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ABSTRACT: Combining autonomous self-healing and reprocessing in one material offers an extended life span and enables shape
configuration changes. We developed commodity poly((2-acetoacetoxy)ethyl methacrylate/methyl methacrylate/n-butyl acrylate)
[p(AAEMA/MMA/nBA)] copolymer networks that are capable of both self-healing without intervention as well as reprocessing.
The thermoplastic p(AAEMA/MMA/nBA) was obtained by copolymerizing (2-acetoacetoxy)ethyl methacrylate (AAEMA), methyl
methacrylate (MMA), and n-butyl acrylate (nBA), followed by cross-linking with tristriaminoethyl amine (TREN) to form
covalently adaptable networks (CANs). This copolymer network exhibits self-healability under ambient conditions and
reprocessibility by compression molding at 120 °C. Using an array of thermo-mechanical and spectroscopic tools, these studies
show that reprocessibility is achieved by the exchange reactions of dynamic cross-links, whereas self-healing is facilitated by the
recovery of energetically favorable inter-chain van der Waals interactions accompanied by the reversible E = Z isomerization of the
C=C bonds in vinylogous urethane moieties of the network.

B INTRODUCTION Combining autonomous repairs without intervention under
ambient conditions and the ability of reprocessing into a new

Self-healing is the ability of materials to autonomously recover . . . . .
material is particularly attractive because it prolongs function-

from physical damage. The general approaches to self-healing . . .
have utilized physical and chemical processes or a combination ality as well as offers an option of reprocessing when new shape

reconfigurations are desired. In these studies, we developed
thereof. They include but are not limited to covalent bond & . ’ p
P D1l 4 d : lecul hem 6—9 self-healable acrylic-based copolymers that recover and
e ormatlo'n and dyhamic  supramoiecuiar ¢ emlsFry, maintain mechanical properties upon mechanical damage as
encapsulation of reactive compounds,~ or incorporation of

] e well as are capable of on-demand reprocessing.
superparamagnetic nanoparticles.” The use of abundant van
fier Waals (vdW) interactions is pjarticularl.y att%'active be_zcause B RESULTS AND DISCUSSION
it does not require elaborate chemical modifications. While the
primary goal for developing self-healing materials is to Inspired by the recent Idiscovery in "f’hic_h vinylogous uretbane
maintain their properties and useful functions, the emerging CANs c.apable of associative transarplg;atm;g exchange reactions
new class of synthetic materials that resemble enzymatic were utilized to achleye I'eprOCE.SSIblllty, o we copolyme%‘lzed
cleavage of linkers in biological systems are covalently adaptive the monomer containing cross.—hnkable P-ketoester functional
networks (CANs).'>"'* Their main features are exchangeable groups with commodity acrylic monomers to enhance vdW
covalent bonds facilitating reprocessibility that upon cleavage
reshuffle, leading to the recovery of initial or creation of new Received:  April 13, 2022 Yacromolecules
properties. "> These exchange reactions may be triggered by Revised: ~ May 16, 2022 s /
temperature,"> " light,""” pH,** oxidation—reduction,”"** or Published: June 3, 2022
other stimuli.'***** The unique feature of CANs is their
versatility of being embedded into an array of polymer
networks either by covalent bonding or as additives.
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Scheme 1. Synthesis of p(AAEMA/MMA/nBA) CANs; (A) RAFT Polymerization of p(AAEMA/MMA/nBA) Prepolymer and
End-Group Removal; (B) Cross-Linking of p(AAEMA/MMA/nBA) Using TREN in a 2:1 Molar Ratio
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interactions that facilitate self-healing.” This integration was
achieved by reversible addition—fragmentation chain transfer
(RAFT) polymerization of (2-acetoacetoxy)ethyl methacrylate
(AAEMA), methyl methacrylate (MMA), and n-butyl acrylate
(nBA) to form autonomous self-healable and reprocessable
poly((2-acetoacetoxy)ethyl methacrylate/methyl methacry-
late/n-butyl acrylate) [p(AAEMA/MMA/nBA)] CANs.

