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ABSTRACT: Anisotropic photonic hydrogels with alternatively
stacked poly(dodecyl glyceryl itaconate) (PDGI) bilayers and
polyacrylamide (PAAm) gel layers are unique soft materials with
various functions. It is known that to form the lamellar phase of
bilayers, a small amount of co-surfactant sodium dodecyl sulfate
(SDS) should be present in the precursor monomer solutions of
the gels. However, little is known about the influence of the co-
surfactant on the structure of bilayers and on the mechanical
properties of such photonic hydrogels. Herein, we chose several
co-surfactants and studied the effect of the co-surfactants on the
self-assembly behavior of the bilayers and on the mechanical
properties of the resulting photonic hydrogels. A macroscopically
aligned lamellar phase could be induced for all the co-surfactants.
Interestingly, the mechanical response of the photonic hydrogels sensitively depends on the chemical structure of the co-surfactant,
especially at large deformation. We hypothesize that doping by small amounts of co-surfactants dramatically changes the anchoring
strength and density of PAAm strands onto the bilayer surface, thereby influencing the load transfer efficiency from the bilayer to the
PAAm gel layer at large deformation and the rupture of the bilayer. This work provides new understanding in the molecular
mechanisms of deformation and strengthening in this soft and anisotropic nanocomposite, helping to design more robust photonic
hydrogels.

■ INTRODUCTION
Under certain conditions, surfactants are known to form
different structures in aqueous solution through self-assembly,1

e.g., micellar and lamellar. Such organizations rely on a critical
packing parameter2 defined by the ratio between the volume
occupied by the hydrophobic tail on the one hand and the
product between the surface area of the hydrophilic head and
the length of the hydrophobic tail on the other hand. These
geometrical parameters depend on the chemical structure of
the surfactant including ionic and non-ionic but can also be
tuned to some extent by the physico-chemical environment,
e.g., pH, temperature, or doping by co-surfactants in small
quantities.3,4 Very small amounts of sodium dodecyl sulfate
(SDS), a widely used anionic surfactant, were found to enable
the non-ionic surfactants to form lamellar phases.5,6 By doping
in non-ionic amphiphiles, SDS prevents phase segregation in
aqueous solution by lowering the energy of the system.
Moreover, SDS plays a role as a stabilizer in the case of defects
in lamellar organizations (such defects are inherent to liquid
crystalline organizations7), thus increasing the lifetime of the
assemblies. In this work, we chose monomeric dodecylglyceryl
itaconate (DGI) as a non-ionic surfactant. DGI molecules
alone phase-separate into micelles in water. In the presence of
small amounts of the co-surfactant SDS, DGI molecules form
lamellar liquid crystal phases above the Krafft point of DGI (43

°C), exhibiting iridescent color. The color of such solutions
depends on the SDS concentration relative to DGI.8

Specifically, the solution is red at low SDS content (0.025
mol % of DGI) and undergoes a blue-shift at higher SDS
concentrations (2.5 mol % of DGI). Indeed, SDS enables to
reduce the distance between neighboring lamellae and
compensates the appearance of subsequent defects as
mentioned above.

Tsujii and co-workers immobilized the lamellar liquid crystal
phases of monomeric DGI in the chemically crosslinked
polyacrylamide (PAAm) network through one-pot polymer-
ization of the DGI monomer and acrylamide monomer. They
found that DGI and AAm are independently polymerized and
the polymeric DGI (PDGI) bilayers are embedded in the
PAAm gel matrix physically without covalent bonding between
the two networks.9 By applying shear to the precursor
monomer solution, Haque and co-workers succeeded in
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synthesizing hydrogels with uniaxially aligned bilayers.10−13

These PDGI/PAAm hydrogels showed unique properties, such
as one-dimensional swelling, tunable structural colors, and
anisotropic mechanical properties. The adsorption of the
PAAm gel phase onto PDGI bilayers through strong hydrogen
bonding14 endows the photonic hydrogels with high strength
and toughness. Although Tsujii and co-workers initially
reported the possible use of different co-surfactants to obtain
iridescent DGI solutions,6 solely SDS at fixed amounts relative
to DGI (0.025 mol % of DGI) has been used so far in the
studies of PDGI/PAAm hydrogels. Therefore, the influence of
co-surfactants on the self-assembly of DGI and on the
properties of PDGI/PAAm hydrogels remains poorly under-
stood.

