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Abstract: In this study, we report a novel approach to fabricate an organic/inorganic
magnetic hybrid system capable of self-healing, wherein a polycaprolactone-poly(furfuryl glycidyl
ether) copolymer (PCLF) serving as the structure template was first synthesized, followed
by the incorporation of iron oxide nanoparticles-decorated multiwalled carbon nanotubes
(IONPs-MWCNTs) and 1,1′-(methylenedi-4,1-phenylene)bismaleimide (BMI) into the polymer
matrix to form a covalently crosslinked hybrid network via a Diels−Alder (DA) reaction.
For this system, the reactive combination of diene and dienophile from furan/maleimide,
MWCNT/furan, and MWCNT/maleimide could facilely induce multiple DA reactions that
imparted a versatile route to efficiently introduce IONPs-MWCNTs into the organic polymer
hosts, resulting in a uniform distribution of IONPs-MWCNTs that led to a hybrid system with
superparamagnetic properties. Beside the magnetic behavior, such material synergistically exhibited
a superior ability for healing scratch defects via a retro-DA reaction. Therefore, this crosslinked
PCLF/BMI/IONPs-MWCNTs hybrid system which exhibits multifunctional properties including
superparamagnetic behavior and self-repairability can serve as an intelligent material for developing
advanced electromagnetic applications.

Keywords: self-healing; Diels-Alder reaction; nanocomposites; copolymer; MWCNT; iron
oxide nanoparticles

1. Introduction

The concept of smart materials, such as substances which self-heal without foreign mediation,
is a promising substitute to material design that is insensitive to defects to sustain safety and/or
performance. Such systems have the capability to heal themselves without outside mediation and
restore their performance by using the properties intrinsically installed within them. So far, several
approaches for the fabrication of autonomous self-healing materials, such as microscale vascular [1,2],
capsule [3,4], and reservoir [5,6] systems, have been established. For these materials, the effective
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self-healing process often resorts to the release of an active ingredient which could be catalyst, monomer
or crosslinking agent at the crack tip to efficiently block the crack advancement [7]. However, the
irreversible autonomous systems often provide the self-repair function only once because of the
consumption of the limited healing agents, leading to a potential disadvantage for their long-term
use [8,9]. Therefore, the development of an efficient and versatile strategy for self-repairing materials
capable of healing repeated damage events is greatly required to overcome this drawback from the
irreversible systems.

Recently, there is a growing attention on reversible self-healing systems. These self-healing
polymers with inherently reversible interactions are capable of undergoing infinite break and
healing cycles upon outside stimulations, and thus can sufficiently provide high self-healing
proficiency to rebuild the damaged area at the same location. A number of strategies have
been built up to develop reversible self-healing systems by utilizing chemical reactions including
cycloaddition [10], metathesis reaction [11,12], metal–ligand complexation [13], ring-opening [14], as
well as complexation/decomplexation reactions [15,16]. Among them, the Diels−Alder (DA) reaction
was often recognized as one of the most favorable reaction types applied for reversible self-repair
systems since this click reaction can be easily triggered by a thermal treatment. For example, furan
and maleimide serving respectively as electron-rich and electron-deficient moiety undergo a thermally
reversible cycloaddition reaction in the temperatures range from 100 to 150 ◦C, which is suitable for
daily applications [17–25]. Despite the continuous progress of the DA systems, it should be noted
that most studies focused on their synthetic routes and self-healing abilities. However, specific efforts
with the DA based organic/inorganic hybrid systems are less common. In principle, heat activated
self-repair polymers are superior matrix materials used in hybrid systems. The incorporation of
inorganic nanomaterials for the fabrication of hybrid materials would further offer multifunctional
properties that create expanded opportunities for developing advanced applications. For example,
self-healing nanohybrids based on DA reactions with the incorporation of MWCNTs (multiwalled
carbon nanotubes), GOs (graphene oxide), or inorganic nanoparticles showed potential for practical
use [26–32]. In particular, carbon nanotubes have received a great interest due to their superior
electrical, thermal, and mechanical properties compared to those of traditional fiber materials [33,34].
The decoration of carbon nanotubes with magnetic nanoparticles, such as iron oxides, can further
enhance or diversify the optical, electromagnetic, and electrochemical properties of the carbon
nanotubes [35,36]. The magnetic nanotubes-based hybrid systems can be used in various applications,
e.g., electrochemical sensing, rechargeable batteries, and electromagnetic interference shielding [37–40].
Developing novel carbon nanotubes/iron oxides materials with self-repairability is highly desirable to
improve the long-term durability of these application fields.

