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1. Introduction

Creep-resistant, extrudable, and recyclable
polyolefin covalent adaptable networks
incorporating azine cross-links via reactive
processing

2 Stephanie M. Barbon,” Hayley A. Brown,© Evelyn Auyeung,®

%a,d

Mathew J. Suazo,
Colin Li Pi Shan® and John M. Torkelson

Polyolefins, encompassing polymers such as polyethylene (PE) and ethylene-based copolymers, are the
world’'s most widely produced class of plastics due to their versatility and facile property tunability.
Although these materials are recyclable, in practice their recycling rates are low due to a range of issues,
including thermomechanical degradation. Furthermore, converting polyolefins into thermosets, such as
PEX (made by cross-linking PE to form a permanent network), may yield property improvements but it
comes at the cost of reprocessability and, thus, recyclability. The development of covalent adaptable net-
works (CANs), which utilize dynamic rather than static cross-links, has provided a promising avenue for
improving the sustainability of polyolefin-based materials. By incorporating dynamic covalent bonds
(associative or dissociative in nature) into polyolefin precursor materials, the resulting polyolefin CANs
may exhibit improved properties and full recovery of these properties upon recycling. Here, we used
radical-based reactive processing to introduce associative azine dynamic cross-links into a variety of
ethylene-based polymers, yielding robust, reprocessable CANs. By reacting various PEs and ethylene/
1-octene copolymers with 0.6 wt% dicumyl peroxide and 5 wt% bis(4-methacryloyloxybenzylidene)
hydrazine (BiBeN methacrylate, BBMA), we obtained CANs that exhibited full recovery of cross-link
density and thermomechanical properties after multiple cycles of remolding, as well as substantial, elev-
ated-temperature creep resistance and amenability to industrially relevant processing methods (e.g.,
injection molding and extrusion). Finally, compared with our previous studies using aromatic-disulfide-
based and dialkylamine-disulfide-based cross-linkers, our BBMA-based polyolefin CANs exhibited
improved cross-link density and elevated-temperature creep suppression, required less radical initiator,
and were reprocessable at lower temperature.

with a-olefins provides another route for property tuning.
Linear low-density PE (LLDPE) may be produced by utilizing a

As the world’s most-produced plastic, polyethylene (PE) exhi-
bits significant versatility and property tunability which makes
it well-suited to a variety of applications.'” Variations in the
polymerization method used to synthesize PE can result in
low-density or high-density PE (LDPE or HDPE), which differ
significantly in properties such as crystallinity and dispersity.
Variations in synthesis conditions can further tailor properties
such as molecular weight."* The copolymerization of ethylene
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small proportion of a-olefin (typically 10% or lower) to yield a
material with both low dispersity and increased short-chain
branching, which stands in contrast to conventional LDPE and
HDPE."* Meanwhile, incorporating higher proportions of
a-olefin comonomer allows for the production of specialty
plastics which may access a wider variety of microstructures
and performance metrics; for instance, random and multi-
block ethylene/1-octene copolymers (r-EOC and OBC, respect-
ively) are commercially produced for such purposes.®”
Although for recycling thermoplastic
materials such as PE (due to their moldability at high tempera-
tures), the reduction in properties that often results from ther-
momechanical degradation during reprocessing means that
plastic recycling rates have remained below 10% worldwide
from year to year.>® An additional challenge arises from the
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production of thermosets such as cross-linked PE (PEX); the
conventional methods of thermoset synthesis, such as reactive
extrusion, result in the formation of permanent cross-links
between the constitutive chains of the precursor material and
thus a permanent network structure.”'?> While these perma-
nent cross-links provide robust mechanical properties and
chemical resistance to the thermoset material (making it suit-
able for applications such as pipework or cable insulation),
this comes at the expense of recyclability, as the material will
simply degrade rather than melt and flow with increasing
temperature.’ *? Therefore, sustainability challenges remain to
be addressed for PE, PEX, and other commercially produced
thermoplastic and thermoset materials.

A promising avenue for producing materials with robust
properties under use conditions and full recyclability under
processing conditions is the incorporation of dynamic covalent
cross-links.>'*"*® In contrast to permanent cross-links, which
remain static until degradation occurs, dynamic cross-links
may rearrange in response to a stimulus (heat, light, pressure,
etc.), enabling network reconfiguration and thus reprocessabil-
ity of the material as a whole.'*™"” Network polymers incorpor-
ating dynamic covalent cross-links are often referred to as
covalent adaptable networks (CANs); the chemistries of the
dynamic cross-links are typically classified as dissociative or
associative."*'”'®?! CANs containing dissociative cross-links
experience a reduction in cross-link density while the dynamic
chemistry is active, as the functional groups of the cross-links
must fully decouple before seeking out new partners to recom-
bine and recover the network structure.'*?° In contrast, under
normal conditions for characterizing cross-link density, CANs
containing strictly associative cross-links (sometimes referred
to as vitrimers'®*%??) exhibit a constant cross-link density with
active dynamic chemistry due to the simultaneous breakage
and reformation of the cross-links.'>'®*° In addition, some
CANSs exhibit characteristics of both dissociative and associat-
ive dynamic chemistries.>*™°

Given the ability of existing thermoset production routes to
incorporate dynamic rather than static cross-links, numerous
studies have successfully synthesized polyolefin CANs using
various dynamic chemistries in recent years.>'»230730 [
2022,*® our group pioneered a simple, one-step method using
radical-based reactive processing to produce fully reprocessa-
ble CANs from virgin and waste LDPE and HDPE (in contrast
to previous studies that required external catalysis, prefunctio-
nalized PEs, and other complicating factors®*>’). Our sub-
sequent studies extended this approach to the production of
r-EOC*® and OBC* CANs, in each case utilizing BiTEMPS
methacrylate (BTMA; a cross-linker containing a dialkylamine
disulfide dynamic bond that undergoes dissociative-type
exchange when active® %) to graft dynamic cross-links
between constituent chains of the precursor polyolefins.*®3%42
In doing so, we demonstrated the applicability of our radical-
based reactive process to a range of precursor materials (with
our recent study grafting BTMA to ethylene-vinyl acetate copo-
lymers extending this finding to materials beyond pure poly-
olefins®®), as well as providing insight into the structure-prop-
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erty relationships, self-healability, and extrudability of the
resulting CANs,?%3%41:42

Furthermore, our development of BiPheS methacrylate
(BPMA; a cross-linker containing an aromatic disulfide bond
that undergoes a [2 + 1] radical-mediated exchange and exhi-
bits both associative and dissociative characteristics when
active®®®) and our proof-of-concept study®® copolymerizing it
with n-hexyl methacrylate (HMA) led us to hypothesize that
BPMA could impart improved high-temperature performance
to polyolefin CANs. Indeed, by reactively processing BPMA
with a range of PEs as well as an r-EOC and an OBC,** we
demonstrated a significant improvement in high-temperature
creep resistance compared to similar CANs made with BTMA
while also enabling full property recovery at extrusion tempera-
tures as high as 260 °C (60 °C higher than previously demon-
strated using BTMA®°). Additionally, we recently showed that
introducing additional aromatic rings into the BPMA structure
and/or using vinyl aromatic additives enabled the first pro-
duction of CANs from polypropylene (PP)*”*® and propylene-
ethylene copolymers (PEC)," owing to the ability of the aro-
matic groups to provide resonance stabilization of radicals,
thereby suppressing the p-scission of propylene repeat units
that occurs upon exposure to radicals.””**”° The resulting PP
and PEC CANs exhibited facile extrudability and full property
recovery upon reprocessing, further demonstrating the utility
of aromatic disulfide dynamic bonds in producing robust
CANs from a variety of precursor materials.***”~*°

