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ABSTRACT: We report a thermo-responsive anisotropic photonic hydrogel: poly(dodecyl
glyceryl itaconate)/polyacrylamide-poly(N-isopropylacrylamide) hydrogel (PDGI/PAAmM-
PNIPAM hydrogel). Hydrogels with uniaxially aligned lamellar bilayers possess bright structural
color and swelling anisotropy, while PNIPAM-based hydrogels exhibit distinct thermo-responsive
properties around a lower critical solution temperature (LCST). Hybridization of thermo-
responsive PNIPAM with the lamellar hydrogel can give the anisotropic photonic hydrogel with

various fascinating thermo-responsive properties, such as structural color/turbid transition,



thermo-responsive structural color, and anisotropic deswelling/reswelling behavior by temperature
stimuli. The temperature-induced change in turbidity, structural color, and anisotropic swelling of
the gel around LCST can be tuned by controlling the incorporated PNIPAM density. PNIPAM can
be regioselectively incorporated into the specific region of the lamellar hydrogels by photomasking
during UV polymerization. The PDGI/PAAM-PNIPAM hydrogel can find diverse promising

applications, such as smart windows and smart displays.

1. INTRODUCTION

Nowadays, the drastic development of thermo-responsive polymer-based smart materials has
been aroused due to their unique functionalities.! The most well-known and extensively researched
thermo-responsive polymeric systems are aqueous poly(N-isopropylacrylamide) (PNIPAM) and
its derivatives.>” Aqueous PNIPAM is classified as lower critical solution temperature (LCST)-
type thermo-responsive material, which is hydrophilic below LCST but becomes hydrophobic
above LCST through dehydration.>” This hydrophilic/hydrophobic transition at LCST imparts
unprecedented properties to PNIPAM-based smart agueous materials. For example, PNIPAM-
based hydrogels exhibit transparent/turbid transition associated with the swelling/shrinking
behavior upon heating and cooling process, enabling various promising applications, such as
optical applications in thermo-responsive smart windows and biomedical applications in drug
delivery.?®

On the other hand, recently hydrogels with periodically oriented two-dimensional (2-D)
materials have been developed so far.®! Examples include hydrogels with aligned clay

nanosheets,*3 hydrogels with stacked inorganic nanosheets,'**° and hydrogels with monodomain



lamellar bilayers.'° Such a new class of hydrogels holds great promise as anisotropic structural
materials, actuators with directional movements, and bright photonic gels owing to periodic
assembly of the 2-D materials.*®'” Among them, our group has developed an anisotropic lamellar
hydrogel by entrapping thousands of self-assembled poly(dodecyl glyceryl itaconate) (PDGI) lipid
bilayers inside a soft polyacrylamide (PAAm) network.'®?! The rigid and water-impermeable
PDGI bilayers form a monodomain lamellar structure with a spacing of ~100 nm in the gel through
the shear-flow induced self-assembly. The resulting PDGI/PAAmM hydrogels with monodomain
lamellar structure possess various unique properties, such as bright and tunable structure color
owing to the periodic lamellar structure, high toughness owing to the rigid bilayers as sacrificial
bonds, and distinct one-dimensional swelling in perpendicular to bilayer direction owing to the
macroscopic orientation of the rigid bilayers.

Attempts have been made to incorporate thermo-responsive polymers into such hydrogels with
2-D materials to introduce a unique thermal response to the anisotropic hydrogels.?!1-16:22
Departing from conventional isotropic thermo-responsive hydrogels, the incorporation of thermo-
responsive polymers into the anisotropic hydrogels with 2-D materials holds the potential to
introduce unique functionalities and properties. For example, Miyamoto et al. reported the
anisotropic PNIPAM hydrogel by utilizing the inorganic nanosheet liquid crystals (LCs).'* This
anisotropic hydrogel was synthesized by radical polymerization of NIPAM in the presence of
inorganic nanosheet LCs by using shear force-induced orientation. The multicomponent gels with
anisotropic structure exhibit thermo-responsive anisotropic swelling and may find applications in
soft actuators and sensors. Aida et al. developed a PNIPAM-based smart hydrogel with oriented
unilamellar titanate(I\VV) nanosheets (TiNS), which could undergo anisotropic deformations as a

consequence of the contraction and expansion of the cofacial TiNS distance triggered by



temperature.?? In contrast to conventional PNIPAM-based hydrogels that show homogeneous
swelling/deswelling, the thermal behavior of their hydrogel, containing cofacial TiNSs, could not
only be opposite (heating-induced swelling and cooling-induced shrinking) but also anisotropic.
These innovations, stemming from the synergy of thermo-responsiveness and anisotropic

structures, could open up a new chapter in material science.

PDGIPAAmM

Heating

Cooling

< PN

WAl A
Incorporate PNIPAM
[ it S [T
- d increases
A .I_' |

PDGI bilayers

DGl monomer

[ O hHg|
PAAM |

3

[ 5
Extended PNIPAM |~}

O "HH
Aggregated PNIPAM L

Scheme 1. Illustration of the thermo-responsive anisotropic photonic hydrogel, PDGI/PAAmM-
PNIPAM hydrogel. This hybrid hydrogel has a hard, anisotropic PDGI bilayer and a soft, thermo-
responsive PAAM-PNIPAM layer. When the temperature (Temp) is higher than the lower critical
solution temperature (LCST) of PNIPAM, the PNIPAM network becomes hydrophobic, and the
gel becomes turbid immediately and releases water gradually. With the water release, the gel
mainly shrinks along the thickness direction owing to the presence of macroscopic bilayers, and
the interplanar distance of the gel decreases gradually, leading change in the structural color. At
Temp < LCST, PNIPAM becomes hydrophilic and the turbidity disappears immediately. The
interplanar distance of the gel increases gradually absorbing water to reach the original/swollen

state.



