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ABSTRACT: While the formation of (tri)block copolymer
hydrogels has been extensively investigated, such studies
mostly focused on equilibrium self-assembling whereas the use
of preformed structures as building blocks such as out of
equilibrium, quenched, nanofibrillar micelles is still a
challenge. Here, we demonstrate that quenched, ultralong
polystyrene-b-poly(ethylene oxide) (PS-b-PEO) micelles can
be used as robust precursors of hydrogels. Two cross-linking
strategies, (i) thermal fusion of micellar cores and (ii)
chemical cross-linking of preformed micellar coronas were
studied. The gelation process and the structure of the micellar
networks were investigated by in situ rheological measure-
ments, confocal microscopy and transmission electron microscopy. Direct observation of core fusion of preformed quenched
micelles is provided validating this method as a robust gelation route. Using time sweep rheological experiments, it was found
for both cross-linking methods that these 3D “mikado” gels are formed in three different stages, containing (1) initiation, (2)
transition (growth), and (3) stabilization regimes.

1. INTRODUCTION

Hydrogels, as an important class of soft materials, are usually
composed of an entrapped dispersion medium (aqueous
phase) and three-dimensional networks of dispersed matter,
which are formed by either chemical cross-links or physical
associations of hydrophilic polymers or supramolecular
assemblies. In the first case, the prototypical hydrogels are
derived from small molecular precursors (including monomers
and cross-linkers) that are covalently bonded together to form
a three dimension network,1 such as the classical polyacryla-
mide hydrogel.2 In contrast, physically cross-linked hydrogels
are formed by various physical associative interactions,
including hydrogen bond,3 ionic complexation,4 hydrophobic
interaction and topological entanglements5 etc., between the
building blocks. Among this kind of hydrogels, micellar
hydrogels, in which the build blocks are micelles, have
attracted increasing attention recently.6−17

In general, two main categories of micellar hydrogels can be
classified based on the materials used. One is formed by
conventional small molecular surfactants, while the other one
is constructed by block copolymers which can self-assemble
into a variety of morphologies,18 including spherical micelles,
vesicles, worm-like (or fibril) micelles and other complex
nanostructures.19−25 Compared to conventional surfactants,
micellar systems formed by block copolymers exhibit higher
stability and easier functionalization properties, offering more
design flexibility and broad range of applications. Depending

on the structure of block copolymer micelles, a variety of
micellar hydrogels can be formed. For example, fast multi-
responsive micellar gels were formed by well-defined packing
spherical micelles into an ordered structure.17 Nanofibrillar
micellar hydrogels were first reported by Bates and co-workers,
which were constructed by core cross-linked wormlike
micelles.7,8 Using a new strategy, called polymerization
induced self-assembly, Armes et al. successfully prepared soft
worm gels.15,16,26 Although many studies have been carried out
for micellar hydrogels, it is still a challenge to prepare micellar
hydrogels with nonequilibrium, nanofibrillar micelles, which
can mimic or at least exhibit similar morphology and
(nonlinear) mechanical properties as the filamentous extrac-
ellular matrix.
In the present work, we report a new kind of nanofibrillar

micellar hydrogels formed by either thermal cross-linking of
glassy cores or chemical intercorona cross-linking of very long,
rod-like quenched micelles. Briefly, either the gel is formed by
formation of physical junctions between adjacent micelles via a
heating and cooling cycle to a temperature above the glass
transition temperature of the polystyrene (PS) micelle core
(partial fusion of PS cores), or by chemical cross-linking
between methacrylate functionalized poly(ethylene oxide)
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(PEO) chains forming the micellar corona. In this case, photo-
cross-linking was used to induce the cross-linking reaction
(Figure 1). For both cross-linking methods, the gelation

process of low concentration ultralong PS-b-PEO micelles
dispersed in water was investigated of as a function of micelle
concentration and monitored by rheology. The corresponding
microstructures were examined by confocal microscopy and
transmission electron microscopy.

