Downloaded via UNIV OF TEXAS AT AUSTIN on September 20, 2022 at 16:48:51 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Hacromolecules

pubs.acs.org/Macromolecules

Controlling Architecture and Mechanical Properties of Polyether

Networks with Organoaluminum Catalysts

Aaliyah Z. Dookhith, Nathaniel A. Lynd, Costantino Creton, and Gabriel E. Sanoja*

Cite This: Macromolecules 2022, 55, 5601-5609

I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

@ Supporting Information

ABSTRACT: Soft materials can sustain large, elastic, and reversible deformations,
finding widespread use as elastomers and hydrogels. These materials constitute 3-D
polymer networks and are typically synthesized by cross-linking polymer chains or
copolymerizing monomer and cross-linker. Seminal investigations have enabled control
over the network architecture by cross-linking chains of poly(dimethylsiloxane), poly(1,4-
butadiene), or tetra-poly(ethylene glycol); however, as soft materials become attractive
for robotics, electronics, and prosthetics, codesigning the network architecture,
mechanical, and functional properties has become pressing. We investigate the
relationship among reaction pathway, network architecture, and mechanical properties
in poly(ethyl glycidyl ether) networks synthesized by epoxide ring-opening polymer-
ization with two organoaluminum catalysts. The key result is that uncontrolled
polymerizations yield loosely cross-linked, entangled, soft, and extensible networks,
whereas more controlled polymerizations, instead, lead to highly cross-linked, stiff, and
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brittle networks. Such catalytic control over network architecture and mechanical properties could enable design of novel soft, tough,

and functional materials.

B INTRODUCTION

Soft materials form an integral part of society as engineering
elastomers and biomedical hydrogels because of their ability to
sustain large, elastic, and reversible deformations. These
materials have been of major interest since the discovery of
rubber vulcanization in the 19th century, with numerous
investigations focused on understanding the relationship
between molecular structure and mechanical properties in
elastomers like natural rubber, styrene—butadiene rubber, and
filled rubber." However, as soft materials find use in emergin
applications like robotics,” electronics,” and prosthetics,
challenges in attaining satisfactory mechanical and functional
properties have spurred renewed interest in understanding
their structure—property relationships.”

Soft materials are constituted of polymer networks, 3D
arrangements of polymer chains interconnected through cross-
linking points. Solids at the macroscopic scale, these materials
have liquidlike segmental dynamics and exhibit functional and
mechanical properties dictated by the monomer—cross-linker
chemistry and network architecture. Long-established molec-
ular models on properties like elasticity, swelling, and fracture
depict the network architecture as homogeneous, but in reality
it is heterogeneous,” ill-defined, and pervaded by topological
defects like dangling chains and loops. However, how these
defects are formed during network synthesis remains abstract.

Polymer networks are typically synthesized by cross-linking
polymer chains or copolymerizing monomer and cross-linker.
Early investigations focused on controlling the network
architecture by cross-linking poly(dimethylsiloxane) chains of
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narrow dispersity and well-defined molecular weight. The
resulting materials enabled a better molecular understanding of
mechanical properties like elasticity'°~"> and fracture,">'* but
their architectures proved to be heterogeneous on the basis of
small-angle scattering.'”~"” Networks of poly(butadiene),"®"”
poly(urethane),””*" and poly(ethylene glycol)** have been
synthesized by using a similar strategy, with the latter ones
being the most homogeneous™ and also affording refinement
of molecular models on elasticity,24 swelling,25 and fracture.”®
However, synthesizing polymer networks by cross-linking
polymer chains requires multiple steps including, at the very
least, the synthesis of polymer chains and post-cross-linking in
the bulk or concentrated solution. As a result, this strategy can
be time-intensive when codesigning the functional and
mechanical properties of polymer networks by varying, for
example, the chain composition.