In this study, a novel self-healing hybrid material system was successfully developed
by incorporating iron oxide nanoparticles-multiwalled carbon nanotubes (IONPs-MWCNTs)
into a crosslinked PCL-based network. The IONPs-MWCNTs were first synthesized by an
“outside-decorating” method to connect IONPs to the surfaces of the MWCNTs, followed by a mixing
process to combine the IONPs/MWCNTs with 1,1′-(methylenedi-4,1-phenylene)bismaleimide (BMI)
and polycaprolactone-poly(furfuryl glycidyl ether) copolymer (PCLF) which served as a polymeric
matrix for the hybrid system. This material could be reversibly crosslinked via DA/retro DA chemistry
and exhibit multiple self-healing cycles. Therefore, even complex damages and serious cracks could
be efficiently recovered. More importantly, these nanocomposites also exhibited superparamagnetic
properties. Thus, the organic/inorganic hybrid material system developed in the current study can be
used as a novel material for future electromagnetic applications.



Appl. Sci. 2019, 9, 506 3 of 16

2. Materials and Methods

2.1. Materials

E-Caprolactone (CL) purchased from Sigma-Aldrich (St. Louis, MO, USA) was dried
over calcium hydride (CaH2), followed by freeze-pump-thaw cycles and a distillation under a
reduced pressure. Furfuryl glycidyl ether (FGE) purchased from Sigma-Aldrich were used as
received. Poly(caprolactone)diol (PCL diol) was purchased from Sigma-Aldrich and purified
by recrystallization in methanol. MWCNTs with diameters in the range of 10–20 nm and
with lengths about 5–15 µm were purchased from Conjutek Co., Ltd. (Taipei, Taiwan).
1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD, 98%, Fluka, Morristown, NJ, USA), iron (II) chloride
tetrahydrate (FeCl2·4H2O, 98%, Sigma-Aldrich), iron (III) chloride hexahydrate (FeCl3·6H2O, 98%,
Sigma-Aldrich) and 1,1′-(methylenedi-4,1-phenylene)bismaleimide (95%, Sigma-Aldrich) were used
without further purification. Additionally, all other reagents and solvents were used as received
without any purification.

2.2. Methods

2.2.1. Synthesis of Polycaprolactone-poly(furfuryl glycidyl ether) Copolymers (PCLF)

The synthesis procedure of the PCLF copolymer sample is shown in Figure 1. First, PCL diol was
added into a flask (flask A) charged with dried nitrogen. TBD was then added into the flask, and the
mixture was subsequently stirred at room temperature for 2 h. Meanwhile, CL and FGE monomers
were added into another flask (flask B) and stirred in dried nitrogen at room temperature. After 30 min
of mixing, the monomers in flask B were then transferred into flask A. The resulting mixture was
then stirred at 110 ◦C to carry out the ring-opening polymerization to form PCLF copolymer. The
copolymerization was allowed to progress at 110 ◦C. After 6 h of reaction, methanol was added into
the reaction system to terminate the polymerization. The mixture solution was further concentrated
and precipitated into ethanol medium. Finally, the purified PCLF powders were obtained by removing
the solvent and then stored in a vacuum oven.
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Figure 1. Synthetic route of the polycaprolactone-poly(furfuryl glycidyl ether) copolymer (PCLF)
copolymer system.