2. EXPERIMENTAL SECTION
Materials. Diblock copolymer, polystyrene-b-poly(ethylene oxide)

(PS-b-PEO), having an −OH terminal group in PEO block was
purchased from Polymer Source, Inc. (Canada). Polydispersity index
of PS-b-PEO is 1.09 and the molecular weights of PS and PEO blocks
are 16.0 kg/mol and 7.5 kg/mol, respectively. The dye used for
visualization of micelles in confocal microscopy was 1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI), which was
purchased from Sigma-Aldrich and has excitation maxima at 549 nm.
Triethylamine (Et3N), methacryloyl chloride (MAC), ethanol,
anhydrous chloroform, anhydrous hexane and anhydrous tetrahy-
drofuran (THF) were also purchased from Sigma-Aldrich. All
chemicals were used as received without further purification.
Modification of PS-b-PEO. A typical protocol for the

modification of PS-b-PEO is as follows: PS-b-PEO (0.5 g, 0.02
mmol) was fully dissolved in 50 mL of THF and Et3N (1.25 mL, 13
mmol) was then added under vigorous stirring at room temperature.
After the mixture was purged with N2 for 10 min, MAC (1.25 mL, 13
mmol) was dripped into the reaction solution under cooling of an ice
bath. Subsequently, the reaction was continued under stirring for 24 h
at 25 °C to substitute the terminal alcohol of PS-b-PEO by a
methacryloyl (MA) group. After reaction, the resulting solution was
centrifuged at 10000 rpm for 15 min and decanted to remove the
formed trimethylamine hydrochloride salts. To ensure most salts were
mostly removed before precipitation, the centrifugation step was
repeated several times. Then, block copolymers were precipitated in
hexane and washed with ethanol thoroughly, followed by drying in

vacuum oven at 50 °C for 2 days. Methacryloyl terminal function-
alized PS-b-PEO block copolymers were denoted with “MA”, PS-b-
PEO-MA. 1H NMR spectroscopy indicated the successful mod-
ification (Figure S1).

Preparation of Nanofibrous Micelles and Micellar Gels.
Block copolymer micelles were prepared using an evaporation-
induced self-assembly method, which you can find elsewhere.27,28

Briefly, block copolymers were completely dissolved in chloroform to
make the stock solutions with concentration of 10 mg/mL. To
prepare the micelles with MA groups, PS-b-PEO-MA was mixed with
PS-b-PEO at certain weight percentages and the corresponding
samples were labeled as PS-b-PEO-MA micelles. For example, the
micelle sample prepared with 10% PS-b-PEO-MA and 90% PS-b-PEO
was named as 10% PS-b-PEO-MA micelles. To visualize the micelles
with confocal laser scanning microscopy after their formation, 0.02 wt
% of a fluorescent dye, Dil, was added. Subsequently, 100 μL of these
stock solutions with Dil were injected into a 20 mL vial containing 2.3
mL of Milli-Q water and stirred until chloroform was completely
evaporated. Then, the resulting solutions containing micelles were
collected. The micellar solutions with higher concentrations were
prepared by concentrating the micelles with centrifugal filters
(Centriprep centrifugal filter unit with Ultracel-30 membrane,
Merck Millipore BV, The Netherlands). For physically cross-linked
micellar hydrogels, pristine PS-b-PEO micellar solutions were treated
with a heating−cooling cycle. To make chemically cross-linked
micellar hydrogels, the water-soluble photo initiator, lithium phenyl-
2,4,6-trimethyl-benzoyphosphinate (LAP), was applied in this study.
The high effectiveness of LAP in initiating acrylate reaction that was
proved by Fairbanks et al.29 offered the capability of cross-linking
micelles rapidly into gels. LAP was added to the functionalized
micellar solutions with various concentrations, resulting in a
concentration of LAP of 1 mg/mL. Then, micellar solutions with
various concentrations were cross-linked under UV light (40 W, 365
nm at 10 cm from the sample) for 10 min to form micellar gels.

