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Ambient temperature induced Diels—Alder
crosslinked networks based on controlled
methacrylate copolymers for enhanced
thermoreversibility and self-healability

Sungmin Jung,® So Young Kim,? Jin Chul Kim,® Seung Man Noh®

and Jung Kwon Oh{*2

The development of covalently-crosslinked dynamic (reversible) networks has been extensively explored
due to their built-in ability to self-repair damages, which prevents catastrophic failure of high-
performance materials. Here, we report effective thermoreversible crosslinked networks fabricated at
room or mild temperature from reactive blends consisting of a controlled methacrylate copolymer
having maleimide pendants (CoPMA) and a trifunctional furan (TFu). Well-defined CoPMA is synthesized
by controlled radical polymerization, ensuring predetermined chain lengths with narrow molecular
weight distribution, and following post-modification through deprotection of pendant furan-protected
maleimide groups, ensuring conversion to the corresponding maleimide pendants. The well-defined
CoPMA is reactive to different amounts of TFu as a model polyfuran to form dynamic networks at
ambient temperature through a click type Diels—Alder (DA) reaction. Comprehensive analyses indicate
that the mole ratio of furan/maleimide group is an important parameter that significantly influences
network flexibility. The developed dynamic networks crosslinked with thermo-labile DA cycloadduct
linkages enable the dissociation and recombination through retro DA (rDA)/DA reactions at elevated
temperatures. Such thermoreversibility, combined with balanced flexibility, allows for the development of
dynamic network exhibiting effective self-healability at as low as 110 °C with great mechanical property

rsc.li/rsc-advances

Introduction

Thermosets are crosslinked polymers that exhibit enhanced
mechanical performance, thermal stability, dimensional
stability, and solvent resistance. Due to these unique properties,
polymeric thermosets have been a choice of effective coating
and composite materials useful in a variety of industrial and
biomedical fields that require high performance, such as
transportation, aerospace, electronics, and tissue engi-
neering.'” Having been designed with irreversibility, however,
conventional thermosets could not be melted or dissolved in
organic solvents for further processing even at elevated
temperatures. This drawback has limited the recyclability of
irreversibly-crosslinked thermosets. Further to the recyclability,
the self-healability is highly desired because the property allows
for the cracks or cuts of thermosets to be autonomously self-
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restoration as well as healing elasticity through reversible restoration of viscoelastic properties.

repaired. A promising solution that have been extensively
explored is to develop dynamic (or reversible) crosslinked
networks that retains self-healing upon external damages, thus
improving their lifetime, energy efficiency, and environmental
impact.*® Taking the benefits from an initial approach based on
microcapsule or vascular network technologies,” the prom-
ising approach involves the incorporation of reversible covalent
or supramolecular crosslinkages into the design of dynamic
thermosets. In addition to non-covalent interactions (or
reversible physical crosslinking),’** the dynamic covalent
bonds (or reversible chemical crosslinking)*** and recently
their combination****> have shown the repeatable and multiple
occurrence of self-healing in intrinsic self-healing systems.
Typical dynamic chemical crosslinkages based on disulfide,
hindered urea, and alkoxyamine chemistries are composed of
flexible bonds. In contrast, the cycloadducts formed by DA
reaction are based on newly-formed carbon-carbon bonds
between an electron-rich diene and an electron-poor dien-
ophile. Consequently, the thermally-induced DA-crosslinked
networks provide enhanced mechanical properties, compared
with other networks.***” Further, the formed DA linkages in the
networks can be dissociated to the corresponding diene and

This journal is © The Royal Society of Chemistry 2017
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dienophile through rDA reaction within the networks at
elevated temperatures. Utilizing rDA and following DA reac-
tions, the DA-crosslinked networks can be displaced by their
dissociation and reformed by reconnection through void filling-
thermoreversible process upon controlled heating. Because of
the maleimide/furan pair being highly reactive to cycloaddition
as well as being shifted of its DA/rDA equilibrium at low
temperatures, thermally-reversible DA/rDA chemistry utilizing
maleimide as a dienophile and furan as a diene has been
extensively explored to develop thermally-induced self-healable
networks. Most of DA-crosslinked networks were fabricated
through step-growth polyaddition or coupling reaction of pol-
ymaleimides and polyfurans.**-’