Herein, we report the effect of different co-surfactants on the
formation of lamellar liquid crystal phases of DGI and on the
mechanical properties of PDGI/PAAm hydrogels as composite
materials. We first investigated in which concentration range
these co-surfactants allow to form uniaxially aligned bilayers in
the PDGI/PAAm hydrogels. Then, we studied the mechanical
behavior of the PDGI/PAAm hydrogels by tensile tests at the
equilibrium swelling state. USAXS analysis enabled to unravel
the structure change at large deformation. By comparing with
the behavior at the as-prepared state, we hypothesize on the
possible mechanisms induced by different co-surfactants.

■ EXPERIMENTAL SECTION
Materials. Dodecylglyceryl itaconate (DGI) as an amphi-

philic monomer was synthesized from scratch as described
elsewhere.6 The crude product was purified by silica gel
column chromatography with a mixture of hexane and ethyl
acetate as the eluant (1:1 by volume). The obtained product
was further recrystallized twice from an acetone/hexane
mixture (1:1 by weight). Acrylamide (AAm) (Wako) as the
monomer was recrystallized from chloroform and N,N′-
methylenebisacrylamide (MBAA) (Wako) as the crosslinker
was recrystallized from ethanol. Irgacure 2959 (Wako) as the
initiator and SDS (Wako), sodium stearate (SST) (Wako),
dodecyltriethylamine chloride (DTAC) (Wako), N-butyl-
amine (NBA) (Wako) as co-surfactants were used as received.
MilliQ water was used to prepare the precursor solutions and
swell the hydrogels. Paraffin oil (Wako) was used to preserve
the hydrogels at the prepared state in order to prevent any
swelling or dehydration.

Synthesis of Uniaxially Aligned Lamellar PDGI/PAAm
Hydrogels with Various Co-surfactants. PDGI/PAAm
hydrogels with different co-surfactants were synthesized by
simultaneous free radical polymerization from aqueous
solutions containing 0.1 M DGI, prescribed amounts of co-
surfactants, 2 M AAm, 2 mM MBAA, and 2 mM Irgacure
2959, following the same procedure as described else-
where.10,15 Briefly, the precursor solutions were introduced
into a glass vial, which was heated at 55 °C (above the Krafft
point of DGI at 43 °C) in a water bath for 5−6 h to induce the
self-assembly of DGI in its lamellar phase. After removing the
dissolved oxygen in an argon glovebox, the transparent blueish
solution was manually sucked through a rectangular mold by a
syringe connected to polyethylene tubing. The rectangular
mold was made from two parallel glass plates separated by a
0.5 mm thick silicone spacer. This sucking process applied a
shear to the solution and enabled to align lamellar bilayers
along the glass sheet surfaces. Then, samples were kept for
overnight UV polymerization in an oven at 38 °C to avoid

over-heating from UV light. As control samples, PAAm
hydrogels with co-surfactants (SDS or NBA at R = 1:250)
were synthesized by the exact same procedure but without
DGI. After polymerization, hydrogels of sheet shape were
either directly placed in paraffin oil (as-prepared state) or
swollen in MilliQ water for at least 7 days to reach the
equilibrium swelling state.

Swelling Ratios. To characterize the anisotropic structure
of the hydrogels, equilibrium swelling ratios in MilliQ water
were measured in the thickness direction and in width and
length directions, at room temperature. The thickness of the
hydrogels was measured by means of a thickness meter or a
caliper. The length and width of the gels were measured from
photographs post-treated by ImageJ software. The swelling
ratios were relative to the as-prepared state. Three samples per
condition were averaged, except for the gel with DTAC
concentration at 0.05 mol % of DGI because the precursor
solution was already slightly opaque (no proper self-assembly
into lamellar bilayers).

Reflection Spectra. The layered structure of PDGI/PAAm
hydrogels acts as a Bragg’s mirror and is at the origin of the
photonic properties of the hydrogels.11 To characterize the
lamellar structure, reflectance properties of the hydrogels were
measured at room temperature using a white light source (Xe
lamp), a variable angle light detector (Hamamatsu Photonics
KK, C10027A10687), and a photonic multichannel analyzer
(Hamamatsu Photonics KK, C10027). The reflectance was
obtained by fixing the incident angle at 60° and the reflection
angle at 45°. The curves were smoothened using Origin
software. The interlamellar distance d was calculated using
Bragg’s law of diffraction 2ndsin(θ) = λmax,

8 where n = 1.33 is
the refractive index of water, θ is the angle of incidence, and
λmax is the wavelength at maximum reflectance intensity.

