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ABSTRACT: Supramolecular semicrystalline hydrogels are soft
functional materials consisting of water-swollen hydrophilic
polymer chains interconnected by hydrophobic segments
forming lamellar crystals. Although such hydrogels with high
crystallinity are mechanically strong, with elastic moduli and
tensile strength of 80−300 MPa and 4−7 MPa, respectively, they
are brittle and rupture at a stretch of less than 20% without
yielding. Here, we report that the incorporation of a small
amount of a weak hydrophobe into semicrystalline hydrogels
significantly increases their toughness and stretchability without
losing their high modulus and high strength. We design a highly
entangled physical network based on poly(N,N-dimethyl-
acrylamide) (PDMA) chains containing n-octadecyl acrylate (C18A) and lauryl methacrylate (C12M) segments with side
chain lengths of 18 and 12 carbons, respectively. By including 0.1−0.4 mol % C12M into the PDMA backbone containing 30 mol
% C18A segments, we were able to create more ordered and thinner lamellar crystals with a layered structure. Simultaneously, a
brittle-to-ductile transition was observed due to the appearance of necking behavior leading to 10-fold increase of toughness. The
significant toughness improvement upon incorporation of C12M into the semicrystalline hydrogels could be explained with the
appearance of active tie molecules under external force interconnecting the lamellar clusters. The hydrogels also exhibit reversible
tensile deformation induced by heating above the melting temperature of crystalline domains.

■ INTRODUCTION
Hydrogels are unique soft materials with similarity to biological
tissues and therefore attracted great interest for a wide range of
application areas.1,2 A significant achievement in the prepara-
tion of new generation hydrogels with extraordinary mechanical
properties is the double-networking strategy developed by
Gong and co-workers.3−5 Double-network (DN) hydrogels
consist of interpenetrated and interconnected polymer network
components containing 60−90% water.3−7 The highly cross-
linked first-network consists of stretched network chains and
therefore it is brittle in nature, while the loosely cross-linked
second-network forming the major component of the DN
exhibits viscoelastic and ductile behavior.
The deformation of DNs possessing a high toughness usually

proceeds via a yield phenomenon which is macroscopically
evidenced by the appearance of necking.8−10 Figure 1a
schematically illustrates typical mechanical behavior of a DN
hydrogel subjected to two successive tensile tests before
fracture. The virgin DN shows a distinct yield point where
the brittle first network starts to break up to form many cracks
while the second ductile network keeps the macroscopic sample
together, leading to excellent toughness.10 However, breaking
chemical bonds in the first network during the first loading
results in an irreversible damage to the DN, as evidenced from
the significant decrease of both the modulus and the toughness
during the second loading (Figure 1a). This is the main

disadvantage of DN hydrogels. To overcome this weakness,
hybrid DNs have recently been synthesized consisting of
physically and chemically cross-linked network compo-
nents.11−13 However, their fracture stresses are low as
compared to the classical DNs due to the presence of
noncovalent cross-links.
Because the DN synthesis is lengthy and complicated, a

simple one-pot synthesis of such mechanically strong soft
materials would be attractive for many applications. Moreover,
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Figure 1. (a) Scheme of stress−strain curves of a tough DN hydrogel
in the first (solid curve) and second tensile loading before fracture
(dashed curve). (b) Structure of the monomer units of the hydrogels.
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in contrast to the irreversible deformation of the DNs,
reversible tensile deformation at both prenecking and necking
regimes is also required to create self-healing ability in such
hydrogels. Recently, Gong et al. prepared polyampholyte
single-network hydrogels of high toughness consisting of
strong and weak physical bonds at high concentrations,14

while Hu et al. designed hybrid hydrogel systems formed via
strong covalent bonds and clusters of hydrogel bonds.15