Another strategy to synthesize polymer networks, instead, is
to copolymerize monomer and cross-linker, with tunability of
the functional and mechanical properties afforded by the
monomer—cross-linker reactivity, initiator efficiency, solvent
quality, reaction temperature, and concentration.”” ">’ The
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simplicity of this reaction makes it ubiquitous in academic and
industrial laboratories. However, the lack of architectural
control, relative to the synthesis of polymer networks by cross-
linking polymer chains, limits its potential for molecular
design. Controlled radical polymerizations like NMP,***!
ATRP,**™** and RAFT***° have been used to synthesize
polymer networks, and the recent review of Cuthbert et al.”’
details post-synthetic strategies to functionalize latent active
sites and spatiotemporally control material properties. These
networks are presumably more homogeneous than analogues
synthesized by free radical polymerization due to the reversible
activation and deactivation of polymer chain ends during
monomer and cross-linker copolymerization, exhibitin

delayed gelation and higher percolation thresholds.’”*"***

Yet, how such control over the network architecture ultimately
affects the mechanical properties, particularly at large
deformations, remains unknown.

Here, we restrict our scope to polyether networks—a class
of materials widely used as polymer electrolytes, gas separation
membranes, and artificial tissue scaffolds because of their
oxygen-rich backbone.”*' Polyethers result from the ring-
opening polymerization of epoxides and, despite the
abundance of commercially available monomers, are mainly
used as poly(ethylene glycol) or poly(propylene glycol) chains
with restricted backbone functionality. We outline a relation-
ship among the reaction pathway, network architecture, and
mechanical properties in model networks synthesized by ring-
opening copolymerization of ethyl glycidyl ether (EGE)
monomer and 1,4-butanediol diglycidyl ether (BDGE) cross-
linker using two different initiators/catalysts: a chelate of AlEt;
with acetylacetone and water, termed the Vandenberg catalyst,
and a chelate of AlEt; with dimethylaminoethanol, termed the
Lynd catalyst. By evaluating the kinetics of copolymerization
by 'H NMR spectroscopy and GPC and the mechanical
properties by rheology, uniaxial extension until failure, and
single-edge notch crack propagation, we characterize the
evolution of the network architecture with monomer
conversion by fitting the molecular model of Rubinstein and
Panyukov on non-linear elasticity of entangled and cross-linked
networks."” Finally, we provide insights into the role of
network architecture on energy dissipation in the vicinity of
the crack tip and fracture energy using the molecular model of
Lake and Thomas.*

B EXPERIMENTAL SECTION

Materials. Unless otherwise specified, all chemicals were used as
received. Air- and moisture-sensitive reactions, outside the glovebox,
were performed by using standard Schlenk-line techniques. Ethyl
glycidyl ether (EGE), 1,4-butanediol diglycidyl ether (BDGE), and 2
M butylmagnesium chloride in THF were sourced from TCI;
acetylacetone, anhydrous diethyl ether, 1.0 M triethylaluminum
(AlEt;) in hexanes, and dimethylaminoethanol from Millipore
Sigma; methanol and dichloromethane from VWR; deuterated
chloroform from Cambridge Isotopes; and hydrochloric acid from
Fischer.

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

Synthesis of the Vandenberg Catalyst. The Vandenberg
catalyst was prepared by following a procedure reported by
Beckingham 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
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glovebox. Anhydrous diethyl ether (10 mL) and AlEt; (1.0 M in
hexanes, 10 mL, 10 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. Acetylacetone (0.51 mL, S mmol, 1 equiv) was then added with
a gastight syringe, and the reaction was stirred for another 2 h. Finally,
DI water was added (0.09 mL, S mmol, 1 equiv) with a gastight
syringe, and the reaction was allowed to stir overnight at room
temperature.

Synthesis of the Lynd Catalyst. The Lynd catalyst was prepared
following a procedure reported by Rodriguez 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 (0.44S mL,
4.4 mmol, 1 equiv) were sequentially added with syringes and stirred
overnight while allowing the cold well to equilibrate at room
temperature.

The Lynd catalyst was purified by recrystallizing three times from
hexanes in the LN, cold well to remove excess AlEt; and then
decanting and drying overnight under vacuum inside the glovebox.

