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Abstract 

A thermo-responsive anisotropic photonic hydrogel: poly(dodecyl glyceryl 

itaconate)/polyacrylamide-poly(N-isopropylacrylamide) hydrogel (PDGI/PAAm-

PNIPAM hydrogel) has been reported. 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 
 

Chapter 1: General Introduction 

Overview 

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 aqueous 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, 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.  
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Outline of this thesis 

Gong’s 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/PAAm 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. 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 
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oriented unilamellar titanate (IV) 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. 

As mentioned above, this research goal is to introduce thermo-responsive 

PNIPAM polymers into photonic PDGI/PAAm lamellar gels, so we can facilely not 

only tune the turbidity driven by phase separation behavior but also control the 

properties of PDGI/PAAm gels, such as tunable structural color and anisotropic 

swelling by temperature stimuli around LCST. Furthermore, to investigate the effect of 

incorporated PNIPAM concentration on the properties of the hydrogel, including 

anisotropic swelling, structural color tunability, and reversibility.  

In Chapter 2, the research background of this research topic (Reversible tuning 

of turbidity, structural color, and anisotropic swelling in thermo-responsive lamellar 

hydrogel) is summarized. 

In Chapter 3, the strategy towards introducing thermo-responsive PNIPAM 

polymers into photonic PDGI/PAAm lamellar gels is introduced in detail and the 

synthetic procedure of PDIG/PAAm-PNIPAM hydrogel is included. The thermo-

induced phase separation behavior of PDGI/PAAm-PNIPAM gel is introduced. 
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Importantly, the PDGI/PAAm-PNIPAM hydrogel shows tunable structural color ability 

by controlling incorporated PNIPAM concentration.  

In Chapter 4, the anisotropic lamellar structure and deswelling/reswelling 

behaviors of PDGI/PAAm-PNIPAM gels during heating and cooling process around 

LCST was discussed. The PDGI/PAAm-PNIPAM hydrogel with different NIPAM 

concentration was synthesized. 

In Chapter 5, the effect of PNIPAM concentration on PDGI/PAAm-PNIPAM gel 

during heating and cooling process around LCST is introduced in detail, including on 

the ultrafast turbidity, structural color, interplanar distance, anisotropic swelling, and 

reversibility. 

In Chapter 6, the synthesis procedure of pattern PDGI/PAAm-PNIPAM in 

PDGI/PAAm hydrogel is described in detail. The structure color/turbid transition of the 

gel pattern during heating and cooling process around LCST is investigated. The 

applications of the pattern gel are also introduced. 

In Chapter 7, conclusions of the whole dissertation are summarized. 
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Chapter 2: Background 

2.1 Thermo-responsive PNIPAM-based smart hydrogel 

PNIPAM is one of the most fascinating and popular thermo-responsive polymers 

that have attracted extensive research interest.[1-3] PNIPAM is extended in cold water 

due to its inter- and intramolecular hydrogen bonding but phase separates upon heating 

at Temp > 33 ℃, which is its lower critical solution temperature (LCST). When the 

temperature is lower than the LCST of PNIPAM, the hydrogen bonds between the 

hydrophilic amide groups and water molecules counteract the hydrophobic interactions 

between the isopropyl groups that cause the collapse of PNIPAM chain to avoid contact 

with water (Figure 2-1).[2] In this case, PNIPAM becomes hydrophilic and dissolved in 

aqueous solution wherein polymer chains display flexible and expanded random-coil 

conformations. With increasing temperature even to higher than the LCST, the 

hydrogen bonds are weakened and the hydrophilic interactions among the isopropyl 

groups becomes strong, leading to a more unfavorable entropy contribution to the free 

energy. In this case, an entropy-driven phase separation occurs, wherein PNIPAM 

chains are dehydrated and aggregate into a tightly packed globular conformation. From 

the perspective of thermodynamic principles, the LCST of PNIPAM can be manipulated 

across a wide temperature range through incorporation of a more hydrophilic 

component or a hydrophobic monomer via copolymerization to effectively change the 

enthalpic contribution to the thermal response.[3]  
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PNIPAM-based smart hydrogels exhibit distinct thermo-responsive properties 

near LCST, which have found diverse promising applications such as smart coating, 

drug delivery, tissue regeneration, and artificial muscles.[1] For example, PNIPAM-

based smart hydrogels are a promising class of materials that demonstrate unique 

properties, such as temperature-induced changes in volume near their LCST and exhibit 

hydrophilicity and transparency resulting from the phase separation transition around 

LCST.[4-6] It is worth mentioning that the property changes of PNIPAM-based smart 

hydrogels can be triggered through various stimuli, including direct/indirect heating[7-

9], photoionization[10], or photoisomerization[11], making them sensitive to changes in 

temperature, light, electrical field, and magnetic field. The ability of PNIPAM-based 

smart hydrogels to undergo reversible changes in response to external stimuli makes 

them highly suitable for applications in drug delivery, tissue engineering, sensors, and 

other fields where precise control over material properties is required.[5,12-21] The 

extensive research on PNIPAM-based smart hydrogels and their diverse stimulus 

responsiveness make them a promising area of study with significant potential for 

further advancements and practical applications, such as smart actuators in gripper, soft 

walker and bionic motion; optical applications in smart window, smart display, and 

anticounterfeiting; biomedical applications in drug delivery, cell scaffold and cell 

sheeting, etc (Figure 2-2).[12-21] 

PNIPAM-based hydrogels, however, have inherent drawbacks such as isotropic 

structure, limited drug loading capacity, and low mechanical strength.[22] The most 

effective strategies to improve the properties of PNIPAM-based hydrogels is to 
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incorporate functional inorganic nanoparticles or self-assembled structures to give 

composite hydrogels and linking PNIPAM networks with other polymer chains of 

unique properties to process copolymeric hydrogels.[23,24] After incorporating or 

copolymerization, the resulting hydrogel could have combined properties and abilities. 

2.2 Smart photonic hydrogels 

Recently, photonic hydrogels have gained significant attention in the field of 

sensors owing to their unique optical properties that stem from their periodically 

ordered structure. Photonic hydrogels, which possess a three-dimensional polymer 

network structure have additional advantages as active chromatic materials through 

swelling/deswelling in response to environmental stimuli, such as pH, solvent, and 

temperature (Figure 2-3 & Figure 2-4).[25-33] Responsive photonic crystals are 

dielectrically periodical structures that can alter their diffraction wavelength upon 

exposure to chemical or physical stimuli, such as pH, ionic strength, solvent, and 

electric and magnetic fields.[34-36] The photonic hydrogels are promising materials used 

as intelligent sensors to show a color change in response to one or even multiple 

environmental stimuli.[36] 

Recently, our group has developed an anisotropic photonic hydrogel (PDGI/PAAm) 

with lamellar structure by entrapping self-assembled single-domain lamellar bilayers 

inside a soft polyacrylamide (PAAm) layer (Figure 2-5 and Figure 2-6).[34-40] The rigid, 

water-impermeable bilayers, poly(dodecyl glyceryl itaconate) (PDGI), self-assembled 

into a periodic structure inside the PAAm layers by applying shear flow to diffract light 
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and also serve as reversible sacrificial bonds to toughen the gel. The resulting 

PDGI/PAAm hydrogel with lamellar structure, not only possesses excellent structure 

color and color tunability by polymerization with another component to the gels, but 

also exhibits distinct one-dimensional swelling along the thickness direction owing to 

the presence of macroscopic bilayers. Although, anisotropic photonic hydrogels are 

promising materials for displays and sensors, hydrogels generally have poor 

functionality, primarily due to differences in their microstructures. 

2.3 Inspiration and strategy 

Nowadays, various attempts have been made to incorporate PNIPAM networks 

into internal anisotropic hydrogels.[22,41,42] After being integrated into internal 

anisotropic hydrogels or been fabricated into periodic structures, the size change of 

PNIPAM-based smart hydrogels can realize shape change functions or enable the 

tunable vivid coloration reproducing the iridescence or structural colors in the nature, 

which find numerous applications for the development of smart optical sensors, smart 

coating, drug delivery, tissue regenerating, and artificial muscles (Figure 2-7).[1,24] 

Nevertheless, introducing thermo-responsive PNIPAM polymers into anisotropic 

photonic hydrogels with lamellar structure to achieve not only phase separation 

behavior but also anisotropic swelling and structural color tunability is seldom realized. 

In this work, this research goal is to incorporate PNIPAM as the thermo-responsive 

component into PDGI/PAAm lamellar hydrogels to form PDGI/PAAm-PNIPAM 

hydrogels with unique thermo-responsive optical and swelling properties. In this 
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resulting gel, we can facilely not only tune the turbidity driven by phase separation 

behavior but also control the properties of PDGI/PAAm gels, such as tunable structural 

color and anisotropic swelling by temperature stimuli around LCST. Furthermore, the 

effect of incorporated PNIPAM concentration on the properties of the hydrogel has also 

been investigated, including anisotropic swelling, structural color tunability, and 

reversibility. 
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Figure 2-1: Graphical representation of thermoresponsive LCST behaviour of PNIPAM. 
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Figure 2-2: Representative thermo-responsive properties (e.g., temperature-induced changes in 
volume, hydrophilicity and transparency around the LCST) and applications (e.g., smart actuators 
in gripper, soft walker and bionic motion; optical applications in smart window, smart display, and 
anticounterfeiting; biomedical applications in drug delivery, cell scaffold and cell sheeting, etc.) of 
PNIPAM-based smart hydrogels. 
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Figure 2-3: Spectroscopic characterization of the porous gel. Photographs and reflection spectra of 
the porous poly(NIPA-co-AAB) gel in the dark at various temperatures. 
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Figure 2-4: Schematic diagram of the structure of photonic gel film and the tuning mechanism. The 
photonic gel film was prepared by self-assembly of a deblock copolymer (PS-b-QP2VP). 
Swelling/deswelling of the QP2VP gel layers (blue) by aqueous solvents modulates both the domain 
spacing and the refractive-index contrast, and accordingly shifts the wavelengths of light (hv) 
reflected by the stop band. The hydrophobic and glassy polystyrene layers (red) limit expansion of 
the gel layers to the direction normal to the layers. 
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Figure 2-5: (a) Molecular structure of dodecyl glyceryl itaconate (DGI) containing a polymerizable 
double bond. (b) In the presence of an ionic surfactant, sodium dodecyl sulfate (SDS), DGI 
molecules self-assemble into a lamellar bilayer structure in water. This structure is retained in an 
aqueous solution of acrylamide (AAm) in the presence of a cross-linker and an initiator. By 
polymerization, polymeric-DGI (PDGI) lamellar bilayers are entrapped inside the amorphous 
polyacrylamide (PAAm) network and the hybrid PDGI/PAAm hydrogel is obtained. (c) Prior to the 
polymerization, randomly oriented self-assembled lamellar bilayer domains are aligned in one 
direction (anisotropic in the macro-scale) by shear flow to the precursor solution. 
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Figure 2-6. Illustration of the ternary stimuli-responsive photonic hydrogel, PDGI/PAAm–PAAc, 
based on an alternating soft and hard layer structure. The hard and non-water permeable layer 
consists of a polymeric surfactant PDGI bilayer with a thickness (dh) of 4.7 nm. The soft and 
swellable layer is an interpenetrating network of PAAm–PAAc with a thickness (ds) of several 
hundreds of nanometers, which varies with external stimuli such as temperature, pH, and 
mechanical stress/strain. The soft layers swell with increases in temperature and pH, due to 
dissociation of the hydrogen bonds between the two networks and the ionization of PAAc, which 
leads to a red-shift of the photonic stop-bands. From the thickness (t) of the gel and the reflection 
peak, λ𝑚𝑚𝑚𝑚𝑚𝑚, the number of lamellar layers in the gel is estimated as ≈ 4000 using Bragg’s relation. 
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Figure 2-7: Color change patterns of P(NIPAM-AAc) systems. a) Photographs and reflection 
spectra of free-standing colloidal crystals films of HEMA-modified P(NIPAM-AAc) microgels: a1) 
temperature increase. At the bottom right, the film was cooled back to 20 °C. The film was immersed 
in 0.5 m NaCl solution, pH 3.0. Scale bar is 0.5 cm. a2) [NaCl] increase. At the bottom right [NaCl] 
was decreased back to 250 × 10−3 M. Scale bar is 0.5 cm, pH 3.0. Temp = 23 °C. b) A uniform 
change of structural color in optical microscopy images of PS/P(NIPAM-AAc) hydrogel photonic 
crystals upon heating from 20 to 40 °C. c) Reflectance spectrum for a P(NIPAM-AAc)-based etalon 
in o-nitrobenzaldehyde (o-NBA) solution: c1) after exposure to UV irradiation for the indicated 
times, color reversibility by repeated exposure to UV irradiation, c2) followed by the addition of 
fresh o-NBA solution. 
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Chapter 3: Synthesis of thermo-responsive lamellar 

