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SYNOPSIS 

The thesis entitled “Organophosphorus polymers, blends and composites: 

Applications in Li-ion batteries, optics and gas sorption” consists of four chapters. 

Chapter 1: Introduction 

Chapter 1 begins with the general introduction of polymers, blends, and composites and then 

discusses phosphorus, phosphorus-containing polymers, and small molecules. Further, the 

general applications of these moieties, and then specifically, the three different applications 

explored in this thesis, are discussed. These applications include polymers as electrolytes in 

lithium-ion batteries, tunable refractive index materials, and polymeric membranes for gas 

sorption applications (figure 1). The chapter ends with a brief description of the future scopes of 

the thesis. 

 

Figure 1: Applications of focus of the thesis. 
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Chapter 2: Tunable microstructure-assisted Li-ion conductivity in 

catechol based polyphosphates for solid electrolytes in Li-ion battery 

This chapter describes the syntheses, characterization, and Li-ion conductivity of phosphorus-

containing polyethers (P1-P4) for solid polymer electrolyte applications in Li-ion batteries. The 

polymers described in this chapter are thermally stable with high molecular weight, porous 

nature, and tubular morphology. The conductivity of one of the solid polymer electrolytes 

prepared from P3 with 20 wt% of LiTFSI was 1.4 × 10-3 S cm-1 at 80 °C (figure 2), and P1 with 

40 wt% of LiTFSI was 1.2× 10-3 S cm-1 at 80 °C. Remaining all polymers (P1- P4) showed good 

conductivity at RT (~10-4 S cm-1). The high conductivity achieved is explained by the porous 

nature of the polymers. 

 

Figure 2: Nyquist plot for SPE3 which showed the highest conductivity with 20 weight % of 

LiTFSI at various temperatures. The hollow tubular morphology of the polymer, P3 is shown in 

the background. 

 

Chapter 3: Poly(methyl methacrylate)/polyphosphate blends with 

tunable refractive indices for optical applications 

In chapter 3, we have studied two different phosphorus polyethers (P5 and P6) blended with 

poly(methyl methacrylate) (PMMA) to find their applicability in optics. We have investigated 

the refractive indices of these polymer blends using ellipsometry. Tuning the refractive indices is 

a needed strategy for optical applications. Tunability is achieved in our materials by altering the 

ratio of PMMA to P5 or P6.  The RI tunability of 0.05 was observed in the PB5 series and 0.1 in 
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the PB6 series. The approach is found to be ideal and straightforward for obtaining homogeneous 

blends with varying degree of RI. The PB5 series showed reasonable values of abbe numbers 

compared to the conventional lens materials, with a maximum value of 56 achieved in the case 

of PB520 blend. These results show that the synthesized polymer blends are promising as optical 

materials with refractive index tunability from 0.97- 1.57 at 589.3nm. While PB5 series could be 

useful for lens kind of applications, the PB6 series with higher weight percentages of P6 could be 

useful as optical filters (figure 3). 

 

 

 

Figure 3: A graphical representation illustrating the applications of polymer blends synthesized 

by blending the polyphosphates P5 and P6 with PMMA. 

 

Chapter 4: Polyvinyl Alcohol-Phytic Acid Polymer Films as 

Promising Gas/Vapor Sorption Materials 

The whole idea of this work was to synthesize and characterize PVA/PA films for studying its 

gas sorption properties. Phytic acid is being a bulky molecule, unable to pack efficiently in the 

solid-state, could trap sufficient free volume. From FESEM analysis, the morphology of these 

films is found to be layered leaf-like, which may help in trapping gas molecules and thereby help 

in gas sorption. The mechanical properties of these films are also quite interesting as one of the 

films, 2:3 PVA/PA showed the highest elongation at break of 372%. Vapor sorption analysis is a 

piece of clear evidence that these films can adsorb and desorb gaseous molecules and shows a 

general trend of increasing vapor sorption with an increase in weight percent of phytic acid. In 

particular, 2:3 PVA/PA polymer film shows the highest vapor sorption with 0.15g moisture 
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content per gram of the sample. By BET analysis, the films were found to be mesoporous. 

Specific surface area (Figure 4) and average pore size of the films, as compared to the pure PVA, 

were found to increase with the gradual increase in PA. Further, the selectivity and permeability 

of these polymeric films have to be investigated to understand the applicability of the films for 

practical purposes. 

 

Figure 4:  Variation of specific surface area with increase in phytic acid content and graphical 

representation showing PVA/PA membrane for gas separation application. 

 

Chapter 5: Summary and future perspective 

The thesis is summarized, and the possible extension of the work is also discussed in this 

chapter. 
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Chapter 1 
 

Introduction 
 

 

 

1.1. Introduction to polymers 

Life on earth originated when the simple chemical compounds like methane, ammonia, and 

carbon-dioxide combined under certain conditions to form the basis of life-proteins, which is 

basically a polymeric compound. A polymer is a chain molecule consisting of repeated subunits. 

The word “poly” means many, and “mer” means parts. Polymers have so intimately been bound 

to our daily lives that we cannot imagine a day without them. Not only the synthetic ones, but we 

also have quite more number of biopolymers like proteins, DNA, RNA, and lipids, which make 

up a crucial part of the human body. The plant-based polymers like rubber, silk, cellulose are 

also equally beneficial to humankind. The existence of macromolecules was accepted by 

researchers worldwide mainly due to the efforts of Staudinger1 and Carothers2 in the 1920s. 

Depending on the repetition of monomers, they are classified as: 

(i) Homopolymers – these polymers contain a single monomer repeating throughout the 

chain. 

(ii) Copolymers – these polymers contain at least two different monomers along the chain. 

They are further divided into: 

(a)Alternating copolymers 

 

(b)Graft copolymers 
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(c) Block copolymers 

 

(d) Random copolymers 

 

Based on the processes of polymerization, there are two major categories: 

 

(i) Addition polymers:  Consecutive addition of monomer molecules results in the addition 

polymer. This reaction is also known as chain polymerization (e.g., PVC, Teflon etc.). 

(ii) Condensation polymers:  In this process, a step-by-step growth polymerization reaction 

occurs through condensation reactions leaving small molecules like water or methanol as 

byproducts (e.g., Proteins, Nylon etc.). 

1.2. Polymer blends and composites 

A polymer blend is a single-phase material obtained by mixing at least two polymers and has 

different physical properties than the parent polymers. On the other hand, a polymer composite is 

a multiphase material with a polymer matrix and reinforcing filler. The filler and matrix maintain 

their identity even after forming a composite and have their own physical and chemical 

properties intact. Based on miscibility, polymer blends could be classified into three types: 

1] Completely miscible blends: In these blends have homogeneity in the range of at least a 

nanometer scale. These blends have a single glass transition temperature (Tg). Characteristically, 

their Tg value lies in between those of the parent polymers. E.g., PS/PPO. 

2] Partially miscible blends: As the name suggests, these are partially miscible polymers, i.e., a 

small part of one of the polymer dissolves in the other to form compatible blends. The polymers 

retain individual Tg values but slightly shifted towards the Tg of the blend. E.g., PC/ABS.  
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3] Fully immiscible blends: These blends have highly inhomogeneous morphology and hence do 

not find use unless it is made compatible with the help of a compatibilizer. The individual 

polymers retain their Tg values. E.g., PA/ABS. 

Polymer composites can be classified based on the polymer matrix present in them as: 

1] Thermoplastic matrix composite: Matrix can be melted, molded, and remolded without 

changing its physical properties. These composites are quite tough, have excellent impact 

resistance and damage tolerance. They are less dense than thermoset matrix composites and 

hence a good alternative for weight critical applications. 

2] Thermoset matrix composite: Matrix once cured into solid form cannot be melted or 

remolded. These composites are durable and have good fatigue strength but brittle and have low 

impact resistance. They are useful for high heat applications. 

1.3. Phosphorus based small molecules and polymers  

The name phosphorus meaning light-bearer is derived from the faint glow produced when white 

phosphorus undergoes oxidation. Phosphorus is classified as a pnictogen along with nitrogen, 

arsenic, antimony, and bismuth. Phosphorus is the eleventh most abundant element on earth and 

contribute upto 1.1% of the human body by weight. Phosphates are found in DNA, RNA, ATP, 

and phospholipids, which are crucial for human survival. Organophosphorus compounds are an 

integral part of fertilizers, pesticides, detergents, nerve agents, and many more.  

 Phosphorus-containing polymers are quite fascinating from a research point of view due 

to their numerous applications in various fields. For example, they are used as corrosion 

inhibiting agents,3 dispersants, flame retardants, complexing agents, proton-conducting 

membranes in fuel-cell,4,5and as flame retardants.6,7Also, they have good complexing 

properties8,9 and affinity to bind metals.10,11Phosphorus atoms can exist in different possible 

chemical environments, as shown in figure 1.1 leading to differences in properties also.12. 
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Figure 1.1: Different possible chemical environments of phosphorus. 

Varieties of phosphorus-based polymers are known such as polyphosphates, 

polyphosphonates, polyphosphoesters, phosphonated poly(meth)acrylates, and 

polyphosphazenes.13Many phosphorus-based polymers like polyphosphoesters, 

polyphosphonates, phosphonated poly(meth)acrylates, and polyphosphates are blood compatible 

and biodegradable. They also showed strong interactions with bones, dentin, or enamel, 

enhancing their biomedical applications. Addition of a phosphonic functional groups to the 

polymers increased its adhesion ablity on teeth because of the formation of a complex with 

calcium in hydroxyapatite (HAP).21,22Hence, these functionalized polymers could be employed 

in bone tissue engineering. Polymers withphosphorus also act as carriers for bioactive molecules. 

Polymers derived from 2-methacryloyloxyethyl phosphorylcholine are mainly attractive owing 

to their biomimetic nature. 

Polyphosphazenes have phosphorus and nitrogen atoms alternating in the skeleton. They are 

advantageous due to the availability of easy synthetic strategies to introduce different side 

chains. It is well known for polymer electrolyte kind of applications. The first reported 

polyphosphazene electrolyte, poly[bis(2-(20-methoxyethoxy)phosphazene) (referred as 
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MEEP),14showed an Li-ion conductivity values at room temperature as 10-5 S cm-1. This value is 

two times higher compared to that of pure PEO based SPEs. However, they have unsatisfactory 

dimensional stability and flow slowely under pressure. To increase the dimensional and 

mechanical stability many process have been attempted. Some of them are UV irradiation15, 

chemical cross-linking by bifunctional reagents16 and unsaturated groups17, interpenetrating 

network created thorough oxyethylene side groups18 and blend composites19 were tried. Though 

the solid polymer electrolytes (SPEs) produced using polyphosphazene polymer with ether side 

chain showed Li-ion conductivity higher than PEO-salt based polymer electrolytes, the values 

are considerably less than the minimum value required for practical utility. 

Polyphosphate derivatives are also equally attractive due to their biodegradability and 

biocompatibility. Under physiological conditions, they undergo enzymatic digestion of 

phosphate linkages.24Certain phosphonates like poly(oxyethylene H-phosphonates) were utilized 

for biomedical applications owing to their water-solubility, low toxicity, biocompatibility, 

controlled biodegradability, and easy functionalizability.25-30 When clinically tested, a well-

known chemical radioprotector cysteamine was incorporated into poly-(oxyethylene phosphate), 

its drug dose required for efficient radioprotection and toxicity was reduced.31Modified, water-

soluble polyphosphates holding the BCEA group were used in chemotherapy. 

Biodegradable copolymers having lactide ester linkages and phosphonates in the main chain 

of polymer were explored. Paclitaxel delivery from polyphosphoesters was evaluated32for their 

antitumor activity. It was found to be active continuously over 60 days in vitro and in vivo. It 

was useful for the controlled and targeted delivery of neurotrophic proteins to the treatment of 

various diseases attacking the nervous system.33Poly(phosphoesters), due to their  adjustable 

biodegradability and biocompatibility, are used to make nerve guide conduits. Under 

physiological conditions, they can couple fragile biomolecules and result in various 

physicochemical properties.34,35Polymer micelles formed bypoly(ε-caprolactone) and 

polyphosphoester block copolymers were investigated for their in vivo biomedical applications. 

Molecular weights of these polyphosphoester copolymer were controlled to adjust the lower 

critical solution temperature.36 

1.4. Li-ion batteries and phosphorus based polymers  

1.4.1. Li-ion batteries and their significance 
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Li-ion batteries are lightweight and provide the highest energy density per weight. The lightest 

element Li posses the highest oxidation potential compared to other elements, and can be 

handled safely in electrochemical processes.39,40 Hence Li metal is suitable for Rechargeable 

high energy density batteries. The Li-ion cells are an integral part of the portable, entertainment, 

computing, and telecommunication types of equipment used in our daily lives. A typical Li-ion 

battery is constructed using a graphite anode and lithium metal oxide (e.g., LiCoO2, LiMnO2) as 

the cathode. The electrolyte consist of a salt of lithium (e.g., LiPF6, LiBF4) dissolved in an 

organic solvent (e.g., dimethyl carbonate, ethylene carbonate).38 Figure 1.2 shows a typical 

configuration of Li-ion battery. The overall reaction happening can be depicted below. 

 

6C + LiMO2 ⇋ LixC6 + Li(1−x) MO2, x~ 0.5, voltage~ 3.7V 

 

Figure 1.2: Illustration of working of a typical lithium ion battery.37 

 

Li-ion batteries are of different kinds based on the cathode used and the chemistry involved. 

Some of the interesting batteries are discussed below. 

(i) Lithium Titanate battery (LTO) 
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These batteries are highly advantageous since they can operate at shallow temperatures like -40 

°C. They have rapid charge and discharge rates but have their energy density quite low (30-110 

Wh/kg) and a low voltage of about 2.4 V.  

(ii) Lithium Cobalt-Oxide battery (LCO) 

These are found in portable electronic equipment like cell phones, cameras, and laptops. The 

major disadvantages of these batteries are the low discharge rates, cost of cobalt and the risk 

involved when these are damaged. However, they have a high energy density in the range 110-

190 Wh/kg. 

(iii) Lithium Iron Phosphate battery (LFP) 

These batteries are used in medical equipments and power tools because of their advantages like 

low overheating and fire risks. They also have a longer life. Their energy density is in the range 

of 95-140 Wh/kg, but possess lower volumetric capacity.  

(iv) Lithium Nickel Manganese Cobalt Oxide battery (NMC) 

These batteries have a longer life and do not cause overheating, and hence used in e-bikes, power 

tools and electric power trains. However, cobalt is quite expensive, and these batteries have 

lower energy densities (95-130Wh/kg). 

(v) Lithium Manganese Oxide battery (LMO) 

These are used mostly in cell-phones, and laptops and hybrid vehicles. These batteries are safe, 

have a longer life, low cost, with high discharge rates but low energy density in the range 110-

120 Wh/kg.  

1.4.2. History of electrolytes used in Li-ion battery  

A battery is fabricated with three inevitable components. These important components are; a 

cathode, an anode, and an electrolyte. The commercial Li-ion battery use mostly graphite as an 

anode and lithium cobalt oxide, lithium iron phosphate, and lithium manganese oxide as the 

cathode. The material used as electrolyte could be organic or inorganic solvent-based electrolytes 

or molten salts.47The problem is lithium metal in contact with liquid electrolytes, lithium-metal 

electrodes may generate fire and explosion. Consequently, use of a thin polymer membrane as a 

replacement for of the liquid electrolyte with would be appropriate. After the invention of ionic 

conductivity in poly(ethylene oxide)41 (PEO) added with salt of alkali metals by Wright and 
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coworkers in 1973, the polymer based electrolytes were promoted for batteries in 1978. Polymer 

electrolytes combine the advantages of ease of processing and solid-state electrochemistry.42,43 

The research on solid polymer electrolytes (SPE) has grown up recently for 

electrochemical device applications giving importance to safety issues.48 With P. V. Wright and 

M.B. Armand’s studies on the complexes formation of PEO polymer with alkali metal salts,  50,51 

the topic received more attention. Several polymers were investigated as SPE such as 

poly(siloxanes), poly(acrylates), poly(vinylpyrrolidine), poly(ethylenesuccinate), 

poly(vinylalcohol), and poly(phosphazenes).52 Among the many polymers studied, PEO was 

identified as facile53 for several reasons; some of them are listed below.  