Recently, we were the first to demonstrate the incorporation
of azine dynamic bonds into a CAN by radical-based
methods,*® enabled by our development of BiBeN methacrylate
(BBMA; a cross-linker containing an azine bond that under-
goes associative-type [2 + 2] metathesis when active®”®").
Azines had previously seen little exploration in the CAN litera-
ture, and the few prior studies employed methods not readily
applicable to commercial polymer network manufactur-
ing.®>®® Our success in producing HMA-BBMA copolymer
CANs by free-radical copolymerization® also enabled us to
compare their properties and performance with those of our
previously-studied HMA-BPMA copolymer CANs.”® For
instance, with the same molar proportion of added cross-
linker, the HMA-BBMA copolymer exhibited a 36% increase in
cross-link density compared to its HMA-BPMA counterpart,
highlighting BBMA'’s greater efficiency in introducing effective
cross-links into a network.>®°® The HMA-BBMA copolymer
also showed an 8-fold reduction in elevated-temperature creep
compared to the HMA-BPMA copolymer (at 210 °C) and
accommodated a much lower reprocessing temperature
(120 °C) for recovery of the equilibrium cross-link density (vs.
200 °C for HMA-BPMA).”®%* In the current study, we were
motivated to apply BBMA to produce reactively processed poly-
olefin CANSs, as our group had previously done this extension
from copolymer CANSs to reactively processed CANs for BTMA
and BPMA.**?94>% In doing so, we would be able to examine
any distinctions in polyolefin CAN behavior resulting from our
use of the novel BBMA chemistry; this is important given the
major differences evident in the elevated-temperature stress

This journal is © The Royal Society of Chemistry 2026
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relaxation dynamics of HMA-based CANs made with the BBMA
cross-linker (which undergoes [2 + 2] metathesis) vs. BPMA
(which undergoes [2 + 1] exchange) and BTMA (which under-
goes dissociation).”>*®®® In particular, we anticipated that
BBMA would enable facile (re)processability at more moderate
temperatures than BPMA while improving cross-link incorpor-
ation and suppressing high-temperature creep.

Here, we synthesized BBMA-based polyolefin CANs from
precursor polymers (LDPE, LLDPE, HDPE, r-EOC, and OBC)
via radical-based reactive processing. After determining an
approximately optimal loading of dynamic cross-linker and
radical initiator, we verified robust network formation across
our CANs and confirmed full property recovery (and thus
reprocessability) over multiple compression-molding cycles.
We also compared various properties with those of our pre-
vious BPMA-based polyolefin CANs and, for elevated-tempera-
ture creep resistance, with BTMA-based CANs.** Finally, we
assessed the amenability of our BBMA-based CANs to indust-
rially relevant (re)processing methods, including injection
molding and extrusion. In total, we validated the suitability of
BBMA for producing robust, creep-resistant, and recyclable
polyolefin CANs, providing a favorable route to replace com-
mercial thermosets with dynamic polymer networks.

2. Experimental

2.1. Materials

All chemicals were used as received unless otherwise stated.
All precursor polyolefins (LDPE, HDPE, LLDPE, r-EOC, and
OBC) were from The Dow Chemical Company; the manufac-
turer provided densities and melt flow indices. 4,4-
Dihydroxybenzalazine (95%) was purchased from 10X Chem.
Methacryloyl chloride (97%), triethylamine (99%), N,N-di-
methylacetamide (DMAc, anhydrous, 99.8%), dicumyl peroxide
(DCP, 98%), o-xylene (98%), potassium carbonate (99.0%), and
magnesium sulfate (99.5%) were purchased from Sigma-
Aldrich. Sodium chloride (99.5%), dichloromethane (99.5%),
chloroform (99.8%), and methanol (99.8%) were purchased
from Fisher Scientific. DMAc was dried over activated 4 A
molecular sieves for at least 48 h before use.

2.2. Synthesis of bis(4-methacryloyloxybenzylidene)hydrazine
(BiBeN methacrylate, BBMA) cross-linker

Bis(4-methacryloyloxybenzylidene)hydrazine (BiBeN methacry-
late, BBMA) was synthesized by following a literature pro-
cedure.®® "H NMR (500 MHz, CDCI,): 6 8.86 (d, J = 3.8 Hz, 2H),
8.05-7.93 (m, 4H), 7.33-7.28 (m, 4H), 6.41 (q, J = 1.1 Hz, 2H),
5.83 (dp, J = 5.9, 1.5 Hz, 2H), 2.10 (q, J = 1.5 Hz, 6H). Hi-Res
MS (ESL): m/z found [M-H"] for [C,,H,004N,-H'] 377.30 (caled
377.42).

2.3. Chemical characterization of BBMA

BBMA was characterized using methods described in the litera-
ture.®” 'H nuclear magnetic resonance (NMR) spectroscopy
was conducted using a Bruker Avance III 500 MHz NMR
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spectrometer. Measurements were taken at room temperature
with deuterated chloroform as the solvent. Electrospray ioniza-
tion (ESI) mass spectrometry (MS) was conducted using a
Bruker AmaZon-SL configured with an Agilent 1100 Series
high-performance liquid chromatography module, an ESI
source, and a 3D ion trap mass analyzer. Measurements
employed a mobile phase composition of 20% methanol/80%
dichloromethane and collected the positive-ion spectra.

2.4. Synthesis of polyolefin CANs

Typically, pellets of a selected polyolefin (LDPE, HDPE, LLDPE,
-EOC, or OBC) (0.5 to 2.0 g basis) were added to an Atlas
Laboratory Mixing Molder (flushed twice with the selected
polyolefin before synthesis). Unless stated otherwise, 5 wt%
BBMA and 0.6 wt% DCP (both in powder form) were added to
the mixer along with two or three steel balls to emulate the
chaotic mixing of reactive extrusion and promote homogeniz-
ation.®” The weight percentages of BBMA and DCP were calcu-
lated relative to the mass of polyolefin added to the mixer. The
blends were homogenized at 120 rpm for 3 to 5 min at a temp-
erature depending on the polyolefin used (120 °C for r-EOC,
130 °C for LDPE, LLDPE, and OBC, and 140 °C for HDPE).
While the mixer’s rotor remained at constant angular velocity,
the mixer’s cup was periodically manually cranked up and
down to aid the blending process. The uncured blends were
then removed from the mixer with a spatula and compression-
molded at 160 °C using a PHI press (model 0230C-X1) with a
10-ton (~8 MPa) ram force for 1.0 h, yielding cured 1*-molded
films (~0.6 mm thick).

