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Abstract
Bulk copolymerization of alkyl acrylates and cyclodextrin (CD) host monomers produced a single movable cross-
network (SC). The CD units acted as movable crosslinking points in the obtained SC elastomer. Introducing movable
crosslinks into a poly(ethyl acrylate/butyl acrylate) copolymer resulted in good toughness (Gf) and stress dispersion.
Here, to improve the Young’s modulus (E) and Gf of movable cross-network elastomers, the bulk copolymerization
of liquid alkyl acrylate monomer swelling in SC gave another type of movable cross-network elastomer with
penetrating polymers (SCPs). Moreover, the bulk copolymerization of alkyl acrylate and the CD monomer in the
presence of SC resulted in dual cross-network (DC) elastomers. The Gf of the DC elastomer with a suitable weight %
(wt%) of the secondary movable cross-network polymer was higher than those of the SCP or SC elastomers. The
combination of suitable hydrophobicity and glass transition of the secondary network was important for improving
Gf. Small-angle X-ray scattering (SAXS) indicated that the DC elastomers exhibited heterogeneity at the nanoscale.
The DC elastomers showed a significantly broader relaxation time distribution than the SC and SCP elastomers.
Thus, the nanoscale heterogeneity and broader relaxation time distribution were important to increase Gf. This
method to fabricate SCP and DC elastomers with penetrating polymers would be applicable to improve the Gf of
conventional polymeric materials.

Introduction
In recent years, various polymer networks have been

reported to create new functional materials1–7. These
unique polymer networks have attracted much attention
for their innovative mechanical properties and functions,
which are difficult to achieve by conventional synthetic
methods, such as copolymerization and polymer mixing
(polymer alloys and blends)8,9, interpenetrating polymers

(IPNs)10 and double-network polymers11,12. Recently,
polymeric materials with reversible or movable cross-
linkers have been employed to achieve new functions,
such as effective stress relaxation, high toughness (Gf),
and self-healing properties13–24. When preparing a poly-
meric material with movable crosslinkers, cyclic mole-
cules are required to penetrate the polymer chain25–30.
Preorganized polyrotaxane is an effective polymer com-
ponent to prepare movable crosslinked materials31–33.
The introduction of reversible or movable crosslinkers is
an effective method to improve the mechanical properties
beyond those obtained by covalently crosslinked poly-
meric materials. Generally, fabrication techniques, such as
mixing polymers or fillers with different physical prop-
erties, have been chosen to prepare a highly elastic
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material with great Gf. To produce a material with both a
high Young’s modulus (E) and a high Gf, which are usually
involved in a trade-off relationship, we proposed new
molecular and material designs.
Previously, we prepared movable crosslinking elasto-

mers using acrylate-based polymers or acrylamide-based
polymers as the polymer main chain (Fig. 1a)34,35, here
called single movable cross-network (SC) elastomers.
The Gf of these SC elastomers was higher than those of
chemically crosslinked elastomers and elastomers with-
out any crosslinking. Inoue and his coworker revealed
the viscoelastic behaviors and relaxation mode of the

movable crosslinking of SC elastomers36,37. Adjusting
the content (mol%) of the CD unit (the crosslinking
density) or varying the main chain polymer with different
glass transition temperatures (Tg values) is useful to
control the elastic modulus of SC elastomers. However,
improving the Gf of SC elastomers with a much higher E
is challenging.
Here, we focused on the network structure of SC elas-

