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ABSTRACT: One of the most fascinating challenges in recent
years has been to produce mechanically robust and tough polymers
with smart functions such as self-healing and shape-memory
behavior. Here, we report a simple and versatile strategy for the
preparation of a highly tough and highly stretchable interconnected interpenetrating polymer network (c-IPN) based on butyl
rubber (IIR) and poly(n-octadecyl acrylate) (PC18A) with
thermally induced healing and shape-memory functions. Solventfree UV polymerization of n-octadecyl acrylate (C18A) at 30 ± 2
°C in the presence of IIR leads to IIR/PC18A c-IPNs with seaisland or co-continuous morphologies depending on their IIR
contents. The lamellar crystals with a melting temperature Tm of
51−52 °C formed by side-by-side packed octadecyl (C18) side
chains are responsible for more than 99% of eﬀective cross-links in c-IPNs, the rest being hydrophobic associations and chemical
cross-links. The c-IPNs exhibit varying stiﬀness (9−34 MPa), stretchability (72−740%), and a signiﬁcantly higher toughness (1.9−
12 MJ·m−3) than their components, which can be tuned by changing the IIR/PC18A weight ratio. The properties of c-IPNs could
also be tuned by incorporating a second, noncrystallizable hydrophobic monomer, namely, lauryl methacrylate (C12M), in the melt
mixture. We show that the lamellar clusters acting as sacriﬁcial bonds break at the yield point by dissipation of energy, while the
ductile amorphous continuous phase keeps the structure together, leading to the toughness improvement of c-IPNs. They exhibit a
two-step healing process with >90% healing eﬃciency with respect to the modulus and a complete shape-recovery ratio induced by
heating above Tm of alkyl crystals. The temperature-induced healing occurs via a quick step where C18 bridges form between the
damaged surfaces followed by a slow step controlled by the interdiﬀusion of C18A segments in the bulk. We also show that the
strategy developed here is suitable for a variety of rubbers and n-alkyl (meth)acrylates of various side-chain lengths.
KEYWORDS: butyl rubber, n-octadecyl acrylate, interconnected IPNs, self-healing, shape memory
of reversible disulﬁde bonds in vulcanized rubber.17,18
Alternatively, reversible cross-links were introduced into
commercial rubbers via molecular diﬀusion,19,20 reversible
covalent bonds,21−26 noncovalent interactions such as hydrogen bonding,1,27,28 and ionic interactions.29−34 However, most
of the techniques reported so far to create self-healing require
chemical modiﬁcation of commercial rubbers, whereas those
making use of the unmodiﬁed rubbers result in a low healing
eﬃciency or a low mechanical strength. Alternatively, blends
based on various rubbers have also been designed to generate

1. INTRODUCTION
Preparation of self-healing elastomers without compromising
their mechanical performance attracts signiﬁcant interest in
recent years to enable them a long service life and hence to
reduce the environmental issues.1 In addition to self-healing,
shape memory in elastomers is an important property for
applications in implants for minimally invasive surgery,
actuators, and sensors.2 Several studies have been conducted
to prepare supramolecular self-healable elastomers via various
intermolecular interactions.3−12 For instance, interpenetrating
polymer network (IPN) elastomers with self-healing and/or
shape-memory functions have recently been reported that
consist of elastomeric and semicrystalline poly(ε-caprolactone)
components.13,14 However, a more promising approach would
be to generate self-healing in commercially available and widely
used rubbers. For this purpose, sulfur vulcanization of rubbers
was conducted in the presence of additives such as copper
catalysts triggering self-healing15,16 or by increasing the amount
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Figure 1. (a) Structure of IIR (n = 58) and the C18A monomer. (b) Images of an IIR/C18A/Irgacure mixture at 30 ± 2 °C before (left) and after
UV polymerization (right). IIR = 30 wt %. (c,d) Schemes showing sea-island (c) and co-continuous morphologies (d) of IIR/PC18A c-IPNs. The
amorphous interpenetrating IIR and PC18A networks interlinked via C18A segments are shown in gray, while the crystalline domains are shown in
dark red. (e) Scheme showing lamellar crystals of c-IPNs. Crystallized side chains and amorphous layers are shown in red and black, respectively.

self-healing and shape-memory functions.35−41 Brostowitz et al.
prepared a shape-memory polymer by swelling cross-linked
natural rubber with stearic acid at 75 °C followed by cooling to
form crystalline platelets ﬁxing the temporary shape of the
rubber.42
Flexible polymers with long alkyl side chains such as poly(nalkyl acrylate)s are known to arrange themselves into
crystalline structures.43 The crystallization of the side chains
independent of the polymer backbone provides the side-chain
length of poly(n-alkyl acrylate)s as a tunable parameter to
control their physical properties such as the melting temperature, size of alkyl crystals, and gas permeability.44−48 Sidechain crystalline polymers in bulk, solution, and gel states
emphasize the importance of the cooperative hydrophobic
interactions among the alkyl side chains.43,49−55 Self-organization of the side chains into lamellar crystals is associated
with the partial alignment of the polymer backbone, which
requires ﬂexible hydrophilic backbones having alkyl side chains
longer than 16 carbon atoms. The thermally tunable physical
properties of poly(n-alkyl acrylate)s attract interest for many
applications including shape-memory materials,55−57 pressuresensitive adhesives,58 and smart membranes.47
One drawback of long side-chain poly(n-alkyl acrylate)s is
that they are brittle in tension due to the lack of an eﬃcient
energy dissipation mechanism. Here, we describe, for the ﬁrst
time to our knowledge, a simple and versatile strategy for the
preparation of highly tough and highly stretchable interconnected IPNs (c-IPNs) based on butyl rubber (IIR) and
poly(n-octadecyl acrylate) (PC18A). They were prepared by
solvent-free UV polymerization of n-octadecyl acrylate (C18A)
at 30 ± 2 °C in the presence of IIR (Figure 1a). IIR, a
copolymer of isobutylene with a small amount of isoprene
units (0.5−4 mol %), is an amorphous synthetic elastomer
with many attractive properties such as high gas and water
impermeability and biocompatibility. Sulfur vulcanization of
IIR through its unsaturated isoprene units improves its
mechanical properties and abrasion resistance and provides a
wide range of applications.59−61 IIR without chemical
modiﬁcation has not been used before as the starting material
for self-healing studies likely because of its low unsaturation

