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a b s t r a c t

In an attempt to mimic self-healing functions in biological systems, we investigate here the optimum
design parameters of self-healing hydrogels formed by hydrophobic associations in aqueous solutions of
wormlike sodium dodecyl sulfate (SDS) micelles. n-alkyl (meth)acrylates were used as the hydrophobic
comonomer (2 mol %) of acrylamide in the gel preparation. Two structural parameters are crucial for
obtaining self-healing gels via hydrophobic interactions. One is the length of the alkyl side chain of the
hydrophobe, and the other is the surfactant concentration. In addition, hydrophobic methacrylates
generate gels with a higher healing efficiency than the corresponding acrylates due to the limited
flexibility of the methacrylate backbones, leading to a greater number of non-associated hydrophobic
blocks. These free blocks locating near the fracture surface of the gel samples link each other to self-heal
the broken hydrogel. The physical gels without SDS are very tough due to their sacrificial bonds that are
broken under force and preventing the fracture of the molecular backbone.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Self-healing is a common phenomenon observed in most bio-
logical materials such as skin, bones, and wood [1,2]. Autonomous
damage repair and resulting healing in suchmaterials often involve
an energy dissipation mechanism created by reversible breakable
bonds which prevent the fracture of the molecular backbone [3]. In
recent years, numerous studies have been conducted to add the
self-healing property in synthetic materials [4e11]. The encapsu-
lation approach is based on the introduction of microcapsules
containing healing agent within the materials [12]. Release of the
healing agent in case of microcrack repairs the materials. The use of
reversible chemistry is another approach to obtain self-healing
materials [13]. Hydrogen-bonding interactions [14,15], metal-
ligand coordination [16], disulfide links [17] have been shown to
be useful to create self-healing materials. Deng and co-workers
prepared hydrogels with self-healing properties by utilizing
reversible acylhydrazone bonds [18]. A complete healing was ach-
ieved after a healing time of 24 h while the presence of catalyst
decreased the healing time to 8 h.

Recently, we presented a simple strategy to create strong
hydrophobic interactions between hydrophilic polymers leading to

the production of self-healing polyacrylamide (PAAm) hydrogels
[19,20]. To generate long-lived intermolecular hydrophobic asso-
ciations making self-healing efficient, blocks of large hydrophobes
were incorporated into the hydrophilic PAAm backbone via
micellar polymerization technique [21e27]. The key step of our
approach is the solubilization of the hydrophobic monomers in
a micellar solution of sodium dodecyl sulfate (SDS). As revealed in
previous studies [28,29], large hydrophobes such as stearyl meth-
acrylate or docosyl acrylate cannot be solubilized in SDS solutions
due to the very low water solubility of the monomers, which
restricts the monomer transport through the continuous aqueous
phase into the micelles. To overcome this problem, we make use of
the characteristics of ionic micelles, namely that the addition of salt
such as NaCl into aqueous SDS solutions leads to micellar growth
and hence, solubilization of large hydrophobes within the grown
wormlike SDS micelles [19]. After solubilization and, after incor-
poration of the hydrophobic sequences within the hydrophilic
polymer chains by micellar polymerization, strong hydrophobic
interactions were generated in synthetic hydrogels. The surfactant-
containing gels formed using hydrophobic blocks as physical
crosslinks exhibit unique characteristics such as insolubility in
water but solubility in SDS solutions, non-ergodicity, very large
elongation ratios at break, and self-healing [20]. Hydrophobic
associations surrounded by surfactant micelles acting as reversible
breakable crosslinks are responsible for the extraordinary proper-
ties of the hydrogels while the existence of non-associated
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hydrophobic blocks is accounted for their high self-healing effi-
ciency (Fig. 1A).

Self-healing gels mentioned above were prepared in 7% SDS
solutions and using stearyl methacrylate as the hydrophobic
monomer, which is a mixture of 65% n-octadecyl methacrylate and
35% n-hexadecyl methacrylate. Understanding the effects of the
hydrophobe size and the surfactant concentration on the self-
healing performance of hydrogels could be essential for the
optimum design of self-healing soft materials and this was the aim
of this study. Here, we used n-alkyl (meth)acrylates of various alkyl
chain lengths between 12 and 22 carbon atoms as the physical
crosslinker in the gel preparation (Fig. 1B). Dynamic properties of
the physical gels were investigated by rheometry, while their large-
strain mechanical and self-healing performances were determined
by uniaxial elongation or compression tests. To shed light on the
role of surfactant micelles in self-healing properties, mechanical
properties of the physical gels containing various amounts of SDS
were also investigated. It was also of inherent interest to charac-
terize the network chains of self-healing hydrogels to demonstrate
their blockiness and associativity. Although the gels were insoluble
in water, they could be solubilized in surfactant solutions or, in
DMSO at high temperatures, providing structural characterization
of the network chains by rheometry, NMR and FTIR techniques. As
will be seen below, there are two structural parameters which are
crucial for obtaining self-healing gels via hydrophobic interactions.
One is the length of alkyl side chain of the hydrophobe, and the
other is the surfactant content of the hydrogels.