tomers, which consists of two kinds of polymer networks
with movable units. We propose that the first network
structure has a hole into which another polymer chain
penetrates. Knitting the mesh holes of the SC elastomers
with another polymer chain should produce an SC net-
work with penetrating polymer elastomers (SCPs)
(Fig. 1b). The knitted polymer chains in the SCP elasto-
mer should slide into the mesh hole to increase Gf while
maintaining a high E. Furthermore, we propose a dual
movable cross-network elastomer (DC), in which another
SC network is knitted into the mesh hole (Fig. 1c). This
DC elastomer is expected to have higher E and Gf values.
To prepare SCP and DC elastomers with a high Gf, two
different types of monomers were employed: a hydro-
phobic acrylate as the soft segment and a hydrophilic
acrylamide derivative as the hard segment. Thus, the
“molecular knitting method” is our strategy for tough
polymers. Here, it is important to note that polymers with
different polarities are generally hard to mix even if they
are mixed in the molten state or polymerized as a
homogeneous monomer solution. In the case of cross-
linked networks, macroscopic phase separation is pre-
vented by the network structure, but is expected to have
large nanoscale concentration fluctuations. In the present
case, the crosslinking point is movable, and we antici-
pate similar suppression of the microscopic phase
separation and larger concentration fluctuations due to
fewer confinement effects of the movable crosslinks.
Such a large concentration fluctuation results in a
broader glass transition and therefore the rubber/glass
composite, as in the case of high impact polystyrene, in
which rubber particles are dispersed in the glassy
polystyrene matrix38,39. Thus, molecular knitting is our
fundamental idea, but we further anticipate a toughen-
ing effect through a preferable nanoscale structure in
the knitted networks. Here, we fabricated and reported
SC, SCP, and DC elastomers to evaluate their mechan-
ical properties (Fig. 1d). The DC elastomers showed
significantly improved values of E and Gf.

Results and discussion
Preparation of the DC, SCP and SC elastomers
Figure 2 shows the chemical structures of the dual

movable cross-network elastomers (DC(w) elastomers),
the single movable cross-network elastomers with pene-
trating polymers (SCP(w) elastomers), and the single

Fig. 1 Schematics of the polymeric materials with different
preparation structures. a Single movable cross-network elastomers
(SC elastomers), b single movable cross-network elastomers with
penetrating polymer chains (SCP elastomers), and c dual movable
cross-network elastomers (DC elastomers). d Proposed mechanical
property map of the toughness and modulus of these elastomers.
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Fig. 2 Preparation of the dual movable cross-network (DC) elastomers, single movable cross-network with penetrating polymers (SCP)
elastomers, and single movable cross-network (SC) elastomers. Chemical structures of a single movable cross-network (SC) elastomers, b SC
with penetrating polymers (SCP(w)), and c dual movable cross-network DC(w). d The 600 MHz 2D 1H-1H NOESY NMR spectrum of DC(60) in CDCl3.
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movable cross-network elastomers (SC elastomers). The
SC elastomers were prepared according to a previous
report34. The SC elastomers were given different names,
such as SC(EA-BA) (Scheme S1, Table S1, Fig. S1), SC
(EA-BA-DMAA) (Scheme S2, Fig. S2), and SC(DMAA)
(Scheme S3, Fig. S3), based on their main chain mono-
mers (N,N-dimethylacrylamide (DMAA), ethyl acrylate
(EA), and butyl acrylate (BA)) (Fig. 2a).
The DC(w) and SCP(w) elastomers have two individual

polymer networks. The w values are the weight% contents
of the secondary network. The SCP(w) elastomer was
prepared by photopolymerization of DMAA with 1-
hydroxy-cyclohexylphenyl-ketone (IGM Resins B.V.,
Omnirad 184), where the SC(EA-BA) elastomers were
swollen in the monomer solution (Fig. 2b, Scheme S4,
Fig. S4, and Table S2). When bulk free-radical copoly-
merization was carried out by UV irradiation with a high-
pressure Hg lamp (λ= 253 and 365 nm), a transparent
elastomer formed within 30 min. After polymerization,
the elastomer was dried at 80 °C in vacuo to remove
the residual DMAA. The other elastomers, DC(w), were
prepared in the same manner (Fig. 2c, Scheme S5, Fig. S5,
Tables S3 and S4). The DC(w), SCP(w) and SC elastomers
were characterized by 1H NMR (Figs. S1−S5) and FT-IR
spectroscopy (Fig. S6). DC(60) was more transparent than
SCP(60) (Fig. 2).
To spectroscopically elucidate the knitting structure