2.2.2. Synthesis of IONPs-MWCNTs Hybrid

The synthesis of IONPs-MWCNTs was carried out by using the co-precipitation method [41–43].
MWCNTs were first treated by using a binary acid mixture of concentrated H2SO4 and HNO3 (volume
ratio = 3:1) at 90 ◦C for 1.5 h, followed by washing them with distilled water. Until the pH value of the
MWCNTs solution reached 7, the MWCNTs were dried by removing residual solvent in a vacuum
oven. In the next stage, the dried MWCNTs were dispersed in distilled water by using ultra-sonication.
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Subsequently, FeCl2·4H2O and FeCl3·6H2O precursors were added into the MWCNTs solution system
and then stirred in dry nitrogen at room temperature. After complete mixing, an ammonia solution
(30 vol/vol%) was slowly added into the MWCNTs-based mixture until the pH value of the solution
reached the range of about 10–11. The reaction system was then heated at 80 ◦C for 2 h to in-situ
synthesize the IONPs-MWCNT hybrid. Finally, the obtained products were further purified by
washing them with distilled water, followed by drying in a vacuum oven at 50 ◦C for 24 h.

2.2.3. Preparation of Crosslinked PCLF/BMI/IONPs-MWCNTs Hybrid Material

After the successful synthesis of IONPs-MWCNTs, the inorganic hybrid material was further
added to PCLF/THF solutions in three different weight fractions of IONPs-MWCNTs to PCLF of
2 wt%, 5 wt%, and 10 wt%. These mixtures were subjected to ultrasonic disruption for at least 12 h.
After drying, 1,1′-(methylenedi-4,1-phenylene)bismaleimide with molar ratio of furan to maleimide of
1:1 was added into the PCLF/IONPs-MWCNT mixtures and stirred in bulk at 140 ◦C for 2 h. The final
hybrid samples were placed in a vacuum oven at 140 ◦C, followed by a slow decrease in temperature
from 140 ◦C to 80 ◦C. The temperature of the oven was then maintained at 80 ◦C for 24 h.

2.2.4. Characterization Methods

1H NMR analysis of the PCLF copolymer was conducted by using a 400 MHz Bruker Avance
spectrometer at room temperature. CDCl3 was used as solvent for this measurement. The
measurements of the molecular weight and molecular weight distribution of the synthesized PCLF
were carried out by using a Viscotek TDA 305 system equipped with a refractive-index detector.
THF was used as a mobile phase at an operating temperature of 35 ◦C. For the hybrid material
system, the investigations of nanomorphologies were performed using a Hitachi H-7650 transmission
electron microscopy operating at 75 kV with a Gaten model 782 CCD camera. Elemental analyses
were performed by using an energy-dispersive X-ray spectroscopy detector (Oxford x-act) attached
to a Hitachi TM4000PLUS scanning electron microscopy. ATR–FTIR measurements were carried out
on a Perkin Elmer Spectrum One spectrometer. Wide-angle X-ray scattering (WAXS) experiments
of the hybrid samples were conducted at beamline 13A1 of the National Synchrotron Radiation
Research Center (NSRRC) in Taiwan. The wavelength of the incident beam was set as 1.033 Å for the
WAXS analyses. Additionally, rectangular shape samples (5 mm × 5 mm × 1 mm) were used for the
X-ray measurements, and the detection time was set as 30 min for each sample. Thermogravimetric
analyses (TGA) of these hybrid samples were performed by using a Hitachi STA7200 instrument.
These measurements were carried out by heating the samples from 50 ◦C to 600 ◦C at a heating rate of
10 ◦C/min under N2 atmosphere. A Hitachi DSC7000X differential scanning calorimetry was used
to analyze the thermal properties of the hybrid materials. These samples were measured through a
heating process from −30 ◦C to 200 ◦C at a rate of 5 ◦C/min. The magnetic properties of the hybrid
samples were studied using a Microsense 1660 Torque Vibratory Sample Magnetometer (VSM) system.
These measurements were performed at room temperature under applied field in the range from
−10,000 to 10,000 Oe, and started from −10,000 Oe with different step sizes (−10,000 ~ −2000 Oe:
scan step = 1000 Oe; −2000 ~ −200 Oe: scan step = 200 Oe; −200 ~ 0 Oe: scan step = 20 Oe). The
self-healing ability of the hybrid system was studied by investigating the evolution of a crack healing
under a Nikon ECLIPSE LV100N POL polarizing optical microscope equipped with a CCD camera.
Rectangular shape samples of crosslinked PCLF/BMI/IONPs-MWCNTs hybrid (5 mm × 5 mm ×
1 mm) were cut by using a razor blade to form a crack on the surface of the samples. The cracked
samples were heated in-line using a Linkam THMS600 hot stage to a specified temperature. As the
setting temperature was achieved, the measured samples were isothermally heated for 5min before
investigation. Additionally, the crack evolution before and after the self-healing process was also
investigated by using a Hitachi FlexSEM 1000 scanning electron microscopy.