In this work, we incorporate PNIPAM as the thermo-responsive component into PDGI/PAAM
lamellar hydrogels to form PDGI/PAAmM-PNIPAM hydrogels with unique thermo-responsive
optical and swelling properties. PNIPAM is incorporated into the PAAm layer of PDGI/PAAmM
hydrogels to form an interpenetrating soft layer of PAAmM-PNIPAM (Scheme 1) inside the
hydrogels while maintaining the anisotropic structure. As introduced above, aqueous PNIPAM
undergoes a temperature-driven, reversible LCST-type phase transition. Below the LCST, it is
water-soluble owing to strong hydrogen bonds between the amide groups and the water molecules.
Above the LCST, weakened hydrogen bonds and strengthened hydrophobic interactions instantly
make the PNIPAM chains contract into hydrophobic globules, making the system turbid.?232¢
Introduction of a thermo-responsive PNIPAM network into the hydrophilic PAAm to form an
interpenetrating network negligibly affects the phase separation and LCST of PNIPAM,
suggesting a negligible effect of the PNIPAM-PAAmM interaction on the phase separation.?’ As a
consequence, after the introduction of the PNIPAM network into the lamellar hydrogels, turbidity
of such photonic PDGI/PAAM-PNIPAM hydrogels can be instantly tuned with temperature,
leading to a structural color/turbid transition of the gel at LCST. Moreover, the PDGI/PAAmM-
PNIPAM hydrogels exhibit quasi 1-D swelling/deswelling by temperature stimuli around LCST,
making the structural color tunable by temperature. The effect of incorporated PNIPAM density
on the properties of the hydrogel has also been investigated, including turbidity, swelling

anisotropy, structural color tunability, and their reversibility.

2. EXPERIMENTAL SECTION
2.1 Materials. An amphiphilic monomer, dodecyl glyceryl itaconate [DGI (n-Ci2Has-

OCOCH2C-(=CH2)COOCH.CH(OH)CH20H)], was synthesized following the procedure



described earlier.?® After completion of the synthesis of DGI, the crude product was purified at
least twice by a silica gel column (silica gel 60 N, Kanto Chemical Co., Inc., Japan). The DGI
fraction was eluted with a hexane/ethyl acetate mixture (1:1 by volume) and was further purified
twice by recrystallization from an acetone/hexane mixture (1/1 by weight). N,N'-
Methylenebis(acrylamide) (MBAA, 99.0%, FUJIFILM Wako Pure Chemical Corporation, Japan)
was recrystallized from ethanol, acrylamide (AAm, 98%, JUNSEI Chemicals Co. Ltd., Japan) was
recrystallized from chloroform, and N-isopropylacrylamide (NIPAM, 97%, Sigma-Aldrich Co.,
USA) was recrystallized twice from a diethyl ether/hexane mixture. 2-Hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (lrgacure 2959, 98%, Sigma-Aldrich Co., USA) and
sodium dodecyl sulfate (SDS, 98%, FUJIFILM Wako Pure Chemical Corporation, Japan) were
used as received. Milli-Q deionized water was used to prepare the monomer solutions and for the
swelling of the gels.

2.2 Gel Preparation. The PDGI/PAAmM-PNIPAM hydrogels were prepared in two steps. First,
PDGI/PAAmM hydrogels were prepared by simultaneous free-radical polymerization from an
aqueous solution of 0.10 M DGI, 0.025 mM SDS, 4 M AAm, 4 mM MBAA as a cross-linker of
AAm, and 2 mM Irgacure 2959 as a photoinitiator. The detailed procedure was described in our
previous papers.t®202° In short, a glass bottle with a mixture of the precursors and water was
allowed to stand in a 55 °C (above Krafft point of DGI at 43 °C ) water bath for 10 min and apply
gentle shear to the mixture to dissolve DGI powders. Then the solution was kept again in a 55 °C
water bath for 5 h to form stable lamellar bilayers of self-assembled DGI with trace SDS. Then the
solution was transferred to a glove box filled with argon to remove dissolved oxygen in the solution.
A sheet-like PDGI/PAAm hydrogel (15 x 7 x 0.5 cm®) with a monodomain multilamellar structure

parallel to the sheet surface was achieved following the same procedure described in our previous



paper.®° Briefly, before the polymerization, we poured the precursor solution into the glass
substrate with a shear flow to align thousands of lamellar bilayers of self-assembled DGI parallel
to the surface of the glass substrate. After UV polymerization of DGI and AAm, bilayers of
polymerized PDGI were entrapped in the PAAm matrix to give an anisotropic and mechanically
tough hydrogel. After attaining swelling equilibrium in water, a greenish PDGI/PAAmM gel was
obtained.

