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Abstract
Waterborne polyurethane (WPU) is widely applied in many fields; however, it is limited by its drawback of low mechanical
strength and short lifespan. Polymer nanocomposites have been developed for many years to enhance the mechanical
behavior of materials. Nevertheless, obtaining nanofillers with even dispersion to obtain improved mechanical performance
is difficult. To solve the above problems, silica nanoparticles modified by furfuryl (furan@SiO2) were synthesized according
to the sol–gel process. By introducing furan@SiO2 into a maleimide-terminated waterborne polyurethane matrix, a self-
healing system was constructed through a DA/retro-DA process among furan groups and maleimide-terminated waterborne
polyurethane, and a series of WPU films with different furan@SiO2 (WMPUS-x) contents were prepared. The structure of
furan@SiO2 was clearly corroborated by TEM, SEM, FTIR, etc. Moreover, confirmed by tensile tests, the mechanical
properties of all WPU samples were significantly improved due to the addition of rigid furan@SiO2, and their first self-
healing efficiencies were all higher than 88%.

Introduction

As a consequence of low volatile organic compound
(VOC) release, waterborne polyurethane (WPU) is in line
with the trend of advocating for environmental protection
and gradually replacing traditional solvent-based poly-
urethane. WPU, which possesses excellent low-temperature

resistance, convenient transportation and nonflammability
properties, has been widely applied in commercial fields
such as organic coatings, fabric finishing agents, and adhe-
sives [1, 2]. At present, a need is apparent for further WPU
development, not least with regard to greater consideration
of the main defects, such as low mechanical strength and
poor water resistance [3, 4]. Many efforts have been made to
disperse nanoparticles into polymer matrices. Rigid nano-
particles have excellent corrosion resistance, high tempera-
ture resistance and oxidation resistance [5, 6]. Therefore, it is
not uncommon to introduce nanofillers into polymer sys-
tems, giving rise to the mechanical properties and thermal
stability of polymer-based materials [7–9]. However, the fact
that the addition of nanoparticles in some cases, on the
contrary, causes adverse effects on the mechanical perfor-
mance of polymers is due first to interfacial compatibility
between nanofillers and the polymer matrix and second to
the inhomogeneous dispersion of nanoparticles.

To intensify the compatibility between the nanofillers
and WPUs, an effective way is to modify the surface of
inorganic nanofillers with organic groups such as mercapto
and furan groups, which can eliminate the interfacial energy
difference and maintain good affinity with the matrix
[10, 11]. As a result, the mechanical properties of the
polymer composites can be significantly enhanced.
Although inspiring progress has been made, there are still

These authors contributed equally: Haoliang Wang, Hui Wang.

* Shiwen Yang
swyang@wtu.edu.cn

* Haibo Wang
whb6985@scu.edu.cn

1 College of Biomass Science and Engineering, Sichuan University,
Chengdu 610065, PR China

2 The Key Laboratory of Leather Chemistry and Engineering
(Sichuan University), Ministry of Education, Chengdu 610065, PR
China

3 College of Materials Science and Engineering, State Key
Laboratory of New Textile Materials & Advanced Processing
Technology, Wuhan Textile University, Wuhan 430200, China

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1038/s41428-
021-00563-2.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-021-00563-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-021-00563-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-021-00563-2&domain=pdf
http://orcid.org/0000-0001-5321-8888
http://orcid.org/0000-0001-5321-8888
http://orcid.org/0000-0001-5321-8888
http://orcid.org/0000-0001-5321-8888
http://orcid.org/0000-0001-5321-8888
mailto:swyang@wtu.edu.cn
mailto:whb6985@scu.edu.cn
https://doi.org/10.1038/s41428-021-00563-2
https://doi.org/10.1038/s41428-021-00563-2


some aspects waiting for improvement. Due to the high
specific surface energy and strong hydrogen bonding of
nanoparticles, it is difficult to obtain monodisperse nano-
particles only by surface modification. The agglomeration
of nanofillers is the key factor restricting the improvement
and progress of polymer nanocomposites. Hence, it is
necessary to find a simple approach to increase the grafting
rates of organic groups and thus effectively prevent the
agglomeration phenomenon.

