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Abstract: In this paper, a self-healable nanocomposite based on the Diels-Alder reaction is developed.
A graphene-based nanofiller is introduced to improve the self-healing efficiency, as well as the
mechanical properties of the nanocomposite. Graphene oxide (GO) is modified with maleimide
functional groups, and the maleimide-modified GO (mGO) enhanced the compatibility of the polymer
matrix and nanofiller. The tensile strength of the nanocomposite containing 0.030 wt% mGO is
improved by 172%, compared to that of a polymer film incorporating both furan-functionalized
polymer and bismaleimide without any nanofiller. Moreover, maleimide groups of the surface on mGO
participate in the Diels-Alder reaction, which improves the self-healing efficiency. The mechanical
and self-healing properties are significantly improved by using a small amount of mGO.
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1. Introduction

Polymers have been used in various applications, such as biomedical devices, transportation,
artificial electron skin and coating [1–4]. However, polymers are vulnerable to damage and loss of
durability to external stimuli; thus, polymer composites have been widely studied as a solution to
these problems [5]. They have been used in a variety of fields, owing to their superior properties such
as good abrasion resistance, corrosion resistance, improved mechanical properties and a light weight.

Graphene-based materials have outstanding properties such as high conductivity, thermal
stability, good mechanical properties and compatibility with polymers [6–8]. The durability of
polymer composites depends on the integrity of the polymer matrix and reinforcing material such
as nanofiller [9]. Poor compatibility between the polymer matrix and the filler causes micro cracks.
Thus, the durability and interfacial adhesion are improved by the surface treatment of the reinforcing
material [10]. The fillers used in polymer composites are modified by various methods [11] to reduce
aggregation, which degrade the mechanical properties—however, these forms of damage are inevitable.

Self-healing, in which the original properties of the material are recovered, is applied to increase
the lifetime and durability of these materials. Self-healing materials can be classified into two categories:
extrinsic and intrinsic self-healing. One category is extrinsic self-healing using microcapsules, including
healing agents. Under an external stimulus, the healing agents in microcapsules are applied to crack
locations, and help prevent crack propagation [12]. The other category is intrinsic self-healing, which
inherently restores its original properties using stimuli such as heat, light and microwaves [13–19].
Among intrinsic self-healing, there is much research about the Diels-Alder reaction, which is applicable
under mild conditions [20,21]. The Diels-Alder reaction can be applied to various polymers. Most of
all, there are many studies that apply the Diels-Alder reaction to acrylate polymer, which is widely
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used in coating materials [22–29]. In particular, the application of graphene or modified graphene
oxide to self-healing polymers not only improves their mechanical properties, but also their healing
efficiency [30–37].

In this study, a polymer containing furan groups was designed to apply a self-healing system
based on the Diels-Alder reaction. Furthermore, graphene oxide (GO) with excellent mechanical
properties was applied as a filler. To improve the dispersity of the filler and the degree of the
Diels-Alder reaction, graphene oxide modified with a maleimide moiety (mGO) was prepared,
and nanocomposites with different mGO contents were fabricated. The mechanical properties and
self-healing efficiency were investigated by tensile testing. Additionally, to confirm the effects of the
mGO, a nanocomposite incorporating GO as a control sample was prepared, and compared with the
nanocomposite containing mGO.

2. Materials and Methods

2.1. Materials

Furan, maleic anhydride, 2-furoyl chloride (FC) and 2-aminoethanol were purchased by Tokyo
Chemical Industry Co., Ltd, Tokyo, Japan. Dibutyltin dilaurate (DBTDL), hexamethylene diisocyanate
(HDI), graphite, 2-hydroxyethyl methacrylate (HEMA), poly (ethylene glycol) methyl ether methacrylate
Mn300 (PEGMMA) and 1,1′-(methylenedi-4,1-phenylene)bismaleimide (BM) were purchased from
Sigma-Aldrich Korea Ltd, Yong-In, Korea. For the solvent, tetrahydrofuran (THF), methylene chloride
(MC), n-hexane, chloroform, N,N′-dimethylformamide (DMF), methanol and toluene were purchased
from Daejung Chemical & Materials Co., Ltd, Si-Heung, Korea. All of these materials were used as
received. Azobisisobutyronitrile (AIBN) from Junsei Chemical Co., Ltd, Chuo-ku, Tokyo was used
after the recrystallization process.

2.2. Preparation of Maleimide Modified GO (mGO)

mGO was prepared as follows. First, to prepare protected maleic anhydride (PM), maleic anhydride
and furan were dissolved in toluene, stirred at 80 ◦C for 24 h and cooled to room temperature. As the
solution cooled, a white solid was obtained. The crystallized white solid was filtered under reduced
pressure, washed with a sufficient amount of methanol and dried overnight in a vacuum. Secondly,
protected 2-hydroxyethyl maleimide (PHEM) was prepared. PM dissolved in methanol was placed
in a two-necked flask, and 2-aminoethanol dissolved in methanol was dropped into this solution.
In this process, a round bottom flask was placed in an ice water bath. After all the reactants were
completely dissolved in the solvent, the reaction proceeded under reflux conditions (approximately
105 ◦C) for 24 h. After the reaction, the solution was cooled, and a yellow solid was obtained. Next,
the PHEM was deprotected by refluxing in toluene overnight. The solution was then cooled in a
freezer to recrystallize the deprotected 2-hydroxyethyl maleimide (HEM) in the form of a white solid.
This solid was filtered by vacuum filtration to remove unwanted reactants. Finally, NCO-functionalized
maleimide (NCO-M) was synthesized. The HEM obtained by the previous synthesis was dissolved in
chloroform. This solution was dropped into a solution containing excessive HDI, and then a few drops
of DBTDL were added very slowly. After the drops were added, the reaction proceeded overnight.
The resulting solution was poured into excessive n-hexane and the precipitate was filtered and dried
under reduced pressure. To obtain mGO, the NCO-M and GO prepared by the modified Hummer’s
method [38] were diluted in DMF. To improve the dispersion of the GO, this mixture was sonicated for
30 min at room temperature. After sonication, a few drops of DBTDL were added to the dispersed
solution. The reaction proceeded for 24 h at 55 ◦C, and the dispersed solids were filtered using
vacuum filtration. The final products were washed with chloroform several times to remove unreacted
NCO-functionalized maleimide, and then dried in a vacuum oven.
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2.3. Preparation of Furan Functionalized Polymethacrylate

The furan-functionalized methacrylate (FEEMA) monomer was synthesized using our previously
reported methods [39]. Subsequently, a series of copolymers with different furan side group contents
were prepared by free radical polymerization using FEEMA and PEGMMA. A mixture of FEEMA,
PEGMMA and AIBN was stirred under reflux conditions in THF. Next, the mixture was purified
twice by precipitation using n-hexane. The copolymers are labeled FEEMA#, where # indicates the
molar feed ratio of FEEMA and PEGMMA. For example, the copolymer FEEMA64 has a molar ratio of
FEEMA:PEGMMA = 6:4.