2.5. Reprocessing of CANs via compression molding

Unless otherwise stated, 1°-molded CAN films were cut into
mm-sized pieces and compression molded at 160 °C using a
PHI press (model 0230C-X1) with a 10-ton (~8 MPa) ram force
for 1.0 h, yielding 2"%-molded films. This process was then
repeated, starting with 2"%-molded films to yield 3"-molded
films.

2.6. Reprocessing of CANs via injection molding and
extrusion

-EOC CANs (~5 g) containing 5 wt% BBMA and 0.6 wt% DCP
were cut into pieces and fed into an extruder (HAAKE MiniLab
3, Thermo Scientific) set to 30 rpm and 160 °C. The molten
sample was then continuously cycled through the extruder for
an estimated residence time of 5 min. It was then either
retrieved from the cycling channel (yielding an injection-
molded sample) or extruded through the outlet (yielding an
extruded sample).

2.7. Radical activity studies

To assess the possibility of cross-linker homopolymerization,
50 mg BBMA and 6 mg DCP were dissolved in 1.0 mL o-xylene
and heated at 140 °C for 12 h.*” To assess the potential suscep-
tibility of the azine motif to radical exposure, 50 mg 4,4"-dihy-
droxybenzalazine and 6 mg DCP were dissolved in 1.0 mL
DMACc and heated at 140 °C for 12 h.
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2.8. Differential scanning calorimetry (DSC)

Measurements were performed on ~5 mg samples of the CANs
in hermetically sealed aluminum pans under nitrogen flow
using a TA Instruments DSC250. The following cycle was
applied twice to each sample: (1) heating to 180 °C at a rate of
10 °C min™", (2) holding at 180 °C for 5 min, and (3) cooling to
0 °C at a rate of 10 °C min™", yielding a heat flow (W g™") vs.
temperature plot. The melting peak and endpoint tempera-
tures (Tm,peak aNd T endpoint, Tespectively) were determined
from the endothermic peak of the second heating scan.
Percent crystallinity was determined by integrating the crystal-
lization peak of the second cooling scan to obtain the
sample’s latent heat of fusion, which was then divided by the
latent heat of fusion for fully crystalline PE (293 J g~ *).%®

2.9. Thermogravimetric analysis (TGA)

Measurements were performed using a Mettler Toledo TGA/
DSC3+ on CAN samples in alumina pans under a combined
gas flow of 70 mL min™" (20 mL min~" nitrogen, 50 mL min ™"
air). Each sample was initially held at 50 °C for 5 min, then
heated to 600 °C at 10 °C min~". The degradation temperature
(T4q) of each sample was taken as the temperature at which the
sample reached a 5% mass loss.

2.10. Gel content determination

Small pieces of each CAN (with mass m,) were immersed in
o-xylene (~1 mL mg™") at 120 °C for 18 h, after which the
pieces had swelled in the solvent. The pieces were then
retrieved and dried in a vacuum oven for 48 h before being
weighed (mg4). Gel content was determined from triplicate
measurements as follows: gel content (%) = 100(mq4/m,).

2.11. Dynamic mechanical analysis (DMA)

Tension-mode, small-amplitude oscillatory DMA temperature
ramps and frequency sweeps were performed on samples
using a TA Instruments RSA-G2 Solids Analyzer. Storage
modulus (£'), loss modulus (E”), and damping ratio (tan & = E"/
E') were recorded as functions of temperature. Unless other-
wise stated, temperature ramps were performed under airflow
at a heating rate of 3 °C min™"', a frequency of 1.0 Hz, and an
oscillatory strain of 0.03%, and frequency sweeps were con-
ducted under airflow from 10.0 to 0.01 rad s~ at 170 °C using
an oscillatory strain of 1.0%.

2.12. Creep

Shear-mode creep experiments were performed by applying a
3.0 kPa stress to sample discs cut from 1%-molded films of
CANSs containing 5 wt% BBMA and 0.6 wt% DCP as well as pre-
cursor polyolefins (~0.6 mm thick, ~8 mm in diameter).
Measurements were conducted using an Anton-Paar MCR 302e
rheometer with an oven-hood attachment and an 8 mm paral-
lel-plate fixture. Samples were equilibrated at 150 °C for
10 min under 2.0 N of applied normal force, after which creep
tests of varying duration were conducted (10 000 s for CANs,
200 s for precursor polyolefins). The viscous creep strain of a
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CAN was calculated by extrapolating the slope of the best-fit
line through the data between ¢ = 9000 s and ¢ = 10 000 s (the
observed linear portion of the curve) back to ¢t = 0 s and sub-
tracting this y-intercept from the final strain value at ¢t = 10 000
s. The viscous creep strain of a precursor polyolefin was taken
as the final strain at ¢ = 200 s.

2.13. Stress relaxation

Tension-mode stress relaxation experiments were conducted on
CAN samples using a TA Instruments RSA-G2 Solids Analyzer.
Samples were thermally equilibrated at the test temperature for
10 min before testing. An instantaneous 3% strain was held
constant over the course of the experiment, and the stress relax-
ation modulus (E(¢)) for each sample was monitored as a func-
tion of time. Experiments were run until each sample had
relaxed at least 80% of its initial stress (i.e., E(t)/E, < 0.20).

3. Results and discussion

3.1. Standard formulation for reactively processed BBMA-
based CANs

We first sought a formulation that would enable the successful
synthesis of reprocessable CANs from our range of precursor
materials, including low-density, linear low-density, and high-
density polyethylene (LDPE, LLDPE, and HDPE, respectively)
as well as random and multi-block ethylene/1-octene copoly-
mers (r-EOC and OBC, respectively). Scheme 1 illustrates our
procedure for converting neat polyolefins into CANs by reactive
processing, and Tables 1 and S1 provide relevant properties of
the neat polyolefins we employed.***?””? In a typical synthesis,
we used a benchtop melt-mixer to blend 0.5-2.0 g of a poly-
olefin with 5 wt% (relative to the polyolefin mass) of our
BiBeN methacrylate (BBMA) cross-linker and 0.6 wt% dicumyl
peroxide (DCP) as a radical initiator. The blend was mixed for
3-5 min at 120 rpm and 120 °C for the r-EOC, 130 °C for the
LDPE, LLDPE, and OBC, or 140 °C for the HDPE (depending
on the endpoint melting temperature, Tr endpoint, Of €ach poly-
olefin, but low enough to avoid significant radical initiation by
DCP). Following this, the homogenized blend was removed
from the mixer and compression-molded at 160 °C and 8 MPa

Ethylene-based Polyolefin

DCcP
+

Hoomo

BBMA

160°C,1.0h

Ethylene-based Polyolefin CAN

Scheme 1 Synthesis of a CAN from an ethylene-based polyolefin
(polyethylene, ethylene—octene copolymer), BiBeN methacrylate
(BBMA), and dicumyl peroxide (DCP) via reactive processing at 160 °C.

