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Clarke et al. show crosslinked tri-block copolymers with nanostructured networks,
constructed by a catalyst/additive-free self-crosslinking and self-assembly
process. Compared with analogous random and di-block copolymers, these
crosslinked tri-block copolymers show not only superior mechanical performance
but also much greater creep resistance when operated on a morphology-
regulated and thermomechanical activation mechanism.
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Thermomechanical activation achieving
orthogonal working/healing conditions
of nanostructured tri-block copolymer thermosets

Ryan W. Clarke,” Michael L. McGraw," Brian S. Newell,” and Eugene Y.-X. Chen'3*

SUMMARY

Conventional thermosets, despite their technological significance in
today’s materials economy, present a modern sustainability chal-
lenge because of their lack of end-of-life options for recyclability
or reprocessability. Emerging covalent adaptable networks (CANs)
offer sustainable alternatives to permanently crosslinked materials,
but ideal orthogonal working/reprocessing conditions are hardly
achievable by the current thermochemical activation mechanism.
Here we report a CAN system of additive/catalyst-free, fully reproc-
essable, crosslinked, tri-block copolymer (tri-BCP) thermoplastic
elastomer networks based on acid-anhydride bond exchange oper-
ated on a thermomechanical activation mechanism. The unique func-
tionality of the tri-BCP architecture enables self-assembly into inter-
linked, hexagonally packed cylinder nanostructures that preclude
any productive inter-cylinder bond exchange (and, thus, creep)
without cooperative thermal and mechanical (heating and compres-
sion) processing conditions.

INTRODUCTION

The ever-growing materials economy has recently begun to reevaluate its prioriti-
zation of several competing ends. Although, in the past, factors such as cost, util-
ity, and scalability alone influenced which materials were mass produced, today’s
modern perspectives on global sustainability have incentivized consideration of
factors such as renewability, recyclability, reprocessability, and environmental
impact.’'? Several strategies have been put forth to address these new chal-

lenges, including, notably, design of intrinsically recyclable polymers,'*"® repur-

16-20

posing or upcycling of post-consumer commodity plastics, and enabling re-

processability of crosslinked thermosets by utilizing innovative concepts of

2128 covalent adaptable networks (CANSs),””* and non-covalent self-

vitrimers,
healing networks.”® Common requirements for achieving a CAN or vitrimer system
include privileged functional groups, multiple synthetic steps, or added catalysts
and crosslinkers. Such dynamically crosslinked thermosets can enter their flow
state upon activation of covalent bond exchange reactions photo- or thermo-
chemically (with light or heat and/or a catalyst).?%"3*42424% An example of poly-

hydroxyurethane vitrimers via transcarbamoylation activated by mechanical stress 'Department of Chemistry, Colorado State
has also been reported 50 University, Fort Collins, CO 80523-1872, USA

?Molecular and Materials Analysis Center,
Colorado State University, Fort Collins, CO

Applications that demand crosslinked materials require resistance to creep (defor- 80523-1872, USA
mation), heat (melting), and solvents (dissolution). Ideal CANs or vitrimers should 3Lead contact
be capable of resisting dissolution and creep at working temperature and stress *Correspondence: eugene.chen@colostate.edu

while only entering the flow state during reprocessing conditions. Achieving https://doi.org/10.1016/j.xcrp.2021.100483
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such ideal orthogonal behavior would make CANs sustainable alternatives to
conventional thermosets. Creep at working temperature and stress is an important
challenge for CANs. Recent efforts to improve creep resistance were directed to-
ward morphology-tunable block copolymers (BCPs).>'>° For example, several ad-
vantages have been reported in a di-BCP system where the poly(n-butyl methacry-
late) (P"BMA) block exists in domains separated from the vitrimeric domain
furnished by poly(2-acetoacetoxyethyl methacrylate) blocks with an added xylylene
diamine cross-linker via dynamic transamination.”’ Most notably, the lamellar phase-
separated di-BCPs exhibited superior resistance to creep compared with random
copolymer analogs, which was explained by noting that phase separation localizes
crosslinked domains, resulting in higher crosslinking density, which restricts
“network strand diffusion.”