Appl. Sci. 2019, 9, 506 5 of 16

3. Results and Discussion

The ring opening polymerization (ROP) strategy has been widely used to facilely synthesize cyclic
esters based polymers. In the current study, PCL diol which served as a macroinitiator was first mixed
with TBD catalyst, followed by the addition of a mixture of CL and FGE monomers to synthesize
PCLF copolymer with high yield. To monitor the polymerization progress of the reaction system, the
molecular weight characterizations of the macroinitiator and polymer product were both analyzed by
using GPC. On the basis of the GPC profiles, we could observe that the PCL diol macroinitiator exhibited
a number-average molecular weight of 2600 g mol−1 and a polydispersity value of 2.04. After the addition
of CL/FGE mixing monomers, we could further observe that there was a molecular weight increase in the
GPC trace from the original 2600 g mol−1 toward a higher molecular weight of 5700 g mol−1. This result
clearly demonstrated the successful synthesis of the PCLF copolymer. All the molecular parameters of the
polymerization system in the current study are listed in Table 1. The molecular structure of the synthesized
PCLF copolymer was further characterized by using 1H-NMR measurement. From the obtained spectrum
shown in Figure 2, we could clearly identify the structural features of the sample. The characteristic peaks
at 7.4 and 6.3 ppm could be assigned to the protons of furan rings and the peak at 3.7–3.3 ppm could
be assigned to the protons of opened moiety of FGE. Additionally, the proton signals associated with
methylene groups of CL were also assigned. According to the integrated area ratio between the protons of
furan groups (6.3 ppm) and the protons of methylene groups adjacent to carbonyl groups of CL (2.3 ppm),
the molar fraction of FGE in the PCLF copolymer was calculated to be ~ 15%. Additionally, the complete
disappearance of the hydrogen signals from methylene of E-caprolactone monomers (2.6 ppm) and the
epoxy methylene of FGE monomers confirmed the high conversion from the ROP reaction.

Table 1. Molecular characteristics of PCL diol and PCLF copolymer samples.

