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ABSTRACT  

   

Environmentally responsive hydrogels are one interesting class of soft materials. 

Due to their remarkable responsiveness to stimuli such as temperature, pH, or light, they 

have attracted widespread attention in many fields. However, certain functionality of these 

materials alone is often limited in comparison to other materials such as silicon; thus, there 

is a need to integrate soft and hard materials for the advancement of environmentally re-

sponsive materials.  

Conventional hydrogels lack good mechanical properties and have inherently slow 

response time, important characteristics which must be improved before the hydrogels can 

be integrated with silicon. In the present dissertation work, both these important attributes 

of a temperature responsive hydrogel, poly(N-isopropylacrylamide) (PNIPAAm), were im-

proved by adopting a low temperature polymerization process and adding a silicate com-

pound, tetramethyl orthosilicate. Furthermore, the transition temperature was modulated 

by adjusting the media quality in which the hydrogels were equilibrated, e.g. by adding a 

co-solvent (methanol) or an anionic surfactant (sodium dodecyl sulfate). Interestingly, the 

results revealed that, based on the hydrogels’ porosity, there were appreciable differences 

when the PNIPAAm hydrogels interacted with the media molecules.  

Next, an adhesion mechanism was developed in order to transfer silicon thin film 

onto the hydrogel surface. This integration provided a means of mechanical buckling of 

the thin silicon film due to changes in environmental stimuli (e.g., temperature, pH). We 

also investigated how novel transfer printing techniques could be used to generate pat-

terned deformation of silicon thin film when integrated on a planar hydrogel substrate. 

Furthermore, we explore multilayer hybrid hydrogel structures formed by the integration 
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of different types of hydrogels that have tunable curvatures under the influence of different 

stimuli. Silicon thin film integration on such tunable curvature substrates reveal character-

istic reversible buckling of the thin film in the presence of multiple stimuli. 

Finally, different approaches of incorporating visible light response in PNIPAAm 

are discussed. Specifically, a chemical chromophore- spirobenzopyran was synthesized 

and integrated through chemical cross-linking into the PNIPAAm hydrogels. Further, 

methods of improving the light response and mechanical properties were also demon-

strated. Interestingly, such a system was shown to have potential application as light mod-

ulated topography altering system

.  
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CHAPTER 1 

INTRODUCTION 

Each individual material (soft or hard) possesses unique properties and it is often 

desirable to combine these materials to exploit complementary characteristics. One of the 

successful examples in the integration of soft and hard materials has been in the field of 

soft lithography, which allowed for printing of discrete features on hard materials (Xia and 

Whitesides 1998c, Kane et al. 1999, Unger et al. 2000). The integration of soft and hard 

materials, especially incorporating thin films, could have potential applications in the field 

of flexible electronics, which has garnered increasing attention in recent years. This is pri-

marily accredited to the large number of applications that require systems to be highly 

conformable and able to withstand a significant amount of strain without compromising 

functionality.  

Conventional semiconducting materials such as silicon are essentially considered 

to be rigid. However, when the thickness of silicon is decreased to around 500 nm or less, 

it can be made flexible without damaging the properties of the material (Jiang, Sun, et al. 

2007, Khang, Rogers, and Lee 2009, Sun and Rogers 2007). This characteristic has enabled 

such thin materials to be integrated with elastomeric substrates to assume different shapes 

(Kim et al. 2008, Ko et al. 2008, Rogers, Someya, and Huang 2010). However, the chal-

lenge with elastomeric substrates is that there is always a mechanical force required to 

drive the desired change. Such limitation can be overcome by the use of “smart” materials, 

which have a stimulus responsive behavior. In this work, the approach of environmentally 

responsive hydrogels as substrates is investigated.  



2 

Environmentally responsive materials have become popular in many of the active 

research pursuits to produce novel “smart” materials. A few noteworthy applications have 

been in the areas of drug delivery (Gupta, Vermani, and Garg 2002, Peppas 1997, Qiu and 

Park 2012), oil clean up (Atta et al. 2006, Ummadisingu and Gupta 2012), actuators (Bassik 

et al. 2010, Harmon, Tang, and Frank 2003, Richter et al. 2004), sensors (Gerlach et al. 

2005, Liu et al. 2003), and novel devices. In spite of their potential usefulness, the idea of 

employing hydrogels in modern electronics is still a relatively new field. The main reason 

has been the lack of electrical properties of these materials in addition to integration and 

packaging challenges. One unique possibility of harnessing the advantages of both “smart” 

soft material and hard semi-conducting materials simultaneously is through integrating 

them together by devising special processes via an intermediate elastomeric layer.  

A key issue in the development of environmentally responsive hydrogels as “smart” 

substrates is to understand and devise means to optimize both the responsiveness and the 

mechanical properties. Presently, most conventional hydrogels demonstrate slow respon-

siveness and low mechanical properties which render them unattractive to many such ap-

plications. With a view of improving the response properties, the synthesis technique of 

hydrogels has been studied here. Interestingly, the dependence of the surface morphology, 

particularly the pore size on the response behavior of environmentally responsive hydrogel 

has been revealed. Also, the controllability of response behavior would be an advantage in 

expanding the hydrogel application in this field. Previously, modifying the response be-

havior has been achieved by focusing on particular synthesis method with varying mono-

mer ratio (Zhang et al. 2010, Yoo et al. 2000, Chen and Hoffman 1995b). Although, these 

studies are useful they are limited to a particular application. A broader and more useful 
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technique could be the use of other additives which facilitates the controllability of the 

response behavior, example surfactant or co-solvent. Both these cases, that is the improve-

ment and controllability of the response behavior has been studied in this report with re-

spect to poly(N-isopropylacrylamide), a popular thermo-responsive hydrogel. These stud-

ies would definitely enhance the hydrogels’ appeal for integration with other hard func-

tional materials. 

This dissertation work is divided into three major parts, firstly, we explore means 

to improve and understand the thermal and mechanical properties of thermo-responsive 

hydrogels. In the second part we explore the idea of controlling the buckling pattern of thin 

film silicon integrated with both flat and curvilinear hydrogel substrates. Finally, incorpo-

ration of visible light response to poly(N-isopropylacrylamide) hydrogels is discussed. 

This thesis is structured as follows. Chapter 2 provides the background and motivations on 

the main topics discussed in this thesis perspective; primarily focusing on the basic mech-

anism of different common types of environmentally responsive hydrogels based on their 

thermodynamics and kinetic properties. Furthermore, a quick overview of past efforts made 

in hard/soft material integration is discussed with emphasis on the motivation and immense 

potential of incorporating both hard and “smart” substrate in a particular system. Chapter 

3 illustrates the basic methodology for synthesizing both conventional and fast response 

thermo-responsive hydrogel with emphasis on different synthesis conditions. Also we dis-

cuss mechanism of developing adhesion and integration of environmentally responsive hy-

drogel with thin film silicon. Lastly, we discuss in detail various methods of incorporating 

light response properties into PNIPAAm. In Chapter 4, we first discuss and compare two 

types of hydrogel synthesis techniques along with method of modulating the transition 
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temperature of thermo-responsive hydrogels by the presence of co-solvent and surfactant 

in the solvent media. Secondly, the controlled response of thin film silicon, with respect to 

patterned and non-patterned silicon ribbons, integrated on both planar and three-dimen-

sional substrate is discussed. Lastly, as extension of the previous work we discuss different 

mechanism of incorporating light response properties in a thermally responsive hydrogel. 

Furthermore, methods of improving the mechanical properties and response time of light 

responsive hydrogel have also been studied. This new type of hydrogel is being proposed 

to be used as a tactile display and for such purposes preliminary results based on such a 

system have been detailed, whereby the material so synthesized was used in a soft mold to 

obtain a binary response system. Chapter 5 is a summary of work for integrating soft 

thermo-responsive hydrogels with thin film silicon and also controlling the response of this 

integrated structure. Moreover, the synthesis of multi-functional PNIPAAm hydrogels with 

emphasis on visible light response is summarized. Finally, few improvements as part of 

future work is proposed, with regards to usage of ionic liquids as transition temperature 

modulating co-solvent and other methods of grafting spirobenzopyran on tough hydrogels.  
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CHAPTER 2 

BACKGROUND AND MOTIVATION 

2.1 Environmentally Responsive Hydrogels 

2.1.1 Classification and Applications 

Hydrogels constitute a group of polymeric materials having a hydrophilic structure 

which renders them capable of absorbing and holding a large volume of water. Chemical 

crosslinks or physical linkages (e.g. chain entanglement, van der Waal forces, and crystal-

lite formulations) provide the hydrogels unique swelling behavior and three-dimensional 

structure (Peppas, Bures, et al. 2000, Peppas, Huang, et al. 2000, Hoffman 2002). The im-

portance of hydrogel was first realized in late 1950s when Wichterle et al. demonstrated 

the remarkable properties of poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogels and 

further used it as a soft contact lens (Wichterle and Lim 1960). Later, other biomedical 

applications of hydrogel was proposed such as cell encapsulation by Lim and Sun in 1980 

(Lim and Sun 1980). Since then hydrogels have been vastly explored and abundantly 

adopted in many diverse applications such as high absorbing wound dressing,(Balakrish-

nan et al. 2005, Razzak and Darwis 2001) to purposes of environmental significance, e.g. 

waste oil recovery(Zolfaghari et al. 2006). Most of the commercial applications of hydro-

gels have been in the area of environmentally non-responsive hydrogel, where the gel sub-

strates are popular replacement of conventional materials such as plastic and glass owing 

to their superior absorption properties and also due to their unique biocompatible nature.   

Environmentally responsive hydrogels are a subgroup of hydrogels which have 

unique properties of responding to external perturbations such as temperature, pH, light, 

electric and magnetic field etc. by demonstrating large volume transitions. Although such 

molecules were first discovered pretty early in 1950 by Kuhn et.al,(Kuhn and Hargitay 
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1951, Kuhn et al. 1950) the true potential of these was realized much later in 1980s by the 

pioneering work of Tanaka and co-workers(Tanaka 1978, Tanaka et al. 1982). Since then 

many unique applications have been studied using these materials, e.g. intelligent pumps 

(Qu et al. 2006), sensors (Hart and Abass 1997), oil-spill cleanup (Xue et al. 2011) etc. 

Although a vast variety of application have since been proposed, most of the discussions 

pertaining to the applications and development of environmental responsive hydrogels 

have mostly focused on bio-medical application such as self-regulated drug delivery sys-

tems. 

Since its initial discovery, many different environmentally responsive hydrogels 

have been formulated and proposed.  These different polymer chemistry of the environ-

mentally responsive hydrogels can then be classified into many different subgroups, such 

as; based on source (natural or synthetic), polymeric composition (homo-polymer, copol-

ymer or multi-polymer interpenetrating network), crystal structure (amorphous, crystalline, 

or semi-crystalline), ionic nature (non-ionic, ionic or amphoteric), or stimulus responsive 

nature (temperature, pH, light etc.). Among the various groups of classifications, stimulus 

responsive characteristic is the most prevalent method of categorizing a hydrogel. Here we 

would be discussing three types of environmental responsive hydrogel that have been 

mostly used during the course of this work-temperature, pH and light. Figure 2.1 demon-

strates some of the popular hydrogel molecules of each type. 
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Figure 2.1. Major classification of environmentally responsive hydrogel: (a) Schematic 

representation of transformation of hydrogel from hydrophobic to hydrophilic, (b) Exam-

ples of pH, temperature and light responsive hydrogel. Adopted from (Kang et al. 2013). 
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Temperature Responsive Hydrogels 

Temperature responsive hydrogels are probably the most commonly studied class 

of environmentally responsive hydrogels. Compared to other environmentally responsive 

hydrogels temperature responsive hydrogels are more attractive due to the ease of control-

lability of the trigger force, i.e. temperature. Among the many potential application of such 

“smart” material, the potential use of these in drug delivery has been the most discussed 

and explored. The response to temperature stimulus makes such materials an ideal option 

for smart drug delivery for uniquely targeting cells with higher functioning temperature 

than the normal physiological temperature; example cancer cells (Sanyal et al. 2011, 

Schmaljohann 2006, He, Kim, and Lee 2008a). 

 

Figure 2.2. Structures of some popular temperature-sensitive polymers, (a) Poly(N-iso-

propylacrylamide), (b) Poly(N,N-diethylacrylamide) (PDEAAM) ,(c) Poly(NIPAAm-co-

BMA) 

Major breakthrough have been done in this field by developing newer and versatile 

hydrogel polymers which are both benign as well as provide protection to the efficacy of 

drug from hostile environments, e.g. the presence of enzymes and low pH in the stomach. 

Apart from biomedical applications, temperature responsive properties have been used for 
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sensor (Guenther et al. 2007), actuators (Harmon, Tang, and Frank 2003), temperature con-

trolled microfluidics pump (Harmon, Tang, and Frank 2003) and other novel applications.  

Many hydrogels of both natural and synthetic origin exhibit a temperature-respon-

sive phase transition property. The common characteristic among these temperature re-

sponsive compounds is the presence of one or more hydrophobic groups, such as methyl, 

ethyl and propyl groups along with a hydrophilic group such as an amide (Figure 2.2). 

Therefore, switching of hydrophilic to hydrophobic character of the molecule and vice 

versa is dependent on the interplay of the dominant interaction of the above two groups 

with solvents; e.g. water. Among the various temperature responsive hydrogels available, 

poly (N-isopropylacrylamide) and poly (N,N-diethylacrylamide) (PDEAAm) are the most 

well-known and extensively studied. The transition temperature of both these hydrogels 

being close to both ambient room temperature and physiological temperature makes them 

an attractive option for diverse applications. Recently, many natural thermo-responsive 

polymers based on polysaccharides such as gelatin,(Klouda and Mikos 2008) dex-

tran,(Zhang, Wu, and Chu 2004) chitosan,(Ruel-Gariepy et al. 2002) etc. have also been 

developed because of their bio-compatibility. The bio-compatibility of these molecules 

could make them a stronger candidate for human drug test trials. 

There are various mechanisms to explain the functioning of different thermo-re-

sponsive hydrogel and for some it is still a topic of debate. In general, when a polymer is 

dissolved in water, there are three types of major interactions that take place between pol-

ymer-polymer molecules, between polymer -water and among water-water molecules it-

self. In the case of hydrogel network, the swelling or shrunken nature is dependent on the 

strength of these individual interactions. Certain thermo-responsive polymer molecules, at 
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a specific temperature which is called as the lower critical solution temperature (LCST), 

exhibit shrinkage due to the reduction of the polymer-water interaction, resulting in an 

overall hydrophobic behavior and discontinuous de-swelling of the polymer network. This 

observation could be better explained thermodynamically, by the famous Gibbs free energy 

theorem and concept of free energy of mixing. For polymers exhibiting such LCST behav-

ior, the free-energy of mixing becomes suddenly negative, making the polymer-water as-

sociation unfavorable and supporting the polymer-polymer interactions. The negative free 

energy (ΔG) enabling the phase transformation is attributed to the higher entropy term (ΔS) 

with respect to the increase in the enthalpy term (ΔH) in the thermodynamic relation ΔG = 

ΔH − TΔS. Therefore, such a process is entropically driven as the water molecules exhibit 

greater randomness after the phase transformation. Such a phenomenon is not only re-

stricted to hydrogel but can also be seen in polymer micelle packing and coil to helix tran-

sition of other molecules. 

 

Figure 2.3. Schematic of UCST and LCST phase diagram : (a) Lower critical solution 

temperature (LCST) phase diagram (b) UCST type phase diagrams 
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Contrasting LCST phenomenon there are certain polymers that demonstrate the 

property of upper critical solution temperature which is in opposite to the more conven-

tional LCST behavior. Polymers that exhibit such a property demonstrate an enhanced 

swelling ratio with increase above a certain temperature. Although pretty rare, most exam-

ples of UCST are seen in hydrogels which have an interpenetrating network (IPN) of cer-

tain polymer chains, such as polyacrylamide (PAAm) and poly(acrylic acid) or 

poly(acrylamide-co-butyl methacrylate) crosslinked with N,N’-methlenebisacrylamide 

(MBA), etc.(Katono et al. 1991) At low temperature, such IPN hydrogels are in the de-

swelled state due to competitive intermolecular complexes formed via hydrogen bonding 

between the polymer chains itself. However, as the temperature increases, the hydrogen 

bonds are disrupted due to the water molecule’s kinetic energy and subsequently result in 

swelling due to de-tangling of the polymer chains, thus allowing hydration, or dominant 

water-polymer interaction. Unlike LCST, UCST behavior is an enthalpically (ΔH) driven 

process as the gibbs free energy is negative due to the increase in the absolute enthalpy 

content, while the change in entropy is reduced. Both these interesting phenomenon could 

be better explained with a phase diagram which represents the separation of the phases. 

LCST and UCST are the respective critical temperature points below and above which the 

polymer and solvent form strong interactions as shown in Figure 2.3. 

Beyond synthetic and natural thermo-responsive hydrogels, many of the thermo-

responsive hydrogels are modified by conventional cross-linking of different monomers to 

make it suitable for particular application. Functionalization of natively thermo-responsive 

hydrogels with more or less hydrophobic constituents would shift the LCST to lower or 
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higher temperature respectively. For example, Lyon demonstrated that adding of hydro-

phobic group such as tert-butyl acrylamide to conventional poly(N-isopropylacylamide) 

based microgel significantly reduces the transition temperature.(Keerl and Richtering 

2007) Similarly, acidic or basic groups, such as acrylic acid or  N-(3-Dimethylaminopro-

pyl) methacrylamide (DMAPMA) increase the hydrophilicity of the hydrogel as well as 

impart pH resoponsive properties to the hydrogel.(Kim, Bae, and Kim 1997, Das et al. 

2010) Interestingly, the swelling characteristics that are swelling ratio of the co-polymer-

ized molecules are also markedly different from the original polymer. Apart from cross-

linking methods and addition of other monomers during synthesis, the transition tempera-

ture of the thermo-resposnive hydrogel is a strong function of the medium as well. This is 

an exciting characteristic and has been studied in the course of this thesis work to develop 

methods to adjust and control the transition temperature without changing the polymer 

chemistry. 

pH Responsive Hydrogels 

ph responsive hydrogels, are unique systems which respond to changes in pH or 

electrolyte concentration by demonstrating difference in solubility or volume. Most of the 

pH responsive hydrogels are able to achieve these unique swelling properties through ex-

change of protons or hydroxyl ions present in the solution. The pendant acidic (e.g. car-

boxylic or sulphonic acid) or basic (e.g ammonium salts) groups that are attached on the 

polymer network are responsible for such discontinuous volume transition at a specific pH 

(Figure 2.4a). Popular pH responsive hydrogels such as poly(N,N’ –dimethylaminoethyl 

methacrylate) demonstrate reduction of size in basic media (Figure 2.4 b). On the other 
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hand, hydrogel such as poly(acrylic acid) which are of acidic nature demonstrate discon-

tinuous swelling at high pH while shrink when the medium is of acidic nature (Figure 2.4 

c). 

Figure 2.4d is a description of the volume transition in any generic pH responsive 

hydrogel, e.g. acidic, basic or amphophilic hydrogel. The actual phase transition of the gels 

occurs in a small range close by the apparent acid dissociation constant pKa of the hydrogel 

which is identical but not same with the pKa of the ionizable group. Approximately at the 

apparent pKa of the gel the ionization begins accompanied by a drastic swelling of the 

hydrogel. If the ionization of the ionizable component is completed the swelling process 

stops. Further pH increase only increases the ionic strength. Depending on the proposed 

chemistry the swelling ratio of the hydrogels could be made different by varying the con-

centration of the monomers during the synthesis of the hydrogel. Apart from this, extent of 

cross-linking of the hydrogel also plays a crucial role in deciding the swelling ratio of the 

hydrogels. 

Due to its varied properties they have been used in many applications, such ad-

vanced drug delivery. In the human body there are distinct regions of low and high pH in 

the same tract. Example, in the gastro-intestinal tract the pH of the stomach is (<3) and is 

quite different from the neutral pH maintained in the intestine. This large difference is 

exploited by polyelectrolyte hydrogel which have minimal swelling properties in neutral 

pH and is used to release drugs specifically in this region. Another example is the use of 

pH responsive hydrogel for localized antibiotics for stomach ulcer (Patel and Amiji 1996). 

Apart from these the pH responsive properties have been used in other applications such 

as actuators and sensors. One drawback of pH responsive hydrogel is the much reduced 
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mechanical properties and its slow responsive. The slower responsive could be tackled by 

higher porosity or increasing additives during the synthesis of the hydrogel which increase 

its dissociation constant without affecting the pH behavior too much (Gemeinhart et al. 