Characterization. 1H NMR (CDCl3) spectra were recorded using
a 400 MHz Agilent 400-MR spectrometer (128 scans averaged per
spectrum). The micelles and micellar gels were visualized using a laser
scanning confocal microscope (LSM 710, Carl Zeiss Microscopy
GmbH, Germany) with a Fluar 40×/1.30 oil M27 objective lens. To
measure the length of cylinder micelles, software ImageJ was
employed for analysis of confocal images of micelles deposited on
glass slides. More than 500 micelles were measured for each sample.
The resulting cylindrical micellar morphologies were also investigated
by atomic force microscopy (AFM) in tapping mode and transmission
electron microscopy (TEM), which was performed by using a JEOL
JEM-1400 electron microscope at 120 kV. The copper TEM grids
(QUANTIFOIL R: 1.2/1.3, Cu 200 mesh, Quantifoil Micro Tools
GmbH, Germany) with 100 holey carbon films were used in all TEM
measurements. Rheological measurements were carried out using an
AR-G2 rheometer (TA Instruments) equipped with a Peltier plate for
temperature control. In order to prevent the effect of water
evaporation on gelation process, a solvent trap was used. Both
physically and chemically cross-linking process were monitored with a
parallel-plate geometry. A steel plate with 40 mm diameter was
employed in the former case, while a quartz plate with 50 mm
diameter and a home-make UV light source fixed on the bottom of
motor shell was used for the chemically cross-linked case (Figure S2).
For all rheological experiments, 0.4 mL of micellar solutions (with
LAP in chemically cross-linked cases) was placed on the Peltier plate
and then the upper plate was set at a desired gap (200 μm) to make
sure it was fully filled. Then, for the physical case, a temperature ramp
was conducted at frequency of 1 Hz and 0.05% strain, except 1.00%
strain for relative low concentrations (0.22, 1.61, and 5.84 mg/mL) of
PS-b-PEO. Because data were very noisy when 0.05% strain was
applied for these low concentrations (not shown). Corresponding
frequency sweeps were performed at the same strains used in the
temperature ramps. The whole procedure is described as follows.
First, before heating, a frequency sweep at 25 °C was performed for
the micellar solutions with various concentrations. Then, the
temperature increased from 25 to 90 °C at a heating rate of 1 °C/

Figure 1. Schematics of physically and chemically cross-linked
micellar gels formed by nonequilibrium glassy micelles of block
copolymers.
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min for the first temperature ramp. After that, a frequency sweep at 90
°C was performed followed by the second temperature ramp, in which
micelle solutions were cooled down to 25 °C at the same temperature
rate as heating process. In the end, a strain sweep (frequency 1 Hz)
was performed, following a frequency sweep (0.05% strain) at 25 °C
after cooling down. For the chemical case, time sweep was conducted
at frequency of 1 Hz and strain of 0.05% for 90 min under UV
irradiation, followed by frequency sweep (0.05% strain) and strain
sweep (frequency 1 Hz). The 0.05% strain was selected to ensure that
measurements were performed in the linear deformation region. All
the rheology measurements were carried out in duplicate and the
values were averaged over two measurements. Differential scanning
calorimetry (DSC) analysis of block copolymer PS-b-PEO (Figure
S3) was conducted on a PerkinElmer thermal analysis instrument. PS-
b-PEO (∼11 mg) was carefully loaded into preweighted aluminum
pans with a cap. A heating rate of 10 °C/min was used to obtain DSC
thermograms with an empty pan as reference. For the thermal studies,
the samples were heated in a water bath, following by equilibration of
30 min at target temperature. Then, the tubes were tilted to
investigate the sol−gel transition behavior.

3. RESULTS AND DISCUSSION

3.A. Formation of Wormlike Micelles. Parts a and b of
Figure 2 display the morphologies of pristine PS-b-PEO
micelles and 10% PS-b-PEO-MA functionalized micelles,
respectively. Both of them displayed the fibrous structures,
whose lengths are in the microscale range with diameters in
nanoscale range (Figure 2, parts c and d). Although 10 wt %
methacrylated PS-b-PEO was doped into micelles, no
significant difference between pristine PS-b-PEO micelles and
10% PS-b-PEO-MA micelles can be observed in fibril structure
or in their diameters (around 40 nm). Nevertheless, compared
to PS-b-PEO-MA decorated micelles, it seems that original PS-
b-PEO micelles exhibit much longer contour length (as shown
in Figure 2e). These results indicate that adding 10% PS-b-
PEO-MA for the formation of micelles may influence the out
of equilibrium assembly behavior of PS-b-PEO.
To reveal the effect of PS-b-PEO-MA on assembling