Sample Mn (g/mol) Mw (g/mol) PDI FGE/CL Ratio 1

PCL diol 2600 5300 2.04 –
PCLF 5700 10,900 1.91 0.15

1 Based on the 1H-NMR results shown in Figure 2.
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In the current study, the combination of MWCNTs and monodispersed IONPs was prepared
by using co-precipitation method [41–43], in which the acid-treated MWCNTs were used as
structure-directing templates and the IONPs were subsequently in situ grown on the surfaces of
the MWCNTs via a co-precipitation process. Figure 3a shows the TEM image of the acid-treated
pristine MWCNTs prepared by drop coating MWCNTs/THF solution onto a carbon-coated copper grid.
Figure 3b shows the TEM image of IONPs-MWCNTs hybrid sample. It could be observed that IONPs
preferentially located along the MWCNTs templates to form a one-dimensional nanofibril structured
hybrid system rather than located in the empty space without the presence of MWCNTs, indicating
an intimate contact between IONPs and MWCNTs that resulted from the in situ synthesis process. A
higher-magnification image of the IONPs-MWCNTs hybrid sample is also shown in Figure 3c. Based
on the atomic ratio between the iron and carbon signals in the EDX spectrum (Figure 3e), the loading
fraction of IONPs in the IONPs-MWCNTs hybrid is found to be ~56%. Figure 3d further shows the
morphology of the PCLF/ IONPs-MWCNTs hybrid with 10 wt% IONPs-MWCNTs. From the TEM
image, we could observe an uniform distribution of IONPs-MWCNTs in the PCLF copolymer matrix,
and no serious aggregations were found. These results clearly provided the evidence that MWCNTs
could interact with the furan groups of PCLF via a DA reaction, resulting in a homogeneous dispersion
of IONPs-MWCNTs within the copolymer matrix. This outcome demonstrated that DA reaction
could be efficiently applied to modify the surfaces of MWCNTs by using furan group as a diene.
Our result also bears resemblance to that of a previous report wherein poly(furfuryl methacrylate)
(PFMA) containing furfuryl functional group was covalently bonded onto the surfaces of MWCNTs
via a DA reaction, thus strongly enhancing the miscibility between the MWCNTs and the polymer
matrix [44]. The formation of these DA structures attached to the surfaces of MWCNTs could be
confirmed by monitoring the solubility of the hybrids in solvent medium. Figure 4a shows the image
of dispersion condition in DMSO for the PCLF/IONPs-MWCNTs DA adducts. We observed that
the hybrids could be uniformly dispersed in DMSO solvent after a brief sonication process and the
dispersity of the mixture exhibited superior dispersion stability. As the well-dispersed suspension
system was heated at 160 ◦C for over 5 h, the inorganic IONPs-MWCNTs gradually precipitated
from the dispersion due to the occurrence of detachment of PCLF from MWCNTs surfaces via a
retro-DA reaction, as shown in Figure 4b. In addition to the MWCNT/furan DA reaction, it has
been also reported that MWCNT could serve as a “diene” and react with maleimide (dienophile)
through the DA mechanism [45]. Therefore, the addition of BMI into the hybrid system to fabricate
crosslinked PCLF/BMI/IONPs-MWCNTs hybrid material could provide additional support for the
inorganic IONPs-MWCNTs and maintain their uniform distribution in the polymer matrix. For
the crosslinked PCLF/BMI/IONPs-MWCNTs hybrid system developed in this study, a schematic
illustration showing its thermo-reversible DA network formed from furan/maleimide, MWCNT/furan,
and MWCNT/maleimide combinations is shown in Figure 5. Additionally, the designations and
compositional characteristics of the prepared hybrid samples were tabulated in Table 2. The DA and
retro-DA reactions of the PCLF/BMI/IONPs-MWCNTs hybrid system could also analyzed by using
FTIR measurements (shown in Figure 6). In comparison with the characteristic profile of pristine
PCLF, the spectrum of the crosslinked PCLF/BMI/IONPs-MWCNTs sample (PCLF-DA-5) exhibited
additional 1773 and 1708 cm−1 peaks associated with the C=C stretching of DA adducts and C=C
stretching vibration of BMI, respectively. This signal change clearly indicated the formation of DA
adducts via a DA reaction. For the PCLF-DA-5 sample, the peak at 756 cm−1 corresponding to furfuryl
moiety also disappeared, which again confirmed the occurrence of DA reaction that change the original
furan rings in pristine PCLF [30].
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Figure 3. (a) TEM micrograph of acid-treated multiwalled carbon nanotubes (MWCNTs). (b) TEM
micrograph of the iron oxide nanoparticles-multiwalled carbon nanotubes (IONPs-MWCNTs) hybrid.
For this sample, its corresponding high magnification TEM image is further shown in (c). The
TEM image in (d) shows the morphology of PCLF/IONPs-MWCNTs sample containing 10 wt%
IONPs-MWCNTs, indicating a good dispersion of IONPs-MWCNTs in the polymer matrix. (e) EDX
spectrum of IONPs-MWCNTs hybrid deposited on a silicon wafer.
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Table 2. Composition characteristics of crosslinked PCLF/BMI/IONPs-MWCNTs hybrid samples.

Sample 1 FGE/BMI Ratio IONPs-MWCNTs Amount 2

PCLF-DA-0 1:1 0 wt%
PCLF-DA-2 1:1 2 wt%
PCLF-DA-5 1:1 5 wt%

PCLF-DA-10 1:1 10 wt%
1 Designation of crosslinked PCLF/BMI/IONPs-MWCNTs hybrid materials. 2 Added ratios of IONPs-MWCNTs to
PCLF copolymer.
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Figure 6. FTIR spectra of pristine PCLF and PCLF-DA-5 samples.

