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ABSTRACT: Understanding the nanoscale structure and dynamics of supramolecular hydrogels is essential for exploiting their
self-healing mechanisms. We describe here nanostructural evolution and self-healing mechanism of hydrogels formed from in situ
generated hydrophobically modified hydrophilic polymers and wormlike sodium dodecyl sulfate (SDS) micelles. We observe a
conformational transition in wormlike SDS micelles upon addition of hydrophobic as well as hydrophilic monomers. Several
hundred nanometer long SDS micelles completely disappear after the monomer addition, in favor of spherical micelles with a
radius of 2.4 nm. After conversion of the monomers to hydrophobically modified polymer chains via micellar copolymerization,
the spherical shape of the micelles remains intact but the radius increases to 2.8 nm. The interconnected spherical mixed micelles
consisting of SDS and hydrophobic blocks of the polymer self-assemble to form a layered hydrogel structure. Self-healing
response of the damaged hydrogel samples begins by reshaping the injured area into circular holes and ends by complete healing
due to the intra- and interlayer mobility of the mixed micelles, respectively.

■ INTRODUCTION
Certain surfactant micelles are known to self-assemble in
aqueous salt solutions into wormlike micelles (WLMs), which
can display high viscoelasticity and remarkable stimuli-
responsive rheological properties.1−5 WLMs are similar to
classical flexible polymers while they differ from them because
of their constantly breaking and recombining events within the
reptation time. Addition of a hydrophobically modified
hydrophilic polymer to the solution of WLMs can significantly
enhance the zero-shear viscosity of the solution, at concen-
trations that neither the WLM alone nor the polymer can
do.6−12 The greatly enhanced viscoelastic response of aqueous
WLM−polymer systems is due to the intercalation of
hydrophobic blocks of polymer into the micellar core, thus
bridging them to a viscous solution or a physical gel. The living
nature of WLMs and enhanced mechanical performance of
WLM−polymer systems open up a versatile approach for
designing novel soft and smart materials with changeable
physical propertiesa requirement for self-healing and shape

memory effects. Moreover, micellar hydrogels formed by
thermogelling of amphiphilic block copolymers in water attract
interest as unique biomedical materials.13−16

We recently presented a simple strategy to generate self-
healing hydrogels comprising in situ generated hydrophobically
modified hydrophilic polymers and WLMs in the semidilute
regime.17−20 A hydrophobic monomer with a long alkyl side
chain such as stearyl methacrylate (C18M) is first solubilized
within wormlike sodium dodecyl sulfate (SDS) micelles and
then copolymerized with a hydrophilic monomer in aqueous
surfactant solution by free radical mechanism. Copolymeriza-
tion of the monomers via micellar polymerization generates
dynamic hydrophobic associations between the hydrophobic
domains of polymer chains and surfactant micelles acting as
physical cross-links of the resulting hydrogels.17,18,21,22 These
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reversible breakable cross-links are responsible for rapid self-
healing of the hydrogels without the need for any stimulus or
healing agent.17,18 Because the hydrogels exhibit unique
characteristics such as insolubility in water but solubility in
surfactant solutions, nonergodicity, and a high degree of
toughness, they attracted interest in the past several years.23−25

However, the evolution of the nanoscale structure during the
formation of micellar hydrogels and the mechanism of self-
healing are not understood yet. We describe here a complete
picture of the nanostructural evolution and self-healing
mechanism of micellar hydrogels as depicted in Figures 1a−d.

Several hundred nanometer long WLMs with a radius of 1.6 nm
first transform into spherical SDS micelles with a radius of 2.4
nm upon dissolution of the hydrophobic monomer C18M and/
or hydrophilic monomer acrylamide AAm (a → b). After
micellar copolymerization, the interconnected mixed micelles
formed preserve their shape while they assume a layered
structure in the hydrogel (c). After damaging the hydrogel to
create nanosized trenches on the gel surface, the trenches first
reshape into circular holes, and then the gel completely self-
heals due to the intra- and interlayer mobility of the mixed
micelles (d → c).