behavior, a series of PS-b-PEO-MA micelles was investigated.
As shown in Figure 3, fibrillar micelle structures can be formed
in all range of PS-b-PEO-MA percentages (from 0% to 100%).
However, agglomerates were also formed with increasing the
amount of PS-b-PEO-MA. In particular, in the case of using
pure PS-b-PEO-MA to prepare micelles, single wormlike
micelles can be barely observed and the micelles tend to
aggregate together forming clusters (Figure 3d). According to
basic principles of block copolymer self-assembly, it is well-
known that the morphologies of assemblies depend on the
intrinsic ratio between hydrophobic and hydrophilic parts,
which can be roughly represented by a geometrical factor, the
packing parameter.30

P
V

a l
c

0 c
=

(1)

where Vc is the volume of the hydrophobic chain, a0 is the area
of the hydrophilic head, and lc is the length of the hydrophobic
chain. Owning to the hydrophobic nature of methacrylate
group in PS-b-PEO-MA, the packing parameter of the original
PS-b-PEO was probably changed. Compared to PS-b-PEO, the
ratio between hydrophobic and hydrophilic parts of PS-b-PEO-
MA was increased, resulting in the transition of aggregate
morphologies. As shown in Figure 3, some agglomerates were
formed when the fraction of PS-b-PEO-MA was increased to
20%. The possible reason is that hydrophobic heads (MA)

diminishes the expansion of the corona chains, leading to a less
effective shield of hydrophobic PS subunits. Then, PS blocks
have more tendencies to aggregate via hydrophobic inter-
actions and switch the morphologies. It is similar to self-
assembly as controlled by regulating the corona volume.31

Moreover, Figure 2e illustrates the effect of MA groups on
the contour length of micelles. It can be clearly seen that after
introducing PS-b-PEO-MA, the average length of wormlike
micelles reduced from around 100 to 30 μm. This indicates
that hydrophobic MA groups give rise to the formation of
shorter fibril micelles as a result of corona volume effect. In
order to generate the micellar hydrogels based on the glassy
nanofibrillar micelles, we need to choose the system which not
only maintains the fibril structure but also contains some cross-
linkable groups in the corona part. On the basis of the above
results, the system of 10% PS-b-PEO-MA micelles was chosen

Figure 2. Confocal microscopy images of nanofbirous micelles
formed by self-assembly of PS-b-PEO (a) without PS-b-PEO-MA and
(b) with 10 wt % PS-b-PEO-MA. TEM images of micelles formed by
PS-b-PEO (c) without and (d) with 10 wt % PS-b-PEO-MA. The
inset image shows the magnification of red dash circle area. (e)
Statistical contour length histograms of micelles formed by PS-b-PEO
without and with PS-b-PEO-MA. Scale bars: 20 μm in parts a and b,
500 nm in parts c and d, and 200 nm in the inset image of part c.
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as the basis for the study of chemically cross-linked micellar
hydrogels.
3.B. Physically Cross-Linked Micellar Hydrogels. For

pure PS-b-PEO micelles, we note that these fibril micelles
exhibit an aspect ratio of around 2000−3000, which can be
called “ultra-long” micelles as compared to the literature. In
such case, it is to be expected that the topological interactions,
“entanglements” or liquid crystalline like interactions between
them could easily be built in mildly concentrated solutions,
forming highly viscous gel-like solutions.32 To learn more
about such effects, micellar solutions with different concen-
trations were prepared. As shown in the Supporting
Information (Figure S4), with increasing concentration of
micelles, micellar solutions became more turbid while the
viscosity increased (indicated by the meniscus edge of micellar
solutions). This indicates bundling of the micelles, and indeed,
using the invert tube criterion (Figure S4), a gel state was
observed as the concentration of micelles is around 140 mg/
mL, indicating that gelation of these ultralong micelles can
spontaneously occur at this concentration range. In the present
study, we are interested in the formation of a gel as finely