This journal is © The Royal Society of Chemistry 2026
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Crystallinity® Tm,peak * Tm,endpoint Densityb Melt flow index* M,, 1-Octene content
Material (%) (°C) (°C) (g em™) (g per 10 min) (kg mol™) D (Wt%)
LDPE 43 112 121 0.924 4.2 80? 7.3¢ 0?
LLDPE 50 123 132 0.920 1.0 110° 3.7° 10°
HDPE 70 130 142 0.953 0.38 1157 3.00 0?
r-EOC 18 63 85 0.870 1.0 1209 2.0% 38”
OBC 16 122 132 0.877 1.0 130" 2.6" 39"

“ Ref. 44.  Data provided by manufacturer. ° Collected at 190 °C using 2.16 kg load. ¢ Ref. 69. ¢ Ref. 70.”/ Ref. 71. ¢ Ref. 72. " Ref. 73.

for 1.0 h, yielding a 1°-molded, cross-linked CAN as depicted
in Scheme 1. This procedure has previously been shown to
produce homogeneous blends®” and, subsequently, polyolefin
CANs without macroscopic or nanoscale phase separation.>®

As previously demonstrated,*®*%*>** this reactive proces-
sing procedure is enabled using a bifunctional dynamic cross-
linker with methacrylate end groups such as BBMA. At high
temperatures, the peroxide bond of DCP cleaves to form free
radicals, which then abstract hydrogen atoms from the poly-
olefin chains, forming macroradicals on the chains. These
macroradicals then react with the double bonds of the meth-
acrylate end groups of the dynamic cross-linkers, thereby graft-
ing the cross-linkers to the polyolefin chains. Dynamic cross-
links are thus obtained when both ends of a cross-linker mole-
cule are grafted to different polyolefin chains; see Scheme 1.
We note the possibility of side reactions during this procedure
that can result in permanent cross-links (e.g., via the reaction
of two macroradicals directly and permanently linking two
chains) or dynamic bonds that do not contribute to the
network structure (e.g., a dangling end left ungrafted when
only one side of the cross-linker reacts with a chain macroradi-
cal, or both ends of a cross-linker reacting with the same chain
to form a loop).*®** Therefore, we sought to determine a cross-
linker/radical initiator loading that would minimize the for-
mation of permanent cross-links (to maintain reprocessability)
while still yielding a robust, dynamically cross-linked network
structure.

Furthermore, we sought to examine the potential distinc-
tions arising from the use of BBMA’s azine dynamic chemistry.
Azine exchange, representing a [2 + 2] metathesis and thus a
fully associative dynamic chemistry,®®®" behaves differently
from the dynamics of systems we have previously studied,
including aromatic disulfide exchange (representing a [2 + 1]
radical-mediated exchange with aspects of both associative
and dissociative chemistry®®™®) and dialkylamine disulfide
exchange (a fully dissociative chemistry®'™*). In particular,
both of the aforementioned disulfide dynamic chemistries
involve the production of sulfur radicals while the chemistry is
157 Although that did not hinder the synthesis and
reprocessability of CANs made by reactive processing using
these chemistries,*®3***>** jt was unknown how the use of a
dynamic chemistry that did not rely on radical reactions when
active would impact the production and performance of poly-
olefin CANs.

active.

This journal is © The Royal Society of Chemistry 2026

Using the r-EOC precursor, we conducted loading tests to
identify a formulation that would yield robust, reprocessable
CANs and could then be applied to our other polyolefin precur-
sors. We did so by synthesizing a range of reactively processed
materials using either a constant wt% of BBMA and a varied
wt% of DCP (Fig. 1a) or a varied wt% of BBMA and a constant
wt% of DCP (Fig. 1b). We used tension-mode, small-amplitude
oscillatory dynamic mechanical analysis (DMA) to assess the
robustness of each sample by measuring the tensile storage
modulus (E') as a function of temperature. Subsequently, the
sample was evaluated for reprocessability by cutting it up and
remolding it under the same conditions that produced the 1**
mold (160 °C for 1.0 h), and a sample was considered reproces-
sable if the 2°¢ mold was fully healed (Fig. S1).

By first examining the samples with various DCP loadings
(Fig. 1a), we found that materials containing 0.75 and 1 wt%
DCP exhibited robust plateaus in E' but could not be repro-
cessed into fully healed films, indicating excessive permanent
cross-links; in contrast, materials with 0.5 and 0.6 wt% DCP
fully healed upon reprocessing, confirming their character as
CANs. The CAN with 0.6 wt% DCP yielded the higher E' values
of the two while still retaining reprocessability (Fig. S1); thus,
we used this DCP loading as the standard for testing variations
in BBMA loading (Fig. 1b). Each of the three materials tested
(containing 3, 5, or 7 wt% BBMA) could be reprocessed into
healed 2"%-mold films, confirming their status as CANs. We
subsequently conducted DMA tests on the 2"-molded CANs

1E+8 — 1E+8 —
a w—5-1 b —T-0.6
—5-0.75 —5-0.6
1E+7 —5-0.6 1E+7 —3-0.6
ﬁ" <
L 1E+6 L 1E+6
(] ]
1E+5 1E+5 | ]
1E+4 e 1E+4 T ET T
40 80 120 160 200 40 80 120 160 200

Temperature (°C) Temperature (°C)

Fig. 1 Tensile storage modulus (E’) of cross-linked r-EOC films syn-
thesized with BBMA cross-linker and DCP radical initiator as functions of
temperature and loadings of (a) DCP (wt%) or (b) BBMA (wt%). The
legends correspond to “wt% of BBMA"-"wt% of DCP”; the tensile
storage modulus of a neat r-EOC film is included for comparison. The
5-1and 5-0.75 compositions are permanently cross-linked.
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(Fig. S2) to determine whether each material fully recovered its
equilibrium properties, as indicated by replication of the
rubbery plateau in E’ across the measured temperature
range.”* While the 3 wt% case did not fully recover the plateau
values, both the 5 wt% and 7 wt% cases recovered these values
within experimental uncertainty across the tested temperature
range. Given that our previous studies used a 5 wt% cross-
linker loading as the approximately optimal condition for pro-
ducing reactively processed CANs,*®3%%%% we selected 5 wt%
BBMA as our standard here to enable the most direct compari-
sons of material properties. (We also note that the previous
studies used 1 wt% DCP,*39%%% \hich, in our case, led to
excessive permanent cross-linking; we therefore used 0.6 wt%
DCP as our standard here for the initiator.) This was largely
not a detriment to the robustness of the CANs produced for
this study (vide infra). As such, we selected 5 wt% BBMA and
0.6 wt% DCP as our standard formulation for CAN production,
denoted “5-0.6” in the CAN naming scheme (e.g., 5-0.6 -EOC
CAN).

Before moving to the synthesis of CANs from additional
precursors, we examined the evolution of the E' plateau shape
at temperatures 2175 °C (Fig. S2). We conducted additional
remolding tests on the 5-0.6 r-EOC CAN, yielding 3" and 4™-
molded materials. We found that each molding step (while
fully recovering equilibrium values up to 170 °C) further
reduced E' values at ~175 °C and above (Fig. S3 and Table S2).
This indicates that the azine chemistry of BBMA is better
suited to moderate-temperature applications than the aromatic
disulfide chemistry used in our previous reactive processing
study with BiPheS methacrylate (BPMA).** This result is not
unexpected given the significant difference in required repro-
cessing temperature between our studies on n-hexyl methacry-
late (HMA) copolymer CANs made with either BPMA or BBMA
(reprocessing at 200 °C for BPMA®® versus 120 °C for BBMA®),
as well as the difference in the compounds’ degradation temp-
erature (273 °C for BPMA®® versus 219 °C for BBMA®). still, it
is an important consideration for applications such as indus-
trial polymer processing.

