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PREFACE 

Ionic liquids (ILs) are salts with a melting point below 250oC; they 
have been attracting electrochemists with their unique properties like nOll
volatility, thermal stability, non-flammability, and low vapor pressure with 
wide electrochemical window. ILs have emerged as a potential 
replacement for organic electrolytes. However, the liquid nature of ILs 
limits their application due to leakage. Thus there is incredible demand for 
the immobilization of ILs since it overcomes all the restrictions and opens 
up a new pathway to solid electronic gadgets like batteries, capacitors, 
super capacitors, fuel cells, sensors, etc. Among all the well-knO\vn 
strategies, entrapping ILs in the polymer matrix can be considered as a 
feasible, low-cost method for large scale production of ionogels. Ionogel 
consists of a non-conducting polymeric framework as the host and a 
conducting IL as the guest. Ionogel not only retains the properties of ILs 
but also shows the mechanical properties of a polymer matrix like 
flexibility, fihn-forming nature, etc. Thus ionogel will be a better choice 
for solid state electrolytes due to its appealing features of freestanding film 
and high thermal stability properties that allows us to design easily and 
cheaply with modularity and reliability in electrochemical devices. The 
versatility of both ILs and polymer chemistry allows us to develop an 
infinite number of ionogels. Every combination of ILs and polymer results 
in unpredictable behavior. Thus the field of ionogel membranes has yet to 
be explored. 

This book is intended to report a complete characterization technique 
from theoretical prediction to the application level, including quantum 
mechanical predictions, synthesis method, characterization techniques, and 
molecular dynamics of the developed ionogel. This book will be useful for 
students, researchers, industrialists, etc., and whoever wishes to work in 
the field of ionogels, as well as in the application level of solid-state 
materials. As we said above, the field of ionogel membranes is yet to be 
explored, and this book can be used as reference material for upcoming 
innovations too. 

This book covers ionogel membranes and their development, 
theoretical predictions, characterization, detailed thelTIlal and electrical 
properties, molecular dynamics, and applications. It is written as a 
distinctive source taking the reader on a fantastic journey from quantum 
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mechanical calculations to advanced research areas. Chapter 1 gives detailed 
infonnation about ionic liquids and ionogel membranes and their 
preparations. The solution casting on glass technique was employed to 
develop ionogel by entrapping two highly conducting ILs, namely, 1-
Ethyl-3-methyl imidazolium thiocyanate [EMIM] [SCN] and I -Butyl-l 
methyl pyrrolidinium bis (trifluoromethyl sulfonyl imide) [BMPyr] 
[TFSI], in two non-conducting polymers. Chapter 2 introduces a novel 
hybrid theoretical approach named ONIOM (n-Iayered integrated 
molecular orbital and molecular mechanics approach), which was 
implemented in the Gaussian 09 program package to study the interaction 
of ILs with complex polymer chains and subsequently to check the 
compatibility of the IL with two non-conducting polymers, namely 
polymethyl methacrylate and polyvinyl pyrrolidone matrix, to form an 
eco-friendly ionogel. This quantum mechanical approach helped us trace 
the most compatible pairs of ILs and polymer matrices among the chosen 
four combinations. Chapter 3 presents a detailed morphological 
characterization of ionogel membranes by means of the scarming electron 
microscope, Fourier transfonns infrared spectroscopy, Fourier transfonns 
Raman spectroscopy, and an X-ray diffractometer. 

Chapter 4 delineates the influence of ILs in the polymer matrices and 
discusses the variations in phase transitions and thermal stability of the 
polymer matrices. Chapters 5 and 6 address the molecular dynamics, 
charge transport mechanism, conductivity relaxation in the ionogel 
membranes over broad frequency window, and wide temperature range to 
explore the molecular fluctuations and variations that happened in the 
ionogel membranes on varying weight ratios of the incorporated ionic 
liquid. 

Chapter 7 discusses the specific properties and applications of the two 
developed ionogel membranes. This chapter covers the energy storage 
application of ionogel membranes and also emphasizes the CO2 sensing 
and capturing properties of the developed one. 

In summary, this will be a remarkable contribution toward the state of 
the art for material designing and development, morphology, structure, 
thermal and electrical properties, and applications of ionogel membranes. 
We hope that this will be very useful for academic and industrial purposes 
but also for fledgling students and newcomers in the field of solid state 
devices. 

Safna Hussan K. P. 

Dr. Mohamed Shahin Thayyil 
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ABSTRACT 

Nowadays, an enOlTIlOUS research effort has been devoted to 
immobilize ionic liquid for electrochemical applications, since it can be 
used as an excellent substitute for liquid electrolytes. Among all the well
knO\vn strategies, entrapping ILs in the polymer matrix can be considered 
as a feasible, low-cost method for large scale production of ionogel. The 
versatility of both IL and polymer chemistry allows us to develop an 
infinite number of ionogels. Every combination of IL and polymer results 
in unpredictable behavior; thus the field of ionogel membranes is yet to be 
explored. This book is intended to report complete characterization 
techniques from theoretical predictions to the application level, including 
quantum mechanical predictions, synthesis method, characterization 
techniques, and molecular dynamics of the developed ionogel. 

Moreover, a novel hybrid theoretical approach named ONIOM (n
layered uitegrated molecular orbital and molecular mechanics approach) 
was implemented to study the uiteraction of ILs with complex polymer 
chains in the ionogel. This book will be useful for students, researchers, 
industrialists, and so on, and for anyone who wishes to work in the field of 
ionogels as well as in the application level of solid-state materials. As we 
said above, the field of ionogel membranes is yet to be explored, and this 
book can be used as reference material for upcoming innovations too. 

Safna Hussan K.P. 

Dr. Mohamed Shahin Thayyil 
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CHAPTER 1 

INTRODUCTION 

1.1. Introduction 

Material design is an art that plays a vital role in our day-to-day needs. 
Designing a material is the primary phase of any product development 
where the architect must focus on improving the properties of a material to 
overcome their limitations or to impart superior qualities. Quality and 
perfOlmance of material are assessed according to their structural, 
electrical, thelTIlal, mechanical, chemical, and optical properties and by 
analyzing a wide variety of materials to reveal that a single material is not 
fulfilling all aspects of our requirements. Thus, in order to make a product 
viable for practical application, incorporation of diverse properties is 
essential within a feasible cost. Thus, material selection and design are the 
prominent stages of research keeping in view their practical applications. 

Ionic liquids (ILs) offer a wide variety of properties that make them a 
prominent substitute for conventional organic electrolytes in many energy
related application fronts. The freedom to choose different cation-anion 
combinations make them unique with diverse properties like low volatility 
coupled with high electrochemical and thennal stability; significant ionic 
conductivity crafts the likelihood of designing an ideal electrolyte for 
batteries, super-capacitors, actuators, dye-sensitized solar cells, and 
thermo-electrochemical cells, etc. (1). Thus, the biggest charm of ionic 
liquids relies on the possibility to tune their properties by choice of the 
anion-cation combination. Moreover, a large family of them are air and 
water stable, as well as thermally stable even at temperatures higher than 
570 K (2). Though ILs are used successfully as electrolytes ui many 
gadgets, their leakage-causuig fluid nature and high cost limit their large 
scale application (3-5). 

Currently, enonnous research efforts have been devoted to immobilize 
ILs for electrochemical applications, since they can be cast as an excellent 
substitute for liquid electrolytes. Chemical attachment with suitable ionic 
species and physical entrapment of an IL in non-conducting organic/inorganic 
matrices are the two strategies popularly used for immobilizing ILs, which 
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are commonly named ion-gels or ionogels. Among them, polymers are an 
attractive platfOlTIl considering their rich database and low cost for large 
scale production. The versatility of both ILs and polymer chemistry results 
in an infinite number of ionogels. Each combination of an IL with a 
polymer results in unpredictable behavior due to the possibility of diverse 
chemical bonding. Thus the field of ionogels is yet to be explored 
systematically. 

This book is intended to report a complete overview of the development of 
ionogels to their application. It covers the characterization technique from 
theoretical predictions based on quantum mechanical calculations, 
structural and morphological studies, thelTIlal behavior, molecular dynamics, 
and charge transport properties. Moreover, a novel hybrid theoretical 
approach named ONIOM (n-Iayered integrated molecular orbital and 
molecular mechanics approach) was introduced and implemented to study 
the interactions of ILs with complex polymer chains in the ionogels. It will 
be useful for readers, including students, researchers, and industrialists, 
who wish to explore the field of ionogels as well as their applications to 
solid-state materials. As we have said, the field of ionogel membranes is 
yet to be explored; this book can be used as reference material for 
upcoming innovations too. 

1.2. Ionic liquids 

Nowadays, ionic liquids (ILs) are considered as promising materials 
for electrochemical applications because of their unique characteristics 
compared with conventional molecular liquids (6). ILs are nothing but 
organic salts with either an asymmetric cation with a symmetric anion or 
vice versa or with both an asymmetric anion and cation. ILs are liquid at 
near room temperature with a shallow melting point precisely below 570 
K (7) having negligible vapor pressure, non-flammability, and enhanced 
thermal and chemical stability. A most interesting feature of ILs is that 
they consist of ions with high ion density and conductivity. 

Moreover, the physical and chemical properties of an IL can easily be 
tuned by introducing various kinds of ions in it. These unique properties of 
ILs have attracted worldwide attention for applying them in vast areas 
including green solvents, media for organic transfOlmation, electrochemical 
applications, nanoteclmology, bioteclmology, phannaceuticals, etc. These 
applications have already been reported in the literature, and hence we are 
more focused on their electrolytic applications alone. 

Though electrodes play a vital role in electrochemical gadgets regarding 
their overall capacity, energy density, and cyclic-ability, electrolytes also 
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have a crucial role in detelTIlining the current density, power density, time 
stability, and safety of the battery in electrochemical devices (8). Henceforth, 
ILs open up a new platfolTIl to improve the ion conductivity of 
electrolytes. The favorable properties of IL like non-volatility, high ionic 
conductivity (0. 1-740 mS/cm), high thermal stability, and wide 
electrochemical window made it suitable for an ideal electrolyte. Further, 
ILs opens up an avenue for improving the properties of conducting 
materials. Thus ILs act as an excellent substitute for the legendary organic 
and non-organic electrolytes in the gadgets. A list of such ionic liquid with 
their characteristic properties is tabulated in Table 2. 

Table 2. List of commonly used ionic liquids for the electrochemical application 
(9). 

Ionic liquids Conductivity Electrochemical 
window 

a) Highly conductive 
1 -Ethy 1-3 -methylimidazolimn 27 mS/cm 2.9 V 
dicyanamide 
1 -Ethy 1-3 -methylimdazolimn 21 mS/cm 2.3 V 
thiocyanate 
b) Electrochemically stable 
Triethylsulphonium 8.2 mS/cm 5.5 V 
b is( trifluorom ethy lsulfony 1 )imide 
N-Methyl-N-trioctylammonium 2.2 mS/cm 5.7 V 
bis(trifluoro-methylsulfonyl)imide 
N-Butyl-N-methylpyrrolidinimn 2.1 mS/cm 6.6 V 
bis(trifluoro-methylsulfonyl)imide 
c) Combined properties 
1 -Ethy 1-3 -methylimidazolimn 12 mS/cm 4.3 V 
tetrafluoroborate 
1 -Ethy 1-3 -methylimidazolimn 8.6 mS/cm 4.3 V 
trifluoromethylsulfonate 

Generally, ILs with imidazolium cations exhibit higher conductivity 
while pyrrolidinium and sulphoinum cations exhibit a wider electrochemical 
window. However, the liquid nature of ILs still limits their application as 
electrolytes in the current scenario, since safety had to be assured rather 
than their performance (10). A large number of works were already 
reported on the relevance of ILs and their effectiveness ill 

electrochemistry. However, our main concern is devoted to overcoming 
the limitations of ILs owing to their liquid nature including leakage, gas 
fOlTIlation from solvent decomposition, etc., and will not venture too much 
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to other areas. This work is solely concentrated on two ILs with high 
conductivity, namely: l -Ethyl-3-methylimidazolium thiocyanate and 1-
Butyl-I-methyl pyrrolidinium bis (trifluoromethyl sulfonyl imide). 

1.2.1. l-Ethy� 3-methylimidazolium thiocyanate 

l-Ethyl-3-methylimidazolium thiocyanate [EMIM] [SCN], with the 
fOlTImla C7HllN}S, is a room temperature IL with a molecular weight of 
169.25 g/mol extensively used as an electrolyte in energy storage devices. 
The chemical structure of [EMIM] [SCN] is shown in Figure 1 .  

Figme 1 .  The chemical structure of 1-Ethyl-3-methylirnidazolimn thiocyanate. 

[EMIM] [SCN] has a high conductivity of 2.1 Sm 1 and low viscosity 
at room temperature compared to other ILs, e.g. [EMIm]BF4, [BMlm]BF4, 
and organic electrolytes ( 1 1). The literature emphasizes that though the 
ionic conductivity of [EMIM] [SCN] is about 1/40 of that for 35 wt% 
H2S04 and about five times that for O.IM (CF3S02) 2NLi in PC: DME 
(1:2, v/v), the electrochemical performance of [EMIM] [SCN] lie between 
the two specified electrolytes. Due to high capacitance, uncompromised 
performance, and stability, [EMIM] [SCN] can be used as a potential 
electrolyte in capacitors, double layer capacitors, supercapacitor, dye
sensitized solar cells, etc. 

1. 2.2. I-Butyl-l-methyl pyrrolidinium bis (trijluoromethyl 
sulfonyl imide) 

I -Butyl-l-methyl pyrrolidinium bis (trifluoromethyl sulfonyl imide) 
[[BMPyr] [TFSI]] with the formula Cl1H2oF6N204S2 is also a room
temperature ionic liquid with a molecular weight of 422.41 g/mol with 
high conductivity and viscosity. The chemical structure of [BMPyr] 
[TFSI] is shown in Figure 2. 
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Figme 2. The chemical structure of I-Butyl-l-methyl pyrrolidiniurn bis 
(trifluoromethy 1 sulfonyl imide). 

[BMPyr] [TFSI] has a viscosity of 77.76 mPa.s at room temperature 
due to the presence of a considerable amount of hydrogen bonding 
initiated by long alkyl chains in the pyrrolidinium compared with other 
cations (12). Density ( l .395 gcm·3) and electrochemical window (5.67 V) 
are higher compared with other TFSI based ILs. As in the case of [BMPyr] 
[TFSI] immobilizing the IL is essential to assure safety for practical 
applications (13). 

The easiest way for the preparation of an immobilized ionic liquid is 
the addition of a liquid to a solid support. Considering low cost and large
scale production of ionogels, the physical entrapment of IL in the non
conducting polymer matrix is considered to be the best method. The 
physically entrapped IL has specific commercial interest since it retains 
the properties of both-the guest IL and the host polymer matrix. Even 
though, non-conducting polymers are the best platfOlTIl to immobilize ILs, 
only a few collections of polymers and ILs were explored until now. 
However, the versatility of polymer chemistry allows us to develop an 
infinite combination of ionogels (14). The compatibility and miscibility 
will declare whether the taken combination is a better choice. Every 
combination of guest and host in the ionogel has to expect unpredictable 
properties. Only a few combinations have been studied. Thus the field of 
ionogel membranes is yet to be explored. 

1.3. Non-Conducting Polymers 

The non-conducting polymer is an important platform to immobilize 
the ILs since polymer electrolytes were considered as a significant 
constituent of many electrochemical devices. Recently solid polymer 
electrolytes are conquering the electrochemical research due to their 
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intrinsic properties like thin-film-forming ability, transparency, flexibility, 
etc. Thus solid polymer electrolytes will fill some gaps in the search for 
new architectures for electrochemical devices, given that more and more 
devices use them, such as solid-state batteries, sensors, and portable 
electrochemical units ( 15).  However, the significant drawbacks of the 
majority of polymer electrolytes are their low ionic conductivity, thermal 
instability, and brittle nature. In this regard, the best candidates for 
entrapping ILs are the polymer matrix, since any polymer that goes with 
an IL will form a better solution for solid electronic gadgets, as discussed 
by Hiroyuki Ohno ( 16), one of the most cited authors in this research field. 
The central non-conducting polymeric system chosen for this study are 
polymethyl methacrylate and polyvinyl alcohol. 

1.3.1. Polymethyl methacrylate 

PMMA is a promising polymer with inimitable properties including 
transparency, amorphocity, thermoplasticity, light weight, shatter resistance, 
weather resistance, and scratch resistance. Due to this versatility of its 
characteristics, PMMA had a wide area of interest in optical, pneumatic 
actuation, sensor, analytical separation, and conductive devices (3-7). 
Other applications include the use of PMMA in biomedical applications, 
polymer electrolytes, and drug delivery using electro-diffusion or electro
osmotic flow. PMMA was discovered in the early 1 930s by British 
chemists Rowland Hill and John Crawford, followed by their first 
application by a German chemist, Otto Rohm, in 1 934. The basic chemical 
structure of PMMA is shown in Figure 3 .  

n 

PMMA 

Figure 3. The basic chemical structure of polymethyl methacrylate. 

The semi-crystalline nature of PMMA is due to the presence of the 
adjacent methyl group (CH3), which prevents it from packing firmly in a 
crystalline fashion, and from rotating freely around the C-C bonds. The 
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amorphocity, lack of porosity, and increased mechanical strength make 
PMMA viable for the polymer electrolytic application. PMMA has to 
overcome the following limitations such as porosity, strength, and thermal 
stability of the electrolytes ( 17). Despite all the advantages of PMMA, the 
non-conducting behavior and lack of ions for transportation, thermal 
instability, and brittleness all limit their applications in the field of polymer 
electrolytes. Many researchers were widely focused on enhancing the 
conductivity, thermal stability, and fragility of PMMA. Flora et al. 
developed polymer membranes of poly (methyl methacrylate)! poly 
(acrylonitrile)! lithium perchlorate with different plasticizers such as 
ethylene carbonate and polycarbonate (EC and PC); the thermal stability and 
conductivity confirmed that the PANIPMMAJLiCI04-EC polymer 
electrolyte was found to be suitable for applications in lithium-ion batteries 
(17) .  Similarly, the entrapment of IL in PMMA may also be favorable to 
tune the properties of PMMA and PMMA will act as a compatible host for 
ILs (14, 1 8-22). 

1.3.2. Polyvinyl alcohol 

Polyvinyl alcohol (PYA) is a synthetic water-soluble odorless, 
nontoxic polymer with emulsifying and adhesive property (23).  It is 
prepared either by polymerization of vinyl alcohol or by replacing acetyl 
groups with a hydroxyl group in polyvinyl acetates.  It is an excellent film
forming polymer with high ductility and flexibility. It has diverse roles in 
commercial and industrial applications such as papermaking, textiles, and 
printing. Polyvinyl alcohol is found in ophthalmic solutions as a lubricant 
to prevent irritation or to relieve dryness of the eyes (24). 

HO n 

Figure 4. The basic chemical structure of polyvinyl alcohol. 

PYA is a hydrophilic linear polymer which forms copolymers of vinyl 
alcohol and vinyl acetate. Hence, the structural properties of polyvinyl 
alcohol polymers depend on the extent of polymerization and hydrolysis. 
Such changes cause both chemical and physical modifications such as 
esterification, etherification, crystallization, and ion-polymer complexation 

 EBSCOhost - printed on 2/14/2023 12:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



8 Chapter 1 

in the polymer. Modified PVOH structures are useful in different areas 
like electrochemical applications, biomedical applications, etc. 

1.4. Ionogels 

The ILs can be considered as a powerful solvent for polymers due to 
their nonpolar nature. Recently, enormous research efforts have been 
employed in polymer solubility with the ILs. ILs may be cationic or 
anionic dependent but are not restricted to limited numbers including bis 
(trifluoromethanesulfonyl) amide-I-alkyl-3-methylimidazole (C4mirnNTf2), 
N-butyl-N-methylpyrrolidone bis (trifluoromethanesulfonyl) amide 
(PI4NTf2) for cationic structure dependence, and hexafluorophosphate-I
alkyl-3-methylimidazole (C4mirnPF6), trifluoromethanesulfonate-I-alkyl-
3-methylimidazole (C4mimTfD) for anionic structure dependence (14). 
The complexity in polymer dissolution in ILs begins with the engorgement 
of the polymer in the IL, by adsorbing, absorbing and trapping IL in the 
polymer network, bringing in polymer/IL binary systems. Such 
polymerllL binary systems are termed ionogels. Their phase varies from 
liquid to solid via gel with an increase in the concentration of IL. In other 
words, the concentration of the polymer determines the viscosity of the 
binary system. Thus the category of ionogels includes low viscous liquids, 
gels, and solid films, etc. 

This opens a gateway for new applications of the ionogels as solid 
polymer electrolytes in electrochemical devices, which overcomes all the 
limitations of the non-conducting polymers and the limitations of IL 
stemming from leakage due to its liquid nature. 

Figure 5. Schematic diagram showing the solution casting on glass technique for 
the preparation of the ionogel film. 

The ionogels can be prepared by simple solution casting on glass 
technique as shown in Figure 5. For that, 5g of polymer was dissolved in 
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50 ml of their respective solvent by vigorous stirring with a magnetic 
stirrer at 60°C until complete dissolution took place. This was followed by 
the addition of IL in order to obtain different proportions like 100:0, 95:05, 
90: 1 0, 80:20 and 70:30 of polymer matrix! IL films, the higher concentration 
of IL led to the gel formation. The consistent hot solutions were poured 
into a specific mold and then dried at room temperature. The membranes 
were peeled off after keeping it in a vacuum oven at 1 10°C for 2 hours. 

Thus, ionogels fOlTIl a new class of hybrid materials which are just 
emerging, but considerably increase the potential of ILs in such key areas 
as energy, environment, and analysis. As we know, ILs are a tunable 
material: the properties can independently be modified by altering cation 
and anions. Beyond all these, ionogel offered one more degree of freedom, 
i.e., "flexibility space" by entrapping it in the polymer matrix (25). 
Immobilizing ILs within solid membranes gives access to all-solid 
devices, which are a technical challenge for practical applications (25). 

1.5. Conclusion 

Thus, replacing conventional organic electrolytes in electrochemical 
gadgets like lithium batteries and DSSCs, and replacing water in proton 
exchange membrane fuel cells (PEMFCs) with low vapor pressure and 
non-flammable ionogel offers significant advantages, like improved safety, 
stability, and higher operating temperature range. The implementation of 
ionogel as a solid polymer electrolyte membrane opens new routes for 
designing advanced materials, especially (bio )catalytic membranes, sensors, 
and drug release systems, etc. The use of ionogel as a gas-separating 
membrane benefits from the absence of contamination of the gas stream 
due to the low vapor pressure of ILs and thermal stability (26). Ionogels as 
active phannaceutical ingredients (APIs) overcomes the limitations of 
their crystalline counterpart, such as polymorphism, low solubility, and 
low bioavailability associated with their solid fOlTIl. 
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CHAPTER 2 

COMPUTATIONAL INVESTIGATION 

ON IONOGELS 

2.1. Introduction 

The diverse choice in the polymer chemistry and the versatility of the 
ILs allow us to develop a large number of ionogel membranes-the 
compatibility of IL with the polymer matrix is a governing factor that 
determines the characteristic properties of the ionogel (14). A few 
combinations may have outstanding results while others may give rise to 
adverse effects. Similarly, the weight ratio of both ingredients will 
detennine their nature: whether it is a highly viscous liquid or gel or a 
flexible sheet. So, one has to be more vigilant at the time of selection of 
guest and host as well as their weight ratios. Likewise, the lack of 
knowledge about the physiochemical properties of polymers, ILs, and 
possible interaction between them before preparation may lead to adverse 
results. In such situations, computational tools have been widely used to 
predict the interaction between dopant and host, most favorable weight 
ratio for optimum properties, etc. Such predictions may help ease the 
synthesis in the laboratory. 

