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HIGHLIGHTS

e High-strength physical hydrogels with anisotropic properties are prepared.
® Directional toughness improvement is achieved in semicrystalline hydrogels.
® Young's modulus of the hydrogel is 161 and 76 MPa along different directions.
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A major challenge in the gel science is to create mechanically strong hydrogels with anisotropic properties as
observed in many biological tissues. Here, we report a simple one-step method of producing high-strength
physical hydrogels exhibiting microstructural and mechanical anisotropy. As the precursor material, we use
semicrystalline shape-memory hydrogels consisting of poly(N, N-dimethylacrylamide) chains interconnected by
n-octadecyl acrylate (C18A) segments forming crystalline domains and hydrophobic associations acting as
switching segments and netpoints, respectively. To generate anisotropic microstructure, we impose a pre-
stretching on the isotropic hydrogel sample above the melting temperature Ty, of its crystalline domains followed
by cooling below T,, under strain to fix the elongated shape of the gel sample. A significant microstructural and
mechanical anisotropy was achieved that could be tuned by the magnitude of the prestretch ratio A,. Directional
brittle-to-ductile and ductile-to-brittle transitions could be induced by adjusting the prestretch ratio A,. Small-
and wide-angle X-ray scattering measurements and mechanical tests highlight a critical prestretch ratio A, at
which the hydrogel exhibits the highest microstructural and mechanical anisotropy due to the finite extensibility
of the network chains. At A, = 1.8, the hydrogel exhibits Young's moduli of 161 + 14 and 76 + 7 MPa, and
toughness of 16 + 1 and 1.3 + 0.1 MJm ™ along and perpendicular to the prestretching direction, respec-
tively.

1. Introduction in many biological tissues such as skin, muscle, and articular cartilage

possessing anisotropically oriented hierarchical structures [3]. To

Owing to their similarities to biological tissues, hydrogels as soft
and smart materials have important functions in a variety of biological
and biomedical applications [1]. Although hydrogels are traditionally
brittle and exhibit a low modulus of elasticity in the range of kPa,
significant progress has been achieved in the past 15 years in the design
of mechanically strong and tough hydrogels [2]. Several techniques
developed so far enable preparation of hydrogels with mechanical
performances approaching to those of biological systems.

Another challenge to be addressed in the gel science is to create
mechanically strong hydrogels with anisotropic properties, as observed
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achieve this goal, nanofillers such as nanofibers [4,5], graphene oxide
[6], nanosheets [7], nanotubes [8], or nanodisks [9,10] in a precursor
dispersion were first oriented and then the oriented microstructure was
fixed by gelation. Anisotropic hydrogels were also produced by direc-
tional freezing [11-13], or by orienting the network chains of isotropic
hydrogels under an external force followed by fixing the anisotropic
structure via in situ polymerization [14-18]. Kajiyama et al. reported
stress-induced orientation of lamellar crystals in covalently cross-linked
semicrystalline hydrogels [19]. Although not reported, these hydrogels
should exhibit anisotropic mechanical properties. Such hydrogels were
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also prepared via a two-step procedure consisting of prestretching the
network chains of isotropic hydrogels to a certain strain and subsequent
fixation of the stretched chain conformation by ionic cross-linking
[15,16]. Another technique to create anisotropy in hydrogels is ion-
diffusion-induced orientation and cross-linking of semi-rigid polyelec-
trolytes followed by double-networking with an amorphous second
network [20-23]. Gong et al. recently showed that prestretching of
polyampholyte hydrogels accelerates the ion complexation dynamics
and fixes the stretched chain conformation thereby producing me-
chanically anisotropic hydrogels [24].