2.4. Preparation of Self-Healable Furan-Functionalized Polymethacrylate Nanocomposite Films

Nanocomposite films containing nanofillers, FEEMA64 and BM were fabricated as follows.
A selected amount of the nanofillers (mGO or GO) was added to a DMF solution containing FEEMA64
and BM. After sonication at room temperature for 1 h, most of the DMF was removed using a rotary
evaporator. The concentrated solution was poured onto silicone substrates, and the remaining DMF
was evaporated for 36 h at 90 ◦C. Subsequently, the retro Diels-Alder reaction proceeded for 6 h at 120 ◦C,
while the Diels-Alder reaction proceeded for 24 h at 50 ◦C, yielding nanocomposite films. A polymer
film without nanofillers was also prepared using the above procedure. Nanocomposite films containing
0.015, 0.030 and 0.050 wt% mGO are labeled FEEMA64_mGO0.015 wt%, FEEMA64_mGO0.030 wt%
and FEEMA64_mGO0.050 wt%, respectively. The control samples containing GO were labeled
FEEMA64_GO0.015 wt%, FEEMA64_GO0.030 wt% and FEEMA64_GO0.050 wt%, respectively.
The polymer film without a filler is referred to as the FEEMA64 polymer film.

2.5. Characterization Methods

Fourier-transform infrared (FT-IR) analysis was conducted at 400–4000 cm−1 using the
Alpha-Platinum attenuated total reflectance model from Bruker, Seongnam-si, Korea. The thermal
properties were measured using thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC). For TGA, the TGA 4000 from Perkin Elmer, Seoul, Korea was used under a N2 atmosphere.
The sample was heated from 40 ◦C to 700 ◦C at a rate of 10 ◦C/min. For DSC, the Discovery DSC 25
from TA Instruments, Seoul, Korea) was used under a nitrogen atmosphere from -40 ◦C to 180 ◦C, at a
heating rate of 10 ◦C/min. Optical microscopy (OM) DIMIS-M Siwon Optical Technology Anyang-si,
Korea) with a 100× lens was used for surface analysis. The mechanical properties were characterized
using a Qmesys universal testing machine (UTM, QM100S, Uiwang-si, Korea) at a crosshead speed
of 10mm/minute. The sample dimensions were 15 mm × 50 mm × 0.9 mm. The morphology was
analyzed by field emission scanning electron microscopy (FE-SEM, JSM-760F PLUS, JEOL, Seoul,
Korea). Transmission electron microscopy (TEM, Tecnai G2 F30 from FEI Company, Suwon-si, Korea)
was performed at 300 kV. X-ray diffraction (XRD, Empyrean, Malvern PANalytical, Seongnam-si,
Korea) patterns were obtained using Cu Kα radiation at room temperature. Elemental analysis was
performed using Flash EA 1112 from Thermo Fisher Scientific, Waltham, MA US.

3. Results

3.1. Synthesis and Characterization of mGO

GO obtained via the modified Hummer’s method was modified by maleimide functional groups to
act as an analogous healing agent. In addition, mGO is expected to improve the mechanical properties
of the polymer matrix. For mGO synthesis, NCO-M was prepared as follows. First, the protecting
reaction of maleic anhydride was proceeded to prevent the side reaction during subsequent synthetic
processes, such as the maleic anhydride ring-opening reaction. The protecting process was performed
via the Diels-Alder reaction of maleic anhydride and furan without any catalyst. After this protecting
process, the reaction between PM and 2-ethanolamine was conducted. Next, deprotection was
performed via the retro Diels-Alder reaction under reflux conditions overnight, yielding HEM. Finally,
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the NCO-functionalized maleimide, NCO-M, was obtained via the urethane reaction between the
hydroxyl group of HEM and the isocyanate group of HDI, where an excessive amount of HDI was
used to prevent the production of bismaleimide. The overall process of NCO-M preparation is shown
in Scheme 1a.
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The mGO was obtained in the presence of DBTDL, which acted as a catalyst to enhance the
reaction between the isocyanate group of NCO-M and the hydroxyl group of the GO obtained using
the modified Hummer’s method. Before the reaction, both GO and NCO-M diluted with DMF
were sonicated for 30 min to obtain a well-dispersed solution. After the DBTDL catalyst was added,
the reaction proceeded for 24 h at 55 ◦C. The procedure for mGO preparation is shown in Scheme 1b.

The morphologies of graphite, GO and mGO were observed using TEM, as shown in Figure 1.
The graphite had multiple layers, but both the GO obtained via the modified Hummer’s method and
the mGO had a single layer, which was in agreement with many previous observations. Although
some rough and curled edges appeared in the mGO but not in the GO, the modification of the GO
caused almost no significant morphological changes.