2000, Ju, Kim, and Lee 2001, Zhao and Moore 2001). The kinetics and thermodynamics 

of pH responsive hydrogels, important factors were first investigated by Ricka and Tanaka 

by the quantitative consistency of Donnan theory of swelling for weakly charged ionic gels 

(Ricka and Tanaka 1984). As discussed in a different section later for the case of ionic 

hydrogel the factor of electrolyte concentration also plays an additional role in the swelling 

properties. The mutual interaction of the ions (∆πion) , elastic effect of the network (∆πelas) 

and free energy effect of the water molecules (∆πmix) can be summarized as  

∆π = ∆πelas + ∆πmix + ∆πion = 0 

Furthermore, pH behavior of such hydrogels is dependent on the two primary quan-

tities- firstly, the amount of ionizable moieties and secondly, the dissociation constant of 

the ionizable groups. Although the basic mechanism of pendant group ionization is similar 

to the respective monoacids or monobase, the dissociation of the polyelectrolyte hydrogel 

is different. The ionization of polyelectrolyte is substantially dependent on the presence of 

adjacent ionized groups. This factor significantly shifts the apparent dissociation constant 

of the hydrogel (Ka) from that of the corresponding monoacid or monobase. The second 

important factor, is the number of ionizable groups.pH-responsive polymeric systems have 

been extensively studied, both from the theoretical and applied perspectives. Such poly-

meric systems could be synthesized through free-radical or controlled polymerization tech-

niques. 
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Figure 2.4. Classification and types of pH responsive hydrogel: (a) Schematic representa-

tion of the swelling and de-swelling of pH responsive polymers, Compositional reversibil-

ity of: (b) anionic and, (c) cationic hydrogels in response to solution pH changes d) pH 

responsive hydrogel application in drug delivery. Adopted and modified from (Gupta, 

Vermani, and Garg 2002, Koetting and Peppas 2014). 
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With the controlled polymerization, well-defined block copolymers resulting in the 

formation of nanostructured particles or polymeric brushes were produced. In aqueous sys-

tems containing homopolymers or microgels, external pH produced phase separation and 

swelling/deswelling of particles, respectively. For block copolymers, the pH-responsive 

polymers self-assembled into aggregates of different shapes on application of an external 

stimulus. In general, pH-responsive polymers contained either polyacid or polybase seg-

ments, and when fully neutralized, these polymers were transformed to polyelectrolytes or 

polyampholytes. They have found wide application in controlled release of drugs, DNA or 

gene delivery, protein separation, coating thickeners and applications where triggering by 

external pH is necessary. 

Increasing focus is dedicated to the synthesis and applications of these novel mate-

rials. The increasing use of these novel materials particularly in the drug delivery applica-

tions, demands renewed approach for improving the mechanical and incorporating faster 

response properties in such polymeric systems. In this respect, majority of the work been 

pursued are in the field of click chemistry, whereby various types of polymeric segments, 

or additional ligands could offer better response properties. In addition, the application of 

biomolecular responsive polymeric systems in novel biosensor devices would be a very 

exciting opportunity for future activity.  
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Light Responsive Hydrogels 

Light as a stimulus is one of lesser focused subjects in the development of environ-

mentally responsive hydrogels. The most appealing advantage of light responsive hydro-

gels over other prevalent environmentally responsive hydrogels, such as temperature and 

pH, is the fact that light can be applied instantaneously to trigger the phase transformation 

process. This unique characteristic allows for the precise use and control over the environ-

mental response behavior. Light responsive hydrogels have been pretty attractive in the 

field of actuator design where a quick actuation/output from the material is warranted on 

account of some stimulus. Previously, Zhang et al. in a previous work exploited this quick 

turn on and off behavior to design a “gated” membranes controlling the transport of ions 

or the flow of gases or liquids through micro-channels.(Kameda et al. 2003) Light respon-

sive materials have also potential applications in developing optical switches, display units, 

and ophthalmic drug delivery devices.  

 On the basis of response mechanism light responsive hydrogel are divided into two 

broad categories. First, are those materials which demonstrate light responsive properties 

due to conversion of the incident light energy to local heating of the hydrogel. Although 

such hydrogel have been utilized in certain exciting application before, e.g. infra-red or 

near infra-red drug delivery, they have not been very attractive due to requirement of high 

intensity of light and its limited response kinetics. Second class of light responsive mate-

rial, are the compounds which demonstrate direct light responsive properties, e.g. azoben-

zene, spirobenzopyran, etc.(Sasaki et al. 2010, Soll, Antonietti, and Yuan 2011) These 

compounds depend on the certain wavelength of light to transform their molecular orien-

tation, e.g. conversion of cis azobenzene to trans azobenzene.  
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Figure 2.5. Classification and applications of light responsive hydrogels: (a) Light respon-

sive hydrogels classified according to the responsive wavelength, (b) “smart” microchan-

nel based on IR responsive hydrogels,, (c) UV responsive hydrogels utilized in controlled 

drug delivery application. Adopted from (Mura, Nicolas, and Couvreur 2013, Lo, Zhu, and 

Jiang 2011). 

In such a system the transformation of the molecular orientation affects the hydro-

philic properties of the hydrogel immensely as of one of them has a marked better hydro-

philic properties than its counterpart. Unfortunately, most of the known direct light respon-

sive materials either respond to ultra-violet or infra-region, which limits its applicability. 
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Another useful method of classifying light responsive hydrogels is on the basis of the inci-

dent light they respond to, e.g. infra-red, ultra-violet, or visible light (Figure 2.5a). An ex-

ample of UV-sensitive hydrogels is a PNIPAAm network integrated with a leuco derivative 

molecule, bis(4-dimethylamino)phenylmethyl leucocyanide.(Mamada et al. 1990) The 

leuco derivative molecule can be ionized upon ultraviolet irradiation. At a fixed tempera-

ture, the hydrogels discontinuously swelled in response to UV irradiation but shrank when 

the UV light was removed. The UV light-induced swelling was due to an increase in os-

motic pressure within the gel due to the appearance of cyanide ions formed by UV irradi-

ation and subsequently reduces when the light source is removed. Similarly, visible light-

sensitive hydrogels, can be prepared by introducing a light-sensitive chromophore (e.g. 

trisodium salt of copper chlorophyllin) to poly(N-isopropylacrylamide) hydrogels (Suzuki 

and Tanaka 1990). When light (e.g. 488 nm) is applied to such a hydrogel, the chromophore 

absorbs light which is then dissipated locally as heat by radiation less transitions, increasing 

the ‘local’ temperature of the hydrogel. The mechanism of infra-red hydrogel on the other 

hand absorb is similar to visible light responsive hydrogel, example gold based hydrogel 

are known to be IR sensitive. All of these hydrogel are pretty useful but still hindered by 

fundamental material limitations, e.g. slower response, limited light sensitivity bandwidth, 

and importantly limited options of visible light responsive materials. Therefore, there is a 

need to look at fast light responsive hydrogels. 
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2.1.2 Swelling Kinetics and Thermodynamics 

The strong dependence of thermodynamic factors on the swelling and de-swelling 

mechanism of hydrogels was first postulated by Flory and Huggins in 1951.(Huggins 

1942a, b) Since then, their postulate has been used in various modifications to describe the 

behavior of many environmentally responsive hydrogels system like temperature,(Yoshida 

et al. 1994b) pH,(Li et al. 2005) light(Suzuki, Ishii, and Maruyama 1996). Flory and co-

workers described the swelling behavior of a non-ionic hydrogel as equilibrium between 

two opposing free-energy contributions. As briefly discussed previously, the first is the 

water-polymer interaction which promotes swelling and the second is the elastic forces of 

the network which resists this change. Although these two are the major factors can be used 

to describe the swelling mechanism, there are other two thermodynamic interactions which 

also play a significant role. These are the water-water interaction and the polymer-polymer 

interaction. Depending on the strength of these factors and the structure of the molecule 

itself, hydrogels exhibit a change in their swelling properties with change in the tempera-

ture, pH, concentration or light. Additionally, if the hydrogel is of ionic or polyelectrolyte 

in nature, there are significant contribution of the electrostatic interaction between the sol-

vent media and the polymer network. In this view, Baker and co-workers proposed a mod-

ified Flory model for describing the thermodynamic contribution of the ions present in a 

pH responsive hydrogel using the Donnan potential.(Yphantis and Roark 1971, Chu et al. 

1995, Molina, Gómez‐Antón, and Piérola 2004) According to this theory the electrolyte 

inside the gel is equal to the product of the activity coefficients outside the gel.(Baker et 

al. 1992) 



21 

Figure 2.6 describes the primary effect on the structure of an environmentally re-

sponsive hydrogel due to the interplay amongst these three important thermodynamic fac-

tors. At a particular state the environmental responsive hydrogel has an extended nature, 

due to the dominant polymer-water interaction. At this condition the entropy of the solvent 

molecules could be stated as minimum due to the strong hydrogen bonding between the 

water and polymer molecule which decreases the randomness of the system (Figure 2.6 

left). Subsequently, due to change in the environment conditions which could be in terms 

of temperature, light or pH alteration, the molecule shifts its hydrophilic nature to more 

hydrophobic character due to the dissociation of the polymer and the water molecules (Fig-

ure 2.6 right). This sudden change in the molecule configuration is brought about in an 

intermediate state between the two extreme conditions and termed as region of phase trans-

formation, where the fine balance between the three thermodynamic interactions is com-

pletely altered leading to a sudden change in the physical properties of the hydrogel, which 

could be in term of volume, mass, stiffness and more.  

Although, thermodynamics is a useful way of describing the unusual swelling and 

de-swelling mechanism seen in an environmentally responsive hydrogel, however, in prac-

tice the rate at which the swelling takes place or the kinetics of the hydrogel swelling sys-

tem play an even more important role in choosing a certain hydrogel for a particular appli-

cation. For example, slower responsive hydrogel have a larger role in biomedical or drug 

delivery application, where the drug or protein molecules have to be distributed or released 

over a specified period of time (Nagai et al. 2006, Naskar, Palui, and Banerjee 2009, Zhang 

et al. 2005). The time frame of such a distribution is crucial as the concentration of the drug 

in the blood stream is required to be a maintained in a specific range over a period of time. 
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On the other hand, application where actuation or sensing property of the hydrogel is uti-

lized, a faster responsive hydrogel is desired.(Harmon, Tang, and Frank 2003) 

 

Figure 2.6. Different stage of hydrogel transition: The swollen phase of the gel (left) is 

dominated by polymer-solvent interactions obtaining the best mixing of the polymer chains 

and the aqueous solution. The shrunken phase of the hydrogel (right) is determined by 

polymer-polymer-interactions, which remove solution out of the gel. Adopted from 

(Richter et al. 2008). 

Before swelling, the hydrogel network is glassy and tough due to the dominant pol-

ymer-polymer interaction which was described due to the hydrophobic nature (Yoshida et 

al. 1994a). Subsequently, when the hydrogel is placed in contact with water or solvent 

media, water driven by chemical potential gradient enters into the hydrogel and depending 

on the intensity of polymer-solvent interaction as well as the rate at which the solvent en-

ters, determines the hydrogel swelling behavior. Ganji et.al determined explained this 

chemical potential driven process as a separation of the un-solvated glassy phase from the 

rubbery hydrogel region with a moving boundary and the meshes of the network in the 

rubbery phase to be ever expanding, allowing other water molecules to penetrate within 
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the hydrogel network.(Ganji, Vasheghani-Farahani, and Vasheghani-Farahani 2010) Gen-

erally for slow responsive hydrogels, this separation and expansion of the different bound-

aries, is diffusion dominated with the associated migration of water into pre-existing or 

dynamically formed spaces among hydrogel chains, while swelling involves a large-scale 

segmental motion. Thus the final water content of hydrogels depends on both kinetics and 

thermodynamics parameters. 

Figure 2.7 demonstrates the swelling phenomenon in a generic non-ionic hydrogel 

network as a continuous process of transformation from a glassy, brittle state or partial 

rubbery state to a turgid, stretched out region of the hydrogel. Swelling in hydrogel is a 

complicated procedure and does not strictly adhere to the only Fick’s law of diffusion and 

needs considerable modifications to it, especially in the terms of time dependence. De-

pending on the medium temperature, morphology of the network and hydrogel chemistry 

the kinetics of the hydrogel may or may not adhere to simple first law of Fick’s diffusion. 

Bajpai et al summarizes the various methodologies proposed to understand hydrogel dif-

fusion and divides them into two distinct types of diffusion process depending on the state 

of the hydrogel network temperature.(Bajpai et al. 2008) The first case is when the network 

in which the glass transition is below the medium temperature. Under such circumstances 

the network elastic behavior is of great prominence as it has higher mobility and therefore 

allows for easier diffusion of the water or solvent molecules. This case is also referred to 

as the Fickian diffusion or the state in which diffusion rate (Rdiff) is less than relaxation rate 

of the network due to the higher mobility (Figure 2.7a). The second and more observable 

case is when the glass transition is higher than the medium temperature. This case is also 

referred to as the non-Fickian diffusion and is highlighted by the restricted passage of water 
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molecules due to the glassy and brittle nature of the polymer network. The case can be 

further divided on two subsections on terms of the diffusion rate- case II and anomalous 

diffusion. In case II diffusion the hydrogel diffusion rate (Rdiff) is faster than relaxation 

network (Rrelax) (Figure 2.7c). The other option is when the relaxation and the diffusion 

rate are equal, which is termed as the anomalous transport. (Figure 2.7b)(Ganji, 

Vasheghani-Farahani, and Vasheghani-Farahani 2010)  

 

Figure 2.7. Different diffusion processes :(a) Case I diffusion (b) Anomalous Diffusion, 

(c) Case II diffusion. Adopted from (Rossi and Mazich 1991). 

As described above the kinetic behavior of conventional hydrogel swelling is 

mainly dominated by plain diffusion, which is importantly dependent on the surface area 

of the hydrogel surface and the diffusion co-efficient, as described by Fick’s law of diffu-

sion and the boundary condition. Generally, the diffusion constant is stable for particular 

solvent media for a moderate temperature range. Thus the area of the hydrogel, is another 

prime factor determining the overall kinetic behavior of the hydrogel.(Rossi and Mazich 
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1991) With the ever increasing interest of utilizing hydrogel, for sensor and actuator appli-

cation, the idea of faster swelling and de-swelling behavior of hydrogel has become very 

popular. For faster responsive hydrogels the swelling characteristics is dominated by the 

capillary and convection properties. The capillary action and convection dominated solvent 

uptake in such hydrogels, is mainly due to the larger pore size of such material.  

Ganji et al. in his review paper provided a brief classification of hydrogels based 

on the pore size and its impact on the swelling property (Chen and Hoffman 1995a). Ac-

cording to this, the porous structure of hydrogels is classified into nonporous, microporous, 

macroporous and superporous (Ganji, Vasheghani-Farahani, and Vasheghani-Farahani 

2010). Furthermore, Lowman definition quantified a nonporous hydrogels with a macro-

molecular dimension in the range of 10-100 Å (Lowman, Peppas, and Hydrogels 1999). In 

these hydrogels, the polymer chains are densely packed and provide strictly limited solvent 

transport via the diffusion through free volumes. Microporous hydrogels usually have pore 

sizes between 100 and 1000 Å. In these hydrogels, the pores are water filled and the solvent 

transport occurs due to a combination of molecular diffusion and convection in the water 

filled pores. Macroporous hydrogels have large pores of dimension 0.1 to 1 µm and the 

solvent transport is through mechanism dependent on diffusion in the water filled pores. 

Superporous hydrogels have much larger pore size in the range of several hundred microm-

eters.  

Previously, many different methods for developing greater pore size and faster re-

sponse characteristics with limited effect on the polymer chemistry have been proposed, 

such as, incorporation of in-homogeneities,(Schexnailder and Schmidt 2009) low temper-

ature synthesis,(Yokoyama et al. 1986) or incorporation of inorganic particles. Though 
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each method has its potential advantage, most of such these synthesis techniques are 

plagued by low mechanical properties, as the basic scaffold becomes weak. The improve-

ment and the control of the response behavior without compromising on the structural 

property is one part of major focus areas of this work. 

2.2 Strategies of Integrating Soft and Hard Materials 

Material property investigation is one of the widely studied and fascinating fields 

in the scientific world. Many valuable properties are exclusive and restricted to a certain 

group of materials. Material integration could be one of the promising approaches whereby 

we can exploit complimentary properties of different materials and exploit the synergistic 

advantages of different materials. In modern world, many applications of integrated mate-

rials could be seen, where one material provides structural rigidity and another provides 

functionality, e.g. car tire, where the tire rim provides for structural integrity while the 

rubber provides traction. Microscopically too, such type of material integration is common, 

e.g. pickering emulsion polymerization,(Ma et al. 2010) where nano sized particles stabi-

lize two immiscible phases containing monomers; thereby eliminating the need for surfac-

tant molecules, which otherwise is an essential component for such kind of synthesis tech-

nique. A complete review of hard and soft material/structures will be too vast and in this 

report we only highlight work which is closely related to the main topic of this discussion, 

which is primarily related to stretchable electronic devices or the processing of such mate-

rials. 

Recently, integration of materials have been become a topic of great interest ex-

plored in electronics industry primarily because of the growing need of conformable and 

flexible device. Previously, most of the work in the field of advanced electronics focused 
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either directly or indirectly to improve speed by reducing down the size of semi-conductor 

devices, e.g. transistors to directly increase the density of circuits in a confined space while 

still optimizing the efficiency of the circuit in terms of power usage. The surge for demand 

of alternative forms of electronics mainly came some decades ago from the need of flat 

panel displays. This led to increasing attention for conformable devices, which can lead to 

additional functionality. Recently, lot of attention has been given to traditional devices 

having alternate forms. Examples of such work, are recent interest for origami based de-

vices (Cheng et al. 2013, Song et al. 2014) 

 For the conformable, the primary factors is shifted to coverage and durability rather 

than transistor size or speed; a primary focus of conventional semiconductor fabrication 

research as discussed before. Apart from display technologies, majority of the conformable 

materials have been utilized or proposed are related to biomedical or sensors applications 

e.g., electronic paper,(Hayes and Feenstra 2003, Wang et al. 2004) health monitoring sys-

tems,(Pantelopoulos and Bourbakis 2010, Schwartz et al. 2013) smart military vest etc. 

Despite the growing number of application, much more uses can be envisaged which can 

have far reaching influence in the biomedical industry. One of the main focuses of such 

conformable electronics is in the area of smart prosthetics, e.g. artificial muscles, smart 

heart valves, knee –replacement, eye. Similarly, this approach could also have tremendous 

potential by offering seamless mounting on tissues or other material to provide extraordi-

nary functionality in surgical devices, fabrics or even human interfaces, e.g. onboard health 

monitoring. Importantly, such application also brings newer challenges to the forefront, 

such as bendability and stretch ability, which have not been encountered in conventional 

semi-conductor research. 
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The concept of stretchable devices has been envisaged by two complimentary tech-

niques. The first method, proposes the use of novel material which have both semi-con-

ducting properties and good mechanical property.(Sekitani and Someya 2010) Although, 

this method was the most popular initially and has been received considerable attention, 

they still lag behind conventional semiconductor in terms of cost and performance The 

alternative method, proposes to use traditional semi-conducting material, e.g. silicon, with 

stretchable rubber-like substrates, e.g. poly(dimethylsiloxane) (PDMS) to offer good 

stretchability as well as device performance. This integration leads to the behavior of buck-

ling which has been explained latter. The fundamental concept behind stretchable or cur-

vilinear electronics using this technique is to use the elasticity of PDMS to store elastic 

energy and to drive the buckling of Si ribbons on PDMS. In fact, the same fundamental 

foundation leads to wrinkling in soft/hard material systems across a wide spectrum, from 

wrinkles on fruits and aging human skins(Yin et al. 2008, Cerda and Mahadevan 2003, 

Mahadevan and Rica 2005) to controlled pattern formation(Bowden et al. 1998, Bowden 

et al. 1999, Chung, Nolte, and Stafford 2009) and other thin film systems (e.g., semicon-

ductor materials on soft substrates(Hobart et al. 2000, Moon et al. 2007)), among many 

others(Huang et al. 2007). These commonly observed wrinkling examples are due to the 

elasticity or viscoelasticity of the soft materials, which drives the wrinkle kinetics and for-

mation. 

The fundamental concept behind stretchable or curvilinear electronics using this 

technique is to use the elasticity of PDMS to store elastic energy and to drive the buckling 

of Si ribbons on PDMS. In fact, the same fundamental foundation leads to wrinkling in 
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soft/hard material systems across a wide spectrum, from wrinkles on fruits and aging hu-

man skins(Yin et al. 2008, Cerda and Mahadevan 2003, Mahadevan and Rica 2005) to 

controlled pattern formation(Bowden et al. 1998, Bowden et al. 1999, Chung, Nolte, and 

Stafford 2009) and other thin film systems (e.g., semiconductor materials on soft sub-

strates(Hobart et al. 2000, Moon et al. 2007), among many others(Huang et al. 2007). These 

commonly observed wrinkling examples are due to the elasticity or viscoelasticity of the 

soft materials, which drives the wrinkle kinetics and formation.  

Soft lithography is an excellent example, particularly in the integration of soft and 

hard materials. Compared to other parallel techniques for printing such as – photolithogra-

phy, electron-beam lithography, soft lithography can be used for unusual systems, e.g. 

those in biotechnology, plastic electronics, etc.); structures with nanometer dimensions (i.e. 

below 50-100 nm); large patterned areas (i.e. larger than a few square centimeters); or 

nonplanar (i.e. rough or curved) surfaces. This technique is also more advantageous over 

other established techniques in terms of lower capital and operational costs. Soft lithogra-

phy uses elastomeric stamps such as poly(dimethylsiloxane) (PDMS) to fabricate or repli-

cate micrometer-sized structures defined by hard materials(Xia and Whitesides 1998a, b). 

