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Abstract 
 

          Stimuli responsive properties of smart polymers have gained much attention in the recent past. Over 

the top, thermosensitive materials have already rendered much applications in the field of biomedical and 

chemistry with highly importance projected in the future than it has ever been in the past. Nowadays, 

environmentally benign “green” solvents ionic liquids with their enormous database of distinguished 

cationic and anionic counterparts have enabled the researchers over the globe to invest more time into their 

future applications. There have been reports about ionic liquids showing thermoresponsive properties as 

well, in addition to polymers.  Considering the vitality of these smart materials, the present research will be 

addressing synthesis and study of thermoresponsive properties of various polymer-based/ ionic liquid 

based/ and their copolymer based materials and their tunability over critical solution temperatures.   

                The primary aim of this thesis work is to focus on the thermosensitivity and tunability of various 

polymer and ionic liquid system. In the present thesis, thermoresponsive property is examined on three 

kinds of states:  (1) Solid-supported LCST showing materials, (2) LCST showing hydrogels and (3) LCST in 

liquid-liquid equilibria-Phase transitions of imidazolium based ionic liquids in water. LCST showing 

hydrogels- Further, dimensionally controlled plasmonic nanoparticles will be embedded into 

thermoresponsive PNIPAM copolymerized with polymerizable ionic liquids. Au and Ag both acts as tuning 

agents for phase transitions of these hydrogels. Chapter 1 opens up to the introduction of 

thermoresponsive property with respect to polymers and ionic liquids in detail. With a brief introduction 

about thermoresponsive phase transitions and its types, mechanism to critical solution temperature (CST) 

and applications corresponding to CST have been discussed. 

                                       In Chapter 2, the research is directed towards improving the tuning of LCST behaviour 

of oxazoline based thermoresponsive copolymer and creating a solid-supported hybrid material from it. 

The chapter describes the synthesis of novel sol-gel hybrids using thermoresponsive copolymer of 2-ethyl-

2-oxaoline and 2-isoporopyl-2-oxazoline with tetramethylorthosilicate as the silicate compound. It also 

reports the method to fine-tune the thermoresponsive property of these hybrids. 

                         Chapter 3 describes another method to form solid-supported LCST showing materials 

utilizing silicon wafers and polyoxazoline as the thermoresponsive material. In this work, silicon wafers 

were exposed to extreme acidic conditions to covalently bind with the thermosensitive polymer of 2-ethyl-



2-oxazoline. The system works as a solid-supported phase gradient. 

                             Next, focus was made to target the applications shown by the formation of hydrogels and 

nanoparticles along with the thermosensitivity due to polymers. Hence, PNIPAM was copolymerized with 

different imidazolium based ionic liquids such as 1-allyl-3-octylimidazolium bromide and 1-hexyl-3-methyl 

imidazolium acrylate with tunable properties in chapter 4 and the corresponding in-situ polymerization 

was done using Ag and Au nanoparticles. How the size of nanoparticles and structure of IL play a major role 

in LCST tunability was investigated. 

                                   Further, attention was made to study liquid-liquid phase systems in chapter 5. Hence, 

room temperature imidazolium-based ionic liquids was found to exhibit LCST and UCST properties. A more 

advance, superior and informative technique which is electrochemical impedance spectroscopy was used 

as the diagnostic tool to evaluate the phase transition temperature as clear visualization of the separation 

cannot be observed optically. Factors affecting the CST in ionic liquids and its mechanism was scrutinized 

using Kamlet-Taft parameter studies. Also, COSMO-RS simulations were carried out which suggested a 

procedure to predict the occurrence of phase transitions, and if so, what type in ILs 
 

               Lastly, chapter 6 chapter summarized the findings of each chapter. It also gave an outlook towards 

future for the utilization of these materials. 

 

    Keywords: Thermoresponsive polymers, Lower Critical Solution Temperature (LCST), 

Ionic Liquids (ILs), sol-gel materials, plasmonic nanoparticles, nanoparticles, organic-

inorganic hybrids, ionic liquids 

 

 

 

 

 

 

 

 

 

 

 

 

 



Preface 

 
The present dissertation is submitted for the Degree of Doctor of Philosophy at Japan 

Advanced Institute of Science and Technology, Japan. The dissertation is consolidation of 

results of the works on the topic “Fine-tuning of solid-state thermoresponsive behaviour 

of various LCST showing organic-inorganic hybrids” under the direction of Prof. Noriyoshi 

Matsumi at the School of Materials Science, Japan Advanced Institute of Science and 

Technology during October 2016-September 2019. 
 

Thermoresponsive polymers have a distinctive property to undergo reversible phase 

transition on the application of heat. The property has its widespread applications 

ranging from biomedical fields like drug delivery, tissue engineering or sensing to 

physical separation and purification media to energy storage devices like electrolytes in 

batteries. The property hence, needs to be tuned for its temperature to be used in varied 

application by tuning agents. The author’s main focus is to fine-tune the phase transitions 

of thermoresponsive polymers like polyoxazoline and poly(N-isopropylacrylamide) by 

preparing sol-gel materials and adding metal nanoparticles, respectively. Also, “green 

solvents” ionic liquids are capable to show the transitions. The authors also studied the 

factors effecting the transition for imidazolium based ionic liquids and found out a 

simulative way to predict the property. Successful completion of this research would help 

in understanding the interface of these systems with water for thermal management of 

devices. 

 

The work presented in this thesis covers the synthesis and characterization of 

thermoresponsive polymer system and materials used like ionic liquids, gold 

nanoparticles, and inorganic silicate hybrids for their fine-tuning of phase transition 

behavior for thermal management of devices. Finally the conclusions and future 

prospects of the studies are summarized in the final chapter. To the best of my knowledge, 

the work is original and no part of the thesis has been plagiarized. 

 

Advanced School of Science and Technology                                                         Surabhi Gupta 

Japan Advanced Institute of Science and Technology 
 
September 2019 
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2 Introduction  

1.1 Introduction to Thermoresponsive polymers 

       Stimuli-responsive polymers [1-6], also known as “smart polymers” have become 

indispensable class of materials in our present lives. As we know, these high-performance 

materials are able to change physical or chemical parameters with the change to external 

stimuli such as physical (light, temperature), chemical (pH, metal ions) or biochemical 

(enzyme, proteins) (Fig. 1). They can alter various properties like their colour, electrical 

conductivities, and permeability to water and even shape (shape-memory polymers), 

which can be utilized in highly specialized applications like sensors, production of 

artificial muscles, biodegradable packing and biomedical engineering [7-10]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Schematic diagram representing various external stimuli for stimuli-responsive 

polymers. (Adapted from Polym. Chem., 2018, 9, 1257-1287) 
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      Amongst others, temperature-responsive or thermoresponsive polymers have 

achieved a much wider attention because not only the stimuli is one of the most easily 

available limitless change, which is temperature (sun), but also due to the facility to finely 

tune the polymers’ solubility in a solution [11]. Hence, these exhibit a miscibility gap in 

their temperature-composition diagram, which is the resultant of the phase change of the 

polymer in the solution [12-15]. The macroscopic conformational changes can readily 

happen over a small change in temperature, which aids in the production of intelligent 

polymers and attracts more scientific interest [15-20].  

 

1.1.1 Thermoresponsive phase transitions and its types 

      As the important parameter for thermoresponsive polymers is solubility, these 

materials are capable of showing a volume phase transition at a certain temperature 

represented as Critical Solution Temperature (CST). This causes a change in solvation 

state of the polymers in the solution. By closely examining the phase separation of some 

of the polymers/solvent systems, it was found that, there are two temperature driven 

phase transitions: Lower Critical Solution Temperature (LCST)-type and Upper Critical 

Solution Temperature (UCST)-type phase transitions as represented in Fig. 2. LCST and 

UCST are critical temperatures below and above which the polymers, or for that matter, 

any class of material and solvent are completely miscible respectively. That is, a 

polymer/solvent mixture is homogenously uniform below LCST and appears biphasic or 

cloudy above LCST. For UCST, it is the opposite phenomenon. This change in phase occurs 

due to the change of the inter- and intra-molecular hydrogen bonding of polymer 

molecules, with respect to the solvation energy of water [16, 21-24].  
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Fig. 2 Temperature (T) vs concentration (φ) phase diagrams showing (a) LCST and (b) 

UCST of biphasic mixtures.  

 

    Miscibility gaps [23] are often encountered for polymer systems due to low entropy of 

mixing. Thus, many polymers tend to exhibit LCST or UCST in organic solvents as well [25].  

For example, UCST showing polymers in organic solvents: 

o Polyethylene in diphenylether [26]. 

o Polystyrene in cyclohexane [27]. 

 LCST showing polymers in organic solvents: 

o Polypropylene in n-hexane [28]. 

o Polystyrene in butyl acetate [29]. 

     Water is the universal solvent. Many biological activities and chemical systems work 

in aqueous systems. It has unique physiochemical properties due to hydrogen bonding. 

Therefore, choosing water as the other component in a mixture gives several advantages 
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over other solvents. These mixtures can act as functional fluids in bioscience. Much 

research on the importance of these mixtures, is being carried out today. Hence, 

thermoresponsive behaviour of many polymer systems has been already studied and yet, 

still are being extensively examined to be used in biological applications like drug 

delivery systems, bioseparation and tissue engineering. One of the vital polymer is 

Poly(N-isopropylacrylamide) (PNIPAM) (Fig. 3), which is known to be exhibit an LCST of 

31 oC, close to the human physiological temperature [30-32]. Other typical examples have 

been represented in the Fig. 3 below. 

Fig. 3. Selected polymers which LCST type- and UCST type- behaviour in water.  

 

    In addition to temperature, diverse factors like molecular weight of the polymer, salt 

concentration and copolymerization also influence the solubility of the polymer in 

aqueous mixtures. 

     Thus, in this thesis work, I will study the systems in aqueous media and find out how 

different factors affect the LCST of different materials and how these can be tuned for 

their critical behaviour in water. 
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1.1.2 Mechanism and Thermodynamics of phase transition 

Mechanism of phase transition: 

     Polymers are believed to undergo a coil-globule transition at the critical temperature.  

The mechanism of LCST type-phase transitions [33-37] can be understood if we consider it 

to take place in the following 3 steps, as represented in Fig. 4 : 

1. Below LCST:  The polymer chains takes the hydrated-coiled structures which are 

uniformly dissolved in water, providing a transparent solution. 

2. During LCST: On increasing the temperature to the critical temperature, hydrogen 

bonds tend to dissociate, which forces the polymer chains to collapse to the 

polymer globules. This is called the coil-globule transition and the temperature is 

called LCST. 

3. Above LCST:  Due to the dominant hydrophobic interactions and free mutual 

diffusion in water, the tiny polymer globules are joined to form a large aggregate, 

thereby producing a polymer rich- and a water-rich domains.  These micro-

domains can be easily detected by light scattering as the system becomes turbid 

in colour. 

Fig. 4. Mechanism temperature-driven phase transitions of thermos-responsive 

polymer chains. 
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   In the case of UCST type- phase transitions, the solution forms the globules below the 

critical temperature, which is insoluble in nature and hence, they appears as turbid. 

Above the critical temperature, the solution forms the coiled-structured and the polymer 

chains are soluble in water. 

Thermodynamics of phase transitions: 

      From the Legendre transformation of the Gibbs-Helmholtz equation, we know that the 

change Gibbs energy of mixing (ΔGmix) is determined by change in enthalpy of mixing 

(ΔHmix) and the change in entropy of mixing (ΔSmix), as written below: 

ΔGmix = ΔHmix – T. ΔSmix 

It is also known that the when ΔGmix decreases, polymer dissolves in a solution,. If there 

are no interactions between the polymer and water molecules, there will be no ΔHmix   and 

the ΔSmix will be ideal. In this case, the T. ΔSmix is a negative term in the case of mixing, 

and thus, the ΔGmix will always remain positive that means that the system will be in a 

separated state always. But as we observe the dissolution, this means the interactions do 

play an important role. Thus, Flory and Huggins developed the theory of 

thermoresponsive polymers in 1940s [38-40] by considering these interactions between 

the polymer and water molecules. They independently acknowledged the similar 

theoretical modulations for organic polymers in solutions with varying temperature and 

developed polymer phase diagrams. Represented below is the resultant equation for the 

ΔGmix containing a term which described the sum of all interactions. 

ΔGmix

𝑅𝑇
=  

𝜑1

𝑚1
ln 𝜑1 +

𝜑2

𝑚2
ln 𝜑2 + 𝜒𝜑1𝜑2 
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where R is the gas constant, φis the volume fraction of the polymer (1) and solvent (2), 

respectively, m is the number of occupied lattice sites per molecules (m1 = degree of 

polymerization and m2 = 1) and χ is the interaction parameter. In simple terms, they 

postulated that LCST is an entropic change, while the UCST is driven by enthalpy change.  

      When LCST occurs, the hydrophilic part of the polymer interacts with the water 

molecules and its solubility increases. The hydrophobic part contributes to the negative 

ΔHmix  and the hydrophobic attraction helps in minimizing the entropic loss of the system. 

On heating, the total negative entropy becomes larger than the enthalpy of the hydrogen 

bonding, which causes the ΔGmix to become positive. This can be portrayed as the polymer 

shrinking caused by the change in phase. Therefore, on heating, the balance between the 

hydrophobic-hydrophilic energy modifies which leads to the dehydration of the polymer. 

This hydrophilic part for solubility and hydrophobic part for aggregation are the key 

factors to exhibit LCST-type phenomenon. Therefore, non-ionic polymers amphiphilic in 

nature tends to show LCST easily like PNIAPM, PMVE or PDEA. 

      When UCST occurs, polymers show strong polymer-polymer interactions as the intra-

molecular hydrogen bonding is dominant. According to the theory, to show UCST type 

phenomenon, polymers should have positive ΔHmix and ΔSmix values. So, for positive ΔHmix, 

stronger inter-molecular interactions like polymer-polymer and solvent-solvent are 

necessary and available. As the hydrophobic part is less dominant in these type of 

polymers, this makes ΔSmix also positive. Thus, UCST-type phase transitions are displayed 

by polymers bearing strong hydrogen-bond forming groups like carboxylic acid, amide, 

ureido and uracil. These electrostatic interactions and hydrogen-bonds interactions 

between the polymer chains are therefore, more stabilized in less polar solvents, as polar 

solvents destabilized the interactions due to presence of water and salts. Therefore, UCST 
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is not a general tendency to be seen in aqueous systems. This is why, LCST-type systems 

are being studied extensively with compared to UCST-type systems as the former can be 

utilized in physiological conditions. 

1.1.3 Applications of CST 

      LCST-type polymers are already being used in various biological and non-biological 

applications. Some of them are mentioned below with their examples. 

 Drug Delivery: It is important to deliver drugs for therapeutic effect to the right 

location, with the right concentration at the correct time. Thus, smart 

thermoresponsive polymers can be used to deliver the drug as needed in response 

to the external stimuli. For example, expansion of the polymer chains can lead to 

release of drug molecules in response to increase in temperature [41]. 

 Bio-separation: Thermoresponsive polymers can be modified using 

functionalities that can bind to specific biomolecules without much changes to 

their CST behaviour. On changing the temperature, the polymer-biomolecule 

conjugate can be precipitated from the solution, which can be ultimately 

recovered using centrifugation, chromatography or isolation [42]. 

 Gene-delivery: This technique aims to correct the defective genes which causes 

genetic problems. So, it is important to deliver therapeutic DNA into the cells 

which can replace/repair or rejuvenate the defective ones. The current problem 

is that the DNA is a hydrophilic, negatively charged species whose delivery needs 

to be done in via nucleus of the cell, which is hydrophobic and negatively charged, 

making is difficult for DNA to pass. Herein, many researchers have already seen 

that thermoresponsive polymers can play a vital role as the temperature makes 
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the delivery possible on the basis of hydrophobic-hydrophilic environment, as 

needed. The DNA can make a complex with a cationic polymer, enabling its release 

after complex traversing the cell membrane to the cytoplasm and its eventiual 

release into the nucleus [43]. 

 Tissue engineering: This technique is applied to enhance or repair tissue 

functions, when required. In this field, thermoresponsive polymers are being used 

in two current scenarios: (i) they act as the substrates that helps in the cell growth, 

to regulate the attachment and detachment of the cells from a surface and (ii) they 

act as injectable gels, as then, cells can be encapsulated into 3D structures in the 

human body (one such example is formation of a physical gel for in situ formation 

of a scaffold) [44]. 

 Chromatography: In liquid chromatography, thermoresponsive polymers can be 

utilized as the stationary phase, whose polarity can be changed with changing 

temperature. This reduces the need to alter the composition column or solvent 

itself. This technique has already gained popularity and is slowly increasing to size 

exclusion chromatography, ion-exchange chromatography and hydrophobic 

interaction chromatography [45].  

 

        Not only these smart materials are identified as superior life-changing materials 

based on their properties, they can also be acknowledged based on the  physical 

state/structure and architecture of the polymers, widening the applications to other 

scientific platforms as mentioned below: 

 Hydrogels: Hydrogels are semi-solid state polymer network which can contain as 

much as 1000 % water w/w to polymer. When thermoresponsive polymers are 

made as hydrogels via covalent linking networks, they swell and shrink in water 
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with the change in temperature. As PNIPAM is one of the most rigorously studied 

polymer in the field of biomedical applications, many groups are creating 

PNIPAM-based hydrogels. The strategy is to release the encapsulated drug faster 

and in a more controlled manner, when a rapid decrease in the volume of the gel 

take place at the phase transition [46-47]. Okuyama et al., [48] prepared hydrogels of 

PNIPAM-co-PBUMA and studied their swelling mechanistics. They found out that 

a controlled released of the drug can be achieved after the burst release from the 

outer part of the hydrogel. Grafting of PNIPAM and PVC-HEMA has been achieved 

by Zhuo et al., [49] onto a dextran chain which yielded injectable and biodegradable 

hydrogels. These are able to deliver drugs over a period of several days and 

showed negligible cytotoxicity. High tensile strength and non-toxic hydrogels of 

PNIPAM, poly(HEMA) and lactic acid to be used in tissue engineering were 

synthezied by Ma et al., [50] which showed long-lasting degradation mechanistics 

with no cytotoxicity. Stabenfeldt et al., [51] produced conjugated methylcellulose-

laminin protein based hydrogel superior enough to create a desired environment 

in the cells for neural tissue growth. 

 

 Interpenetrating networks (IPN): These networks is another class of cross-linked 

hydrogels that have the ability to swell above their UCST due to disruption caused 

in the hydrogen bonding at the higher temperatures [52]. Wang et al., [53] created an 

IPN with grafted β-cyclodextrin which showed UCST at 35 oC and faster rate 

kinetics. They infused ibuprofen and were able to achieve a positive drug release 

at required temperature (above and below UCST) in a sustained manner. Kim et 

al., [54] have produced injectable and photodegradable IPNs of PNIPAM-co-PAAc 
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crosslinked with peptide chains and obtained the non-cytotoxic degradation by-

products enabling their use in tissue engineering. 

 
 Micelles: Ordered structures of block copolymers comprising of both hydrophilic 

and hydrophobic monomers constitutes micelles. These are highly advantangeous 

in drug delivery of hydrophobic drugs in physiological environments. Akimoto et 

al., [55] synthesized a copolymer of PNIPAM-co-PDMAAc and then, created a 

micelle by block copolymerization with poly lactic acid. This system can be used 

to internalize into the cells above the critical temperatures. Wei et al., [56] produced 

a star block copolymer of PNIPAM-co- L- Lactide capable of forming self-

assemblies of larger micellar structures to exhibit fast switch on/off type drug 

release in body. 

 

 Films: PNIPAM-co-BuAAm copolymer films were invented by Wilson et al., [57] 

which showed a drug release in a controlled manner over a specific amount of time. 

Ito et al., [58] created a copolymer film of polystyrene grafted with PNIPAM to 

produce a micro-patterned surface to achieve cell proliferation and selected cell 

detachment. Poon et al., [59] devised a 3D cell culture method by preparing grafted 

films of chitosan-PEG-MAc. 

 Particles: Zhang et al., [60] coated PNIPAM with insoluble nanoparticles making the 

particles stable in aqueous media. These can be further expected to be used in 

biological sensing and drug deliveries. Fundueanue et al., [61] produced 

nanoparticles of crosslinked PNIPAM-co-AAm. Wang et al., [62] prepared micellar 

nanoparticles using PVC and polyphosphoester which formed aggregates above 

LCST in a reversible way. 
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1.1.4 Importance of phase-tuning of polymers (Motivation of Thesis) 

Fig. 5. Illustration depicting various states of polymers used to be used for various 

biomedical applications. (Adapted from Polymers 2011, 3(3), 1215-1242) 

    As seen, there are discrete varieties of polymer structures exposing different utilities 

(Fig. 5) [63]. Thus, depending on the requirements, the structures, hydrophilicity, polarity 

and chosen solvent needs to be designed accordingly. Thus, there is a strong urge to study 

the mechanistics and tuning-abilities of the critical temperatures, enabling the design of 

the systems with required CST characteristics (LCST/UCST at desired temperatures). 

Thus, this thesis work mainly focusses on the fine-tuning and control of critical phase 

behaviour of various architecture and structures like hydrogels, solid-supported and 

liquid phase to be exploited for various other biomedical and operational chemistry. I 

have studied tuning agents such as Gold and Silver nanoparticles, and incorporated them 

to PNIPAM-co-IL copolymers to produce hydrogels. Also, solid supported systems using 

silicon wafers and inorganic silicate matrix have been prepared separately utilizing 

polyoxazolines, whose non-toxic nature has already been approved by FDA. Furthermore, 

how and what factors affect the CST in greener solvents imidazolium-based ionic liquids 

were found out which lead to a creation of prediction theory of their phase behaviour. 
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1.2 Solid-supported LCST showing materials  

     Most thermosensitive polymer classes dissolve in aqueous solutions leading the LCST 

to manifest in the binary form of liquid-liquid equilibria. However, for versatile 

applications like drug delivery, tissue engineering, sensors or electronic batteries 

(automated shut-down after overheating), there is an obligatory demand of solid-liquid 

phase equilibria. Hence, this part of the study was carried out to design materials which 

displayed LCST over a solid-support via (i) formation of inorganic-organic hybrid 

materials and (ii) polymer attached to the silicon wafer using a non-toxic class of 

polymers known as poly(2-oxazolines). How the phase behaviour of these smart 

materials can be tuned made the further point of analysis in the work. 

 

1.2.1 Poly(2-oxazolines) (POx) for biomedical applications 

    It has been a major breakthrough since the class of biocompatible polymers were 

introduced. This opens a whole new and innovative avenues in the fields of implant 

design, drug delivery, tissue engineering for cancer treatments, gene therapy and 

regenerative medicine. 

    Currently, mostly used bio-stable and bio-degradable class of polymers in medicine is 

poly(ethylene glycol) (PEG) [64]. The polymer is able to form bioconjugates in a process 

called PEGylation, to treat diseases like anaemia, hepatitis C and neutropenia. This class 

became superior owing to its low dispersity, possession of stealth behaviour (not 

recognized as antigens by the immune system) and biocompatibility [65]. Due to the 

amphipathic properties, protein PEGylated conjugates are known to enhance the 

retention effect, thereby increasing the bio-distribution of the drug over the target area. 

However, to remain site-selective, intensive use of the PEGylated systems is necessary 
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leading to decreased bio-activity and ultimately, loss of therapeutic efficacy. Recently, 

anti-PEG antibodies have been observed in many patients, including the ones never 

treated with PEGylated conjugates. This leads to accelerated blood clearance of these 

bioconjugates after injection of multiple doses. In addition, PEG polymer backbone is 

prone to oxidative degradation whose products showed cytotoxity in humans.  This 

diminishes the use of this class of polymer for long-term applications such as induction 

of PEGylated complement activation and antifouling surfaces for implants [66]. 

    A more superior class of non-toxic, highly efficient with tunable properties is poly(2-

oxazolines) or POx [67,68]. They not only possess the biocompatible and beneficial 

properties of PEG such as low dispersity and stealth behaviour, but also provides higher 

stability and non-ionic nature. This class of polymer was developed with the purpose of 

food additive in early 1980s but soon, scientists discovered its use in multiple medical 

and pharmaceutical applications [69,70]. Polyoxazolines are prepared by living cationic 

ring-opening polymerization (CROP), and therefore are often viewed as the analogues of 

proteins (polyamide backbone) (Fig. 6). The presence of these polyamide functionalities 

suppress the recognition by immune system, thereby incorporating the stealth behaviour 

and excellent biocompatibility due to its structural similarity. The polymerization is 

initiated using an electrophilic initiator (like alkyl halides, tosylates: the green circle in 

Fig. 6) and termination is done by any nucleophilic terminating agent (like carboxylates, 

amines: the red square in Fig. 6). Introducing a 2-fold functionality, thus enables profound 

modifications on the architecture and composition in the polymer system. 

 

 

 

Fig. 6. Scheme for polymerization of POx. (Adapted from Material Matters, 2016, 11.3) 
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Fig. 7. Types of POx discovered with their LCST. (Adapted from Material Matters, 2016, 

11. 3) 

 

   In addition, the side-chain of the oxazoline molecule (-R group in the Fig. 6) can be 

substituted and tuned for its hydrophilicity (PEtOx), hydrophobicity (PnPrOx) and 

thermoresponsive nature. The viscosity, thermosensitivity and hemocompatibility can be 

supervised by controlling the molecular weight (polymer chain length) or by modelling 

into the block copolymers from combination of any two homopolymers. The designed 

architecture can help homopolymers/copolymers to be widen its miscibility in various 

aqueous/ organic solvents. It is also seen that LCST of POx can selected between 0 oC and 

100 oC by careful design of the polymer composition (Fig. 7). As a result of this synthetic 

versatility, many strategies are being employed in the literature: 

(i) Excipient in Drug Formulation: A study done by Geest et al., [71]  using Aquazol 

developed tablet formulations of PETOx-based excipients, whose drug release 

profiles can be increased or decreased depending on the molecular weight of the 

polymer.   