hydrogel 

3.1 Introduction 

In this work, the synthesis of PDGI/PAAm hydrogels were synthesized according 

to our previous work.[1] The molecular formula in this work was shown in Figure 3-1. 

Herein the PDGI/PAAm-PNIPAM gels were synthesized by incorporating second 

networks (PNIPAM) into PAAm soft layers of PDGI/PAAm lamellar gels. The 

schematic illustration of fabrication and property of PDGI/PAAm-PNIPAM hydrogel 

were shown in Figure 3-2. The chemical structure of PDGI bilayer, PAAm layer and 

PAAm-PNIPAM layer were shown in Figure 3-2 (left side). The PDGI/PAAm-

PNIPAM gel exhibits thermo-induced phase separation behavior. By incorporating 

PNIPAM network into PAAm layer to give PDGI/PAAm-PNIPAM lamellar hydrogel 

fast reversible phase separation ability (Figure 3-3 and Figure 3-4). This hybrid 

hydrogel has a hard PDGI bilayer and soft PAAm-PNIPAM layer. At Temp > LCST, 

PNIPAM networks becomes hydrophobic and gels show turbid phenomenon 

immediately, but the interplanar distance of the gel decreases gradually with releasing 

water owing to the presence of macroscopic bilayers (Figure 3-5); at Temp < LCST, 

PNIPAM becomes hydrophilic and turbidity disappears immediately, but the interplanar 

distance increases gradually absorbing water to reach the original/swollen state, 

discussed in Chapter 4-6. The PDGI/PAAm-PNIPAM hydrogel shows tunable 

structural color ability by controlling incorporated PNIPAM concentration. The 
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successful incorporation can be confirmed by DSC thermograms of PDGI/PAAm and 

PDGI/PAAm-PNIPAM gels with different PNIPAM concentration (Figure 3-6). The 

gel shows a red shift in color after incorporation and with increasing the PNIPAM 

concentration, the gel shows a larger red shift in color and gel thickness (Figure 3-7 

and Figure 3-8). The effect of the incorporated PNIPAM concentrations on the thermo-

responsive lamellar hydrogel during the heating and cooling processes is discussed in 

Chapter 4-5. 

3.2 Experiments 

3.2.1 Materials 

An amphiphilic monomer, dodecyl glyceryl itaconate [DGI (n-C12H25-

OCOCH2C-(=CH2)COOCH2CH(OH)CH2OH)], was synthesized following the 

procedure described earlier.[1] After completion of two-step reactions, the crude product 

was purified at least twice by a silica gel column (silica gel 60 N, Kanto Chemical Co., 

Inc.). 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, N-

isopropylacrylamide (NIPAM, 97%, Sigma-Aldrich Co., USA) was recrystallized twice 

from an ether/hexane mixture. 2-Hydroxy-4′-(2-hydroxyethoxy)-2-

methylpropiophenone (Irgacure 2959, 98%, Sigma-Aldrich Co., USA) and sodium 
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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 gel. The molecular formula of the monomer, corss-linker 

and initiater was presented in Figure 3-1. 

3.2.2 Preparation of PDGI/PAAm gel 

PDGI/PAAm 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.[1-3] In short, a glass bottle 

with mixture of the precursors and water was allowed to stand in a 55 °C (above the 

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 the 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 × 7 × 0.5 cm3) with a 

monodomain multilamellar structure parallel to the sheet surface was achieved 

following the same procedure described in our previous paper.[3] Briefly, prior to the 

polymerization, the precursor solution was poured to 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 
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mechanically tough hydrogel. After attaining swelling equilibrium in water, a greenish 

PDGI/PAAm gel was obtained. 

3.2.3 Preparation of PDGI/PAAm-PNIPAM gel 

In the second step, the green PDGI/PAAm gel was immersed in an aqueous 

solution of c M NIPAM, 0.05 mM MBAA and 0.05 mM Irgacure 2959 for 7 days to 

reach equilibrium. c is called feed concentration of NIPAM of the precursor solution. c 

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 water to the NIPAM solution, a 

large shrinkage of the 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. The 

thus-obtained PDGI/PAAm-PNIPAM0.5M gel exhibited a blue color in the as-prepared 

state. After attaining equilibrium swelling in water for 7 days, the gel shows a red shift 

in color (red color) at room temperature. The water content of the gel is ≈ 93 wt%. The 

illustration of the reversibly thermal-responsive anisotropic photonic hydrogel based 

on lamellar structure, PDGI/PAAm-PNIPAM0.5M is shown in Figure 3-2. The turbidity 

of PDGI/PAAm-PNIPAM gel during heating and cooling process around LCST is 
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controllable by controlling incorporated PNIPAM concentrations, as revealed by the 

Figure 3-3. 

3.2.4 Transmittance Analysis 

The transmittance of the sample was measured using an ultraviolet/visible light 

spectrophotometer (UV-1800, SHIMADZU, Japan) with a temperature control device. 

The sheet-like gel sample was placed in a quartz cuvette filled with water during 

measurement. The light was imposed to the top surface of the lamellar gels. The range 

of 400-700 nm is the wavelength range of visible light. The transmittance spectra of the 

samples in the range of 400-700 nm was measured. 

To compare the transmittance in the range of 400-700 nm above and below LCST 

of PDGI/PAAm-PNIPAM hydrogel samples, a temperature control device was 

installed and the transmittance from 20 to 70 °C was measured (Figure 3-4). To 

compare the turbidity of the gel after incorporated PNIPAM networks, the transmittance 

of PDGI/PAAm-PNIPAM0.5M was measured in the range of 400-700 nm during heating 

process at 50 °C (Figure 3-5). The UV light was imposed to the top surface of the 

lamellar gels. The sample was placed in a quartz cuvette filled with water during 

measurement. 

3.2.5 Thermal Analysis 

The lower critical solution temperature (LCST) of PDGI/PAAm-PNIPAM 

hydrogels were measured using a differential scanning calorimeter (DSC 2500, TA 

instrument, USA) under a nitrogen atmosphere. The heat rate was 3 ºC min-1. The 
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temperature at which phase transition occurs, LCST, was measured as peak temperature 

of an exothermic reaction.  

To verify the incorporation of PNIPAM networks into PAAm soft layers, the DSC 

of PDGI/PAAm, PDGI/PAAm-PNIPAM0.25M, PDGI/PAAm-PNIPAM0.5M, and 

PDGI/PAAm-PNIPAM1.0M were measured and shown in Figure 3-6. 

3.2.6 Thickness Measurement 

The thickness of the PDGI/PAAm and PDGI/PAAm-PNIPAM gels, T, was 

measured using a mechanical thickness meter (Teclck, Dumb Bell Ltd., Japan). 

3.2.7 Reflection spectrum 

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, λ𝑚𝑚𝑚𝑚𝑚𝑚 = 2ndsinθ, where n = 1.33 is the refractive index of water, θ is the 

incident angle, and λ𝑚𝑚𝑚𝑚𝑚𝑚 is the wavelength at maximum reflectance intensity.[3] 

Reflection spectra of PDGI/PAAm and PDGI/PAAm-PNIPAM hydrogels synthesized 
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with different NIPAM feed concentration in pure water at room temperature was shown 

in Figure 3-8. 

3.3 Results and discussion 

3.3.1 Strategy for synthesis of thermo-responsive lamellar hydrogel 

The schematic illustration of fabrication and property of PDGI/PAAm-PNIPAM 

hydrogels were shown in Figure 3-2. In this work, we incorporate PNIPAM as the 

thermo-responsive component into PDGI/PAAm lamellar hydrogels to form 

PDGI/PAAm-PNIPAM hydrogels with unique thermo-responsive optical and swelling 

properties.  PNIPAM is incorporated into the PAAm layer of PDGI/PAAm hydrogels 

to form an interpenetrating soft layer of PAAm-PNIPAM (Figure 3-2) 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.[4-8] 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-PAAm interaction on the phase separation.[9] 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 
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with temperature. The incoporation of PNIPAM networks into the soft PAAm layers, 

increases the interplanar distance of the hydrogel, therefore the gel shows a red shift in 

color from green to red. The introduced PNIPAM is hydrolyzed in cold water but turns 

water-insoluble upon heating.[10-15] As a consequence, we can facilely tune the turbidity 

of the photonic PDGI/PAAm-PNIPAM hydrogels with temperature, leading the 

structure color/turbid transition of the gel at LCST. Moreover, since dehydrolyzation 

of PNIPAM in the gel at high temperature also leads deswelling of the whole gel, 

swelling ratio of the PDGI/PAAm-PNIPAM hydrogels can also be tuned by 

temperature, leading tunable structural color and anisotropic swelling by temperature 

stimuli around LCST. The effect of incorporated PNIPAM density on the properties of 

the hydrogel has also been investigated, including turbidity, swelling anisotropy, 

structural color tunability, and reversibility of them (Chapter 4-5). 