In the second step, the greenish PDGI/PAAm gel was immersed in an aqueous solution of ¢ M
NIPAM, 0.05 mM MBAA, and 0.05 mM Irgacure 2959 for 7 days. ¢ is called the feed
concentration of NIPAM of the precursor solution. ¢ was set to 0, 0.25, 0.5, and 1.0 M considering
the highest solubility of NIPAM in water at room temperature. During solvent exchange from pure
water to the NIPAM solution, a large shrinkage in thickness of the gel as well as a blue-shift of the
structural color were observed probably because NIPAM aqueous solution is a relatively poor
solvent for the gel, causing the gel to lose water. By performing a second UV polymerization of
NIPAM in the presence of the PDGI/PAAM gel at 4 °C for 8 h, the PNIPAM network was formed
within the PAAm network and an interpenetrating network structure was constructed. The obtained
gels are coded as PDGI/PAAM-PNIPAMcm hydrogel.

As a control, a PAAM-PNIPAM interpenetrating network gel without PDGI bilayers was
prepared by incorporating the PNIPAM into the PAAmM network. The PAAmM network was
synthesized by 4 M AAm, 4 mM MBAA as a cross-linker of AAm, and 2 mM Irgacure 2959 as
an initiator. The incorporation of the PNIPAM network follows the same way as mentioned above.

2.3 Reflection spectrum measurement. Reflection spectra of various gel samples were
measured by a combined setup of a light source, variable angle measurement device, and an

analyzer. An Xe lamp was used as a light source to obtain the reflection spectrum. Reflection



measurement optics with variable angles (Hamamatsu Photonics KK, C10027A10687) were used
to detect the reflected light. A photonic multichannel analyzer (Hamamatsu Photonics KK, C10027)
was used for analyzing the detected signals. The entire reflection spectrum was obtained by
keeping the incident angle at 60° and reflection angles at 45°. The distance between two lamellar
layers, d, was roughly calculated using Bragg’s law of diffraction, Amax = 2ndsiné, where n = 1.33
is the refractive index of water, € is the incident angle, and Amax is the wavelength at maximum
reflectance intensity.?°

2.4 Polarized optical microscope observation. The anisotropic structure of gels was observed
by the polarized optical microscope (POM, Nikon Eclipse LVV100POL) under crossed Nicol at
25°C. A tint plate (530 nm) was used to examine the orientation direction. The observation was
performed from the top surface (top view) and the cross-section (side view) of the sheet-like gels.
Before the observation, the gel sample was cut into a rectangular sheet (~50 x 2 x 1.2 mm? for the
top view and ~30 x 1 x 1.2 mm? for the side view).

2.5 Water content measurement. The water content of the gel was measured using a moisture
balance MOC-120H (Shimadzu Co.). The wet samples were heated at 120 °C until complete
drying.

2.6 Swelling Ratio Measurement. For the swelling experiment, a swollen gel was cut into a
cylindrical shape using a cylinder cutter (Diameter = 20.0 mm). The diameter of a cylindrical gel
at different swollen states, D, was measured by a slide caliper. The thickness of the PDGI/PAAmM
and PDGI/PAAM-PNIPAM gels, T, was measured using a mechanical thickness meter (Teclck,
Dumb Bell Ltd., Japan), and the thickness of the PAAmM-PNIPAM gels was measured by Keyence

laser thickness mater (CL-LO15N, Keyence Corporation, Japan).



2.7 Thermal Analysis. The lower critical solution temperature (LCST) of PDGI/PAAmM-
PNIPAM hydrogels was measured using a differential scanning calorimeter (DSC 2500, TA
instrument, USA) under a nitrogen atmosphere. The heating rate was 3 °C min*. The temperature
at which phase transition occurs, LCST, was measured as the peak temperature of an exothermic
reaction.

2.8 Transmittance Analysis. The transmittance of the sample was measured using an
ultraviolet/visible light spectrophotometer (UV-1800, SHIMADZU, Japan) with a temperature
control device. A sheet-like gel sample was placed in a quartz cuvette filled with water during
measurement. The light was imposed on the top surface of the gel. The transmittance spectra of

the samples in the range of 400—-700 nm were measured.



3. RESULTS AND DISCUSSION
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Figure 1. (a) Photographs, (b) thickness, T, and (c) reflection spectra of PDGI/PAAmM and
PDGI/PAAM-PNIPAM hydrogels synthesized with different NIPAM feed concentration in pure
water at room temperature; (d) Peak wavelength, Amax, Of the reflection spectrum and the

corresponding interplanar distance, d, as a function of NIPAM concentration.

3.1 Effect of NIPAM concentration on gel color. Lamellar PDGI/PAAM-PNIPAM hydrogels
were successfully synthesized as described in the experimental section. The formation of PNIPAM
in the PDGI/PAAmM hydrogel was supported by the differential scanning calorimetry (DSC) results.
The incorporation of PNIPAM networks into the PAAm soft layers makes PDGI/PAAM-PNIPAM
hydrogels temperature-responsive with LCST around temperature (Temp) = 35 °C (Figure S1).
The presence of the PAAmM and PDGI does not appear to affect the phase separation behavior of