(i) It has low cost. 

(ii) It is soluble in many solvents and hence easily processable. 

(iii) It has a high donor number.  

(iv) It has a relatively high dielectric constant. 

(v) It has a Tg value, which causes to high plasticity. This helps in having intimate 

contact with electrodes. 

(vi) PEO with high molecular weight has the high viscosity. This high viscosity helps 

the material to resist creeping at high temperatures. 

(vii) It has no toxicity.  

Thermal runaway and consequent rise in temperature creates chances of explosion or fire in 

lithium batteries.70Hence flame retardancy is a great challenge for battery manufacturers. Usually 

phosphorus-based organic compounds are mixed with electrolytes used for Li-ion batteries as the 

flame-retardant constituent. The possible advantages of using solid polymer electrolytes 

compared to liquid electrolytes are the following:71 

(i) Improved safety with no leakage problems. 

(ii) They are non-volatile. 

(iii) Probability of  avoiding the destructive decomposition at the electrodes. 

(iv) The problem of dendrite formation could be solved by introducing the non-porous and 

solid electrolyte metallic lithium.  

(v) Easy to fabricate and hence cheaper manufacture of cell. 
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(vi) Since they are all-solid-state batteries they do not require casing made by heavy steel. 

The cell weight could be considerably reduced.  

(vii) Cell will have good shape flexibility. 

(viii) They will have improved shock resistance. 

1.4.3. Theories explaining mechanism of ionic conductivity 

Ionic conductivity can be expressed by𝜎 = 𝑛𝑒𝑚 where n denotes the “effective number of 

mobile ions”, e denotes the “elementary electric charge”, and m represents the “ion mobility”, 

respectively. Thus, the equation implies that if more salt dissociates in polymer higher will be the 

value of n and higher will be the ionic conductivity. Also, the Li+ transference number should be 

high (the charge transported by lithium cations equated to the total number of charge transported 

gives the Li+ ion transference number).43,45In polymer electrolytes, ionic conductivity has a 

contribution from both cations and anions. However, in polyelectrolytes, the ionic conductivity is 

governed solely by the movement of cations. This restriction is since the anions are fixed as a 

part of the polymer chains. Hence, they are known as “single-ion conductors.”  There area few 

examples where it was proposed that for Li+ alone conducting polymers.46However, practically 

the conductivities of these polymers were found to be only about 1% that of ordinary SPEs. This 

low conductivity is primarily due to the inadequate dissociation of Li+ in those materials. 

For practical purposes, the SPEs should have broad electrochemical stability, typically 

between 0 - 4.5 V and an ionic conductivity as high as 10-3 S cm-1at room temperature. Also, it 

should be compatible with high voltage cathodes and low voltage anodes. However, the current 

SPEs have a low lithium transference number (in the range 0.2 - 0.3) and a low conductivity (in 

the range 10-5 S cm-1 ) at room temperature.49 initially, it was considered that the crystalline 

domains are majorly contributing towards ionic conductivity. Contradictorily, later studies in this 

direction established that amorphous phase as the sole cause for ionic conductivity.44 

In 1973, Wright et al. explained the possible crystallization of polymers and that this 

property influence and reduce its ionic conductivity.41 This finding concludes that for the 

satisfactory performance of a battery, the operating temperatures should be around 70 °C, i.e., it 

should be well above the m.p. of the polymeric crystals. This requirement is impractical for 

portable electronics, though not an issue for many other applications like in electric vehicles. 

Also, there are problems associated with the complete dissociation of the polymer electrolyte, 
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since this does not happen most of the times.54 The ions exist in aggregated form with reduced 

movement and hence resulting in low conductivity. 

Numerous studies on PEO-based electrolytes concentrated on how to increase their ionic 

conductivity by controlling their crystallinity. Production of polymer composites using ceramic 

fillers was found to be an alternative.55-57 Though the fillers show good conductivity, their 

interface with polymer showed huge impedance (e.g., NASICON, LiAlO2, β-alumina), which 

challenges this idea.58-65 When the polymer melt is cooled down, the crystallization centers turn 

into poorly developed spherulites. This change improves the amorphous nature of the material 

and physically increasing the conductivity. Nevertheless, this process also has its flaws. For 

example, when there is high filler loading, grains may agglomerate and segregate, blocking the 

smooth movement of ions. 66-69 

Different theories are available explaining ionic conductivity in SPEs. One such theory 

proposed by Bruce et al.72 takes into account of atoms possesing lone pairs of electrons (e.g., 

oxygen, nitrogen) as electron donors of the polymer chains. These atoms coordinate loosely to 

Li-ion. Therefore, lithium salt no more exists as aggregates but exists in a solvated state. In an 

amorphous polymer, the ionic conductivity is supported by the local segmental motion of 

polymeric chains above its Tg.73-75As a result of the polymeric chains' local dynamics, the free 

volume is created and destroyed continuously. Thus, lithium-ion moves forward in the polymeric 

system facilitated by the local chain dynamics (Scheme 1.1).  

In crystalline polymer electrolytes, there is yet another mechanism of ionic conductivity 

provided the vacant sites for ion migration were already present in the structure. In such cases, 

ion hopping could occur when sufficient energy is available for the hopping. There is no 

dependence on local chain dynamics in that case. Similar is the case with amorphous electrolytes 

when there are sufficient voids created within by steric hindrance of bulky groups. These bulky 

groups prevent efficient packing and create disorders, which will, in turn, enhance ionic 

conductivity by the hopping mechanism. 
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Scheme 1.1: Mechanism of lithium ion conductivity by polyether host.76 

 

 

1.5. Phosphorus based polymers as tunable refractive index materials 

1.5.1. Basics of refractive index and why tunability of refractive index is important 

The Refractive index (RI) of any material is dimensionless quantity. This parameter describes the 

extent to which the path of light is bent or refracted upon passing through the material. It is a 

fundamental physical property used to check the purity of a sample. The equation below explains 

the basic definition of RI. 

 

𝑛 = 𝑐/𝑣 

 

Here, c represents the “speed of light” in vacuum (~3×108 m/s) and v represents the 

“phase velocity of light” in that particular medium.  The RI value of water is 1.333, and it 

denotes that light travels 1.333 times slower in water than in vacuum. RI is a complex number 

given by the equation below. 
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𝑛 = 𝑛 + 𝑖𝜅 

Where n is the real part corresponding to the RI and the imaginary part κ is known as “extinction 

coefficient”. While n indicates the “phase velocity”, κ corresponds to the “strength of absorption 

loss” at a particular wavelength. The n and κ components of the complex RI are connected to 

each other via the Kramers – Kronig relations. In general, if the medium is fully transparent, RI 

is real and if the medium is absorbing light, the index of refraction is complex. The standard 

measurements of RI are performed on exposure to the yellow doublet Sodium-D line 

(wavelength 589.29 nm) and reference medium is air at standardized pressure and temperature.  

Many factors which include polarizability, molecular geometry, polymer backbone 

orientation, and the chain flexibility are crucial in determining the RI of a polymer. Similarly, 

there are other factors like molar refractivity and molar volume which may influence the RI of 

the polymer. The “Abbe number” is a measure of the dispersion (variation of RI vs wavelength) 

of the material, with high values of 𝑉𝐷indicating low dispersion. 

𝑉𝐷 =
𝑛𝐷 − 1

𝑛𝐹 − 𝑛𝐶
 

 

Where 𝑛𝐷 is the wavelength corresponding to sodium D (589.3 nm) line ,  𝑛𝐹 the wavelength 

corresponding to hydrogen F (486.1 nm), and 𝑛𝐶  is the RI of the material corresponding to 

wavelength of  hydrogen C (656.3 nm) line. Abbe number and RI are inversely related. In 

general polymers show RI in between 1.30 and 1.70. 

A polymer that has an RI greater than 1.50 is referred to as a high-refractive-index 

polymer (HRIP). Lenses, reflectors, optical waveguides, photonic crystals, antireflection films, 

light-emitting diode (LED) materials, and holographic recording materials are all made of such 

high RI optical materials.77-84Several inorganic optical materials are also known with impressive 

strength, hardness, and rigidity along with a high RI above 2.0. However, they possess several 

other undesirable features like high densities and low flexibility of processing.85 On the other 

hand, organic polymer materials are lightweight and flexible. The major problems associated 

with these organic polymers is that they possess high optical dispersion, low solubility, large 

birefringence, and strong absorption in the visible region. The incorporation of groups with high 
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molar refractions (phosphorus and sulfur atoms, aromatic groups, and halogen atoms) increases 

the RI of the organic polymers as is clear from the classical Lorentz-Lorenz equation.86 Lorentz-

Lorenz equation relates RI to mean polarizability and molar volume. It also helps to estimate RI 

of the material by adding up the individual molar refraction values contributed by the functional 

groups and repeating units.86,87 

 

𝑛2 − 1

𝑛2 +  1
=

4𝜋

3
 𝑁𝛼 = ∑(𝑅𝐿𝐿

𝑖

)𝑖 

In the equation, N denotes “number of molecules per unit volume”, α denotes “mean 

polarizability” and RLL denotes “individual molar refraction values”. Many compounds were 

designed following this basic principle such as polythiourethane,88,89 polyphosphazenes,90,91 

poly[S-alkylcarbamate],92 epoxypolymers, episulfide-type polymers,93 poly(thioether sulfone),94 

showed RI from 1.60 to 1.76. The elements having high molar refractions are able to increase the 

RI value of polymers, retaining a high Abbe number. However, using this strategy, it is 

challenging to improve RI of polymer beyond 1.8.95 

The optical properties of hybrid materials may be modified by changing their chemical 

composition. This tunability helps to produce step-index or graded-index optical waveguide 

materials having desired reproducible RI. A graded-index optical fibre is characterized by a 

gradually decreasing RI value with increasing distance from the core. In fact, human eye is the 

most miraculous example of graded-index optics in nature. On the other hand, step-index optical 

fibres have separate refractive indices for the core and cladding (usually core with a uniform and 

higher refractive index and cladding with a low refractive index).  

Polymer blends, on the other hand, are a physical mixture of different polymers.96 

Blending is very useful for improving the properties of polymeric materials. The properties are 

determined by the miscibility of polymers in the blend.97These blends are prepared by various 

techniques; among them, solution blending technique is used frequently in the laboratory-scale 

synthesis of polymer blends.98 

1.5.2. Principles of ellipsometry and why is it unique 
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Since RI and κ of a thin film sample are difficult to measure directly, the parameters are obtained 

indirectly from various other measurable quantities like transmittance (T), reflectance (R), or 

ellipsometric parameters (Ψ and δ), which are dependent on them. Further, a theoretical model is 

fitted with the experimentally measured parameters R or T, or ψ and δ, and thereby n and κ are 

construed.99 Spectroscopic ellipsometry is an optical method used to measure dielectric 

properties such as a dielectric function or complex refractive index of thin films. It basically 

analyses the variation in polarization concerning R or T and equates these values to a theoretical 

model that fits with the experimental data. It provides information about roughness, thickness, 

electrical conductivity, composition, doping concentration, crystalline nature, and many other 

properties. 

Ellipsometry derives its name from the elliptical polarization of light that is used. Light 

being a transverse wave can undergo circular, elliptical, or linear polarization. Confinement of 

the electric or magnetic field vectors to a particular plane along the direction of propagation is 

known as “linear polarization” or “plane polarization”of electromagnetic radiation. On the other 

hand, “circularly polarized” light comprises two plane waves equal in amplitude but differ in 

phase by 90°. The waves with unequal amplitudes constitute the “elliptically polarized” light. 

Figure 1.3 illustrated the rudimentary instrumentation set up of an ellipsometer. In this 

instrument, electromagnetic radiation is emitted from the source is linearly polarized using a 

polarizer. This polarized light further passes over an optional compensator (consisting of a 

quarter-wave plate and a retarder) and then made to fall on a sample. The sample reflects the 

radiation and passes it onto a compensator (optional) and second polarizer. The second polarizer 

is also known as an analyzer. Finally, electromagnetic radiation reaches the detector. 
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Figure 1.3: Schematic diagram of a spectroscopic ellipsometry measurement (left)99 and the 

original ellipsometer instrument(right) 

Ellipsometry experiment is performed mostly, keeping the instrument in the reflection 

setup. In most models, the sample is considered a combination of different discrete layers that 

are optically homogeneous. The changes happening in the polarization of the incident light upon 

interaction with the material is measured by phase difference (Δ) and amplitude ratio (Ψ). The 

change in polarization depends on the material properties and helps in the contact-free 

determination of optical constants and thickness of films with high accuracy. 

The foremost disadvantage of this technique is that it is an indirect method, and hence a 

model-based analysis is required to construe the optical constants using the ellipsometric 

parameters obtained from the instrument. Also, a significant challenge is the direct inversion of 

Ψ and Δ and is not possible to avoid it unless the samples are homogeneous, isotropic, and 

infinitely thick films. The fit between experimental and calculated model data is identified in 

terms of a parameter called Mean Squared Error (MSE). The smaller is the value of MSE, and 

the better is the fit. This fit is ensured with the help of the Levenberg-Marquardt algorithm.. 

Thus to start with the material has to be analyzed if it is absorbing, semi-absorbing or 

transparent (Scheme 1.2). If it is absorbing oscillator models like Drude, Gaussian, Lorentz, 

Tauc-Lorentz etc. could be used, and for transparent samples, Cauchy or Sellmeier models are 

generally used. For semi-absorbing materials, combinations of models from either category are 

used. 
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Scheme 1.2: A schematic representation of the method of ellipsometric analysis by suitable 

theoretical model selection. 

1.6. Polymer films as membranes for gas separation 

Jean Antoine (Abbé) Nollet (in 1748) studied naturally obtained pig bladder as a membrane.  The 

pig bladder was observed to be more permeable to water compared to ethanol. This report was 

the first semi-permeable membrane.100-102 Nowadays, polymer membranes are commonly used 

for commercial gas separation applications like to separate CO2 from natural gas, N2 from the 

air, and H2 from the mixtures of hydrocarbons in the petrochemical process.103 There are two 

basic parameters, i.e., permeability coefficient (PA) and selectivity (α A/B), that define the 

performance of a membrane.104 

 

𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, 𝑃𝐴  =
𝐺𝑎𝑠 𝑓𝑙𝑢𝑥 ×  𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑎𝑐𝑟𝑜𝑠𝑠 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
 

 

𝐺𝑎𝑠 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝛼𝐴 𝐵⁄ ) =
𝑃𝐴

𝑃𝐵
  

Transparent 

Materials 

Semi-absorbing Absorbing 

Oscillator models(eg: drude, 
gaussian, lorentz, tauc-

lorentzetc 

Cauchy,sellmeier 
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𝑃𝐴 in the above equation denotes the permeability of the gas which is comparatively more 

permeable and 𝑃𝐵denotes the permeability of the less permeable gas in the pair of two 

gases.105When a film is more permeable, less area of membrane is sufficient to purify a given 

amount of any gas, and this reduces the cost required for production considerably. Similarly, 

when the film is more selective, the products can be obtained with higher purity.106 

Unfortunately, these two properties are mostly in inverse relation for many polymers.106-108 With 

the help of H2/N2 separation factors and hydrogen permeability coefficients in the case of many 

polymers, Robeson109,110 quantified the theory shown in figure 1.4. The line indicates an “upper 

bound” for the permeability and selectivity combinations of known membranes for the mixture 

of H2/N2 gases. The best performance materials are found in the upper right corner of figure 1.4. 