Of our interests are thermo-labile networks based on reactive
methacrylate copolymers. The nature of the polymethacrylate
backbones of carbon-carbon single bonds, the high molecular
weight of polymeric chains, and the facile copolymerization with
soft monomers allow for tuning the balance of rigidity and flexibility
of methacrylate networks. Early reports describe the synthesis of
methacrylate copolymers having furan pendants by chain-growth
polymerization®* or post-modification;** these copolymers then
reacted with a bismaleimide crosslinker to form DA-crosslinked
networks. Recently, the synthesis of methacrylate copolymers
having both furan and furan-protected maleimide pendants®** as
well as a methacrylate homopolymer having pendant furan-
protected maleimide groups®® has been reported. To exhibit
enhanced mechanical properties and thermoreversible self-
healability, however, these systems required elevated temperatures

Reactive blend of CoPMA and TFu
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(>120 °C) for the formation of DA-crosslinked networks. This is
mainly because of the deprotection of furan-protected maleimide
groups to generate the corresponding maleimide groups in the
copolymers, which in situ react with polyfurans. We have envisioned
that the synthesis of methacrylate copolymers with bare maleimide
pendants could allow for the fabrication of DA-crosslinked networks
with polyfurans at ambient or even room temperatures. This
approach could be beneficial in constructing high-performance
materials for industrial applications; more specifically our poly-
mers could be considered as self-healable adhesives in surface
coating formulations that can protect automobiles and heavy-duty
metals.

In this work, we have explored an approach utilizing
controlled radical polymerization and post-modification to
synthesize a series of methacrylate copolymers having different
densities of reactive maleimide and inert ethylhexyl pendants
(CoPMAs). As a model polyfuran, a new tri-functional furan
(TFu) was also synthesized by a click-type thermally-induced
thiol-ene reaction. The occurrence of DA-crosslinking reac-
tions of the maleimide and the furan groups in reactive blends
composed of controlled COPMA with TFu at ambient tempera-
tures was characterized with not only gel content measurement
and sol-gel transition but also spectroscopic and thermal
analysis. The resultant DA-crosslinked networks formed at
different mole ratios of furan/maleimide groups were further
analyzed for thermoreversibility and self-healability as well as
self-healing viscoelastic and mechanical properties through DA/
DA reactions (Scheme 1).
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Scheme 1l Thermoreversible DA/rDA reactions for self-healing of dynamic networks prepared from a reactive mixture containing CoPMA having

reactive maleimide pendants and TFu.
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Experimental
Instrumentation and analyses

"H-NMR spectra were recorded using a 500 MHz Varian spec-
trometer. The CDCI; singlet at 7.26 ppm and DMSO-d, quintet at
2.5 ppm were selected as the reference standards. Molecular
weight and molecular weight distribution were determined by gel
permeation chromatography (GPC) with a Viscotek VE1122
pump and a refractive index (RI) detector. Two PolyAnalytik
columns (PAS-103L and 105L, designed to determine molecular
weight up to 2 000 000 g mol ") were used with THF as eluent at
30 °C at a flow rate of 1 mL min™". Linear poly(methyl methac-
rylate) standards were used for calibration. Aliquots of polymer
samples were dissolved in THF. The clear solutions were filtered
using a 0.25 um PTFE filter to remove any solvent-insoluble
species. A drop of anisole was added as a flow rate marker.

Differential scanning calorimetry (DSC)

Thermal properties including glass transition temperature (Tg)
of polymers and crosslinked films were measured with a TA
Instruments DSC Q20 differential scanning calorimeter.
Samples were dried under vacuum for 24 h at room temperature
to remove residual solvents. Temperature range was from —70
to 200 °C with heating and cooling cycles conducted at a rate of
10 °C min " (cycles: cool to —70 °C, heat up to 200 °C (1°* run),
cool to —70 °C, heat up to 200 °C (2™ run), and cool to 25 °C).
The T, values were determined from the 2" heating run.

Thermogravimetric analysis (TGA)

TGA measurements were carried out using a TA instruments
Q50 analyzer. Typically, dried samples (5-10 mg) were placed
into a platinum pan and heated from 25 to 800 °C at a heating
rate of 20 °C min " under nitrogen flow.