PNIPAM in the gels.
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We tuned PNIPAM density in the PDGI/PAAM-PNIPAM hydrogels by controlling the NIPAM
feed concentration of the precursor solution for PNIPAM, c, as a parameter. We coded the obtained
gels as PDGI/PAAM-PNIPAMcwm hydrogels. Photographs of the PDGI/PAAmM and PDGI/PAAmM-
PNIPAM hydrogels in swelling equilibrium at Temp = 25 °C are shown in Figure 1a. The diameter
of the gels has been configured to 20 mm using a cylinder cutter. The PDGI/PAAm gels exhibited
a green structural color. The PDGI/PAAM-PNIPAM gels also exhibited bright structural color like
the PDGI/PAAm gels, suggesting the periodic PDGI lamellar structure was preserved even after
incorporation of PNIPAM, while their structural color was tunable by the NIPAM feed
concentration, c. At low ¢ (PDGI/PAAmM-PNIPAMo.25m), the color of the gels slightly shifted to a
green-orange color. With increasing c, the color of the gel changed to red (PDGI/PAAmM-
PNIPAMosm) or dark red (PDGI/PAAM-PNIPAMiom). The water content of the green
PDGI/PAAM gel and red PDGI/PAAM-PNIPAMosm gel at 25 °C were 90.3 and 92.0 wt%,
respectively. The red shift in structural color of the PDGI/PAAM-PNIPAM gels accompanies an
increase in the swelling ratio with increasing ¢ (Figure 1b). Here, we observed remarkable swelling
along the thickness direction but negligible swelling along the radial direction after incorporation
of PNIPAM because the rigid PDGI lamellar bilayers restrict the in-plane swelling, which is
discussed later in detail.2°

The reflection spectra of the PDGI/PAAM-PNIPAM hydrogels with different ¢ are shown in
Figure 1c. The reflection spectra showed a red shift of the reflection peak in accordance with the
color shift of the gels with increasing c. The peak wavelength, Amax, Was extracted from the
reflection spectra, and the distance between two lamellar layers, d, was estimated from Amax
according to Bragg’s equation (Figure 1d). Amax of the PDGI/PAAM gel with green color was

around 458 nm. After incorporating PNIPAM networks into PAAm soft layers, the Amax increased
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from 458 nm to 591 nm with an increase in ¢ from 0 to 1.0 M. Therefore, tuning of the structural
color of the PDGI/PAAmM-PNIPAM gels corresponding to a wavelength shift of 133 nm can be
achieved by controlling the NIPAM concentration. The red shift in the reflection spectrum of the
PDGI/PAAM-PNIPAM gels is the result of the swelling of the gels along the thickness direction
with increasing NIPAM concentration. The synthesized PNIPAM network forms an
interpenetrating soft layer with PAAm in the PDGI/PAAmM-PNIPAM hydrogels, which leads to an
increase in osmotic pressure of the soft layers, resulting in an increased equilibrium swelling ratio
of the gels.?*3® The larger NIPAM concentration (the denser PNIPAM in the gel) leads to higher

osmotic pressure, which promotes swelling more.
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Figure 2. Polarizing optical microscope (POM) images of the fully swollen (a) PDGI/PAAm and
(b) PDGI/PAAM-PNIPAMosw hydrogels in water at Temp = 25°C. The sample setup and
observation directions are also shown. All the images are taken under cross-polarizers in the

presence of a tint plate (530 nm). The scale bars are 700 um.

3.2 Characterization of the anisotropic structure of the gel. Polarizing optical microscopy
(POM) images were captured to justify the structural anisotropy of the PDGI/PAAmM and

PDGI/PAAM-PNIPAMoswm lamellar hydrogels swollen in water at Temp = 25 °C (Figure 2). The

12



sample setup and observation directions are shown in the Figure. All the images were taken under
cross-polarizers in the presence of a tint plate (530 nm). The PDGI/PAAmM hydrogel exhibited
strong birefringence, which has been assigned to the aligned monodomain bilayers and elongated
PAAmM chains along the direction perpendicular to the PDGI bilayers on account of the anisotropic
swelling.®® The PDGI/PAAM-PNIPAMosv gel with the incorporated PNIPAM network also
exhibited strong birefringence. As shown in Figure 2a(i-iii) and 2b(i-iii), images of the cross-
section of the PDGI/PAAmM and PDGI/PAAM-PNIPAMosm lamellar gel (side) appeared orange at
—45°(1), magenta at 0° (ii), and blue at +45°(iii) rotations relative to the polarizer, respectively.
These results indicate that incorporating PNIPAM networks into PAAm layers does not affect the
anisotropic swelling behavior along the thickness direction of the lamellar hydrogel. The
monodomain PDGI bilayers in the gel, which govern the swelling anisotropy, barely got damaged
after incorporating 0.5 M PNIPAM networks into PAAm layers, corresponding to the highly
anisotropic swelling behaviors.

Top-view POM images of these lamellar gels showed no birefringence color at any rotation

angle, confirming the isotropic in-plane structure of the lamellar bilayers (Figure 2a, b(iv-vi)).
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Figure 3. Deswelling/reswelling behaviors of the PDGI/PAAM-PNIPAM hydrogels during the
heating and cooling process. (a) Experimental illustration for heating (for desired t1) and cooling
(for desired t2) process, (b) optical images, (c) peak wavelength, Amax, Of the reflection spectrum
and the corresponding interplanar distance, d, and (d) deswelling and reswelling ratios in water as
a function of time during heating and cooling process. The corresponding color of the turbid gel,

A’, during t; was captured immediately after quenching the gel of A in a cold bath (Temp = 25 °C).
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Amax in (C) is measured using A’ samples for the heating process. Background lattices in (a) and
(b): 5 x 5 mm. (e) Hlustration of the thermal-responsively turbid phenomenon of PDGI/PAAM-

PNIPAM hydrogel based on the lamellar structure during the heating process.

3.3 The unique properties of the gel derived from thermo-responsive properties and
anisotropic structure. In this section, the unique properties of the PDGI/PAAM-PNIPAM
hydrogels derived from their thermo-responsivity and anisotropic structure are discussed. The
obtained PDGI/PAAM-PNIPAM gels exhibit unique thermo-responsive visual and size changes.
As a typical example, the results of the PDGI/PAAM-PNIPAMosm gel as the model gel are shown
here.

