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bilayer-hybrid hydrogels with the supramolecular self-assembled structure is indispensable for 

these potential applications.  

This thesis aims to establish a method to fabricate high quality bilayer-based hydrogels thin 

films and explore novel functions of bilayer-hybrid gels. 

1.2 Outline of this dissertation 

The research finding in this dissertation mainly emphases, first, on the synthesis and anisotropic 

functions of a hydrogel by developing method to induce large area several tens of centimeter 

scale supramolecular self-assembled macroscopic mono-domain bilayer structure inside in 

polyacrylamide polymer matrix. Furthermore, we report here the drying induced functions of 

bilayer-hybrid gels. 

 Chapter 2 is a review about the self-assembly approach of amphiphilic polymerizable 

surfactant DGI: dodecyl-glyceryl-itaconate. The unique iridescence phenomena as a result of 

self-assembled liquid crystalline lamellar phases in aqueous media, polymerization in polymer 

network, hybrid hydrogel of bilayer membrane and polymer network, and the limitations of the 

hybrid hydrogel with randomly aligned lamellar bilayer domains in different application. 

 In chapter 3, establish a method to fabricate high quality bilayer-based hydrogels thin 

films. The large area anisotropic hydrogel, macroscopic size ordered arrangement of lipid 

bilayer structure is developed. The synthesis is performed in a single step polymerization 

reaction of a precursor solution containing polymerizable amphiphilic surfactant dodecyl 

glyceryl itaconate along with acrylamide in presence of a cross-linker, initiator, and co-

surfactant. Before polymerization, using automatic pump suction method and applying shear 

flow to the precursor solution, several thousands of bilayers of self-assembled DGI are aligned 

in one direction parallel to the substrate surface. By polymerization the bilayers self-assembled 
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2.3 Preparation of monomeric amphiphilic surfactant (DGI)[3] 

Because of commercial unavailability the functional monomer Dodecyl-glyceryl-itaconate DGI 

was synthesized in laboratory described in the Figure 2.2. Briefly, itaconic acid anhydride 

(IAA) was mixed and reacted with dodecanol at 110-120 °C for 50 min to obtain the product 

of dodecyl itaconate (DI). By the completion of reaction, addition of n-hexane to the reaction 

vessel was performed at 70 °C, vigorously stirred, and the raw materials of white crystals was 

obtained. Then ethanol was used to re-crystallize DI and obtain the pure crystals of DI. The 

melting temperature of pure DI was 76-78 °C. The resultant product of DI was then dissolved 

in solvent toluene, and reacted with racemic glycidol at 100 °C in the presence of PPTS 

pyridnium-para-toluene-sulfonate. This was followed by five hours of re-fluxing and stirring 

process of mixture on hundred degree Celsius temperature. Then by rotary evaporator at low 

pressure evaporation of toluene was performed. The raw material containing DGI was added to 

a column of silica-gel and eluted-by a 1:1 ratio by volume of hexane/ethyl acetate mix solvent. 

The collected eluent contained DGI fraction of different purity was allowed to remove solvent 

Figure 2.1: Chemical structure of amphiphilic surfactant DGI (dodecyl 

glyceryl itaconate) molecule. 
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Figure 2.2: Synthesis procedure of DGI 

by rotary evaporator. The solid DGI fractions purification was performed by double re-

crystallization using acetone-hexane mix-solvent (1:1 volume ratio). The final product was 

checked for melting and recrystallization using Differential scanning calorimeter with mp. 62-

63 °C and was proven to be more than 99% pure by NMR analysis.  

 

 

 

2.4 Liquid crystalline behavior of DGI-surfactant hybrid[3] 

Liquid crystals, exhibit the properties between liquid and solid crystals. For instance, a liquid 

crystal LC may flow like a liquid, but the molecules in the liquid organized and/or oriented as 

a crystal. Liquid crystals have different forms, which can be distinguished based on their 

different optical properties such as birefringence. There are two major classes of liquid such as 

thermotropic and lyotropic liquid crystals.[4] The thermotropic LCs show temperature 

dependent phase transition into the LC phase, whereas lyotropic LCs exhibit phase 

transformation as function of concentration as well as temperature.[5] Typical amphiphilic 
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Figure 2.4: Polarized microscopic image of the lamellar liquid crystalline 

droplets (multi-lamellar vesicle) of pure DGI (left). The scale bar is 20 µm. An 

illustration of lamellar vesicle (right).[9] 

DGI has a very low solubility in water and the Krafft point is about 43°C.[9] When the 

concentration exceeds its CMC, DGI molecules tend to self-assemble into aggregated structures 

in aqueous phase at the temperature above the Krafft point.[10] Pure DGI itself will self-assemble 

into onion-like bilayer membrane structures. The interlayer distance between these bilayer 

membranes is several nanometers. These onion-like bilayer membrane structures or multi-

lamellar vesicles can be observed under crossed polarizer with a typical texture of Maltese 

Cross (Figure 2.4). Although the interlayer space contains water phase, the short distance 

cannot be expanded, and consequently a phase separation into pure water phase and these 

onion-like liquid crystals occurs.  

 

  

  

 

 

 

 

 

In the presence of ionic surfactants, these bilayer membranes can be changed into lamellar 

structures depending on the concentrations of the surfactants. When DGI is in low concentration 

range, in the presence of some ionic surfactants, DGI bilayer membranes will be separated away 

from each other because of the repulsive force provided by the charges of ionic surfactants 

absorbed in the bilayer membranes. Since the net force between the bilayer membranes is only 

the repulsive force, the bilayer membranes will be separated from each other as far as the force 

can act. However, the volume of the surfactant solution is limited, accordingly, the interlayer 
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forces are responsible for the inter-particle attraction. For the good dispersion repulsive forces 

must be higher than attraction while for the self-aggregation on the other way around must be 

performed. Moreover, surfactant effect for stabilizing lyophobic dispersion is because of 

surface potentiality, hamaker constant and ionic-strength of liquid for dispersion. The 

adsorption of surfactant on particles of same charges in disperse media as that of surfactant 

increases the stability. However, for the opposite sign particles in media the stability will be 

decreased. For the non-ionic type surfactants DLVO theory uses change of effective hamaker-

constant and predict well the effect caused by ionic-surfactants that do not aggregate. To further 

know surfactant-effect on the stability of dispersion, some useful suggestion have been given 

such as: firstly, surfactant adsorption behavior over dispersing particulates of large dimension 

than colloids, which alters contact-angle. Increase and decrease of contact-angle cause 

flocculation and dispersion respectively (Parfitt 1972). 

Secondly, in the absence/low level of electrical-barrier, the stability of dispersion media 

enhances due to the non-electrical steric-barrier to self-aggregation caused by long chain of 

polymeric surfactant. However, such factor is not explained by this theory. Thirdly, though for 

the low-dielectric-constant, the electric-barrier to self-aggregation is equal to absent. Still it is 

possible to use surfactants utilizing steric-barrier to self-aggregation. Fourthly, experimental 

protocols are not available for the measurement of stern-layer dispersant. The measurement of 

zeta-potential indicates electric-potential parallel to shear. 

 

2.5.2 The theory of Helfrich thermal undulation[14] 

The lyotropic liquid crystalline phases, the lamellar type structure of long range unidirectional 

translational is possible to achieve by critical level of tuning temperature and composition of 

the system. Aqueous dilution is useful for the preservation of lamellar-phases, which was in the 
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Figure 2.5: Geometry of the stack of undulating membranes. The y axis points 

into the figure.[14] 

beginning proposed to be because of repulsive interaction of charged surfaces created by ionic-

surfactants. It was given that the lamellar-morphology hyper-swollen state in large-quantity of 

surfactant-oil mixed-system, where the electrostatic interaction is absent. 

Hyper-swelling in aqueous media was observed for the nonionic-surfactants. Helfrich proposed 

the swelling of lipid-bilayers in aqueous media is because of the repulsive forces that are acting 

at wide range. A schematic representation is shown in Figure 2.5. 

 

 

 

 

 

 

 

 

 

Because of the thermal undulation, the projected surface area of fluid layers decreases, 

compared to that of a flat base. Meanwhile, the rigidity and spontaneous curvature change. 

 

2.5.3 Stable DGI liquid crystalline phases 

DGI is a nonionic amphiphilic monomer, the DLVO theory suggests that the DGI bilayer 

membranes self-assemble in aqueous phase to form liquid crystalline droplets having a spacing 

distance of several nanometers. On adding some ionic surfactants, the bilayer membranes can 

be separated to occupy the whole solution space. In the latter case, the electrostatic repulsive 

force and the steric thermal undulation serve as the repulsion to stabilize the lamellar system. 

This lamellar phase, especially for the iridescent solution, is very fragile and very sensitive to 

the external environments. When agitated by ultrasonic action, for example, the organized 
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blue shift of 70 nm in the iridescent color at equilibrium state cannot be well explained only by 

this thermal undulation effect. The flat lamellar sheets tend to curve by increasing the 

concentration of SDS to form separated onion-like and/or myelin-like structures (Figure 2.7c). 