3.3.2 Thermo-induced phase separation behavior 

PNIPAM as a temperature-responsive polymer, is extended in cold water due to 

its inter- and intramolecular hydrogen bonding but phase separates upon heating at 

Temp > 33 ℃, which is its LCST.[10,11] The photographs of PDGI/PAAm-PNIPAM0.5M 

gel in pure water at different temperatures is shown in Figure 3-3. At room temperature 

and Temp = 30 ℃, the PDGI/PAAm-PNIPAM0.5M gel shows no turbidity and exhibits 

structural color. At Temp = 40 and 50 ℃, the gel turns turbid immediately once 

immersed in hot water. The hydrogel exhibits lower turbidity in 40 °C hot water 
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compared to 50 °C hot water. It indicates that the turbidity PDGI/PAAm-PNIPAM 

hydrogel is determined by the heating temperature. 

The effect of heating temperature on the transmittance of the PDGI/PAAm-

PNIPAM0.5M gel was shown in Figure 3-4. The original gel (Temp = 20 ℃) exhibited 

high transmittance at 400 nm. By increasing heating temperature from 20 to 80 ℃, the 

transmittance of the gel dropped dramatically when heating temperature reaches to ~33 ℃ 

and then reached a plateau. This corresponds to the LCST-type thermo-responsive 

behavior of the gels. The hydrogels undergo phase separation when heating temperature 

is above the LCST due to entropy-driven dehydration and collapse upon heating 

(Figure 3-3).[10,11] 

The effect of heating time on the transmittance of PDGI/PAAm-PNIPAM0.5M gel 

is shown in Figure 3-5. The transmittance of the PDGI/PAAm-PNIPAM0.5M gel during 

heating process at 50 ℃ in the range of 400-700 nm was measured to quantify the 

characteristics of the turbidity. The transmittance of the gel barely changed with 

increasing heating time at 50 ℃ (Temp > LCST), which is in associated with LCST-

type gels where the turbidity is determined by the heating temperature after reaching 

equilibrium independent of the heating time.[10-12,16] 

3.3.3 Tunable structural color by controlling the incorporated PNIPAM 

concentrations 

Lamellar PDGI/PAAm-PNIPAM hydrogels were successfully synthesized as 

described as above. It should be noted that the PNIPAM concentration is important for 
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the thermo-sensitivity of the gel. If the PNIPAM concentration is lower or higher than 

0.5 M, the color tunability with temperature is saturated. First, we investigated the lower 

critical solubility temperature (LCST) of PDGI/PAAm-PNIPAM hydrogels with 

different NIPAM concentrations through differential scanning calorimetry (DSC) 

(Figure 3-6). The formation of PNIPAM in the PDGI/PAAm hydrogel was supported 

by DSC results. As shown in Figure 3-6, the PDGI/PAAm gel shows no endothermic 

peak, suggesting no LCST in this temperature range. The PDGI/PAAm-PNIPAM0.25M, 

PDGI/PAAm-PNIPAM0.5M and PDGI/PAAm-PNIPAM1.0M exhibited the endothermic 

peak around 34.9 ℃, 35.3 ℃, and 35.0 ℃, respectively. These peaks correspond to 

LCST of PNIPAM. These results indicates that the PNIPAM networks has been 

successfully incorporated into PAAm networks and the incorporation of PNIPAM 

networks into PAAm soft layers gives PDGI/PAAm-PNIPAM hydrogels the 

temperature-responsive property of PNIPAM. The incorporation of PNIPAM networks 

into PAAm soft layers gives PDGI/PAAm-PNIPAM hydrogels temperature-responsive 

property of PNIPAM with LCST around 35 ℃. The presence of the PAAm and PDGI 

does not appear to affect the phase separation behavior of PNIPAM in the gels. 

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-PNIPAMcM hydrogel. 

Photographs of the PDGI/PAAm and PDGI/PAAm-PNIPAM hydrogels in swelling 

equilibrium at Temp = 25℃ in pure water are shown in Figure 3-7a. The diameter of 

the gels has been configured to 20 mm using a cylinder cutter. The PDGI/PAAm gels 
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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 c 

(PDGI/PAAm-PNIPAM0.25M), the color of the gels slightly shifted to green-orange 

color. With increasing c, the color of the gel changed to red (PDGI/PAAm-

PNIPAM0.5M) or dark-red (PDGI/PAAm-PNIPAM1.0M). The water content of green 

PDGI/PAAm gel and red PDGI/PAAm-PNIPAM0.5M gel at 25 ºC are 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 c (Figure 3-7b). 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.[17] 

The reflection spectra of the PDGI/PAAm-PNIPAM gels with diffeent c are 

shown in Figure 3-8. 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, λ𝑚𝑚𝑚𝑚𝑚𝑚, 

was extracted from the reflection spectra, and the distance between two lamellar layers, 

d, was estimated from λ𝑚𝑚𝑚𝑚𝑚𝑚 according to Bragg’s equation. As shown in Figure 3-8b, 

the λ𝑚𝑚𝑚𝑚𝑚𝑚 and d increased linearly with increasing NIPAM concentration. The λ𝑚𝑚𝑚𝑚𝑚𝑚 of 

PDGI/PAAm gel with green color is around 458 nm. After incorporating PNIPAM 

networks into PAAm soft layers, the λ𝑚𝑚𝑚𝑚𝑚𝑚 increased from 458 nm to 591 nm with an 

increase in c from 0 to 1.0 M. Therefore, tuning of the structural color of PDGI/PAAm-
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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/PAAm-PNIPAM hydrogels, which leads to an increase in 

osmotic pressure of the soft layers, resulting in an increased equilibrium swelling ratio 

of the gels.[18-20] The larger NIPAM concentration (the denser PNIPAM in the gel) leads 

to higher osmotic pressure, which promotes swelling more. Meanwhile, the 

PDGI/PAAm-PNIPAM hydrogel swells preferentially in thickness direction due to the 

uniaxially aligned lamellar PDGI bilayers,[21,22] which is discussed later in Chapter 4-

6. 

3.4 Summary 

    This chapter focuses on the strategy on incorporating PNIPAN networks into 

anisotropic lamellar PDGI/PAAm hydrogel to prepare thermoresponsive PNIPAM-

based smart hydrogels, PDGI/PAAm-PNIPAM. The thermo-induced turbidity, tunable 

structural color, and anisotropic structure also has been discussed. In this chapter, we 

introduced the strategy for synthesizing PDGI/PAAm lamellar hydrogel and for 

incorporating PNIPAM networks into PAAm layers to form an interpenetrating soft 

layer of PAAm-PNIPAM. The resulting gel not only exhibits distinct thermo-

responsive properties but also shows a red shift in structural color after incorporating. 
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Furthermore, the hydrogel shows tunable structural color property by controlling 

NIPAM concentration and the turbidity can also be tuned by controlling NIPAM 

concentration. 
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Figure 3-1. Molecular formula of DGI, AAm, Irgacure 2959, MBAA, SDS, NIPAM in this work. 
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Figure 3-2. Illustration of the thermo-responsive anisotropic photonic hydrogel, PDGI/PAAm-
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. 
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Figure 3-3: Photographs of PDGI/PAAm-PNIPAM0.5M in pure water at different temperatures. 
Background lattices: 5 × 5 mm. 
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Figure 3-4: Transmittance of the PDGI/PAAm-PNIPAM0.5M gel at 400 nm during heating at a 
heating rate of 1.0 ℃/min. The gel was initially equilibrated in water at 20 ℃ for 1 h before 
measurement and then heated from 20 to 80 ℃. 
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Figure 3-5: Transmittance of PDGI/PAAm-PNIPAM0.5M gels during heating process at 50 ℃. 
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Figure 3-6: DSC thermograms of PDGI/PAAm and PDGI/PAAm-PNIPAM gels with different 
NIPAM concentrations.  
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Figure 3-7: (a) Photographs and (b) thickness, T, of PDGI/PAAm and PDGI/PAAm-PNIPAM 
hydrogels synthesized with different NIPAM feed concentrations in pure water at room temperature. 
Background lattices: 5 × 5 mm. 
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Figure 3-8: (a) Reflection spectra of PDGI/PAAm and PDGI/PAAm-PNIPAM hydrogels 
synthesized with different NIPAM feed concentration in pure water at room temperature; (b) Peak 
wavelength, λ𝑚𝑚𝑚𝑚𝑚𝑚, of the reflection spectrum and the corresponding interplanar distance, d, as a 
function of NIPAM concentration. 
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Chapter 4: Swelling behavior of thermo-responsive lamellar 

hydrogel 

4.1 Introduction 

Hydrogels, remarkable polymeric materials abundant in water content, offer 

immense potential as biomaterials in tissue engineering. Nevertheless, a prevalent 

limitation lies in the isotropic structures of the majority of hydrogels, both at 

microscopic and macroscopic scales.[1] This arises from their common synthesis 

method, wherein monomers dissolved in water undergo photo or thermal 

polymerization, leading to a lack of molecular orientation. Conventional hydrogel 

materials with unordered homogeneous structures inevitably lack high mechanical 

properties and anisotropic functional performances; thus, their further application is 

limited. Inspired by biological soft tissues with well-ordered structures, researchers 

have increasingly investigated highly ordered nanocomposite hydrogels as functional 

biological engineering soft materials with unique mechanical, optical, and biological 

properties.[2,3] These hydrogels incorporate long-range ordered nanocomposite 

structures within hydrogel network matrixes. 

The development of a cohesive anisotropic structure at the macroscopic scale in 

hydrogels remains a complex and formidable undertaking. These anisotropic hydrogels 

with highly ordered structures have attracted enormous attention.[1-5] The ordered 

structure of the hydrogels imparts excellent anisotropic functions and makes them 

promising candidates for applications in sensors, soft robotics, artificial muscles, and 
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biological engineering, owing to their soft and wet nature.[2] Therefore, highly ordered 

nanocomposite structures need to be introduced into hydrogel networks to obtain 

superb anisotropic functions for biological engineering applications. It is of great 

importance to propose more advanced and effective strategies of fabricating hydrogels 

with highly ordered structures and anisotropic performances.[6-8] 

Thermo-responsive polymers, exemplified by poly-N-isopropylacrylamide 

(PNIPAM), polyvinylpyrrolidone (PVP), and poly N,N-diethylacrylamide (PDEAAm), 

exhibit a distinctive behavior of shrinking or expanding in response to temperature 

changes.[9] Of particular interest is NIPAM due to its lower critical solution temperature 

(LCST), which aligns closely with the human body temperature, approximately 32°C.[9-

12] 

PNIPAM stands out for its reversible and conspicuous volume alterations in the 

vicinity of its LCST. This characteristic makes it a compelling and extensively studied 

material in the realm of temperature-sensitive smart polymers. Researchers are drawn 

to its potential applications in various fields, particularly in biomedical and drug 

delivery systems, where the ability to respond to the physiological temperature of the 

human body is crucial.[12] 

The capacity of PNIPAM and similar smart polymers to undergo reversible 

changes in volume at specific temperature thresholds opens avenues for designing 

responsive materials with tailored properties.[9-13] The exploration of these polymers 

not only contributes to advancements in fundamental polymer science but also holds 

promise for practical applications in developing innovative materials with controlled 
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responses to temperature stimuli. As such, the research focus on PNIPAM-based 

anisotropic hydrogels continue to drive progress in the development of intelligent 

materials with diverse applications in biotechnology, nanotechnology, and 

beyond.[13,14]Departing from conventional thermo-responsive hydrogels, the 

incorporation of thermo-responsive polymers into anisotropic hydrogels or structure-

directing templates such as 2-D materials hold the potential to introduce unique 

functionalities and properties. These innovations, stemming from the synergy of 

thermo-responsiveness and anisotropic structures, could open up a new chapter in 

material science. 