 

 

Figure 1.4:  Relationship between hydrogen permeability and 

H2/N2 selectivity and the empirical upper bound relation (figure taken from ref 109). 

A semi-permeable membrane is a thin polymeric film that behaves as a barrier between 

two phases through which transport of those substances happens differentially. This differential 
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transport can occur as a result of differences in concentration, electrical potential, and pressure 

across the medium.111 Stearic nature and polarity of organic moiety of the polymer chains 

determine the permeability of a polymeric membrane. Also, the shape and size of bulky groups 

in the main and side chains of polymers dictate the packing, density, and rigidity.112 

The common gas separation applications113 involve separation of oxygen and nitrogen for 

oxygen enrichment and inert gas generation, separation of water from hydrocarbons for natural 

gas dehydration, separation of water from air for air dehumidification, separation of 

hydrocarbons from the air for pollution control, separation of helium from hydrocarbons and for 

helium recovery. 

A membrane could be categorized as porous or non-porous membranes (or dense 

membranes) depending on selectivity and flux density. A porous membrane contains voids 

constructed by random inter-connected pores. It is very similar to a conventional filter by 

structure and function. The separation process by porous membrane depends mainly on the 

permeate character, pore-size, and the molecular size of the polymer membrane. They exhibit 

high flux but low selectivity values. These membranes are prepared from a polymer solution by 

solution casting, stretching, track etching, sintering, and phase separation.  

Non-porous membranes posses high selectivity, but the flux is usually low. One 

advantage with non porous membranes is that, if their solubility in the membrane varies 

considerably, even permeants of similar sizes can be separated. Melt extrusion or solution-

casting method is used to produce dense membrane. Polymer membranes are widely used to 

isolate carbon dioxide from other gases like hydrogen, oxygen, nitrogen and methane, 

decarbonation of gases, food packaging, and treatment of natural or industrial gases.113, 114 

The structural regularity of polymers favors close packing, enhancing density and 

rigidity, thereby selective permeability.115 For instance, polyether sulfones (PES) chains form an 

ordered structure and hence have better bulk density than polysulfones (PSF) that contain an 

aliphatic isopropylidene moiety leading to irregular packing arrangement. Owing to the same 

reason, isotropic PES showed increased selectivity for the gas pairs like H2/N2, He/CH4, 

O2/N2and CO2/CH4, compared to cellulose acetate or bisphenol-A polysulphone.116 In  2001, 

Fuertes reported that membranes with micropore size 3–5 Ǻ could effectively separate gas 

molecules whose effective diameters are smaller than 4Ǻ from their mixtures by molecular 
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sieving.117 These are called Molecular Sieve Carbon Membranes (MSCM) because here, the gas 

transport depends only on the size of molecules of gas rather than the effects of adsorption. 

There are various processes that are widely used in industrial membrane separation of 

gases. Six important processes are listed below. 

(i) Gas separation. 

(ii) Reverse osmosis 

(iii) Electrodialysis 

(iv) Pervaporation 

(v) Microfiltration 

(vi) Ultrafiltration 

Gas separation process is still in its developing stages. Most of the membranes available 

currently for gas separation are functioning based on the solution-diffusion mechanism.  

1.7. Scope of the thesis 

Phosphorus-containing polymers and small molecules find diverse applications in our day to day 

life, and still many left unexplored. The thesis focuses on three diverse applications of 

organophosphorus polymers, their blends, and composites. The applications include Li-ion 

conductivity, refractive index tunability, and gas sorption (figure 1.5). All these applications are 

quite distinct from each other, and the requirements for the same vary drastically. 
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Figure 1.5: Schematic representation of applications of focus in the thesis 

 Commercial electrolytes used in the Li-ion batteries contains salts of lithium dissolved in 

some organic solvents, but they inherently possess the risk of leakage and fire hazard. On the 

other hand, the polymer electrolytes compared to liquid electrolytes, have no leakage of 

electrolytes, and no combustible products evolve from the reactions at electrode. It also avoids 

the internal shortage at the electrode surface.118–123But the major challenge with these SPEs are 

their low Li-ion conductivity at room temperature and small values of lithium transference 

number. Hence, to improve these drawbacks and achieve SPEs that can fulfill practical 

requirements is still a challenging area of extensive research. In this regard, we have synthesized 

phosphorus polyethers and met the conductivity of about 10-4 S cm-1 and 10-3 S cm-1 at room 

temperature and 80 °C, respectively, for most SPEs.. 

 The tunability of the refractive index is as important as the property itself. Often we require 

graded-index polymer fiber for various applications, for instance, high-speed data 

communication.124 Hence it is crucial to know how we can tune the refractive index of a material 

for a specific use. There are several ways how we can achieve this. At the molecular level, the 
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introduction of sulfur, halogen, and phosphorus may increase the refractive index because of 

polarizability change. At the bulk level, the addition of some inorganic fillers or blending with 

another polymer may help in altering the refractive index. We have focused on the blending 

technique and studied how the refractive index changes with an increase in the amount of 

organophosphorus polymer in the blend. Besides, these blends showed a refractive index 

tunability from 0.97- 1.57 at 589.3 nm. Still, there are many variants of organophosphorus 

polymers, and it is required to study systematically how the variations in the percentage ratios of 

these polymers help in tuning the RI. 

The study of gas separation using various kinds of natural and synthetic membranes is a 

field of intense research interests.125,126Differential permeation principle separates the 

components from their mixtures. So the membrane is crucial, and it is required to tune with 

several factors like permeability, selectivity, and diffusivity to determine the membrane's 

efficiency. In this regard, we need to explore more and more membrane materials that can fulfill 

current requirements.127 Phytic acid is a bulky molecule with the potential to create sufficient 

free volume when mixed with a polymer and made a composite, with the polymer being the 

matrix and phytic acid acting as filler. As a first step towards this, pore size and volume of these 

composites prepared with different weight ratios were estimated with the help of BET. All the 

films were mesoporous, and the introduction of PA has increased the pore size and specific 

surface area of the film compared to pure PVA, though not drastically. Further, the selectivity 

and permeability of these polymer films have to be studied using different pairs of gases to 

understand the kind of applications for these polymer films. 
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Chapter 2 

Catechol based polyphosphates with tunable 

microstructure-assisted Li-ion conductivity as solid 

polymer electrolytes  
 

 

Abstract: 

This chapter describes the synthesis, characterization, and Li-ion conductivity of catechol based 

copolymer of polyphosphates (P1-P4) for solid polymer electrolyte (SPE) applications in Li-ion 

batteries. The synthesized polymers are thermally stable with high molecular weight, porous 

nature, and had rod-like morphology. The Li-ion conductivity of one of the SPEs produced using 

P3 with 20 wt% of LiTFSI was 1.4× 10-3 S cm-1 at 80°C, while P1 having 40 wt% of LiTFSI 

showed the conductivity of 1.2× 10-3S cm-1 at 80 °C. Remaining all polymers (P1- P4) showed 

good conductivity at RT (~10-4 S cm-1). The results demonstrate the highest Li-ion conductivities 

among those reported in the literature so far at 80°C. The high conductivity achieved is attributed 

to the microstructure of polymer molecules dictated by the bulky and rigid groups as the co-

monomer, which created the perpetual-voids in the polymer matrices. 
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2.1. Introduction 

Li-ion batteries (LIBs) are used extensively in electric vehicles, energy storage solutions at grid 

level, home electronics, and military and aerospace applications. Such applications require high 

energy density and low self-discharge. Intense efforts have been there towards developing novel 

materials for LIBs that are economical and safe.1 Electrolyte plays a crucial role in a LIB since it 

facilitates the movement of the Li-ions between the cathode and the anode while the electrons 

move through the wire.2 The commercial LIBs use a solution of lithium hexafluorophosphate 

dissolved in a mixture of ethylene carbonate, ethyl methyl carbonate or dimethyl carbonate as the 

electrolyte. However, in large batteries used in automotive and stationary applications, the 

increase in temperature of batteries results in inflammability of organic solvents and instability 

of LiPF6 due to its reaction with traces of protic species in the electrolyte.3 

Solid electrolytes surpass the conventional liquid electrolytes in terms of electronic 

properties such as substantial electrochemical stability, wide operating temperature range, 

feasible battery-package formation, and safety.1, 4, 5 There are two classes of solid phase 

electrolytes for Li-ion batteries, viz. inorganic compound based electrolytes and organic 

polymer-based electrolytes.6The solid electrolytes based on inorganic compounds are single-ion 

conductors, and that reduces most of the adverse side reactions and decomposition of the 

electrolytes.7 However, the operation of inorganic solid electrolytes under a high current density 

is delicate because the Li-ion transfer is slower than that of typical organic solvent-based 

electrolytes. Alternatively, organic polymer electrolytes, comprising a polymer matrix and an 

appropriate amount of lithium salts, form a solid-electrolyte interface and thereby restrict 

decomposition or other side reactions. Further, the properties such as flexibility, easy 

manipulation, and high-temperature use of polymer electrolytes give promises for advanced Li-

ion secondary batteries.8, 9 Consequently, the advent of the liquid electrolyte with a thin polymer 

membrane is much desirable. 

Linear polyethylene oxide (PEO) added with lithium salts was the first investigated 

SPE.11Many other variations studied are; the attachment of oxymethylene groups in the chains of 

PEO,12, 13cross-linking of PEO,16use of block copolymers,14 and comb-branch polymers,15 and 

addition of nanoparticles.17,18Polyether are generally attractive molecules as SPEs because of the 

presence of more numbers of oxygen atoms with lone-pair electrons in their structure and their 

relatively strong Lewis basicity. This structural feature results in their enhanced ability to 
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dissociate alkali metal salts by solvation to cations. Consequently, the polyether-based 

electrolytes show remarkable ionic conductivity but negligible electronic conductivity.19-

23Despite the long known investigation, the Li-ion conductivity the polymer-lithium salts based 

electrolytes remain still too low10 (<10-4 S cm-1). 

Improving the safety of LIBs in terms of fire hazards is a significant challenge, especially 

for large battery applications in electric vehicles. Introducing the flame-retardant property to the 

batteries is a crucial design strategy in need to avoid thermal-runaway that may result in fire or 

explosion while the temperature increases in batteries.9 By adding flame retardant molecules, 

flammability of the electrolytes in LIBs can be reduced or even suppressed.24 For this reason, 

phosphorus (V) compounds are studied widely as additives in LIBs.25 To improve the safety of 

LIBs, a rather high wt% of additive is required. However, a high concentration of additives leads 

to increased viscosity, and a decreased ionic conductivity of the electrolyte, also result in poor 

anodic stability.26 The present strategy to realize flame-retardant property for the solid polymer 

electrolytes (SPE) is incorporating phosphorus-containing molecules as a repeating unit to the 

polymer chain.18, 27, 28 The catechol based units have recently emerged as powerful building 

blocks29 for the preparation of a broad range of polymeric materials for critical applications like 

drug delivery 30 and degradable adhesives.31, 32 The recent review endorsed that catechol based 

polymers are promising to offer more for the production of “next-generation” safe, economical, 

and sustainable energy storage devices.33 

In this present work, we have described the design and study of the Li-ion conductivity of 

four different phosphorus-containing catechol based polymer electrolytes to find advanced 

functional materials for Li-ion batteries. The synthesized polymers (P1-P4) exhibited 

considerable thermal stability conductivity, and the electrolytes showed excellent Li-ion 

conductivity (~10-4 S cm-1) at room temperature. Further, two SPEs reported here attained the 

conductivity value up to 10-3 S cm-1 at 80°C, and this enhanced Li-ion conductivity can be 

attributed primarily to the porous morphology of these polymers. The presence of phosphorus in 

the main chain of electrolytes would give flame retardant property to the battery. 
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2.2. Results and discussion 

2.2.1. Synthesis and characterization of polymers 

The safety issues of lithium batteries are closely related to the type of electrolytes used in it. 

Besides safety considerations, the conductivity of Li-ions in electrolytes, which depends on the 

type of electrolytes, needs to be improved. To address these issues, thermally stable phosphorus-

containing polymers in the form of solid polymer electrolytes (SPEs) are promising materials.  

To incorporate phosphorus atoms in polymers, researchers exerted several monomers based on 

organophosphorus compounds. However, the current interest is making polyphosphates with 

rigid and bulky groups for example aromatic diols. Herein, we have synthesized four 

polyphosphates (P1-P4) simple reactions of phosphoryl chloride with four different aromatic 

diols separately (Scheme 2.1). Considering on the functional groups of co-monomers, the 

condensation polymerization method was favored to produce the copolymers. These reactions 

proceeded in the presence of triethylamine as HCl scavenger. 

 

Scheme 2.1: Schematic representation of syntheses of polyphosphates P1-P4. 
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All four polyphosphates were solids at room temperature and were soluble in dimethyl sulfoxide, 

dimethylformamide, and dimethylacetamide. The structure of polymers was characterized 

thoroughly by NMR and IR spectral data. The polymers, P1-P4 showed a single peak in 31P(1H) 

NMR spectra in the region δ 81.4-83.2 ppm. The presence of the second repeating unit of co-

monomers was identified from the peak at the aromatic region in 1H NMR spectra. The IR bands 

(Figure 2.1) at 3150 cm-1 and 1489 cm-1 and 850 cm-1 suggested the presence of an aromatic ring 

in the polymers. The band at 1238 cm-1 was owing to the symmetric and asymmetric stretching 

modes of the phosphodiester groups. The absorption at 1095 cm-1 was ascribed to the P-O group. 

The molecular weights of various polymers (both Mw and Mn) and their PDI values are listed in 

Table 2.1 given below. The molecular weights of P1, P2, and P3 were more or less similar, 

while P4 was obtained with the highest Mn and Mw among all four polymers. Similarly, PDI of 

P4 was 1.64 showing the better distribution of polymers of similar chain lengths compared with 

other polymers. 

 

Figure 2.1: Infrared spectra of polymers P1-P4. 

Table 2.1.Molecular weights of polymers P1-P4 

S. No. 

 

Polymer Mn 

(g mol-1) 

Mw 

(g mol-1) 

 

PDI 
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1 P1 113835 203564 1.78 

2 P2 154068 280795 1.82 

3 P3 149055 261298 1.75 

4 P4 221726 363675 1.64 

 

     

2.2.2. Microstructure of polymers P1-P4 

Mechanical, thermal, and conducting properties of polymers depend to a large degree on 

molecular orientation and chemical constitution. The presence of heteroatom like phosphorus 

instead of typical carbon-carbon bonds in the chain of organic polymer would introduce intrinsic 

deformation in the packing of chains due to the difference in the size of atoms. Further, the fifth 

valence of phosphorus would provide the opportunity of introducing an additional pendant group 

to the repeating unit and thus decide the microstructure of polymers. Variation in the structural 

orientation of repeating units of polymer molecules directed by the difference in the 

hybridization of phosphorus and carbon atoms could provide a disordered framework in the 

polymer matrix. All these modifications would afford interesting chemical and physical 

properties to the polymers such as the stability at high temperatures, flame-retardant property, 

and amorphous nature.20, 25, 26 In the same way, due to the presence of atoms of dissimilar sizes in 

the chains of inorganic polymers polyphosphazenes and polysiloxanes exhibited Li-ion 

conductivities of 4.5 × 10-4 S cm-1 and 5.0 × 10-5 S cm-1respectively.20 

The focus of this work is to tune the microstructure of the polymer molecules by 

introducing bulky and rigid groups and enlarging the amorphous region, and then study the Tg, 

crystallinity, and Li-ion conductivity of the polyphosphates. Perhaps, the asymmetrical sizes and 

shapes of these bulky groups expected to enlarge the amorphous region and introduce intrinsic 

porosity. The energy minimized structure of polymer P3 is shown in Figure 2.2(a) to visualize 

the microstructure of the polymer chain. The structure consisted of 6 polymer chains of 20 repeat 

units each and was constructed using the MM2 force field by Chem3D software. The figure 

visualizes the possibility of perpetual voids in the microstructure of polymer through which 

lithium ions can move ease.  Figure 2.2(b) depicts slack chain packing caused by the molecular 

structure of chains that can create voids in the superstructure of the polymers matrix. The 
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aromatic rings would prevent the close packing of polymeric chains and create voids within the 

system, which ultimately will enhance ionic conductivity. 