Because the network chains of high-strength hydrogels are only
slightly coiled, even at a modest strain their end-to-end distance ap-
proaches their contour length, which limits high prestretch ratios and
hence the extent of anisotropic orientation. To overcome this hurdle,
we report here a simple one-step method of producing high-strength
anisotropic hydrogels. It occurred to us that shape-memory hydrogels
would be a good candidate to generate anisotropic hydrogels in a single
synthetic step. Such hydrogels generally contain two types of cross-
links, namely chemical cross-links (netpoints) determining the perma-
nent shape, and switching segments, e.g., glassy or crystalline domains
fixing the temporary shape below their transition temperature Tians
[25-32]. Shape-memory hydrogels above T..,s exhibit a low modulus
of elasticity so that they can be stretched to high elongations whereas
upon cooling below Ty, the stretched conformation of the network
chains is fixed. This reveals that isotropic hydrogels with a very low
stretchability can be made anisotropic providing that they have both
netpoints and switching segments in their network structure. Previous
work indeed shows appearance of mechanical anisotropy in a com-
mercially available Verflex” thermoset shape-memory polymer induced
by a large uniaxial strain [33].

Here, we use semicrystalline physical hydrogels with shape-memory
function as the precursor material in generating anisotropic hydrogels.
The precursor hydrogels consist of poly(N,N-dimethylacrylamide) (poly
(DMAA)) chains interconnected by n-octadecyl acrylate (C18A) seg-
ments forming crystalline domains and hydrophobic associations acting
as switching segments and netpoints, respectively (Scheme 1) [34-36].
Above the melting temperature T, of C18 crystals which is around
48°C, the hydrogels exhibit a relatively low and time-dependent
modulus due to the finite lifetime of hydrophobic associations holding
the chains together, whereas below T,,, about half of the associations
turns into alkyl crystals thereby producing mechanically strong hy-
drogels with a high Young's modulus (up to 160 MPa) and tensile
fracture stress (up to 6.7 MPa) [32,34,35]. Microstructural and me-
chanical anisotropy in semicrystalline hydrogels was generated via a
single-step procedure as shown in Fig. 1a. We impose a prestretching on
the water-swollen isotropic hydrogel samples above T, of their crys-
talline domains followed by cooling below Ty, under strain to fix the
elongated shape of the gel samples. The prestretch ratio A, defined as
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the ratio of fixed elongated length to the initial length was varied be-
tween 1.2 and 8.

As will be seen below, a significant microstructural and mechanical
anisotropy was achieved in high strength physical hydrogels, that could
be tuned by the magnitude of the prestretch ratio A,. In the following,
we discuss the relation between the microstructure and mechanical
properties of anisotropic poly(DMAA-co-C18A) hydrogels consisting of
70 mol % N, N-dimethylacrylamide (DMAA) and 30 mol % C18A to-
gether with and without 0.1 mol % non-crystallizable hydrophobic
monomer lauryl methacrylate (LM). Small- and wide-angle X-ray scat-
tering measurements and mechanical tests, conducted parallel and
perpendicular to the prestretching direction, reveal a critical prestretch
ratio A, at which the hydrogel exhibits the highest microstructural and
mechanical anisotropy due to the finite extensibility of the network
chains.

2. Experimental
2.1. Preparation of isotropic hydrogels

The synthetic procedure of isotropic hydrogels is the same as that in
our previous work (for details, see the Supporting Information) [35,37].
Briefly, DMAA, C18A, and LM monomers were mixed at 45°C for
10 min to obtain a homogeneous solution. After dissolving 0.1 wt% Ir-
gacure 2959 initiator in this solution, it was transferred into several
thin film molds (1 X 5x20 mm) and bulk photopolymerization was
conducted at 23 = 2°C under UV light at 360 nm for 24 h. The copo-
lymers were then immersed in a large excess of water at a temperature
of 70 °C for the first 3 days and 24 *= 1 °C for the following days until
attaining a constant gel mass. The gel fraction and the water content of
the hydrogels were determined as described before [35,37]. Two hy-
drogel samples at DMAA/C18A/LM molar ratios of 70/30/0 and 70/
29.9/0.1 were prepared which are denoted as OLM and 0.1LM, re-
spectively (Table 1).