4.2 Experiments 

4.2.1 Materials 

DGI was synthesized and purified according to our previous work.[15] 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, N-isopropylacrylamide 

(NIPAM, 97%, Sigma-Aldrich Co., USA) was recrystallized twice from an 

ether/hexane mixture. 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone 

(Irgacure 2959, 98%, Sigma-Aldrich Co., USA) and sodium dodecyl sulfate (SDS, 98%, 

FUJIFILM Wako Pure Chemical Corporation, Japan) were used as received. Milli-Q 
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deionized water was used to prepare the monomer solutions and for the swelling of the 

gel. 

4.2.2 Preparation of PAAm-PNIPAM double network hydrogels 

A PAAm-PNIPAM interpenetrating network gel without PDGI bilayers was 

prepared by incorporating the PNIPAM into the PAAm network. The PAAm 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 in Chaptr 3. 

4.2.3 Polarized optical microscope observation 

The anisotropic structure of gels was observed by the polarized optical microscope 

(POM, Nikon Eclipse LV100POL) 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 mm3 for 

the top view and ~30 x 1 x 1.2 mm3 for the side view). POM images of the fully swollen 

PDGI/PAAm and PDGI/PAAm-PNIPAM0.5M hydrogels in water at Temp = 25°C were 

shown in Figure 4-1. 

4.2.4 Reflection spectrum 

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 
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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, λ𝑚𝑚𝑚𝑚𝑚𝑚 = 2ndsinθ, where n = 1.33 is the refractive index of water, θ is the 

incident angle, and λ𝑚𝑚𝑚𝑚𝑚𝑚 is the wavelength at maximum reflectance intensity.[15-17] The 

reflection spectra of the PDGI/PAAm and PDGI/PAAm-PNIPAM0.5M gel during 

heating and cooling process around LCST were measured and compared as shown in 

Figure 4-2. 

4.2.5 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/PAAm 

and PDGI/PAAm-PNIPAM gels, T, was measured using a mechanical thickness meter 

(Teclck, Dumb Bell Ltd., Japan), and the thickness of the PAAm-PNIPAM gels was 

measured by Keyence laser thickness mater (CL-L015N, Keyence Corporation, Japan). 

4.2.6 Water content measurement 

The water content of the gel was measured using a moisture balance MOC-120H 

(Shimadzu Co.). The wet sample was obtained by heating the sample to 120 °C. The 
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water content of green PDGI/PAAm and red PDGI/PAAm-PNIPAM0.5M gel at 25 ºC are 

90.3 and 92.0 wt%, respectively. The water content of blue PDGI/PAAm-PNIPAM0.5M 

gel after reach new equilibrium at 50 ºC is 87.9 wt%. The notable decrease in water 

content of PDGI/PAAm-PNIPAM0.5M gel at 50 ºC, which is indicative of water 

releasing along with a decrease in the d-value, is attributed to the phase separation of 

the PNIPAM networks at temperature > 33 ºC, which is its lower critical solution 

temperature (LCST). 

4.3 Results and Discussion 

4.3.1 Structure of thermo-responsive lamellar hydrogel 

Polarizing optical microscopy (POM) images were captured to justify the 

structural anisotropy of the PDGI/PAAm and PDGI/PAAm-PNIPAM0.5M lamellar 

hydrogels swollen in water at Temp = 25 °C (Figure 4-1). The 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/PAAm hydrogel exhibited 

strong birefringence, which has been assigned to the aligned monodomain bilayers and 

elongated PAAm chains along the direction perpendicular to the PDGI bilayers on 

account of the anisotropic swelling.[18] The PDGI/PAAm-PNIPAM0.5M gel with the 

incorporated PNIPAM network also exhibited strong birefringence. As shown in 

Figure 4-1a(i-iii) and 4-1b(i-iii), images of the cross-section of the PDGI/PAAm and 

PDGI/PAAm-PNIPAM0.5M lamellar gel (side) appeared orange at −45°(i), magenta at 

0° (ii), and blue at +45°(iii) rotations relative to the polarizer, respectively. These results 
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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 4-1a, b(iv-vi)). 

4.3.2 Thermo-induced ultrafast structural color/turbid transition 

    The unique properties of PDGI/PAAm-PNIPAM hydrogels derived from their 

thermo-responsibility and anisotropic structure were discussed in this section. The 

obtained PDGI/PAAm-PNIPAM gels exhibit unique temperature-responsive visual and 

size change. As the typical example, results of the PDGI/PAAm-PNIPAM0.5M gel as the 

model gel are shown here.  

As discussed in Chapter 3, the PDGI/PAAm-PNIPAM lamellar hydrogel shows 

the thermo-induced ultra-fast turbid/transparent transition phenomenon of the 

PDGI/PAAm-PNIPAM0.5M hydrogels (diameter = 20 mm, thickness ~ 1.0 mm) during 

heating and cooling process around LCST. The gel exhibited structural color at 25°C 

but instantly turned turbid when immersed into the 50 °C hot water bath owing to 

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 above LCST 
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(Chapter 3).[11-14] When the heated gel was suddenly cooled to 25 ℃, the turbidity 

disappeared immediately due to the recovery of hydrophilicity of the PNIPAM 

chains.[11-14] Timescale of the transparent/turbid transition was ~1 s. Note that ultrafast 

transparent/turbid transition of the aqueous PNIPAM-based smart materials is general. 

Unlike typical smart materials, which are colorless at low temperature,[9] in this work, 

we utilized the hydrogels with bright structural color as the base material to realize 

structure color/turbid transition. The colorful gels immediately turn into monochrome 

gels just by heating, which could be called the thermo-induced color/monochrome 

transition. 

The long-term thermo-responsive behaviors of the PDGI/PAAm-PNIPAM0.5M 

hydrogels during the heating and cooling process across LCST were then investigated, 

including gradual structural color change and anisotropic deswelling/reswelling. The 

experimental process was shown in Figure 4-2. The PDGI/PAAm-PNIPAM0.5M 

hydrogel at swelling equilibrium in a 25 ℃ cold water bath showed a red color. The red 

gel was then immersed into 50 ℃ hot water bath for the time t1. Pictures of the gels 

being heated at 50 ℃ for varied t1 is shown in Figure 4-3(A). The turbidity of the gel 

does not decay with time during heating (Figure 4-3(A) and Figure 3-5), which is in 

accord with the LCST-type gels where the turbidity is mainly determined by the 

temperature but independent of time.[11-14] On the other hand, diameter and the hidden 

structural color of the gels seem to change with t1. In contrast to the constant turbidity, 

the gel gradually expelled water with t due to the hydrophobicity of PNIPAM. 
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Deswelling of the lamellar gels leads change of their structure color hidden by the 

turbidity. Although the PDGI/PAAm-PNIPAM0.5M hydrogel was turbid at 50 ℃, it 

seems to exhibit faint structural color hidden by the turbidity. To investigate the hidden 

structural color of the PDGI/PAAm-PNIPAM0.5M gel during heating, the gel heated for 

the desired time t1 was quenched by immersion into a 25 ℃ cold water bath. After 

immediate disappearance of the turbidity of the gel, the instantaneous structural color 

of the gel was captured immediately. After immediate disappear 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 4-3(A’)). 

The color of the quenched gel gradually changed from red to green with the increase of 

t1. At t1 > 2 h, the gel showed no further structural color change.  

The reflection spectra also show a blue shift in peak wavelength, λ𝑚𝑚𝑚𝑚𝑚𝑚, from higher 

(~548 nm) to lower (~465 nm) wavelength in accordance with the blue shift in color 

with the increase of t1 (Figure 4-4 and 4-5). This indicates that the gel reached the new 

equilibrium state at 50 ℃ after 2 h heating at this condition. It should be noticed that 

bluish color was glimpsed in the turbid gel (Figure 4-3(A)) independent of its hidden 

structural color (Figure 4-3(A’)). This is probably due to Rayleigh and Mie scatterings 

of aggregated PNIPAM in the gel. During heating at Temp > LCST, the PNIPAM 

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.[19] 
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We immersed the gel equilibrated at 50 ℃ into 25 ℃ cold water bath for the 

reswelling time t2 and obtained the reflection spectra and corresponding d. When the 

quenched gel was continuously immersed in 25 ℃ cold water bath, the gel gradually 

recovers the original color (Figure 4-3(B)) as well as the original λ𝑚𝑚𝑚𝑚𝑚𝑚 (~548 nm) and 

d (~ 237 nm) with the reswelling time t2 (Figure 4-4 and 4-5). λ𝑚𝑚𝑚𝑚𝑚𝑚 and d 

decrease/increase accordingly during the heating/cooling processes. Figure 4-3(B) and 

Figure 4-4 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 PAAm-PNIPAM soft layer at Temp < LCST.[9] This indicates that the 

thermal-induced structural color change of the gel is reversible. 

4.3.3 Thermo-induced anisotropic deswelling/reswelling 

We also measured the thermo-induced anisotropic deswelling/swelling of the gel 

during the heating and reswelling process (Figure 4-6). Here, we set the PDGI/PAAm-

PNIPAM0.5M hydrogel swollen in 25 ℃ cold water as the reference state, and the 

diameter and thickness of the gel at this state were set as D0 and T0. The gel was then 

heated at Temp = 50 ℃ for t1. The diameter and thickness of the gel at this stage are 

shown as D1(t1) and T1(t1), and those at new shrunken equilibrium state are shown as 

D1 and T1. The gel at new shrunken equilibrium state was then quenched and kept in 

25 ℃ cold water for t2 to reswell. The diameter and thickness of the gel at reswelling 

time t2 are shown as D2(t) and T2(t), and at fully recovered state as D2 and T2, 

respectively. The deswelling ratio of the cylindrical gel in the thickness direction 
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(perpendicular to PDGI bilayer) and diameter direction (parallel to PDGI bilayer) were 

defined as T1(t1)/T0 and D1(t1)/D0, respectively. Similarly, the reswelling ratio of the gel 

in the thickness and diameter directions are T2(t2)/T1 and D2(t2)/D1, respectively. Since 

the PDGI lipid bilayers in the PDGI/PAAm hydrogels are almost water impermeable 

and without any in-plane anisotropy,[15-18] the thermal-induced deswelling/reswelling 

of the gel is considered to only occur in the PAAm-PNIPAM soft layers. As shown in 

Figure 4-6, the deswelling ratio of the PDGI/PAAm-PNIPAM0.5M gel in the thickness 

direction (T1(t1)/T0) decreases down to 0.85 with increasing heating time t1. On the other 

hand, only slight decrease (D1(t1)/D0 ~ 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℃ cold water, as observed from the photographs of the 

gel. These indicate that the PDGI/PAAm-PNIPAM hydrogel shows reversible thermal-

induced deswelling/reswelling behaviors 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-PNIPAM0.5M isotropic interpenetrating hydrogel without PDGI bilayer does not 

exhibit such swelling anisotropy during heating and cooling process (Figure 4-7). 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 

expansion of stiff sheets. This causes anisotropic deswelling of the gel along the 

thickness direction and the a remarkable decrease in the interplanar distance as well as 
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blue shift of the structural color of the gel upon heating.[15-18] The details can be seen 

from the following discussion. 