The chemical modification of GO to mGO is confirmed via FT-IR and XRD analyses. Figure 2a
shows the FT-IR spectra of NCO-M, GO and mGO. The presence of characteristic peaks of GO, such as
the hydroxyl (3000–3700 cm−1), carbonyl (1730 cm−1), epoxy (1217 cm−1) and alkoxy (1056 cm−1)
groups, confirmed that the oxidation reaction occurred [40,41]. In the mGO spectrum, all the signature
peaks of NCO-M are also observed, except the characteristic peak at 2260 cm−1, which originates
from the isocyanate group in NCO-M [42], indicating that GO was successfully modified to mGO
via the urethane reaction between GO and NCO-M. The modification of GO by NCO-M was further
confirmed by the XRD patterns of graphite, GO and mGO, as shown in Figure 2b. The interlayer
spacing increases in the order of graphite, GO and mGO. The interlayer spacing of graphite calculated
by Bragg’s law at the sharp characteristic diffraction peak 26.530◦ was 0.34 nm; however, GO is found
to have an interlayer spacing of 0.83 nm from the 10.675◦ peak [43]. The fact that GO has a larger
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interlayer spacing than graphite is attributed to the presence of various oxygen-containing groups on
the surface of GO [44]. The interlayer spacing of mGO increased further to 1.29 nm, indicating that the
relatively large molecular sized NCO-M was successfully introduced into the surface of GO. The broad
peak at approximately 23.668◦ in the XRD pattern of mGO might be due to the formation of more
closely stacked nanosheets, resulting from a reduction in the number of oxygen-containing groups on
GO during modification [45,46].
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(c) TGA curves of GO, NCO-M and mGO.

TGA was performed to determine the grafting ratio of the maleimide functional group in mGO,
and investigate the thermal stability (Figure 2c). The initial thermal decomposition of GO occurs
below 160 ◦C by the generation of vapors such as CO, CO2 and H2O [47,48]. The major thermal
decomposition, from 160 ◦C to 270 ◦C, is attributed to the decomposition of labile oxygen-containing
groups on the surface of GO, such as the hydroxyl and carbonyl groups [49]. In the three-step thermal
decomposition of mGO, the first and second thermal decomposition steps are attributed to the vapor
generations and the decomposition of unstable functional groups containing oxygen, respectively,
which is similar to the behavior of GO. Considering the thermal decomposition behavior of NCO-M,
the third thermal decomposition step of mGO, which occurred below 490 ◦C, should be attributed to
the decomposition of NCO-M, which is chemically bonded to the surface of the mGO. The amount
of residual mGO at 700 ◦C is found to be 22%, and the amount of residual of GO is 41% at the same
temperature, indicating that 19% of the mGO consists of maleimide functional groups [50].

3.2. Preparation of FEEMA# Copolymers

The synthetic methods of the furan-functionalized methacrylate (FEEMA) and FEEMA#
copolymers were described in our previous research, and are illustrated in Scheme 2a,b, respectively [39].
Additionally, the elemental analysis was performed to confirm the chemical composition of FEEMA
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monomer. Based on the chemical structure of FEEMA monomer, the theoretical value of the C, H and
O elements of FEEMA monomer could be expected to reach 39.286 atomic %, 42.857 atomic % and
17.857 atomic %, respectively. It is confirmed that the experimental value of each element obtained
from the elemental analysis is almost the same with one of a theoretical value (Table 1). Thus, it is
proved that FEEMA monomer has the expected chemical structure.
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Table 1. Elemental analysis of FEEMA monomer.

C (Atomic %) H (Atomic %) N (Atomic %) O (Atomic %)

Theoretical value 39.286 42.857 - 17.857
Experimental value 35.484 48.387 - 16.129

The FEEMA/PEGMMA ratio of the copolymer was controlled by changing the feed ratio of each
monomer for polymerization. However, a polymer film using FEEMA100 was not obtained, owing to
extreme brittleness. Since FEEMA55 had relatively few furan-functional groups, it was considered to
be unsuitable for showing the effects of the Diels-Alder reaction in this system. Therefore, FEEMA64
was chosen from among the various FEEMA polymers as a model for further analysis.

3.3. Characterization of FEEMA64 Nanocomposites

Scheme 2c illustrates the formation of self-healable nanocomposites using FEEMA64, BM and a
filler. As described in Scheme 2c, the furan moiety of FEEMA64 and maleimide moiety of mGO and
bismaleimide form self-healable nanocomposites via the Diels-Alder reaction. When damage occurs
to the formed nanocomposite and it is heated to a temperature where the retro Diels-Alder reaction
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can proceed, the Diels-Alder bond (DA bond) dissociates. When the Diels-Alder reaction temperature
is applied to the sample again, the healing process take place as the DA bond is recombined. Before
the self-healable properties of the nanocomposites are described, the Diels-Alder reaction between
the furan-functional group of FEEMA64 and the maleimide group of BM is characterized using FT-IR
analyses of the FEEMA64 polymer film.

As shown in Figure 3a, the characteristic peaks at 1581 and 1569 cm−1, which originated from the
furan double bond, decreased after mixing FEEMA64 polymer and BM, showing that the Diels-Alder
reaction occurred in the FEEMA64 polymer film [51]. Furthermore, in the case of FEEMA64_mGO0.030
wt%, the characteristic peaks attributed to the furan double bond are reduced compared to the polymer
film; this was additionally confirmed via the peak at 1014 cm−1, attributed to furan ring breathing [52].
As shown in the inset graph of Figure 3a, the peak at 1014 cm−1 of FEEMA64_mGO0.030 wt% was
lower compared to that of the polymer film. Therefore, it was confirmed that the maleimide-functional
groups on the surface of mGO could react with the furan moiety of FEEMA64 polymer via two
characteristic peak intensity changes.
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On the basis of the FT-IR observations of the FEEMA64 polymer film, the Diels-Alder reaction
in the nanocomposite is verified by DSC analyses, as shown in Figure 3b. Regardless of the filler
contents, an endothermic peak is observed at 110◦–130 ◦C, owing to the retro Diels-Alder reaction
in the nanocomposite. This behavior indicates that the nanocomposite may also be applicable as
a thermally self-healable material [53]. While the glass transition temperature of the polymer film
represents −0.650 ◦C, that of nanocomposites containing mGO increased up to 1.720 ◦C, as the mGO
content of the nanocomposite increased to 0.030 wt%. This is because an mGO existing between
polymer chains acts as a reinforcement agent, hindering the segmental motion of the polymer chains
as it is already known [54]. Furthermore, as shown in the inset graph of Figure 3b, the variation of
the enthalpy depending on the mGO content shows a similar tendency to that of the glass transition
temperature. It indicates that the degree of the Diels-Alder reaction increased alongside increasing
the maleimide groups on the surface of mGO. [55]. Thus, it could be concluded that mGO has two
functions in the nanocomposites. First, mGO acts as a reinforcement agent to enhance mechanical
properties, and second, the maleimide-functional groups on the surface of mGO participate in the
Diels-Alder reaction to improve healing efficiency. However, in the case of FEEMA64_mGO0.050 wt%,
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the effect of mGO is reduced due to aggregation. This was further confirmed by the analyses of the
mechanical properties of the nanocomposites, as described in the next section.