Cryo-scanning Electron Microscopy (Cryo-SEM). Cryo-
scanning electron microscopy was used to characterize the
microstructure. Hydrogels were cut at room temperature in 6
mm width and 2.5 mm high strips and then sandwiched
between two copper plates in the sample holder. Cryogenic
glue was applied at the bottom of the sample holder to fix the
sample. The sample holder was then immersed for a couple of
minutes in liquid nitrogen under vacuum (flash-freezing) and
then was quickly placed inside the preparation chamber of the
microscope (under vacuum, at −150 °C). The upper part of
the sample which exceeds the sample holder’s height was
removed by cutting horizontally with a surgical blade to
minimize observation artifacts. Indeed, sample exceeding the
height of the sample holder will undergo slightly lower freezing
speed due to the absence of full contact with a conductive
surface that could induce the formation of ice crystals, thus
disrupting the original structure. The surface of the sample was
then etched for 10 min at −95 °C before being coated by a 10
nm layer of gold. Observations were performed on a JEOL
JSM-6710F high resolution scanning electron microscope
equipped with a Gatan ALTO2500 cryo-unit at an acceleration
voltage of 3 kV.

Mechanical Tests. Uniaxial tensile and cyclic tensile tests
were performed to measure the mechanical properties of the
hydrogels. The sheet shaped samples were cut into a
standardized dumbbell shape by a gel cutter (JIS-6251-7,
gauge length 20 mm, gauge width 4 mm for uniaxial tensile
tests and gauge length 12 mm, gauge width 2 mm for cyclic
tests). Uniaxial tensile tests were carried out on an Instron
tensile tester model 5965, equipped with pneumatic clamps
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covered with a coarse sandpaper to prevent sample slippage, at
a velocity of 100 mm/min. In the case of samples preserved in
water, a humidifier was used to prevent sample drying during
the test. Cyclic tensile tests were carried out on a tensile-
compressive tester (Tensilon RTC-1310A, Orientec Co.) at a
velocity of 100 mm/min, in a temperature-controlled water
bath filled with MilliQ water to prevent dehydration. Samples
were stretched 5 times up to 833% deformation (maximum
condition) and down to 0.002 N (minimum condition). Strain
was calculated from the displacement of the cross-head.
Young’s modulus was calculated from the first 10% of the
stress−strain curves. Reproducibility was assessed during
tensile testing (Three samples from three different hydrogels
under the same conditions) and was found to be very high.
Two samples per condition were used for cyclic tensile tests
and uniaxial tensile tests in the as-prepared state.

Ultra-small Angle X-ray Scattering (USAXS). USAXS
measurements of PDGI/PAAm hydrogels were performed at
the Spring-8 synchrotron radiation facility (JASRI, Hyogo,
Japan), using the beamline BL19B2. The sample-to-detector
distance was 42.64 m, and the X-ray wavelength was 0.0517
nm. The intensity was 24 keV. The elongation axis was set
vertical to the equatorial direction. The sample (width: 2 mm,
length between clamps: 10 mm, thickness ∼1 mm) was fixed in
the clamps of a computer-controlled tensile deformation stage
(LinKam, model 10073A). The stage was placed in order to
stretch the sample vertically in the X-ray irradiation setup. The
sample was oriented with its lamellar plane perpendicular to X-
ray. A first acquisition was performed at strain = 0 (no
stretching). Then, the sample was stretched to strain = 7.3 for
another acquisition. During X-ray exposure, the sample was
held at constant strain. The X-ray exposure time was 60 s at
each strain. The backscattering 2D patterns were recorded on

an imaging camera. The 2D image was converted to 1D data
using a reduction package Red2D (https://github.com/hurxl/
Red2D) on the data analysis software Igor Pro.

■ RESULTS AND DISCUSSION
Structure of PDGI/PAAm Hydrogels with Different

Co-surfactants. The chemical structure of co-surfactants
studied in this work is shown in Figure 1a. Geometrical
parameters of the co-surfactants, that is, headgroup area a0 and
length of their hydrophobic tail in terms of carbon atom
number lt, are displayed in Figure 1b, along with the data of
DGI. SDS and SST are anionic, DTAC is cationic, and they are
fully dissociated in water. The pKa of NBA is around ∼10,
meaning that its headgroup is slightly protonated in MilliQ
water. Compared to DGI, SDS has the same tail length but its
headgroup area is larger, SST has the same headgroup area but
a longer tail, and DTAC has a smaller headgroup but the same
tail length, while NBA has both smaller headgroup area and
shorter tail. In order to investigate the concentration range of
each co-surfactant for the formation of the lamellar phase of
DGI bilayers, the co-surfactant to DGI molar ratio R was
varied in the range R = 1:8000 to 1:64 and other formulations
for hydrogel synthesis were fixed (Figure 1a). When uniaxially
aligned bilayers are formed in the PDGI/PAAm hydrogels
(Figure 1c), the hydrogels should show swelling only in the
thickness direction, perpendicular to the bilayers. This is
because the alternatively stacked PDGI bilayers are imperme-
able to water, and swelling is only allowed in the thickness
direction of the PAAm gel layers between the bilayers.10 Thus,
characterizing the swelling ratios of the hydrogels in the three
directions (length, width, and thickness) specifies the structure
of the bilayers.