Additionally, we examined the possibility of side reactions
during the reactive processing procedure by conducting
control reactions in solvent between DCP and BBMA (to assess
potential homopolymerization) or between DCP and the pre-
cursor to BBMA (to assess the potential susceptibility of the
azine moiety to radical reactions). As shown in Fig. S4a, homo-
polymerization occurred in the BBMA/DCP mixture at a 5-0.6
ratio; similarly, as shown qualitatively in Fig. S4b and quanti-
tatively in Fig. S4c, product evolution was observed in the pre-
cursor/DCP mixture at the same ratio. However, we note that
our control reaction conditions represented an extreme case
relative to our reactive processing conditions (reactions were
conducted at 140 °C for 12 h, as using our reactive processing
temperature of 160 °C would cause solvent boiling issues),*”
with reactions occurring on a much longer time scale and in
the absence of precursor polymer (which, when present, pro-
vides many sites for radical reactions and thus cross-linker
grafting rather than side reactions). Given the demonstrated
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efficacy of our reactive processing procedure in producing
reprocessable r-EOC CANs from BBMA and DCP, although side
reactions may occur, their presence is not at a level significant
enough to detract from the successful incorporation of
dynamic BBMA cross-links.

Finally, although the 5-0.6 composition is our standard for
this study, variations in properties among our precursor
materials suggest that additional formulations may improve
performance. For instance, increasing the DCP loading to
1 wt% when synthesizing a CAN from the LDPE precursor
yields a higher E' plateau modulus (0.21 MPa at 160 °C, com-
pared to 0.11 MPa for the 5-0.6 formulation) while retaining
full reprocessability across multiple molds (Fig. S5). For con-
sistency across the range of precursor polyolefins, all sub-
sequent CANs were prepared using 5 wt% BBMA and 0.6 wt%
DCP unless noted otherwise.

3.2. Synthesis and characterization of reactively processed
BBMA-based CANs

With our standard values for cross-linker and initiator load-
ings determined, we synthesized CANs from our precursor
polyolefins using the 5-0.6 formulation. We first characterized
the resulting materials by DSC, TGA, and gel content measure-
ments (Table 2). As observed in prior reactive processing
studies,*®3**** the cross-linking procedure reduces crystalli-
nity and melting transition values for each CAN relative to its
neat precursor, as cross-links disrupt the formation of crystal
lamellae. TGA measurements indicated that the operational
window for the CANs extended well above the established pro-
cessing temperature of 160 °C, with T4 values of 337 °C or
higher. Each CAN also exhibited a gel content exceeding 50%,
confirming network formation, with gel contents largely over-
lapping within experimental uncertainty. These results were
reasonably consistent with those of our previous BPMA reac-
tive processing study,** with the LLDPE CAN again exhibiting
the highest gel content (outside the range of experimental
uncertainty of all but the OBC CAN). The general overlap in gel
content values again indicates a lack of a strong relationship
between gel content and cross-link density (measured by DMA,
vide infra), as we have previously noted.***>**

Each 1%-molded 5-0.6 CAN underwent DMA testing to verify
the formation of a robust network, as indicated by a rubbery
plateau in E'. In contrast to their neat counterparts, which
melted and flowed at elevated temperatures due to the lack of
a network structure, each of the PE CANs (Fig. 2 and Table 3)
and the copolymer CANs (Fig. 3 and Table 4) exhibited robust
rubbery plateaus beginning just above Ty, endpoine and decreas-
ing slightly in magnitude with increasing temperature.
Reprocessing of CANs into 2"¢ and 3™ molds (each step invol-
ving 1.0 h of compression molding at 160 °C, with an example
shown in Fig. S1) and testing the subsequent molds by DMA
indicated full recovery within experimental uncertainty of
plateau modulus values (Tables 3 and 4). From ideal rubber
elasticity theory,”* we know that

E = 3uRT (1)

This journal is © The Royal Society of Chemistry 2026
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Table 2 Properties of 15-molded CANs
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Material Crystallinity” (%) Tm,peak * (°C) Tm,endpoint  (°C) Ty? (°C) Gel content® (%)
5-0.6 LDPE CAN 39 110 113 374 56+ 6
5-0.6 LLDPE CAN 42 120 123 346 75+£3
5-0.6 HDPE CAN 59 130 134 337 63+3
5-0.6 r-EOC CAN 16 62 74 339 63+5
5-0.6 OBC CAN 14 119 123 337 70 +5

“ Determined by DSC. Listed values are +1% or 1 °C. ” Determined by TGA. ¢ Determined by swelling in o-xylene at 120 °C for 18 h. Error bars rep-

resent one standard deviation of three measurements.

5-0.6 HDPE CAN

5-0.6 LDPE CAN
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Fig. 2 Tensile storage modulus (E’) as a function of temperature and molding step for (a) LLDPE CAN, (b) HDPE CAN, and (c) LDPE CAN, all contain-
ing 5 wt% BBMA and 0.6 wt% DCP. Neat counterparts are included for comparison.

Table 3 Tensile storage modulus (E') as a function of molding step and temperature for PE-based samples

E'® (MPa)

Sample Mold 130 °C 140 °C 150 °C 160 °C 170 °C

Neat LLDPE — 0.004 0.002 0.002 0.002 —

5-0.6 LLDPE CAN 1%t 0.91 + 0.03 0.86 + 0.02 0.82 +0.03 0.78 + 0.03 0.73 +0.03
2nd 0.91 + 0.03 0.86 + 0.04 0.82 + 0.04 0.78 + 0.05 0.72 + 0.05
3rd 0.90 +0.12 0.86 + 0.12 0.81 +0.13 0.76 + 0.12 0.72 +0.15

Neat HDPE — 1.61 0.061 0.011 0.006 0.004

5-0.6 HDPE CAN 1%t 1.08 + 0.09 0.76 + 0.07 0.74 +0.07 0.71 + 0.06 0.69 + 0.07
ond 1.12 +0.12 0.73 + 0.05 0.70 + 0.05 0.68 + 0.05 0.66 + 0.06
3rd 1.11 +0.11 0.73 + 0.08 0.70 +0.07 0.67 + 0.08 0.62 + 0.09

Neat LDPE — 0.003 0.002 0.001 0.001 —

5-0.6 LDPE CAN 1%t 0.12 +0.01 0.11 + 0.01 0.10 + 0.02 0.09 + 0.02 0.09 + 0.02
2nd 0.15 + 0.02 0.13 + 0.02 0.12 + 0.01 0.11 + 0.01 0.10 + 0.01
3rd 0.16 + 0.03 0.14 + 0.03 0.13 + 0.03 0.12 + 0.03 0.11 + 0.03

“Determined by DMA. Error bars represent one standard deviation of three measurements.
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Fig. 3 Tensile storage modulus (E’) as a function of temperature and
molding step for (a) r-EOC CAN and (b) OBC CAN, made with 5 wt%
BBMA and 0.6 wt% DCP. Neat copolymers are included as controls.