Another group of high-strength single-network hydrogels is
the semicrystalline hydrogels consisting of hydrophilic polymer
chains interconnected by hydrophobic segments with long side
alkyl chains such as n-alkyl(meth)acrylates forming lamellar
crystals.16−18 Osada was the first to prepare such hydrogels
based on chemically cross-linked poly(acrylic acid) network
chains containing hydrophobic domains.16 Recently, supra-
molecular semicrystalline hydrogels with self-healing and shape-
memory functions have been prepared via micellar and bulk
polymerization techniques.19−21 It was shown that although the
hydrogels with high crystallinity are mechanically strong, with
elastic moduli and tensile strength of 80−300 MPa and 4−7
MPa, respectively, they are brittle and rupture at a stretch of
less than 20% without yielding.21 The challenge of producing
stretchable and tough semicrystalline hydrogels of high
mechanical strength is thus inherent.
Here, we report that the incorporation of a small amount of a

weak hydrophobe into semicrystalline hydrogels significantly
increases their toughness and stretchability without losing their
high modulus and high strength. We design a highly entangled
physical network formed via lamellar crystals consisting of
aligned side alkyl chains. The network bases on poly(N,N-
dimethylacrylamide) (PDMA), which is a very useful hydro-
philic biocompatible polymer with associative properties
(Figure 1b).22−24 The interconnected lamellar crystals forming
a layered hydrogel structure are created by incorporating n-
octadecyl acrylate (C18A) and lauryl methacrylate (C12M)
segments with side chain lengths of 18 and 12 carbons,
respectively, into the PDMA backbone (Figure 1b). As
reported before, hexagonal packing of side alkyl chains of
C18A segments create alkyl crystals in the hydrogels,16−19 while
C12M segments with shorter side alkyl chains and α-methyl
groups contribute to the hydrophobic associations.25−27 As will
be seen below, by including 0.1−0.4 mol % C12M into the
polymer backbone consisting of 70 mol % DMA and 30 mol %
C18A segments, we were able to generate more ordered and
thinner lamellar crystals with a layered structure. Simulta-
neously, a brittle-to-ductile transition was observed due to the

appearance of necking behavior leading to 10-fold increase of
toughness. The significant toughness improvement upon
incorporation of C12M into the semicrystalline hydrogels
could be explained with the appearance of active tie molecules
under external force interconnecting the lamellar clusters. The
hydrogels also exhibit reversible tensile deformation induced by
heating above the melting temperature of crystalline domains.

■ RESULTS AND DISCUSSION
Characteristics of the Hydrogels. The hydrogels were

prepared by bulk photopolymerization of DMA, C18A, and
C12M in the presence of Irgacure 2959 as the photoinitiator at
a concentration of 0.1 wt %. The monomers and the initiator
were first mixed to obtain a homogeneous solution, and then
the polymerization was conducted at 23 ± 2 °C for 1 day under
UV lamp at a wavelength of 360 nm (for details, see the
Supporting Information). The total amount of the hydrophobic
monomers C18A and C12M in the comonomer feed was fixed
at 30 mol % while the amount of C12M was varied between 0
and 20 mol %. In the following, the C12M content of the
hydrogels is denoted by C12M %, which represents the mole
percent of C12M in the comonomer feed. For instance, the
hydrogel with 0.1% C12M was prepared from a comonomer
feed consisting of 70 mol % DMA, 29.9 mol % C18A, and 0.1
mol % C12M. Preliminary experiments showed that a reaction
time of 1 day was needed for the complete conversion of the
monomers to the water-insoluble copolymer (Figure S1). After
equilibrium swelling of the terpolymers in water, the water
content of the hydrogels was between 26 and 37 wt % that
increased with increasing C12M content (Figure S1). The
increase in the water content is attributed to the decreasing
crystallinity of the hydrogels upon increasing C12M % (see
below).
The hydrogels equilibrium swollen in water contained

crystalline domains as evidenced by DSC, SAXS, WAXS, and
rheological measurements. DSC scans of the hydrogels with
≤8% C12M showed melting and crystallization peaks while the
peaks disappeared at higher C12M contents (Figure 2a and
Figure S2). Figure 2b shows the melting Tm and crystallization
temperatures Tcry of the hydrogels plotted against their C12M
contents. Tm and Tcry are between 40−48 and 34−40 °C,
respectively, and they decrease upon increasing C12M %,
indicating decreasing thermal stability of alkyl crystals in the
hydrogels. This is expected as the added C12M segments do
not contribute to the formation of alkyl crystals because of its
short alkyl side chain.25,26 In Figure 2c, the fraction fcry of C18A