3.4. Mechanical Properties of FEEMA64 Nanocomposite

According to the DSC analyses, the mechanical properties of the nanocomposites can be expected
to vary, depending on the mGO content. As shown in Figure 4a, the tensile strength increased with an
increasing mGO content of up to 0.030 wt%. Specifically, the tensile strength of FEEMA64_mGO0.030
wt% improved significantly, to reach 4.566 MPa, with an improvement of 172% compared to that
of the FEEMA64 polymer film, which contains no nanofiller. However, the tensile strength of
FEEMA64_mGO0.050 wt% decreased to 4.022 MPa, exhibiting behavior similar to that of the glass
transition temperature in the DSC experiments. The effect of the maleimide groups on the mGO
surface was confirmed by a comparison of the tensile strength of the nanocomposites containing
GO—that is, the FEEMA64_GO series (Figure 4b). Although the variation in tensile strength change
for the FEEMA64_GO series is similar to that of the FEEMA64_mGO series, the absolute tensile
strengths values of the entire FEEMA64_GO series are lower than those of the FEEMA64_mGO series.
This difference is especially noticeable for nanocomposites with a 0.030 wt% filler content. That is,
the tensile strength of FEEMA64_mGO0.030 wt% is 4.566 MPa, while that of FEEMA64_GO0.030 wt%
is 3.111 MPa, at an increase of 117% compared to the FEEMA64 polymer film. Therefore, an additional
covalent bonding based on the Diels-Alder reaction between the maleimide groups on the surface of
mGO and the furan group of FEEMA64 polymer should induce the significantly improved tensile
strength of the FEEMA64_mGO series.
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The dispersion of fillers in the nanocomposites is expected to affect their mechanical properties,
as has already been discussed [56]. Therefore, the cryogenically fractured surface morphology
of FEEMA64_mGO0.030 wt% and FEEMA64_mGO0.050 wt% was compared using SEM images
(Figure 5a,b). While a smooth surface which originates from relatively well-dispersed mGO is
exhibited in FEEMA64_mGO0.030 wt%, non-homogeneous and rough surface are observed due to the
restacking of mGO in the case of FEEMA64_mGO0.050 wt%. This restacking and agglomeration of
mGO is expected to decrease the chances of the Diels-Alder reaction between the maleimide groups
on the surface of the mGO and the furan groups in the FEEMA64 polymer, meaning the tensile
strength of FEEMA64_mGO0.050 wt% should decrease compared to that of FEEMA64_mGO0.030
wt%. A similar tendency with a relatively higher dispersity of GO in FEEMA64_GO0.030 wt% than
one in FEEMA64_GO0.050 wt% is also observed in the nanocomposite containing GO, as shown in
Figure 5c,d. This implies that the agglomerated GO, which could induce even the formation of a
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void, disrupts the orientation of the polymer chain in the nanocomposite [57], which in turn relatively
degrades mechanical properties of FEEMA64_GO0.050 wt% [58].Polymers 2020, 12, x FOR PEER REVIEW 9 of 14 
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3.5. Self-Healing Property

First, the self-healing properties of the nanocomposites were investigated by observing the degree
of disappearance of surface cracks formed using a razor blade. Figure 6 shows that the optical
microscopy images of a FEEMA64_mGO0.030 wt% before and after the self-healing procedure for the
retro Diels-Alder reaction at 150 ◦C for 2 h and the Diels-Alder reaction at 50 ◦C for 24 h, respectively.
Although cracks still appear in some locations, most of the cracks faded or disappeared after the
healing procedure. This implies that the polymer chains’ mobility increased sufficiently so that the
polymer could penetrate the cracks, and then fill them by the formation of chain entanglements during
the retro Diels-Alder reaction.
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To measure the self-healing efficiency quantitatively, the mechanical properties of the
nanocomposites are analyzed using a UTM, as shown in Figure 7. For the healing procedure,
an as-prepared neat nanocomposite film is cut using scissors, and the damaged film is then placed on
the same silicone mold that was used to fabricate the neat sample. The damaged nanocomposite film,
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under pressure from the silicone mold, is placed on a hot plate at 150 ◦C for 2 h. In this process, DA
adducts in the polymer matrix were dissociated. After that, the sample was heated at 50 ◦C for 24 h,
which promotes the recombination of DA adducts. The sample obtained by this process is called the
healed sample.
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Figure 7. Stress-strain curves of neat and healed samples for FEEMA64 polymer film and
FEEMA64_mGO0.030 wt%.

The self-healing efficiency is obtained as the ratio of the elongation at break values of the
healed samples to those of the neat ones from the UTM experiments [53]. The self-healing
efficiency increased gradually with the increasing mGO content of the nanocomposites. In particular,
the self-healing efficiency increased dramatically from 23.560% for FEEMA64_mGO0.015 wt% to
81.228% for FEEMA64_mGO0.030 wt%. The self-healing efficiency of FEEMA64_mGO0.050 wt%
is similar to that of FEEMA64_mGO0.030 wt%. The self-healing property of the FEEMA64_mGO
series is summarized in Table 2. Considering the tensile strength variation of the FEEMA64_mGO
series, both the dispersity of mGO in the nanocomposite and the degree of the Diels-Alder reaction
between the maleimide groups of the mGO surface and the furan groups in the FEEMA64 polymer
should be key factors affecting the self-healing efficiency of the FEEMA64_mGO series; this was
further confirmed by the self-healing efficiency of the FEEMA64_GO series. The self-healing efficiency
of the FEEMA64_mGO series is much higher than that of the FEEMA64_GO series. For example,
the self-healing did not occur in FEEMA64_GO0.050 wt%. However, the self-healing efficiency of
FEEMA64_mGO0.050 wt% is 82.033%. The reason for this is thought to be that the maleimide groups
on the mGO surface, which participate in the Diels-Alder reaction, improve the self-healing ability of
the FEEMA64_mGO series [59].