 

Figure 2.2: (a) The energy minimized structure of P3 obtained using MM2 force field by 

Chem3D software (b) A schematic illustration of structural framework of polymer matrices that 

can support the movement of Li-ions through solid polymer electrolytes 

Cooperative self-organization of macromolecules is known to influence the structure and 

application of materials.34 Self-assembling polymers tend to form large aggregates such as 

spherical, cylindrical, or tubular-shaped macro assemblies as a consequence of specific, 

intermolecular interactions among themselves. These assemblies may, in turn, effectively behave 

as huge polymers. The strategy of self-assembly was used to fabricate free-standing, flexible 

nanocomposite films, and electrodes by mixing with conducting species. Thus the investigation 

of FESEM images of P1-P4 (Figure 2.3) showed interesting self-aggregation of polymer 

molecules and the formation of stable and ordered architecture. This aggregation resulted in the 

formation of hollow tubular morphology for P1, P2, and P3. However, the molecules of P4 

formed human-backbone like morphology, probably because of the bulky nature of the catechol 

unit. The possibility of hydrogen bonding interaction in the repeating units facilitated the self-

assembly of polymer chains, while the bulky nature of the repeating units construct the 

superstructure. These shreds of evidence supported the conceived model of formation of the 

endless void, which is expected to facilitate the Li-ion conductivity. 
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Figure 2.3: FESEM images of polymers P1-P4. 

 

2.2.3. Thermal properties of P1-P4 

As mentioned earlier, the thermal stability is one of the crucial parameters of a polymer to be 

considered for solid polymer electrolytes. Contemporary density functional theory (DFT) based 

ab initio calculation revealed the significant charge separation in the P-C and P-O bonds 

ascribing to arise in their bond dissociation energies.35This observation explains the increased 

stability of the polymer with P-C and P-O bonds in the primary polymer chain. Many 

phosphorus-containing polymers are reported to be thermally stable at higher temperatures 

authenticating the thermal stability of such hybrid polymers.25,26Thus, the thermogravimetric 

analyses showed that the polymers P1-P3 were stable up to 200°C, while polymer P4 was stable 

until 270°C (Figure 2.4(a)). This observation correlates with the high molecular weight observed 

for P4. Further, the presence of two phenyl rings in the structure could also cause enhanced 

thermal stability to P4 compared to other polymers. The methyl group in P2 and P3 accounts for 

the early decomposition of those polymers, and the columnar stacking of phenyl groups in P1 

and P4 renders them extra stability. 

The glass transition temperature (Tg) dictates the working range of polymer for various 

applications. The Tg value of P1 is around 298 °C, P2, and P3, around 212 and 252 °C, and that 
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of P4 around 343°C (Figure 2.4(b)). DSC thermogram (Figure 2.4(d)) showed that all SPEs have 

considerably low Tg compared with their polymer counterparts. This observation means that the 

addition of Li salt decreased crystallinity. This change, in turn, makes it more amorphous and 

increased the flexibility of the chain of polymer.36 Within the SPEs of the same polyphosphate, 

the Tg was increasing with increasing Li-ion content. For instance, Tg of SPE3 increased from 

38°C to 63°C as the Li-ion percentage increased from 10 to 40%. 

Table 2.2.Thermal stability analysis of polymers P1-P4 and SPEs 

Polymer Td Tg SPE Td Tg 

P1 388 298 SPE3(10%) 50 38 

P2 324 212 SPE3(20%) 65 48 

P3 328 252 SPE3(30%) 67 47 

P4 395 343 SPE3(40%) 84 63 
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Figure 2.4: TGA and DSC plots of polyethers P1-P4 (a and b), SPE3 (c and d). 

 

2.2.5. Conductivity studies 

The polyphosphates (P1-P4) were blended with lithium bis(trifluoromethane sulfonyl)imide 

(LiTFSI) in weight proportions of 10%, 20%, 30%, and 40% to produce series of solid polymer 

electrolytes, SPE1-SPE4 respectively. The Li-ion conductivities of SPEs were determined using 

SS|electrolyte|SS cell configuration at various temperatures. The pure polyphosphates alone 

showed the Li-ion conductivities of about 10-11 S cm-1 to 10-12 S cm-1, demonstrating the absence 
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of protonic or electronic conductance. The bulk resistances followed by the conductivities were 

calculated from complex impedance spectra of polymers and their series of SPE1, SPE2, SPE3, 

and SPE4. The Li-ion conductivities of SPEs determined at 30°C, as well as at 80°C, are 

presented in Table 2.3. 

SPEs presented very high Li-conductivities compared to their polymers. Figures 2.5 to 

2.8 display the temperature-dependent Nyquist plots of the solid polymer electrolytes SPE1-

SPE4 (10%-40% Li salt) covering the temperature range of 30-80 °C with an increment of 10 °C. 

Nyquist plots obtained as a clear semicircle attributed total observed conductivity to Li-ions 

only; the plots could have been complicated if some other contaminants were added to the 

conductivity measured. Among all combinations studied, the SPE3 (20%) exhibited the best 

conductivity of 4.1× 10-4S cm-1at room temperature and 1.4× 10-3S cm-1at 80°C. Figure 2.9 

represents the Arrhenius plots for conductivities of SPE1 to SPE4 (10% - 40%). A general trend 

of increasing conductivity upon increasing temperature is observed in all the polymers. 

 

Table 2.3. Li-ion conductivities of SPE1- SPE4 (10%- 40%) at various temperature 

Conductivity (σ) of SPEs (S cm -1 ) 

SPEs 

(wt% of 

LiTFSI) 

SPE1  SPE2 SPE3 SPE4 

30 °C 80°C  30 °C 80°C 30 °C 80°C 30 °C 

  

80°C 

 

(10%) 1.9× 10-6 6.6× 10-6 2.2× 10-5 4.6× 10-5 2.8× 10-5 1.7× 10-4 9.8× 10-6 1.9× 10-5 

(20%) 1.2× 10-5 1.4×10-4 5.8× 10-5 4.8× 10-4 4.1× 10-4 1.4× 10-3 6.0× 10-5 9.6× 10-6 

(30%) 1.7× 10-4 4.7× 10-4 8.1× 10-5 1.2× 10-4 5.5× 10-5 2.5× 10-4 2.8× 10-5 3.1× 10-5 

(40%) 4.9× 10-4 1.2× 10-3 8.1× 10-5 4.3× 10-4 3.9× 10-4 1.0× 10-3 7.2× 10-5 9.2× 10-4 

 

The local segmental motion of the chains in amorphous polymers facilitates the Li-ionic 

conductivity at a temperature beyond their Tg value. The polymer chains are quite flexible at 

temperatures above Tg, and in this stage, the chains are in constant motion. This segmental 

motion of chains will create voids that simultaneously change its position as the ion gradually 

moves its way along.37 However, the conductivity of polymers P1-P4 at temperatures below their 

Tg can be explained using intrinsic disorder in the microstructure of polymers. The stearic 
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hindrance introduced by the bulky groups like benzyl or naphthyl will possibly avoid close 

contact between the polymer chains and thereby maintaining the essential criteria for ion 

movement intact. Also, the rotational motion is hindered considerably. Altogether, these factors 

resulted in more significant disordered packing of chains and created channels for Li-ion 

mobility. To the best of our understanding, the SPE3 produced in this work exhibited the highest 

conductivity achieved for any solid polymer electrolytes reported in the literature so far. 

 

 

 

Figure 2.5: Temperature dependent Nyquist plots of SPE1 with different percentages of 

lithium salt (a) 10% (b) 20% (c) 30% (d) 40% 

 

 

a b 

c d 
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Figure 2.6: Temperature dependent Nyquist plots of SPE2 with different percentages of 

lithium salt (a) 10% (b) 20% (c) 30% (d) 40% 

 

 

 

 

 

 

 

 

 

b a 

c d 
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Figure 2.7: Temperature dependent Nyquist plots of SPE3 with different percentages of lithium 

salt (a)10% (b) 20% (c) 30% (d) 40% 

 

b a 

c d 
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Figure 2.8: Temperature dependent Nyquist plots of SPE4 with different percentages of lithium 

salt (a)10% (b) 20% (c) 30% (d) 40% 

 

 

c 

b a 

d 
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Figure 2.9: Arrhenius plots of temperature dependent conductivities of (a) SPE1 (b) SPE2 (c) 

SPE3 (d) SPE4 

2.2.6. Fabrication of coin cell 

A preliminary experiment was performed with polymer P1 to identify the potential of the 

synthesized polymers towards battery fabrication. The lithium-lithium symmetric cell was 

fabricated, as shown in figure 2.10. The first step towards this was making the slurry by mixing 

20 mg of polymer, P1 with 1 mL of DMSO solvent. Further, the slurry was drop-casted onto a 

lithium foil and dried. Commercially available electrolyte, which is 1M LiPF6 in EC/DEC 

solvent, was used for the fabrication. 

 Galvanostatic charge-discharge cycling studies were performed at a current density of 20 

mA.cm-2 and a cycling capacity of 10 mAh.cm-2. The overpotential values were found to vary as 

follows: 180 mV (10th cycle), 116 mV (25th cycle), 106 mV (50th cycle), 109 mV (75th cycle) 

and 109 mV (100th cycle). These values are significantly lower and constant compared to 

pristine Li-Li cells that show rapid fluctuation in overpotential values. Constant variation of 

d c 

b a 
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overpotential indicates controlled lithium dendrite growth on polyphosphate coated lithium foil. 

This observation indirectly indicates the presence of lithiophilic sites of polyphosphate polymer 

is responsible for the controlled Li electro deposition during electrochemical cycling. Also, the 

coating of polyphosphate on lithium foil renders a stable cycling behaviour of about 2000 cycles. 

Further studies in this direction are in progress, and the result obtained so far indicates the 

potential of these polymers as potential candidates in regulating controlled Li electro deposition. 

 

 

 

Figure 2.10. (a) The assembly of various components making up a coin cell (b) Voltage-

time graph obtained by the charge discharge cycling studies. 

 

2.3. Conclusions 

In conclusion, we have successfully produced four different polyphosphates by condensation 

polymerization and studied their Li-ion conductivities. The synthesized polyphosphates P1-P4 

are greatly stable solids at room temperature. The increase of Tg value of SPEs showed that the 

addition of lithium salt increased the flexibility of the polymer. All the polymers showed good 

conductivity, especially, the SPE3 (20%) which showed the highest conductivity of 1.4× 10-3 S 

cm-1 at 80 °C and SPE1 (40%) of 1.2× 10-3 S cm-1 at 80°C. The higher Li-ion conductivities 

observed are attributed to the microstructure of polymer molecules dictated by the bulky and 

a b 
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rigid groups as the co-monomer, which created the endless voids in the polymer matrices. These 

voids facilitated the smooth movement of Li-ions apart from the well-known hopping 

mechanism. The presence of phosphorus in the main chain of these polyphosphates would bring 

the flame-retardant characteristic to the SPEs. Randomized trials earlier in our lab predicted the 

tunability of microstructure assisted Li-ion conductivity while the present study validated the 

model, which can initiate more research in this direction. The polymers synthesized being stable 

solids and showing excellent Li-conductivity values are quite promising for solid state Li-ion 

batteries. 

2.4. Experimental section 
 

2.4.1. Materials and instrumentation 

 

Standard Schlenk technique was used to handle air and moisture sensitive compounds under a 

dry nitrogen atmosphere. The solvents were purified and dried by refluxing over an appropriate 

drying agent followed by distillation under inert atmosphere. All the solvents utilized under inert 

atmosphere were deoxygenated methodically by freeze- pump- thaw method before use. The 

compound LiN(SO2CF3)2 is procured from Acros and used to make electrolytes without any 

further processing. 

The chemical structures of polymer chain were confirmed using 31P and 1H NMR spectral 

data. The NMR spectra of polymers were acquired at room temperature using the Bruker Avance 

FT NMR (500 MHz) spectrometer. Chemical shifts in spectra were reported in δ ppm and 

referenced to 85% H3PO4 for 31P and tetramethylsilane for 1H. The number and weight average 

molecular weights of polymers produced in this work were ascertained using polystyrene as the 

standard in a Gel Permeation Chromatography (Make: Shimadzu 10AVP). The separation of 

polymer chains was realized in the Phenogel mixed bed column (300 × 7.80 mm), which was run 

with tetrahydrofuran (THF) as the eluent at 30°C (flow rate = 0.5 mL/min). 

The Perkin Elmer (Pyris STA 6000 model) thermogravimetric analyzer was used to study 

the thermal stability of polymers. The decomposition behavior of polymers in the temperature 

range of 50 °C – 995 °C with a heating rate of 20 °C/min was tested under the flow of nitrogen. 

The temperature at which 5 % weight lost was considered as the onset point of decomposition 

(Td). The glass transition temperature (Tg) was determined by operating the Differential 

Scanning Calorimeter (Mettler Toledo - DSC 1) in the temperature range of 25 °C – 240°C and 
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heating rate of 10°C/min. FESEM images were obtained using an Ultra 55 Carl Zeiss instrument. 

The samples were dispersed in dimethylacetamide solvent and drop cast on a glass plate. 

2.4.2. General synthetic procedure of polyphosphates (P1-P4) 

A solution of phosphoryl chloride (0.56 g, 3.6 mmol) in THF (20 mL) was placed in a 250 mL 

RB flask (two-necked) under the flow of nitrogen gas. The reaction mixture was cooled down to 

0°C, and then one of the aromatic diols (9.08 mmol) dissolved in dry THF was added followed 

by drop-wise addition of dry triethylamine (10 mL) using an additional funnel under a nitrogen 

atmosphere with stirring (scheme 1). The resulting reaction mixture was maintained at the same 

conditions for 4 h. The mixture was filtered off by using the frit, and the byproduct [NHEt3]Cl 

was removed by washing several times with dichloromethane and applying a vacuum for 2 h. 

The polymers were purified further by washing in a Soxhlet apparatus for 24 h using 

dichloromethane to get pure polyphosphates (P1-P4).  

NMR Spectral data (500 MHz, DMSO).Polymer P1: 1H δ 6.56(d, 2H), 6.57(d, 2H) ppm.31P{1H} 

δ -82.84ppm.PolymerP2: 1H δ 6.45-6.47(dd, 1H), 6.41-6.42(dd, 1H), 6.35-6.37(dd, 1H), 

2.03(s,3H) ppm.31P{1H}δ -83.23ppm.PolymerP3: 1H δ 6.37(dd, 1H), 6.35(dd, 2H), 2.1(s, 3H) 

ppm.31P{1H}δ -81.47ppm.PolymerP4: 1H δ 7.61-7.63(dd, 2H), 7.21-7.22 (dd, 2H),7.02 (d, 2H) 

ppm.31P{1H} δ -82.85 ppm. 