■ RESULTS AND DISCUSSION
Conformational Transition in WLMs. We have prepared

the pregel solutions at 35 °C and at a SDS concentration of 243
mM, which is above the overlap concentration of SDS
micelles.26 To solubilize the hydrophobic monomer C18M in
this micellar solution, NaCl has to be added in amounts
between 0.3 and 1 M to induce the micellar growth. Figure 2a
shows the zero-shear viscosity η0 of 243 mM SDS solution
plotted against the added amount of NaCl (for details, see
Supporting Information and Figure S1). η0 remains rather low
until a NaCl concentration of about 0.5 M but then
dramatically increases due to the weakening of electrostatic
interactions causing the micelles to grow. The grown SDS
micelles possess stimuli-responsive rheological properties. Even

visual examination of the micellar solutions showed that
hydrophobic additives reduce drastically their viscosities,
probably due to the oil-induced structural change of wormlike
micelles.27−31 Figure 2b shows the zero-shear viscosity η0 of
243 mM SDS in 1 M NaCl solution plotted against the added
amounts of n-hexadecane (C16), a model hydrophobic
compound, and the hydrophobic monomer stearyl methacry-
late (C18M). η0 rapidly decreases after addition of the
hydrophobes, and at a level above 20 mM, it becomes close
to the viscosity of 243 mM SDS in water. A similar but different
extent of decrease in η0 was observed upon addition of
acrylamide (AAm), N-isopropylacrylamide (NIPA), and n-
octadecyl acrylate (C18A) to this SDS−NaCl solution. Figure
2c showing a comparison of η0 of the solutions containing 130
mM of these additives reveals that the higher the hydro-
phobicity of the additive the larger is the drop in the viscosity.
However, the addition of a larger amount of hydrophilic
compounds induced similar effect as the addition of the
hydrophobes at a small amount. For instance, the open symbol
in Figure 2c indicates η0 of the micellar solution containing 1.29
M AAm. The hydrophilic monomer AAm at this concentration
reduces the viscosity to the level of the viscosity of 243 mM
SDS in water.
Figures 2d−f show the hydrodynamic correlation lengths ξH

of 243 mM SDS solutions evaluated from the time average
intensity correlation functions (ICFs) at nine scattering angles
between 50° and 130°, plotted against the added amount and
the type of the additives (see Supporting Information and
Figures S2−S4). ξH increases with the addition of NaCl and
becomes 20 nm at 1 M NaCl, while it again decreases upon
addition of n-hexadecane or other additives down to 3 nm. This
means that the size of the micelles decreases after solubilization
of these additives, but the resulting micelles are larger than the
monomeric micelles.
The results suggest a conformational transition in grown SDS

micelles upon addition of the hydrophobes. To visualize this
transition, direct images of vitrified surfactant solutions were
obtained by cryo-electron microscopy (cryo-EM). Figure 3a
presents cryo-EM micrograph of the vitrified 243 mM SDS in 1
M NaCl solution, while Figure 3b shows the same sample after

Figure 1. Cartoon showing the formation of micellar hydrogels (a−c)
and their self-healing mechanism (d). The double arrow in (d)
indicates the gel region before and after healing.

Figure 2. Zero-shear viscosities η0 (a−c), and hydrodynamic
correlation lengths ξH (d−f) of 243 mM SDS solutions at 35 °C.
Effects of the addition of NaCl, hydrophobes at 1 M NaCl, and several
additives (130 mM) at 1 M NaCl are shown. Open symbol in (c)
indicates the effect of AAm at 1.29 M.
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1:10 dilution with 1 M NaCl. After dilution, several hundred
nanometer long wormlike SDS micelles are seen, while, before
dilution, they overlap and become entangled and aligned due to
the high SDS concentration. The alignment of overlapped
WLMs can better be observed after 1:5 dilution of the solution
(Figure S5). Figure 3c represents the same sample as in Figure
3a, but after addition of 130 mM n-hexadecane (C16).
Wormlike SDS micelles completely disappear upon addition
of the hydrophobe and a system consisting of monodisperse
spheres appears. This clearly demonstrates the occurrence of a
conformational transition from wormlike to spherical SDS
micelles.
In Figure 3d, instead of C16, 1.29 M acrylamide (AAm)