Polymerization of Ethyl Glycidyl Ether (EGE). Linear
Polymers. Linear polymers were synthesized in a N,-filled glovebox.
EGE (99 mol %) and initiator/catalyst (1 mol %) were added to 20
mL scintillation vials and reacted on a hot plate equilibrated at 60 °C.
Monomer conversion was monitored by 'H NMR spectroscopy, with
spectra collected on reaction aliquots (50 L) dissolved in CDCI,
(600 uL) with a Bruker Avance 400 MHz spectrometer equilibrated
at room temperature.

Linear polymers were terminated by dissolving the reaction mixture
in dichloromethane (10 mL) and 0.1 M acidic methanol (500 uL)
and purified by washing with DI water (3 X 20 mL) and separating
the organic and aqueous phases via centrifugation for 10 min at 11
000 rpm and 21 °C. The organic phases were then concentrated by
rotary evaporation at 45 °C, and the polymers were dried overnight at
room temperature under vacuum. Number-average molecular weights,
M, and dispersities, D, were evaluated by gel permeation
chromatography by eluting polymer solutions, previously filtered
with PTFE of 0.45 um pore size, in Agilent PLgel 10 gm MIXED-B
and 5 ym MIXED-C columns (200—10000000 g mol™"' relative to
polystyrene standards) using chloroform (S0 ppm of amylene) at 0.5
mL min~" and 30 °C as the mobile phase.

Polymer Networks. Networks were synthesized via bulk polymer-
ization of EGE. In a N,-filled glovebox, monomer EGE, cross-linker
BDGE, and initiator/catalyst (1 mol %) were well-mixed in a 20 mL
scintillation vial and subsequently transferred to a mold composed of
two Teflon-covered glass plates sealed with a silicone spacer (~0.1 cm
thick). Polymerization was conducted in the glovebox antechamber
for 6 days at 60 °C, and the resulting polymer networks were
transferred outside of the glovebox for termination and purification.
Typical network dimensions were 8 X 4 X 0.1 cm’.

Polymer networks were terminated with a series of five washing
steps. First, the networks were swollen in a solution of acidic
methanol (0.1 M HCI) in DI water (40 mL, 90% v/v) for 2 h and
then swollen in methanol for 2 h (4 X 40 mL). The networks were
allowed to dry 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. The aluminum concentrations of Lynd- and
Vandenberg-catalyzed networks at 10 mol % BDGE are respectively
7900 and 100 ppm as measured by ICP-MS.

Rheology. Polymer networks were punch-cut into cylindrical
specimens of 8 mm diameter and ~1 mm thickness, and their
rheological properties were 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 of 1.00%. Time—temperature superposition was used to
construct master curves at a reference temperature of 30 °C by
using vertical and horizontal shift factors.
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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
subsequently deformed at a cross-head velocity of 0.06 mm s™' (0.003
s™") with an Instron 34TMS equipped with a 100 N load cell and a
video extensometer. The resulting force—displacement curves were
used to compute the engineering stress, oy, and stretch, /.

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 at a cross-head velocity of 0.06
mm s~' (0.003 s™') with an Instron 34TMS equipped with a 100 N
load cell and a video extensometer. The resulting force—displacement
curves were used to compute the engineering stress, oy, and stretch, /.

B RESULTS AND DISCUSSION

Role of Initiator/Catalyst on the Reaction Pathway.
We synthesized linear polymers by epoxide ring-opening
polymerization of ethyl glycidyl ether (EGE) using two
different initiators/catalysts. Detailed synthetic conditions are
provided in the Experimental Section, and reaction composi-
tions and "H NMR spectra are summarized in the Supporting
Information (Table S1 and Figure S1). The Vandenberg and
Lynd catalysts (Figure 1A) lead to dramatically different rates
and mechanisms of polymerization as evidenced by the
evolution of monomer conversion with time (Figure 1B) and
the distribution of molecular weights (Figure 1C). The
polymerization of EGE with the Vandenberg catalyst is fast
and uncontrolled, achieving 95% conversion in 1 day, high
molecular weight (M, &~ 100 kDa), and broad dispersity (D ~
8.4), whereas polymerization with the Lynd catalyst, instead, is
slow and controlled, achieving 95% conversion in 6 days, target
molecular weight (M,, & 10 kDa), and narrow dispersity (D ~
1.6). These observations are consistent with previous
investigations on epoxide ring-opening polymerizations,
where Vandenberg-catalyzed polymerizations have obscure
initiating and catalytic species that derive from reaction of
AlEt, with acetylacetone and water,"”*” and Lynd-catalyzed
polymerizations, instead, are controlled (i.e., living) with a
well-defined mono(u-alkoxo)bis(ethylaluminum) initiating
species that derives from reaction of AlEt; with dimethylami-
noethanol.****