2.2. Preparation of prestretched hydrogels and their characterization

Water-swollen isotropic hydrogel specimens in the form of thin
films of about 1 X 5x20 mm in dimensions were used for the prepara-
tion of anisotropic hydrogels. Two metal clamps were first placed on
both sides of the gel specimen separated by a distance [, in wet con-
dition, as shown in Fig. 2a. The clamps together with the gel specimen
were immersed in a water bath at 80 °C for 5min during which the
modulus significantly reduced and the strong gel became a weak gel
with a loss factor above 0.1. The specimen was then stretched in water
at 80 °C to a clamp-to-clamp distance [; and then immersed in a water
bath at 20 °C by fixing the strain. After removing strain, clamp-to-clamp
distance I; remained unchanged indicating complete shape-fixing

Scheme 1. Structure of DMAA and C18A
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Fig. 1. (a): Cartoon presenting prestretching technique to generate anisotropic hydrogels. Red straight lines and curves are C18 alkyl chains in crystals and asso-
ciations, respectively. (b): Stress-strain curves of isotropic (red dashed curve) and anisotropic OLM hydrogels at a prestretch ratio A, = 1.8 (blue curves) obtained
parallel (||) and perpendicular to the prestretching direction (L). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

efficiency. The prestretch ratio A , calculated as A, = 1;/lp was varied
between 1.2 and 8. Prestretched hydrogels equilibrium swollen in water
were subjected to swelling, rheological, differential scanning calori-
metry (DSC), small (SAXS) and wide angle X-ray scattering (WAXS)
measurements, and uniaxial tensile tests as described before [35,37],
and detailed in Supporting Information section. SAXS and WAXS
measurements as well as uniaxial tensile tests were carried out in di-
rections parallel and perpendicular to the prestretching direction.

3. Results and discussion

Semicrystalline hydrogels with an isotropic microstructure were
prepared by bulk copolymerization of DMAA with the hydrophobic
monomers C18A and LM, followed by swelling of the resulting copo-
lymers in water. The hydrogel denoted by OLM was prepared at a
DMAA/C18A molar ratio of 70/30 without addition of LM, whereas the
hydrogel denoted by 0.1LM was prepared in the presence of 0.1 mol %
LM, i.e., at a DMAA/C18A/LM molar ratio of 70/29.9/0.1. The char-
acteristics of isotropic OLM and 0.1LM hydrogels are collected in
Table 1. OLM is a brittle hydrogel and ruptures at a stretch of 20%,
whereas 0.1LM is a tough hydrogel sustaining up to 160% stretches. As
reported before [35], the toughness improvement upon incorporation
of 0.1 mol % LM into the backbone of OLM hydrogel is due to the for-
mation of more ordered lamellar clusters interconnected by active tie
molecules creating an effective energy dissipation mechanism.

To create an anisotropic microstructure, we impose a prestretching
on isotropic semicrystalline hydrogel specimens at 80 °C at which they
exhibit a low modulus and can easily be stretched. This is illustrated in
Fig. 2b where the storage G’ and loss moduli G” of a OLM hydrogel
specimen at 25 and 80 °C are shown as a function of frequency w. Upon
heating from 25 to 80 °C, G’ decreases about 3-orders of magnitude and

becomes frequency dependent indicating strong-to-weak gel transition.
The stretched chain conformation in the hydrogels at 80 °C was then
fixed by cooling to 20 °C as detailed in the experimental section. Using
this simple approach, we were able to generate significant mechanical
anisotropy in the hydrogels. For instance, the dashed red curve in
Fig. 1b presents typical nominal stress (0pom) — elongation ratio (A)
curve of the brittle OLM hydrogel specimen with an isotropic micro-
structure. The blue solid curves in the figure are stress-strain curves of
the same hydrogel at A, = 1.8, measured in directions parallel (||) and
perpendicular (1) to the prestretching direction. The prestretch ratio of
1.8 creates significant anisotropy as well as brittle-to-ductile transition
along the prestretching direction. In the following we discuss the
changes in the microstructure and mechanical properties of OLM and
0.1LM hydrogels depending on the prestretch ratio A, which was varied
between 1.2 and 8.