At the same time, we indeed carmot depend on such tools, since 
computational models can only be used to rule out a suitable model for a 
wide range of models. We can only expect approximations within the error 
limit using computational calculations. Moreover, computational modeling 
and calculations will help us get a better insight into the physiochemical 
properties of the developing ionogels. In this scenario, a nitty-gritty 
theoretical examination based on the optimized geometry of an individual 
IL and the influence of an IL in the polymer matrix is being anticipated to 
assess the unique properties, like structural, thermo-chemical, electronic, 
orbital, and optical properties (27-38). From the time when computational 
approaches gained significant worldwide attention, even experimentalists 
started to do computational modeling and predictions in order to underline 
and explain their experimental results (28). Thus computational predictions 
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will help us reduce the wastage of chemicals, trial and error, and human 
effort; it can thus be treated as an eco-friendly approach in research. 
Recently, however, there has been a trend to apply computational 
chemistry and cheminfOlmatics to process development, analytical 
chemistry, and biology too (39, 40). 

2.2. Theoretical Chemistry 

Computational calculations in material science are hugely exciting and 
a fast-emerging field with implications for mathematics and quantum 
mechanics. Nowadays, modeling and simulations in complex systems such 
as biomolecules, organic-inorganic molecules, polymers, etc. are widely 
used. With the evolvement of fast and efficient computers and computer 
software, computational work becomes easy. Thus theoretical calculations 
can be employed to get a better understanding of the interaction of IL and 
polymer matrices. Similarly, the interaction of ILs with the PMMA matrix 
has been studied, and is discussed in the following sections. 

With the growth of computational tools, scientists could eliminate the 
time-consuming and expensive experimental set-up. In 2013, Martin 
Karplus, Arieh Warshel, and Michael Levitt won the Nobel Prize in 
Chemistry for their work for better replication and to get the fine details of 
chemical reactions based on classical (Newtonian) physics and quantum 
physics in the 1970s. But before this, three well-known computational 
chemists, Mario Molina, Paul Crutzen, and F. Sherwood Rowland, won 
the Nobel Prize for constructing mathematical models to explain how 
ozone forms and decomposes in the atmosphere on the basis of 
thermodynamic and chemical laws. But, computational chemistry was not 
particularly revolutionized until 1998, when Walter Kohn and John Pople 
won the Nobel Prize in Chemistry for their work on density functional 
theory and computational methods in quantum chemistry (41). 

The computational calculations open up a virtual platform that adds 
infOlmation to the experimental results. Computational calculations use 
molecular models, which may be quantum mechanical or molecular 
mechanical either with simple mathematical descriptions or completely 
non-mathematical visuals to solve, predict, and understand chemical 
problems. 

2.2.1. Molecular mechanical computation 

Molecular mechanical [MM] computation uses classical mechanics to 
solve chemical problems in which atoms are considered as particles with a 
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radius, polarizability, and constant net charge, and bonded interactions are 
treated as springs with an equilibrium distance equal to the experimental 
or calculated bond lengtb. The energy can be expressed using simple 
classical equations like the hannonic oscillator equation in order to 
calculate the energy associated with bond stretching, bending, rotation, 
and intelTIlolecular forces, such as Van der Waals interactions and 
hydrogen bonding (42). The potential energy associated with such a model 
can be expressed as the sum of energies of bond stretching, angle bending, 
torsional motion, and non-bonded interactions: 

E = I E ,tretch + I E bend + I E tonion + I E nonbond 
bond, angle. dihedral. pan, 

in which tbe energy associated with bond stretching is proportional to tbe 
square of the change in the bond lengtb: 

where kstretch is the proportionality constant, 1 is the length of the bond 
when stretched, and leqis tbe equilibrium length of tbe bond or natural 
length. 

Similarly, tbe angle of bending energy varies witb tbe square of tbe 
difference in angle, and hence the expression is given by: 

torsional energy is expressed as: 

n 
E'orsion = ko + L kr [l + cos(r8)] 

r=l 

and non-bonding interactions are given by a Lennard-Iones 12-6 potential 
(43, 44) 

where "r" is the distance between the centers and "0" is calculated from 
Vander Waal's radii. 
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Simply in M:M, the energy of a system is given as a sum of two 
components: 

E=E covalent+ E non covalent 

'Where, the energy from the covalent includes the contribution from the 
bond, angles, and dihedral angles, while energy from the non-covalent 
considers the energy from the electrostatic interactions and Van der Waals 
interactions. 

Molecular mechanics [MM] can be applied to a wide variety of 
systems ranging in size and complexity. It can be used to calculate the 
geometries and energies of polymers including proteins and nucleic acids. 
In complex calculations, the resulting structure can be used as a starting 
geometry for quantum mechanical methods. However, MM has some 
limitations in its accuracy and features compared with quantum 
mechanical calculations; the force fields have to be parameterized for each 
class of compounds separately, it does not consider the hyperfme 
structures and spin angular momentum. Any software that does ab-initio
type calculations can be used for :MM calculations. 

2.2.2. Quantum mechanical computation 

Quantum mechanical computation is based on solving the Schr6dinger 
equation: 

where H is the Hamiltonian energy operator and If/ is the Eigenfunction 
with E as its Eigenvalue. The equation is unique for each system as the 
Hamiltonian energy operators vary between different systems. Be that as it 
may, a few systems can be solved rigorously with accuracy. For all other 
complex systems, the approximation technique can be used, which permits 
one to divide a Schr6dinger equation into a set of smaller equations before 
carrying out Huckel calculations. 

The SchrOdinger equation can be solved at a different level of 
computational complexity. On the basis of this difference in the 
operational algorithm, modeling techniques can be classified into the 
following types: 

• Ab-Initio QM modeling 
• Semi-empirical method 
• Density Functional Theory (DFT) 
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Ab-Initio QM modeling 

Ab-initio QM modeling is a computational chemistry metliod used to 
solve the electronic Schr6dinger equation to yield useful infOlmation on 
electron densities, ground state energy, and other properties. As the name 
implies, Ab-initio QM modeling starts witli physical constants like the 
positions of the nuclei and the number of electrons as the input parameters. 
However, the ab-initio methods require large amounts of computer time, 
memory, and disk space. Moreover, the calculations are based on valence 
electrons, and it does not consider indistinguishability and spin of 
electrons. 

Semi-empirical method 

The semi-empirical method is a medium level approach; it is not as 
empirical as molecular mechanics, nor as theoretical as ab-initio 
calculations. A Fock matrix is designed and is diagonalized to get 
information regarding the molecular orbitals and their energy levels. The 
Fock matrix element is calculated from a core integral, density matrix 

elements p," and electron repulsion integrals (rs 1 tu), (m 1 ts) in tlie 
expressIon: 

The input parameters are merely guessed coefficients for calculating 
density matrix values. This guess can be obtained from the simple Huckel 
calculation or an extended Huckel calculation. The Fock matrix element 
Frs is subjected to repeated diagonalization to refine. 

Density functional theory (DFT) 

The main advantage of density functional tlieory (DFT) is to describe 
an interacting system of felTIlions using its density and not through its 
many-body wave function. The relationship between wave function and 
electron density is given as: 

n 

p = L: ni 1 \!Ii 12 i=l 
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For the multi-electron system, the electron density will be more 
complicated, as N electrons in a solid, which obey Pauli's exclusion 
principle, repel each other via Coulomb potential. The basic variables of 
such a system depend only on the three spatial coordinates x, y, and z 
rather than 3xN degrees of freedom. Hence, the DFT gives a good 
description of ground state properties. Practical applications of DFT are 
based on approximations for the so-called exchange-correlation potential. 
In DFT the energy of a system is given as a sum of six components: 

EDFT = ENN + ET + R + Beau! + Eexch + EcolT 

Where 
ENN = nuclear-nuclear repulsion energy 
R =  nuclear-electron attraction energy 
Beau! = classical electron-electron Coulomb repulsion energy 
ET = kinetic energy of electrons 
Eexch = the non-classical electron-electron exchange energies 
EcolT = the energy from the correlated movements of electrons with 

different spins 

Thus among all the above said computational methods, the DFT level 
of computation had been identified as most suitable for molecular level 
calculations in bio-molecular macromolecules, nanopartic1es, polymer 
composites, etc. 

2.2.3. ON/OM calculation 

The main problem encountered by quantum chemists are related to 
accurate and reliable theoretical calculations for large molecular systems; 
but in actual practice, quantum chemistry can tackle more complicated and 
complex real situations in chemistry. For such essential cases, ONIOM 
(our N-layered integrated molecular orbital+ molecular mechanics) 
method was developed by Keiji et a1. (45). This novel hybrid approach 
allows us to combine a variety of quantum mechanical methods as well as 
a molecular mechanical method in multiple layers, like the vegetable the 
onion. 
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Figure 6. Shows the layers inside an onion, a vegetable similar to ONIOM layers in 
computational calculations. 

The case of ionogels is not different; they can be considered as 
complex molecules. Thus the lone quantum mechanical approach will be 
tiresome and expensive, whereas molecular mechanics will be inaccurate 
to study the relevant intramolecular and intermolecular interactions 
between the ionic liquid and the polymer matrix. Accordingly, we can also 
employ our novel hybrid theoretical approach, ONIOM, to get an insight 
into the structural behavior of the ionogels. This hybrid theoretical 
approach will provide a genuine opportunity to deal with ionogels by 
considering them as several layers and permit us to treat the layers 
separately with different levels of well-developed conventional 
computational methods. The most accurate quantum mechanical 
computational level (higher level) is given to the most and relatively 
smaller part of the real system, i.e., between the ionic liquid and polymers, 
where the probability of bond formation and bond breakage occur. Other 
parts of the ionogels, which are already optimized with the quantmn 
mechanical approach and are not directly involved in the interaction 
between the IT.., and polymer host, are treated at less demanding 
computational levels (MM methods) (8). 

In this ONIOM approach, prior calculations on ILs and polymers are 
essential, since the area where the molecular method applied was only to 
calculate the potential energy of the system through the use of force fields 
as given in the following equation: 

E-E <oval""t+ E oon ooval""t 

\\There, the energy from the covalent includes the contribution from 
bond, angles, and dihedml angles, while energy from the non-covalent 
considers the energy from the electrostatic interactions and Van der Waals 
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interactions. The MM methods are significantly faster than QM, but MM 

methods fail to compute various chemical reactions such as changes in 

chemical bonding and quantum effects including electronic excitations in 
the lower layer. Generally, the ONIOM hybrid approach is an energy 
subtraction method, and total energy can be expressed as: 

E = EMM, real + EQM, model -E:M:M, model 

Here the term "real" refers to the whole system of the substrate, 
catalytic residue, solvent molecules, etc., and the term "model" refers to 
the substrate and residue only. The uniqueness of this approach is that the 
bOlllldary terms are no longer an issue-it is possible to mix methods of 
any level of theory rather than just QM and MM as originally described
since the formulation is so simple that it is possible to add n-layers to the 
system and thus partition of the system in as many regions as one would 
like. The Gaussian 09 software (46) package allows at most three layers, 
which can be written as: 

E = E low, real + E medium, intennediate + E, High, moderE lowintennediatCE medium model 

where the terms "low, medium, high" respectively describe the low, 
middle, and high levels of theory. The term "real" describes the complete 
system, "model" describes only the region of interest, and "intermediate" 
means the boundary between the region of interest and rest of the system. 

/liglt l.evel 
Bond formation / 

l.ow level 

Figure 7. Schematic diagram representing the multilayers in the ONIOM approach. 

Both semi-empirical (SE) methods and the DFT method with lower 
and higher basis set can be used for the ONIOM approach. The commonly 
used software packages for the computational calculations of the organic 
molecules are Gaussian 09 and Gauss view 05. The detailed discussions on 
these two are as follows. These hybrid calculations were employed as a 
novel approach to study the interaction between ionic liquids and polymers 
in the ionogels. 
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2.3. Computational software 

The input structures for the computational calculations were 
downloaded from the PubChem database (47). The downloaded structures 
were converted to a Gaussian input file using Open Babel (48), and for 
further graphical manipulation, Gaussview-5.0 was used as a graphical 
user interface. All other computational calculations were done using the 
Gaussian 09 program. Further details regarding structures, level of theory, 
and basis set will be given in the respective working chapters. All the 
computational calculations for the entire work are performed in the 
Windows 10 platform using Dell Precision T5610 workstation with an 
Intel®Xeon®CPU E5-2620 v2 @2.10 GHz processor and 32.0 GB RAM. 

2.3.1. Open Babel 

Open Babel (48) is an open chemical toolbox which helps search, 
analyze, or convert data for research. The initial input structures were 
downloaded from the PubChem database in .sdf formal. This software is 
used for the conversion of the .sdf file to a Gaussian input. 

2.3.2. Gaussian 09 

Gaussian 09 (46) is a new version of Gaussian, which is a 
computational tool used usually for quantum mechaincal calculation. John 
Pople and his research group at Carnegie Mellon University initiated it in 
1970. The name "Gaussian" originates from Pople's use of Gaussian orbitals 
to speed up calculations compared to those using Slater-type orbitals, a 
choice made to improve perfOlmance on the limited computing capacities of 
the then-current computer hardware for Hartree-Fock calculations. It allows 
for electronic structure modeling and predicts the energies, molecular 
structures, vibrational frequencies, and molecular properties of molecules 
and reactions in a wide variety of chemical envirolll1lents using fundamental 
laws of quantum mechanics. Moreover, it can be applied to stable species 
and compounds that are difficult or impossible to observe experimentally 
(e.g., short-lived intermediates and transition structures). Gaussian 09 
produces accurate, reliable and complete models without cutting comers 
with the full range of chemical conditions and problem sizes across the 
entire periodic table. Its flexibility and ease of handling make Gaussian 
unique among all other computational tools like Chemcraft, ChemDraw, 
and Avogadro, etc. In Gaussian, the algorithm used for optimization will 
vary the structure until changes have been made in the gradient and the 
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structure on two successive iteration convergences (49). 

2.3.3. Gauss View 05 

Gauss View is a graphical user interface designed to help us prepare 
input for submission to Gaussian and to examine the output of Gaussian 
jobs graphically. Gauss View is not integrated with the computational 
module of Gaussian, but rather is a front-endlback-end processor to aid in 
the use of Gaussian. Gauss View provides three main benefits to Gaussian 
users. First, through its advanced visualization facility, Gauss View allows 
us to rapidly sketch in every large molecule, then rotate, translate, and 
zoom in on these molecules through simple mouse operations. It can also 
import standard molecule file formats such as PDB files. Second, Gauss 
View makes it easy to set up many types of Gaussian calculations. It 
makes preparing complex input easy for both routine job types and 
advanced methods like ONIOM, QST2/QST3 transition structure 
optimizations, CASSCF calculations, periodic boundary conditions (PBC) 
calculations, and many more. The Gauss View can also be used to launch 
jobs as well if Gaussian is installed on the sarne computer (50, 51). 

2.3.4. Chemcraft 

Chemcraft is visualization software for preparing jobs structures by 
analyzing and manipulating the computed output files obtained from the 
Gaussian software. It helps visualize and extract infOlmation from the 3-
dimensional pictures of molecules, isosurfaces of molecular orbitals, etc. 
In this work, Chemcraft was used mainly to create a customizable display 
of computed output images for publications that are discussed in 
successive chapters. 

2.4. Computational methodology 

2.4.1. Structural characterization 

2.4.1.1. Potential energy surface and geometry optimization 

The potential energy surface (PES) plays an essential role in understanding 
the relationship between potential energy and molecular geometry. A 
potential energy surface can be considered as a mathematical model 
depicting the energy of a molecule as a function of its geometry (stretches, 
bends, torsions, etc.). The stationary points on the potential energy 
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surfaces are the points on the PES where the gradients concerning all 
internal coordinates are zero. There are three types of stationary points 
namely: 

• Saddle point: Stationary point that is minimal in all except one 
direction. 

• Local minima: Stationary points that are minimal with respect to 
nearby surfaces. 

• Global minima: Stationary point with the lowest energy of all the 
potential surfaces. 

The geometry optimization of a compound starts with initial structure 
and proceeds through different structures by altering the specified 
variables; subsequently, the potential energy will be calculated. The 
structure with global minima can be considered as the most optimized 
geometry and considered for further geometrical optimization. Energy 
minimization is done on the obtained global minima by supplying possible 
geometry closer to it and systematically modifying the structure from 
energy minimization (mathematical statement for the energy minimization 
is shown below) to get the best-minimized geometry. 

Let a function/that depends on independent variable Xl, X2, X} . . .  Xi 

with respect to each of the variable to zero and second derivative to a 
positive value. 

a'f - > 0 
and ax: 

where / is a mathematical function with Xl, X2, X} . . .  Xi as independent 
variables. 

2.4.1.2. Frontier molecular orbital analysis 

The frontier molecular orbital (FMO) plays a vital role in predicting 
the chemical reactivity of the molecules. FMO help us to understand the 
interaction between the highest occupied molecular orbital (HOMO) and 
the lowest unoccupied molecular orbital (LUMO) and the transition 
between them. The FMO decides the optical and electronic properties as 
well as reactivity, reaction mechanism, and kinetics of a molecule. HOMO 
gives infOlmation regarding the donation of the electron whereas LUMO 
gives information regarding the molecule's tendency to accept electrons. 
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The HOMO-LUMO energy difference ("-E) directly gives the band gap or 
energy gap of the compound, which can be associated with the reactivity 
of the molecule. A molecule with a high energy gap ("-E) is found to be 
less reactive when compared with a molecule with a larger energy gap. 
This energy gap can also be defmed as the activation energy of the 
molecule. Thus without the activation energy, it is easily polarizable. In 
this work, the FMO of all molecules has analyzed and picturized the 
transition states and calculated its band gap. 

2.4.2. Spectral characterization 

2.4.2.1. Frequency calculations 

Vibrational frequencies are figured out from the optimized geometry 
by defming the second derivatives of Cartesian nuclear coordinates (52). 
However, this calculation is only valid for a stationary point; computation 
of frequencies of any remaining geometry will be meaningless. Thus, once 
the optimization of the molecule is over in a stationary point of choice, it 
is compulsory to check whether the structure is optimized in the local 
minima or not. For that, llOlmal modes of vibrations can be calculated; a 
structure with real minima has positive force constants for all normal 
modes. Normal modes of vibrations are nothing but the simplest vibrations 
where all atoms move in phase with frequency. The remaining vibrations 
of the molecule can be treated as the combination of the nOlmal modes of 
vibration. The IR intensities of the vibrational modes were calculated as 
the derivative of the molecular dipole moment with respect to each nOlmal 
coordinate. However, the calculated results were not in agreement with the 
experimental values. So, the calculated frequencies must be scaled do\Vll; 
the scaling factors may vary with the level of theory and basis set as 
shown below (53). 

HF/6-31+G/6-31 1  ++G(d,p) method: 0.88 and 0.903 
B3L YP/6-311 ++G (d,p) basis set: 0.980, 0.907, 0.955/0.920, 0.975 
B3PW91/6- 31 +G/6-31 1  +G (d,p): 0.930,0.906, 0.955 

and 1 .02/0.910, 0.955, 0.982 

The polarizability can also be computed from the normal modes of 
vibration with the keyword polar; from these polarisabilities the Raman 
optical activity can figure out. 
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2.4.2.2. UV -visible spectra 

Time-dependent density functional theory (IDDFT) is used to study 
the electronic properties of the molecule in the excited states. IDDFT is 
the modified form of DFT, which concerns the time-dependent external 
potential energy that describes the photon-electron interaction. TDDFT is 
based on the Runge-Gross (RG) theorem, a time-dependent analog of the 
Hohenberg-Kohn theorem, which obeys the time-dependent Schrodinger 
equation. 

. a lfl(r,t) H lfl(r,t) = 'Ii at 

The main advantage of the TDDFT is that it is capable of calculating 
electronic excitations and optical spectra. The UV spectra can be plotted 
from the energy of the excited states as £ vs. A, where £ is the absorptivity 
of the sample and A is the excitation wavelength in nm. The theoretically 
obtained peak in the spectra assume a Gaussian band shape of the fOlTIl 

where the i subscript refers to the electronic excitation of interest. From 
the value of maximum absorptivitYE;nax, the absorbance "A" of the 
sample can be calculated using Beer's Law: 

where I � path length in cm, C is the concentration (mollL). 

2.4.3. Thermochemistry 

The thelTIlo-chemical parameters are important in detelTIlining the 
possibility and temperature dependence of a chemical reaction. It also 
helps us understand the interaction and the forces between intermolecular 
as well as intramolecular atoms. ThelTIlo-chemical properties including 
enthalpy (H), entropy (S), and Gibbs free energy (G) determine whether 
the product is plausible. A reaction is feasible when its Gibbs free energy 
change is negative, i.e., the more negative the G value, the more feasible it 
is. The changes in G value reported in the present work correspond to the 
following reaction: 
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!1G = G[Onogel- (Clonic liquid + Gpolymer matrix) 

The enthalpy of formation of ionogel can be calculated using the 
formulae: 

I1H = H[onogel- (H[Onic liquid + Hpolymer matrix) 

In this work, we checked the compatibility and feasibility of all 
reactions. 

2.4.4. Global Descriptive Parameters 

The global descriptive parameters of the molecule give the relation 
between the chemical reactivity of the molecule and its sensitiveness to 
structural perturbations and responses to the changes in external 
conditions. These quantities depend on the electron density concerning the 
changes in the external potential and number of electrons (54). Thus global 
descriptors are of particular relevance in comparing the properties of 
different molecules; here they allow us to compare the properties of the 
product to reactants. To understand the reactive nature of all the products 
in this work, the global descriptors, including hardness, softness, chemical 
potential, electronegativity, and electrophilicity index (28), were calculated 
using Koopman's theorem for closed-shell compounds, as follows: 

Ionization Potentials (IP) " - EHOMO 

Electron Affinity (EA) ,, - ELUMO 

where EHOMO is the energy of HOMO and ELUMo is the energy ofLUMO 

IP-EA 
Hardness (11) " --2 

El 
. .  (,,\ iP+EA 

ectro negatIVIty VJ ��--2 
1 

Softness(S) "-2" 

Chemical potential (Il) " -X 

Electrophilicity index (OJ) " "' 
2" 
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The global hardness reflects the overall stability of the system (55). 
The chemical hardness fundamentally signifies tbe reluctance towards tbe 
defOlmation or polarization of the electron cloud of the atoms, ions, or 
molecules under small perturbation encountered during chemical 
processes. Chemical softness is the measure of the capacity of a molecule 
to receive electrons; more precisely it is related with the groups or atoms 
present in that molecule and is inversely proportional to chemical 
hardness. The chemical potential in DFT, which measures the escaping 
tendency of an electron from equilibrium, is accounted by the first 
derivative of energy with respect to the number of electrons (56) and is 
also the negative of electronegativity, which is a measure of the tendency 
to attract electrons in a chemical bond. The electrophilic index tells us 
about the strengtb of electrophilicity of the species (57). Two different 
methods can calculate global reactive descriptors, one is based on the 
difference in total electronic energy of a neutral molecule and its 
corresponding anion and cation, obtained from the geometry of the neutral 
molecule in order to keep the external potential constant; it is usually 
called tbe energy vertical (58). The global properties are computed by 
using tbe equations given above (59). 