A heart-shaped specimen was prepared to confirm the effect of the reversibility of the
Diels-Alder reaction on self-healing property. The healing procedure described above was applied
to the heart-shaped specimen, which was cut into two pieces using scissors. The two pieces of
FEEMA64_GO0.030 wt% did not bond with each other, indicating that FEEMA64_GO0.030 wt% is
not capable of reversible healing. By contrast, as shown in Figure 8, FEEMA64_mGO0.030 wt%
was restored to its original shape, even after a second self-healing procedure. This result proves
that reversible self-healing, which is a characteristic of the Diels-Alder reaction, is possible for the
FEEMA64_mGO specimens.
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Table 2. Self-healing efficiencies and mechanical properties of FEEMA64_mGO series before and after
the healing test.

Sample

Before Healing Test After Healing Test
Self-Healing

Efficiency 1 (%)Tensile Strength
(MPa)

Elongation at
Break (%)

Tensile Strength
(MPa)

Elongation at
Break (%)

FEEMA64 polymer film 2.648 ± 0.257 214.667 ±
14.687 1.663 ± 0.261 12.600 ± 0.898 5.724

FEEMA64_mGO0.015 wt% 4.021 ± 0.229 198.235 ±
10.232 3.611 ± 0.155 36.465 ± 12.070 23.560

FEEMA64_mGO0.030 wt% 4.566 ± 0.564 69.035 ± 9.383 2.916 ± 0.171 61.465 ± 1.322 81.228

FEEMA64_mGO0.050 wt% 4.022 ± 0.542 155.510 ± 6.980 2.927 ± 0.151 141.333 ± 7.588 82.033
1 Healing efficiency calculated using elongation at break.
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4. Conclusions

In this report, a furan-functionalized polymer (FEEMA64) was prepared for a polymer matrix.
FEEMA64 polymer film was then fabricated using the Diels-Alder reaction between FEEMA64 and
bismaleimide. To enhance the mechanical properties of the FEEMA64 polymer film, a graphene-based
filler was introduced into polymer film. The graphene-based filler was modified using NCO-M to
prevent aggregation. Additionally, the maleimide moiety on the surface of mGO could participate in
the Diels-Alder reaction. Thus, the specimens containing mGO exhibited better mechanical properties
and self-healing efficiency in this self-healing system. The tensile strength of FEEMA64_mGO0.030
wt% improved to 4.566 MPa, which is an improvement of 172% compared to that of polymer film.
The self-healing efficiency of FEEMA64_mGO0.030 wt% is 81.228%, which is significantly better than
that of polymer film. Therefore, the mechanical and self-healing properties of brittle polymethacrylate
derivatives could be increased by the addition of a very small amount of mGO in this system.
This nanocomposite, based on the Diels-Alder reaction, is expected to extend the lifetime of materials
by applying smart technology to coating materials.

Author Contributions: Conceptualization, S.-H.C.; Methodology, S.-H.C.; Formal analysis, S.-H.C.; Data
analysis, W.-J.L.; Writing, W.-J.L.; Editing, S.-H.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was supported by Kyonggi University’s Graduate Research Assistantship 2020.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tee, B.; Wang, C.; Allen, R.; Bao, Z. An electrically and mechanically self-healing composite with pressure-
and flexion-sensitive properties for electronic skin application. Nat. Nanotechnol. 2012, 7, 825–832. [CrossRef]

2. Zhu, D.; Lu, X.; Lu, Q. Electrically Conductive PEDOT Coating with Self-Healing Superhydrophobicity.
Langmuir 2014, 30, 4671–4677. [CrossRef] [PubMed]

3. Zhao, L.; Jiang, B.; Huang, Y. Self-Healable polysiloxane/graphene nanocomposite and its application in
pressure sensor. J. Mater. Sci. 2019, 54, 5472–5483. [CrossRef]

http://dx.doi.org/10.1038/nnano.2012.192
http://dx.doi.org/10.1021/la500603c
http://www.ncbi.nlm.nih.gov/pubmed/24702588
http://dx.doi.org/10.1007/s10853-018-03233-6


Polymers 2020, 12, 603 12 of 14

4. Li, J.; Liang, J.; Li, L.; Ren, F.; Hu, W.; Li, J.; Qi, S.; Pei, Q. Healable Capacitive Touch Screen Sensors Based
on Transparent Composite Electrode Comprising Silver Nanowires and a Furan/Maleimide Diels-Alder
Cycloaddition Polymer. ACS Nano 2014, 8, 12–12882. [CrossRef]

5. Thakur, S.; Karak, N. A tough, smart elastomeric bio-based hyperbranched polyurethane nanocomposite.
New J. Chem. 2015, 39, 2146–2154. [CrossRef]

6. Ling, L.; Li, J.; Zhang, G.; Sun, R.; Wong, C.P. Self-Healing and Shape Memory Linear Polyurethane Based on
Disulfide Linkages with Excellent Mechanical Property. Macromol. Res. 2018, 26, 365–373. [CrossRef]

7. Zhang, W.; Zhan, Y.; Gao, X.; Li, R.; Zhu, W.; Xu, H.; Liu, B.; Fang, X.; Xu, Y.; Ding, T. Effect of oxygen
functionalities of graphene oxide on polymerization and thermal properties of reactive benzoxazine
nanocomposite. Macromol. Res. 2018, 26, 77–84. [CrossRef]

8. Zeng, J.; Li, J.; Yuan, P.; Zhang, P. Theoretical Prediction of Heat Transport in Few-Layer Graphene/Epoxy
Composites. Macromol. Res. 2018, 26, 978–983. [CrossRef]

9. Peterson, A.M.; Jensen, R.E.; Palmese, G.R. Thermoreversible and remendable glass-polymer interface for
fiber-reinforced composite. Compos. Sci. Technol. 2011, 72, 568–592. [CrossRef]

10. Yim, Y.J.; Bae, K.M.; Park, S.J. Influence of Oxyfluorination on Geometrical Pull-Out Behavior of
Carbon-Fiber-Reinforced Epoxy Matrix Composites. Macromol. Res. 2018, 26, 794. [CrossRef]

11. Jin, F.L.; Zhang, H.; Yao, S.S.; Park, S.J. Effect of Surface Modification on Impact Strength and Flexural
Strength of Poly(lactic acid)/Silicon Carbide Nanocomposite. Macromol. Res. 2018, 26, 211–214. [CrossRef]