divided as possible and composed of ultralong micelles in
order to resemble as much as possible to biological networks.
We, therefore, focus on precursor solutions with concen-
trations much lower than 140 mg/mL. While spontaneous gels
(concentrations >140 mg/mL) are stable gels, solutions with
concentrations ≪140 mg/mL will tend to partially deposit
with time due to the presence of ultralong micelles and
bundling. In view of this, we have chosen to study
concentrations that are low enough to allow us, by the end
of the cross-linking process, to obtain a gel that is reasonably
finely divided but still containing a large fraction of ultralong
aggregates, and at the same time, such solutions are stable
enough (many hours) allowing for the cross-linking process to
be comfortably carried out in the confinement of the
rheometer gap.
We choose to use rheology to monitor the physical and

chemical cross-linking methods mentioned above starting from
3 different solutions. Figure 4 displays frequency sweeps for a
series of concentrations. For relatively low concentrations
(<11.67 mg/mL) data at this applied strain is very noise (not
shown), making the study characterization very difficult.
Therefore, a higher value of strain (1.00%) was applied to
collect data for these very diluted concentrations as shown in
Figure S5. However, for very diluted samples, a strain value of
1.0% already gives a response in the nonlinear regime during
the heating and cooling cycle. Rheological data is therefore
only used to monitor the cross-linking process. Visually, in lab
tubes, as shown in the Supporting Information (Figure S4),
micellar solutions exhibit a viscous behavior that increases with
concentration, being highly elastic (gel) around 140 mg/mL.
Under confinement of the rheometer gap of 200 μm, these
viscous solutions behave as a gel33 in which G′ is larger than
G′′, accompanied by a relatively large frequency dependency
(Figure 4). The reason behind this gel behavior could be that
increasing micelle concentration facilitates the formation of
bundling or simply favors interactions between ultralong
micelles that are now able to hold stress when confined
between the small rheometer gap (200 μm).
While it is difficult to fully pinpoint the nature or

“morphology” associated with the interactions between
micelles, it is surprisingly that a “micellar knot” (Figure S6),
was observed, using atomic force microscopy, in air-dried
condition. This fact supports the idea of micelle “entangle-
ments” and may relate to the formation of interworm
entanglements at the high concentrations (140 mg/mL),
resulting in the apparent fibrillary gel-like structure.34,35

Nevertheless, from the low values of G′ (around 2.0 Pa) at
35.00 mg/mL concentration, we know that this kind of weak

Figure 3. Confocal microscopy images of fibril micelles formed by
self-assembly of PS-b-PEO with (a) 20 (b) 40, (c) 60, and (d) 100 wt
% of PS-b-PEO-MA. The inset shows the agglomerates formed in case
of 100 wt % of PS-b-PEO-MA. All scale bars: 20 μm.

Figure 4. Frequency sweeps for PS-b-PEO fibril micellar solutions with different concentrations at 25 °C: (a) 11.67, (b) 23.34, and (c) 35.00 mg/
mL. Rheometer in plate−plate geometry with a gap of 200 μm and 0.05% applied strain.
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gel formed by micelle entanglements is not stable. To improve
their mechanical properties and form more stable micellar gels,
we, herein, proposed to increase the temperature of micellar
solutions, leading to the formation of more stable cross-links
between micelles. As shown in Figure S7, gel formation of a

micellar solution (35.00 mg/mL) can be observed at 70 °C.
For further investigation, a real-time rheological technique was
employed to monitor the gelation process. Figure 5 shows that
G′ started increasing around 70 °C, which agrees with the
range of glass transition temperature of polystyrene block in

Figure 5. Storage moduli G′ and loss moduli G′′ of PS-b-PEO fibril micellar solutions with different concentrations as a function of temperature
during heating−cooling cycle: (a) 11.67, (b) 23.34, and (c) 35.00 mg/mL. The red and blue arrows indicate the heating and cooling process,
respectively. Rheometer in plate−plate geometry with a gap of 200 μm and 0.05% applied strain.

Figure 6. Frequency sweeps for PS-b-PEO fibril micellar solutions with different concentrations at 90 °C: (a) 11.67, (b) 23.34, and (c) 35.00 mg/
mL. Rheometer in plate−plate geometry with a gap of 200 μm and 0.05% applied strain.

Figure 7. Frequency sweeps for PS-b-PEO fibril micellar solutions with different concentrations after heating−cooling cycle: (a) 11.67, (b) 23.34,
and (c) 35.00 mg/mL. Rheometer in plate−plate geometry with a gap of 200 μm and 0.05% applied strain.