The phase-separated domain morphology is an ideal platform to test our hypothesis
that bond exchange events that occur within one isolated domain are not productive
in reconfiguring material shape. In other words, exchange-driven permanent defor-
mation might only be achieved by inter-domain exchange or mixing. To test this hy-
pothesis, we need to investigate effects of higher block architectures; in particular,
an ABA tri-BCP system with crosslinking and exchange points contained within the
A-blocks inter-linked by the soft B-blocks. Here, each crosslinking A-domain should
be connected to other A-domains, generating one continuous macro-network. In
contrast, the AB di-BCP system theoretically forms a discontinuous network where
each hard domain is disconnected from the next. Thus, it is foreseeable that perma-
nent macro-phase deformation can be a source of creep.”® Recent tri-BCP work uti-
lized a post-functionalized tri-BCP with dynamic bond exchange in localized poly(4-
pyridine) terminal domains with the added alkyl dibromide crosslinker by trans-N-
alkylation, but creep and reprocessability were not addressed.”® Combining the
two synergistic concepts of ABA networking and inter-domain exchange, we
endeavored to identify an intriguing scenario where neither thermal energy nor me-
chanical force alone is enough to induce creep, and only the collaborative effort of
both can achieve productive permanent deformation because thermal energy is
needed to induce dynamic bond exchange, whereas mechanical force is needed
to induce inter-domain contact.

To this end, we developed a high-performance, self-assembling, and reprocessable
tri-BCP network system (Figure 1A) by utilizing ubiquitous carboxylic acids and anhy-
drides of simple acrylic monomers where poly(acrylic acid) (PAA) units are cross-
linked through a well-known acid/acid condensation of water (forming an anhy-
dride).®’-*® Recognizing the fact that this crosslinking reaction, which occurs at
temperatures of more than 150°C, does not go to completion, we reasoned that
the residual carboxylic acid (Figure 1B) could serve as an exchange agent by attack-
ing the anhydride crosslink in poly(acrylic anhydride) (PAAN) to eliminate a carbox-
ylate equivalent, thus cleaving the crosslink (Figures 1C and 1D). If supported,
then this would mean that nearly any polymer or copolymer containing acrylic acid
units could foreseeably be converted into a CAN without the need for any additional
reagents, catalysts, or crosslinkers. Because there are already several known meth-
odologies that can produce copolymers of PAA, including thermal decomposition
of poly(tert-butyl acrylate) (P‘BA) to PAA,>7~% several variations of dynamic materials
can be immediately targeted with this concept. For this study, we employed our
recently disclosed compound sequence control (CSC) Lewis pair polymerization
(LPP) methodology®® to access high-molecular-weight (MW), all-acrylic ABA tri-
BCPs (generation 1 [G1]; Figure 1A) to study synergistic self-assembly and discrete
networking effects, compared with other CAN architectures, on creep resistance to
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Figure 1. All-acrylic ABA tri-BCP CANs via acid-anhydride exchange

(A) Selective transformation of P‘BA-containing BCPs (G1) into PAA (G2) and PAAn (G3) BCPs.

(B) Possible structures of PAAn network polymer.

(C) Postulated inter-chain associative exchange mechanism between residual acid and crosslinked anhydride units.
(D) Postulated intra-chain dissociative exchange mechanism between residual acid and crosslinked anhydride units.

develop a superior collaborative thermomechanical exchange mechanism for
orthogonal working/reprocessing conditions in CAN-type materials.

RESULTS

Small-molecule acid-anhydride associative exchange models

To provide evidence to support the postulated dynamic exchange between a car-
boxylic acid and an anhydride, we set out to investigate this possible exchange re-
action using small-molecule models.?’~*? Using '"F NMR, we monitored 2-h bulk ex-
change reactions between 4,4,4-trifluorobutyric acid (TFBA) and stearic anhydride
(SAn) at 25°C, 100°C, and 150°C under inert conditions. The evolution of one fluo-
rinated species (triplet) at 25°C into three, accounting for all exchange products
and TFBA (Figure 2), beginning at 100°C supports our postulated exchange mech-
anism (Figures 1C and 1D). The exchange products were further characterized by
quadrupole time-of-flight mass spectrometry (Q-TOF-MS), revealing masses for all
expected exchange structures (Figures 2, S1, and S2).

Conceivably, the dynamic acid-anhydride exchange can occur as intra-chain be-
tween two neighboring acids to form a cyclic anhydride (decrosslinking) or inter-
chain to form a linear anhydride (crosslinking) (Figures 1C and 1D).°® We also consid-
ered parallel self-exchange between local anhydrides in the absence of acid groups,
which has been hypothesized previously.®> Using a similar approach, we found suc-
cessful exchange by Q-TOF-MS between decanoic anhydride and SAn at 100°C (Fig-
ure S3); for this reason, we do not rule out the possibility of competing anhydride-
anhydride self-exchange.