2. Experimental part

2.1. Materials

Acrylamide (AAm, Merck), sodium dodecyl sulfate (SDS, Merck),
ammonium persulfate (APS, Sigma), N,N,N0,N0-tetramethylethyle-
nediamine (TEMED, Sigma), and NaCl (Merck) were used as
received. Hydrophobic monomers used in this study have linear
alkyl side chains 12 to 22 carbons in length (Fig. 1B). They are
designated with CxR, where C stands for carbon, x is the number of
carbon atoms in side alkyl chain, and R equals to A orM for acrylates
and methacrylates, respectively. Commercially available stearyl
methacrylate (C17.3M, Aldrich) consisting of 65% n-octadecyl
methacrylate and 35% n-hexadecyl methacrylate, was used as
received. Since C17.3M is a mixture of two hydrophobes, the
average chain length was used in its short name. n-dodecyl
methacrylate (C12M, Fluka), n-hexadecyl acrylate (C16A, Tokyo
Chemical Industry, TCI), and n-hexadecyl methacrylate (C16M,
ABCR) n-octadecyl acrylate (C18A, Fluka), and n-octadecyl meth-
acrylate (C18M, TCI) were used as received. Docosyl acrylate (C22A)

was prepared by the reaction of the 1-docosanol with acryloyl
chloride in THF in the presence of triethylamine as a catalyst, as
described in the literature [30]. The purity of each batch of C22A
was checked by NMR, FTIR, and elemental analysis. Poly(ethylene
glycol) of molecular weight 10,000 g/mol (PEG, Fluka) was also
used as received.

Micellar copolymerization of AAm with the hydrophobic
comonomers was conducted at 25 �C for 24 h in the presence of an
APS (3.5 mM)e TEMED (0.25 v/v %) redox initiator system. SDS and
NaCl concentrations were set to 7 w/v % (0.24 M) and 0.9 M,
respectively. The total monomer concentration and the hydrophobe
content of the monomer mixture were also fixed at 10 w/v % and
2 mol %, respectively. Physical gels using C17.3M hydrophobe were
also prepared at 5% initial monomer concentration in 0.5 M NaCl
solutions containing 7 w/v % SDS. The gel preparation procedure
was the same as in our previous studies [19,20]. Shortly, SDS (0.7 g)
was dissolved in 9.9 mL NaCl solution at 35 �C to obtain a trans-
parent solution. Then, hydrophobic monomer CxR was dissolved in
this SDS-NaCl solution under stirring for 2 h or 4 days (for C22A) at
35 �C. After addition and dissolving AAm for 30min, TEMED (25 mL)
was added into the solution. Finally, 0.1 mL of APS stock solution
(0.8 g APS/10 mL distilled water) was added to initiate the reaction.
For the mechanical measurements, the copolymerization reactions
were carried out in plastic syringes of 4.7 mm internal diameters
while, for the rheological measurements, they were conducted
within the rheometer.

To obtain hydrogels with various SDS contents, gel samples at
the state of preparation were first immersed in water and, after
predetermined swelling times, they were dialyzed using Snake
Skin membranes (3500 MWCO, Pierce, Thermo Scientific, Rock-
ford, IL) for 4 days against 0.5 M NaCl solution containing required
amounts of SDS and 5 to 7 w/v % PEG, that was changed every
other day. By the osmotic stress adjusted with the PEG concen-
tration in the external solution, water molecules inside the
hydrogels moved into the outer solution through the dialysis
membrane so that a series of gels of the same polymer concen-
tration (10 w/v %) but with various amounts of SDS between 0 and
7% were obtained.

2.2. Solubilization tests of the hydrophobes in SDS-NaCl solutions

The amount of the hydrophobic monomers solubilized in SDS
micelles was estimated by measuring the transmittance of SDS-
NaCl solutions at 35 �C containing various amounts of hydro-
phobes on a T80 UVevisible spectrophotometer. The transmittance
at 500 nm was plotted as a function of the added amount of the
hydrophobe in the SDS-NaCl solution and, the solubilization extent
was determined by the curve break (Fig. S1).