2.4. 5. Nonlinear optical properties 

The computational approach can also be used as an inexpensive way to 
study the interaction of electromagnetic fields in various media to produce 
new fields which are altered in frequency, phase, and amplitude, or other 
propagation characteristics from the incident fields. The polarization P, 
induced in a medium by an external electric field F, is given by 

where X(n) is the nth order susceptibility tensor of the bulk medium. 
The dipole moment of a molecule interacting with an electric field can 

be written 

where jJ} is the pemmnent dipole moment and Uij, Pijk, and Yijk are tensor 
elements of tbe linear polarizability and first and second hyperpolarizabilities 
respectively. This interaction may even lead to nonlinear optical effects 
(NLO). In tbis direction in order to study tbe NLO properties, tbe dipole 
moment, first static hyperpolarizability (�t,t), and tbeir related properties 
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including a, �, and "-a of the molecules can be calculated computationally. 
The second order tenn of the hyperpolarizability gives rise to sum and 
difference frequency mixing (including second harmonic generation) and 
optical rectification. The third order term is responsible for the third 
hatmonic generation and two-photon resonances. The polarizability and 
hyperpolarizability of NLO can be written as tensors. The linear 
polarizability tensor a is sho\Vll below, which is a 3x3 matrix having nine 
components. 

a �[��: �:� �::l azx azy azz 

a total = 3 

Alternatively, the first hyperpolarizability, the quantity of interest � is a 

3x3x3 matrix, has pxzz, pxxx, pxyy, Pyyy, Pyzz, Pyxx, p=, p= Pzyy, pxyz, 
respectively, from which the x, y, and z components of P are calculated as 

Comparing the values of polarizability and Hyperpolarizabilities of 
molecules with one of the prototypical molecules, urea (ft and � of urea is 
4.56 D and 48x 10.36 esu) (60), one can predict the nonlinear optical 
activity of any molecule. 

2.5. Compatibility ofILs with PMMA matrix 

2.5.1. Geometry 

The three levels ONIOM method (n-Iayered integrated molecular 
orbital and molecular mechanics approach) was implemented in the 
Gaussian 09 program package for the geometry optimization of the ionic 
liquid polymer composite. The ONIOM multilevel extrapolation method 
helped us divide the molecular system into two-three layers in which the 
inner part of IL along with the surrounding atoms from the polymer was 
treated using a "high-level" theory and the rest of the system as described 
dealt with the computationally less demanding method "lower level." The 
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level of theories and corresponding basis set used for the optimization of 
all the samples were tabulated in Table 2. 

Table 3.  The level of theories and corresponding basis set used for the optimization 
ofMMA, PMMA, [BMPyr] [TFSI], [EMIM] [SeN], and their polymer composites. 

Sl.No Sample Theory Basis Set 
1 .  MMA DFTIB3LYP 321-G 
2. PMMA DFTIPBEPBE 321-G 
3.  rBMPyr 1 rTFSIl DFTIB3LYP 631 -G(d,p) 
4. rEMIMl rSeNl DFTIB3LYP 631 -G(d,p) 
5. PMMAI[BMPyr] ONIOM/SM:DFT:SM PM6: 321-G:PM6 

rTFSIl 
6. PMMAI [EMIM] ONIOM/SM:DFT:SM PM6: 321 -G:PM6 

rSeNl 

From the optimized geometry of the composite of both polymers, the 
intermolecular hydrogen bonding between the PMMA host and two ILs 
([BMPyr] [TFSI] and [EMIM] [SCN]) were assessed after omitting the 
intramolecular hydrogen bonding, depicted in Figure 8. According to the 
optimized geometry of the PMMAI [BMPyr] [TFSI] composite, there are 
at least 4 H-bonds between [BMPyr] [TFSI] and PMMA; 1 bond from the 
1 14-0 and three bonds from the 101-0. All the H-bonds were originated 
from the BMPyr cation to the oxygen of the PMMA chain. Similarly, 
PMMA! [EMIM] [SCN] exhibited at least 3 H-bonds between the cation 
and the oxygen atom of the PMMA chain; 1 bond from 24-0 and two 
bonds from 64-0 (61). 
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Figure 8. Optimized geometry and H-bonding in a) PMMAi [BMPyr] [TFSI] and 
b) PMMA/ [EMIM] [SCN] systems. 

2. 5.2. Thermo-chemical properties 

In this section, the compatibility and feasibility of two PMMA-based 
ionogels were determined from the thermochemical parameters, since 
these parameters play a crucial role in the chemical reaction. The thermo
chemical parameters of the PMMA-based ionogel membranes were 
computed and tabulated in Table 3 .  It is found that the Gibbs free energy 
of PMMA/[BMPyr] [TFSI] is - 1 835367.45 kcal/mol while that of PM MAl 
[EMIM] [SCN] is - 1 1 69654.06 kcal/mol: the more negative the value of 
G, the greater the thermodynamic feasibility. 

Similarly, thermodynamic feasibility can be determined in terms of 
entropy; the higher the value of entropy, the more will be the reactivity. In 
our calculation, it is found that PMMA/[BMPyr] [TFSI] has 449.88 
cal/mol points of entropy, which indicates that PMMAI[BMPyr] [TFSI] is 
more stable than PMMAI [EMIM] [SCN] (352.49 cal/mol) ionogel 
membrane. 
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The positive value of MI for both the IL-based polymer composite 
exhibits their endothermic nature. The change ill enthalpy for 
PMMAI[BMPyr] [TFSI] is 602969 kcallmol, while that of PMMAI 
[EMIM] [SeN] is 22.09kcallmol, which indicates that the binding of 
[BMPyr] [TFSI] in the PMMA matrix is highly energy demanding. This 
the vague idea that [BMPyr] [TFSI] tries to bind into the polymer matrix 
by forming strong hydrogen bonds while the [EMIM] [SeN] tries to 
entrap in the voids of the PMMA matrix. 

Table 4. The thermodynamic parameters of MMA, PMMA, [BMPyr] [TFSI], 
[EMIM] [SCN], and their polymer composites PMMA/[BMPyr] [TFSI] and 
PMMAI [EMIM] [SCN]. 

Energy 
(Keal! 
mol) 

-1 .82e+OO6 

- l . le+OO6 

Entropy 
(Cal! 

(Debye) mol) mol) 

18.45 -182522.21 449.88 

12.49 -1169549.27 352.49 

Free 
Energy 
(KeaV 

-1835367.45 

-1169654.06 

Though both ionogel membranes exhibited large electronegativities of 
the bonded atoms when compared with their parental counterparts 
[BMPyr] [TFSI] and [EMIM] [SeN], the dipole moment of the ionogel 
membrane is found to increase on fOlmation of the ionogel, emphasizing 
strong ion-dipole interaction rather than ion-ion interaction when IL is 
doped in a polar matrix. Hence, we can conclude that the charge 
delocalization is increasing in the solid polymer electrolyte due to electron 
disordering of respective IL in PMMA matrix. 

2.5.3. Vibrational analysis 

The vibrational spectra can be considered as a fingerprint of each 
molecule. Thus the FT -IR spectroscopy and theoretical studies can be 
considered as a vital tool to study the interaction between the polymer 
matrix and the doped ILs. The FTlR spectra in the range of3500-500 em'! 
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of PMMA in the presence of [BMPyr] [TFSI] IL is shown in Figure 9, 
while that of [EMIM] [SCN] IL is shown in Figure 10. The frequencies 
were computed from the optimized structures using the sarne hybrid 
ONIOM approach with certain systematic errors. In the meantime, 
measures were considered to account for errors due to the neglecting 
electron correlation and the basis set incompleteness. The systematic 
errors of B3L YP were considered with a 0.983 scaling factor for below 
1700 cm-! and 0.958 for above 1700 cm-! (62, 63). For experimental 
analysis, attenuated total reflectance-Fourier transform infrared (ATR
FTlR) spectroscopy was used to get evidence of [BMPyr] [TFSI] and 
[EMIM] [SCN] doped ionic liquid in the host PMMA polymer matrix. 

578 
003 

500 1000 

PM MA! BM Pvr.TFSI 

2951 

-- [xllcrrimcllhll 

2 I' 
1372 

11 5 1712 

1500 2000 I 2500 
Wavenumber (em- ) 

-- ThCOfcticlll 
3000 3500 

Figure 9. Vibrations ofPMMA/[BMPyr] [TFSI] polymer composite (14, 22). 

The characteristic peaks of isotactic PMMA were observed in both 
polymer composites as shown in Figure 9 & Figure 10  at 695-790 cm-! 
(C-H bending), 841 cm-! (C�C bending/alkenes), 963-1089 cm-! (C�C 
Bending/Alkene), 1235-1242 cm-! (C-O Stretching/Alkyl aryl ether), 
1352-1364 cm-! (C-H Bending/Aldehyde group), 1436-1466 cm-! (C-O 
Stretching), 1712-1728 cm-! (C�O stretching/a,�-unsaturated ester), and 
2571-2951 cm-! (CH Stretching/Alkane groups) (64). 

The presence of [BMPyr] [TFSI] IL was confIrmed in the PMMAI 
[BMPyr] [TFSI] polymer composite from the presence of bands centered 
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at 5 1 2-578 cm-I (TFSI anion), 616-695 cm-I (TFSI anion), 1055- 1097 
cm-I (S�O Stretching), and 1 1 8 1-1 136 cm-I (S�O Stretching) and from 
the absence of C-O stretched vibration as depicted in Figure 9. 
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Figure 10. Vibrations of PM MAl [EMIM] [SeN] polymer composite. 

3500 

The presence of [EMIM] [SCN] IL in the PMMAI [EMIM] [SCN] 
polymer composite can be solely confirmed from the presence of an 
additional band centered at 2056-2065 cm-I (SCN anion), in addition to 
the bands ofPMMA and EMIM as depicted in Figure 10. 

2.5.4. Global descriptive parameters 

To understand the reactive nature of the IL-based polymer composite 
and to trace out the most reactive ionogel, the global descriptors including 
hardness, softness, chemical potential, electronegativity, and electrophilicity 
index were calculated using Koopman's theorem (28). 

The calculated global descriptive parameters of MMA, PMMA, 
[BMPyr] [TFSI], [EMIM] [SCN], and their polymer composite are given 
in Table 4. 
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Table 5. The ionization energy, electron affinity, electronegativity, chemical 
potential, electrophilicity, hardness and softness of :M:MA, PMMA, [BMPyr] 
[TFSI], [EMIM] [SCN] and their polymer composites PMMAI[BMPyr] [TFSI] 
andPMMAI [EMIM] [SCN]. 

SLNo Sample IE EA x(ev) 
� OJ � S 

(ev) (ev) 
(ev) (ev) (ev) 

1 .  MMA 3.56 0.65 2 . 1 1  -2. 1 1  0.00 1 .36 0.36 
2. PMMA 2.55 1.92 2.23 -2.23 7.934 0.31 1.61 
3 .  rBMPvrl rTFSll 7.00 1.08 4.04 -4.04 2.76 2.96 0. 1 6  
4. rEMIMl rSCNl 8 . 17 0.28 4.22 -4.22 2.259 3.94 0.126 
5. PMMAI[BMPyr ] 5.96 1 . 82 6.87 -6.87 4.672 5.05 0.099 

[TFSI] 
6. PMMAI 4.662 1 . 144 5.23 -5.23 3.348 4.09 0.122 

rEMIMl rSCNl 

The values emphasize that the whole ionogel membrane understudy is 
hard enough, so that the IL-based solid polymer composite is stable in its 
ground state. The ionization energy of PMMA![BMPyr] [TFSI] and 
PMMA/[EMIM] [SeN] is comparatively higher than PMMA matrix and 
lower than the respective IL, which indicates that the IL-based polymer 
composite has considerably greater stability than the respective IL. In 
addition, PMMA![EMIM] [SeN] exhibited higher reactivity than PMMA! 
[BMPyr] [TFSI], the polymer composite. It is again confIrmed from the 
higher values of hardness for PMMA![BMPyr] [TFSI], which in turn 
attributed to the presence of strong intermolecular hydrogen bonding in the 
polymer composite. It is surprising to note that the hardness of [BMPyr] 
[TFSI] is increased when it is entrapped in the PMMA matrix while that of 
[EMIM] [SeN] is not altered, indicating the decrease in the chemical 
reactivity of [BMPyr] [TFSI] in the polymer composite. This discrepancy 
may be due to the formation of hydrogen bonding between the [BMPyr] 
[TFSI] and PMMA matrix, which in turn makes [BMPyr] [TFSI] less 
reactive in the polymer composite. While the studies show that [EMIM] 
[SeN] is much more free to be more reactive due to their immiscible 
nature in the PMMA matrix, it is just entrapped it in it. In a similar manner 
the electrophilicity index of PMMA![BMPyr] [TFSI] is higher than that of 
PMMAI[EMIM] [SeN], signifying maximal electron flow between donor 
and acceptor. 
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2.5.6. Optical properties 

The optical parameter plays a decisive role in determining the 
suitability of a material for optical devices. The room temperature UV

visible absorption spectra in the range 200 to 800 run for the IL-based 
polymer composite were taken using a JASCO-V550 spectrophotometer, 
while electronic transitions were computed using the IDDFfIB3LYP/ 
6311-G+d level of theory. Figure l l a  shows the room temperature 
absorption spectra for the prepared IL-based polymer composites along 
with their theoretical predictions in the range 200 800 nm. All the samples 
retain the absorption ofPMMA in the range of200 250 nm (65). 

The active band observed at 223 nm for PMMAI[HMPyrJ [TFSIJ 
might be assigned to the n-+11'" transition due to the presence of the c=o 
group; meanwhile the other two absorptions may be assigned to the 11-+11* 
transition due to the llilsaturated groups [46J (C=O, C=C) in the polymer 
(14). 

hI '.5 2.0 2 5  
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Figure 1 1 .  a) The theoretical and experimental optical absorbance of prepared 
polymer composites PMMAI[RMPyrJ [TFSIJ and PMMA/[EMIMJ [SCN]. b) 

Indirect band gaps of prepared polymer composites P:MMA/[BMPyrJ [TFSIJ and 

PMMA/[EMIMJ [SCN]. 
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The absorption coefficient of PMMA/[B11PyrJ [TFSI] and 
P11MA/[EMIM] [SeN] was calculated using the equation shown below 

a � .:::2 .::::3 O=3A� 
t 

where 0: is the absorption coefficient, A is the optical absorbance of the 
film, and t is the thickness of the film. The indirect band gap ofSPE plays 
an important role since it determines the energy required to transfer an 
electron from the highest occupied molecular orbital (HOMO) to the 
lowest unoccupied molecular orbital (LUMO) in order to make the film 
optically active. The smaller the band gap, the higher will be their charge 
conduction (14). The optical band gaps of PM MAl [BMPyrJ [TFSI] and 
P11MA/[EMfM] [SeN] composite films involving indirect electronic 
transitions are depicted in Figure lIb. The experimental results show that 
P11MA/[BMPyrJ [TFSI] have a band gap of 4.48 eV while that of 
P11MA/[EMIM] [SeN] have a band gap of3.63 eV(66). 

, 
.'r . " (f.�J Lll1\IO 

1'1\11\ IMB,\ 11',1'1', ITSI 1',\ 1,\ I ,.\fE.\ IIL\I..sC' 

Figure 12. The HOMO and LUMO molecular orbitals of prepared polymo

composites P}.1}.1A/[B},{Pyr] [TISI] and P}.1}.1A/[E}.1lM] [SeN]. 
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On the basis of the frontier molecular orbital approach, the HOMO and 
LUMO are mainly responsible for electron transitions. The transition from 
HOMO to LUMO in the PMMA/[BMPyr] [TFSI] is characterized by 
n-->1t' from the PMMA to anion with a band gap of 4.41 eV; at the same 
time, the transition from HOMO to LUMO in the PMMAI[EMIM] [SeN] 
is characterised by n---+1t* from the anion SeN to PMMA with a band gap 
of 3.517 eV. These results were in good agreement with that of the 
experimental values. 

2.5. 7. NLO properties 

The electronic dipole moment I-Li, polarizability Uij and the first 
hyperpolarizability �ijk of all PMMA based ionogel membranes 
(PMMAI[BMPyr] [TFSI] and PMMAI[EMIM] [SeN]) were calculated at 
QM and hybrid ONIOM level using the Gaussian 09W program package 
and were listed in Table 5 and Table 6. 

Table 6. The calculated dipole moment � (Debye), the polarizability UtotofPM:MA, 
[BMPyr] [TFSI], [EMIM] [SCN] and their polymer composites PMMA/[BMPyr] 
[TFSI] and PMMAI [EMIM] [SCN]. 

Sl.No Sample Dipole a" a" au aM x 10-
moment 24 (esu) 
(Deb,,) 

1 PMMA 6.3281 70.9869 40.87622 344.3495 225.0649 
2 IBMPvrl TFSIl 15.5780 1 18.7628 153 .0201 125.7807 196.1314 
3 IEMIMl SCNl 1 1 .5017 99.63988 193 .5383 30.65181 159.7561 

PMMA![BMPyr] 
4 [TFSIl 18.4526 540.44 2258.47 2294.68 2512.833 

PMMA! [EMIM] 
5 [SCN] 12.4959 254.39 270.G9 189.69 352.3288 

The computational quantum mechanical NLO calculations of the IL
based polymer composite revealed that both samples, PMMAI[BMPyr] 
[TFSI] and PMMAI[EMIM] [SeN], exhibit the nonlinear response. The 
calculated polarizability Uij had non-zero values and was dominated by the 
diagonal components, while the hyperpolarizability � dominated by the 
longitudinal components of �=, �=y, �xyy, and �YYY. It is found that 
PMMA/[BMPyr] [TFSI] has a dominating dipole moment, polarizability, 
and first-order polarizability compared with the PMMAI[EMIM] [SeN] 
and PMMA matrix. This may be due to the high polar nature of [BMPyr] 
[TFSI]; the dipole moment of [BMPyr] [TFSI] is 15.5780 Debye while 
that of [EMIM] [SeN] is 1 1 .5017 Debye; in a similar manner, the 
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polarizability of [BMPyr] [TFSI] is 196. 13 l4x 10.24 esu and that of 
[EMIM] [SCN] is l59.756lxlO·24 esu. The crucial nonlinearity determining 
factor (�), is also high for [BMPyr] [TFSI]. Consequently, the highest 
value of dipole moment is observed for PMMA![BMPyr] [TFSI] polymer 
composite IS .4526 Debye, and the calculated polarizability Utet, 
(2512.S x l O·24 esu) and hyperpolarizability (4.54xl0·30esu) is highest for 
PMMA![BMPyr] [TFSI] when compared with the other. 

Table 7.  The calculated first hyperpolarizabilily p",of PMMA, [BMPyr] [TFSI], 
[EMIM] [SCN] and their polymer composites PMMAI[BMPyr] [TFSI] and 
PMMAI [EMIM] [SCN]. 

Sample �= �� �x" �m �y" �= �m �x 
10-30 
(esu) 

PMMA -160.03 -47.18 -1.49 -10.G9 -13 .1 66.57 -0.065 1 .84 
[BMPyr] 101 .78 1.99 20.27 1.59 -0.29 -22.58 -13.95 1 . 16  
rTFSIl 
[EMIM] 103.56 29.91 10.90 6.90 1 1 .08 5.94 -15.58 1 .26 
[SCNI 
PMMA! 325.63 -3.81 61 .48 186.59 30.17 - 1 1 8.63 4.54 
[BMPyr] 127.73 
rTFS]j 
PMMA! 158.90 156.49 78.90 - 1 1 .94 64.67 59.67 -101 .8 4.00 
[EMIM] 
[SCNI 

However, when we compare the values of the dipole moment, 
polarizability, and hyperpolarizability of two ILs and two polymer 
composites with that of the reference values of urea and p-nitroaniline, 
which are considered as prototypical donor-acceptor organic molecules 
with large hyperpolarizability (67), it is interesting to note that both 
polymer composites exhibit nonlinear optical behavior higher than urea 
(Utet � -S.SSx 1O.24esu. �teFO.0051Sx 10.30 esu) and comparable to that of p
nitroaniline (�tet�1 1 .464x 10.30 esu). Nevertheless, by considering the 
miscibility and other optical property, it is worthwhile to point out the 
nonlinear behavior of the PMMA![BMPyr] [TFSI] polymer composite. 

2.6. Compatibility of ILs with PV A matrix 

In a similar way, the interaction of ILs with the PMMA matrix has 
been studied, and the affinities of ILs with PV A matrixes have also been 
evaluated and are discussed in the following sections. 
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2.6.1. Geometry 

Two levels of the ONIOM method (n-Iayered integrated molecular 
orbital and molecular mechanics approach) were implemented in the 
Gaussian 09 program package for the geometry optimization of PY A
based ionogel membranes. The ONIOM multilevel extrapolation method 
helped us divide the molecular system into two layers in which the inner 
part of IL along with the surrounding atoms from the polymer were treated 
using a "high-level" theory and the rest of the system described dealt with 
a computationally less demanding method at a "lower level." The level of 
theories and the corresponding basis set used for the optimization of all the 
samples were tabulated in Table 7. 

Table 8.  The level of theories and the corresponding basis set used for the 
optimization of PYA. [BMPyr] [TFSI]. [EMIM] [SeN] and their polymer 
composites. 

SLNo Sample Theory Basis Set 
1 .  PYA DFfIPBEPBE 321-G 
2. [BMPyr] [TFSI] DFfIB3LYP 631-G(d,p) 
3 .  rEMIMl rSeNl DFfIB3LYP 631-G(d,p) 
4. PV AI[BMPyr] [TFSI] ONIOMlSM:DFT PM6:63 1-G 
5. PV AI rEMIMl rSeNl ONIOMlSM:DFT PM6:63 1-G 

From the optimized geometry of both polymer composites, the 
intermolecular hydrogen bonding between the PYA host and the 
respective two ILs ([BMPyr] [TFSI] and [EMIM] [SCN]) were assessed 
and depicted in Figure 13 after omitting the intramolecular hydrogen 
bonding. According to the optimized geometry of the PY AI [BMPyr] 
[TFSI] composite, there are at least two H-bonds between [BMPyr] [TFSI] 
and PYA; one bond from the 9-0 to 63-H and one bond from the 1 1-0 to 
57-H. All the H- bonds were originated from the TFSI cation to hydrogen 
atom of the PYA chain. Similarly, PY AI [EMIM] [SCN] exhibited at least 
two H-bonds between the cation and the oxygen atom of the PYA chain; 1 
bond from 22-0 to 47-H and one bond from 8-0 to 44-H (61). 
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Figure 13 .  Optimized geometry and H-bonding in a) PV AI [BMPyr] [TIS!] and b) 
PV AI [EMIM] [SCN] systems. 

2. 6.2. Themw-chemical properlies 

The thermo-chemical properties, including enthalpy, entropy, and 
Gibb's  free energy of PV A -based ionogel membranes, were obtained from 
the Gaussian out file directly and tabulated in Table 8. Knowing the 
thermochemical properties, one could easily understand the feasibility of a 
reaction. 