3.1. Microstructure of the hydrogels

Fig. 3a shows the equilibrium weight swelling ratio q,, (swollen gel
mass/dry mass) of OLM and 0.1LM hydrogels in water at 23 + 2°C
plotted against the prestretch ratio A,. Prestretching first decreases g,
for both hydrogels up to A, = 2.0 = 0.1, as indicated by the dashed
vertical line, but then it again increases with a further increase of A,.
Because the swelling degree of the hydrogels is determined by their
cross-link density, the results reveal that prestretching at A, below and
above 2.0 + 0.1 has opposite effects on the number of crystals acting
as effective cross-links, that is, the crystallinity first increases but then
decreases with increasing A,. Fig. 3b, ¢, S1 show DSC scans of OLM and
0.1 LM hydrogels at various prestretch ratios A,. The melting tem-
perature Ty, does not change with A, and remains at 48.3 = 0.5 and
47.4 = 0.5°C for OLM and 0.1LM, respectively. However, the degree of

Table 1

Characteristics of isotropic OLM and 0.1LM hydrogels prior to prestretching.”
Code DMAA mol % C18A mol % LM mol % Qw Ty °C Xe % E/MPa or/MPa As W/MJ m™3
OLM 70 30.0 0 1.35 48 38 71 (4) 6.7 (0.1) 1.2 (0.1) 1.1 (0.1)
0.1LM 70 29.9 0.1 1.36 47 37 74 (7) 5.4 (0.2) 2.6 (0.2) 9.6 (0.4)

a

qw = Equilibrium weight swelling ratio in water at 23 = 2°C. T,,, = Melting temperature. x. = Degree of crystallinity. E = Young's modulus. o; = Fracture

stress, A¢ = Fracture strain. W = Energy to break (toughness). Standard deviations are in parentheses while for the g, ‘s, they are less than 10%.
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Fig. 2. (a): Images showing prestretching of a OLM hydrogel specimen at 80 °C and then cooling below T, to obtain a prestretched gel at A, = 2. (b): Storage modulus
G’ (filled symbols) and loss modulus G” (open symbols) of OLM hydrogel at 25 and 80 °C. Strain amplitude = 0.1%.
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Fig. 5. SAXS profiles of OLM hydrogels at various prestretch ratios A, indicated. The data were recorded in directions parallel (a) and perpendicular (b) to the

prestretching direction.

crystallinity x. calculated from the area under the melting peak depends
on the prestretch ratio, as seen in Fig. 3d. In accord with the swelling
results, the crystallinity x. increases with increasing A, for
Ao < 1.8 = 0.2 whereas for A, > 1.8 = 0.2, it again decreases.
Thus, prestretching of the hydrogels in the melt state first facilitates the
alignment of alkyl side chains and increases the number of crystalline
domains acting as physical cross-links. However, above the threshold
value of A, =1.8 * 0.2, the crystallinity again decreases while

212

swelling ratio increases continuously suggesting disruption of crystal-
line domains and hence decreasing the cross-link density of the hy-
drogels.

For a deeper understanding of the microstructure of the hydrogels,
WAXS and SAXS measurements were conducted in directions both
parallel and perpendicular to the prestretching direction. Fig. 4a and b
shows WAXS patterns of OLM hydrogels at various A, from directions
parallel (|) and perpendicular (L) to the prestretching direction,
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respectively. The data for A, < 1.4 and A, > 1.4 are shown in the upper
and bottom panel, respectively. In both directions, the high intensity
peak appears at a scattering vector gmax = 1.52 = 0.01A~! corre-
sponding to a lattice spacing d; of 4.13 = 0.02 A, which is typical for
side-by-side packed alkyl chains (Scheme 1) [29,31,32,38-40]. Thus,
the peak position and hence the dimension of the unit cell do not
change depending on the prestretch ratio or, on the direction of the
measurements.