Figure 1. (a) Chemical structures of molecules used in this work. (b) Summary of the geometrical characteristics of monomeric DGI and the four
co-surfactants used in this study. Headgroup areas in water were calculated or taken from the literature.16−18 (c) Illustration of the 1D photonic
lamellar structure of PDGI/PAAm hydrogels synthesized by one-pot polymerization of self-assembled monomeric DGI bilayers in PAAm hydrogel
precursor solutions. Small amounts of co-surfactants were added to the solutions.
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Figure 2. Structure characterization of the PDGI/PAAm hydrogels prepared with different co-surfactant to DGI molar ratio R for the four co-
surfactants. (a) Swelling ratios in thickness, width, and length direction relative to the as-prepared state. (b) Photographs of the hydrogels placed on
a black substrate (each square of the photos is 5 mm × 5 mm), with increasing R from left to right, together with reflectance intensity spectra of the
hydrogels. (c) Table summarizing the structural properties of the hydrogels. Upper row: 1D swelling and iridescence properties; lower row: bilayer
modulus in MPa estimated from Equation (1) (see Figure S5). The data of SDS at R = 1:4000 is from the literature.10
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As plotted in Figure 2a, the hydrogels exhibited one-
dimensional swelling behavior at low co-surfactant concen-
tration but lateral swelling occurred at increased co-surfactant
concentration, except for NBA. The concentration up to which
the 1D swelling was maintained depends on the chemical
structure of co-surfactants: for SDS up to R = 1:250, for SST
up to R = 1:500, for DTAC up to R = 1:4000, while NBA
exhibited one-dimensional swelling even at the highest
concentration investigated (R = 1:64). For PDGI/PAAm
hydrogels exhibiting 1D swelling, the bilayers are uniaxially
aligned in a continuous phase to a macroscopic scale of several
centimeters (sample size). However, it is worth mentioning
that at the highest NBA concentration (R = 1:64), both
uniaxially aligned and curved bilayers were observed in the
sample by cryo-SEM (Figure S1). Therefore, according to the
structure of the co-surfactant, there is a concentration
threshold above which the lamellar bilayer structure is
disrupted, which allows 3D swelling. This is consistent with
macroscopic observations of iridescence in Figure 2c. When
the co-surfactant concentration increases, self-assembled DGI
structures would tend to deviate from lamellar to curved ones
(hexagonal, micellar) due to increased head-to-head repulsion,
especially for charged co-surfactants. Thus, more defects will
be induced at increased co-surfactant concentration. Specifi-
cally, it was recently shown that swelling PDGI/PAAm

hydrogels in SDS solution tend to transform the lamellar
bilayers into micelles (above the critical micellar concentration
of SDS), which is accompanied by 3D swelling.19 In our case,
since DGI monomers are initially not polymerized when self-
assembled in the presence of SDS, a much lower SDS
concentration is likely to disturb the lamellae.

We then characterized the structural color to clarify the
lamellar structure of the hydrogels. Figure 2b shows photo-
graphs of the hydrogels prepared at various R for the four co-
surfactants, together with reflectance intensity spectra. In
general, hydrogels with SDS, SST, and NBA were transparent,
showing bright structural color especially above R = 1:1000,
while those with DTAC were slightly opaque, showing dim
structural color. Above R = 1:1000, hydrogels with SDS and
NBA exhibited reflectance peaks around 400∼500 nm, while
the reflectance peaks of hydrogels with SST and DTAC were
much weaker. Specifically, hydrogels with DTAC showed
peaks in the near-infrared region (around 700∼800 nm),
indicating large inter-bilayer spacing d, consistent with their
low co-surfactant content. The peaks of hydrogels with SDS,
NBA, and SST exhibited a slight blue-shift with increasing
amounts of co-surfactants (Figure S2), corresponding to a
decrease in the inter-bilayer distance d (Figure S3), in
accordance with previous observations for DGI in solution
with SDS.8 In contrast, hydrogels with DTAC showed a slight