4.3.4 Deswelling/reswelling behaviors of PAAm-PNIPAM gels 

The visual change and deswelling/reswelling behaviors of PAAm-PNIPAM0.5M 

double networks hydrogels (diameter ≈ 20 mm, thickness ~ 1.0 mm) during heating and 

cooling process around LCST was shown in Figure 4-7. The original PAAm-

PNIPAM0.5M gel at the 25 ℃ water bath was transparent (Figure 4-7a, left). The gel 

was transferred into 50 ℃ hot water bath for desired time, t1 (Figure 4-7a, up). The gel 

turns to turbid instantly when immersed into the 50 ℃ hot water bath owing to 

hydrophobic association of the PNIPAM chains in the gel, and the turbidity of the gel 

does not decay with time during heating. After a 4 h heating process, the heated 

(deswollen) gel was cooled to 25 ℃ for desired time, t2 (Figure 4-7a, down). The 

turbidity disappears immediately and the gel becomes transparent because the PNIPAM 

chains return to hydrophilic. 

The PAAm-PNIPAM0.5M gel shows isotropic deswelling/reswelling behaviors 

during the heating and cooling process around LCST, as shown in Figure 4-7b and 

Figure 4-7c. The diameter of the gel decreased during the heating process before 

reaching equilibrium. The deswelling ratio of the gel during heating process is shown 

in Figure 4-7b. As can be seen, the deswelling ratio of the PAAm-PNIPAM0.5M gel in 

the thickness direction (T1/T0) and the diameter direction (D1/D0) both decreases down 

to ~ 0.78 with increasing heating time. In addition, the gel fully recovers to the original 
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size (T2/T1 ≈ D2/D1 ≈ 1.35) after the cooling process, as observed from the photographs 

of the gel (Figure 4-7c). This indicates that the PAAm-PNIPAM gel shows reversible 

and isotropic deswelling/reswelling behaviors. 

4.3.5 Time difference for structural color/turbid phenomenon (<1 s) and swelling 

process (~2 h) 

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 4-8. The original PDGI/PAAm-PNIPAM0.5M hydrogel 

turns turbid immediately after immersing into 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 typical PNIPAM 

aqueous systems at Temp > LCST.[9] Once the gel is immersed into hot water, the 

PNIPAM network instantly becomes hydrophobic and aggregate 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 diameter 

direction. In short, the PDGI/PAAm-PNIPAM hydrogels show anisotropic diffusion. 

Timescale of water diffusion in the gel along this path can be estimated by the equation 

for 2-D diffusion, t = L2/4dw, where t is diffusion timescale, L is length of the diffusion 
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path, and Dw is diffusion coefficient of water.[20,21] We roughly assume that Dw 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 Dw = 3.983×10-5 cm2 s-1 at 50 ℃, the timescale 

of deswelling (tds) becomes 1.74 h. It indicates that the time for PDGI/PAAm-

PNIPAM0.5M hydrogel to reach shrunken equilibrium at 50 ℃ is 1.74 h. While that for 

reswelling at 25 ℃, Dw = 2.299×10-5 cm2 s-1.[20] Therefore, the timescale of reswelling 

(trs) for the shrunken hydrogel to recover original state becomes 3.02 h. These 

estimations are in agreement with the experimentally observed deswelling/reswelling 

timescales. 

4.4 Conclusion 

In this chapter, we prepared PDGI/PAAm-PNIPAM hydrogels. The hydrogel still 

exhibits anisotropic lamellar structure. We can facilely tune the turbidity of the photonic 

PDGI/PAAm-PNIPAM hydrogels with temperature, leading the structure color/turbid 

transition of the gel at LCST. Moreover, since dehydrolyzation of PNIPAM in a gel at 

high temperature also leads deswelling of a whole gel, deswelling/reswelling ratio of 

the PDGI/PAAm-PNIPAM hydrogels can also be tuned by the temperature, leading 

tunable structural color and anisotropic deswelling/reswelling by temperature stimuli 

around LCST. 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 4-1: Polarizing optical microscope (POM) images of (a) PDGI/PAAm and (b) PDGI/PAAm-
PNIPAM0.5M gels. 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 µm. 
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Figure 4-2: Experimental illustration for heating (for desired t1) and cooling (for desired t2) process 
of PDGI/PAAm-PNIPAM0.5M gel.  
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Figure 4-3: Optical images of PDGI/PAAm-PNIPAM0.5M gel during heating and cooling process. 
The corresponding color of the turbid gel, A’, during t1 was captured immediately after quenching 
the gel of A in a cold bath (Temp = 25 ℃). Background lattices: 5 × 5 mm. 
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Figure 4-4: (a) Reflection spectra of the PDGI/PAAm-PNIPAM0.5M gel heated at 50 ℃ for varied 
t1 and then quenched in a cold water bath (Temp = 25 ℃). The spectra were obtained immediately 
after the quenching. (b) Those of the gel heated at Temp = 50 ℃ for more than 2 h and then cooled 
in a cold water bath (Temp = 25 ℃) for varied t2. The reflection spectra were obtained by keeping 
the incident at 60o and reflection angles at 45o. 
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Figure 4-5: Peak wavelength, λ𝑚𝑚𝑚𝑚𝑚𝑚, of the reflection spectrum and the corresponding interplanar 
distance, d, of PDGI/PAAm-PNIPAM0.5M gel in water as a function of time during heating and 
cooling process. λ𝑚𝑚𝑚𝑚𝑚𝑚 is measured using Figure 4-3A’ samples for the heating process. 
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Figure 4-6: Deswelling and reswelling ratios of PDGI/PAAm-PNIPAM0.5M gel in water as a 
function of time during heating and cooling process. 
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Figure 4-7: Deswelling/reswelling behaviors of the PAAm-PNIPAM0.5M gel during heating and 
cooling process. (a) Optical images of the original PAAm-PNIPAM0.5M gel at 25 ℃ in pure water 
that during heating process at 50 ℃ at desired time, t1 and cooling process at desired time, t2 at 
25 ℃ in pure water; (b) deswelling and reswelling ratios of the PAAm-PNIPAM0.5M gels in water 
as a function of time during heating and cooling process. Background lattices in (a) are 5 × 5 mm. 
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Figure 4-8: Illustration of the thermal-responsively turbid phenomenon of PDGI/PAAm-PNIPAM 
hydrogel based on lamellar structure during the heating process. 
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Chapter 5: Effect of PNIPAM concentration  

5.1 Introduction 

Thermally responsive polymers have been widely applied in many systems, 

especially in bio-processes, mainly because temperature control is easy to realize and a 

mild thermal treatment is environmentally benign.[1-3] Among them, Poly(N-

isopropylacrylamide) (PNIPAM) has been demonstrated to be temperature-responsive 

polymer and exhibits a lower critical solution temperature (LCST) of 32-33 °C in 

water.[4] Notably, this critical temperature is often modified by forming copolymers 

between NIPAM and other monomers.[5] When the temperature is below the LCST, the 

polymer stays in a swollen hydrated state; above the LCST, it changes to a shrunken 

dehydrated state.[2] The volume shrinkage of PNIPAM above the LCST induces a sharp 

lattice and volume contraction. This sequence of events has been extensively employed 

for preparing thermoresponsive second structures.[6] 

The ordered structure of the hydrogels imparts excellent anisotropic functions and 

makes them promising candidates for applications in sensors, soft robotics, artificial 

muscles, and biological engineering, owing to their soft and wet nature.[7] Therefore, it 

is important to develop effective strategies for the fabrication of anisotropic hydrogels 

possessing highly ordered structures and excellent properties. Among them, novel 2D 

anisotropic hydrogels having ordered bilayer structures are particularly of interest 

because of their highly practical properties such as one-dimensional (1D) swelling, 

anisotropic diffusion, photonic properties manifesting as iridescent structural colors, 
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and specific mechanical properties (e.g., high fracture strength, anisotropic moduli,self-

recovery, and high crack-resistance).[7-11] 

Recently, our group has developed a novel 2D anisotropic hydrogels having 

ordered bilayer structures, PDGI/PAAm.[7-12] The PDGI/PAAm hydrogels prepared 

using self-assembly and shear force possessed a 1D structure containing thousands of 

PDGI lamellar bilayers embedded inasoft PAAm hydrogel matrix. Owing to the 

anisotropic structures composed of highly ordered lamellar bilayers, the PDGI/PAAm 

hydrogel exhibited remarkable anisotropic swelling and de-swelling behaviors, 

diffusion, and iridescent structural color. In addition, the gel has stimuli-responsiveness, 

such as strain-sensitivity (mechanical stimuli), pH/temperature sensitivity (by 

introduced a secondary network of poly(acrylicacid) (PAAc) into the PAAm layer of a 

PDGI/PAAm gel to form an inter penetrating soft layer of PAAm-PAAc), ionic-strength 

sensitivity (by changing a part of the amide groups in the PAAm gellayers into carboxyl 

groups, generating a polyelectrolyte (sodium polyacrylate) within the gels), electrically 

responsive/patterning (by developing highly electrically tunable photonic hydrogels 

based on high-water-content polyelectrolyte polymer networks and bilayer domain 

structures), and reversible stimuli-responsive patterns (by pressure or pH stumili).[7] 

By incorporating secondary functional components into the soft layers of PAAm 

of PDGI/PAAm hydrogel and under external stumili, the hydrogel could exhibit unique 

funtionabilities. In this chapter, we introduced a second networks of PNIPAM into the 

soft layer PAAm of the PDGI/PAAm gels. Hybridization of the thermo-responsive 

PNIPAM with the PDGI/PAAm hydrogel can give the anisotropic photonic hydrogel 
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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 concentration, which can find diverse promising 

applications, such as smart windows and smart display. 

5.2 Experiments 

5.2.1 Materials 

DGI was synthesized and purified according to our previous work.[8] 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, N-isopropylacrylamide 

(NIPAM, 97%, Sigma-Aldrich Co., USA) was recrystallized twice from an 

ether/hexane mixture. 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone 

(Irgacure 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 

gel. 
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5.2.2 Transmittance Analysis.  