To the best of our knowledge, the sol–gel method pro-
vides a considerable method for the homogeneous mixing
of organic and inorganic phases at the molecular level
[12, 13], and the poor dispersion of nanofillers in polymer
matrices can also be ameliorated. It is well known that
different catalytic conditions are responsible for the diverse
products of siloxane formed via a sol–gel reaction. Unlike
the chain-like structure formed under acidic catalysis,
siloxane tends to condense, forming globular structured
rigid particles under alkaline catalysis, which surmounts the
uniform dispersion and thus ensures interfacial stress
transfer from the matrix to the filler [14, 15]. Therefore,
organic-modified silica nanoparticles, as an ideal material
for reinforcing the properties of polymers, can be obtained
through an alkaline catalytic sol–gel process.

However, only enhancing the mechanical behavior of
WPU by no means satisfies the demand of modern indus-
trial fields. Cracks often develop inside or on the surface of
WPU during use, which can cause catastrophic security
problems or shorten the lifespan of WPU. Consequently, it
is necessary to endow WPU products with self-healing
ability by molecular design [16, 17]. The introduction of
reversible or dynamic covalent bond structures into poly-
mers is a familiar scheme to construct intrinsically stimuli-
responsive self-healing systems [18, 19]. Currently,
numerous self-healing materials have been successfully
prepared via reversible chemical changes, such as DA
reactions [20], anthracene dimerization [21], coumarin
dimerization [22], and disulfide exchange [23]. Among
these reversible chemical reactions, DA/retro-DA reversible
reactions are the best known. The [4+ 2] cycloaddition DA
reaction involves a diene (usually a furan) and a dienophile
(usually a maleimide) at moderate temperature. Stimulated
by elevated temperature, the corresponding diene and die-
nophile are regenerated via a retro-DA reaction [24]. Since
the DA reaction is advantageous in that it is simple, readily
reversible, and effective and produces few side reactions
[25], it provides a feasible method to prepare polymer
materials with excellent self-repairing ability through a
retro-DA/DA process [26, 27].

In this work, homogeneously dispersed furfuryl-modified
silica nanoparticles (furan@SiO2) were synthesized according
to the alkaline catalytic sol–gel process. Various character-
izations confirmed that the furan@SiO2 particles were

inorganic–organic hybrid particles that not only possessed the
rigidity of inorganic particles but also exhibited single dis-
persion properties. By adding furan@SiO2 to a maleimide-
terminated WPU emulsion, a reversible cross-linking network
was formed between furan@SiO2 and WPU via thermally
triggered DA/retro-DA reactions. The furan@SiO2 particles,
which possessed high furan group grafting rates and acted as
dynamic cross-linking points, significantly enhanced the
strength of WPU by sufficient cross-linking. Due to the
construction of an intrinsically stimulus-responsive self-heal-
ing system via the DA/retro-DA reaction, inorganic–organic
hybrid nanoparticles/maleimide-terminated waterborne poly-
urethane (WMPUS-x) showed a high thermo-driven self-
healing efficiency, even during multiple healing processes.
Moreover, the effects of different hybrid nanoparticle contents
on the mechanical properties, thermal stability and self-
healing behavior of WMPUS-x were systematically investi-
gated. It is not surprising that WMPUS-x will show excellent
comprehensive performance.

Experimental

Materials

Materials used in this research included 3-methacryloxypropylt
rimethoxysilane (γ-MPS, ≥98.0%, Best-reagent, China), fur-
furyl mercaptan (Fu-SH, 98.0%, Best-reagent, China), N,N-
diethylethanamine (TEA, ≥99.0%, Kelong Reagent Co., Ltd,
China), tetraethyl orthosilicate (TEOS, 99.0%, Kelong Reagent
Co., Ltd, China), ammonium hydroxide (NH4OH, 0.88 gmL

−1,
Kelong Reagent Co., Ltd, China), poly(propylene glycol)
(PPG2000, Mn= 2000 gmol−1, Wanhua Chemical Group Co.,
Ltd, China), 5-isocyanato-1-(isocyanatomethyl)-1,3,3-tri-
methylcyclohexane (IPDI, ≥99.5%, Wanhua Chemical Group
Co., Ltd, China), dibutyltin dilaurate (DBTDL, Hersbit Che-
mical, China), butane-1,4-diol (BDO, ≥99.0%, Kelong Reagent
Co., Ltd, China), 2,2-bis(hydroxymethyl)propionic acid
(DMPA, Kelong Reagent Co., Ltd, China), maleic anhydride
(MAH, 99.0%, Kelong Reagent Co., Ltd, China), furan (Best-
reagent, China), ethanolamine (MEA, ≥99.0% Best-reagent,
China), N-(2-hydroxyethyl) maleimide (HEMI, synthesized by
our laboratory) (see ESI† for details), ethyl acetate (EAC),
methylbenzene (≥99.0%), ethanol (≥99.0%), acetone (≥99.0%)
and other solvents were received from Kelong Reagent Co.,
Ltd. (Chengdu, China). All reagents were completely dehy-
drated before use.