Synthesis of all-acrylic tri-BCPs and G1-to-G2-to-G3 evolution

Our designed hard-soft-hard ABA tri-BCP precursor to thermoplastic elastomer
(TPE) CANSs has a general structural formula of PAA-b-PAE-b-PAA, where the cross-
linkable PAA end-blocks can be readily derived from the selective acid-catalyzed
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Figure 2. Evidence of acid-anhydride exchange at high temperature

Depicted are results of small-molecule proxy experiments for the proposed paralleling acid-
anhydride associative and dissociative exchange mechanisms utilizing '’F NMR and Q-TOF-MS
(NH4").

de-tert-butylation®® of P'BA blocks, and the middle (soft) block can be a flexible, low
glass-transition temperature (Tg) poly(acrylic ester) (PAE), such as poly(methyl acry-
late) (PMA) or poly(n-butyl acrylate) (P"BA). We envisioned that such tri-BCPs could
be readily synthesized using our recently established CSC-LPP methodology.®*

We first utilized LPP to synthesize high-MW homopolymers for tensile model studies
(Figure 3A), including PMA (M, = 1.13 x 10° g mol™", B = 1.08), P"BA (M, = 1.03 x
10° g mol™", = 1.07), and P'BA (M, = 1.88 x 10° g mol™", & = 1.11) (Table S1).
Next, the model study for transformation of G1 P'BA blocks to (G2) PAA blocks
and, last, to G3 crosslinked PAAn blocks (i.e., G1-to-G3 tri-BCP transformation)
was performed. Specifically, G1 P'BA was transformed near-quantitatively into G2
PAA via acid (trifluoroacetic acid [TFA])-catalyzed elimination of isobutene from
the 'Bu-ester (Figure 1A).°7¢" Heat treatment of PAA at 150°C-200°C results in
condensation of two carboxylic acid units, observable by DSC, to yield an acrylic an-
hydride in the form of the intra-chain rigid backbone and inter-chain crosslinker, G3
PAAn (Figures 1A, 1B, and S23).

Using the CSC-LPP method (Figure 3B), we synthesized high-MW (M, > 10% g mol™")
G1 tri-BCPs at three different hard-soft-hard volume ratios (1:2:1, 1:3:1, and 1:8:1):
P'BAsoo-b-P"BA1 000-b-PBAsgo (M, = 2.71 x 10° g mol™', B = 1.03), P'BA;50-b-
P"BA4s50-b-PBA150 (M, = 1.12 X 10° g mol™", B = 1.07), and P'BA;go-b-PMAgge-b-
PBA00 (M, = 1.45 x 10°> g mol™", © = 1.08) (subscripts note the target degree of
polymerization in synthesis; Figures S4-56). Full synthesis, characterization, and me-
chanical testing of parent G1 copolymers is discussed in greater detail in Figures
S$10-S12, S16-S19, S24-S28, and S32-S33 and Table S2).
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Figure 3. Outlined polymer synthesis by LPP
(A) Synthesis of homopolymer controls.
(B) Synthesis of tri-BCPs (represented by ‘BA and "BA).

Following the same G1-to-G3 evolution protocol established for homopolymer
P'BA, the above P'BA-containing parent BCPs (G1) were selectively transformed
into PAA (G2) and PAAn (G3) BCPs. The G1-to-G2 transformation was nearly quan-
titative (98.7%— 99.6%; Figures S34-536; Table S3), affording G2 PAA;6o-b-PMAggo-
b-PAA 00, PAAso0-b-P"BA; 000-b-PAAso0, and PAA so-b-P"BAgso-b-PAA 50 tri-BCPs.
The G2 BCPs were simultaneously molded into films and crosslinked into G3 network
BCPs by compression molding at 200°C under 5,000 psi. As anticipated, all G3
network BCPs are insoluble in common solvents (only swelling), resistant to acids
(e.g., 12 M HCI), and soluble/degradable through hydrolysis in 1 M aqueous
NaOH, supporting crosslinking by inter-chain anhydrides (Figure S40). Thermal sta-
bility of the reprocessable G3 materials was also supported by measuring mass lost
during a 1-h isothermal event at 200°C, which revealed a negligible decline to
99.0%— 99.6% initial mass (Figures S43-548). The G3 network BCPs, PAANn-b-PAE-
b-PAAnN, were thermally crosslinked—without any reagent, linker, or catalyst—selec-
tively at the PAA domains that were predesignated during synthesis of the G1 BCPs.