together with 26.3 mM stearyl methacrylate (C18M) was
added to the wormlike SDS solution. We have to mention that

this is the gelation solution to obtain self-healing hydrogels at a
monomer concentration of 10% w/v composed of 2 mol %
C18 M and the rest being AAm.18 No wormlike micelles can be
detected in this micrograph and spherical micelles with smaller
sizes appear after the monomer addition. The drop in η0 and ξH
upon dissolution of the additives is thus due to this
conformation transition in the micellar structure. This
structural change likely occurs due to the accumulation of the
hydrophobic monomers in the core of wormlike SDS micelles,
which would increase the curvature of the micelle making
cylinder−sphere transition in micellar shape favorable.
The conformational transition in SDS micelles upon addition

of the hydrophobes was also demonstrated by small-angle
neutron scattering (SANS) measurements. The solvent water
was substituted with D2O, and the measurements were
performed at the time-of-flight SANS-beamline V16 at the
Helmholtz Zentrum Berlin (HZB).32 Neutrons of wavelength λ
= 1.8−6.9 Å were used with a distribution Δλ/λ = 10%. Figure
3e shows the scattering curves obtained for wormlike SDS
micellar solutions (243 mM SDS−1 M NaCl) before and after
addition of the monomers AAm (1.29 M) and C18M (26.3
mM). Before addition, the intensity I at low scattering vector q
increases revealing the presence of long scattering objects. The
inset to the figure showing ln[Iq] vs q2 plot in the range of q =
0.06−0.19 Å−1 is linear characteristics of cylindrical structures.
From the slope of this line, the cross-sectional radius of the
structure was calculated as 1.76 nm, a value comparable to the
extended length of C12 chain (1.67 nm).33,34 This result
supports one-dimensional growth of SDS micelles leaving the
cylindrical cross section unaltered. The solid curve in Figure 3e
represents the fit of the full neutron scattering data to a form
factor of wormlike micelles using SASfit software yielding a
cross-sectional radius of 1.60 nm. Figure 3e also shows that the
addition of the monomers significantly affects the shape of the
scattering curve. The data after the monomer addition could be
fitted to monodisperse spheres with a radius of 2.4 nm (dashed
curve).
The rheological data in Figures 2c already indicate that the

conformation transition in WLMs also occurs upon addition of
larger amounts of the hydrophilic monomer acrylamide (AAm).
To check this, SANS measurements were conducted after
addition of the hydrophilic monomer AAm alone at a
concentration of 1.29 M. Similar to the addition of both
AAm (1.29 M) and C18 M (26.3 mM), a good fit of the
neutron scattering data to monodisperse spheres was obtained
while the radius decreased from 2.4 to 1.8 nm (Figure S6).
Because of the interactions between hydrophobic double bonds
of AAm and SDS, AAm may accumulate around the surfactant
palisade layer causing an increase in curvature of WLMs and, by
this way, favors cylinder-to-sphere transition. A recent work
indeed shows that although polyacrylamide does not interact
with SDS, AAm affects its micellar structure by decreasing the
aggregation number from 60 in water to 20 in >0.2 M AAm
solutions.35

Micellar Hydrogels and Self-Healing Mechanism. After
micellar polymerization, the monomers are converted into
hydrophobically modified hydrophilic polymer chains so that a
hydrogel forms with mixed micelles as physical cross-links. The
question is, does the spherical shape of the micelles remain
intact, or does it return to the initial cylindrical shape? To
clarify this, the micellar solution containing the monomers
AAm and C18M was subjected to micellar polymerization at 35
°C by the addition of ammonium persulfate (3.5 mM)−