We first show the thermo-induced ultra-fast structural color/turbid transition of the
PDGI/PAAM-PNIPAMosm hydrogels (diameter = 20 mm, thickness ~ 1.0 mm) during the heating
and cooling process across LCST. The gel exhibited structural color at 25 °C but instantly turned
turbid when immersed into the 50 °C hot water bath owing to the hydrophobic association of the
PNIPAM chains in the gel. It is worth mentioning that the turbidity of the heated gel is controllable
by the heating temperature (Figure S2, S3, and Video S1, S2, S3).343¢ When the heated gel was
suddenly cooled to 25 °C, the turbidity disappeared immediately due to the recovery of
hydrophilicity of the PNIPAM chains.?® Timescale of the transparent/turbid transition was ~1 s.
Note that the ultrafast transparent/turbid transition of the aqgueous PNIPAM-based smart materials
is general. Unlike typical temperature-responsive smart materials, which are colorless at low
temperatures,? in this work, we utilized hydrogels with bright structural color as the base material
to realize structural color/turbid transition. The colorful gels immediately turn into monochrome

gels just by heating, which could be called the thermo-induced color/monochrome transition.
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We then investigated the long-term thermo-responsive behaviors of the PDGI/PAAM-
PNIPAMosm hydrogels during the heating and cooling process across LCST, including gradual
structural color change and anisotropic deswelling/reswelling (Figure 3). The experimental
process is shown in Figure 3a. The PDGI/PAAmM-PNIPAMosm hydrogel at swelling equilibrium
in a 25 °C cold water bath showed a red color. The red gel was then immersed into a 50 °C hot
water bath for the time ti. Pictures of the gels being heated at 50 °C for varied t; are shown in
Figure 3b(A). The turbidity of the gel does not decay with time during heating (Figure 3b(A) and
Figure S4), which is in accord with the LCST-type gels where the turbidity is mainly determined
by the temperature but independent of time.>*3® On the other hand, the gel gradually expelled water
to deswell with time due to the hydrophobicity of PNIPAM.

Deswelling of the lamellar gels leads change of their structure color hidden by the turbidity. To
investigate the hidden structural color of the PDGI/PAAM-PNIPAMosm gel during heating, the
gel heated for the desired time t; was quenched by immersion into a 25 °C cold water bath. After
the immediate disappearance of the turbidity of the gel, the instantaneous structural color of the
gel was captured immediately. The quenched gel showed a t1-dependent blue shift in the structural
color (Figure 3b, A’). The color of the quenched gel gradually changed from red to green with the
increase of t;. At t;> 2 h, the gel showed no further structural color change. The reflection spectra
also show a blue shift in peak wavelength, Amax, from higher (~548 nm) to lower (~465 nm)
wavelength in accordance with the blue shift in color with the increase of t; (Figure 3c and S5a).
This indicates that the gel reached the new equilibrium state at 50 °C after 2 h heating at this
condition. It should be noticed that bluish color was glimpsed in the turbid gel (Figure 3b(A))
independent of its hidden structural color (Figure 3b(A’)). This is probably due to Rayleigh and

Mie scatterings of aggregated PNIPAM in the gel. During heating at Temp > LCST, the PNIPAM
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polymer chains within the networks undergo collapse and aggregation, leading to the formation of
micro- or nanoscale structures that scatter light according to Rayleigh and Mie scattering
theories.3’

When the quenched gel was continuously immersed in a 25 °C cold water bath, the gel gradually
reswelled to recover the original structural color as well as the original Amax (~548 nm) and d (~
237 nm) (Figure 3b(B) and 3c). Amax and d decrease/increase accordingly during the
heating/cooling processes. We immersed the gel equilibrated at 50 °C into a 25 °C cold water bath
for the reswelling time t. and obtained the reflection spectra and corresponding d. Figure 3c and
S5b show the change of d and the reflection spectra of the gel, respectively, with different
reswelling times t2. The increase in d during recovery is on account of the reswelling of the PAAmM-
PNIPAM soft layer at Temp < LCST.? This indicates that the thermal-induced structural color
change of the gel is reversible.

We also measured the thermo-induced anisotropic deswelling/reswelling of the gel during the
heating and cooling process (Figure 3d). Here, we set the PDGI/PAAM-PNIPAMosmv hydrogel
swollen in 25 °C cold water as the reference state, and the diameter and thickness of the gel at this
state were set as Do and To. The gel was then heated at Temp = 50 °C for t1. The diameter and
thickness of the gel at this stage are shown as D1(t1) and T1(t1), and those at the new shrunken
equilibrium state are shown as D1 and T1. The gel at the new shrunken equilibrium state was then
quenched and kept in 25 °C cold water for t> to reswell. The diameter and thickness of the gel at
reswelling time t2 are shown as Da(t2) and To(t2), and at fully recovered state as D, and To,
respectively. The deswelling ratio of the cylindrical gel in the thickness direction (perpendicular
to the PDGI bilayer) and diameter direction (parallel to the PDGI bilayer) were defined as T1(t1)/To

