)
and AlEt; (1.0 M in hexanes, 40 mL, 40 mmol, 2 equiv) were
sequentially added with gastight syringes and stirred for 30 min.
Caution! AlEt; is a pyrophoric and moisture-sensitive chemical and
should be handled with appropriate care. Then, acetyl acetone (2.04
mL, 20 mmol, 1 equiv) was added with a gastight syringe and the
reaction stirred for 2 h. Finally, DI water was added (0.36 mL, 20
mmol, 1 equiv) with a gastight syringe, and the reaction stirred
overnight at room temperature.

Synthesis of the Lynd Catalyst. The Lynd catalyst was prepared
following a procedure reported by Rodriguez et al.*® and more
recently by Dookhith et al>® A dry septum-sealed bottle equipped
with a Teflon stir bar was immersed in a LN, cold well located inside
a N,-filled glovebox. AlEt; (1.0 M in hexanes, 12 mL, 12 mmol, 2.5
equiv) and dimethylaminoethanol (0.445 mL, 4.4 mmol, 1 equiv)
were sequentially added with syringes, and the reaction stirred
overnight allowing the cold well to equilibrate to room temperature.

The Lynd catalyst was purified inside the N,-filled glovebox,
recrystallizing three times from hexanes in the LN, cold well to
remove excess AlEt;, decanting the solid product, and drying under
vacuum overnight at room temperature.

Synthesis of Poly(ethyl glycidyl ether) Networks. Networks
were synthesized by bulk copolymerization of EGE and BDGE. In a
N,-filled glovebox, monomer EGE, cross-linker BDGE, and organo-
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aluminum catalyst (1 mol %) were well mixed in a 20 mL scintillation
vial and then transferred to a mold composed of two PTFE- (Lynd)
or polyethylene-covered (Vandenberg) glass plates sealed with a
silicone rubber spacer (~0.1 cm thick). Polymerization was
conducted in the N,-filled glovebox antechamber for 6 days at 60
°C, and the resulting polymer networks transferred outside of the
glovebox for termination and purification. Typical network
dimensions were 8 X 4 X 0.1 cm®.

Polymer networks were terminated by swelling in a solution of
acidic methanol (0.1 M HCI) in DI water (44 mL, 90% v/v) for 2 h,
washed in methanol for 2 h (4 X 40 mL), and dried first under
ambient conditions for 4 h and then under vacuum at room
temperature overnight.

Gel fractions were determined from the mass difference between
the as-polymerized and terminated networks and are above 80%. The
exception was the network synthesized with the Lynd catalyst at 3 mol
% BDZGGE, which has a gel fraction of 60% (see Table S3 of Dookhith
et al.”®)

The aluminum concentrations of purified networks (i.e., of the gel
fraction) synthesized with 10 mol % BDGE were determined by ICP-
MS and are 7900 ppm (Lynd) and 100 ppm (Vandenberg).

All mechanical characterization was conducted on the gel fraction
of the polymer networks.

Rheology. Polymer networks were punch-cut into cylindrical
specimens of 8 mm diameter and ~1 mm thickness, and their
rheological properties evaluated in a Discovery HR-2 rheometer
equipped with stainless steel flat plates of 8 mm diameter.

Frequency sweeps from 0.1 to 100 rad/s at temperatures from 30
to 75 °C were performed within the linear viscoelastic regime at a
strain amplitude of 1.00%. Master curves for the storage and loss
moduli were constructed by time-temperature superposition, using a
reference temperature of 30 °C and horizontal, ay, and vertical, by,
shift factors. The horizontal shift factors, ar, are summarized in Figure
S11, whereas the vertical shift factors, by, are approximately one, by =~
1.0.

Uniaxial Tension. Polymer networks were punch-cut into dog-
bone-shaped specimens of 20 mm gauge length, 4 mm width, and ~ 1
mm thickness. These were marked with two dots of white paint and
deformed with an Instron 34TMS equipped with a 100 N load cell
and a video extensometer. The initial stretch rate ranged from 0.0003
to 0.3 s™" and the temperature from 30 to 75 °C. The resulting force—
displacement curves were used to compute the engineering stress, oy,
and stretch, A.

Single-Edge-Notch Crack Propagation. Polymer networks
were punch-cut into dog-bone-shaped specimens of 20 mm gauge
length, 4 mm width, and &1 mm thickness. These were cut with a
fresh razor blade to introduce a crack of ~#1 mm length, marked with
two dots of white paint and deformed with an Instron 34TMS
equipped with a 100 N load cell and a video extensometer. The initial
stretch rate ranged from 0.0003 to 0.3 s™' and the temperature from
30 to 75 °C. The resulting force—displacement curves were used to
compute the engineering stress, oy, and stretch, A.

Scanning Electron Microscopy. Crack surfaces were imaged
using a FEI Quanta 650 ESEM, setting the electron beam to 20 kV,
the aperture to 3.0, and the magnification to 31X. Images were
binarized in MATLAB using a sensitivity of 0.55 for Lynd- and 0.40
for Vandenberg-catalyzed networks, and the average surface rough-
ness determined from the areal density of the black pixels according to

N,

R=—1
N, + N, )

where N, and N; are the numbers of black and white pixels,
respectively.
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