However, the peak intensity shows a strong prestretch ratio and
directional dependencies. Along the prestretching direction (Fig. 4a),
the high intensity peak is sharp and the maximum intensity I,y is al-
most constant between A, = 1 and 1.4, but then it decreases and the
peak broadens at high A,'s, as expected due to the decreasing crystal-
linity at A, > 2 (Fig. 3d). In contrast, I,,x in perpendicular direction
first decreases with A, up to A, = 1.4 and then it again increases with
increasing A, and a sharp high intensity peak appears at the highest
prestretch ratio of 8. The constancy of d; spacing at 4.13 = 0.02 A and
opposite variations of the peak intensities with A, in parallel and per-
pendicular directions were also observed in 0.1LM hydrogels prepared
with 0.1 mol % LM (Fig. S2). The results reveal higher number density
of lamellar crystals perpendicularly to the prestretching direction at
large prestretch ratios.

SAXS profiles of OLM hydrogels between A, = 1.2 and 8 are shown
in Fig. 5a and b in directions parallel and perpendicular to the pre-
stretching direction, respectively. All hydrogels with and without LM
exhibit a high intensity peak at gmax = ~0.095 A" corresponding to a
lattice spacing d, of 6.6 * 0.1 nm (Fig. 5, S3). This reveals tail-to-tail
alignment of octadecyl (C18) side chains perpendicularly to the main
chain [29,31], as illustrated in Scheme 1. Because the fully extended
C18 chain length is 2.43 nm [35], this also reveals that the thickness of
amorphous poly(DMAA) domains between alkyl crystals is around
1.7nm. The peak intensity in parallel direction increases with pre-
stretch ratio up to 1.8 while in perpendicular direction, broad peaks
with lower intensities were recorded. The result thus reveals that the
lamellar crystals align along the prestretching direction while those in
perpendicular direction become more disordered. Moreover, remark-
able is the almost structureless SAXS pattern at A, = 8 in parallel di-
rection while the appearance of the highest intensity peak in perpen-
dicular direction which we attribute formation of ordered crystallites
vertical to the prestretching direction. Thus we may conclude that
randomly oriented lamellar stacks in the hydrogels align along the
stretching direction at A, < 1.8 while a change in the alignment from
parallel to perpendicular stretching direction appears at high stretch
ratios.

3.2. Correlation between mechanical properties and microstructure of the
hydrogels

Fig. 6a shows uniaxial tensile stress-strain curves of OLM hydrogels
at various prestretch ratios A, between 1.2 and 8. The curves for the
reference hydrogel without prestretching (A, = 1) are also shown by
the dashed curves. The tests were carried out parallel (||, left panel) and
perpendicular to the prestretching direction (L, right panel). Except the
reference non-prestretched hydrogel, all hydrogels exhibit anisotropic
mechanical properties. Moreover, in accord with the microstructural
changes in the hydrogels, their mechanical performance shows different
prestretch ratio dependences at below and above 1.8. For the sake of
clarity, the data for A, <1.8 and A, >1.8 are shown in the upper and
bottom panels of Fig. 6a, respectively. Two distinct regimes can be seen
from the plots:

(1) Ao <1.8: The brittle reference hydrogel becomes tough along the
prestretching direction while it remains brittle in perpendicular
direction. The brittle-to-ductile transition could be induced even at
the lowest prestretch ratio A, of 1.2; both the yield stress and the
fracture strain increase continuously with A,
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(1) A, >1.8: The yield stress and fracture strain start to decrease with
increasing A, along the prestretching direction and at the highest
prestretch ratio of 8, the hydrogel fractures without yielding.
Simultaneously, strain hardening behavior appears and the stress
continuously increases up to the fracture point. In perpendicular
direction, hydrogel starts to toughen with increasing A, with the
appearance of yielding behavior at A, = 4, above which both the
yield stress and fracture strain continuously increase with A, up to
8.