Fabrication of inorganic–organic hybrid
nanoparticles (furan@SiO2)

The inorganic–organic hybrid nanoparticles were prepared
by the sol–gel method as follows. First, γ-MPS, TEA, and
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ethanol were mixed at room temperature at a molar ratio of
1:1.5:10 and stirred vigorously to obtain a homogeneous γ-
MPS ethanol dispersion. Then, Fu-SH was added dropwise
with a 1.03 molar excess of γ-MPS and stirred for 8 h at
room temperature. Subsequently, a calculated amount of
TEOS (γ-MPS:TEOS molar ratio of 3:1) was added to the
above mixture, stirred well and hydrolyzed at 60 °C for 4 h.
According to our many attempts, a higher molar ratio was
conducive to ensuring the molar concentration of furan
groups in furan@SiO2, and furan@SiO2 with high storage
stability was also obtained. At the end of the reaction, the
precipitate was aged at room temperature for 24 h. The
precipitate was collected by centrifugation and washed
several times with ethanol to remove unreacted Fu-SH. The
final precipitate was dried in an oven at 40 °C for 24 h to
obtain furan@SiO2, which presented light yellow particles.
The synthetic route is shown in Scheme S1.

Preparation of the inorganic–organic hybrid
nanoparticle/maleimide-terminated waterborne
polyurethane (WMPUS-x) emulsion

Dehydrated PPG2000, IPDI and DMPA were added into a
three-necked flask equipped with a condenser and agitator,
and a certain amount of DBTDL catalyst was added. The
mixture was heated to 85 °C, and the -NCO-blocked oli-
gomer was obtained after 3 h. Subsequently, the tempera-
ture was lowered to 75 °C, and the chain extender BDO was

added, together with an appropriate amount of acetone to
reduce the reaction viscosity. The reaction continued for 4 h
at 75 °C until the polyurethane prepolymer reached the
theoretical NCO content. Next, a high-concentration acet-
one solution of HEMI was added to the prepolymer for
blocking with a reaction time of 3 h. Once completed, the
temperature was cooled to 35 °C, and TEA was added to
neutralize for 30 min. The neutralized prepolymer was
homogeneously mixed with a certain amount of prepared
furan@SiO2 and emulsified at high speed in deionized
water to obtain a maleimide block waterborne polyurethane
(WMPUS-x) emulsion with furan@SiO2. The acetone sol-
vent was removed under vacuum by using a rotary eva-
porator in a 45 °C water bath. The synthetic formulations
are shown in Table S1. The preparation route of the
WMPUS-x emulsion is illustrated in Scheme 1.

Preparation of thermoreversible self-healing
waterborne polyurethane (WMPUS-x) films

WMPUS-x films were obtained by pouring WMPUS-x
emulsions on a Teflon mold and drying at room temperature
for 48 h, followed by drying at 40 °C for 48 h and 60 °C for
24 h to obtain yellow films with a thickness of 0.5 ± 0.1
mm. According to the mass fraction of furan@SiO2 in
emulsions of 0 wt%, 2 wt%, 4 wt%, and 7 wt%, the prepared
films were named WMPUS-0, WMPUS-1, WMPUS-2, and
WMPUS-3, respectively.

Scheme. 1 Preparation route of WMPUS-x films
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Characterization

Fourier transform infrared (FTIR) spectra were used to ana-
lyze the structure of samples and were recorded by a Nicolet
560 (USA) Fourier infrared spectrometer. The test conditions
were as follows: scanning range of 4000–400 cm−1, scanning
number of 32, and resolution of 4 cm−1.

The cross-linking density of the polymer was measured by
a swelling experiment. Thermally reversible polyurethane
films were cut into 7 × 7mm thin sheets and immersed in
toluene for swelling for 24 h. Before and after swelling, the
composite masses were recorded as m0 and m1, respectively.
The cross-linking density of samples was calculated accord-
ing to the Flory–Rhener relation (see ESI† for details).