To further understand the reaction pathway, we assumed
that Vandenberg- and Lynd-catalyzed polymerizations were
equilibrium-limited and estimated the apparent rate constants
via the following first-order rate equation:

X - Xe —k, ot

app

1-X, (1)
where X, X, k,, and t are respectively the monomer
conversion, equilibrium conversion, apparent rate constant,
and reaction time Non-linear least-squares regressions yield
kapp ~ O(lO min~") for the Vandenberg catalyst and k,,,
O(1073 min™") for the Lynd catalyst, where the symbol O()
indicates the order of magnitude. These apparent rate
constants, kapp, are consistent with differences in the rate of
polymerization (Figure 1B), though we note that they are also
proportional to the concentration of active chain ends, which is
lower for Vandenberg-catalyzed polymerizations based on the
higher M, (Figure 1C). Hence, it is likely that the difference in
the propagation rate constants is more pronounced than that
reflected in Figure 1B.
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Figure 1. Polymerization of EGE with Lynd and Vandenberg
catalysts. (A) Chemical structures of the Lynd and Vandenberg
catalysts. (B) Evolution of monomer conversion with time
demonstrates drastic differences in the rate of polymerization. (C)
GPC traces unveil that Lynd-catalyzed polymerizations are controlled,
attaining target molecular weight (dashed) and narrow dispersity,
whereas Vandenberg-catalyzed polymerizations, instead, are uncon-
trolled.

We attribute differences in the rate of polymerization to the
energy of the transition state, as evaluated from the
temperature dependence of k,,, using Eyring’s equation:

h{%] - (I;B) @

where T, kg, h, R, AH*, and ASF are respectively the
temperature, Boltzmann constant, Planck constant, universal
gas constant, and standard enthalpy and entropy of activation
(Figures S2 and S3). Non-linear least-squares regressions yield
rather similar AH* ~ 20 kcal mol™ for both catalysts and
comparable to that reported by Ferrier et al. for analogous allyl
glycidyl ether,"” but a lower AS* for the Lynd catalyst (Table
S2), suggesting that restrictions in the number of config-
urations explored by the transition state are key for attaining
control over the rate of polymerization. From a molecular
point of view, it is possible that more adducts of monomer and
propagating chain ends are present in the transition state of
Lynd-catalyzed polymerizations, reducing the number of
effective collisions that lead to chain propagation and
transfer/exchange reactions. However, we note that this
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molecular picture remains hypothetical and requires further
experimental and theoretical investigation.

The initiator/catalyst plays a key role in the rate of
polymerization, molecular weight, and dispersity of the linear
polymers, which is ultimately reflected in the bulk viscoelastic
properties as measured by the storage G’ and loss G” moduli
(Figure 2, with strain sweeps at 10 rad s™' in Figure S4).
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Figure 2. Linear viscoelastic properties of PEGE. Storage (M) and
loss (O) moduli illustrate that polymers synthesized with the
Vandenberg catalyst are more viscoelastic (e, G' & G” or tan(5)
~ 1) at T = 25 °C than those synthesized with the Lynd catalyst.

Vandenberg-catalyzed polymers exhibit G' ~G” and a
crossover at @ = 2 rad s™', whereas Lynd-catalyzed polymers,
instead, exhibit G” > G’ and Maxwell-like scaling G’ ~ ®? and
G” ~ w. This observation indicates that Vandenberg-catalyzed
polymers are viscoelastic and able to dissipate elastic energy
like entangled melts when subject to small deformations (i.e.,
M,/M, = 3.5, estimating an entanglement molecular weight,
M, = 30 kDa, from rubber elasticity theory; details of this
estimation are summarized in the Supporting Information),
whereas Lynd-catalyzed polymers, instead, are low-molecular-
weight liquids that readily flow (i.e, M,/M, =~ 0.35).