(ii) Micelles with better therapeutic activity:  Zhao et al., [72]  polymerized ε-

caprolactone using PEtOx-based initiator with folate terminal groups. This 

produced micelles are able to load doxorubicin with 10 wt% higher capacities, 
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better therapeutic efficacy and lower toxicity than pure doxorubixin in mice 

infected by KB tumor cells. 

(iii) Micelles for cancer drug delivery: Kabanov et al., [73]  created a triblockpolymer 

utilizing PMeOx-PBuOx-PMeOx, which yielded stable micelles below 100 nm of 

diameter and showed superior anti-cancer drug loading capacities and water 

insolubility. 

(iv) Hydrogels for biomedicine: PEtOx-PEI based copolymers were designed by 

Lecommandoux et al., [74]  whose cross-linking with bis-glycidyl ether produced a 

hydrogel qualified to be biocompatible nanogels with size-dependent drug-

deliveries.  

(v) POx-based bioconjugates: Hoogenboom et al., [75]  demonstrated the strategy to 

prepare novel POX-based drug conjugates. They suggested the introduction of 

various methyl ester functionalities across the backbone chain of EtOx-MestOx 

copolymer simply by direct amidation with amines. 

(vi) POx-based Nanoparticles for anti-fouling behaviour: Koshkina et al., [76]  produced 

a polyorganosiloxane based fluorescent nanoparticles functionalized with Pi-PrOx, 

which displayed an enhanced anti-fouling activity below the LCST of 31 oC when 

dispersed in a medium containing serum. 

(vii) POx-based Nanoparticles for enhanced permeation: Alkyne-terminated PEtOx 

was functionalized with thiolated silica nanoparticles which was as skilful to 

exhibit enhanced permeation in ex vivo through porcine mucosa as the PEGylated 

nanoparticles[77].  
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1.2.2 Fine-tuning of POx  

     As already seen, poly(2-oxazolines) can undergo phase transitions in a wide 

temperature range in aqueous solutions ranging from 65 oC (as shown by PEtOx) to 25 oC 

(as shown by PnPrOx) depending on the hydrophobicity/hydrophilicity of the alkyl side-

chain of the 2-oxazoline molecule. Not to forget, the LCST of these species depend on 

molecular weight and concentration of the monomer molecules and the type of initiator 

and terminal groups, unlike PNIPAM. Over the world, scientists have already studied and 

demonstrated how the incorporation of a co-monomer can tune the properties and LCST 

of the required material. Copolymerizing 2-n-propyl-2-oxazoline with 2-ethyl-2-

oxazoline decreased the LCST of pure PEtOx to a temperature similar to that of PNIPAM’s 

LCST, making the copolymer work at physiological temperatures. Also, 2-isopropyl-2-

oxazoline molecule is structurally similar to N-isopropylacrylamide, and also exhibit 

LCST of 37 oC, prudent copolymerization of which with 2-ethyl-2-oxazoline can 

accurately tune and widen the copolymer’s LCST range (23-75 oC). Thus, fine-tuning of 

phase behaviour of variety of POx can be done by meticulously pondering over the factors 

effecting the LCST like, hydrophobic/hydrophilic nature of the alkyl side chain, molecular 

weight of the copolymer produced, initiators used, solvents and polymerization 

temperatures and the concentration of the co-monomers used to obtain a sharp 

transition temperature. Careful control of the above factors can also lead to construction 

of block/triblock/graft and gradient polymers which qualify to be used in bio-related 

fields. 

   In this thesis work, copolymer of 2-ethyl-2-oxazoline and 2-isopropyl-2-oxazoline was 

used since that copolymer can be tuned to a wide temperature range. 
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1.2.3 Organic-inorganic hybrids 

     As mentioned already, with controlled demanding and flowing disadvantages of 

liquids, it is sagacious to work on solid-supported systems for assorted applications due 

to liquid-solid equilibria like in biomedicine and energy storage devices. To initiate such 

phenomenon, fabrication of organic-inorganic hybrids materials can be one of its kind 

ideology. Sol-gel materials or organic-inorganic composites [78,79]  came into existence in 

late 1940s and since then, science has experienced a wholesome of new avenue in terms 

of boundless opportunities. Ranging from health to housing, energy to environment, 

micro-electronics to automotive [80-83], these magnificent materials can find their way. 

Such paramount significance lies in the design of these species.  

 

 

Fig. 8. Development of organic-inorganic hybrids. (Adapted from 

https://sites.google.com/site/smleeresearch/research-intere 
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    These materials are composed of two discrete categories (Fig. 8),  (1) an organic part- 

generally modified networks of polymers or macromolecules which impart toughness, 

elasticity and chemical stability and (2) an inorganic part- generally silanes, (esp., 

tetramethoxysilane or tetraethoxysilane) or other metal oxides that caters for hardness, 

stiffness and thermal stability. Cooperatively, the hybrids can bag those synergistic 

properties which either component alone cannot. Synthesis of tailor-made products with 

desired mechanical, electrical and optical properties can be achieved projecting to their 

use in inexhaustible applications.  

      Principally employed method of synthesis of these functionalized materials is to 

perform sol-gel condensation. Organic-inorganic interface is accomplished using 

polymers and alkoxysilanes by hydrolysis and sol-gel condensation to form stable Si-O-Si 

and/or Si-OH bridges. Owing to its mild conditions during synthesis, sol-gel derived silica 

glass fibers/nanostructures are apparently being widely utilized as organic dyes [85], 

biomolecules [86], smart coatings [87], membranes [88], sensors [89], catalysts [90] and what 

not. Hence, it becomes obligatory to study the phase behavior of these smart hybrid 

composites when a thermoresponsive polymer is incorporated in the hybrid matrix, 

owing to its widespread need. Chujo et al., [91]  prepared hybrids of PMeOx and 

tetraethylorthosilicate gel and incorporated various transition metal salt like CuCl2, 

NiCl2.6H20 and Cu(OAc)2 to be used as colored ceramics. Further, they have also designed 

a new class of hybrids (CubePOZO) using PMeOx and polyhedral oligomeric 

silsesquioxane (POSS) with tetramethylorthosilicate which are capable of forming 

micelles in aqueous systems [92]. 
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1.2.3.1 Motivation for Chapter 2 

     After studying various literatures as mentioned, it was visualized that if we take the 

thermoresponsive nature of polyoxazolines and transform the system into inorganic-

organic hybrids using silicates, we may be able to prepare a superior tunable 

thermoresponsive system capable of showing LCST. Thus, for the first work of the thesis, 

a copolymer of 2-ethyl-2-oxazoline and 2-isopropyl-2-oxazoline was prepared according 

to the literature which showed the thermoresponsive phase transition at 77 oC. The 

initiator chosen was methyltosylate and the terminal end group functionalization was 

done by methanolic NaOH solution. Further, the copolymer was transformed into novel 

organic-inorganic hybrids via sol-gel condensation using tetramethylorthosilicate. 

Various molar ratios of copolymer concentration and inorganic silane moiety was added 

to obtain smart solid hard materials whose LCST can be tuned for desired applications.  

Why copolymer of 2-ethyl-2-oxazline and 2-isopropyl-2-oxazoline? 

   Both are the monomer species with highly hydrophilic nature in the alkyl side chain and 

2-isopropyl-2-oxazoline is structurally similar to N-isopropylacrylamide. 

Why transformation of copolymers into organic-inorganic hybrids advantageous? 

   Transforming the copolymers into sol-gel hybrids enables the system to display solid-

supported LCST.  

Why will the fine-tuning of LCST of these materials be possible? 

   Phase transition temperature is highly dependent on the composition of copolymer 

used with silane moiety giving us a chance to fine-tune of the LCST over a wide range. 

Novelty of the work? 

   Novel hybrids materials were designed using PEtOx-n-P-iso-propOx and TMOS whose 

LCST cane be tuned by composition of the copolymer used in the hybrid. 



CHAPTER 1 INTRODUCTION  

 

 

22 Introduction  

1.2.4 Silicon wafer modifications 

    Most prevalent form of substrate material for immobilization of biomolecules is silicon 

[93]. However, the metal can be spontaneously oxidized by moisture and air to form a non-

reactive amorphous layer incapable of any use. Thus, polymeric smart materials are being 

deposited on the silicon surfaces for the modification of its physical and chemical 

properties. These customized and modified silicon substrates [94-98] can be then used for 

cell cultivation, immobilization of biomolecules and for fabrication of on-chip biosensors. 

      Most significant method of silicon surface modification broadly being employed in the 

scientific world is the covalent immobilization/covalent bonding done by the formation 

of self-assembled monolayers (SAMs) [99,100] of an organosilane moiety for superior 

physiosorption and bioaffinity immobilization. Studies are being carried out on SAMs 

extensively in the past few decades for fabrication of devices [101-103]. This technique is 

highly appreciable when there is a need to tune the desired surface properties of the 

substrate. These monolayers, which can be seen as thin films, are constituted by the 

following major parts as represented in the Fig. 9. 

1) The head group: This group is vital as it reacts with the silicon substrate and 

engage in tight covalent bonding with silicon, leading to greater stability of the 

assembled structure. Examples: trialkoxysilanes. 

2) The spacer: This comprises of large polymeric (aliphatic or aromatic) which 

provides a well-defined thickness to the thin layers.  

3) The terminal group: Due to the presence of this terminal chemical functional 

groups, one is able to determine the surface energy, topography and other surficial 

properties. This reactivity of this group can also lead to the attachment of 

biomolecules for biomedical applications. Examples: halides, amino, carboxyl etc. 
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Fig. 9. Schematic illustration representing the structure of SAMs 

 

    The formation of SAMs over a silicon substrate is done by silanization process [104]  

wherein, the molecules corresponding to monolayers are first, chemisorbed on the 

exposed surface of the substrate which ultimately and spontaneously, orient themselves 

in the form of large-range ordered structural domains [102,105]. The process can be 

visualized in the following steps [104,106]: 

 At first, reactive silanol groups are formed after the hydrolysis of the silicon 

substrate. 

 Next, these silanol groups are condensed to form siloxane linkages all over the 

surface. 

 Further, these siloxane linkage form hydrogen bonds with the substrate polymer. 

 Lastly, formation of a covalent bond (Si-O-Si) takes place between the silicon 

substrate and organosilane with subsequent loss of small molecules like water or 

alcohol. 
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    The above procedure can be modified based on the experimental conditions of silane 

concentration, reaction temperature and type of solvent used to alter the film thickness, 

its architecture and morphologies. Formation of multilayers is avoided since they are 

generally unstable and inhomogeneous, leading to decreased biomolecule 

immobilization. Hence, formation of stable, thin and uniform layers of silane is highly 

recommended. 

    Aminosilanes (amino-terminated silanes) [107] are the widely used organosilane-based 

coupling agents for silicon substrates due to their bifunctional nature, allowing them to 

form chemical bonds with most classes of organic and inorganic materials. They can be 

utilized for applications such as fabrication of biosensors [108], chromatography [109] and 

detection of specific gases [110]. Structures of some aminosilanes like (3-

aminopropyl)dimethylethoxysilane (APDMES) and (3-aminopropyl)triethoxysilane 

(APTES) have been portrayed in Fig. 10. 

 

 Fig. 10. Chemical structures of some aminosilanes generally used as the silane 

coupling agents. 

 

   Of which, APTES [111] is being extensively employed in the field of silicon substrate 

modifications owing to a ease of potential hydrolysable groups leading to high chances of 

covalent attachments to form organic films or homogeneous monolayers. 



CHAPTER 1 INTRODUCTION  

 

 

25 Introduction  

    The bonding of aminosilanes with the silicon wafer or silicon substrate can be seen as 

in Fig. 11 [104,106]. Initially, silicon substrates are exposed to vigorous oxidative 

environments to form silanol group. The presence of –OH groups makes the process of 

chemical attachment easier for aminosilanes by the removal of alcohol molecules. It has 

already been observed that presence of amine groups makes the silanization easier as 

they are able to catalyse the hydrolysis of siloxane bonds at the ambient temperatures. It 

also binds to the silicon atoms of the neighbour aminosilane molecules by involving into 

inter- and intra-molecular interactions to form some cyclic intermediates. These 

intermediates are very reactive towards nucleophiles like water. This gives us the idea to 

coat a thermoresponsive polymer bearing alkoxysilane moiety, which can show LCST 

over a silicon surface. This can act as solid-supported thermosensitive system which has 

potential applications in immobilization of biomolecules, chromatography, biosensing 

and separation techniques. 

 

 

Fig. 11. Illustration of chemical bond formation between APTES and silicon wafer. 
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1.2.4.1 Motivation for Chapter 3 

   Ishida et al., [112] have already studied the phase transition of PNIPAM grafted onto 

silicon wafers. Li et al., [113] have used PNIPAM based silicon wafer systems for cell 

adhesion and detachment. Thus, our thought is to prepare silicon wafer modified using 

polyoxazolines and study their characteristics for predominant and desired properties.  

So, the termination of polymer chains of 2-ethyl-2-oxazoline was in-situ modified using 

(3-aminopropyl)triethoxysilane according to the literature to prepare a 

thermoresponsive polymer system. The polymer acts as the thermoresponsive moiety 

which show phase transition on increasing temperature and the aminosilane 

modification empower it to covalently bond with the exposed –OH groups on the silicon 

wafer, providing a solid-supported LCST showing polymer system. 

Why poly (2-ethyl-2-oxazoline)? 

  This monomer species has ethyl as the alkyl side chain capable of hydrogen bonding and 

is tunable in nature, thus making the covalent bonding with silicon wafer possible.   

Why polymer is terminally modified with APTES? 

  APTES molecule has 3 hydrolysable ethoxy groups, which are entitled to provide 

multiple points of surface attachments with other polymer molecules in both vertical and 

horizontal directions. 

Why is silicon wafer used? 

  Formation of SAMs will be favorable with silicon wafer substrates, widely used for the 

formation of thin films and study their significant characteristics. 

Novelty of the work? 

  Polyoxazolines have not been grafted onto silicon wafers before, allowing LCST to 

happen over 70 oC over a solid surface. 
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1.3 Plasmonic nanoparticles as tuning agents 

1.3.1 Hydrogels and their properties 

    Hydrogels [114,115] are the three-dimensional network matrixes (Fig. 12) composed of 

hydrophilic homopolymers or copolymers that possess ability to swell and withhold a 

large amount in water. The physical and chemical crosslinking between the polymeric 

chains prevents the structure from breaking within. Hydrogels are capable of absorbing 

water atleast 10-20% of the total weight, where the upper limit of absorption can go up 

to several thousand times [116]. Hydrogels possess high thermodynamical affinity towards 

solvents (water) providing them with swelling properties. 

Fig. 12. Structural representation of hydrogels. 

 

    Smart polymer hydrogels can change their volume and structural phase transitions in 

response to a variety of physical (temperature, light, electric and/or magnetic fields, 

pressure etc.), chemical (ions, pH) and biochemical (enzymes, proteins, amino-acids) 

stimuli. The response and magnitude of these hydrogels may vary depending on the 

intensity of applied stimuli, degree of cross-linking, nature of monomer and its 

compositions. Many macromolecular structures can be synthesized like crosslinked or 

3D networks of homolpolymers, linear or block copolymers or physical blends [116.  These 

materials can be designed for their high tunability and versatility, making them fine 
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materials for study and their applications. Thus, many innovative hydrogels are being 

manufactured with the aim to be exploited in the fields of biomedical engineering [117], 

biotechnology [118], electronics [119] and some house-hold applications [120]. 

    Hydrogels can be classified into various categories depending on factors being seen: 

 On the basis of preparation method: The constituents can be 

homopolymers, copolymers or interpenetrating networks. 

 On the basis of stimuli-responsive: Smart hydrogels can respond to 

physical, chemical or biochemical stimuli. 

 On the basis of structure: They can be crystalline, semi-crystalline or 

amorphous in nature. 

 On the basis of charges they possess: Hydrogels can be cationic, anionic or 

non-ionic. 

 On the basis of source: Hydrogels can be formed from natural, synthetic or 

hybrid materials. 

       Thermoresponsive hydrogels can swell and shrink with the change in temperature. 

The volume phase transition of these gels results from the change in the interactions 

between the polymer pendent/ chain groups and the solvent molecules at the swollen 

and shrunken states. Interactions playing vital roles at the phase transitions of these gels 

have already been found out to be van der Waals, ionic interactions, hydrogen bonding 

and hydrophilic-hydrophobic interactions [121]. 

         The thermosensitive gels can show either LCST type- phase transition (or 

thermoswelling type) where the hydrogel expands and swell after their critical 

temperature is reached or UCST-type phase behaviour (or thermoshrinking type) where 

hydrogels collapse and shrink once the critical temperature is reached.  
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      Fig. 13. represents two phases to visualise the phase behaviour at the swelling and 

shrinking states [122]. At the swelling state, a mixed phase is created by the interactions of 

the polymer chains and solvent, creating an environment of maximum hydrophilicity. 

Extent of the swelling depends on factors like nature of pendent groups of the polymer, 

type of counterions in the solution and ionic strength. In response to change in stimuli 

(temperature, pH or other), the state of the gel is changed to separated shrunk phase. This 

state is majorly dominated by polymer-polymer and solvent-solvent interactions leading 

to maximum hydrophobicity possible in the system. 

 

Fig. 13. Smart hydrogels showing volume and structural phase transition behaviour on 

the application of external stimuli (Reference: Sensors 2008, 8, 561-581.) 

 

     Some commonly used LCST-type polymers capable of forming thermoresponsive 

hydrogels are poly(N-isopropylacrylamide) (PNIPAM), poly(N,N-diethylacrylamide) 

(PDEAm) and copolymer of N-isopropylacrylamide and butyl methacrylate [P(NIPAM-co-

BMA)] [123]. 
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1.3.2 Applications of hydrogels 

     Owing to their flexibility of water uptake, tunability and compatibility within various 

environments, hydrogels have found use in extensive fields (Fig. 14.) ranging from 

household utilities like water-absorbent diapers and cosmetics to industrial use in 

separation filters in electrophoresis and chromatography to biomedical applications for 

drug deliveries and as scaffold in tissue engineering. Some of them have been mentioned 

below. 

 

 

 

 

 

 

Fig. 14. Smart hydrogels finding applications in widespread fields. (Reference: Biomater. 

Sci., 2014, 2, 603-618) 

 

 Diapers: Unlike sponges, which unstable trap water, super-water absorbent 

hydrogels are used to retain water in high amounts, creating wet-less environments.  

As in-use diapers takes years for their disposal, sodium polyacrylate based hydrogels 

are non-toxic and bio-degradable, forming an environmentally superior designs [124]. 
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 Perfume deliveries: Car or air fresheners are made up of hydrogels utilizing the very 

same concept of swelling properties. When the hydrogel is wetted, release of aroma 

is triggered by the dynamic swelling force, due to osmotic diffusion of the species from 

the swollen polymer material. Thus, classic sodium dodecylbenzenesulfonate based 

perfumes and aroma diffusers are being replaced with smart hydrogels, which are 

environment friendly and have enhanced swelling and diffusion abilities [125]. 

 Watering beads for plants: Polyacrylate based hydrogels are employed to release 

water (thermoswelling type phase behaviour) to plants for stipulated amount of time. 

This technique can be used from small-scale use in houses as gardening to big-scale 

horticulture to genetic engineering [126].  

 Electrophoresis: Polyacrylamide/ acrylamide-agarose based copolymers are 

promising systems for gel electrophoresis to be used in protein separation. These 

smart gels can be designed on the basis of high resolution for both low and high 

molecular weight biomolecules by focussing on the optimization of size and nature of 

the hydrogel pores [127]. 

 Tissue engineering: Hydrogels are considerably being used in biomedical applications 

as they possess flexibility very similar to animal tissues owing to their significant 

water update. They solve purposes in tissue engineering as they act as agents for 

filling vacant spaces, can provide support system for cells, aid in tissue formation and 

transport bioactive 3D structures inside. Synthetic hydrogel like poly(ethylene oxide) 

or poly(vinyl alcohol) are interesting as their physical and chemical properties can be 

tuned for properties. Natural polymers-based hydrogels like from alginate or chitosan 

opt to become excellent candidates for favourable tissue engineering scaffolds. They 

can also act as biological adhesives during surgical operations [128]. 
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 Drug delivery: Hydrogels can attain fascinating properties once the biopolymers are 

used in the synthesis of smart materials. In addition to tissue engineering, they are 

able to release drugs systematically and controllably in a supreme fashion, causing a 

decrease in the side-effects. Silk Fibroin is a protein-based biomaterials composed of 

fibroin and sericine. Chinmoy et al, in 2011 created 3D silk fibroin based hydrogels 

for efficient attachment and detachment of heart cells [129]. 

 Contact lenses: Contact lenses are optical devices used to alter the corneal power of 

eyes by directly placing them over cornea. Soft hydrogels find use in this 

ophthalmology field by achieving an enhanced swelling properties to retain water 

over a large amount of time. Silicone –based hydrogels are majorly used for this 

application due to high permeability towards water, superior mechanical properties, 

stability towards hydrolysis and its non-toxic nature [130]. 

 

1.3.3 Nanoparticles (NPs) 

        Nanoparticles are quantum dots whose diameter lies from 1 to 100 nm [131]. They 

are extremely insightful as they bridge the gap between the bulk materials and 

subatomic-level materials. At nano-scale, significant changes in the physical properties 

takes place due to their large surface area keeping the same chemical properties [132]. For 

instance, bulk gold has a melting point of 1064 oC, however when Au NPs have diameter 

of 20 nm, the melting point become 1010 oC which further can be reduced to 500 oC if the 

particle diameter is 2 nm, giving us immense opportunity to tune the required physical 

properties [133]. Nanoparticles can be modified in various shapes like star, sphere, rod or 

cube (Fig. 15). They can be inorganic (metal based like Au, Fe) or organic (polymer based) 

in nature. 
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Fig. 15. Nanoparticle and its properties. (Reference: Surface Science Reports, 72, (2017) 
1–58) 

 

     Metal nanoparticles like gold and silver NPs are extraordinary as they have beneficial 

physical and chemical properties [134,135]. Both Au and Ag are inert at room temperature, 

making them less susceptible for oxidation, making them stable enough at ordinary 

environments. Their electrochemical properties largely depend on particle size. Smaller 

sized particle are efficient for charging purposes because of their high surface area and 

chemical inertness. Ag NP can be used to catalytic oxidation of organic compounds such 

as carbon monoxide (CO) and nitrogen monoxide (NO). Au NPs can actively oxidize 

carbon monoxide and hydrogen gas. These nanoparticles also procure engaging optical 

properties because they can produce quantum effects [136]. For instance, Au NPs appear 

blue to red in solution, depending upon the size of the particles. Similarly, silicon NPs can 

be seen as yellow to grey. Ag NPs take the colour range of black-brown-yellow. This 

happens because of the plasmonic nature of these metal nanoparticles. According to the 
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Mie theory [137,138], a resonant oscillation of valence electrons is induced on the 

application of an electromagnetic frequency in the form of light. This phenomenon is 

called localized surface plasmon resonance (LSPR) (Fig. 16). Occurrence of these 

coherent oscillations is the reason we can observe variant colours from the nanoparticles 

solutions. Due to this resonance, the particles can either radiate light (plasmonic nature, 

Mie scattering) or it converts to heat energy (absorption). The LSPR band shows a surface 

plasmon absorption and thus, has a characteristic extinction band in the UV-Vis-near IR 

region [139]. The intensity, width and position of these bands rely on the size, shape and 

nature of surrounding medium [140,141]. Spherical gold nanoparticles absorbs at about 520 

nm whereas spherical silver NPs absorbs at about 400 nm when the size ranges from 2-

50 nm. 

Fig. 16. LSPR resonance in metal nanoparticles. (Reference: Journal of Nanomaterials, 

2012, Article ID 759830) 

 

       These unique and interesting properties have allowed the gold and silver 

nanoparticles to be tuned for their shape, diameter of particles, inter-particle distance, 

and ability to show surface plasmon resonance allowing them to be exploited in various 

chemical and biological fields [142,143]. Today, it can be said that there is no such field 
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where nanoparticles cannot be employed. (Fig. 17). Overview of some applications are 

presented below: 

 

Fig. 17. Applications of nanoparticles used in widespread area. (Reference: 

prochimia.com) 

 Nanoparticles in Electronic & Energy 

    Cho et al, [144] have prepared nanotetrapods embedded with carbon nanoparticles 

for the development of low cost and highly efficient electrodes for fuel cells. They are 

able to completely replace the need of expensive platinum. Another collaborative 

study [145] by the researchers from U.S.A, U.K and Japan have already shown how silver 

nanoparticles can form conductive lines which leads to the evolution of a printing 

prototype on circuit boards with the help of standard inkjet printers. Yet another 
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study done by Abruna et al., [146] showed that 12 times more activity can be achieved 

than pure platinum if platinum-cobalt core-shell nanoparticles are synthesized to act 

as fuel cell electrocatalysts. Chen et al, [147] demonstrated that standalone graphene 

foam based nanoparticles can actively be used for efficient solar thermal capture and 

conversion device. 

 Nanoparticles in Environment 

    Fukumoto et al, [148] prepared composites of mesoporous manganese oxide and gold 

nanoparticles which allowed the catalysis of volatile organic pollutants in air, and thus 

can act as extensive air purifiers. Findings by Driessen et al., [149] conveyed the iron 

nanoparticles to be used as cleansing agents for carbon tetrachloride pollution in 

ocean and ground water. Yet another study from Roy et al, [150] suggested the use of 

iron-oxide based nanoparticles to clean arsenic pollutants from water wells. 