2.4.3. Preparation of solid polymer electrolytes SPE1-SPE4 

The films of polyphosphates were prepared to measure the conductivity by dissolving as-

synthesized polymers in DMAc/DMSO solvents; however the films obtained were brittle. Hence, 

SPEs in the form of pellets were made to measure the conductivity. Different ratios of SPEs were 

prepared as follows. Initially, all the polyphosphates (P1-P4) were dried for 6 h at 60°C and 

LiN(SO2CF3)2 was dried for 8 h at 150°C under vacuum, after that, they were mixed inside a 

glove-box filled with ultrapure nitrogen. The polymer-lithium salt mixture was stirred in THF 

overnight at room temperature for homogeneity between polymer and salt. Then, the solvent was 

evaporated and dried under vacuum for 10 h to get SPE1 - SPE4, respectively. The obtained 

solids were filled into a die and then it was compressed with 3 ton pressure to obtain pellets of 

about 2 mm thickness and 1.07 mm diameter. The prepared pellets (SPEs) were kept between 

two gold plated SS electrodes in a homemade cell and the cell was sealed to avoid 

contamination. 
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2.4.4. Measurements of impedance of solid polymer electrolytes 

The cell was constructed, ensuring proper interfacial contacts between the electrolyte (pellet) and 

electrodes. The impedance of polymers and SPEs was determined in an electrochemical 

workstation (Zahner-Zennium loaded with the Thales data acquisition software). The impedance 

is measured in the frequency range of 1 Hz - 4 MHz for all samples. The conductivities were 

calculated25,26 using the equation, σ = d/(A Rb). In this equation, d = thickness of the pellet, A = 

surface area of the pellet, and Rb = bulk resistance. The Rb was obtained from the intercept of the 

curve with the real axis. The entire measurements were repeated three times to ensure 

reproducibility of results. 

 

Supporting information: 1H NMR and 31P NMR of P1-P4 are provided at the end of the 

chapter. 
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Figure 2.S1: NMR spectra of polymer P1:31P NMR (top), 1H NMR (bottom) 

 

 

P1 1H NMR 

P1 1H NMR (Aromatic region) 

P2 31P NMR 
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Figure 2.S2: NMR spectra of polymer P2:31P NMR (top), 1H NMR (bottom) 
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P2 1H NMR (Aromatic region) 
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Figure 2.S3: NMR spectra of polymer P3:31P NMR (top), 1H NMR (bottom) 
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Figure 2.S4: NMR spectra of polymer P4: 31P NMR (top), 1H NMR (bottom) 
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Chapter 3  

Poly(methyl methacrylate)/polyphosphate blends 

with tunable refractive indices for optical 

applications 
 

Abstract: 

Tuning the refractive index of the transparent materials is essential for optical applications. 

Herein, we report novel materials with a tunable refractive index that are prepared by blending 

poly(methyl methacrylate) (PMMA) with different concentrations of two polyphosphate hybrid 

polymers having phosphorus in the main chain (P5 and P6). The refractive indices and associated 

optical parameters of these polymers and hybrid materials (PB5 and PB6 series) are investigated 

using ellipsometry and optical modeling method to find their applicability in optics. Refractive 

indices of these materials are fine-tuned by altering the ratio of PMMA to P5 or P6. This 

approach is simple and ideal for obtaining homogeneous blends. Refractive index tunability of 

0.05 and 0.1 are achieved for PB5 and PB6 series respectively by this approach. Also, Abbe 

numbers of these blends are reasonable for PB5 series compared to the conventional lens 

materials, with a maximum value of 56 achieved in the case of PB520 blend. Also, the trend in 

variation of extinction coefficient with wavelength for blends PB650, PB660 and PB680 seem 

promising for optical filter kind of applications. These results show that the synthesized polymer 

blends are promising as optical materials with refractive index tunability.  

 

 

Optical Materials, 2020, 104, 109841 
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3.1. Introduction: 

Functional materials with excellent optical properties such as high refractive index (RI) and good 

transparency are useful for a variety of applications, including anti-reflection coatings, optical 

waveguides, 1 ophthalmic lenses, 2 and adhesives for optical components. A few polymers such 

as aromatic heterocyclic polymers, 3polythiophene, 4 and conjugated polymers, 5 were reported to 

show the RI value higher than 1.7, so far. If the RI value of the polymer is high, the thickness of 

the materials required for lens manufacture is less. Further, solubility, optical dispersion, and 

optical transmittance in the visible region are properties that decide the practical use of a 

polymer. Thus, the development of high-refractive-index polymers (HRIP) with worthy optical 

properties is still a hot topic. 

Much-dedicated efforts are on to produce polymer-inorganic hybrid materials,6 because 

they have enhanced thermal, mechanical, magnetic, optical, electronic, and optoelectronic 

properties compared with their corresponding individual polymer or inorganic component. 

Nanoparticles can considerably increase the RI but may affect the transparency of the material 

due to agglomeration.7 Further, these particles tend to agglomerate during dispersion in a solvent 

or a polymer matrix, which ultimately hinders the application. Therefore, obtaining hybrid 

materials with useful RI value overcoming all issues is a challenge.  

RI of a material is related to molar volume and mean polarizability by the Lorentz - 

Lorenz equation.3, 8-10The equation gives an estimation of the refractive index of the material 

from the individual molar refractions of functional groups and the repeating units. 

𝑛2 − 1

𝑛2 + 1
=

4𝜋

3
Nα =  ∑(RLL)i

i

 

where N is the number of molecules per unit volume, α is the mean polarizability and RLL is the 

individual molar refraction values. Therefore, as per the equation, the introduction of 

phosphorus, sulphur, and halogen with high molar refraction values will increase the RI of the 

material.11-16 Phosphorus has higher polarizability due to its electronic structure. Unlike nitrogen, 

which has a 3s-3d energy gap of 23eV, phosphorus has an energy gap of 17eV and is, therefore, 

more polarisable.17 

 Organic-inorganic hybrid polymers with phosphorus as one of the atoms in the 

main-chains have exceptional advantages owing to their conformational flexibility introduced by 

the size and the fifth valence of phosphorus atoms. These properties of the phosphorus-
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containing polymers help in designing polymers for various applications18-20 with tuneable 

properties. Considering these advantages, Olshavsky and Allcock prepared a series of 

polyphosphazenes with high RIs and optically transparent in the visible region.21, 22These 

polymers possessed moderate to high Abbe numbers and RI as high as 1.75. McGrath and co-

workers synthesized aromatic polyphosphonates and studied for their use as HRIPs.23, 24 In 2001, 

H. K. Shobha et al. have synthesized a variant of polyphosphonates starting from phenyl 

phosphonic dichloride and the diol using triethyl amine as the base and phenol as an end 

capper.24Recently in 2017, Macdonald et al. have synthesized a series of similar high refractive 

index polymers starting from phenyl and methyl phosphonic dichloride using triethyl amine and 

n-methyl imidazole as bases and end capped the polymers with various endcappers.25 The 

highest reported RI for a polyphosphonate is 1.64. 

 Mostly polyphosphonates have been explored as high refractive materials, and 

polyphosphates are less explored in this regard. Polyphosphates are similar to the polycarbonates 

by the structure, and they are the materials of commercial importance because of their excellent 

flame-retarding characteristics. Moreover, polyphosphates can be degradable biomaterials. Bis-

phenol A-bis(diphenyl phosphate) commercially known as Fyrolflex BDP is a well-known fire 

retardant. In this work, we have explored the refractive index tunability of PMMA, a well-known 

polymer for optical applications, using two polyphosphate polymers, one of which is a polymer 

of bisphenol A diphenyl phosphate and the other is a biphenyl variant of the same. 

 One of the intriguing strategies of increasing the RI of a polymer is making hybrid 

materials by combining a typical organic polymer with the hybrid polymer having phosphorus 

atoms. Therefore, we have synthesized two polyphosphates (Scheme 3.1), and the present work 

describes a novel approach of tailoring the refractive index of PMMA by mixing with varied 

weight ratios of synthesized polyphosphates. PMMA is a ubiquitous amorphous polymer in 

various optical components. Further, PMMA finds a wide variety of applications because of its 

several desirable qualities, including toughness, durability, transparency, and biocompatibility. 

Nevertheless, it is not just the value of the refractive index; the flexibility of tuning of optical 

properties is also crucial for the practical use of material. Consequently, polyphosphates 

described here are blended with PMMA by simple solution mixing to ensure homogeneous 

mixing of composition. The RI values and Abbe’s number (VD) of these blends were tunable 
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compared to that of individual polymers showing the advantages of the present study described 

here. 

 

Scheme 3.1: Schematic representation for the syntheses of polymers P5and P6. 

 

3.2. Results and discussion 

 
Table 3.1. NMR data and molecular weight distribution of  P5 and P6 

 

Polymer 

31P NMR in CDCl3 

Δ 

1H NMR in CDCl3 

δ 
Mn (Da) Mw (Da) PDI 

P5 -17.2 (s) and -18.9 (s) 7.2-7.4 (m, 14H), 1.6 

(s, 6H) 

32372 64331 1.98 

P6 -17.46 (s) 7.2-7.5 (m, 14H) 6639 10983 1.65 

 

 

The NMR spectral data confirmed the structure of repeating units in the polymers. The two 

signals in the 31P NMR spectrum of the polymer P5 are assigned to the phosphorus in the repeat 

unit and the phosphorus at the end chain. The polymers P5 and P6 were purified by repeated 

precipitation from chloroform into hexane, and therefore there is no possibility of any unreacted 

phosphorous source used in the reaction. Usually, if chain length is small, it is expected to show 

two distinguishable peaks in the 31P NMR spectrum. Similar observations of two phosphorus 

peaks in 31P NMR have been reported by many researchers.18, 26-30 However, in our case, the 
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higher molecular weight polymer P5 showed two 31P signals. The reason for this observation is 

explained, presumably based on the high polydispersity index (PDI). In general, higher PDI 

value reflects the heterogeneity in chain length, i.e., the presence of more random arrangement. 

As PDI is more for P5, there should be a considerable variation in molecular weights of each 

chain of the polymer whose average is given as 32,372 Da (Mn). So the presence of smaller 

chains where the two phosphorus environments are distinguishable may be resulting in two 31P 

NMR peaks in P5. The chain length of P6 could be longer than these smaller chains in P5 and 

hence cannot differentiate the two phosphorus environments. 

Also both these polymers possessed interesting film forming nature as depicted in figure 

3.1. All the more, the film was formed by simple solvent casting in chloroform and drying at 

room temperature. The images of these films coated on the soda lime glass are shown in figure 

3.3 and a schematic representation of the same is shown in figure 3.2. 

 

Figure 3.1: Polymers P5and P6casted into films by solvent casting. 

 

Table 3.2.Phosphates (P5 or P6) and PMMA blends and their weight ratio* 

Name of the 

polymer blend 

Polyphosphate 

(P5 or P6) 

Percentage of P5 or 

P6 in the blend 

Weight ratio 

PMMA : P5 or P6 

PB510 P5 10 4:1 

PB520 P5 20 3:2 

PB550 P5 50 1:1 

PB560 P5 60 2:3 

P5 P6 
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PB580 P5 80 1:4 

PB610 P6 10 4:1 

PB620 P6 20 3:2 

PB650 P6 50 1:1 

PB660 P6 60 2:3 

PB680 P6 80 1:4 
*
The nomenclature of polymer blends based on weight percentage of PMMA and polyphosphate (P5 or 

P6) and their weight ratios are given. 

 

 

Figure 3.2:  A schematic representation of the sample coated on SLG. 
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Figure 3.3: Images of samples illustrated for their transparency (a) PB510 (b) PB520 (c) PB550 

(d) PB560 (e) PB580 (f) P5 (g) PB610 (h) PB620 (i) PB650 (j) PB660 (k) PB680 (l) P6 (m) 

PMMA 

 

 

a b 
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h 
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3.2.1. FT-IR spectra and interaction between polymers in blend  

The infrared spectra of the polymers and their blends are shown in Figure 3.4.The characteristic 

FT-IR bands of PMMA are observed at 1386 cm-1 and 750 cm-1 corresponding to vibrations of 

the α-methyl group while the 1141 cm-1 and 1188 cm-1 bands correspond to the C-O-C stretching 

(Figures 4(a) and (b)). C-H bending is observed at 1434 cm-1, and the carbonyl stretching band is 

observed at 1721 cm-1. At 2949 cm-1 and 2992 cm-1, the C-H stretching of CH2 and CH3 are 

observed respectively.31, 32 

 

 

 

Figure 3.4: (a) IR spectra of the polymers and blends of PB5 series (b) IR spectra of the 

polymers and blends in PB6 series(c) IR spectra of the blends of PB6 series showing the region 

3200-3550 cm-1illustrating intermolecular hydrogen bonding. 

a b 

c 
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After blending with the polyphosphates, the characteristic phosphate bands at 1233 cm-1 

and 1191 cm-1 corresponding to P-O-C and P=O stretching are observed in the blended samples 

along with the C=C stretching at 1591 cm-1. This observation confirms the formation of the 

blend. The nature of interactions between the polyphosphates and PMMA is explained from the 

evidence of hydrogen bonding in blends. The presence of broad peaks in the region 3200-3500 

cm-1 is indicative of the intermolecular hydrogen bonding between polyphosphates and PMMA 

(Figure 3.4.(c)). Hydrogen bonding could take place between the carbonyl oxygen of PMMA and 

methyl groups of P1.33Similarly, phosphoryl oxygen of P5 and P6 can interact with methyl of 

PMMA. However, since the hydrogen bonding is quite weak, there is no considerable red-shift 

observed in the IR frequencies corresponding to those hydrogen-bonded groups. 

 

3.2.2. AFM topography and uniformity of the blends: 

Herein, the AFM topography and phase images of two representative blends from either series 

are shown in figure 3.5 along with the pure polymers P5 and P6. The images of blends with 

lower percentages of polyphosphates, P5 or P6 show a more uniform morphology compared to 

the blends with higher percentages of polyphosphates. 

 

 

a b

d 
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Figure 3.5: AFM topography (right) and phase (left) images of P5 (a and b), PB510 (c and d), 

PB580 (e and f), PB660 (g and h), PB620 (i and j), P6 (k and l). 

3.2.3. Absorption behavior of polyphosphates  

In order to understand the optical absorption of polyphosphates and their blends with PMMA, 

the polyphosphates were subjected to UV-Vis-NIR optical absorption studies. As the optical 

absorption of PMMA was well studied and reported elsewhere,34, 35it was not presented here. The 

spectra of P5 and P6 recorded from 1400 nm to 200 nm are presented in figure 3.6(a). The 

absorption of P5 in visible and NIR region is almost zero from 1400 nm to 370 nm compared to 

base line. In case of P6, in the visible region, an additional absorption peak shows broadband 

centered at 480 nm with an onset absorption of 520 nm (see figure 3.6(b)). It has been reported 

that the visible light absorbance has several contributions such as intrinsic absorbance (actual 

absorbance due to electronic excitation), scattering (apparent absorption due to scattering with 

respect to particle or grain size) and the dopant effect.36In this case, the addition absorption in P6 

at λ max around 480 nm is probably due to inter band transition. On the other hand, in the UV 

region (300 -200 nm, inset) multiple oscillations were observed in the sample P5 (λ max 240, 260, 

270 and 285 nm) whereas P6 shows only a single oscillation having λ max 250 nm. These peaks 

are mainly due to π-π* band of benzene ring.37 All the above peaks in the UV region are 

characteristic absorption of biphenyl derivatives with phosphorus in the main chain as reported 

by Freedman.38 

Figure 3.6(c) shows the extinction co-efficient of the P6 blended samples. The PB5 

polymer blends, on the other hand, showed negligible or zero extinction coefficients and hence 

not explicitly plotted. The samples PB610 and PB620 are not showing any additional 

characteristic absorption in the range 1400 to 370 nm similar to P6. Upon increasing the P6 

k l

d 
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weight % further, the sample PB650 shows the characteristic absorption around 590 nm. 