Tensile tests were performed on thermoreversible WPU
films by a 5966 universal tensile testing machine (Instron,
USA), and the healing efficiency of the polymer system was
studied. The size of the samples was 20 × 4 × 0.5 ± 0.1 mm,
and the speed of the tensile test head was 50 mmmin−1. At
25 °C, five parallel repeated tests were conducted for each
dumbbell-shaped sample to calculate the mean values.

The WMPUS-x emulsion was diluted with water to a
solid content of 1%, stirred to mix evenly and ultimately
dispersed by ultrasonication. The nanoparticles were dis-
solved in tetrahydrofuran (THF) solution at a concentration
of 10 mg/mL. The average particle size and distribution of
the samples were measured at 25 °C by using dynamic light
scattering (DLS, Zetasizer, Malvern Instruments).

A Phenix PH50-3A-A optical microscope was used to
qualitatively observe the process of surface scratch mending
and qualitatively analyze the self-healing behavior of the
thermoreversible WPU films at the testing temperature of
120 °C.

Thermogravimetric analysis (TGA) of thermoreversible
polyurethane films was carried out by using a TG209F1
thermal analyzer (NTEZSCH, Germany). The test condi-
tions were as follows: 20 ml min−1 nitrogen protection,
heating rate of 10 Kmin−1, and heating range of 50–800 °C.
The TGA test conditions used for nanoparticles was similar
to the above test conditions.

Differential scanning calorimetry (DSC) was performed
on the thermoreversible WPU films by a 200 PC
(NTEZSCH, Germany) differential scanning calorimeter.
The curve of sample heat flow with temperature was tested
and recorded. Curves were obtained by heating from −80 to
200 °C at a rate of 5 Kmin−1 under a nitrogen atmosphere.

Elemental analysis (EA) was conducted by a 900 CHN
(Leco, USA) elemental analyzer to test the content of S in
furan@SiO2.

Furan@SiO2 was prepared in a 2 mg mL−1 THF solution,
and a small amount of it was dropped onto copper mesh to
dry naturally. The morphology was observed by a JEM-
1200EX microscope (TEM, FEI Company, USA).

Scanning electron microscopy (SEM) photos of fur-
an@SiO2 and the morphology of the fracture surface of
WPU films were captured by a Quanta 250 scanning elec-
tron microscope (FEI Company, USA).

Results and discussion

Chemical structure of inorganic–organic hybrid
nanoparticles (furan@SiO2)

To date, there are many reports on the synthesis of
inorganic–organic hybrid materials using TEOS and orga-
nicsiloxane substituted by functional groups as dual pre-
cursors by the sol–gel method. Many studies have
confirmed the structure of the products and reaction
mechanism under acid catalysis conditions [12, 13], but
relatively few reports have been made under alkaline cata-
lysis conditions. From the reaction mechanism, we hypo-
thesized that the products after the sol–gel process under
alkaline catalysis conditions were mostly dense particles. To
verify the conjecture on particle structure and morphology,
the final hybrid nanoparticles were further studied and
characterized. SEM was used to observe the structure of
hybrid particles, as shown in Fig. 1a. The organic chain
segments on the surface of the particles were clean and
smooth and completely covered the core. To further reveal
the structure and dispersibility of furan@SiO2, TEM mea-
surements were used to observe the sample, as shown in
Fig. 1b, c. It was clear that furan@SiO2 was spherical in
structure, with good dispersion and a certain particle size
distribution. The samples all exhibited clear and transparent
solutions when furan@SiO2 was dispersed with solvents of
different polarities with a solid content of 40% by weight
(Fig. 1d). It can be speculated that the inorganic–organic
hybrid nanoparticles show good dispersibility in many polar
solvents due to the existence of polar chains on their shell.
In addition, the DLS test [28] (Fig. S2a) yielded a more
accurate particle size distribution. The FTIR spectrum
showed a peak at 738 cm−1, which was attributed to the
bending vibration of the furan β-ring [29], confirming the
successful synthesis of furfuryl-modified silica (Fig. S2b).