The opposite effect of A, at below and above 1.8 on the mechanical
properties is also illustrated in Fig. 6b where the Young's modulus E,
yield stress oy, fracture strain A, and the energy to break W (toughness)
of the hydrogels measured at parallel (filled symbols) and perpendi-
cular directions (open symbols) are plotted against A,. General trend at
below and above A, = 1.8 is the increase of the modulus, toughness,
yield stress, and fracture strain with increasing A, in parallel and per-
pendicular directions, respectively. The maximum degree of mechan-
ical anisotropy in the hydrogels appears at the prestretch ratio of 1.8, as
indicated by vertical gray lines in the figures. For instance, the hydrogel
at this prestretch ratio sustains 220 and 25% elongations and exhibits
Young's moduli of 161 + 14 and 76 = 7 MPa, toughness of 16 + 1
and 1.3 = 0.1 MJm™° along and vertical to the prestretching direc-
tion, respectively. The extent of mechanical anisotropy is generally
given by the ratio of a mechanical property such as the modulus mea-
sured in directions parallel to perpendicular to the orientation of the
material [3]. At A, = 1.8, the anisotropy with respect to the modulus
and toughness attains a maximum value of 2.1 = 0.2 and 12 *+ 1,
respectively (Fig. S4). Interestingly, the modulus anisotropy at A, = 8 is
0.56, i.e., 1/1.8, indicating the existence of the same extent of modulus
anisotropy in favor of perpendicular direction.

Similar results were also observed for 0.1LM hydrogels prepared
with 0.1 mol% LM. Fig. 7a and b shows stress-strain curves and me-
chanical parameters of 0.1LM hydrogels at various prestretch ratios.
The non-prestretched 0.1LM hydrogel is already tough and exhibits
isotropic mechanical properties. Its stretchability and toughness further
increase along the prestretching direction while it becomes brittle in
perpendicular direction. Interesting is the appearance of tough-to-
brittle transition in vertical direction by imposing the lowest prestretch
ratio of 1.2. Thus, brittle-to-ductile and ductile-to-brittle transitions in
OLM and 0.1LM hydrogels could be induced in parallel or perpendicular
directions, respectively, at low prestretch ratios. The results thus reveal
that the orientation of the alkyl crystals in a given direction leads to
directional toughness improvement in semicrystalline hydrogels. This
finding is in accord with our previous report showing that incorporation
of 0.1-0.4 mol % LM segments into the backbone of semicrystalline
hydrogels generate more ordered lamellar clusters with a layered
structure, which was accompanied by a brittle-to-ductile transition
[35]. In the present work, ordered lamellar clusters were generated by
prestretching of the network chains instead of LM addition so that a
directional improvement in the mechanical performance of the hydro-
gels was observed.

As schematically illustrated in Fig. 8a, lamellar clusters (enclosed in
rectangles) are composed of several lamellar crystals separated by
amorphous domains. The tie molecules bridging the clusters have an
important role in the mechanical properties of semicrystalline polymers
[41-47]. Prestretching the hydrogel above T, followed by cooling
below Ty, creates aligned lamellar crystals to the prestretching direction
(Fig. 8a). Moreover, because the thickness L of the lamellar clusters is in
the range of the end-to-end distance of the polymer chains in un-
perturbed state [41,42], this thickness will increase to A,L in pre-
stretched hydrogels producing thicker lamellar clusters. Stretching the
hydrogel parallel to the prestretching direction produces a stress on the
lamellar clusters through the tie molecules leading to their bending and
finally fragmentation at the yield point (Fig. 8b). Because of the in-
creased thickness of lamellar cluster with increasing prestretch ratio A,
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Fig. 6. (a): Stress-strain curves of OLM hydrogels at various stretch ratios A, indicated. The measurements were conducted in directions parallel (||) and perpendicular
(1) to the prestretching. Strain rate: 5 min~'. (b): Prestretch ratio dependences of Young's modulus E, yield stress oy, fracture strain A, and energy to break
(toughness) W of the hydrogels measured along parallel (filled symbols) and perpendicular to the prestretching direction (open symbols). The vertical dashed line
represents the data at A, = 1.8. The dashed curve was calculated using eq (3) for A, = 1.2 = 0.1.