and D1(t1)/Do, respectively. Similarly, the reswelling ratio of the gel in the thickness and diameter
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directions are To(t2)/T: and Do(t2)/D1, respectively. Since the PDGI lipid bilayers in the
PDGI/PAAM hydrogels are almost water impermeable and without any in-plane anisotropy,!8-2!
the thermal-induced deswelling/reswelling of the gel is considered to only occur in the PAAmM-
PNIPAM soft layers. As shown in Figure 3d, the deswelling ratio of the PDGI/PAAmM-
PNIPAMosm hydrogel in the thickness direction (T1(t1)/To) decreased to 0.85 with increasing
heating time t;. On the other hand, only a slight decrease (Di1(t1)/Do ~ 0.95) in the diameter
direction is observed. For the cooling process, the gel fully recovered its original size (T2/T1~ 1.15,
D2/D1 = 1.04) after 2 h immersion in 25 °C cold water. These indicate that the PDGI/PAAmM-
PNIPAM hydrogel shows reversible thermal-induced deswelling/reswelling behaviors with
significant anisotropy. The PAAM-PNIPAM soft layers in PDGI/PAAM-PNIPAM gels mainly
shrink/swell perpendicular to the bilayer direction under thermal stimuli, in contrast to isotropic
deswelling/reswelling of typical PNIPAM-based hydrogels. For example, the PAAM-PNIPAMos5m
isotropic interpenetrating hydrogel without PDGI bilayers does not exhibit such swelling
anisotropy during the heating and cooling process (Figure S6). Since PDGI lipid bilayers can be
deemed as unexpandable stiff sheets, in-plain swelling/deswelling of the gel is restricted because
such swelling must accompany the expansion of stiff sheets. This causes anisotropic deswelling of
the gel along the thickness direction and a remarkable decrease in the interplanar distance as well
as the blue shift of the structural color of the gel upon heating.!8-2!

The time difference for ultrafast structural color/turbid phenomenon (<1 s) and swelling process
(~2 h) is discussed. An illustration to explain the cause of the difference is shown in Figure 3e.
The original PDGI/PAAM-PNIPAMosm hydrogel turns turbid immediately after immersing in hot
water and the turbidity disappears immediately after quenching the gel into cold water. This is

because the PNIPAM-based lamellar gel exhibits immediate microphase separation same as
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typical PNIPAM aqueous systems at Temp > LCST.2 Once the gel is immersed in hot water, the
PNIPAM network instantly becomes hydrophobic and aggregates together, resulting in the
turbidity of the gel. Such hydrophobicity of PNIPAM also causes deswelling of the gel. Since
deswelling requires long-path diffusion of water molecules, the timescale of diffusion of water for
deswelling is much longer than that of the phase separation. In the case of the gels with the water-
impermeable monodomain PDGI bilayers, the diffusion of water into and out of the hydrogel
occurs mainly along the radial direction.®” Timescale of water diffusion in the gel along this path
can be estimated by the equation for 2-D diffusion, t = L?/4Dy, where t is diffusion timescale, L is
the length of the diffusion path, and Dy is the diffusion coefficient of water.3%4° We roughly
assume that Dy in the PDGI/PAAM-PNIPAM gel is the same as that of free water. By substitution

of L = 1 cm (radius of the cylindrical gel) and Dy = 3.983X 10° cm?s™ at 50 °C, the timescale of

deswelling (tss) becomes 1.74 h. It indicates that the time for PDGI/PAAM-PNIPAMosm hydrogel

to reach shrunken equilibrium at 50 °C is 1.74 h. While that for reswelling at 25 °C, Dw = 2.299 X

10° cm? 51,39 Therefore, the timescale of reswelling (ts) for the shrunken hydrogel to recover
original state becomes 3.02 h. These estimations are in agreement with the experimentally
observed deswelling/reswelling timescales.

In short summary, the PDGI/PAAM-PNIPAM hydrogels exhibit ultrafast structural color/turbid
transition, gradual structural color change, and anisotropic swelling upon heating and cooling
processes. In the following sections, we investigate each thermal-responsive phenomenon of the

gels in detail.
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Figure 4. Effect of NIPAM concentration on the turbidity of the PDGI/PAAM-PNIPAM gels.
Transmittance of the PDGI/PAAmM and PDGI/PAAM-PNIPAM gels with different NIPAM
concentrations at (a) original state, (b) after immersing in 50 °C water bath immediately, (c) after
reaching new equilibrium into 50 °C water bath, and (d) quenching state at 25 °C water bath after
reaching new equilibrium into 50 °C water bath. The transmittance was measured immediately

after the samples were transferred to the hot or cold bath.

3.4 The effect of NIPAM concentration on turbidity, anisotropic deswelling/reswelling,
interplanar distance, and reversibility. The effect of the incorporated PNIPAM density on the
ultrafast turbidity transition was investigated. We facilely tuned the turbidity of PDGI/PAAmM-

PNIPAM hydrogels with the NIPAM concentration, c. The transmittance of the PDGI/PAAmM and
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PDGI/PAAM-PNIPAM gels with different ¢ at 25 °C is shown in Figure 4a. All the gels exhibited
high transmittance. The peaks in the spectra correspond to the structural color. After immersing
these gels into a 50 °C hot water bath, the transmittance of all the PDGI/PAAM-PNIPAM gels
decreased immediately, but the samples with higher ¢ showed lower transmittance (Figure 4b).
Taken the transmittance at 400 nm as an index, that of the PDGI/PAAM-PNIPAMoswv gel
decreased from 64% to 25%, and that of the PDGI/PAAM-PNIPAM3.om gel decreased from 69%
to 5%. As introduced above, the interpenetration of PNIPAM with PAAm barely affects the phase
transition behavior of PNIPAM, but it allows fine-tuning of hydrophobic-hydrophilic balance
above LCST. The gels with denser PNIPAM exhibited lower transmittance due to their larger
PNIPAM density. Upon this ultrafast transition, the peak wavelength of the spectra, corresponding
to the hidden structural color, barely changed. After 2 h immersion in 50 °C hot water, the gel
reached a new equilibrium at 50 °C. Upon this long-term deswelling process, the transmittance
spectra did not change remarkably but the peak wavelength of the gels exhibited remarkable blue
shift, which is in accord with the taken images (Figure 4c and Figure S7).