Scheme 1A illustrates statistical RAFT copolymerization of
the p(AAEMA/MMA/nBA) prepolymer containing f-ketoest-
er groups as side chains capable of cross-linking by primary
amines. While detailed characterization of each step is
provided in the Supporting Information (Figures S1—S4,
Table S1), the final step in Scheme 1A illustrates the end-
group removal. The product of this reaction p(AAEMA/
MMA/nBA) (AAEMA/MMA/nBA = 5.4/44.6/50.0 monomer
molar ratio) was cross-linked with tristriaminoethyl amines
(TREN) to form p(AAEMA/MMA/nBA) CANs (AAEMA/
TREN = 2:1 molar ratio), shown in Scheme 1B.

Figure 1A1,A2 illustrates cross-link exchange reactions
involved in the reprocessibility as well as inter-digitated
inter-chain vdW interactions, facilitating self-healing of
p(AAEMA/MMA/nBA) CANs. The initial cross-linking is
formed through condensation reaction between f-ketoesters
on AAEMA side groups and the primary amines of the TREN
cross-linker. The presence of dynamic cross-links and reactive
primary amines facilitates associate exchange reactions
resulting in newly formed cross-links as well as the release of
amine groups for further reactions. This cross-link exchange
allows the network to retain cross-link density through
transamination reactions without depleting mechanical proper-
ties. These thermal exchange reactions require no catalyst, but
not surprisingly, the reactive group stoichiometric balance is of
vital importance to ensure the availability of free amines for
efficient network reorganizations.13 At the same time, self-
healing is achieved by copolymerization of MMA and nBA
monomers forming “key-and-lock” topologies between neigh-
boring chains when MMA/nBA monomer molar ratios are in
the self-healing range.” The use of dipolar interactions
eliminates chemical and physical alterations and enables
multiple recoveries without external intervention.”® Although
ideally alternating MMA/nBA sequences are desired, semi-
batch programmed monomer feeding will enhance the amount
of alternating sequences.27
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Figure 1B illustrates optical images of reprocessing of the
original (solvent-cast unprocessed) p(AAEMA/MMA/nBA)
CANs that were mechanically destroyed into smaller pieces,
followed by compression molding at 120 °C to yield
homogenous films. This process was repeated four times and
after each step was characterized in the same manner. As
shown in Figure 1C1,C2, the storage modulus of the original
films is ~3.04 GPa at —60 °C (C1), and the glass transition
temperature (T,) is ~45.5 °C (C2). The absence of
perceptible changes in the storage modulus and T, also
reflected by unchanging tan 6 peak positions after multi-
reprocessing, indicates recovery of thermo-mechanical proper-
ties and retention of the network mechanical integrity.
Junction densities (vj) and stored entropy (AS,) of the original
and reprocessed specimens determined from viscoelastic
length transitions”**’ also show no changes (Table S2),
indicating no loss of cross-links during reorganization.
Assuming alternating distributions of monomeric units, for
the AAMEMA/PMMA/nBA molar ratio of 5.4/44.6/50,
AAEMA units are expected to be separated by about ~28 A
long MMA/nBA units (assuming a fully extended chain and a
C—C bond length of 1.6 A). Under these conditions, and
assuming that the TREN’s three amine arms are about ~4.8-
5.0 A long, reactions of the primary amines of TREN and f3-
ketoesters of AAEMA will predominately form inter-chain
cross-linking. Thus, the spatial distribution of AAEMA is
expected to be about ~15 A apart. On the other hand, the
concentration of chemical cross-links per volume will remain
unchanged during reprocessing as long as one reactive amine
per cross-link is maintained over reprocessing cycles (Figure
1A). The initial cross-link density, although, will depend upon
the AAEMA to MMA/nBA molar ratio. For these networks,
the tensile strain and the maximum stress at break values are
retained at ~91 and ~97% after four (R X 4) cycles. The cross-
links are thermally stable after R X 4 cycles up to ~250 °C
(Figure SS); the weight loss after 180 min at 120 °C is ~3%
(Figure S6), which is also supported by attenuated total
reflectance (ATR) Fourier transform infrared (FTIR) analysis
in the C=0/C=C region of the original and reprocessed
p(AAEMA/MMA/nBA) CANs (Figure S7).