degree requiring powerful accelerators for its vulcanization
than the other rubbers.
Our preliminary experiments showed that IIR is easily
soluble in the hydrophobic C18A monomer above its melting
temperature Tm, 30 °C (Figure 1b). This provides solvent-free
photopolymerization of C18A in the presence of IIR and a UV
initiator, 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959). Melt mixing of the reaction components
followed by UV polymerization at 30 ± 2 °C leads to IIR/
PC18A c-IPNs with sea-island or co-continuous morphologies
depending on their IIR contents (Figure 1c,d). The lamellar
crystals formed by side-by-side packed octadecyl (C18) side
chains are responsible for more than 99% of eﬀective crosslinks in c-IPNs, the rest being hydrophobic associations and
chemical cross-links. They exhibit varying stiﬀness (9−34
MPa), stretchability (72−740%), and a signiﬁcantly higher
toughness (1.9−12 MJ·m−3) than their components, which can
be tuned by changing the IIR/C18A weight ratio in the melt
mixture. The properties of c-IPNs could also be tuned by
incorporating a second, noncrystallizable hydrophobic monomer, namely, lauryl methacrylate (C12M) in the melt mixture.
We show that the lamellar clusters acting as sacriﬁcial bonds
break at the yield point by dissipation of energy, while the
ductile amorphous continuous phase keeps the structure
together, leading to the toughness improvement of c-IPNs.
They exhibit a two-step healing process with >90% healing
eﬃciency with respect to the modulus and a complete shaperecovery ratio induced by heating above Tm (51−52 °C) of
alkyl crystals. We also show that the strategy developed here is
suitable for a variety of rubbers and n-alkyl (meth)acrylates of
various side-chain lengths.

2. RESULTS AND DISCUSSION
2.1. Material Preparation. c-IPNs based on IIR and
PC18A were prepared by melt-mixing of the reaction
components IIR rubber, C18A monomer, and Irgacure 2959
photoinitiator followed by the in situ polymerization of C18A
under UV light at 360 nm. The onset of melting and melting
temperatures of the C18A monomer are 28 and 30 °C,
respectively, while incorporation of IIR slightly reduced these
temperatures (Figure S1). Thus, dissolving IIR in the C18A
21787
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melt at 80 °C followed by cooling to 30 °C resulted in a
transparent IIR-C18A mixture (Figure 1b). The IIR content of
the mixture could be increased up to 40 wt % because at higher
rubber concentrations, it was too viscous to ensure
homogeneity (Figure S2). After running the polymerization
for 1 h at 30 ± 2 °C under UV light, IIR/PC18A c-IPNs were
obtained that were opaque in appearance, reﬂecting the
existence of submicron-sized domains (Figure 1b, see also
Supporting Information Text T1 and Figure S3). This is
expected due to the incompatibility of IIR and PC18A
components having the solubility parameters 16.8 and 17.7
(MPa)0.5, respectively.60,62 Table 1 shows the composition,
Table 1. Melting (Tm) and Crystallization Temperatures
(Tcry), Crystallinity Fraction fcry, and Tensile Mechanical
Properties of IIR/PC18A c-IPNsa
IIR/C18A by
weight
0/100
20/80
30/70
40/60
100/0

Tm/°C

Tcry/°C

fcry

E/MPa

W/MJ·m−3

54.5
(0.3)
51 (2)

38.0
(0.2)
38.8
(0.1)
40.0
(0.1)
40.6
(0.1)

0.50

42 (3)

18 (3)

0.24

34 (2)

0.37
(0.05)
1.9 (0.1)

0.20

6.9 (0.7)

0.14

11.1
(0.1)
9 (1)

0

0.6

1.3 (0.1)

360
(31)
740
(66)
760
(62)

52.0
(0.4)
52 (2)

12 (1)

εf %

72 (6)

Figure 2. (a−c) XRD (a), SAXS (b), and DSC patterns (c) of c-IPNs
with various IIR contents. In (c), IIR = 0 (black), 20 (red), 30 (blue),
and 40 wt % (green). (d) Degree of crystallinity fcry plotted against
IIR wt % (ﬁlled symbols) and xC12M (open symbols). Error bars are
smaller than the size of the symbols.

a
E = Young’s modulus. W = toughness (the area under the stress−
strain curve). εf = elongation at break. The properties of IIR/PC18AC12M c-IPNs are shown in Table S1. Standard deviations are given in
parentheses. For fcry, they are smaller than 5%. Each Tcry or Tm value is
the average of at least three measurements conducted on diﬀerent
samples from each group.

crystals changes with the rubber content. The sample with 40
wt % IIR exhibits a broad peak at 0.08 Å−1 corresponding to a
d2-spacing of 7.9 nm. This spacing is attributed to the distance
between two tightly packed side chains, that is, backbone-tobackbone distance. It is larger than twice the fully extended
octadecyl chain (2 × 2.43 nm) due to the thickness of the
amorphous polymer backbone and noncrystallized methylene
units of the octadecyl chain (Figure 1e). The intensity of this
peak decreases and becomes broader in the order 40 > 20 > 30
wt % IIR. For pure PC18A or copolymers of C18A, this peak is
much sharper and d2 spacing is around 6 and 5 nm for their
wet and dry states, respectively.45,49,54 The broadness of the
peak in IIR/PC18A as compared to PC18A reveals that their
crystalline phase is not a well-ordered state, likely due to the
conﬁnement of octadecyl side chains within the amorphous
polymer, restricting their alignment to form alkyl crystals.
Figure 2c shows DSC scans of c-IPNs with various IIR
contents together with the pure PC18A. DSC analysis shows
melting Tm and recrystallization peaks Tcrys at 51−52 and 39−
41 °C, respectively, independent of the IIR content (Table 1).
The degree of crystallinity fcry, that is, the mole fraction of
C18A units involved in crystalline domains, decreases from 24
to 14% with increasing IIR content from 20 to 40 wt % (ﬁlled
symbols in Figure 2d). These fcry values are much lower than
that of pure PC18A (50%) due to the presence of amorphous
IIR chains, restricting the alignment of PC18A backbones. The
degree of crystallinity fcry could also be adjusted at a ﬁxed IIR
content by replacing part of C18A units with lauryl
methacrylate (C12M) ones, which are noncrystallizable.65
The open symbols in Figure 2d represent fcry of IIR/PC18AC12M c-IPNs composed of 20 wt % IIR with the rest being the
mixed hydrophobes (C18A + C12M) plotted against the mole
fraction of C12M, xC12M. Increasing xC12M decreases both the