Fig. 1. A) Cartoon showing the physical crosslink of self-healing gel and B) structure of the hydrophobic monomers used as physical crosslinkers.
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2.3. Rheological experiments

Gelation reactions were carried out at 25 �C within the
rheometer (Gemini 150 Rheometer system, Bohlin Instruments)
equipped with a cone-and-plate geometry with a cone angle of 4�

and diameter of 40 mm. The instrument was equipped with
a Peltier device for temperature control. The reactions were
monitored at an angular frequency u of 6.3 rad/s and a deformation
amplitude go ¼ 0.01. After a reaction time of 3 h, the dynamic
moduli of the reaction solutions approached limiting values
(Fig. S2). Then, frequency-sweep tests at go ¼ 0.01 were carried out
over the frequency range 0.063e250 rad/s.

2.4. Mechanical tests

The measurements were performed in a thermostated room at
25 � 0.5 �C on a Zwick Roell test machine using a 10 N load cell.
Cyclic compression experiments were performed on cylindrical
hydrogel samples of 4.7 mm diameter and 6 mm length placed
between the plates of the instrument. Before the test, an initial
compressive contact to 0.004 � 0.003 N was applied to ensure
a complete contact between the gel and the plates. Cyclic tests were
conducted with a compression step performed at a constant
crosshead speed of 5 mm/min to a maximum load (varied between
0.5 and 5 N), followed by immediate retraction to zero displace-
ment and a waiting time of 2 min, until the next cycle of
compression. Load and displacement data were collected during
the experiment. Compressive stress was presented by its nominal
snom or true values strue (¼lsnom), which are the forces per cross-
sectional area of the undeformed and deformed gel specimen,
respectively, while the strain is given by l, the deformation ratio
(deformed length/initial length).

Uniaxial elongation measurements were performed on cylin-
drical hydrogel samples of 4.7 mm in diameter under the following
conditions: Crosshead speed ¼ 50 mm/min, sample length
between jaws¼ 13� 3mm. Samples were held on the test machine
between clamps altered with anti-slip tape (Tesa, 25 � 15 mm)
together with cyano acrylate adhesive (Evobond) or, with wood
strips to better grip the slippery gel samples. The ultimate strength,
percentage elongation at break, and toughness were recorded.
Tensile modulus was calculated from the slope of stress-strain
curves between elongations of 5% and 15%. Cyclic elongation tests
were conducted at a constant crosshead speed of 50 mm/min to
a maximum elongation ratio (varied between 100 and 400%), fol-
lowed by retraction to zero force and a waiting time of 7 min, until
the next cycle of elongation. For reproducibility, at least six samples
were measured for each gel and the results were averaged.

2.5. Solubilization of gels and characterization of network chains

Hydrogel samples were immersed in a large excess of water at
24 �C for at least 30 days by replacing water every second or third
day, until the SDS concentration in the external solution decreases
below the detection limit of the methylene blue method
(0.20 mg L�1) [31]. Then, the equilibrium swollen gel samples were
taken out of water and freeze dried. The measurements of the gel
fractionWg (mass of dry, extracted network/mass of the monomers
in the comonomer feed) revealed that Wg equals 1.0 for all the
physical gels indicating existence of strong hydrophobic associa-
tions. For spectroscopic characterization, FTIR spectra of dry,
extracted networks were recorded on a PerkineElmer FTIR Spec-
trum One-B spectrometer.

Although the physical gels were insoluble in water, they could
be solubilized in DMSO at 80 �C. 1H NMR spectra of the dis-
integrated gels were recorded on a Bruker 250 MHz spectrometer

using ca. 10 mg polymer network samples dissolved in 1 mL of d6-
DMSO at 80 �C. The physical gels could also be dissolved in aqueous
SDS or SDS-NaCl solutions. Even solubility tests conducted in
a limiting volume of water at a high temperature provided
complete solubilization of gels due to the surfactant molecules
moving from the gel to the solution phase. For characterization
purposes, solubilization of gels was carried out according to the
following procedure. Gel sample was immersed into 10 mL of 0.5 M
NaCl solution for a duration of 3 days at 50 �C until complete
solubilization. To fix the concentration of both the dissolved
network chains and SDS in the solution, the mass of the gel sample
was changed depending on the initial monomer concentration at
the gel preparation and, appropriate amount of SDS was added. In
this way, homogeneous 0.5 M NaCl solutions containing 0.5 w/v %
polymer and 0.7 w/v % SDS were obtained. For comparison, PAAm
solutions were prepared as described above, except that the
micellar polymerization was carried out in the absence of the
hydrophobe. The solutions were then subjected to frequency-
sweep tests at go ¼ 0.01 and viscosity measurements at various
shear rates between 10�2 and 103 s�1.