The initiator/catalyst inherently dictates the reaction
pathway to convert monomer into polymer. Vandenberg
polymerizations yield entangled melts that sustain loads and
dissipate energy by molecular friction, whereas Lynd polymer-
izations, instead, yield low-molecular-weight polymers that
readily flow like liquids. How this control over the reaction
pathway affects the architecture and mechanical properties of
polymer networks is the focus of the next section.

Role of the Reaction Pathway on the Network
Architecture and Mechanical Properties. We synthesized
polymer networks through epoxide ring-opening polymer-
ization of EGE monomer and 1,4-butanediol diglycidyl ether
(BDGE) cross-linker. Detailed synthetic conditions are
provided in the Experimental Section and summarized in
Table S3, but they differ in both the choice of initiator/catalyst
and cross-linker concentration (Table 1).

Lynd-catalyzed networks require a higher cross-linker
concentration, x 3 mol %, than Vandenberg-catalyzed
networks to gel (Table S3), indirectly suggesting that the
percolation threshold of EGE networks is affected by the
reaction pathway and initiator/catalyst. A similar observation
was interpreted by Gao et al. in networks synthesized by
controlled radical polymerization within the molecular model
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Table 1. Composition and Mechanical Properties of
Polymer Networks: Nominal Concentration of BDGE
Cross-Linker during the Polymerizationx, Density of
Elastically Active Chains v,, Density of Entanglements v,
Young’s ModulusE, and Fracture EnergyG,

x (mol %) Uy Ve E G,
catalyst BDGE (10* m™3) (10* m™3) (MPa) (Jm?)
Lynd 3 45 12 0.7 58
S 150 0.82 1.6 36
10 290 0 33 12
Vandenberg 3 15 6.4 0.3 130
S 17 8.1 0.3 90
10 18 5.8 0.3 SS

of Flory and Stockmayer on gelation,® where the extent of
reaction at the critical point, p,, is given by

M), 1
2[X], P

p —
‘ (3)
where [M*], [X,], and D are respectively the instantaneous
concentration of polymer chain ends during polymerization,
the initial concentration of cross-linker, and the dispersity of
the polymer chains that would result from monomer
polymerization in the absence of cross-linker. These quantities
can be estimated from the GPC traces of the linear polymers
(Figure 1C) and the composition of the reaction mixture
(Tables S3 and S4). The Flory—Stockmayer model on gelation
is overly simplistic because it neglects the defective
architecture of polymer networks, but it unveils, in our
viewpoint, the right qualitative picture. Lynd-catalyzed net-
works percolate at higher cross-linker concentrations than
Vandenberg-catalyzed networks because of the higher
instantaneous concentration and lower dispersity of the
propagating chains during copolymerization (i.e., p "8/
pCLY“d ~ 0.14). In other words, percolation at higher cross-
linker concentrations is a natural consequence of the reaction
pathway that procures control over the rate of polymerization.

This effect of the reaction pathway and initiator/catalyst on
network percolation is also evident in the bulk mechanical
properties of the gel fraction of polyether networks (i.e., after
extracting the sol fraction with organic solvent and drying in
vacuum overnight; GPC trace of the sol fraction in Figure S5).
Although both catalysts lead to rubbery and thermally stable
materials with T, & —55 °C and Ty ~ 400 °C (Figures S6 and
S7), Vandenberg-catalyzed networks physically appear softer
and tackier than their Lynd-catalyzed analogues (Figure 3A).
This observation is also reflected in the viscoelastic properties,
as measured by the storage G’ and loss G” moduli (Figure 3B).
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. As such, Vandenberg-catalyzed networks are
softer and more dissipative (i.e., viscoelastic) than Lynd-
catalyzed networks.