This journal is © The Royal Society of Chemistry 2026

where E is the rubbery-plateau tensile modulus, v is the cross-
link density, T is the absolute temperature, and R is the gas
constant. By using E' in the rubbery plateau to approximate E,
the replication of E’ values within experimental uncertainty
from mold to mold indicates the full recovery of cross-link
density for each CAN after multiple reprocessing cycles and
thus the versatility of the BBMA chemistry in imparting
dynamic network character to a range of precursor polymers.
We note that the decrease in the rubbery plateau E' with
increasing temperature for each polyolefin CAN contrasts with
our previous study of HMA-BBMA copolymer CANs,* in which
the copolymer CAN exhibited an increase in rubbery plateau E’
directly proportional to absolute temperature. Per eqn (1), this
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Table 4 Tensile storage modulus (E’) as a function of molding step and temperature for r-EOC- and OBC-based samples

E" (MPa)

Sample Mold 130 °C 140 °C 150 °C 160 °C 170 °C

Neat r-EOC — 0.002 0.002 0.001 0.001 —

5-0.6 I-EOC CAN 1% 0.73 £ 0.02 0.68 + 0.02 0.63 £ 0.01 0.58 £ 0.02 0.54 + 0.02
ond 0.73 + 0.04 0.68 + 0.04 0.64 * 0.03 0.59 + 0.02 0.55 + 0.02
3 0.75 £ 0.01 0.70 + 0.01 0.64 £ 0.01 0.60 + 0.01 0.54 +0.03

Neat OBC — 0.004 0.002 0.002 0.001 —

5-0.6 OBC CAN 1% 0.84 £ 0.08 0.80 + 0.07 0.75 £ 0.08 0.71 £ 0.07 0.66 + 0.07
ond 0.84 + 0.02 0.79 +0.03 0.76 = 0.02 0.72 + 0.03 0.68 + 0.04
3 0.86 £ 0.10 0.80 +0.11 0.77 £0.10 0.73 £0.11 0.68 £ 0.10

“Determined by DMA. Error bars represent one standard deviation of three measurements.

indicated that a constant cross-link density was maintained
across the rubbery plateau,”* consistent with BBMA’s azine
dynamic chemistry being associative in nature.®®®" Despite the
associative nature of BBMA cross-links, our polyolefin CANs do
not exhibit a constant cross-link density; however, this result is
not unprecedented. Our previous studies on BPMA-based
HMA copolymer CANs>® and reactively processed polyolefin
CANs** similarly indicated that the copolymer CANs behaved
in an ideal associative manner (maintaining a constant cross-
link density in the rubbery plateau). In contrast, the polyolefin
CANs exhibited a reduction in cross-link density with increas-
ing temperature, a result independent of applied frequency.**
(We confirmed this frequency-independent behavior in our
BBMA-based polyolefin CANs under the same testing con-
ditions; see Fig. S6.) Given similar findings in a study by Du
Prez and coworkers,”” as well as other studies from our group
indicating distinctions in material behavior resulting from
differing methods of cross-linker incorporation,****>* deeper
future examinations are warranted on the temperature-depen-
dent dynamics of reactively processed CANs containing associ-
ative cross-links.

By examining the plateau modulus at a specific tempera-
ture, we can compare the cross-link densities of our polyolefin
CANs. Using 160 °C as our standard, we found that the
rubbery plateau E' values (and thus cross-link densities) follow
this trend: 5-0.6 LLDPE CAN ~ 5-0.6 HDPE CAN ~ 5-0.6 OBC
CAN > 5-0.6 -EOC CAN > 5-0.6 LDPE CAN. Our prior study on
BPMA-based polyolefin CANs** exhibited almost the same
trend, except that the BPMA-based LLDPE CAN exhibited a
higher E’' than the HDPE and OBC CANs (rather than all three
being approximately on par as we see in this study). However,
comparing the E’ values at 160 °C between our BBMA-based
CANs and our previous BPMA-based CANs reveals an impor-
tant difference: except for the LDPE case, the BBMA-based
CANs exhibit E' values comparable to or up to ~50% higher
than BPMA-based CANs, despite using less DCP (0.6 wt% vs.
1.0 wt%). According to eqn (1), this means that a 40%
reduction in radical initiator still enables our BBMA-based
CANSs to incorporate up to 50% more cross-links than our pre-
vious BPMA-based CANSs. (Increasing the DCP loading to
1.0 wt% for the BBMA-based LDPE CAN, matching the loading

Polym. Chem.

in our BPMA reactive processing study,** results in an E' value
at 160 °C that slightly exceeds that of the BPMA-based version;
see Fig. S5.) The greater effectiveness of BBMA in introducing
cross-links is supported by our earlier study on an HMA-BBMA
copolymer CAN,*® which found that the cross-link density
maintained across the rubbery plateau was 36% higher than
that of an HMA-BPMA copolymer CAN>® synthesized with the
same molar amount of cross-linker. Thus, whether through
free-radical copolymerization or radical-based reactive proces-
sing, BBMA enables higher cross-link densities than BPMA at
equivalent loadings. Furthermore, our prior work shows BPMA
can produce more cross-links in polyolefin CANs than BiTEMPS
methacrylate (BTMA) at the same loading;*®** this indicates
that BBMA is also more effective than BTMA for cross-linking
polyolefins, making BBMA the most efficient cross-linker for
producing polyolefin CANs we have studied to date.

3.3. Creep testing and alternative processing methods for
reactively processed BBMA-based CANs

Given the importance of suppressing elevated-temperature
creep in polyolefin networks for potential high-temperature
applications, we sought to confirm that our previous findings
on the substantial creep resistance of an HMA-BBMA copoly-
mer®® remained applicable to our BBMA-based polyolefin
CANs. Accordingly, we conducted creep tests on the CANs at
150 °C under a shear stress of 3.0 kPa for 10 000 s to assess
their creep resistance in the molten state (Fig. 4a-c and
Table S3). When compared to their neat precursors (insets of
Fig. 4a-c), which exhibited substantial creep over a much
shorter time frame of 200 s (Table S4), each of the CANs
showed creep suppressed by multiple orders of magnitude due
to the incorporated BBMA cross-links. Indeed, calculation of
the viscous creep strains of the CANs (obtained by extra-
polating the linear fit of the creep data between ¢ = 9000 s and
¢t =10000 s back to t = 0 s and subtracting the y-intercept from
the total strain at ¢ = 10000 s) indicated that the greatest
amount of viscous creep strain, exhibited by the 5-0.6 LDPE
CAN, was 19%, an outstanding reduction when compared to
the 9000% strain experienced by the neat LDPE over a much
shorter 200 s time frame. Given that these measurements were
taken only 10 °C below the reprocessing temperature of the

This journal is © The Royal Society of Chemistry 2026
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(a)/(b)/(c) Elevated-temperature creep response: shear strain (%) as a function of time for neat precursors (insets) and CANs made with (a)

LLDPE or HDPE, (b) LDPE, or (c) r-EOC or OBC. Each sample was subjected to a 3.0 kPa shear load at 150 °C for 10 000 s. All CANs contain 5 wt%
BBMA and 0.6 wt% DCP. (d)/(e) Comparison of elevated-temperature creep behavior of CANs containing 5 wt% of BBMA, BPMA (BiPheS methacry-
late), or BTMA (BiTEMPS methacrylate) and made from (d) r-EOC or (e) OBC. The BBMA-based CAN contains 0.6 wt% DCP while the BPMA- and
BTMA-based CANs contain 1 wt% DCP. Each sample was subjected to a 3.0 kPa shear load at 150 °C for 10 000 s. The BPMA- and BTMA-based data

were adapted with permission from ref. 44.