Figure 3. (a−d) Cryo-EM micrographs of surfactant solutions. Scale
bars = 50 nm. (a, b) 243 mM SDS in 1 M NaCl solution before (a)
and after 1:10 dilution with 1 M NaCl (b). (c, d) 243 mM SDS in 1 M
NaCl solution after addition of 130 mM n-hexadecane (c), and the
monomers AAm (1.29 M) + C18M (26.3 mM) (d). (e, f) SANS
profiles for 243 mM SDS in 1 M NaCl solution at 35 °C. (e) Solution
before and after monomer addition. The solid and dashed curves are
best fits to a form factor of wormlike micelles and spheres, respectively.
Inset: ln[I(q)q] vs q2 plot for the solution before the monomer
addition in the range of q = 0.06−0.19 Å−1. (f) Solution containing the
monomers AAm (1.29 M) and C18M (26.3 mM) before and after
gelation. The curves are best fits to a form factor of spheres with a
radius of 2.4 nm (before gelation) and 2.8 nm (after gelation).
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N,N,N′,N′-tetramethylethylenediamine (0.25 v/v %) redox
initiator system. SANS measurements were performed after a
reaction time of 6 h where a transparent gel was formed. Figure
3f compares SANS profiles before and after the micellar
polymerization. The shape of the curves remains almost
unchanged indicating that the conversion of the monomers
to hydrophobically modified polymer does not affect the
spherical shape of the micelles formed after the conformational
transition. Another point seen from Figure 3f is the enhanced
scattering of the hydrogel at low scattering vectors which we
attribute to the spatial inhomogeneities commonly observed in
gels with static concentration fluctuations.36,37 The fit of the
neutron scattering data of the hydrogel to monodisperse
spheres leads to a radius of 2.8 nm as compared to 2.4 nm
before the micellar polymerization. This increase in the micellar
radius is reasonable considering the fact that the core radius of
spherical micelles is dictated by the maximum length of the
hydrophobic tail.38,39 SANS measurements were repeated by
decreasing NaCl concentration from 1.0 to 0.5 M. The cross-
sectional radius of wormlike SDS micelles remained unchanged,
supporting the fact that the radius of monomeric micelles does
not change during the micellar growth (Figure S7). After their
conformational transition, the size of the spherical micelles
reduced by 10−20%, which is attributed to the decreasing
aggregation number of the micelles at lower salt concentrations.
It follows from the above findings that the evolution of

micellar hydrogels starting from semidilute solutions of
wormlike SDS micelles occurs as depicted in Figure 1a−c.
Several hundred nanometer long WLMs first transform into
spherical micelles with a radius of 2.4 nm upon dissolution of
the monomers. The shape of the micelles remains intact after
the hydrogel formation while their radius increases to 2.8 nm.
The interconnected mixed micelles composed of hydrophobic
groups of C18M units and SDS molecules can be considered as
similar to nanosized oil droplets interconnected by coiled
hydrophilic polymer chains in a polar gel phase. Frequency
sweep data of the hydrogel measured at a strain amplitude γ0 of
1% indicate temporary nature of the mixed micelles with
lifetimes of the order of seconds to milliseconds (Figure 4a).
Figure 4b shows five successive cycles of high (3−300%) to low
(1%) oscillatory strain amplitudes and the resulting elastic
modulus G′ vs time plot. The hydrogel recovers its original
modulus (9 kPa) and loss factor tan δ (0.2, not shown) almost
instantaneously upon reducing the strain to 1%, demonstrating
reversible dissociation−associations of the mixed micellar cross-
links.
Figure 4c shows typical ICFs of the hydrogel obtained with

different acquisition times at a scattering angle of 90° and the
distributions of the relaxation rates G(Γ). Very long acquisition
times up to 3 h were used to capture the slow dynamics of the
hydrogel. In addition to a fast relaxation mode at 30 μs, there
exists a slow relaxation in the range of seconds to minutes. The
longest relaxation peak captured at an acquisition time of 3 h is
23 min, indicating very slow dynamics in the present hydrogel.
Dynamic light scattering measurements conducted at nine
different scattering angles reveal that the fast mode is diffusive
(q2-dependent) and corresponds to the cooperative diffusion of
chain segments between two neighboring micellar cross-links
(Figure S8). In contrast, the slow mode is q-independent, and
thus, it is of structural origin. We attribute this to the slowing
down of the micellar kinetics due to the interconnected micellar
structure, leading to temporary fluctuations in the strength of
hydrophobic associations. Figure 4d shows X-ray diffraction