melting, and crystallization temperatures, the crystallinity
fraction, and tensile mechanical properties of IIR/PC18A cIPNs together with the neat IIR and PC18A prepared under
the same experimental condition but in the absence of IIR. In
the following paragraphs, c-IPNs are denoted by the weight
percent of IIR in IIR/C18A mixtures. Thus, a c-IPN with 40
wt % IIR means that the melt mixture is composed of 40 wt %
IIR and 60 wt % C18A.
2.2. Microstructure and Morphology. c-IPNs were
insoluble in toluene (extractable less than 5 wt %), a good
solvent for both IIR and PC18A, indicating the occurrence of
the cross-linking reactions between the unsaturated isoprene
units of IIR and the growing PC18A radicals. Their FTIR
spectra present characteristic peaks of PC18A and IIR at 1730
and 1366 cm−1, respectively, corresponding to the stretching
vibration of C=O in PC18A and bending vibration of CH3 in
IIR (Figure S4). Increasing IIR content of c-IPN also increases
the peak intensity at 1366 cm−1, while that at 1730 cm−1
decreases. Figure 2a,b shows XRD and SAXS patterns of IIR/
PC18A c-IPNs, respectively, with various IIR contents. XRD
patterns exhibit a broad diﬀusion peak at 14.5° which is typical
for amorphous IIR63 and a small diﬀraction peak at ∼5.2°
which is due to the partially crystallized side-chain domains
with a Bragg d-spacing of ∼1.6 nm.53,64 The main sharp peak
appears at 21.4° corresponding to a d1-spacing of 0.41 nm.
This spacing is typical for side-by-side packed paraﬃn-like alkyl
chains43,45−53 and reﬂects the distance between two octadecyl
side chains along the same backbone (Figure 1e). SAXS data in
Figure 2b provide insights about how the thickness of these
21788
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Figure 3. (a) TEM images of an unstained IIR/PC18A sample with 20 wt % IIR at two diﬀerent magniﬁcations in the BF mode. Scale bars: 1 (up)
and 2 μm (down). (b) STEM image of the same sample in the DF mode and its EDX maps. The elemental distributions for C and O in EDX maps
are shown in red and green, respectively, while overlapping red and green signals appear yellow. Scale bars: 2 μm.

Figure 4. TEM images of UranyLess-stained c-IPNs with 20 (a), 30 (b), and 40 wt % IIR (c), while the insets of (a) and (b) show the size
distribution of the particles. Scale bars: 1 μm.

degree of crystallinity and the melting temperature of the cIPNs, indicating decreasing stability of alkyl crystals (Table S1
and Figure S5).
Figure 3a presents the morphology of an unstained IIR/
PC18A sample with 20 wt % IIR at two diﬀerent
magniﬁcations observed by transmission electron microscopy
(TEM) in the bright-ﬁeld (BF) mode. Since the sample is
unstained, the contrast observed has a structural origin. A small
objective aperture is used in the upper image for contrast
enhancement between the amorphous and crystalline domains.
The crystalline areas forming the particles in the sample appear
dark, and the amorphous ones appear bright. Because IIR and
PC18A components of c-IPNs have the repeating units C4H8
and C21H40O2, respectively, the spatial distribution of PC18A
domains in the sample can be identiﬁed by elemental oxygen
mapping. Figure 3b shows a dark-ﬁeld (DF) scanning TEM
(STEM) image of an unstained sample with 20 wt % IIR and
its energy-dispersive X-ray spectroscopy (EDX) maps. The
STEM image highlights the crystalline domains, forming the
particles as bright areas due to the DF mode. In the EDX
maps, the elemental distributions for C and O are shown in red
and green, respectively, while overlapping red and green
signals, that is, C and O atoms, appear yellow. Although

localization of C and O atoms is seen in the particles, they also
distribute over the whole investigated area. The single-point
STEM−EDX measurements across the STEM image in Figure
3b indeed reveal a higher O content within the particles as
compared to the outer continuous phase. From these ﬁndings,
we can conclude that the crystalline domains composed of
lamellar crystals and interconnected amorphous PC18A and
IIR chains bridging the crystals form the dispersed phase, while
the noncrystalline interpenetrating PC18A and IIR form the
continuous phase of the c-IPNs, as schematically presented in
Figure 1c.
Figure 4a−c presents TEM images of UranyLess-stained cIPN samples containing 20, 30, and 40 wt % IIR, respectively,
and the insets to a and b show the size distribution of the
particles. The samples with 20 and 30 wt % IIR exhibit a seaisland morphology with crystalline domains dispersed in the
continuous amorphous matrix. Increasing IIR content from 20
to 30 wt % decreases the number-average particle size dn from
800 to 468 nm at a polydispersity index of 1.07. When IIR
content is further increased to 40 wt %, a shift from sea-island
to co-continuous morphology appears. This change in the
morphology can be explained with the viscosity of the IIR/
C18A mixture at 30 °C before the photopolymerization
21789
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Figure 5. (a,b) Stress−strain curves (a) and the mechanical parameters (b) of IIR/PC18A c-IPNs prepared at various IIR wt %. E = Young’s
modulus, W = toughness, and εf = elongation at break. (c,d) Same plots as in the top panel but for IIR/PC18A-C12M c-IPNs at various xC12M. IIR
= 20 wt %. Note that the last point on each stress−strain curve corresponds to the breaking point, that is, the stress of the next data point is zero.

exhibit a higher toughness than their components (Figure 5b).
For instance, the c-IPN with 40 wt % IIR exhibits 10- and 33fold higher toughness as compared to the neat IIR and PC18A,
respectively, without aﬀecting the high stretchability of IIR
(∼700%).
Besides the IIR content, mechanical properties of the c-IPNs
can also be tuned by replacing part of C18A units with the
weak hydrophobe C12M, which is unable to form crystalline
domains. Figure 5c,d presents stress−strain curves and
mechanical parameters of IIR/PC18A-C12M c-IPNs prepared
at 20 wt % IIR with the rest being C18A + C12M at various
C12M mole fractions (xC12M). The toughness of IIR/PC18A
without C12M, denoted by 0, signiﬁcantly increases after
incorporation of the noncrystallizable C12M segments into the
polymer (Table S1). At xC12M = 0.40, IIR/PC18A-C12M
exhibits a toughness of 18 MJ·m−3 and Young’s modulus of 6.2
MPa and sustains 660% elongation under 2.9 MPa stress.
The appearance of yielding behavior and signiﬁcant
toughness improvement of c-IPNs with increasing IIR content
or upon incorporation of the weak hydrophobe C12M into
PC18A is attributed to the increasing amount of the
amorphous polymers bridging the lamellar crystals. The
interlamellar amorphous polymers that are able to unfold
under an external force, that is, so-called tie molecules, are
known to play a signiﬁcant role in the mechanical strength and
yield the behavior of semicrystalline polymers and hydrogels.67−72 The crystalline domains in the dispersed or cocontinuous phases of IIR/PC18A are composed of lamellar
crystals separated by amorphous interlamellar layers (Scheme
S1a). Upon application of an external force, amorphous layers