Figure 2. (a) DSC traces of the hydrogels with various C12M contents. (b) Melting Tm and crystallization temperatures Tcry of the hydrogels plotted
against C12M %. (c) The fraction fcry of C18A segments in crystalline domains (moles of crystallized C18A/mole of C18A) calculated from the area
under the melting peaks plotted against C12M %.
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segments in crystalline domains (moles of crystallized C18A/
mole of C18A) calculated from the area under the melting
peaks are plotted against C12M %. The maximum degree of
crystallinity observed in the absence of C12M is 38%, indicating
that 38% of C18A segments form alkyl crystals while the
remaining part contributes to the hydrophobic associations.27,28

The crystallinity decreases with increasing C12M %, and no
crystalline domains exist above 8% C12M. Thus, the relative
content of the crystalline and noncrystalline domains can be
adjusted by varying C12M content in the monomer feed.
Figure 3a shows wide-angle X-ray scattering (WAXS) profiles

of the hydrogels without and with 0.4 and 2% C12M where the
scattering intensity I(q) is plotted against the scattering vector
q. Independent on the amount of C12M, WAXS data show a
high intensity peak at qmax = 1.46 Å−1, corresponding to a short-
range ordering with a constant lattice spacing d1 of 0.43 nm.
This spacing was reported before for the crystalline state of
both dry and swollen n-alkyl(meth)acrylate (co)-
polymers16−19,29−35 and indicates side-by-side packing between
the octadecyl (C18) side chains in the hydrogels, as illustrated
in Scheme 1. The constancy of d1 spacing also indicate that
side-by-side arrangement of alkyl chains is not affected by the
incorporation of C12M segments into the polymer chains.
Moreover, the peak intensity decreases and slightly broadens
with the addition of C12M, which is consistent with slightly

lower crystallinity of C12M-containing hydrogels (Figure 2c).
This also reveals that the number of C18 chains per lamellar
crystal decreases, i.e., a larger number but thinner lamellar
crystals form with the incorporation of C12M segments.
Small-angle X-ray scattering (SAXS) profiles of the hydrogels

in a semilogarithmic scale are shown in Figure 3b. The
hydrogels containing C12M exhibit a high intensity peak at qmax
= 0.094 and 0.096 Å−1, indicating a long-range ordering with
lattice spacings d2 of 6.7 and 6.5 nm for 0.4 and 2% C2M,
respectively. The hydrogel with 0.4% C12M exhibits the
sharpest peak, while without C12M this peak is weak and broad
at a qmax = 0.086 Å−1 (d2 = 7.3 nm). Higher intensity and
sharpening of the SAXS peak upon addition of C12M reveal
formation of thinner lamellar crystals and increasing order in
the hydrogels. The d2 spacing also reveals tail-to-tail alignment
of the side chains perpendicularly to the main chain, as reported
before for semicrystalline hydrogels (Scheme 1).16−18 Because
the length lmax of the fully extended octadecyl (C18) chain is
2.43 nm,36,37 the d2 spacing of the present hydrogels (6.5−7.3
nm) is larger than twice of the fully extended C18 chain length
(2lmax = 4.86 nm). The difference between d2 and 2lmax, which is
between 1.6 and 2.4 nm for the present hydrogels, is attributed
to the thickness of polymer backbone (amorphous domain)
separating alkyl crystals (Scheme 1).16,17 Thus, WAXS and
SAXS data suggest side-by-side packing of alkyl chains in the
hydrogels and formation of more ordered and thinner lamellar
crystals with a layered structure after incorporation of C12M
segments in the hydrogels. Moreover, the most significant
change in the microstructure of the hydrogels appears upon
addition of a small amount of C12M (0.4%). As will be seen in
the next section, this is reflected in their mechanical properties.
Rheological measurements are another means of studying the