(XRD) pattern of the hydrogel, taken using Cu Kα radiation
with λ = 0.154 nm. XRD pattern exhibits a high-intensity peak
having a d-spacing of 3.9 nm and two higher angle peaks having
d-spacing 2.0 and 1.3 nm. The periodical diffraction peaks
indicate the existence of highly ordered supramolecular
structure within the hydrogel. We attribute this to long-range
ordering of the alkyl side chains of C18 M units in the water-
free core of the mixed micelles.
We employed scanning force microscopy (SFM) to

investigate the mobility of the gel surface and the topographic
changes in response to a damage created in the hydrogel.
Imaging under conditions described above, i.e., at 35 °C, was
difficult due to fast, on the image acquisition time scale,
changing sample topography (Figure S9). We attribute this to a
high mobility of the hydrogel surface. SFM measurements
conducted at ambient conditions revealed substantially higher
stability of the gel surface, as described in details below. Cutting
gel surface with the SFM tip by applying normal forces
exceeding 1 nN readily results in trenches in gel topography
(dark areas in Figure 5a). The trenches sometimes coexisted
with neighboring protrusions (white areas), which we attribute
to gel material pushed out or transferred by the tip onto the gel
surface. Both protrusions and trenches exhibit terraced
topography with a step height between 3.8 and 5.0 nm, or
multiples thereof. The step height was reproducible for one
particular sample but varied from sample to sample in the range
from 3.8 to 5.0 nm. The smallest step height is close to the d-
spacing of the hydrogel (3.9 nm). Comparison of images
subsequently taken after gel cutting reveals reshaping of
trenches and protrusions into circular shaped holes and islands
respectively (Figure 5b, Figures S10 and S11, and Supporting
Information movie). The reshaping of the structures at
ambient, however, did not affect their depth, height, and

Figure 4. (a) Elastic G′ and viscous moduli G″ of the hydrogel at 35
°C shown as a function of angular frequency ω. γ0 = 0.01. (b) Five
successive high−low strain cycles and the resulting moduli G′. ω = 6.3
rad s−1. (c) ICFs and G(Γ) vs relaxation time Γ−1 plots of the hydrogel
obtained with measurement times of 30 s, 100 s, 1000 s, 1 h, and 3 h. θ
= 90°. Temperature = 35 °C. The arrows show direction of increasing
measurement time. (d) XRD pattern of the hydrogel. Inset: region
where 2θ is 3.5°−7.5°, with an intensity scale expanded 10 times.
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terracing of topography. The circular shape of the holes
remained mostly unchanged, and their depth did not change
after resting the gel samples for longer times at ambient
(Figures S10 and S11). This indicates that no further
remarkable changes in the hydrogel surface occur under
ambient condition.
Figure 1d illustrates the mechanism we propose for the self-

healing mechanism of the hydrogels. After cutting the gel
sample and breaking some of the mixed micelles, the newly
generated gel surface in the damaged area is in contact with air.
At the air−gel interphase, surfactant molecules and polymer
chains orient themselves with the hydrophilic parts toward to
bulk gel phase containing 90% water while the hydrophobic
parts away from the gel toward the cut surface (Figure 1d).
This is actually what is observed at the water−air interface of
surfactant solutions.40 Hydrophobes that are close together at
the cut surface reassociate to decrease their exposure to

ambient gas phase, while SDS molecules in dynamic
equilibrium with other micelles locally solubilize these
associations to recover the broken mixed micelle.17 However,
the hydrophobes that are far away from each other cannot re-
form the broken micelles. Thus, healing starts from the edge of
the trenches so that they assume a circular shape. Moreover,
both XRD and SFM results suggest that the mixed micelles
acting as mobile cross-links in the hydrogel form a layered
structure, like the molecules in molecular liquids. As is well-
known for molecular liquids, the mobile units have fast mobility
along the layers but slower mobility between the layers, yielding
molecular layers with order decaying away from the surface.
Under ambient conditions, the micelles should exhibit relatively
fast intralayer mobility, but their interlayer motion is limited.
This explains why cuts reshape into round holes while their
depths remain unchanged.