Autonomous self-healing was conducted under ambient
conditions (T ~ 22 °C; RH ~ 34%) on original and R X 4
processed films. Optical images of self-healable p(AAEMA/
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Figure 1. (A1—A2) Schematic illustration of p(AAEMA/MMA/nBA) CANs containing dynamic cross-links that participate in transamination
exchange reactions as well as inter-digitated inter-chain topologies facilitated by MMA and nBA repeating units; (B) mechanical and thermal
reprocessing of p(AAEMA/MMA/nBA) CANs; overlayed storage modulus (C1), and tan § (C2) curves obtained from DMA measurements;
(D1-D4) optical images of original (solvent-cast unprocessed) and reprocessed p(AAEMA/MMA/nBA) CANs: (D1) original-damaged, (D2)
original-self-healed, (D3) reprocessed over four cycles (R X 4), damaged, and (D4) R X 4-self-healed. (E) Stress—strain curves of intact and self-
healed specimens after 24 h for original and after four times processing.

MMA/nBA) CANs are shown in Figure 1D1—-D4. Damaged
films (Figure 1D1) self-heal under ambient conditions within
24 h, and self-healing is maintained after four reprocessing
cycles, as illustrated by the optical images of damaged (Figure
1D3) and self-healed (Figure 1D1—D4) specimens. As
characterized by tensile measurements of intact and self-healed
specimens, recovery of mechanical properties after self-healing
is shown in Figure 1E. The original p(AAEMA/MMA/nBA)
CAN s exhibit the tensile strain of ~215% with the maximum
stress at break ~25.7 MPa, which is recovered upon self-
healing at ~91 and ~83%, respectively. Furthermore,
reprocessed R X 4 films retain both tensile strain and
maximum stress at break recoveries of ~96 and ~95% upon
self-healing.

The perturbation induced by the damage-repair cycle
provides an opportunity for determining molecular events
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that govern self-healing. ATR FT-IR measurements were used
to analyze the damage-repair cycle of original and R X 4
p(AAEMA/MMA/nBA) CANs. While Tables S3 and S4
summarize vibrational bands sensitive to the damage-repair
cycle, the characteristic bands at 1600 and 1655 cm™
attributed to C=C and N—H groups of vinylogous urethanes
shown in Figure 2 (R X 4) are retained. Furthermore, the
intensity of the band at 1600 cm™' due to C=C stretching
vibrations increases. This observation raises the question of
why the intensity of this band in the original (intact) (Figure
2A1) and (R X 4) (Figure 2B1) specimens increases upon
mechanical damage and returns to the same intensities after
self-healing (Figure S8). After all, small dipole moment
changes of the C=C stretching vibrations are usually reflected
in weak IR intensities, thus suggesting either depolymerization
or conformational changes in the vicinity of the C=C bonds.
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Figure 2. ATR FT-IR spectra and 2D correlation spectroscopic (2D-COS) analysis of original and reprocessed p(AAEMA/MMA/nBA) CANs
before and after damage. (A1) Overlayed ATR FT-IR spectra of intact and damaged original p(AAEMA/MMA/nBA) CANs; (A2) synchronous
2D-COS of original p(AAEMA/MMA/nBA) CANs before and after damage in the 1775—1560 cm™! region; (A3) asynchronous 2D-COS of
original p(AAEMA/MMA/nBA) CANs before and after damage in the 1775—1560 cm™' region; (A3’) zoomed-in asynchronous 2D-COS of
original p(AAEMA/MMA/nBA) CANSs before and after damage in the 1765—1620 cm™" region; (A4) correlation slicing profile of asynchronous
2D-COS of original p(AAEMA/MMA/nBA) CANs before and after damage at 1725 cm™'; (B1) overlayed ATR FT-IR spectra of intact and
damaged p(AAEMA/MMA/nBA) CANSs after being reprocessed over four cycles (R X 4); (B2) synchronous 2D-COS of R X 4 before and after
damage in the 1775—1560 cm™ region; (B3) asynchronous 2D-COS of R X 4 before and after damage in the 1775—1560 cm™ region; (B3’)
zoomed-in asynchronous 2D-COS of R X 4 before and after damage in the 1765—1620 cm™' region; (B4) correlation slicing profile of
asynchronous 2D-COS of R X 4 before and after damage at 1725 cm™.