Similarly, further increasing the P6 concentration, shifts the absorption peak to lower energy 

side. The heavily doped sample PB680 shows multiple oscillations in the range 400 to 1000 nm. 

From this observation, it is clear that the processing conditions and the addition of 

polyphosphates into PMMA changes the optical properties by entering into the basic network of 

the PMMA. Doping basically affects the overall film absorption and the band gap of the film 

depending upon the concentration.36Such controllable absorption behavior depending upon the 

weight % of polyphosphates are highly recommended for tuning the optical properties depending 

upon the applications.  

 

 

Figure 3.6: (a) Absorption spectra of P5 and P6 (b) Absorption spectra of P5 and P6  

(c) Extinction coefficients of blends of P6. 

3.2.4. Thermal analysis of the polyphosphates and their blends 

b a 

c 
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All the blends in PB5 and PB6 series showed a thermal stability of about 100 °C on an average, 

which is quite reasonable for a variety of optical applications (Figure 3.7(a) and b). Analysis of 

glass transition temperatures of the blends in PB5 series indicate that they are completely 

miscible blends since their Tg lie in between the parent polymers as shown in figure 3.7(c). In 

case of PB6 series also, the Tg of the blends lie almost in the same range as the blends of PB5 

series and is all below that of parent polymer PMMA (Figure 3.7(d)). However, since the 

polymer P6 shows a gradual weight loss starting from around 45 °C itself, the DSC analysis of 

the polymer could not be performed. 

 

 

 

Figure 3.7:  The thermogravimetric analyses of all the samples in PB5 and PB6 series are shown 

in figure (a and b). In both PB5 and PB6 series, all the blends are stable upto180 ºC. However, in 

a b 

c 

d 
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case of PB6 series, the polymer P6 shows a gradual decay in thermal stability, because of which 

the DSC measurement could not be undertaken for the parent polymer P6. The boxes and arrows 

in the figure indicate the Tgs of various samples denoted. 

3.2.5. Study of refractive indices of polymer blends 

a b

 

c d 

e 
f 
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Figure 3.8: Ellipsometric spectra for the samples spin-coated on a glass substrate (experimental 

data and model fit are shown) (a) PB510 (b) PB520 (c) PB550 (d) PB560 (e) PB580 (f) P5 (g) 

PB610 (h) PB620 (i) PB650 (j) PB660 (k) PB680 (l) P6 (m) PMMA 

3.2.5.1. PB5 series: 

The refractive indices of the polymer blends listed in the table 2 were determined using 

ellipsometer and values were deduced from theoretical model fitting. The data was measured at 

three different wave lengths (486, 589 and 656 nm). A representative sequence of graphs 

showing how the data is obtained is given below. The experimental data which was found to be 

in close agreement with the theoretical model as is evident from the representative figure 3.9(a) 

is used to get the refractive index data shown in figure 3.9(b) and the uniqueness of the fit was 

analyzed for each sample by the uniqueness fit as is represented in figure 3.9(c). The fit was 

obtained employing minimum MSE and Kramers-Kronig consistency.  

m 
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Figure 3.9: (a) Ellipsometric spectra of a sample (PB580) spin-coated on a glass substrate 

(experimental data and model fit are shown) (b) variation of refractive index with wavelength 

and (c) uniqueness fit for the sample PB580. 

 

For a better understanding of the trend in change of RI with increasing concentration of 

polyphosphates, the values are plotted with respect to weight percentages of P5 and P6, as shown 

in figure 3.10(b) and 3.11(c).Refractive indices at three different wave lengths and the maximum 

value of RI for a particular sample are tabulated (Table 3.3).  

In PB5 series, the general observation is that the addition of P5 into the PMMA system 

increases the RI of PMMA. Some of the compositions, specifically the ones with higher 

concentration of P5 (PB550, PB560 and PB580) showed higher RI than both the parent 

polymers, PMMA and P5. Also, the general trend of decrease in RI with increase in wavelength 

is followed intact in the PB5 series. But, the most important inference is that a refractive index 

tunability of 0.05 was achieved with the help of introduction of P5 into PMMA. This is quite 

a b 

c 
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significant a number since a change in refractive index of about even 0.01 could bring about a 

change of 3.30 D actual change in its power in a perfect lens system.39 

 

 
Figure 3.10: (a) Variation of refractive indices with wavelengths for PB5 series (b) Variation of 

refractive indices with different weight percentages for PB5 series. 

3.2.5.2. PB6 series:  

In contrast to the PB5 series, the PB6 series showed RI in between PMMA and P6.Most of the 

samples except PB660, have RI falling above PMMA but below P6. A tunability of about 0.1 in 

RI was observed with variation in concentration of P6. All these are valuable insights when it 

comes to the application point of view. The PB660 blend is showing comparatively lower RI 

than others in the series. As the optical properties of thin films depend on several factors like 

structure, thickness, homogeneity, materials used and the preparation conditions, it is difficult to 

estimate exactly the reason for this anomaly. However, since we have followed the same 

protocol for all the samples, the reason could probably be some irregularity which occurred 

during sample preparation. 

On the other hand, the samples with higher weight percentages of P6 in the PB6 series 

showed increase in RI beyond a particular wavelength. This is particularly useful in designing 

optical filters where absorption beyond the visible range is advantageous. The reason for such a 

behavior can be directly correlated with the extinction coefficient graph of these blends because 

the imaginary part of complex refractive index is nothing but the extinction coefficient.  

a b 
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Figure 3.11: (a) Variation of refractive indices with wavelengths for PMMA, PB610, 

PB620 and P6 (b) Variation of refractive indices with wavelengths for PB650, PB660 and 

PB680 (c) Variation of refractive indices with different weight percentages for PB6 series 

(d) a representative plot (PB660) of variation in n and k with wavelength. 

 

Table 3.3. Refractive indices of polyphosphate blends with PMMA 

Name of the blends Weight % of P5 n
486

 n
589

 n
656

 n
max

 
PMMA 0 1.47 1.46 1.45 1.50 (370nm) 
PB510 10 1.56 1.54 1.54 1.55 (370nm) 
PB520 20 1.50 1.50 1.50 1.52 (370nm) 
PB550 50 1.56 1.54 1.54 1.58 (370nm) 
PB560 60 1.54 1.53 1.52 1.57 (370nm) 
PB580 80 1.56 1.54 1.54 1.58 (370nm) 

P5 100 1.52 1.51 1.50 1.55 (370nm) 
 Weight % of P6 n

486
 n

589
 n

656
 n

max
 

b a

 

c d 
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PMMA 0 1.47 1.46 1.45 1.50 (370nm) 
PB610 10 1.49 1.49 1.49 1.49(constant) 
PB620 20 1.54 1.53 1.52 1.57(370nm) 
PB650 50 1.50 1.53 1.55 1.55(645nm) 
PB660 60 0.99 0.98 0.97 1.06(1164nm) 
PB680 80 1.45 1.43 1.50 1.65 (815nm) 

P6 100 1.58 1.57 1.57 1.58(370nm) 
 

3.2.6. Tunability in optical properties of PB5 and PB6 blends 

Abbe’s number (VD) is an essential parameter of optical materials indicating its optical dispersion 

and is given by the equation: 

𝑉𝐷 =
𝑛𝐷−1

𝑛𝐹 −  𝑛𝐶
 

In this equation, nD, nF, and nC are the refractive indices of material at the wavelengths 

of the sodium D (589.3 nm), hydrogen F (486.1 nm), and hydrogen C (656.3 nm) lines, 

respectively. Therefore, the abbe’s numbers of PB5 series were calculated (Table 3.4.). The 

Abbe values are generally denoted only for transparent glass like materials to account for its 

optical dispersion and hence could not be calculated for PB6 series. Interestingly, all PB5 blends 

showed values within the acceptable range of abbe values of optical lens materials with a 

maximum of 56 for PB520 (figure 3.12). 

In short, PMMA which has a refractive index of about 1.48 upon blending with these 

polyphosphates, showed tunability of  RI from 0.97- 1.55 at 589nm. Also as discussed in section 

3.2.5.2., the blends in PB6 series with higher concentrations of P6 (PB650, PB660 and PB680) 

reflects a similar trend in refractive index as the extinction coefficients of these samples. Hence 

these may not be suitable candidates for lens kind of applications, but they may be suitable for 

optical filter kind of applications where absorption over a certain wavelength range is highly 

preferred. While all the blends in PB5 series and the first two blends of PB6 series, fall under the 

same category showing a regular trend of decreasing RI with increasing wavelength and these 

are potential candidates for lens kind of applications. 

 

Table 3.4. Abbe values of PB5 blends 
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Weight % 

of P5 

Abbe no 

 

0 25 

10 29 

20 56 

50 29 

60 29 

80 30 

100 29 
 

 

Figure 3.12: Abbe values of blends of PB5 series plotted at increasing weight percentages of P5. 

P1  

3.3. Conclusions 

The synthesized polymers P5 and P6 were well characterized by NMR, IR and GPC and further 

used for blending. We have employed a relatively simple and efficient method of solution 

blending and spin coating to synthesize uniform and transparent films for optical applications. 

The ellipsometric measurements show that the PB5 and PB6series showed a tunability in RI of 

about 0.05 and 0.1 respectively. Also, abbe values of PMMA blends with P5 showed an 

acceptable abbe value range of optical lens materials, with a maximum of 56 for PB520 blend. 

Blends with higher weight percentages of P6 on the other hand could be promising for optical 
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filters. Preliminary investigation is quite promising in a way, as of how we can engineer the 

desired refractive index and abbe number by incorporating the polyphosphates into PMMA.  

Also, PMMA is well known for its compatibility with human tissue and hence could be ideal for 

rigid intraocular lenses with the desired refractive index tailored by the incorporation of these 

polyphosphates. 

3.4. Experimental section 

 
3.4.1. Materials and instrumentation 

 

Materials: Phenyl dichlorophosphate, Poly(methyl methacrylate) (average molecular weight 

1,20,000 Da) and 1,3-dioxolane were purchased from Sigma Aldrich, 1-methyl imidazole from 

Merck, bisphenol A from SRL, and 4,4’-biphenol from TCI respectively. 

 All the NMR spectra were recorded on a Bruker Avance 500 MHz FT NMR spectrometer 

at R.T. Chemical shifts were reported in parts per million (δ) relative to tetramethylsilane as 

reference for proton and 85% H3PO4 for phosphorus (162 MHz). Molecular weights of the 

polymers were determined by Gel Permeation Chromatography (GPC) of Shimadzu 10AVP 

model. The separation was achieved using Phenogel mixed bed column (300 × 7.80 mm) 

operated at 30°C with a flow rate of 0.5 mL/min using tetrahydrofuran (THF) as the eluent and 

polystyrene as the standard. Absorption studies were done on a JASCO V-770 model 

spectrophotometer and spin coating was done with a Milman SPN4000S model spin coater. 

AFM was recorded in tapping mode using Oxford instruments Asylum ResearchInc. version 13.  

Refractive index and associated optical parameters were obtained using a J.A. Woollam 

Company VASEW ellipsometer. Optical modeling and data analysis were done using the 

Woollam Company WVASE32 software package. 

 
3.4.2. General synthetic procedure for the polymers P5 and P6: 

A solution of phenyl dichlorophosphate (1 mmol) in 1,3-dioxolane (5mL) was added dropwise 

over 1 h to a stirring mixture of diol (1 mmol), 1-methylimidazole (2 mmol) and 1,3-dioxolane (5 

mL) at R.T. The reaction mixture was stirred for 3h at R.T. and then the mixture was heated at 

75°C. After the reaction was completed, two clear liquid phases occurred that can be easily 



80 
 

separated.26,40 The upper phase was the polymer solution and the lower phase was the pure ionic 

liquid. The 1,3-dioxolane solution was removed by vacuum evaporation on a rotary evaporator. 

 

3.4.3. Sample preparation for ellipsometry and data analysis 

The samples for ellipsometric measurements were prepared by spin-coating. Initially PMMA 

was stirred in 3mL of chloroform until the solution was homogeneous and then the as 

synthesized polymer P1 or P2 at definite weight ratio was added and stirred for 12 hrs to make 

the blend homogeneous and spin-coated on a glass substrate. The solution mixing and spin-

coating ensures uniform mixing as well as uniform thickness of the film on a clean soda lime 

glass (SLG).The prepared sample on SLG was carefully abraded on other side in order to avoid 

the back reflection during ellipsometry data collection. A typical sample spin coated on a glass 

substrate is shown in Figure 3.2. 

Refractive index and associated optical parameters were obtained using ellipsometric data 

analysis. Ellipsometric data (∆ and ψ) was acquired by variable angle spectroscopic ellipsometry 

(VASE) in a range of 400 – 1700 nm with a J.A. Woollam Co., Inc.  WVASE32 spectroscopic 

ellipsometer, at the angle of incidence from 65° to 75°. For the PB5 series, simple two layer 

model with Cauchy top layer and SLG (substrate) as the bottom layer was used to generate the 

data. In the case of PB6 series, Cauchy dispersion model was used in the longer wave length to 

estimate the coating thickness, and further the model was extended to oscillator models in order 

to understand absorption properties. The data fitting is performed using the iterative Marquardt-

Levenberg fitting algorithm. The individuality of the regression analysis has been confirmed by 

repeating the analysis and data collection on several locations and uniqueness fit. All the data 

analysis and validation processing was done using the Woollam Company WVASE32 software 

package. 

 

Supporting information: IH NMR and 31P NMR of the polymers P5 and P6 are provided at the 

end of the chapter. 

 

3.5. References 

[1] M. Yoshida, P.N. Prasad, Chem. Mater., 1996, 8, 235–241.  



81 
 

[2] P. Müller, B. Braune, C. Becker, H. Krug, H. Schmidt, Proc. SPIE-Int. Soc. Opt. Eng., 

1997, 3136, 462.  

[3] C.J. Yang, S.A. Jenekhe, Chem. Mater., 1994, 6, 196–203.  

[4] T. Sugiyama, T. Wada, H. Sasabe, Synth. Met., 1989, 28, 323–328.  

[5] C.J. Yang, S.A. Jenekhe, Chem. Mater., 1995, 7, 1276–1285.  

[6] M. Liras, M. Barawi, V.A. de la Pe~na O’Shea, Chem. Soc. Rev., 2019, 48, 5454–5487.  

[7] M. Jose, M. Sakthivel, Mater. Lett., 2014, 117, 78–81.  

[8] M.R. Noor El-Din, I.M. El-Gamal, S.H. El-Hamouly, H.M. Mohamed, M.R. Mishrif, A.M. 

Ragab, Colloid. Surface. Physicochem. Eng. Aspect., 2013, 436, 318–324.  

[9] T.E. Kodger, J. Sprakel, Adv. Funct. Mater., 2013, 23, 475–482.  

[10] D.W. VanKrevelen, Properties of Polymers, third ed., Elsevier, Amsterdam, 1990.  

[11] Z. Fan, M.K. Serrano, A. Schaper, S. Agarwal, A. Greiner, Adv. Mater., 2015, 27(26), 

3888–3893. 

   [12] L.L. Beecroft, C.K. Ober, Chem. Mater., 1997, 9(6), 1302–1317.  

   [13] C. Janáky, K. Rajeshwar, Prog. Polym. Sci., 2015, 43, 96–135.  

   [14] R. Barbey, L. Lavanant, D. Paripovic, N. Schüwer, C. Sugnaux, S. Tugulu, H.A. Klok, 

Chem. Rev., 2009, 109 (11), 5437–5527.  

   [15] R. Okutsu, Y. Suzuki, S. Ando, M. Ueda, Macromolecules, 2008, 41, 6165–6168.  