Both the ILs interact with the PV A matrix in a thermodynamically 
feasible manner with stable energy values. However, after an in-depth look 
at the free energy values of both, we could determine that [EMIM] [SCN] 
is more stable than [BMPyr] [TFSI] in the PYA matrix. At the same time, 
the entropy value of PV A/[EMIM] [SCN] emphasizes that it is reactive 
enough, though it is stable. The exothermic nature of the chemical reaction 
was predicted from the enthalpy of formation. 
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Table 9_ The thermodynamic parameters of [BMPyr] [TFSI], [EMIM] [SCN] and 
their polymer composites PV AI[BMPyr] [TFSI] and PV AI [EMIM] [SCN]_ 

SI Sample Molerular Energy Dipole Enthalpy Entropy Gibbs free 
No mass (amu) (KcaV moment (KcaV (CaV energy 

L 
2_ 

3_ 

4_ 

mol) (Debye) mol) mol) (KcaV 
mol) 

[B:MPyrj 422.07 lAOe+ 15.5780 140347.99 195.24 1403525.61 
rTFS!] 006 
[EMIMI 169.06 -5.24e+ 11.5017 -524427.35 116.094 -524462.046 
eSCN] 005 
PVA/[BM 600.19 1.5g e+ 17.6554 1592961.9 264.674 1593040.22 
Py;1 006 
mSIl 
PVA! 347.18 7.2e+ 12.7016 722333.38 195.817 722391.17 
[EMIMI 005 
eSCN] 

2. 6.3. Vibrational analysis 

Just like our fingerprints, an FTIR spectrum is unique to each 
compound, and thus FT -IR spectroscopy can be considered as an efficient 
tool to study the functional groups in organic compounds. The frequencies 
of study ILs were computed from the optimized structures using the same 
hybrid ONIOM approach with certain systematic errors; the scale down 
information was discussed in section 2.4 and the spectra were sho\Vll in 
Figure 14. 

The theoretical and experimental spectra are close to each other. It 
retained all the relevant peaks ofPVA (64). The observed transmittance at 
827 cm-! (C�C Bending! Alkenes), 915 cm-! (CR,), 1085 cm-! (C-O 
Stretching! Alkyl aryl ether), 1386 cm-! (C-R Bending! Aldehyde group), 
1413 cm-! (C-O Stretching), 1643 cm-! (C�O stretching !a,�-unsaturated 
ester), and 2918 cm-! (CR Stretching! Alkane groups) correspond to the 
presence of host PYA matrix (68). 

The characteristic band at 1 169 cm-! and 2064 cm-! relates to the C�O 
and SCN- anion respectively, which are solely required to affirm the 
presence of IL in the PV A matrix; the increase in intensity denotes an 
increase in the concentration of IL in the films as weight proportion 
increments (14, 69-72) 

 EBSCOhost - printed on 2/14/2023 12:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



40 

500 1000 

Chapter 2 

-- Experimental 

1500 2000 1 2500 
Wavenumber (cm- ) 

--Theoretical 

3000 

Figure 14. Vibrations ofPV AI [EMIM] [SCN] polymer composite. 

2.6.4. Global descriptive parameters 

3500 

In order to get a clear-cut idea about the reactivities of PYA-based 
ionogel membranes and to trace out the best compatible IL for the PYA 
matrix; the global descriptors were calculated in terms of hardness, 
softness, chemical potential, electronegativity, and the electrophilicity 
index using Koopman's theorem (28). 

The computed global descriptive parameters ofPVA, [BMPyr] [TISI], 
[EMIM] [SeN], and their polymer composite were given in Table 4. The 
hardness values of both ionogels record that all PV A-based ionogel 
membranes were stable enough in the ground state. However, the hardness 
value is slightly lowered for the PV A/[EMIM] [SeN] composite 
indicating the free availability of ions in the matrix. The ionization energy 
of both ionogels is comparatively higher than that of the two ILs, which 
indicates that IL-based polymer composites have considerable stability 
compared with the respective IL. However, when the EA values were 
increased for both the composites, the PV A/[EMIM] [SeN] had a better 
electron-accepting capacity compared with others, which indicates the 
reactive natnre of the [EMIM] [SeN] ionogel membrane. This is again 
confirmed from the electrophilicity values. The softness values show that, 
in the PV A matrix, the reactivity lessened for [BMPyr] [TFSI] while it is 
increased for [EMIM] [SeN]. However, it is surprising to note that the 
reactivities are higher in the PV A matrix than in the PMMA matrix, which 
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may be due to the availability of void spaces in PV A and because their 
hydrophilic nature encourages the IL to be trapped in the PV A matrix. 

Table 10. The global descriptive parameters of PVA, [BMPyr] [TFSI], [EMIM] 
[SeN] and the polymer composites PV AI[BMPyr] [TFSI] and PV AI [EMIM] 
[SeN]. 

S1.N Sample IE (OY) EA X(OY) 
� (OY) OJ � , 

0 (OY) 
(OY) ( ev) 

1 .  PYA 40.386 0.0440 2.21 -2.21 1 . 1 3  2.17 0.23 
2.  BMPvrl TFSll 7.00 1.08 4.04 -4.04 2.76 2.96 0.16 
3 .  EMIM SCN 8.17 0.28 4.22 -4.22 2.25 3.94 0.126 
4. PV A![BMPyr] 8.823 

[TFSI] 1 .26 5.04 -5.04 3.36 3.78 0.132 
5.  PVA! [EMIM] 8 . 1 19  

[SCNi lAO 4.76 -4.76 3.37 3.35 0.148 

2.6.5. NLO properties 

Table 1 1 .  The calculated dipole moment � (Debye), the polarizability Chat ofPV A, 
[BMPyr] [TFSI], [EMIM] [SeN], and their polymer composites PV AI[BMPyr] 
[TFSI] andPVAI [EMIM] [SeN]. 

S1. Sample Dipole a" a", au aM x 10-24 
No moment (esu) 

(Deb,,) 
2 [BMPyr] [TFSI] 15.5780 1 18 .7628 153.0201 125.7807 196.1314 
3 IEMIM SCN 1 1 .5017 99.63988 193.5383 30.65181 159.7561 

PV A![BMPyr] -172.03 -212.07 -216.35 
4 [TFSIl 17.6554 515.6175 

PYA! [EMIM] -77.959 -1288.8 -134.07 
5 [SCN] 12.7016 1921.185 

As the DFT methods were highly recommended for the study of 
organic molecules, the same can be used for computing the total molecular 
dipole moment (rt), linear polarizability (a), and first-order 
hyperpolarizability (�) of such molecules to evaluate their nonlinear 
optical property (73). The electronic dipole moment rti, polarizability ail, 
and the first hyperpolarizability �i/k of PV A-based ionogel membranes 
(PV A/[BMPyr] [TFSI] and PV A/[EMIM] [SCN]) were calculated at QM 
and hybrid ONIOM level and were listed in Table 5 and Table 6. 

The quantum mechanical descriptors in Table 10 revealed that 
PV A/[BMPyr] [TFSI] and PV A/[EMIM] [SCN] exhibit a remarkable 
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nonlinear response. The calculated polarizability Uij had non-zero values 
and was dominated by the diagonal components, while the 
hyperpolarizability � dominated by the longitudinal components of �=, 
�=y, �xyy> and �yyy It is found that although PV A/[BMPyr] [TFSI] has a 
dominating dipole moment, PV A/[EMIM] [SeN] exhibited higher 
polarizability and first-order polarizability compared with the PV A/[BMPyr] 
[TFSI]. This may be due to the high reactivity of [EMIM] [SeN] even 
after trapping it in the PV A matrix, which is well evidently discussed in 
section 2.4.2. The dipole moment of [BMPyr] [TFSI] is 15.57S0 Debye 
while that of [EMIM] [SeN] is 1 1 .5017 Debye; in a similar manner, the 
polarizability of [BMPyr] [TFSI] is 196.1314x 10.24 esu and that of 
[EMIM] [SeN] is 159.7561xlO·24 esu. Though the crucial nonlinearity 
determining factor, (�) is high for [BMPyr] [TFSI], the freedom obtained 
by [EMIM] [SeN] in PV A matrix after immobilizing plays a crucial role 
in determining the polarizability and hyperpolarizability values. 

Table 12.  The calculated first hyperpolarizabilily p""of [BMPyr] [TFSI], [EMIM] 
[SCN], and their polymer composites PV AI[BMPyr] [TFSI] and PV AI [EMIM] 
[SCN]. 

Sample �x 
1O-3n 

""" "" """ "" "" "". "" (esu) 
[B},{f'yr 1.164 i [TFS!] 101.783 1.9993 20.271 1.5985 -0.2971 -22.588 -13.95 
[E}.{[M] 1.267 
SeN] 103.561 29.9169 10.909 6.907 11.088 5.9468 -15.58 

PVA/[B 1.14 

;:"'�\ TFS! 57.7386 -57.82 -82.147 71.59 18.6779 -2.5211 ·1.077 PVA! 1.40 
[E}.{[M] iSeN] -35.12 56.6863 114.9752 20.4554 8.4864 51.6185 9.2264 

However, when we compare the values of dipole moment, 
polarizability, and hyperpolarizability of two ILs and two polymer 
composites with that of the reference values of urea and p-nitroaniline, 
which is considered as a prototypical donor-acceptor organic molecules 
with large hyperpolarizability (67), it is interesting to note that both 
polymer composites exhibit nonlinear optical behavior higher than urea 
(Utot " _S.SSxl0·24 esu. �toFO.0051Sxl0·30 esu) and comparable to p
nitroaniline (�tot�11 .464xl0·30 esu). Nevertheless, by considering the 
activity and stability, it is necessary to point out the nonlinear behavior of 
the PV A/[EMIM] [SeN] polymer composite, even it fails to unveil the 
optical property in the UV and visible region. 
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2.7. Conclusion 

In this chapter, a detailed quantum mechanical investigation on ionogel 
membranes was narrated with its theoretical backgrounds. The main aim 
of this work was to fmd the most compatible ionic liquid among the two 
most conductive ILs for two polymer matrices, namely PV A and PMMA. 
Here DFT-Ievel calculations in conjunction with a new hybrid ONIOM
level approach were used to trace out the most compatible one. The 
detailed discussion of the thermochemical properties and global 
descriptive parameters emphasized that tbough [BMPyr] [TFSI] is tbe 
most stable and reactive IL, with a large spatial orientation due to the 
lengthy alkyl chains, it is not a suitable dopant for botb matrices. [BMPyr] 
[TFSI] is very compatible with PMMA, as it has comparatively high 
ionization energy to fOlTIl a strong enough nature with higher chemical 
stability. However, it exhibited a good amount of strong intelTIlolecular 
hydrogen bonding, and it has higher reactivity with a better electrophilicity 
index. The inbuilt optical property in PMMA gave a substantial 
contribution to the optical and nonlinear optical properties of the 
PMMA![BMPyr] [TFSI] ionogel membrane. 

At tbe same time, [EMIM] [SeN] showed better compatibility with 
PV A than the other. Though the hardness values are slightly lessened for 
PV A/[EMIM] [SeN], it showed a better electron-accepting capacity 
indicating the free availability of ions in the matrix. Such availability of 
free ions will be favorable for the charge transport mechanism and will 
make tbe membrane viable for the use of a solid polymer electrolyte in 
energy storage devices. 

Thus the theoretical prediction helped us trace out the two most 
compatible ionogel membranes from the four possible combinations. Thus, 
further experimental investigations will center on these two, 
PMMA![BMPyr] [TFSI] and PV A/[EMIM] [SeN] ionogel membranes, by 
remembering to reduce the limitations of the chemical and preserve the 
environment. 
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CHAPTER 3 

MORPHOLOGICAL AND STRUCTURAL 

CHARACTERIZA nON 

3.1. Introduction 

One interesting and challenging task is to have a deep understanding of 
the morphology of the ionogel membranes. The ionogel membranes were 
developed as a result of modification of the non-conducting polymers with 
ionic liquids. Ionic liquids exhibit outstanding thennal stability, ionic 
conductivity, and non-volatility, thus making them a promising filler in the 
polymer matrix. At the same time, the polymer matrix acts as a platfOlTIl to 
immobilize the ionic liquids. However, the formed binary system offers 
many interesting characteristics based on their morphology and the 
interaction between the IL and the polymer matrix. An increase in the 
concentration of the ILs usually results in a transition from a non
conducting to semiconducting state at threshold concentration. In recent 
years, interest in the industry is increasing drastically in using ILs in the 
non-conducting polymers due to their eco-friendly nature. It is always 
difficult to discover a good de-agglomerated membrane with a well
defined interface with a threshold concentration. 

In the same way, it is always a challenge to discover the mode of 
chemical bonding between the doped IL and the polymer matrix: whether 
it is covalent, ionic, or Vander Waal. These morphological changes can 
completely change the properties, especially the crystallinity, electrical, 
and thelTIlal properties and therefore must be considered. Building up the 
structure-property relation of ionogels with varying concentrations of 
doped IL can be analyzed using different experimental techniques. This 
chapter elaborately discusses the chemical and structural characterization 
of the ionogel membranes using different experimental techniques like a 
scanning electron microscope (SEM), X-ray diffraction (XRD) studies, 
Fourier transforms infrared spectroscopy (FTIR), and Fourier transfolTIls 
Raman spectroscopy (FT-Raman). 
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3.2. Scanning electron microscope 

The name of the scanning electron microscope (SEM) implies that a 
beam of focused electrons are used in a raster scan pattern to scan the 
surface of the sample (74). The SEM method provides the surface and 
morphology patterns of the synthesized membranes in this work. It can 
also provide vague information about whether the dopant is just trapped or 
is miscible in the polymer host matrix. 

FE-Gun ____ _ 

Cond�sor 

'" """"" -:::==f�3 Filt�9rid _ 

Inlens Sf detector _-::::;;;;�_. 
G#nini objKtivt 

Mognetlc lens _---1----' 

Eltctros!oflc 1m ____ -'_.30::p 
... _._---- Sample 

Figure 15. Ray diagram of scanning electron microscopy (75). 

Typically in SEM, a focused mono-energetic electron beam is 
impinged on a specimen surface and is scanned back and forth. To obtain 
signals from a part, the electron beam is scanned over the specified region 
by two pairs of electromagnetic deflection coils, and the signals are 
transferred from point to point, and the signal map of the scanned area is 
displayed on a screen. Backscattered electrons and secondary electrons are 
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exploited for SEM application that can be collected individually by the 
detectors and can be utilized to obtain infonnation. The intensity of the 
electrons depends on the atomic number of the host atoms. The signals 
derived from electron-sample interactions provides infonnation regarding 
the external morphology (texture), chemical composition, and crystalline 
structure and orientation of materials making up the sample [Figure 15]. 
Data are collected over a specified region of the surface of the specimen, 
and a two-dimensional image is fonned that shows spatial variations in 
these properties. Areas ranging from approximately 1 cm to 5 microns in 
width can be imaged in a scarming mode and can provide magnification up 
to 30,000 times. There is no particular sample preparation process except 
that for non-conducting samples gold sputtering is required to make it 
conductive. Field emission constitutes an advanced way of generating 
electrons. 

In this work, a scanning electron microscope (SEM, SU6600HI-2102-
0003) operated at an accelerating voltage of 5 KV was used to observe the 
immiscible ILs and grain boundaries at the microscopic level. The 
specimens were sputter-coated with a thin gold layer before imaging in 
order to prevent charging of specimens and to increase the signal to noise 
ratio. The SEM images of neat polymers, PMMA and PV A, along with 
their ionogels were shown in Figure 16. 

Although the computational results pointed out that PMMA is 
compatible with [BMPyr] [TFSI], while PV A is compatible with [EMIM] 
[SeN] ionic liquids respectively, two unique, controversial images were 
obtained from the SEM for the above mentioned two ionogel membranes. 
The SEM studies showed that even though all ionogels are entirely 
amorphous, [EMIM] [SeN] was found to be immiscible in PV A while 
[BMPyr] [TFSI] was miscible in PMMA without any boundaries and 
particles. These SEM images lead to the conclusion that [BMPyr] [TFSI] 
was completely assorted to the PMMA matrix, but [EMIM] [SeN] IL is 
just entrapped in the PV A matrix. PMMAI [BMPyr] [TFSI] ionogels have 
a fairly smooth surface and lack a visible boundary between [BMPyr] 
[TFSI] and PMMA matrix emphasizing the complete miscibility of 
[BMPyr] [TFSI] in the polymer matrix; the detailed report of all 
concentrations was already published (14). The wrinkled pattern in Figure 
16.d confirms the instability and integrity ofPV A/[EMIM] [SeN] film. 
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Figure 16. SEM images of polymers at 100 micrometers and ionogels at 50 
micrometers. 

These results were in good agreement with the optimized geometry of 
ionogel fihn. The quantum mechanical calculations showed that 
PMMA/[BMPyr] [TFSI] had an intermolecular hydrogen bond between 
the trapped IL [BMPyr] [TFSI] to form a miscible compatible ionoge!. On 
the other hand, the theoretical calculation of PV A/[EMIM] [SCN] revealed 
that the lack of intermolecular hydrogen bonding between PYA and 
[EMIM] [SCN], which accentuates that the IL is just entrapped in the PYA 
matrix without any additional bond breakage or bond formation. 

3.3. X-ray diffraction 

Characterization of the local molecular order has vital importance in 
understanding the chemical and physical stability of any materials. The x
ray diffraction pattern is considered as an elementary tool to distinguish 
crystalline, semi-crystalline, and amorphous materials. The schematic 
diagram of the X -ray diffractometer is shown below. 
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Figure 17. Ray Diagram of X-Ray Diffractometer (76). 

In an X-Ray diffractometer, the incident X-ray beams interact with the 
planes of atoms, allowing a few to transmit through and the rest to refract 
and diffract. Depending upon the phase of oscillation of the electron cloud, 
destructive as well as constructive interference will be produced. In 

crystals, the constructive interference will be in a few directions, 
depending upon the spacing between parallel planes, the wavelength of X
ray angle of incidence using Bragg's law 

nA� 2dsin8 

where e is the angle between the incident rays and the scattering plane, A, 
is the wavelength of incident radiation, which is generally CuKu 1 
(1.54056A) and CuK" 2 (1.5444A). The detailed discussion on the 
crystalline peaks in XRD and their analysis is very much outside the scope 
of this work since the samples dealt with here are purely non-crystalline. 

Glassy materials are merely one among thousands of examples of 
solid-state systems that give rise to X-ray amorphous powder patterns. 
Any non-crystalline solid or liquid with a lack of long-range order will 
give rise to an X-ray amorphous powder pattern. In semi-crystalline 

polymers, it is possible to determine the crystalline and, conversely, 
amorphous orientation. 

Here, XRD patterns of two polymer-based ionogel electrolyte 
membrane were recorded using an X-ray diffractometer (Rigaku powder 
diffractometer) with CuK" radiation (A�1.54l8 A) in the Bragg angle (28) 
range from 10 to 60°. Accordingly, the XRD pattern is sho\Vll in Figure 
18 .  
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Figure 1 8. X-ray powder diffraction pattern of a) PMMAI[BMPyr] [TFSI] ionogels 
b) PV AI [EMIM] [SCN] ionogels at different weight ratios. 

It is interesting to note that on the addition of ionic liquids to both 
polymers PMMA as well as PYA, the membrane losses their semi
crystalline nature and gradually attains amorphocity. In this work, XRD is 
used to investigate the change in crystalline structure in terms of degree of 
crystallization, orientation, crystal size, lattice strain, etc. of the polymer 
matrix. 
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The XPRD patterns of both polymers revealed their semi-crystalline 
nature with the presence of a broad crystalline peak at 26-33° while 
dominating the amorphocity at 14-21° for neat PMMA, while the PYA 
film showed a semi-crystalline peak at around 28 � 19.54° and a shoulder 
at 22.43°, along with a small broad peak at 40.69° as shown in Figure 
18(a, b). The literature review shows that PMMA has a double-stranded 
helices structure with reflections from (101) and (200) planes. 

The intensity of the diffraction peak of both polymers decreases with 
the incorporation of respective ILs to the matrix. As the weight ratio of IL 
increases, a decrease in intensity and an increase in width of the diffraction 
crystalline peak of the pure polymer was observed, which indicates the 
decrease in the percentage of crystalline and increased amorphosity of the 
polymer composite membrane. The relative variation in the crystallinity 
can be monitored by a relative crystallinity index, which is calculated as 
follows. 

The relative crystallinity index was calculated with the equation 

If - I Xc = __ 
s X 100% If 

where Xc is the crystallinity index, If is the intensity of the fundamental 

peak, and Is intensity of the secondary band (77). A correlation has been 
established between area, width, the intensity of the peak, and the degrees 
of crystallinity which was reported by Safna et al. (14, 78). 

3.4. Vibrational analysis 

The vibrational frequencies and spectrum of each molecule are taken to 
be a unique characteristic feature of the molecule. Once the infOlTIlation 
about the functional group is deduced, one is able to infer the local 
orientation of the group of the structure. Subsequently, the origin of the 
sample, their prehistory, and the characteristic behavior of the sample will 
help us correlate with the output results. For such analysis and 
interpretation, Fourier transform-infrared spectroscopy and Fourier 
tranSfOlTIl-Raman spectroscopy are considered as a tool to identify the 
fingerprint of the samples (79). 
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3.4.1. Fourier transform infrared spectroscopy 

Fourier transform-infrared spectroscopy (FTlR) is an analytical tool 
used to spot the organic or inorganic functional groups in the unknown 
sample quantitatively for the analysis of solids, liquids, and gases. The 
basic principle behind FTIR is that every molecular bond, depending upon 
the elements and types of bonds, vibrates at unique frequencies. This 
technique used to measure the absorption of infrared radiation by the 
sample material versus wavelength. According to quantrun mechanics, 
these absorbed frequencies correspond to certain molecular vibration (80). 
The essential condition to show the IR spectrum of a molecule is that the 
vibrating motion of the bond must change in their dipole moment with 
time. The schematic diagram for FT -IR spectroscopy is shown below. 

Ha-Ha gas laser @--I<.:;;;3it� 
(ceramic) ,-�+P'---<Il_---" 

Interferometer 

Figure 19. Ray Diagram of FT -IR Spectroscopy (75). 

The infrared radiation is allowed to fall on a beam splitter in which 
their 50% will reflect and the rest will transmit through towards a moving 
mirror and will again reflect the mirror. At the same time, the reflected 
beam moves towards the mirror is and then reflected back to the beam 
splitter. Thus the detector can detect two beams simultaneously with an 
interference pattern-either constructive interference or destructive 
interference, depending upon the position of the moving mirror. This can 
be analyzed by scanning the sinusoidal signal from the moving mirror for 
a specific frequency over a range. The corresponding Fourier spectrum is 
computed from the obtained interferogram within a fraction of seconds. 

According to quantum mechanics, these absorbed frequencies 
correspond to certain molecular vibrations (80). But these techniques fail 
for some materials including films, rubber sheets, etc.; in such situations 
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experimentalists prefer attenuated total reflection (ATR). 
ATRFTIR spectroscopy is normally utilized in conjunction with FTIR 

to examine directly in the solid or liquid state without further preparation 
with Potassium bromide (KBr). ATR-FTIR spectroscopy uses the 
advantage of total internal reflection resulting in an evanescent wave (80). 
Thus, ATR-FTIR spectroscopy was used to get evidence of doped ionic 
liquids in the host PMMA and PV A polymer matrix. Here, the vibrational 
information of ionogel was collected using the ATR-FTIR spectra of the 
ionogel films, which were recorded by the JASCO spectrometer at 
ambient temperature. The measurements were carried out in the wave 
number range from 400 to 4000 cm-1 ( 14) .  The spectra were recorded 
from loaded ionogel films of PMMN[BMPyr] [TFSI] and PV N[EMIM] 
[SCN] with wtlwt% a) 100:0 b) 90 : 10 c) 80:20 d) 70:30. The recorded 
ATR-FTIR spectra for the PMMA/[BMPyr] [TFSI] ionogel with different 
weight ratios were shown in Figure 20. 
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Figure 20. The vibrations of the ionogels PMMAI[BMPyr] [TFSI] wtiwt% a) 
1 00:0 b) 90: 1 0  c) 80:20 d) 70:30 obtained from ATR-FTIR. 