DMA analysis (Figure 1C1,C2) rules out depolymerization
because the storage modulus, tan J, v and AS, values remain
unchanged after R X 4 cycles, and the C=C intensities return
upon self-healing (Figure S8). However, if the C=C bond is
able to twist or rotate, as documented in the literature,”
conformational changes will be reflected in the intensity
changes.

To examine if indeed conformational changes during
damage repair are responsible for this behavior, two-dimen-
sional correlation spectroscopic (2D-COS) analysis was
employed to analyze ATR FT-IR spectra.”"** This approach
enables resolving dynamic changes during damage-repair
perturbation of original and R X 4 p(AAEMA/MMA/nBA)
CANG. Figure 2A2 through B4 show synchronous (SYN) and
asynchronous (ASYN) 2D-COS analysis of ATR FT-IR
spectra of intact (v;) and damaged (v,) states that are
correlated on x and y axes, respectively. While SYN spectra are
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sensitive to simultaneous (in-phase) responses upon mechan-
ical perturbation of functional groups attributed to specific
vibrational bands, ASYN 2D-COS analysis enables the
determination of out-of-phase responses and the order at
which changes take place during damage repair. In this
approach, positive cross-peaks (red) in SYN spectra represent
simultaneous (both increase or decrease) changes in vibra-
tional bands responsible for specific groups, whereas negative
cross-peaks (blue) also indicate in-phase responses but in the
opposite directions. On the other hand, positive cross-peaks
(red) in ASYN spectra represent the responses of one band
(wavenumber on the y axis—u,) before the other (wave-
number on the x axis—wv;) and are out-of-phase, whereas
negative cross-peaks (blue) are also due to sequential
responses but in the opposite order.

Figure 2A2 illustrates SYN 2D-COS spectra of original
p(AAEMA/MMA/nBA) CANs in the 1775—1560 cm™'

https://doi.org/10.1021/acs.macromol.2c00739
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Figure 3. Molecular events during damage-repair cycle near tri-substituted C=C bonds in dynamic cross-links; (A1) intact/self-healed states: E-
isomer; (A2) damaged state: unstable Z-isomer; (B1) intact/self-healed states of p(AAEMA/MMA/nBA) CANs; and (B2) damaged state of

p(AAEMA/MMA/nBA) CANS.

region. The analysis of these data shows that upon damage,
C=0 groups of @, f3 unsaturated esters (1740 cm™") are in-
phase with the C=C vibrations (1600 cm™") but respond in
opposite directions, indicating symmetry and conformational
changes in the vicinity of the C=C bond. The same response
is observed for the C = O stretching band (1632 cm™)
attributed to vinylogous urethane linkages in R X 4 specimens
(Figure 2B2). Because 2D-COS analysis enables not only the
detection of molecular entities participating in the damage-
repair cycle but also reveals the sequences of these events,
Figure 2A3 shows that upon damage, the response of the C=
C (1600 cm™) and N—H groups (1655 cm™') groups is
asynchronous with respect to other C=0 groups (1632, 1675,
1705, and 1740 cm™'). This is also reflected in the slicing
profile along the 1725 cm™" band of the ASYN spectra shown
in Figure 2A4. The positive directions (b, ¢, d, and f) of the
C=0O0 stretching in «,f unsaturated esters, H-bonded C=0
groups, conjugated ketones, and the C=O in vinylogous
urethanes indicate that the rearrangement of these entities
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occurs first. This is followed by the rotation of covalently
attached C=C (a) and N—H (e) groups, as evidenced by the
negative intensities of the respective bands (a) and (e) in
Figure 2A4. As a result, the C=C bond undergoes rotation
forming (Z) isomers. Both original (Figure 2A1—A4) and R X
4 (Figure 2B1—B4) p(AAEMA/MMA/nBA) CAN s exhibit the
same responses to damage-repair perturbation.