Materials

3-Phenyl-1-propanol (PP-OH, 98%), a-bromoisobutyryl bromide
(Br-iBuBr, 98%), tin(u) 2-ethylhexanoate (Sn(u)EH,, >92.5%),
triethylamine (Et3N, 99.5%), furfuryl mercaptan (Fu-SH, 99%),
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide ~ hydrochlo-
ride (EDC, =98.0%), 4-(dimethylamino)pyridine (DMAP,
=99%), 2,2'-azobis(2-methylbutyronitrile) (AMBN, >98%), tri-
methylolpropane trimethacrylate (TMA, technical grade), and
furan (=99%) from Sigma Aldrich as well as maleic anhydride
(>98%) from Fluka were used as received. 2-Ethylhexyl meth-
acrylate (EHMA, 98%) purchased from Aldrich was passed
through basic alumina column to remove inhibitors before
polymerization.  Tris(2-pyridylmethyl)Jamine (TPMA)
synthesized as described elsewhere.®® A methacrylate having
pendant furan-protected maleimide (MIMA)** was synthesized
with a slight modification as described in ESL}

was

Synthesis of 3-phenylpropyl 2-bromo-2-methylpropanoate
(PP-Br)

Br-iBuBr (9.3 g, 40.4 mmol) was added to a clear solution con-
sisting of PP-OH (5.0 g, 35.7 mmol), DMAP (0.45 g, 3.67 mmol),
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and E;N (5.6 g, 55.0 mmol) in methylene chloride (128 mL) at
room temperature. The resulting mixture was stirred at room
temperature for 14 h, and then diluted with diethyl ether. The
yellow precipitates as byproducts were removed by vacuum
filtration and organic solvents were removed using a rotary
evaporation. The residues were purified by silica column chro-
matography with a mixture of ethyl acetate/hexane (1/5 v/v). The
product was collected as the first of a total three bands from
a silica gel column: yield = 9.3 g (89%) and R¢ = 0.3 on silica (1/5
ethyl acetate/hexane).

Synthesis of CoOPMIMA by ATRP

For the synthesis of CoOPMIMA-2 as a typical example, PP-Br
(0.12 g, 0.43 mmol), MIMA (1.5 g, 5.41 mmol), EHMA (1.07 g,
5.41 mmol), [Cu(u)TPMABr|Br (11.1 mg, 22 pmol), TPMA
(12.6 mg, 43 pmol), and anisole (7.76 mL) were mixed in a 25 mL
Schlenk flask. The resulting mixture was deoxygenated by
purging under nitrogen for 40 min. A nitrogen-prepurged Sn(u)
EH, solution in anisole (0.5 mL, 0.234 g mL~ ') was injected into
reaction mixture and placed in an oil bath preheated at given
temperature (35 °C) to initiate polymerization. Aliquots were
taken from polymerization mixture at regular intervals to
determine conversion using 'H-NMR. Polymerization was
stopped by cooling the reaction mixture in an ice bath and
exposing to air.

For purification, the as-synthesized polymer solution was
precipitated from MeOH three times to remove unreacted
monomers. The precipitate was dissolved in minimal amount of
chloroform and then passed through a column filled with basic
alumina to remove residual copper species. Solvents were
removed by rotary evaporation and the residues were dried in
a vacuum oven at room temperature for 24 h.

Similar procedure was applied with the use of PP-Br
(123.4 mg, 433 pmol), MIMA (1.5 g, 2.7 mmol), EHMA (1.61 g,
8.1 mmol), [Cu(u)TPMABr|Br (11.1 mg, 22 upmol), TPMA
(12.6 mg, 43.3 umol), and anisole (9.3 mL) for the synthesis of
CoPMIMA-1, and PP-Br (123.4 mg, 433 umol), MIMA (1.5 g, 8.1
mmol), EHMA (0.54 g, 2.7 mmol), [Cu(u)TPMABr|Br (11.1 mg, 22
umol), TPMA (12.6 mg, 43.3 pumol), and anisole (6.1 mL) for
synthesis of COPMIMA-3.