We subsequently examined the crystallography features of the hybrid system by using WAXS
measurements. As shown in Figure 7, it could be observed that the WAXS profile of the PCLF-DA-0
sample revealed broad halos at 2θ = 13.0◦ which corresponded to the amorphous halo of PCL,
indicating that the crystallization of the PCL segments was strongly suppressed by the DA crosslinked
structures. In contrast to the WAXS result for crosslinked PCLF that only showed an amorphous
PCL signal, the WAXS patterns of the hybrid samples consisted of a combination of the scattering
characteristics of organic and inorganic parts. It could be observed that the WAXS result of the
PCLF-DA-2 sample exhibited a scattering peak at 2θ = 17.1◦, which correspond to the crystalline plane
of (002) associated with MWCNTs. Additionally, we could observe scattering peaks located at 2θ =
20.1◦, 23.5◦, 28.4◦, 35.0◦, 37.2◦, and 40.7◦, which corresponded to the crystallographic reflections from
(220), (311), (400), (422), (511), and (440) crystalline planes of IONPs, respectively. Upon increasing
the fraction of IONPs-MWCNTs, the WAXS results of the hybrid samples exhibited a progressively
increasing intensity of the IONPs-MWCNTs peaks, indicating the sufficient incorporation of the
inorganic nanomaterials into the polymer matrix.



Appl. Sci. 2019, 9, 506 10 of 16
Appl. Sci. 2018, 8, x FOR PEER REVIEW  10 of 16 

5 10 15 20 25 30 35 40 45 50

In
te

n
s
it
y
 (

a
rb

.u
.)

2 θ

002( )

220( )

311( )

400( )

422( )

511( )

440( )

PCL

amorphous halo

 

 

 

 

PCLF-DA-10

 PCLF-DA-5

 PCLF-DA-2

 PCLF-DA-0

 276 

Figure 7. Wide-angle X-ray scattering (WAXS) spectra of the crosslinked PCLF/BMI/IONPs-277 
MWCNTs hybrid samples. The solid arrows indicate the (220), (311), (400), (422), (511), and (440) 278 
crystalline reflections of the IONPs. Additionally, the dotted arrow and dashed hollow arrow indicate 279 
the (002) crystallographic plane of MWCNTs and amorphous halo of PCL, respectively. 280 

On the basis of the combined results of the TEM and WAXS analyses, a detailed investigation 281 
for the incorporation of IONPs-MWCNTs into the PCLF based polymeric matrix can now be 282 
constructed. In order to systematically study this novel crosslinked hybrid system, the thermal 283 
properties were further characterized. Figure 8 shows the TGA thermograms of the crosslinked 284 
PCLF/BMI/IONPs-MWCNTs hybrids with different compositions of IONPs-MWCNTs. The 5% 285 
weight loss temperature of PCLF-DA-0 showed a higher value than those of the other three samples 286 
since the presence of carboxylic acid functional groups on the IONPs-MWCNTs decreased the 287 
thermal stability of the hybrid samples [46]. Additionally, the char residue at 600 °C slightly increased 288 
with the addition of IONPs-MWCNTs, demonstrating the successful incorporation of the inorganic 289 
nanomaterials. Additionally, PCLF-DA-2, PCLF-DA-5, and PCLF-DA-10 hybrids all showed a 5% 290 
weight loss temperature higher than 325 °C. The weight loss temperatures and char yields of these 291 
samples are listed in Table 3. The retro-DA reaction temperatures of the hybrid samples were further 292 
analyzed by DSC measurements. As shown in Figure 9, the DSC curve of the PCLF-DA-0 sample 293 
showed a broad endothermic signal at around 140 °C because of the cleavage of covalent bonds 294 
composed of furan groups of PCLF and maleimide groups of BMI via a retro-DA reaction. For the 295 
PCLF-DA-2, PCLF-DA-5, and PCLF-DA-10 hybrids, their DSC thermograms all exhibited a broad 296 
endothermic peak, which could be attributed to the combined signal from furan/maleimide, 297 
MWCNT/furan, and MWCNT/maleimide retro-DA reactions. From the significant retro-DA signals, 298 
it could be expected that these crosslinked PCLF/BMI/IONPs-MWCNTs hybrid system exhibited 299 
effective self-repairing ability imparted from the intrinsic thermal reversibility of the DA click 300 
chemistry. The retro-DA onset temperatures and heat flows of these hybrid samples were further 301 
calculated and tabulated in Table 3. Comparisons between the DSC thermograms of these measured 302 
samples showed no significant changes in the onset temperature. It could be further observed that 303 
the retro-DA heat flow of the hybrid system was progressively increased with increasing the IONPs-304 

Figure 7. Wide-angle X-ray scattering (WAXS) spectra of the crosslinked PCLF/BMI/IONPs-MWCNTs
hybrid samples. The solid arrows indicate the (220), (311), (400), (422), (511), and (440) crystalline
reflections of the IONPs. Additionally, the dotted arrow and dashed hollow arrow indicate the (002)
crystallographic plane of MWCNTs and amorphous halo of PCL, respectively.