between p(EA-BA)-TAcγCDAAmMe (the primary net-
work) and pDMAA-TAcγCDAAmMe (the secondary
network), 2D 1H-1H nuclear Overhauser effect spectro-
scopy (NOESY) NMR was performed to observe corre-
lation signals in DC(60) (p(EA-BA)-TAcγCDAAmMe �
pDMAA-TAcγCDAAmMe) swollen in CDCl3 (the
operator � indicates the interpenetrating structure). The
spectra of SCP(60) (p(EA-BA)-TAcγCDAAmMe �
pDMAA) (Fig. S7) and SC(EA-BA-DMAA) (p(EA-BA-
DMAA)-TAcγCDAAmMe) (Fig. S8) did not exhibit NOE
correlations between the protons of the main chain
polymers, indicating that the SC and SCP elastomers do
not form a spatially dense structure between the main
chain polymers. On the other hand, the spectrum of
DC(60) swollen in CDCl3 exhibited NOE correlations
between the protons in the p(EA-BA) polymer and the
protons on the pDMAA main chain (Fig. 2d), suggesting a
significantly close distance between the primary and sec-
ondary networks. DC(60) should form the knitting net-
work structure between p(EA-BA)-TAcγCDAAmMe (the
primary network) and pDMAA-TAcγCDAAmMe (the
secondary network).

Simulation of the mixed state of 4 kinds of monomers
In the current polymerization method, EA, BA, DMAA,

and TAcγCDAAmMe were mixed simultaneously with-
out any solvent. EA and BA are hydrophobic liquid

monomers, and DMAA and TAcγCDAAmMe are rela-
tively hydrophilic monomers. Then, an all-atom mole-
cular dynamics (MD) simulation was carried out to
investigate the structural properties of the mixed solu-
tions, including the four kinds of monomers. The
mesoscale structures of the monomer mixtures, radial
distribution functions and their potentials of mean force
were evaluated by MD simulations of the pairs of
TAcγCDAAmMe and the other monomer species. Our
simulations indicated that the monomers EA, BA and
DMAA were relatively dispersed in the monomer solu-
tions, and then, the TAcγCDAAmMe monomer aggre-
gated slightly regardless of the composition in the MD
system (Fig. 3a, b, c).
On the basis of the materials perspective of network

polymers, the reason for selecting the acrylamide-based
monomer DMAA for the acrylate-based monomers EA
and BA was to consider the penetration efficiency of
TAcγCDAAmMe into the cavity in addition to the Tg of
poly(DMAA). Spectroscopic analyses in our previous
reports showed that poly(EA) and poly(DMAA) pene-
trated into the cavity of TAcγCDAAmMe, and we con-
firmed the improvement in Gf

34,35. We expected DMAA
to penetrate the cavity of γCD more easily than EA. This
scenario was revisited through MD simulations. First,
either acrylate or DMAA monomers were mixed with
TAcγCDAAmMe to evaluate their penetration into the
TAcγCDAAmMe cavity. From MD simulations of 14
compositions, the EA and DMAA monomers were sta-
bilized in the cavity of TAcγCDAAmMe (Fig. 3d, Table
S5). BA also entered the cavity, but the penetration
probability was lower than that when EA and DMAA
were used. Next, TAcγCDAAmMe was mixed with a
certain mixing ratio of EA/BA/DMAA in the MD simu-
lation. The mixing ratio of [EA]/[BA]/[DMAA]= 200/
100/500 effectively formed complexes with strong binding
free energies of the monomers (Fig. 3e, Fig. S9). Based on
the above results, DMAA was selected as an acrylamide-
based monomer for EA and BA, and the mixing ratio of
EA/BA/DMAA was referenced to prepare the DC, SCP,
and SC elastomers.

Mechanical properties of the DC, SCP, SC elastomers
Tensile tests determined the mechanical properties of

the DC(w), SCP(w), and SC elastomers. Figure 4a shows
the stress−strain curves of DC(60), SCP(60), and SC(EA-
BA-DMAA). The fracture stresses (σ) of DC(60) and SCP
(60) are not very different, but the fracture strain (λ) of
DC(60) is approximately twice that of SCP(60). Figure 4b
shows the relationship between Gf of the SCP(w) elasto-
mers and SC(EA-BA) and w of the secondary network of
pDMAA. Gf was evaluated as the integral of the strain
−stress curve from the tensile tests. Gf of the SCP(w)
elastomers increased with w and reached a maximum at
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w= 60 wt%. Figure 4c shows the relationship between Gf