The transmittance of the sample was measured using an ultraviolet/visible light 

spectrophotometer (UV-1800, SHIMADZU, Japan). The sheet-like gel sample was 

placed in a quartz cuvette filled with water during measurement. The light was imposed 

to the top surface of the lamellar gels. The transmittance spectra of the samples in the 

range of 400-700 nm was measured. The range of 400-700 nm is the wavelength range 

of visible light. To compare the transmittance in the range of 400-700 nm above and 

below LCST of PDGI/PAAm-PNIPAM hydrogel samples, a temperature control device 

was installed and the transmittance at 25 and 50 °C was measured. ITo compare the 

turbidity of the gel after incorporated PNIPAM networks, the transmittance was 

measured in the range of 400-700 nm during heating process at 50 °C. The UV light 

was imposed to the top surface of the lamellar gels. The sample was placed in a quartz 

cuvette filled with water during measurement. Effect of PNIPAM concentration on the 

turbidity of PDGI/PAAm-PNIPAM gels at different states were shown in Figure 5-2. 

5.2.3 Reflection spectrum 

The reflection spectrum of various gel samples was measured by a combined setup 

of light source, variable angle measurement device, and an analyzer. A 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 
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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 the Bragg’s law 

of diffraction, λ𝑚𝑚𝑚𝑚𝑚𝑚 = 2ndsinθ, where n = 1.33 is the refractive index of water, θ is the 

incident angle, and λ𝑚𝑚𝑚𝑚𝑚𝑚 is the wavelength at maximum reflectance intensity.[12] The 

reflection spectra of the PDGI/PAAm and PDGI/PAAm-PNIPAM gel with different 

NIPAM concentration during heating and cooling process around LCST were measured 

as shown in Figure 5-4. The d and λ𝑚𝑚𝑚𝑚𝑚𝑚 of the PDGI/PAAm and PDGI/PAAm-PNIPAM 

gels with different NIPAM concentration at different states during heating and cooling 

process were compared as shown in Figure 5-5. 

5.2.4 Swelling Ratio Measurement 

For the swelling experiment, a swollen gel was cut into a cylindrical shape using 

a cylinder cutter (Diameter = 20.00 mm). Diameter of a cylindrical gel at different 

swollen state, D, was measured by a slide caliper. Thickness of the PDGI/PAAm and 

PDGI/PAAm-PNIPAM gels, T, was measured using a mechanical thickness meter 

(Teclck, Dumb Bell Ltd., Japan). 

5.2.5 The drying, UV exposure, and pH tolerance tests 

The drying test was conducted during drying in air and recovery in water at 25 °C. 

The PDGI/PAAm-PNIPAM0.5M gel was exposure to UV for 1 day. The gel during UV 

exposure was irradiated at 365 nm UV with an intensity of 3.9 mW/cm2 for 1 day. The 

pH responsiveness of the PDGI/PAAm-PNIPAM0.5M hydrogel was tested at different 

pH for 1 day. 
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5.3 Results and Discussion 

5.3.1 Effect of PNIPAM concentration on turbidity 

The structural color of PDGI/PAAm-PNIPAM gel can be tuned by controlling 

PNIPAM concentration. The effect of the NIPAM concentration on the appearance of 

the PDGI/PAAm-PNIPAM gels at each step. As shown in Figure 5-1 (a), at room 

temperature in pure water, the PDGI/PAAm-PNIPAM gel (D ~ 20 mm) exhibits 

distinctive red-shift in color with increasing incorporated PNIPAM concentration. The 

color of the PDGI/PAAm-PNIPAM gel changes from green-orange to red and even 

dark red with an increase in the PNIPAM concentration from 0.25 to 1.0 M. The factor 

which causes the turbidity of the gel is the phase separation behavior of PNIPAM 

networks when heating at Temp > LCST,[13,14] which is determined by the incorporated 

PNIPAM concentration. As shown in Figure 5-1 (b), low concentration gel shows 

slight turbidity (PDGI/PAAm-PNIPAM0.25M), while high concentration gel shows high 

turbidity (PDGI/PAAm-PNIPAM1.0M). After quenching of the gels at this state, the gel 

color shows large blue shift with increasing NIPAM concentration Figure 5-1 (c). The 

gel color shows large blue shift after reaching equilibrium with increasing NIPAM 

concentration. After reaching recovery equilibrium, all the gels recover to the original 

color Figure 5-1 (d). 

Effect of the incorporated PNIPAMdensity on the ultrafast turbidity transition was 

investigated. We facilely tuned the turbidity of PDGI/PAAm-PNIPAM hydrogels with 

the PNIPAM concentration, c. The transmittance of the PDGI/PAAm and 
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PDGI/PAAm-PNIPAM gels with different c at 25 ℃ is shown in Figure 5-2a. All the 

gels exhibit high transmittance. The peaks in the spectra correspond to the structural 

color. After immersing these gels into 50 ℃ hot water bath, the transmittance of all the 

PDGI/PAAm-PNIPAM gels decreased immediately, but the samples with higher c 

showed lower transmittance (Figure 5-2b). Taken the transmittance at 400 nm as an 

index, that of the PDGI/PAAm-PNIPAM0.5M gel decreased from 64% to 25%, and that 

of the PDGI/PAAm-PNIPAM1.0M 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.  

Basically, samples with higher NIPAM concentrations showed lower 

transmittance due to their larger PNIPAM density. After 2 h immersion in 50 ℃ hot 

water, the gel reached new equilibrium at 50 ℃. 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 5-2c and Figure 5-1a).  

By quenching the heated shrunken gels into 25 ℃ cold water bath, the gels 

recovered their high transmittance immediately (Figure 5-2d and Figure 5-1 (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 
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water molecules, which is also in associated with the time-dependent color change 

during the cooling process. 

5.3.2 Effect of PNIPAM concentration on structural color  

As shown in Figure 5-3, during deswelling process in 50 ℃ hot water bath, the 

PDGI/PAAm-PNIPAM gels with different NIPAM concentration show clearly blue 

shift in color with increasing heating time, t1; during reswelling process in 25 ℃ cold 

water bath, the PDGI/PAAm-PNIPAM gels with different NIPAM concentration show 

clearly red shift in color with increasing cooling time, t2. Particularly, high NIPAM 

concentration gel shows larger shift in color. 

5.3.3 Effect of PNIPAM concentration on interplanar distance 

The reflection spectra of PDGI/PAAm, PDGI/PAAm-PNIPAM0.25M, and 

PDGI/PAAm-PNIPAM1.0M gel at different heating time during heating and cooling 

processes are shown in Figure 5-4. 

The density of 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 shift during 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/PAAm-PNIPAM hydrogels with different NIPAM concentrations, c, 

during deswelling and reswelling process were collected. Figure 5-5 shows the change 

in λ𝑚𝑚𝑚𝑚𝑚𝑚 and d for the PDGI/PAAm-PNIPAM hydrogels with different c during 



79 
 

deswelling and reswelling as a function of t1 and t2. The higher c was, the greater the 

extent of the decrease/increase in λ𝑚𝑚𝑚𝑚𝑚𝑚 and d during the heating/cooling process became. 

This indicates that the PNIPAM density plays a rule in the variations of λ𝑚𝑚𝑚𝑚𝑚𝑚 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 c because the timescale is dominated by the 

water diffusion. 

5.3.4 Effect of PNIPAM concentration on anisotropy deswelling/reswelling  

The effect of the incorporated PNIPAM density on anisotropy 

deswelling/reswelling is shown in Figure 5-6. 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/PAAm 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 networks into PAAm layers leads to 

negligible swelling of the gels, as a result, the bilayer structure remains intact. Therefore, 

the gels show negligible in-plain deswelling/reswelling (D1/D0 ~ 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 deswelling/reswelling of the PDGI/PAAm-

PNIPAM hydrogels weakens as observed from the slight deswelling along the diameter 

direction (D1/D0 ~ 0.96 for 0.5 M, D1/D0 ~ 0.93 for 1.0 M). In addition, the structural 
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color of the gels became less obvious with increasing c, 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. 

5.3.5 Effect of PNIPAM concentration on reversibility  

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/PAAm and PDGI/PAAm-PNIPAM with different c after reaching deswelling and 

reswelling equilibrium are shown in Figure 5-7. The appearance of the gels at the 

original state and the deswelling equilibrium state are shown in Figure 5-7a and 5-7b, 

respectively. The original hydrogels show a red shift in gel color with increasing 

NIPAM concentration (Figure 5-7a). After reaching deswelling equilibrated state, high 

NIPAM concentration gel exhibits clearly distinct blue shift in gel color (Figure 5-7b). 

After reswelling process, the hydrogels almost fully recovered to the original color 

(Figure 5-7c). The reflection spectra of the hydrogels at the original state and 

deswelling equilibrium states are shown in Figure 5-7d. After deswelling process, the 

hydrogels show a bule shift in peak wavelength (Figure 5-7e). The peak wavelength 

recovered almost completely after reswelling (Figure 5-7f). The corresponding λ𝑚𝑚𝑚𝑚𝑚𝑚 

and d of the original gels were shown in Figure 5-7g. Along with the blue shift in color, 

λ𝑚𝑚𝑚𝑚𝑚𝑚 and d apparently decreased for different NIPAM concentration gels (Figure 5-7h) 

and then recovered after fully reswelling (Figure 5-7i). The corresponding λ𝑚𝑚𝑚𝑚𝑚𝑚 and d 



81 
 

of the gels also exhibited the same trends. These results indicate that fully reversible 

color shift of the PDGI/PAAm-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 the structural color change of the PDGI/PAAm-PNIPAM 

hydrogel upon multiple heating-cooling cycles around LCST was further demonstrated 

(Figure 5-8). The PDGI/PAAm-PNIPAM0.5M gel recovered to the original color after 

each heating and cooling process (Figure 5-8a). The reflection spectra of PDGI/PAAm-

PNIPAM0.5M gel after each heating and cooling process around LCST was shown in 

Figure 5-8b. The λ𝑚𝑚𝑚𝑚𝑚𝑚 and d after each heating and cooling processes remained very 

small (within ±10 nm) as shown in Figure 5-8c. It indicates that the gel shows high 

reversibility in gel color and lamellar distance after each process. The full width at half 

maximum (FWHM) of the reflection spectra of the gel as a function of 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 5-9). The original PDGI/PAAm-PNIPAM0.5M gel, which was 

initially red at 25 ℃ cold water bath, turned turbid when heated at 50 ℃ hot water bath. 

Remarkably, it maintained its turbidity during a one-month immersion in the hot water 

bath. Once quenching the gel in a 25 ℃ cold water bath, the turbidity disappeared, and 

the gel turned blue. After cooling for 4 hours in a 25 ℃ cold water bath, the blue gel 

gradually regained its original red color. 
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In addition, the gel size (thickness and diameter) upon the multiple cycles also has 

been investigated to prove the high reversibility (Figure 5-10). The cycle number has 

no effect on the anisotropic deswelling/reswelling (Figure 5-10a), suggesting that the 

PDGI/PAAm-PNIPAM0.5M gel exhibits the highly reversible in anisotropic swelling 

behavior (Figure 5-10b). 