CANs, these findings indicate that the associative nature of
BBMA'’s azine dynamic chemistry enables facile reprocessabil-
ity at pressure and/or shear-rate conditions associated with
elevated-temperature compression molding, extrusion, etc.,
while still maintaining a robust network structure at con-
ditions associated with (near) atmospheric pressure and (near)
zero-shear-rate conditions.

Use of the 150 °C testing temperature also enabled direct
comparisons with creep tests performed on BPMA- and BTMA-
based polyolefin CANs in our previous study (Fig. 4d, e and
Table S5).** We previously demonstrated that replacing BTMA
with BPMA reduced viscous creep by 77% and 60% in r-EOC
and OBC CANs, respectively, when incorporated using the
same formulation on a mass basis (5 wt% cross-linker, 1 wt%
DCP).** Here, we found that BBMA provided even greater
reductions in creep; relative to BPMA, BBMA reduced creep by
41% in the r-EOC case (Fig. 4d) and by 86% in the OBC case
(Fig. 4e) while using less DCP (0.6 wt% vs. 1.0 wt%). This com-
parison further supports our assertion that BBMA is more
effective at introducing cross-links than BPMA, as the ~50%
higher cross-link density exhibited by the 5-0.6 r-EOC and OBC
CANs (compared to their 5-1 BPMA-based counterparts) pro-
vided greater resistance to creep, as would be expected from a
more highly cross-linked system.

Analyzing the creep responses in the BBMA-based and
BPMA-based PE CANs revealed a complex picture. In the
LLDPE case, the 5-0.6 BBMA-based CAN had a cross-link
density comparable to that of the 5-1 BPMA-based CAN,** yet it
showed an 86% reduction in viscous creep. For HDPE, both
the 5-0.6 BBMA-based CAN and the 5-1 BPMA-based CAN*!

This journal is © The Royal Society of Chemistry 2026

exhibited similar cross-link densities and viscous creep
strains. These results indicate that, at the same cross-link
levels, BBMA provides equal or superior resistance to viscous
creep compared to BPMA. Because the BBMA dynamic chem-
istry is fully associative when active,®>®" whereas the BPMA
dynamic chemistry is primarily associative but involves a dis-
sociative component,>®™? it is reasonable that a system with a
small proportion of dissociated cross-links would exhibit more
viscous creep than a fully associative system. However, in the
LDPE case, the 5-0.6 BBMA-based CAN exhibited greater
viscous creep than the 5-1 BPMA-based CAN,** albeit while
having a lower cross-link density. This was confirmed by
synthesizing a 5-1 BBMA-based CAN, which had a cross-link
density similar to the 5-1 BPMA case but exhibited a higher
viscous creep strain (although, as expected, the viscous creep
strain was lower than the 5-0.6 BBMA case; see Fig. S7 and
Table S3). Interestingly, the 5-1 BPMA-based LDPE CAN from
our earlier study exhibited the lowest viscous creep strain
among the tested polyolefin CANs despite also having the
lowest cross-link density,** suggesting this result may be an
outlier. Future studies are warranted to investigate how precur-
sor polyolefin microstructure and properties, as well as the
choice of the dynamic cross-linker, affect the viscous creep be-
havior of the resulting reactively processed polyolefin CANs.
We also used the long-time linear fits of the creep curves to
calculate the zero-shear-rate viscosity (at 150 °C) of each
BBMA-based polyolefin CAN (Table S3), using the viscous
dashpot element of the Burgers model in our analysis:”®

o = To/¥ (2)
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where 7, is the zero-shear-rate viscosity, 7, is the applied shear
stress, and 7 is the steady-state creep strain rate. In doing so,
we sought to compare our results with our previous
HMA-BBMA copolymer system,’® which exhibited very high
creep (effectively zero-shear-rate) viscosities and thus very low
viscous creep across a wide temperature range. This lack of
melt flow exhibited by the copolymer under testing conditions
(notably, near-ambient pressure) seemed to preclude reproces-
sing; nevertheless, the copolymer was successfully reprocessed
into healed material via compression molding and injection
molding (albeit with a reduced plateau modulus in the latter
case and limited success when attempting extrusion).®® As
such, our previous work indicated the necessity of elevated
pressure (resulting from processing procedures such as com-
pression molding) in inducing melt flow and thus enabling
reprocessing when BBMA is employed in a copolymer CAN
system;®° therefore, we sought to determine whether similar
results would be observed for our reactively processed CANs.
By comparing the zero-shear-rate viscosities obtained from the
creep tests in both studies, we found that while the HMA-
BBMA copolymer maintained a viscosity on the order of 10"
Pa s from 120-190 °C,*° the highest viscosity exhibited by our
polyolefin CANs at 150 °C was the 5-0.6 OBC case, with a value
of 5.3 x 10° Pa s. Given the significant reduction in viscosity
when BBMA was incorporated via reactive processing, as well
as our continued success in reprocessing our CANs via com-
pression molding, we anticipated greater success in property
recovery with the alternative, industrially relevant, high-shear-
rate processing methods than we saw for our copolymer case.
We therefore conducted injection molding and extrusion
tests on our 5-0.6 r-EOC CAN at 160 °C to compare directly
with our previous compression molding results at the same
temperature. We synthesized 1%-molded films of our CAN via
compression molding (Fig. 5a), cut them into pieces, and fed
them into a HAAKE MiniLab 3 extruder, cycling the material
through the machine for 5 min at 160 °C. At this point, we
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either removed the CAN from the cycling chamber, yielding a
sample representative of injection molding (Fig. 5b), or
extruded the material through the outlet (Fig. 5c). It was
immediately evident that our r-EOC CAN was easier to extrude
than our previous copolymer CAN,* as the material fully fused
upon exiting the outlet (Fig. S8), unlike the crumbly, partial
fusion seen before. DMA measurements (Fig. 5d) corroborated
this, showing the extrudate maintained a quasi-rubbery
plateau in E' throughout the temperature ramp. The injection-
molded sample behaved similarly, which stood in contrast to
the injection-molded copolymer CAN of our previous study
(which fractured at ~150 °C).*® However, a key similarity in
rubbery plateau values was observed: the injection molded
sample exhibited a reduction in E' relative to the compression
molded sample, and the extruded sample’s E’ plateau was yet
further reduced. This suggests that the necessity of elevated
pressure for successful BBMA reprocessing remains valid for
reactively processed CANs, as the higher pressure inside the
cycling chamber results in a greater recovery of plateau
modulus than the reduction to ambient pressure experienced
when extruding the CAN from the machine’s outlet. Thus,
although a precursor polyolefin may enable extrudability, the
high pressure needed for BBMA exchange continues to limit
the full reprocessability/property recovery. Based on this and
our earlier finding on the more moderate-temperature suit-
ability of BBMA relative to BPMA,****%° future study should
focus on optimizing the processing conditions to fully recover
equilibrium properties when reprocessing BBMA CANs using
methods like injection molding or extrusion.