On the basis of the combined results of the TEM and WAXS analyses, a detailed investigation
for the incorporation of IONPs-MWCNTs into the PCLF based polymeric matrix can now be
constructed. In order to systematically study this novel crosslinked hybrid system, the thermal
properties were further characterized. Figure 8 shows the TGA thermograms of the crosslinked
PCLF/BMI/IONPs-MWCNTs hybrids with different compositions of IONPs-MWCNTs. The 5%
weight loss temperature of PCLF-DA-0 showed a higher value than those of the other three samples
since the presence of carboxylic acid functional groups on the IONPs-MWCNTs decreased the thermal
stability of the hybrid samples [46]. Additionally, the char residue at 600 ◦C slightly increased
with the addition of IONPs-MWCNTs, demonstrating the successful incorporation of the inorganic
nanomaterials. Additionally, PCLF-DA-2, PCLF-DA-5, and PCLF-DA-10 hybrids all showed a 5%
weight loss temperature higher than 325 ◦C. The weight loss temperatures and char yields of these
samples are listed in Table 3. The retro-DA reaction temperatures of the hybrid samples were further
analyzed by DSC measurements. As shown in Figure 9, the DSC curve of the PCLF-DA-0 sample
showed a broad endothermic signal at around 140 ◦C because of the cleavage of covalent bonds
composed of furan groups of PCLF and maleimide groups of BMI via a retro-DA reaction. For
the PCLF-DA-2, PCLF-DA-5, and PCLF-DA-10 hybrids, their DSC thermograms all exhibited a
broad endothermic peak, which could be attributed to the combined signal from furan/maleimide,
MWCNT/furan, and MWCNT/maleimide retro-DA reactions. From the significant retro-DA signals,
it could be expected that these crosslinked PCLF/BMI/IONPs-MWCNTs hybrid system exhibited
effective self-repairing ability imparted from the intrinsic thermal reversibility of the DA click chemistry.
The retro-DA onset temperatures and heat flows of these hybrid samples were further calculated
and tabulated in Table 3. Comparisons between the DSC thermograms of these measured samples
showed no significant changes in the onset temperature. It could be further observed that the retro-DA
heat flow of the hybrid system was progressively increased with increasing the IONPs-MWCNTs
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fraction, indicating that the introduction of inorganic IONPs-MWCNTs into the composites significantly
increased the reactive diene and dienophile sites for DA reaction, and thus enhanced the crosslink
density of the DA network. Therefore, the increased heat flow to debond the DA linkages was required.
Additionally, no visible endothermic signal related to the melting point of PCL could be observed
for the crosslinked PCLF based samples, indicating that the DA crosslinked structure could strongly
reduce the mobility of the PCL segments and restrict the molecular chains to further crystallize,
consistent with the scattering features of the WAXS results.
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Table 3. Thermal properties of crosslinked PCLF/BMI/IONPs-MWCNTs hybrid samples.

Sample 1 5 wt% Loss
Temperature (◦C) 2

Char Yield at
600 ◦C (%) 3

Retro-DA Onset
Temperature (◦C) 4

Retro-DA Heat
Flow (J/g) 5

PCLF-DA-0 362 16.6 82 20.5
PCLF-DA-2 334 21.9 81 26.5
PCLF-DA-5 333 23.6 83 28.3

PCLF-DA-10 326 27.1 82 32.5
1 Designation of crosslinked PCLF/BMI/IONPs-MWCNTs hybrid materials. 2,3 5 wt% loss temperature and char
yield at 600 ◦C were measured from TGA analyses. 4,5 Retro-DA onset temperature and heat flow were measured
from DSC analyses.