 Nanoparticles in Material Manufacturing 

   Silicon carbide based nanoparticles dispersed in molten magnesium were prepared 

by Xiao et al, [151] which showed to have enhanced strength, plasticity, superior 

flexibility and high thermal stability. Thus, they work as strong yet ultra-high 

performing lightweight material. Lester et al., [152] performed the dispersion of zinc 

oxide nanoparticle for the production of various industrial self-cleaning coatings to 

protect materials like plastic, wood, textiles from harmful UV rays. Another 

achievement was made by Zhu et al., [153] in 2012 where they found out that crystalline 

SiO2 nanoparticles can be used to provide durability and strength to tennis racquets 

as NPs can fill in the gaps between carbon fibres. Company called Wilson Sporting 

Goods has already been preparing tennis balls, racquets and other sport equipments 

using SiO2 NPs since 2004.  
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 Nanoparticles in Medicine 

   MIT researchers Hammond et al., [154] prepared functionalized nanoparticles to 

transport through the blood brain barriers and target tumours for brain cancer 

known as gliblastoma. It can deliver two chemotherapy drugs at the same time.  Iron 

oxide nanoparticles coated by polymer were prepared by Barraud et al, [155] which can 

be used for breakage of bacteria clusters for enhanced treatment of chronic bacterial 

infections. Protein based nanoparticles were studied for their charges by DeSimone 

et al, [156] which could stimulate pulmonary immunization responses. Colvin et al, [157] 

displayed antioxidant properties of cerium oxide based NPs for the removal of free 

radicals present in the bloodstream when patient is caused with a traumatic injury. 

 

1.3.4 Thermoresponsive polymers-plasmonic systems 

      Besides utilizing the nanoparticles alone, modification or functionalization of these via 

smart polymers can increase their applicability to hundredth fold. Surface functionalities 

and thermoresponsive nature of polymers coupled with tunable morphology, 

biocompatibility and unique plasmonic nature of nanoparticles make the 

thermoresponsive- plasmonic nanoparticle system apt for novel smart applications [158].  

       Researchers have already successfully synthesized thermoresponsive polymer- Au 

NP composites where polymers used are PNIPAM, polystyrene, poly(vinyl alcohol) or 

their copolymers, providing synergistic effect for the utilization in catalysis, drug delivery 

and other smart optical devices. Chilkoti et al., [159] prepared a thermosensitive 

biopolymer (elastin-like polypeptide) which can stabilize the reversible aggregation of 

Au NPs due to hydrophobic interactions. Heo et al., [160] reported that strong hydrogen 

bonds are the key parameters to provide excellent dispersion and reduce the 
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aggregations of Au NPs in a poly (styrene-co-4-vinylphenol) network. In addition, Lin et 

al., [161] were successful to utilize silk elastin-like polypeptide based thermoresponsive-

plasmonic nanostructures in genetic engineering. PNIPAM-co-PAAm based 

thermoresponsive copolymer was prepared by Hamner et al, [162] in gold assemblies, 

which can be used to regulate DNA interactions. Zhao et al, [163] reported a synthesis 

procedure of thermoresponsive nanogels via click chemistry and RAFT polymerization. 

             Lately, few reports came up with the idea to use plasmonic nanoparticles as LCST 

tuning agents for thermosensitive polymers. Klok et al., [164] reported the synthesis of 

PPEGMA-coated gold nanoparticles and their size-dependent LCST properties. They were 

able to tune the LCST of polymer matrix by controlling the weight of the constituent NPs. 

Hu et al, [165] prepared PNIPAM-co-MAA based hydrogels and induced plasmonic 

nanoparticles like gold and silver to mimic colour changing ability of chameleons. They 

found out that NPs are able to tune the LCST of the copolymer hydrogels as they act as 

anchors to restrict the hydrophobic chains of the polymers from rotating at an early stage, 

thereby inducing a greater demand of thermal energy to collapse. 

 

1.3.5 Ionic liquids and nanoparticles 

    On problem of metal nanoparticles is their instability over time even after using various 

stabilizing agents, thereby causing aggregation of nanoparticles [166], which reduces the 

effect of quantum dots. Hence, one of the ways to stabilise the nanoparticles is by 

chelating them with ionic liquids [167-168]. Ionic liquids are molten salts which have 

melting point of below 100 oC. These non-volatile green solvents are highly polar, have 

high chemical and thermal stability and most importantly, they can be tuned for their 
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cationic and anionic counterparts, providing apt opportunities to control the desired 

structure and properties.  

       Quite recently, researchers have found out the importance of stability of 

nanoparticles caused by the presence of ionic liquids in the system. Ionic liquids can be 

used as synthesizing medium and a source of surface functionalization, as well [169]. 

Interactions such as van der Waals, solvophobic and electrostatic, and hydrogen-bonding 

play vital roles in these ionic liquid-nanoparticles hybrids to avoid any agglomerations. 

Wagner et al, [170] have reported the stability of silica nanoparticles when prepared using 

colloidal 1-butyl-3-methylimidazolium tetrafluoroborate. They induced a solvation layer 

of functionalized fluorinated alcohol over N which interact with anion of the ionic liquid, 

thus stabilizing the particles. Turminee et al, [171] demonstrated the stable nature of 

ruthenium nanoparticles once synthesized in the 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide medium. Dupont et al, [172] prepared transition metal 

nanoparticles and checked their stability and catalytic activity in imidazolium-based ionic 

liquids for mutli-phase catalysis. They found out that the nanoparticle/ionic 

liquid/stabilizer combination provides a fascinating synergistic effect to enhance the 

durability of the catalyst. 

Polymer-IL Copolymers: 

     Our group has already reported the tuning of LCST of PNIPAM by copolymerizing with 

imidazolium based ionic liquids  [173]. It was observed the tuning of random co-polymers 

of PNIPAM-IL which showed clear dependency on hydrophobicity of cation and nature of 

anions. Thus, it was thought to combine the properties of thermoresponsive PNIPAM 

copolymerized with polymerizable imidazolium-based ionic liquid and further tune the 

network’s LCST by addition of metal nanoparticles to form a LCST-showing hydrogels. 
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1.3.6 Motivation for Chapter 4 

   After taking inspiration from above literatures, it can be believed that the polymerized 

ionic liquid can stabilize the Au NPs and in turn, NPs could enhance the light to thermal 

efficiency of the thermo-sensitive polymer. This would double the opportunity of its use 

in different applications. Thus, for the first time, I incorporate distinct sizes of Au and Ag 

NP in (N-isopropylacrylamide-polymerizable N,N’-di-substituted imidazolium-based 

ionic liquids) hydrogels and study how the size of plasmonic nanoparticles and structure 

of polymerizable ionic liquids effect the fine-tuning of phase behaviour of these hydrogels. 

Citrate-coated gold and silver NPs ranging from 10 to 50 nm in size, were prepared, and 

further added to in-situ copolymerization of NIPAM with different polymerizable ionic 

liquids to form a plasmonic nanoparticles induced thermoresponsive hydrogels which 

showed tunable reversible LCST swelling/shrinking in water. 

       

Why N-isopropylacrylamide as thermoresponsive monomer? 

   NIPAM structure (LCST: 32 oC) has hydrophilic (N-H, C=O) and hydrophobic (isopropyl) 

groups which can play important hydrophilic-hydrophobic interactions with ionic liquids.  

Why ionic liquids as comonomers? 

   Ionic liquid can provide stability to nanoparticle and tunability towards structure and 

LCST behaviour of polymer hydrogel. 

Why plasmonic nanoparticles needed? 

   They can act as anchors to restrict the motion of hydrophobic chains, thereby act as 

tuners which can be tuned on the basis of their size. 

Novelty of the work? 

   Metal nanoparticles (Au and Ag) are incorporated into thermosensitive PNIPAM-co-IL 

hydrogels, whose LCST can be tuned by size of NP and hydrophilic nature of IL. 
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1.4 CST in ionic liquids (ILs) 

    As seen, thermoresponsive polymers, classified under “smart” materials are being 

researched intensively due to their widspread applications that include sensors, drug 

delivery, gene delivery and tissue engineering as these can respond to stimuli such as pH, 

temperature, ionic strength, electric or magnetic field, light and/or chemical and 

biological stimuli. These polymers can be classified based on the temperature of phase 

separation as LCST and UCST depending upon their miscibility behavior. However, many 

of these polymers are non-biodegradable.They may swell in water when not required, 

have high toxicity and flammability and are sensitive towards solvent and UV- light. Also, 

their production process may require extra health and environmental safeguards. 

Therefore, tailoring of these polymers is needed suiting the user’s need. Consequently, 

ionic liquids [174,175] have been identified as the alternative material of choice due to easy 

designability and systematic evaluation of the desired properties 

1.4.1 Introduction and characteristics of ionic liquids 

     Classified under environmentally benign solvents, ionic liquid are molten salts which 

by definition, melts below 100 oC.  Some of them are liquid at room temperature and are 

called room temperature ionic liquids (RTILs). They can be constituted by diverse 

selection of organic or inorganic cationic and anionic parts, providing the user enough 

designability. First RTIL identified was ethylammonium nitrate (melting point 12 oC) 

which was synthesized and characterized by Paul Walden in 1914. Since then, versatile 

categories of cations and anions have been identified. Types and structures of some 

commonly used cations (like imidazolium, pyridinium, pyrrolidium, quaternary 

ammonium) and anions (water soluble like halides or water insoluble like 

hexafluorophosphate and TFSI-) have been mentioned in the Fig. 18.  
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Fig. 18. Commonly used cations and anions in the synthesis of ionic liquids. (Reference: 

Chem. Soc. Rev., 2008, 37, 123–150) 

 
           Ionic liquids generally are viscous liquid. They also attain non-flammable, non-

volatile and electrical & thermal stability properties. Owing to their polar and ionic nature, 

they show high thermal and electrical conductivities. They have negligible vapour 

pressure. Most captivating properties of these greener solvents are their designability 

and tunability [176]. A vast number of cation-anion combinations are available making it 

possible to “engineer” the physicochemical properties of the ionic liquids, as necessary. 

Various diverse properties like viscosity, hydrophobicity and stability in a medium can 

be tuned according to the requirements. For example, 1-ethyl-3-methylimidazolim 

bromide is a hydrophilic ionic liquid, but if we replace the anion with N(SO2CF3)2-, the 

system becomes hydrophobic [177]. Quaternary phosphonium- based ionic liquids are 
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more thermally stable and have a larger electrochemical window as compared to 

nitrogen-containing ILs. 

     Recently, these liquids are tagged as “clean solvents”. Many organic synthetic reactions 

like Diels Alders, Friedel-Crafts reactions and some bio-catalytic reactions can be 

performed when ionic liquids act as solvents. They have technological applications [178] 

as well such as metal surface finishing, capacitors, batteries, fuel cells, nuclear waste 

treatment and others. Ionic liquids are also gaining worldwide recognition in various 

fields including organic chemistry, pharmaceuticals, catalysis, engineering, physical 

chemistry, analytical chemistry, gas handling, fundamental research and many other 

industrial application. Also they have potential to be applied as catalysts. Fig 19. lists 

some of the many applications where ionic liquids are being used extensively. 

Fig. 19. Typical applications of ionic liquids. 
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1.4.2 Ionic liquid/water mixtures 

        Ionic liquids are very complex in nature. They can interact with other solvent like 

alcohol, water and other ionic liquids via dispersion, ionic, hydrogen bonding and dipole-

dipole interactions. When polar molecules are present in the mixture, some ILs act as 

polar solvents and with non-polar solvents, as a non-polar solvent. 

    Huddleston et al, [179] reported the partition coefficients of several organic compounds 

between [1-ethyl-3methylimidazolium][PF6] and water. Selvan et al, [180] recently 

reported liquid–liquid equilibrium data of ethyl-3-methylimidazolium triiodide 

([emim][I3]) with toluene and n-heptane. Friberg et al, [181] observed the coexistence of a 

lamellar liquid crystal phase with isotropic surfactant, ionic liquid and aqueous phase for 

Laureth (surfactant) + water system containing the ionic liquid 1-butyl-3-

methylimidazolium hexafluorophosphate ([bmim][PF6]). Liquid-liquid equilibria 

between alcohols and RTILs have been studied by Wu et al, [182].  

        Water is the universal solvent. Many biological activities and chemical systems work 

in aqueous systems. It has unique physicochemical properties due to hydrogen bonding. 

Therefore, choosing water as the other covalent partner in a mixture gives several 

advantages over other solvents owing to water’s larger dipole moment and ability to form 

3D hydrogen bond networks. These mixtures can act as functional fluids in bioscience. 

Much research on the importance of these mixtures, is being carried out today. ILs with 

hydrophobic fluorinated anions like [Tf2N] and PF6 are immiscible with water. These 

systems find use in liquid/liquid biphasic studies [183,184]. ILs with hydrophilic ions such 

as Cl - , Br - , PO43- and RCOO- are generally soluble in water. Presence of water in various 

ionic liquids can control their physical properties by effecting their interionic interactions. 

Adjusting the water content gives the ability to significantly change viscosity, polarity, 
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surface tension and density as there occurs changes in intra- and inter-molecular 

hydrogen bonding between constituent ions. Also, the high electric constant of water is 

strong enough to be able to weaken the electrostatic interactions between the constituent 

cation and anion of the ionic liquid, thereby reducing the viscosity much more than any 

organic solvent like chloroform with lower electric constant. However, it is observed that 

addition of small amount of water not always leads to drastic changes in properties. 

Seddon et al, [184] showed that there is no density change at low water content when the 

same was investigated using 1-butyl-3-methylimidazolium tetrafluoroborate. Thus, 

complex nature of individual ions corresponds to unpredictable and unexpected nature 

of designed ionic liquids, thereby compelling us to study interactions for each type of 

ionic liquids separately. 

      By closely examining the phase separation of some of the IL/water systems, it was 

found out that like polymers, there are two temperature driven phase transitions in these 

liquid/liquid binary mixtures: Upper Critical Solution Temperature (UCST)-type and 

Lower Critical Solution Temperature (LCST)-type  phase transitions as seen in Fig. 20 [185].  

Fig. 20. Temperature vs concentration phase diagrams showing (a) LCST and (b) 

UCST of liquid/liquid biphasic mixtures. 
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          LCST and UCST are critical temperatures below and above which the ionic liquid and 

solvent are completely miscible respectively. That is, an IL/water mixture is 

homogenously uniform below LCST and appears biphasic or cloudy above LCST. For 

UCST, it is the opposite phenomenon. Most IL/water mixture exhibit UCST. In this, 

solubility of two liquids increases upon heating. This transition is exhibited by sufficiently 

hydrophobic ionic liquids. In LCST-type phase transition, miscibility of two liquids 

increases upon cooling and these are generally observed in aqueous solutions of some 

non-ionic polymers.  

         Many examples of the thermosensitive phase transitions exhibited by ionic 

liquid/solvent are summarized in Fig. 21 [186]. Major cations examined are 

tetrabutylphosphonium (P4444), tetrabutylammonium (N4444) and 1-alkyl-3-

methylimidazolium (Cxmim). Most of the entries were found to showcase UCST-type 

phase transition in water (entries 1-8). However, it was discovered by Weingartner et al 

[186], that tetrabutylammonium thiocyanate showed both LCST and UCST type phase 

transitions (entry 9). This is the first instance where IL/water showed LCST type 

transition. Since then, many researchers are trying to deduce LCST-type phase behvaior 

for various IL/solvent due to their potential applications in solution chemistry and 

biomedical applications. Various solvents like chloroform (entry 27, 32), benzene (28), 

toluene (29) and ethers (30) have been studied for ionic liquids to show CST. LCST is also 

displayed by ternary mixtures like in entry 12 and 32. Ohno et al, [186] revealed that LCST 

can be shown by amino-acid based anion which is N-trifluoromethanesulfonyl with 

tetrabutylammonium cation (entry 13). Most of the imidazolium-based ionic liquids tend 

to show UCST (entries 1, 2, 6, 8, 27, 28) owing to the coupled hydrophilic/hydrophobic 

nature of cation and anion. However, it was interesting to note by Rebelo et al, that 

ternary mixture of [C4mim][PF6], water and ethanol displayed LCST even though separate  
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Fig. 21. Examples of CST exhibiting ionic liquid/solvent mixtures. (Reference: Polym. 

Chem., 2015, 6, 2163) 
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mixtures of [C4mim][PF6]/ water and [C4mim][PF6]/ethanol showed UCST-type phase 

transitions. Hence, we are still at a stage where the LCST of imidazolium-based ionic 

liquid and their characteristics are evolving and much attention is needed to develop this 

class of greener solvents. 

1.4.3 Techniques to find CST in IL/water mixtures 

        In literature, there are several techniques to study interactions, phase separation and 

transition properties of an IL/water mixture.  

A. Use of a dye 

          Ohno et al, [175] in 2007 reported the use of a dye to find LCST-type phase transition 

of amino–acid based ionic liquid/water mixture. The dye used was Nile red which was 

soluble in organic phase. Fig. 22. shows image of temperature-dependent phase 

behaviour of tetrabutylphosphonium N-trifluoromethanesulfonyl-leucine ([P4444]-[Tf-

Leu])/water mixture.  

Fig. 22. Temperature dependent phase behavior of ([P4444]-[Tf-Leu]/water mixture. 

            They found that [P4444]-[Tf-Leu] is mixed with 50% water, phase separation occurs 

at 25 oC. On cooling, more ionic liquid separates out. But at 22 oC, the two liquids becomes 

soluble again. 
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B. UV-Visible Spectroscopy 

     Lee et al, [187] in 2010 used UV-Vis spectroscopy to evaluate cloud point for 

polyethylene oxide PEO-20 in 1-ethyl-3-methyl imidazolium tetra fluoroborate 

[emim][BF4] as shown in Fig. 23.  

 

 

 

 

 

 

 

Fig. 23. Temperature dependence of transmittance at 632.8 nm for PEO-20 in 

[EMIM][BF4] measured at a heating rate of ∼1 o C/min. 

 

C. Laser Light Scanning (LLS) 

     LLS was also used to study phase separation of ILs in water. LLS also helps in revealing 

the existence of mesoscopic phase, if present. One such case is shown in Fig. 24 [188]. 

D. Phase diagrams 

      Many of the examples show the use of phase diagrams to estimate phase separation 

behaviour of various IL mixtures. Fig. 25. shows liquid-liquid equilibria (LLE) phase 

diagram of 1-hexyl-3-methylimidazolium hexafluorophosphate in different alcohols [189]. 
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Fig. 24. Dynamic Light Scattering (DLS) results of [C4MIm]BF4/water. 

 

 

 

 

 

 

 

 

Fig. 25. Comparison of LLE phase diagram for the systems [C6MIm][PF6] + butan-1-ol at 

1 bar. 
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        Several other techniques like composition diagrams and apparatus have been 

designed to study phase separation in ionic liquid-water mixtures. Researchers have also 

shown phase changes behavior by pulse-induced critical scattering (PICS) and Micro-

calorimetry which are highly complex mechanisms and time-consuming. 

All these physical techniques work when  

 ILs are used which show turbidity near phase transition when mixed in water. 

  ILs whose polarity is different than that of water are taken into account. 

         There are several other ionic liquid/ water systems which it is difficult to estimate 

phase separation properties by usual techniques. All the till date technique fails, when 

following situations arises: 

 When phase separation of system is not very distinct and clear visually 

 When the dye is almost equally soluble in both, water and ionic liquid. 

 When visual, optical measurements and concentration measurements of the 

system fail to impact on the phase transition property of the system. 

        Therefore, there is a lack of diagnostic tool which could electrochemically determine 

phase changes in ionic liquids accurately and precisely.  

 

1.4.4 Electrochemical Impedance Spectroscopy (EIS) 

            Electrochemical Impedance Spectroscopy or EIS [190,191] has gained much 

popularity in recent studies. It is a powerful and a well-known standard technique when 

it comes to investigating electrode processes and complex interfaces in electrochemical 

systems Main advantage of EIS is that with a single experiment in which a broad range of 
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frequencies are applied, many physical and electrochemical parameters can be studied at 

an applied potential.  

     Initially used to determine double layer capacitance and in ac-polarography, EIS is 

nowadays used in various applications in the field of characterization of materials such 

as in coatings, batteries, fuel cells and corrosion phenomena. It is being also applied to 

investigate diffusion across membranes and mechanisms in electro dissolution, passivity 

and at semiconductor interfaces [192].  

     EIS marks its impact for research and development, for product confirmation and 

quality assurance in manufacturing operations. 

Principle of the technique 

      The technique involves the application of a small sinusoidal excitation signal which 

can be voltage or current perturbation to the system under observation. Then, the 

resultant response of current or voltage is measured along with the phase angle. These 

measurements are carried out at different AC frequencies and hence, EIS is also known 

as AC Impedance spectroscopy [193].  

        The response is then, plotted in terms of graphical plots to analyse the impedance 

data. At higher frequencies, electrolytes resonate and thus, electrolytic properties are 

observed at high frequencies. As frequencies are decreased, partial electrolyte and partial 

electrode properties are studied as resonance occurs due to partial electrolytic and 

double layer characteristic. Further, as the experiment is carried out at lower frequencies, 

one can observe more of electrode properties.  
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Advantages of EIS 

       EIS offers several advantages and is established as the one of the superior and 

sophisticated model technique over other physical an electrochemical techniques.  

 Is a high-precision technique 

 Real world measurements can be made using real operating conditions. e.g., 

open circuit voltage or under load (DC voltage or current). 

 A single experiment can aid in determining multiple parameters 

 Simple setups are easy to operate ad handle 

 Can characterize interfacial as well as bulk properties of the system 

 Can verify reaction models 

Other advantages are grouped in Fig. 26.  

 

 

Fig. 26. Advantages of EIS 
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1.4.5 Kamlet-Taft parameter studies 

         The phase transition properties of various IL/water systems can be controlled 

reversibly by small thermal change, thereby increasing the potential applications of the 

system to purification, extractions and biopolymer separation. Many researchers over the 

globe are trying to analyse the parameters and factor effecting the critical phase 

temperature of these ionic liquids. Ohno et al, [194] have explored this field and been 

rigorously working on mechanistic and fundamental approaches of amino acid-based 

ionic liquids and their phase separation. Recently, Wang et al, [195]. have found out the 

mechanism of amino-acid based ionic liquids using molecular dynamics (MD) simulation. 

Still, there is a need for a comprehensive study to examine the factors effecting phase 

transitions in imidazolium-based ILs from their structural and design point of view. This 

will make the tunability and designability of these binary mixtures a lot more facile for 

their targeted features. Therefore, on the same path to understand transition 

mechanisms, hereupon imidazolium based ionic liquids will be analysed with respect to 

their physical and structural properties using Kamlet-Taft parameters studies [196-198].  

        Kamlet-Taft solvatochromic parameters provide details of the measure of hydrogen 

bond donor (α) and acceptor (β), dipolarity/polarizability (π*) and overall solvent 

polarity (ET). For the calculation of these parameters, UV-Visible spectroscopy is 

performed with three dyes namely, zwitterionic Reichardt’s dye, 4-nitroaniline and N, N-

diethyl-4-nitroaniline. Charge transfer absorption between Reichardt’s dye and ionic 

liquid is given in the form of ET (30) [Eq. (1)] and ETN [Eq. (2)] scales which discuss about 

the overall polarity and normalized polarity with respect to water respectively. These 

parameters in kcalmol-1, were calculated using the maximum absorption wavelength 

with the dye 𝜆𝑚𝑎𝑥 [26]. 
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𝐸𝑇(30) =  
28591

𝜆𝑚𝑎𝑥
                          (1) 

 

𝐸𝑇
𝑁 =

𝐸𝑇(30)−30.7

32.4
                        (2) 

        One of the Kamlet Taft parameter is 𝜋 ∗  [Eq. (3)] which infers about the 

dipolarity/polarizability ratio of the solvent [25]. This depends on the maximum 

absorption wavelength of N,N-diethyl-4-nitroaniline dye in kilokeyser (kK) units. 

 

𝜋 ∗ =  
𝜈𝑚𝑎𝑥−  𝜈0

𝑠
                          (3) 

 

         Here, 𝜈0 denotes the regression value for a reference solvent system and has a value 

of 27.52 kK. s measures the susceptibility of intensity of absorption with a value of -3.182. 

          Kamlet Taft parameters 𝛼 [Eq. (4)] and 𝛽 [Eq. (5)] correspond to hydrogen bond 

donating ability and accepting ability, respectively [25]. They were calculated using 𝜋 ∗ 

parameter and maximum absorption wavelength for dissolved 4-nitroaniline 𝜈1, and N, 

N-diethyl-4-nitroaniline 𝜈2. 

 

𝛼 =  
𝐸𝑇(30)−14.6(𝜋∗ −0.23)−30.31

16.5
        (4) 

 

𝛽 =  
1.035𝜈2− 𝜈1+2.64

2.8
                      (5) 
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1.4.6 COMSO-RS Simulations  

          In the present scenario, 3 possible simulation techniques are possible, including 

force field type calculations, Group contribution and DFT calculations. Although these 

techniques are precise, these are time-consuming and highly approximated. So, 

introduction of a newer and easier technique will be better option as it will encourage 

more precise results in less time. 