(Figure S2). The zero-shear viscosity of the mixture drastically
increases from 84 to 1540 Pa·s with increasing IIR content
from 20 to 40 wt %. Thus, at a low viscosity, the growing
PC18A radical chains during polymerization will push apart
the pre-existing, ﬂexible IIR chains so that a phase-separated cIPN with sea-island morphology is obtained.66 As the viscosity
increases, the diﬀusion of the growing PC18A radicals will be
restricted and agglomeration between the particles is hindered,
leading to a decrease in the particle size. At the highest
viscosity, that is, at 40 wt % IIR, the positions of IIR chains will
hardly be changed so that the growing PC18A radicals can
diﬀuse through the nanochannels of the pre-existing IIR
physical network to form a co-continuous morphology.
2.3. Mechanical and Viscoelastic Properties. In Figure
5a,b, the stress−strain curves (a) and mechanical parameters
(b) of IIR/PC18A c-IPNs are compared with those of the neat
IIR and PC18A presented by black curves and bars,
respectively. Young’s modulus E and the elongation at break
εf of IIR and PC18A components represent two extremes,
while those of the c-IPNs could be tuned between them by
changing the composition of the melt mixture. With increasing
IIR content from 20 to 40 wt %, that is, with decreasing degree
of crystallinity, E decreases from 34 to 9 MPa, while the
elongation at break εf increases from 72 to 740% (Table 1).
Moreover, they exhibit yielding-type behavior with a yield
stress increasing with the degree of crystallinity and ﬁnally
becomes the fracture point of PC18A (Figure 5a). The
toughness W (the area under the stress−strain curve) of cIPNs increases from 1.9 to 12 MJ·m−3 as the IIR content is
increased (Table 1). Particularly remarkable is that all c-IPNs
21790
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between the crystals unfold to form active tie molecules
interconnecting lamellar clusters consisting of stacks of
lamellar crystals (Scheme S1b).69−71 The active tie molecules
are responsible for energy dissipation by transmitting the
external force between the lamellar clusters during which the
clusters are deformed and ﬁnally fragmented at the yield point.
The yield stress σy of semicrystalline polymers at which the
lamellar clusters start to disintegrate into their fragments is
given by the lamellar crystal model as69−71

viscosity of the melt mixture (Figure S2), while an opposite
behavior appears below Tm because of the decreasing degree of
crystallinity (Table 1).
Similar temperature responses were also observed in IIR/
PC18A-C12M with various C12M contents (Figure S6);
increasing C12M mole fraction xC12M, that is, decreasing
crystallinity, also decreases the magnitude of modulus change
between below and above Tm. Figure 7b,c shows frequency
dependences of G′ and the loss factor tan δ (= G′/G′ where
G″ is the loss modulus) of IIR/PC18A at 25 and 65 °C,
respectively. At 25 °C, G′ is independent of the frequency,
while at 65 °C, it exhibits a power law behavior with an
exponent 0.14 ± 0.01, revealing their viscoelastic nature. The
fact that tan δ remains below unity after melting of the alkyl
crystals indicates the existence of chemical cross-links and
hydrophobic associations, keeping the 3D network structure
stable in the melt state.
2.4. Type of Intermolecular Cross-Links. The results
reveal that the c-IPNs contain alkyl crystals and associations of
alkyl side chains serving as strong and weak physical crosslinks, respectively. In addition, their insolubility in a good
solvent also indicates the presence of chemical cross-links
between the unsaturated isoprene units of IIR and PC18A.
One may ask how each of these cross-links contributes to the
total cross-link density of c-IPNs. Assuming additivity of the
cross-links, the cross-link density νe of IIR/PC18A is presented
by
νe = νe,cry + νe,assoc + νe,chem
(2)

σy = 2 2EUy (L /l)2

(1)

where Uy is the yield energy, that is, the area under the stress−
strain curve up to the yield point, L represents the lamellar
cluster thickness, and l is the spacing between tie molecules
bridging these clusters (l > L). Figure 6a showing the σy versus

Research Article

where νe,cry, νe,assoc, and νe,chem are the contributions of alkyl
crystals, hydrophobic associations, and chemical cross-links,
respectively. To estimate the relative contribution of elastically
eﬀective intermolecular bonds to the cross-link density νe, we
used the storage moduli of IIR/PC18A measured at 25 and 65
°C, G′25°C and G′65°C, at which they are in semicrystalline and
amorphous states, respectively. Assuming that G′ at 6.32 rad·
s−1 (1 Hz) is equal to the shear modulus G and the network
chains deform aﬃnely, the cross-link density can be estimated
by73−75

Figure 6. (a) Yield stress σy vs 2EUy plot for c-IPNs with various
IIR (red triangles) and C12M contents (blue circles). (b) l/L ratio
shown as a function of IIR (triangles) and C12M contents (circles).

2EUy plot for c-IPNs with various IIR and C12M contents
reveals that all the data fall on the same line with a slope of
0.43 ± 0.02 corresponding to l/L = 2.1 ± 0.1 (Figure 6b). A l/
L value of around 2 has already been reported for
semicrystalline polyethylene and isotactic polypropylene68,70,71
and semicrystalline hydrogels72 and indicates that the
minimum spatial dimension of the fragmented lamellar clusters
is equal to that of a single chain.69−71 The yielding behavior of
IIR/PC18A c-IPNs with or without C12M can thus be
explained with the breakup of lamellar clusters at the point of
yield. The clusters acting as sacriﬁcial bonds break at the yield
point by dissipation of energy, while the ductile amorphous
continuous phase keeps the sample together, leading to the
toughness improvement of c-IPNs.
The crystalline domains in c-IPNs acting as physical crosslinks provided a drastic change in their mechanical properties
depending on the temperature. To highlight this feature,
temperature sweeps between below and above Tm of the cIPNs were conducted using a parallel-plate rheometer. Figure
7a shows the storage modulus G′ of IIR/PC18A with various
IIR contents during a cooling/heating cycle between 65 and 25
°C. G′ reversibly varies by around 3 orders of magnitude with a
change in temperature between below and above Tm or Tcrys, as
indicated by the dashed vertical lines. For example, G′ of the
sample with 20 wt % IIR is 10.300 and 9 kPa at 25 and 65 °C,
respectively, that is, it 1140-fold reversibly changes depending
on the temperature. The higher the IIR content, the higher is
G′ at above Tm due to the simultaneous increase in the