a higher stress and a lower deflection will be required for fragmentation
of thicker lamellar clusters. Indeed, as shown in Figs. 6b and 7b, S5, the
yield stress o, increases whereas the yield strain A, decreases with in-
creasing A, up to 1.8 for both OLM and 0.1LM hydrogels. On the other
hand, stretching the hydrogel perpendicular to the prestretching di-
rection does not produce a significant stress on the lamellar clusters, as
illustrated in Fig. 8c. Tie molecules and amorphous domains of the
clusters are pulled away from the clusters leading to the formation of
thinner and closer clusters. Thus, the hydrogels exhibit a low modulus
and toughness when measured perpendicular to the prestretching di-
rection. Fragmentation of the thin clusters and appearance of yield
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point thus require high prestretch ratios at which the tie molecules are
highly stretched.

Fragmentation of lamellar clusters results in dissipation of energy
while being stretched so that resistance to crack propagation is ob-
served. Because the clusters are irreversibly broken at the yield point,
this suggests that the yielding behavior will disappear if a hydrogel
specimen is subjected to second stretching. This was indeed observed.
Fig. 9a shows nominal stress 0,0, Vs strain ¢ (= A - 1) plots from five
successive tensile cycles conducted parallel to the prestretching direc-
tion on OLM hydrogel at A, = 1.8. The tests were carried out up to a
maximum strain of 110% where up and down arrows in the figure

(b)

o b by e

10°

Fig. 7. (a): Stress-strain curves of 0.1LM hydrogels at various stretch ratios A, measured in parallel (||) and perpendicular to the prestretching directions (1). Strain
rate: 5 min~ . (b): E, 0y, A, and W of the hydrogels along parallel (filled symbols) and perpendicular directions (open symbols) plotted against A,. The dashed curve

was calculated using eq (3) for A¢, = 2.6 + 0.2.
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Fig. 8. (a): Cartoon showing lamellar clusters interconnected by active tie molecules before and after prestretching. Lamellar clusters and tie molecules are enclosed
in rectangles and circles, respectively. (b, c): Stretching lamellar clusters parallel (b) and perpendicular to the prestretching direction.

indicate loading and unloading steps, respectively. It is seen that the
first loading significantly deviates from the following loadings and
produces 4- to 5-fold larger hysteresis energy as compared to the fol-
lowing cycles (Fig. S6). The modulus of the first loading curve is around
100-fold larger as compared to that of the following loadings revealing
the occurrence of an irreversible damage in the hydrogel due to the
broken lamellar clusters at the yield point. Similar results were also
obtained at larger prestretch ratios A, when the tests are conducted
perpendicular to the prestretching direction (Fig. S6).

After the yield point, that is, after fragmentation of lamellar clusters,
tie molecules are stretched out from the fragmented clusters until they
can be pulled out no further without rupture. As seen in Figs. 6b and 7b,
the stretch at rupture of tie molecules, that is the fracture strain A¢ of
both hydrogels along the prestretching direction exhibits a maximum at
around A, = 1.8. We have to mention that because tensile tests on the
hydrogels start from the value A = A, instead of A = 1, the true fracture
strain Ag e With respect to the as-prepared state is the product A¢ and
Ao, which is larger than the nominal value A¢. Let Ag,, be the fracture
strain of non-prestretched hydrogel, the excess chain extension at break
AA of prestretched hydrogels over A, can thus be given by:

AL = /lf,true - ﬂf’n = lf/lo - /1f,n (€8}

In Fig. 9b, the excess chain extension AA for OLM and 0.1LM hy-
drogels along the prestretching direction is plotted in a semi-loga-
rithmic scale against the prestretch ratio A,. The best fitting curve to the
data shown in the figure indicates that the excess chain extension at
break is linear in In(A,), given by the equation,