The PMMN [BMPyr] [TFSI] ionogel films that retain the absorption 
bands of isotactic PMMA in all weight ratios exhibit their characteristic 
peaks at 75 1 cm-1 corresponding to C-H bending, 841 cm-1 corresponds to 
C-C bending/ alkenes, 985 cm-1 corresponds to C-C bending/alkene, 1238 
cm-1 corresponds to C-O Stretching/Alkyl aryl ether, 1386 cm-1 corresponds 
to the C-H bending/aldehyde group, 1436 cm-1 corresponds to C-O 
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stretching, 1723 cm ' corresponds to C�O stretching! a,�-unsaturated 
ester, and finally 2951 cm ' corresponds to CH stretching! alkane groups. 
Similarly, the presence of [BMPyr] [TFSI] ionic liquid was confirmed 
from the presence of a band centered on 512 em 1, 569 em 1, and 616 
em 1, which corresponds to TFSI anion, and the band at 1055 em 1 

confitms the presence of cation with S=O characteristic peak. 
The addition of IL decreased the intensity of all these peaks and 

showed some additional peaks at 512-560, 610, and 653-655 cm·', which 
as it corresponds to TFSr- anion indicates the presence of IL in the ionogel 
membrane. The out-of-phase vibrations of SO, were seen at 1350-1352 
cm', while the SNS vibration of TFSr- were observed at 749 cml The 
bands seen at 2580-3200 cm·' are because of the chelate hydrogen holding 
emerging from being entombed and additionally intra hydrogen holding 
between the PMMA and [BMPyr] [TFSI]. The lack of the presence of 
vibration corresponding to the C�O functional group of PMMA helps us 
decipher that the ionogel was shaped by the interaction of [BMPyr] [TFSI] 
and the PMMA was shaped by variable hydrogen bonding without any 
additional bond breakage or bond formation (14). The characteristic peaks 
and their assignments were tabulated in Table 12. The hannonic vibrations 
of the ionogels were in good agreement with the computational results. 
Detailed discussion on its scaling and assignments were already discussed 
in Chapter 2. 

Similarly we explored the possible interaction between the [EMIM] 
[SCN] ionic liquid and PV A host matrix in the compatible PV A/[EMIM] 
[SCN] ionogel using ATR-FTIR spectroscopy. Figure 21 exhibits the 
characteristic absorption bands ofionogel filins of [EMIM] [SCN] wt!wt% 
a) 100:0 b) 95:05 c) 90:10 d) 80:20 e) 70:30. The characteristic bands of 
all ionogel filins retain the presence of PV A polymer by exhibiting 
absorption where 827 cm·' corresponds to C�C bending! alkenes, 915 cm·' 
corresponds to CH, stretching, 1085 cm' corresponds to C-O Stretching! 
Alkyl aryl ether, 1386 cm·' corresponds to C-H Bending! aldehyde group, 
1413 cm·' corresponds C-O Stretching, 1643 cm·' corresponds to C�O 
stretching la, �-unsaturated ester, and finally 2918 cm·' corresponds to CH 
Stretching! Alkane groups (68). 
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Table 13 .  Hannonic vibrations of ionogel films PM:MA/[BMPyr] [TFSI] "Wt/wt% 
a) 100:0 b) 90:10 c) 80:20 d) 70:30 obtained from ATR-FTIR and their 
assignments. 

Wavenumber Wavenumber Wavenumber Wavenumber Assignments 
(cm-l) (cm_l) (cm-l) (cm-l) 
100:0 90:10 80:20 70:30 

512  5 1 1  5 1 1  TFSI anion 
569 TFSI anion 
616 615 615 TFSI anion 

750 749 749 748 C-HBending 
841 839 839 C-C 

Bending! 
Alkenes 

985 986 985 986 C-C 
Bending! 
Alkene 

1055 1 054 1 054 S�O 
Stretching 

1 142 C-O 
Stretching 

1 1 81 1 1 8 1  1 1 8 1  S-O 
Stretching 

1238 1 136 1 139 1 137 C-O 
Stretching! 
Alkyl aryl 
ether 

1352 1351  1350 out of phase 
vibrations of 
S02 

1386 C-H Bending! 
Aldehyde 
group 

1436 1435 1438 1449 c-o 
Stretching 

1723 1721 1723 1724 unsaturated 
ester 

2949 2952 2953 2952 chelate 
hydrogen 
bonding 
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Figure 21 .  Vibrations of the ionogel fihns PV A/[EMIM] [SCN] wtlwt% a) 100:0 
b) 95:05 c) 90: 10 d) 80:20 e) 70:30 obtained from ATR-FTIR. 

The presence of [EMIM] [SCN] ionic liquid was solely confIrmed 
from the characteristic band where 1 169 cm-I and 2064 cm-I relate to the 
C�O and SCN- anion respectively, and it was interesting to note that on 
increasing the concentration of IL the intensity was found to increase (14, 
69-72). 
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Table 14. Hannonic vibrations of ionogel films PV A/[EMIM] [SCN] "Wt/wt% a) 
100:0 b) 95:05 c) 90:10 d) 80:20 e) 70:30 obtained from ATR-FTIR.and their 
assignments. 

Wave Wave Wave Wave Assignments 
Number number nmnber number 
(cm-l) (cm_l) (cm-l) (cm-l) 
100:0 90:10 80:20 70:30 
828 827.6 827.6 827.6 C-C bending! alkenes 

916 915  915  915  Clli vibration 

1085 1085 1085 1085 CoO stretching! alkyl aryl ether 
1 169 1 1 69 c-o Stretching 

1326 1324 1324 1324 C-H bending! aldehyde group 
1415 1413 1413 1413 C-O stretching 
1643 1575 1575 1575 C=O stretching iU,j3-

lUlsaturated ester 
2064 2064 2064 SCN- anion 

2918 29 1 8  2906 2906 CH stretching! alkane groups 
3264 3257 3266 3266 hydrogen bonding 

3.4.2. Fourier transform Raman spectroscopy 

Fourier transform Raman spectroscopy (FT-Raman) is considered to be 
a complementary tool to Fourier transfOlTIl-infrared spectroscopy for 
vibrational analysis of a molecule. FT -Raman is also used to identify the 
specific functional groups in a molecule or compound; furthemlOre, it 
yields more infOlTIlation about certain types of organic functional groups, 
where its fingerprint is absent in FTIR counterparts. Fourier transfonn 
Raman spectroscopy is thus considered to be an excellent diagnostic tool 
for the identification of organic species. 'While IR vibration arises from the 
absorption of the electromagnetic radiation in the IR region under a 
change in the electric dipole moment that originates from the molecular 
vibrations, without a doubt, the Raman scattering spectrum bears a 
resemblance to the infrared absorption spectrum quite closely (79). 
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Figure 22. Ray diagram ofFT-Raman spectroscopy (76). 

The fundamental vibrations of Raman scattering were recorded 
between region 3500 and 50 cm-l on a Bruker FRA 1 06/S FT-Raman 
instrument using 1064 nm excitation from an Nd: YAG laser. The detector 
used was a liquid-nitrogen-cooled Ge detector. 

PMMA/BMPyr.TFSI lonoge/ 

C -- (a) 100:0 
.� -- (b) 90: 10 
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'; -- (d) 70:30 
� 
S 
� 

� 
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Wavenumber(cm-l) 

Figure 23. Harmonic vibrations of ionogel films PMMA/[BMPyr] [TFSI] wt/wt% 
a) 100:0 b) 90: 10 c) 80:20 d) 70:30 obtained from FT-Raman. 
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The FT -Raman spectrum of PMMA/ [BMPyr] [TFSI] ionogel fihns 
show chelate hydrogen bonding at 2952 cm-I, where 1453 cm-I corresponds 
to C-O stretching, and 813  cm-I corresponds to the C � C bending/alkenes. 
These characteristic peaks were already observed from FTIR spectroscopy. 

Table 15. Harmonic vibrations of ionogel films PMMAJ[BMPyr] [TFSI] wt!wt% 
a) 100:0 b) 90: 10 c) 80:20 d) 70:30 obtained from FT-Raman and their 
assignments. 

Wavenumber Wavenumber Wavenumber Wavenumber 
(Cm-I) (Cm-I) (cm·l) (Cm-I) 
100:0 90: 10  80:20 70:30 

8 13  8 13  8 13  8 13  

1453 1453 1453 1453 

2952 2952 2952 2952 

PV AJrEMIM] [SCNl ono 

c ' -- (a) 1 00:0 
. ... 

c: (b) 95: 15  
� (c) 90: 10  
� (d) 80:20 

� 
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Figure 24. Harmonic vibrations of ionogel films PV AJ[EMIM] [SCN] wtlwt% a) 
100:0 b) 95:05 c) 90: 10 d) 80:20 obtained from FT-Raman. 
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The FT-Raman spectrum of PV A/[EMIM] [SCN] ionogel films 
exhibited only two peaks, one at 2918 cm-1 indicating the moisture content 
in the film and the other at 1451 cm-1 that corresponds to CoO Stretching_ 

3.5. Conclusion 

The presence of entrapped ILs in the polymer matrix and the influence 
of the concentration of the IL in the polymer matrix is confitmed from the 
vibrational analysis. The morphological characterization revealed that the 
incorporation of ionic liquid in the polymer matrix decreases their semi
crystalline nature and amorphocity was gradually attained_ Subsequently, 
the relative variations in the crystallinity were monitored on the addition 
of ionic liquid in it Although the addition of two ILs resulted in entirely 
different morphology due to their variation in chemical bonding, the 
addition of [BMPyr] [TFSI] resulted in a miscible ionogel without any 
visible boundaries at the same time the entrapment of [EMIM] [SCN] 
resulted in an immiscible ionogel with the wrinkled pattern. Thus, as the 
IL varies, the way of interaction between the guest and host becomes 
unpredictable, and it even affects the morphological pattern of the 
ionogels_ Indeed, the wet crack-free wrinkled pattern in the free-standing 
solid polymer electrolyte may have wide applications like anti-corrosion 
coatings, sensors, and superhydrophobic surfaces and further can be used 
for functional device fabrications too. 
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CHAPTER 4 

THERMAL BEHAVIOR OF IONOGELS 

4.1. Introduction 

Materials with a tailored property applicable for everyday use are of 
great relevance and importance in the current research arena. This is 
achieved by judicious turning of diverse and versatile properties including 
electrical, thelTIlal, magnetic, and optical properties of a material. Among 
these, the thelTIlal properties of the electrolyte membrane are significant, 
because they are allied with the response of an ionogel membrane to the 
heat supplied. This response might change the physical and chemical 
properties of the ionogel leading to a change of length or volume, phase 
transition, initiation of chemical reactions, including oxidation, reduction, 
thermal degradation, etc. Thus, temperature is an important factor for 
characterizing material perfOlmance. 

In this chapter, various thelTIlal properties including phase transitions 
(first and second order), chemical reactions, thelTIlal stability, and 
degradation are investigated using various calorimetric techniques. 
Thermal analysis, such as differential scanning calorimetry (DSC) and 
thermal gravimetric analysis (TGA) are frequently used to describe the 
behavior of a polymer composite as a function of temperature. Moreover, 
thermal investigations are of particular interest in polymers and ionogel 
membranes because they provide detailed infmmation on the molecular 
level interactions between the host and the guest and their miscibility (81). 

4.2. Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is used to reveal first and 
second order thermal transitions like melting (Tm), crystallization (Tc), 
and glass transition (Tg) phenomena. 

The differential scanning calorimetry (DSC) is a versatile and powerful 
tool to analyze the thelTIlal behavior of the materials over a wide 
temperature. The DSC is used to detelTIline the temperature, heat flow, 
enthalpy, and specific heat associated with all endothermic (heat absorption) 
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and exothermic processes (heat evolution) of the materials during different 
phase transitions including melting, crystallization, glass transitions, 
oxidation, water loss, and other heat-related changes. A schematic diagram 
of a typical DSC is shown below. 

purge gas Temperature difference 

Inlet: 
sample gas 

Figure 25. Schematic representation of differential scanning calorimeter (82). 

In a typical DSC, the sample and reference pans were heated 
simultaneously at the same rate from a single heating source. The 
difference between the temperatures of the pans was precisely recorded as 
the power difference against the temperature and time. Subsequently, the 
heat difference is calculated from the power difference (76). 

!1P = 
!1Q dt 

Here, the DSC was used to investigate the effects of ionic liquid on the 
thermal and crystallization behavior of the host polymer matrix. DSC 
thermograms of both ionogel membranes exhibited only a single glass 
transition temperature and found to decrease as the IL concentration 
increases. The thermo grams of PMMA/[BMPyr] [TFSI] were shown in 
Figure 26. The Tg of pure PMMA is noticed at 342 K as a sharp 
endothermic event. The addition of [BMPyr] [TFSI] resulted in a shift of 
the transition temperature to lower temperatures, and the peaks were 
broadened with lower values of the change of specific heat (!1Cp). This 
fascinating change may be ascribed due to the formation of hydrogen 
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bonding between the [BMPyr] [TFSI] and PMMA matrix, which was 
further verified from FTIR spectra. The slight decrease in L1Cp at Tg on 
doping of the IL emphasizes the increase in the flexibility and fragility of 
the developed membranes. 

PM MA/[B M Pyr] [TFSI ]  Ionogel I 

- '\ 342.K 
100:0 

-- 90: 1 0  323.92 K 
-

- 80:20 3 1 7.9 K 

3 1q. � 
- 70:30 

. . 
240 260 280 300 320 340 360 380 

Temperature(K) 

Figure 26. Thermograms of prepared ionogel membranes PMMA/[BMPyr] [TFSI] 
wt/wt% a) 100:0 b) 90: 1 0  c) 80:20 d) 70:30 using differential scarming 
calorimetry. 

At the same time, the addition of IL in the PV A matrix may break 
transient coordination bonds between charge carriers, especially the cation 
and oxygen from hydroxyl group in PV A and thus alter the interactions 
between PV A chains resulting in a shift in all phase transitions towards the 
lower temperature side ( 1 1 ,  83-86). In the neat PYA, the broad endotherm 
at around 373 K, attributed to the evaporation of water, masked the glass 
transition. By taking the onset value of the endotherm at 358 K as Tg of 
PYA, the subsequent sharp endotherm at 475 K is attributed to the 
melting. The addition of [EMIM] [SCN] to these two peaks were shifted to 
lower temperatures with a decrease in the heights emphasizing the 
plasticizing effect of [EMIM] [SCN]. 
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Figure 27. DSC thermogram of SPE, PV A/[EMIM] [SCN] wtlwt% a) 100:0 b) 
95:05 c) 90:10 d) 80:20 e) 70:30. 

Thus the glass transition peaks, crystallization, and melting 
temperatrnes of all the films were systematically shifted to lower 
temperatrnes as the concentration of IL is increased. 

4.2.1. Correlation between experimental vahtes and theoretical 
predictions of Tg 

In reality, there is no precise glass transition temperature for polymers 
and their blends, only their glass transition region, since the phase 
transition from the liquid to glass or rubbery state is a gradual process. 
Even the values of Tg are indeed useful for a variety of purposes; no 
sophisticated experimental tool is available to trace the precise Tg values 
of such polymer blends though different experimental techniques leading 
to different Tg values. In this situation, analytical equations were 
developed from theoretical considerations for deducing the Tg as the 
function of the concentration of the dopant if the Tgs of both parent 
compounds is accurately known. Here we are taking the advantage to 
correlate the experimental values with the theoretical predictions (87). 

Several attempts had already been made to find the Tg(x) of the blend. 
Initially, Fox (88) developed an equation for binary systems as follows: 
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1 x, i - Xl - � - +--
Tg Tg, Tg2 

where Tg corresponds to the glass transition temperature of the polymer 
blend, Tgl corresponds to the Tg of the pure polymer matrix, and Xl is 
their mass (weight) fraction, X,--l-XI points out the weight proportion of 
the dopant and Tg:, is the Tg of the dopant. Subsequently, Gordon Taylor 
(89) came up 'With introducing a new parameter and modified the above 
equation as follows: 

�X'cTcg"'c+:...;K"�C(7'C---,X"'7)Tcg,-" 
Tg = -

X, + Kcr(i x,) 

where Kcr = £& has to be supplimented from the experimental data, 
'0, 

which represents the tmequal contributions of components to the blend. 
According to Coushman Karaz (90), the glass transition of the blend 

can be predicted using the equation, 

�x"Tcg"'c+CK;7(lC---,x,,):-:T",g", 
Tg = -

x, +K(l x,) 

where K = 
'\'Cp2 has to be traced out from experimental data (91, 92). 
'\'Cl'l 

'" 

i' 325 
� 

� 300 

250 -Cordon Toylor l'r.di<l;on T, 

-----<:ouchmHn Karaz I'rtditlion T. 

"'7:--7.:--c:,:---oC-7.:-"",--c:,:---,� .(1,2 0.0 0.2 0.4 0,6 0.8 1 .0 1 .2 
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Figure 28_ Theoretical JXedictioo venm ""perimmtal value, of PV A/(EMIM] 
[SeN] membrane,_ 
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Figure 28 depicts the experimental values of Tg along with the 
theoretical predictions; the data deviates from all three equations. 
Deviations may be ascribed as the immiscibility of IL in the PV A matrix. 
It is worth perceiving that the predictions were obtained from 
mathematical manipulations of Tgs of parent compounds with the weight 
ratios without any flexible parameters for fitting. However, experimentally 
observed Tg composition profiles differ from the predictions obtainable 
from the general expression set for immiscible compositions. For such 
crucial situations, modifications were further developed by Ienkel and 
Reusch by proposing an expression accommodating monotonic deviations 
(positive or negative) from the linear combination (93). 

T9 = x,T9, + (1 - x,)T9z + kx1(1 - x,) 

where k is the fitting parameter. Kwei (94) came up with an additional 
parameter q evaluating from the experimental data and modified the 
equation as follows: 

X, T 9, + KKw(l - x,)T 9z T9 = ( )  + qx1(1 - x,) 
Xl + KKW 1 - Xl 

The origins of the Kwei expression are empirical, and the physical 
meaning of the parameters k and q had been a subject of subsequent 
interpretations correlating with the intermolecular interactions between the 
mixture components. 

4.3. Thermal gravimetric analysis 

Thermal gravimetry analysis (TGA) measures the heat flow and weight 
loss in a sample and records various thermal events as a function of 
temperature or time. It is an effective method for investigating changes in 
physical and chemical properties due to various thelTIlal events including 
absorption, desorption, water loss, vaporization, sublimation, oxidation, 
reduction, decomposition, and degradation. Here, the TGA thermo grams 
were used along with their first derivatives (DTGA) to study the thermal 
behavior of all developed ionogel membranes for crucial monitoring of 
their thelTIlal characteristics and degradations. The basic technique used in 
a TGA is their thermobalance. The schematic diagram of the TGA 
instrument is shO\vn below 
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Figure 29. Schematic representation of Thermal Gravimetric Analysis. 
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TGA consists of a sample pan and a reference pan kept in a fumace 
that is supported by a weighing balance. A purge gas of N2 is applied to 
make the sample environment inert to prevent unwanted reactions. The 
change iu mass and temperature is monitored during the analysis. 

The DTGA thermo grams of all ionogel membranes were shown in 
Figure 3 1  and Figure 33. Initially, it was observed that all the ionogel 
membranes exhibited a weight loss iu the range of 333 to 400 K due to 
their evaporation. All PMMAI[BMPyr] [TFSI] ionogel membranes 
showed stability up to 723 K and showed weight loss on further heating. 
The iuitial 9% mass loss in pure PMMA around 373 K, may be ascribed to 
the degradation of the polymer fraction formed by head-to-head liukage 
(95). 

The above degradation iu the neat PMMA can be suppressed by the 
addition of a small fraction of propylene carbonate (PC) that penetrates to 
the host PMMA iuitiating molecular-level mixing and stabilizes the 
domain agaiust degradation (65). However, the addition of PC does not 
make any variation to the degradation temperature of the blend or their 
onset from the host, which is at -673 K. The higher thermal stability of 
[BMPyr] [TFSI] iucreases the thermal stability of the ionogel membrane 
upon their addition. Thus the incorporation of [BMPyr] [TFSI] bypasses 
the complete degradation of PMMA and iucreases their stability by 100 K. 
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Figure 30. Thennograms of prepared ionogel membranes PMMA/[BMPyr] [TISI] 
wtlwt% a) 100:0 b) PMMAIPC c) 90: 1 0  d) 80:20 e) 70:30 f) 0: 100 using TGA. 
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Figure 3 1 .  DTGA curves of pre pared ionogels PMMA/[BMPyr] [TFSI] wtlwt% a) 
100:0 b) PMMAIPC c) 90: 10 d) 80:20 e) 70:30 f) 0: 100. 
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Contrary to [BMPyr] [TISI], [EMIM] [SCN] is a less stable IL having 
stability up to 538 K. Similar to the previous case, initial weight loss is 
from the water loss originating from the hydrophilic nature of neat PYA. 
Later the complete degradation of the PV A film may be due to structural 
degradation. It is worthwhile noting that the increase in the degradation of 
PV A by the addition of IL is only by an increase of around 50 K from the 
host, which is around 575 K. 

PV All EMI M I ISC J lonogei 

1 00 
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.� 50 - 95:05 
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80:20 
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Temperature (K) 
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Figure 32. TGA thermo grams for prepared ionogel membranes PV A/[EMIM] 
[SeN] wt/wt% a) 100:0 b) 90:10 c) 80:20 d) 70:30 e) 0:100. 

It was amazing to note that just a drop of thermally stable IL enhances 
the thermal stability ofthe polymer matrix. 
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Figure 33. DTGA curves of prepared ionogels PV A/[EMIM] [SCN] wt/wt% a) 
100:0 b) 95:05 c) 90:10 d) 80:20 e) 70:30. 

4.4. Conclusion 

In this chapter, DSC and TGA were successfully employed to explore 
the thermal characteristics and the stability of a couple of developers of 
ionogel membranes based on [BMPyr] [TFSI], [EMIM] [SCN] ionic 
liquids. From the results acquired, a deeper insight into elucidating the 
structural as well as chemical changes occurring in the addition of IL in 
the host polymer with different weight ratios was obtained. Thermal 
studies revealed that the incorporation of IL shifted all phase transitions of 
the host polymer to lower temperatures and the thermal stability was 
enhanced due to the plasticizing effect of IL and breakage of transient 
coordinate bonds in the polymer. Addition of IL induces further 
complications in the molecular structure of the host polymer and causes a 
gradual transition towards a more amorphous nature and the reduction in 
their semi-crystallinity index. It has been further noted that the doping 
concentration places a dominant role in both morphological and 
microstructural changes in the polymer matrix due to variations in the 
internal mechanisms. The XRD investigations correlate well with the 
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microstructural changes leading to the decrease in the semi-crystalline 
nature of the membranes. Thus, in summary, the DSC and TGA 
investigations revealed the miscibility between the host polymer and the 
doped IL and the induced morphological changes of the developed fihns 
and their thermal stability on doping. 
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CHAPTER 5 

MOLECULAR DYNAMICS OF IONOGEL 

5.1. Introduction 

Broadband dielectric spectroscopy (BDS) has been widely used as a 
versatile tool to investigate molecular dynamics by probing rotational 
fluctuations of molecular dipoles, charge transport, and hopping of ions. 
By extracting the impedance data and analyzing the dielectric function, the 
composite infOlmation about the molecular ensemble and its dynamics can 
be deduced. This experimental technique helps us study the molecular 
motions on various length scales ranging from the fluctuations within a 
monomeric unit to the entire macromolecular level. Presence of dipoles is 
the prerequisite for the application of BDS to any system since the dipoles 
provide the link between the molecular motions and the interaction with an 
external electric field. This technique can be used to explore a wide variety 
of systems comprising monomers to polymers of different states, including 
solids, liquids, glasses, rubbers, etc. Developments during the last couple 
of decades have enabled this technique to explore the system in an 
extremely wide frequency window of about 15 decades in a single click 
to explore the dynamics at varying time scales by keeping the 
temperature/pressure constant. 
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Figure 34. Broadband dielectric spectroscopy (96). 