Mechanical properties of G1/G2/G3 tri-BCPs

The mechanical properties of G1/G2/G3 tri-BCPs with two different middle soft
blocks (PMA and P"BA) are summarized in Figure 4A and Tables S9-526, with repre-
sentative tensile stress-strain curves depicted in Figures 4B and 4C. Additional ten-
sile experiments, such as cyclic strain deformation highlighting G2 TPE characteristic
elasticity,®”*® shape memory, and evolution of tensile profiles with tri-BCP genera-

tions G1-G3 are described in Figures S38, S39, and S59 and Tables S4 and S5. Strips
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Figure 4. Tensile properties of G1-G3 tri-BCPs

A) Tensile profiles of selected G1/G2/G3 tri-BCPs. Values are based on 3-5 averaged dog bone specimens (5 mm/min, ~23°C; see also Tables $9-526).
B) Representative tensile stress-strain curve (5 mm/min, ~23°C) of G3 network tri-BCP PAAN1go-b-PMAgo-b-PAAN 1.

C) Representative tensile stress-strain curves (5 mm/min, ~23°C) of tri-BCPs: P'BAsoo-b-P"BA1 000-b-P'BAsgo (G1, black), PAAsqq-b-P"BA1000-b-PAAss0
G2, red), and PAANsqo-b-P"BA1 goo-b-PAANsy (G3, blue).

(D) Relationship between maximum storage modulus (E') over crosslinking time for G3 PAAN+go-b-PMAggg-b-PAAN 90 by DMA (-50°C to 150°C, 5°C/
min, 0.3% strain, 1 Hz).

(
(
(
(

of G3 PAAN4go-b-PMAgao-b-PAAN oo films crosslinked for 0(G2), 1, 2, 4,8, 12, 16, 20,
and 24 h were subjected to dynamic mechanical analysis (DMA) temperature-ramp
frequency sweeps (—50°C to 150°C, 5°C/min, 0.3% strain, 1 Hz) to track the evolu-
tion of mechanical and thermal behavior with crosslinking time (Figure 4D). As ex-
pected, the uncrosslinked G2 specimen yielded the lowest modulus while failing
below 100°C (Figure S49). Crosslinked G3 specimens exhibited increasing moduli
over time to a high modulus maximum of 4.81 GPa (Figures 4D and S49; Table
S6), indicating drastically increased film hardness. Samples above 20 h of crosslink-
ing time reached a plateau in modulus performance (Figure S50). Each crosslinking
time-point sample was also analyzed by Fourier transform infrared (FTIR) spectros-
copy, revealing no observable structural changes or indications of decomposition
(Figure S42). The Tq4 values of the PMA block at G2 and each crosslinking time point
were determined similarly through DMA by locating the temperature of the tan 8.,
revealing an immediate jump in Ty by more than 14°C upon going from G2 to G3
(Figure S49; Table Sé). Additional frequency sweeps to 200°C revealed a stable
rubbery plateau (AE" = constant) indicating thermomechanical stability at high
operating temperatures for thermoset applicability in each of the G3 tri-BCP
CANs (Figures S51 and S52).
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Figure 5. Self-organizing, crosslinking, and reinforcing

(A) SAXS profiles of tri-BCP films in G2 PAA (red, measured at 23°C) and G3 crosslinked PAAn (blue, measured at 200°C) HPCs.

(B) Illustrative nanostructural crosslinking of self-assembled G2 H-bonded PAA sites (left) into covalently linked PAAn G3 network BCP domains (right).
(C) Postulated chain physics of the HPC crosslinked G3 network tri-BCP at relaxation, tensile stress, and compression conditions.

When subjected to tensile tests, the G3 tri-BCPs drastically outperformed the G2 ho-
mologs in tensile strength and modulus (Figures 4A-4C; Table S7). In particular,
PAAN100-b-PMAgoo-b-PAAN 99 exhibited an impressive plastic character with a
high Young’s modulus E of ~2.9 + 0.37 GPa, ultimate tensile strength og of
~42 + 1.0 MPa, and elongation at break eg of ~123% + 16% (Figure 4B), reflecting
~5,700%, ~20%, and ~5.4x enhancement in modulus, strength, and toughness,
respectively, compared with its G2 homolog (Figure 4A). A similar trend, albeit to
a lesser degree, was also observed for the BCPs with P"BA as the soft block upon
advancing to the G3 BCP network (Figures 4A and 4C).