AL = nln(4,) 2

where n is a constant and equal to 6.4 * 0.1. By substituting of eq (1)
into eq (2), we obtain:

/1f = (/10)_1 [/lf,n + nin(4,)] 3

presenting the prestretch ratio dependence of the fracture strain of the
hydrogels (dashed curves in Figs. 6b and 7b). Taking derivative of A¢
with respect to A, and equating to zero, one may calculate A¢ and A, at
the maximum point in A¢ vs A, curves as:

n
A-f,max = l_o or Af,lrue,max =n (33.)
A
Ao,max = exp(l - ﬂ)
n (3b)

Eq (3a) reveals that the constant n = 6.4 * 0.1 is the maximum
extension ratio (Afrue,max) Of tie molecules with respect to the as-pre-
pared state, above which they rupture. Because A¢, = 1.2 = 0.1 and
2.6 = 0.2 for OLM and 0.1LM hydrogels, respectively, eq (3b) reveals
that the maximum extension ratio n of tie molecules is reached at
Aomax = 2.0 = 0.2 for the present hydrogels, which is close to the
critical prestretch ratio of around 1.8. Thus, the period A, < 1.8 cor-
responds to the flexible regime where the tie molecules between frag-
mented clusters are coiled so that A increases with increasing A,.
However, at larger values of A,, the maximum extension n of tie mo-
lecules is reached earlier, that is, at a lower strain as A, is increased. The
results also reveal that the limited extensibility of tie molecules above

Fig. 9. (). 0nom Vs strain ¢ (= A - 1) plots from five suc-

(b) cessive tensile cycles up to a maximum strain of 110%

conducted parallel to the prestretching direction on OLM
hydrogel at A, = 1.8. Up and down arrows indicate loading
and unloading steps, respectively. Strain rate: 5 min~". (b):
Excess chain extension at break A\ of OLM and 0.1LM hy-
drogels plotted against logarithm of the prestretch ratio A,.
The line is the best-fitting curve to the experimental data
with a slope 6.4 = 01.
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Ao = 4 is responsible for the appearance of strain hardening behavior in
hydrogels (Figs. 6 and 7).

4. Conclusions

We present a simple technique for production of mechanically
strong physical hydrogels with anisotropic properties. Semicrystalline
hydrogels composed of poly(DMAA) chains interconnected by C18
crystals and associations were used as the precursor material in pro-
ducing anisotropic hydrogels. Microstructural and mechanical aniso-
tropy in the hydrogels was generated by imposing a prestretching on
the water-swollen isotropic hydrogel samples in the melt state followed
by cooling below T, to fix the elongated shape of the samples. Swelling
tests and DSC measurements reveal that prestretching first facilitates
the alignment of alkyl side chains and increases the number of crys-
talline domains acting as physical cross-links. However, above the
threshold value of A, = 1.8 = 0.2, the crystallinity again decreases
while swelling ratio increases continuously suggesting disruption of
crystalline domains and hence decreasing the cross-link density of the
hydrogels. SAXS profiles of the hydrogels indicate that randomly or-
iented lamellar stacks in the hydrogels align along the stretching di-
rection at A, < 1.8 while a change in the alignment from parallel to
perpendicular stretching direction appears at high stretch ratios. In
accord with the SAXS results, the mechanical performance of the hy-
drogels shows different prestretch ratio dependences at below and
above 1.8. At A, <1.8, the brittle isotropic hydrogel becomes tough
along the prestretching direction with increasing A, while it remains
brittle in perpendicular direction. However, at A, >1.8, the mechanical
performance of the hydrogel deteriorates along the prestretching di-
rection while in perpendicular direction, hydrogel starts to toughen
with increasing A,. At the critical prestretch ratio A, = 1.8, the hy-
drogel exhibits the highest microstructural and mechanical anisotropy
due to the finite extensibility of the network chains.
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