Synthesis of CoPMA

The purified, dried COPMIMA (2 g) dissolved in DMSO (5 mL)
was heated at 120 °C under stirring. After 3 h, the polymer
solution was cooled down to room temperature and then
precipitated from a mixture of MeOH/water (1.5/1 v/v). The
precipitates were dried in vacuum oven at room temperature for
16 h.

Synthesis of TFu

TMA (3.0 g, 16 mmol), AMBN (0.52 g, 3.2 mmol), Fu-SH (20.9
mL, 207 mmol), and anhydrous DMF (31 mL) were placed in
a Schlenk flask. The resulting mixture was then stirred at 75 °C
for 24 h, and then cooled down to room temperature. Solvents
and excess Fu-SH were removed under reduced pressure. Resi-
dues were precipitated from a mixture of deionized water/

This journal is © The Royal Society of Chemistry 2017
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methanol (1/1.5 v/v) twice. The precipitates were purified by
silica column chromatography using a mixture of ethyl acetate/
hexane (1/5 v/v). The product was collected as the third of a total
five bands from a silica gel column; yield = 2.6 g (40%) and R =
0.3 on silica (1/5 ethyl acetate/hexane).

Preparation of crosslinked films through DA reactions

A series of reactive blends of COPMA-2 and TFu at the mole
equivalent ratio of pendant furan/maleimide group = 1/1, 2/1,
and 3/1 were prepared by mixing the fixed amount of CoPMA-
2 (100 mg, corresponding to 0.24 mmol of maleimide group)
with different amounts of TFu (54, 81, and 162 mg, corre-
sponding to 0.08 mmol, 0.12 mmol, and 0.24 mmol of furan
group) in anisole (0.24, 0.27, and 0.4 mL). Their aliquots were
dropped on glass slides placed at room temperature for 24 h
and in an oven preset at 60 °C for 12 h. The resultant
crosslinked films were scraped using a knife for further
characterization.

Gel content measurements

Pieces of dried films prepared above (approximately 10 mg)
were mixed with THF (10 mL) for 48 h. THF was carefully dec-
anted and precipitates were dried in vacuum oven for 2 days.
Gel content was calculated as the weight ratio of dried precip-
itates to initial films.

Sol-gel-sol transitions

Mixtures of CoPMA-2 (90 mg, 0.21 mmol of maleimide group)
with different amounts of TFu in anisole at 43 wt% were sealed
and placed at room temperature for 12 h to form free-standing
gels in vials. For the gel-sol transition experiment, a piece of the
dried gel (110 mg) was mixed with DMF (1 mL) at 11 wt% and
heated up at 150 °C for 5 h, and then cooled down to room
temperature.

Optical microscopy

Fresh cuts were made using a sharp blade on surfaces of the
crosslinked films and annealed in an oven at given tempera-
tures (85, 110, and 150 °C) for 5 h to 72 h depending on samples.
The occurrence of self-healing in cross-linked networks was
followed by an optical microscope (Olympus BX51) coupled
with a digital camera.

Rheology measurements

Viscoelastic properties (G’ and G” moduli) of DA-crosslinked
films were measured on a DHT-2 rheometer (TA Instruments,
USA) in amplitude oscillatory shear mode with parallel plate
geometry (8 mm diameter). The elasticity of the crosslinked
materials were tested by applying cyclic changes of amplitude
oscillatory from 5% strain for 1500 s to 100% strain for 500 s.
The gap was set to obtain an axial force of 1.5 N at room
temperature and this cycle is repeated three times.

This journal is © The Royal Society of Chemistry 2017
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Tensile measurements

Mechanical properties of polymer samples before and after
healing were measured using a tensile testing machine (MCT-
2150, AND, Japan) at a crosshead speed of 50 mm min~" at
room temperature. To prepare dumbbell-shaped specimens (10
mm X 30 mm x 3 mm) by a conventional solution casting
method, a reactive mixture of CoPMA-2 and TFu (furan/
maleimide mole ratio = 3/1) in anisole at 40 wt% was poured
into a mold and placed in a convection oven preset at 60 °C for
24 h. After being recovered from the mold, the cast specimens
were tested for tensile measurements. For quantitative analysis
of self-healing, a single cut of 20 pm wide and 3 mm long on the
center of the specimens was made using a sharp cutting blade
(Dorco, Korea). The resultant specimens were placed at 110 °C
for 2 h and then 60 °C for 24 h (a self-healing condition) and
then subjected to tensile tests.