Figure 2.9 describes the various steps of this type of printing technique. Initially, the mold 

is fabricated with an elastomer such as PDMS, followed by placing contact with the transfer 

elements. Finally due the transfer elements are brought in contact with the substrate which 

puts the elements on the material. Following the lead of soft lithography, kinetically con-

trolled transfer printing was recently developed (Meitl et al. 2006) by using the viscosity 

of PDMS to selectively transfer micro-sized features. 
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Figure 2.8. Steps in a soft lithography process (a) PDMS mold is prepared, (b) PDMS 

mold is soaked in a solution (c) PDMS mold is pressed on the desired solution (d) PDMS 

is peeled off and the pattern is revealed on the surface. Adopted from (Yu et al. 2003). 

 

The popularity of soft lithography also opened possibility for thin film integration 

for the new and emerging area, namely, stretchable and curvilinear electronics. The means 

to overcome the intrinsic brittleness of some semiconductor materials in electronics (e.g., 

silicon (Si)) is to use buckles or wrinkles. The fabrication process is illustrated in Fig. 3: 

(a) bonding the brittle silicon ribbons with a pre-stretched PDMS slab, and (b) releasing 

the pre-stretched PDMS slab to form wrinkles of the brittle Si ribbons. This novel approach 

of thin film integration on soft and conformable substrates is different from the previously 

studied thin metallic interconnects in stretchable electronics. The buckled brittle Si is su-

perior to this previous technique as it allows for much higher strain rates up to 20% without 
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fracture. Importantly, such a method has been able to integrate single crystal silicon for 

stretchable application which was unthinkable before. Single crystal silicon integration 

opens up possibility for flexible diode with stable performance characteristics, as demon-

strated by Roger et al (Ahn et al. 2007). Since then wider and much powerful circuit inte-

gration with flexible electronics has been studied, with many fascinating application such 

as, electronic eye, health monitoring tattoo, and recently a new field altogether, namely, 

transient electronics. 

The examples discussed here have shown many novel uses of integration of hard 

and soft material. However, few of the work in this field have focused on the development 

of multifunctional substrate which could enhance the applicability of such integrated sys-

tem. The present work involves integrating substrates which apart from allowing integra-

tion of the silicon elements, would also allow the substrates to impart certain “smart” be-

havior. One of the best examples of such materials are environmentally responsive hydro-

gels.  
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Figure 2.9. Example of soft and hard material integration (a),(b) Wrinkles in Hard/Soft 

Matter: Buckling pattern developed on ultrathin silicon (hard)due to release of pre-

strained PDMS (soft) substrate, (c) health monitoring tattoo (d) hemispherical electronic 

eye mimicking the eye of bee. Adopted from (Song et al. 2013). 
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2.3 Motivation of Work 

2.3.1 Tuning the Transition Temperature and Mechanical Properties of Poly(N-isopropy-

lacrylamide) 

Since Heskins and Guillet  first conducted systematic temperature-response studies 

of poly(N-isopropylacrylamide) (PNIPAAm) in 1968,(Heskins and Guillet 1968)  

PNIPAAm and other similar co-polymer derivatives have been extensively utilized as en-

vironmentally responsive hydrogels in diverse engineering applications as seen previously, 

such as drug delivery(He, Kim, and Lee 2008b, Pan et al. 2011), actuators(Bassik et al. 

2010),  sensors (Mueller et al. 2012, Matsuguchi, Harada, and Omori 2014), smart devices, 

etc. (Schroeder et al. 2013, Chatterjee et al. 2013). The key reason for its wide applicability 

could be attributed to the existence of remarkable properties of responding to one or more 

stimuli such as light, temperature or pH. To utilize these materials and integrate them into 

modern system, we first focus on hydrogels which have fast swelling and de-swelling be-

havior along with the capacity of controlling the stimuli response, e.g. transition tempera-

ture in thermally responsive hydrogels.  

Conventional hydrogels however demonstrate slow responsiveness due to the dif-

fusion dominated solvent uptake process, which directly depends on the surface area of the 

hydrogel. Furthermore, due to the “skin effect”, an outer periphery of the hydrogel shrinks 

and further retards the de-swelling rate of larger gel pieces (Kim, Bae, and Okano 1992a). 

Previously, this issue has been tackled by increasing the pore size of the hydrogels by in-

troducing external porogens during the synthesis (Zhang et al. 2001, Kato, Sakai, and Shi-

bata 2003) or by developing structural inhomogeneity inside the hydrogel network. (Ma et 

al. 2004, Zhang, Yang, and Chung 2002b) . Such approaches have been instrumental in 
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accelerating the hydrogel swelling and de-swelling characteristics by incorporating capil-

lary effect and convective transport for the solvent absorption instead of conventional dif-

fusion mechanism as discussed above (Kaneko et al. 1998, Zhang, Yang, and Chung 2002a, 

Zhang and Zhuo 2001) However, the mechanical properties of such porous hydrogels can 

be significantly lower than the non-porous hydrogels. Thus there are fine balances of im-

proving the mechanical properties of the porous hydrogels versus response rates. 

Along with the desire for development of fast responsive hydrogels, the ability for 

modulation of the transition temperatures is also critical for wider applicability of environ-

mentally responsive hydrogels. Controlling the formation and dissociation of the hydrogen 

bonds by altering the media quality through addition of an organic co-solvent or surfactant 

results in a change of the lower critical solution temperature (LCST). Previously, common 

solvents such as methanol (Winnik, Ringsdorf, and Venzmer 1990b) and tetrahydrofuran 

(Winnik et al. 1993) have been utilized to alter the LCST of the linear PNIPAAm polymer 

in dilute solutions. Although independently the solvents act as excellent solvents for 

PNIPAAm, when mixed with water, they demonstrate interesting effects on the LCST due 

to presence of dominant solvent-solvent interaction which is termed as co-non-solvency 

(Winnik, Ringsdorf, and Venzmer 1990a, Zhang and Wu 2001b, Yamauchi and Maeda 

2007, Hofmann and Schönhoff 2009). Surfactants, on the other hand, modify the LCST of 

PNIPAAm polymer by specifically targeting the hydrophobic isopropyl groups on the 

PNIPAAm chain, thereby stabilizing the coil-globule transition when heated (Walter et al. 

1996, Lee and Cabane 1997). These works have been instrumental in understanding the 

behavior of PNIPAAm molecules, however, most of these pertain to linear PNIPAAm pol-

ymer in dilute solutions and do not offer considerable insight on the effect of these additives 
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on the behavior of cross-linked or fast responsive PNIPAAm based hydrogels. Further-

more, comprehensive characterization methods for examining the response behavior of en-

vironmentally responsive hydrogels are also needed. Often such characterizations methods 

are restricted to time lapse studies of absorption or release of solvent, or involve tedious 

characterization techniques which do not offer a lot of thermal and mechanical information.  

In the present dissertation work, one of the major emphasis has been to develop 

novel hydrogels which can respond to thermal stimulus faster as well as have good me-

chanical properties. Specifically, macroporous gels which have been postulated to have 

faster response characteristics due to larger pore size (greater than 10 µm) are developed 

by adopting low temperature polymerization with addition of siloxane compounds in the 

synthesis. These hydrogels were further compared with lower porosity hydrogels termed 

as microporous hydrogels with a pore size less than 1µm. The microporous hydrogels were 

synthesized at room temperature and without the addition of siloxane group in the synthe-

sis. Both the macroporous and microporous hydrogels were characterized using micros-

copy techniques such as scanning electron microscope (SEM) and confocal microscope. 

Apart from the morphological analysis, the effect of additives such as co-solvent (metha-

nol) or surfactant (sodium dodecyl sulfate) on the macroporous and microporous hydrogels 

was studied using a differential scanning calorimetery and rheometer. Such studies offered 

considerable in-sight of the effect of hydrogel morphology on the thermal and mechanical 

properties of PNIPAAm based hydrogels. The studies here would enhance the present 

knowledge of both fast responsive and conventional PNIPAAm hydrogels and promote 

them to be more extensively utilized in advanced applications. 
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2.3.2 Incorporation of Visible Light Response in Poly(N-isopropylacrylamide) Hydrogels 

Light responsive hydrogels are one of the most fascinating classes of environmental 

responsive hydrogels. The main advantages of light stimulus over other forms of environ-

mental response are that the stimuli could be easily controlled in terms of dosage and in-

tensity, with instantaneous manner of applying it easily. The development of light respon-

sive hydrogel with tunable properties as proposed here could be very useful for many ap-

plications. One such potential application we are focusing here is the development of tactile 

display to accommodate the demand of visually impaired people to interact with modern 

electronic devices such as smartphones, tablets, etc. Although, numerous such systems 

have been developed previously with mechanical and electrical transducers, they are lim-

ited in applicability due to cumbersome setup. The proposed tactile display would be a 

convenient add-on the screen providing seamless integration. Furthermore, such a devel-

opment would also enhance the current knowledge of light responsive hydrogel for other 

devices such as visible light responsive sensors and actuators by integrating hard material, 

such as silicon, thereby enhancing the functionality of such material. 

Tactile display devices exploit sensory mechanism of humans, thereby enabling 

better interaction with the virtual world of modern electronic devices. Tactile display ma-

nipulate the display surfaces using actuators which are driven with electric motors (Shino-

hara, Shimizu, and Mochizuki 1998, Roberts et al. 2000), piezoelectric actuators (Copeland 

and Finlay 2010, Burch and Pawluk 2009, L\ et al. 2005, Pattanakul et al.) which modify 

electrical signal to pressure signal for the sensory touch etc. Other mechanisms include the 

use of pneumatic pressure for the recognition of display pattern and shape memory al-
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loys(Yobas et al. 2003, Velazquez et al. 2008).  Recently, researchers in MIT have devel-

oped tactile sensors and wearable devices which would enable users to read information 

by tactile method of morse codes. The researchers had sensors strapped to different part of 

the body to transmit data from electronic mails in form of short vibratory messages (Jones, 

Lockyer, and Piateski 2006, Jones 2011). However, most of the research and development 

are being done with the view of visually challenged people for whom the cutaneous ap-

proach might be more useful 

Similar to the previous motivation we want to incorporate light responsive charac-

teristics along with improving the response and mechanical properties of such responsive 

hydrogels. Importantly, such properties, would be found useful in other applications which 

do not allow for thermal stimuli. Light response hydrogels, as seen earlier could be divided 

into various categories, depending on which range of light source the hydrogel is respond-

ing to. Popular among, is IR source as this wider impact in the therapeutic medicines. How-

ever, in the present system we would like to incorporate visible light response. Visible light 

response has major advantages over other wavelength as it does not require expensive light 

sources. Tanaka et al. previously demonstrated that light response hydrogels based on 

PNIPAAm could be synthesized based on established chromophores, such as salt based on 

chlorophyllin. These salts are known to have a delocalized electrons which can easily mi-

grate to higher energy orbitals when irradiated with light of suitable wavelength. On rever-

sal of the excited electrons, energy is liberated which results in shrinking of the hydrogels. 

Although, this technique is advantageous it requires high dosage of incident light to allow 

hydrogels shrink. 
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To overcome this inherent drawback of slow indirect heating, other molecules 

could be incorporated which have solid hydrophilic and hydrophobic nature. These mole-

cules are expected to influence the hydrophilic state of PNIPAAm. One of the popular 

example of such molecules are azobenzene, rhodamine and other molecules. Unfortu-

nately, most of the mentioned molecules respond only to UV or IR wavelength. Among 

the few molecules known, are spirobenzopyrans are a series of photochromic compounds 

which can be isomerized by stimuli such as light, temperature changes, and co-existing 

protons. Such a system of molecule could be found to very appropriate for the above pur-

poses for light responsive hydrogels, especially for applications which demand sensitivity 

in the visible light region, e.g. tactile display. 

One of the major challenges of integrating in the PNIPAAm hydrogels is of the 

miscibility of spirobenzopyrans with PNIPAAm. Although spirobenzopyrans themselves 

are generally insoluble in water, conjugation with water-soluble solvent makes their eval-

uations and applications possible in aqueous polymer systems. In the present work, we 

utilize tetrahydrofuran a well-known hydrophilic solvent to be useful for such purposes. 

Apart from the miscibility of such chromophores with PNIPAAm, we would also empha-

size on tuning the response properties of such systems, as we have previously seen in ther-

mally responsive PNIPAAm system. By incorporating the acidic groups in the synthesis 

we aim to increase the response time as well as improve the ring-opening and closing 

mechanism of spirobenzopyran.  

In the particular work, as discussed we propose to use the idea of light responsive 

hydrogels as tactile display. One of the priorities for such a system to work efficiently is to 
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have better mechanical properties, which would allow for these materials to undergo vari-

ous cycles of stress by the human touch. For such purposes we propose to integrate these 

materials with clay materials which would allow them to be stretchable enough to be used 

in such devices. 

2.3.3 Integration of Environmentally Responsive Hydrogels with Silicon 

The integration of hard and soft materials as seen previously has opened new ave-

nues for the development of novel flexible and stretchable devices. The integration of soft 

elastomeric substrates with conventional semi-conducting material with decreased thick-

ness in the range of few hundred nanometers, e.g. ultra-thin silicon, has allowed it be used 

in flexible applications without damaging the properties of the material. However, the in-

herent challenge with elastomeric substrates is that there is always a mechanical force re-

quired to drive the desired change. Such limitation can be overcome by the use of “smart” 

materials, which have a stimulus responsive behavior. In this work, the approach of envi-

ronmentally responsive hydrogels as substrates is investigated. Specifically, such devices 

would combine the merits of high quality crystalline semiconductor materials and the me-

chanical flexibility/stretchability of elastomers, with the additional environmental re-

sponse.  

Yu et al. first proposed such integration and further successfully used this method 

to make silicon, an otherwise environmentally non-responsive material, to respond to ther-

mal stimulus.(Yu et al. 2011) By integrating the silicon nanoribbons with temperature re-

sponsive hydrogels, the silicon nanoribbons demonstrate the ability to change their me-

chanical configuration as a change in ambient temperature. The potential application of 
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such a combination with both environmental responsiveness and mechanical flexibil-

ity/stretchability is broad and fascinating. A few examples of its potential use could be as 

electronic eyes with stimuli tunable curvatures that may be applied to the field of medical 

endoscopy, in the form of flexible, light sensitive endoscopes that can be used to maneuver 

into and visualize lesions in hard to reach spaces such as the cavernous sinus in the brain 

and the knee for arthroscopic applications.(Abuzayed et al. 2010, Campbell et al. 2010)  

In establishing the viability of such an approach there are two important parameters 

that are yet to be explored in more detail. The first important requirement is developing an 

accurate control on the environmental and mechanical properties of the substrate. This is 

important for using the hydrogel substrate in different conditions or to provide the flexibil-

ity of generating different signals from the same substrate for different applications. As 

most of the studies in this thesis work involve the use of thermo-responsive polymer, the 

need for the controllability of the thermo-responsive properties is felt necessary. Secondly, 

the control over the silicon response as in buckling pattern obtained on the ultra-thin ribbon 

is also necessary. The control over the buckling response is necessary from the viewpoint 

of putting active sensor or circuitry as part of the silicon ribbon. Both these challenges have 

been dealt in detail over the course of the work and solutions to problems have discussed 

separately in different subsections.  

Hydrogels, one of the most ubiquitous examples of environmentally responsive ma-

terial has been used in many applications as discussed in great detail before.  In spite of 

their potential usefulness, the idea of employing hydrogels in modern electronics is still a 

relatively new field. The main reason has been the lack of electrical properties of these 
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materials in addition to integrating and packaging issues. One of the new methods of inte-

grating stimuli sensitive hydrogels has been demonstrated by Yu et al. by combining silicon 

ribbons with a temperature sensitive hydrogel, poly(N-isopropylacrylamide) 

(PNIPAAm).(Yu et al. 2011) This integrated structure revealed that the silicon ribbons can 

be made responsive to an external stimulus, such as temperature, and more importantly, 

such responses are reversible without fracture of the thin film silicon. This work opens up 

a new approach of combining traditional semiconductor materials with environmentally 

responsive hydrogels. 

Although the work presented by Yu et al. contributed to the integration of soft and 

hard materials, one challenge that remains to be addressed is to enable integrated materials 

behave in a controlled manner so that the circuit would have certain active and inactive 

areas. In the present work this idea has been investigated with silicon ribbons using a pho-

tolithographic method. The controlled morphology of the thin film would eventually enable 

tunable responses, with the active areas corresponding to the sensors or devices and the 

inactive areas corresponding to the interconnections between them. Furthermore, an envi-

ronmentally responsive, integrated bi-layer structure with two different types of hydrogel 

with tunable curvature has been integrated with thin silicon. The varying sensitivity led to 

a large discrepancy in the swelling ratio in a given solvent, thus resulting in the control of 

the curvature. Such controlled response, combined with precise silicon bonding to the gel 

surface, would lead to unique patterned buckling on the thin film when exposed to a given 

environmental stimulus. 

  



42 

CHAPTER 3 

EXPERIMENTAL METHODOLOGY 

3.1 Materials 

N-isopropylacrylamide (NIPA) and acrylic acid (AA) from Sigma Aldrich Chemi-

cals were used without further purification. N,N′ methylenebisacrylamide (MBAAm), am-

monium persulfate (APS), N,N,N′,N′-tetramethylethylenediamine (TEMED) and tetrame-

thylsilane (TMOS)  were purchased from Sigma Chemical and used as supplied. A poly-

dimethylsiloxane (PDMS) preparation kit was purchased from Dow Chemicals. Alexa 

Flour 488 was purchased from Invitrogen and used for imaging purpose under a confocal 

microscope. 

3.2 Synthesis of Macroporous and Microporous PNIPAAm hydrogels 

The macroporous hydrogel synthesis started with mixing 600 mg of NIPA with 

12.6 mg MBAAm in 5.354 g of deionized (DI) water, and purged with nitrogen in a water 

bath maintained at 10 °C. Subsequently, 8.9 mg (23 µL) of TEMED and 104 mg (208 µL) 

of TMOS was added and mixed well. After 10 minutes of degassing, 1,084 µL of APS 

solution (1%) was added to the mixture. After waiting for 3 more minutes, the polymeric 

solution was then cooled down and maintained at -15 °C for 24 hours. The frozen gel sam-

ples were subsequently thawed and immersed in DI water to remove any unpolymerized 

monomers.  

For microporous hydrogels, the synthesis started with mixing 600 mg of NIPA with 

12.6 mg MBAAm in 5.354 g of deionized (DI) water, and purged with nitrogen in a water 

bath maintained at 25 °C. After 10 minutes of degassing, 1,084 µL of APS solution (1%) 
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was added to the mixture. The reaction was allowed to proceed at room temperature for 24 

hours. 

3.3 Preparation of PNIPAAm/PAA Bilayer Hydrogels 

600 mg of NIPA was initially mixed with 12.6 mg MBAA in 5.354 g deionized 

(DI) water. A vortex mixer was used to mix the above solution for 10 minutes, after which 

8.9 mg (23 µL) of the accelerator TEMED was added and mixed. Following 10 minutes of 

degassing, 1,084 µL of 1% APS aqueous solution (initiator) was added in the mixture. An 

appropriate amount of the polymer solution was added in a cylindrical mold with dimen-

sions of 16 mm diameter and 20 mm height, then following with degassing with nitrogen 

for 15 minutes so that the polymerization can take place. For the pH sensitive layer, 600 

mg NIPA, 375 µL AA and 12.6 mg MBAA were added to 5.354 g of DI water. The mixture 

was agitated well in a vortex mixer for 10 minutes, after which nitrogen gas was bubbled 

through it to degas for 20 minutes. 230 µL TEMED and 1084 µL of 1% APS aqueous 

solution was then added to the above mixture. A specific amount of this mixture solution 

was added on top of the initial PNIPAAm layer which was partially polymerized. After 

which, the mold was kept in an oven at 50 °C for 1 hour to allow the polymerization process 

to complete. Finally, a bilayer gel structure was obtained with a PNIPAAm top layer and 

poly( NIPA-co-AA) bottom layer. 

3.4 Bonding of Silicon to PNIPAAm Hydrogels  

After the hydrogel was synthesized and reached equilibrium in fresh water, a mix-

ture of Sylgard 184 Silicone elastomer base and curing agent (with a ratio of 30:1) was 

spread on the top surface of the swollen hydrogel slab. The uncured PDMS spontaneously 
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spread out and formed a continuous thin layer with smooth surface in a few minutes due to 

the flow driven by surface tension. After the PDMS was solidified, the sample was exposed 

to ultraviolet light with atomic oxygen (UVO) for 150 seconds to generate hydroxyl (–OH) 

groups on the top surface of the PDMS layer, which is essential for transfer printing Si thin 

films. The Silicon ribbons were then transferred to the hydrogel/PDMS system. 