transitions between crystalline and amorphous states depending
on the temperature. Figure 4a shows temperature sweep results
of the hydrogels without and with 0.4 and 2% C12M during
heating from 25 to 65 °C at a heating rate of 1 °C min−1. Here,
the storage G′ (filled symbols) and loss modulus G″ (open
symbols) of the hydrogels measured at an angular frequency ω
of 6.3 rad s−1 are plotted against the temperature. The vertical
lines in the figure represent the melting temperatures of the
hydrogels, which are 48, 47, and 45 °C for 0, 0.4, and 2%
C12M, respectively. At 25 °C, the hydrogels exhibit a storage

Figure 3.WAXS (a) and SAXS profiles (b) of the hydrogel samples without and with 0.4 and 2% C12M where the scattering intensity I(q) is plotted
against the scattering vector q. C12M contents are indicated.

Scheme 1. Cartoon Showing Crystalline and Amorphous
Domains of the Hydrogels
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modulus G′ of 7.6−8.3 MPa and a loss factor tan δ (= G″/G′)
of 0.02−0.05, while upon heating above Tm, G′ decreases by
more than 2 orders of magnitude and becomes 0.03−0.04 MPa
at 25 °C. Simultaneously, tan δ increases to 0.3 as typical for
weak gels. The strong-to-weak gel transition observed during
heating is completely reversible with a slight hysteresis (Figure
S3), as typically observed in semicrystalline hydrogels.19,20 As
indicated by the arrow in Figure 4a, increasing C12M content,
that is, decreasing Tm, of the hydrogels shifts the strong-to-weak
gel transition to lower temperatures. The frequency sweep
results of the hydrogels shown in Figure 4b reveal that below
Tm G′ is independent of the frequency ω over the whole
experimental window, while it is frequency dependent above
Tm and proportional to ω−0.17±0.02 without any plateau in G′ vs
ω curve.
Mechanical Properties. Figure 5a compares stress−strain

curves of the hydrogels prepared without (dashed curve) and

with 0.2% C12M (solid curve). The stress is presented by its
nominal value σnom, which is the force per cross-sectional area
of the undeformed gel specimen, while the strain is given by the
deformation ratio λ (deformed length/initial length). The
common feature of the two hydrogels is that the initial slope of
the curves, i.e., the Young’s modulus E, is almost the same, 71
± 3 and 70 ± 5 MPa for 0 and 0.4% C12M, respectively. This

reveals that inclusion of such a small amount of the weak
hydrophobe C12M into the polymer backbone does not affect
the cross-link density of the hydrogel. However, the gel sample
prepared without C12M fails in a brittle fashion at a stretch (λ
− l) of 20%, while the one with 0.2% C12M shows necking
behavior, as seen in Figure 5b, leading to a 10-fold increase in
toughness, calculated from the area below the stress−strain
curve up to the fracture point, (from 1.0 ± 0.2 to 9.6 ± 0.3 MJ
m−3) and 8-fold increase in stretchability (from 20 to 167%).
Thus, a brittle-to-ductile transition can be induced upon
incorporation of a small amount of C12M into the polymer
chains.
Tensile tests were also conducted at different strain rates ε ̇