Results and discussion

Synthesis and thermal properties of CoPMA having maleimide
pendants

Fig. 1a illustrates our approach consisting of two steps to
synthesize new multivalent methacrylate copolymers bearing
pendant maleimide groups (CoPMA).

The first step is the synthesis of random copolymers having
furan-protected maleimide groups. First, PP-Br as an initiator
was synthesized by a facile coupling reaction of PP-OH with Br-
iBuBr in a high yield. Its chemical structure was analyzed with
'H and "*C-NMR spectra (Fig. S11). Then, Activators ReGen-
erated by Electron Transfer (ARGET) process for Atom Transfer
Radical Polymerization (ATRP) was examined for a monomer
mixture of MIMA and EHMA at different mole ratios in the
presence of PP-Br and Cu(u)/TPMA active complexes. The degree
of polymerization (DP) as the initial mole ratio of [MIMA +
EHMA]/[PP-Br], was designed to be 50/1. The polymerization
conditions include [PP-Br]y/[CuBr(u)]o/[TPMA]o/[Sn(u)EH, ], = 1/
0.05/0.15/0.4 in anisole at 35 °C. Polymerization was stopped
after 2-3 h when conversion of MIMA reached 50-60%, based
on 'H-NMR analysis. After the purification by extensive
precipitation from MeOH and following filtration with a basic
alumina column, the resulting CoPMIMA copolymers were
characterized for chemical structures by "H-NMR spectroscopy
and molecular weight by GPC. As a typical example with
CoPMIMA-2, 'H-NMR spectrum in Fig. S21 shows the presence
of furan-protected maleimide groups at 6.5, 5.1, and 2.9 ppm,
ethylhexyl ester groups at 3.6 ppm, and phenyl groups in initi-
ating moieties at 7.1-7.3 ppm. The DP was determined by their
integral ratio to be 16 for MIMA and 16 for EHMA units. GPC
analysis indicates molecular weight as the number average
molecular weight (M) = 5.9 kg mol™", with molecular weight
distribution as M,,/M, = 1.5. In similar ways, COPMIMA-1 and
CoPMIMA-3 were analyzed (Fig. S3 and S4t for "H-NMR spectra
and Fig. S5t for GPC traces). Table 1 summarizes the charac-
teristics and results of COPMIMA copolymers.

The second step is the deprotection of furan groups from
furan-protected maleimide pendants to synthesize CoOPMA. This

RSC Adv., 2017, 7, 26496-26506 | 26499
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Fig.1 Synthetic route to COPMA bearing pendent maleimide groups (a), *H-NMR spectrum of CoPMA-2 as an example in DMSO-dg (b), DSC (c),
and TGA (d) histograms of CoPMA.

Table 1 Characteristics and properties of CoPMIMA and CoPMA“

MIMA (mol%) DP? M, (kg mol™*)
Entry no. Feed Copolymer” MIMA EHMA "H-NMR GPC* M /M,° CoPMA T, (°C)
CoPMIMA-1 25 40 13 20 7.7 5.6 1.5 38
CoPMIMA-2 50 50 16 16 7.3 5.9 1.5 43
CoPMIMA-3 75 75 20 7 7.1 7.4 1.7 63

% Condition for ARGET ATRP: [MIMA + EHMA]y/[PP-Br],/[CuBr(u)]o/[TPMA]y/[Sn(u)EH,], = 50/1/0.05/0.15/0.4, [monomer] = 1.76 M; 35 °C.
b Determined by "H-NMR. ¢ Determined by THF GPC with PMMA standards. ¢ Determined by DSC.
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step was simply achieved by heating the solution of the purified
CoPMIMA dissolved in DMSO at 120 °C for 3 h. "H-NMR spec-
trum of CoPMA-2 in Fig. 1b shows the disappearance of char-
acteristic peaks corresponding to furan aromatic protons and
the appearance of new peak (g’) corresponding to maleimide
double bond protons, suggesting >99% efficiency. Similar
results were observed for CoOPMA-1 and CoPMA-3 (Fig. S3 and
S47). These results confirm the successful synthesis of CoOPMA
with different densities of pendant maleimide groups.