In combination with TGA and EA, the mole amount of
functional groups (cm) per unit gram weight of furan@SiO2

could be calculated according to Eq. (1) [29].

cm ¼ 100
ΔmSiO2

� ΔmS

Ms
� 0:01

N
ð1Þ

where cm is the molar concentration of functional groups per
gram (mol g−1), ΔmSiO2 is the residual mass of SiO2 from
TGA measurement (%), ΔmS is the mass of S from EA (%),
MS is the molar mass of sulfur (g mol−1), and N is the
number of sulfur atoms per functional group.
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Detailed data are listed in Table S2. The calculated molar
amount of furan groups per gram was 7.26 mmol g−1.

Predictably, the exposure of furan groups to nano-
particles indicated that furan@SiO2 can act as a reversible
cross-linking agent in WPU by undergoing DA reactions
with maleimides on the polymer chains and reaction with
maleimide, thus improving its mechanical properties and
imparting self-healing properties [30, 31]. The above results
also provide ample evidence that the synthesis of furfuryl-
modified silica with good dispersion can be achieved by the
sol–gel method [32].

Characterization of waterborne polyurethane
(WMPUS-x)

To investigate the effect of the furan@SiO2 dose on the
particle size of WPU emulsions, the particle size and dis-
tribution of WMPUS-x emulsions were characterized by DLS
(Fig. 2a). The particle size distribution curves of WMPUS-x
emulsions revealed that there was only one peak in the par-
ticle size distributions of WMPUS-0, WMPUS-1, WMPUS-2,
and WMPUS-3 emulsions, which was concentrated at 82, 98,

Fig. 2 a Particle size and distribution of WMPUS-x emulsions; b FTIR transmission spectra curves of WMPUS-x films; and c cross-linking
density of the WMPUS-x films

Fig. 1 a SEM image of
furan@SiO2; b low-
magnification and c high-
magnification TEM images of
furan@SiO2; and d solubility of
furan@SiO2 in various organic
solvents with a solid content of
40% by weight (CP acetone, MC
dichloromethane, EAC ethyl
acetate, THF tetrahydrofuran,
PhMe methylbenzene)
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102, and 122 nm, respectively. The particle size of WMPUS-
x emulsions increased with increasing furan@SiO2 content,
and the distribution progressively broadened. Possible reasons
for this can be attributed to the hydrophobic behavior of
furan@SiO2, which causes nanoparticles to be encapsulated
in the emulsified particles during the emulsification process.
Meanwhile, furan@SiO2 inherently exhibits a certain size
distribution. Consequently, as the content of furan@SiO2 in
the cross-linked film increases, the extent of encapsulation in
the individual emulsified particles may also increase, resulting
in a larger size and wider distribution of the WMPUS-x
emulsion.

The chemical structure of the WMPUS-x films was
confirmed by FTIR analysis (Fig. 2b). It was not hard to
observe that the WMPUS-x films had the typical poly-
urethane structure. The characteristic absorption peak at
1530 cm−1 was related to the N–H bending vibration, and
that at 3334 cm−1 was attributed to the N–H stretching
vibration. The absorption peak at 1712 cm−1 corresponded
to the stretching vibration of the C=O groups of urethane,
and the absorption peak at 2930 cm−1 belonged to the
stretching vibration of the C–H in methyl and methylene.
The above peaks indicated the successful synthesis of
polyurethane [33]. As analyzed above, the main compo-
nents of hybrid particles were Si–O–Si and furan rings. The
characteristic antisymmetric stretching vibration peak of the
Si–O–Si structure appeared at 1100 cm−1, which was easily
superimposed with the characteristic peak of ether bonds
(C–O–C) on the soft segment of WPU. For the WMPUS-x
film, weak characteristic peaks that corresponded to the
symmetric stretching vibration of the carbonyl in DA

reaction products appeared at 1772 cm−1 [34], which further
proved the successful preparation of thermo-driven self-
healing WPU based on the DA reaction.

Moreover, to determine whether the addition of fur-
an@SiO2 improved the cross-linking density (Ve) of WPU
[35], swelling experiments were carried out, and the content
(x) of furan@SiO2 per unit weight of WMPUS-x film was
plotted against Ve.

According to the results shown in Fig. 2c, the following
conclusions can be drawn. The Ve of WMPUS-x films
exhibited a positive correlation with furan@SiO2 content.
When the furan@SiO2 content increased from 0 to 7 wt%,
the cross-linking density of the WMPUS-x film increased
rapidly. However, with a continuous increase in fur-
an@SiO2 content, the Ve of the WMPUS-x film only
increased slightly. The molar ratio of furan to maleimide
reached 1:1 before the added amount of furan@SiO2

reached 7%. Therefore, further increasing the furan@SiO2

content had little effect on increasing the cross-linking
density of WMPUS-3.