This technique measures the complex impedance Z(m) = Z
' (m) + 

Z"(m) of the material in the form of a capacitor, with empty capacitance 
Co, filled with the sample material as shown in Figure 35 .  Accurate 
measurements of electrode diameters (d) and sample thickness (1) are 
essential for accurate measurements of dielectric parameters (impedance, 
permittivity, conductivity, conductance, capacitance, etc.) (97). 

Upper Electrode 
Sample 

Lower Electrode 

Figure 3 5 .  Schematic diagram of a capacitor with two gold plated electrodes.  

A sinusoidal voltage VI (t) =Vxexp Gmt) corresponding to a particular 
frequency m is applied across the sample cell and the corresponding 
current Is(t)=VxexpGmt + <l» is precisely measured. Here, <l> is the phase 
lag between the voltage and current that depends upon the frequency and 
the thermochemical properties of the sample. The schematic diagram of 
the circuit is shown in Figure 36 .  
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Figure 36.  Schematic diagram showing the circuit of Broadband dielectric 
spectroscopy. 

From the applied voltage and measured current, the value of complex 
impedance can be calculated using the following equation: 

V* (w) Z* (w) = t eO)) + jZ"(O)) = I* (w) 

Consequently, some parameters can be derived from the complex 
impedance, the parameters are as follows; the complex permittivity can be 
calculated from the complex impedance using the following equation: 

1 
£* (w) = £ ' (0)) - j£"(O)) = jWCoZ* (w) 

Permittivity is considered a vital material parameter that measures the 
degree to which the molecules of that material oppose the applied electric 
field. The permittivity of a material compared with the permittivity of a 
vacuum (no electrons present) is known as the relative permittivity or 
dielectric constant of that material. The following equation mutually 
interrelates the complex conductivity and the permittivity: 

The real part of the complex conductivity cr' (0)) relates to the electric 
charge flow of various spatiotemporal scales and roughly modeled with 
Johncher's  power law (98): 
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o-'(ru) = 0-0 + Aws 

where A is a constant and s is the power law exponent, O<s<1. As the 
equation indicates, the conductivity is the contrary of the permittivity, 
where it measures the degree to which the molecules of the material favor 
the applied electric field, It is of two types: one due to free electrons, and 
the other due to hopping of ions. Conversely, it can even be classified as 
ac and de conductivity, where the fmmer depends on the frequency while 
the latter is independent of frequency, It may be kept in mind that all the 
three fOlmalisms emphasize different facets of the same underlying 
mechanism and each representation may be preferred in appropriate cases 
to enhance clarity (99), 

In the case of conducting materials; either ionic or electric, the 
dielectric loss spectra are dominated by de conductivity towards low 
frequencies arising from the conductivity contribution of the ions. 
Subsequently, the infmmation on the structural relaxation often is hardly 
observable. The corresponding infmmation available from the real part of 
permittivity will be masked by the electrode polarization ("blocking 
electrodes") at the same time (100), In such crucial situations, modulus 
fmmalism can be used to overcome the problems above as given below. 

1 M'(w) = M(ru) + jM"(ru) = -(-) E' w 

The real and imaginary parts of M* can be interrelated to E* through 
the following relations: 

and 

M'(ru) = 
E'(W) 

(E'(W))2 + (EH(W))2 

M"(ru) = 
EH(W) 

(E'(W))2 + (EH(W))2 

In this fmmalism, temperature-dependent peaks rise from translational 
ionic motions by suppressing the conductivity and electrode contributions. 
Correspondingly, in the modulus formalism, the peaks can be called at the 
conductivity relaxation time. 

Though most of the polymers contain weakly polar groups, and ionic 
liquids contain inbuilt polarity, BDS can be preferred to study the 
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molecular dynamics of ionogel. This work is envisioned to investigate this 
notion in more detail; in this chapter, we are going to discuss the dielectric 
data of two polymers PV A and PMMA and the influence of entrapped IL 
on the molecular dynamics of the polymer matrix in modulus fOlmalism. 
This chapter provides an overview of dielectric information about the 
nature, behavior, and analysis of the relaxation mechanisms and 
macroscopic charge transport phenomena in pure polymer membranes as 
well as in ionogel membranes. 

5.2. Structural relaxation 

The neat PMMA polymer film is rigid, brittle, and transparent with a 
smooth film surface. The main disadvantage of the PMMA film is their 
brittleness. The mechanical properties of the film can be altered by adding 
plasticizers like propylene carbonate. The conductivity behavior of 
PMMA is strongly dependent on the glass transition temperature. 
Relatively, PMMA has a very high glass transition temperature and low 
conductivity in the range of 10.10 S/cm. 

The dielectric permittivity and loss of pure PMMA are shown in 
Figure 37. The dielectric constant, s', shows a strong frequency dependent 
behavior at lower frequencies gradually becoming frequency independent 
towards higher frequencies. This is because at high frequencies the dipoles 
are no longer able to follow the rapid fluctuations in the electric field and 
begin to lag behind the field (101). As the temperature increases, the 
frequency dependence of the dielectric constant also decreased in PMMA, 
due to its rigidity and lack of melt. 

The dielectric loss spectra (E") of PMMA for selected temperatures 
from 263 K to 328 K were shown in Figure 37. Two relaxations are 
observed in the dielectric loss spectra, which linearly depend on 
temperature. Most probably these relaxations are the secondary relaxations 
of PMMA since the glass transition temperature of it is very high. It may 
be a very challenging and time-consuming effort to trace the a relaxation 
of pure PMMA. The observed two dipolar relaxations have a frequency 
dependence to the extent of the particular temperature range, beyond that 
the dependency decreases due to its rigid, brittle nature. One of the 
prominent secondary relaxation, p-process, may arise due to the stepwise 
rotation of the side chain around the carboxyl group along with a small 
angle wagging motion of smaller parts of the backbone chain (102) while 
that of vague y- may be due to localized motions of ethyl units at the end 
of the alkyl group in the side chains ofPMMA (14, 103). 
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Figure 37. The real and imaginary parts of dielectric data of PMMA for selected 
temperatnres. 

In the case of neat PV A, only one relaxation is visible at lower 
temperatures; even that relaxation was gradually getting masked by the dc 
conductivity towards higher temperatures, which may be due to the 

hopping of -OH ions as well as electrode polarization. The real and 
imaginary parts of the permittivity of PV A for selected temperatures 
ranging from 263 to 373 were shown in Figure 38.  The invasion of dc 
conductivity causes an abrupt increase in the dielectric constant of PV A. 

However, at high frequencies, the dielectric constant becomes frequency 
independent and attains nearly a constant value, since, at higher 

frequencies, the dipoles will no longer be able to respond to the rapid 
changes in the field, and subsequently, it will no longer be able to orient 
themselves in the direction of the applied field ( 1 0  I). 

 EBSCOhost - printed on 2/14/2023 12:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



OJ 

1 0' 

1 0' 

1 0° 

Molecular Dynamics of Ionogel 

PYA 

10·' 

L�-.-n-nnr�:::::;::::::���� 

1 0' 

1 0' 

10·' 

10·' 

10·' 1 0° 1 0' 

Freq(Hz) 

79 

Figure 38.  The real and imaginary parts of dielectric data of PYA for selected 
temperatures. 

The addition of ILs in the polymer matrix increases the concentration 

of freely hopping ions and the dc conductivity masks the structural 

relaxation. Thus, it has no longer possible to single out the changes in the 

structural relaxation and study the dynamics. Hence, it is hardly worth 

pursuing the permittivity data of ionogels due to the hike in the dc 

conductivity at the lower frequency side of permittivity. 

5.3. Conductivity relaxation 

As discussed in the previous section, the structural relaxations of all 

ionogel membranes in the dielectric formalism were masked by the dc

conductivity aroused due to the hopping of doped ions in the membrane. 

In such crucial situations, modulus formalism will play a key role in 

analyzing impedance data and deducing the information about rotational 

and translational motions ( 1 04-106, 1 06-11 0). Modulus is nothing but the 

inverse of dielectric permittivity. M'E' = 1 ( I I I). The frequency 

dependent electric modulus M*( (() is given as follows: 
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1 
W(w) = -

( 
-

) 
= M'(w) + jM"(w) E' w 

The real and imaginary parts of M* can correlate to the permittivity 
(£*) through the following relations: 

and 

M'(ru) = 
E'(W) 

(E'(W))2 + (EH(W))2 

M"(ru) = 
EH(W) 

(E'(W))2 + (EH(W))2 

The main advantages of using modulus fOlmalism are: large variations 
in the pennittivity and loss at low frequencies and high temperatures are 
minimized; the electrode polarization effects can be neglected. They occur 
because of the difficulties that occur due to the electrode's nature, 
electrode-specimen contact, injection of space charges, and absorbed 
impurities (78), Since the modulus is independent of polarization P and 
does not make any assumption about the source impedance of the sine 
generator, it can be expressed and derived as follows: 

E E'(w) 
M' (w) = --,0'------c-'-,-'

D'(w) 
iWEoAjd Z'(w) 

l'(w)jU'(w) Z (geometry) 

where E'(w) is the frequency dependent electric field, D'(w) is the 
dielectric displacement, Z' (w) is the frequency domain impedance that 
can be measured as Z'(w) = U'(w)jl'(w), in which U'(w) is the voltage 
across the capacitor, I*(w) is the current across the capacitor, and 

Z (geometry) is the impedence of a disc capacitor of known geometry 
(1 12), 

In this formalism, temperature-dependent peaks can be revealed by 
suppressing the contributions from the hopping of ions and electrode
electrolyte polarization effects. The relaxation time corresponding to the 
temperature-dependent peaks in modulus fOlmalism can be called 
conductivity relaxation time, Although it was introduced initially by 
Macedo (113) and Moynihan (99) to study effects of space charge and 
their relaxation phenomena, M* representation is now extensively used to 
analyze the ionic conductivities (100, 105, 107, 1 12, 1 14-144), 
Consequently, all the data were depicted in the modulus fOlmalism sho\Vll 
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in Figure 39 and Figure 4 0  and fitted with the Havriliak Nigami equation: 

1 
M* Ciw) = M' Ciw) + iM" Ciw) = -

C
" 

) E* LW 

= Moo [1 - r dtexp( - iwt) ( - ��) 1 
and can be written in its Fourier transform as 

Figure 39. Conductivity relaxation in the modulus formalism obtained for the 
prepared ionogel membranes PMMAI[BMPyr] [TFSI] wt/wt% a) 1 00:0 b) 90: 10 c) 
80:20 d) 70:30. 
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Figure 40. Conductivity relaxation in the modulus formalism obtained for the 
prepared ionogel membranes PV A/[EMIM] [SCN] wtlwt% a) 100:0 b) 95:05 c) 

90:10 d) 80:20 e) 70:30. 

When the data of PMMA/[BMPyr] [TFSI] is represented in the 
modulus formalism, only two relaxations were found in all films, as in 
pure PMMA. Thus the entrapment of IL in the PMMA matrix causes 
enhancement in the hopping of ions and does not make any further 
relaxations in the matrix. This is because [BMPyr] [TFSI] is miscible in 
PMMA, which is evidently observed from the SEM image and DSC 
results discussed in detail in chapters 3 and 4. The observed two 
relaxations linearly depend on temperature, which identifies them as 
secondary relaxations of PMMA, since it shows less shift towards higher 
frequencies on increasing temperature. Such temperature independent 
relaxation may be due to dipolar fluctuations produced due to the side 
chains of PMMA and confirms the lack of melt of the ionogel membrane. 

However, the amalgamation of IL increases the temperature 
dependence of the relaxation resulting in a shift towards the higher 
frequency side compared to the neat polymer. This may be due to the 
increased thermal stability and decreased fragility of the film. Thus the 
plasticizing effect of [BMPyr] [TFSI] increases the freedom of hopping of 
ions by decreasing the viscosity of PMMA. It is observed that the 
relaxation spectra get more temperature dependent on adding ionic liquid 
into it, signifying the increased amorphocity and flexibility of the film. 
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Figure 41. Different structural relaxation processes in the neat PM:MA membrane 
in modulus formalism. 

The addition of [EMIM] [SeN] IL in the PYA matrix increased the 
munber of relaxations in the membrane in modulus fonnalism. Two 

relaxations can be seen in the spectra, one prominent relaxation fOlUld in 
all investigated concentrations at higher frequencies are ascribed to pure 

intrinsic dipolar relaxation due to the bulk polarization effect of PV A, 
while the second slow process seen in 95:05 and 90:10 weight ratios of 

PV A/[EMIM] [SeN] are attributed to interfacial polarization (IP) or the 
Maxwell-Wagner-Sillars (MWS) effect (84, 145). Thus at low temperatures, 

two sets of peaks are apparent, corresponding to bulk and interfacial 
polarization effect, respectively. Meanwhile, at the higher temperature 

region (Figure 40), only one set of the peak is obvious, corresponding to 
inter dipolar relaxation due to bulk polarization. This is because of the 

immiscibility of IT., in the PYA matrix, where [EMIM] [SeN] is just 
entrapped in the host matrix without fonning any additional bonds or its 

breakage. It is visible from the wrinkled patterns in the SEM image, where 

the IT., flows like a lake in the PYA matrix and is not miscible as it is in the 
P:Ml\.W[RMPyr] [TFSI] ionogel membrane. As the temperature increases, 

the viscosity of PYA decreases, which effectively reduces the dielectric 
boundary between the host and the dopant which in tum allows all the 

charge carriers to hop substantially at the same frequency. The same 
occurs with an increase in the concentration of the IT., frequency of 

relaxation due to IP and bulk merge due to the plasticizing nature of 
[EMIM] [SeN]. 
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Temperature dependence of the relaxation time 

Introduction of ionic liquids in the polymer matrix facilitates the 

relaxation process to higher frequencies much more naturally. The 

variation of the characteristic relaxation time '[ can be expressed by the 

well-known Arrhenius equation, given as follows: 

where the pre-factofToo and the activation energy Ea are the governing 

parameters. The above equation relates to the relaxation time (Tmax) with 

the temperature (T). The temperature dependence of the conductivity 

relaxation times of PMMA/[BMPyr] [TFSI] ionogel membranes were 

shown in Figure 42. 
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Figure 42. Logarithmic representation of relaxation time versus inverse 
temperature for different processes in P:rvThW[B11Pyr] [TFSI] membranes with 
various weight ratios. 

It is found that the activation energies of all PMMA-based ionogel 

membranes decrease with the increase in temperature which is a standard 
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criterion for all ionic conductors (126). It is interesting to note that the 
activation energy decreases with the increase in the doping percentage of 
[BMPyr] [TFSI] until 20%, above which it is found to increase, signifying 
that it requires more energy to make the molecules free to undergo 
relaxation as well as the ions to hop in response to the applied electric field. 

Table 16. Change in activation energy, Ea. and Log (""Co) for various weight ratios 
ofPMMAI[BMPyr] [TFSI] membranes 

Sample 13- Relaxation y- Relaxation 
PMMAI[BMPyr] [TFSI] 

Log (co) Ea(eV) Log (co) Ea(eV) 

1 00:00 -9.01127 00.362 -9.93224 0.352 

90:10 -8.01771 00.292 -8.9768 0.281 

80:20 -7.1822 00.236 -6.51859 0. 1 1 0  

70:30 -7.79179 00.269 -6.43401 0. 10 

Similar behavior is observed for PV A/[EMIM] [SeN] ionogel 
membranes. The activation energies of all ionogel membranes decreases 
with an increase in temperature as mentioned above (126). As in the case 
of a PMMA-based ionogel, the activation energy decreases with increases 
in the concentration of [EMIM] [SeN] up to a concentration of 20% IL, 
above which some hindrance is caused for charge transport due to the 
accumulation or agglomeration of excess ions in the host matrix. The 
temperature dependence of the conductivity relaxation times of 
PV A/[EMIM] [SeN] ionogel membranes was shown in Figure 43, and the 
fitting parameters, activation energy, and log (""Co) for various weight ratios 
of the membranes were tabulated in Table 17. 

Table 17.  Change in activation energy, Ea and, Log (""Co) for various weight ratios 
ofPV A/[EMIM] [SCN] membranes 

Samples Ionic conductivity bulk Ionic conductivity interfacial 
PVA/[EMIM] polarization polarisation 
[SCN] Log (to) Ea(eV) Log (to) Ea(eV) 

1 00:00 -7.85 0.234 

95:05 -7.7705 0.185 -24.7859 1 .35 

90:10 -7.44781 0.149 -24.9694 1.34 
80:20 -7.42622 0.148 

70:30 -8.30317 0.256 
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Figure 43. Logaritlnnic representation of relaxation time versus inverse 
temperature for different processes in PV A/[EMIM] [SCN] membrane with 
various weight ratios. 

5.4. Conclusion 

Broadband dielectric spectroscopy was successful in investigating the 
molecular dyuamics of PMMA/[BMPyr] [TFSI]. PV A/[EMIM] [SCN] 
ionogel membranes over a wide frequency range for selected temperatures. 
The polymer matrices PV A and PMMA were initially explored to 
understand the behavior of the host platforms. It was found that PMMA 
fihn has two to three observable secondary relaxations. which were 
comprehended from the dielectric data itself. Meanwhile. the PV A has only 
a single relaxation visible within the experimental window. which is 
masked by the dc-conductivity at higher temperatures. The incorporation 
of IL in the polymer resulted in impressive improvements in their 
mechanical and electric properties. The heterogeneity in their morphology 
greatly influences their charge transport mechanism; the addition of 
[BMPyr] [TFSI] in PMMA increases the flexibility with a strong 
temperature dependence on the relaxation. The addition of [EMIM] [SCN] 
in PYA gives rise to wrinkled patterns in the ionogel causing additional 
pathways for charge transport mechanism from interfacial polarization. 
The temperature dependence of the conductivity relaxations revealed that 
the ionogels with 20% IL concentration yielded minimum activation energy 
with superior performance to project these to be the optimum concentration 
for practical applications. 
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CONDUCTIVITY STUDIES 

6.1. Introduction 

Broadband dielectric spectroscopy can also be used as an ideal tool to 
explore the charge transport mechanism due to translational diffusion of 
charge carriers and hopping of ions in a conducting system. It covers a 
broad frequency range over 10-' to 107 Hz with widely varying 
temperature. Thus this technique is suitable for investigating molecular 
and collective fluctuations, charge transport, and polarization effects at 
inner and outer dielectric bOlUldaries of the material being studied for both 
electrical and non-electrical applications (146, 147)_ BDS dominates other 
dielectric experiments because other experimental techniques were either 
limited to high or low frequencies and thus fail to capture conductivity 
dynamics precisely in a limited temperature range. The charge transport 
mechanism can be explored in detail from complex conductivity since it is 
due to the translational diffusion of the charge carriers in a conducting 
system_ It is a well-known fact that the complex impedance plot consists 
of two regions: a semicircular arc in the high-frequency region and a 
straight line incline concerning the real axis in the low-frequency region 
(84)_ The arc at high frequencies is allied to the conduction process, and 
the straight line at a lower frequency is correlated to electrode/electrolyte 
interfacial properties (84)_ The conductivity of the ionogel membranes was 
calculated from the measured resistance, area and thickness of the polymer 
film using the following equation: 

Gl 
a = -

A 

where A is the area of the gold plated electrodes (cm') as shown in Figure 
35, I is the thickness (cm) of the membranes, and G is the conductance of 
the film, which can be expressed as follows: 
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where Rb, the bound resistance can be measured from the Nyquist plot. 
As mentioned in chapter 5, the conductivity and the complex 

permittivity of the samples are mutually correlated as follows: 

o-'(w) = o-'(ru) + jo-"(ru) = jWEoE'(W) 

The real part of the complex conductivity cr '  (ru) relates to the electric 
charge flow of various spatiotemporal scales and is roughly telTIled in 
terms of Iohncher's equation (98), 

o-'(ru) = 0-0 + Aws 

where A is a constant and n is the power law exponent, O<s<1.  
In this chapter, the response of the developed ionogel membranes to 

the applied electric field were investigated in a broad frequency and 
temperature range, Subsequently, this study umavels the role of doped IL 
in the host polymer matrix on quantities such as de conductivity, diffusion 
of dielectric boundaries, and viscosities. 'When the infOlmation elucidated 
from BDS is used in conjunction with other techniques, such as current
voltage response, a wealth of information about charge transport, 
translational diffusion, and gradual transfOlmation of non-conducting 
polymers towards semiconducting behavior upon IL addition can be 
explored, 

6.2. Nyquist Plot 

The typical impedance plots (Z' vs. Z") for ionogel membranes were 
drawn in the name of Nyquist plots, to unfold the impedance behavior of 
the membranes at room temperature (303 K), 

In general, the obtained complex impedance from BDS for ionogel 
membranes consists of two well-defined regions: one semi-circle in the 
higher frequency range corresponds to the conduction process and, second, 
a spike in the low-frequency region attributed to the effect of interfacial 
polarization between the IL and the polymer matrix, The diameter of the 
semi-circle in the higher frequency indicates the bulk resistance (R2). Once 
the bulk resistance is knO\vn, we can calculate the conductivity of the 
membranes using the relation, 

 EBSCOhost - printed on 2/14/2023 12:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



Conductivity Studies 

L 
(J = AR/ 
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where L is the thickness of the sample, and A IS the electrode area, 
respectively. 
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Figure 44. Nyquist Plot obtained for prepared PMMA/[BMPyr] [TFSI] ionogel. 

The inset shows an equivalent electric circuit used to model the impedance curve 
in which CPEl is the geometrical capacitance of electrolyte, CPE2 is the 

capacitance of the double layer formed at the electrode-electrolyte interference, 
and R is resistance. 

The PMMA/[BMPyr] [TFSI] ionogel had one small semi-circle and a 
long spike as shown in Figure 44, while that of PV A/[EMIM] [SCN] had a 
major semi-circle with a small spike in the low-frequency side, as depicted 
in Figure 45. This contrary behavior may be credited to the morphological 
difference of the ionogel membranes. In PMMA-based membranes the 
doped ionic liquid [BMPyr] [TFSI] was chemically bonded with the 
PMMA to form a miscible transparent ionogel membrane, while that of 
PV A/[EMIM] [SCN], the trapped IL, is just entrapped in the PV A matrix 
without any additional bond breakage and formation. This discrepancy 

caused the formation of a dielectric boundary between the IL and PV A 
matrix nurturing to form a dominant semi-circle in the Nyquist plot. 
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Figure 45. Nyquist Plot obtained at room temperature (303K) for PV AI[EMIM] 
[SCN] SPE membranes a) 100:0 b) 95:05 c) 90: 1 0  d) 80:20 e) 70:30 f) equitant 
circuit. 