Figure 8. Confocal microscopy images of micellar hydrogels with various concentrations: (a) 11.67, (b) 23.34, and (c) 35.00 mg/mL. Scale bars:
20 μm.
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PS-b-PEO (Figure S3). Moreover, due to the temperature
dependent dehydration behavior of PEO corona, increasing
temperature is favorable to form cross-links between
neighboring micelles. Shikata et al.36 have reported that with
increasing temperature, the hydration number per ethylene
oxide monomer unit decrease gradually and change from 4 to 2
at 70 °C. In such way, PS-b-PEO ultralong fibril micelles
became less soluble in aqueous solution at high temperature,
resulting in the partial collapse of the PEO corona and more
interactions between micelles. Eventually, more bundling and
cross-links were formed to build up a micellar network.
Compared with noisy signal in low concentration (Figure

S8, red dots), an increasing tendency of G′ and G′′ was clearly
observed with increasing temperature (Figure 5, red dots)

indicating that more cross-links were formed at high
concentrations (≥11.67 mg/mL). In the cooling process,
three stages were observed at high concentrations (≥11.67
mg/mL) as well as at low concentrations (≤1.61 mg/mL) after
heating, showing the gelation process and agglomeration
process, respectively. As shown in Figure 5 (blue dots), G′ and
G′′ first decreased slightly until around 80 °C and then
increased to a plateau. However, in case of low concentrations
(≤1.61 mg/mL, Figure S8, parts a and b), G′ and G′′ first
increased slowly before about 80 °C and then climbed fast to
reach an apex, followed by a decline. The difference between
these two situations can be explained by the formation of
micellar network that occurred at high concentrations while it
is difficult to construct a network at low concentrations. We
noticed that in the case of 5.84 mg/mL, the tendency of G′
combines the former two situations, namely, G′ increased
slowly at the beginning and then climbed to a plateau (Figure
S8c). This implies that 5.84 mg/mL could be the critical
gelation concentration (CGC), above which the micellar gels
can be formed after heating−cooling cycle.
We also investigated further the rheology properties of

micellar solutions at 90 °C. For high concentrations (≥11.67
mg/mL), G′ and G′′ exhibited a frequency dependence as
compared to that obtained at 25 °C, before heating. The elastic
properties dominate over the viscous properties (Figure 6). In
contrast, the viscoelastic behavior was found at low
concentrations (Figure S9), which is similar to that obtained
before heating. According to the crossover of G′ and G′′, the
characteristic relaxation time can be estimated through the
following equation10

f
1

2
τ

π
=

(2)

where f is the frequency at the crossover point. The estimated τ
of micellar solutions with high concentrations (≥11.67 mg/
mL) at 90 °C is on the order of seconds. These weak physical
gels can be referred to as “soft gels”,37,38 which are
characterized as a solution of cylindrical micelles of sufficient
length and very long relaxation times (∼seconds) responsible
for an elastic response to an oscillatory stress.
After the reaction was cooled to room temperature (25 °C),

G′ and G′′ became more frequency independent (Figure 7) as
a result of the formation of micellar networks. Meanwhile, a
weak network state was observed at low concentrations (≤1.61
mg/mL) (Figure S10). As shown in Figure 8 and Figure S11,
the dense micellar networks were constructed at high
concentrations while no obvious micelle clusters or networks
were observed at low concentrations. This can be attributed to
that the higher concentration of micelles, forming cross-links
easier between micelles. To further understand these cross-
links we used TEM to investigate the structure of these
systems. As shown in Figure 9, originally separated bundles of
micelle (Figure 9a) were fused together at some positions
(Figure 9c) to form these cross-links after high temperature
treatmentwhich is consistent with our previous findings.27

Regarding the glassy nature of PS at room temperature, these
cross-links are more stable at 25 °C than at 90 °C. In other
words, the micellar networks are stronger at room temperature
as compared to that at higher temperatures (90 °C), which is
consistent with the rheological data. It also explained why the
stable micellar gels were formed after heating−cooling cycle
while “soft gels” were observed at high temperature (90 °C).
The morphologies of cross-links observed in Figure 8 differ

Figure 9. TEM images of micellar solutions after experiencing
different temperature cycles: (a) room temperature, (b) 50 °C, and
(c) 90 °C.
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drastically from what one expects from simple polymer gels
and they resemble here to partially fused parallel cables.
3.C. Chemically Cross-Linked Micellar Hydrogels.