Finally, to provide another point of comparison with our
previous copolymer CAN,*® we conducted stress relaxation
measurements on the 5-0.6 CANs made using LDPE, r-EOC,
and OBC (representing the CANs that underwent the highest,
median, and lowest viscous creep strains, respectively, as indi-
cated in Table S3) from 140-170 °C, resulting in the normal-
ized profiles seen in Fig. S9. We then fit these profiles to a

T T T T
emmms Compression (160 °C, 1 h)
e |njection (160 °C, 5 min)

@ Extrusion (160 °C, 5 min)

o eeeNeat E

.
L b | 1

75 100 125 150 175
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Fig. 5 5-0.6 r-EOC CANSs: (a) sample produced after 1.0 h of compression molding at 160 °C, and (b)/(c) samples produced after 5 min of residence
time in the extruder, representing (b) injection molding at 160 °C and (c) extrusion at 160 °C. (d) Tensile storage modulus (E') of the 5-0.6 r-EOC
CAN samples as functions of temperature and processing conditions (temperatures and times in the legend represent the conditions used for each
processing procedure). The E’ values at 160 °C are 0.60, 0.39, and 0.26 MPa for the compression-molded, injection-molded, and extruded samples,

respectively.
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Fig. 6 Arrhenius plots showing the apparent activation energy (E,) of stress relaxation in the 5-0.6 CANs made from (a) LDPE, (b) r-EOC, and (c)

OBC.

stretched exponential decay function to account for the
breadth of relaxation times typically observed in polymers and
dynamic networks:””""®

E(t) t\’
—==exp|—|—= 3
e p{ (%) ®
This enabled us to extract a characteristic relaxation time,
7%, and a stretching exponent, f, for each CAN at each tested

temperature, which then allowed us to calculate (z), the
average relaxation time:”°

_r/p)
p

where I" is the gamma function. Both the fitting parameters
and the (r) values for each CAN at each temperature are listed
in Table S6. In contrast to the copolymer CAN, which exhibited
extremely slow stress relaxation at temperatures as high as
210 °C (preventing fitting by the aforementioned methods),*
the polyolefin CANs exhibited more rapid relaxation, with
resulting relaxation times consistent with the existing trends
of the materials in viscous creep strain (more viscous creep
corresponds to a shorter average relaxation time) and cross-
link density (higher cross-link density corresponds to a longer
average relaxation time).

We constructed Arrhenius plots from the (z) values for
each CAN at the tested temperatures to determine the acti-
vation energy for stress relaxation in each case (Fig. 6). Over
the 140-170 °C temperature range, each CAN exhibits, within
experimental uncertainty, the same activation energy of
~130 k] mol ™. This indicates a fundamental similarity in the
relaxation mechanism of these CANs which holds true regard-
less of the variations in the magnitude of the (z) values for
each of the individual CAN cases. Given our previous studies
on the viscoelastic behavior of CANs containing associative
cross-links,”®®® and our previous demonstration of BBMA’s
associative character in HMA-BBMA copolymer CANs,*® we
might expect the activation energy to align with the alpha-
relaxation of the precursor polymers. However, those values
fall within the range of 60-100 kJ mol~".*? If we instead con-
sider CANs containing dissociative cross-links, which is con-
sistent with the observed decrease in storage modulus with

(z) (4)

This journal is © The Royal Society of Chemistry 2026

increasing temperature in the quasi-rubbery plateau (see
Fig. 2, 3, and 5), we might expect the activation energy to
align with the bond dissociation energy of the azine bond at
the center of BBMA, which is ~200-250 k] mol™*.8* Given that
the activation energy value we obtain is distinct from both of
these cases, future study is warranted to explore the funda-
mental underpinnings of the stress relaxation dynamics in
polyolefin CANs made with BBMA dynamic covalent cross-
linkers.

4. Conclusions

We utilized radical-based reactive processing to incorporate
azine dynamic covalent cross-links into polyolefin precursor
materials. Using an azine-based methacrylate cross-linker,
BBMA, and a radical initiator, DCP, we grafted associative
dynamic cross-links (which undergo [2 + 2] metathesis when
active®®®!) between the chains of the precursor materials,
producing CANs made from PE and ethylene-containing
copolymers. Initial formulation tests led us to select a stan-
dard composition of 5 wt% BBMA and 0.6 wt% DCP to create
robust, reprocessable CANs, evidenced by the complete recov-
ery of E' rubbery plateau modulus values after remolding.
CANs made from our range of precursor materials using this
composition showed significant network formation, con-
firmed by gel content and DMA measurements, and main-
tained the equilibrium plateau modulus across three molding
cycles, demonstrating the preservation of CAN cross-link
density upon reprocessing.”* Compared to our previous study
using aromatic-disulfide-based BPMA cross-links to syn-
thesize polyolefin CANs,** we observed that the use of BBMA
at the same loading produced E' plateau modulus values on
par with or up to 50% greater than those of the previous
CANs while using less DCP (0.6 wt% vs. 1.0 wt%). This
finding underscores BBMA’s superior effectiveness in intro-
ducing dynamic cross-links within CANs (as supported by
previous HMA-BBMA and HMA-BPMA copolymerization
studies®®*°).

Elevated-temperature, long-time creep tests showed that our
BBMA-based CANs exhibited substantial creep suppression
compared with their neat counterparts, which experienced
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orders-of-magnitude higher creep over a much shorter time
scale. Additionally, our BBMA-based CANs generally exhibited
creep resistance equal to or better than that of BPMA-based
CANs** while using less radical initiator. This trend also
applied to CANs with dialkylamine-disulfide-based BTMA
cross-links.** Besides their notable elevated-temperature creep
resistance, our BBMA-based polyolefin CANs exhibited lower
zero-shear-rate viscosities than those obtained from HMA-
BBMA copolymer CANs,’® indicating a greater suitability for
reprocessing via injection molding and extrusion, methods
that had encountered some difficulties with the copolymer
CANs. We successfully produced healed materials using these
industrially relevant processing methods. Although our find-
ings confirmed that the exchange of the BBMA chemistry
remains pressure-dependent, these methods are applicable for
reprocessing BBMA-based polyolefin CANs. Overall, our BBMA-
based CANs match or exceed the E’ plateau modulus values
and creep resistance of previous BTMA-based and BPMA-based
CANs,* require less radical initiator, allow milder reprocessing
temperatures, and are amenable to a variety of processing
methods.
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