These separated structures of lamellar system result in the decrease of spacing distance between 

bilayer membranes because some vacant spaces necessarily appear among these structures. [17] 

 

2.7 The Effect of configuration on DGI lamellar assembly 

Amphiphilic molecules self-assemble in aqueous solutions in the form of lamellar bilayer 

membranes, hexagonal and spherical micelles by changing the concentrations of surfactant 

and/or co-surfactant.[17] The distance between the molecules in the aggregates varies when these 

self-assembled structures change. The distance between the two neighboring monomers is a 

Figure 2.7: (a) Color change from pink to deep blue with increasing molar ratio of SDS 

to DGI observed at 3 h after mixing SDS and DGI (from left to right, the molar ratios of 

SDS to DGI are 1:4000, 1:2500, 1:1000, 1:600, 1:400, 1:200, 1:100, 1:75, 1:50, 1:40, 

respectively). (b, c) Freeze-fracture transmission electron microscope images of 1.63 wt% 

DGI aqueous solution with a SDS ratio of 1:4000 (a) and 1:40 (b). The scale bar is 10 um. 

When the molar ratio of SDS is 1:4000, lamellar sheets occupy the whole space. While the 

molar ratio of SDS is 1:40, DGI lamellae tend to curve to form onion-like and/or myelin-

like structures which are separated in the water phase. Myelin structures are shown in the 

figure by the arrows.[2] 

(b) (c) 

(a) 
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Figure 2.8: Schematic illustration of polymerization process of DGI in 

organized molecular assembly of bilayer membranes. A DGI molecule 

polymerizes preferentially with a neighbored same molecule and forms a 

homopolymer of DGI. 

key factor which greatly affects the polymerization behaviors. Several methods have been taken 

to change the distance among the neighboring monomers. By changing the ratio of non-

polymerizable co-surfactant added, the polymerization behaviors in various lyotropic liquid 

crystalline phases have been studied.[21] Differences in polymerization rate among lamellar, 

hexagonal and bicontinuous cubic phases have been ascribed to the significant differences in 

interfacial curvatures (an indirect way to change the distance between monomer molecules) 

which result in the decrease in termination. The distance between the monomer molecules can 

be shortened by using chiral S-DGI instead of racemic DGI, which is found to accelerate the 

polymerization rate. The highly ordered lamellar phase exhibits the fastest conversion rate 

(Figure 2.8), while the slowest one occurs in the hexagonal phase. By changing the position of 

butadiyne moiety in amphiphilic diacetylenes, the distance between monomer molecules is 

varied owing to the change of the tilt angle of butadiyne moiety, which leads to different 

polymerization behaviors in these lamellar phases.[22] The DGI bilayer membrane can be 

induced inside polymers gels because of its polymerizing group. 
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2.8 Self assembled Bilayers formation 

DGI form homopolymer and is expected to be induced into ordinary gel sytem as a hybrid. The 

novel hybrid gels containing DGI bilayer membranes will show some unique and interesting 

properties which cannot be obtained from the individual polymer gels and the bilayer 

membranes. DGI monomer molecules form an iridescent lamellar liquid crystal in water in the 

presence of a small amount of ionic surfactant such as SDS.[2]  

 

Iridescent structure of DGI is stable even in the aqueous solution of the monomers of 

acrylamide (AAm), N,N-methylenebis(acrylamide) as a cross-linker, and irgacure as an initiator. 

The iridescent solution of DGI containing above monomers and cross linkers was 

photopolymerized by UV light. After polymerization, the lamellar structure of the polymeric-

DGI (PDGI) was immobilized inside the PAAm network structure. The iridescent color shifts 

to red during the above polymerization process, since the surface area of the bilayer membranes 

decreases due to the bond formation between the DGI molecules, thus leading to the increase 

of the intermembrane distance[2]. Molecular weight of the DGI polymer was estimated by gel 

permeation chromatography to be about 100,000 when the DGI was homo-polymerized.[23] The 

hybrid material must show some coupling effects in its properties of the bilayer membranes and 

the polymer gels. The iridescent color controlled by the gel shrinking is a typical example of 

Figure 2.9: The photographs of the PDGI/PAAm gel prepared 

without shear flow (left-top) and at a shear flow of 0.5 mm/s 

(shear rate~1 s-1) (left-bottom). Freeze-fracture transmission 
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the above coupling effect. Bilayer membrane systems are essentially anisotropic in their 

microstructure. But the microscopic anisotropic domains are randomly oriented in bulk, and the 

entire gel in a vessel shows isotropic properties (Figure 2.9; left-top). Although the bilayer 

membranes are aligned in the bulk phase and immobilized the anisotropic structure within the 

polymer gel networks, the poor shear flow (velocity: 0.5 mm/s, shear rate: ~1 s-1) could not able 

to form macroscopically oriented lamellar bilayer (Figure 2.9; left-bottom and right). 

Anisotropic gels are in crucial importance for practical application of polymer gels. For 

example, one dimensional swelling-shrinking behavior is essential in the applications for 

artificial muscles. However, the hybrid gels obtained from the procedure, that developed by 

Tsujii et. al., are still far from perfect anisotropy.[23,24] Typical myelin structures grow from the 

interface when the concentrated DGI lamellar phase is in contact with water containing 

acrylamide (AAm) monomer and a cross-linker. These myelin structures can be immobilized 

with no structural change in poly(acrylamide) (PAAm) gels by utilizing the polymerizable 

property of DGI. The myelin figures thus immobilized in the gel should be stable for a long 

time.[17]  

2.9 Bilayers-hybrid gel formation of DGI amphiphilic molecules[23] 

Dodecyl glyceryl itaconate DGI, is an amphiphilic monomer, forms an iridescent lamellar liquid 

crystalline phase in water in the presence of small amount of ionic surfactant, SDS, and can be 

polymerized in this bilayer membrane system. Furthermore, this iridescent liquid crystalline 

structure can be immobilized in hydrogels by means of polymerization of DGI together with 

gel-forming monomers such as acrylamide (AAm) and methylenebis- (acrylamide). It is quite 

interesting question in this polymerization process whether the DGI molecules are linked with 

the gel-forming monomers, AAm, residing in the aqueous phase of the liquid crystal. It has 

been found that separated homopolymerization of DGI, and AAm takes place even in one-pot 
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radical reaction. The DGI molecules form a lamellar liquid crystal of bilayer membranes having 

the spacing distance of submicrometer and show the iridescent color in the presence of small 

amount of ionic surfactant. This colored bilayer system can be polymerized together with 

acrylamide and methylenebis(acrylamide) by photopolymerization to form a hydrogel 

containing the lamellar structure inside. In this polymerization process, the DGI molecules 

polymerize alone to form its homopolymer without reacting with any acrylamide and/or 

methylenebis(acrylamide) molecules. This novel phenomenon has been substantiated by the 

experimental techniques of SDS-PAAm gel electrophoresis, 1H NMR, and IR spectroscopy. 

This novel homopolymerization of DGI resulted from the preferential bond formation between 

DGI molecules in their organized molecular assembly. The homopolymerization process is 

represented in Figure 2.10. 
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DGI AAm

Figure 2.10: Schematic illustration of polymerization process of DGI and AAm in organized 

molecular assembly of bilayer membranes. A DGI molecule polymerizes preferentially with 

a neighbored same molecule and forms a homopolymer of DGI. 
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Figure 2.11 (a) the schematics of self-assembly, anisotropic, ordered structure and functions. 

(b) Ordinary hydrogels of isotropic structures. (c) PDGI/PAAm gel and structure. (d) 

PDGI/PAAm gel functions so far. 
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thickness direction as compared to the width and length [Figure 3.10(a) and (b)]. However, 

for the phase separated sample the other directions also slightly swelled. Overall the thickness 

wise swelling behavior decreases as the gelation temperature decreased. This also suggested 

that there is rearrangement of amphiphilic molecules at different temperature. Other reason is 

that, at high temperature the precursor solution viscosity reduces almost same as water. There 

is maximum chances of amphiphilic molecules to interact with one another and self-assemble 

at long range order structure by applying shear force. However, reducing temperature might 

have perturb the structure as there are already self-aggregation at relatively high viscosity that 

resulted to phase separation.  

3.4.7.2 On mechanical properties 

To decipher the effect of batch synthesis temperature on the bilayers hybrid gel quality which 

greatly might have impact on mechanical properties of PDGI/PAAm gels. Therefore uniaxial 

tensile test along the bilayer packing direction was performed. The photographs of the 

dumbbell-shaped samples at different batch synthesis temperature of incubation are shown in 

[Figure 3.11(a)]. The stress-strain curves of the PDGI/PAAm samples with varied synthesis 

batch temperature are shown in Figure 3.11(b). The modulus, fracture strain, fracture stress, 

toughness and yield stress of these samples are summarized in Figure 3.12 a,b,c,d, 

respectively.  