12. White, S.R.; Sottos, N.R.; Geubelle, P.H.; Moore, J.S.; Kessler, M.R.; Sriram, S.R.; Brown, E.N.; Viswanathan, S.
Autonomic healing of polymer composites. Nature 2001, 409, 794–797. [CrossRef] [PubMed]

13. Canadell, J.; Goossens, H.; Klumperman, B. Self-healing materials based on disulfide links. Macromolecules
2011, 44, 2536–2541. [CrossRef]

14. Yoon, J.A.; Kamada, J.; Koynov, J.; Mohin, J.; Nicolay, R.; Zhang, Y.; Balazs, A.C.; Kosalewaski, T.;
Matyjaszewski, K. Self-healing polymer films based on thiol-disulfide exchange reactions and self-healing
kinetics measured using atomic force microscopy. Macromolecules 2012, 45, 142–149. [CrossRef]

15. Rao, Y.L.; Chortos, A.; Pfattner, R.; Lissel, F.; Chiu, Y.C.; Feig, V.; Xu, J.; Kurosawa, T.; Gu, X.; Wang, C.; et al.
Stretchable Self-Healing Polymeric Dielectrics Cross-Linked Through Metal-Ligand Coordination. J. Am.
Chem. Soc. 2016, 138, 6020–6027. [CrossRef]

16. Cui, J.; del Champo, A. Multivalent H-bonds for self-healing hydrogels. Chem. Commun. 2012, 48, 9302–9304.
[CrossRef]

17. Klukovich, H.M.; Kean, Z.S.; lacono, S.T.; Craig, S.L. Mechanically Induced Scission and Subsequent Thermal
Remending of Perfluorocyclobutane Polymers. J. Am. Chem. Soc. 2011, 133, 17882–17888. [CrossRef]

18. Chung, C.-M.; Roh, Y.-S.; Cho, S.-Y.; Kim, J.-G. Crack Healing in Polymeric Materials via Photochemical
[2+2] Cycloaddition. Chem. Mater. 2004, 16, 3982–3984. [CrossRef]

19. Froimowicz, P.; Frey, H.; Landfester, K. Towards the Generation of Self-Healing Materials by Means of a
Reversible Photo-induced Approach. Macromol. Rapid Commun. 2011, 32, 468–473. [CrossRef]

20. Chen, X.; Dam, M.A.; Ono, K.; Mal, A.; Shen, H.; Nutt, S.R.; Sheran, K.; Wudl, F. A Thermally Re-mendable
Cross-Linked Polymeric Material. Science 2002, 295, 1698–1702. [CrossRef]

21. Li, J.; Li, M.; Zhou, L.-L.; Lang, S.-Y.; Lu, H.-Y.; Wang, D.; Chen, C.-F.; Wan, L.-J. Click and patterned
functionalization of graphene by Diels-Alder reaction. J. Am. Chem. Soc. 2016, 138, 7448–7451. [CrossRef]
[PubMed]

22. Fortunato, G.; Tatsi, E.; Rigatelli, B.; Turri, S.; Griffini, G. Highly Transparent and Colorless Self-Healing
Polyacrylate Coatings Based on Diels-Alder Chemistry. Macromol. Mater. Eng. 2020, 305, 1900652. [CrossRef]

23. Li, D.; Zhang, Y.; Yuan, L.; Liang, G.; Gu, A. Simultaneously achieving high strength, thermal resistance
and high self-healing efficiency for polyacrylate coating by constructing a Diels-Alder reversible covalent
structure with multi-maleimide terminated hyperbranched polysiloxane. Polym. Int. 2020, 69, 110–120.
[CrossRef]

24. Kavitha, A.A.; Singha, N.K. “Click Chemistry” in Tailor-Made Polymethacrylates Bearing Reactive Furfuryl
Functionality: A New Class of Self-Healing Polymeric Material. ACS Appl. Mater. Interfaces 2009, 1,
1427–1436. [CrossRef] [PubMed]

25. Hanaique, J.; Gogoi, J.; Nath, J.; Kumar Dolui, S. Synthesis of Self-Healing Bio-Based Tannic Acid-Based
Methacrylates By Thermoreversible Diels-Alder Reaction. Polym. Eng. Sci. 2020, 60, 140–150. [CrossRef]

http://dx.doi.org/10.1021/nn506610p
http://dx.doi.org/10.1039/C4NJ01989J
http://dx.doi.org/10.1007/s13233-018-6037-9
http://dx.doi.org/10.1007/s13233-018-6009-0
http://dx.doi.org/10.1007/s13233-018-6136-7
http://dx.doi.org/10.1016/j.compscitech.2010.11.022
http://dx.doi.org/10.1007/s13233-018-6115-z
http://dx.doi.org/10.1007/s13233-018-6028-x
http://dx.doi.org/10.1038/35057232
http://www.ncbi.nlm.nih.gov/pubmed/11236987
http://dx.doi.org/10.1021/ma2001492
http://dx.doi.org/10.1021/ma2015134
http://dx.doi.org/10.1021/jacs.6b02428
http://dx.doi.org/10.1039/c2cc34701f
http://dx.doi.org/10.1021/ja2074517
http://dx.doi.org/10.1021/cm049394+
http://dx.doi.org/10.1002/marc.201000643
http://dx.doi.org/10.1126/science.1065879
http://dx.doi.org/10.1021/jacs.6b02209
http://www.ncbi.nlm.nih.gov/pubmed/27264112
http://dx.doi.org/10.1002/mame.201900652
http://dx.doi.org/10.1002/pi.5925
http://dx.doi.org/10.1021/am900124c
http://www.ncbi.nlm.nih.gov/pubmed/20355945
http://dx.doi.org/10.1002/pen.25267


Polymers 2020, 12, 603 13 of 14

26. Gao, D.; Zhang, J.; Lyu, B.; Ma, J.; Yang, Z. Polyacrylate crosslinked with furyl alcohol grafting bismaleimide:
A self-healing polymer coating. Prog. Org. Coat. 2020, 139, 105475. [CrossRef]

27. Yang, S.; Du, X.; Du, Z.; Zhou, M.; Cheng, X.; Wang, H.; Yan, B. Robust, stretchable and photothermal
self-healing polyurethane elastomer based on furan-modified polydopamine nanoparticles. Polymer
2020, 190, 122219. [CrossRef]