and E of the SCP(w) elastomers and the control polymer,
SC(EA-BA-DMAA). Hard materials with a high E are
generally brittle with a low Gf. However, the Gf values of
the SCP(w) elastomers increased with increasing w of the
penetrating pDMAA and reached its maximum at 60 wt%.
The Gf of SCP(60) was significantly higher than those of
SC(EA-BA) as the primary network and native pDMAA.
These results indicate that a suitable wt% of the pene-
trating pDMAA as the secondary network plays a role in
improving both Gf and E.
Figure 4d shows the stress−strain curves of the DC(w)

elastomers, which depend on the wt% of the secondary
movable polymer network. DC(60) exhibited a higher Gf

than SC(EA-BA-DMAA) and SCP(60); however, Gf

depends on w in a similar manner to the SCP(w) elasto-
mers. We also investigated a suitable molar ratio of EA:BA
in the SC(EA-BA) primary network of DC(60) (Fig. S10).
The Gf of DC(60) with 66mol% EA in SC(EA-BA) was
higher than that in SC(EA-BA). Figure 4e shows that the
highest Gf values of the DC(w) elastomers were found at
approximately 40–60 wt% of the secondary movable
crosslinking network. We also studied the effect of the
stiffness of the primary network on the mechanical
properties. We prepared DC(DMAA⊃EA)(w), which has
SC(DMAA) as the primary polymer and SC(EA) as the
secondary polymer. Fig. S11 shows the mechanical
properties of DC(DMAA⊃EA)(w). The Gf of DC

(DMAA⊃EA)(w) was lower than that of SC(EA), which
does not contain a primary polymer. This result implies
that the soft primary network (SC(EA-BA)) is important
to prepare tough polymeric materials.
Figure 4f summarizes the relationship between Gf and E

for the movable crosslinked elastomers and Gf of the SC
elastomers (SC(EA-BA), SC(EA-BA-DMAA), and SC
(DMAA)), which were almost the all same and at a
similarly low level. The E of the SC elastomers increased
with Tg, meaning that E can be controlled by changing the
polymer main chain structure, but further improving Gf at
the same time is difficult. On the other hand, adjusting the
wt% of the secondary network in the DC(w) and SCP(w)
elastomers enables the control of Gf. If the secondary
network of DC(60) was replaced with a chemically
crosslinked network, here, called DCC(60) (Scheme S6),
the Gf of DCC(60) was significantly lower than that of DC
(60) (Fig. S12). These results indicate that the molecular
knitting method provides simultaneous improvements in
both Gf and E.
We next investigated the effect of the movable cross-

links with cyclic tensile tests of SCP(60) and DC(60)
(Fig. 4g, h). Test pieces were continuously stretched and
recovered without rest intervals. The maximum strains of
SCP(60) were set to 10%, 50%, and 100% with a defor-
mation rate of 1.0 mm/s (Fig. 4g). In the DC(60) test, the
strains were set to 10%, 50%, 100%, 150%, 200% and 250%
(Fig. 4h). Figure 4i shows the plots of the hysteresis losses

(a) (b) (c) (d)

(e)

EA/BA system EA/BA/DMAA system
TAcγCDAAmMe

Fig. 3 MD simulations with a mixture of four kinds of monomers (EA, BA, DMAA, and TAcγCDAAmMe). Investigation of a suitable monomer
ratio to penetrate into the cavity of TAcγCDAAmMe. a Snapshots of an isolated monomer of TAcγCDAAmMe and the system image in the
monomer solution. b, c Snapshots of MD simulations in monomer solutions of (b) [EA]/[BA]/[TAcγCDAAmMe] = 400/400/8 and c [EA]/[BA]/[DMAA]/
[TAcγCDAAmMe] = 200/200/400/8 (right). d The calculated number of monomers included in the TAcγCDAAmMe cavity with various composites
([EA]/[BA]/[DMAA] = 200x/200/400(1-x)). e The three-component diagram estimated from the calculated number of monomers included in the
TAcγCDAAmMe cavity.
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of SCP(60) and DC(60) depending on the cycle, which
were calculated using the following equation:

Hysteresis loss %ð Þ ¼ Wout �Winð Þ=Win ´ 100 %ð Þ

Win: work added to the test piece during stretching

Wout: work recovered from the test piece through
shrinking.
Win and Wout were determined from the stress-strain

curve from the cyclic tensile tests. SCP(60) and DC(60)
both exhibited high hysteresis loss, indicating that excess
movable crosslinking prevents recovery of the initial
sample form.