νe =

′ °C
G25
RT

(3)

νe,assoc + νe,chem =

′ °C
G65
RT

(4)

where R is the gas constant and T is the absolute temperature.
Moreover, because the crystalline domains and hydrophobic
associations completely dissociate in good solvents such as
toluene,49,50,54,76 it is likely that the swollen c-IPNs containing
around 95% toluene only have chemical cross-links. The
density of chemical cross-links νe,chem was estimated from both
the equilibrium swelling ratio qw and Young’s modulus E
(=3G) of the swollen c-IPNs using the equations74
νe,chem =
νe,chem =

−[ln(1 − ϕ2) + ϕ2 + χ (ϕ2)2 ]
V1(ϕ21/3 − ϕ2 /2)
E
3RT (ϕ2)1/3

(5a)

(5b)

where ϕ2 is the volume fraction of IIR/PC18A in its
equilibrium swollen state in toluene, χ is the polymer−solvent
interaction parameter, given by χ = 0.49 + 0.25 ϕ2 for the IIR21791
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Figure 7. (a) Variation of G′ of IIR/PC18A with various IIR contents during a thermal cycle between 65 and 25 °C. ω = 6.3 rad·s−1. γo = 0.1%. Tm
and Tcrys are indicated by the dashed vertical lines. (b,c) Frequency (ω) dependences of G′ (symbols) and tan δ (curves) of IIR/PC18A at 25 (b)
and 65 °C (c). γo = 0.1% IIR = 20 (circle), 30 (triangle up), and 40 wt % (triangle down). (d) Components νe,cry, νe,assoc, and νe,chem of the cross-link
density of c-IPNs shown as a function of IIR wt %. The ﬁlled and open down-triangles represent νe,chem values estimated using eqs 5aa and 5b,
respectively.

Figure 8. (a) Two successive tensile loading (solid curves) and unloading cycles (dashed curves) without a waiting time between cycles up to a
maximum strain (εmax) of 70%. The second loading was conducted before (red) and after healing (blue). IIR = 30 wt %. γ = 5 min−1. (b) Uhys and E
of IIR/PC18A c-IPN with 30 wt % IIR calculated from the ﬁrst and second mechanical cycles before and after healing. (c) Images of an IIR/PC18A
specimen with 30 wt % IIR before (i) and after cutting (ii), after coloring one of its parts with a dye for clarity (iii), and after healing at 65 °C for 1
h (iv). The healed specimen can be twisted (v), bended (vi), and stretched to a stretch ratio of 320 ± 10% (vii), which is 88 ± 3% of the virgin
sample. (d) Images of the same specimen after creating a cut of around 20 μm in depth and 100 μm in width (i) and after healing at 65 °C for 5
min (ii). (e) Depth and width proﬁles of the same specimen before and after cutting and after healing for 5 min.
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Figure 9. SEM images (i) and elemental mapping of C (ii) and O atoms (iii) for IIR/PC18A with 40 wt % IIR after cutting (a) and after healing at
50 °C for 5 min (b). The parallel white lines in the bottom panel surround the healed area.

damaged sample after the ﬁrst cycle is heated at 50 °C for 15
min and subsequently cooled to 23 ± 2 °C, the second loading
curve closely follows the ﬁrst one, indicating heating-induced
recovery of the virgin microstructure (solid blue curve in
Figure 8a). Both the hysteresis energy Uhys and the modulus E
could completely be recovered after the heating-cooling
treatment of the sample (Figure 8b).
To demonstrate macroscopic healing behavior of IIR/
PC18A, the specimens were ﬁrst cut into two halves and then
put in contact at 65 °C several times. Figure 8c shows the
images of an IIR/PC18A specimen with 30 wt % IIR before (i)
and after cutting (ii), after coloring one of the cut parts with a
dye for clarity (iii), and after 1 h healing time at 65 °C (iv).
The healed specimen can be twisted (v), bended (vi), and
stretched to a stretch ratio of 320 ± 10% (vii), which is 88 ±
3% of the virgin sample. To monitor the time-dependent
healing behavior, a cut of 73 μm in diameter was ﬁrst created
on a cylindrical specimen using a blade. After heating the
specimen at 65 °C and then cooling to 23 ± 2 °C, the change
in the cut diameter was monitored as a function of the heating
time under an optical microscope. Within the ﬁrst hour, the
large cut disappeared to form several small cuts at the surface,
while at longer times, the cut regions slowly decreased in size
becoming 6−14 μm after 24 h (Figure S8). This two-step
healing process was also observed by confocal microscopy
measurements. Figure 8d shows typical images of an IIR/
PC18A sample with 30 wt % IIR after creating a cut of around
20 μm in depth and 100 μm in width (i) and after healing at 65
°C for 5 min (ii). The surface roughness (Ra) of the virgin
sample is 0.94 μm, and it increases to 1.28 μm after cutting,
whereas it returns to a value of 1.07 μm after 5 min of healing.
The depth and width proﬁles of the sample shown in Figure 8e
reveal a signiﬁcant healing within 5 min. Healing eﬃciency
along the width of the damaged area was 76% after a healing
time of 5 min.
The rapid healing within 5 min and the chemical
composition of the cut region before and after healing were
monitored by SEM−EDX measurements. Figure 9a,b shows
SEM images (i) and elemental mapping of C (ii) and O atoms
(iii) for an IIR/PC18A specimen with 40 wt % IIR. In
accordance with the real atomic composition of oxygen in the