Figure 3. Tensile behavior of PDGI/PAAm hydrogels with uniaxially aligned layered structure prepared with various co-surfactants. (a and b)
Representative tensile behavior of the hydrogels at equilibrium swelling. (c) Tensile behavior of hydrogels with SDS or NBA at the as-prepared
state, as typical examples. (d) Comparison between the tensile behavior at the as-prepared state and that at the equilibrium swelling state, where the
nominal stress for the swollen samples was corrected by their thickness swelling ratio. The tensile response was obtained along the bilayer direction.
The numbers in the figures indicate the co-surfactant to DGI molar ratio (R). The insets in each figure show the enlarged plot at small strain.
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red-shift with DTAC concentration increase. Interestingly, the
hydrogel with NBA at R = 1:64 exhibited a broader peak,
confirming its structural inhomogeneity at large scale. The
effect of co-surfactant concentration on anisotropic swelling
and structural color is summarized in Figure 2c. For all co-
surfactants considered, small R induces both 1D swelling and
iridescence, that is, formation of continuous bilayers. However,
differences appear at higher R, which depend on the chemical
structure of the co-surfactant. For example, the hydrogel with
SDS at R = 1:64 was very soft and almost colorless, while some
hydrogels exhibited structural color at high R even with an
imperfect 1D swelling. Specifically, for SST at R = 1:250, the
hydrogel showed lateral swelling and was much softer but
exhibited a slightly blueish structural color, meaning that the
hydrogel has discontinuous bilayers.13,19 This observation
indicates that a longer hydrophobic tail destabilizes the
bilayers, which is also noticed in other liquid crystals.20 Our
work further suggests that in the case of a long hydrophobic
tail, a larger headgroup area of the co-surfactant would
counter-balance the destabilizing effect. For example, 1D
swelling is obtained with DTAC or SDS at R = 1:4000 but not
with DTAC at higher R. When the hydrophobic tail is short
enough as in the case of NBA, the co-surfactant stabilizes the
bilayers over a wider range of concentrations even though the
headgroup area is small.

Effect of Co-surfactant Concentration and Swelling
on the Mechanical Behavior of the Photonic Hydrogels.
To characterize the mechanical properties of the hydrogels, we
chose to compare hydrogels with SDS, NBA, and SST above R
= 1:1000 and DTAC at R = 1:8000 and 1:4000 since these
hydrogels used DGI synthesized from the same batch. In fact,
previous work noticed slight variation in tensile behavior of the
hydrogels at large deformation for different batches of DGI
(Figure 2a;21 Figure 1b inset22). Figure 3a,b show the co-
surfactant concentration effects on the tensile stress−strain
curves. All samples showed overlapped tensile behaviors at
small strain (strain <2.5) but the tensile behaviors at large
strain (strain >2.5) where strain-hardening starts to occur was
highly dependent on the co-surfactant chemical structure and
concentration. Before the yielding strain (ca. 0.25), bilayers
deform without rupture, while at a large strain, bilayer rupture
occurs.22 Therefore, the effect of the co-surfactant on the self-
assembly of bilayers and on their rupture can be elucidated by
analyzing the stress−strain curves at small and large strain,
respectively.

The small strain behavior is shown in Figure 3a,b as insets.
Concentration dependence is observed for both anionic co-
surfactants SDS and SST but not for DTAC and NBA as
emphasized in semi-log plots in Figure S4. If the elasticity of
the hydrogels at small strain is dominated by the inter-lamellar
distance, we would expect that the modulus E and interlayer
spacing d follow the relation E ∼ 1/d. However, such
correlation is not observed (Figure S5). This result suggests
that DGI molecular packing slightly depends on R. To verify
this speculation, we calculated the Young modulus of the
bilayer from the Young modulus of the PDGI/PAAm
hydrogels (Figure S6) and that of the pure PAAm hydrogel.
The results of bilayer modulus are shown in Figure 2c. As
expected, hydrogels with SST (R = 1:250) that showed lateral
swelling have relatively soft PDGI bilayers (1 MPa), while
bilayers with DTAC are significantly stiffer (4.8−6.1 MPa).
Hydrogels with SDS and NBA exhibit a similar range of bilayer
stiffness (2.8−4.7 MPa). Interestingly, when compared at the

same hydrophobic tail length (lt = 12 for SDS and DTAC), it
seems that the smaller headgroup area of the co-surfactant
induces higher stiffness of the bilayers (DTAC) than the larger
headgroup area (SDS). Noticeably, increasing NBA concen-
tration up to R = 1:64 does not further stabilize the bilayer.