Fig. 4 Mechanical properties of the dual- and single-movable cross-network elastomers. a Stress–strain curves of DC(60) (red line), SCP(60)
(blue line), and SC(EA-BA-DMAA) (black lines). b Plots of toughness (Gf) versus weight fraction of the secondary network (w) of SCP(w) (blue circles),
SC(EA-BA) and pDMAA. c Plots of Gf versus Young’s modulus (E) of SCP(w) (blue circles) and SC(EA-BA-DMAA) (black circles). d Stress–strain curves of
DC(w) (red lines) and SC(DMAA) and SC(EA-BA) (black lines). e Plots of Gf versus the weight fraction of the secondary network (w) of DC(w) (red
circles), SC(EA-BA) and SC(DMAA) (black circles). f Plots of Gf versus E of DC(60) (red circle), SCP(60) (blue circle), SC(EA-BA-DMAA), SC(DMAA) and SC
(EA-BA) (black circles). g, h Stress (σ)-strain (λ) curves of SCP(60) (blue lines) and DC(60) (red lines) obtained from the cyclic tensile tests. i Plots of
hysteresis loss versus λ for SCP(60) (blue circles) and DC(60) (red circles). The strain ratios were normalized by the elongation ratio at break.
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SCP(60) showed almost constant hysteresis regardless
of the strain ratio, while DC(60) showed a slight decrease
in hysteresis as the strain ratio increased, which was
normalized by the elongation ratio at break (Fig. 4i). This
result indicates that the structure of DC(60) is more likely
to recover its original structure after stretching.

Structural information of the DC, SCP and SC elastomers
We investigated the internal structures of the topologically

crosslinked elastomers by small-angle X-ray scattering
(SAXS) measurements to elucidate the nanoscale structure.
Figure 5a shows the SAXS profiles of DC(60), DC(50), and
DC(40), in which the Gf values were higher than those of the
other DCs(w). DC(60) and DC(50) displayed peaks d1 and d2
at 0.60 and 0.10 nm−1 of the scattering vector (q), corre-
sponding to domain spacing sizes of 8.3 nm and 50 nm,
respectively. DC(40) continued to increase over the whole
detected range. DC(60) was confirmed to have heterogeneity
at the nanoscale, which implied dispersion of the nanodo-
mains, Fig. 5b shows that SCP(60) had two peaks; the d3 and
d4 values of 0.30 and 0.060 nm−1 corresponded to domain
spacing sizes of 21 and 94 nm, respectively. The domain
spacing sizes of DC(60) were smaller than those of SCP(60).
Unlike DC(60) and SCP(60), no significant peak was
observed for SC(EA-BA-DMAA), suggesting that the
copolymerization of EA, BA, and DMAA resulted in a
homogeneous internal structure without significant phase
separation. On the other hand, d1~d4 of DC(60) and SCP
(60) refer to domains formed by phase separation of the
primary and secondary networks.
The thermal properties of DC(60), SCP(60) and SC(EA-

BA-DMAA) were evaluated by DSC measurements.
While SC(EA-BA-DMAA) showed a clear Tg= 36.5 °C on
the first scan, DC(60) and SCP(60) had moderate endo-
thermic transitions through three thermal transitions at