The magnetic properties of the crosslinked PCLF/BMI/IONPs-MWCNTs hybrid system at room
temperature were analyzed by using a vibrating sample magnetometer with an applied field of
−10,000 Oe ~ 10,000 Oe. Shown in Figure 10 are the magnetization curves of the hybrid samples
plotted as magnetic moment verses magnetic field. The insert in Figure 10 further shows the detail
profiles within the field range of ±50 Oe. For the PCLF-DA-2 sample, its magnetization hysteresis loop
revealed an S-like curve and exhibited low magnetic coercivity and remanence. Upon increasing the
IONPs-MWCNTs loading, both the PCLF-DA-5 and PCLF-DA-10 samples exhibited similar hysteresis
loops as that of PCLF-DA-2. Therefore, these magnetic trends clearly indicated that this crosslinked
PCLF/BMI/IONPs-MWCNTs hybrid system exhibited a superparamagnetic behavior and there was
almost no remanent magnetization while removing the applied magnetic field. Additionally, the
magnetization of the PCLF-DA-2, PCLF-DA-5 and PCLF-DA-10 samples estimated from the extreme
points (−10,000 Oe and 10,000 Oe) were 700 memu/g, 1500 memu/g, and 2800 memu/g, respectively.
In comparison with the pristine IONPs, the crosslinked PCLF/BMI/IONPs-MWCNTs samples revealed
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much lower magnetization values because of the low content of IONPs-MWCNTs in the hybrid system
and the surface coverage of IONPs-MWCNTs by the non-electromagnetic PCLF polymeric layer.
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Figure 10. Hysteresis plots of magnetization vs magnetic field for PCLF-DA-2, PCLF-DA-5, and PCLF-DA-10 341 
crosslinked hybrid samples. The insert figure shows the detail profiles within the field range of ±50 Oe. 342 
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Figure 10. Hysteresis plots of magnetization vs magnetic field for PCLF-DA-2, PCLF-DA-5, and
PCLF-DA-10 crosslinked hybrid samples. The insert figure shows the detail profiles within the field
range of ±50 Oe.

For the crosslinked PCLF/BMI/IONPs-MWCNTs hybrid system, its thermal reversibility related
to the DA network was also investigated in solution medium (60 wt % in DMSO). Figure 11 shows
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the phase transformations observed from the investigations. At low temperature, the crosslinked
hybrid only displayed slight swelling even after 24 h, indicating the robust structure supported by
the crosslinked DA network. As the hybrid sample was heated to a temperature higher than 140 ◦C,
it could dissolve in the solvent medium, and a solution with good liquidity could be observed. This
result clearly demonstrated the occurrence of a retro-DA reaction that disconnected the DA linkages
and liberated the molecular chains and inorganic substances from the original network to a plastic state.
As the sample was cooled down to a low temperature, a sol-gel transformation could be observed,
indicating sufficient recovery of the crosslinked network via a DA reaction.
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retro-DA reactions.

To further examine the self-healable performance of the crosslinked PCLF/BMI/IONPs-MWCNTs
hybrid system, the structural evolution of a cracked sample with a cut of 5 mm was monitored
under different temperatures using an optical microscopy equipped with a heating stage. From
the micrographs shown in Figure 12a–d, it could be observed that the crack was still presented
without any change as the hybrid sample was thermally treated at a temperature below 120 ◦C.
Upon increasing the heating temperature to 130 ◦C, the crack became more flatter, indicating the
occurrence of a retro-DA reaction that converted the original DA crosslinked structure to a plastic
state. This thermal reversible process strongly increased the chain mobility of the polymeric materials
and thus led to the diffusion of polymer chains toward the crack site to heal the structural defect.
When the self-healing temperature was further increased to 140 ◦C, the crack was completely closed
within only a few minutes, showing that the PCLF/BMI/IONPs-MWCNTs hybrid system possessed
superior self-healing properties. Furthermore, SEM was used to investigate the crack closure at a
higher magnification. Figure 13a,b shows the crack evolution before and after the self-healing process,
respectively. These micrographs clearly revealed efficient crack closure, consistent with the results
obtained from optical microscopy measurements.
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