      Thus, instead of incorporating Schrödinger wave model for getting atomistic details 

for these type of complicated systems, a continuum model is chosen which is known as 

COSMO-RS or conductor like screening model for realistic solvents [199,200]. It was 

introduced by Andreas Klamt in 1995 [201] and it is an automated algorithm to calculate 

electrostatic interactions between the solute and solvent particles. It acts as a database 

of unique combination of quantum chemical treatments of solute and solvents under 

same parameters. Herein, solvent surrounds the solute which is considered as a 

continuous conductor rather than discrete molecules. This will therefore, calculate the 

chemical potentials of water-cation-anion ternary mixture and identify the chemical 

equilibrium point. Evaluation and identification of liquid-liquid equilibrium using 

COSMO-RS is proven to be the most reliable and fastest type of calculation available till 

now. COSMOtherm is computational tool to calculate the statistical thermodynamics 

calculations like chemical potential using COSMO-RS [202]. Chemical potential will provide 

systematic and efficient qualitative prediction of both solvation event and 

thermodynamic parameters. 
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1.4.7 Motivation for Chapter 5 

          There is a need to study mechanistics, characteristics and features of phase 

behaviour of room temperature low molecular weight imidazolium-based ionic liquids 

owing to their versatility, tunability and stable nature. As the techniques like UV-Visible 

Spectroscopy and DLS fail to detect CST of ILs, electrochemical impedance spectroscopy 

is employed to study the critical temperature of these water-like polar ionic liquids. The 

mechanistic aspects and structural relationships were investigated using Kamlet-Taft 

parameter studies and the same were incorporated into COSMOTherm, a simulation 

software based on COSMO-RS theory, whereupon a prediction theory could be suggested 

to acknowledge the CST behaviour of ILs. 

Why EIS? 

       It can detect minute changes in electrolyte, thereby enabling the detection of phase 

separation in water-like polar ILs. 

Why Kamlet-Taft parameter studies? 

        It is able to measure polarity and hydrogen bonding, factors known to affect CSTs in 

ILs. 

Why COSMO-RS Simulations? 

       These simulations take care of electrostatic interactions between solvent and solute 

particles, and solution can be studied as a whole in various molecular/weight/mass ratios. 

Novelty of the work? 

         For the first time, phase transitions of imidazolium-based ILs were confirmed using 

a superior and more informative EIS. Fundamental aspects were found out due to which 

phase separation takes place and most interestingly, a prediction mechanism is built to 

foresee the phase behaviour of these kinds of ILs. 
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1.5 Research Outlook 

1.5.1 Objective of this research work 

        The primary aim of this thesis work is to focus on the thermosensitivity and 

tunability of various polymer and ionic liquid systems. Literatures have shown the 

importance of temperature driven phase transitions and their utilization to widespread 

applications in science via fabrication of thermal devices (Fig. 27). 

        Thus, in the present thesis, thermoresponsive property is examined on three kinds 

of states:   

1) Solid-supported LCST showing materials- An attempt will be made with 

thermoresponsive polyoxazolines to transform them into solid-state materials. 

Two approaches are chosen for this task. First, the polymer will be converted to 

organic-inorganic hybrids materials using silicate which could also tune the phase 

transitions of these hybrid materials. Second, the polyoxazolines will be covalently 

bonded to silicon substrate for enhanced solid-support. 

2) LCST showing hydrogels- Further, dimensionally controlled plasmonic 

nanoparticles will be embedded into thermoresponsive PNIPAM copolymerized 

with polymerizable ionic liquids. Au and Ag both acts as tuning agents for phase 

transitions of these hydrogels. 

3) LCST in liquid-liquid equilibria-Phase transitions of imidazolium based ionic 

liquids in water will be studied using EIS. Further, their structural-activity 

relationships will be determined using Kamlet-Taft parameters and a prediction 

theory will be devised using COSMO-RS simulations. 
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           Successful completion of this research would open several strategies and aspects to 

prepare innovative thermoresponsive smart materials with enhanced properties. It will 

also provide with the ability to tune phase transitions of these materials for the 

fabrication of smart and intelligent thermal devices.  

 

 

 

 

 

 

Fig. 27.  Flowchart representing outline and topics of the thesis. 
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1.5.2 Chapter Outlines 

 

Chapter-2: Fine-tuning of LCST behaviour of oxazoline copolymer based organic-

inorganic hybrids as solid-supported sol-gel materials. 

       This chapter describes the synthesis of novel sol-gel hybrids using thermoresponsive 

copolymer of 2-ethyl-2-oxaoline and 2-isoporopyl-2-oxazoline with 

tetramethylorthosilicate as the silicate compound. It also reports the method to fine-tune 

the thermoresponsive property of these hybrids.  

 

Chapter-3: Silicon wafer modification with thermoresponsive oxazoline based 

copolymer as solid-supported phase gradients. 

         In this work, silicon wafers are exposed to extreme acidic conditions to covalently 

bind with the thermosensitive polymer of 2-ethyl-2-oxazoline. The system works as a 

solid-supported phase gradient. 

 

Chapter-4: Controlled phase behaviour of thermally sensitive poly(N-

isopropylacrylamide/ionic liquid) with embedded nanoparticles. 

          Next, focus was made to target the applications shown by the formation of hydrogels 

and nanoparticles along with the thermosensitivity due to polymers. Hence, PNIPAM was 

copolymerized with different imidazolium based ionic liquids such as 1-allyl-3-

octylimidazolium bromide and 1-hexyl-3-methyl imidazolium acrylate with tunable 

properties and the corresponding in-situ polymerization was done using Ag and Au 

nanoparticles. How the size of nanoparticles and structure of IL play a major role in LCST 

tunability was investigated. 
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Chapter-5: Can we predict the Critical Solution Temperature (CST) for 

imidazolium-based ionic liquids? 

       Further, focus was made to study liquid-liquid phase systems. Hence, room 

temperature imidazolium-based ionic liquids was found to exhibit LCST and UCST 

properties. A more advance, superior and informative technique which is electrochemical 

impedance spectroscopy was used as the diagnostic tool to evaluate the phase transition 

temperature as clear visualization of the separation cannot be observed optically. Factors 

affecting the CST in ionic liquids and its mechanism was scrutinized using Kamlet-Taft 

parameter studies. Also, COSMO-RS simulations were carried out which suggested a 

procedure to predict the occurrence of phase transitions, and if so, what type in ILs. 

 

Chapter-6: Conclusions and Future work 

    Lastly, this chapter summarised the findings of each chapter above. It also gave an 

outlook towards future for the utilization of these materials. 
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Chapter 2 

Fine-Tuning of LCST of oxazoline copolymer 

based organic-inorganic hybrids as solid-

supported sol-gel materials 

Abstract 

      Silica-supported organic-inorganic polymer hybrids were synthesized via in-situ sol-

gel condensation of silicate monomer in the presence of oxazoline copolymer. A stable 

copolymer of 2-ethyl-2-oxaoline and 2-isopropyl-2-oxazoline was prepared using methyl 

p-tosylate as the living polymerization initiator with molecular mass of 4200g/mol. 

Lower critical solution temperature (LCST) of this copolymer was thermally found to be 

at 77 oC. The copolymer was mixed with tetramethoxysilane (TMOS) in different amounts 

(1:0.0014 to 1: 0.006 molar ratio) via in-situ sol-gel condensation to produce organic-

inorganic hybrids including thermosensitive copolymer. Tuning of these solid-supported 

materials showed sharp phase changes in a temperature range from 42 oC to 58 oC, which 

was confirmed using Differential Scanning Calorimetry. Enthalpy of the phase transition 

were also calculated using the area above the endothermic peak. A typical concave curve 

was obtained for LCST-type phase diagram suggesting the dependence of phase 

transition temperature on the concentration of the copolymer in the hybrid. 
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2.1 Introduction 

      Stimuli-responsive “smart” polymers are being researched intensively since many 

years ago as these are capable of showing distinct changes in acknowledgement to 

external stimuli like light, heat, pH, electric or magnetic fields [1–3]. Of which, thermo-

sensitive polymers are of great significant due to ease to control transition temperature 

manually and naturally as well. These polymers tend to undergo coil-to-globule phase 

change under the influence of temperature [4]. And thus, are known to showcase phase 

change phenomenon like as Lower Critical Solution Temperature (LCST) and Upper 

Critical Solution Temperature (UCST) depending upon their miscibility, optical and other 

physiochemical properties [5]. LCST (/UCST) is exhibited by polymers which show a 

decrease(/increase) in miscibility with solvent after applying enough heat to display 

phase change as the hydrophobic interactions between hydrophobic groups of the 

polymer becomes dominant (coil to globule) [6]. Applications of these smart materials 

range from bio-engineering which include sensors, drug delivery, gene delivery and 

tissue engineering to chemistry in catalysis, separation, batteries and chromatographic 

analysis [7,8]. Therefore, prudent structure design of these polymers is needed to meet 

the user’s need to achieve a sharp and fine-tune phase behavior. One such crucial and 

conventional class of thermos-sensitive polymers is poly(N-isopropylacrylamide) (or 

PNIPAM) [9]. The structure has both hydrophilic and hydrophobic moieties capable of 

undergoing coil to globule transition at the transition temperature. It specialty lies in the 

sharpness of the transition point (31-33 oC) and that it is closer to human body 

temperature, making it a suitable candidate to be studied in biomedical applications 

[10,11]. However, recently reports have been encountered for the toxic levels [12] of the 

polymer implying the need of a non-toxic polymer whose LCST lies at optimum 
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temperatures. As an alternative, one such class of thermo-responsive polymer is poly-(2-

oxazolines) (POx) [13–16], some of which are non-toxic in nature, as approved by Food and 

Drug Administration (FDA) [17,18]. Selecting this polymer, will enhance the utility of the 

resulting hybrid materials as ring opening cationic polymerization enables diversity on 

the end-group structure providing the reversible coil-to globule transition in a wide 

range of temperature. The structure of generally used 2-alkyl-2-oxaoline derivatives for 

polymerization is depicted in Fig. 1. It is well reported that the phase behavior of this 

generally depends on its molecular weight [19,20]. Typically, poly(2-ethyl-2-oxazoline) has 

LCST beyond 90 oC, if the molar mass of the polymer increases to 6700 g/mol [15]. 

Synthesis of organic-inorganic hybrid materials using thermosensitive copolymers are being 

done due to handling ease, opening a wide spectrum of applications [1,21–28]. 

 

Fig. 1. Structures of 2-alkyl-2-oxazolines used for polymerization. 
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Objective of the work: 

        In the present study, thermoresponsive behavior of organic-inorganic hybrid 

materials including copolymer of 2-ethyl-2-oxazoline and 2-isopropyl-2-oxazoline was 

investigated. Oxazoline based copolymer was prepared and characterized as reported in 

literatures [1,19,21,29]. Phase transition behavior was monitored using optical and thermal 

analysis. Furthermore, in-situ sol-gel condensation was performed using 

tetramethoxysilane (TMOS) as the silane monomer to prepare solid-supported organic-

inorganic hybrid systems. Fine-tuning of the phase behaviour of these hybrids was 

examined by varying the copolymer content keeping the TMOS concentration constant. 

Lastly, a phase diagram was constructed to study the fine-tuning of transition 

temperature for the poly(oxazoline)-based organic-inorganic hybrid materials. So, the 

objective of the work is to fine-tune the phase behavior of oxazoline based 

thermoresponsive copolymers by preparing their organic-inorganic hybrids. 

 

2.2 Experimental  

           2-Ethyl-2-oxazoline (Tokyo Chemical Industry Co. Ltd.), 2-isopropyl-2-oxazoline 

(Tokyo Chemical Industry Co. Ltd.) and acetonitrile (Kanto Chemical Co., Inc.) were 

purified by calcium hydride overnight (Wako Pure Chemical Industries) and distilled. 

Methyl p-toluenesulfonate (Tokyo Chemical Industry Co. Ltd.), dichloromethane (DCM, 

Wako Pure Chemical Industries), diethyl ether (Wako Pure Chemical Industries), sodium 

hydroxide (Wako Pure Chemical Industries), methanol (Kanto Chemical Co., Inc.) and 

hydrochloric acid (HCl, Kanto Chemical Co., Inc) were used without any further 

purification. 
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Measurements 

           Proton-Nuclear Magnetic Resonance Spectroscopy (1H-NMR) was executed on an 

UltrashieldTM Plus Bruker spectrometer, Z101355 which had the operating frequency of 

400 MHz. Chemical shifts were recorded in parts per million (ppm) downfield from the 

reference tetramethylsilane (TMS). Molecular weight distributions were studied utilizing 

Gel Permeation Chromatography (GPC, Shimadzu). The instrument was equipped with a 

DGV-20A Degasser, RID-10A Refractive Index Detector, LC-20AD Liquid Chromatograph 

and a CTO-20A column oven. The solvent used as an eluent was stabilizer-free 

tetrahydrofuran. The flow rate for the elution was kept as 0.5mL/min at a temperature 

of 30 oC. Polystyrene (PSt) standards were used for the calibration. JASCO FT-IR420 

(JASCO) was used to measure the Fourier-transformed Infrared spectroscopy. Thermal 

analysis was carried out on a Differential Scanning Calorimeter (DSC, Shimadzu- DSC-

60Plus C309353) under nitrogen atmosphere. Infrared absorption spectra for the 

organic-inorganic hybrids were analyzed by Fourier transform infrared spectroscopy 

(FTIR) (Bruker Tensor 27). 

Synthesis of the copolymer of 2-ethyl-2-oxazoline and 2-isopropyl-2-oxazoline 

with a hydroxyl end group: 

A modified literature scheme was used for the synthesis [19,29] (Scheme 1). In a 2-

neck round bottom flask, 2-ethyl-2-oxazoline (1.75 mL, 17.4mmol) and 2-isporopyl-2-

oxazoline (0.6mL, 5.04mmol) were added in inert atmosphere. To that, purified 

acetonitrile (9mL) was put in to prepare a 25 wt% solution. 2 mol% (0.08g, 0.44mmol) 

methyl p-toluenesulphonate was added to the reaction mixture and was heated at 70 oC 
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for 3 days in the presence of nitrogen surroundings. Once the polymerization was over, 

the reaction    mixture was cooled to room temperature. The reaction was quenched with 

appropriate amount of 1.0 M methanolic sodium hydroxide (till white precipitation 

occurs) to incorporate the –OH group at the terminal group of the polymer chains. Then, 

the polymer was washed using dichloromethane. And the polymer was extracted in 

diethyl ether in a separation funnel.  The solvent was removed under reduced pressure. 

It was further purified by overnight by drying at 40 oC under vacuum.  

1H-NMR (Fig. 2) (400MHz, CDCl3): δ = 3.36 (s, CH2-CH2), 2.97 (s, CH3-N), 2.84 (m, -CH-), 

2.51 (d, -CH2-CH3), 0.963 (m, CH3-C). 

 

 

 

 

Scheme 1: Schematic diagram for the synthesis of copolymer of 2-ethyl-2-oxazoline and 

2-isopropyl-2-oxazoline using methyl p-tosylate as the initiator. 
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Synthesis of organic-inorganic hybrids materials: 

 

Scheme 2: Schematic diagram represesnting the synthesis via in-situ sol-gel 

condensation incorporating TMOS as the inorganic silicate and oxazoline copolymer as 

the  organic thermoresponsive substrate in acidic catalyst medium. 

 

      A typical in-situ sol-gel condensation procedure [23,30] was pursued for the synthesis 

of hybrids materials (Scheme 2). To different amounts of oxazoline copolymer ranging 

from 3.5e-6moles to 1.5e-5moles (A – 0.015 g, 3.5e-3 mmol; B – 0.030 g, 7.1e-3 mmol, C – 

0.033 g, 7.8e-3 mmol; D – 0.035 g, 8.3e-3 mmol; E- 0.040 g, 9.5e-3 mmol; F – 0.042 g, 1.0e-

2 mmol; G – 0.045 g, 1.1e-2mmol and H – 0.060 g, 1.4e-2mmol), a constant amount of 

tetramethyoxysilane (TMOS, 0.38 g, 2.5 mmol) was added (Table 2). Condensation was 

catalysed by 1.0 N HCl aq. (0.06g) which acted along with methanol (0.16 g, 5 mmol). 

Solvent used was acetonitrile (2.5mL). Once all the requisite details were added in a 

round bottom flask, the solution was stirred vigorously at room temperature for 4 hours. 

Afterwards, the resulting mixture was poured in a plastic container. The solution was 

dried and rested undisturbed at 60 oC for 7 days till all the solvent evaporated leaving 

behind the dried hybrid film material. 



CHAPTER 2 PHASE BEHAVIOUR OF ORGANIC-INORGANIC HYBRIDS 

  
 

 

79 Phase behaviour of organic-Inorganic Hybrids 

Measurement of Phase Transition Temperature 

       The solid-liquid equilibrium [31] of the copolymer was detected using (1) optical 

analysis (determination of turbidity by naked eye) using a digital thermometer 

(NETSUKEN SN3000-01 range: -50 to 280 oC). The analysis was done in aqueous medium 

(polymer/water= 10 mg/ mL).  (2) Differential Scanning Calorimetry, was performed in 

inert atmosphere at heating rate of 1 oC/min from 20 oC to 90 oC. 

        For the films, a small amount of the material was taken and dispersed in water via 

sonication. It was then subjected to Differential Scanning Calorimetry under nitrogen 

atmosphere at a heating rate of 1oC/min from 20 oC to 90 oC. Endothermic enthalpy was 

calculated from the system software. 

 

2.3 Characterization 

        Ring-opening cationic copolymerization of 2-ethyl-2-oxaozline and 2-isopropyl-2-

oxazoline was carried out using methyl tosylate as the cationic initiator. The copolymer 

was terminated using methanolic NaOH. The synthesized polymer was characterized by 

1H-NMR (400 MHz) in CDCl3 (Fig. 2). It was seen that the monomer peaks were absent, 

and that the broad polymeric peaks were observed in the region 0-4ppm. The structure 

was characterized as on the Fig. 2. From the integration ratios, composition of the 

copolymerization [29] was found to be 2-ethyl-2-oxazoline: 2-isopropyl-2-oxazoline = 

72.4%: 27.6%. Gel Permeation Chromatography (GPC traces) of the copolymer solution 

in stabilizer-free THF solution was performed for the molecular weight determination.                 
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           The number-average molecular weight (Mn) of the copolymer was found to be 4200 

g/mol. The degree of polymerization (PDI) was found to be 1.02 confirming the living-

type polymerization behavior. 

Fig. 2. 1H-NMR spectrum of the copolymer prepared from (2-ethyl-2-oxazoline and 2-

isopropyl-2-oxazoline) 
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2.4 Results and Discussion 

         With the copolymer being soluble in non-protic solvents like acetonitrile, THF, 

dimethylsulfoxide (DMSO), acetone and chloroform, it was interesting to investigate 

solubility in protic solvents like water and methanol (Table 1). The terminal hydrophilic 

hydroxyl group makes it a viable polymer to be used in various solvents, thereby 

expanding the horizon of its applications. 

Table 1: Solubility table for copolymer 

      To further demonstrate its stability, a DSC (Fig. 3) measurement was performed from 

20 oC to 550 oC at a scan rate of 10 oC/min. It was noted that the polymer was stable up 

to 360 oC, which upon further heating degraded/decomposed. No evident glass transition 

temperature was found for this copolymer. 

 

     

 

 

 

 

 

 

 

Fig. 3. DSC profile of the copolymer (2-ethyl-2-oxazoline and 2-isopropyl-2-oxazoline). 

The rate of heating was kept as 10 oC/ min from 20 oC to 550 oC. 



CHAPTER 2 PHASE BEHAVIOUR OF ORGANIC-INORGANIC HYBRIDS 

  
 

 

82 Phase behaviour of organic-Inorganic Hybrids 

       Further, a series of organic-inorganic materials was designed by sol-gel condensation 

reaction. The concentration of the copolymer was chosen to be the vacillating component 

in the compositional matrix in each set to be able to requisitely tune the transition 

temperature. Tetramethoxysilane (TMOS) was selected to act as the inorganic silane 

monomer due to its ease to handle and predominance. Its amount was taken as the 

constant parameter to control the phase transition due to presence of thermoresponsive 

oxazoline copolymer. The appearance of the hybrids was as listed in Table 2. It was 

observed to be translucent (A-D) or white turbid (E-H), flaky (A-H) and brittle (A-H). The 

affirmation of the synthesis was done by obtaining the IR spectra. IR measurements were 

performed in both functional (4000 cm-1 -1450 cm-1) and fingerprint region (1450 cm-1 – 

500 cm-1). As seen in the representative IR spectra [Fig. 4. (a) (A-D) and (b) (E-H)], the 

spectra are broadly similar. The strongest absorption peak of the spectra was found 

between 1100-1000 cm-1, which can be assigned to the Si-O-Si siloxane bond, forming the 

structural framework of the hybrids. The peak at ⁓950 cm-1 was observed due to Si-OH 

stretch. A small absorption at ⁓760 cm-1, is attributable to the incomplete hydrolysis of 

TMOS backbone of Si-OCH3 [26,32], leading to a development of both 3D network of the 

hybrid with some terminal OH (Scheme 2). A weak broad band was observed from 3600-

3000 cm-1 which is ascribed to the Si-O-H stretch formed during the hydrolysis of the 

methoxy groups of TMOS. Further, presence of C=O carbonyl band was observed at ⁓ 

1650 cm-1, reaffirming the indulgence of the organic copolymer functionalities. As no 

peak was observed around 2850 cm-1, it was certain that no unreacted methoxysilane 

element was present in the hybrid matrix [32]. 
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Fig. 4. FT-IR spectra for organic-inorganic polymer hybrids A-D (a) and E-H (b) 

 

(a) 

(b) 
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Phase Transition Property: 

         Cloud point (transition temperature) for the polyoxazoline in aqueous medium, 

depends on the hydrogen bonding with water [33]. Before LCST, the polymer is a coiled 

chain, whose hydrophilic group (here, carbonyl and nitrogen of the chain) subsequently 

interacts with the hydrogens of water. After LCST, system acquired enough enthalpy to 

overcome the polar dipole-dipole interactions, thereby increasing the growth of 

hydrophobic interactions (methyl, isopropyl groups of the side chains) of the system. This 

happens once the polymer forms a globule state as seen with the emergence of a turbidity 

in the appearance [34]. For the oxazoline copolymer, it thus becomes evident to examine 

the visual changes at LCST. For that, 10 mg/mL copolymer solution in water was 

prepared and heated. It was observed that the solution turns from transparent to opaque 

as heated from room temperature to 80 oC (Fig. 5). Once the solution was cooled, turbidity 

disappears signifying the solubility of the copolymer in water again increased, also 

portraying the reversible nature of the LCST transition of polymer.  

 

Fig. 5. Optical images demonstrating the reverisble nature of LCST of oxazoline 

copolymer. 
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      A DSC was performed from 20 oC to 100 oC. An endothermic peak was detected with 

peak position at 78 oC owing to the phase transition. The heat of the transition after 

calibration, was calculated as 83.46 J/g (Fig. 6). 

 

 

Fig. 6. DSC profile indicating the LCST behaviour of copolymer of 2-ethyl-2-oxazoline 

and 2-isoporopyl-2-oxaoline. 
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Table 2: Composition, appearance, phase transition temperature and corresponding 

enthalpies for the solid-supported organic-inorganic hybrids. 

 

        Afterwards, the hybrids A to H were examined (Table 2) for the fine-tuning of the 

phase transition temperature of copolymers. All the hybrids were dispersed/dissolved in 

water (10 mg/ mL). Furthermore, phase diagrams were prepared to depict the relation 

of copolymer concentration with respect to phase transition temperature peak positions 

and their corresponding enthalpies.   For the material symbolized as A, the hybrid showed 

no transition peak. This implied that the copolymer concentration was not enough for the 

phenomenon to take place. It thus, tends to remain completely soluble in the water at 

temperature range of 20-80 oC. Neither poly-oxazoline nor silicate moiety was able to 

show phase transition. However, with an increase in copolymer concentration from 2.85 

mM to 5.6 mM, all showcased a wide-endothermal peak attributed to the phase transition 

temperature (Fig. 7). In most cases, the onset starts at room temperature, probably 

because the hybrid is dispersed in water. The peak expands till the copolymer in the 

hybrid gains sufficient energy to exhibit globule formation in the solution. And, 

afterwards a sharp baseline appears. Hence, the transition temperature was monitored 

as the bottommost point of the endothermic peak.                                                                                                                                                     
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Fig. 7 DSC profiles demonstrating the phase behavior for organic-inorganic polymer 

hybrids A-D (a) and E-H (b) 

(a) 

(b) 
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       Consequently, a typical concave up binodal curve [35] is perceived (Fig. 8).  As can be 

scrutinized from the temperatures graphs in the range of 20-100 oC, fine-tuning of phase 

behvaiour of the copolymer hybrids can be appreciated. The temperature range can be 

varied from 42 oC to 58 oC with the change in concentration of copolymer. The 

temperatures decreased initially from 58 oC to 42 oC with the increase in the amount of 

copolymer. The temperature of 42 oC, lowest in our case was achieved with the polymer 

concentration being 3.80 mM. Again increasing the amount to 5.6 mM, led to an increase 

in the phase transition temperature upto 58 oC. It can also be easily perceived that due to 

the incorporation of the inorganic silicate substance, the hybrids showed a decreased 

phase transition temperature when compared with that of the original copolymer, 

probably as the silicate acts as a hydrophobic moiety thereby weakening the hydrogen 

bonds with water [36,37]. As reported, this entropy-driven phenomenon depends on the 

enthalpic factors like specific interactions between polymer and silicate molecules, 

solubility of product and other entropic losses from any possible interactions [38–40]. 

Thus, increasing the copolymer ratio with respect to silicate matrix, decreases the phase 

separation behaviour till the concentration reaches a molar ratio of 3.8e-3 : 1, suggesting 

the dominant role of silicate moiety. Besides, increasing the copolymer content further, 

led to an increase in the transition temperature apparently due to increase in the 

hydrophilic content in the form of copolymer. Therefore, it was well-comprehended that 

the phase behavour for this copolymer is concentration dependent with respect to the 

silicate matrix. Furthermore, for the calculation of enthalpy change of the transition, 

above the curve was calculated by extrapolating the stipulated baseline above the 

endothermic peak.  Area above the significant endotherms in the DSC thermograms was 

calculated and calibrated by the amount of the hybrid taken for the analysis in the DSC 

pan. Interpretation of the enthalpies revealed the similar trend as per the concave up 
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phase curve (Fig. 9). Enthalpy changes correspond to the energy of conformational 

change and the hydrophobic interaction of the copolymer/silicate hybrid in aqueous 

medium [39,41]. It showed a linear dependence with transition temperature (as phase 

transition temperature increases, enthalpy increases) as silicate acts as a hydrophobic 

component [42–44], thereby increasing the enthalpy of transition when compared with the 

copolymer solution.  