temperatures of approximately −16 °C, 36 °C, and 90 °C
(Fig. S13). On the first scan, SC(EA-BA) as the primary
network was confirmed to be Tg=−19.4 °C, and the Tg of
the secondary network pDMAA was 77.8 °C (Fig. S14).
These results suggest that the two thermal transitions of
DC(60) and SCP(60) were thermal transitions of the pri-
mary network and the secondary network. However, DC
(60) and SCP(60) showed two clear Tg values derived from
the primary network and the secondary network on the
second scan (Fig. S15). SC(EA-BA) showed a Tg=−15.2 °C
on the second scan, which was derived from the single
network (Fig. S16). The primary and secondary networks
mixed in DC(60) and SCP(60) were due to the knitted
structures, unless they were annealed at 200 °C. The tran-
sition at approximately 36 °C observed in the first scan for
DC(60) and SCP(60) disappeared after annealing. Before
annealing, the primary and secondary networks mixed very
well, and some phases in the as-prepared DC(60) and SCP
(60) behaved as pseudo-SC(EA-BA-DMAA). According to
the SAXS results, DC(60) showed smaller phase separation
(~10 nm) than SCP(60). This small phase separation
structure of DC(60) contributes to the high Gf.

Dependence of Gf on the distribution of relaxation modes
Figure 6 shows the composite curves of the moduli (E′

and E′′) of DC(60), SCP(60), and SC(EA-BA-DMAA)
measured by dynamic mechanical analysis (DMA). The
stretching strain for the samples was set to 0.1%, which is
in the linear response regime. The storage modulus (E′)
and loss modulus (E′′) were measured by applying sinu-
soidal strain at 13 different frequencies (f: 0.25, 0.40, 0.63,
1.0, 1.6, 2.5, 4.0, 6.3, 10, 16, 25, 40, and 63 Hz) under
isothermal conditions. The same measurements were
repeated at several temperatures from 5 °C to 95 °C. The
composite curves of E′ and E′′ were constructed following

Fig. 5 Structural information of the DC, SCP, and SC elastomers by SAXS measurements. a SAXS profiles of DC(w) (w = 40, 50 and 60). b SAXS
profiles of DC(60) (red line), SCP(60) (blue line), and SC(EA-BA-DMAA) (black line).
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the time (frequency)-temperature superposition principle:
each modulus was a horizontally shifting modulus using
the horizontal shift factor, aT, setting 24 °C as the refer-
ence temperature, in addition to using the small vertical
shift factor, bT �T=Tr , (Figs. S17–S19). Since the time-
temperature superposition principle held in this instance,
we will discuss the polymer chain dynamics using the
composite curves. Here, we note that E00 ωð Þ reflects the
viscoelastic relaxation time spectrum H τð Þ�E00 1=ωð Þ,
where ω refers to the angular frequency, ω ¼ 2πf .
The E′ values of DC(60) and SCP(60) were higher than the

E′′ of each material. The E′ and E′′ of DC(60) and SCP(60)
gradually decreased with decreasing reduced frequency in
the measured range. Correspondingly, the tan δ (= E′′/E′)
spectra shown in Fig. S20 are nearly independent of the
frequency, suggesting a broad relaxation time distribution
(Fig. 6a, b). Furthermore, the E′′ of DC(60) decreased con-
stantly while that of SCP(60) changed to a slightly flatter
slope at approximately ω ¼ 10�3 s�1, indicating that DC(60)
has longer relaxation times than SCP(60). In contrast, the
E′ and E′′ of SC(EA-BA-DMAA) significantly decreased at a
lower frequency (ω < 10−4 s−1) (Fig. 6c), indicating a clear
break (discontinuity) of the relaxation time distribution. SC
(EA-BA), as the primary network, had the top of tan δ

around τ ¼ ω�1 ¼ 10�1 s (Fig. S21) derived from the sliding
motion of the movable crosslinks36,37. The control sample,
poly(EA) without a CD unit, did not show a marked
relaxation around τ ¼ 10�1 s. This means that DC(60) and
SCP(60) have fast relaxation modes derived from the sliding
motion of the movable crosslinks and segmental motion of
the primary network. The relaxation mode at approximately
τ ¼ 103 s was derived from a mixture of the primary net-
work and the secondary network. Then, the decrease in E′′
of DC(60) after 103 s can be explained by the small phase
separation, as shown in the SAXS (Fig. 5b). We conducted
stress relaxation tests at room temperature (Fig. S22). DC
(60) and SCP(60) relaxed quickly (time > 1 s). On the other
hand, SC(EA-BA-DMAA) relaxed later (time > 100 s). By
DMA, DC(60) and SCP(60) showed relaxation behaviors at
room temperature, while SC(EA-BA-DMAA) did not.
According to the results, DC(60), SCP(60), and SC(EA-BA-
DMAA) behaved similarly in the stress relaxation experi-
ments and DMA. We note here that the glassy relaxation
modes originating from segmental motions show strong
plasticity. In this context, the broad relaxation time dis-
tributions would strongly result in broad energy dissipation
mechanisms over a wide time frame and on special scales.
This would provide better energy dissipation, particularly for