3. Results and discussion

3.1. Effect of hydrophobe

Physical gels were prepared by the micellar copolymerization of
AAmwith 7 different n-alkyl (meth)acrylates (hydrophobes) having
linear alkyl side chains 12 to 22 carbons in length. Hydrophobe
content of the monomer mixture and the total monomer concen-
tration were fixed at 2 mol % and 10%, respectively. As revealed in
previous studies [19], copolymerization conducted in 7 w/v % SDS
solution but in the absence of NaCl led to the formation of a poly-
mer solution with an elastic modulus of a few Pascal’s and a loss
factor larger than unity. Upon addition of NaCl into the reaction
solution, however, the elastic modulus rapidly increased demon-
strating solubilization of the hydrophobes in the micellar solution
and incorporation of the hydrophobic sequences into the poly-
acrylamide (PAAm) chains to form intermolecular hydrophobic
associations. To determine the amount of NaCl required for
complete solubilization of the hydrophobes in the micellar solu-
tion, solubility tests were conducted using the most hydrophobic
monomer C22A, together with C17.3M and C18A. Fig. 2A shows the
hydrophobe solubility in 7 w/v % SDS solution as a function of the
added amount of NaCl. The solubility increases with increasing salt
concentration due to the simultaneous increase of the micellar size
[19]. Among these hydrophobes, enhancement of the solubility is
largest for C18A, followed by C17.3M and C22A. Although the
average alkyl side chain of C17.3M is shorter than that of C18A, the
methacrylate group of the formermolecule seems to be responsible
for its less solubility in the micellar solution. Solubility results also
revealed that the complete solubilization of C22A in the micellar
copolymerization system requires a salt concentration of 0.9 M
NaCl, which was fixed for all the gelation reactions.

Copolymerizations of AAm with 2 mol % of the hydrophobes in
SDS-NaCl solution were first monitored within the rheometer at
a strain amplitude of 1% and at an angular frequency of 6.3 rad/s.
During the reactions, both the elastic G’ and viscous moduli G’’
increased while the loss factor tan d (¼G00/G0) decreased rapidly and
then approached plateau values after 1e2 h (Fig. S2). Plateau values
of tan d were between 0.2 and 0.4 for all hydrophobes indicating
formation of viscoelastic gels. Fig. 2B shows the frequency depen-
dences of G0 (filled symbols) and G00 (open symbols) of the physical
gels formed using C18A, C17.3M, and C22A. All the gel samples
exhibit time-dependent dynamic moduli with a plateau elastic
modulus at high frequencies (>102 rad/s), demonstrating the
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temporary nature of the hydrophobic associations having lifetimes
of the order of seconds to milliseconds. The physical gel formed
using C22A exhibits a much slower relaxation at low frequencies
compared to other hydrophobes (Fig. 2B and Fig. S3), as expected
given that the activation energy for disengagement of hydrophobic
blocks increases with hydrophobe length [32e34]. Close inspection
of the frequency-sweep data of gels also shows that (i) at a fixed
length of the alkyl side chain, hydrophobic methacrylates produce
gels with a higher loss factor tan d as compared to the acrylates,
indicating dissipation of a greater amount of energy, and (ii) tan
d decreases as the size of the hydrophobe increases indicating
increasing elasticity of the physical gels (Fig. S4).

To highlight the effect of hydrophobe size on the mechanical
properties and self-healing performance of gels, cylindrical gel
samples after a reaction time of 24 h were subjected to uniaxial
elongation and compression tests. Fig. 3A represents stress-strain
data of the physical gels, as the dependence of the nominal stress
snom on the deformation ratio l. In compression tests (l < 1),
although no break was detected in snom e l plots, strue e l plots
given in Fig. S5 illustrate that l at failure is around 0.04 indicating
that all gels are stable up to a compression ratio of 96%. In elon-
gation tests, l at break is larger than 16, i.e., the elongation exceeds
1500% for all the physical gels while the ultimate strength of gels
formed using hydrophobic acrylates is larger (30e65 kPa) than
those formed using methacrylates (20e30 kPa).