The bilayer hybrid hydrogel showed change of the mechanical properties with respect to batch 

synthesis or incubation temperature. The gels of stiff/tough and soft/stretchable behavior upon 

decreasing gelation temperature were obtained (Figure 3.11a,b). The modulus of gel decreased 

with decreasing temperature of gelation (Figure 3.12a,b). At higher temperature of synthesis 

the gel was stiffer as compared to low temperature. However, the fracture stress, fracture strain 

and toughness slightly increased by decreasing batch synthesis temperature then sharply 
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Figure 3.1 Schematics representation of anisotropic lamellar hydrogel. The method is comprise 

of three major steps. (a) Precursor solution preparation. (b) Applying suction to induce bilayer 

alignment by shear flow. (c) Polymerization by UV to start gelation for the bilayers fixing in 

hybrid gel. Temperature from solution to polymerization is constant. 
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Figure 3.10 Bilayer hybrid gel thin films synthesized at different incubation temperature under 

controlled conditions (a) The optical reflectance of PDGI/PAAm hydrogel as a function of 

wavelength, taken from gels synthesized at different incubation temperature with enlarged view 

between 400 nm to 800 nm range of wavelength. (b) Wavelength maximum and distance 

between bilayers as a function of temperature of synthesis. The visual color change can be 

perceived from the images given inside the graph. The gels exhibited blue shift with decreasing 

gel synthesis incubation temperature. (c) Swelling anisotropy as a function of decreasing gel 

synthesis incubation temperature. Where, L0, T0, W0; and L, T, W are the length, thickness and 

width of the bilayer hybrid gels at as prepared state; and water swollen state, respectively. 
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to dramatically change the polymer dynamics of the PAAm and therefore, the mechanical 

properties of the lamellar hydrogels. One can expect that the water-impermeable bilayers act as 

rigid but viscoelastic component and the hydrophilic PAAm layers in rubbery state act as soft 

but elastic component in the highly-hydrated state. Upon dehydration to a level below the 

critical water content, the PAAm layers, in glassy state, act as hard and brittle component and 

the bilayers act as soft viscoelastic component. Such changes in the mechanical properties of 

the individual layers with dehydration will change the mechanical behaviors of the lamellar 

material and the energy dissipation mechanism. Furthermore, it is interesting to examine the 

effect of dehydration on the sub-microscale PAAm hydrogel layers intercalated between 

bilayers. In addition, given the water-impermeable nature of the bilayers and hydrophilic nature 

of the hydrogel layers, it is interesting to see the effect of dehydration on the swelling 

mismatching and the interaction at the interface between the two components, which are 

expected to strongly influence the stability and mechanical properties of the bilayer membranes. 

In this part of chapter, first the structure of the PDGI/PAAm lamellar gels at different water 

content obtained by using a slow dehydration method is studied. Then, the tensile behavior of 

these lamellar gels at different content is studied. Finally, the thermal behavior of water in these 

gels is studied by DSC. To understand the effect of dehydration on the PAAm hydrogel layers 

confined between the bilayers, the behavior of the bulk PAAm hydrogels at varied water content 

is also studied. The specific dehydration and mechanical behaviors of the PDGI/PAAm lamellar 

hydrogel are analyzed and discussed. 
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from ~560 nm to ~300 nm with the decreasing of water content Cw, PAAm from 96% to 51%. 

Additionally, in order to characterize the structure for the highly-dehydrated sample that does 

not show structure color, the SAXD was performed on the sample of Cw, PAAm = 14%. The 2D 

SAXD image shows a perfectly- anisotropic pattern (Figure 4.1.5b), and the scattering data 

show three clear peaks that can be assigned as the 1st order, 2nd order, and 3rd order reflections 

of lamellar layers of interlayer distance d =18.53 nm (Figure 4.1.5b). From the optical 

reflection and the SAXD spectra, we can quantitatively estimate the inter-bilayer spacing (d) of 

the gels. The d values are plotted against the relative sample thickness (T/T0), where T0 is the 

sample thickness at the as-prepared state. All the data, obtained from optical reflection 

experiment as well as SAXD measurement, fall on the same linear line, as shown in Figure 

4.1.5c. This linear relationship confirms that the sample maintains the one-dimensional 

shrinkage even up to substantially dehydrated state. 

4.1.3.3 Ductile-Brittle transition of bilayer hybrid gel 

To decipher the effect of dehydration on the mechanical properties of PDGI/PAAm gels, the 

tensile tests were performed on the gels along the bilayer direction at various water contents. 

The water content of the gels was determined by TGA (Figure 4.1.6a,b). The samples used for 

the tensile test contains 94% of water in relative to the PAAm layers at the equilibrium swollen 

state, and photographs of the dumbbell-shaped samples at different water contents are shown 

in Figure 4.1.6c. The stress-strain curves of the PDGI/PAAm samples with varied water content 

in the PAAm gels layers are shown in Figure 4.1.7. For comparison, the results of bulk PAAm 

hydrogels are shown in Figure 4.1.8. The modulus, yield stress, fracture stress, and fracture 

strain, and toughness of these samples are summarized in Figure 4.1.9a,b,c,d,e, respectively. 

First, we look at the behaviors of the bulk PAAm hydrogels. As shown in Figure 4.1.8a, the 

bulk PAAm gels showed a gradual increase of modulus, fracture stress, and fracture strain upon 
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rubbery-like behaviors from the PAAm hydrogels, as featured by strain-hardening at the 

extreme elongation before fracture due to finite extensibility effect.  

The work of extension, Wext, estimated from area under the tensile stress-strain curves of the 

gels, is summarized in Figure 4.1.9e. As Wext is the energy density dissipated by the sample 

fracture (J/m3), it is a measure of the soft material toughness. The PDGI/PAAm lamellar gels 

exhibited almost a constant Wext around 2.5 MJ/m3 upon dehydration, until the water content 

was decreased to 22%. The Wext of PAAm samples were very low at high water content, and it 

increased upon dehydration reaching the same level of the lamellar gels, due to the increase of 

the fracture stress and fracture strain, as shown in Figure 4.1.8. 

4.1.3.4 Enhanced quantity of bound water 

The above results suggest that the ductile-brittle transition occurred around a water content as 

high as 60% in the lamellar gels and gels contain more non-mobile, bound water, in comparison 

to the PAAm gels. To verify such speculation, DSC was performed on PDGI/PAAm and PAAm 

gels of different water content, as shown in Figure 4.1.10(a) and 4.1.10(b), respectively. 

Therein the melting heat of water decreased by the dehydration of the gels. The melting peak 

of water in PDGI/PAAm was observed for the water content range of 94-61% while below 61%, 

no peak was observed [Figure 4.1.10a,c,d]. In comparison, PAAm gels showed melting peak 

of water up to 26% water content [Figure 4.1.10b,c,d]. From the DSC analysis, PDGI/PAAm 

gels contain more bound water than PAAm, which is well in agreement with their mechanical 

behaviors. 

4.1.3.5 Probing Ductile-Brittle transition of confined gel layer 

To analyze the modulus change of PAAm gel layers upon dehydration in the lamellar gels, we 

use a stratified layer structure model (Figure 4.1.11a).[28] The bulk modulus E of PDGI/PAAm 
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of 58% ~ 14%, the thickness of the PAAm gel layers is in the range of 52 nm ~ 14 nm. Although 

the phenomenon on confinement-induced ordering of water molecules have been reported, 

these ordering are in nano-scale.[31,32] Such long-range ordering of water in confined hydrogel 

layers in decades of nano-scale is firstly observed. 

The second difference, the one order in magnitude high modulus EA of the PAAm gel layers 

comparing to that of the bulk PAAm gels in the rubbery state, might attribute to a strong 

mechanical confinement effect of the PAAm gel layers between two bilayers. Previous studies 

have shown that the PDGI and PAAm are not covalently connected.[33] Furthermore, recent 

study has suggested that the PDGI bilayer and the PAAm hydrogel layer are connected by the 

physical adsorption of PAAm chains on the PDGI bilayer membranes via hydrogen bond 

formation.[24] It is reported that the polymer adsorption on a surface has a self-similar structure, 

and the concentration of adsorbed polymer layer decreases with the increase in the distance to 

the adsorbed surface.[34] This means that the PAAm concentration, and therefore the modulus, 

near the bilayer surface are higher than the average values while that in the middle region are 

less than the average values. This assumption can also explain the reason of the third difference, 

the less abrupt increase of the modulus of the PAAm gel layer than the bulk PAAm in the glassy 

state. Probably, the rubbery-glassy transition of the PAAm gel layer starts from the bilayer 

surface and then develops into the middle regions gradually upon dehydration. As a result, the 

PAAm gel layers shows a less abrupt rubbery-glassy transition at much higher water content in 

comparison with the bulk PAAm gels that have a homogeneous polymer structure. In summary, 

several experimental phenomena can be explained by this gradient polymer adsorption effect. 

This gradient polymer adsorption effect can explain other phenomena of the PDGI/PAAm gels. 

The first phenomenon is the perfect one-dimensional shrinkage. It is expected that the bilayers 

experience biaxial tensile at swollen state (T/T0>1) and compression at deswollen state (T/T0<1). 
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The former destabilizes the bilayers and the latter has effect to induce buckling instability. The 

perfect one-dimensional dehydration suggests that the interfacial mismatching has been relaxed 

during the very slow dehydration process. If the adsorbed polymer chains are dynamic, the 

interfacial stress should be relaxed and isotropic shrinkage of the PAAm hydrogel layers should 

occur via the very slow dehydration process, which is not the case. This result suggests that the 

PAAm chains are strongly pinned to the bilayers to prevent the global isotropic shrinkage 

during the slow dehydration. Although we could not exclude the possibility of entanglement or 

trapping of the PAAm chains in the PDGI layers, the dominant pinning mechanism is probably 

due to the glassy state of the adsorption layer. The second phenomenon is the dramatic increase 

in the yield stress upon dehydration. The yielding of the lamellar gels at high water content 

could be related to the stress-induced flow of the bilayers that has a cloudy point at ~43°C, 

which is above the observation temperature.[35] The increase in the yield stress with the 

dehydration suggests that the stability of the bilayers is enhanced by dehydration (Figure 

4.1.9b). Although the biaxial compression exerted on the bilayers by dehydration in the PAAm 

gel layers will increase bilayer stability, however, it is apparent that this mechanism alone could 

not explain the substantial increase in the yield stress at water content <60%. Again, the glassy 

state of the adsorption layer supports this substantial increase in the yield stress. It is conjected 

that, the yield stress at CW, PAAm <60% comes from the glassy state of PAAm. The third 

phenomenon is the decrease of the fracture strain with the increase of dehydration, which is 

opposite to the behavior of the PAAm bulk gels (Figure 4.1.9d). The self-similar adsorption 

mechanism would bring about more adsorption of the PAAm chains on the bilayer surface upon 

dehydration, which reduces the extensibility of the samples. 
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Figure 4.1.1 Schematic demonstration of anisotropic lamellar PDGI/PAAm gels, synthesized 

by a co-current homo-polymerization of the amphiphilic monomer dodecyl glyceryl itaconate 

(DGI) and hydrophilic monomer acrylamide (AAm).  