By quenching the heated shrunken gels into a 25 °C cold water bath, the gels recovered their
high transmittance immediately (Figure 4d and Figure S7(c)), but the peak wavelength recovered
slowly. The peak wavelength of the gels gradually recovered during the long-term reswelling
process mainly due to the slow diffusion of water molecules, which is also associated with the

time-dependent color change during the cooling process.
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Figure 5. Deswelling and reswelling behaviors of the PDGI/PAAmM and PDGI/PAAmM-PNIPAM

gels with different NIPAM concentrations during the heating and cooling process. Amax Of the

reflection spectrum and d as a function of (a) heating (t1) and (b) cooling time (t2); (c,d) deswelling

ratios in water as a function of heating time along the thickness : T1/To (¢) and the diameter: D1/Do

(d) direction; (e,f) reswelling ratios in water as a function of cooling time along the thickness: T2/To

(e) and the diameter: D2/Do (f) direction compared to original state.
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The density of the incorporated PNIPAM networks significantly influences the extent of
deswelling and reswelling. PDGI/PAAM-PNIPAM hydrogels exhibit a shift in structural color and
the peak wavelength during the heating and cooling process, as revealed by the earlier discussion.
To investigate the effect of PNIPAM density on color shift and deswelling/reswelling behavior,
the corresponding color and reflection spectra of the PDGI/PAAmM-PNIPAM hydrogels with
different NIPAM concentration, ¢, during deswelling and reswelling process were collected. The
raw data are shown in Figure S8 and S9. Figure 5a and 5b show the change in Amax and d for the
PDGI/PAAM-PNIPAM hydrogels with different ¢ during deswelling and reswelling as a function
of t; and t2. The higher ¢ was, the greater the extent of the decrease/increase in Amax and d during
the heating/cooling process became. This indicates that the PNIPAM density in the gels plays a
role in the variations of Amax and d, which is in accord with the color shift of the gel. It is worth
mentioning that the time to reach equilibrium is almost independent of ¢ because the timescale is
dominated by water diffusion.

The effect of PNIPAM density on the anisotropic deswelling/reswelling is shown in Figure 5c-
f. The extent of deswelling/reswelling increased with c. On the other hand, swelling anisotropy
became less obvious with increasing c. PNIPAM is incorporated into the PAAm layer of
PDGI/PAAmM hydrogels, forming an interpenetrating soft layer of PAAM-PNIPAM within the
hydrogels. Such incorporation of the PNIPAM network adds additional osmotic pressure to the
gel. At low c (0.25 M), incorporating the PNIPAM network leads to negligible swelling of the gels,
as a result, the bilayer structure remains intact. Therefore, the gels show negligible in-plane
deswelling/reswelling (D1/Do ~ 1.00). With increasing c, the addition of PNIPAM networks
induces remarkable swelling of the gel layers, which gives tension and damage to the PDGI

bilayers. Because of the partial fracture of the PDGI bilayers, the anisotropy in
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deswelling/reswelling of the PDGI/PAAmM-PNIPAM hydrogels weakens as observed from the

slight deswelling along the diameter direction (D1/Do ~ 0.96 for 0.5 M, D1/Do ~ 0.93 for 1.0 M).

In addition, the structural color of the gels became less obvious with increasing ¢, which may be

attributed to a weaker reflection of light at the bilayer-network interfaces. The reason for the

weaker reflection is not clear but might be related to the change in the refractive index of the gel

layers after the incorporation of PNIPAM.
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concentration at original state (a, d, g), deswelling equilibrium state (b, e, h), and recovery state (c,

f,i).

To investigate the effect of PNIPAM density on the swelling reversibility of the gel during the
heating and cooling process, the photographs and reflection spectra of PDGI/PAAmM and
PDGI/PAAM-PNIPAM with different c after reaching deswelling and reswelling equilibrium are
shown in Figure 6. The appearance of the gels at the original state and the deswelling equilibrium
state are shown in Figure 6a and 6b, respectively. After the reswelling process, the hydrogels
almost recovered the original color (Figure 6¢). The reflection spectra of the hydrogels at the
original and deswelling equilibrium states are shown in Figure 6d and 6e, respectively. After the
reswelling, the reflection spectra of the gels recovered almost completely (Figure 6f). The
corresponding Amax and d of the gels also exhibited the same trends (Figure 6g—i). These results
indicate that the fully reversible color shift of the PDGI/PAAmM-PNIPAM gels upon heating-
cooling cycles is independent of the PNIPAM density. Consequently, changing the PNIPAM
density has a negligible effect on the swelling reversibility of the PDGI/PAAM-PNIPAM gels.