   [16] T. Higashihara, M. Ueda, Macromolecules, 2015, 48, 1915–1929.  

 [17] R.F. Hudson, Structure and Mechanism in Organo-Phosphorus Chemistry, Academic 

Press, London, 1965.  

   [18] H.V. Babu, K. Muralidharan, Polymer, 2014, 55, 83–94.  

[19] H.V. Babu, B. Srinivas, K.P.K. Naik, K. Muralidharan, J. Chem. Sci., 2015, 127, 635–

641.  

   [20] H.V. Babu, B. Srinivas, K. Muralidharan, Polymer, 2015, 75, 10–16. 

   [21] M.A. Olshavsky, H.R. Allcock, Macromolecules, 1997, 30, 4179–4183.  



82 
 

   [22] M.A. Olshavsky, H.R. Allcock, Macromolecules, 1995, 28, 6188–6197.  

   [23] V. Sekharipuram,  H. K. Shobha, J. E. McGrath, A. Bhatnagar, U.S. Patent, 6, 288, 210 

B1, September 11, 2001. 

[24] H.K. Shobha, H. Johnson, M. Sankarapandian, Y.S. Kim, P. Rangarajan, A.D. Baird, J.E. 

McGrath, J. Polym. Sci.: Polym. Chem., 2001, 39, 2904–2910.  

   [25] E.K. Macdonald, J.C. Lacey, I. Ogura, M.P. Shavera, Eur. Polym. J., 2017, 87, 14–23. 

[26] S. Iliescu, L. Zubizarreta, N. Plesu, L. Macarie, A. Popa, G. Ilia, Chem. Cent. J., 2012, 6, 

132–145.  

[27] J.R. Van Wazer, in: F. Grayson, M. Griffin (Eds.), Topics in Phosphorus Chemistry, fifth 

ed., John Wiley, London, 1967.  

[28] J.R. Van Wazer, C.F. Callins, J.N. Shoolery, R.C. Jones, J. Am. Chem. Soc., 1956, 78, 

5715–5726.  

[29] Y. Morisaki, Y. Ouchi, K. Tsurui, Y. Chujo, J. Polym. Sci. Polym. Chem., 2007, 45, 866–

872.  

[30] H. Cavaye, F. Clegg, P.J. Gould, M.K. Ladyman, T. Temple, E. Dossi, Macromolecules, 

2017, 50, 9239–9248.  

[31] G. Duan, C. Zhang, A. Li, X. Yang, L. Lu, X. Wang, Nanoscale Res. Lett., 2008,  3, 118–

122.  

   [32] K. Gipson, K. Stevens, P. Brown, J. Ballato, J. Spectrosc., 2014, 2015, 1–9.

   [33] H. M. Alhusaiki-Alghamdi, J. Mod. Phys., 2019, 10, 487–499.  

   [34] H. M. Zidan, M. Abu-Elnader, Physica B, 2005, 355, 308–317.  

[35] W.H. Hong, J. Woo, H.W. Choi, Y.S. Kim, G.D. Kim, Appl. Surf. Sci., 2011, 169–170, 

428–432.  

[36] K. Murugan, J. Joardar, A.S. Gandhi, B.S. Murty, P.H. Borse, RSC Adv., 2016, 6, 43563–

43573.  

   [37] Y. Ouchi, Y. Morisaki, Y. Chujo, Polym. Bull., 2007, 59, 339–350.  

   [38] L. D. Freedman, J. Am. Chem. Soc., 1955, 77, 6623–6624. 

[39] CRSToday, Laser-Induced refractive index change [online] Available at: https://cr 

stoday.com/articles/2019-apr/laser-induced-refractive-index-change/, 2019. (Accessed 16 

December 2019).  



83 
 

[40] S. Iliescu, G. Ilia, A. Pascariu, A. Popa, N. Plesu, Pure Appl. Chem., 2007, 79 (11), 1879–

1884.  

 

 

 

 

 

 

 

Figure 3.S1: NMR spectra of polymer P5; 31P NMR (top),1 H NMR(bottom). 
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Figure 3.S2: NMR spectra of polymer P6; 31P NMR (top),1 H NMR(bottom) 
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Chapter 4 

Polyvinyl Alcohol-Phytic Acid Polymer Films as 

Promising Gas/Vapor Sorption Materials 

 

Abstract 

In this chapter, we present the studies on gas/vapor sorption properties of polyvinyl 

alcohol/phytic acid (PVA/PA) composite polymeric films. To understand the gas sorption 

properties, we have performed the Brunauer−Emmet−Teller (BET) analysis of various PVA/PA 

polymeric films with varying weight percentages of PVA and PA. The films were mesoporous, 

while their specific surface area and average pore size were increasing with the gradual increase 

in PA compared to that of pure PVA. Observation in field emission - scanning electron 

microscope (FESEM) showed layered and porous morphologies of the PVA/PA polymer films, 

and hence they could trap gas molecules, aiding in efficient gas sorption. The tensile strength of 

the polymeric films decreased with the increase in quantity of PA, while the elongation at break 

increased with the increase in quantity PA content. Besides, vapor sorption studies provided 

evidence that the PVA/PA polymer films absorb water-vapor. The study showed a general trend 

of increasing vapor sorption with the increase in weight percent of PA. In particular, 2:3 

PVA/PA polymer film showed the highest vapor sorption of 0.15 g moisture content per gram of 

the sample. Overall, our study reveals the potential use of PVA/PA composite polymeric films as 

gas/vapor sorption materials. 

 



87 
 

4.1. Introduction 

Polymer membranes are used commercially as efficient gas sorption materials. They can be used 

to separate carbon dioxide from natural gas,1 oxygen, and nitrogen for oxygen enrichment and 

inert gas generation, water from hydrocarbons for natural gas dehydration, and hydrocarbons 

from the air for pollution control.2 In general, the separation of mixtures by adsorption is of great 

importance for various aspects like environmental protection and efficient use of energy. The 

commonly used polymer membranes for gas sorption applications include polysulfone, silicone 

rubber, polycarbonate, and polyimide.3The efficiency of these membranes for the gas separation 

and storage applications is determined mainly by porosity apart from other physical properties 

like selectivity and permeability. Therefore, it has been a continued interest to develop polymer 

films that exhibit the required porosity for a given application. 

Many microporous (pore size: 0.5 - 2 nm) and mesoporous (pore size: 2 - 50 nm) materials 

are explored as adsorbents in gas sorption applications because of their enhanced Van der Waals 

interaction inside the confined pores. On the other hand, macroporous (pore size: > 50 nm) 

materials with good porosity and interconnectivity find applications as catalysts, tissue 

engineering scaffolds, electrode materials, and water purifier.4 Microporous materials have 

higher selectivity and thermal stability. In comparison, macroporous materials have easy 

accessibility to internal pores but less selectivity compared to micropores. These drawbacks 

resulted in the production of mesoporous materials that maintain a balance between micro and 

macroporous materials. In this work, we studied the sorption properties of mesoporous polymer 

films designed by cross-linking polyvinyl alcohol (PVA) and phytic acid (PA) in varying weight 

ratios. 

Phytic acid (PA) is a non-toxic substance formed during the ripening of seeds. It is the 

main reserve of phosphorus and energy in plants. It contains six phosphonic groups and is also 

called myoinositol hexaphosphoric acid.5-7 PA finds a variety of applications as proton 

conductive filler,8 complexing reagent,9,10 cross-linking reagent,11 flame retardant additive,12 

anticorrosion, and coating.13 It is also used commercially as a preservative due to its antioxidant 

properties. Recently, Li et al.51 used phytic acid (PA) for cross-linking with PVA and studied 

mechanical and thermal properties of PVA/PA composite films. Another study explored PA as a 

cross-linking reagent involving the synthesis of polyaniline/PA conduction composite52 and 
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polyaniline-deposited paper composite.53A cellulose-based proton-conducting membrane was 

prepared by Jiang et al. through doping PA into the matrix of cellulose.54When used as a cross-

linking reagent, PA improves the mechanical and electrical functioning of the material and 

enhances the thermal stability.  

Similarly, the useful properties of PVA include easy processibility, film-forming property, 

high hydrophilicity, grease resistance, low toxicity, andbiocompatibility.14-28Therefore, PVA 

sponge has been utilized as absorption materials,29, 30 in bioengineering31 and so on.32-34 An 

interesting aspect of PVA is its flexibility to be cross-linked with several cross-linking 

reagents,35-50 which improves thermal stability and conductivity of PVA. The porous structure of 

PVA has been explored well in bioengineered tissue scaffolds. On the other hand, PA being a 

bulky molecule will create extra free volume for gas adsorption due to its inefficient packing in 

the solid-state. In this work, we show that this fact can be exploited for the preparation of 

PVA/PA films with improved porosity and to study their gas/vapor sorption properties. To the 

best of our knowledge, this aspect of PVA/PA is unexplored so far. We have synthesized and 

characterized PVA/PA polymer films to investigate their gas/vapor sorption properties.  All the 

prepared PVA/PA polymer films show mesoporosity. The PVA/PA polymer films, with 

advantages of PVA and PA individually, are promising materials for gas/vapor sorption. 

4.2. Results and discussion 

4.2.1. Production of PVA/PA films and their characterization 

Phytic acid (PA) is being a bulky molecule expected to interfere packing of chains of PVA. The 

possibility of extensive hydrogen bonding between PVA and PA molecules would create 3-D 

networks with pores at various places of the composite matrix. These pores are necessary for gas 

adsorption-desorption applications. Intending to make materials for gas sorption applications, we 

have produced PVA/PA composites films. The films of polyvinyl alcohol (PVA) and phytic acid 

(PA) were prepared easily by mixing them in the solution phase (scheme 4.1). The ratio of PVA 

to PA was varied (table 4.1) to produce different polymeric films. Details of weight ratios (in %) 

of PVA and PA in each film are given in Table 4.1. As the PA content increased gradually, the 

film’s strength decreased, making them less elastic and more brittle. The thickness of the films 

produced was in the range of 0.2 - 0.5 mm. The images of the polymer films are shown in figure 
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4.1. The transparency and film-forming nature of these composites are evident from these 

images. 

 

 

Scheme 4.1: Synthesis of PVA/PA polymeric films 

Table 4.1. Various polymer composites synthesized and the distribution of PVA and PA in them 

Composite PVA (%) PA (%) 

PVA 100 0 

9:1 PVA/PA 90 10 

4:1 PVA/PA 80 20 

3:1 PVA/PA 75 25 

3:2 PVA/PA 60 40 

1:1 PVA/PA 50 50 

2:3 PVA/PA 40 60 
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Figure 4.1: Images of various polymeric films showing its transparency and film forming nature 

(a) PVA (b) 9:1 PVA/PA (c) 4:1 PVA/PA (d) 3:1 PVA/PA (e) 3:2 PVA/PA (f) 1:1 PVA/PA (g) 

2:3 PVA/PA. 

 The formation of composites was confirmed primarily by Fourier-transform infrared 

(FTIR) spectra (figure 4.2). The intense and broad absorption band near 3296 cm-1 was assigned 

to the stretching vibration of OH groups (H-bonded) of PVA.55, 56 The peak at 2926 cm-1of IR 

spectra correspond to the symmetric stretching vibrations of –CH2– moiety. CO stretching was 

observed at 1425 cm-1, and CH bending and CH2 twisting were observed at 995 cm-1 and 1249 

cm-1, respectively. The band at 1720 cm-1 was attributed to C=C stretching vibrations formed by 

intramolecular dehydration of PVA. The PA signature was found at 1080 cm-1 in the spectra as a 

result of the P-O-C stretching vibration. The band became increasingly prominent as the PA 

content increased in the composite. The P-O-H stretching vibration was observed at 840 cm-1. 

g f e 

d c b a 
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   Figure 4.2: FT-IR spectra of the polymeric films. 

4.2.2. Morphology of PVA/PA films 

The FESEM images of the pure PVA and various films of the PVA/PA composites are shown in 

figure 4.3. The images (figures 4.3b - g) indicate that the polymer films produced were quite 

porous with layered morphology, while that of the pure polymer PVA (figure 4.3a) shows no 

such layered structures. Also, the multiple layers present in the cross-section morphology of the 

composites overlap with each other. This observation gives us preliminary evidence that the 

polymeric films can be useful candidates as membranes for gas/vapor sorption studies. 
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Figure 4.3: The cross-sectional FESEM images of the polymeric films showing their 

morphology(a) PVA (b) 9:1PVA/PA (c) 4:1 PVA/PA (d) 3:1 PVA/PA (e) 3:2 PVA/PA (f) 1:1 

PVA/PA (g) 2:3 PVA/PA. 

Analysis of changes happening in the cross-sectional morphology of the composite 

polymer films with an increase in PA loading showed that the films gradually become more 

porous and drift to a feather-like morphology that reaches saturation in 3:1 PVA/PA (figure 

4.3d). Further, the morphology was distorted to an irregular layered morphology in 3:2 PVA/PA 

(figure 4.3e) and then to a highly branched root-like morphology in 1:1 PVA/PA (figure 4.3f). 

The sample with the highest PA content i.e., 2:3 PVA/PA, shows an irregular morphology but 

has considerable porosity, specific surface area, and gas/vapor sorption capabilities (section 

4.2.4). A closer analysis of the cross-sectional morphology of these films illustrates that there are 

macropores present in polymer films. However, macroporous nature cannot be identified on the 

surface. Hence, there is a discrepancy in the porosity of the film on the surface and bulk. This 

observation will be further described in detail in section 4.2.4. 
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Figure 4.4: The cross-sectional FESEM images of the polymeric films showing their porosity(a) 

PVA (b) 9:1 PVA/PA (c) 4:1 PVA/PA (d) 3:1 PVA/PA(e) 3:2 PVA/PA (f) 1:1 PVA/PA (g) 2:3 

PVA/PA 

4.2.3. Thermal and mechanical properties of composite PVA/PA films 
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Thermogravimetric analyses PVA/PA composite film showed the losses of adsorbed water 

between 75 °C and 175 °C, similar to those reported by Ma et. al.56The condensation reaction of 

phosphonic groups in PA triggered further weight loss at temperature between 226 °C to 306 °C 

yielding pyrophosphoric acid.57Dehydration of the hydroxyl groups present in the chains of PVA 

occurred at temperature between 306 °C to 416 °C leading the formation of polyethylene kind of 

structures.58Above 426 °C, PA and PVA decomposed through breakage of phosphonate and 

ether bonds.  

An apparent decrease in the thermal stability of PVA/PA composites was observed with an 

increase in PA content (figure 4.5). While PVA was stable up to 260 °C, the rest of the 

composites degrade, starting from 40-60 °C. Hence, these films have a limitation when it is 

considered for high-temperature applications. However, since the gas separation processes 

mostly involve physisorption, which happens at room temperature or lower temperatures, this 

factor should not be a real challenge, except for temperature swing adsorption techniques. 

 

Figure 4.5: TGA spectra of the polymeric films. 
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 The mechanical properties of a commercial adsorbent material are critical for several 

reasons. The material should be able to withstand both the structural and conformal deformations 

caused in the pore shape due to the adsorption process, and the macroscopic deformation 

affecting the adsorbent volume.59Thevalues of tensile strength and elongation at break of each of 

these polymeric films are tabulated (table 4.2). The stress-strain plot (figure 4.6) indicates that 

the tensile strength of the polymeric films gradually decreased with an increase in PA loading 

while the elongation at break increased with an increase in PA loading. The composite 2:3 

PVA/PA showed the highest elongation at break of 372%. This value is indirectly a measure of 

the ductility of the material.  