toluene system in the range of ϕ2 between 0.01 and 0.10,77 and
V1 is the molar volume of toluene (106 mL·mol−1). The
volume fraction ϕ2 was calculated from the equilibrium weight
swelling ratio qw using ϕ2 = d1/(ρqw) where ρ are d1 are the
densities of IIR (0.92 g·mL−1)77 and toluene (0.867 g·mL−1),
respectively. IIR/PC18A c-IPNs exhibit a swelling ratio qw of
20 ± 3 in toluene and a Young’s modulus E of 3.1 ± 0.4 kPa at
23 ± 2 °C in their equilibrium swollen states in toluene. Using
these values, νe,chem was estimated as 0.9 ± 0.2 and 0.4 ± 0.1
mol·m−3 using eqs 5aa and 5b, respectively. Figure 7d shows
νe,cry, νe,assoc, and νe,chem calculated using eqs 2−5a plotted
against IIR content of c-IPNs. The chemical cross-link density
νe,chem is very small and only contributes to less than 0.1% of
the total cross-link density of c-IPNs, as expected from their
high swelling degrees in toluene. The main component
determining νe is the alkyl crystals forming 99.0−99.9% of
the total eﬀective cross-link density. Increasing IIR content of
c-IPNs also increases the number of eﬀective cross-links due to
the hydrophobic association (νe,assoc), and at 40 wt % IIR,
νe,assoc contributes to around 1% of the total cross-links.
2.5. Self-Healing and Shape-Memory Behavior. As
would be expected from the physical nature of more than 99%
cross-links, all c-IPNs with or without C12M exhibited healing
behavior when heated above Tm of crystalline domains and
subsequently cooled to room temperature. We ﬁrst utilized
cyclic mechanical tests to demonstrate self-recoverability of
IIR/PC18A c-IPNs. Five successive tensile loading and
unloading cycles of IIR/PC18A conducted for a maximum
strain εmax of 70% without a resting period between cycles
showed a signiﬁcant mechanical hysteresis during the ﬁrst cycle
(Figure S7). This reﬂects irreversible breaking of the alkyl
crystals that mainly contribute to the cross-link density of cIPNs. For instance, the solid and dashed red curves in Figure
8a show two successive loading and unloading curves,
respectively, up to εmax = 70% for a sample with 30 wt %
IIR. The modulus E and the hysteresis energy Uhys (the area
surrounded by the loading and unloading curves) of the virgin
specimen drastically decrease from 11.1 to 2.8 MPa and from
1.1 to 0.3 MJ·m−3, respectively, after the ﬁrst cycle, revealing
the occurrence of a permanent damage that cannot be healed
autonomously (Figure 8b). However, when the internally
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c-IPNs, oxygen composition obtained from EDX analysis
decreases from around 8 to 6 wt % with increasing IIR content
from 20 to 40 wt %, revealing reliability of the EDX data
(Figure S9). EDX images were taken after cutting (a, upper
panel) and after healing at 50 °C for 5 min (b, bottom panel).
It is seen that the thickness of the cut decreases from around
15 to 2 μm within 5 min. Moreover, the spatial distributions of
C and O atoms in the healed region (the area surrounded by
the white dotted lines in Figures 9b and S10) reveal that this
region is rich in carbon atoms, that is, the fast healing process
occurs via ﬁlling of that area with alkyl chains.
The two-step healing of the c-IPNs can be explained with
the existence of fast and slow processes occurring on the cut
surfaces and in the bulk region, respectively. The surfaces of
poly(alkyl (meth)acrylate)s in contact with air are known to be
covered by the alkyl side chains to minimize the surface free
energy of the polymer.78−83 The surface free energy of C18
side chains is 21.6 mJ·m−2, which is much lower than that of
IIR and PC18A, 33.6 and 32.8 mJ·m−2, respectively.84−86 This
suggests that IIR and the backbone of PC18A are aligned
toward the bulk c-IPN, while C18 side chains are exposed to
the air. The surface enrichment of C18 side chains above Tm
can also be expected due to their greater ﬂexibility as compared
IIR and PC18A. After damaging the specimen followed by
heating the damaged area above Tm, C18 side chains are thus
oriented away from the bulk c-IPN phase toward the newly
generated c-IPN/air interface. After bringing the damaged
surfaces together, C18 side chains covering them rapidly
reassociate and reform the alkyl crystals upon cooling. This
explanation was also supported by elemental mapping of C and
O in the healed region (Figures 9b and S10). Carbon atoms,
that is, alkyl chains, dominate the cut region, while O atoms of
acrylate groups are rarely seen, indicating the formation of alkyl
bridges between the surfaces. The slow healing process occurs
via interdiﬀusion of the polymer chains in the bulk phase to
provide a complete healing.39 As discussed above, the crosslink density of c-IPNs in the melt state is 2 orders of magnitude
lower than that in the semicrystalline state (Figure 7d). Thus,
the alkyl crystals hindering the motion of the polymer chains
melt at the healing temperature, so that the high mobility of
the chains facilitates side-by-side packing of C18 side chains to
recover the virgin crystalline order in the c-IPNs. Moreover, as
explained in Section 2.4, the contribution of elastically eﬀective
chemical cross-links to the total cross-link density of c-IPNs is
less than 0.1%, and this suggests the existence of network
defects such as cyclization reactions87 and grafts PC18A chains
attached at one end to the IIR backbone. Such relatively
mobile graft chains with free ends may also contribute to the
healing behavior of c-IPNs at elevated temperatures.88,89
Cut-and-heal tests were conducted to quantify macroscopic
healing of IIR/PC18A c-IPNs. After 1 h healing time at 65 °C,
the healing eﬃciency with respect to the modulus was 50 ± 2%
for the IIR/PC18A with 20 wt % IIR, which increased to 92 ±
2% after 24 h of healing at the same temperature (Figure S11).
Figure 10a shows typical stress−strain curves of virgin (solid
curves) and healed IIR/PC18A specimens (dashed curves) by
heating at 65 °C for 24 h. Healing eﬃciencies εh with respect
to the modulus E, toughness W, and fracture strain εf are
compiled in Figure 10b as a function of IIR content of c-IPNs.
The healing eﬃciency εh with respect to the modulus is above
90% for all c-IPNs, while that with respect to the toughness
and fracture strain increases from around 60 to 84% with
increasing IIR content from 20 to 40 wt % (Table S2).
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Figure 10. (a) Stress−strain curves of virgin (solid curves) and healed
(dashed curves) IIR/PC18A with various IIR contents. Healing was
conducted by heating at 65 °C for 24 h. (b) Healing eﬃciencies εh
with respect to the modulus E, toughness W, and fracture strain εf
plotted against IIR content of c-IPNs.