To explore the effect of furan@SiO2 on the cross-sectional
morphology of the polyurethane films, the WMPUS-x films
were fractured by freezing in liquid nitrogen, and the mor-
phology of the fracture surface was observed (Fig. 3).
Apparently, the white circular bulges in the figure were fur-
an@SiO2. Without the addition of nanoparticles, the fracture
surface of WMPUS-0 was smooth and flat, with no particle
adhesion observed. However, when the furan@SiO2 content
increased to 2 wt%, a few white particles could be clearly
observed in the cross section of the WMPUS-1 film (Fig. 3b).
The interface between furan@SiO2 and WPU was blurred,

Fig. 3 SEM images of WMPUS-
x film aWMPUS-0; bWMPUS-
1; c WMPUS-2; d WMPUS-3
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and a significant quantity of furan@SiO2 was buried deep in
the substrate layer. These phenomena indicate that the DA
reaction between furan@SiO2 and WPU enhances the mutual
interfacial interaction. As the furan@SiO2 content increased
to 7 wt%, the particles in the cross section of the WMPUS-3
film increased, and obvious agglomeration occurred (Fig. 3d).
When the molar ratio of furan and maleimide groups was
large, some furan@SiO2 could not participate in the reaction,
the interfacial interaction between furan@SiO2 and the
polymer matrix was weakened, and local agglomeration
occurred. During the emulsification process, furan@SiO2 was
encapsulated in polyurethane emulsion particles. As the water
evaporated, capillary action forced the emulsion particles to
deform until the interface between emulsion particles dis-
appeared, eventually forming a film. In this process, the
maleimide-furan reaction could effectively abate the
agglomeration phenomenon. When the amount of fur-
an@SiO2 was large, owing to the aggregation tendency of
nanoparticles, aggregation occurred before the maleimide-
furan reaction, which led to the unsmooth surface of the
WMPUS-x films [36, 37]. The above evidence indicates that
the compatibility of furan@SiO2 and WPU is excellent.
Combined with the characterization of hybrid particles above,
we can reasonably infer that this is due to the high grafting
rate of organic groups in furan@SiO2. However, furan@SiO2

can agglomerate in WPU at a high content, which might
eventually affect the comprehensive properties of the
composite.

The mechanical properties of the WMPUS-x films were
characterized, as shown in Fig. 4 and detailed in Table 1. As
shown in Fig. 4, the tensile strength of the WMPUS-x films
trended upwards and then downwards with increasing fur-
an@SiO2 content, while the elongation at break decreased
and the Young’s modulus continuously increased. The rigid
cores of furan@SiO2 in the WMPUS-x film improved the
tensile strength and Young’s modulus, while the DA reac-
tion reinforced the interfacial interaction between

furan@SiO2 and polyurethane. The load energy could be
transferred effectively during the tensile process, which
further improved the tensile strength of the WMPUS-x
films. However, when the furan@SiO2 content increased to
7 wt%, agglomeration of furan@SiO2 in the WMPUS-3
film occurred and was accompanied by a slight decrease in
tensile strength due to stress concentration [38, 39]. Fur-
thermore, the cross-linking density of WMPUS-x films
improved as the furan@SiO2 content increased. For the
elongation at break, the more chemical cross-linking points
there are, the greater the movement ability of the polymer
chain is hindered. Additionally, furan@SiO2 had a certain
physical entanglement effect on the polymer chain, so the
cross-linking density of the WMPUS-x films increased with
increasing furan@SiO2 content. As a result, the elongation
at break of the WMPUS-3 film gradually decreased as the
furan@SiO2 content increased.

Thermal stability is an important part of WPU research.
Figure 5 shows the TGA and DTG curves of WMPUS-x
films. As seen in Fig. 5a, the temperature T5% (5% mass loss
temperature) of the WMPUS-x films gradually increased with
increasing furan@SiO2 content. The thermal decomposition
of WMPUS-x films could be divided into two stages
(Fig. 5b): the first stage was the thermal degradation of hard-
segment carbamate groups in the range of 280–340 °C, and
the second stage was the thermal degradation of soft-segment
ether bonds at ~340–420 °C [40, 41]. Notably, the thermal
degradation temperatures of the hard and soft segments shif-
ted toward higher temperatures due to the incorporation of
furan@SiO2. When the content of furan@SiO2 increased
from 2 to 7 wt%, the maximum decomposition rates of the
hard and soft segments increased from 302 °C and 311 °C to
377 °C and 388 °C, respectively. Based on the above analysis,
it is evident that the addition of furan@SiO2 can effectively
improve the thermal stability of WMPUS-0.