Self-assembly of G2/G3 BCPs and crosslinked G3 TPE networks

Recognizing the advantageous functionality induced by self-assembly into phase-
separated nanostructures in various reported BCP systems,®””"" we envisioned
that the presence of the PAA hard blocks in tri-BCPs could effectively utilize H-
bonding to self-assemble into discrete acid domains. Flash-heating during compres-
sion molding of these G2 BCPs with phase-separated PAA domains could then
permanently link into covalently bound tri-BCP PAAn-PAE-PAAN networks. Accord-
ingly, films of PAA;0o-b-PMAgoo-b-PAA 100 and PAAsep-b-P"BA} 0oo-b-PAAsqo were
analyzed by small-angle X-ray scattering (SAXS) to reveal the phase behavior of
these BCPs at ambient (23°C) and elevated (200°C) temperatures (Figure 5A).

Scattering for each BCP sample was collected at 23°C and again at 200°C after
30 min of bulk thermal annealing. Both BCPs exhibited scattering patterns consis-
tent with hexagonally packed cylinder (HPC) self-assembled nanostructures with
domain spacings (d1qo) in a range of 32-56 nm (Figure 5B; calculations are shown
in the Supplemental information). This observation infers that, at 200°C, both
BCPs retain and improve the HPC packing, where the hard domains (PAA and
PAAnN) comprise the cylinders. Noteworthy here is that we did not observe order-dis-
order transition temperatures at 200°C, indicating retention and stability of these
complex architectures at reprocessing temperatures. Less intense scattering peaks
prior to crosslinking can likely be attributed to the non-covalent, looser HPC pack-
ing. Figure 5C depicts the self-assembled PMA-containing G3 CAN with inter-cylin-
der links, connecting each cylinder to its neighbors. Thus, when the HPC structure is
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Figure 6. Reprocessability of acid-anhydride CANs

(A) Photographed films of (3% ) thermomechanically reprocessed G3 CAN tensile scraps.

(B) Stress-strain curves (5 mm/min, ~23°C) of virgin and reprocessed PAAN;so-b-P"BA4s0-b-PAANs0 films.
(C) FTIR spectral overlays for virgin and reprocessed PAAN 50-b-P"BA4s50-b-PAAN 50 films.

relaxed, there can be a small degree of mobility for each cylinder because of the flex-
ibility of the soft PMA block. However, when tensile stress is applied, the PMA linkers
tighten and immobilize the entire structure. This reasoning can also account for the
sizable yield point and high modulus observed for this G3 material (Figure 4B).

Thermomechanical reprocessability of G3 CANs

Conventional thermosets seldom permit any reprocessability as a result of the com-
plex, dense network of random covalent crosslinks unless they become dynamically
exchangeable under processing conditions; this is the case with CANs. A consistent
compression molding pressure of 5,000 psi was chosen for reprocessing G3 BCP
scraps, whereas a temperature of 200°C was selected in compliance with observed
mild endothermic delineation onsets in 3x heating-cycle DSC traces at this temper-
ature (Figure S60).

Accordingly, we added the scraps from the PAAN;s5-b-P"BA4s50-b-PAAN; 50 tensile
tests to the compression mold and subjected them to reprocessing conditions. After
reprocessing, what were once deformed scraps had become a homogeneous film
(Figure 6A). Reprocessed G3 CAN materials exhibited nearly complete, if not supe-
rior (within error), mechanical recovery (Table S8). For example, the tensile strength
and elongation were maintained in the range of 19-22 MPa and 208%-285%,
respectively, over the four consecutive reprocessing cycles (Figure 6B; Table S8).
We also observed that reprocessed G3 CANs exhibited a lower yield strength
than the virgin sample, which could be attributed to two possible chemical events
occurring during reprocessing conditions. One is oxidation of anhydride units, which
would decrease the overall crosslinking density, and the second is the shift in the ra-
tio of intra-molecular (decrosslinking) and inter-molecular (crosslinking) anhydrides
to the higher-energy cyclic analog, which would similarly decrease the crosslinking
density. In either case, FTIR spectra revealed that the structural constitution of the
TPE CANs, including hydroxyl-region absorption bands, are retained in each life cy-
cle (Figure 6C).