The large strain properties of the physical gels were compared
by cyclic compression tests conducted up to a strain below the
failure. The tests were conducted by compression of cylindrical gel
samples at a constant crosshead speed to a predetermined
maximum load, followed by immediate retraction to zero
displacement. After a waiting time of 2 min, the cycles were
repeated twice. In all cases, the loading curve of the compressive
cycle was different from the unloading curve indicating damage in
the gel samples and dissipation of energy during the cycle. In
Fig. 3B, typical successive loadingeunloading cycles of the gel
samples formed using C17.3M, C18A, and C22A are shown as the
dependence of the nominal stress snom on the deformation ratio
l. It is seen that the behavior of the virgin samples can be
recovered after a waiting time of 2 min without stress. The
reversibility of loading/unloading cycles was observed in all gels

(Fig. S6). The perfect superposition of the successive loading
curves demonstrates that the damage done to the gel samples
during the loading cycle is recoverable in nature. This behavior is
similar to that of the hydrogels formed by dynamic crosslinkers
[35,36]. The energy Uhys dissipated during the compression cycle
was calculated from the area between the loading and unloading
curves (Fig. S6). For gels formed using 7 different hydrophobes, the
hysteresis energies Uhys were 5 � 1, 8 � 2, and 14 � 2 kJ/m3 for
a maximum load of 1, 2, and 4 N, respectively. Since the loading/
unloading cycles are reversible, Uhys is associated with the number
of reversible broken hydrophobic associations [35,37,38]. Thus, this
number increases with increasing maximum load, i.e., with
increasing maximum strain during the loading step. The reversible
disengagements of the hydrophobic units from the associations
under an external force also point out the self-healing properties of
the physical gels.

To quantify the self-healing efficiency, tensile testing experi-
ments were performed using cylindrical gel samples of 4.7 mm in
diameter and 6 cm in length. Gel samples were cut in the middle
and then, the two halfs were merged together within a plastic
syringe (of the same diameter as the gel sample) at 25 �C by slightly
pressing the piston plunger. The healing timewas set to 30 min and
each experiment was carried out starting from a virgin sample. In
Fig. 4A, the elongation ratios at break of the virgin (lb,0) and healed
gel samples (lb) are plotted against the type of the hydrophobe
used in the gel preparation. The healing efficiencies εH of gels
calculated as εH ¼ ðlb=lb;0Þ102 are shown in Fig. 4B. lb approaches
to lb,0, that is, the efficiency εH increases with increasing length of
the alkyl side chain and, the highest value of the healing efficiency
was observed in the physical gel formed using C18M hydrophobe.
The efficiency εH decreases again as the alkyl chain length of the
hydrophobe is further increased. This reveals that the ability of the
gels to self-heal depends critically on the length of side alkyl chains.
Hydrophobes having an alkyl side chain 18 carbons in length
generate strongest self-healing in the physical gels.

Another important result of Fig. 4B is that the hydrophobic
methacrylates generate physical gels with a higher healing effi-
ciency than the corresponding acrylates. For instance, at an alkyl
chain length of 18 carbon atoms, the healing efficiency increases
from 34% to 88%, by replacing acrylate (C18A) with methacrylate
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Fig. 2. A) Solubility of the hydrophobic monomers C17.3M, C18A, and C22A in SDS - NaCl solutions at 35 �C plotted against NaCl concentration. SDS ¼ 7 w/v %. B) G0 (filled symbols)
and G00 (open symbols) of the physical gels shown as a function of angular frequency u measured after 3 h of reaction time. go ¼ 0.01. Type of the hydrophobe indicated.
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(C18M). A similar trend is seenwhen comparing the gels formed by
C16A and C16M hydrophobes (29% versus 49%). This significant
effect of the backbone methyl group on self-healing is attributed to
the limited flexibility of the methacrylate backbones. Previous

works on side chain crystalline polymers show that both the
melting temperature and the degree of crystallinity of polymers
formed by methacrylates are lower than those formed by acrylates
[39], indicating that the methacrylate backbone hinders the
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Fig. 4. A) Elongation ratio at break of healed lb and virgin gel samples lb,0 and B) the healing efficiency εH for the gels formed using 7 different hydrophobes.