The synthesized CoPMIMA and CoPMA were examined for
their thermal properties using DSC and TGA. For all series of
CoPMIMA, their glass transitions could not be clearly detected.
However, their DSC diagrams exhibit a strong thermal transi-
tion at 100-180 °C, which is due to the loss of furan groups from
furan-protected maleimide pendants. Such loss was also clearly
observed in their TGA traces at 150-180 °C (Fig. S67). In
contrast, DSC traces of CoPMA copolymer in Fig. 1c exhibit

View Article Online
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single transitions at 38, 43, and 63 °C; these T, values increased
with an increasing density of maleimide pendants in copoly-
mers. TGA traces in Fig. 1d show a progressive decomposition of
the copolymers to 500 °C. Similarly, the on-set temperature of
starting thermal decomposition increased from 300 to 350 °C,
suggesting that the enhanced thermal stability with an
increasing amount of maleimide pendants in the copolymers.

Synthesis of a trifunctional furan (TFu)

As illustrated in Fig. 2a, a thermally-induced radical addition of
Fu-SH to TMA in the presence of AMBN, an azo-type radical
initiator, was examined to synthesize TFu. Excess Fu-SH should
be used to minimize undesired side reaction through free
radical homopolymerization of methacrylate groups in TFu. 'H-
NMR spectrum in Fig. 2b shows the appearance of new peaks
corresponding to furan groups (a, b, c¢) and the complete

a
a) o YP
d¢ °© o
H_ o e 8 sﬁ@
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Fig. 2 For TFu, synthetic scheme (a) and *H-NMR spectrum in CDCls (b).
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disappearance of peaks corresponding to methacrylate groups
at 5-6 ppm. In addition to 'H-NMR, "*C-NMR spectrum in
Fig. S7t also confirms the successful synthesis of TFu.

Preparation and characterization of DA-crosslinked networks

As illustrated in Scheme 1, thermally-induced DA reactions
between pendant maleimide groups in CoPMA and furan
groups in TFu yields DA-crosslinked networks. With the
selected CoPMA-2 (50 mol% maleimide group), the different
mole equivalent ratios of furan to maleimide group in reactive
blends of CoPMA and TFu were varied to adjust the mobility of
polymeric chains and flexibility of crosslinked networks, thus
effective self-healing and enhanced mechanical properties.

A series of reactive blends consisting of COPMA-2 and TFu at
the different mole equivalent ratios of furan/maleimide group =
1/1, 2/1, and 3/1 were prepared in anisole at 43 wt%. Aliquots of
the mixtures were cast on glass plates at room temperature and
60 °C. Note that the formed films denote as FIM1, F2M1, and
F3M1 for 1/1, 2/1, and 3/1 furan/maleimide ratio. They were
then characterized with gel content measurements, spectro-
scopic and thermal analysis. For gel content determination
based on solubility in an organic solvent, aliquots of the cast
films were soaked in THF for 2 days and insoluble species were
isolated and dried. Note that gels here can be defined as
insoluble species in THF. As seen in Fig. 3d, the gel content was
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97% for the cast film with 1/1 furan/maleimide at 60 °C, which
could be attributed to the occurrence of DA-crosslinking reac-
tions between pendant maleimide groups of CoPMA and fur-
furyl groups of TFu in the reactive mixtures. It decreased to 92%
and further to 78% as the furan/maleimide ratio increased to 2/
1 and further to 3/1 (excess furan). Promisingly, the films cast at
room temperature had the gel content to be 93, 87, and 67%
corresponding to 1/1, 2/1, and 3/1 ratio. These quantities
appeared to be smaller, compared to those for the films cast at
60 °C, presumably due to greater efficiency of DA reactions at
60 °C than room temperature. Nevertheless, our system con-
sisting of CoPMA and TFu enabled to the formation of thermo-
labile networks induced even at room temperature. Further, the
feasibility to the formation of DA-crosslinked networks at room
temperature was confirmed by sol-gel transition experiments.
As seen in Fig. 3a-c, the reactive solutions consisting of COPMA-
2 and TFu turned to standing gels at room temperature in 12 h
or earlier.