At large strain, samples with NBA or DTAC (Figure 3b)
showed stronger strain-hardening than samples with SDS or
SST (Figure 3a). SDS concentration at R = 1:1000 seemed to
enhance strain-hardening, while hydrogels with SST at 1:250
and 1:1000 molar ratio to DGI appeared distinctly softer (see
the semi-log plot in Figure S7). Noticeably, the hydrogel with
SST at R = 1:1000 exhibited a much higher Young’s modulus
than that of the hydrogel at R = 1:250 (almost 3 fold),
stressing that the behavior at small and large strains originates
from different mechanisms. Surprisingly, hydrogels with NBA
or DTAC exhibited a concentration-dependent strain-harden-
ing behavior (except for NBA at R = 1:64): strain-hardening
was enhanced at higher NBA concentration (R = 1:250) and at
lower DTAC concentrations (R = 1:8000) (Figure 3b and
Figure S8). Therefore, small changes in co-surfactant
concentration dramatically affected the tensile response of
PDGI/PAAm hydrogels at small and large strains.

It is worth mentioning that during swelling, PAAm gel layers
exert a biaxial tension onto the bilayers because the gel layers
intend to swell in an isotropic manner. Consequently, bilayers
might become less stable in a hydrogel at the equilibrium
swelling state and more susceptible to rupture under tensile
deformation. In order to skirt swelling-induced effects, the
tensile behavior of the hydrogels was further investigated in
their as-prepared state. For comparison purposes, hydrogels
with SDS or NBA were chosen as models for each type of
mechanical behavior (with R = 1:1000, 1:500, and 1:250). It
should be noted that the mechanical behavior of pure PAAm
hydrogels without DGI is independent of the presence of SDS
or NBA (Figure S9). As plotted in Figure 3c, the tensile
response of hydrogels with NBA at the as-prepared state
showed weak dependence on its concentration. In contrast, a
lower SDS content correlated with enhanced strain-hardening
at large strains. Small strain behavior and Young’s moduli of
the hydrogels increased with decreasing SDS concentration but
showed slight inverse dependence on NBA concentration
(Figure 3c, inset and Figure S10).

To investigate how swelling affects the mechanical behavior
of the hydrogels, we compared samples at the as-prepared and
equilibrium swelling states. Since small strain behavior mostly
arises from physical interactions within PDGI bilayers, we
plotted tensile curves of hydrogels with NBA or SDS at R =
1:500 at the swollen state with correction of the nominal stress
by their thickness swelling ratio in Figure 3d (see Figure S11
for a comparison of non-corrected curves). At small
deformation (Figure 3d, inset), the tensile behavior at the as-
prepared state and corrected swollen state collapsed within
experimental error. This indicates that swelling of the PAAm
gel layer actually has little effect on the PDGI bilayers.
However, at large deformation, there is a significant difference
even after correction. This means that the interactions between
PAAm gel layers and PDGI bilayers are reduced to a greater
extent than what would be expected from the softening
induced only by swelling. This result suggests that the
hydrogen bonds between PAAm strands and PDGI bilayers
are weakened by swelling mismatch.

From the swelling-induced softening at large deformation,
we speculate that the chemical structure of the co-surfactant
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also plays a role in the physical interactions between PAAm gel
layers and PDGI bilayers.

Co-surfactant-Dependent Toughening Mechanism at
Large Strain in Photonic Hydrogels. Figure 4a compares
the large strain tensile behavior of the selected hydrogels at R =
1:500 for SDS, NBA, and SST and R = 1:8000 for DTAC. This
concentration was chosen because of similar bilayer stiffness
(or highest one in the case of SST). A previous study on
PDGI/PAAm hydrogels with the SDS co-surfactant at R =
1:4000 showed that stretching along the direction of the

lamellae induces structure transformation to fibrous structures
aligned along the deformation axis. The rupture of PDGI
bilayers occurred with the formation of rod-like structures at
small elongation (strain ∼1−4).22 In order to understand the
origin of strain-hardening or softening at large elongation, we
performed USAXS to compare the structural changes in the
hydrogels with different co-surfactants. To reveal how
elongation affects the rupture of the bilayers, we studied the
in-plane structure by imposing the X-ray beam perpendicular
to the plane of the lamellae (Figure 4a, schematics). The 2D