 

Figure 4.1.2 Schematics representation of anisotropic lamellar hydrogel. The method is 

comprise of three major steps. (a) Precursor solution preparation. (b) Applying suction to induce 

bilayer alignment by shear flow. (c) Polymerization by UV to start gelation for the bilayers 

fixing in hybrid gel. Temperature from solution to polymerization is constant. 
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Figure 4.1.3 Confined drying generated size and weight changes of the sample. (a) Diameter 

D, thickness T, and weight W as a function of drying time. Dsw, Tsw, and Wsw are, respectively, 

the diameter, thickness, and weight of the sample at equilibrium swelling. (b) The correlation 

between the thickness and weight change. 

 

 

Figure 4.1.4 SEM micrographs of PDGI/PAAm gel (a) Confined dry and (b) Free air drying, 

respectively. Drying in confinement results in a relatively flat surface from top observation 

and uniform cross section, respectively. While open air drying causes the PAAm gel layer to 
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relax slightly faster as a result surface wrinkles and undulation of bilayer can be observe on 

top and cross section, respectively. 

 

 

Figure 4.1.5 (a) Reflection spectra of PDGI/PAAm hydrogel as a function of wavelength, taken 

at different time intervals during confined dehydration. The visual color change can be 

perceived from the images given inside the graph. The scale bar is 1 cm. (b) SAXS measurement 

geometry for the substantially dehydrated sample and the 2D SAXS scattering image showing 

anisotropic pattern. Scattering data show three clear peaks, assigned as the 1st order, 2nd order, 

and 3rd order reflection peaks of lamellar layers of interlayer distance d=18.53 nm. (c) The d 

values obtained from optical reflection measurement and SAXS measurement against the 

sample thickness T. T0 is the thickness of the sample at the as-prepared state. 
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.  

 

Figure 4.1.11 (a) Stratified layered structural model. Where, hD and hA and d, are single PDGI 

layer, single PAAm gel layer, and the distance between consecutively PDGI layers, respectively. 

(b) PAAm gel layer modulus obtained from the calculation of stratified layered structure model 

as a function of water content. (c) Correlations between the PAAm modulus and PAAm volume 

fraction, for bulk PAAm gel (E) and PAAm gel layer (EA) in PDGI/PAAm gel, respectively. 
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Figure 4.1.12 Representation of the rubbery to glassy transition of two kind of PAAm gels. 

Left side of figure is in term of PAAm modulus and PAAm volume fraction, for bulk PAAm 

gel (E) and PAAm gel layer (EA) in PDGI/PAAm gel, respectively and right side is schematics. 
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rubbery-like behaviors from the PAAm hydrogels, as featured by strain-hardening at the 

extreme elongation before fracture due to finite extensibility effect.  

The work of extension, Wext is the energy density dissipated by the specimen fracture (J/m3), it 

is a measure of the soft material toughness Wext, estimated from area under the tensile stress-

strain curves of the gels, is summarized in Figure 4.2.7d. As. The PDGI/PAAm bilayer hybrid 

gels showed almost a constant Wext of 2.45 MJ/m3 until the ionic liquid content was increased 

to 60%. In contrast, the Wext of bulk PAAm gels were very low, that showed gradual increased 

until 50% ionic liquid content, further increase in ionic liquid content the PAAm toughness 

decreased as shown in Figure 4.2.7d. 

The mechanical results indicated, that the soft-stiff transition occurred around ionic liquid 

content 60% in the bilayer hybrid gels because of possible interaction between ionic liquid-

polymer. As a result the energy dissipation mechanism was enhanced. To prove such 

speculation fatigue tests were performed in the form of loading unloading curve. The area under 

hysteresis loop indicate the energy dissipation mechanism of gels. The cyclic stress-strain curve 

for loading-unloading cycle without waiting are shown in Figure 4.2.8. For clarity the 1st and 

second loading-unloading cycles are shown separately Figure 4.2.8a,b. One can see that by 

increasing ionic liquid content (10-100%) the gels hysteresis loop increases for 1st and 2nd 

loading-unloading cycles, respectively as in Figure 4.2.8a, b, c. The ratio of hysteresis area 

(2nd cycles/1st cycle) as a function of ionic liquid content is shown in Figure 4.2.8d. The results 

suggested enhancement of hysteresis area ratio by increasing ionic liquid content (20-60%), 

indicating the energy dissipation was enhanced by the introduction of ionic liquid. The results 

are consistent with the tensile behavior that showed increased mechanical properties. To 

understand the mechanism of enhancement of energy dissipation, the molecular interaction was 

investigated by FTIR analysis of PAAm and PDGI/PAAm gels in various ionic liquid 
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concentration as shown in Figure 4.2.9. For that purpose the gels were soaked in different ionic 

liquid content and scan was performed in the wavenumber of 1000-4000 cm-1. The functional 

groups absorbance located on polyacrylamide polymer chains such as amine bending 1300-

1900 cm-1 and stretching vibration 2500-4000 cm-1 were located (Figure 4.2.9a). However, in 

the case PDGI/PAAm in addition to carbonyl and amine, hydroxyl OH functional group was 

important to study (Figure 4.2.9b). First we look at the results of pure PAAm in different ionic 

liquid content as shown in Figure 4.2.10a. It is obvious from the results that, the bending 

vibration 1300-1900 cm-1 shifted to lower value by increasing ionic liquid content. While the 

stretching vibration peaks 2500-4000 cm-1 of NH2 increased by increasing ionic liquid content. 

In comparison, the bilayer hybrid gels stretching vibration 1300-1900 cm-1, and bending 

vibration 2500-4000 cm-1 vibration peaks related to NH2 linearly downshifted by increasing 

ionic liquid content Figure 4.2.10b. The additional hydroxyl peak -OH stretching vibration 

related to PDGI head group also showed downshift Figure 4.2.10c. The above results suggested 

that there is strong interaction not only between ionic liquid-polymers but also in polymer-

polymer as well. The results of FTIR is in consistent with the mechanical data. 

PDGI/PAAm gels showed pronounce increase of yielding and energy dissipation by increasing 

ionic liquid content. The PAAm gel modulus remained constant at all concentration of ionic 

liquid in co-solvent. The one order in magnitude high modulus of the PDGI/PAAm gels in 

comparison to that of the pure PAAm gels, might attribute to a strong interaction between 

bilayers-PAAm enhanced by ionic liquid effect. Previous study suggested that, PDGI and 

PAAm have no covalent bonds[40], and PAAm chains are physically adsorbed on the PDGI 

bilayer membranes by hydrogen bonding.[32] Our previous research on drying anisotropic 

lamellar gels suggested that the PAAm gel layers turns from soft-rigid at critical water content. 

The modulus of PAAm gels in between bilayers was increased to several decades of mega-
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pascals due to the enhancement of adsorption of PAAm gels layers on PDGI layers. Here in the 

results of ionic liquid suggested that the PAAm layers experience 2D compression by osmotic 

de-swelling same as bulk PAAm gels. However, during this compression the bilayers were 

stabilized by increasing ionic liquid content in gels. The stability of bilayers enhanced yielding 

stress, energy dissipation mechanism, and modulus of PDGI/PAAm gels by increasing ionic 

liquid content in co-solvent. 

Now we understand the mechanical properties in co-solvent. Another question arises that if we 

remove water from the gel equilibrated with co-solvent what will happen? Will the structural 

color be maintained by swelling the PAAm gel layer with ionic liquid? To support such 

speculation we have performed the experiment of removal of water from gel to obtain ionogels 

of PDGI/PAAm. Then at different concertation ionic liquid structure and mechanical properties 

were investigated. 

4.2.3.2 Effect of water removal from co-solvent soaked gels 

The adaptive structure color of gels soaked in different ionic liquid concentration in co-solvent 

is shown in Figure 4.2.11a,b. The gels showed pronounced blue shift by increasing the 

concentration of ionic liquid in co-solvent. The color changed from orange to green and then 

blue covering the entire visible spectrum of electromagnetic radiation of light by increasing 

ionic liquid content in co-solvent. Then the gels were subjected to drying for evaporation of 

water. The removal of water resulted in colorless transparent ion gel as shown in Figures 

4.2.11b. The ionic liquid-bilayer hybrid gel produced unique iongel with alternating layer 

structure which is quite different from the literature study of iongels that are limited to 

hydrophilic single or double network polymeric systems. The iongels at different concentration 

of ionic liquid are visually transparent, the blue color background is easily observable. This step 

is reversible and can be repeated for many times without altering gel original structure in 
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swollen form. Simply adding co-solvent or swelling the ion gel is water will produced the 

original PDGI/PAAm gels without disturbing the internal morphology of bilayers. This step 

can also be achieved just by adding bulk ionic liquid on PDGI/PAAm gels which is also 

repeatable. 