 

 

Fig. 8. Phase diagram corresponding to the change in oxazoline copolymer composition 

with respect to temperature. 
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Fig. 9. Phase diagram corresponding to the change in oxazoline copolymer grams with 

respect to the heat of transition. 
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2.5 Conclusion  

 

Fig. 10. Graphical illustration of fine-tuning of phase behaviour of polyoxazoline based 

copolymer using inorganic silicate material. 

 

        Thermosensitive organic-inorganic polymer hybrids were prepared utilizing 2-ethyl-

2-oxazoline and 2-isopropyl-2-oxazaoline via living cationic polymerization using methyl 

tosylate as an initiator. LCST of the copolymer in water was at 77 oC. The materials 

contained constant moles of inorganic TMOS and were characterized using FT-IR 

spectroscopy. With the variation in the amount of copolymer, the solid-supported 

hybrids synthesized by in-situ sol-gel condensation, can be modulated for their phase 

behaviour in a wide range of 42 oC to 58 oC. This observation unveiled the composition 

dependency of phase transitions in thermosensitive polymer/silicate hybrids, along with 
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their enthalpy changes.  Enthalpy change of the transition was found to be maximum 

(622.26 Jg-1) for hybrids showing phase behaviour at 58 oC, and lowest (115.28 J g-1) for 

hybrid showing lowest phase transition at 42 oC. Thus, fine-tuning of the solid-supported 

organic-inorganic hybrid materials is possible on the basis of control of the concentration 

of the copolymer used in the silicate matrix. This can provide a strategy for custom 

designing of the thermos-responsive materials for feasible applications for smart 

materials [24]. (Fig. 10). 
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Chapter 3 

 

Silicon wafer modification with 

thermoresponsive oxazoline based 

copolymer as solid-supported phase 

gradients 
Abstract 

               Solid-supported LCST showing materials find tremendous use in distinguished 

fields like separation, drug delivery and tissue engineering. Hence, in order to prepare 

solid state phase gradients, a polymer of (3-aminopropyl)triethoxysilane terminated 2-

ethyl-2-oxazoline had been prepared which exhibited thermoresponsive properties. Self-

assembled monolayers of this polymer was coated over a silicon wafer substrate via 

covalent binding. The formation of polymer thin films over silicon substrate was 

confirmed by various techniques including XPS and FTIR. Surface conversion rate of Si 

wafer with polymer was detected to be 21% by XPS analysis. Polymer showed the LCST 

of 75 oC while silane modified polymer showed LCST at 68 oC. Contact angle 

measurements showed the presence in the hydrophobic nature on the film. Thus, a solid-

state material was developed which has the ability to show phase transition at a 

temperature of 68 oC.  
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3.1 Introduction 

       Silicon [1] provides broad range applications in the field of semiconductor industry 

and integrated technologies due to its semiconductor properties and its ease of packaging. 

Hence, silicon surface texturing via wafer modification [2,3] is considerably the foremost 

and significant technology for the fabrication of electronic, photonics and optical devices, 

for example sensors [4] and solar cells [5].  Reactive silicon wafers have already been 

modified using various hydrophilic silanol terminated moieties or hydrophobic 

hydrogen-terminated compounds. In general, wafer bonding involves formation of thin 

films in the form of uniform self-assembled monolayers (SAMs) [6] in the form of large 2D 

ordered molecular domains. The compound being coated over the wafer interacts with 

the chemically opposing terminal groups deposited onto the silicon substrate. SAMs are 

established to serve as a versatile and robust surface modification technology to fine-tune 

the surface properties by the combination of surface coupling agents and organic 

molecules. Formation of SAMs makes it possible to optimize the film growth over 

thickness from few nanometers to several micrometres. Another interesting feature of 

SAMs is that their own structural diversity and inexpensively high flexibility due to their 

smaller weight and volume. This makes them perfect candidates for device 

miniaturizations [7]. Hence, functional films and materials are realized to be used in 

battery research, optics, organic electronics and process technology [ 8–11].   

         Modification of the targeted physical or chemical properties can be easily done by 

the deposition of the polymeric materials on the silicon substrate. This widen the 

potential of the modified semiconductor material and allows the polymeric thin films to 

be employed in biological applications such as cell cultivation, synthesis of filter 

membranes and highly efficient antibacterial surfaces and immobilisation of bioactive 
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species on the surface [12–16]. Thin films of polymers are modified and coated over with 

silicon wafers via majorly used coupling agents, i.e., aminosilanes [17]. Aminosilanes are 

bifunctional in nature. They have the ability to form strong covalent bond in the form of 

Si-O-Si linkages through their expandable long alkyl chains allowing the formation of 

superior close-packed monolayers. The amine group possess a distinctive surface 

reaction chemistry as it catalyses the formation and hydrolysis of siloxane bonds at the 

ambient temperatures. It can bind to silicon atoms of self and neighbouring aminosilane 

molecule via inter- and intra-molecular interactions to form a cyclic intermediates. This 

increases the potential of these systems to be exploited in chromatography[ 18], medicine 

[19], detection of desired gases [20] and biosensors [21]. 

     Thermoresponsive polymers are of great interest in today’s era as they display phase 

changes at a critical behaviour in the form of phase-in behaviour (upper critical solution 

temperature, UCST) and phase-out behaviour (lower critical solution temperature, LCST) 

[22]. Phase separation phenomenon at LCST is known to be widely exploited in biomedical 

and some physical applications such as separation [23], drug delivery [24] , tissue 

engineering [25] and gene therapy [26]. This requires the production of extensively 

intelligent and smart materials whose LCST can be tailored according to the user’s need. 

Researchers have already coated PEO-based polymer chains onto the silicon wafer and 

created materials with dominant metal-oxo surfaces and physical adhesion. Recently, 

Matyjaszewki et al., [27] prepared thermally responsive, stable star polymer chains onto 

the silicon wafers. The thermoresponsive polymer was PEO-based oligomer 

functionalized with methyl ether methacrylate. Ishida et al., [28] have already studied the 

phase transition of PNIPAM grafted onto silicon wafers. Li et al. [29], have used PNIPAM 

based silicon wafer systems for cell adhesion and detachment. Lately, polyoxazolines [30] 
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have found to be a class of non-toxic, highly efficient thermosensitive polymers which 

exhibit a wide tunable LCST range of 0 - 100 oC. They mimic biological proteins due to the 

presence of the polyamide backbone, thus making them excellent biocompatible 

materials [31]. Because they are synthesized via ring opening living polymerization, this 

provides us with the ability to incorporate highly tunable and desired functionalities on 

termination. Hence, these materials serves as the eminent and facile choice to be 

terminated with aminosilane based coupling agents and further, to be modified on silicon 

wafers. Based on this thought, silicon wafer modified using novel thin films of alkoxysilyl 

terminated polyoxazolines were prepared for the first time and studied their 

characteristics for predominant and desired LCST properties. 

Objective of the work: 

     In this work, the termination of polymer chains of poly(2-ethyl-2-oxazoline) was 

carried out using (3-aminopropyl)triethoxysilane (APTES) to prepare a 

thermoresponsive polymer system. The polymer acts as the thermoresponsive moiety 

which show phase transition at a temperature of 75 oC and the aminosilane modification 

empower it for covalently bonding with the exposed –OH groups on the silicon wafer. It 

has been known that factors like reaction temperature, solvent, time, concentration and 

nature of coupling agent deeply affect the thickness, durability and uniformity of the 

SAMs. Hence, it becomes vital not to overlook these parameters and study and 

characterize the thin films in detail. Hence, the thin films made over the silicon wafers 

were optimized and scrutinized for their effective work-up and excess polymer was 

removed to avoid any ambiguity.  The system was characterized by FT-IR and XPS 

measurements.  DSC analysis performed on modified silicon wafer showed occurrence of 

phase transition over silicon wafer at 68 oC. Further, modified silicon wafer was checked 
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for its thermosensitivity which showed that the substrate is capable to separate water at 

80 oC even from the moisture, creating a superior solid-supported LCST showing phase 

gradient system. 

 

3.2 Experimental 

3.2.1 Materials: 2-ethyl-2-oxaozline was purchased from Tokyo Chemical Industry Co. Ltd 

and acetonitrile from Wako Co. Ltd and these chemicals were purified further over 

Calcium hydride (Sigma Aldrich) followed by distillation. Silicon wafer was purchased 

from Azone. Co. Ltd. Methyl-p-toluenesulphonate, (3-aminopropyl)triethoxysilane 

(Tokyo Chemical Industry Co. Ltd) and chloroform, hexane, hydrogen peroxide, sulfuric 

acid, ethanol (Wako Co. Ltd) were used as received. Amberlyst A-21 was bought from 

Sigma Aldrich.  

3.2.2 Instrumentation: Perkin Elmer Spectrum 100 was used as the FT-IR spectrometer 

to record the Fourier-transformed infra-red spectra. MALDI-TOF was carried out on a 

Perseptive Biosystems (now Applied Biosystems Inc.) Voyager DE PR. UltrashieldTM Plus 

Bruker, Z101355 was utilized for the 400MHz Nuclear Magnetic Spectroscopy. Contact 

angle measurements were conducted on a DropMaster DM-501 by Kyowa Interface 

Science Co., Ltd. 

3.2.3 Synthesis of silyl terminated polymer: Similar procedure was used as already 

reported in literature [32]. Purified 2-ethyl-2-oxazoline (1.57 g, 15.8 mmol) and methane-

p-toluenesulphonate (0.26 g, 1.4 mmol) were refluxed and stirred in acetonitrile (10 mL) 

under nitrogen atmosphere at 80 oC for 10 hours. Then, (3-aminopropyl)triethoxysilane 

(APTES) (0.47 g, 2.13 mmol) was added at 0 oC to the reaction mixture and it was allowed 
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to stir at room temperature for 2 days for complete termination. Next, the solution was 

treated with ion-exchange Amberlyst A-21. The pure polymer was isolated via 

reprecipitation from chloroform to n-hexane, then dried in vacuum. (Scheme 1). 

 

 

 

Scheme 1: Reaction scheme for the synthesis of thermoresponsive polyoxazoline 

terminated by APTES. 

 

3.2.4 Synthesis of polymer modified silicon wafer: Taken a square piece of silicon wafer 

and immersed it in a 30:70 H2O2:H2SO4 Piranha solution (10 mL) at 120 oC for 3 hours. 

The wafer was washed with first water, then ethanol and again water 2 mL each via 

sonication for 2 minutes each. Then, a 25 mg polymer solution was dissolved in 0.25 mL 

ethanol and this was added via syringe to the silicon wafer which was kept for incubation 

period of 12 hours at 60 oC to evaporate ethanol and for the covalent bonding to happen. 

As it is very important to take special care on the work-up on silicon wafers, these were 

sonicated for the optimized time of 10 minutes in ethanol to remove any unassociated 

polymer chains. Further, the silicon wafer was dried in vacuum and purged the surface 

with nitrogen for few seconds to complete drying, which was used for further analysis. 
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3.3 Characterizations 

         The synthesized thermoresponsive polymer was characterized using 400MHz 

nuclear magnetic resonance (NMR) spectrometer by 1H NMR in DMSO as shown in Fig. 1.   

The MALDI-TOF analysis was performed and the molecular weight of the polymer was 

found out to be m/z= 1563 g/mol. This confirmed the synthesis of alkoxysilane-

terminated polymer ready to be coated onto the silicon wafer by covalent bonding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. 1H-NMR spectrum of trialkoxysilyl-terminated polyoxazoline. 

Fig. 2 1H NMR spectrum of AMImCl in DMSO. 
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3.4 Results and Discussion 

                   A homopolymer of 2-ethyl-2-oxazoline was synthesized by ring opening 

methyl-p-toluenesulphonate initiator. The termination was done by coupling 

aminosilane APTES which empower the polymer to covalently bond with the silicon 

wafers. Once the synthesis polymer is characterized, it needed to form thin films in the 

form of self-assembled monolayers on the silicon wafer. To further enhance the chances 

of covalent bonding between the wafer and polymer, the silicon substrate is exposed to 

vigorous oxidative environment (Piranha solution) to form Si–OH (silanol groups) at the 

surface for effective coupling.  

 

                     Once the coating was done via incubation for 12 hours, it was necessary to 

remove any unreacted or physisorbed polymer remains to form a stable uniform 

chemisorbed layers of the polymer. Hence, studies were done to optimise the work-up 

time after the incubation was performed. Solvent taken was ethanol, which was then 

added to silicon wafer kept in a 50 mL beaker and sonicated for different time of 2, 5, 10 

and 20 minutes. It was optimized that sonicating the silicon wafer for 10 minutes 

removed the physisorbed polymer. Hence, after sonicating for this time, the wafer was 

subjected to further analysis. 
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3.4.1. Characterizations of Synthesis of Self-assembled Monolayers of 

Polymer on Wafer 

                            After the optimizations, it is evident to investigate about the nature and 

aspects of thin films formed. Fig. 2. shows a  schematic illustration about the Si-O-Si 

linkage formation between the polymer and silicon wafer supposed to happen. The 

process involved silicon substrate treatment with piranha solution, and then generation 

of polymer modified silicon wafer.  

 

Fig. 2. Schematic representation of the formation of modified silicon wafers.   
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Fig. 3. FT-IR spectra for bare Si (black), Si wafer exposed to Piranha solution (red) and 

polymer modified silicon wafer (blue). 

 

                     At first, the polymer layer characterization was done by FT-IR spectra as 

shown in Fig. 3. The spectra for untreated Si showed major peaks of Si-OH at ⁓3650 cm-1 

which can be due to free –OH or –hydrogen bonded OH and a little peak at ⁓2150 cm-1 

owing to extremely low presence of Si-H bonds. When the silicon wafer was exposed for 

acidic treatment, the spectra more or less remained similar to the bare Si. Now, when the 

polymer is bonded over the wafer, clear changes in the spectra in both the functional and 

fingerprint regions can be seen. There appeared a strong broad peak at ⁓3450 cm-1, 

suggesting the presence of N-H bond from the polymer’s terminal group. Asymmetric 
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aliphatic stretching of –C-H bonds from the polymer backbone was also observed at 

⁓3050-2950 cm-1. The polymer also showed strong carbonyl peak at ⁓1650 cm-1. The most 

important peaks which characterise the bond formation between the polymer and the 

silicon wafer are found at ⁓1150 cm-1 and ∼1020 cm−1 which are corresponding to the Si-

O-Si longitudinal and transverse stretching modes, respectively. Appearance of a doublet 

peak at ∼1080 cm−1 and a peak at ∼950 cm−1 corresponds to Si-OCH2CH3. Further, Si-O-

C bonding mode can be identified at ∼1100 cm−1. Region of 1300-1200 cm-1 is assigned 

to the C-N, C-C and NH2 bending modes of the polymer. The characterization confirmed 

the covalent bonding the polymer and silicon substrate [33]. 

                  Further, another surface-sensitive technique was implemented on the silicon 

modified surfaces in the form of X-ray photoelectron spectroscopy (XPS) to analyse the 

electronic states of the elements present, and thus the surface chemistry of the material. 

The XPS spectra of bare Si showed peaks of silicon, oxygen and carbon (due to impurity 

of carbon tape), as expected. The spectra for polymer modified silicon wafer contained 

the signals of silicon, oxygen, carbon (due to polymer and carbon tape) and nitrogen. 

                        Because nitrogen is not present in untreated silicon, its peak due to 

secondary amine group present in the polymer served as the point of analysis for the 

bonding between the species. The deconvoluted XPS spectra of polymer coated substrate 

is represented in Fig. 4. When the Si 2p high resolution spectra (Fig. 4a) was analysed, it 

was observed signal at a binding energy of 97.4 eV owing to formation of aminosilane on 

the SiO2 layer of wafer (Si-O-Si). Other binding energies at 98.9 and 101.8 eV corresponds 

to the SiO2 and bulk Si, as shown. The N 1s fine-scale spectra (Fig. 4b) was also examined 

which portrayed two distinct components at the binding energies of 399.4 eV and 400.7 

eV corresponding to non-bonded –N-H (to wafer), and H-bonded –NH, respectively. Both 
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represented and further confirmed the growth of polymer layers on the silicon wafer. 

Polymer deposited onto the silicon wafer was found out to be 21%. (using area of –H-

bonded N-H and total N-H of polymer ) One of the probable reasons of low density 

bonding is the presence of long-alkyl chain and polymer backbones.  
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Fig. 4. Deconvoluted XPS spectra for (a) Si 2p and (b) N 1s for the polymer modified 

silicon wafer. 

Si 2p 

 N 1s 

2p 
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3.4.2.  LCST determination on the silicon wafer for solid-supported 

phase gradients 

                   Afterwards, the thermoresponsive behaviour of the silane terminated 

polyoxazoline was checked via differential scanning calorimetry as seen in Fig. 5. The 

measurement was done at a temperature range of 25-90 oC at a heating rate of 1 oC/min. 

The polymer concentration was taken as 0.5 mg/mL in water. A small broad yet clearly 

distinguishable endothermic peak was observed at a critical temperature of 74.4 oC, 

showcasing the occurrence of LCST in the polymer. As expected, presence of hydrophilic 

ethyl group in oxazoline moiety and polar groups like -Si(OEt)3 and –NH increases the  

Fig. 5. DSC profile of the silyl-terminated polyoxazoline. 
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hydrophilicity in the molecule, thereby delaying the collapse of hydrophobic globule, 

causing the LCST to occur at this temperature. 

Next, silicon wafer modified by this thermoresponsive polymer was evaluated for its 

phase transition behaviour using differential scanning calorimetry as seen in Fig. 6 in 

water. The measurement was done at a temperature range of 35-80 oC at a heating rate 

of 1 oC/min. A broad endothermic peak was observed at a critical temperature of 68 oC, 

showcasing the occurrence of phase transition over the silicon wafer polymer, thus 

enabling formation of a solid-supported LCST showing material. It is seen that silicon 

wafer act as a hydrophobic entity and incorporation of this inorganic component 

decreases the LCST of the polymer. This trend is similar to what we observed in the case 

of polyoxazoline –based organic-inorganic hybrids. 

     

 

 

 

 

 

 

Fig. 6. DSC profile of the silicon wafer modified by silyl-terminated polyoxazoline. 

30 35 40 45 50 55 60 65 70 75 80 85

-14

-12

-10

-8

-6

-4

-2

0

 

 

P
o

w
e

r/
m

W

Temperature/ 
o
C



CHAPTER 3 SILICON WAFER 

  
  

 

110 Silicon wafer 

    Next, wetting properties of the thin film formed was checked by contact angle 

measurements (Fig. 7.). It was performed for 6 times to get an average on these silicon 

wafer sonicated for different times and the results are portrayed in the Table 1. It was 

observed that bare silicon (with no exposed –OH groups) are more hydrophilic as it 

conveyed the contact angle of 20 o at room temperature. This suggested that the surface 

has good wettability and higher solid surface free energy. When the measurements were 

done for modified silicon wafer (TEST-10) sample for at room temperature, it was 

observed that the surface becomes more hydrophobic than bare Si wafer. The angle 

increases due to the presence of hydrophobic polymer chains and APTES molecules, 

thereby decreasing the wettability and adhesive strength. This clearly indicated that the 

surface becomes hydrophobic after coating. 

 

 

 

 

 

Fig. 7. Contact angle measurements of uncoated silicon wafer (Bare Si), and polymer 

modified Si surface after film formation. 

Table 1: Contact angles measured for Bare Si and modified wafers sonicated for 10 

minutes done for 6 times for optimizations. 

Sample 
name 

Exp 
1 

Exp 
2 

Exp 
3 

Exp 
4 

Exp 
5 

Exp 
6  

Avg. 
Std. 
dev 

Bare Si 22.9 20.2 17.9 20.3 17.8 21.1 20.0 1.9 

TEST-10 28.5 31.5 28.7 30.2 23.6 27.9 28.4 2.4 
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            For further affirmation of LCST on solid support, another experimental series was 

carried out where the samples of polymer on wafer kept at temperatures above and 

below LCST of polymer for 24 hours were washed with in CDCl3 and then recovered CDCl3 

was used to measure the integration of water due to moisture by conducting 1H-NMR 

experiments. The experiment was done in two different environments of air (room 

temperature) and vacuum. The integration due to water was normalized with the control 

sample of pure CDCl3 + known constant amount of TMS. Results obtained are tabulated 

in Table 2. It is noteworthy that no water is added for this experiment, and all the integral 

values are corresponding to moisture. It was observed that the polymer on silicon wafer 

absorbed much amount of moisture (integral) at room temperature, however more in air 

than vacuum as expected because the polymer is able to retain water from moisture more 

in air. And when the sample were kept at 90 oC for 24 hours, similar water integral was 

detected for different environment. It is as expected that the integration values are less 

for 90 oC as the water separation from polymer should takes place above LCST and it was 

found accordingly. The study thereby, confirmed the production of LCST exhibiting solid-

support in the form of silicon wafer covalently bonded to silane terminated 

thermosensitive polyoxazoline whose LCST is at 68 oC. This work, henceforth opens up 

new opportunities for the design of solid-supported thermoresponsive smart materials. 
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Table 2: Integration of water presence in the sample due to presence of polymer at the 

temperature of 25 oC (below LCST) and 90 oC (above LCST). 

 

 

3.5 Conclusion 

      2-Ethyl-2-oxazoline was polymerized using ring opening methyl-p-toluenesulphonate 

initiator and terminated by silane coupling agent (3-aminopropyl)triethoxysilane for 

effective coupling with silicon substrate. The polymer was characterized by proton NMR 

and its molecular weight of the polymer was found to be 1600 g/mol by MALDI-TOF 

analysis.  

    Silicon wafer was treated with Piranha solution to expose the surface with extreme 

acidic conditions to form silanol groups which is readily available for covalent bonding 

formation. Synthesis of self-assembled monolayers of the polymer was characterized by 

FT-IR and XPS measurements.  The FT-IR analysed confirmed the characterization of Si-

O-Si linkages between the polymer and Si substrate. The surface conversion rate of Si 

wafer with polymer was estimated to be 21% by XPS deconvoluted data. 

Sample Name Water integration 
Normalized integration of 

water due to moisture only 

Pure CDCl
3 

 + TMS 2.1289 - 

RT Vacuum 23.5595 11.0665 

RT Air 35.9796 16.9006 

90 
o
C Vacuum 8.3552 3.9247 

90 
o
C Air 9.5152 4.4695 
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          The polymer in water was able to show an endothermic peak at 75 oC in the DSC 

profile owing to its phase transition temperature. Silicon wafer coated polymer showed 

an endothermic peak at 68 oC. The polymer modified silicon wafer was studied for its 

LCST characteristics by performing NMR analysis for amount of moisture present 

above/below the phase transition temperatures. 

                            Hence, it is concluded that the silane terminated polyoxazoline modified 

silicon wafer revealed thermoresponsive properties at a critical temperature of 68 oC. 

This solid-supported system formed over silicon based substrate affirmed itself to act as 

solid supported phase transition showing materials for thermal devices (Fig. 8.).  

 

 

 

 

 

Fig. 8. Graphical illustration showing solid-supported thermoresponsive polymer 

modified silicon wafer for thermal devices. 
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Chapter 4 
 

Controlled phase behaviour of thermally 

sensitive poly(N-isopropylacrylamide/ionic 

liquid) hydrogels with embedded Au and Ag 

nanoparticles 

Abstract 

              Poly(N-isopropylacrylamide/ionic liquid) with deposited metal nanoparticles like 

gold and silver was prepared. The size of nanoparticles range was varied from 10 - 45 nm 

and these were characterized by TEM analysis. Ionic liquids were chosen by varying the 

polymerizable unit to be both in cationic (allyl) and anionic (acrylate) moiety. One-pot 

polymerization was done with NIPAM and ionic liquids (ILs) using ammonium 

persulphate as the initiator, to which were added already prepared Au or Ag NPs. These 

thermal sensitive composites formed, possessed reversible swelling/deswelling abilities 

in water and demonstrated a reversible visible phase transition, which was detected by 

Differential Scanning Calorimetric measurements. The LCST showed dependency on the 

size of nanoparticles and the ionic liquid independently. It was seen that the LCST of 
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PNIPAM based composite films can be tuned from 32 oC to  a range of 23 - 67 oC by 

choosing the desired Au NP size (10-35 nm) and kind of ionic liquid. Controlling the size 

of silver nanoparticles from 31 nm to 45 nm can tune the LCST from 34 – 56 oC.  

 

4.1 Introduction 

        Extremely productive and versatile classes of environmentally responsive materials 

[1,2] have been studied since ages which can change their physical, chemical or electronic 

conformations on stimuli like light, temperature, pH, ions, electric/magnetic fields or 

biological agents. Temperature is one such stimuli present naturally and artificially, 

making thermo-responsive polymers a fascinating category for examination. These tend 

to show phase transitions like Lower Critical Solution Temperature (LCST) [3] where the 

polymer shows decreased solubility at elevated temperatures. A simple, intensively 

effective and rigorously investigated temperature sensitive polymers include poly(N-

isopropylacrylamide) (PNIPAM) [4]. It exhibits a sharp LCST at exactly 31-33 oC in 

aqueous media, near to physiological body temperature which makes it of tremendous 

use in biological applications [5]. It undergoes coil-to-globule transition in presence of 

water due to changes in conformation around its hydrophobic part. As the temperature 

of the system is increased, hydrophobic interactions of non-polar backbone and isopropyl 

groups becomes dominant [6] causing the polymer structure to collapse in a globule 

separated from water. This is visually seen as a turbid occasion. As PNIPAM’s LCST do not 

depends on the polymer concentration or its molecular weight [3,7] tuning of this class of 

polymer is done widely by adding different salts or entities [8], by changing the 

functionalities [9] or via co-polymerization [10,11]. These tuned LCST of 
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composites/hybrids gives potential for utilization in drug deliveries [12], sensors [13,14], 

catalysis, bio-engineering [15], separation [16] etc.  