IIR/PC18A with and without C12M also exhibited shapememory behavior due to the existence of hydrophobic
associations and chemical cross-links determining their
permanent shapes and alkyl crystals acting as switching
segments. The images in Figure 11a demonstrate blooming
of a ﬂower-shaped IIR/PC18A specimen with 30 wt % IIR
within 15 s, where alkyl crystals as switching segments ﬁx the
temporary closed ﬂower shape, while hydrophobic associations
and chemical cross-links acting as the net points determine the
permanent shape of the ﬂower after blooming. The bloom
process is triggered by heating at 50 °C (see Supporting
Information Movie). Bending tests were conducted to quantify
shape-recovery eﬃciency Rθ of IIR/PC18A c-IPNs. Figure 11b
showing the temperature dependence of Rθ reveals a complete
shape-recovery in a narrow range of temperature (49−52 °C)
for all c-IPNs.
The synthetic strategy presented here to fabricate highly
tough and smart IIR/PC18A c-IPNs is suitable for a variety of
n-alkyl acrylates and rubbers. Several n-alkyl (meth)acrylate
monomers denoted by CxR were utilized for preparing IIR/
PCxR c-IPNs with 20 wt % IIR, where Cx stands for the
carbon numbers of the side chain and R = A or M for acrylates
and methacrylates, respectively (Supporting Information, Text
T2). The melting temperatures Tm, degree of crystallinity fcry,
and mechanical properties of the c-IPNs could be adjusted by
changing the number of carbon atoms in the side chain. For
instance, replacing C18A with the C14A monomer decreased
Tm and fcry of the resulting c-IPNs from 51 to 24 °C and from
0.24 to 0.17, respectively, while the toughness W increased
from 1.9 to 6.3 MJ·m−3 (Figure S12). Moreover, as compared
to the semicrystalline IIR/PC16A, the corresponding IIR/
PC16M formed using the methacrylate C16M monomer is
amorphous, which is attributed to the limited ﬂexibility of
methacrylate backbones hindering alignment of the alkyl side
chains.65,90 Preliminary experiments also showed that natural
rubber (NR), cis-butadiene rubber (BR), and styrenebutadiene rubber (SBR) are soluble in the C18A monomer
at 80 °C to form homogeneous mixtures. UV polymerization
of the mixtures containing 20 wt % rubber at 30 ± 2 °C leads
to the formation of NR/PC18A, BR/PC18A, and SBR/PC18A
c-IPNs with Tm’s of around 50 °C.
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Figure 11. (a) Images of an IIR/PC18A specimen with 30 wt % IIR in permanent and temporary shapes and shape-recovery within 15 s. The green
spots on the specimen were created by pipetting an aqueous ﬂuorescein solution on its surface which forms green droplets due to its
hydrophobicity. (b) Shape-recovery eﬃciency Rθ estimated by the bending tests plotted against the temperature for c-IPNs with various IIR
contents and PC18A.
degree of IIR was 1.7 ± 0.2 mol %, as determined by 1H and 13C
NMR analysis on an Agilent VNMRS 500 MHz spectrometer (Figure
S13). n-Octadecyl acrylate (C18A) and 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) both purchased from
Sigma-Aldrich (St. Louis, MO) were used without puriﬁcation.
4.2. Preparation of IIR/PC18A c-IPNs. Cross-linking of IIR was
conducted by melt-mixing of the reaction components IIR, C18A, and
Irgacure 2959 followed by keeping the homogeneous mixture under
UV light at 360 nm for 1 h. A typical cross-linking procedure to
produce a c-IPN with 30 wt % IIR content involves dissolving 1.5 g of
IIR in 3.5 g of C18A at 80 °C for 8 h to obtain a homogeneous
viscous mixture. After the addition of 7 mg of Irgacure 2959 (0.2 wt %
with respect to C18A) under stirring, the viscous mixture was cast
between glass plates separated by a 1 mm spacer. After running the
polymerization for 1 h at 30 ± 2 °C under UV light, a self-healable
IIR/PC18A c-IPN with shape-memory function was obtained. IIR/
PC18A-C12M c-IPNs were prepared as described above except that
the C12M monomer was also included into the melt mixture. In this
set of experiments, IIR content of the mixture was ﬁxed at 20 wt %,
while the mole fraction of C12M in the C18A + C12M mixture
(xC12M) was varied between 0 and 0.50 (Table S1). To estimate the
molecular weight of the PC18A component of c-IPNs, UV
polymerization of C18A was conducted under the same experimental
condition but in the absence of IIR. Using GPC analysis, the numberaverage molecular weight was determined as 90,000 g·mol−1 with a
very broad polydispersity index of 20 (see Supporting Information,
Text T3). This is likely due to phase separation of PC18A at the
reaction temperature which is below its melting temperature.
4.3. Characterization. XRD data were collected at 23 ± 2 °C in
the angular range 2θ = 1−50° with a scan rate of 0.05°·s−1 on a
Panalytical Empyrean instrument using CuKα radiation (λ = 0.154
nm) operating at 40 kV/50 mA. SAXS data were collected at 23 °C
with an exposure time of 900 s using the HECUS-SWAXS system
(Graz, Austria). Nickel-ﬁltered Cu Kα radiation (λ = 0.154 nm)
operating at 50 kV/40 mA was used as the X-ray source. FTIR spectra
were recorded on a Carry 630 FTIR spectrometer with ATR
accessory (Agilent Technologies) over the range of 400−4000 cm−1.
DSC experiments were carried out on a PerkinElmer Diamond DSC
under a nitrogen atmosphere. The specimens were sealed in
aluminum pans and scanned between 5 and 80 °C with a scanning
rate of 5 °C·min−1. The fraction fcry of C18A units in crystalline
domains was calculated by fcry = wC18A ΔHm/ΔHom, where wC18A is the
mass fraction of C18A in the specimen and ΔHm and ΔHm° are the
melting enthalpies (in J·g−1) of the specimen and crystalline C18A
units, respectively, where the latter was taken as 219.4 J·g−1.91,92 For
transmission (TEM) and STEM analysis, ultrathin sections (∼40 nmthick) of the c-IPNs were prepared using a cryo-ultramicrotome
(RMC PowerTome-PC, Boeckeler Instruments) with a diamond knife
(Diatome) at −150 °C. The sections were then collected on 200mesh lacy carbon-coated copper grids (Ted Pella) and stained with