Thermal reversibility and self-healing behavior of
WMPUS-x films

DSC was used to analyze the thermally reversible tem-
perature of the WMPUS-x films. Figure 6a shows the DSC
curve of WMPUS-x films. A broad endothermic peak
belonging to the retro-DA reaction could be observed in the
DSC heating curves of WMPUS-x films in the range of

Fig. 4 Stress-strain curves of WMPUS-x films

Table 1 Details from the stress-strain curves of WMPUS-x films

Sample Stress/MPa Strain/% Modulus/MPa

WMPUS-0 6.5 ± 1.2 635.7 ± 30.6 6.2 ± 1.3

WMPUS-1 20.2 ± 3.1 480.4 ± 29.5 30.9 ± 2.2

WMPUS-2 30.9 ± 3.9 326.7 ± 18.3 58.7 ± 6.0

WMPUS-3 28.7 ± 3.9 249.9 ± 19.6 76.5 ± 6.5

Thermo-driven self-healable organic/inorganic nanohybrid polyurethane film with excellent mechanical. . . 299



120–150 °C. This peak did not appear in the DSC curve of
WMPUS-0 since there was no cross-linking point of the DA
reaction. These phenomena indicate the thermally reversible
behavior of WMPUS-x films corresponding to temperatures
of 120–150 °C. The peaks between 40 and 100 °C were
related to the melting process of the hard segment.

The structural changes of the WMPUS-2 film before and
after the thermal reversible reaction were compared by FTIR to
analyze the thermally reversible behavior mechanism, and the
relevant curves are shown in Fig. 6b. First, the WMPUS-2 film
with a thickness of 0.1 ± 0.05mm was examined by FTIR, and
the correlation curve (1-DA) was recorded. Then, the
WMPUS-2 film was heated at 130 °C for 10min for retro-DA
reaction, and the FTIR spectrum curve (1-rDA) was recorded at
room temperature. Subsequently, the WMPUS-2 film was
subjected to a DA reaction by heating at 65 °C for 20min, and
the FTIR spectrum curve (2-DA) was measured. Eventually,
the FTIR spectrum curve (2-rDA) of the WMPUS-2 film was
measured under the same reaction conditions as the first retro-
DA reaction. As seen from the figure, the symmetric stretching
vibration peak of the carbonyl group belonging to the DA
adduct at 1772 cm−1 could be clearly observed on the 1-DA
curve, without the characteristic peaks of furan and maleimide
appearing. However, after the first retro-DA reaction, new

characteristic peaks appeared at 738 and 696 cm−1, corre-
sponding to the bending vibration of the furan β-ring and the
stretching vibration of the maleimide cis dihydrogen in the
double bond, respectively [42]. Moreover, faint characteristic
peaks attributed to the DA adduct could still be observed,
indicating that the DA cross-linking points had not been
completely cleaved at this stage. Following recrosslinking of
the film, the 2-DA curve of the WMPUS-2 film revealed a
distinct DA adduct structure again, accompanied by a reduction
in or even disappearance of the intensity of the characteristic
peaks of furan and maleimide. Particularly, after a second retro-
DA reaction, the intensity of the DA adduct decreased sig-
nificantly, and the characteristic peaks of the furan ring and
maleimide reappeared, indicating that the cross-linking points
of the DA reaction were broken into a mixture of nanoparticles
with furan and maleimide-terminated polyurethane chains. In
addition, the structure of polyurethane and hybrid nanoparticles
did not change, even after the WMPUS-2 film experienced
several thermally reversible reactions. The above result
demonstrates that the thermal reversible behavior of the
WMPUS-x cross-linked film is attributed to the presence of
reversible cross-linking sites with the DA reaction. Therefore,
the film is able to return to its original structure after multiple
reversible cross-linking reactions [43, 44].