        One such method to tune the LCST of polymers can be the use of green solvents, ionic 

liquids as co-monomers [17, 18]. Its general properties include low vapour pressure, high 

electrical and chemical stability, high conductivity and most importantly, their 

designability on the basis of hydrophilic/hydrophobic parts, providing tunability [19]. 

Other versatile properties of these environmentally benign solvents depend on the class 

of ionic liquids being utilized. For example, pyrrolidinium-based ionic liquids [20] have 

high energy storage capacity making them suitable for heat transfer media while 

phosphonium-based ionic liquids [21] lack of acidic protons and less dense than water, 

which makes them apt for separation. Meanwhile, imidazolium-based ionic liquids [22] are 

the best candidates when polarity or hydrophobicity/hydrophilicity needs to be tailored 

for a chosen application. Ohno et al., [23] have already reported the important role of 

hydrophobicity making it the key factor to show LCST/UCST of amino-acid based ionic 

liquids in aqueous media. Thus, ionic liquids become an important class of materials 

studying on the phase transitions. Our group has previously reported the tuning of LCST 

of PNIPAM by copolymerizing with imidazolium based ionic liquids. We have observed 

the tuning of random co-polymers of PNIPAM-IL which showed clear dependency on 

hydrophobicity of cation and structure of anions. 

Plasmonic nanoparticles as tuning agents 

     Nowadays, nanoparticle chemistry is a hot topic and is currently under intense 

research. Gold nanoparticles (Au NPs) display distinctive physiochemical properties [24] 

based on different shape [25], size [26], solubility [27] and pH [28]. They show localized surface 

plasmon resonance (LSPR) and a strong absorption in UV-Vis-NIR range [24]. Hence, they 
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become very effective in the utility of electronics [29], catalysis [30], optics [31], diagnosis [32], 

biomedicine [33] and sensing [34]. It was already known that citrate-protected 

nanoparticles are susceptible to easy aggregation [35]. To overcome this problem, very 

recently, modification on PNIPAM is under way with the use of metal nanoparticles like 

gold and silver [13, 36–38]. Different methods like grafting-to and grafting-from have been 

developed to create PNIPAM brushes [39]/shells [40]/nanocomposite [41] coated over Au 

NPs.  Hoongenboom et al. [42], reported the use of PNIPAM coated Au NPs in salt and its 

colorimetric sensing. Yuan et al. [43], has used the PNIPAM modified Au NP for bioactivity 

modulation. Many other groups are studying the mechanistic and kinetics of the variety 

of growth method, shell responses and phase transitions over NPs [44–47]. It was also 

reported by Hu et al. [48], that plasmonic NPs like Au and Ag improve the thermal and light 

sensitivity of thermo-sensitive polymers because they act as anchors to restrict the 

hydrophobic chains of the polymers from rotating at an early stage, thereby inducing a 

greater demand of thermal energy to collapse. 

Objective of the work: 

         Taking inspiration from the above research perspectives, it seems quite interesting 

to incorporate distinct sizes of Au and Ag NPs in PNIPAM-IL copolymers and study its 

effect. It is believable that the polymerized ionic liquid can stabilize these metal NPs and 

in turn, NPs could enhance the light to thermal efficiency of the thermo-sensitive polymer. 

This would double the opportunity of its use in different applications [49, 50]. Thus, in this 

study, hydrophilic citrate-coated gold nanoparticles ranging from 10 to 35 nm and silver 

nanoparticles ranging from 30 to 45 nm in size have been prepared. Further, in the 

presence of these NPs, copolymerization of N-isopropylacrylamide with polymerizable 

N,N’-di-substituted imidazolium-based ionic liquids  was done using ammonium 
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persulphate to form a polymer film which showed tunable reversible LCST behaviour in 

water, by swelling below LCST and shrinking above LCST. How the size of NPs and 

structure of IL affect the LCST and how they can be further tuned, were studied as the key 

points of understanding.    

4.2 Experimental 

Materials 

              1-methylimidazole, acetonitrile, diethylether, bromooctane, allylchloride, 

trisodium citrate, bis-acrylamide (BIS) and silver nitrate (Wako Co. Ltd.); acrylic acid, N-

isopropylacrylamide (NIPAM), 1-allylimidazole, lithium 

bis(trifluoromethanesulfonyl)imide (Li TFSI) and N,N,N’,N’-

tetramethylenethylenediamine (TEMED) (Tokyo Chemical Industry Co. Ltd.); 

bromohexane, ammonium persulfate, L(+)-ascorbic acid, and gold chloride (Sigma 

Aldrich); all were used as received.  

Instrumentation 

               400 MHz Nuclear Magnetic Spectroscopy was performed on Ultrashield TM Plus 

Bruker, Z101355, used to characterise ionic liquids. JASCO V-630 UV-Visible 

spectrometer was employed for NPs absorbance measurements. Transmission electron 

microscopy was done on a Hitachi H-7100 model at 100 kV to characterise the NP size 

and composite formation. LCST determination was done on a Differential Scanning 

Calorimeter Shimadzu DSC-60 Plus. MALDI-TOF was carried out on a PerSeptive 

Biosystems (now Applied Biosystems Inc.) Voyager DE RP.  
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Synthesis of ionic liquids: 

                  The ionic liquids synthesized were namely, 1-allyl-3-methylimidazolium 

chloride (AMImCl), 1-hexyl-3-methylimidazolium acrylate (HMImAcr), 1-allyl-3-

octylimidazolium bromide (AOImBr) and 1-allyl-3-octylimidazolium 

bis(trifluoromethanesulfonyl)imide (AOImTFSI). The synthesis was done as already 

reported in literature [51] (Scheme 1). All the ionic liquids were characterized by 1H – NMR 

spectroscopy.  

 

 

 

 

Scheme 1: Synthetic schemes for imidazolium-based polymerizable ionic liquids. 

 

Synthesis of Gold nanoparticles: 

               Different methods were used to prepare different sizes of gold and silver 

nanoparticles [26, 52–54]. Trisodium citrate was used as the main reducing and capping 

agent. But to prepare smaller particles, a second reducing agent i.e., ascorbic acid was 

used. The concentration was measured using the absorbance values from UV-Visible 

spectroscopy and size distribution was analysed by TEM. The spherical diameters were 

obtained via size distribution curves (Fig 1.) and are mentioned in Table 1. 

           Preparation of samples 2-5: Taken 0.2 mL of 0.066 mM gold chloride (III) solution 

in 50 mL water in a 100 mL round bottom flask. It was then heated to boiling for 15 

minutes with a constant stirring at 600 rpm. Respective volume (Table 1) of 0.040 mM 
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trisodium citrate solution was added and the reaction was stirred at same rpm for 1 hour 

at 80 oC.  The solution was cooled to room temperature and further subjected to 

characterizations.  

              Preparation of samples 1 and 6: 2.2 mM trisodium citrate solution was prepared 

in 150 mL water. (0.1 mL 2.5 mM ascorbic acid was added to Sample 1 to reduce the size 

of NPs formed). The solution was heated to 70 oC (sample 1) and 150 oC (sample 6) for 

15 minutes under vigorous stirring. Then, 1 mL 25 mM gold chloride solution was added 

and the resulting mixture was stirred at 90 oC for an hour.  The solution was cooled to 

room temperature and further subjected to characterizations. 

 

Synthesis of Silver nanoparticles: 

              Preparation of samples 7-9 (Table 2): 5 mM 100mL trisodium citrate was 

prepared and boiled for 15 minutes under vigorous stirring. Then, ascorbic acid (sample 

7 – 0.01mL 0.05 mM, sample 8: 0.1 mL 0.01 mM and sample 9: no acid added) was added 

to reduce the size of nanoparticles. Then, 1 mL 25 mM silver nitrate was added in all 

solution which were then stirred at 100 oC for an hour. The solution was cooled to room 

temperature and further subjected to characterizations. 

 

 

 



CHAPTER 4 NANOPARTICLES EMBEDDED COPOLYMERS 

  
 

 

123 Nanoparticles embedded copolymers 

Synthesis of Gold/Silver NPs embedded copolymers of NIPAM and ILs 

[Au@PNIPAM-co-IL and Ag@PNIPAM-co-IL] (Scheme 2) as thermosensitive porous 

hydrogels: 

         A modified synthetic scheme has been employed [48, 55]. 1.5 mmol of NIPAM, 0.15 

mmol of ionic liquid (AMImCl/AOImBr/AOImTFSI/HMImAcr) were mixed in 1 mL water. 

10 mol% bisacrylamide (25 mg, 1.65 mmol) and 5 mol% (10 mg, 0.086 mmol) TEMED 

was added to the solution and was sonicated for 5 minutes to completely solubilize.  7.8 

x 10-12 mmol Au NP solution [6, 56] (of required size) in water was added. The resulting 

mixture was put to a plastic vial. 80 µL of 5 wt% APS as polymerization catalyst was added. 

The mixture was heated in a vacuum oven at 60 oC till the solvent evaporates. After 3 days, 

a coloured polymer film (blue to red for Au NPs, blue to red to white for Ag NPs) was 

obtained, which was rigid in nature. 

 

 

Scheme 2: Synthetic schemes for NP@PNIPAM-co-IL 
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4.3 Characterization 

              For the synthesis of gold nanoparticles, different reaction conditions were 

employed to create particles in the range 10-35 nm (Table 1). TEM images (Fig. 1) showed 

that monodispersed nanoparticles were formed with the polydispersity lying between 

1.5-7.3%. Many factors including temperature were varied in the reaction procedure to 

obtain the desired diameter of the particles.  

                Similar procedure (Table 2) was used to form silver nanoparticles in the range 

30-45 nm (Fig 2.). The polydispersity of silver nanoparticles lied between 5.9-9.5%. It is 

already observed that it is difficult to control the uniformity of silver nanoparticles in the 

range 20-65 nm. [61].  

Table 1. Reaction concentrations, size and wavelength measurements for gold 
nanoparticles 

 

Table 2. Reaction concentrations, size and wavelength measurements for silver 

nanoparticles 
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Fig 1. TEM analysis and size distributions for gold nanoparticles (a-f: sample 1-6) 
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Fig 2. TEM analysis and size distributions for silver nanoparticles (g-i: sample 7-9) 

 

     The in-situ copolymerization of Au@PNIPAM-co-IL and Ag@PNIPAM-co-IL was done 

using ammonium persulfate as the initiator for the free-radical polymerization. A small 

amount of bisacrylamide was added while the reaction proceeded to ensure the 

formation of a 3D polymer network. The synthesis were confirmed by 1H-NMR in DMSO-

d6 (Fig 3, 4). MALDI-TOF measurements showed the molecular weight of the matrix to be 
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in the order of ⁓1050g/mol for Au@PNIPAM-co-IL and ⁓1300 g/mol for Ag@PNIPAM-

co-IL. Hence, a low molecular weight oligomer framework was synthesized for PNIPAM-

co-IL. TEM analysis was also carried out which showed the Au NPs being distinctively 

embedded and dispersed into the copolymer matrix of NIPAM and IL (Fig 5b). The size of 

the Au and Ag NPs remained almost same after the polymerization, which suggested the 

absence of aggregation of particles once incorporated into the matrix. This emphasised 

the fact that IL containing copolymer chains acted as a stabilizing ligand for the particles 

[57]. 

 

Fig 3. 1H-NMR spectrum of (a) Au@PNIPAM-co-AMImCl, (b) Au@PNIPAM-co-HMImAcr, 

(c) Au@PNIPAM-co-AOImBr and (d) Au@PNIPAM-co-AOImTFSI. (BIS- bis-acrylamide, 
TEMED- N,N,N’,N’-tetramethylenethylenediamine) 
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Fig 4. 1H-NMR spectrum of (a) Ag@PNIPAM-co-AMImCl 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5. (a) Images of the Au@PNIPAM-co-AMImCl when the Au NP size is 17.45 nm, 20.00 

nm, 23.44 nm, 24.33 nm. (b) TEM analysis of Au-17.45@PNIPAM-co-AMImCl. 

mailto:Au-17.45@PNIPAM-co-AMImCl
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4.4 Results and Discussion 

                  At first, visual analysis was performed on the gold nanoparticles embedded 

copolymer system in water (Fig 6). 3 mg of Au-4@PNIPAM-co-AMImCl (where 4 is the 

sample number where the nanoparticle size  was 24.33 nm) taken in a 2 mL glass vial 

containing 0.6 mL water and sonicated till the polymer matrix was dissolved and the 

solution was transparent. It was then, heated to a high temperature of 75 oC to observe a 

change in state and colour of the solution. It was seen that the solution separates a 

shrunken hydrophobic entity which was actually seen as a globule whose colour was 

changed to white. After cooling the system to room temperature, the globule was 

dissolved, re-swelled and the original solution with the copolymer was obtained.  

 

 

Fig 6. Visual images for LCST determination of Au@PNIPAM-co-AMImCl. (a) 50 w/v % 

aqueous solution after sonication at room temperature, (b) heated at 75 oC for 10 

minutes, (c) decreased the temperature to 40 oC, (d) solution cooled completely to room 

temperature. 
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                  This experiment is important as it can establish a hypothesis about the 

mechanism of the LCST in the polymer matrix. At the room temperature, the copolymer 

is completely mixed with water (or gelled), giving a transparent colour to the solution 

(Fig. 5a). When the temperature is increased to 75 oC, it can be estimated that the 

hydrophobicity of PNIPAM isopropyl chains and ionic liquid’s allyl moiety becomes 

dominant, thereby allowing the formation of a separate shrunken aggregate [58] enclosed 

in which are the nanoparticles (due to its colour) (Fig. 5b). This also suggests that 

PNIPAM chains are at the surface of the globule as the colour of the solution became white. 

After the enthalpy of the system is decreased, the hydrogen bonding increases between 

the molecules and the globule is dissolved again (Fig. 5d), giving the transparency to the 

viscous solution again confirming the occurrence of a reversible transition. Similar 

results were observed for other gold and silver nanoparticles embedded copolymer 

hydrogels. 

         If no sonication is done, the hydrogel is swelled when kept at room temperature. 

However, when the solution is heated above its LCST temperature, the hydrogel shrinks 

which is reversible in nature all for Au and Ag induced hydrogels. 

                   For the LCST temperature determination, 1 mg of the hydrogel was dissolved 

in 2 mg water via sonication for 2 hours and solution made above after sonication 

was taken and subjected to differential scanning calorimetry at a rate 1 oC/min for 

15-90 oC. Fig. 7. shows the normalized DSC profiles of Au@PNIPAM-co-ILs and Fig. 

8. shows the normalized DSC profiles for Ag@PNIPAM-co-ILs carried in water. 

Henceforth, the effect of nature of polymerizable ionic liquids and size of Au and 

Ag NPs was studied on the LCST of this polymer matrix hydrogel. 
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Fig 7. DSC profiles for LCST determination of (a) Au@PNIPAM-co-AOImTFSI, (b) 

Au@PNIPAM-co-AOImBr, (c) Au@PNIPAM-co-HMImAcr and (d) Au@PNIPAM-co-

AMImCl. (in graph - Au is plotted by varying the size of nanoparticles) 
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Fig 8. DSC profiles for LCST determination of Ag@PNIPAM-co-IL where Ag size is (a) 

31.36 nm, (b) 41.00 nm and (c) 45.76 nm 



CHAPTER 4 NANOPARTICLES EMBEDDED COPOLYMERS 

  
 

 

133 Nanoparticles embedded copolymers 

4.4.1 Effect of polymerizable ionic liquid on LCST of 

Au/Ag@PNIPAM-co-IL composites 

Gold nanoparticles: 

Table 3. LCST of Au-10.89@PNIPAM-co-IL 

 

 

       Under constant size of Au NP (sample 1: 10.89 + 0.80 nm), structures of ionic 

liquid were changed and the results of LCST measurements were as procured in 

Table 3. It is seen clearly that the phase transition temperature depends on the 

hydrophobicity/hydrophilicity of the ionic liquid as excepted. For example, Au-

1@PNIPAM-co-AMImCl (where 1 stands for nanoparticle size 10.89 + 0.80 nm) has 

the LCST of 41 oC whereas Au-1@PNIPAM-co-AOImTFSI has it at 23 oC. AMImCl is 

the most hydrophilic moiety amongst the IL structures, where chloride ion and 

short alkyl chains (allyl and methyl) have strong ion-dipole forces to overcome the 

hydrogen bonds between water molecules. Hence, it takes enough energy to 

surpass this condition and for hydrophobicity of allyl group to become dominant, 

thereby delaying the phase transition temperature from 32 oC of pure PNIPAM to 

41 oC. As we increase the hydrophobicity in the ionic liquid molecule by increasing 

the chain length from hexyl-methyl to allyl-octyl, the LCST temperature decreased.             
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        Thus, Au-1@PNIPAM-co-HMImAcr has LCST of 39 oC while Au-1@PNIPAM-co-

AOImBr has at 33 oC. As already known that TFSI is a bulky anion water-repellent 

in nature [59], thus it became interesting to note that the LCST when using this ionic 

liquid becomes lower even than the pure PNIPAM. As more of the hydrophobic 

moieties are introduced in water, the surface tension is maximized as they 

agglomerate (hydrophobic effect) [58], thereby maximizing the hydrogen bonding 

between the molecules under the operation of hydrophobic interaction. Thus, it 

takes less energy to disrupt the composite/water interface and hence, the LCST 

temperature is lowered. Hence, both cation and anion play a key role in the 

phenomenon of phase behaviour. 

 

Silver nanoparticles:  

 

Table 4: LCST of Ag-31.36@PNIPAM-co-IL 

 

        Similar to gold nanoparticles, the ionic liquids were varied while embedding 

silver nanoparticles during the synthesis. Constant size of silver nanoparticles was 

kept as 31.36 nm (Table 4). The trend remained similar as the hydrophilic ionic 
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liquid AMImCl showed LCST at 45 oC and the presence of bulky hydrophobic TFSI 

group in AOImTFSI decreased the LCST to 34 oC. Thus, decreasing the 

hydrophilicity which means increasing the hydrophobicity requires a less demand 

for the thermal need for hydrophobic groups to dominate, thereby decreasing the 

critical phase temperature itself. The LCST of Au-10.89 nm induced hydrogels were 

comparatively lesser than that of Ag-31.36 nm simply because of the bigger size of 

the silver nanoparticles. 

     Thus, keeping the size of nanoparticles constant, hydrogen bonding between the 

polymer chains/ionic liquid’s cation and anion with water plays significant role towards 

LCST.  This suggests that changing the hydrophobic/hydrophilic nature of the ionic 

liquid can help in the fine-tuning of the LCST of these copolymers. Here, just by 

changing the structure of the ionic liquid, the LCST can be customised from 32 oC 

to 23 - 41 oC for gold nanoparticles (size – 10.89 nm) and to 34 – 45 oC for silver 

nanoparticles (size- 31.36 nm). This trend is systematic and was similarly 

observed in all the ionic liquids irrespective of any nanoparticle nature and size. 

Not to forget, different sized nanoparticles will yield different results, which can be 

used to further tune the phase behaviour of systems and will be discussed in the 

subsequent sections. 
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4.4.2 Effect of gold nanoparticle size on LCST of Au/Ag@PNIPAM-

co-IL composites 

Gold nanoparticles:  

Table 5. LCST temperatures obtained by DSC for (a) Au@PNIPAM-co-AOImTFSI, (b) 

Au@PNIPAM-co-AOImBr, (c) Au@PNIPAM-co-HMImAcr and (d)Au@PNIPAM-co-

AMImCl. 

 

             In this research work, the diameter of the spherical gold nanoparticles were 

varied from 10.89 nm to 32.93 nm in 6 different sizes. (Table 5). The normalised 

DSC profiles showed distinguished endotherms due to the LCST temperature (Fig 

6). LCST increased as the size of the nanoparticles increased irrespective of the 

ionic liquid structure. This can be clearly perceived upon discussing each case 

particularly. Starting with the results for Au@PNIPAM-co-AMImCl, with the 

enlarged sized induction of NPs from 10.89 + 0.80 nm to 17.45 + 0.50 nm in the 

matrix, LCST increased from 41 oC to 47 oC. With increasing NP size subsequently 
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to 32.93 + 2.01 nm, the attained maximum LCST was at 67 oC. This reason can be 

well deciphered if we understand the mechanism at the sub-atomic level. Because 

the nanoparticles are well distributed in the matrix, Au NPs can act like anchors 

and control the movement of the polymer chains. They reduce the rotation of 

polymer chains and ionic liquid moieties to restrict the formation of the 

hydrophobic globule [58]. This delays the conformational change of polymers and 

thus, a greater amount of energy is required to overcome this restriction, which 

foster as an increase in the LCST temperature. As we keep the concentration of the 

nanoparticles constant, it can also be presumed that as the size of the nanoparticle 

is increased, the onset energy for bond rotation increases. 

     When the ionic liquid is changed to hydrophilic one, i.e., HMImAcr, for the 

copolymers Au@PNIPAM-co-HMImAcr, the lowest LCST of 39 oC was achieved 

when the spherical diameter was smallest and it further increased to 64 oC as the 

size of nanoparticles increased. The trend is same as observed for Au@PNIPAM-

co-AMImCl. But the LCST of Au@PNIPAM-co-HMImAcr was lower than 

Au@PNIPAM-co-AMImCl due to more hydrophobic nature of HMImAcr. Later, 

keeping the bromide ion as anion, the chain length of ionic liquid was increased 

from hexyl-methyl to allyl-octyl, which was apt enough to show the LCST similar 

to that of PNIPAM at 10.89 + 0.80 nm. And then, same dependency was observed 

on the nanoparticle size. 

    The results became more fascinating when we further decreased the 

hydrophilicity in the ionic liquid structure and changed it to AOIMTFSI. For 

Au@PNIPAM-co-AOImTFSI, the general trend remained same, but when the Au NP 

size was 10.89 + 0.80 nm, its LCST was even lowered compared to that of PNIPAM. 
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The reason attributing to this circumstance can be observed as AOImTSI has long 

alkyl chain (octyl) and bulky bis(trifluoromethanesulfonyl)imide anion, both of 

which are much hydrophobic in nature. Thus, hydrophobicity of both the cation 

and anion in the ionic liquid becomes so dominant that the LCST was lowered from 

32 oC to 23 oC.  

     To picture the image of how captivating the dependency of size of nanoparticle 

and ionic liquid structure is on the LCST of these Au@PNIPAM-co-IL, a 3-

dimensional plot was created as represented as in Fig. 9. The LCST is contingent 

upon the Au NP size and ionic liquids structure. Careful investigation of the 3D plot 

portrayed the increase in phase transition temperature of the film can be as a 

function of the size of nanoparticles. Thus, this conveys the fact that LCST is 

independently yet synergistically dependent on both the factors. Both can be 

individually or equally worked upon to tune the LCST of the coloured copolymer 

film. Hence, it is possible to widen the temperature range of PNIPAM from 32 oC to 

23 oC ⁓ 67 oC. As four of the ionic liquids show similar trend, it becomes viable to 

assume the trend might be followed by another types of ionic liquids. This can aid 

in the customization of the phase behaviour of the materials tailored to the user’s 

needs. 
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Fig 9. 3-D plot depicting the simultaneous dependence of type of IL in copolymers and 

size of Au on LCST of Au NP induced copolymers. 

 

Silver nanoparticles: 

             For silver nanoparticles, LCST of hydrogels incorporating 3 different sized 

nanoparticles ranging diameter from 31 nm to 45 nm were studied (Table 6), 

covering and the expanding the total size distribution of plasmonic nanoparticles 
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from 10 nm to 45 nm combined. The normalized DSC profiles are showed in Fig. 7 

which showed distinguished endotherms corresponding to the phase transitions, 

similar to hydrogels synthesized using gold nanoparticles. Similar results were found 

out which showed that LCST increased as the size of nanoparticles increased, 

irrespective of the ionic liquid nature.  

 

Table 6. LCST temperatures obtained by DSC for (a) Ag@PNIPAM-co-AOImTFSI, (b) 

Ag@PNIPAM-co-AOImBr, (c) Ag@PNIPAM-co-HMImAcr and (d)Ag@PNIPAM-co-

AMImCl.  

     

          For the ionic liquid AMImCl (Table 6d), as the size of nanoparticles increased from 

31 nm to 41 nm, the LCST increased from 45 oC to 51 oC which increased to 56 oC when 

the silver NP are 46 nm large. The reason behind the increase can be similarly visualized 

as the larger nanoparticles acting as the more effective anchors to restrict the motion of 

the hydrophobic groups and chains in the polymer matrix, thus increasing the demand of 

heat energy, hence greater the LCST temperature. This overall increase in the LCST with 

increase in size of silver nanoparticles showed the same trend for other ionic liquids 

studies here (i.e., HMImAcr, AOImBr and AOImTFSI). Also, similar trend in the overall 
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decrease in the LCST was observed when the ionic liquids were changed from hydrophilic 

one (AMImCl, highest LCST = 56 oC) to hydrophobic one (AOImTFSI, highest LCST = 34 

oC) when compared to the results of gold nanoparticles embedded hydrogels. 

           The dependence of both size of nanoparticles and ionic liquid structure was 

presented in a 3-D plot as shown in Fig. 10 for silver nanoparticles. Again, both the 

factors size of NPs and ionic liquid nature, plays important roles in the tuning the 

displayed LCST of these polymer hydrogels. For the sized range of 30 - 45 nm, the 

LCST can be tuned from 34 oC to 56 oC.  