Figure 5. Topography images of gel surface taken (a) directly after cutting the surface in the upper half of the image, the holes and island in the
lower part of the image are the result of the reshaping of a few previous cuts (not shown); (b) directly after the first image; and (c) after resting the
sample under 35 °C and 87% RH for 1.25 h. The colored dotted lines across the images indicate the cross sections on the right side of the images in
the respective colors. The surface of gel is located at the zero height on cross sections, and the dotted lines indicate steps of 3.8 nm or multiples
thereof. The color scale of the images is 50 nm from black to white.
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Increasing humidity and temperature may facilitate both
intra- and interlayer mobilities of the micelles. To check this,
we increased the humidity (RH) and the temperature for one
particular sample with the initial cut through the surface to 87%
and 35 °C, respectively, with the tip retracted. We retracted the
tip to avoid any possible influence of the tip on the gel
dynamics. Holes and trenches of about 4−40 nm in depth and
islands of about 4−12 nm in height could be detected before
annealing the sample (Figure 5b). After resting the gel sample
under the elevated temperature and humidity for 1.25 h, the
images were taken under ambient conditions. We could not
detect any more holes and islands at their initial location, yet
surveying larger area revealed holes and islands 1−2 μm apart
(Figure 5c). Such lateral shift substantially exceeds possible
instrumental thermal drifts; therefore, we attribute it to gel
dynamics. The maximum depths and heights of the holes and
islands, respectively, decreased to 8 nm. After resting the same
gel for another 1.25 h at 35 °C and 87% RH following imaging
under ambient condition, no more islands and holes could be
detected within 15 μm from their initial location. This implies
that all the holes consumed the islands, and the gel sample is
completely healed.
Quantitative imaging (QI) mode used to image the hydrogel

samples provides elastic modulus and adhesion force images
along with the height one. In all elasticity and adhesion maps,
no any contrast between the surface of virgin gel, bottoms of
trenches, and tops of islands was detected (Figure S12),
indicating that healing recovers the original mechanical
properties of the hydrogels in a nanoscale. The results thus
provide a direct evidence of the effect of the intra- and
interlayer mobility of mixed micelles on the progress of self-
healing in micellar hydrogels. We have to mention that in
macroscopic healing tests the cut surfaces of injured gel samples
are pushed together to induce autonomous healing in micellar
hydrogels.17−20 This means that the spherical nanosized
damage regions shown in Figure 5b are squeezed to realize
self-healing. By the SFM technique, however, no force is
applied to the cut surfaces to bring them together, and thus, it
provides a slow-motion monitoring of a real self-healing
process.

■ CONCLUSIONS
The addition of hydrophobic as well as hydrophilic monomers
to the semidilute solution of wormlike SDS micelles leads to a
conformational transition from cylindrical to spherical micelles.
Before monomer addition, cryo-EM images reveal existence of
several hundred nanometer long wormlike SDS micelles. SANS
profiles can also be fitted to a model of wormlike micelles with
a cross-sectional radius of 1.6 nm. After monomer addition,
wormlike micelles completely disappear from the cryo-EM
images, in favor of spherical micelles. Neutron scattering data
after the monomer addition could indeed be well fitted to
monodisperse spheres with a radius of 2.4 nm. After conversion
of the monomers to hydrophobically modified hydrophilic
polymer, the mixed micelles preserve their shape while their
radius increases to 2.8 nm. The mixed micelles consisting of
SDS and hydrophobic blocks of the polymer form a layered
structure in the hydrogels. Self-healing tests show that the
trenches and protrusions formed after gel cutting reshape into
circular shaped holes and islands without affecting their depth
and height. This first healing step occurring due to the
intralayer mobility of mixed micelles is followed by complete
healing of the hydrogel induced by interlayer mobility.
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