To understand the mechanical behavior of resultant PDGI/PAAm iongel with different 

concentration of ionic liquid, uniaxial tensile tests were performed on dumbbell shaped iongel 

specimens as shown in Figure 4.2.12a. The tensile stress-strain and Mooney-Rivlin curve are 

given in Figure 4.2.12b,c, respective. The result from stress-strain curve such as modulus, 

stress, strain and toughness are shown in Figure 4.2.13a,b,c,d.  

The mechanical behavior of iongels are slightly different from that of the co-solvent gels, 

however the iongels showed soft/stretchable to stiff/tough with distinct enhancement in yielding, 

upon increasing ionic liquid content (Figure 4.2.12a, b). The modulus, stress and toughness of 

iongels initially 0-10% ionic liquid increased, gradual decrease at 10-80% ionic liquid, followed 

by a large increase 80-100% ionic liquid content, respectively Figure 4.2.13a,b,d.. However, 

the strain of iongel was gradually increased high upto 50% ionic liquid content, then gradually 

reduced at higher ionic liquid content Figure 4.2.13c.. The possible increase in the beginning 

of ionic liquid concentration might attribute to the higher stiffening of PAAm gel layers, as low 

amount of ionic liquid must remain after evaporation of water. The gradual decrease caused by 

the solvation of PAAm gel layers by ionic liquid that remained at relatively swollen state. The 

abrupt increase of the iongels mechanical behavior at higher ionic liquid content is associated 

with the huge osmotic drying effect and increased stiffness of PAAm strands. 
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held the cut pieces together for 5s, and applied uniaxial deformation. The iongel soaked in protic 

solvents 2-propanol and aprotic solvent acetone showed self-healing behavior while other were 

either dissolved (DMSO), not able to self-heal (DMF) or became solid dry polymer (ethanol). 

The reason behind the self-healing behavior in propanol and acetone is because of their 

participation and promotion of hydrogen bonding.[53] It is assumed that the DES ionic liquids in 

polymer chains are present as rich source of dynamic hydrogen bond especially hydrogen bond 

acceptor carbonyl of urea pairs.[21,22,51] Once the gel is cut into two pieces, the restricted mobile 

sites which were formed become disturbed. By addition of acetone or propanol the ionic liquid 

polymer interaction lose order, strength and moved towards the edge of the iongel. The 

interaction of solvent lead to the rearrangement of these physical crosslinked site that also 

initiated favorable polymer entanglements essential for the promotion of self-healing of iongel. 

At the last stage the the van der Waals interactions and hydrogen bonding initiated the formation 

of ultrafast reversible dynamic active, non-covalent interaction sites leading to robust self-

healing. 

4.2.4 Conclusion 

The bilayer hybrid gels showed unique adaptive structural color somewhat similar to marine 

organism like squid, by shrinking in various concentration of ionic liquid-water co-solvent, 

throughout the entire visible spectrum of light. The mechanical properties was found to enhance 

by increased ionic liquid content that enhanced the energy dissipation mechanism of bilayers 

hybrid gels. The addition of co-solvent acted as filler that enhanced the intermolecular 

interaction of PDGI/PAAm and PAAm gels, respectively. The removal of water from co-

solvent produced air stable soft tough iongel based on bilayers. The iongel has the characteristic 

property of conductivity (application chapter in detail) might be useful for using as stretchable 

electronics skin or batteries or as a barrier coating. Moreover, the addition of ionic liquid to 
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Figure 4.2.1. Schematic representation of anisotropic lamellar PDGI/PAAm gels, synthesized 

by a co-current homo-polymerization of the amphiphilic dodecyl glyceryl itaconate (DGI) and 

hydrophilic acrylamide (AAm). Addition of gel in water-ionic liquid co-solvent and proposed 

changes in the gel properties. 

 

Figure 4.2.2 Ionic liquid/water co-solvency induced ratio of size change. (a) Diameter (D2/D1), 

thickness (T2/T1), volume (V2/V1), and surface area (S2/S1) as a function of concentration of 

d1
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(c) (d)
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Figure 4.2.8 (a) 1st cyclic loading-unloading curve (b) 2nd cyclic loading-unloading curves of 

PDGI/PAAm gels in water as well as increasing ionic liquid concertation in co-solvent, 

respectively. The area/loop under cyclic loading-unloading curve represent the energy 

dissipation of soft matter also known as hysteresis energy. (c) For clarity, the normalized 

hysteresis area of the 1st cycle and 2nd cycles, respectively. Normalization is performed by the 

value of original gel sample as a reference state. (d) The hysteresis area ratio 2nd /1st cycles.  
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Figure 4.2.9 FTIR absorbance as a function of wavenumber 1000-4000 cm-1 at increasing ionic 

liquid concentration in co-solvent. (a) PAAm; (b) PDGI/PAAm. For clarity the PDGI/PAAm 

FTIR regions of interest are shown as an enlarged view (i)-(iii), respectively. 
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Figure 4.2.10 FTIR absorbance as a function of wavenumber 1000-4000 cm-1 at increasing 

ionic liquid concentration in co-solvent. (a) PAAm; (b) PDGI/PAAm. For clarity the 

PDGI/PAAm FTIR regions of interest are shown as an enlarged view (i)-(iii), respectively. 
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Figure 4.2.11 (a) PDGI/PAAm gels in co-solvent. (b) PDGI/PAAm iongels containing 

different ionic liquid content produced just by drying of water from co-solvent soaked gels. 

 

 

Figure 4.2.12 (a) Dumb-bell shaped PDGI/PAAm iongels. (b) Stress-strain curves of 

PDGI/PAAm iongels at different ionic liquid content obtained from uniaxial tension tests; (c) 
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Figure 4.2.16 Top view scanning electron microscopic images of PDGI/PAAm iongel. The 

regions of interest are denoted by dotted lines. The arrow lines follow the different 

magnification images of region of interest to clarify the pattern appeared on surface of iongel. 
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Figure 4.2.17 (a) Dumb-bell shaped specimens of PDGI/PAAm gel and iongel, respectively. 

The dimension 12 mm gauge length, 2 mm width and thickness dependent on condition of 

sample (b) Tensile stress-strain curve of PDGI/PAAm gel and iongel, respectively. (c) Results 

from the tensile stress-strain curves. The tensile testing speed was 100 mm/min corresponds to 

the tensile testing strain rate of 0.14-s. 
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Figure 4.2.18 (a) Table of PDGI/PAAm iongel and gel precursor solution composition. (b) Left 

to right is AAm solution in ionic liquid ;DGI in ionic liquid with no SDS ;Standard precursor 

solution in water; Precursor solution in co solvent 1/1 volume ratio ionic liquid/water; Standard 

precursor solution in ionic liquid and pure ionic liquid. (c) PDGI/PAAm as prepared iongel. (d) 

PDGI/PAAm standard bilayer hybrid gel. 
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Figure 4.2.20 (a) PDGI/PAAm iongel self-healing behavior in as prepared condition. Where, 

a(i)-(iv) are respectively, the original sample, bisected in two pieces, the two pieces contacted 

together for 5s, and deformed uni-axially. (b) PDGI/PAAm iongel self-healing behavior in aged 

state. Where, b(i)-(iii) are respectively, the original aged specimen, cut in two pieces, the two 

pieces contacted together were healed already. (c) PDGI/PAAm iongel self-healing behavior in 

organic solvents as shown by labels on bottles. The iongel self-healed in Aceton and slightly in 

2-propanol. Other solvent either dissolved the iongel (DMSO), or not healed (DMF), or became 

dry (ethanol). 
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The reason of high bright and intense colored chiral PDGI/PAAm gel is also attributed to the 

well and dense packing of chiral PDGI molecules. The equilibrium swelling ratio in thickness 

direction (T/T0) for racemic and chiral PDGI/PAAm gels are shown in Figure 4.3.3c., where 

the T and T0 are respectively the thickness value of equilibrium water swollen gels and as 

prepared gels. The swelling behavior is related to the permeability difference between the PDGI 

molecular layers and PAAm chains. The PDGI layers because of their dodecyl groups are 

impermeable to water either from surface or side wise. However, the water loving 

polyacrylamide chain are solvated/dry by water molecules entering or evaporation causes the 

thickness of gels to increase or decrease. Another interesting fact is that the PAAm layers are 

strongly pinned to the PDGI surfaces by weak hydrogen bonding. Therefore, the thickness wise 

ratio of gel must be increase. It is expected that, the change of configuration would have 

influence on the packing of PDGI molecules that must show different swelling ratio in water. 

Being higher thickness ratio for dense packed as compared to the less dense packing of bilayers 

molecules. The results indicated that thickness ratio of chiral gel is higher than that of the 

racemic gel which is well in agreement with the assumption. This also in agreement with the 

higher d value obtained from relation spectra. 

4.3.4.4 Enhancement of energy dissipation 

In this section the effect of contrasting molecular structure on the gel mechanical properties is 

given. Some previous literature suggest that changing configuration can alter the rigidity of 

amphiphilic bio-macromolecules that contains hydrophilic and hydrophobic sites.[7,30,31] For 

examples amino acids of racemic and chiral structure reported in literature showed changed of 

the rigidity in their hydrogel formation.[32] To understand the effect change of racemic and 

chiral configuration on the bilayers hybrid gel mechanical properties of PDGI/PAAm gels. 