 

 

 

 

 

 

 

 

 

 

 

Fig 10. 3-D plot depicting the simultaneous dependence of type of IL in copolymers and 

size of Ag on LCST of Au NP induced copolymers. 
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Comparison between Au and Ag Np embedded thermoresponsive hydrogels: 

          Gold and silver nanoparticles were chosen as they are known to be less 

reactive and more stable in air [62], than other plasmonic nanoparticles like copper. 

Thus, it can be seen that both the nanoparticles are able to effectively tune the 

phase transition temperatures of the copolymer hydrogels. However, it is observed 

that gold NPs are a better tuning agent than silver NPs for this case of 

thermoresponsive PNIPAM-co-IL matrix. The reasons can be assumed as followed: 

 It is already believed that silver NPs are more prone to oxidation in air, as 

compared to gold NPs, which are stable in air for a longer time. 

 Silver NPs often do no portray a nice size distributions. This is also 

confirmed in our case where the poly dispersity was higher in the case of 

Ag NPs (1.5-7.3%), rather than Au NPs (5.9-9.5%). This might lead to 

ineffective restriction of rotation of hydrophobic chains during the phase 

transitions. 

 

PNIPAM-co-IL 

Table 7. LCST for PNIPAM-co-IL 

 

 

 

 

 

      To investigate the mechanism of NPs on the film further, control experiments 

were also carried out wherein, no nanoparticles were added while synthesizing the 
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films. So, the film obtained were PNIPAM-co-IL and their LCST were recorded in 

Table 7. As already observed by our group in previous reports [18], ionic liquid can 

also alter the LCST of PNIPAM (same ratio of PNIPAM and ionic liquid as studied in 

this work) up to a certain limit, which is observed in this case as well. This study 

reveals that gold and silver nanoparticles do play an important role in modifying 

the LCST of copolymer. It was very keen to discover that all PNIPAM-co-IL films 

show LCST as if they were induced with the gold nanoparticle of size 20.00-24.33 

nm. This becomes interesting as this might be the threshold of rotation causes by 

the hydrophobic bonds.  Irrespective of the ionic liquid used, the LCST lies as if size 

of diameter is in this range. The reason presumed can be similar as already 

discussed. Smaller sized nanoparticles might not be powerful enough to hinder the 

bond rotations. As the size decreases, hydrophobicity/hydrophilicity of the ionic 

liquid structure might play a dominant role. For silver nanoparticles, the LCST of 

PNIPAM-co-IL lies in the same range as if the silver nanoparticles were varied from 

30 nm to 45 nm. This suggests that gold nanoparticles are comparatively less 

effective to restrict the motion of hydrophobic chains as compared to gold 

nanoparticles. This also suggests that the LCST of the hydrogels are easy to tune 

with gold nanoparticles rather than silver nanoparticles. 

       Researchers have already prepared PNIPAM-Au NPs based hydrogels via 

grafting to and grafting from approaches [60]. They showed that factors like 

molecular weight, size of nanoparticles and temperature play an important role for 

the swelling/shrinking/aggregation and cloud point (LCST) of the systems. Gibson 

et al. [13], have prepared PNIPAM coated nanoparticles with molecular weight being 

2800 g/mol, 5700 g/mol and 11300 g/mol while varying the nanoparticle size 
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from 15 nm to 40 nm. They showed that there is no LCST when the molecular 

weight is 2800 g/mol while with 5700 g/mol, it was 74 oC. This showed that 

molecular weight is an important factor to determine the LCST of this system. Our 

results showed that Au and Ag@PNIPAM-co-IL show LCST even when the 

molecular weight is low enough due to strong plasma resonance. On the same path 

to combine plasmonic properties of silver nanoparticles and optical properties of 

thermoresponsive polymers, Frey et al., [63] have used silver nanoparticles 

synthesized with thermosensitive PNIPAM as nucleating and capping agents. Fan 

et al., [64] functionalized PNIPAM with C18 surfactant and hence, created silver 

nanoparticles based nanoparticles and superlattices. Very recently, Kim et al, [65] 

showed the antimicrobial activity of the silver NPs encapsulated in PNIPAM-based 

nanoparticles. Henceforth, this opens up the applications of these novel copolymer 

embedded NPs to wider biomedical fields. 

 

4.4.3 Swelling/De-swelling abilities to act as hydrogels: 

     Water absorbing property of the hydrogel: The hydrogels were tested to act as 

hydrogels at room temperature. A red-brown rectangular piece of Au-

23.66@PNIPAM-co-HMImAcr was taken whose original weight was 80.3 mg and 

its length was 0.85 cm. It was soaked in aqueous solution (10 mL) and its swelling 

images, weight and length were recorded at definite time intervals (Fig. 11). Only 

after 10 minutes, the water absorption was 73% and the length of the film rise up 

to 5.9%, showcasing a rapid absorption of water within surface layers. After an 

hour, water penetrated by 345% and stretchiness increased by 29.4%. After 3 
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hours, a maximum of 750% of water was absorbed and almost the length increased 

to 1.5 times the original. The film became extremely stretchy and fragile. On careful 

examination, it was noted that the colour due to nanoparticles was concentrated 

in the core of the hydrogel and the surface showed transparency. This suggests 

only the superficial layers are involved in the water absorption. This was also 

confirmed by SEM images (Fig. 13) wherein the swelled chunk exhibited extremely 

swelled layered structures on the surface. After 24 hours, the film de-swell and its 

original weight is acquired. Also, if the piece is left as desired, it will shrink to its 

modified shape. The cycle was repeated 3 times to test the repeatability. 

Fig. 11. Images of swelling/de-swelling of Au-20.00@PNIPAM-co-AMImCl at different 

time intervals. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Swelling/shrinking abilities of Au-23.66@PNIPAM-co-HMImAcr 

    Swelling rate for the same material was calculated using the following equation. 
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%S = 
𝑚𝑠−𝑚0

𝑚0
 𝑥 100 

where ms is the weight of the swelled hydrogel at a particular time, and m0 is the weight 

of the original material. A graph between swelling % and time (min) is represented in 

Fig. 12. 

Fig. 13. SEM images of de-swelling (a-Au-24.33@PNIPAM-co-HMImAcr; c- Au-

24.33@PNIPAM-co-AOImTFSI) and swelling (b-Au-24.33@PNIPAM-co-HMImAcr; d- 

Au-24.33@PNIPAM-co-AOImTFSI) after 24 hours. 

 

            The hydrogels possess the ability to swell below LCST in water. As seen in Fig. 14. 

(for Au@PNIPAM-co-AOImBr) and 15. (for Ag@PNIPAM-co-HMImAcr), the hydrogels  
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 swell when kept in solvent for an hour if the length of a side is chosen as the point of 

reference. However, when the LCST is reached in water, the hydrogels shrink 

immediately, causing the re-lapse to the original state. This showed that these copolymer 

materials can successfully act as potential hydrogels which can absorb water up to 750 

times of their weight. This property is extremely productive for them to be used as 

nanoparticles embedded thermoresponsive copolymers as hydrogels to be used in 

biomedical, optical and sensor applications. 

 

 

 

 

 

Fig. 14. Swelling/ shrinking images of Au-24.33@PNIPAM-co-AOImBr below/ above 

LCST. 

 

 

 

 

 

 

 

Fig. 15. Images of swelling and shrinking of Ag-31.36@PNIPAM-co-HMImAcr below and 

above its LCST. 
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4.5 Conclusions 

          Novel gold and silver nanoparticles embedded PNIPAM-co-IL polymers were 

systematically designed and were elucidated for their phase transition properties. 

Gold nanoparticle size was varied from 10 to 35 nm, while silver from 30 to 45 nm. 

Structures of polymerizable ionic liquid were varied by changing both the cation 

and anion specifically. LCST can be altered by varying the size of nanoparticles 

used or changing the hydrophobicity/hydrophilicity in the ionic liquid structure. 

Both the factors played an essential role in tuning the LCST and that can widen the 

range to 23 – 67 oC. The results can be utilized for the profound understanding of 

the LCST behaviour of PNIPAM-based materials, its mechanism and effect of 

nanoparticles. The present tuning provides a fruitful strategy for custom designed 

thermo-sensitive materials and their applications (graphical abstract Fig. 16). 

Fig. 16. Graphical abstract representing the role of nanoparticle size in the nanoparticles 

embedded PNIPAM based hydrogels using polymerized ionic liquids. 
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Chapter 5 

Can we predict the Critical Solution 

Temperature (CST) for imidazolium-

based ionic liquids? 
 

Abstract 

    In this chapter, I suggest for the first time, a general rule for prediction of critical 

solution behavior of low molecular weight imidazolium-based Ionic Liquids (ILs) using 

COSMO-RS Simulations. Based on the values of chemical potential/H-bond energy (vs 

temperature), water-like aprotic ILs can be anticipated to show LCST (Lower Critical 

Solution Temperature) or UCST (Upper Critical Solution Temperature). Mechanistic and 

structural aspects of ILs exhibiting Critical Solution behavior (CST) were also studied 

using Kamlet-Taft parameters. It was seen that structural aspects like polarity, chemical 

potential and hydrogen-bonding play a crucial role for CST phenomenon. Impedance 

analysis was also carried out to confirm the LCST/UCST temperatures of imidazolium-

based ILs. This also confirmed the fundamental theory of why/how ILs show CST.  
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5.1 Introduction 

      Room temperature low molecular weight ionic liquids (RTILs)[1], as a green solvent 

have gained great attention in the fields including biphasic reaction catalysis, 

electrochemical actuator membranes[2], diluents and separation membrane. These 

materials have diversified cation and anionic counterparts which can be aesthetically 

manipulated and tailored to the user’s need. As their toxicity levels have not been proven 

till date, they are being used rapidly in biological applications like tissue engineering[3], 

drug delivery[4] and gene therapy[5].  

    Like thermoresponsive polymers[6,7], many ionic liquids (ILs) display critical phase 

separation behaviour[8,9] making them potential candidates for versatile use with 

sensors[10], micelles[11], fuel cells[12] and extraction processes[13]. Some ionic liquids 

exhibit Lower Critical Solution Temperature (LCST)[14] and/or Upper Critical Solution 

Temperature (UCST)[15]. It is already reported that optimum ratio of 

hydrophilic/hydrophobic nature of the constituting ions play a major role in deciding the 

occurrence of either phenomenon [16,17]. 

Why imidazolium-based Ionic liquids? 

      Due to facile synthetic route, imidazolium-based ionic liquids can act as potential 

substitute for polymers owing to their high stability, high viscosity and low flammability. 

These ionic liquids possess polarity [18] similar to that of water, thereby enhancing the 

utilization in biological systems. Imidazolium-based ionic liquids can show miscibility 

property from being completely soluble (hydrophilic) to being completely non-soluble 

(hydrophobic) in water. Solubility increases with decreasing temperature (for LCST 
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showing ILs) and decreasing chain length of alkyl substitution in the imidazolium ring. 

This gives quite a range to study these systems. 1, 3-dialkylimidazolium based ionic 

liquids were chosen as a part of research due to their ease of synthesis. These are RTILs 

with substituted imidazolium-based cations which consist of aromatic five membered 

ring containing two non-adjacent nitrogen atoms. Both alkyl substitutions and anions in 

the ionic liquid structure can be varied.  
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PART-A 

5.2 Objective - I 

          There are several ionic liquid/ water systems where it is difficult to estimate phase 

separation properties by techniques like use of a dye, UV-Visible spectroscopy or Laser 

Light Scanning. All the till date technique fails, when following situations arises: 

 When phase separation of system is not very distinct and clear visually 

 When the dye is almost equally soluble in both, water and ionic liquid. 

 When visual, optical measurements and concentration measurements of the 

system fail to impact on the phase transition property of the system. 

             Imidazolium-based ionic liquids, also belongs to the category above wherein, the 

phase behaviour is very difficult to find. Therefore, there is a lack of diagnostic tool which 

could electrochemically determine phase changes in imidazolium-based ionic liquids 

accurately and precisely. Therefore, the foremost objective of this chapter is to detect CST 

in imidazolium-based ionic liquids using Electrochemical Impedance Spectroscopy (EIS) 

as the diagnostic tool. 

 

5.2.1 Electrochemical Impedance Spectroscopy 

            Electrochemical Impedance Spectroscopy [19,20] was chosen as it is powerful and a 

non-destructive tool to detect slight changes of capacitance.   As impedance 

measurements are generally applicable to any kind of solvent systems, it can potentially 

show universal utility as diagnostic tool for thermosensitive behaviour of systems.   

Further, through the analysis of fitting parameters for equivalent circuits, wide variety of 
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electronic and physicochemical properties will be available.   Such information can be a 

strong tool to investigate mechanism of thermosensitive behaviour of systems. Being 

motivated by the above-mentioned idea, in the present work, for the first time, evaluation 

of LCST behaviour of thermosensitive materials was investigated by electronic 

impedance measurements.    

Proposed mechanism of CST determination using EIS 

              An electrolyte solution possesses inductive, capacitive and resistive behaviour [21] 

as sensed by a three-electrode cell system[22]. In the presence of ionic species, application 

of some potential to electrochemical cell leads to well-known electrochemical double-

layer formation which significantly affects interfacial components of impedance spectra.    

It is expected that dissociation or association of water from (with) ionic liquid molecules 

and subsequent phase transitions triggered by such hydrophobicity changes will largely 

affect the behaviour of electrochemical double layer at electrode-electrolyte interface [23]. 

This distortion can be easily seen in bode plot where phase angle changes significantly 

(Scheme 1). 

 

Scheme 1.  Principal mechanism underlying the Impedance Spectroscopy for the 

implementation to identify CST behavior of ILs. 
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5.2.2 Experimental 

            All the chemicals were purchased from either WAKO Co. Ltd. or TCI chemicals Ltd. 

and were used as received. Proton NMR was done on Bruker Ultrashield plus 400-NMR. 

Electrochemical Impedance experiments were performed on Biologic VSP s/n 1190 with 

temperature being controlled on the thermostat (Eyela NCB-1200). UV-Visible 

Spectroscopy was done using JASCO V-630 Spectrometer. DSC was performed on SII X-

DSC 7000 T EXSTAR. Fourier transformed infrared spectroscopy was performed on 

JASCO FT/IR-4100 spectrometer. 

 

5.2.3 Synthesis of low molecular weight imidazolium-based 

ionic liquids 

           (General Procedure) [24]: 1 equivalent of 1-methylimidazole and 1.1 equivalent of 1-

bromoalkane were mixed in a 500 mL round bottom (RB) flask. The solvent used was 

acetonitrile. Refluxed the contents of RB at 90 oC overnight using water condenser. Work 

up was done with diethyl ether to remove alkyl halide impurities. The obtained ionic 

liquid was dried under reduced pressure. Any present moisture in ionic liquid was 

removed by vacuum drying the ionic liquid overnight to get pure IL as shown in Scheme 

2. For 1-hexyl-3-methylimidaozlium bromide, 1-bromohexane was used. For 1-octyl-3-

methylimidazlium bromide, 1-bromooctane was used. Reaction was done at atmospheric 

pressure. 
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Scheme 2: General synthetic scheme for the synthesis of room-temperature 

imidazolium-based ionic liquids 

 

            Anion exchange was performed at room temperature by stirring equimolar 

amounts of the imidazolium based ionic liquid and ammonium hexafluorophosphate in 

water overnight in a round bottom flask. The desired ionic liquid was extracted in 

dichloromethane. The ionic liquid was then purified under reduced pressure and purified 

under vacuum overnight to get dried IL. (Scheme 3) 

 

 

Scheme 3: General scheme for anion-exchange of bromide to hexafluorophosphate. 
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5.2.4 Characterizations of ionic liquids 

            The synthesized low molecular weight room temperature ionic liquids were 

characterized by 1H-NMR and FT-IR spectroscopy. Examples of characterization for 1-

hexyl-3-methylimidazolium bromide are shown below. The FT-IR spectra (Fig. 1.) 

showed the presence of peaks, all of which can be associated to imidazolium moiety. IR 

characterization was done for other ionic liquids and peaks were assigned similarly. 

 

 

 

 

Fig. 1. FT-IR spectrum of HMImBr.  

 

                

            The 1H-NMR (400MHz, DMSO-d6) (Fig. 2 shown for HMImBr) data shows the 

presence of characteristic peak between 4.0 to 4.5 ppm confirming the bond formation 

between alkyl halide and nitrogen present in imidazolium ring. 
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Fig. 2. 1H-NMR of HMImBr.  

 

5.2.5 Impedance set-up and experimental conditions 

               A three electrode cell was constructed with working and counter electrodes as 

Platinum (1 cm2 and 4 cm2 respectively) and reference electrode as saturated Ag/AgCl. 

Electrolyte taken was 1:1 wt % IL/water. In potentiostatic mode, the experiments were 

done at fixed DC voltage of 10 mV. A sinusoidal current perturbation was superimposed 

to the DC current and applied to the cell further in the frequency range of 1 MHz to 0.01 

mHz. Between each temperature measurement, 60 minutes of stabilization time was 

given to the cell. 

Set-up for measurement of potentio-static Impedance spectroscopy: To perform 

PEIS measurements for ionic liquids, a 3-elecetrode cell was constructed which was 
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jacketed into a thermostat (temperature controller). Working and counter electrodes 

were taken as a Platinum chips (surface area – 1 cm2 and 4 cm2). The ionic liquid solution 

(50 wt%) was working as the electrolyte. EIS was performed in the range of 1MHz to 

0.01mHz with the amplitude being 10mV. Before each impedance measurement at 

various temperatures, ample amount of time (1 hour) was given to the system to stabilize 

at that temperature. Once the system attains equilibrium, impedance was run for 15 

minutes. 

            A schematic representation of the cell set-up is showm below: 

          

 

 

 

                      

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Schematic representation of the cell-setup for the impedance spectroscopy 
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5.2.6 Results and Discussions 

             After the synthesis of ionic liquids, samples of ionic liquids were mixed in different 

amount of water and were further subjected to phase transition analysis. The ionic liquid 

1-hexyl-3-methylimidazolium bromide (HMImBr) was chosen to study phase transitions 

in detail. 

 

Why EIS is needed? 

 

Usual techniques applied 

A. Optical analysis 

 

 

 

 

 

 

 

Fig. 4 (a) Image of 50% w/w HMImBr/water at room temperature (b) image of 50% 

w/w HMImBr/water after 2 days at 4 oC. 

 

(a) (b) 
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              When equal contents of HMImBr and water were mixed at room temperature, the 

liquids were miscible in one another in all compositions. It was observed that even on 

heating, no changes in phase occurred. But cooling the system for 2 days at 4-5 oC, it 

appeared that the system had undergone changes (Fig. 4). It could be estimated, however 

not in detail that system has separated in two phases as seen in (b), there was a formation 

of a turbid layer at the bottom of the system. 

 

B. Optical analysis  

 

Fig. 5. UV-Visible spectroscopic analysis for 50% w/w HMImBr in water. 
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          It was thought that like polymers, it could be possible for ionic liquid systems to 

investigate LCST or UCST via UV-Visible spectrometer. So the same system was tried to 

achieve a cloud point using optical technique and the spectrum was obtained in Fig. 5. 

UV-Visible spectra was recorded for HMImBr in water at temperatures of 0-7 oC. 

Transmittance graph was linear and showed no sudden change as expected to show for 

phase transitions. Because there were no significant changes in turbidity and absorption 

of light throughout the system (as not seen visually also), as expected UV-Vis studies fails 

to establish a cloud point. There occurred no sharp changes in the transmittance of the 

system at different wavelengths. Hence, optical analysis also failed. 

 

             Hence, the literature techniques did not help to estimate the critical temperature 

of water-like ionic liquids. Thus, creating a lookout for newer and advanced techniques.  
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Studies using EIS 

                  Examining 50 wt% HMImBr-water system as the electrolyte, I carried out 

potentiostatic EIS experiment (Fig. 6) from 1 oC to 7 oC to carefully observe the 

phenomenon in the frequency range of 1 MHz to 0.01 mHz. 

             Bode phase plots for the same were obtained and plotted. A change in phase angle 

had started at 3 oC. This is due to change in double layer capacitance due to dissociation 

of ionic liquid molecules with water, which is detected by this impedance spectroscopy 

and marked the trigger point of the event. Thus, phase separation starts at 3 oC and 

system stabilizes after 7 oC.  This led us to the inference that LCST for HMImBr-water 

system is a wide-ranged phenomenon with peak temperature being 5 oC. These results 

confirm the occurrence of LCST in HMImBr.  

Fig 6.  Bode phase for PEIS experiment for 50 wt% HMImBr-water electrolyte system. 
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Curve-fitting values for 50wt% HMImBr-water system: 

 

              As an added advantage of this dominant technique, one can give physical meaning 

to this impedance. Therefore, impedance values were fitted to obtain an equivalent circuit. 

ZSim was used as the software for curve-fitting. The PEIS data was used for the fitting. 

The best fit equivalent circuit obtained was R(Q(R(CR)))(CR) for which the chi-square 

value reached to a very low of 10-5, providing a well-fit circuit interpretation shown in 

Table 1. 

 

Table 1: Fitting values of the HMImBr-water system. 

 

 

             It was scrutinized that four components in the system are playing vital role 

towards transition (Fig. 7.). The first and essential component was the bulk resistance or 

the total solution resistance R1, which is present by virtue of the electrolytic composition 

between the counter and reference electrodes of the electrolytic cell. The second 

component was the IL phase represented by CPE2 and R2. This phase showcased the 

presence of a smaller third layer which is composed of both ionic liquid and water 

Temperature/ 
oC 

R1 
CPE or 

Q 
R2 C3 R3 

1 15.25 8.17e-5 125.00 6.00e-4 5162 

3 14.24 8.23e-5 108.00 2.08e-4 11600 

5 13.33 3.04e-4 60.00 1.00e-4 18400 

7 12.51 2.96e-4 54.38 1.00e-4 19500 
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molecule in close proximity. This phase is represented by C3 and R3. This is present due 

to strong affinity of bromide in water. 

 

Fig. 7.  Circuit obtained by curve fitting for PEIS experiment for 50 wt% HMImBr-water 

electrolyte system. The green color represents the total solution resistance, red stands 

for ionic liquid and blue portrays water layer. 

 

                   Lastly, because water is separated, it is the last component depicted by C4 and 

R4. It was deduced that not two, but a smaller third layer is existent in the solution at the 

critical transition temperature. One good reason why water has strong affinity towards 

HMImBr and the system is not able to completely separate into distinguished layers is 

because HMImBr has very similar polarity as that of water. This is also complemented by 

ETN results obtained for HMImBr. Normalized polarity of water was taken to be 1.000, 

while for HMImBr, it was in the similar range of 1.199-1.237. This mixed layer was found 

to be of high importance and can act as a transferring medium, suggesting the use of this 

ionic liquid in other vital applications. As double layer capacitance CPE2 is the crucial 

parameter to evaluate the phenomenon occurring in the electrolytic system, it would be 

more favorable to examine the change with temperature. For the temperatures 1-7 oC, 

CPE2 values were plotted to procure a graph as in Fig. 8.  As expected, there observed an 
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increase in capacitance at the critical point because the ionic liquid molecules are free 

from water of hydration and thus, ionically more conducting. Capacitance reached a 

maximum at 5 oC after which, the system tries to attain stability. 

 

 

Fig. 8. Change in Double layer capacitance with Temperature for 50wt% HMImBr-water 

electrolyte system. 

 

           It was evident that impedance spectroscopy not only recognized the transition 

phenomenon, but also gave a physical significance to the transition taking place at the 

molecular level.  
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PEIS and curve-fitting data for AMImBr (1-allyl-3-methylimidazolium bromide) 

[Comparison for non-CST showing ionic liquid]:         

            The ionic liquid AMImBr was studied for comparison with HMImBr as AMImBr 

showed no CST. Hence, the Bode plot (Fig. 9.) for AMImBr showed no change from the 

temperatures of 5 oC to 45 oC, suggesting that LCST did not occur in AMImBr in this range.  

            

 

Fig 9. PEIS Spectroscopic analysis for 50 wt% AMImBr in water. The experiment was 

carried out in the range 5 oC to 45 oC. There appeared no change in the phase angle in 

this range. Hence, AMImBr showed no CST in the range of 5-45 oC 
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           Also, the capacitance (Fig. 10.) was plotted on similar lines using the same circuit as 

HMImBr. But there is no change in this graph either.   Hence, the ionic liquid do not show 

any CST.  

 

Fig. 10. Change in Double layer capacitance with temperature for 50 wt% AMImBr-

water system. The circuit used for curve-fitting was R(Q(R(CR)))(CR). 
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             Other ionic liquids/water systems were able to show change in phase angle in 

response to change in phase behvaiour. Some of the plots are showcased below: 

1. 1-Octyl-3-methylimidazolium bromide  (OMImBr) 

           OMImBr-water acted as the electrolyte for the cell-setup. The results showed the 

change in phase angle at 54 oC (Fig. 11). 

 

 Potentio-static Impedance Spectroscopy (PEIS) for OMImBr: 

 

Fig 11. PEIS Spectroscopic analysis for 50% w/w OMImBr in water.  
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2. 1-Hexyl-2, 3-dimethylimidazolium bromide (HDMImBr) 

 

 

 

Fig. 12. PEIS Spectroscopic analysis for 50 wt% HDMImBr in water. 

             

             The experiment was carried out in the range 15 oC to 50 oC. There appeared a 

change in the phase angle in 30 oC  (Fig. 12). Hence, HDMImBr showed LCST at 30 oC.  
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3. 1-octyl-3-methylimidazolium hexafluorophosphate (OMImPF6) 

 

 

 

Fig. 13. PEIS Spectroscopic analysis for 50 wt% OMImPF6 in water.  