The impedance behavior of the ionogels was fitted using Zview 
software with an equivalent circuit as shown in the inset scheme in Figure 

45. For PMMAI[BMPyr] [TFSI], one tank circuit with additional 
pseudocapacitance in the series was used; at the same time, two tan circuits 
in series were used for PV AI[EMIM] [SCN] ionogel membrane. The 
respective models were in good agreement with the experimental values 
and were shown as an inset in Figure 44 and Figure 45. From the fit 
parameters, the pseudocapacitance values for PMMAI[BMPyr] [TFSI] and 
PV AI[EMIM] [SCN] were calculated and tabulated in Table 17, in which 
CPE is a constant phase element in the equivalent circuit, CPE-T is the 
pseudocapacitance which is called Q and CPE-P related to the depressed 
semicircle in the Nyquist plot depicted as n; then the pseudo capacitance 

 EBSCOhost - printed on 2/14/2023 12:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



Conductivity Studies 9 1  

(148) can be calculated in tbe order of l O-6 Pcm-2 from tbe equation (149)_ 

1-n 1 
C = R----;;-Qn 

Table 18 .  The fit parameter obtained from the equivalent model circuit using 
Zview software for ionogel membranes. 

PMMA/ Rl CPEI-T CPEI-P CPE2-T CPE2-P C 
[BMPyr] (MQ) ([!F) (�F) ([!F) (�F) 

'on , 
= RnQn 

[TFSl] ([!F) wVwt% 
100:0 0.68574 0.001378 0.93809 0.001302 0.96964 0.00087 
90:10 

0.011415 0.08594 0.92789 0. 16075 0.95871 0.050166 
80:20 0.003183 0.065557 1 .273 0.25098 0.88824 0.403583 
70:30 0.006376 0. 16845 0.91583 0.34732 0.94338 0.089868 

PVA/[E Rl (MQ) Cl(F) R2(MQ) CPE2 (F) n C 
MIM] 'on , 

= RnQn 
[SCN] ([!F) wVwt% 
100:00 0.873 1 .734E- 83.6 3.604E- 0.8 0.00015 

1 1  10 

95:05 1.68 1 .218E- 9.28 5.387E-8 0.62 0.0352 
1 1  

90:10 0.841 1 .436E- 10.22 3.97E-1O 0.87 0.000173 
1 1  

80:20 0.848 1 .34IE- 1 . 1 8  3.07E-6 0.8 4.24 
1 1  

70:30 0.049 4.52E-1 1  4.41 5 .867E- 0.92 0.000028 
1 1  

From the fit parameters and calculated pseudocapacitance, a similar 
behavior of capacitance was observed for two sets of ionogel membranes. 
Maximum capacitance is observed for the ionogel membrane with 20% 
ionic liquid. Further increase of ionic liquid decreases the movement of 
ions due to agglomeration that may restrict the hopping of ions. 

6.3. Cole-Cole Plot 

Robert Cole contributed a universally powerful tool to tbe present 
dielectric relaxation results through the Cole-Cole plot. The Cole-Cole plot 
is an Argand diagram or complex locus diagram of the complex dielectric 
constant, where £"(0)) plot as a function of£'(O)) (150). The complex 
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dielectric in the applied ac field can be written as follows: 

£'Cw) = dru) - j£"Cru) 

where ill is frequency as a parameter. 
The dielectric constant can be expressed in telTIlS of decay time for the 

materials that retain their polarization even after stopping the applied 
electric field. This may cause it to have a decay time to attain the 
equilibrium, a phenomenon called the Debye relaxation. The Cole-Cole 
plot can effectively be used for a complete understanding of the electrical 
properties of the ionogel membranes. For a dielectric sample, the Cole
Cole plot is a semi-circle for single relaxation time, but for conducting 
samples, there will be a spike or line the closer it is to the line parallel to 
the y-axis that the sample is conducting most. 

The Cole-Cole plot for PMMA![BMPyr] [TFSI] ionogel membrane 
was sho\Vll in Figure 46. Through close examination, it will be understood 
that the PMMA membrane is a pure dielectric sample with a single semi
circle and a small spike. The radius of the semi-circle determines their 
dielectric strength; on the addition of IL, it is found that the radius of the 
semi-circle decreases while the length of the spike increases and tends to 
be parallel to the y-axis until 20 % of IL; beyond that, the sample showed 
a unique nature. This emphasizes that the entrapment of [BMPyr] [TFSI] 
increases the ionic conductivity of the membrane. 

Similar behavior is observed for PV A/[EMIM] [SCN] ionogel 
membranes as shown in Figure 47; the only difference is that the neat 
PV A itself shows a spike after the semi-circle. In addition, in ILs, the 
radius of the semicircle is found to decrease, and the spike is found to be 
most parallel to the Y-axis. 
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Figure 46. The Cole-Cole plot for PMMAI[BMPyr) [TFSI) ionogel membrane 
with different weight ratios. 
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Figure 47. The Cole-Cole plot for PVAI[EMIM) [SCN) ionogel membrane with 

different weight ratios. 
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6.4. Transport properties 

It is necessary to measure the electrical conductivity of ionogel 
membranes with varying wt ratio of ILs close to room temperature in a 
wide frequency window (10-1 to 107), in order to have a better 
understanding of the charge transport mechanism of the fihlis. Even 
though the dopant in the matrix is the same, there is a possibility of chaotic 
behavior in varying the weight concentration of the dopants. Thus, the 
complex conductivity of all ionogel membranes with varying 
concentrations of IL has been measured to have an insight into the charge 
transport mechanism of the ions in the matrix. 

'" �� '" ,-------
";:" 0  .. 100:0 _ lO 'E95:::::O::5 �� = -263K E 10-10 

U 10-11 U � -!73K _ _ ll ' __ �;;--: � '0-1: 
Bulk Polari.atiOD_2S3K �lO 1-

-293K _J" -
-303 K  -bJ)1O -

.:'1I lO·lJ EP- -lU K '- _lJ r:FJ ectrode polarisation 323 K r:FJ 10 
-3.33 K lO-

H

t<"--.-�-�_--.-'=#"'I 
Bulk Polari.ation 

10-1 10' ....l0' 10' JIl' 10' 10' 10-
�reQ. IHz1 

Figure 48. Frequency dependence of the real part of complex conductivity for 

selected temperatures of PVAI[EMIM] [SCN] ionogel membrane wtlwt% a) 100:0 
b) 95:05 c) 90:10 d) 80:20 e) 70:30. 

Figure 48 shows the variation of electrical conductivity with [EMIM] 
[SCN] loading in the temperature range of 263 K to 343 K in a wide 
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frequency window. At high temperatures, the frequency independent dc 

plateau was very evidently observed in all ionogel membranes.  This 

conduction of ions may be attributed to bulk polarization mechanisms 
since it starts right from high frequencies, where the charge carriers are 

independent of the applied frequencies since they fail because of the rapid 

changes caused due to frequency oscillations in the electrical field. As the 
temperature decreases additional relaxation is visible; this is because, at 

lower temperatures, the exchange of charge carriers takes place through 

different channels present in the ionogel membrane. The frequency 

dependence of the real part of bulk ac conductivity cr' (ro) is adequately 

described by Ionscher's  power law (JPL) (98) 

where O"acis the ac conductivity, 0"0 is the limiting zero frequency 

conductivity O"de> A(T) is the temperature-dependent parameter, ill = 2nf is 

the angular frequency, and s (0 < s < 1 )  is the power law. However, at a 

lower temperature, considering two processes separately with IPL will be 

enough to elucidate information regarding the frequency independent 

plateau of two hopping, i .e . ,  crdc . 
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Figure 49. Temperature dependence of dc conductivity of PMMA/[BMPyr] [TFSI] 

ionogel membrane PMMAI[BMPyr] [TFSI] wt/wt% a) 1 00:0 b) 90: 1 0  c) 80:20 d) 
70:30.  
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However, in the case of electrical conductivity of PMMA/[BMPyr] 
[TFSI] the ionogel membrane consists of tlnee distinct regions: a low
frequency dispersion due to electrode electrolyte or the space charge 
polarization effect (lS I ,  152), an intermediate plateau that is ahnost 
frequency independent and can be considered as dc conductivity (Y de and, 
finally, frequency dependent conductivity. But it is observed that PMMA 
is a lack of the intermediate plateau of dc conductivity, it showed only the 
electrode electrolyte polarization as well as frequency dependent 
conductivity. The temperature dependence of the dc conductivity is shown 
in Figure 49. 
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Figure 50. Temperature dependence of ionic conductivity b) temperature 
dependence of ionic conductivity arose due to interfacial polarization or Maxwell
Wagner-Sillars polarization. 

Since the two cases are contrary in terms of charge transport 
phenomena, the addition of [BMPyr] [TFSI] in the PMMA matrix just 
increases the temperature dependence of the conductivity relaxation due to 
bulk polarization and increases their stability and fragility, but the addition 
of [EMIM] [SeN] in the PYA matrix formed one additional relaxation due 
to interfacial polarization. This awkward behavior arose due to the nature 
of bonding between the IL and the polymer matrix. In PMMAI[BMPyr] 
[TFSI] ionogel membrane, IL is entrapped in the matrix using additional 
hydrogen bonding; this chemical bonding made the film more flexible and 
will attain a tendency to act as one bond in the presence of the ac field. 
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However, in the PV A/[EMIM] [SeN] ionogel, the IL is just entrapped in 
the matrix without any additional bond fOlmation and bond breakage, 
causing a dielectric boundary between the soft and hard regions. The 
conductivity of all ionogel membranes was found to increase with 
temperature. The conductivity of PV A was found to be insignificant since 
the dc conductivity is restricted to the small frequency area and is solely 
due to bulk polarization. However, at two specific temperatures, 303 and 
313 K, it shows additional dc conductivity in the lower frequency region, 
which may be ascribed to the sample electrode interface. The addition of 
[EMIM] [SeN] has produced two conduction mechanisms; one due to 
bulk polarization mechanisms and the second due to hopping of charge 
carriers within a microscopic distance and due to their being trapped at 
inner dielectric boundary layers generating interfacial polarization (IP) or 
Maxwell-Wagner-Sillars polarization (MWS) at low-frequency range 
(153). IP appears in the samples exhibiting heterogeneity since the ionogel 
membranes are made up of semiconducting lakes (usually represented as 
"semiconducting islands" for dopants in solid form (154), here ours is a 
liquid) in an insulating matrix. Such charge carriers attempt to follow an 
alteration to the applied field at lower frequencies than the time scale of 
typical dipolar relaxation. Thus, IP arises from the ionic polarization 
occurring at the interface of soft (trapped [EMIM] [SeN]) and hard 
(Polymer matrix) (83, 84, 86, 155-57) as well as from variations of the 
morphology between amorphous and semi-crystalline segments. The ionic 
conductivity due to IP increases initially with an increase in the 
concentration of IL then found to merge with the bulk polarization effect 
due to the plasticizing nature of [EMIM] [SeN]. 

It is visible that the conductivity increases with an increase in weight 
ratios of IL till 20%, a further increase, and a decrease in the conductivity, 
which indicates the reducing degree of freedom due to the bulky nature of 
ILs. Further, it is noticed that the dc conductivity and temperature 
relationship between (log (J and 1000/T) obey Arrhenius law. 

-Ea 
(Jdc = (Joexp ( KT ) 

where 0"0 is a re-exponential factor, Ea is the conduction activation energy, 
K is the Boltzmarm constant, and T is the temperature in Kelvin 
(calculated and tabulated in Table 18). 
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Table 19 .  Activation energy, Ea, and Log (aD) for various weight ratios of 
prepared ionogel membranes PMMA/[BMPyr][TFSland PVA/[EMIM] [SCN] 
ionogel membrane 

PMMAI[BMPyr] [TFSI] Log (uoJ EA(eV) 
wt/wt% 
90:10 1 1 .53 1.43 
80:20 12.55 1 .38 
70:30 1 1 .37 1 .30 

Samples Ionic conductivity bulk Ionic conductivity interfacial 
PVA/[EMIM] polarization polarization 
[SCN] Log (uoJ Ea (eV) Log (uoJ Ea (eV) 
100:00 -9.5833 1.90 

95:05 -5.51604 1 . 10  7.95848 1 . 1 5  
90:10 -6.46637 1 .28 6.54665 1 .04 
80:20 -5.68015 1 . 1 3  

70:30 -5.97923 1.90 

Remarkably, the incorporation of IL into the polymer membranes 
results in a considerable increase in the ionic conductivities of the 
membranes with an increase in the amount of IL at all the temperatures 
examined; however, it abruptly decreases with the addition of excess IL. 

The addition of IL distributed homogeneously through the PV A matrix 
in a composite electrolyte membrane creates a high degree of continuous 
transfer channels for ionic hopping, thereby resulting in higher 
conductivity. However, with a further increase in IL, the blocking effect 
starts to predominate due to the agglomeration of ions in the matrix, thus 
reducing the conductivity of the composite membrane (149). 

Figure 50 clearly shows that the incorporation of [EMIM] [SeN] can 
yield higher conductivity with decreased activation energy until 20% of 
IL, whereas a higher amount of IL demands more energy to make the ions 
free enough for hopping, as shown in the schematic diagram in Figure 51 .  
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Figure 51.  Schematic diagram showing the transfer pathways in lower 
concrntration and blockage of pathways due to agglomeration in a higher 
concrntration ofa in the polymer matrix. 

6.5. I-V Characteristics 

The leakage current characteristics of all ionogel membranes were 
studied using a Keithley instrument. The corresponding J-V curve of 
P1fMN[BMPyr] [TISI] and PVA/[EMIM] [SeN] membranes were 
depicted in Figure 52 and Figure 53. No hysteresis was found in the J-V 
characteristics because the forward and reverse sweep direction eliminates 
the possibility of deep traps in the P1fMA and PYA films (158). 

It is observed that the leakage current increases with an increase in the 
concentration of [BMPyr] [TISI] in the PM:MA matrix. The maximum 
obtained leakage current for P1fMN[BMPyr] [TISI] ionogel membrane is 
5.05xlo-' Ncm2 for 30% doped ionic liquid, while that of the pure PM:MA 
film is 7.50xlO-9 Ncm2 at 4 KVlcm. This may be attributed from the 
hopping mechanism of ions in the ionogel membranes, causing the 
membranes to have sufficient energy to push against hydrostatic pressure 
and create a space for a molecular motion to occur. The asymmetric 
modulation at 0 V may be due to contact charging between the polymer 
film and the metal surfaces. 
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Figure 52. a) The leakage current characteristics of prepared ionogel membranes 
PMMAI[BMPyr] [TFSI] wt/wt% a) 100:0 b) 90:10 c) 80:20 d) 70:30 measured at 
room temperature. (b) Leakage current density for ionogel membranes 
PMMAI[BMPyr] [TFSI] wt/wt% a) 100:0 b) 90:10 c) 80:20 d) 70:30 fitted by 
space charge limited conduction (SCLC) mechanism. 

The leakage current characteristics of PV A and when doped with ionic 
liqnid are shown in Figure 53_ Similar behavior is observed for the J-V 
characteristics of the PV A/[EMIM] [SeN] ionogel membranes_ The 
leakage current increases with the concentration of ionic liquids from 
L59x 10-8 A/cm2 at 5 KV/cm to Ll Ox 1 0-3 A/cm2 leakage current at 5 
KV/cm for 70:30 weight ratio ofPV A/[EMIM] [SeNl- The same hopping 
mechanism as mentioned for PMMA membranes is responsible for the 
increase in the leakage current and consequently attained sufficient energy 
to push against hydrostatic pressure and create a space for a molecular 
motion to occur_ The PV A film doped with 30% IL could not sustain a 
higher electric field and leads to burning, so we have to measure it at a low 
field only due to the aggregation of [EMIM] [SeN] in the PV A matrix 
(78)-
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Figure 53. The leakage current characteristics ofPV A and ionic liquid doped PV A 
films measured at room temperature. b) Leakage current density for PV A and 
PV A-IL films fitted by space charge limited conduction (SCLC) mechanism. 

Figure 53 depicts the log (J) versus log (E) plots at the lower electric 

field, which represents the SCLC mechanism. The slopes are 
approximately one at low electric fields, indicating Ohmic conduction 

behavior. Pure PYA and 5% IL-doped PYA films show an Ohmic 
conduction mechanism. As the concentration of ionic liquid increases to 
10% and higher, the slope is no longer linear and does not exhibit an 
SCLC mechanism. This is due to the translational hopping of [EMIM] and 
[SCN] ions through the polymer matrix. For PV A with 20% IL, the 
current sharply increases at high electric fields due to an increase in the 
free ions for conduction, while for PV A with 30% IL shows a negative 
slope at a higher field, which means the current decreases with the 
increase in the field. This may be due to the blocking effect of ions on the 
sample electrode interface. 

6.6. Conclusion 

This chapter describes the charge transport mechanism of developed 
ionogel membranes using broadband dielectric spectroscopy and I-V 
characteristics. In particular, the integration of ionic liquids in the non
conducting polymers increased the ionic conductivity of the matrix 
substantially. The use of ionically conducting ionic liquids in the polymers 
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alleviates problems in the PV A and PMMA by increasing the conductivity 
and flexibility of the film. The high degree of compatibility between the 
matrix and doped IL makes them particularly interesting for making new 
transfer pathways for the ionic hopping. The diverse morphology of IL as 
well as the matrices significantly affected the mode of the transport 
mechanism. The parameters of ionic hopping depend upon the interaction 
of IL with the polymer matrix and specific morphological order of the IL 
molecules. Comparing the results obtained the miscible PMMAJ[BMPyr] 
[TFSI] membranes, which showed an increase in the temperature 
dependence of the conductivity while that of PV AJ[EMIM] [SCN] with a 
wrinkled pattern exhibited one additional dc conductivity at a lower 
frequency region due to interfacial polarization caused upon crossing the 
boundary between the trapped IL and PV A. It can be concluded that the 
dynamic dielectric response of the membranes was sensitive to the fine 
structure of the membranes. This provides a new possibility to separately 
determine the correlation between morphology and ionic mobility. The 
same strategy can be employed to unravel charge transportation in a 
different class of polymer composites and blends. The ionogel membrane 
with its high value of conductivity along with better thermal and 
mechanical properties is desirable for its possible use in devices. 
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CHAPTER 7 

ApPLICATION 

7.1. Introduction 

The unique chemical and physical properties of ionic liquids include 
non-volatility, high thermal stability, high ionic conductivity that enables 
transport of charge, reduced toxicity, good solvents for both organics and 
inorganics, non-flammability that reduces the risk of ignition, wide 
electrochemical window up to seven volts that allows stability towards 
oxidation and reduction processes, and high thennal stability, up to 300-
400°C, which makes them interesting to employ as prominent candidate 
electrolytes (159, 160). A standout among tlie most imperative application 
research areas for IL usage is undoubtedly their energy application. There 
is an increasing demand for clean and sustainable energy, especially for 
energy storage and conversion materials and gadgets. Ordinary precedents 
are lithium batteries and fuel cells, which have commercial application in 
hybrid, electric, and fuel cell vehicles as well as for stationary use in 
homes and buildnigs, up to large power grid-scales that has already 
commenced (160). However, at the same time, its liquid nature- molten 
salts having melting points lower than 200 °C, and most of them having 
leakage problems-reduces tlieir application. Nowadays solid state 
devices received great interest since they have unconventional physical 
properties that are superior, in many respects, to those of ILs. In addition 
to ILs, remarkable features, ionogel membranes also typically have 
reasonable conductivities, thelTIlal stabilities and a wide electrochemical 
wnidow contributing to tlieir potential as solid-state electrolytes for 
electrochemical capacitors, sensors, separations, and organic synthesis. 
They are also being developed for energy devices such as batteries, fuel 
cells, and photoelectrochemical solar cells, etc. 

The present themed issue demonstrates the potentialities of the 
developed two ionogel membranes namely PMMAJ[BMPyr] [TFSI] and 
PV AJ[EMIM] [SCN] in electrochemical applications such as capacitors, 
optoelectronic devices, sensors, etc. 
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7.2. Capacitor applications 

An electrochemical capacitor is an attractive energy storage device 
used to store energy in the form of an electrical charge producing a 
potential difference (static voltage) across their plates ( 16 1 ). Thus, a 
capacitor is an energy storage device with high power density, fast 
charging and discharging, long cycle life, excellent reversibility, and good 
safety. A standard capacitor is made up of two or more parallel conductive 
(metal) plates electrically separated either by air or any other dielectric. 
The conductive metal plates of a capacitor can be of any shape, such as 
circular, square, or rectangular, or they can be of a cylindrical or spherical 
shape with the general shape, size, and construction of a parallel plate 
capacitor depending on their application and voltage rating (161) .  

PVAlEMI. SC 
Electrolyte 

Ag Electrode 

Figure 54. The schematic diagram of a PV A/[EMIM] [SCN] solid electrolyte 
capacitor. 

The capacitance and electrochemical stability window of the IL-based 
solid-state polymer electrolyte were estimated using cyclic voltammetry 
(CV) performed on an Agi PV A/[EMIM] [SCN] I Ag cell using an 
electrochemical analyzer (model 608C, CH Instruments, USA). The 
schematic representation of the cell is shown in Figure 54. All the 
measurements were performed in a two-electrode system in the potential 
range between -1  to 1 V with a scan rate of 20m V Is at room temperature. 
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Sample 

Electrode Electrode 

Voltal!:e Vc 

Figure 5 5 .  The typical diagram showing the measurement set up for IV
characteristics .  

Cyclic voltammetry (CV) gives information about the nature of charge 
storage at the individual interfaces of the membrane in the anodic and 
cathodic regions. A CV can also be performed in a two-electrode 
configuration, particularly, in solid state-like capacitors, double-layer 
capacitors, and supercapacitors from which the overall behavior of the 
membrane can be characterized. In this work, CV was used to measure the 
electrical capacitance of the PV A/[EMIM] [SCN] membranes with Ag 
electrodes, which depends solely on the accessible surface area and ion 
concentration of the solid polymer electrolyte films (1 62). The profiles 
obtained for AglPV A/[EMIM] [SCN] lAg are shown in Figure 56. As the 
concentration of IL increases to 20%, the shape of the CV approaches a 
rectangular shape; at a further increase of [EMIM] [SCN], the shape is no 
longer rectangular, it becomes fish-shaped, indicating it has diffusion 
problems due to aggregation of the [EMIM] [SCN]. 
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Figure 56. Cycle voltammetry of AglPV AI[EMIM] [SCN] IAg capacitor with a 
different weight ratio of PV A/[EMIM] [SCN] at room temperature. 

There were no faradic peaks or other peaks suggesting 

adsorption/desorption effects, and only the capacitive current due to the 
electrode-electrolyte interface and the onset of oxygen reduction were 

observed for all membranes ( 1 63) .  The amount of charge stored in the 

membrane can be calculated from the area under the profiles obtained 

from CV using the following equation. 

A 
C = -----

2k(£2 - £1) 

where C is the capacitance of the membrane , A is the area under the 

profile, K is the scanning rate, E2 is the final voltage, and El is the initial 

voltage. The estimated capacitances were tabulated in Table 1 9. 

Table 20. The estimated capacitances for various weight ratios of SPE membranes 

Samples Area E2 (V) El (V) Capacitance 
PV AlfEMIMl fSCNl C/g 
1 00 :00 1 . 87E-07 1 . 5  - 1 . 5  1 .56E-06 

90: 10  0.002842 1 -1  0 .03552149 1  

80:20 0.02 1 325 1 -1  0.2665673 84 

70:30 1 .90E-05 0 .5  -0.5 0 .000475367 
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It is fascinating to note that the area under the profile increases with 
increasing concentration of [EMIM] [SCN] till an 80:20 weight ratio, 
which in tum increases the capacitance of the membrane and attains a 
maximum of 0.26 C/g for 80:20 PV A/[EMIM] [SCN] membrane and also 
inhibits the conduction through the polymer chain. This is due to the 
translational hopping of EMIM and SCN ions through the polymer matrix. 
The diminished area swept, the low capacitance, and then the arrow 
electrochemical window of PV A/[EMIM] [SCN] film with a weight ratio 
70:30 may be due to a diffusion problem of ions through the PV A matrix. 