Because the G3 reconfigurable networks cannot rearrange because of the locked inter-
networking of the nanostructure (Figure 5B), our remaining hypothesis to explain reproc-
essability is the inter-cylinder acid-anhydride exchange, which allows crosslink mixing
between cylinders (Figure 5C). If transformation from G2 to G3 results in a critical
maximum number of anhydride bonds, then there should be residual acrylic acid units
present, which should trigger the bond exchange at high temperatures (Figures 1C
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and 1D). Residual acid units were characterized by FTIR analysis of the PAAn homopol-
ymer (Figure S41). Exchange within one cylinder would likely be non-productive. There-
fore, thermal compression of the HPC-structured G3 network is needed to push ex-
change-active domains into proximity of colliding with each other (Figure 5C) so that
acid-anhydride exchange can occur between chains/cylinders.

Rheological properties of G3 BCP CANs

To further probe the recovery nature of the current BCP-based CANs, rheology was
employed to observe the material behavior under high-temperature bulk shearing
conditions. We reasoned that, because the G3 inter-linked network architecture re-
quires unique, cooperative thermal-compression conditions to achieve productive
exchange, the tri-BCPs would not be suitable for investigating prolonged creep or
stress relaxation and, thus, the acid-anhydride exchange mechanism activation en-
ergy. As a result, we utilized non-sequencing LPP to synthesize a random copolymer
(RCP), P"BAsz0-ran-P'BAsso (3:2 for comparison to 1:3:1 tri-BCP, M, = 112 kDa, D =
1.02; Figures S7, S13, S20, S29, and S37), which would be unable to assemble into
discrete, inter-crosslinked nanostructures and, thus, experience macro-scale defor-
mation by dynamic bond exchange without thermal compression events. The RCP,
upon advancing to its G3 CAN following the same methods, exhibited excellent re-
processability and full mechanical recovery within 30 min of reprocessing, as
opposed to the typical 24 h of thermal compression (Figure S61; Table S8). In the
absence of the discretely inter-linked exchange domains, the delocalized G3 dy-
namic crosslinks experience the typical thermochemical CAN tradeoff: facile reproc-
essing but significantly amplified creep. We explore and establish the thermome-
chanically exclusive inter-domain exchange mechanism through creep, frequency
sweep, and stress-relaxation experiments, discussed below.

Bulk creep/resistance experiments were performed on the acid-anhydride CANs to
investigate material integrity over prolonged stress. An initial investigation of the
evolution of creep displacement (5 kPa, 100°C for G1 and G2 BCPs, 150°C for G3
BCP), modeled by the PMA-containing tri-BCP set, highlights a significant increase
in creep resistance upon advancing G1 to G2 (by 22%) and G2 to G3 (by 29%) as a
direct result of the respective hydrogen-bonding and crosslinking-network self-rein-
forcement (Figure 7A). Following an initial strain increase accounted for by the ma-
terial’s inherent flexibility, G3 BCP PAAN;op-b-PMAgpo-b-PAAN oo showed negli-
gible shear creep (<0.3%) at 150°C, whereas the uncrosslinked G1 and G2
homologs exhibited pronounced creep even at a lower temperature of 100°C. Pro-
longed creep experiments were performed on each G3 CAN over a 4-h period at an
elevated temperature of 200°C (5 kPa), revealing high-performance creep resistance
by all G3 tri-BCPs (Figure S55). Specifically, all tri-BCPs exhibited a negligible creep
rate between 2.5-4.1 X 10°% shear strain per second and low creep values (<2%
shear strain over 4 h), excluding the initial spike in strain via intrinsic material flexi-
bility (Figures 7A-7C and 5C). As expected, and in support of our proposed
morphology-regulated productive exchange mechanism, the G3 RCP exhibited
noticeably higher creep deformation (11.8% versus 1.1%) and deformation rates
(5.9 x 10~* versus 3.4 x 107°% shear strain per second) over the 4-h stress event
compared with its tri-BCP compositional analog (Figure 7B). To provide further sup-
port for the specific ABA triblock architecture functionality, the authors prepared a
compositionally equivalent (3:2, P"BAggo-b-PBAsoo, M, = 2.99 x 10° g mol™", B =
1.08; Figures S8, 514, 521, and S30) AB di-BCP by CSC-LPP that, conceivably, should
be unable to form an inter-domain crosslinked network when crosslinked and, thus,
experience deformation in the absence of compression. In agreement, the G3
P"BAggo-b-PAANgge di-BCP exhibited pronounced creep (5.5%) over the 4-h
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Figure 7. Rheology of G3 CANs
A) Creep experiments (5 kPa, 100°C for G1 and G2 BCPs, 150°C for G3 network BCP).