3.5 Synthesis of Light Responsive Hydrogels  

3.5.1 Physical Approach  

Briefly, to synthesize the chlorophyllin based PNIPAAm hydrogel, 0.6 gram of the 

N-isopropylacrylamide monomer will be mixed with 0.3 gram of copper (II) salt of chlo-

rophyllin in certain amount of water. Further, the mixture will be degassed and a solution 

of tetramethylenediamine (catalyst) and ammonium persulfate (initiator) will be added to 

start the polymerization process and subsequently allowed to continue for 6 hours at room 

temperature. The obtained gel will then washed with copious amount of water and dried in 

3.5.2 Chemical Approach  

Briefly, a  solution of 1.47 g (5.0 mmol) of 1',3',3'-trimethyl-6-hydroxyspiro(2H-1-

benzopyran-2,2'-indoline) and 2.0 mL (14.3 mmol) of triethylamine in dry THF (50 mL) 

was stirred at 0 °C. A total of 0.57 mL (7.0 mmol) of acryloyl chloride was added to the 

mixture, and then the mixturewas stirred at 25 °C for 15 h. After the solvent was removed 

in vacuum, ethyl acetate and saturated aqueous sodium hydrogen carbonate were added 

and the aqueous phase was extracted with ethyl acetate. The combined organic phase was 

washed with brine, dried over anhydrous magnesium sulfate, and filtered. After evapora-

tion of the solvent, the residue was purified by silica gel column chromatography (1/6 ethyl 

acetate/n-hexane as the eluent) to give the acrylated spirobenzopyran monomer (1.14 g, 
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3.29 mmol, 65 w/w%). Subsequently, NIPAAm monomer (84.0 mg, 0.7425 mmol), acry-

lated spirobenzopyran co-monomer (2.60 mg, 0.0075 mmol) and the BAAm (5.8 mg, 

0.0375 mmol) cross-linker were dissolved in the THF/water mixture (1.0 mL; volume ratio 

was 70/30). Next, TEMED (1 μl) and finally the aqueous solution of APS (1 mg) in H2O 

(20 μL) were added. Further, to incorporation of acrylic acid was done to enhance the re-

swelling ratio of the hydrogels. Specifically, 1 ,2.5,5 wt% of acrylic acid compared to 

PNIPAAm wt in the hydrogel was used.  

3.6 Materials Characterization  

Scanning Electron Microscopy 

The surface morphology of the hydrogels was studied using a scanning electron 

microscope (XL Series-30, Philips). Specimens were initially freeze-dried and then glued 

to the brass holders followed with gold sputtering for 100 s using a sputter machine (JFC-

1200 Fine coater) prior to the SEM examination.  

Confocal Microscopy 

The structure of the hydrogels was investigated using a Leica SP5-X Confocal Mi-

croscope. Alexa Fluor 488 fluorescent dyes were absorbed by the hydrogels to differentiate 

between the polymeric network and intermittent pores. An Argon laser (488 nm) was used 

to image these materials. 

Instron 

The compressive stress-strain curves of both macroporous and microporous hydro-

gels were obtained by conducting tests on a MTS servo hydraulic test system with a load 
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cell of 500 grams. Tests were run in displacement control in longitudinal direction at a 

loading rate of 1 mm/min. 

Rheometry 

A TA rheometer (TA Instruments AR-G2) was employed to perform a temperature 

sweep on both the macroporous and microporous PNIPAAm hydrogels. The temperature 

responsive hydrogel samples were first equilibrated in water or the appropriate media and 

then subjected to a ramp rate of 0.25 °C/min and frequency of 1 rad/s. The upper and lower 

temperatures for the temperature sweep tests were decided depending on the media. 

Dynamic Mechanical Analysis 

The dry films of hydrogels were tested for their glass transition temperature using 

a TA dynamic mechanical analyzer (TA Instruments Q 800). The films were attached to 

tensile testing grips and subjected to a temperature ramp condition of 3 °C /min from 25 

°C to 220 °C at a frequency of 1 Hz. 

Differential Scanning Calorimetry  

A TA Differential Scanning Calorimeter (TA Instruments Q-20) was used to char-

acterize the transition temperature of the thermoresponsive hydrogels. First, the dry gels 

were equilibrated with HPLC water or the appropriate media and then analyzed with re-

spect to same solvent as reference. The upper and lower temperatures for the DSC experi-

ments were decided depending on the media with a heating rate of 3 °C/min. 

Re-swelling and swelling Ratio Measurements  

The swelling ratios of the hydrogels were measured gravimetrically after wiping 

off the excess water on the surface. The hydrogel was incubated in a particular media for 

24 hours at room temperature. The re-swelling ratio measurements were calculated as Sr= 
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Wt/WD where Wt is the net weight of the equilibrated hydrogel after the solvent is re-ab-

sorbed and WD is the dry weight of the hydrogel. Similarly, the swelling ratio was calcu-

lated as SD= Wt/Wo, where Wt is the weight of equilibrated hydrogel after is solvent ab-

sorbed by the hydrogel and Wo is the weight of dry hydrogel. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

4.1 Tuning the Swelling Kinetics of PNIPAAm 

4.1.1 Dependence of Synthesis Technique on Morphology and Swelling Kinetics 

Figure 4.1 shows the significant difference in morphology of poly (N-isopropy-

lacrylamide) hydrogels synthesized using different procedures. For the hydrogels demon-

strated in Figure 4.1a, 4.1b the reaction temperature of the monomeric mixture was main-

tained below the freezing point of water which results in the formation of large ice crystals 

in the system and provides framework for the formation of macroporous PNIPAAm hy-

drogels. Additionally to ensure uniform growth of the ice crystals, the synthesis process 

was divided into two stages. In the first stage monomeric solution was initially mixed at a 

temperature of approximately 10 °C in an inert environment for a few minutes. Following 

this, the mixture was again placed under the same condition (10 °C) for few more minutes 

before finally placing it in a freezer maintained at -18 °C. The initial step of low tempera-

ture equilibration facilitated in uniform nucleation and growth of ice crystals in the system. 

Previously Zhang et al. (Zhang and Zhuo 1999) and Strachotova et al., (Strachotova, 

Strachota, Uchman, Šlouf, et al. 2007) have highlighted the importance of such a two-step 

temperature reduction process. Importantly, a temperature regime of lower than -20 °C in the 

final stage is not conducive for formation of macroporous hydrogel as smaller and numerous 

solvent crystals are formed and result in smaller pore sizes. (Lozinsky et al. 1984, 

Srivastava, Jain, and Kumar 2007)After the reaction was completed the hydrogels were 

thawed, which allowed the ice crystals in the hydrogel to melt, thereby creating a three 

dimensional interconnected porous network, as  depicted in both the SEM (Figure 4.1a) 
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and confocal images of the macroporous hydrogels (Figure 4.1b). In contrast, the mi-

croporous hydrogels shown in figure 4.1c and 4.1d, were synthesized at room temperature 

without any change in monomeric or initiator composition except the omission of TMOS. 

A visual comparison from the micrographs clearly revealed the efficacy of such a low tem-

perature methodology in creating a uniform three-dimensional and inter-connected porous 

network. Furthermore, such a technique was proven to have faster re-swelling rate due to 

solvent absorption by capillary action and convective flow of fluid media into the porous 

network as opposed to the slower and surface area dependent diffusion process in the mi-

croporous hydrogel (Figure 4.2a). 

 

Figure 4.1. SEM and Confocal microscopy for morphology studies of PNIPAAm hydrogel: (a), 

(b) macroporous hydrogel with average pore length of ~ 50µm; (c), (d) microporous hydrogel with 

average pore length ~ 1 µm.  
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4.1.2 Dependence of Synthesis Conditions on Mechanical Properties  

 

Although low temperature synthesis successfully assists in the formation of a de-

sired three dimensional large porous polymeric hydrogel system, it results in lowering of 

the mechanical properties and structural integrity which is an adverse effect of such syn-

thesis (Zhang et al. 2001). One of the facile ways of achieving faster responsive PNIPAAm 

hydrogels with better mechanical properties is by copolymerizing NIPAM with tri-methyl-

siloxane(TMOS) or other siloxane compounds to create porous network with better me-

chanical properties (Strachotova, Strachota, Uchman, Šlouf, et al. 2007, Zhang and Zhuo 

2001). In the macroporous hydrogel synthesis, an in-situ silicate network was incorporated 

by a hydrolysis reaction of TMOS with water. The silica network provides an additional 

backbone for the PNIPAAm hydrogel by stabilizing the pores and channels, thereby deliv-

ering improved re-swelling rates over conventional microporous hydrogel as previously 

discussed in Figure 4.2a and also form a mechanically strong network. 

The postulated improved swelling and de-swelling response rate and better me-

chanical properties of the fast responsive macroporous hydrogel were further accurately 

quantified and compared by a viscoelastic-temperature study on both the hydrogels 

(macroporous, microporous) with the help of a rheometer. The gap change information 

acquired from such temperature sweep studies revealed that the macroporous hydrogels 

had a steeper slope, suggesting a quicker de-swelling behavior when compared to mi-

croporous hydrogels (Figure 4.2b). The rheological data also demonstrated that the storage 

modulus and the loss modulus of the macroporous gels were much higher than the mi-

croporous gels (Figure 4.2c). A separate compressive stress analysis on the saturated hy-

drogels using an Instron instrument revealed that the macroporous gels were 1.33 times 
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tougher than the microporous gels (Figure 4.2d).Both the rheometer and Instron results 

validated the important idea that the silicate network played a decisive role in strengthening 

the framework of the gels. As such this method is more simpler and efficient than the other 

previously reported techniques such as (1) the incorporation of surfactants during the hy-

drogel preparation, (Antonietti et al. 1999, Gemeinhart et al. 2000) (2) hydrogel preparation 

during the LCST (Kabra, Gehrke, and Spontak 1998, Zhang and Zhuo 2000, Baek et al. 

2001) or (3) hydrogel preparation just by a freeze dry and hydration process (Kato and 

Takahashi 1997).  

 
Figure 4.2. Mechanical Properties of Macroporous and Microporous Hydrogel: (a) Com-

parison of Re-swelling rate of the hydrogels; (b) Gap change in Rheometer for 

macroporous and microporous hydrogels; (c) Rheometer analysis of macroporous and mi-

croporous hydrogels; d)Instron compressive analysis of water saturated hydrogels. 
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Figure 4.3a, 4.3b demonstrates the DMA data to analyze the glass transition tem-

peratures (Tg) of the macroporous and microporous hydrogels respectively by utilizing 

tan which is a ratio of the loss modulus (G”) to the storage modulus (G’). Interestingly, 

the glass transition temperatures of the dry macroporous hydrogel (Tg= 181.7 °C) is sig-

nificantly higher than the microporous hydrogel (Tg= 149.7 °C). As we already know, the 

glass transition corresponds to the temperature at which there is substantial mobility of the 

polymeric chains. If the interactions among polymer chains are strong, a higher tempera-

ture would be needed to promote this chain mobility. In the case of macroporous hydrogels 

due to addition of the silicate network there might be slowing down of chain mobility which 

subsequently results in a higher Tg. These results are interesting, as such an increase in 

glass transition has not been seen by other reported techniques to synthesize fast responsive 

macroporous hydrogels (Antonietti et al. 1999, Gemeinhart et al. 2000, Kato and Takahashi 

1997).  
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Figure 4.3. DMA analysis of dry hydrogel: (a) Macroporous PNIPAAm hydrogel; (b) 

Microporous PNIPAAm hydrogel.  
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4.2 Tuning the Transition Behavior of Poly(N-isopropylacrylamide) 

4.2.1 Effect of Co-Solvent 

Figures 4.4a and 4.4b demonstrates the DSC thermograms depicting the transition 

temperature of macroporous and microporous PNIPAAm based hydrogels respectively due 

to the addition of an organic solvent (methanol) in the media. Conventionally, the transition 

temperature is referred to the endothermic peak in the DSC thermogram (Zhang and Zhuo 

1999). Both the macroporous and microporous hydrogels demonstrate a significant shift in 

the transition temperature as the concentration of the methanol is varied (Figure 4.4c). This 

observation is in good agreement with experiments done initially by Winnik et al. to study 

the effect of methanol as a co-solvent for linear PNIPAAm polymer in dilute aqueous so-

lutions.(Winnik, Ringsdorf, and Venzmer 1990b) This rare and interesting occurrence of 

cononsolvency is quite different from cosolvency in which a mixture of two or more sol-

vents acts as a solvent for a particular compound, such as a polymer, when independently 

both the solvents are inept in solubilizing the third component. (Wolf and Blaum 1975) In 

this case PNIPAAm demonstrates cononsolvency, as both methanol and water are excellent 

solvents for it, however when mixed together the LCST of the PNIPAAm molecule shifts, 

suggesting marked decrease in the solubility. The present case is different from the linear 

PNIPAAm polymer chains as both the macroporous and microporous hydrogels discussed 

here are cross-linked.  

In the past, there have been competing explanations for the presence of cononsol-

vency. The first one suggests the complexation between water and methanol induced by 

the presence of the PNIPAAM network. (Amiya et al. 1987, Hirotsu 1988) But such an 
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argument had difficulty in explaining the re-entrant swelling behavior in an extremely di-

lute solution with linear PNIPAAm polymer.(Schild, Muthukumar, and Tirrell 1991, Yang, 

Li, and Wu 2004, Zhang and Wu 2001a) The second theory postulates, the presence of 

‘competitive’ absorption between PNIPAAm-water and PNIPAAm-methanol. (Tanaka, 

Koga, and Winnik 2008, Tanaka et al. 2009) But such an argument also does not hold 

ground based on its initial hypothesis that the solvent-solvent interaction is in-significant, 

which has been subsequently contested by other work. (Dixit et al. 2002, Guo et al. 2003) 

The last theory initially proposed by Zhang and Wu, (Zhang and Wu 2001c, b) explains 

quite well the peculiar behavior of both linear PNIPAAm polymer and cross-linked 

PNIPAAm based hydrogels in the presence of methanol. It predicts the formation of stoi-

chiometric compounds between the solvent molecules which are poor solvents for 

PNIPAAm hydrogels.  

Figure 4.4d depicts the change in the enthalpy value during the phase transition of 

macroporous and microporous hydrogel by integrating the peaks obtained from the DSC 

thermograms. For the macroporous hydrogel the enthalpy value (only water) is higher than 

the microporous hydrogel, suggesting that for a given temperature increase above the tran-

sition temperature, the amount of water released is higher. This is because the freed water 

within the heterogeneous macroporous hydrogel is able to diffuse outward more easily than 

from the microporous hydrogel. Such an analysis is also in accordance with the faster re-

swelling and de-swelling rate of macroporous hydrogel discussed in the previous section 

(Figure 4.2a, 4.2b) and also with earlier reported results on other macroporous hydrogel 

synthesized using a different technique (Zhang, Yang, and Chung 2002a)  
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The rise in the methanol percentage in the media induced a sharp decrease in the 

enthalpy change during the phase transition as evident from Figure 4.4d. Such a decrease 

highlights the limited affinity of such a media for both the macroporous and microporous 

hydrogel. This depression in enthalpy content and transition temperature is followed by an 

abrupt increase of both these values as the media became more methanol rich and therefore 

more suitable for hydrogen bonding with the hydrogels as deduced earlier by Winnik et al. 

(Winnik, Ringsdorf, and Venzmer 1990b) Intriguingly the effect of higher concentrations 

of methanol on the macroporous hydrogel could not be perceived by the DSC resulting in 

a disappearance of endothermic peak for methanol concentration at 60% by volume. Such 

an observation probably implies that the better interconnected porous network of 

macroporous hydrogel leads to enhanced solvent entry and substantial hydrogen bonding.  

Moreover, although there is a similarity in variation of the transition temperature 

as a function of methanol concentration for both macroporous and microporous hydrogels, 

the enthalpy value during the phase transition is different along with a variation in the 

transition temperature itself. The lower transition temperature of macroporous hydrogel 

over microporous hydrogel for the same methanol concentration in the media could be 

explained with the faster mechanism of solvent absorption and release by the macroporous 

hydrogels as discussed earlier to explain similar alteration in transition temperature and 

enthalpy values for pure water as media. Thus faster outward solvent movement leads to 

the suppression of the transition temperature for the same concentration of the methanol. 

Interestingly, Figure 4.4c also indicates that the drop in enthalpy values of macroporous 

hydrogel in methanol environment is significantly sharper than microporous hydrogels. 

Such observations have not been reported before and probably indicate different affinity 
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for methanol by macroporous hydrogel in comparison to microporous hydrogel. Also this 

could imply stronger hydrogen bonds which are not susceptible to breaking and re-for-

mation through temperature changes. Overall, these findings highlight the variance in the 

thermal effects of cononsolvency in PNIPAAm based hydrogel as function of porosity. 

 
 

 

 

Figure 4.4. Transition temperature and enthalpy change during transition of PNIPAAm 

hydrogel with variation of methanol percentage: (a)DSC thermograms of macroporous hy-

drogel; (b) DSC thermograms of microporous hydrogel; (c) Comparison of LCST with 

change in porosity and change of solvent; (d) Comparison of heat of fusion with change in 

porosity and change of solvent.  
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Both the macroporous and microporous hydrogels demonstrated a decrease in 

swelling ratio at concentrations of methanol when the transition temperature had decreased, 

and increased again as the methanol concentration rises over certain percentages (Figure 

4.5a). The decrease in the swelling ratio suggests the limited absorption of methanol-water 

mixture by both macroporous and microporous hydrogels which as discussed before de-

creases the enthalpy change during phase transition as well as the transition temperature. 

However as the methanol percentage is increased over 50% the swelling ratio recovers 

suggesting suitable media for hydrogen bond formation and lower water-methanol interac-

tion. Interestingly, the phenomenon is heightened in the case of microporous gels in which 

the swelling ratio has been affected to much larger extent. The larger pore size of 

macroporous hydrogels thus circumvents the abrupt swelling ratio by allowing more sol-

vent molecules to penetrate into the hydrogel.  

Apart from the differences in swelling ratio there is also effect on the mechanical 

properties due to the presence of methanol in the media. At 20% methanol concentration 

by volume in the media the macroporous hydrogel demonstrated a slight increase in the 

storage modulus (G’) and loss modulus (G’’) when compared to similar experiment results 

in the previous section using a rheometer and pure water media (Figure 4.2c, 4.5b). The 

increase of the mechanical properties could be deduced to the lower solvent uptake and the 

shrunken nature of the macroporous hydrogel in presence of methanol. Along with the 

increase of the mechanical properties the increase of the G’ at approximately 20 °C sug-

gests the transition temperature and validates the DSC results signifying the depression of 

the transition temperature due to the presence of methanol in the media. 
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Figure 4.5. Effect of methanol concentration on the swelling ratio and rheological prop-

erties (a) Comparison of swelling ratio between macroporous and microporous hydrogel 

under different methanol concentration (b) Rheometer analysis of macroporous hydrogel 

equilibrated with 20 % methanol concentration. 
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4.2.2 Effect of Surfactant 

Figures 4.6a, 4.6b depict the effect on the transition temperature of microporous 

and macroporous hydrogel respectively as a function of increase in the concentration of 

anionic surfactant, sodium dodecyl sulfate (SDS). SDS has been chosen as it has been pre-

viously established that anionic surfactants interact more strongly with non-ionic polymers 

like PNIPAAm when compared to cationic surfactants. (Anthony and Zana 1994, Loh, 

Teixeira, and Lee 2004) The results are also in good agreement with the first observed 

effects of surfactants on the coil-globule transition of linear PNIPAAm polymers (Meewes 

et al. 1991) and later, on cross-linked PNIPAAm hydrogel. (Kokufuta et al. 1993)  

The effect of surfactant on the transition temperature of PNIPAAm has been at-

tributed to alterations in the hydrophobic interactions of PNIPAAm with water due to pres-

ence of charged moieties in the media. Various earlier works have deduced that the hydro-

phobic part of surfactant binds locally with the isopropyl group of PNIPAAm hydro-

gel.(Kokufuta, Suzuki, and Sakamoto 1997, Dhara and Chatterji 2000, Borsos and Gilányi 

2011) This converts the intrinsically non-ionic nature of the PNIPAAm polymeric network 

to polyelectrolyte type. Thus these additional acquired charges on the PNIPAAm polymer 

network directly influences the transition temperature of the PNIPAAm hydrogels by bal-

ancing the hydrophobic forces brought about by the disruption of the hydrogen bond with 

water or other media when the temperature is raised. This explanation is also similar to the 

observed increase of the transition temperature of ionic hydrogels and microgels. For ex-

ample, poly(N-isopropylacrylamide-co-acrylic acid) hydrogel has a higher transition tem-

perature than simple PNIPAAm hydrogel due to ionizied carboxylic acid group (-COOH) 

presence on the polymeric chain,(Kratz, Hellweg, and Eimer 2000) which subsequently 
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increases the hydrophilic nature of the polymeric network and counters the hydrophobic 

nature of PNIPAAm molecule above a certain temperature.  

The compiled effect of the transition temperature as a function of porosity is repre-

sented in Figure 4.6c. These results when compared to the earlier section, i.e. effect of 

methanol on the transition temperature due to co-nonsolvency seems different (Figure 

4.4c), as the alterations due to surfactant on the transition temperature could be ascertained 

as of increasing nature only, unlike methanol, where both increase and decrease of transi-

tion temperature occurs depending on the methanol percentage in the media. The effect of 

presence of the surfactant molecules in the media can be better analyzed through changes 

in the enthalpy value during transition (Figure 4.6d). The macroporous and microporous 

hydrogel both demonstrated an increase in the enthalpy change during transition with in-

creasing surfactant concentrations. This occurrence is explained through higher stability of 

the PNIPAAm due to local binding of surfactant molecules on the PNIPAAm chain as 

discussed earlier, thereby suggesting that the transition process here is more thermal energy 

intensive owing to the stronger surfactant interaction with the polymeric network. Also 

interestingly the microporous hydrogels produced much higher enthalpy changes during 

phase transition and higher transition temperature when compared to macroporous hydro-

gel. These results suggests that due to the lower pore size in the microporous hydrogel the 

proximity of the polymeric chains is far greater which subsequently increase the effect of 

the surfactant molecules and lead to higher interactions between the electrolytic charges of 

the surfactant molecules locally bound on the polymer network. The higher interaction of 

the electrolytic could cause greater charge repulsion and expansion of polymer network 

and results in increase of polymer network stabilization with respect to temperature. 
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The additional ions on the network also increase the osmotic pressure and results 

in increase of the overall swelling ratio as seen in Figure 4.7a. These results were in good 

agreement with the work done earlier by Kokufuta et.al on conventional cross-linked hy-

drogels (Kokufuta et al. 1993, Kokufuta, Suzuki, and Sakamoto 1997). The microporous 

hydrogel demonstrated greater than six fold increase in the swelling ratio when the surfac-

tant concentration in the media was 10mM or higher, while the macroporous hydrogels 

showed a maximum increase of approximately 1.6 times increase in the swelling ratio. 