Spectroscopic and thermal analysis of DA-crosslinked
networks

FT-IR was used to characterize the DA-crosslinked films deno-
ted as FIM1, F2M1, and F3M1 cast at room temperature. Fig. 3e
shows their FT-IR spectra, compared with those of individual
CoPMA and TFu. First, the peak at 1502 cm™ " and 1012 cm™*
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Fig. 3 Digital images illustrating gelation of a series of reactive mixtures of CoPMA-2 and TFu at different mole equivalent ratios of furan/
maleimide = 1/1 (a), 2/1 (b), and 3/1 (c) in anisole at 43 wt% at room temperature for 12 h as well as characterization of DA-crosslinked films from
reactive blends of CoOPMA-2 and TFu at different mole ratios of furan/maleimide = 3/1 (F3M1), 2/1 (F2M1), and 1/1 (FIM1); gel contents cast at
room (25 °C) and moderate temperature (60 °C) (d) and FT-IR spectra of films cast at room temperature, compared with CoPMA and TFu (e).
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corresponding to furan rings decreased to disappeared as the
furan/maleimide ratio decreased from 3/1 (excess furan) to 1/1.
Second, the characteristic peak at 1403 cm~ ' for maleimide
groups in CoPMA was not detected; rather, broad peaks
appeared in DA-crosslinked films. Third, the peaks corre-
sponding to ester carbonyl groups appeared to be broad with
one relatively small peak at 1732 cm ' corresponding to
residual furan groups and the other new peak at 1696-1698
em~ ', Such changes are attributed to the formation of DA
cycloadducts in the cast films.

Further, DSC and TGA were used to examine the thermal
property of the DA-crosslinked films cast at 25 and 60 °C
(Fig. S8T). DSC diagrams of the films cast at 60 °C show a large
endotherm peak between 90 and 200 °C for all films, suggesting
the occurrence of rDA reaction which can be originated from the
cleavage of DA-linkage. Similar DSC results were obtained for
the films cast at room temperature. In addition, TGA traces
suggest that all the DA-crosslinked films are thermally stable up
to 300 °C, regardless of the composition of furan and maleimide
groups and casting temperature.

Thermoreversibility and self-healing studies

First, the occurrence of thermally-induced rDA reaction in DA-
crosslinked networks was examined with the standing gels
formed from F1M1 in anisole at 43% (see Fig. 4a). As seen in
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Fig. 4b-d, a piece of the gel was mixed with DMF in a vial. The
resulting mixture was heated at 150 °C for 5 h to form sol,
suggesting the occurrence of rDA reaction. After being cool
down to room temperature and placed for 48 h, the sol solution
turned to free-standing gel again through DA reaction, proving
thermoreversibility of our system.

Given promising results, three films cast at 60 °C were
studied for self-healing at 150 °C. First, micron-sized cuts were
made using a blade. They were placed in an oven preset at
150 °C for 5 h, promoting the occurrence of rDA reactions, and
then 80 °C for 2 h, allowing for the occurrence of DA reactions.
Fig. 5 shows optical microscope images of the cuts on the films
before and after self-healing. Note that cuts were presented as
black-colored straight parts in all the images before healing. For
the F1IM1 and F2M1 films, the cuts with 20-30 pm wide did not
appeared to be completely healed; however, note that F2M1 film
shows better healing, compared with F1M1 film (Fig. 5a and b).
For the F3M1 film, promisingly, the cuts with 50-100 um wide
(larger than those in FIM1 and F2M1 films) completely healed
through void-filling and following rDA/DA crosslinking (Fig. 5c¢).
As seen in Fig. 5¢ (inset), the F3M1 film is tough, but elastic to
be vented and recovered in shape. This property could be
attributed to a combination of dangling chains and cross-
linking density through the formulation of excess furan groups
in the networks. These results suggest the better approach in
the design of self-healing networks with excess functional

Fig.4 To illustrate the occurrence of rDA/DA reaction in FIM1 gel, digital images of standing gel formed at 25 °C/12 h (a), a mixture of a piece of
gel with DMF (b), sol formed upon heating at 150 °C for 5 h (c), and gel formed upon cooling to room temperature (d).
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Fig.5 Optical microscope images of cuts on DA-crosslinked F1M1 (a), F2M1 (b), and F3ML1 (c) films before and after being annealed at 150 °C for

5 h and following 80 °C for 2 h. Inset of (c) digital image of F3M1 film.
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Fig.6 For DA-crosslinked F3M1 films cast at 60 °C, optical microscope images with different sizes of cuts (a and b) and stress—strain curves (c)

before and after being annealed at 110 °C and following 80 °C.

groups in soft components. Furthermore, the efficiency (or
kinetics) of self-healing rely on the width and length of cuts.