The thickness and diameter after each heating and cooling process of the 

PDGI/PAAm-PNIPAM0.5M gel are measured and shown in Figure 5-10. Except for the 

first heating process, the thickness and diameter of the gel after each heating process 

were at the same minimum value, indicating that the number of the heating processes 

does not affect deswelling (Figure 5-10a). The diameter and thickness of the gel almost 

recovered their original value after each cooling process (Figure 5-10b). It indicated 

that PDGI/PAAm-PNIPAM gel exhibits highly thermo-reversible properties. 

As shown in Figure 5-11a, during the drying process in air, the gel gradually 

released water, resulting in a noticeable blue shift in its color. After 6 h drying, the gel 

transformed into a transparent state. Immersing the dried gel back to water at 25 °C, the 

gel gradually absorbed water and recovered its original color. The gel shows no 

responsiveness to UV exposure (Figure 5-11b) or pH (Figure 5-11c). 

5.4 Conclusion 

We have successfully synthesized a thermally responsive photonic hydrogel with 

lamellar structure, not only exhibiting reversibly anisotropic deswelling/reswelling 

properties due to phase separation behavior near LCST, but also permitting structural 
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color, turbidity, and anisotropic swelling by controlling incorporated LCST-type 

networks. 

In this chapter, we prepared PDGI/PAAm and PDGI/PAAm-PNIPAM hydrogels 

with different concentration and investigated the effect of PNIPAM concentration on 

the hydrogels, including the turbidity, structural color shift (switching of the stop-band), 

the interplanar distance, anisotropy deswelling/reswelling, and reversibility during 

heating and cooling process around LCST. In conclusion, the PDGI/PAAm-PNIPAM 

hydrogel shows ultrafast turbidity transition during heating and cooling process around 

LCST, and the extent of turbidity is determined by the NIPAM concentration. Besides, 

the gel exhibits color tunable characteristics, which is controlled by the concentration 

of interpenetrating second PNIPAM networks into the first PAAm soft layers. The 

hydrogel turns blue-shift in color during heating at Temp > LCST and turns red-shift as 

well as recovers to the original color during cooling Temp < LCST. In addition, the 

extent of deswelling/reswelling increases with the NIPAM concentration. On the other 

hand, swelling anisotropy became less obvious with the NIPAM concentration. The gels 

recovered to the original state upon cooling process, indicating fully reversible color 

shift independent of the NIPAM concentration.  

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/PAAm-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. 
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Figure 5-1: Optical images of the PDGI/PAAm, PDGI/PAAm-PNIPAM0.25M, PDGI/PAAm-
PNIPAM0.5M and PDGI/PAAm-PNIPAM1.0M gels at different state during the heating process at 
50 ℃ and cooling process at 25 ℃ in pure water: (a) original state 25 ℃, (b) after reaching new 
equilibrated state at 50 ℃, (c) quenched state at 25 ℃ after reaching de-swollen equilibrium, and 
(d) recovery state at 25 ℃. The corresponding color of the turbid gel after reaching a new 
equilibrium during the heating process was captured immediately after quenching the gel in a cold 
water bath (Temp = 25 ℃). Background lattices are 5 × 5 mm. 
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Figure 5-2: Effect of NIPAM concentration on the turbidity of the PDGI/PAAm-PNIPAM gels. 
Transmittance of the PDGI/PAAm and PDGI/PAAm-PNIPAM gels with different NIPAM 
concentrations at (a) original state, (b) after immersing in 50 ℃ water bath immediately, (c) after 
reaching new equilibrium into 50 ℃ water bath, and (d) quenching state at 25 ℃ water bath after 
reaching new equilibrium into 50 ℃ water bath.  The transmittance was measured immediately 
after the samples were transferred to the hot or cold bath. 
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Figure 5-3: Optical images of the PDGI/PAAm, PDGI/PAAm-PNIPAM0.25M, PDGI/PAAm-
PNIPAM0.5M, and PDGI/PAAm-PNIPAM1.0M gels during the deswelling process at 50 ℃ for t1 and 
reswelling process at 25 ℃ for t2. The corresponding color of the gel during the deswelling process 
was captured immediately after quenching the gel in a cold water bath (Temp = 25 ℃). Background 
lattices: 5 × 5 mm. 
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Figure 5-4: Reflection spectra of (a,d) PDGI/PAAm, (b,e) PDGI/PAAm-PNIPAM0.25M, and (c,f) 
PDGI/PAAm-PNIPAM1.0M gel in water during the heating process at 50℃ (a-c) and cooling process 
at 25℃ (d-f). The corresponding reflection spectra of the gel at different heating time was captured 
after quenching the gel in a cold bath (Temp = 25 ℃). The reflection spectra were obtained by 
keeping the incident at 60o and reflection angles at 45o. 
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Figure 5-5: Deswelling and reswelling behaviors of PDGI/PAAm and PDGI/PAAm-PNIPAM gels with 
different NIPAM concentration during heating and cooling process. λ𝑚𝑚𝑚𝑚𝑚𝑚 of the reflection spectrum and 
d as a function of (a) heating (t1) and (b) cooling time (t2). 
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Figure 5-6: Deswelling and reswelling behaviors of PDGI/PAAm and PDGI/PAAm-PNIPAM gels 
with different NIPAM concentration during heating and cooling process. (a,b) deswelling ratios in 
water as a function of heating time along the thickness : T1/T0 (a) and the diameter: D1/D0 (b) 
direction; (c,d) reswelling ratios in water as a function of cooling time along the thickness: T2/T0 (c) 
and the diameter: D2/D0 (d) direction compared to original state. 
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Figure 5-7: Reversibility in the structural color of the PDGI/PAAm and PDGI/PAAm-PNIPAM gels 
with different NIPAM concentrations, c, during the heating and cooling process. (a-c) Photographs, (d-f) 
reflection spectra, and (g-i) λ𝑚𝑚𝑚𝑚𝑚𝑚 and d as a function of the NIPAM concentration of PDGI/PAAm and 
PDGI/PAAm-PNIPAM gels with different NIPAM concentration at original state (a, d, g), deswelling 
equilibrium state (b, e, h), and recovery state (c, f, i). 
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Figure 5-8: (a) Photographs and (b) reflection spectra of the PDGI/PAAm-PNIPAM0.5M gel after 
experiencing several heating-cooling cycles. The heating-cooling cycle consists of heating at 50 ℃ 
hot water bath for 4 h and cooling at 25 ℃ cold water bath for 4 h. (c) Peak wavelength, λ𝑚𝑚𝑚𝑚𝑚𝑚, of 
the reflection spectrum and the corresponding interplanar distance, d, as a function of number of 
cycles; (d) The full width at half maximum (FWHM) of the reflection spectra of the gel as a function 
of number of cycles. Background lattices in (a): 5×5 mm. 
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Figure 5-9: Photographs of the PDGI/PAAm-PNIPAM0.5M gel after heating in 50 ℃ hot water bath 
for 1 month. Background lattices: 5 × 5 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



95 
 

 

Figure 5-10: (a) Thickness (left axis) and diameter (right axis) of the PDGI/PAAm-PNIPAM0.5M gel 
in water after heating at 50 ℃ hot water bath for 4 h as a function of heating times (after each heating 
process, the gel was put back to 25 ℃ cold water bath for 4 h to recover); and (b) thickness (left 
axis) and diameter (right axis) of PDGI/PAAm-PNIPAM0.5M gel in 25 ℃ water during heating at 
50 ℃ hot water bath for 4 h and cooling at 25 ℃ cold water bath for 4 h as a function of the number 
of heating-cooling cycles. 
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Figure 5-11: The structural color of the PDGI/PAAm-PNIPAM0.5M gel (a) during drying in air and 
recovery in water at 25 °C, (b) during UV exposure for 1 day, (c) at different pH for 1 day. The gel 
during UV exposure was irradiated at 365 nm UV with an intensity of 3.9 mW/cm2 for 1 day. 
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Chapter 6: Regioselective thermo-responsiveness 

6.1 Introduction 

Stimuli-responsive colors are a unique characteristic of certain animals, evolved 

as either a method to hide from enemies and prey or to communicate their presence to 

rivals or mates.[1,2] From a material science perspective, the solutions developed by 

Mother Nature to achieve these effects are a source of inspiration to scientists for 

decades. Photonic crystals, on the other hand, are 2D or 3D periodic structures with 

low- and high-refractive-index parts, leading to only selective wavelengths to be 

reflected by the crystal.[3-6] Many animals and plants use a combination of different 

structural colorations’ mechanisms, sometimes also including pigmentary coloration, to 

achieve the desired colors combination. The use of biomimicry to try and replicate the 

structural colors of living systems is quite challenging, because much still has to be 

learned from the perfection and the complexity of the architectures used by Mother 

Nature. Stimuli-responsive structural colors have an obviously more complex 

architecture.[1,2] They require the ability to change the microstructure in response to a 

stimulus. Stimuli-responsive structural colors could have potential applications for the 

creation of smart sensors, of cloaking devices, of intelligent textiles.[7] 

Nowadays, extensive research interest in PNIPAM-based smart hydrogels has 

been aroused owing to their fascinating properties and functions.[8-10] For example, both 

the volume phase transition temperature and the extent of the swelling/shrinking 

process of PNIPAM-based smart hydrogels can be easily controlled through 
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copolymerization with more hydrophilic or more hydrophobic monomers. It is worth 

mentioning that the property changes of PNIPAM-based smart hydrogels can be 

triggered in various ways, including through direct heating, indirect heating (e.g., based 

on photothermal effect[11,12], Joule heating[13] and hysteresis effect[14]), 

photoionization[15], or photoisomerization[16], thus allowing sensitivity to temperature, 

light, electrical field, and magnetic field. Importantly, the unprecedented properties of 

PNIPAM-based smart hydrogels permit various smart functions, such as shape change, 

self-regulation and rupture, similar to a cell and some smart biological systems. For 

example, the change in volume allows the PNIPAM-based smart hydrogels to self-

regulate or gate a system by governing the material transportation (i.e., blocking the 

channels by swelling or opening the channels by shrinking), which is of critical 

importance in the areas of smart valves[17], water purification[18], drug delivery[19], etc. 

After being integrated into internal anisotropic hydrogels, the size change of PNIPAM-

based smart hydrogels can realise shape change functions like Venus flytrap[20]. When 

the PNIPAM-based smart hydrogels are fabricated into periodic structures, such as 

colloidal crystals, the size change can enable the tunable vivid colouration reproducing 

the iridescence or structural colors in the nature, which find numerous applications for 

the development of smart optical sensors, intelligent textiles, cloaking and camouflage 

devices, just to mention a few[2]. The temperature-induced transparency change has 

shown great potential in smart windows with the functions of self-regulation in solar 

energy and transmission.[21] 
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6.2 Experiments 

6.2.1 Materials 

DGI was synthesized and purified according to our previous work.[22,23] 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, N-isopropylacrylamide 

(NIPAM, 97%, Sigma-Aldrich Co., USA) was recrystallized twice from an 

ether/hexane mixture. 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone 

(Irgacure 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 

gel. 