Fig. 6 Evaluation of relaxation modes of DC, SCP, and SC elastomers. Composite curves of the moduli (E′ and E′′) of a DC(60), b SCP(60), and c
SC(EA-BA-DMAA).
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inhomogeneous deformation including cracks, where the
strain rates are spatially inhomogeneous. Thus, we speculate
that the broad relaxation time distributions observed for DC
(60) and SCP(60) are necessary to achieve energy dissipation,
which improves the Gf of DC(60) and SCP(60). Further-
more, the existence of nanoscale phase-separated interfaces,
as revealed by SAXS, also improved the material’s Gf, as is
the case for the rubbery phase in high-impact polystyrenes.
To fabricate elastomers with the broad viscoelastic

spectra shown in Fig. 6, control of the nanoscale phase-
separated structure is essential. The molecular knitting
method based on the movable crosslinking structure can
be an effective method to achieve this material design.

Conclusion
We prepared mixed polymeric materials, dual cross-

network (DC) elastomers with a knitting structure and
single movable cross-network elastomers with penetrating
polymers (SCP elastomers), by swelling the single movable
cross-network (SC) elastomers in liquid monomers fol-
lowed by photoinitiated polymerization. However, it is
impossible to apply the same method to chemically
crosslinked elastomers whose crosslinks are fixed. New
molecular designs were achieved by the movable crosslinks
in SC elastomers. DC(60) showed high toughness (Gf: 72.4
MJ • m−3) and a high Young’s modulus (E: 158MPa).
Figure 7a shows the plot of Gf versus E for DC(60), SCP
(60), and other elastomers. The mechanical properties of
DC(60) were similar to those of commercialized materials.

The wide choice for the secondary network is a feature of
the newly proposed material design, which maintained
sufficient mechanical properties. We believe that simulta-
neously having high mechanical properties and flexibility in
network combinations will become more important in the
future. We expect that DC(60) is available for practical use.
Figure 7b shows plots of Gf • E

-1 versus E for SC, SCP, DC,
and other elastomers. From the correlation diagram, the
differences in the mechanical properties of these network
elastomers can be compared more clearly. Gf • E-1 of the
SC elastomers decreased monotonically with increasing E.
Each SC elastomer plot falls on a straight line. On the other
hand, the slope of the decrease in Gf • E

-1 becomes more
gradual for the SCP elastomers and even more so for the
DC elastomers. The plots of the SCP and DC elastomers
deviate from the linear region shown by the primary net-
work SC elastomers, indicating that the SCP and DC
elastomers have different mechanical properties. DC(60)
was transparent with a phase separation structure
(~10 nm) and had a long-range single mechanical relaxa-
tion mode and endothermic properties over a wide tem-
perature range. The dynamic mechanical analysis revealed
a very long single relaxation in DC(60) that showed the
most improved Gf. The knitted structure of DC(60) gave a
wide-ranging cooperative relaxation mode consisting of
primary and secondary networks based on nanoscale het-
erogeneity. The achievements in this work should provide a
design guide for the fabrication of new tough polymeric
materials and their composites.

Fig. 7 Plots of Gf versus E for the various elastomers. a DC (60) (red filled circle), SCP(60) (blue filled circle), SC elastomers (black filled circle),
acrylate polymer (open circle), reversibly crosslinked elastomers (open square), and conventional materials (gray filled circle). Plots of Gf・E-1 versus E
for the various elastomers. b DC(w) (red filled circle), SCP(w) (blue filled circle), SC elastomers (black filled circle), acrylate polymer (open circle) and
reversibly crosslinked elastomers (open square)40.
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