Such results probably imply that the microporous hydrogels have a higher local osmotic 

pressure or higher charge interaction of the surfactant molecules or both when compared 

to macroporous hydrogels on account of considerable differences in porosity. Further the 

effect on mechanical properties due to presence of surfactant in the media was studied with 

the help of rheometer. The decrease of the storage modulus (G’) and loss modulus (G”) 

when compared to pure water media indicates the increase in the swelling ratio in such an 

environment (Figure 4.2c, 4.7b). Moreover the comparison between the effect of methanol 

(Figure 4.5b) and surfactant could be drawn from such experiments. As seen before meth-

anol causes increase in the G’ and G” at low concentrations due to limited swelling ratio 

while the presence of anionic surfactant in the media decreases both the moduli consider-

ably due to a much higher swelling ratio. The rheometer results also validate the increase 

of transition temperature as analyzed by DSC due to the presence of surfactant in the media. 

Here at a temperature of approximately 62 °C an increase in the G’ and G” is noticed 

suggesting a volume transition of the macroporous hydrogel in such a media.  
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Figure 4.6. Transition temperature and enthalpy change during transition of PNIPAAm 

hydrogel with variation of surfactant concentration: (a)DSC thermograms of macroporous 

hydrogel; (b) DSC thermograms of microporous hydrogel; (c) Comparison of transition 

temperature with change in porosity and change of surfactant concentration; (d) Compari-

son of heat of fusion with change in porosity and change of surfactant concentration. 
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Figure 4.7. Effect of surfactant on the mechanical properties and swelling ratio (a) Rhe-

ometer analysis of macroporous gel equilibrated with 10 mM; (b) Swelling ratio under 

different SDS concentration. 
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4.3 Integration of Poly(N-isopropylacrylamide) Hydrogels with Silicon 

4.3.1 Development of Adhesion Mechanism between Hydrogels and Silicon 

 

Figure 4.8 is the illustration of the proposed integration of hydrogels with the hard 

materials, such as silicon. Previously it has successfully demonstrated that when silicon is 

made thin enough, in range of 500 nm or less allows for the reversible buckling of silicon 

(Sun and Rogers 2007). In the present work, we focus on making these buckling pattern 

responsive to environmental stimulus by integrating the thin film silicon with soft environ-

mentally responsive hydrogels, functioning as “smart” substrate.  

One of the major challenges in integration of such soft and hard material in a single 

system has been the lack of adhesion properties between these two diverse materials. Fur-

thermore, as the hydrogel in its equilibrated state majorly consists of water, it becomes a 

major challenge to have consistent bonding between the hydrogel surface and silicon thin 

film. One of the unique methods of solving this problem could be by the use of an inter-

mediate layer which would help to alleviate the problem of adhesion of silicon and hydro-

gels. Here, an elastomeric material which is hydrophobic in nature and is proposed to have 

the ability to bond with silicon and allow for complex transfer printing techniques. One 

example of such a material is poly(dimethylsilioxane) or PDMS. Previously, PDMS has 

been utilized for transfer of silicon due to excellent adhesion between silicon and the 

PDMS elastomer. Another major advantage of PDMS, particularly here, is the fact that 

PDMS is highly hydrophobic in nature, which resist the penetration of water from the hy-

drogel system to interact with the silicon entities.  
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Figure 4.8. (a) Layer-assembled structure of the PNIPAAm/PDMS integrated with Silicon 

nanoribbons. (b) Schematics of the hydrogel swelling/shrinking drivable Silicon thin rib-

bons. 

 

However, PDMS due to hydrophobic nature does not share ant adhesion with water 

based system such as hydrogels. Previously, we have successfully demonstrated that the 

porosity of the hydrogels as well as the mechanical properties could be had been increased 

by incorporation of silicate compound, tetramethyl orthosilicate, which formed a silicate 

network inside the hydrogel network. For the purposes of adhesion also, the renewed chem-

istry of the macroporous hydrogel is leveraged. XPS spectra demonstrates how the 

PNIPAAm hydrogel undergo condensation reaction with the hydrogel surface (Figure 4.9 

b)  
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Figure 4.9. (a) XPS spectra of the PNIPAAm-based hydrogel. The exact value of binding 

energies and their chemical state of the corresponding elements at each peak are labelled. 

The inset is core-level spectrum of the C in (a) (Blue line is from the raw data); (b) For-

mation of PNIPAAm-based gel integrated with TMOS (Adopted and modified from Y 

Pan et al., 2012).  
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From the XPS spectra, the characteristic peaks and their corresponding binding en-

ergies can be identified and characterized. The binding energy located at 151 eV is charac-

teristic of Si2s line, normally XPS artifacts, and is not used for further analysis. The carbon 

(C1s) spectrum can be curve-fitted with three peak components (see the inset image in 

Figure 4.9 (a)): with binding energy at 284.99 eV for CH3 species, at 287.96 eV for C=O 

species and at 286.22 eV for the C-N species (Beamson and Briggs 1992). The peak posi-

tion of N1s at 399.8 eV, matches very well with  –CONH- species(Khang et al. 2006, Sun 

et al. 2006a). These peaks demonstrated the presence of amide group of the PNIPAAm 

molecule. The binding energy of 102.2 eV corresponds to Silicon bound to two oxygens, -

O-Si-O-, which is considered to be photoemission from SiO2 (Brookes et al. 2001, Chiba 

and Takenaka 2008, Sellmer, Prins, and Kruse 1997). Most importantly, the O1s spectrum 

in the sample is at 531.8 eV which is nearly identical to that in silicate, 531.9 eV (Wang, 

Nabatame, and Shimogaki 2005), especially considering that the acceptable error of the  

technique is ± 0.7eV. Thus, we can now suggest that the state of both Si and O is similar 

to silica, which is in agreement with the reaction mechanism (shown in Figure 4.9 (b)) 

(Strachotova, Strachota, Uchman, Slouf, et al. 2007).  Thus during the hydrogel formation, 

the silica network was dispersed in PNIPAAm network as well at the  interface there was 

substantial silicate network formed by the hydrolysis reaction of TMOS followed by self-

condensation reaction.  Therefore, these we can now propose PDMS adhesion with hydro-

gels through condensation reaction. Specifically, exposure to UVO, the residual methyl 

from the PDMS would be changed into hydroxy groups which can be bonded with Si by 

condensation reaction (similarly as the reaction between hydrolysis-TMOS and PDMS). 
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4.3.2 Response Properties of Silicon Integrated with Hydrogels 

4.3.2.1 Buckling Behavior of Non-Patterned Silicon Thin film on Hydrogels 

As previously discussed thin film semiconductors have shown excellent potential 

for the development of flexible and stretchable electronics when they are integrated with 

elastomers such as poly(dimethylsiloxane) PDMS. Using the same technology, Yu et al. 

first reported an interesting approach of making thermoresponsive ultra-thin silicon 

nanostructures, in which several hundred nanometers thick silicon nanoribbons are inte-

grated with thermo-responsive hydrogels and are able to change their mechanical configu-

rations rapidly upon altering the ambient temperature.(Yu et al. 2011) Ultra-thin silicon 

ribbons become adaptive and can be reversibly driven to be flat and ‘wavy’ according to 

the cyclic change of the temperature.  

Figure 4.10 schematically shows the cyclic behavior of the silicon nanoribbons on 

thermally sensitive hydrogels from Yu et al previous studies.(Yu et al. 2011) The 

macroporous poly(N-isopropylacrylamide) hydrogel described earlier was chosen and the 

overall integrated structure demonstrated excellent thermal response in terms of both speed 

and volume shrinkage. The improved mechanical properties of the macroporous hydrogel 

are of great significance as the hydrogel is constantly exposed to stress during fabrication. 

The earlier section explained how the combination of low temperature synthesis and pres-

ence of siloxane linkages in the monomeric mixture resulted in improvement of both the 

mechanical and the response properties. Additionally, it is important to mention that the 

present integration require sharp and large change in linear direction for the silicon nano-

ribbons to be effectively buckled. 
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Figure 4.10. Buckling pattern on silicon ribbons integrated with thermoresponsive 

PNIPAAm hydrogels: i) After transfer printing, ii) 2 min after immersion into hot water 

(45 °C), iii) 4 min, iv) 6 min, v) 8 min, vi)10 min, and vii) 12 min. 

 

 

Figure 4.11. Hydrogel and Silicon thin film Integration: a) Schematic of the hydrogel 

swelling/shrinking drivable silicon thin ribbons, b) Layer-assembled structure c) Demon-

stration of the thin Si diamond network structure becoming buckled when the hydrogel 

substrate shrinks. Adopted from(Yu et al. 2011) 
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Figures 4.11a, 4.11b demonstrates the various steps in integrating a thermo-respon-

sive substrate with ultra-thin silicon ribbon. The system consisted of three components, a 

macroporous PNIPAAm gel, a PDMS layer (which was vital for the latter high-yield trans-

fer steps), and Si nanoribbons. Interestingly, the siloxane group described earlier for im-

provement in mechanical properties also promoted the bonding between the PNIPAAm gel 

and the PDMS layer. Specifically, the silica network produced by hydrolyzed TMOS and 

N-isopropylacrylamide (NIPAAm) monomer during gel synthesis had residual Si–OH 

groups. The residual Si–OH groups attached to the silica network distributed inside the 

PNIPAAm gel network from TMOS, bonded with the hydroxy-terminated PDMS through 

a condensation reaction. Such integration was done with both one-dimensional and two 

dimensional silicon ribbon pattern (Figure 4.11 c). The results revealed that the when the 

transition temperature of ~32 °C is reached, the PNIPAAm hydrogel shrinks along with 

flat ribbon placed on top via an intermediate PDMS layer. The out of plane buckling of the 

silicon results from the compression load on the stiff/soft materials, where soft materials 

can undergo shrinking while stiff materials have to buckle to release the compressive strain 

as postulated earlier. (Bowden et al. 1998, Efimenko et al. 2005, Genzer and Groenewold 

2006, Jiang, Khang, et al. 2007) The image analysis of the buckled structured demonstrated 

in Figure 4.11 demonstrate that the linear change of approximately 15 % in the hydrogel  

produced wavelength of 30-35 microns with the evolution of time. 
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4.3.2.2 Buckling Behavior of Patterned Silicon Thin Film Integrated on Planar Hydro-

gels  

The method described Yu et al. represents a new class of combination between soft 

and hard materials, and opens ways for exciting future environmentally sensitive electron-

ics.  However, the control over the pattern of their response and buckling had not been 

explored and also the wavelength of the silicon is small. For implementation of circuit level 

design, the buckling pattern needs to have a larger wavelength so as to have active areas 

and inactive areas.  In order to implement such a control, a photolithography method was 

employed; such method had previously shown exciting results using flat elastomeric sub-

strates such as PDMS.(Childs et al. 2005, Sun et al. 2006b) In order to incorporate the 

aforementioned methodology, the gels had to be further processed with an intermediate 

PDMS layer. The PDMS and PNIPAAm bulk gel were bonded using TMOS via a conden-

sation reaction which has been earlier reported. (Yu et al. 2011, Strachotova, Strachota, 

Uchman, Šlouf, et al. 2007) The PDMS served two important purposes. First, it offers a 

smoother surface for the silicon layer transfer and second, it provides a waterproof bound-

ary which is essential for the silicon transferring. Subsequently, to generate patterned active 

and inactive bonding areas, a mask was used and exposed to an UV environment. Upon 

contact with silicon, the exposed sites would form strong siloxane linkages between silicon 

and PDMS, while the rest of the parts would only have weak van der Waals interac-

tions.(Sun et al. 2006b) Thus the silicon ribbon would then have intermittent bonding and 

weak bonding areas with the PDMS surface. Figure 4.12 describes the process of integrat-

ing silicon on hydrogels. 
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Figure 4.12. Schematic showing of the process of integrating thin silicon ribbon (300 nm 

thick) with  PNIPAAm gel: a UVO mask was used to control the buckling pattern. 

The integrated soft and hard material was then studied under an optical microscope 

followed by an environmental scanning electron microscope (ESEM). In order to facilitate 

ESEM imaging the materials had to be quenched at low temperature using liquid nitrogen 

after the sample was heated above the lower critical solution temperature (LCST). This 

was done to maintain the integrity of the silicon pattern formed due to the shrinkage of the 

gel. The images depicted that under an influence of a thermal stimulus, the integrated ma-

terial can be used to generate different patterns of buckled response. The images were then 

analyzed using ImageJ, an image analysis software, for measuring the wavelength of the 

silicon wave like patterns (Figure 4.13 a-c). Such analysis suggested that the wavelength 

of the silicon buckles agrees with the equation developed previously in pre-strained elas-

tomeric substrates integrated with silicon ribbons, where  𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ =  
𝑊𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒

1+𝜀
.(Jiang, 

Sun, et al. 2007) Here Winactive is the width of inactive region of the mask or the part of the 

silicon not strongly bonded to the PDMS.  The 𝜀 is calculated using 
∆𝐿

𝐿
 , where L is the 

original one dimensional length of the hydrogel and ∆L is the linear  dimension change  

resulting from the volume shrinkage under the influence of thermal stimulus. The strain 
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generated was 0.29, which theoretically produced a wavelength of 69.8 μm for the 90 μm 

inactive mask; this matched very well with the measured mean wavelength of 68.5 μm. 

Similar results were also obtained for the mask with 190 μm as the inactive region. Thus 

the silicon buckling wavelength can be finely tuned by changing different UV masks with 

different active and inactive regions. This degree of control is desired for effective strain 

mitigation due to the hydrogel shrinkage without comprising the active sites.  

 
 

Figure 4.13. Environmental scanning electron microscopy images of controlled buckling 

pattern of the integrated silicon on PNIPAAm hydrogel: (a) (Mask: 30 µm active – 90 

µm inactive) wavelength 68.5+ 6.3 µm; (b) Close-up image of the pop-up structure; (c) 

(Mask: 30 µm active – 190 µm inactive) wavelength 142.6+6.8 µm.  
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The fast LCST-volume change phenomenon of the macroporous hydrogel de-

scribed earlier has been leveraged in the present case; as the dimension changed dramati-

cally during LCST, it resulted in a great amount of strain in the system, which was then 

successfully utilized to drive the onboard silicon ribbons to form distinct patterns. The 

macroporous PNIPAAm generated strain sufficiently large for the silicon to respond and 

also have a quick reversible nature. When introduced to stimuli, the response time and 

volume shrinkage of the PNIPAAm gels are largely dependent on the mechanism of uptake 

and release of solvents by these gels. As previously estimated and discussed in the earlier 

section, the gels with larger pore size than 1 µm pore size would have a faster capillary 

action dominated solvent uptake and release mechanism. The gels having pore size below 

this value would have generally a slower uptake mechanism.(Peppas and Khare 1993, 

Baker, Blanch, and Prausnitz 1995)  In the present case, the thermal response of integrated 

structure is hypothesized as a function of pore size because this would most likely dictate 

the rate of uptake and release of water.  
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Figure 4.14. Material characterization of PNIPAAm hydrogel: (a) Rheological testing of 

the hydrogel; (b) DSC capturing LCST behavior of gels and quantifying heat absorption 

during transition. 
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The mechanical properties were tested with a rheometer suggesting that the storage 

modulus G’ is much greater than loss modulus G”, suggesting the hydrogel behaves solid 

like (Figure 4.14a). The thermal response of the hydrogels was again quantified using a 

differential scanning calorimeter (DSC). The DSC results suggested the LCST of the gel 

to be around 32°C (Figure 4.14 b).  The DSC curves also revealed the reversible nature of 

the LCST phenomenon and quantified the energy required during transition as before. An 

endothermic peak was observed when the PNIPAAm was heated and an exothermic peak 

occurred during the cooling cycle. The endothermic peak here corresponds to the amount 

of energy required for the dissociation of the phases, while the release of energy corre-

sponds to the bond formation during the cooling cycle. Table 1 shows that the macroporous 

PNIPAAm gel has nearly identical energy during the heating and cooling cycle and con-

firms the completely reversibility. The glass transition temperature of the dried gel was 

also measured to be 143.7+2.1 ℃ by the DSC, which revealed that these materials can be 

used at high temperature with minimal structural deformation. 
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4.3.2.3 Buckling Behavior of Silicon Thin Film on a Curved Bilayer Hydrogels with Tun-

able Curvature 

One of our focuses is to create controlled response of thin film silicon; here we 

adopt two different hydrogels with distinct properties, for example, with dissimilar swell-

ing ratios and stimulus sensitivity, to design a three-dimensional curved structure. The gels 

were then integrated with thin silicon ribbons with the assistance of a PDMS intermediate 

film as discussed in the previous section. However due to the complexity of the substrate 

shape, intermediate bonding and non-bonding regions with silicon was not attempted, only 

simple bonding with silicon was performed as reported previously.(Yu et al. 2011)  

 In the present work, a co-polymer of NIPA and acrylic acid was chosen for the 

bottom layer and a thermo-sensitive PNIPAAm was chosen for the top layer. The diverse 

swelling ratio is attributed to the higher hydrophilic nature of acrylic acid, which results in 

a more drastic swelling ratio in water.  In addition, unlike the PNIPAAm hydrogel dis-

cussed previously, the PNIPAAm hydrogel here was less sensitive to thermal stimulus and 

de-swelled considerably much less with temperature increase (~ 11 %) compared to 

thermo-responsive gels in the previous section (~ 29%). This was done intentionally to 

prevent delamination of such an integrated bilayer structure due to the high amount of 

strain created at the gel interface. More importantly, the functionality of the top layer was 

to provide an appropriate constraint on the higher swelling bottom layer to create a three-

dimensional curved structure (Figure 4.15 a-b). Figure 4.15 b is an Abaqus finite element 

model describing the curvature change of the bilayer substrates in swelled and de-swelled 

states. The model was especially useful for adjusting proportions of layer thickness in order 

to obtain the desired overall curvature.   
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Figure 4.15. Bilayer hydrogels with tunable curvature: (a) Pictorial representation of a 

bilayer hydrogel; (b) Finite element modeling of bilayer gels depicting the various stages 

of swelling; (c) pH responsiveness of the bilayer hydrogel, top layer is the PNIPAAm hy-

drogel (temperature sensitive) and bottom layer is co-polymer of acrylic acid and 

PNIPAAm hydrogel (pH sensitive). 

 

The bottom layer behaves as a pH-sensitive hydrogel due to the presence of acrylic 

acid and can essentially accept and/or donate protons in response to a pH change(Nge et 

al. 2004). At a low pH, the poly acrylic acid-co-NIPA hydrogels are relatively un-swollen 

since the acidic groups (-COOH) on the gel are protonated and hence neutralized. When 

the environmental pH is above the pKa of the ionizable moiety, the pendant acidic groups 

are deprotonated. As ionization increases, fixed charges are developed on the polymer net-
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work and there is a resultant increase in electrostatic repulsions between the ionized poly-

mer chains, further increasing the swelling. Other than electrostatic repulsions, a large os-

motic swelling force from the presence of ions also increases the uptake of solvent in the 

network.(Ranjha, Mudassir, and Majeed 2011)  

The important factor in such an integrated system is that the shrinkage of the bottom 

layer in acidic pH and the non-responsiveness of the top layer produce a curved integrated 

structure to become a function of external stimulus, acidity or basicity. As the bottom layer 

shrinks, there is a release of strain, which makes the bilayer structure flatten out (Figure 

4.15 c). The above behavior is reversed when the basicity of the surrounding media is in-

creased.  Also the thermo-responsive characteristics of the top layer make the structure 

responsive to the temperature as well. Interestingly, the bottom layer, a co-polymer of 

PNIPAAm does not demonstrate any significant thermal responsive behavior. This is be-

cause the ionized acrylic acid components convey sufficient solubility to offset the aggre-

gation of the hydrophobic temperature sensitive components above a specific concentration 

of acrylic acid.(Chen and Hoffman 1995a)  This fact ensures that the stimulus response of 

both the top and the bottom layer remains mutually exclusive and thus a multifunctional 

material is obtained. 

These responses generated interesting pattern, include heterogeneity, with a thin 

film of silicon integrated on the top of the bilayer hydrogel. As demonstrated in Figure 

4.13(a), such integration would lead to buckled features on the thin film. The temperature 

and the pH both would cause the silicon to buckle on account of the strain developed, the 

independent response of both the above stimuli on the integrated structure was studied 

using an optical microscope. The study revealed that regions at the center of the ribbon did 
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not buckle in presence of basic pH because of the low strain in these regions (Figure 4.16 

b-c), however, in response to temperature there was more buckled regions due to the upper 

layer contracting, this increases the strain on the silicon ribbon and causes more buckled 

features (Figure 4.16 d-e).  