The repeatability of the structural color change of the PDGI/PAAmM-PNIPAM hydrogel upon
multiple heating-cooling cycles around LCST was further demonstrated (Figure S10). The
PDGI/PAAM-PNIPAMosw gel recovered to the original color after each heating and cooling
process (Figure S10a). The reflection spectra of PDGI/PAAM-PNIPAMosm gel after each heating
and cooling process around LCST are shown in Figure S10b. The Amax and d as functions of a
number of recovery times were calculated and are shown in Figure S10c. As can be seen from
Figure S10d, the fluctuation of Amax and d after each heating and cooling process remained very
small (within £10 nm). It indicates that the gel shows high reversibility in color and lamellar

distance after each heating/cooling process. The full width at half maximum (FWHM) of the
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reflection spectra of the gel as a function of the number of recovery times also showed negligible
fluctuation, which indicates that the properties of the gel barely changed and the gel possesses
excellent stability and reversibility. Remarkably, the gel maintained its high turbidity during a one-
month immersion in a hot water bath (Figure S10e).

In addition, the gel size (thickness and diameter) upon the multiple cycles also has been
investigated to prove the high reversibility (Figure S11). The cycle number does not affect the
anisotropic deswelling/reswelling behavior, suggesting that the PDGI/PAAM-PNIPAMosm
hydrogel exhibits the highly reversible anisotropic swelling behavior.

The drying, UV exposure, and pH tolerance tests for the hybrid hydrogels were also conducted
to evaluate the stability, repeatability, and durability of the PDGI/PAAmM-PNIPAM hydrogel
against harsh conditions. The gel exhibited remarkable stability against the drying and reswelling

treatment, and it was unresponsive to both UV exposure and pH change (Figure S13).
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Figure 7. (a) Regioselective synthesis of the thermo-responsive PDGI/PAAM-PNIPAM pattern
in the PDGI/PAAmM hydrogel and (b) its structural color/turbid transition during heating and
cooling process for applications, such as of smart window and smart display. Background lattices:

5 x5 mm.

3.5 Regioselective incorporation of thermo-responsive component into the anisotropic
lamellar hydrogel. The unique ultrafast structural color/turbid transition of the PDGI/PAAmM-
PNIPAM hydrogels can be potentially applied as smart windows and smart displays that respond
to external environments.2**5 Unlike traditional smart window materials that rely on a
transparent/turbid transition triggered by temperature changes, the structural color/turbid transition
achieved by this work widens the application range of smart window technology, such as for smart

stained glass and smart information devices. Toward such applications, we regioselectively
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introduced the PNIPAM networks into the PDGI/PAAmM lamellar hydrogels by photomasking
during UV polymerization. As shown in Figure 7a, the PDGI/PAAm lamellar hydrogel immersed
in the NIPAM solution was covered by a photomask with a hollow star, UV-irradiated at 4 °C for
8 h, and immersed into pure water. Only the UV-irradiated star area turned red after reaching
equilibrium in pure water at Temp = 25 °C, which indicates that the PNIPAM networks can be
selectively incorporated into the UV-irradiated area. The structural color/turbid transition of the
PDGI/PAAM-PNIPAM hydrogel pattern in the PDGI/PAAmM hydrogel is shown in Figure S12 and
Figure 7b (right). Upon immersion of the gel into hot water at 50 °C, the star region immediately
got turbid owing to the thermo-induced phase separation of PNIPAM. Like the normal
PDGI/PAAM-PNIPAM hydrogels, the star region in the gel exhibited long-term shrinkage with a
blue-shift in gel color upon heating and recovery of the structural color upon cooling. This
immediate structural color/turbid transition and long-term structural color shift of patterned gel
can be applicable to smart stained glass or smart display as follows. At low temperatures, this
patterned gel exhibits a mosaic-like structural color reminiscent of stained glass. Conversely,
exposure to strong sunlight causes the pattern to cloudy, effectively serving as a smart feature to
prevent the rise of the room temperature.

Various temperature-responsive photonic gels have already been reported. Compared to these
gels, our PDGI/PAAM-PNIPAM hydrogel has the following advantages and features. EXisting
photonic gels often have difficulty controlling the structural color in the reference state. In contrast,
the structural color of our gel at low temperatures can be controlled in the green-to-red range,
depending on the amount of PNIPAM introduced. Wider color control might be achievable
through structural modifications of the PDGI/PAAmM hydrogels used as templates. EXisting

temperature-responsive photonic gels often show slow continuous structural color changes in
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response to temperature variations. In contrast, our system shows a color/monochrome transition
at the LCST of PNIPAM, taking less than 1 s for the change. In addition, temperature-responsive
regions can be selectively introduced into this gel to visualize various information. Moreover, the
structural color change of our system is reversible and stable. These remarkable attributes of this
lamellar gel hold promise for various applications, including drug delivery, smart displays, and

smart windows.

4. CONCLUSION

We have successfully synthesized a thermo-responsive photonic PDGI/PAAM-PNIPAM
hydrogel with a 2-D lamellar structure. PNIPAM was effectively incorporated into the PAAm soft
layer of the PDGI/PAAmM lamellar gel base, forming interpenetrating PAAM-PNIPAM layers
within the monodomain PDGI bilayers, all while maintaining the anisotropic structure. The gels
not only exhibit reversible deswelling/reswelling but also permit structural color, turbidity, and
swelling anisotropy tunable by temperature and PNIPAM density. Notably, the gel exhibits
ultrafast and reversible structural color/turbid transition around LCST, which represents a unique
approach in smart window technology. Moreover, the PNIPAM networks can be regioselectively
introduced into the PDGI/PAAmM lamellar hydrogels through UV polymerization with
photomasking. We believe that this thermo-responsive PNIPAM-based lamellar photonic hydrogel

holds great potential for applications in smart windows, sensors, and smart displays.
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