28. Lima, M.R.; Orozco, F.; Picchioni, F.; Moreno-Villoslada, I.; Pucci, A.; K. Bose, R.; Araya-Hermosilla, R.
Electrically Self-Healing Thermoset MWCNTs Composites Based on Diels-Alder and Hydrogen Bonds.
Polymers 2019, 11, 1885. [CrossRef]

29. Tanasi, P.; Santa, M.H.; Carretero-Gonzálz, J.; Verdejo, R.; López-Manchado, M.A. Thermo-reversible
crosslinked natural rubber: A Diels-Alder route for reuse and self-healing properties in elastomers. Polymer
2019, 175, 15–24. [CrossRef]

30. Luan, Y.G.; Zhang, X.A.; Jiang, S.L.; Chen, J.H.; Lyu, Y.F. Self-healing Supramolecular Polymer Composites by
Hydrogen Bonding Interactions between Hyperbranched Polymer and Graphene Oxide. Chin. J. Polym. Sci.
2018, 36, 584–591. [CrossRef]

31. Mao, J.; Zhao, C.; Li, Y.; Xiang, D.; Wang, Z. Highly stretchable, self-healing, and strain-sensitive based on
double-crosslinked nanocomposite hydrogel. Compos. Commun. 2020, 17, 22–27. [CrossRef]

32. Utera-Barrios, S.; Hernández Santana, M.; Verdejo, R.; López-Manchado, M.A. Design of Rubber Composites
with Autonomous Self-Healing Capability. ACS Omega 2020, 5, 1902–1910. [CrossRef] [PubMed]

33. D’Elia, E.; Barg, S.; Ni, N.; Rocha, V.G.; Saiz, E. Self-Healing Graphene-Based Composites with Sensing
Capabilities. Adv. Mater. 2015, 27, 4788–4794. [CrossRef] [PubMed]

34. Wang, C.; Liu, N.; Allen, R.; Tok, J.B.H.; Wu, Y.; Zhang, F.; Chen, Y.; Bao, Z. A Rapid and Efficient Self-Healing
Thermo-Reversible Elastomer Crosslinked with Graphene Oxide. Adv. Mater. 2013, 25, 5785–5790. [CrossRef]
[PubMed]

35. Zhan, Y.; Meng, Y.; Li, Y. Electric heating behavior of flexible graphene/natural rubber conductor with
self-healing conductive network. Mater. Lett. 2017, 192, 115–118. [CrossRef]

36. Huang, L.; Yi, N.; Wu, Y.; Zhang, Y.; Zhang, Q.; Huang, Y.; Ma, Y.; Chen, Y. Multichannel and Repeatable
Self-Healing of Mechanical Enhanced Graphene-Thermoplastic Polyurethane Composites. Adv. Mater.
2013, 25, 2224–2228. [CrossRef]

37. Hernández, M.; Bernal, M.M.; Grande, A.M.; Zhong, N.; Zwaag, S.; García, S.J. Effect of graphene content
on the restoration of mechanical, electrical and thermal functionalities of a self-healing natural rubber.
Smart Mater. Struct. 2017, 26, 085010. [CrossRef]

38. Hummers, W.S.; Offerman, R.E.J. Preparation of Graphitic oxide. Am. Chem. Soc. 1958, 80, 1339. [CrossRef]
39. Lee, H.-Y.; Cha, S.-H. Enhancement of self-healing property by introducing ethylene glycol group into

thermally reversible diels-alder reaction based self-healable materials. Macromol. Res. 2017, 25, 640–647.
[CrossRef]

40. Raghubanshi, H.; Ngobeni, S.M.; Osikoya, A.O.; Shooto, N.D.; Dikio, C.W.; Naidoo, E.B.; Dikio, E.D.;
Pandey, R.K.; Prakash, R. Synthesis of graphene oxide and its application for the adsorption of Pb+2 from
aqueous solution. J. Ind. Eng. 2017, 47, 169–178. [CrossRef]

41. Sainsbury, T.; Gnaniah, S.; Spencer, S.J.; Mignuzzi, S.; Belsey, N.A.; Paton, K.R.; Satti, A. Extreme mechanical
reinforcement in graphene oxide based thin-film nanocomposites via covalently tailored nanofiller matrix
compatibilization. Carbon 2017, 114, 367–376. [CrossRef]

42. Kim, J.T.; Kim, B.K.; Kim, E.Y.; Kwon, S.H.; Jeong, H.M. Synthesis and properties of near IR induced
self-healable polyurethane/graphene nanocomposites. Eur. Polym. J. 2013, 49, 3889–3896. [CrossRef]

43. Chen, C.; Yang, Q.-H.; Yang, Y.; Lv, W.; Wen, Y.; Hou, P.-X.; Wang, M.; Cheng, H.-M. Self-Assembled
Free-Standing Graphite Oxide Membrane. Adv. Mater. 2009, 21, 3007–3011.

44. McAllister, M.J.; Li, J.-L.; Adamson, D.H.; Schniepp, H.C.; Abdala, A.A.; Liu, J.; Herrera-Alonso, M.;
Milius, D.L.; Car, R.; Prud’homme, R.K.; et al. Single Sheet Functionalized Graphene by Oxidation and
Thermal Expansion of Graphite. Chem. Mater. 2007, 19, 4396–4404. [CrossRef]

45. Yang, A.; Li, J.; Zhang, C.; Zhang, W.; Ma, N. One-step amine modification of graphene oxide to get a green
trifunctional metal-free catalyst. Appl. Surf. Sci. 2015, 346, 443–450. [CrossRef]