 
 

Figure 4.16. Responsiveness of silicon thin film integrated with bilayer hydrogel: (a) ef-

fect of pH (pH= 10); (b) buckling of silicon ribbons at the edges (scale bar 50𝜇m); (c) flat 

silicon at the center (scale bar 50𝜇m); (d) pictorial representation of buckling under influ-

ence of temperature; (e) horizontal view of buckling under influence of temperature > 32 

°C and pH= 10 (scale bar 100𝜇m). 

For such integrated structures to respond effectively to an environmental stimulus, 

we need to understand the material characteristics in detail, especially the thermal and the 

rheological characteristics. The rheological studies revealed that, under an acidic environ-

ment, pH sensitive gels had a relatively higher storage modulus (G’); the G’ decreased with 



82 

increasing pH while the viscous modulus (G”) increased with increasing pH (data not 

shown). Figure 4.17 demonstrates the complex modulus G* (√𝐺′2 + 𝐺"2 ) decreased with 

increasing pH over the entire strain range, suggesting that the storage modulus (G’) is the 

more dominant factor in the hydrogel which implies a more solid like behavior of these 

gels. The above results are in agreement with the visual observations which suggest that 

the gels shrink (high complex modulus) in acidic environment and expand (low complex 

modulus) in a basic environment.  Additionally, the G* revealed the linear viscoelastic 

region followed by a shear thinning like-behavior at higher strain.  

 

Figure 4.17. Rheological characterization of bottom layer (pH sensitive): G* as a func-

tion of strain at constant frequency of 1 Hz under different pH conditions. 
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Figure 4.18.  Environmental response of the bilayer hydrogel: (a) DSC capturing LCST 

behavior of top layer  and measuring heat absorption during transition; (b) Linear dimen-

sion change of bottom and top layer of gels with pH. 

As mentioned before the thermal characterization was performed using a DSC to 

validate and quantify the transition energy requirement. The PNIPAAm gel here (refer to 

as microporous gel) demonstrated a similar LCST transition point (Figure 4.18) as before; 

however, the heat flow curve of the gel when compared to the previous section was quite 

different. The macroporous PNIPAAm gels in the first section exhibited much lower heat 

absorption at the LCST in comparison to the present PNIPAAm gels (Table 1). This may 

be attributed due to an easier passage of water from the polymeric network gel due to the 

larger pore size. However, the pore size in the present top layer of PNIPAAm is consciously 

made low, to avoid large swelling ratio at the top which might lead to delamination between 

the bilayer hydrogels. Glass transition temperatures of the top and bottom layer were meas-

ured as 59.8+1.7 ℃ and 91.4+0.9 ℃ respectively. The glass transition analysis proved that 

the gels could be used at moderately high temperatures above room temperature, which 

would be the desired operating temperature for such materials.  
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Table 1. Comparison of LCST and heat absorption of the macroporous and microporous 

thermos-responsive PNIPAAm gels during heating and cooling cycles  

Macroporous PNIPAAm                            Microporous PNIPAAm 

LCST  Heat ab-
sorbed 
 (Heating cy-
cle) 

Heat released 
(Cooling cycle) 

LCST Heat absorbed 
(Heating cycle) 

Heat released 
(Cooling Cycle) 

31.4 + 0.42 °C 1.38 + 0.29 J/g 1.32 + 0.32 J/g 31.7 + 0.21°C 2.29 + 0.12 J/g 2.19 + 0.42 J/g 
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4.4 Incorporation of Visible Light Response in Poly(N-isopropylacrylamide) 

4.4.1 Comparison of Physical and Chemical Approaches  

Previously, we have discussed that direct heating of simple cross-linked PNIPAAm 

hydrogels, result in their shrinkage along with expulsion of water molecules which were 

entrapped in the polymer network. This is explained due to the presence of a property 

known as the lower critical solution temperature (LCST) in PNIPAAm. This peculiar prop-

erty allows the PNIPAAm polymer network to change from a hydrophilic nature to a hy-

drophobic one, when heated above this crucial value. In the present section, we try to in-

corporate light response properties into PNIPAAm hydrogels with the help of certain ad-

ditives; which have been integrated either physically or chemically. The validation of the 

light response properties of these hydrogels was done by using light directed from a laser 

source through a confocal microscope with a specific wavelength of 488 nm. The confocal 

microscopy also helps to understand the morphology change and response properties of the 

polymer network on account of incident light.  

Initially, we irradiate simple PNIPAAm hydrogels by a laser light which depicts no 

shrinkage and thereby prove that these gels can function as an effective control experiment 

for study of light response properties (Figure 4.19a). This observation also suggests that 

laser intensity required for such a change would be too high as the light response of simple 

PNIPAAm would rely on the heating prowess of the laser source to demonstrate any LCST 

property. Specifically, in the present set of experiments, the simple hydrogels were exposed 

up to 100mW of laser intensity without any observable effect on the polymeric network. 
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The same observation was also made when the PNIPAAm hydrogels of macroporous na-

ture were irradiated with a laser light. This observation evidently proves that pore size 

increase has no effect on light response properties in simple PNIPAAm.  

 

Figure 4.19. Effect of laser light (488 nm) on different hydrogels as function of time (2 

minutes) (a) cross-linked PNIPAAm with no chromophore and (b) PNIPAAm with a 2% 

chlorophyllin (c) illustration depicting the effect of light on the electrons of chlorophyllin 

and there imminent release of heat energy.  
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One of the popular methods of incorporating light response properties into 

PNIPAAm based hydrogels is through addition of some additives which can convert light 

energy into heat, thereby indirectly improving the thermal response properties of 

PNIPAAm. Popular among these materials are gold nanoparticles. Gold nanoparticles ex-

hibit the interesting phenomenon of surface plasmon absorption by virtue of which these 

nanoparticles when dispersed within a thermally sensitive polymer network, e.g. 

PNIPAAm can thermally activate and result in shrinkage of the entire network (Kim and 

Lee 2004). Gold nano-rods thus function as effective photo-thermal converters, permitting 

near-infrared (NIR) light to be transmitted deep into polymer network. Such behavior is 

particularly helpful for development novel drug delivery mechanism, for targeting partic-

ular organs or tissue by non-invasive therapeutic techniques (Kawano et al. 2009). Alt-

hough, previously some studies have claimed that such hydrogels sometimes respond to 

some near visible light wavelength as well, during course of the initial investigation for 

this project we discovered the response times in such hydrogel is extremely slow and re-

quires light of high intensity to observe any substantial change in swelling of the hydrogel 

(Sershen et al. 2000). 

Compared to gold nanoparticles the chosen physical additive here, sodium copper 

salt of chlorophyllin, demonstrated a better response property. Figure 4.19b, demonstrates 

that when sodium copper salt of chlorophyllin is incorporated into the PNIPAAm system, 

the hydrogels starts responding to the same laser with a wavelength of 488nm at an inten-

sity of 100mW. Tanaka et al. described this observation on the basis of chromophoric abil-

ity of the chlorophyllin salt and to the indirect heating of the PNIPAAm hydrogel (Suzuki 

and Tanaka 1990). Figure 4.19 c, shows an illustration to explain the mechanism of indirect 
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heating of PNIPAAm gel network with the incorporation of chlorophyllin salt. Thus, chro-

mophores such as sodium copper chlorophyllin, absorb the light of particular wavelength 

which leads to excitation of electrons from their normal ground state to a higher energy 

orbitals. On reversal of the electron to the normal ground state the extra energy (in the form 

of heat) triggers the volume transition of the temperature sensitive gels.  

However, there are three major drawbacks of such a system. First, as such shrinkage 

of polymer network is caused by the indirect heating of polymer network (heat produced 

by movement of electrons inside chlorophyllin salt) such observations are only restricted 

to thermally responsive hydrogels, such as poly(N-isopropylacrylamide) (Suzuki and 

Tanaka 1990). Secondly, on account of the fact that main cause of such an observation is 

the excitation and de-excitation of electrons and release of heat energy in the chlorophyllin 

molecule, the process becomes inherently slow when compared to thermal responsive hy-

drogels, e.g. simple cross-linked PNIPAAm hydrogels. Third and most importantly, con-

focal microscope studies reveal that light response properties is highly localized and overall 

the hydrogels demonstrated high in-homogeneity in shrinkage of hydrogel network, when 

exposed to low intensity visible light (Figure 4.19b). Such observations could be attributed 

to the low thermal conductivity of the PNIPAAm hydrogels and the inability of the chlo-

rophyllin salt to increase the thermal conductivity (Jiang, Kelch, and Lendlein 2006). 

Therefore, an alternate mechanism of incorporating light responsive characteristics is 

needed which could circumvent the drawbacks of the present system by approaching the 

concept of demonstrating light responsiveness in a more efficient manner. 

One possible method to overcome these drawbacks could be chemical cross-linking 

of some molecules into the PNIPAAm polymer network which could exhibit the ability to 
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influence the hydrophilic character of the hydrogels’ through change in their molecular 

orientations.; e.g. conversion of cis or trans upon light irradiation with each configuration 

having distinct hydrophilic character. Among molecules exhibiting such a phenomenon, 

azobenzene and spirobenzopyran are the best known candidates and are known to demon-

strate reversibility when exposed to light irradiation. In this particular study, spirobenzopy-

ran has been chosen over azobenzene, as the latter is known to only respond to deep UV 

wavelength (Zhao et al. 2009). Importantly, when compared to previously discussed chlo-

rophyllin salts, the spirobenzopyran molecules do not produce any heat energy when ex-

posed to light. The basic mechanism of spirobenzopyran has been illustrated in Figure 

4.20a and is inherently different from chlorophyllin salts. Here, the ionic and hydrophilic 

phase of the spirobenzopyran, is termed as merocyanine. The ionic form has a high degree 

of hydrophilicity and also provides a characteristic deep yellow coloration. The hydrophilic 

character is converted to a hydrophobic one when the compound is exposed to visible light 

of certain wavelength; this form is termed as the spiro form and is highly hydrophobic in 

nature.  

Spirobenzopyran in its original form was found to ineffective in effecting any 

change in terms of light response of the PNIPAAm hydrogels (Satoh et al. 2011). To in-

corporate the light response properties and chemically bind the molecule with the 

PNIPAAm polymer network, the spirobenzopyran molecule so synthesized was first acry-

lated with acryloyl chloride. The acrylated compound thus is expected to have vinyl back-

bone and spiro group as the bend group. The vinyl part of the NIPAAm molecule bond 

with the acrylated spirobenzopyran along with the characteristic spiro group to impart the 
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light responsive properties into the system. The so synthesized molecule was further puri-

fied using column chromatography. The acrylated spiro and merocyanine configuration of 

the molecule is further characterized by distinctive absorption wavelengths with the help 

of UV spectrometer.  

The spectroscopy technique also demonstrated the capability of such a compound 

to re-orient itself as function of light wavelength (Figure 4.20 b). The hydrophilic form of 

the spiropyran compound clearly demonstrated its light responsive characteristics even at 

a low concentration of 1% (w/v), with characteristic wavelength (𝜆max) of 420 nm in a 

mildly acidic media (pH 4.5). Previously, such observation has been well-documented and 

explained by the fact that the pH of the media plays a crucial role in deciding the charac-

teristic wavelength (Sumaru et al. 2006).This is due to the ionization of spirobenzopyran 

to higher order which allows a sharper and different peak. Subsequently, the same solution 

when exposed to a low intensity white light (5mW) for just 30 seconds allowed for the 

spirobenzopyran reversion to spiro form (close ring structure). The irradiation of white 

light resulted in exhibition of a different  uv spectra, thereby suggesting that the compound 

has reverted to another spiro form. As a control experiment and accurately confirm the 

conversion and presence of the non-ionic form (spiro) on account of light; same concen-

tration of acrylated spirobenzopyran was dissolved in tetrahydrofuran, a non-ionic organic 

solvent. The non-ionic solvent is required to prevent the alteration of the spiro form to the 

merocyanine form. The UV spectra from such an experiment proved that there is sponta-

neous conversion of merocyanine to spiro form on account on light illumination.   
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Figure 4.20. Chemical Structure of spirobenzopyran and light responsive behavior: (a) 

chemical structures and isomerization of spirobenzopyrans due to light irradiation, (b) UV 

spectroscopy of spirobenzopyran under different conditions. 
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Subsequently, the as synthesized spirobenzopyran compound were integrated with 

the PNIPAAm hydrogel using free radical polymerization process. To initiate a faster re-

sponse from the hydrogels and to obtain a continuous/homogenous response from the hy-

drogels, a low temperature polymerization process was adopted. Similarly, acrylic acid was 

added as a co-polymer for these hydrogels. The significance and properties improvement 

of the spiropyran-PNIPAAm hydrogels will be explained in the subsequent sections.  

 

Figure 4.21. Effect of light on spirobenzopyran-PNIPAAm hydrogels as function of time: 

Confocal image and effect of 488 nm laser on hydrogels’ morphology; (left) shows initial 

pore size of the hydrogel network and (right) shows decrease of pore size after laser light 

is irradiated for 10 seconds (linear change ~ 15%), (Inset) bulk co(spirobenzopyran-

PNIPAAm) hydrogel demonstrating de-swelling on account of white light irradiated on it 

for 30 seconds.  
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Furthermore, the light responsive characteristics of spirobenzopyran based hydro-

gels were tested using same laser light of same wavelength as before with the help of a 

confocal microscope (Figure 4.21 a, 4.21 b). Compared to the chlorophyllin-PNIPAAm 

hydrogels the present hydrogels based on spirobenzopyran-PNIPAAm were highly sensi-

tive and the observed shrinkage on account of incident light was much more uniform in 

nature. The average time for contraction of the hydrogels was below 15 seconds. Interest-

ingly, the hydrogels demonstrated clear homogenous shrinking with approximately 20 % 

contraction. Interestingly, the poly(spirobenzopyran-co-N-isopropylacrylamide) co-poly-

mer hydrogel (Fig. 4.21 inset) demonstrates a significant volume change (~70%) and color 

change (from deep yellow to pale yellow) before and after light exposure.  

Compared to the chlorophyllin based PNIPAAm the time scale of the response 

properties was substantially improved due to the spirobenzopyran molecule. Figure 4.22 a 

reveals that chlorophyllin hydrogels with weight percentages concentration even over 10% 

resulted in a change of 10% in linear dimension when exposed to 5 minutes of high inten-

sity white light. The spirobenzopyran demonstrated much faster response than their chlo-

rophyllin counterparts (Figure 4.22 b). Interestingly, when the spirobenzopyran concentra-

tion is increased over 5 wt % the hydrogels demonstrate retardation in the light response 

characteristics. This fact was also seen and explained by the diminishing hydrophilic char-

acter of the hydrogels due to the presence of increase of the spirobenzopyran concentra-

tion(Ziolkowski et al. 2013). Furthermore, the spirobenzopyran hydrogels revealed that the 

UV spectra of the hydrogels would be shifted more towards the deeper visible spectra, a 

fact which would be useful for development of tactile display based on these hydro-

gels(Figure 4.22c).  
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Figure 4.22 (a),(b) Effect of chromophore content on the visible light response of 

PNIPAAm, (c) UV spectra of spirobenzopyran molecule and hydrogel integrated with spi-

robenzopyran  
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4.4.2 Increasing the Response and Mechanical Properties of Spirobenzopyran-PNIPAAM 

Hydrogels 

Effect of Pore Size 

Although the light response properties of spirobenzopyran based PNIPAAm hydro-

gels are considerably better than their chlorophyllin based light responsive hydrogels, they 

lack the fast response properties of thermally responsive hydrogels which were discussed 

in the previous sections. The apparent lack of response properties could be attributed to 

two independent properties of spirobenzopyran based hydrogels, first is the chemistry of 

the spirobenzopyran favors the closed structure which resembles the cis configuration and 

is supposed to have less steric hindrance compared to their trans counterparts (Satoh et al. 

2011). Secondly, the synthesis conditions previously followed by various groups allow for 

low porosity hydrogel due to the ambient or above room temperature synthesis conditions.  

Satoh et al. previously tried to solve the first drawback by purifying various com-

ponents of spirobenzopyran and functionalizing the spirobenzopyran ring by electron-with-

drawing groups such as –OCH3. The incorporation of electron-withdrawing groups in-

creases the response properties considerably by almost 6 folds. They explained this sub-

stantial increase in response time and de-swelling kinetics to preferential ring closing phe-

nomenon of spirobenzopyran due to lack of the electron-cloud which resist the steric effects 

of the spiro form (ring closed form). Although Satoh et al. work demonstrated promising 

results it still cannot be compared to the previous synthesized macroporous thermally re-

sponsive hydrogels.  
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Previously, we discussed the effectiveness of utilizing a low temperature synthesis 

condition to increase the response properties of microporous thermally responsive hydro-

gel. Similar to the pervious synthesis technique we adopt mechanism low temperature 

polymerization process for development of faster responsive light responsive hydrogels 

and also larger pore size. Also like other conventional hydrogels light responsive hydrogels 

also demonstrate slow response primarily due to the diffusion dominated solvent uptake 

process, which directly depends on the surface area of the hydrogel. Furthermore, due to 

the “skin effect”, an outer periphery of the hydrogel shrinks and further retards the de-

swelling rate of larger gel pieces (Kim, Bae, and Okano 1992b). On account of the low 

temperature polymerization process the hydrogels developed in above section demon-

strated capillary dominated solvent absorption and release process rather than the conven-

tional diffusion dominated process(Chatterjee et al. 2015). The larger pore size is expected 

to improve the response time by the help of capillary process. 

Figure 4.23 a,b demonstrates that such a method works better than the hydrogels 

developed previously (Sumaru et al. 2006) or recently the method recently suggested by 

Satoh et al. in which the addition of electron withdrawing group largely affects the swelling 

ratio of the spirobenzopyran based hydrogels (Satoh et al. 2011). The present large porous 

hydrogels demonstrated complete equilibration under 3 minutes and was reversible for 

many cycles. The studies revealed that the swelling ratio can be considerably improved by 

the adoption of such a procedure (Figure .4.23 c). Although substantial, it is worth men-

tioning that as compared to the thermally responsive hydrogels synthesized previously, 

however the present hydrogels do not show as much improvements as before. This is pos-
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sibly, due to lower freezing point of the monomer solution caused by presence of tetrahy-

drofuran. Adoption of low temperature synthesis resulted in increase of swelling ratio. 

However, the major problem of thermodynamic stability of the ring closed form and slower 

reversal of hydrophobic state to hydrophilic state of the hydrogel cannot be overcome by 

just the increase of the pore size of the network. To facilitate such a possibility energy 

requirement has to considerably decreased or the more possible creating a localized envi-

ronment which would favor the ring open form.  

Figure 4.23. Effect of low temperature synthesis on pore size and swelling ratio: (a),(b) 

SEM microscopy for morphology studies of spirobenzopyran -PNIPAAm hydrogel  with 

average pore length of ~ 30µm; (c) Re-swelling ratio of spirobenzopyran based PNIPAAm 

hydrogels synthesized through low temperature polymerization process.  
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Incorporation of acrylic acid  

The adoption of the low temperature polymerization process yielded good results 

in terms of increase in response time especially in terms of de-swelling ratio. However, as 

most of work suggested before light responsive hydrogel based on spirobenzopyran require 

an acidic media for regaining the light response properties. This is because the thermody-

namically favored spiro form(close ring) requires the high activation energy to protonate 

by itself in neutral media. Generally, as mentioned in the methodology section this is done 

by incorporation of strongly acidic media of around pH 3 to expedite the ring opening 

process and conversion to the merocyanine configuration. Although, the acidic media en-

ables regaining the light response properties, for the purposes of the intended usage- tactile 

display, this fact remains an inherent challenge from the packaging point of view. These 

constraints are also important as without solving them, the light responsive hydrogels so 

developed could be termed as single directional and would be disposable system. In the 

present section, the alternative to such a system is proposed by incorporation of an acidic 

group in the synthesis conditions. Previously, the incorporation of such a group has enabled 

faster response time by acidic group functioning as an internalized proton donor/acceptor 

(Ziolkowski et al. 2013). 

Figures .4.24 demonstrates such an improvement by incorporation of acrylic acid 

in the system. By incorporating an acidic chain in the polymeric system the hydrogels has 

a faster response time, compared to simple PNIPAAm-SP system. This is mainly due to 

the difference of de-protanation of the hydrogel network and is deduced to be proximity of 

acidic environment which reduces the diffusion time  of the proton within the network. 
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Thus the acid media limitation is overcome here by the presence of self-protonating net-

work.. Furthermore, we see the presence of acrylic acid in hydrogel network alters the re-

swelling properties and results in  much faster response characteristics by inducting a pro-

tonating monomer, example acrylic acid. The presence of acrylic acid is also hypothesized 

to increase the swelling behavior due to the higher hydrophilic character of the  PNIPAAm 

network. Figure 4.24 also compares the re-swelling ratio of various hydrogels synthesized. 

The black line suggests that the macroporous PNIPAAm hydrogels have the best re-swell-

ing behavior, followed by the acrylic acid spirobenzopyran-co-PNIPAAm hydrogels. More 

importantly, the hydrogels which do not contain the acrylic acid are found to have a worse 

re-swelling ratio.   