on hydrogel samples prepared at various C12M contents.
Figure 6a shows stress−strain curves of the hydrogels at a fixed
strain rate ε̇ but at various levels of C12M, while in Figures 6b1
and 6b2 the curves were obtained by varying the strain rate ε̇ at
fixed levels of C12M. Both the amount of C12M and strain rate
significantly affect the mechanical behavior of the hydrogels.
Between 0.1 and 2% C12M where a significant yielding appears
(inset to Figure 6a), the modulus, fracture stress, and toughness
only slightly decrease with increasing C12M % while they
rapidly decrease above 2% C12M (Figure S4). High stretchable
hydrogels with a high elongation ratio at break (up to 1600%)
could be produced at high C12M contents.
The variation of the yield stress σy with the C12M content

and strain rate ε̇ shows several interesting features. For instance,
although the hydrogel without C12M is brittle, inclusion of
0.1% C12M; i.e., 1 C12M per 1000 segments into the polymer
leads to the appearance of a significant necking and the highest
yield stress σy of 7.3 MPa. Further addition of C12M linearly
decreases the yield stress σy according to the relation σy = 7.1 ±
0.1 − C12M mol % (Figure 6c). The extrapolated value of σy to
0% C12M is thus 7.1 MPa, which is close to the fracture stress
of the brittle hydrogel prepared without C12M (6.8 ± 0.3
MPa). Because no yielding appears at 0% C12M, this suggests
that in the absence of C12M, the molecular mobility between
crystalline domains is insufficient to produce yielding at the
time scale of the mechanical tests (ε ̇ = 8.3 × 10−2 s−1).
At a fixed level of C12M (Figures 6b1 and 6b2), the yield

stress σy rises with the strain rate ε̇, and this rise is linear when
plotted against the logarithm of ε̇ (Figure 6d), in accord with
the Eyring model of mechanically induced dissociation of
molecular bonds38−40

Figure 4. (a) G′ (filled symbols) and G″ (open symbols) of the hydrogels during cooling and heating scans between 25 and 65 °C. The vertical lines
represent the melting temperatures of the hydrogels without (solid line) and with 0.4 (long-dashed line) and 2% C12M (short-dashed line). ω = 6.3
rad s−1. γ0 = 0.001. (b) G′ (filled symbols) and G″ (open symbols) of the hydrogels at below and above the melting temperature Tm plotted against
the frequency ω. γ0 = 0.001. C12M contents of the hydrogels are indicated in (a).

Figure 5. (a) Typical tensile stress−strain curves of the hydrogels
without (red dashed curve) and with 0.2% C12M (blue solid curve) as
the dependence of nominal stress σnom on the elongation ratio λ. ε̇ =
8.3 × 10−2 s−1. (b) Images demonstrating the necking behavior of the
hydrogel with 0.2% C12M. The gel sample was colored for clarity.
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where Va is the activation volume, Ea is the activation energy, ε0
is the pre-exponential factor, k is the Boltzmann constant, and
T is the absolute temperature. The slopes of the best-fit lines to
the σy vs ln ε̇ data give the activation volume Va as 11.5 ± 0.4

and 13 ± 2 nm3 for 0.4% and 2% C12M, respectively (Figure
6d). Because Va can be regarded as the size of the polymer
segments in the hydrogels involved in the cooperative motion
resulting in yielding, increasing Va with rising C12M content
indicates increasing number of mobile segments, i.e., enhanced
molecular mobility between crystalline domains. Moreover, the
activation energy Ea is related to the height of energy barrier to

Figure 6. (a, b1, b2) Tensile stress−strain curves of the hydrogels with various C12M contents at ε̇ = 8.3 × 10−2 s−1 (a) and at various ε̇ with 0.4%
(b1) and 2% C12M (b2). The inset is a zoom-in to necking regime. (c, d) Yield stress σy plotted against C12M % (c) and the logarithm of the strain
rate ε ̇ (d). The solid lines are the best fits to the data.