3. CONCLUSIONS
A simple and versatile strategy was presented for the
preparation of highly tough and highly stretchable IIR/
PC18A c-IPNs with thermally induced self-healing and
shape-memory functions. Solvent-free UV polymerization of
the melt mixture composed of IIR, C18A, and Irgacure 2959 at
30 ± 2 °C leads to the formation of c-IPNs containing alkyl
crystals formed by side-by-side packed C18 side chains with a
thickness of around 7.9 nm. The crystalline domains with a Tm
of 51−52 °C are responsible for more than 99% of eﬀective
cross-links in the c-IPNs with the rest being hydrophobic
associations and chemical cross-links. IIR/PC18A c-IPNs
exhibit sea-island or co-continuous morphologies depending
on their IIR contents. This change in the morphology is
attributed to the increasing viscosity of the melt mixture before
polymerization with increasing IIR content. IIR/PC18A cIPNs exhibit a varying stiﬀness (9−34 MPa) and stretchability
(72−740%) that can be tuned by varying IIR/PC18A weight
ratio. They also exhibit a signiﬁcantly higher toughness (1.9−
12 MJ·m−3) than their individual components which is
attributed to the lamellar crystals serving as sacriﬁcial bonds
to dissipate energy and to the ductile amorphous network
keeping the structure together. The properties of IIR/PC18A
c-IPNs could also be tuned by incorporating the noncrystallizable hydrophobic C12M monomer in the melt
mixture. IIR/PC18A c-IPNs exhibit a two-step healing process
with >90% healing eﬃciency with respect to the modulus and a
complete shape-recovery ratio induced by heating above Tm of
alkyl crystals. The temperature-induced healing occurs via a
quick step where C18 bridges form between the damaged
surfaces followed by a slow step controlled by the
interdiﬀusion of C18A segments in the bulk. We also show
that our strategy is suitable for a variety of rubbers and n-alkyl
(meth)acrylates of various side-chain lengths. The strategy
developed here provides the design of shape-memory materials
in various permanent shapes for the preparation of self-healable
smart wires, tubing, rods, coatings, or ﬁlms in numerous
applications, including aerospace, temperature sensors, biomedical devices, and actuators.
4. EXPERIMENTAL SECTION
4.1. Materials. Butyl rubber (IIR, BK-1675N, molecular weight
180,000 g·mol−1, Nizhnekamskneftekhim, Russia) was puriﬁed by
dissolving in toluene and then precipitating in an excess of methanol
followed by drying under vacuum to constant mass. The unsaturation
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Uranless for about 1 min. The images of unstained and stained c-IPNs
were obtained with a JEOL ARM-200CF instrument in both TEM
and STEM modes operated at 200 kV. The BF mode was also used to
increase the contrast of the images, and they were recorded with a
Gatan Orius SC200D CCD camera. Energy-dispersive X-ray spectroscopy (EDX) was used in the STEM mode to provide elemental
analysis for carbon and oxygen. The average size of the dispersed
particles in the TEM images was estimated by analyzing at least 110
particles in the images taken at various magniﬁcations. The apparent
particle size was calculated as d = (4A/π)0.5, where A is the area of an
individual particle. The number and weight averages of the particle
sizes were estimated as dn = ∑nidi/∑ni and dw = ∑nidi2/∑nidi,
respectively, where ni is the number of particles within a speciﬁed
range about the value di.
Rheological measurements of cylindrical specimens (20 mm in
diameter and ∼1 mm in thickness) were conducted between the
parallel plates of a Gemini 150 rheometer system (Bohlin Instruments) combined with a Peltier device to control temperature. The
upper plate (diameter 20 mm) was ﬁxed at a distance of 1050 ± 85
μm depending on the specimen thickness. The storage modulus G′
and loss modulus G″ were monitored by changing the temperature
between below and above the melting temperature of the c-IPNs at a
frequency ω of 6.3 rad·s−1 and a deformation amplitude γo of 0.1%.
For this purpose, the specimens were ﬁrst kept at 65 °C and then
cooled down to 25 °C at a rate of 2 °C·min−1. Frequency sweep tests
were carried out at both 25 and 65 °C over the frequency range 0.3−
300 rad·s−1.
The mechanical properties of c-IPNs were determined at 23 ± 2 °C
by uniaxial tensile tests on a Zwick Roell test machine with a 500 N
load cell. The ﬂat specimens of 20 × 30 × 1 mm in dimensions were
ﬁxed between the top and bottom grips at a ﬁxed initial length
between jaws of 10 mm and then stretched until complete failure at a
rate of 5 min−1. The nominal stress σnom and strain ε data were
recorded where σnom is the force per cross-sectional area of the
undeformed sample and ε is the change in the sample length relative
to its initial length. Young’s modulus E was calculated from the slope
of the stress−strain curves between 0.01 and 2% deformations. Cyclic
mechanical tests were carried out at the same strain rate by
conducting ﬁve successive loading and unloading steps on the
specimens to a maximum strain of 70% without a waiting time
between cycles. The mechanical cycles were characterized by the
hysteresis energy Uhys, the area surrounded by the loading and
unloading curves, and by the hysteresis energy per loading energy fdiss
(Figure S7c).
Self-healing behavior of c-IPNs was investigated by optical
microscopy, confocal microscopy, SEM−EDX mapping, and mechanical testing. For optical microscopy measurements, a cut of around 70
μm in diameter was ﬁrst created on a cylindrical specimen with a
thickness of 1 mm using a blade. The specimen was then heated at 65
°C, and the change in the cut diameter was monitored using an image
analyzing system consisting of a XSZ single zoom microscope, a CDD
digital camera (TK 1381EG), and a PC with the Image-Pro Plus data
analyzing system. A true color confocal microscope (Zeiss, AXIO,
CSM 700) was also used to monitor the healing of the cut area as a
function of time. In addition, healing of around 15 μm thick cut at 50
°C was monitored using scanning electron microscopy (SEM) images
that were recorded on an FEI Quanta FEG 250 microscope
(Hillsboro, OR, USA) equipped with an EDX at an accelerating
voltage of 20 kV. For mechanical testing, the specimens of dimensions
10 × 30 × 1 mm were ﬁrst cut in the middle into two equally sized
pieces and then healed by keeping the cut surfaces in contact for 24 h
at 65 °C. The mechanical properties of virgin and healed c-IPNs were
determined by uniaxial mechanical testing.
The shape-memory behavior was studied by a bending test as
follows: The ﬂat specimen of 20 × 30 × 1 mm in dimension is folded
at 65 °C and then cooled to 25 °C to keep the deformed temporary
shape. The specimen is then heated from 25 to 75 °C at 1−3 °C steps
during which the deformation angle θd is monitored using the image
analyzing system detailed above. The shape-recovery ratio Rθ was
calculated as Rθ = θd/180.

The swelling ratio of c-IPNs was determined by immersing ﬂat
specimens (dimensions: 4 cm × 5 cm × ∼1 mm) in toluene for at
least 2 weeks during which toluene was refreshed every other day.
After transferring into methanol, they were dried under vacuum to
constant mass. The equilibrium weight swelling ratio qw of c-IPNs in
toluene was calculated as qw = ms/mdry, where ms and mdry are the
masses of the specimen after swelling in toluene and after drying,
respectively.
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