Fig. 3. A) Stress-strain curves of the physical gels under compression and elongation as the dependence of nominal stress snom on the deformation ratio l. The type of the
hydrophobes indicated. B) Three successive loading/unloading cycles are shown for gel samples formed using C17.3M, C18A, and C22A. Maximum load ¼ 5 N.
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alignment of side alkyl chains. Thus, onemay expect that, due to the
limited flexibility of methacrylate backbone, the number of asso-
ciations formed by hydrophobic methacrylates is reduced so that
a larger fraction of non-associated hydrophobic blocks exists in the
gel samples. This is also supported by the lower ultimate strength
and higher loss factor of gels formed using hydrophobic methac-
rylates (Fig. 3A and Fig. S4). As the free hydrophobic blocks locating
near the fracture surface of the gel samples link each other to self-
heal the broken hydrogel, the higher the number of free hydro-
phobic blocks, the higher is the healing efficiency. As a conse-
quence, increasing number of non-associated blocks in gels formed
bymethacrylates leads to higher self-healing efficiencies compared
to acrylates.

3.2. Effect of surfactant

Another critical parameter for the self-healing performance is
the concentration of surfactant micelles in gels. In the previous
section, the physical gels were characterized at their preparation
states, i.e., in the presence of 7 w/v % SDS. However, the gels where
SDS had been removed after their preparation exhibited very
different behavior. For instance, Fig. 5A and B show the frequency
dependencies of G’ (filled symbols), G’’ (open symbols), and tan
d (lines) for the gels formed using C17.3M, C18A, and C22A hydro-
phobes with (A) and without SDS (B). It is seen that, after extraction
of SDS, the dynamic moduli of the physical gels become time
independent and tan d decreases from above to below 0.1 indi-
cating increasing lifetime of the hydrophobic associations. Similar
results were also obtained for gel samples formed using other
hydrophobic monomers (Fig. S7). The marked change in the
internal dynamics of gels is attributed to the strengthening of the
hydrophobic associations in the absence of surfactant micelles [20],

so that their dynamic behavior approaches to that of the chemically
crosslinked hydrogels.

The effect of surfactant on the mechanical properties of the
physical gels was investigated by conducting mechanical tests on
gel samples with varying SDS content. The gels formed using
C17.3M hydrophobe were chosen for this set of experiments. For
the micellar polymerization reactions, a salt concentration of 0.5 M
NaCl was sufficed to solubilize C17.3M completely in 7% SDS solu-
tion (Fig. 2A). After preparation of the physical gels in 0.5 M NaCl
solution containing 7% SDS, they were dialyzed against SDS-NaCl-
PEG solutions, as detailed in the experimental part, to obtain gel
samples having the same polymer concentration (10 w/v %) but
varying SDS contents between 0 and 7 w/v %. Tensile modulus,
ultimate strength, elongation at break, and toughness data for gels
with different SDS % are summarized in Fig. 6. An enhancement in
the mechanical strength of the gel is seen when its SDS content is
decreased and, this enhancement becomes dramatic between 1 and
0% SDS. Gels without SDS exhibit high modulus (w50 kPa), high
ultimate strength (w200 kPa) and toughness (w1 MJ/m3) due to
the increasing lifetime of hydrophobic associations in the absence
of SDS (Fig. 5). Elongations at break exhibit a slight dependence on
the SDS content and decreases from 1600 to 800 % with decreasing
amount of SDS. Thus, the mechanical properties of the physical gels
can be varied greatly by changing SDS %.

In the tensile testing described above, it was observed that the
self-healing ability of gels gradually disappears as the SDS content
is decreased. However, the self-healing efficiency cannot be quan-
tified as in the previous section due to the fact that the gel samples
were too slippery because of the dialysis procedure applied to
adjust their SDS contents. Tests conducted by firmly stretching
virgin and healed gel samples by hand showed that the gels lost
their capacity to self-heal at or below 3% SDS content. Cyclic tensile
tests also confirmed the lack of a self-healing mechanism in gel
samples containing no SDS. Fig. 7A and B show the results of 3
successive cyclic tensile tests conducted on gels with and without
SDS, respectively. The tests were carried out up to a maximum
strain (lmax) of 5 with a waiting time of 7 min between cycles. The
gel sample with SDS exhibits reversible loading/unloading cycles
indicating that the original network structure can be recovered
when the damaged gel sample is left to rest for 7 min without
stress. Visual observation indeed showed that the residual elon-
gation after the first cycle (denoted by an asterisk in Fig. 7A)
decreased with increasing waiting time and disappeared after
7 min, so that the next loading cycle follows the path of the first
loading. Thus, similar to the cyclic compression tests (Fig. 3B), cyclic
tensile tests also confirm the existence of reversible breakable
crosslinks in SDS containing gels.