In another set, the feasibility to self-healing through the
occurrence of dynamic rDA and DA reactions at low tempera-
tures was examined, with the selected F3M1 film. As seen in
Fig. 6a and b, when the films were annealed at 110 °C for 5 h,
the occurrence of healing was observed. Further, the extent of
thermal healing was relied on the width of cuts. At temperature
as low as 85 °C, the important healing was not observed over 3
days (Fig. S9t), suggesting that enough thermal energy could be
required for the occurrence of rDA reactions in our system
consisting of F3M1.

Self-healing viscoelastic and mechanical properties

Quantitative analysis of self-healing behavior was followed with
tensile measurements. Dumbbell-shaped specimens were
prepared from F3M1 reactive mixtures (inset in Fig. 6¢). A small
micron-sized crack was made using a blade on the center of the
specimens. The scratched specimens were subjected to thermal
annealing process at 110 °C for 2 h and then 60 °C for 24 h to
promote self-healing through rDA/DA reactions. Fig. 6c
compares stress and strain curves of DA-crosslinked films
before and after self-healing. The tensile strength at break
decreased from 8 to 6 MPa as well as its elongation also
decreased from 30 to 26% by 4%, indicating >85% healing
efficiency upon one healing event. The decrease in tensile
strength and elongation at break is presumably attributed to the
existence of invisible defects in cuts that could be caused by
rearrangement of polymeric chains (void-filling) and incom-
plete rDA/DA reactions during self-healing process at 110 °C.
Further to get an insight into elasticity for self-healing of the
crosslinked polymeric networks, their viscoelastic properties
were measured using a rheometer with a cyclic change of
oscillation force: 5% strain for 1500 s to 100% strain for 500 s.
As seen in Fig. 7, the elastic modulus (G') of the crosslinked
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Fig. 7 Viscoelastic properties upon a cyclic change of oscillation
force: 5% strain for 1500 s to 100% strain for 500 s for crosslinked F3M1
films cast at 60 °C.

films was 4.5 x 10° Pa when a 5% strain was applied. Upon the
change of oscillation force to 100% strain, the G’ modulus
dropped to 1.2 x 10* Pa. Then, the G’ modulus was restored
when the oscillation force was recovered back to 5% strain.
Such a reversible restoration of G’ modulus was able to be
repeated several times, exhibiting self-healing elasticity of the
crosslinked polymeric networks.

Conclusion

New random CoPMA with different densities of pendant mal-
eimide and ethylhexyl groups were synthesized by two steps,
including ARGET ATRP to CoPMIMA precursors and following
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deprotection of pendant furan-protected maleimide groups to
the corresponding maleimide groups. Their structural and
thermal analysis indicate that the synthesized CoPMA copoly-
mers had the molecular weights mostly ranging at 7-8 kg mol "
by "H-NMR, while their thermal transitions varied from 38 to
63 °C with an increasing amount of maleimide groups from 40
to 75 mol% in the copolymers. Reactive blends of the resultant
CoPMA with TFu at different mole ratios of furan/maleimide
groups allowed for the fabrication of thermo-labile networks
with adjustable network flexibility at room and moderate
temperatures (60 °C), confirmed by gel content, sol-gel transi-
tion, spectroscopic and thermal analysis. Thermoreversible self-
healing studies through optical microscopy, tensile and visco-
elastic measurements suggest that the use of excess of TFu
enhanced the mobility and flexibility of the networks; ulti-
mately, the thermoreversible networks had excellent self-
healability with great mechanical strength recovery as well as
self-healing elasticity with reversible restoration of viscoelastic
properties.
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