To further understand the role of reaction pathway on the
network architecture and mechanical properties, we evaluated
the mechanical properties by uniaxial elongation until failure
(Figure 3C). Vandenberg-catalyzed networks are soft,
extensible, and rather insensitive to the nominal concentration
of BDGE cross-linker, x, whereas Lynd-catalyzed networks,
instead, are stiffer, with a Young’s modulus, E, that
progressively increases with x. This observation agrees with
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Figure 3. Mechanical properties of EGE networks. (A) Pictures of EGE;, networks after bending. Clearly, Lynd-catalyzed networks readily crack
upon bending whereas Vandenberg-catalyzed networks appear pristine. (B) Linear viscoelastic properties of EGE networks. Storage (M) and loss
(O) moduli illustrate that networks synthesized with the Vandenberg catalyst are softer and more viscoelastic (i.e., frequency dependent G'’) at T =
30 °C than those synthesized with the Lynd catalyst. (C) Stress—stretch curves of EGE networks. Vandenberg-catalyzed networks are soft,
extensible, and rather insensitive to the nominal concentration of BDGE cross-linker, x, whereas Lynd-catalyzed networks, instead, are stiff, with a
Young’s modulus, E, that progressively increases with x. (D) Densities of elastically active chains and entanglements. Vandenberg-catalyzed
networks are loosely cross-linked and entangled, whereas Lynd-catalyzed networks, instead, are highly cross-linked and, a priori, untangled.

Scheme 1. Evolution of Network Architecture with Monomer Conversion: Vandenberg Polymerizations Yield Networks with
Similar Densities of Entanglements and Chemical Cross-Links, whereas Lynd Polymerizations, Instead, Yield More

Homogeneous Networks Pervaded by Elastic Chains
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network architecture. The density of these entanglements, as
well as that of elastically active chains, can be quantified by
fitting the stress—stretch curves with the molecular model of
Rubinstein and Panyukov on non-linear elasticity of entangled
polymer networks (Figures S7 and $8).*” According to this
model, the engineering stress in uniaxial tension, oy, is given by
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were 4, v,, and v, are respectively the stretch and the density of
elastic chains and entanglements. Non-linear least-squares
regressions reveal some important effects of the reaction
pathway and initiator/catalyst on the network architecture
(Figure 3D). First, the Vandenberg catalyst leads to inefficient
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chemical cross-linking, likely because the reaction of a BDGE
pendant epoxy moiety with a propagating chain end is limited
by the entangled polymer dynamics rather than the reaction
rate constant. Second, the Vandenberg catalyst leads to
networks with similar densities of chemical cross-links and
entanglements. And finally, control over the rate of polymer-
ization, as attained with the Lynd catalyst, translates into
effective chemical cross-linking and an increase in the modulus
E with the density of elastically active chains, v,.

The molecular picture that results from our observations is
summarized in Scheme 1. Vandenberg polymerizations lead to
networks that are loosely cross-linked and entangled, whereas
Lynd polymerizations, instead, yield networks that are highly
cross-linked and that, a priori, appear untangled. This
difference in mesoscopic heterogeneities is like that depicted
for networks sg'nthesized by controlled and free radical
polymerizations,””*"****** though we highlight, in addition,
the effect of reaction pathway on the density of elastically
active chains and entanglements. Also, we note that such
control over the network architecture through the initiator/
catalyst is probably related to the reactivity of the monomer
and the cross-linker during polymerization, as measured by
their reactivity ratios. However, this information remains
experimentally inaccessible in EGE networks due to the
inability to discern spectroscopic signals from EGE monomer
and BDGE cross-linker during polymerization.

The initiator/catalyst serves to tailor the network
architecture and linear mechanical properties like the modulus
but also non-linear ones like the fracture toughness. We
fractured Vandenberg- and Lynd-catalyzed networks by single-
edge-notch crack propagation and estimated their critical
energy release rate, G, following Greensmith’s method
(Figures S10—S12 and Table $5).%° Irrespective of the
nominal concentration of BDGE cross-linker, x, Vandenberg-
catalyzed networks are tougher and more resistant to crack
propagation than their Lynd-catalyzed analogues. This
observation is consistent with the ability of Vandenberg-
catalyzed networks to dissipate energy by molecular friction
during untangling of polymer chains. Lynd-catalyzed networks,
instead, are more elastic and mainly able to dissipate energy by
network chain scission. Insights into the role of bond scission
and molecular friction on energy dissipation can be gained by
considering the critical energy release, G, within the molecular
model of Lake and Thomas.” According to this model, the
minimum (i.e., threshold) energy dissipated upon creation of
an interface, G, is that required to break a monolayer of
stretched elastic polymer chains and given by