Therefore uniaxial tensile test along the bilayer packing direction was performed. The stress-
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Figure 4.3.3 (a) POM images of racemic PDGI/PAAm gel. (b) POM images of chiral 

PDGI/PAAm gel. (c) Ratio of change in thickness (T/T0) for racemic and chiral PDGI/PAAm 

gels, receptively. Where, T is the water equilibrium swollen thickness and T0 is the thickness of 

as synthesis condition. 
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drying/swelling[19,25], mechanical anisotropy, quasi-unidirectional shrinkage upon uniaxial 

stretching and confined drying[20,25], high toughness and self-healing.[21] The structure color of 

the gels respond to external stimuli such as by small stress/strain, temperature, and pH.[22,23] 

Because of anisotropic structure, lamellar hydrogel closely resemble to that of natural hybrid 

materials. Therefore, a model system to mimic the various functions of natural anisotropic 

materials.[18,20,22,23,26]  

Here in we investigate the effect of various kind of drying on the structure and functions of 

anisotropic lamellar hydrogels.[21,24] Previous study showed that in addition to anisotropic 

function bilayers serve as a physical barrier to the transport of water and promote 1D 

permeability.[27] Therefore, given the water-impermeable nature of the bilayers and hydrophilic 

nature of the PAAm hydrogel layers, it is interesting to see the effect of water intake/release on 

the swelling/drying of overall gel which are expected to strongly influence the functionality and 

properties of the bilayer membranes. 

This chapter is organized as follows. First free air drying and restricted drying of lamellar gel 

is given. Then drying of lamellar gel on flat substrate to understand the effect of water intake 

and release on the PAAm hydrogel layers confined between the bilayers, which effect the 

structural color of the overall gel. The effect of water on surface and rewriting photonic 

displaying behavior is studied. Then drying the lamellar gel on patterned substrate to understand 

the adaptive behavior of gel by directional drying. Then studying the effect of stress and light 

exposure to the substantially dried samples. Additional drying is performed using ionic liquid 

just for comparison. The specific functions and mechanical behaviors of the PDGI/PAAm 

multi-lamellar hydrogel are analyzed and discussed. 
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edge to center.[30] This rainbow pattern also explains that the gel shows swelling mismatch and 

fast relaxation PAAm gel layers embedded between bilayers resulted in the wrinkles in the 

complete dry sample.[31] The FWHM is an indicator of the packing parameter of the oriented 

structure is shown in Figure 5.1d. The value of full width at half maxima of the reflation peak 

initially increased followed by decrease. This also indicated the faster relaxation of PAAm gel 

layers by drying perturb the internal structure of aligned PDGI from order to disorder resulting 

on the complicated type patterns on gel surface. This result suggested that, though the free air 

drying is faster but internal layered structure was perturb. 

5.4.2 RH% drying 

The PDGI/PAAm swollen gels drying on different RH% created by aqueous salt solution inside 

chamber is shown in Figure 5.2a,b,c. The water swollen PDGI/PAAm gels exhibited visual 

green color iridescence, the gels were of 1 cm dimeter and 1.10 mm thickness, respectively 

(Figure 5.2a). The gels were placed in a chamber that is saturated with different level of 

humidity 85%, 75%, 55%, 45%, 33%, 11% using aqueous salt solutions of KBr, NaCl, 

Mg(NO3)2, K2CO3, MgCl2, and LiCl, respectively.[32] After 5h of drying, the gels showed 

humidity dependent drying pattern in the form of different colors (Figure 5.2b). The drying 

induced color patterns indicating the different level shrinking of PAAm gel layers by removing 

water by osmotic pressure. The sequence of drying was much slower for high humidity 

condition and gradually decreasing humidity the gel drying became faster. However, the slower 

drying of sample over a high humidity of 85%, little visual shrinkage in dimeter and flat surface 

was observed (Figure 5.2a,b,c). In comparison, low humidity 11% caused severe desiccation 

that force dried the sample as a results of faster drying wrinkles and crease type white color 

appeared on surface of sample (Figure 5.2a,b,c). The sample in equilibrium swollen state and 

force dried 11% humidity along with their POM observation along the orientation of bilayers 
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treatment hydrothermally, physically and self-assembly[44]. To our knowledge, limited 

literature is available on fluorescence polymers because most of the authors reported this 

phenomena in polymers dots.[44] We have investigated fluorescence phenomena in completely 

dried condition of composite hydrogel containing self-assembled non-ionic surfactant polymer 

poly-(dodecyl glyceryl itaconate) PDGI sandwiched between polyacrylamide PAAm.[18]  

In detail, two kind of PDGI/PAAm gels such as physical and chemically crosslinked gels were 

dried in constrained condition. The PDGI/PAAm dry sample 0.1 mm thickness was transparent 

as shown in Figure 5.13(a). For the visual study of photoluminescence, white light from Xe 

lamp was shined on the surface of samples in dark condition and then switched off. The sample 

absorbed certain wavelength of light waves, interestingly exhibited blue light emission [Figure 

5.13(b)]. The detailed investigation was performed using spectrofluorometric analyses of the 

two types of specimens. First, the behavior of physical sample was studied. The optimization 

for the excitation of fluorophores at different emission wavelength was determined as shown in 

Figure 5.13c. Similarly the emission intensity as a function of emission wavelength at different 

excitation was performed for optimization (Figure 5.13d). The results are summarized in 

[Figure 5.13(e),(f)]. The results indicated that the photoluminescence emission intensity 

decreased linearly by increasing excitation wavelength. Also the peak position shifted to higher 

value linearly by increasing excitation wavelength. This results suggested that the absorbing 

fluorophores have specific sites that absorb light waves at specific wavelength range. Increasing 

the excitation wavelength of light causes passivation of the absorbing fluorophore leading to 

reduction in light emission. For comparison the optimization of excitation spectra of chemical 

samples at different emission wavelength is shown in Figure 5.14a. The emission spectra 

optimization at different excitation wavelength is also given Figure 5.14b. The results of 

chemical sample is shown in Figure 5.14c,d. The results indicated that increasing the excitation 
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replace the water of hydrogels by ionic liquid and impart functionality.[58,59] These studies are 

mostly limited to isotropic hydrogels of single and double network structure.[50,58,60,61] It is 

interesting to study the effect of ionic liquid on the hydrogels containing anisotropic structure 

of alternating amphiphilic and hydrophilic layers. Previous study on the composite hydrogel 

containing self-assembled non-ionic surfactant polymer poly(dodecyl glyceryl itaconate) PDGI 

inserted between poly(acrylamide) PAAm has showed various function in the drying from the 

water. In this portion the gels were dried using ionic liquid water co-solvent. The bilayer hybrid 

gels were soaked in different concentration w/w% of the co-solvent of ionic liquid (Urea: 

choline chloride) and water. The gel after equilibrium swelling in co-solvent was subjected to 

drying on black PAAm substrate. The water dried from the sample, produced ionic liquid hybrid 

gel with bilayer structure that was stable at ambient condition as soft and stretchable matter 

(Figure 5.16a). The border lines in the images indicate the area (T 10 cm x W 6 cm) occupied 

by ion gel membrane on PMMA substrate (5.16a,b,c). Then, the ion gel membrane was checked 

for the conductivity property using AC voltmeter. One side of the ion gel is connected to the 

positive electrode of equipment and other side with the LED light. The AC current originating 

from instrument passed LED light, when touched the substrate that was unable to switch the 

lights on because of its non-conductive property (Figure 5.16b). In case of iongel the current 

successfully passed and migrated towards the positive electrode. Interestingly the ion gel was 

able to conduct electricity and the LED light connected to the opposite electrode was switched-

on (Figure 5.16c). The reason behind the conductivity is the abundance of Cl-1 ions[62] that has 

the characteristic properties of electron rich source available for the free migration inside the 

iongel. The iongel could have application as stretchable electronics like skin, batteries, gas 

barrier coating and so on. 
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5.4.4.2 Stable photonic sheet 

In addition to electricity conductivity the iongel also exhibited as display device based on water 

writing and erasing. The ion gel contains ionic liquid in the PAAm gel layer is stable in air and 

transparent [Figure 5.17 (0s)]. The transparency is due to the decrease PAAm gel layer d that 

diffract light-waves beyond the perception of human eyes at invisible range of spectrum of light 

wavelengths. The sponge contained water was used as writing tool on iongel photonic sheet. 

As the water contacted the surface of iongel membrane, the word LSW was printed in the form 

of visible structural color because of the increased in the PAAm gel layer that satisfying the 

Braggs law of diffraction of light waves. The iongel absorb sufficient amount of water appears 

as blue and then green (0.67s-15s). After the color saturation the evaporation of water help in 

erasing the water mark or printed sketch. The color of the iongel started to gradually disappear 

from green, blue and then become transparent same as original condition (15s-60s). In this way 

the water writing and erasing is repeatable for many cycles. 