 

             The experiment was carried out in the range -5 oC to 7 oC. There appeared a change 

in the phase angle in 1 oC (Fig. 13). Hence, this ionic liquid shows LCST at 1 oC. 
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4. 1-hexyl-3-methylimidazolium hexafluorophosphate (HMImPF6) 

 

 

 

Fig. 14. PEIS Spectroscopic analysis for 50 wt% HMImPF6 in water.  

 

                 The experiment was carried out in the range 11 oC to 29 oC. There appeared a 

change in the phase angle in 20 oC (Fig. 14). Hence, this ionic liquid shows LCST at 20 oC. 
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           Various other ionic liquid/ water and ionic liquid/salt solutions were experimented 

on via EIS and their LCST and UCST were recorded in the Table 2. 

 

Table 2. Different ionic liquids tested by Electrochemical Impedance Spectroscopy  

 

 

 

 

 

 

 

 

Anion 

 

R= Hexyl 

 

R= Octyl 

 

R= Allyl 

 

Br ‾ 

 

 

LCST in water at 5 oC 

UCST with salt between 56 oC - 60 

oC 

 

UCST with salt at 54 oC 

 

 

No phase 

transition 

property 

 

PF₆‾ 

 

 

UCST in water between 19 oC - 21 oC 

UCST with salt at 2 oC 

 

UCST with salt at 1 oC 

 

 

UCST with salt at  

0 oC 
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5.2.7 Conclusions- I 

              Various low molecular weight room temperature ionic liquids were synthesized 

by the addition of alkyl halide to imidazole - based compound resulting into a thick 

viscous liquid which was characterized by and Fourier Transformed - Infrared 

Spectroscopy and 1H-NMR. The FT-IR spectra of all ionic liquids showed no more or less 

functional group peaks and were in accordance with the expected structure. 1H NMR 

confirmed the bond formation between 1-methylimidazole and alkyl group of alkyl halide 

from characteristic peaks obtained in a range of 4 – 4.5 ppm.  

              The ionic liquid 1-hexyl-3-methylimidazolium bromide HMImBr was studied in 

detail. Initially, conventional visual, optical and electrochemical techniques were utilized 

for a system containing 50% w/w ionic liquid in water which demanded a more 

sophisticated and enhanced technique. Hence, electrochemical impedance spectroscopy 

was applied to this system for the first time to study phase transitions. The electrochemical 

analysis was done by constructing a 3-electrode cell with working and counter electrodes 

at platinum and reference electrode as Ag/AgCl. When frequency range of 1 MHz to 0.01 

mHz was applied to the cell, bode plots were observed at various temperatures. These 

graphs showed a sharp change in the phase angle near the transition temperature which 

aided in the estimation of the LCST and UCST of a system. Also the respective bode plot 

values for each temperature were fitted well into an equivalent circuit, the physical 

meaning to which  indicated the formation of separate ionic liquid and water layers in the 

system. Analysis for HMImBr showed that with almost negligible change with 

concentration, phase separation between ionic liquid and water starts at around -4 oC and 

is completed by 5 oC.  



CHAPTER  5 CST OF IONIC LIQUIDS 

  
 

 

178 CST of ionic liquids 

            Thus, it is concluded that the need of a diagnostic tool to find LCST and UCST 

behaviour of different ionic liquids was justified by the use of ELECTROCHEMICAL 

IMPEDANCE SPECTROSCOPY which not only helped in finding the phase transition 

temperature of an ionic liquid/water system, but the curve fitting via this technique also 

estimated about the events occurring inside the electrolytic solution. 
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PART-B 

5.3 Objective – II 

             Today, researchers are opting for IL in many fields as there are numerous 

possibilities of different ILs, each showing unique properties. But, when it comes to 

design a particular IL for a chosen application, with so many possibilities available, it is 

difficult to pick the right cation and anion which would show desired LCST properties.    

To continue the use of CST of ILs in existing and on-growing scientific fields, it is vital to 

comprehend the parameters playing major role in the critical behaviour of ionic liquids. 

Ohno et al. have explored this field and been rigorously working on mechanistic and 

fundamental approaches of amino acid-based ionic liquids and their phase separation[25]. 

Recently, Wang et al. have found out the mechanism of amino-acid based ionic liquids 

using molecular dynamics (MD) simulations[26]. On the same path to understand 

transition mechanisms, hereupon imidazolium based ionic liquids[27,28] are analysed with 

respect to their physical and structural properties using Kamlet-Taft parameter studies.  

 

 

5.3.1 Kamlet-Taft parameters studies 

               To appreciate the mechanism in water-like aprotic ionic liquids, various 

contributing important factors[29,30] like polarity, hydrogen-bonding, chemical potential, 

VanderWaal’s energy and density are systematically evaluated herein. 
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             To study the fundamental approach of critical thermoresponsive behaviour in low 

molecular weight imidazolium-based ionic liquids, solvatochromic analysis using 

Kamlet-Taft parameters[31-33] were implemented in this work to understand the 

fundamental properties and orientation of molecules at critical temperature.  UV-Visible 

spectroscopy was performed with three dyes namely, zwitterionic Reichardt’s dye, 4-

nitroaniline and N, N-diethyl-4-nitroaniline.  

 

 

5.3.2 Experimental 

                   A solution of appropriate dye in dehydrated methanol was prepared and added 

in such quantities so that the solution showed absorption between 0.1-0.4. Methanol was 

evaporated overnight to get dried dye-ionic liquid system with traces/no water content. 

Absorbance was measured in visible range.  

 

 

 

 

 

 

 

 



CHAPTER  5 CST OF IONIC LIQUIDS 

  
 

 

181 CST of ionic liquids 

5.3.3 Results and Discussions 

                    To simplify the interpretation, here results are compared for LCST of 1-hexyl-

3-methylimidazilum bromide (HMImBr) (Table 3) and UCST of 1-octyl-3-

methylimidazolium bromide (OMImBr) (Table 4).  

 

Kamlet-Taft parameter plots for HMImBr:  

                                  

Fig. 15. Graphical representation of ET30 parameter with respect to 1000/T in kelvin for 

HMImBr.                                



CHAPTER  5 CST OF IONIC LIQUIDS 

  
 

 

182 CST of ionic liquids 

 

 

 

 

 

 

 

 

Fig. 16. Graphical representation of ETN parameter with respect to 1000/T in kelvin for 

HMImBr 

 

 

 

 

 

 

 

 

Fig. 17. Graphical representation of π* parameter with respect to 1000/T in kelvin for 

HMImBr. 
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Fig. 18. Graphical representation of α parameter with respect to 1000/T in kelvin for 

HMImBr. 

 

 

 

 

 

 

 

 

 

Fig. 19. Graphical representation of β parameter with respect to 1000/T in kelvin for 

HMImBr. 
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Table 3. Temperature dependent ET and Kamlet-Taft parameters for HMImBr. 

Temperature(oC) ET(30) ETN 𝝅* α β 

-10 69.56 1.199 1.95 0.856 0.834 

-5 69.56 1.199 1.95 0.856 0.834 

0 69.56 1.199 1.95 0.856 0.834 

5 69.65 1.202 1.95 0.862 0.825 

10 69.82 1.207 1.95 0.873 0.825 

15 70.78 1.237 1.95 0.930 0.825 

20 70.78 1.237 1.95 0.930 0.825 

 

 

    It was observed that solvent polarity ET(30) and normalized polarity ETN starts 

increasing after 0 oC and the system becomes stable after 10 oC. Looking at the graph in 

Fig. 15. and 16., the trigger starts at 3.66 K-1 and the phase transition occurs at ⁓ 3.62-

3.57 K-1. Afterwards, the system achieves stabilization. This phenomenon was as 

expected, because initially HMImBr molecules are tightly hydrogen bonded with water 

and solution is in one phase. As the trigger happens, asymmetric imidazolium ring starts 

to dissociate from water, thereby increasing the polarity due to initiation of two phases. 

Between 5-10 oC, major part of phase separation occurs and HMImBr-water molecules 

dissociate to form two corresponding layers suggesting occurrence of LCST. After the 

stabilization, polarity remains unchanged as IL and water molecules have dissociated 

completely as the imidazolium ring of HMImBr is free from hydrogen-bonds with water. 
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This separation is subsequently observed as an increase in hydrogen bond donating 

ability (α) near the LCST point due to increased C-2 acidic sites of imidazolium ring, which 

are free from hydrogen bonding with water. Thus, a decrease is observed in hydrogen 

bond accepting ability (β) as more of C-2 hydrogen of ring is free from electrostatic 

attractions of water. 

Kamlet-Taft parameter plots for OMImBr:  

 

Fig. 20. Graphical representation of ET30 parameter with respect to 1000/T in kelvin for 

OMImBr. 
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Fig. 21. Graphical representation of ETN parameter with respect to 1000/T in kelvin for 

OMImBr. 

 

 

 

 

 

 

 

Fig. 22. Graphical representation of π* parameter with respect to 1000/T in kelvin for 

OMImBr. 
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Fig. 23. Graphical representation of α parameter with respect to 1000/T in kelvin for 

OMImBr. 

 

Fig. 24. Graphical representation of β parameter with respect to 1000/T in kelvin for 

OMImBr. 
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Table 4. Temperature dependent ET and Kamlet-Taft parameters for OMImBr. 

Temperature (o C) ETN ET(30) 𝝅* α β 

45 50.47 0.610 1.030 0.514 1.796 

50 50.47 0.610 1.030 0.514 1.826 

55 50.38 0.607 1.002 0.533 1.838 

60 50.20 0.602 0.999 0.530 1.858 

 

 

    Comparing the results with OMImBr (Table 2), the solvent polarity ETN of OMImBr was 

decreased with increase in temperature. This can be possible only when the polar sites of 

the ring are closed or may have bonded with water after phase transition. This suggest 

that OMImBr shows UCST. The trigger starts at 50 oC and transition occurs at ⁓55 oC. 

Before the transition, water and imidazolium ring remains separated. This is seen by a 

lower β values which suggest that less of hydrogen accepting ability is present in the 

imidazolium ring. After the transition, C-2 hydrogen of imidazolium ring is present in 

electrostatic field of oxygen of water making the β value to increase. Polarity shows a 

decreasing trend as the two solutes are now in unity via hydrogen-bonding. Hence, it was 

seen that OMImBr exhibit UCST at 55 oC. 
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5.3.4 Conclusions- II 

            Kamlet-Taft parameters studies were done for LCST showing ionic liquids like 

HMImBr and UCST showing ionic liquids like OMImBr.  It was seen that the major factors 

affecting the critical phase behaviour of these green solvents are solvent polarity, 

hydrogen bond donating ability and hydrogen bond accepting ability. 

            For LCST showing ionic liquids, polarity and hydrogen bond donating ability 

increases at the critical state and the hydrogen-bond accepting ability decreases.  

             For UCST showing ionic liquids, polarity and hydrogen bond donating ability 

decreases at the critical state and the hydrogen-bond accepting ability increases. 

            Hence, I was able to find the dominant factors playing vital roles in the occurrence 

of CST phenomenon and their mechanistic relationship between them at the phase 

transitions.  
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PART-C 

5.4 Objective – III 

    Till date, designing of an ionic liquid with fine-tuned properties is a time-taking and 

tough method. It becomes hard to pick the right cation and anion which would show 

desired CST property. Henceforth, it would be rather apt to generalize the concept of 

transition for these ionic liquids via simulations.  

 

5.4.1 COSMO-RS Simulations 

                   Conductor-like screening model for realistic solvents or COMSO-RS 

simulations[34,35] are based on a continuum model which treats solute surrounded by the 

solvent particles as a packet of continuous conductor, allowing the evaluation of the 

chemical potentials of water-cation-anion ternary mixture and identify the chemical 

equilibrium point a lot easier and precise. The simulations are superior as compared to 

ones already being used as it calculates the electrostatic interactions between the solute 

and the solvent particles. It was introduced by Andreas Klamt[36] in 1995. It acts as a 

database of unique combination of quantum chemical treatments of solute and solvents 

under same parameters. Evaluation and identification of liquid-liquid equilibrium using 

COSMO-RS[37] is proven to be the most reliable and fastest type of calculation available 

till now. 
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5.4.2 Experimental 

            COSMOTherm program is used to compute chemical potential, Gibbs free energies, 

H-bond energies, van der Waal energies and densities. The cationic imidazolium ring, 

anion and water were treated as individual components to compose a 50 mol% solution. 

Obtained values were plotted against temperature. The slopes of the graphs were 

tabulated to produce a prediction table. 

 

5.4.3 Results and Discussions 

             For the simulation calculations, parameters like chemical potential, hydrogen bond 

energies, Van der Waal energies and density were calculated in the transition range for 

various ionic liquids. Linear profiles were obtained for all graphs, as expected for an 

increase in temperature. However, scrutinizing the slopes of these lines, a unique and 

interesting observation was made as tabulated in Table 5. If an IL has high chemical 

potential (vs T) slope (>0.0165), it will either remain soluble or insoluble with water at 

all temperatures.  This means that IL will show neither LCST nor UCST. This is probably 

because, with such a high increase in chemical potential with temperature, there is no 

tendency of IL to exhibit any kind of transition. But, if chemical potential of the IL-water 

system has intermediate values (0.008-0.0165), it can show either LCST or UCST as 

chemical potential increases with temperature in optimum. Then, the type of transition 

will be known looking at the values for slopes of H-Bond (vs T) and Van der Waal energies 

(vs T) as these are the major factors governing the particular transition. If slope of H-bond 

energy (vs T) is intermediate and slope of Van der Waals energy (vs T) is high, then that 

IL shows LCST. And, if the slope of H-bond energy (vs T) is higher but slope of Vander 
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Waal’s energy (vs T) is lower, then that IL show UCST behaviour. One valid reasoning 

behind this observation could be that separation needs a higher slope of VanderWaal’s 

energy. Moreover, for UCST to be shown, ions need to overcome the electrostatic field of 

water, thus require a higher slope for H-bond energy. Hence, incorporating simulations 

can aid in prediction of nature of transition exhibited by low-molecular imidazolium 

based ionic liquids. 

 

Table 5. COSMO-RS simulations representing slopes for chemical potential, hydrogen 

bond and Van der Waal energies for different ILs.  

Ionic Liquid 
Short 

Name 

CST 

property 

Slope of µ 

vs T / J 

mol-1 

Slope of 

H-bond vs 

T / J mol-

1 

Slope of 

VdW vs T 

/ J mol-1 

1-ethyl-3-

methylimidazolium 

bromide 

EMImBr None 0.0169 0.0107 0.0003 

1-propyl-3-

methylimidazolium 

chloride 

PMImCl None 0.0191 0.0079 0.0004 

1-hexyl-3-

methylimidazolium 

bromide 

HMImBr 
LCST at 

5 oC 
0.0132 0.0163 0.0007 

1-hexyl-2,3-

dimethylimidazolium 

bromide 

HDMImBr 
LCST at 

30 oC 
0.0114 0.0162 0.0009 
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1-butyl-3-

methylimidazolium 

chloride 

BMImCl LCST 0.0133 0.0152 0.0007 

1-octyl-3-

methylimidazolium 

bromide 

OMImBr 
UCST at 

54 oC 
0.0097 0.0156 0.0011 

1-octyl-3-

methylimidazolium 

hexafluorophosphate 

OMImPF6 
UCST at 

1 oC 
0.0151 0.0211 0.0002 

1-hexyl-3-

methylimidazolium 

hexafluorophosphate 

HMImPF6 
UCST at 

20 oC 
0.0135 0.0234 0.0004 

1-butyl-3-

methylimidazolium 

tetrafluoroborate 

BMImBF4 
UCST at 

4.4 oC 
0.0149 0.0192 0.0003 

 

5.4.4 Conclusions- III 

             COSMOTherm proved to be an interesting tool to prepare a prediction table for the 

CST in ionic liquids. If an IL has high chemical potential, it will either remain soluble or 

insoluble with water at all temperatures. This means that IL will show neither LCST nor 

UCST. But if chemical potential of the IL-water system has intermediate values, it can 

either show LCST or UCST. If slope of H-bond energy vs temp is intermediate and slope 

of vanderWaals energy is high, then that IL shows LCST. But, if the slope of H-bond energy 

vs temp is higher but slope of vanderWaals energy is lower, then that IL show UCST 
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behaviour. So, once we know these values, we can easily predict the nature of any IL, 

whether it will be an LCST showing, UCST showing or non-CST showing IL. 

5.4.5 Chapter conclusions 

 

Fig. 25.  Graphical illustration showing high electrochemical aspects of synthesized gel 

electrolyte. 
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                  Focussing together on Kamlet-Taft, impedance studies and COSMO-RS 

simulations, one can compliment the critical nature of low-molecular weight 

imidazolium-based ILs in a more comprehensive manner. For ILs which has similar 

polarity to water (ETN near 1), it is seen that chief parameters effecting critical 

thermoresponsive behaviour of ILs are polarity, chemical potential, hydrogen-bond 

energy, hydrogen-bond donating and accepting ability and Van der Waal’s energy. All 

these factors correspond to the structural aspects of the imidazolium cation and anion. 

Together, optimum ratio of hydrophobicity/hydrophilicity is constituted which shows 

CST. Structure analysis suggests that both cation and anion influence the polarity and 

Kamlet Taft parameters. For LCST showing IL, polarity, capacitance and α increases and 

β decreases. Vice-versa happens for UCST showing IL. COSMO-RS results demonstrated 

that LCST is shown when Vander Waal forces dominate, while UCST is shown when H-

Bonding is dominant over other factors. Also, the simulations summarized the rule to 

predict the nature of CST of low-molecular weight imidazolium based ionic liquids which 

can be extended further to various other categories of ionic liquids. This will save ample 

time in synthesizing and help in analyzing the fine-tuned and exclusive ionic liquid with 

desired and characteristic properties (graphical abstract Fig. 25). 
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6.1 General Conclusions  

            

                  Stimuli responsive properties of smart polymers have gained much attention in 

the recent past. Over the top, thermosensitive materials have already rendered much 

applications in the field of biomedical and chemistry with highly importance projected in 

the future than it has ever been in the past. Nowadays, environmentally benign “green” 

solvents ionic liquids with their enormous database of distinguished cationic and anionic 

counterparts have enabled the researchers over the globe to invest more time into their 

future applications. There have been reports about ionic liquids showing 

thermoresponsive properties as well, in addition to polymers.  Considering the vitality of 

these smart materials, the present research will be addressing synthesis and study of 

thermoresponsive properties of various polymer-based/ ionic liquid based/ and their 

copolymer based materials and their tunability over critical solution temperatures.   
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                   In Chapter 1, the introduction of thermoresponsive property with respect to 

polymers and ionic liquids are discussed in detail. With a brief introduction about 

thermoresponsive phase transitions and its types, mechanism to critical solution 

temperature (CST) and applications corresponding to CST have been discussed. Some of 

the important literatures which prove the importance of phase tuning of polymers were 

also reported. The chapter also focuses on, introduction about polyoxazolines as a non-

toxic polymer and its advanced applications in biomedical field. And how polyoxazolines 

can be successful in tuning and creating solid-supported LCST showing materials is 

provided in brief. Two approaches were studied, one to form organic-inorganic hybrids 

and second to coat as thin films over silicon substrates. Next, properties, challenges and 

applications of hydrogels is concentrated upon. Why plasmonic nanoparticles can serves 

as tuning agents for thermoresponsive polymer matrix and their primary characteristics 

were looked upon in detail.  Finally in the later half, the CST in ionic liquids is focused 

upon and properties/applications of ionic liquid/water mixtures have been discussed 

thoroughly. The detailed description of why there is a need for a diagnostic tool to analyze 

CST in ionic liquids, and major factors affecting CST have also been included in this 

chapter. 
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         In Chapter 2, the research is directed towards improving the tuning of LCST 

behaviour of oxazoline based thermoresponsive copolymer and creating a solid-

supported hybrid materials. In this context, a copolymer of 2-ethyl-2-oxazoline and 2-

isopropyl-2-oxazoline was synthesized by ring opening polymerization which showed 

LCST at 77 oC as detected by DSC. Further, TMOS was chosen as the inorganic precursor 

to form organic-inorganic hybrids. Samples with varied ratio of copolymer and silicate 

moiety were prepared and their LCST and tunability were analysed. The LCST of the 

synthesized hybrid materials could be tuned over a temperature range from 42-58 oC. A 

typical concave-up type phase diagram was obtained suggesting the dependence of LCST 

on the copolymer concentration in the hybrid system. (Graphical abstract Fig. 1). 

Fig. 1. Graphical illustration of fine-tuning of LCST of polyoxazoline based copolymer 

using inorganic silicate material. 
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               Chapter 3 describes a yet another method to form solid-supported LCST showing 

materials utilizing silicon wafers and polyoxazoline as the thermoresponsive material. In 

this work, silicon wafers were exposed to extreme acidic conditions to covalently bind 

with the thermosensitive polymer of 2-ethyl-2-oxazoline. The polymer was terminated 

with triethoxysilyl group to enhance the surface bonding abilities. The formation of self-

assembled monolayers of the thermoresponsive polymer was confirmed using FT-IR and 

XPS analysis. The coated surface become hydrophobic as seen by the contact angle 

measurements. DSC showed that the LCST of the modified polymer was 75 oC. The system 

was observed to work as a solid-supported phase gradient (Graphical abstract Fig. 2.). 

 

      

 

Fig 2. Graphical illustration showing solid-supported thermoresponsive polymer 

modified silicon wafer for thermal devices. 
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             Chapter 4 includes the synthesis of novel plasmonic nanoparticles (like Au and 

Ag) embedded thermally sensitive PNIPAM-based hydrogels. In this chapter, 

imidazolium-based polymerizable ionic liquids solvents as copolymers were used.  

Synthesis of gold and silver nanoparticles was done using trisodium citrate as the 

primary reducing and stabilizing agent, and the size was varied from 10 - 45 nm. The 

hydrogels formed were studied for their factors like size of NPs and effect of ionic liquid 

structure on its LCST. The results were consistent for both types of nanoparticles. The 

hydrogels possessed the swelling and shrinking abilities below and above LCST, 

respectively. The work made the LCST tuning for these hydrogels matrixes over a wide 

temperature range of 23 – 67 oC. (Graphical abstract Fig. 3.). 

Fig 3. Graphical abstract representing the role of nanoparticle size in the nanoparticles 

embedded PNIPAM based hydrogels using polymerized ionic liquids. 
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       Lastly, focus was made to study liquid-liquid phase systems. It has been known that 

some imidazolium-based ionic liquids show LCST in water. However, it became difficult 

to detect CST in room-temperature low molecular weight imidazolium-based ionic 

liquids.  Therefore, Chapter 5 deals with the study as to why previous techniques fail in 

the detection and finding of a diagnostic tool to evaluate LCST and UCST of ionic liquids. 

A more advance, superior and informative technique which is electrochemical impedance 

spectroscopy was used as the diagnostic tool to evaluate the phase transition 

temperature as clear visualization of the separation cannot be observed optically. Major 

factors affecting the CST in these ionic liquids were also detected by Kamlet-Taft 

parameter studies. Moreover, a structure-activity relationship table was also constructed 

based on factors like Gibbs free energy change, hydrogen-bond energy change and van 

der Waals energy change as scrutinized by COSMO-RS simulations. It helped to foresee 

the type of the phase transition phenomenon showed by the ionic liquid (Graphical 

abstract Fig. 4).  

Hence, This thesis work present various strategies to fine-tune the phase transitions of 

various thermoresponsive organic-inorganic hybrid systems. In this work, it is seen that 

phase transitions of thermoresponsive oxazolines can be tuned by modifying them into 

organic-inorganic hybrids using tetramethylorthosilicate or by forming their self-

assembled monolayers over silicon wafer. Thermoresponsive PNIPAM polymer can be 

fine-tuned using polymerizable ionic liquids and/or metal nanoparticles. Also, the thesis 

present a diagnostic tool in the form of Electrochemical Impedance spectroscopy to 

detect phase transitions in imidazolium-based ionic liquids. 
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Fig 4. Graphical illustration showing factors affecting phase transitions in imidazolium-

based ionic liquids. 
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6.2 Possible future of research 

                   The primary aim of this thesis work was to focus on the thermosensitivity and 

tunability of various polymer and ionic liquid systems. Literatures have shown the 

importance of temperature driven phase transitions and their utilization to widespread 

applications in science via fabrication of thermal devices. 

                    The results shown in the thesis opens up wide range of strategies and aspects 

to prepare innovative thermoresponsive smart materials with enhanced properties. It 

also provide with the ability to tune phase transitions of these materials for the 

fabrication of smart and intelligent thermal devices. Apart from the results reported in 

this work, there is still a room for improvement and extension. Some of the possible 

future research interests can be as follows: 

1. Formation of TMOS based sol-gel materials using polyoxazoline and their 

tunability was studied in Chapter 2 by varying the copolymer concentration only. 

However, studies can also be done with another inorganic materials like various 

metal oxides or carbon based materials. 

2. Silicon wafer modifications as seen in Chapter 3 can be further studied for creation 

of a high-density monolayer formation with a variety of classes of LCST showing 

materials such as ionic liquids. 

3. The synthesis of novel plasmonic nanoparticles into PNIPAM-co-ionic liquid 

matrix in chapter 4 open up a whole new avenue of possibilities where these 

materials can be used. Because of the presence of thermoresponsive properties of 

PNIPAM, stabilizing and begin ionic liquids and nanoparticles, the applications of 

these materials bridge between various fields. The work still has the scope to be 
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studied for other type of pure (copper) or alloy nanoparticles. How chances in the 

ratio of these three moieties affect the LCST and tunability can be very interesting 

to note. Synthesis can also be done by different amino-acid based or ammonium 

based ionic liquids to further enhance the applications of these matrix materials 

as hydrogels. 

4. Detection of estimated/accurate phase transition temperature of room 

temperature imidazolium-based ionic liquids can also become an interesting but 

vigorous simulating approach. It will help to create database of future referrals 

and save ample time and energy for detection of innumerable possible ionic 

liquids.   
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