GO = Ublvxzx (5)
where Uy, N,, and X, are respectively the energy of a covalent
bond (i.e., typically 350 kJ mol™" but recently revised by Wang
et al. to 60 kJ] mol™" based on a probabilistic view of bond
scission®'), the number of covalent bonds between cross-links,
and the areal density of elastic polymer chains. However, it is
worth noting that N, and X, are coupled through

ulRy)? u(CN),
2 2

z

¥ (6)
where (Ro)l/ % is the average end-to-end distance of an elastic
polymer chain, C,, the characteristic ratio of EGE (i.e., 7.46
based on molecular dynamic simulations and comparable to
that of analogous polyacetal), and I, the average length of a C—
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C and C-O bond (i, 1.48 A). As a result, the threshold
energy, Gy, is related to the density of elastic chains, v,, by

3/2
Vx(cooNx)l/zlo ~ UblOCool/z(pNA] V—I/Z
2 x

Co = UM, 2 M
0

(7)
where p, My, and N, are respectively the density of the
polymer network, the molar mass of the monomer, and
Avogadro’s number. Equation 7 unveils a trade-off between the
threshold fracture energy, G, and the density of elastic
polymer chains, v,, which has been experimentally validated in
conventional elastomers™ and tetra-poly(ethylene glycol)
hydrogels™ under conditions where molecular friction is
suppressed like high temperature or high solvent concen-
tration.

Lynd-catalyzed networks are elastic and predominantly
dissipate energy by chain scission, leading to better agreement
between the critical energy release rate, G, and the threshold
energy, G, (Figure 4B). Vandenberg-catalyzed networks,

(A)

Lynd

Vandenberg

3
10 Vandenberg

Lynd
- Lake and Thomas

10°F 40 E

G, [Jm3
7/

10"k : ~ E

1 026 1 027

v, [m?]

1 025

Figure 4. Fracture properties of EGE networks. (A) Pictures of EGE
at the critical stretch for crack propagation. Vandenberg-catalyzed
networks have crack tip opening displacement, § ~ O(1 mm),
whereas Lynd-catalyzed networks, instead, have § ~ O0(0.1 mm)
(Figures S13 and S14). (B) Critical energy release rate, G, of EGE
networks. Lynd-catalyzed networks exhibit better agreement with the
Lake and Thomas model on fracture in terms of the scaling with v,.

instead, are viscoelastic and able to dissipate a notable amount
of energy by molecular friction, yielding marked deviations of
G. from G,. This difference in dissipation mechanism is also
reflected in the fracture surfaces (Figure S13), which are
smoother for viscoelastic, Vandenberg-catalyzed networks as in
synthetic elastomers like styrene—butadiene rubber.”* How-
ever, we note that Vandenberg-catalyzed networks are also
more blunted than Lynd-catalyzed networks at the critical
point (Figure 4A), indicating that they are also subject to
larger deformations ahead of the crack tip (i.e., see elasto-
adhesive length in Figure S14 and crack tip opening
displacement at the onset of crack propagation in Figure
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S15). Slootman et al. recently argued that such stretch
concentration because of molecular friction also increases the
local probability of bond scission, coupling the mechanisms of
energy dissipation that control fracture in polymer networks.>®
Hence, it is possible for the critical energy release rate, G, of
Vandenberg-catalyzed networks to notably deviate from the
Lake and Thomas threshold energy, G,, because of not only
viscoelastic dissipation but also molecular damage.