Scheme 2. Cartoon Presenting Two Lamellar Clusters Interconnected by Two Active Tie Molecules (a) and Deformation of
Lamellar Clusters under Force (b) and Their Destroying at the Yield Point (c)a

aIn part a, rectangles and circles indicate lamellar clusters and tie molecules, respectively.
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overcome the mobile segments to move by the application of
an external force. For the present hydrogels, this energy
corresponds to the dissociation energy of hydrophobic
associations, which is close to 0.98kT per methylene group of
alkyl chains.41−43 Because increasing C12M content decreases
the average length of side alkyl chains, the magnitude of the
energy barrier reduces so that the dissociation of physical cross-
links requires a lower mechanical stress. We have to note that
even the brittle hydrogel formed in the absence of C12M
exhibited yielding behavior at low strain rates ε̇. For instance, a
brittle-to-ductile transition in the hydrogels prepared without
C12M can also be induced by reducing the strain rate from 8.3
× 10−2 to 4 × 10−3 s−1 although the corresponding yield stress
was significantly lower than that of C12M-containing hydrogels
(Figure S5).
We can explain the significant toughness improvement in

semicrystalline hydrogels upon addition of C12M with the
formation of layered lamellar crystals as revealed by SAXS
measurements. Previous works conducted on semicrystalline
polymers indicate that the existence of so-called active tie
molecules interconnecting the lamellar clusters play a
significant role in their mechanical strength and yielding
behavior.44−50 For the present hydrogels, the applied external
force during tensile testing results in the unfolding of the
amorphous layers between lamellar crystals, leading to the
appearance of lamellar clusters interconnected by tie molecules,
as schematically illustrated in Scheme 2a. Lamellar clusters
consist of several lamellar crystals separated by amorphous
domains, and tie molecules bridging them are part of the
amorphous region but they are able to unfold under the
external force.
PDMA chains involved in hydrophobic associations through

noncrystallized C18A and C12M segments can be considered
as active tie molecules bridging the lamellar clusters. These
molecules dissipate energy by transmitting the external load
from one to the another lamellar cluster whereby the clusters
are deformed, as illustrated in Scheme 2b. As the hydrogel
sample is stretched, the stress generated from the tie molecules
may reach a critical value under which the lamellar clusters are
broken and fragmented, leading to the yielding phenomenon
(Scheme 2c). In the absence of C12M, no yielding occurs
because the lamellar clusters do not form a layered structure
and the deformation of the chains between the lamellae in the
direction of elongation is too slow to pass over the potential
energy barrier. Thus, there are no active tie molecules in the
hydrogels without C12M. Addition of C12M segments induces
self-assembly of lamellar clusters to form a layered structure.
Simultaneously, the magnitude of the energy barrier decreases
due to weakening of lamellar crystals, and the number of
interlamellar active tie molecules increases so that yielding
appears. Increasing activation volume Va with increasing C12M
content also reveals the movement of larger domains during
deformation of the hydrogels as the C12M content is increased.
According to the lamellar cluster model of Nitta et al.,47−50

the bending force acting on the lamellar clusters through the tie
molecules results in disintegration of the clusters into their
fragments, and this occurs at the yield point. Assuming that the
onset of disintegration of the lamellar cluster occurs when the
elastic energy reaches a critical value Uy, the yield stress σy of
semicrystalline polymers is given by47−50

σ = EU L l2 2 ( / )y y
2

(2)

where L is the thickness of lamellar clusters interconnected by
tie molecules with a support span length l (l > L, Scheme 2a).
We estimated the yield energy Uy of the hydrogels from the
area under the stress−strain curve up to the yield point. In
Figure 7a, σy is plotted against EU2 y for the hydrogels with

various C12M contents (filled symbols) and at various strain
rates (open symbols). It is seen that in accord with eq 2 all the
data fall onto the same line with a slope 0.46 ± 0.01. The
average l/L is 2.09 ± 0.03, indicating that the distance between
adjacent active tie links is about twice the thickness of the
lamellar clusters (Figure 7b). l/L ≅ 2 was also reported for
semicrystalline polymers such as polyethylene and isotactic
polypropylene46,48,49 and reveals that the minimum size of
fragmented clusters L(l/2)2 is close to L3. The thickness L of
lamellar clusters was estimated as almost equal to the end-to-
end distance of unperturbed polymer chains in the melt.47 This
means that the minimum size L3 of fragmented clusters
corresponds to the spatial dimension of a single chain. Thus,
the lamellar cluster model shown schematically in Scheme 2
well explains the yielding behavior of semicrystalline hydrogels,
and the lamellar clusters are fragmented into polymer chains at
the yield point.
Because of the supramolecular nature of the present