6.2.2 Preparation of photomask 

A black lighttight photomask with a hollow star was cut using a laser cutter 

machine (ULTRA R5000, Universal Laser Systems, Inc.). The PDGI/PAAm lamellar 

hydrogels immersed in the NIPAM solution is covered by a photomask with a hollow 

star before synthesis. 
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6.2.3 Regioselective synthesis 

The PDGI/PAAm lamellar hydrogels immersed in the NIPAM solution for 7 days 

to reach equilibrium. The star PDGI/PAAm-PNIPAM hydrogel in PDGI/PAAm 

hydrogel was UV-irradiated through photomasking at 4 ℃ for 8 h. Only the UV-

irradiated star area turned red after reaching equilibrium in pure water at Temp = 25 ℃. 

6.3 Results and Discussion 

6.3.1 Regioselective synthesis of thermo-responsive lamellar hydrogel 

The unique ultrafast structural color/turbid (white) transition of the PDGI/PAAm-

PNIPAM hydrogels can be potentially applied as smart windows and smart displays 

that respond to external environments.[8] Toward such applications, we regioselectively 

introduced the PNIPAM networks into the PDGI/PAAm lamellar hydrogels by the 

photomasking during UV polymerization. As shown in Figure 6-1, the PDGI/PAAm 

lamellar hydrogels immersed in the NIPAM solution is covered by a photomask with a 

hollow star and UV-irradiated at 4 ℃ for 8 h. Only the UV-irradiated star area turned 

red after reaching equilibrium in pure water at Temp = 25 ℃, which indicates that the 

NIPAM networks can only incorporate into the specific region by controlling UV 

polymerization area. 

6.3.2 Structural color/turbid transition of PDGI/PAAm-PNIPAM gel pattern 

As shown in Figure 6-2, the original PDGI/PAAm-PNIPAM gel pattern in 

PDGI/PAAm gel is red color in pure water Temp = 25 ℃. To investigate the structural 
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color/white transition of the pattern, the original gel was immersed in 50 ℃ hot water 

for 4 h. The original patterned gel shows short-term turbid phenomenon once immersed 

in 50 ℃ hot water and the turbidity didn’t decay during heating (Figure 6-2, up). By 

quenching the gel into cold water, the turbidity disappears immediately and the bright 

structural color of the pattern appears again (Figure 6-2, middle). When the heated 

pattern gel is quenched in 25 ℃ cold water for long time, the turbidity of the pattern 

disappears immediately once immersing in cold water (short-term) and dark-blue star 

gradually absorbs water and recovers to the original red color (long-term, Figure 6-2, 

below). 

The structural color/turbid transition of the PDGI/PAAm-PNIPAM gel pattern in 

PDGI/PAAm is shown in Figure 6-3. Upon immersion of the gel into hot water at 50 ℃, 

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 blue-shift in gel color upon heating and recovery of 

the structural color upon cooling. With increasing heating time, long-term blue-shift in 

gel color due to the decrease in the layer distance in responsive of the heating-induced 

shrinking of the PNIPAM networks. This immediate structural color/turbid transition 

and long-term structural color shift of patterned gel can be used as smart stained glass 

or smart display. 

Patterned gel with immediate structural color/turbid transition and long-term 

structural color shift has interesting potential applications, particularly as a smart 

window material or a smart display. This immediate structural color/turbid transition 
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and long-term structural color shift of patterned gel can be used as smart stained glass 

or smart display. For example, considering its application as a smart window material, 

this pattern gel has a mosaic-like structural color similar with stained glass at low 

temperature. On the other hand, when exposed to strong sunlight, the pattern becomes 

cloudy due to the temperature increase, providing a smart function to prevent rising of 

the room temperature. 

6.4 Conclusion 

In conclusion, patterned gel with immediate structural color/turbid transition holds 

great promise as a versatile material with applications in various fields, most notably 

as smart windows and decorative elements. Its ability to dynamically change 

appearance and control heat transmission makes it an attractive option for enhancing 

energy efficiency and aesthetic appeal in buildings. 

This work has achieved an anisotropic thermo-responsive photonic hydrogel with 

extensive and reversible structural color tunability based on the lamellar structure. This 

tunability is rooted in the lamellar structure and is controlled by temperature and the 

density of PNIPAM. More importantly, the thermo-responsive components can be 

regioselectively incorporated into the base lamellar gel. This work has demonstrated an 

astonishingly rapid response in the structural color/turbid transition of this patterned 

lamellar gel, occurring within a mere 1-second timespan. The structural color/turbid 

transition observed in this work represents a unique approach in smart window 

technology. Unlike traditional smart window materials that rely on a transparent-to-
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turbid transition triggered by temperature changes, this work achieves a structural 

color/turbid transition. This distinctive feature sets it apart and offers new possibilities 

and advantages for smart window applications. 
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Figure 6-1: Regioselective synthesis of the thermo-responsive PDGI/PAAm-PNIPAM pattern in 
the PDGI/PAAm hydrogel. 
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Figure 6-2: The structural color/turbid change of the PDGI/PAAm-PNIPAM gel pattern in the 
PDGI/PAAm gel upon heating and cooling processes. Background lattices: 5 × 5 mm.  
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Figure 6-3: The structural color/turbid transition of thermo-responsive PDGI/PAAm-PNIPAM gel 
pattern in PDGI/PAAm gel during heating and cooling process for applications, such as of smart 
window and smart display. Background lattices: 5 × 5 mm. 
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Chapter 7: General Conclusion 

In this work,  a thermo-responsive photonic PDGI/PAAm-PNIPAM hydrogel 

with 2-D lamellar structure has been successfully synthesized. PNIPAM was effectively 

incorporated into the PAAm soft layer of the PDGI/PAAm lamellar gel base, forming 

an interpenetrating PAAm-PNIPAM layers within the monodomain PDGI bilayers, all 

while maintaining the anisotropic structure. The gels not only exhibit unique properties, 

such as reversible deswelling/reswelling behavior due to phase separation behavior near 

LCST, but also permit tunable structural color, turbidity, and swelling anisotropy by 

temperature and PNIPAM density. Notably, the gel exhibits ultrafast and reversible 

structural color/turbid transition around LCST, offering wide range and reversible 

switching of the stop-band position upon heating and cooling process. The structural 

color/turbid transition observed in this work represents a unique approach in smart 

window technology. Moreover, PNIPAM can be regioselectively incorporated into the 

specific region of the lamellar hydrogels by photomasking during UV polymerization. 

It is anticipated that this smart PNIPAM-based lamellar photonic hydrogel, with phase 

separation behavior holds great potential for applications in smart windows, sensors, 

and smart displays. Conclusions of this dissertation are as follows: 

In Chapter 3, the strategy towards introducing thermo-responsive PNIPAM 

polymers into photonic PDGI/PAAm lamellar gels is introduced in detail and the 

synthetic procedure of PDIG/PAAm-PNIPAM hydrogel is included. The PDGI/PAAm-

PNIPAM gels were synthesized by incorporating second networks (PNIPAM) into 
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PAAm soft layers of PDGI/PAAm lamellar gels. The thermo-induced phase separation 

behavior of PDGI/PAAm-PNIPAM gel is introduced. Importantly, the PDGI/PAAm-

PNIPAM hydrogel shows tunable turbidity and structural color by controlling 

incorporated PNIPAM concentration. The effect of heating temperature and heating 

time on the transmittance of the PDGI/PAAm-PNIPAM0.5M gel is also been described 

in detail. The turbidity of the gel increases with increasing heating temperature above 

LCST. And the PDGI/PAAm-PNIPAM hydrogels undergo phase separation due to 

entropy-driven dehydration and collapse upon heating when heating temperature is 

above the LCST.  The transmittance of the gel barely changed with increasing heating 

time at Temp > LCST, which is in associated with LCST-type gels where the turbidity 

is determined by the heating temperature after reaching equilibrium independent of the 

heating time. 

In Chapter 4, the anisotropic lamellar structure of the thermo-responsive lamellar 

PDGI/PAAm-PNIPAM gel is investigated. After incorporation of thermo-responsive 

PNIPAM polymers, the photonic PDGI/PAAm hydrogel possesses the thermo-

responsibility of PNIPAM around LCST. The deswelling/reswelling behaviors of 

PDGI/PAAm-PNIPAM gel during heating and cooling processes around LCST is also 

investigated. The thermo-responsive lamellar hydrogels show structural color/turbid 

transition during heating and cooling processes. The long-term thermo-responsive 

behaviors of the PDGI/PAAm-PNIPAM gels is introduced. The gels show long-term 

structural color tunability and anisotropic deswelling/reswelling behaviors. The 

turbidity and deswelling/reswelling ratios of the photonic PDGI/PAAm-PNIPAM gels 
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can be tuned by temperature stimuli, leading the structure color/turbid transition of the 

gel around LCST. 

In Chapter 5, the effect of PNIPAM concentration on PDGI/PAAm-PNIPAM gel 

during heating and cooling process around LCST is introduced in detail, including on 

turbidity, structural color, interplanar distance, anisotropic swelling, and reversibility. 

The structural color of PDGI/PAAm-PNIPAM gel can be tuned by controlling NIPAM 

concentration. Effect of the incorporated PNIPAM concentration on the ultrafast 

turbidity transition was investigated. High NIPAM concentration hydrogels show low 

turbidity. High NIPAM concentration gel shows larger shift in color during heating and 

cooling process. The concentration of incorporated PNIPAM networks significantly 

influences the extent of deswelling and reswelling. The higher the NIPAM 

concentration, the greater the extent of the decrease in peak wavelength, λ𝑚𝑚𝑚𝑚𝑚𝑚 and 

interplanar distance, d. This indicates that the NIPAM concentration plays a rule in the 

variations of λ𝑚𝑚𝑚𝑚𝑚𝑚 and d which is in accord with the color shift of the gel. The extent of 

deswelling/reswelling along diameter direction increases with the NIPAM 

concentration. On the other hand, swelling anisotropy became less obvious with 

increasing NIPAM concentration. The gels recovered to the original state upon cooling 

process, indicating fully reversible color shift independent of the NIPAM concentration. 

In Chapter 6, the synthesis procedure of pattern PDGI/PAAm-PNIPAM in 

PDGI/PAAm hydrogel is described in detail. The preparation of PDGI/PAAm-PNIPAM 

star in PDGI/PAAm gel were introduced. PNIPAM can be regioselectively incorporated 

into the specific region of the lamellar hydrogels by photomasking during UV 
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polymerization. The structure color/turbid transition of the PDGI/PAAm-PNIPAM gel 

pattern in PDGI/PAAm gel during heating and cooling process around LCST is 

investigated. The applications of the pattern gel are also introduced. The star region 

immediately turns 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 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 used as smart stained glass or 

smart display. 
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Accomplishments 

Paper related to this dissertation 

1. Yang Han, Yunzhou Guo, Tasuku Nakajima and Jian Ping Gong. Thermoresponsive 

Lamellar Hydrogels with Tunable Turbidity, Structural Color, and Anisotropic Swelling. ACS Appl. 

Mater. Interfaces 2023, 15, 49, 57687–57698. https://doi.org/10.1021/acsami.3c14334 
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