B) Creep comparison of G3 3:2 P"BA/P'BA random, di-BCP, and tri-BCP architectures (4 h, 200°C, 5 kPa).

D) Normalized-modulus stress-relaxation curves for P"BAs,o-ran-PAAnNssg (1-s rise time, 0.3% shear strain).

E) Fitted stress-relaxation curves of P"BAs,o-ran-PAAnN3sg used for extrapolating/deriving the characteristic relaxation values 7 at 1/e normalized

(
(
(C) Additional G3 tri-BCP creep resistance experiments (4 h, 200°C, 5 kPa).
(
(

modulus.

(F) Arrhenius relationship plot for the E, of the acid-anhydride exchange mechanism.

experiment compared with each of the tri-BCPs, including a noticeably larger creep
deformation rate of 2.5 x 107%% strain per second (Figures 7B and 7C).

To directly isolate our unique ABA network as the key component responsible for
creep suppression, we prepared another compositionally equivalent PMA-contain-
ing AB di-BCP (2:8, P'BA,g0-b-PMAga, My, = 3.86 x 10° g mol™", B = 1.14; Figures
59,515,522, and S31) that exhibits strong self-assembly at the G2 and G3 stages to
HPC nanostructures with d-spacing of 47-52 nm (Figure 8A). In a creep comparison
between G3 di-BCP PAANqo-b-PMAgno and the tri-BCP analog (PAAN1go-b-PMAgqo-
b-PAAN;00), the G3 di-BCP exhibited higher creep (1.1% versus 0.6% shear strain)
and creep deformation rates (8.0 x 10%% versus 3.2 x 10°% strain per second) (Fig-
ure 8B), which is consistent with the P"BA-based BCPs creep results and our creep
suppression by inter-domain exchange restriction hypothesis.

To further probe the acid-anhydride exchange mechanism, high-temperature fre-
quency sweeps were performed on each G3 CAN at 170°C, 180°C, 190°C, and
200°C (0.1-10 Hz, 0.3% strain in compliance with linear viscoelasticity probed by
initial strain sweeps; Figure S53). All G3 tri-BCPs behaved like characteristic thermo-
sets with a constant storage modulus (AG’ =0) at low frequencies and increased G’
at higher frequencies, whereas the RCP exhibited an initial increase in modulus at
low frequency that was exaggerated with increasing temperature (Figure S54).
Although the G3 materials establish a near-consistent G’ with increasing frequency,
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Figure 8. HPC G3 di- and tri-BCP comparison

(A) SAXS profiles of PMA-containing di-BCP films in G2 PAA (red, measured at 23°C) and G3
crosslinked PAAnN (blue, measured at 200°C) HPCs.

(B) Creep comparison of G3 HPC 2:8 PMA/PAAnN di-BCP and tri-BCP architectures (4 h, 200°C,
5 kPa).

indicative of constant crosslinking density under an associative exchange mecha-
nism (Figure 1C), the slight drop in G" with increasing temperature also supports par-
alleling dissociative exchange via intra-molecular anhydride formation (Figure 1D),
which would ultimately decrease G3 CAN crosslinking density (Figure $54).%¢

Last, we subjected the G3 BCP PAAN;s50-b-P"BA4s50-b-PAAN50 and RCP P"BAs,0-
ran-PAAn;s0 analogs to a series of stress-relaxation experiments to derive the acti-
vation energy (E,) for the transition to a flow topology by the exchange mechanism.
Again, in accordance with the lack of compression input available during rheological
experiments and, thus, no reconfigurability, we did not observe a trend of reduced
modulus for the tri-BCP within the experimental time (Figure S58). On the other
hand, the compositional analog RCP without compression requirements exhibited
characteristic relaxation of induced stress at longer timescales (t > 10-100 s) for tem-
peratures of 180°C, 185°C, 195°C, and 200°C (Figure 7D). The normalized modulus
for each temperature was fitted to an exponential decay curve, and the value 7 (the
time when G'/G'o = 1/&) was extrapolated under the appropriate assumption (all R? >
0.9) of a single Maxwell element (Figures 7D, 7E, and S56).”? The obtained Arrhenius
plot highlights a linear relationship where the slope of the linear-fit was used to
calculate a high E, of 201 kJ/mol (48.0 kcal/mol; Figures 7F and S57).