5.5 Conclusion 

By controlling the internal structure of anisotropic gel just by different types of drying 

approaches, we obtained various biomimetic functionality. The gel showed adaptive structural 

color such as rainbow like color stimulation by free or humidity air drying. The structural color 

is homogenously tuned by restricted drying throughout the entire visible spectrum of 

electromagnetic radiation of light. At high water content, the gel behaves as soft/elastic colorful 

skin same as certain marine organism, whereas at low water content transparent photonic sheet 

act as an active water triggered display device same as beetle cuticle, novel shape memory 

simply by maintaining the amount of water intake/release, stress induced nacre like metallic 

luster, birds feather mimetic iridescence color, and jelly-fish like blue light emission. In addition 

drying of gel pre-soaked in water-ion liquid co-solvent resulted into an air stable iongel 
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membrane photonic sheet that showed high conductivity and exhibited rewriting photonic paper 

properties. The switchable color of the hybrid PDGI/PAAm induced by water could act as a 

visual indicator of moisture content with novel shape memory behavior for diversified 

applications such as soft and stretchable electronic skin, batteries, or barriers coating, or gas 

separation membrane. Moreover, the material is deliberated as a rewritable photonic paper 

which can be printed simply using water as ink. 
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Figure 5.2 (a) Water swollen PDGI/PAAm gels exhibiting green colored iridescence. (b) Gels 

were placed on decreasing RH 85-11% using desiccant salt solution and appearance samples 

colors after 5h. (c) Completion of drying on different RH%. Left to right the osmotic stress 

increases by decreasing RH from 85-11% using aqueous salt solutions. 
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Figure 5.3 (a) Water swollen PDGI/PAAm gels exhibiting orange colored iridescence. The gel 

was observed under polarized light microscope with 532 nm tint plate between cross polarizer 

a(i) and open polarizer a(ii). (b) PDGI/PAAm dried on 11% RH shows white metallic luster. 

The gel was observed under polarized light microscope with 532 nm tint plate between cross 

polarizer b(i) and open polarizer b(ii). For clarity the magnification was increased b(iii) and 

b(vi). All observation was performed from the surface of sample perpendicular to the shear 

direction or parallel to the orientation of PDGI bilayers. 
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Figure 5.4 (a) PDGI/PAAm gel weight ratio vs confined drying time. The inserted figure is the 

slope obtained from change of weight vs time and plotted against the gel diameter. The slope 

vs diameter follow straight line. (b) PDGI/PAAm gel thickness ratio vs confined drying time. 

The inserted figure is the slope obtained from change of thickness ratio vs time and plotted 

against the gel diameter. The slope of thickness vs diameter follow straight line. Where, W, T, 

Ws, Ts are Weight of gel at different drying time, thickness of gels at the time of drying, weight 

of initial swollen gel and thickness of initial swollen gel, respectively. 
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Figure 5.6 (a) PDGI/PAAm gel at equilibrium swollen condition. Thickness T, length L, and 

width W, are respectively 1.23 mm, 40 mm, and 100 mm. Orange Iridescence structural color 

arises from multilayered morphology by satisfying the Braggs law of diffraction. (b) 

PDGI/PAAm sample after confined air drying. Thickness T, length L, and width W, are 

respectively 0.1 mm, 39 mm, and 99.95 mm. The sample appeared transparent and is far below 

the visible range of electromagnetic spectrum of light. (c) After applying random stress on 

complete confined dry PDGI/PAAm sample. The sample appeared opalescence/nacre and silver 

like metallic luster. (d) PDGI/PAAm gel by re-swelling in water, remember original internal 

nanostructure/shape and reappears as structural color. (e) Re-drying the re-swollen sample 

under confinement become transparent again. (f) The random crushed on sample after re-drying 

re-appears metallic silver-like white/opalescence. This a unique shape/nanostructure memory 

phenomena in soft matter indicated by structure color. All the images are from top view of 

samples. The scale bar is 1 cm for all images, respectively. 
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Figure 5.7 SEM micrographs of PDGI/PAAm samples. (a) & (b) Top view and cross-sectional 

view images of constrained air dry sample. (c) & (d) Top view and cross-sectional view images 

of sample pressed after drying. (e) & (f) PDGI/PAAm sample after applying random stress. 
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Figure 5.13 (a) PDGI/PAAm dried sheet on grid paper indicating transparency and large area. 

(b) The scenario of emission of blue light in dark after shining high intensity white light 

originated from Xe lamp. (c) Optimization of excitation wavelength and intensity at different 

emission wavelength range. (d) Optimization of emission wavelength and intensity at different 

excitation wavelength range. (e) Light emission intensity vs excitation wavelength. (f) Position 

of wavelength in spectra as a function of excitation wavelength.  
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Figure 5.14 (a) Chemical crosslinked PDGI/PAAm optimization of excitation wavelength and 

intensity at different emission wavelength range. (d) Chemical crosslinked PDGI/PAAm sample 

optimization of emission wavelength and intensity at different excitation wavelength range. (e) 

Chemically cross-linked sample light emission intensity vs excitation wavelength. (f) 

Chemically crosslinked sample position of wavelength in spectra as a function of excitation 

wavelength.  
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Figure 5.15 (a) Optimized absorption or excitation wavelength 345 nm of ultraviolet light 

necessary for the blue light emission 417 nm wavelength. (b) The decay profile of experimental 

data follows the first exponent decay fit. The life time for light to be remain emitted is 1s.  
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Figure 5.16 (a) Large area thin hybrid PDGI/PAAm iongel on black PMMA substrate. (b) For 

clarity the substrate does not show conductivity and current cannot pass the LED that showed 

off state. (c) However, the iongel is highly conductive obvious from LED lights on. The alligator 

wires are connected to equipment for AC current flow. The border lines represent the area (L 

10 cm x W 6 cm) occupied by thin iongel membrane. 
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Figure 5.17 Large area thin hybrid PDGI/PAAm iongel on black PMMA substrate as water re-

writing photonic paper. The images were taken after each 5s (0-60s) from the movies that has 

speed of 2x. The time of 0s indicate original iongel sheet. The word LSW was sketch by writing 

with water sponge (0.67s) and gradually the water allow the PAAm iongel layers to swell from 

colorless to blue and then green (0.67-15s) satisfying the Braggs law of diffraction of light. 

After the time of 15s the sketch started to erase by evaporation of water in free air drying (15s-

60s). The PAAm gel layers shrink that cases the color shift from visible to invisible range of 

wavelength. The process of writing and erasing is repeatable. 
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that has soft elasticity towards the stretch direction either by manual stretching in uniaxial 

direction or roll pressing, respectively [Figure 6.3b(i-vi)]. The SEM images of stretched 

samples showed bridging of fibrous alignment towards the elongation direction [Figure 6.4c]. 

These results are reasonable for the enhancement of birefringence from top view of the samples. 

This similar behavior indicated another phenomena that there is a strong interaction between 

the bilayers of PDGI and PAAm layers.  

6.4.3 Enhancement of mechanical property 

The self-assembled and oriented structure in nature are famous for their enhanced mechanical 

behavior and are inspiring systems to create highly tough synthetic materials for example 

biological tissues such as skin that consist of lipid bilayers. Some silk moth adapted to orient 

silk by rolling-weaving its head that help spinning and pulling silk for orientation. The spider 

that produce highly oriented fiber by precipitously dropping down along the dragline. Natural 

biopolymers are also known for their highly oriented structure with enhanced mechanical 

behavior. The recent study of hybrid PDGI amphiphilic polymer with PAAm gel such 

PDGI/PAAm showed high toughness with pronounce yielding. The yielding was attributed to 

the structure re-organization of PDGI bilayers at low strain regime that contributed to the energy 

dissipation of bulk PDGI/PAAm gel. Therefore, to related current study of PDGILCE, the 

tensile mechanical properties of non-oriented PDGILCE, dry stretch oriented PDGI/PAAm, 

PDGI/PAAm incubated at RH 97%, standard PDGI/PAAm and PAAm gels are shown in 

Figure 6.5, for clarity the yielding region are enlarged and shown below the main figure. The 

results from stress-strain curve such as modulus, stress, strain and toughness in term of work of 

extension are shown in Figure 6.6a,b,c,d.  The tensile behavior indicated that, the neat PAAm 

gel was soft/wet/ductile extremely low level of load bearing property (modulus ~0.006 MPa, 

and fracture strain 8 m/m), as shown in Figure 6.5 and Figure 6.6a,b,c,d. The neat 









 

 

204 

Communications 2016, 7, 10781. 

[21]  K. Tsujii, N. Saito, T. Takeuchi, 1980, 2287. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 









 

 

208 

 

Figure 6.4 SEM images of (a) As prepared PDGI/PAAm LCE, (i) top view and (ii) Cross-

sectional view. (b) After applying roll pressing on PDGI/PAAm LCE, (i) Top view and (ii) 

cross-section view. (c) Top view SEM image of PDGI/PAAm pre-stretched air dried sample. 
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Figure 6.5 Tensile stress-strain cure of PAAm (gel), PDGI/PAAm (gel), PDGI/PAAm (LCE), 

PDGI/PAAm (stretch dry) and PDGI/PAAm (soaked on RH97%), respectively. The cross-head 

speed was 100 mm/mm that corresponds to the strain rate of 0.14s-1. For clarity, the yielding 

regions are shown as in enlarge view. 
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Figure 6.6 Results from tensile stress-strain cure of PAAm (gel), PDGI/PAAm (gel), 

PDGI/PAAm (LCE), PDGI/PAAm (stretch dry) and PDGI/PAAm (soaked on RH97%), 

respectively. The cross-head speed was 100 mm/mm that corresponds to the strain rate of 0.14s-

1. For clarity, the yielding regions are shown as in enlarge view. (a) Modulus; (b) Stress; (c) 

Strain; and (d) Toughness of aforementioned samples, respectively. 
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CHAPTER 7 

Glucose sensing DN photonic Hydrogels 

7.1 Introduction 

 Glucose is an essential fuel for the normal activity of biological tissues of human being. 