Fig. 5 a TGA curves and b DTG thermograms of WMPUS-x films

Fig. 6 Thermal-induced
reversible behavior of WMPUS-
x films. a DSC curves of
WMPUS-x films. b FTIR
transmission spectra of the
WMPUS-2 film before and after
multiple DA and retro-DA
reactions
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The self-healing properties of WMPUS-x films were
qualitatively evaluated by an optical microscope. A 20 µm
incision was made in the WMPUS-x films with a blade,
and then, the films were placed under an optical micro-
scope with a hot stage at 130 °C. The self-healing process
lasted 5 min, and images of the incision before (a1, b1, c1,
d1) and after self-healing (a2, b2, c2, d2) were captured
(Fig. 7). The crack of WMPUS-0 narrowed under this
condition without complete healing (d1 and d2), while the
cracks of WMPUS-1, WMPUS-2, and WMPUS-3 (shown
in Fig. 7(a1, b1, and c1), respectively) were completely
filled to form a complete whole with the surroundings
(shown in Fig. 7(a2, b2, and c2), respectively). WMPUS-0
has a straight chain polyurethane structure, and high
temperature can promote the movement of long poly-
urethane chains. However, due to the lack of DA reversible
cross-linking points, the crack width was relatively
reduced, but the crack could not completely disappear
during short-term heating for only 5 min. At this time, the
DA cross-linking points in WMPUS-1, WMPUS-2 and
WMPUS-3 were subjected to retro-DA reaction, and the
cross-linked films were degraded into maleimide-
terminated polyurethane chains and hybrid nanoparticles.
The enhanced mobility of the molecules, which can move
freely at high temperature, enabled rapid filling of cracks
and macroscopic healing. These results verify that the
existence of DA reversible cross-linking points is the key
factor for the WMPUS-x film to self-heal.

Healing behavior of the mechanical properties of
WMPUS-x films

Since the cross-linking points can repeatedly undergo DA/
retro-DA reactions, WMPUS-x films can undergo self-

healing several times. To investigate whether the mechan-
ical properties of WMPUS-x films can be recovered after
repeated healing, the following treatment was carried out:
The samples were cut into dumbbell-shaped standard strips,
cut down the middle, macrobonded and placed in an oven at
130 °C for 10 min and then at 65 °C for 8 h. To assess the
tensile strength of WMPUS-x after the healing process, the
first self-healing tensile test was performed followed by a
second self-healing tensile test in which the above proce-
dure was repeated twice on the specimen. The stress-strain
curves of WMPUS-x films after multiple healing processes
are shown in Fig. 8. The first self-healing efficiencies
(Fig. 8a) of the WMPUS-1, WMPUS-2, and WMPUS-3
films were 88.4%, 89.3 and 88.1%, respectively, while the
second healing efficiencies were 80.9%, 81.9 and 78.6%,
respectively (the error bars were calculated from the sample
variance). Because the reversible cross-linking points of DA
are not fully recovered under these conditions and
agglomeration of furan@SiO2 might be caused at high
temperature, the second healing efficiency is reduced
compared to the first.

Conclusions

In summary, homogeneously dispersed furfuryl-modified
silica nanoparticles were successfully synthesized and intro-
duced into emulsions of maleimide-terminated WPU. By DA/
retro-DA reaction, a thermoreversible dynamic cross-linking
network was constructed between the inorganic phase and
organic phase by using furan@SiO2 as dynamic cross-linking
points, and WMPUS-x films with thermoreversible dynamic
cross-linking structures were prepared. It has been corrobo-
rated that the structure can significantly enhance the interfacial

Fig. 7 Optical microscope images of the incisions on the surfaces of cross-linked aWMPUS-1, bWMPUS-2, cWMPUS-3 and dWMPUS-0 films
before (a1, b1, c1, d1) and after thermotriggered self-healing at 130 °C for 5 min (a2, b2, c2, d2)
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force among furan@SiO2 and WPU, and finally, reinforced
composites with comprehensive performance were obtained.
Moreover, the mechanical properties of WMPUS-1,
WMPUS-2 and WMPUS-3 were significantly enhanced
compared with those of WMPUS-0, despite the local aggre-
gation phenomenon of hybrid nanoparticles in WMPUS-3.
Furthermore, from the tensile tests, WMPUS-x showed effi-
cient self-healing performance, even after being physically
damaged multiple times. The above conclusion confirms
that the combination of an organic phase and an inorganic
phase by chemical cross-linking is a considerable way to
reinforce mechanical properties and endow polymers with
self-healing ability, which will play an important role in future
research.
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