Figure 4. Mechanism of deformation and energy dissipation during tensile loading of PDGI/PAAm hydrogels. (a) Uniaxial tensile behavior of the
hydrogels with different co-surfactants compared at fixed R (at similar bilayer stiffness). (b) USAXS patterns correlate with the strain-hardening or
softening at large deformation. (c) Ruland’s streak method was applied at 730% strain for the hydrogels at fixed R, (d) from which the length of
rod-like structures in the different hydrogels was determined. (e) Cyclic tensile behavior at room temperature or 50 °C of PDGI/PAAm hydrogels
with either SDS or NBA co-surfactants at different R (swollen at equilibrium). (f) Photos of the photonic hydrogels at different temperatures.
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USAXS patterns of PDGI/PAAm gels are shown in Figure 4b
for strain ∼0 and strain ∼7.3, where large differences in strain-
hardening behavior were observed for different co-surfactants.
At strain ∼0, the 2D patterns showed a very weak and diffuse
isotropic scattering, confirming the in-plane isotropic structure
of the bilayers independent of the co-surfactant (Figure S12).
Such isotropic patterns strongly contrast with the ones
observed perpendicular to the bilayers (Figure S13). At strain
∼7.3, the 2D patterns were strongly anisotropic, and two
scattering streaks in the equatorial direction were clearly
observed perpendicular to the deformation direction. Such
streaks have been observed before in tough hydrogels where
the structure, initially isotropic, becomes anisotropic during
uniaxial stretching (alignment along the stretching direc-
tion).23 In PDGI/PAAm hydrogels, streaks are a characteristic
signature of rod-like structures, indicating the rupture of
bilayers along the elongation direction.22 Therefore, rupture of
the bilayers and alignment of the PAAm chains along the
tensile direction occur simultaneously at large strains.

Interestingly, USAXS patterns at strain ∼7.3 correlate well
with the co-surfactant-dependent large-strain tensile behavior.
The streaks of hydrogels with NBA or DTAC that showed
distinct strain-hardening are much longer than those of SDS
and SST, indicating that rod-like structures are relatively
shorter for the gels showing strain-hardening. To quantitatively
estimate the rod length, we adopted the Ruland streak
method.24 An example of Lorentzian fit of experimental data
from the SDS 1:500 sample (integrated profile of the 2D
azimuthal plot at q = 2.7 m Å−1) is shown in Figure 4c. Figure
4d shows the Ruland plot, that is, the azimuthal widths, Δψ1/2
along the equatorial axis (ψ = 90) against the inverse of
scattering vector, 1/q. The rod length L estimated from the
slope of the Ruland plot is shown in the table below the plot. It
is worth mentioning that USAXS intensity is weaker than that
of SAXS, explaining lower r2 during line fitting. From these
results, we can state that hydrogels with NBA and DTAC have
shorter rod-like structures (below 80 nm), while those with
SDS and SST have longer ones (112 and 393 nm,
respectively). Therefore, we may hypothesize that the breaking
of the bilayers into rods shorter than 80 nm efficiently
contributes to the strain-hardening behavior of the hydrogel.
Indeed, breaking more physical bonds between DGI
monomers induces more energy dissipation. Such behavior
reminds that of spider-silk under uniaxial tension, where
similarly, strain-hardening at large deformations was associated
to enhanced H-bond breakage within silk protein β-sheets.25

To test this hypothesis, we compared the cyclic tensile
behavior of PDGI/PAAm hydrogels with SDS or NBA at large
deformation (up to strain ∼8.3). As plotted in Figure 4e (first
cycle only), PDGI/PAAm hydrogels with SDS did not exhibit
significantly different cyclic behavior nor peak stress with
respect to their SDS content. In contrast, hydrogels with NBA
reached higher peak stress and larger hysteresis loop with
increased NBA content. All PDGI/PAAm hydrogels exhibited
larger hysteresis loop during the first cyclic loading and
unloading, followed by smaller loops that are almost
overlapped in the later cycles (Figure S14). Such behavior is
typical of pure physical hydrogels,26 confirming that energy
dissipation processes mostly originate from breaking of non-
covalent interactions, like sacrificial bonds. In order to probe
the strength of physical interactions, the same set of
experiments was conducted at a high temperature (∼50 °C),
above the Krafft point of DGI (43 °C), where bilayers are