In contrast, the gel sample without SDS exhibits very different
behavior (Fig. 7B). Although the loading curve of the first cycle is
different from the unloading and a significant hysteresis occurs as
in the case of SDS containing gel, the second and the third cycles are
almost elastic with a small amount of hysteresis and, they closely
follow the path of the first unloading. This clearly indicates the
occurrence of an irrecoverable damage to the gel sample during the
first cycle, leading to a permanent residual elongation. Fig. 8A
shows the results of 8 successive loading/unloading cycles with
increasing maximum strain lmax from 2 up to 9 (100e800%
elongations), with 7 min waiting time between each cycle. For
clarity, successive cycles are shown by the solid and dashed
curves. An idealized view of two successive cycles is also shown
in Fig. 8B. It is seen that each loading curve with lmax > 3
consists of two regions.

1) Elastic region that closely follows the path of the unloading
curve of the previous cycle,
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2) Damage region continuing the loading curve of the previous
cycle.

The transition from elastic to damage region occurs at the
maximum strain lmax of the previous cycle. For example, the
loading curve of cycle-5 (lmax ¼ 5) follows the unloading and
loading curves of cycle-4 between l ¼ 1e4 and l ¼ 4e5,
respectively. Thus, due to the irreversible damage done during
the previous cycle, additional damage only occurs at a higher
maximum strain. The dotted red curve in Fig. 8A shows the cycle
conducted on a virgin gel sample up to lmax ¼ 5. Since there is no
previous damage to the gel sample, the loading curve follows the
second region of the loading curves of cycles with lmax � 5. Thus,
the hysteresis of the first cycle is related to irreversible fracture of
a part of the hydrophobic associations whose extent increases with
increasing lmax, i.e., with increasing maximum strain during the
loading step. The results also verify the loss of self-healing ability in

gel samples containing no SDS. We note that the behavior of the
present gels without SDS shown in Fig. 7B and Fig. 8A is very similar
to that of double-network (DN) hydrogels [37,40], where the first-
cycle hysteresis occurs due to the irreversible fracture of covalent
bonds in the highly crosslinked primary network.

We should emphasize that, although the physical gels without
SDS have no self-healing ability, they are very toughwith toughness
values about one order of magnitude higher than those of SDS
containing gels (Fig. 6). This behavior of gels containing no SDS is
also completely different from that of chemically crosslinked gels,
which are brittle due to their very low resistance to crack propa-
gation. We hypothesize that the enhancement in the mechanical
strength of the physical gels without SDS arises from the sacrificial
bonds broken during the first cycle [41]. Many natural materials
have such sacrificial bonds, which are defined as the bonds that
break before the molecular backbone is broken [3]. These bonds are
weaker than the covalent bonds of molecular backbones and

Fig. 7. Three successive loading/unloading cycles of gels with 7% SDS (A) and without SDS (B). lmax ¼ 5. Hydrophobe ¼ C17.3M. Waiting time between cycles ¼ 7 min. Crosshead
speed ¼ 50 mm/min.
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greatly increase the toughness of biomaterials by creating an
energy dissipation mechanism under external force [42]. For the
present system, the energy dissipation mechanism created by the
hydrophobic associations that are destroyed under the applied
force prevents the fracture of the molecular backbone up to an
elongation ratio of about 800%.

3.3. Characterization of the network chains of self-healing gels

Previous sections demonstrate extraordinary mechanical
performance of the physical gels formed by hydrophobic associa-
tions. To obtain more information about the incorporation behavior
of the hydrophobes, solubilization tests were carried out by
immersing the physical gels in several solvents and solutions.
Although the gels were insoluble in water due to the strong
hydrophobic interactions, they could be dissolved in SDS solutions
as well as in DMSO at 80 �C, providing microstructural character-
ization of the network chains. Physical gels formed using 2 mol %
C17.3M hydrophobe were chosen for characterization. The initial
monomer concentration Cowas again 10 w/v %. To demonstrate the
blockiness of the network chains, the gels were also prepared at
Co¼ 5 w/v %. Since the aggregation number of SDSmicelles in 0.5 M
NaCl solution is 200 [19], assuming a homogeneous distribution of
the hydrophobe along the micelles, the length NH of the

hydrophobic blocks in the network chains will be 12 and 23 for gels
formed at Co ¼ 5 and 10%, respectively. In the following, the
network chains isolated from the physical gels with NH ¼ 12 and 23
are denoted by P1 and P2, respectively.