The deviating of glucose level from optimum concentration is associated with various health 

hazards including the risk of diabetes.[1] Diabetes is detrimental for human health in which 

pancreas cannot secrete insulin and usually damaged by high glucose level.[2] Therefore, there 

is an increasing demand for the hand on, readily available, non-invasive and patient friendly 

glucose monitoring devices.[3]  

Hydrogel, are soft and wet matter imbibed in large amount of water have many potential 

application as biomaterial.[4] As a hybrid of solid polymer strands and fluid components, 

hydrogels are highly permeability to water containing small molecules and experience 

reversible volume change by intake and release of water.[5,6] However, due to the lack of 

specific recognition sites for the detection of external stimuli or small molecules, conventional 

hydrogels remains dormant and do not respond to important stimuli, such as light, temperature, 

pH, ionic strength, and chemical reactions.[7] Recent research on hydrogels that contains 

glucose recognition sites phenyl-boronic-acid are gaining tremendous attention as glucose 

monitoring soft devices but the problem associated with them is non-homogenous color 

indication.[8] Therefore, there is a need of soft and wet devices for a common person to 

understand the clearly glucose recognition by uniform visual color change or naked eyes. 

To fulfill the requirement of visual color indication in response to glucose, the hydrogels must 

exhibit anisotropic structure that interfere constructively with the visible wavelength of lights.[9] 
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glucose condition are shown in Figure 7.2 respectively. First we look at the swelling behavior 

of PDGI/PAAm as compared to as prepared condition. The change of thickness (T1/T0), and 

lateral dimensions such as width (W1/W0), and (L1/L0) of pure PDGI/PAAm showed that the 

thickness ratio increased much more as compared to the lateral dimension indicated that the 

PDGI/PAAm gel after swelling in water exhibited 1D swelling. This also indicated the perfect 

orientation of bilayers in PDGI/PAAm hybrid gel. Here, T0, W0, L0 and T1, W1, L1 are 

respectively the dimension of as prepared and equilibrium swollen PDGI/PAAm gels in water. 

7.4.1.2 PDGI/PAAm-PAPBA DN gel- Shrinking/Swelling 

As shown in Figure 7.2, by introducing second polymer PAPBA inside PAAm gel layers of 

PDGI/PAAm. The resultant DN photonic gel thickness ratio (T2/T1) decreased, in lateral 

dimensions only length ratio (L2/L1) slightly increased. This showed gel shrunk in thickness 

direction and expanded in length by swelling in water as second polymer was introduced. Here, 

T1, W1, L1 and T2, W2, L2 are respectively the dimension of PDGI/PAAm single network and 

PDGI/PAAm-PAPBA double network gels in water. Then the by activation of the DN photonic 

sensor and adding to glucose, the gel thickness ratio (T3/T2) as well as the lateral dimension 

such as width ratio (W3/W2) and length ratio (L3/L2) were gradually increased with increasing 

soaking time (Figure 7.1), suggesting the isotropic swelling of sensor in glucose solution. Here, 

T2, W2, L2 and T3, W3, L3, are respectively the dimension of double network PDGI/PAAm-

PAPBA in water and in glucose solution. It is worth to mention that the activated sample remain 

dormant at pH 7 neutral condition in the absence of glucose. However, by addition of 100 mM 

glucose the gel color and dimensional gradually increased. 

The overall results of swelling ratio suggested that the pure PDGI/PAAm was blue in color. 

After incorporation of second network PBA no swelling was observed as the PBA network 

shrunk the DN photonic hydrogel. This shrinking is probably because of the multiple inter and 
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Figure 7.1 Schematics for the preparation of PDGI/PAAm-PAPBA DN photonic sensor. (i) 

Soaking PDGI/PAAm gel for 24h in monomer of 3-APBA solution. The monomer diffuse 

inside the PAAm gel layers. Then polymerization for 8h in inert argon atmosphere. (ii) After 

polymerization the PDGI/PAAm-PAPBA interpenetrating double network as prepared gel 

contains glucose recognition unit. (iii) Activating the gel for glucose sensing by placing in 0.1 

M basic solution for 1 min without heating. (vi) Glucose sensing mechanism of the gel. Step vi 

to ii is reversible just by washing the sensor with distilled water.  
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Figure 7.2 Swelling behavior of PDGI/PAAm as compared to as prepared condition. The 

change of thickness (T1/T0), and lateral dimensions such as width (W1/W0), and (L1/L0) of pure 

PDGI/PAAm showed that the thickness ratio increased much more as compared to the lateral 

dimension indicated that the PDGI/PAAm gel after swelling in water exhibited 1D swelling. 

This also indicated the perfect orientation of bilayers in PDGI/PAAm hybrid gel. Here, T0, W0, 

L0 and T1, W1, L1 are respectively the dimension of as prepared and equilibrium swollen 

PDGI/PAAm gels in water. DN photonic gel thickness ratio (T2/T1) decreased, in lateral 

dimensions only length ratio (L2/L1) slightly increased. This showed gel shrunk in thickness 

direction and expanded in length by swelling in water as second polymer was introduced. Here, 

T1, W1, L1 and T2, W2, L2 are respectively the dimension of PDGI/PAAm single network and 

PDGI/PAAm-PAPBA double network gels in water. Activation of the DN photonic sensor and 

adding to glucose, the gel thickness ratio (T3/T2) as well as the lateral dimension such as width 

ratio (W3/W2) and length ratio (L3/L2) were gradually increased with increasing soaking time, 

suggesting the isotropic swelling of sensor in glucose solution. Here, T2, W2, L2 and T3, W3, L3, 

are respectively the dimension of double network PDGI/PAAm-PAPBA in water and in glucose 

solution. 
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water confined at several nanometer length scale. Accompanied with such a transition, the free 

water in the lamellar gels disappeared. These results indicate the long-range ordering of water 

in the lamellar hydrogels, which is observed for the first time.  

In Chapter 4.2, the effect of co-solvent, on the adaptive mechanical behavior of gels at various 

concentration is studied. Drying water from co-solvent produced air stable, soft, tough and 

stretchable ion gel based on bilayers. The hybrid gel synthesized by adding small amount of 

ionic liquid that perturb the structure of water shows self-healing. The ion gel exhibited an ultra-

fast self-healing behavior due to multiple reversible interactions.  

In Chapter 4.3, we succeeded to synthesized amphiphilic molecules of different configuration. 

Systematically the effect of racemic and chiral configuration on the structural color of precursor 

solution was studied. Then a method was developed to induce racemic and chiral bilayers in 

PAAm gels matrix and synthesized large area bilayer-hybrid photonic gel with alternating 

racemic and chiral layered structures. The gels showed nicely arranged one dimensional chiral 

bilayers that enhanced the structural color, birefringence as well the yielding behavior of bilayer 

hybrid gel. This method might open new ways to explore various novel function of chiral 

bilayer hybrid gels in biomedical application. 

In Chapter 5 explained that, controlling the internal structure of anisotropic gel just by 

different types of drying approaches, we obtained various biomimetic functionality. The gel 

showed adaptive structural color such as rainbow like color stimulation by free or humidity air 

drying. The structural color is homogenously tuned by restricted drying throughout the entire 

visible spectrum of electromagnetic radiation of light. At high water content, the gel behaves 

as soft/elastic colorful skin same as certain marine organism, whereas at low water content 

transparent photonic sheet act as an active water triggered display device same as beetle cuticle, 

novel shape memory simply by maintaining the amount of water intake/release, stress induced 
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nacre like metallic luster, birds feather mimetic iridescence color, and jelly-fish like blue light 

emission. In addition drying of gel pre-soaked in water-ion liquid co-solvent resulted into an 

air stable iongel membrane photonic sheet that showed high conductivity and exhibited 

rewriting photonic paper properties. The switchable color of the hybrid PDGI/PAAm induced 

by water could act as a visual indicator of moisture content with novel shape memory behavior 

for diversified applications such as soft and stretchable electronic skin, batteries, or barriers 

coating, or gas separation membrane. Moreover, the material is deliberated as a rewritable 

photonic paper which can be printed simply using water as ink. 

In Chapter 6, we succeeded to synthesize and investigate the properties of amphiphilic PDGI 

liquid crystalline elastomer. The PDGILCE showed high toughness, stiffness, malleability by 

roll pressing, with enhanced birefringence. This method might open new ways to explore 

various novel function of PDGILCE for creation of artificial muscles. 

In Chapter 7, we showed that, by taking the advantage of structural color from anisotropic 

lamellar gel, active functionality of poly-(3-Acrylamido)phenyl-boronic-acid, and universal 

approach of double network concept we have succeeded to synthesized multiple responsive 

hydrogel. The PDGI/AAm-PBA DN photonic hydrogel is highly responsive to glucose and 

minute deformation, actively changes structural color in the visible wavelength range. Will have 

possible application as a soft-wet glucose and deformation sensitive hydrogel. 

This dissertation explained the establishment of method of fabrication high quality bilayer-

based hydrogels with supramolecular self-assembled structure, properties and novel functions. 

We believe this research is helpful to design biomimetic advanced functional soft and wet 

devices for diverse application regardless dimension. 
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