DISCUSSION

Here we developed not only a novel class of reprocessable thermosets based on
nanostructured, dynamically crosslinked, all-acrylic tri-BCP TPEs but also a new ther-
momechanical activation mechanism responsible for the observed reprocessability
and orthogonal working/reprocessing conditions. Such materials hold potential to
provide a more sustainable alternative to non-recyclable or non-reprocessable
crosslinked materials. Although here we focus on a few particular PAA-containing
copolymers, we emphasize that virtually any PAA-containing polymer could be con-
verted into similar CANs simply through heat-induced condensation. More impor-
tantly, through this self-preparation method, we introduce a CAN system that is in-
dependent of the external privileged crosslinkers, exchange agents, and catalysts
typically necessary for dynamic bond exchange in reprocessable thermosets.

From a perspective of advanced polymer synthesis methods, our CSC-LPP synthesis of
these ABA tri-BCPs is noteworthy in its own right because it is currently the only way to
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generate such a high-MW polymer with such high precision, control, and timely manner
at ambient temperature. The unique two-step propagation mechanism of LPP that in-
volves bimolecular conjugate addition of a Lewis acid-stabilized enolate chain end to
a Lewis acid-activated monomer provides compounded thermodynamic K. and kinetic
k, differentiation, allowing precise sequence control over polymerization of one-pot
mixtures of comonomers.®® Well-defined, all-acrylic tri-BCPs are challenging to synthe-
size even at low temperatures and at a small scale because of the uncontrollable reac-
tivity, competing termination by facile acid-catalyzed de-tert-butylation of ‘BA, and pre-
disposition to the Claisen-type termination of these monomers.”*’* The CSC-LPP
method facilitates synthesis of these well-defined tri-BCPs at ambient temperature
and relatively large scales (35-70 g product) in a one-pot fashion in less than 5 min.

From a mechanistic point of view, our proposed acid/anhydride inter/intra-chain associa-
tive/dissociative dynamic exchange, under conditions by which we reprocess polymers,
was supported by several lines of evidence, including the results obtained from the small-
molecule model reactions and rheological frequency sweep experiments. Similarly, by
rheological testing, we further probed the exchange mechanism by stress-relaxation
on an analog RCP to access the standard CAN-type behavior. From these experiments,
we were able to derive a rather high (composite) E, for the acid/anhydride exchange of
201 kJ/mol, which can be attributed to the low nucleophilic character of carboxylic acids.

From a materials performance and reprocessability perspective, crosslinked G3 BCPs
exhibit impressive mechanical performance with high modulus, toughness, and creep
resistance as well as repeated reprocessability while maintaining mechanical integrity.
The HPC assembly of the materials is credited for modulus and strength increases in
going from G2 to the G3 phase, and contributions from the soft acrylic comonomers
help give the materials flexibility to avoid the brittleness of many high-modulus mate-
rials. Our final point is the effect of BCP self-assembly and the networking effect of
the ABA tri-BCP architecture. Crucial to this point is comparison of the RCP and the
AB di-BCPs with the ABA tri-BCP compositional analogs. In the case of the RCP, any
associative exchange might be productive in the mending or permanent reshaping of
the overall structure because there is no domain spacing to compartmentalize exchange
points. Similarly, although exchange points may be compartmentalized in the di-BCP,
there is no inter-linked network to restrict productive reprocessing. In stark contrast,
the tri-BCP has exchange points that are compartmentalized and, thus, not in contact
with exchange points in other domains. This contrast can be observed in Figure 7B,
where the RCP showed an ~10x increase and the di-BCP showed an ~5X increase in
creep over a 4-h shear stress period. This hypothesis is further supported by direct com-
parison of G3 di- and tri-BCPs in Figure 8B, where the di-BCP exhibited an ~2X increase
in creep deformation despite having the similarly self-assembled HPC nanostructure.
When we consider time-dependent deformation of a domain-separated material, we hy-
pothesize that exchange events occurring within a domain contribute negligibly to the
overall creep. Therefore, mechanical force is required to put exchanging domains in con-
tact with each other. This inter-domain exchange requirement provides a means to mini-
mize creep during operating conditions while reserving the option to activate creep with
collaborative thermomechanical reprocessing conditions.
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