Fig. 9 shows FTIR spectra of the network chains together with
PAAm for comparison. Both P1 and P2 exhibit the characteristic
bands at 2920 cm�1 and 2850 cm�1 due to the stretching of the
methylene groups of C17.3M units, which are absent in PAAm
chains (dashed curve). 1H NMR spectra of the same polymers in d6-
DMSO also shown in Fig. 9 exhibit characteristic protons emerging
from C17.3M units. Peak A at 0.9 ppm arises due to the protons of a-
methyl backbone and of the terminal methyl of the alkyl chain,
while the peak B at 1.2 ppmwas caused by the protons attached to
carbon atoms on the side alkyl chain of C17.3M units. Although
NMR technique was not sensitive enough for the determination of
copolymer microstructure due to the low hydrophobe content,
increasing peak intensities with increasing NH indicates blockiness
of the polymers.

In parallel with this observation, viscometric and rheological
behavior of the network chains in 0.7% SDS solutions also showed
a substantial increase in the associativity with increasing NH, i.e.,
with increasing length of the hydrophobic blocks. Fig. 10A shows
shear rate dependence of the viscosity of 0.5 w/v % solutions for the
polymers P1 and P2 together with the PAAm homopolymer. A

Fig. 8. (A): 8 Successive loading/unloading cycles for different values of lmax indicated. The dotted red curve represents the cycle conducted on a virgin gel sample (lmax ¼ 5). The
tests were carried out using gel samples without SDS. (B): Cartoon representing an idealized view of two successive cycles. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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strong enhancement of the viscosities of both P1 and P2 solutions
as compared to PAAm solution demonstrates the existence of
hydrophobic blocks in the network chains. The solutions of the
network chains exhibit a Newtonian plateau at low shear rates
followed by an abrupt shear thickening region before the onset of
shear thinning. The shear thickening region is typical for associative
flexible polymers and, is a result of the formation of transient
intermolecular hydrophobic associations [43e45]. These associa-
tions are favorable at a certain degree of coil deformation while
they become disrupted at higher shear rates. The critical shear rate
gc for the onset of shear thickening behavior yields a characteristic
time sc¼ 1/gc that scales with zero-shear viscosity, which is verified
by the data in the figure. For P1 and P2 solutions, sc times are 0.53
and 0.16 s with zero-shear viscosities of 1.18 and 0.11 Pa s,
respectively. Thus, despite the same hydrophobe level, solutions of
P2 (network chains of self-healing gels) exhibit smaller sc values
and higher viscosities compared to P1 solutions demonstrating
increasing associativity of the polymers due to the increasing
length of the hydrophobic blocks. The results are also confirmed by
the frequency-sweep tests, as shown in Fig. 10B. The characteristic
relaxation times sR, as determined by the crossover frequency uc at
which G0 and G00 values are equal (sR ¼ u�1

c ) are 0.31 and 0.53 s for
P1 and P2 solutions, respectively. This also indicates strong asso-
ciativity of the network chains of self-healing hydrogels investi-
gated in this study.

4. Conclusions

Two structural parameters are crucial for obtaining self-healing
gels via hydrophobic interactions. One is the length of the alkyl side
chain of the hydrophobe, and the other is the surfactant concen-
tration in gels. Hydrophobes with an alkyl chain length of 18 carbon
atoms generate strongest self-healing in the physical gels. In
addition, hydrophobic methacrylates such as n-octadecyl methac-
rylate (C18M) produce gels with a higher healing efficiency than the
corresponding acrylates. The significant effect of the backbone
methyl on self-healing is due to the limited flexibility of the
methacrylate backbones leading to a greater number of non-
associated hydrophobic blocks. These non-associated hydrophobic
blocks locating near the fracture surface of the gel samples link
each other to self-heal the broken hydrogel.

Another important question addressed in this study was how
the surfactant concentration affects the mechanical properties of
the hydrogels. It was shown that the mechanical properties of the
physical gels can be varied greatly by changing their SDS contents.

Due to the strengthening of the hydrophobic associations in the
absence of surfactant micelles, decreasing SDS content leads to
a marked increase in the mechanical strength of gels while,
simultaneously, the ability of the gels to self-heal disappears.
Although the physical gels without SDS exhibit no self-healing
ability, they are very tough indicating an energy dissipation
mechanism. By cyclic tensile tests, we demonstrated that the
enhancement in the mechanical strength of the physical gels
without SDS arises from the sacrificial bonds that are broken under
the applied force and thus preventing the fracture of the molecular
backbone up to high elongation ratios.
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