According to the above results, we note that physically cross-
linked micellar hydrogels are formed by the fusion (or
“physical crosslinking”) of glassy PS cores between micelles.

In comparison, we, herein, proposed to make the micellar gels
with corona cross-links followed by investigating the gelation
process and corresponding properties. First, we functionalized
block copolymer PS-b-PEO by coupling a methacrylate group
to the end of the PEO block, yielding PS-b-PEO-MA. After
incorporating PS-b-PEO-MA into micelles during assembling

Figure 10. Confocal microscopy images of micellar networks at various concentrations of block copolymers: (a) 0.90, (c) 1.00, (d) 5.84, (e) 11.60,
and (f) 23.30 mg/mL; (b) magnified image of agglomerate at bottom left of part a. Scale bars: 20 μm.

Figure 11. Time dependence of storage moduli G′ and loss moduli G′′ during photo cross-linking reaction of 10% PS-b-PEO-MA micelles for
different copolymer concentrations: (a) 11.67, (b) 23.34, and 35.00 mg/mL. Rheometer in plate−plate geometry with a gap of 200 μm and 0.05%
applied strain.

Figure 12. Plots of G′ (filled symbols) and G′′ (open symbols) as a function of frequency measured for micellar solutions with various
concentrations after cross-linking: (a) 11.67, (b) 23.34, and (c) 35.00 mg/mL. Rheometer in plate−plate geometry with a gap of 200 μm and
0.05% applied strain.
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of block copolymers, we observed that the micelles with
methacrylate terminal groups in the end of corona part were
formed. Then, these functionalized micelles can be cross-linked
via neighboring groups.
To study the gelation behavior of these micelles (10% PS-b-

PEO-MA), we first simply investigated the effect of micelle
concentrations on the formation of gels. As shown in Figure
S12, micellar gels were formed above the concentration of 1.00
mg/mL. With increasing micelle concentrations, the gels
became more and more turbid. Although a decrease of micelle
average length was observed after adding PS-b-PEO-MA
(Figure 2e), CGC of functionalized micelles is much lower
than that of pristine micelles. This may be caused by an easier
chemical cross-linking between micelle coronas. To further
study the dependence of gel formation of methacrylated
micelles on the concentrations, the microstructures of gels or
sols formed after cross-linking were investigated. As shown in
Figure 10, 3D micellar networks were built up above
concentration of 1.00 mg/mL while agglomerates were formed
at low concentrations (0.90 mg/mL). Increasing micelle
concentration also increase the possibility for connecting
adjacent micelles or clusters. Compared to samples of 0.90
mg/mL (Figure 10a and 10b), it can be clearly seen that many
clusters were connected with micelles at concentration of 23.34
mg/mL (Figure 10f), indicating that at higher micelle
concentrations, denser micellar networks were formed
To shed light on the gelation process of this new type of

glassy micellar gels, the shear storage moduli G′ and loss
moduli G′′ were recorded during the cross-linking process.
Figure 11 and Figure S13 show the time dependence of G′ and
G′′ for different copolymer concentrations. If the sample of
35.00 mg/mL concentration is taken as an example, it can be

observed that after a certain induction period, the storage
modulus rises from around 10 Pa toward a long-time
asymptote around 7000 Pa. The loss modulus G′′ exhibits a
similar behavior and also has three different stages, which can
be defined as (1) an initiation period where G′ and G′′ are
very small and similar, (2) a sol−gel transition period where G′
and G′′ increase rapidly, and (3) a plateau period where G′
and G′′ slightly increase to reach a plateau value.
Here, it can be observed that G′ and G′′ increased with