7.3. Gas-sensing application 

In modern society, the hoisted increment in the level of C02 can be 
considered as a noteworthy environmental problem. According to the 
report of the international climate observing body, C02 concentration has 
increased by around 3.3 parts per million (ppm) each year and reached 
403.3 ppm in 2016. Compared to the Ice Age, the rate of increase of CO2 
is ahnost 100 times higher (164). The most recent assessment of the 
Global Carbon Project shows that growing population and a record level 
of human exercises, increases in land use and deforestation, intensified 
agricultural practices, industrialization and associated energy use from 
fossil fuel sources, and so on are responsible for this rapid increase in the 
greenhouse gas in the atmosphere (164). In this scenario, research upon 
CO2 monitoring in the atmosphere and problems associated with it 
demands the preservation of the clean environment in an airtight chamber 
or in underground geological sites. In this scenario, periodic monitoring 
and capturing of CO2 waste from large point sources, such as fossil fuel 
power plants, and carrying it to storage sites where it will not enter the 
atmosphere are the need of the hour. One of the proposed solutions is 
carbon capture and storage to lessen anthropogenic CO2 emissions. Carbon 
capture and storage (CCS) is the way towards capturing carbon dioxide 
(C02) waste from large point sources, such as fossil fuel power plants, 
transporting it to a storage site, and dumping it where it will not enter the 
atmosphere, typically in an underground geological formation. Though 
CO2 has been injected into geological fOlmations for several decades for 
various purposes, including enhanced oil recovery, the long telTIl storage 
of CO2 is a relatively new concept. The first commercial example was the 
Weyburn-Middle Carbon Dioxide Project in 2000 (165). Another example 
is SaskPower's, Boundary Dam. "CCS" can also be used to describe the 
scrubbing of CO2 from ambient air as a climate engineering technique 
(166). The integrated pilot-scale CCS power plant estimates that the 
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economic potential of CCS could be between 10% and 55% of the total 
carbon mitigation effort until the year 2100 (167). 

To achieve this, different classes of materials have been explored viz. 
absorbents, adsorbents, pelTIleable membranes, etc. Among them, 
polymer-based membranes, including hybrid polymer-organic membranes, 
and polymer-inorganic membranes are considered as most efficient for 
CO, separation (168). Of all the membrane materials, polymer-based 
membrane materials are of particular commercial interest due to their low 
cost and ease of large-scale manufacture (169, 170). Polymers with high 
permeability, gas condensability, affinity between the gas molecule and 
the matrix, and increased void space in the polymer matrix are preferred 
for CO, capture and storage. 

The PV AI [EMIM] [SCN] ionogel membrane can be used as a 
promising permeable membrane for CO2 sensing, capturing, and storage, 
since the IL [EMIM] [SCN] plays a crucial role in capturing the CO" 
while PV A provides a mediocre platform to store the captured CO, (171). 
The features of [EMIM] [SCN] including high CO, solubility and 
selectivity, low volatility, high conductivity, and unique structures, 
making it a better option as a dopant in a PV A matrix for CO, gas 
capturing. These features of [EMIM] [SCN] surely overcome the 
hindrance of PV A due to their semi-crystalline nature and lack of sites; 
consequently, there has been much interest in incorporating [EMIM] 
[SCN] as a particular component in a PVA membrane (172-74). 

7.2.1. Fabrication ojSPE COzSensor 

Simple inter-digitated Ag electrodes were used as a cost-effective 
approach for CO2 gas-sensing experiments and for their electrical impedance 
measurements. The schematic diagram showing the interdigitated Ag 
electrodes were used on the PV AI[EMIM] [SCN] films as shown in Figure 
57, in which one side is fully exposed to the CO, gas. 
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Figure 57. Schematic diagram of interdigitated electrodes on the PV A/[EMIM] 
[SCN] C02 sensor. 

The C02 sensing system consists of a homemade gas chamber with an 
inlet at a lower end connected to the C02 cylinder. The measurement 
system is shown in Figure 58 .  The concentration and pressure of the C02 
gas were controlled by a mass flow controller (MFC). To measure the 
response of the developed sensing material, a high-precision multimeter 
(6.5 digits, Tektronics, Model No: DMM 4050) was used in series with a 
programmable DC power supply (Tektronix Model No. PWS4000). The 
current was recorded in DC mode with a wide voltage range. 

Programmab e 
vohage supply 

CO, 
Pump 

_Temper.ture 
Pressure Controller 

Regulator 

Figure 58. Schematic diagram of the C02 sensing setup. 
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A low-cost chemical resistive sensor for CO2 detection by coating 
PV A: [EMIM] [SeN] on interdigitated Ag electrodes was used to study 
the influence of [EMIM] [SeN] in a PV A matrix on CO2 capturing and 
storage. The ionogel membranes with interdigitated electrodes on one side 
were exposed to 500 ppm CO2 in a closed chamber with a total volume of 
100 ml for 20 minutes. 

U.2 PYAIIEMIMIISCN I: : I OO:O 
o "r;ot 10 CO, tartur .. 

D Af!�r to CO, capture 

-3 0 3 6 9 12 15 18 21 
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A JuSI Min CO, caplure 

+ Arter 6 H. CO, car,Ulre 

* Arter 12 Ilf CO, capture 

6 9 12 15 18 21 

Voltage (V) 
Figure 59. The I-V response of the ionogel membrane with different weight ratios 
before and after C02 exposure. 

The net gas flow rate was maintained at 5 ml/min and controlled by a 
mass flow meter. The sensor apparatus is shown in Figure 58, and the 
responses of each fihn before and after exposure to CO2 gas were shown 
in Figure 59. The responsive resistance of the fihns before and after CO2 
exposure is tabulated in Table 20. 

 EBSCOhost - printed on 2/14/2023 12:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



Application 1 1 1  

Table 21 .  The calculated responsive resistance of the films before and after C02 
exposme. 

PVAJ[EMIM] Tbe resistance oftbe Tbe resistance oftbe sensor 
[SeN] wt/wt% sensor before C<h after C02 exposure,Rcoz 

exposure, RoCKn) (Jill) 
100:0 1416.03 4556.24 
90:10 73.31 1 70.64 
80:20 9.32 5 1 . 8 1  
70:30 6.14 14.56 

From Table 20, it is clear that the resistance of the ionogel membrane 
reduces with the increase in the concentration of [EMIM] [SeN], which in 
tum points out that as the concentration of IL increases, the conductivity 
of the fihn increases. The addition of IL in PV A resulted in an increase in 
the degree of amorphi city and number of mobile ions ([EMIMt and 
[SeN)" ), which in tum gave rise to an abrupt increase in tbe conductivity 
of the membranes (78). It was fascinating to note that the resistance of 
each film was found to increase as CO2 gas was introduced, as shown in 
Table 1 .  This controversial increase in the resistance may be due to the 
presence of [EMIM] [SeN] in tbe membranes, as thiocyanate anion 
[SeN)" plays a key role in gas capture in IL. The captured CO, interacts 
with [SeN)" easily to form a carbamate and may make tbe anion more 
complex. This complexity may adversely affect tbe hopping of [EMIMt 
and [SeN)" in the PV A matrix of the membrane, which in turn reduces tbe 
conductivity (171). This strong spatial correlation between tbe carbon 
atom of CO, and the nitrogen atom of tbe [SeN)" is dependent on tbe 
concentration of [EMIM] [SeN] ionic liquid in tbe ionogel membrane. As 
the concentration increases the higher the CO2 capture will be. 

The response of tbe sensor (S) was evaluated by tbe following formula: 

f - f  5(%) = � X 100% fa 

where Ig is the responsive current of the sensing film upon exposure of 
CO2 gas and Ia is the responsive current of the sensing fihn without CO2 
gas (175). 

 EBSCOhost - printed on 2/14/2023 12:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



1 1 2  Chapter 7 

100�-----------------------------, 
COl Sensitivity of lonoge} membranes 

!"'I 100:0 
"* 90:10 
� 80:20 

�--

o;;�A***� 
--------------------

� 0 2 4 6 8 10 U 14 16 g 20 22 
Voltage (V) 

Figure 60. Voltage depended on the C02 response curve of PV A/[EMIM] [SCN] 
ionogel membranes. 

The CO2 response curve of PV A/[EMIM] [SCN] ionogel membranes 
with different wtlwt% for varying voltages is shown in Figure 60. The 
ionogel membrane with 20% [EMIM] [SCN] exhibited higher sensitivity 
to the CO2 gas. The average value of the CO2 response was shown in 
Figure 61 .  

,-. 
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= 50 <:> 
Co '" 
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o 

CO2 Sensitivity of lunogel membranes 

100:0 90:10 80:20 70:30 
PV A/[EMIM] [SeN] 

Figure 61. The response of PV A/[EMIM] [SCN] films with interdigitated 
electrodes to C02 at room temperature. 
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The result emphasizes that PV AJ[EMIM] [SCN] films interact with 
CO2 and transport CO2 gas through their membrane reversibly due to the 
presence of [SCN)" anion in the IL. However, although the incorporation 
of [EMIM] [SCN] increased the amorphicity, and some mobile carriers, it 
also tuned the cavity size and free volume of the PV A matrix. The sizeable 
free volume created by [EMIM] [SCN], as shown as the wrinkled pattern 
in the SEM image being reported by Salim et aI., is due to the 
incorporation of IL-endowed membranes with a synergistic enhancement 
of permeability, which is reflected in the conductivity mechanism (78). 
Anyhow, the overall decrease in the conductivity after CO2 exposure gave 
a clear picture about CO2 detection signal with a response, although the 
ionogel membrane with 20% IL exhibited the highest sensitivity to the gas. 
It may be due to its superior characteristics with a fairly smooth surface, 
increased flexibility, enhanced thennal stability, and highest ionic 
conductivity with low activation energy; beyond this concentration, the 
availability of the charge carriers is reduced due to agglomeration of ions 
in the PV A matrix. Detailed discussions on the excellent perfonnance of 
80:20 PV AJ[EMIM]SCN] ionogels have already been reported by Salim et 
aI. (78). The reason why the amount of [EMIM] [SCN] incorporated in 
PV A films played a key role in the performance of the sensor may be 
related to the interaction between the CO2 and the incorporated IL, will be 
discussed in the coming section. 

The periodic measurement after the CO2 exposure was recorded to 
monitor the storage capacity of the membrane and depicted those data too 
in Figure 61 .  The results revealed that though an ionogel membrane with 
20% [EMIM] [SCN] exhibited a higher response rate, the storage time of 
CO2 in the membrane is much less, and the ionogel membrane with 20% 
[EMIM] [SCN] returned to its initial phase within 6 hours. A detailed 
investigation has to be done to trace the time-decay process of this film. A 
controversial ionogel membrane with 30% [EMIM] [SCN] exhibited 
higher storage time for CO2 in the membrane and trapped the CO2 
molecule for 12 hours. The polymer membrane exhibiting CO2 capturing 
and storage for 12 hours will be a great contribution in the R & D  area of 
carbon dioxide capturing and storage. The reason behind this chaotic 
behavior on increasing the concentration of IL has to be explored and 
discussed in the upcoming section. 
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7.4. Optoelectronic applications 

7.4.1. Transparency 

The transmittance of the prepared ionogel membranes was examined 
using UV-visible spectroscopy and shown in Figure 62. Even though the 
transparency of PMMA was retained in all the membranes, the addition of 
IL decreases the transparency while retaining it in the range of 80-90% 
(176). It demonstrates the most astounding transparency around 90% for 
80:20 wt% of PMMAI[BMPyr] [TISI] blend, which might be because of 
the miscibility of [BMPyr] [TFSI] in PMMA. All the fihns show low 
transparency in the range between 200 to 350 nm, which may be due to 
high energy absorption assigned to the 11: -11:* bond (176) present in the 
polymer as shown in Figure 62. 

(a) 100:0 (a) 100 (b)90:10 

(e) 80:20 
e 

(d) 70:30 
'""' 80 
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m m 
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Figure 62. UV -Vis transmittance spectrum of prepared ionogel membranes 
PMMA![BMPyr] [TFSI] wt/wt% a) 100:0 b) 90:10 c) 80:20 d) 70:30 showing 
traosparency of the film. 

7.4.2. Absorbance 

The optical constants-like energy band structure, refractive index, 
optical conductivity, etc.-of solids, are important parameters that determine 
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their aptness for optical devices. Figure 63 shows room-temperature 

absorption spectra for the prepared PMMAI [BMPyr] [TFSI] wt/wt% 

ionogel membranes in the range 200-800 nm. In the UV region, all the 
samples retain the characteristics of PMMA by exhibiting three absorption 

bands at the position 223 , 288, and 333 nm. The strong band seen at 223 
nm for all samples might be assigned to n ----+1[* transition due to the 

presence of C=O group; meanwhile, the other two absorptions may be 
assigned to 1[ ----+ 1[ * transition due to the unsaturated groups ( 176) (C=O, 

C=C) in the polymer ( 177). 
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Figure 63. The optical absorbance of prepared ionogel membranes 
PMMA/[BMPyr] [TFSI] wt/wt% a) 100:0 b) 90: 1 0  c) 80:20 d) 70:30 as a function 
of wavelength. (Inset shows an absorption coefficient of prepared ionogel 
membranes PMMA/[BMPyr] [TFSI] wt/wt% a) 100:0 b) 90: 1 0  c) 80:20 d) 70:30 

as a function of photon energy. 

The absorption coefficient of each ionogel membrane with a different 

weight ratio of IL was calculated using the equation shown below: 

(2 .303) x A 
a = -----

t 

where a is the absorption coefficient, and A is the optical absorbance of 

the film and the thickness of the film. The disparity of the absorption edge 
of PMMAI [BMPyr] [TFSI] with a varying weight ratio of IL content was 
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depicted in the inset of Figure 64 . The slight doping of IL especially 90 : 1 0  
wt ratio in PMMAI [BMPyr] [TFSI] polymer composites inhibits a shift 
on the absorption edge towards low energy values owing to transfer of 

charge. 
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Figure 64. Direct and indirect band gaps of prepared ionogel membranes 
PMMA/[BMPyr] [TFSI] wt/wt% a) 1 00:0 b) 90: 10 c) 80:20 d) 70:30. 

The band gap of the solid film plays an important role in optoelectronic 

devices since it determines the energy required to transfer an electron from 
the highest occupied molecular orbital (HOMO) to the lowest unoccupied 

molecular orbital (LUMO) in order to make the film optically active. The 

smaller the band gap, the higher will be their charge conduction (1 78). The 
optical band gap can be determined from the photonic absorbance values 

obtained from the UV-visible spectral studies as well as some theoretical 
calculations using density function theory. The optical band gaps of 

PMMAI [BMPyr] [TFSI] composite films involving both direct and 

indirect electronic transitions are depicted in Figure 64, and corresponding 
values are tabulated in Table 2 1 .  
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Table 22. The absorption coefficient, direct and indirect band gap of prepared 
ionogel membranes PMMAI [BMPyr] [TFSI] wtiwt% a) 100:0 b) 90:10 c) 80:20 
d) 70:30. 

PMMAI[BMPyr] [TFSI] a (em-l) Direct Eg Indirect 
wt/wt% (eY) Eg (eY) 

100:0 7056 3.92 4.74 
90:10 4451 3.68 4.41 
80:20 1 88 1  4.03 4.84 
70:30 2321 4.03 4.84 

Here it is more optimistic to consider an indirect bandgap not as 
directly due to the absence of valence and a conduction band as seen in 
metal-doped membranes. It is very interesting to note the anomalous 
behavior upon IL doping, it is found that a 90: 1 0 wt ratio of 
PMMAlI[BMPyr] [TFSI] film shows a reduced band gap of 4.41 eV 
compared to all other films, which reflects the role of I[BMPyr] [TFSI] IL 
in modifying the electronic structures of PMMA films through IL-induced 
polaronic and defect effects (178). The decrease in the optical band gap 
also reflects the increase in the degree of disorder in the film. The IL
induced structural defects may lead to the creation of a localized 
metastable state leading to the decreased band-gap energy for the 90: 10 wt 
ratio of PMMA/[BMPyr] [TFSI] film, as the wt ratio increases the ion 
hopping in the polymer matrix and might be decreased due to spatial 
freedom. 

7.4.3. Photoluminescence 

In the emission spectrum, two fixed wavelengths were used to excite 
the molecules in the prepared ionogel membranes since all the samples 
showed absorptions at two wavelengths in the UV range as discussed in 
Sec. 3.6.2 and shown in Figure 65. It is observed that for each excitation 
frequency, it has two emission spectra, one for fluorescence and the other 
for phosphorescence. Since the adjustment in the energy for fluorescent 
emission is by and large not as much as that for absorption, the 
membrane's fluorescence spectrum is moved to higher wavelengths than 
their absorption range (179) as shown in Figure 64. 

The intensity of fluorescence is proportional to the amount of radiation 
absorbed by the sample, Po - PT; the fluorescence quantum yield is given 
as follows (179): 
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where k is a constant related to the efficiency of collecting and detecting 
the fluorescent emission, and <Pf is the fraction of excited state molecules 
returning to the ground state by fluorescence. The intensity of the emission 
increases when 10% IL then decreases by increasing the concentration of 
IL, which is in great concurrence with the power of absorption radiation. 
The addition of IL may decrease the molecular gap and allow molecules to 
interact, subsequently resulting in the lowering of the energy levels. It is 
quite possible that emission from the higher excited state may get 
quenched due to cross relaxation. 
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Figure 65. Fluorescence emission spectrum obtained for prepared ionogel 
membranes. prepared ionogel membranes PMMA![BMPyr] [TIS!] wtlwt% !) 
100:0 II) 90:10 III) 80:20 N) 70:30. 

The observed fluorescence may be due to the molecule's lowest energy 
absorption assigned to 11: ---> 11:* transition due to the unsaturated groups 
(C�O, C�C) in the polymer, although some due to n ---> 11:* transition due 
to the presence of C�O group show weak fluorescence (177). It is very 
evidently seen from the HOMO-LUMO structures obtained from the 
ONIOM calculation. The geometrical structures obtained for the HOMO-

 EBSCOhost - printed on 2/14/2023 12:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



Application 1 1 9  

LUMO orbitals are shown in Figure 66. 

a. Higbesl Occupied MO/eCU/Bt Orbilal b.Lowcsr Unoccuppicd Molecular Orbital 

Figure 66. HOMO-LUMO orbitals of ionogel model obtained from the ONIOM 
Calculation using Gaussian 09. 

In short, a very strong orange ermSSlOn was observed in the 
PMMAI[BMPyr] [TISI] ionogel polymer electrolyte membrane, which is 
somewhat comparable to the task-specific ionogel formed by doping 
europium in the PMMA matrix (71). 

7.5. Conclusion 

Research work becomes meaningful if it has applications in real life. 
The advent of the ionogel membranes will be one of the important 
industrial revolutions since it owes a path for solid-state gadgets. For more 
than two to three decades, researchers all over the world have shown that 
ionic liquids exhibit substantial properties to replace conventional 
inorganic electrolytes. However, the leakage and gas formation problems 
of ILs limit their application widely. These newly developed ionogel 
membranes will not only replace conventional and liquid electrolytes in 
many areas but also infiltrate our day-to-day life with a wide range of 
flexible solid-state products from most cornmon consumer gadgets like 
capacitors, supercapacitors, batteries, sensors, fuel cells, etc. to specialized 
applications in space and aeronautics. 

To suggest any material to be used as a potential candidate for 
technological applications, it is essential to undertake basic studies 
governing the electrical, sensing, and response properties of such 
materials. In this chapter, different applications of the ionogel membranes 
were investigated. The outcomes show that, among the prepared ionogel 
membranes, PMMA/[BMPyr ] [TISI] is an excellent candidate for 
optoelectronic gadgets, since it can absorb UV light and is capable of 
emitting light in the visible region. Second, the PV AI[EMIM] [SeN] 
membrane can be used as a solid polymer electrolyte in solid-state devices. 
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Moreover, it can be used for the fabrication of CO2 sensors as well as for 
CO2 capturing membranes. 
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SUMMARY 

In this concluding chapter, we summarize the contributions and efforts 
towards knowledge upliftment in tlie area of ionogel membranes and the 
possible impact of future technologies as we perceive it. An extensive 
literature review suggests that considerable efforts have been made by 
researchers all over the world in immobilizing ILs while retaining their 
unique properties including conductivity and thermal stability. It has also 
been noted through the literature survey that studies on dielectric and 
sensing properties of ionogel membranes are meager. To suggest any 
material to be used as a potential candidate for technological applications, 
it is essential to undertake thorough basic studies to understand the 
governing electrical and sensing properties. 

We started our studies by selecting two ionic liquids and a couple of 
non-conducting polymers, one hydrophobic and the other hydrophilic, to 
immobilize the IL and overcome all the limitations of it being a liquid; it 
thus attributes conductivity in the polymer and, further, catches the general 
trends of their interactions. A novel hybrid quantum mechanical approach, 
"ONIOM" was used for optimizing tlie structures by calculating tlie 
potential energy maps of the proposed four bulk ionogel membranes, by 
using Gaussian software. These calculations allowed us to explore the 
thelTIlochemical properties, global descriptors, and nonlinear optical 
properties of the membranes. Though we focused on examining the 
compatibility of the ILs with polymer matrices, we could extend tlie study 
of tlie interaction between tlie trapped IL and tlie host polymer matrix by 
these theoretical calculations. The two best combinations from the possible 
four ionogels with two distinct polymer matrices could be traced out from 
the activity and chemical stability of ionogel membranes favored by tlieir 
structural interactions. Subsequently, we have successfully developed the 
two ionogel membranes by immobilizing IL via the solution casting on 
glass method. Once the IL is immobilized in the host matrix, its 
morphology and physicochemical properties play a crucial role in 
specifying its task. 

The work narrated in this book, hopefully, reveals some very general 
and fundamental aspects of ionogel membranes like the necessary and 
sufficient conditions needed for film evolution and the procedures for 
finding the threshold concentration for superior perfolTIlance. We 
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continued to explore the influence of miscibility between the IL and the 
polymer matrix on the ion-conduction behavior. It is worth pointing out 
that the morphologies have a great impression on detelTIlining their 
characteristics and their impact on their perfOlmance and applications. The 
study further gave clear evidence of the advantages of incorporating IL in 
non-conducting polymer matrices, resulting in enhanced thermal stability, 
impressive improvements in ionic conductivity, and high retention in 
mechanical strength, which are important qualities to consider in the 
applicability to electrochemical gadgets. 

Two novel ionogel membranes with interesting properties such as 
flexibility, transparency, conductivity, and thennal stability were developed. 
Though the fabrication of such an ionogel is fairly simple, yet it creates 
highly modular membranes. Further, we successfully explored a wide 
variety of applications in electrochemical, electronics, and optoelectronic 
regimes. Only a few were mentioned here, yet there is still much to 
explore by keeping in mind that over the last couple of years ionogel 
membranes have been extensively used in electrochemical gadgets, fuel 
cells, solid state batteries, dye-sensitized solar cells, pharmaceuticals, etc. 

One feels that the concept of ionogel opens unlimited possibilities for 
applications and should inspire innovation and, likely, unexpected 
developments in future technologies. It would seem that this work could 
equally be applied to a diverse and broad range of materials, including 
polymer composites, blends, nanocomposites, rubbers, and so on and so 
forth. 
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