 

Figure 4.24. Effect of acrylic acid on the re-swelling behavior of spirobenzopyran hydro-

gels  
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Increase of mechanical properties of light responsive hydrogels  

Along with the response properties, an important facet of hydrogel characteristics 

are their mechanical properties. Particularly in the present work the mechanical properties 

gain additional interest as we propose to utilize these hydrogels as tactile display alterna-

tives. Previously, in the thermally responsive hydrogels we had incorporated in-situ silicate 

network as the method of improving the mechanical properties along with their response 

properties. In the present work, the silica method was not followed for two important rea-

sons. First, the in-situ network generated by the tetramethyl-orthosilicate (TMOS) relies 

on a dominant aqueous media, which is lacking here due to presence of the THF. Second, 

and most importantly the incorporation of such a network does not improve the toughness 

of the hydrogel, an important attribute required for the hydrogel to be used as a viable 

alternative for the tactile displays. 

Figure 4.25 describes an alternative strategy to develop tough hydrogel has been 

done by using silicate network dispersed. The DMA compression data reveals that the in-

corporation of the silicate network resulted in high increase of the toughness as well as the 

stretchability. These properties could be very useful in the present case of light responsive 

hydrogel. Previously, also the addition of hydroxyapatite and other clay particle have 

demonstrated remarkable mechanical and unexpected stretchability (Gaharwar et al. 2011, 

Wu et al. 2011). The mechanical properties such composite material could be compared to 

even elastomers due to presence of silicate nanoparticles usually acting as covalently bound 

and multifunctional cross-linkers to the polymer, which leads to mechanical toughness, 
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high tensile moduli, and rapid de-swelling in response to stimulus changes. Both the pres-

ence of such clay particles as well as the different synthesis technique is expected to im-

prove the properties of the hydrogel discussed here. 

 

 

Figure 4.25. Effect of laponite concentration on the mechanical properties of spiroben-

zopyran-co-PNIPAAm hydrogels (a) Illustration of laponite dispersed in a chemically 

cross-linked PNIPAAm network (b), (c) comparison of complex moduli due to incorpora-

tion of clay particles.  
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4.4.3 Application of light responsive hydrogels in tactile devices 

The hydrogels studied here could be an excellent potential candidate for the devel-

opment of tactile based surfaces. In this section we review some of the preliminary work 

done in this field by exploiting the light responsive hydrogel. Figure 4.26a describes the 

basic mechanism of developing a stereolithographic setup, which is attached to a projector 

that relays the pattern designed on the computer. The light used here is of white color, an 

important criterion for this project. The light responsive behavior of the hydrogel was 

tested by project specific pattern i.e., “ASU” on the hydrogel surface. The experiment suc-

cessfully verified the light responsive characteristic of the hydrogel (Figure 4.27 b).  

Apart from a simple film of hydrogel acting as the tactile display, another possibil-

ity of using this hydrogel is through the integration of hard and soft material as seen previ-

ously. The proposed mechanism is to have the materials inside narrow copper channels 

which allow light to be beamed in directly through these. A schematic illustration of such 

a mechanism is shown in Figure 4.27 a, where light is projected from top to bring about a 

change in morphology of the top surface of the hydrogel film. Preliminary studies have 

been conducted with this idea which proves such an idea. We propose that the a develop-

ment of fast responsive hydrogel would facilitate the development of tactile surface which 

could easily added-on top of consumer devices, for better human interaction . 
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Figure 4.26. Light responsive hydrogel as tactile displays, (a) Schematic illustration of the 

photolithographic setup used in the test, (b) Time lapse of the pattern developed on the 

hydrogel 

 

Figure 4.27. Light responsive hydrogel as potential candidate for pixelated tactile device, 

(a) Schematic of light responsive hydrogel in fixed channels, (b) preliminary light re-

sponsive hydrogels demonstrating shrinkage of the hydrogel in the z-direction,(c) hydro-

gel synthesized in a mold and exposed to light in different sections.  
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CHAPTER 5 

SUMMMARY AND FUTURE WORK 

5.1 Summary 

In summary, two types of poly(n-isopropylacrylamide) (PNIPAAm) based ther-

mally responsive hydrogels, namely macroporous and microporous, were prepared by 

adopting different synthesis techniques. The structure-property relationship studies of these 

hydrogels were performed through various characterization techniques such as DSC and 

rheometer. These studies offered important insight into the difference of the mechanical 

and thermal properties of PNIPAAm hydrogels as a function of pore size. Importantly, the 

employment of additives such as a co-solvent (methanol) and an ionic surfactant (SDS) in 

the media to alter the transition temperature was studied here. These studies were useful in 

demonstrating the hydrogels response can be tuned as function of media molecules, thereby 

opening possibility of new applications for these popular “smart” material. Interestingly, 

these studies also revealed that based on the hydrogel porosity, the response of the hydro-

gels were different; thereby suggesting a structure property relationship between hydrogels 

and the media molecules.  

Furthermore, using the macroporous hydrogel as a substrate it was demonstrated 

that environmentally sensitive hydrogels can be successfully integrated with thin-film sil-

icon by using transfer-printing methods, both patterned and non-patterned silicon elements. 

The integration provided a means of controlled mechanical buckling of the thin silicon film 

due to changes in environmental stimuli such as temperature. An approach to create sub-

strates with tunable curvatures was also developed. The bowl-like shape was obtained from 

a bilayer structure comprising of PNIPAAm hydrogel and a copolymer hydrogel made 
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from (N-isopropylacrylamide) (NIPA) and acrylic acid (AA). Such substrates were inte-

grated with thin film silicon and their buckling phenomenon was studied, thereby revealing 

the reversible nature of the substrate as well as the integrated silicon.  

Also the effect the additives on the light response properties of PNIPAAm was 

explored. Both physical (chlorophyllin) and chemical (spirobenzopyran) approaches were 

discussed as a method of incorporating visible light response properties in PNIPAAm. To 

develop faster response time for such hydrogels, a low temperature polymerization process 

was adopted along with an acidic co-polymer. As the main motivation of the work was to 

develop a tactile display for the digital devices, a method of incorporating silicate network 

into the hydrogels synthesis and making them tougher was also explored. Such incorpora-

tions resulted in increase of the mechanical properties along with a limited decrease of the 

light response properties.Such methods of developing faster responsive hydrogels along 

with multi-stimuli response could be effective for future development and use of diverse 

environmentally responsive substrates. Moreover, these “smart” materials could offer 

broader impacts on numerous applications, especially in the field of adaptable electronics 

(e.g., flexible sensors, high-performance bio-inspired systems, etc.). Finally, the compre-

hensive studies would enhance the present knowledge of both fast responsive PNIPAAm 

and conventional hydrogels and probably help it to be a more attractive for such integration 

with other hard semiconducting materials.  
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5.2 Future Work  

Influence of Ionic Liquid on Transition Temperature of PNIPAAm 

In this work, we successfully demonstrated the effect of media molecules, such as 

co-solvent and surfactant on the transition temperature of LCST exhibiting polymers like 

PNIPAAm. Such an observation was explained on the basis of influence of such molecules 

and diverse interaction pattern with the polymeric chains. Particularly, we see the phenom-

enon of co-solvency being exhibited when hydrophilic solvent, such as methanol is mixed 

with water and PNIPAAm; which results in the decrease of transition temperature of 

PNIPAAm. On the other hand, surfactants has a stabilizing effect which resists the hydro-

gen bond collapse and thus increases the transition temperature. On the similar lines, an-

other class of molecules, namely ionic liquids could potentially exert the both these effects 

on the transition temperature of PNIPAAm.  

Ionic liquids are interesting class of solvents which have long organic chains along 

with inorganic anionic groups. Ionic solvents have since been proposed to be used in many 

applications as green solvents due to low volatility and non-flammability. Ionic liquids 

could potentially have the ability to be used as co-solvent with water or in its pure state to 

also control the transition temperature of PNIPAAm. One of the most attractive feature of 

ionic liquids is that its end group be easily replaced by displacement reaction, this results 

in alteration of the hydrophilic character of the compound. This feature potentially could 

give extended ability to influence the transition temperature depending on the end group 

effect on the transition temperature of PNIPAAm. As part of the future work, we propose 

such a system of ionic liquids to modulate the transition temperature.  
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Previously, Ueki et al. (Ueki and Watanabe 2006) demonstrated that the 1-ethyl-3-

methylimidazolium bis(trifluoromethane sulfone)imide (EMIM-TFSi) could be used to in-

crease the transition temperature of low density linear PNIPAAm polymer beyond 100 °C. 

For general co-solvents such a wide increase in the transition temperature is not seen and 

such a phenomenon is also not well-explained. Therefore, we also propose to use molecular 

dynamic simulation on understanding the reason behind such observations. Moreover, be-

cause such initial observations have only been reported using transmittance mode in simple 

spectrometer, future studies warrants closer a closer inspection of such a phenomenon on 

bulk hydrogels using thermal characterization methods such a DSC, similar to what we 

have used before. Therefore, as part of the future we propose to undertake a two –fold 

strategy in which we propose to influence the transition temperature of PNIPAAm by the 

presence of different classes of ionic liquids in the media. Furthermore, we want to under-

take molecular dynamic simulations to explain the mechanism followed by ionic liquids 

on such hyporthesized influence on the LCST behavior along with thermal characterization 

technique to understand such observation in more detail.  

Improvement of Response and Mechanical Properties of Spirobenzopyran-PNIPAAM Hy-

drogels 

Tactile display was one the main emphasis of developing visible light responsive 

hydrogels which we discussed in the previous section. However, for this technology to be 

completely integrated with modern electronic devices, we need fast reversible light re-

sponse characteristics as well good mechanical properties. Although the fast responsive 

characteristics was developed here with help of low temperature polymerization process, 
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the mechanical property is still a critical challenge. The mechanical property assumes 

greater significance in this particular application of tactile display as the hydrogels so de-

veloped is proposed to be used as the interface between the human touch and digital screen. 

Integration of clay materials had larger impact on the mechanical properties, but it 

also negatively impacted the light responsive properties. One major reason for this draw-

back is limited solubility of spirobenzopyran in clay dominated aqueous solution and non-

solubility of clay nanoparticles in the organic solvents such as tetrahydrofuran. This fun-

damental limitation leads us to propose a twofold synthesis technique, e.g. double network 

or grafting of the light responsive spirobenzopyran molecule on the PNIPAAm hydrogel 

network. Previously, some research has successfully demonstrated the technique of graft-

ing of hydrophobic polymer chains on PNIPAAm polymer network, such as polyethylene 

by adopting plasma assisted grafting or UV assisted grafting techniques (Akiyama et al. 

2004, Virtanen, Baron, and Tenhu 2000). We propose to use the same technique on 

PNIPAAm based hydrogels. Furthermore, due to the diversity of the spirobenzopyran as a 

mechanophore, the above proposed hydrogels could also be stress-sensitive. Such a class 

of environmentally responsive hydrogels, with multi-responsive properties could thus open 

new avenues for use of such interesting soft materials. Lastly, the adoption of the hydrogels 

with traditional display devices would require novel packaging solutions to be developed 

and should be prime focus for bringing such technologies for everyday use. 
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APPENDIX A  

PYRROLE-BASED POLY(IONIC LIQUIDS) AS EFFICIENT STABILIZERS FOR 

FORMATION OF HOLLOW MWCNT PARTICLES 
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1. Introduction  

Carbon Nanotubes (CNTs) have been a material of interest in a diverse set of fields 

because of their remarkable characteristics such as high thermal, mechanical, and electrical 

properties, low mass density, etc. However, agglomeration of the nanotubes and their in-

compatibility with polymer matrices encompass some of the major challenges, which limit 

their employment in the many proposed applications, especially in the field of nano-com-

posites. The fundamental limitations of carbon nanotubes highlight the need to focus on 

efficient methods for stable CNT dispersion, without reducing their desired thermal, me-

chanical, and electrical properties.  

Broadly speaking, there are two approaches to disperse CNTs: first is the mechan-

ical dispersion method, and the second is the alteration of the surface energy of the CNTs, 

either physically through non-covalent treatment, or chemically by the means of covalent 

bonding. Previously, most of work related to dispersion of CNTs (both single walled and 

multi-walled) have focused on high powered ultra-sonication for dispersing the materials 

by using a high shear rate. The major drawback of such an approach is the decreased aspect 

ratio of the nanotubes during the high shear mixing process as well as limited stability (Lu 

et al. 1996). Chemical methods, particularly the covalent treatment method, offer highly 

stable dispersions due to the chemical functionalization to increase the surface energy, 

providing repelling forces in between individual nanotubes (Najafi et al. 2006, Xing et al. 

2005). Although this method is efficient, it can cause structural defects in the nanotubes, 

which significantly affects the performance of the CNTs and their potential applications. 

This occurs due to the aggressive nature of the chemical method, including high reaction 

temperatures and long reaction times, as well as the added surface pendant interrupting the 
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𝜋-electron cloud of the CNTs (Bikiaris et al. 2008). In this context, non-covalent treatment 

offers an appealing route to disperse CNTs, mitigating the need for harsh thermal or me-

chanical treatments and allowing the crucial 𝜋-electron cloud of the graphitic nanotube 

structure to remain completely intact. 

Non-covalent surface treatment for CNT dispersions generally comprises of utiliz-

ing different types of stabilizers, typically surfactants having both a hydrophilic and hy-

drophobic group, which are known to facilitate the homogenization of CNTs (Lu et al. 

1996, Vaisman, Wagner, and Marom 2006, Vaisman, Marom, and Wagner 2006). One of 

the major drawbacks of surfactant-based stabilization is the need to use of large quantities 

of the stabilizers to prevent the aggregation of CNTs for any extended period of time. Sec-

ondly, most of the known surfactants used for this application do not share the same prop-

erties as CNTs, e.g. high conductivity or thermal stability, which interrupts the inherent 

property of the nanotubes when these molecules wrap around them. A new option to lessen 

the effect of the above disadvantages is to use ionic liquids (ILs), liquid salts having both 

organic and inorganic moieties, as an alternative to create stable dispersants of nanotubes. 

Recently, Fukushima et al. demonstrated this by dispersing CNTs in different ionic liq-

uids(Fukushima et al. 2003). However, the non-covalent wrapping of the CNTs in ILs does 

not yield very stable dispersions in water or organic solvents.  

Polymerized ionic liquids (poly(ionic liquids), PILs) feature a polymer backbone 

and pendant ionic liquid groups and can offer enhanced stability over ionic liquids for CNT 

dispersions. This is attributed to the longer chains of the PILs, which are hypothesized to 

aid in the wrapping of the CNTs and lead to more stable dispersions (Zhao et al. 2010). 
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Apart from the stability, PILs also offer extraordinary versatility in terms of hydrophilic-

ity/hydrophobicity, a key factor for utilizing CNTs in different liquid systems. The polarity 

of the PILs can be tuned by simple anion exchange reactions to produce PILs of the same 

polymer backbone with a variety of anions, thus they can be solubilized in water to many 

different polar and nonpolar organic solvents corresponding to the polarity of the selected 

anion. Furthermore, PILs also offer the unique possibility of different functional back-

bones. In the present work, we demonstrate how intrinsically conducting polymers (or con-

jugated polymers, ICPs), such as polypyrrole, can be utilized as a functional backbone in 

PILs to create PIL-ICP hybrids to act as stabilizers for multi-walled carbon nanotubes dis-

persions in various solvents. Importantly, we expect to overcome the inherent lack of elec-

tronic conductivity in a pure ionic liquid-based system and at the same time aid the elec-

tronic properties of nanotubes, through the employment of the polypyrrole backbone, un-

like the conventional use of nonconductive surfactants. Additionally, incorporating ionic 

liquid moieties to create the PIL-ICP hybrid system also solves the largest barrier to the 

use of ICPs alone, which is the lack of solubility in aqueous or many organic solvents, 

while allowing for the formation of novel CNT dispersions in multiple, differing solvents 

with stability in the range of several months.  

The formed PIL-ICP hybrid stabilized CNT dispersions also offer unique possibil-

ities in terms of applications. One unique usage of such dispersions is in the area of surfac-

tant-free emulsions or Pickering emulsions, formed by adding an oil phase to the disper-

sion, to create droplets stabilized by MWCNTs. Due to the incorporated flexibility by the 

virtue of the PIL-ICP hybrids, different emulsions can be proposed with the same PIL-ICP 



133 

backbone, such as hexane-in-water or hexane-in-acetonitrile. The Pickering emulsions ob-

tained from this technique demonstrate extended stability and unique characteristics. One 

of the most unique features of this type of emulsion was the ability to generate hollow 

conductive shells via the stabilization of the CNTs at the oil-water/acetonitrile interface. 

The morphology of the CNT particles formed from the emulsion droplets were studied with 

confocal microscopy and further characterized after drying by scanning electron micros-

copy (SEM) to view the shell morphology. The hollow particles can therefore be used as a 

payload carrier, depending on the solubility of the payload in the oil phase of the Pickering 

emulsion. In the present work, such an idea was demonstrated with silicon nanoparticles, 

which have limited solubility in the aqueous phase. Overall, this work proposes a new class 

of efficient PIL-ICP hybrids stabilizers with controllable hydrophilicity offering extended 

stability of carbon nanotube dispersions with novel applications in hollow particle for-

mation via Pickering emulsion templating and in placing a payload into the shells.  

2. Experimental Methodology 

2.1. Pyrrole-based PIL Monomer Synthesis  

Synthesis of the monomer was carried out according to literature, by first synthesizing 

the precursor molecule N-(4-bromobutyl)pyrrole, then using it to yield N-(4-butyl-(1-me-

thylimidazole))pyrrole bromide monomer(Dehaen and Hassner 1991, Zhang et al. 2008, 

Zhao et al. 2009).All materials were used as-in from the suppliers, without further purifi-

cation. 0.6 g ground potassium hydroxide (Sigma-Aldrich) and 150 mL dimethylforma-

mide (ACROS Organics) were added to a 250 mL round bottom flask, under a nitrogen 

purge, magnetic stirring, and in an ice bath. 5 mL of 1,4-dibromobutane (ACROS Organ-

ics) was added, followed by the addition of 1 mL pyrrole (ACROS Organics) dropwise. 
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The mixture was stirred for 24 hrs. To purify the reaction mixture, 150 mL HPLC water 

(Fisher Scientific) was added to the reaction solution and the product was extracted into 

300 mL diethyl ether (VWR International). Magnesium sulfate (Alfa Aesar) was used to 

dry the solution, and then the ether was evaporated under vacuum to yield the precursor 

molecule, N-(4-bromobutyl)pyrrole. 1H NMR: 6.62, 6.12 (aromatic C-H); 3.92, 3.37 (C-H 

near Br); 1.99, 1.83 (alkane C-H). 1.2 g N-(4-bromobutyl)pyrrole and 0.59 g 1-methylim-

idazole (ACROS Organics) were added to 15 mL acetonitrile (Honeywell), heating at 60 

°C under reflux, magnetic stirring, and a nitrogen purge two days. The monomer product, 

N-(4-butyl-(1-methylimidazole))pyrrole bromide, was then recovered after solvent evapo-

ration. 1H NMR: 10.32, 7.87, 7.24, 6.65, 6.12 (aromatic C-H); 4.22, 4.07 (C-H near aro-

matic); 3.95 (C-H on methyl group on imidazole ring); 1.92, 1.83 (alkane C-H). 

2.2. Pyrrole-based Hydrophilic and Hydrophobic PIL Synthesis 

The synthesis of the hydrophilic pyrrole-based PIL, poly(N-(4-butyl-(1-methylimid-

azole))pyrrole bromide) (PPy-Br), and the two hydrophobic pyrrole-based PILs, poly(N-

(4-butyl-(1-methylimidazole))pyrrole hexafluorophosphate) (PPy-PF6) and poly(N-(4-bu-

tyl-(1-methylimidazole))pyrrole bis(trifluoromethane)sulfonimide) (PPy-Tf2N), were car-

ried out according to literature (Zhao et al. 2009). 2.3 g of Iron(III) chloride hexahydrate 

(Fisher Scientific) was used as an oxidant and added to 12 mL HPLC water, under a nitro-

gen purge and magnetic stirring. 0.78 g of N-(4-butyl-(1-methylimidazole))pyrrole bro-

mide was then added. After addition of the monomer, the solution was stirred for two 

minutes and then kept at room temperature for 24 hours without further stirring. The 

polymerization was terminated by pouring the mixture into a great deal of acetone. The 

black power product was then filtered out and washed with acetone and methanol until the 
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washing solution became clear, with subsequent drying under vacuum to yield the PPy-Br 

product. To form the hydrophobic PILs, a simple anion exchange procedure was carried 

out with PPy-Br and two hydrophobic anion containing salts, potassium hexafluorophos-

phate to create PPy-PF6 and lithium bis(trifluoromethane)sulfonimide to create PPy-Tf2N 

(both salts being from Sigma-Aldrich). 0.02 g of PPy-Br was dissolved in 10 mL HPLC 

water, and a solution of 0.04 g of the corresponding salt in 10 mL of water was added 

dropwise to the first solution, under stirring at room temperature for 24 hours. The resulting 

hydrophobic precipitate was filtered and washed with HPLC water and dried under vacuum 

to yield the hydrophobic PIL powders.  