increasing concentration of micelles, which agrees with the
results of physically cross-linked micellar gels. It is interesting
to note that the initiation time, which is defined as the time
used for the first induction plateau in G′ curve, also increased
(from ∼115 to ∼209 s) with increasing concentration of
micelles (from 11.67 to 35.00 mg/mL). As the concentrations
of micelles increased, it became easier for micelles to
“encounter” and then bond with each other, especially at low
concentrations. However, as the concentration increased
further, more micellar entanglements are formed resulting in
the physical micellar networks. In such situation, the
contribution of micellar networks formed by chemically
cross-linking is eclipsed at the beginning stage of cross-linking
process. It requires more time to build chemically cross-linked
networks, which have more cross-links and larger modulus
than that of the entangled ones, to eventually dominate the
network properties at high concentrations. For example, a
pronounced initial plateau in G′ and G′′ was clearly observed
with G′ larger than G′′ in magnitude (Figure 11c). This
suggests that physical networks of fibril micelles were formed
before the reaction, which is consistent with our former results
and is also similar to other systems such as cellulose
microfibrils reinforced hydrogels.39 Meanwhile, the higher
concentration of micelles leads to lower diffusion rate of
micelles, resulting in more time required for micelles to
“encounter” with each other and to further cross-link.
As a result of further chemical cross-linking, more stable

networks were constructed leading to the fast increment of G′
until a second plateau is reached. If we associate the slope of
the G′ curve with time in the sol−gel transition period as a
growth rate of the gel network, it can be seen that the growth
rate increases for higher concentrations. This can be explained
by that higher concentrations of functional cross-linking
groups in micellar solutions give rise to increase the rate of
cross-linking reaction.
In order to quantify the status of cured systems, frequency

sweep was performed after cross-linking. Figure 12 and Figure
S14 show the G′ and G′′ as a function of frequency at various
concentrations. After UV irradiation, no significant crossover

Figure 13. Power-law exponent n as a function of micelle
concentration.

Figure 14. Plots of G′ (filled symbols) and G′′ (open symbols) as a function of strain measured for micellar solutions with various concentrations
after cross-linking: (a) 11.67, (b) 23.34, and (c) 35.00 mg/mL.
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of G′ and G′′ was obtained for all concentrations, even in
lower concentrations (Figure S14). Storage modulus G′ is
always larger than loss modulus G′′ over the measured
frequency range, indicating the formation of a gel network. The
structures of cured micellar solutions were rationalized by
using a scaling approach as it is known that the storage
modulus follows a power law near the gel point. However,
when we associate a power law dependence, G′ ∼ ωn, to
various concentrations of micelles, weak exponents were found.
The extracted exponent, n, is around 0.07 (Figure 13). It is,
however, not very far from the weak power-law behavior (G′ ∼
ω0.17) observed on living cells which behave as soft glassy
materials.40,41 According to the theory of glassy wormlike chain
model,42 the “plateau” region is no longer flat but appears to
increase with frequency as a weak power law. This could
explain the weak frequency dependence observed for the
micellar gels formed after cross-linking. Note, however, that a
low value of exponent (n < 0.2) was also reported before for
thermoplastic elastomers gelled with physical cross-linking.43

As shown in Figure 14, G′ and G′′ were measured as a
function of increasing strain amplitude. G′ remains constant
over the range of low strains. When the concentration of
micelles is above CGC, the critical strain of the linear region
seems to decrease with increasing concentration of micelles
probably because higher micelle concentrations lead to higher
cross-linking degrees of micellar networks, resulting in denser
and less flexible micellar gels. However, for lower concen-
trations (below CGC), the value is much smaller as no large
network of micelles was formed (Figure S15), which is
consistent with the observed microstructures (Figure 10).

4. CONCLUSION
In the present work, we make use for the first time of glassy,
ultralong, nanofibrillar micelles of block copolymers to form
micellar hydrogels by two different strategies: physical and
chemical cross-linking. Physical cross-linking was obtained by a
heating and cooling cycle that was shown to induce partial
fusion of polystyrene glassy cores of the preformed micelles.
Chemical cross-linking was obtained via modification of the
corona outer monomer allowing for the formation of covalent
bonds under UV irradiation. At low concentration of micelles,
instead of forming micellar gels, micellar agglomerates were
formed. Monitored by rheology, both gelation processes
exhibit three stages in time, including (1) initiation, (2)
gelation (sol−gel transition), and (3) a plateau region. When a
frequency dependent scaling law was used to describe G′ for
the chemically cross-linked systems of glassy micelles, a weak
power-law behavior was observed (exponent is around 0.07),
which is similar to that of living cells.
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