hydrogels, fragmented lamellar clusters could be repaired by
melting the alkyl crystals above Tm and subsequent cooling to
room temperature. The temperature-induced recovery of the
crystal structure resulted in almost reversible stress−strain
curves as illustrated in Figure 8a. The solid curve in the figure
presents the stress−strain curve of a virgin hydrogel sample
with 0.4% C12M that is stretched to 100% elongation. The
modulus E and the yield stress σf of the virgin hydrogel are 68
± 2 and 6.5 ± 0.2 MPa, respectively (Figure 8b). The dotted
curve in Figure 8a presents the stress−strain curve of the same
hydrogel sample subjecting to a second tensile test up to 110%
elongation. The modulus drastically decreases to 5.3 ± 0.1
MPa, and the yielding peak disappears, indicating the damage
created in the lamellar clusters. This behavior is similar to that
observed in DN hydrogels (Figure 1). Thus, the second loading
curve has a much lower initial slope E due to the damage in the
lamellar clusters and shows hardening at strain λ above 1.4
because gel deformation becomes homogeneous again.
However, heating the damaged gel sample in a water bath at

Figure 7. (a) Yield stress σy plotted against EU2 y for the hydrogels

with various C12M contents at ε ̇ = 8.3 × 10−2 s−1 (filled symbols) and
at various strain rates ε̇ with 0.4% (open circles) and 2% C12M (open
triangles). (b) l/L data of all hydrogels shown as a function of C12M
% (filled symbols) and ε ̇ (open symbols).
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70 °C to melt their crystalline domains and then cooling to 22
°C in water before the second tensile test results in the stress−
strain curve shown in Figure 8a by the dashed curve. The gel
recovers 93% of both the initial modulus (63 ± 5 MPa) and
yield stress (6.0 ± 0.4), indicating that the hydrogels exhibit
almost reversible tensile tests (Figure 8b).
The synthetic strategy presented here, based on the use of

weak and strong hydrophobes as the minor and major
components of the hydrophobic part of the polymer,
respectively, can be extended to a variety of hydrophobic and
hydrophilic segments. In addition to bulk polymerization
described here, solution and micellar polymerization techniques
could also be used to prepare high-strength, tough, and
stretchable semicrystalline hydrogels.

■ CONCLUSIONS
Supramolecular semicrystalline hydrogels with a high degree of
crystallinity are mechanically strong soft materials exhibiting a
Young’s modulus of 80−300 MPa and tensile fracture stress of
4−7 MPa. However, they are brittle and rupture at a stretch of
less than 20% without yielding. Here, we showed that the
incorporation of a small amount of a weak hydrophobe into
semicrystalline hydrogels significantly increases their toughness
and stretchability without losing their high modulus and high
strength. We design a highly entangled physical network based
PDMA containing C18A and C12M segments with side chain
lengths of 18 and 12 carbons, respectively. By including 0.1−0.4
mol % C12M into the polymer backbone consisting of 70%
DMA and 30% C18A segments, we were able to generate more
ordered and thinner lamellar crystals with a layered structure.
Simultaneously, a brittle-to-ductile transition was observed due
to the appearance of necking behavior leading to 10-fold
increase of toughness while the modulus and tensile strength
remain almost unchanged. The significant toughness improve-
ment upon incorporation of C12M into the semicrystalline
hydrogels could be explained with the appearance of active tie
molecules interconnecting the lamellar clusters. The hydrogels
also exhibit reversible tensile deformation induced by heating
above the melting temperature of crystalline domains.
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