Finally, it is also interesting to note that Vandenberg-
catalyzed networks exhibit dramatic differences in critical
energy release rate, G, despite having similar densities of
elastically active chains and entanglements (i.e., elastic
modulus and strain softening in Figure 2C). This observation
indicates that refined descriptions of the network architecture
are necessary to understand energy dissipation and fracture.
The molecular model of Rubinstein and Panyukov describes
the non-linear behavior of entangled polymer networks up to
moderate strains, but the region ahead of the crack tip, instead,
is subject to large strains because the polymer chains extend
near their limiting extensibility. Vandenberg-catalyzed net-
works synthesized with higher nominal concentrations of
cross-linker strain harden at lower strains, suggesting that they
are composed of less extensible chains and able to dissipate less
energy by network chain scission (Figure 2C, Figure S16, and
Table S6). In addition, these networks have a lower viscoelastic
dissipation factor, tan(5), at the characteristic frequency of
crack propagation, indicating that they also dissipate less
energy by molecular friction (Figure S17 and Table S6).
Hence, increasing the nominal concentration of cross-linker in
Vandenberg-catalyzed networks compromises energy dissipa-
tion by both molecular damage and friction, resulting in less
resistance to crack propagation as measured by the critical
energy release rate, G..

B CONCLUDING REMARKS

Polymer networks synthesized by epoxide ring-opening
polymerization provide novel insights into the role of reaction
pathway on network architecture and mechanical properties.
Fast and uncontrolled polymerization with the Vandenberg
catalyst, a chelate of AlEt; with acetylacetone and water, yields
loosely cross-linked, entangled, soft, and extensible networks,
whereas slow and controlled polymerization with the Lynd
catalyst, a chelate of AlEt; with dimethylaminoethanol, instead,
results in highly cross-linked, stiff, and brittle networks. This
trade-off between stiffness and elasticity at low deformations
(i, high modulus and negligible energy dissipation) and
resistance to crack propagation (i.e, high toughness) is
characteristic of polymer networks that rely on molecular
friction to dissipate energy in the vicinity of the crack tip.

A typical strategy to tune the architecture and mechanical
properties of polymer networks is to vary the nominal
concentration of cross-linker in the polymerization. However,
polymerization with the Vandenberg catalyst results in
networks with an elastic modulus insensitive to the cross-
linker concentration, whereas polymerization with the Lynd
catalyst does not afford percolated networks at cross-linker
concentrations below 3 mol %. As a result, tailoring the
reaction pathway through the choice of organoaluminum
catalyst widens the range of synthetically accessible elastic
moduli, affording additional leverage over the architecture and
mechanical properties of polyether networks. Nonetheless, it is
worth noting that neither the Vandenberg nor the Lynd
catalyst is in absolute terms fast or controlled, suggesting that
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novel initiator/catalysts for epoxide ring-opening polymer-
ization could serve to improve the mechanical properties of
polyether networks.

Effective cross-linking is attained through Lynd polymer-
izations, but the amount of energy dissipated upon fracture is
still more than that required to break a monolayer of elastic
polymer chains. Other soft materials like tetra-poly(ethylene
glycol) hydrogels® and olefin-based elastomers>* have fracture
energies that approach the threshold energy in regimes where
viscoelastic dissipation is negligible. As such, it is likely that our
polymer networks synthesized by Lynd polymerizations,
though highly cross-linked and elastic, still contain trapped
entanglements and viscoelastic dissipation ahead of the crack
tip.

Network architectures that result from Vandenberg polymer-
izations have similar densities of elastic chains and entangle-
ments as well as an elastic modulus and strain softening that
are insensitive to the nominal concentration of cross-linker
during polymerization. However, these materials exhibit
dramatic differences in their resistance to crack propagation,
suggesting that descriptions of the network architecture
beyond that afforded by the mean-field model of Rubinstein
and Panyukov might be necessary to understand energy
dissipation and fracture. In this regard, combinations of
experiments and theory like those recently undertaken by
Arora et al,’® Lin et al,* and Barney et al.”’ might prove
useful to understand how the load-bearing capacity of chemical
cross-links, entanglements, and topological defects evolves as
polymer chains deform, untangle, and fully extend before
failure.

Controlling the reaction pathway with organoaluminum
catalysts affords polyether networks that are elastic at low
strains but able to dissipate energy primarily by bond scission
above a critical strain in the vicinity of the crack tip. Such
fundamental understanding of the mechanical properties serves
to molecularly design soft, tough, and durable materials for
engineering applications (e.g, tires and dampers), energy
conversion and storage devices (e.g., wearable electronics and
ion gels), and medicine (e.g, soft prosthetics).
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