46. Zhang, K.; Zhang, L.L.; Zhao, X.S.; Wu, J. Graphene/Polyaniline Nanofiber Composites as Supercapacitor
Electrodes. Chem. Mater. 2010, 22, 1392–1401. [CrossRef]

http://dx.doi.org/10.1016/j.porgcoat.2019.105475
http://dx.doi.org/10.1016/j.polymer.2020.122219
http://dx.doi.org/10.3390/polym11111885
http://dx.doi.org/10.1016/j.polymer.2019.04.059
http://dx.doi.org/10.1007/s10118-018-2025-y
http://dx.doi.org/10.1016/j.coco.2019.10.007
http://dx.doi.org/10.1021/acsomega.9b03516
http://www.ncbi.nlm.nih.gov/pubmed/32039326
http://dx.doi.org/10.1002/adma.201501653
http://www.ncbi.nlm.nih.gov/pubmed/26178801
http://dx.doi.org/10.1002/adma.201302962
http://www.ncbi.nlm.nih.gov/pubmed/23946261
http://dx.doi.org/10.1016/j.matlet.2016.12.045
http://dx.doi.org/10.1002/adma.201204768
http://dx.doi.org/10.1088/1361-665X/aa71f5
http://dx.doi.org/10.1021/ja01539a017
http://dx.doi.org/10.1007/s13233-017-5120-y
http://dx.doi.org/10.1016/j.jiec.2016.11.028
http://dx.doi.org/10.1016/j.carbon.2016.11.061
http://dx.doi.org/10.1016/j.eurpolymj.2013.10.009
http://dx.doi.org/10.1021/cm0630800
http://dx.doi.org/10.1016/j.apsusc.2015.04.033
http://dx.doi.org/10.1021/cm902876u


Polymers 2020, 12, 603 14 of 14

47. Pokharel, P.; Lee, D.S. High performance polyurethane nanocomposite films prepared from a masterbatch of
graphene oxide in polyether polyol. Chem. Eng. J. 2014, 253, 356–365. [CrossRef]

48. Stankovich, S.; Dikin, D.A.; Piner, R.D.; Kohlhaas, K.A.; Kleinhammes, A.; Jia, Y.; Wu, Y.; Nguyen, S.T.;
Ruoff, R.S. Synthesis of graphene-based nanosheets via chemical reduction of exfoliated graphite oxide.
Carbon 2007, 45, 1558–1565. [CrossRef]

49. Teng, C.-C.; Ma, C.-C.M.; Lu, C.-H.; Yang, S.-Y.; Lee, S.-H.; Hsiao, M.-C.; Yen, M.-Y.; Chiou, K.-C.; Lee, T.-M.
Thermal conductivity and structure of non-covalent funcationlized graphene/epoxy composites. Carbon
2011, 49, 5107–5116. [CrossRef]

50. Nasr, F.H.; Barikani, M.; Salehirad, M. Preparation of self-healing polyurethane/functionalized graphene
nanocomposites as electro-conductive one part adhesives. RSC Adv. 2018, 8, 31094–31105. [CrossRef]

51. Byun, K.-S.; Choi, W.J.; Lee, H.-Y.; Sim, M.-J.; Cha, S.-H.; Lee, J.-C. The effect of electron density in furan
pendant group on thermal-reversible Diels-Alder reaction based self-healing properties of polymethacrylate
derivatives. RSC Adv. 2018, 8, 39432–39443. [CrossRef]

52. Khan, N.I.; Halder, S.; Wang, J. Diels-Alder based epoxy matrix and interfacial healing of bismaleimide
grafted GNP infused hybrid nanocomposites. Polym. Test. 2019, 74, 138–151. [CrossRef]

53. Li, J.; Zhang, G.; Sun, R.; Wong, C.-P. A covalently cross-linked reduced functionalized graphene
oxide/polyurethane composite based on Diels-Alder chemistry and its potential application in healable
flexible electronics. J. Mater Chem. C 2017, 5, 220–288. [CrossRef]

54. Kim, H.; Abdala, A.A.; Macosko, C.W. Graphene/Polymer Nanocomposites. Macromolecules 2010, 43,
6515–6530. [CrossRef]

55. Lee, Y.-H.; Zhuang, Y.-N.; Wang, H.-T.; Wei, M.-F.; Ko, W.-C.; Chang, W.-J.; Way, T.-F.; Rwei, S.-P. Fabrication of
Self-Healable Magnetic Nanocomposites via Diels−Alder Click Chemistry. Appl. Sci. 2019, 9, 506. [CrossRef]

56. Wu, N.; She, X.; Yang, D.; Wu, X.; Su, F.; Chen, Y. Synthesis of network reduced graphene oxide in polystyrene
matrix by a two-step reduction method for superior conductivity of the composite. J. Mater. Chem. 2012, 22,
17254–17261. [CrossRef]

57. Lin, C.; Sheng, D.; Liu, X.; Xu, S.; Ji, F.; Dong, L.; Zhou, Y.; Yang, Y. NIR induced self-healing electrical
conductivity polyurethane/graphene nanocomposites based on Diels-Alder reaction. Polymer 2018, 140,
150–157. [CrossRef]

58. Bhawal, P.; Ganguly, S.; Chaki, T.K.; Das, N.C. Synthesis and characterization of graphene oxide filled
ethylene methyl acylate hybrid nanocomposites. RSC Adv. 2016, 6, 20781–20790. [CrossRef]

59. Lin, C.; Sheng, D.; Liu, X.; Xu, S.; Ji, F.; Dong, L.; Zhou, Y.; Yang, Y. A self-healable nanocomposite based on
dual-crosslinked Graphene Oxide/Polyurethane. Polymer 2017, 127, 241–250. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.cej.2014.05.046
http://dx.doi.org/10.1016/j.carbon.2007.02.034
http://dx.doi.org/10.1016/j.carbon.2011.06.095
http://dx.doi.org/10.1039/C8RA03685C
http://dx.doi.org/10.1039/C8RA07268J
http://dx.doi.org/10.1016/j.polymertesting.2018.12.021
http://dx.doi.org/10.1039/C6TC04715G
http://dx.doi.org/10.1021/ma100572e
http://dx.doi.org/10.3390/app9030506
http://dx.doi.org/10.1039/c2jm33114d
http://dx.doi.org/10.1016/j.polymer.2018.02.036
http://dx.doi.org/10.1039/C5RA24914G
http://dx.doi.org/10.1016/j.polymer.2017.09.001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Maleimide Modified GO (mGO) 
	Preparation of Furan Functionalized Polymethacrylate 
	Preparation of Self-Healable Furan-Functionalized Polymethacrylate Nanocomposite Films 
	Characterization Methods 

	Results 
	Synthesis and Characterization of mGO 
	Preparation of FEEMA# Copolymers 
	Characterization of FEEMA64 Nanocomposites 
	Mechanical Properties of FEEMA64 Nanocomposite 
	Self-Healing Property 

	Conclusions 
	References