Figure 3A summarizes sequential rearrangements within
vinylogous urethane linkages during the damage-repair cycle.
Upon mechanical damage (going from Al to A2), inter-chain
H-bonding of the C=O groups dissociates @, followed by
C=O0O groups’ conformational rearrangements signified by
arrows. Subsequently, the E-to-Z isomerization of the C=C
bonds takes place, which parallels the response of the N—H
groups @. These sequential events lead to the dissociations of
vdW interactions between neighboring chains, illustrated in
Figure 3B1,B2. The C=C bonds of vinylogous urethane
linkages (circled) prefer energetically favorable (E)-isomer-
ization in the presence of inter-chain vdW interactions. Upon

https://doi.org/10.1021/acs.macromol.2c00739
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self-healing, these events occur in the same order resulting in
the recovery of vdW interactions between neighboring chains,
inter- and intra-H-bonding, and (Z) = (E) isomerization
around the C=C bond. It should be noted that substituents
such as alkyl groups on amines and esters in vinylogous
urethane moieties will increase the electron delocalization in
unsaturated systems, thus promoting high electron densities on
the carbonyl oxygen atom while reducing the C=0 and C=C
bond orders, which was reflected in spectroscopic analysis.
This will result in H-bonding and the lower activation energy
barrier to achieve the (Z) = (E) isomerization shown in
Figure 3B, where dashed circles mark the location of this
process. Also, the steric hindrance between =C—CHj entities
and N-alkyl groups linked to another chain in the (Z)-
conformation upon damage will force N—H groups to bend
toward COOR moieties, further strengthening intra-chain H-
bonding. This, in turn, destabilizes the Z-conformations
relative to the strainless E form, thus promoting self-healing.*®
Thermodynamically, conformational changes resulting in the
movement of polymer chains are attributed to the amount of
entropic energy stored during damage. Since entropic recovery
is dependent on physical chain entanglements, self-healing
driven by the entropy storage-recovery process and the regain
of mechanical strength is manifested by chain movements.

B CONCLUSIONS

In these studies, CANSs that exhibit self-healing under ambient
conditions and temperature/pressure reprocessing “built-in”
into one copolymer network were developed. This was
achieved by RAFT polymerization of AAEMA, MMA, and
nBA monomers to yield a p(AAEMA/ MMA/nBA) copolymer,
which, upon cross-linking with TREN, formed autonomous
self-healable and reprocessable [p(AAEMA/MMA/nBA)]
CANs. These materials exhibit multiple self-healing cycles
under ambient conditions and reprocessibility by compression
molding at 120 °C. Notably, p(AAEMA/MMA/ nBA) CANs
showed significant enhancement of mechanical properties in
relation to their thermoplastic p(MMA/nBA)’ counterparts
while retaining self-healing efficiency. The primary events
responsible for reprocessing are associative transamination
exchange reactions, which proceed through addition—elimi-
nation reactions of free primary amines reacting with
vinylogous urethane p-carbons, releasing a new primary
amine. Damage-repair cycles are dominated by the dissocia-
tion-reformation of vdW interactions and (E) = (Z)
isomerization around C=C bonds. Upon mechanical damage,
inter-chain H-bonding of the C=O groups dissociates,
followed by C=O groups’ conformational rearrangements.
These sequential events lead to the dissociation of vdW
interactions between neighboring chains. Upon self-healing,
these events occur in the same order, resulting in the recovery
of vdW interactions between neighboring chains, inter- and
intra-H-bonding, and (Z) = (E) isomerization around the
C=C bond. Although these studies represent one example of
self-healable, reprocessable CANs, the availability of an array of
exchange chemistries combined with self-healable commodity
copolymers and equipped with ubiquitous vdWs interactions
provides an opportunity for the development of new
generations of self-healable and thermally reprocessable
materials that can be technologically relevant and translate
into technological opportunities.
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