2.3. PIL-stabilized CNT Dispersion and Emulsion Formation 

For stability testing, CNTs were dispersed in various solvents with and without a PIL 

stabilizer. 5 mg of CNTs and 5 mg of a pyrrole-based PIL were added to 25 mL of HPLC 

water. The solution was ultrasonicated for fifteen minutes in an ice bath with a Sonics 

VibraCell 500W to create a stable, homogeneous black solution. For the control without 

the PIL stabilizer, 5 mg of CNTs and 25 mL of the solvent were sonicated in an ice bath 

for the same time. To create the hexane-in-water Pickering emulsion stabilized by the PIL-

CNT, 1.5 mL of hexane was added to a solution of CNTs stabilized in water by PPy-Br, 

according to the procedure above. This was then put on a shaker for 10 minutes. Hexane-

in-acetonitrile emulsions with PPy-PF6 or PPy-Tf2N as the CNT stabilizer were prepared 

in an identical fashion. A 2.5% w/w suspension of Silicon (Si) nanoparticles in octane was 

mixed with the CNT suspension at a ratio of 3:5 by volume. The ratio of the weights of Si 

nanoparticles to CNT was 1:1. 

2.4. Material Characterization and Hollow Particle Formation 
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1H Nuclear Magnetic Resonance (NMR) spectra were taken with a Bruker 400 MHz 

NMR spectrometer in deuterated chloroform (Cambridge Isotope Laboratories). Fourier 

transform infrared spectra (FTIR) were generated with a Bruker IFS 66V/S FTIR spec-

trometer, incorporating the samples into potassium bromide pellets. A TA Instruments 

Thermogravimetric Analyzer (TGA) Q500 was used to analyze the thermal weight loss 

under nitrogen. The PIL samples were placed in a tared platinum crucible and heated from 

25 to 600 °C at a heating rate of 10 °C min−1
, while the PIL-CNT emulsion samples were 

heated from 25 to 900 °C at a heating rate of 20 °C min−1. Microscopic morphologies of 

the solutions and emulsions were taken using a confocal laser-scanning microscope (Leica 

TCS SP5), a FEI/Philips XL30 Environmental FEG Scanning Electron Microscope (SEM), 

and a Philips CM200-FEG Transmission Electron Microscope (TEM). To yield the hollow 

particles, the emulsion droplets were initially frozen at -18 °C and then freeze dried using 

a 1L bench top Labconco FreeZone freeze dryer for 24 hours followed by gold sputtering 

for 100s. The obtained frozen emulsion particles were subsequently studied using the XL-

30 SEM for surface morphology.  

3. Results and Discussion 

3.1. Synthesis and Characterization of Pyrrole-based PILs 

 The synthesis of the polypyrrole-based poly(ionic liquids) (PILs) was performed 

following the synthesis of the precursor molecule, N-(4-bromobutyl)pyrrole, and then the 

creation of the hydrophilic N-(4-butyl-(1-methylimidazole))pyrrole bromide monomer. 

This monomer was then polymerized with the aid of iron chloride hexahydrate as an oxi-

dant to create the hydrophilic PIL-ICP hybrid, poly(N-(4-butyl-(1-methylimidazole))pyr-
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role bromide) (PPy-Br). Simple anion exchanges with the salts potassium hexafluorophos-

phate and lithium bis(trifluoromethane)sulfonamide, yielded the hydrophobic PIL-ICPs, 

poly(N-(4-butyl-(1-methylimidazole))pyrrole hexafluorophosphate) (PPy-PF6) and 

poly(N-(4-butyl-(1-methylimidazole))pyrrole bis(trifluoromethane)sulfonimide) (PPy-

Tf2N), respectively. Figure A1 shows the FTIR spectra of these three synthesized PILs to 

show the successful creation of the PILs and anion exchanges. From the FTIR spectra, the 

characteristic peaks of the poly(pyrrole) (PPy) backbone in the range of 3600 – 3200 and 

1700 – 1200 cm-1 can been seen. In addition, absorption bands near 1050 cm-1 (–NH bend-

ing deformation) and 950 cm-1 (-CH out of plane bending) can be observed. This indicates 

that each PIL has the same PPy backbone.  
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Figure A1. FTIR spectra of the synthesized polypyrrole-based PILs with their respective 

chemical structures below each curve, from the top down, PPy-Br (green), PPy-PF6 (red), 

and PPy-Tf2N (blue). 

The anion exchange of the PILs was done to control the hydrophilicity, as the Br 

anion is highly polar and hydrophilic and can be easily exchanged with nonpolar and hy-

drophobic anions to yield hydrophobic PILs as precipitates in water to be easily filtered off 

and recovered. The anion exchange between Br and PF6 can be seen in the FTIR spectra 

through the addition of absorption bands in the PPy-PF6 spectrum at 1169 cm-1, 841 cm-1, 

and 559 cm-1 corresponding to the newly present P-F bonds (Zhao et al. 2009). The anion 
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exchange between Br and Tf2N is recognized through the appearance of peaks correspond-

ing to the Tf2N anion, including 1350 cm-1 (SO2), 1200 cm-1 (CF3), 1150 cm-1 (SO2), and 

1050 cm-1 (S=N=S))2, cm-1)(Höfft, Bahr, and Kempter 2008). With the successful synthesis 

of three PIL-ICP hybrids of varying hydrophobicity, we sought out to take advantage of 

these characteristics to stabilize CNTs in various solvents, with subsequent emulsion for-

mation and hollow particle generation. 

3.2. Polypyrrole-based PIL-stabilized MWCNT Dispersions 

Traditional ionic surfactants, such as sodium dodecyl sulfate (SDS), have long been 

used as a dispersant for carbon nanotubes. However surfactants such as SDS are not ther-

mally stable for many procedures, including large scale melt-blend processing. As far as 

aqueous dispersions of CNTs are concerned, long-chain ionic liquids (ILs) can be good 

alternatives to traditional surfactants. Fukushima first described the efficacy of such mate-

rials with imidazole-based IL systems (Fukushima et al. 2003). Surfactant-like long-chain 

ILs such as 1-alkyl-3-methylimidazolium bromides, butyl-a,b-bis(dodecylimidazolium 

bromide), carbazole tailed ILs (1-n-(N-carbazole)alkyl]-3-methylimidazolium bromide) 

and imidazolium ion-based ILs with hexadecyl alkyl chains have been found to be quite 

effective in dispersing CNTs in water. It is also worth mentioning here, that although ma-

jority of work utilizes these types of ILs, other combinations are also possible as proposed 

in literature (Tunckol, Durand, and Serp 2012) and several types of long- and short-chain 

ILs have been investigated to disperse CNTs in aqueous solvents. However, when using 

short-chain ILs, the stability of the CNT dispersions is not very long. In the present work, 

the unique synthesized pyrrole-based PILs were utilized as stabilizers of multi-walled car-

bon nanotubes (MWCNTs) in order to achieve enhanced emulsion stability, take advantage 
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of the increased thermal and electrical properties of the pyrrole backbone and the tuning of 

the hydrophobicity by selection of the PIL anion to disperse the CNTs in varying solvents. 

 

Figure A2. MWCNTs dispersed in water without (a and c) and with (b and d) the PPy-Br 

stabilizer. a and b: macroscopic stability 8 hr after dispersion (insets left) and correspond-

ing confocal images with 25 μm scale bars, c and d: TEM images of the CNT dispersions 

with 5 μm and 500 nm scale bars, respectively. 

Figure A2 compares the stability and resulting microscopic morphology of CNT 

dispersions in water with and without the hydrophilic PIL, PPy-Br, as the stabilizer. The 

macroscopic images of the dispersions in Figures A2a and b (left inset) demonstrate the 

25	μm		 25	μm		

5	μm		 500	nm		
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efficacy of the PIL as a dispersant, with these images taken 15 min after ultrasonication. It 

can be clearly seen that the CNT dispersion with no stabilizer has fully destabilized, while 

the PPy-Br successfully stabilizes the CNTs to create a homogenous black solution. All of 

the samples prepared here have dispersion stability greater than 6 months. The confocal 

and TEM images confirm the micro- and nano-stability, respectively, with large aggregates 

seen for CNT-in-water without a dispersant for both the micro- and nano-regime. For the 

dispersion with PPy-Br, no large aggregates can be seen in the confocal images and the 

resulting TEM images clearly show individual nanotubes, which have been spaced away 

from each other by the PIL. No large aggregates where seen with TEM for the dispersion 

with PPy-Br. 

Like traditional surfactants, the PIL-based stabilizers adsorb on the CNT surface 

via their hydrophobic polypyrrole backbone and long alkyl chain orienting the cationic 

imidazolium groups with the corresponding hydrophilic Bromide anion toward the aqueous 

phase. The positive charges created on the CNTs prevent them from aggregating and give 

them extended stability due to the enhanced zeta potential caused by their charged nature. 

The high stability is additionally ascribed to longer chains of the polymerized ionic liquid, 

which can easily wrap around the nanotubes, as illustrated in Figure A3a. This property of 

the polymerized ionic liquid is different from other non-covalent methods, in that the mo-

lecular weight of the PILs is much higher than a simple surfactant or monomeric IL, which 

generally lead to lower dispersion stability of CNTs in water or organic solvents. This hy-

pothesis is supported by the fact that the dispersing ability of the surfactants generally in-

creases with the increasing length of the alkyl chain, which is reflected by an increased 

absorbance on the UV–NIR spectrum (Liu et al. 2010, Dong et al. 2011).For simple ionic 
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liquids, the effect of different groups at the 3-position of the imidazole ring with a hexa-

decyl alkyl chain has been investigated in terms of CNT dispersing ability (Di Crescenzo 

et al. 2009).Through a systematic study, it was found that hydrophobic groups (e.g., phenyl 

group) increased the affinity of the surfactant toward the CNTs, but too hydrophobic of a 

group decreased the water solubility of the surfactant, thus favoring micelle self-assembly. 

Results of this study demonstrated that 1-hexadecyl- 3-phenylimidazolium bromide was 

the most efficient among the investigated surfactants (Di Crescenzo et al. 2009).Hence, a 

good balance between the hydrophilic and hydrophobic domains is needed to obtain an 

effective CNT stabilizer, which is easily obtained by the tunability of the PIL-ICP stabi-

lizers in this work. Liu and co-workers showed that IL-based Gemini (dimeric) surfactants, 

which consist of two imidazole ring head groups and two hydrophobic chains separated 

with a spacer, were more effective in dispersing CNTs than the IL-based monomeric sur-

factants (Di Crescenzo et al. 2009). The long alkyl chain ILs formed aqueous dispersions 

of CNTs, which remained stable for months. Zhou and co-workers investigated the disper-

sion of CNTs using very small amounts of short-chain ILs in water and found that ILs 

bearing both an amino group and imidazolium or pyridinium core are very effective in 

dispersing CNTs in water. (Zhou et al. 2009). A very small quantity of IL, as little as 1.4 

wt%, was sufficient to achieve this. In our work, a 1:1 mass ratio of PIL stabilizer to CNT 

was used for the dispersions, which is much less than dispersions utilizing conventional 

surfactants (Hermant, Klumperman, and Koning 2009)  
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Table A1. PIL-ICP polarity importance in dispersing MWCNT in various solvents (stable 

dispersion denotes a greater than 6 month stability). 

 

Modifying the polarity/hydrophobicity of the overall PIL by simple anion exchange 

is one of the major advantages of their use as a stabilizer, with Table 1 demonstrating the 

dispersion capability of the three synthesized PILs for CNTs in varying solvents, forming 

stable solutions for longer than 6 months. PPy-Br can easily form stable dispersions of 

CNTs in water, but was unable to form stable dispersions in acetone or acetonitrile due to 

the hydrophilic/polar nature of the PIL, a direct result of the Br anion.. In contrast, PPy-

PF6 and PPy-Tf2N were able to form stable dispersions in acetone and acetonitrile, but not 

water, due to their non-polar hydrophobic nature, with Tf2N being a more hydrophobic 

anion that PF6 (Chiappe and Pieraccini 2005). 
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Thermogravimetric analysis (TGA) can been used to probe the interaction between 

the PIL stabilizer and the CNTs. Figure A3b shows the TGA scans for the neat PIL stabi-

lizers, with PPy-Br possessing less stability, with PPy-Tf2N possessing the most before the 

decomposition step around 330 C, where the trend switches and PPy-Tf2N possesses the 

least stability with PPy-PF6 being the most stable. These differences in stability are directly 

related to the differences in the stability of the anion, with the hydrophobic PF6 and Tf2N 

stabilizing the PPy backbone, until there is a drastic degradation of the many function 

groups in the Tf2N anion, with the PF6 anion remaining the most stable to thermal loss. The 

quantity of the grafted IL moiety can be determined from TGA. Under air atmosphere, the 

onset decomposition of pristine MWCNT is between 873K to 973 K (600-700C) depending 

on the sample and the heating rate. For the CNTs associated with the PIL stabilizers, there 

are two onset temperatures, as seen in Figure A3c. This suggests that the stabilized nano-

tubes demonstrated higher stability than pristine CNT. Interestingly, the CNT decomposi-

tion is also determined by the PIL counterion. The stability of PF6- ion was found to higher 

than the TF2N and Br ions.  
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Figure A3. (a) Schematic showing the proposed interaction between the PIL-ICP hybrid 

stabilizers and the surface of a MWCNT. (b) TGA scans showing the comparative degra-

dation of the synthesized PIL-ICP hybrid powders. (c) TGA scans showing the compara-

tive degradation of the respective dried PIL-CNT dispersions with the pristine MWCNTs, 

showing the interaction between the two materials. 

3.3 Oil in water emulsion stabilized by PIL-MWCNT  

The poly-ionic liquids synthesized in the previous section demonstrated superior 

ability of carbon-nanotube stabilization. Along with a conductive backbone the present 

method of CNT stabilization offers the unique capability of dispersing and stabilizing the 

CNT for extended period of time.in various conditions; both aqueous and organic. The 

latter ability of utilizing versatile dispersion solvent is credited to possibility of facile ex-

change of anions. The replacement of ions has a strong influence on the hydrophilic/hy-

drophobic character of the PILs. In the present section we explore the idea of utilizing such 

dispersions as template for stabilizing two immiscible phases, e.g. water and hexane. The 

present approach of utilizing nanotubes as the stabilizing agent could be bracketed under 

novel “pickering emulsion” technique.  
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Figure A4. Confocal images of the Pickering emulsions showing the CNT-stabilized 

droplets. (a) PPy-Br / CNT / water(green)/hexane, (b) PPy-Tf2N / CNT / acetoni-

trile(red)/hexane. 

Figures A4a, A4b are images from a confocal microscope clearly depicting the abil-

ity of utilizing these nanotubes for formation of emulsion with uniform droplet size in two 

immiscible phase combinations; water-hexane and acetonitrile-hexane. On homogenizing 

the CNT laden water or acetonitrile phase with an immiscible solvent- hexane and acetone 

respectively, there is quick movement of CNT to the oil and water interface. Specifically, 

the aqueous/acetonitrile phase became very clear and transparent, demonstrating that the 

CNTs have completely transferred to the oil/water interface of the emulsions. Specifically, 

both the vials contain equal volumes of water and hexane with PIL and CNT being 3 mg 

each. The emulsion phase accounts for ∼40% volume fraction of the total liquid. The ob-

tained emulsion was very stable during storage under ambient conditions, as shown in inset 
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of figure 4. The droplet size remained almost unchanged over 100 h. As gradual evapora-

tion of the organic solvent, some of the CNTs transferred to the wall of the vial and the 

total volume of emulsion was reduced. Importantly, both these emulsions show good cov-

erage and have considerable homogeneity in terms of droplet size.  

To visualize the droplets better, the water was dyed with a hydrophilic compound, 

sodium fluroscein (Figure A4a). Similarly, in figure A4b the organic phase- acetonitrile 

has rhodamine b incorporated for the distinctive pink coloration. The dyeing also elucidates 

that the first emulsion could be clubbed under oil in water system determined by the dye 

solubility test by tracing the colors of the emulsion droplets and the continuous phase after 

adding the above mentioned green water-soluble dye (fluorescent Na salt) appearing out-

side the droplets and no coloration appearing in the continuous phase. Importantly, apart 

from the visual appearances, the crucial CNT stabilizing molecule is different in both these 

experiments-PPyBr (right) and PPyTf2N (left). The studies clearly reveal that both these 

previous CNT dispersions are compatible enough for emulsion formation. Moreover, such 

studies acquire novelty in terms of ease of formation and stability (greater than 100 hours) 

in versatile media. Such diversity and tunabilty has not been achieved previously by other 

methods and thus possesses the possibility of expanding the utilization of these emulsion 

for diverse applications. Previously, certain pure ionic liquids have tried to demonstrate 

similar capability of being used as dispersant and replacing surfactant for formation of 

novel “Pickering emulsions”. However, these studies require addition of certain additives 

or particles; e.g. silicon to aid in stabilizing the immiscible phases (Gao et al. 2011) and 

therefore cannot be classified as pure CNT stabilized emulsions. Furthermore, studies were 
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undertaken to probe the ability of the above synthesized PILs as dispersant by themselves. 

However, they showed limited ability to do so.   

Among, the other studies in this field, Gao et al. utilized acid treated dispersions of 

CNT along with pure ionic liquid as a similar template for pickering emulsion process 

(Gao, Yin, and Wang 2010). They suggested that the ionic liquids can be used to stabilize 

two immiscible phases, water and cyclohexane with the aid of acid treated nanotubes. The 

hydrophobic ionic liquid, e.g. 1-butyl-3-methylimidazolium hexafluorophosphate, is use-

ful in helping to tune the highly hydrophilic character of the acid treated nanotubes to mix 

the nanotubes with the oil phase which was cyclohexane in their case study. Although, such 

studies clearly indicate the efficacy of ionic liquids as good dispersant; the nanotubes still 

need prior treatment before their use as Pickering emulsion stabilizers. Therefore, the pre-

sent use of poly(ionic) liquid could be considered superior to the method proposed by Gao 

and co-workers as it allows the option of utilizing various solvents. Moreover, the use of 

acid treatment for previous methodology is expected to decrease the aspect ratio of the 

CNT, a fact which has been verified before.(Lu et al. 1996). Also Figures A4a, A4b demon-

strate that the PILs stabilized nanotubes are considerably more efficient than their ionic 

liquid alternative is able to form the emulsion droplets of considerable uniform size. Im-

portantly, ratio of the CNT to poly(ionic-liquid) is 1:1 to form these emulsions droplets 

which considerably lesser than the surfactants required (> 5 times) for similar purposes. 

The microscopic image taken for the liquid droplets acquired from the emulsion phase 

shows that the average emulsion droplet sizes appear to be around 3-20 μm, tens of times 

smaller than those prepared by only MWNT. 

3.4 Formation of hollow droplets 
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The emulsions in section 3.3 demonstrated that ability of using different PILs for 

formation of different emulsions with the help of nanotubes. The nanotubes are dispersed 

only at the interface due to the effect of PILs which are wrapped on the surface of the CNT. 

Figure A5, elucidates a facile method of hollow particle creation using the same pickering 

emulsion as discussed above. The method relies on the controlled evaporation of the water 

and hexane phase with the CNT particles clubbed carefully at the interface. Unlike the 

previous work of Panhuis et al. which suggested the cross-linking of emulsion by glutara-

dehyde for formation of hollow CNT particles, the present method does not rely on chem-

ical cross-linking (Panhuis and Paunov 2005). Instead the self-assembly nature of the CNT 

allows the formation of homogenous droplets. To understand the morphology of the drop-

lets better, continuous phase was carefully dried with help of freeze-drying and then studied 

under the SEM. The SEM studies reveal presence of good stability of the emulsion, as the 

droplet diameter was uniquely uniform in the experiment. 

 

 

Figure A5. a, b: SEM images of the formed hollow particles from the PPy-Br / CNT / 

water Pickering emulsions. Inset is a schematic showing the morphology of the CNT shell. 
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The hollow nature of such particles present a unique possibility of incorporating 

functional particles. One such example demonstrated here, is the encapsulation of silicon 

nanoparticles. Figure A6c, A6d is a confocal microscopy of such hybrid structure in wet 

phase. The above reported method offer a simple emulsion-templated directed assembly 

technique for forming silicon carbon composite particles, which could be further investi-

gated for energy application. Using this method, we are able to confine the Si nanoparticles 

to regions that are surrounded by a porous carbon black cage and an interconnected con-

ductive carbon black network. 

 

Figure A6. Confocal images depicting Si incorporation in the CNT stabilized hexane drop-

lets, (a),(c) Hexane droplets in water phase, (c),(d) Silicon dispersed in hexane phase. 
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4. Conclusion  

Overall, the present work proposes a new class of efficient ICP-IL hybrid with con-

trollable hydrophilicity and overcomes the inherent challenges of classical ICPs of low 

electronic conductivity of IL by using conducting polypyrolle as the polymer backbone. 

Importantly, such unique dispersions demonstrated high degree of stability ranging over 

months even with low amounts of dosage. Using the concept of pickering emulsion, the 

PILs stabilized dispersions were then used to form different emulsions, such as water-hex-

ane and acetonitrile-hexane. Such a versatile template of emulsion is then utilized for for-

mation of unique hollow CNT shells with the capability of loading hydrophobic materials 

into them. 

 

  

 