expected to behave like a liquid crystal. First, the Young
modulus of all hydrogels dropped by a ∼9 fold factor and did
not seem to be influenced by the concentration of co-
surfactants (Figure S15). It became close to that of a single
PAAm hydrogel, about 10 kPa, confirming that bilayers lost
their cohesion at the macroscopic scale. Second, Figure 4f
shows that all hydrogels still exhibited bright structural color
after heating, indicating that the lamellar organization is
preserved at ∼50 °C. Finally, the cyclic tensile behavior (first
loop) in Figure 4e shows that hydrogels with increasing NBA
content still exhibited higher peak stress at large deformation,
while hydrogels with increasing SDS concentration showed
opposite trend and lower peak stresses. The hysteresis of the
first loop appeared reduced independent of the co-surfactant,
suggesting a decrease in the strength of physical interactions.
However, the amount of dissipated strain energy at 50 °C
during the first cycle is still somewhat preserved at the highest
NBA content (Figure S16). At the solution state, it is known
that higher temperatures tend to decrease the solubility of
amphiphiles due to reduced hydration of the hydrophilic
headgroups.27 As a consequence, headgroup/headgroup
repulsion becomes weaker, which decreases their occupied
surface area and may change their optimal configuration, that
is, from lamellae to inverted micelles in the case of DGI. This
phenomenon could reduce the strength of hydrophobic
interactions within PDGI bilayers, thus reducing both peak
stress and hysteresis at 50 °C. However, the somewhat
preserved physical interactions at high temperature and highest
NBA concentration reveal the strength of interfacial inter-
actions in this system.

Knowing that PAAm strands were shown to adsorb strongly
via hydrogen bonds onto PDGI bilayers,14 we propose the
following mechanism. At the as-prepared state, both the co-
surfactant concentration and the chemical structure determine
the number of anchorage points between PAAm strands and
PDGI bilayers. More specifically, cationic co-surfactants
(DTAC and NBA) would tend to promote such physical
bonds more than anionic co-surfactants (SDS, SST) due to the
affinity of PAAm chains for positively charged surfaces.28 Since
the number of adsorption sites of PAAm strands onto PDGI
bilayers was shown to increase with decreasing amounts of
water molecules,15 it is also possible that co-surfactants with a
smaller headgroup area than DGI (NBA and DTAC) tend to
hydrate DGI headgroups less than SDS or SST, thus
promoting PAAm adsorption. After swelling, some of the
hydrogen bonds between PAAm strands and PDGI bilayers are
irreversibly broken due to swelling mismatch between the
bilayer and the PAAm gel layer, independent of the co-
surfactant. During uniaxial tensile deformation, the rigid PDGI
bilayers carry the load first and then break into rod-like objects
of about 800 nm length until strain ∼4.22 Then, the load is
transferred to the soft PAAm gel layers through hydrogen
bonding of PAAm strands onto a hard bilayer surface, as
reported in another nanocomposite system.29 PAAm strands
with more anchorage points (NBA and DTAC) tend to reach
their limit of extensibility at lower strains, thus inducing strain-
hardening. Due to strain-hardening of PAAm strands, PDGI
bilayers further rupture into smaller rods as strain increases,
which dissipates energy. When compared at strain ∼7.3, more
adsorption induces stronger strain-hardening. Overall, this
mechanism reminds that of double network hydrogels,30 where
physical bonds between the two networks provide synergistic
reinforcement mechanisms.31,32 In the case of hydrogels with
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SDS or SST, less anchorage points imply that PAAm strands
carry load mostly in the bulk of the PAAm gel layer and PDGI
bilayers break into longer rods (less efficient load transfer and
lower energy dissipation).

■ CONCLUSIONS
Self-assembled PDGI/PAAm hydrogels exhibiting structural
colors were successfully synthesized in the presence of small
amounts of different co-surfactants. Even at such small molar
ratios to DGI, the concentration and chemical structure of co-
surfactants were found to influence significantly the structure
and mechanical behavior of the photonic hydrogels. At small
strain, the concentration of co-surfactants was found to impact
DGI packing within bilayers, that is, bilayer stiffness but the co-
surfactant structure had limited influence. At large strain, the
change in bilayer density did not account for large differences
in tensile stress between samples at the as-prepared state and
equilibrium swelling state. Thus, swelling mismatch between
the PAAm gel layer and the bilayers dramatically weakens the
adsorption of PAAm strands onto bilayers. PDGI/PAAm
hydrogels with neutral or cationic co-surfactants exhibited a
pronounced strain-hardening at large deformation, not present
with anionic co-surfactants. The strain-hardening correlated
with the rupture of bilayers into smaller rods as analyzed by
USAXS, which enhances energy dissipation. We hypothesize
that, in contrast with anionic co-surfactants, neutral or cationic
co-surfactants would promote strong adsorption of PAAm
strands onto PDGI bilayers, thus improving load transfer after
rupture of the bilayers at large deformation. This study
highlights the importance of interfacial interactions in this
lamellar bilayer/hydrogel composite system, thus providing
clues to the design of tougher photonic hydrogels only by small
changes in their composition.
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