Table 4.2. Mechanical properties of the samples 

Sample 
Tensile strength 

(MPa) 

Elongation at 

break (%) 

PVA 30 5 

9:1 PVA/PA 25 132 

4:1 PVA/PA 8 182 

3:1 PVA/PA 17 123 

3:2 PVA/PA 11 259 

1:1 PVA/PA 9 346 

2:3 PVA/PA 10 372 
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Figure 4.6: Stress-strain graph of the polymeric films. 

4.2.4. Gas sorption properties of PVA/PA films 

4.2.4.1. Dynamic Vapor Sorption Analysis (DVS) 

Vapor sorption technique is a gravimetric analysis that measures the quantity of a solvent 

absorbed by a sample and time required to adsorb a particular quantity. For example, how a dry 

powder absorbs water. The process of sorption takes into accounts both adsorption and 

absorption. Although the options to use a variety of organic solvents are available, water vapor is 

often used. Equilibrium vapor sorption isotherms and vapor sorption kinetic experiments yield 

valuable data about substances that find applications in pharmaceuticals, fuel cells, and many 

more. Thus, the vapor sorption technique is used in various industrial processes. In this study, 

water vapor was used as the solvent. 

Table 4.3. Vapor sorption properties of the samples 

Sample Weight (%) 

PVA 106.7 

9:1 PVA/PA 108.1 

4:1 PVA/PA 114 

3:1 PVA/PA 113.4 

3: 2 PVA/PA 112.6 
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1:1 PVA/PA 112.5 

2:3 PVA/PA 114.3 

 

 
Figure 4.7: Gravimetric vapor sorption spectra of the polymeric films. 

 Both gravimetric vapor sorption spectra (figure 4.7) and the vapor sorption isotherms 

(figure 4.S1) show a general trend of increasing vapor sorption with an increase in weight 

percent of PA. However, the trend was not a linear and steady increase. We found that from the 

experiment on PVA to 4:1 PVA/PA, there was a steady increase and beyond which the sorption 

stays almost a constant with 2:3 PVA/PA showing maximum vapor sorption of 0.15 g moisture 

content per gram of sample. This study confirms the sorption properties of PVA/PA polymer 

membranes. 

4.2.4.2. Brunauer-Emmet-Teller (BET) studies 

All PVA/PA composites materials prepared were subjected to the BET analysis using nitrogen 

gas. The BET isotherms are plotted with the quantity of adsorbate against the relative pressure of 

the gas. The hysteresis in the BET isotherm arises because adsorption happens by capillary 

condensation of nitrogen from the walls towards the core of the pores, while desorption happens 

because of evaporation starting from the liquid surface having different curvature.61 The steady 

rise of adsorption isotherms reveals the multilayer adsorption typical of non-uniform pore 

geometry. As can be seen from figure 4.8, the hysteresis loop does not close when the adsorbed 

gases are not desorbed completely. This trend was observed in all our samples even after 
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degassing for three hours before the measurement. This observation indicated that the nitrogen 

gas was getting trapped in some pores and found it difficult to desorb entirely at the same applied 

temperature and pressure. 

 BET analysis of the polymer films (figure 4.8) showed that all of them follow multilayer 

adsorption with the average pore size of 5.5 nm and specific surface area of 1-2 m2/g. Hence all 

the samples are mesoporous and compared to pure PVA. The PA doped samples showed the 

higher surface area and average pore size, indicating that the addition of PA indeed increased the 

adsorption capability of the membranes (figure 4.9a and b), though not drastically. 2:3 PVA/PA, 

which has the highest PA content, showed the highest surface area, which was 2.36 m2/g and 3:2 

PVA/PA, and 3:1 PVA/PA showed the maximum average pore size which is 5.6 nm. 

Table 4.4. Specific surface area and average size pores 

Sample Specific surface area 

(m2/g) 

Average pore size 

(nm) 

PVA 1.1 5.3 

9:1 PVA/PA 1.251 5.4 

4:1 PVA/PA 2.133 5.4 

3:1 PVA/PA 2.095 5.6 

3: 2 PVA/PA 2.21 5.6 

1:1 PVA/PA 2.095 5.5 

2:3 PVA/PA 2.36 5.5 
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Figure 4.8: BET adsorption desorption isotherms of the polymeric films. Specific surface 

areas and average pore sizes of each of the samples are also shown in figure.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Graphs showing variation in specific surface area (a) and average pore size 

(b) with increasing PA content.  

The BET measurement has its limitations that all the pores may not be accessible within 

the timescale of the measurement. Such pores are considered as closed pores. Those pores which 

are accessible within the timescale of measurement are called open pores. These open pores 

could be either the ones on the surface or those connected by channels to the pores on the surface 

so that the gas can slowly diffuse and reach those inner pores. Hence the macropores, what we 

observed in FESEM cross-sectional morphology, could be the inaccessible closed pores, and 

hence BET cannot estimate them adequately. Also, the BET study analyses the bulk sample, 

whereas FESEM is more localized in nature as compared to it. Hence, within the BET realm and 

taking into account the accessibility of the pores, these materials could be considered 

mesoporous. 

a b 
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Most of the non-polar gases commonly used for gas separation applications like nitrogen, 

methane, and carbondioxide, all have diameters well below the average pore sizes of the 

polymeric films described in this study (CH4 = 0.38 nm, N2= 0.36 nm,CO2 = 0.33 nm, see table 

4.4 for average pore sizes of polymeric films).60Hence these gases can easily fit these pore sizes 

and prove to be potential adsorbates, provided the other parameters for adsorption like 

selectivity, and interaction energy is appropriate. These properties are yet to be explored to 

determine the applicability of these polymeric membranes for practical purposes. 

4.3. Conclusions 

PVA/PA polymeric films of different ratios were synthesized and characterized successfully. The 

BET analyses of the samples indicated that the introduction of PA into PVA has increased both 

the surface area and pore size of PVA. While 2:3 PVA/PA showed the maximum surface area of 

2.36 m2/g, the 3:2 PVA/PA showed the maximum average pore size of 5.64 nm. From FESEM 

analysis, the morphology of these films was found to be layered and porous, which helped in 

trapping gas molecules aiding gas adsorption-desorption. The mechanical properties of these 

films are also quite impressive with 2:3 PVA/PA film showing the highest elongation at break of 

372%. Vapor sorption analysis shows clearly that these films can absorb vapors of water and 

show a general trend of increasing vapor sorption with an increase in the weight percentage of 

PA. In particular, 2:3 PVA/PA polymer film showed the highest vapor sorption with 0.15 g 

moisture content per gram of the sample. 

4.4. Experimental section 

4.4.1. Materials and instrumentation 

Materials: Polyvinyl alcohol (average molecular weight 88,000 Da) and phytic acid were 

purchased from TCI Chemicals and Sigma Aldrich respectively. 

Instruments: The Thermo Scientific Nicolet iS5 spectrometer was used to record FTIR-spectra 

of the composite films. To study thermal stability of polymeric films, we have used the Perkin 

Elmer (Pyris STA 6000 model) thermogravimetric analyzer. The decomposition behavior of 

polymers was studied from 50 °C to 995 °C under the nitrogen flow with a heating rate of 20 

°C/min. Ultra 55 Carl Zeiss instrument was used to obtain the FESEM images. The tensile 

strength (stress-strain relationship) of the polymer membranes was measured on a universal 
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testing machine (INSTRON 5965) using 5 (KN) load cell. Citizon digital ultrasonic cleaner was 

used for sonication. 

4.4.2. General Synthetic Protocol 

PVA/PA polymer composites were produced as follows. Firstly, phytic acid was added into the 

beaker having 10 mL of distilled water and irradiated with ultrasound. After 1 min, phytic acid 

solution changes from neutral to acidic due to the dissolution of protons of phosphonic groups in 

phytic acid. Afterward, PVA dissolved in 15 mL of distilled water was added to this beaker at 

around 100 °C and sonicated. The esterification reaction of PVA and PA was completed upon 

irradiation for 2 h. Then, the solution was allowed to stand for at least three hours for the foam to 

settle and to avoid bubbles. Further, the solution of composite was poured into a Petri dish and 

dried at room temperature. 

4.4.3. Testing of mechanical strength 

A Universal Testing Machine (UTM) was used to determine the tensile and compressive 

strengths of the composite materials. Dumbbell shaped specimens (Type IV specimen) were 

prepared from membranes according to the ASTM standard D638. Tensile properties of all the 

samples were measured at room temperature with a crosshead speed of 10 mm/min. Three 

readings were taken for each sample to check the reproducibility.  

4.4.4. Gas sorption experiments 

All gas sorption experiments were performed using the PVA/PA composite films cut in the form 

of tiny pieces. For DVS studies, water vapor was used as the solvent, and the experiment was 

performed by means of measuring the change in mass when the vapor concentration surrounding 

the sample varies. In the case of BET, nitrogen gas was used to study the adsorption-desorption, 

and the samples were degassed 3 h prior to the experiment. 

Supporting information: Vapor sorption isotherms of the various polymer membranes are 

provided at the end of the chapter in figure 4.S1. 
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Figure 4.S1: Vapor sorption isotherms of the polymeric films. 
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Chapter 5 

Summary and Future perspective 

Polymers and small molecules of phosphorus find diverse applications and still more left 

unexplored. The applications that have been studied in this thesis are quite distinct. Furthermore, 

the requirements for each of those applications vary drastically.  

In chapter 2, four different polyphosphates were synthesized, and their possible 

applicability in Li-ion batteries is studied. The synthesized polymers were highly stable solids at 

room temperature and porous, as seen from FESEM.  P1-P4 showed thermal stability above 200° 

C, which is very important for practical applications. Due to continuous usage, the Li-ion battery 

may get heated up, and the electrolyte inside has to withstand these temperatures to avoid 

thermal runaway. The Li-ion conductivity values obtained were also quite impressive. SPE3 

(20%) was found to have a Li-ion conductivity of 1.4 × 10-3 Scm-1, SPE3 (40%) 1.0 × 10-3 Scm-1 

and SPE1 (40%) 1.2 × 10-3 Scm-1 at 80 °C. The higher conductivities obtained for these 

polymers is explained by the microstructure of polymer molecules dictated by the bulky and 

rigid groups.  

The Li-Li symmetric cell fabrication was done with polymer P1 as a coating on lithium 

foil, and their charge-discharge cycles were studied at a current density of 20 mA.cm-2 and a 

cycling capacity of 10 mAh.cm-2. A constant variation of overpotential was observed, which 

indicated controlled dendrite growth in P1 and showed a stable cycling behavior for about 2000 

cycles. Lithiophilic sites of polyphosphate polymer are responsible for controlled Li 

electrodeposition during electrochemical cycling. The presence of phosphorus is expected to 

impart flame-retardant property to the SPEs. These polymers being stable solids and showing 

good conductivity are quite promising for solid-state Li-ion batteries.  

Polymer electrolytes have no internal shortage, no leakage of electrolytes, and no non-

combustible reaction products at the electrode surface. Nevertheless, the major challenge still is 

their low ionic conductivity at ambient temperature and low Li transference number. To achieve 

such SPEs is still a challenge. Hence intense research has to be done in this direction to 

overcome these problems. 



114 
 

In chapter 3, two phosphate polymers P5 and P6 were synthesized and blended with 

different ratios of PMMA, and their applicability in optics is studied. These polymers were well 

characterized by NMR, IR, and GPC and further used for blending. A relatively simple and 

efficient solution blending and the spin coating methods were employed to produce uniform and 

transparent films. Ellipsometric studies showed that PB5 and PB6 series of blends showed 

tunability in RI of about 0.05 and 0.1, respectively. The significance of these values stems from 

the fact that a change in RI of about 0.01 could bring about a 3.3 D change in the perfect lens 

system. Also, abbe values of PB5 blends showed an acceptable abbe value range of optical lens 

materials, with a maximum of 56 for PB520 blend. 

On the other hand, blends with higher weight percentages of P6 could be promising for 

optical filters. This investigation is quite promising in a way, as of how we can engineer the 

desired RI and abbe number by incorporating the polyphosphates into PMMA. PMMA, well 

known for its compatibility with human tissue, could be ideal for rigid intraocular lenses with the 

desired RI tailored by the incorporation of polyphosphates.  

It is essential to tune the RI of a material for specific applications, especially when 

graded-index is important. At the molecular level, RI is tuned by incorporating elements like 

sulfur, halogen, and phosphorus, while at the bulk level by adding inorganic fillers or blending. 

Blending organophosphorus polymers is quite promising, as we have seen from our study. This 

method is quite an easy method of RI tunability if we understand the variation in trend by 

studying the change in optical properties systematically in each variant. 

Chapter 4 described the production of PVA/PA polymeric films of different ratios and the 

study of their sorption properties. The gas sorption properties of PVA/PA films have not been 

explored so far. Observation in FESEM revealed layered leaf-like morphology of films that 

could help in trapping gas molecules and help in gas adsorption-desorption. These films' 

mechanical properties were also impressive with 2:3 PVA/PA film showing the highest 

elongation at break value as 372%.  

Vapor sorption analysis of the polymeric films provided the first substantial evidence that 

these films can adsorb and desorb gaseous molecules. The general trend of increasing vapor 

sorption with an increase in weight percent of phytic acid was observed. In particular, 2:3 

PVA/PA polymer film showed the highest vapor sorption with 0.15g moisture content per gram 
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of the sample. BET analysis showed that the introduction of PA into PVA had increased both the 

surface area and pore size of PVA with 2:3 PVA/PA showing the maximum surface area of 2.36 

m2/g and 3:2 PVA/PA showing the maximum pore size of 5.6 nm. All the films produced were 

mesoporous. Further, the selectivity and permeability to various gases have to be studied 

systematically to determine the actual applicability of these polymer films for gas separation 

kind of applications. Also, PVA/PA sponges could be interesting for studying their sorption 

properties. 
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A B S T R A C T   

Tuning the refractive index of the transparent materials is essential for optical applications. Herein, we report 
novel materials with a tunable refractive index that are prepared by blending poly(methyl methacrylate) 
(PMMA) with different concentrations of two polyphosphate hybrid polymers (P1 and P2), having phosphorus in 
the main chain. The refractive indices and associated optical parameters of these polymers and hybrid materials 
(PB1 and PB2 series) are investigated using ellipsometry and optical modelling method to find their applicability 
in optics. Refractive indices of these materials are fine-tuned by altering the ratio of PMMA to P1 or P2. This 
approach is simple and ideal for obtaining homogeneous blends. Refractive index tunability of 0.05 and 0.1 are 
achieved for PB1 and PB2 series, respectively, by this approach. Abbe numbers of these blends are reasonable for 
PB1 series compared to the conventional lens materials, with a maximum value of 56 achieved in the case of 
PB120 blend. In addition, the trend in variation of extinction coefficient with wavelength for blends PB250, 
PB260 and PB280 seem promising for optical filter kind of applications. These results show that the synthesized 
polymer blends are promising as optical materials with refractive index tunability.   

1. Introduction 

Functional materials with excellent optical properties such as high 
refractive index (RI) and good transparency are useful for a variety of 
applications, including anti-reflection coatings, optical waveguides [1], 
ophthalmic lens [2], and adhesives for optical components. A few 
polymers such as aromatic heterocyclic polymers [3], polythiophene 
[4], and conjugated polymers [5], were reported to show the RI value 
higher than 1.7, so far. If the RI value of the polymer is high, the 
thickness of the materials required for lens manufacture is less. Further, 
solubility, optical dispersion, and optical transmittance in the visible 
region are properties that decide the practical use of a polymer. Thus, 
the development of high-refractive-index polymers (HRIP) with worthy 
optical properties is still a hot topic. 

Much-dedicated efforts are on to produce polymer-inorganic hybrid 
materials [6], because they have enhanced thermal, mechanical, mag
netic, optical, electronic, and optoelectronic properties compared with 
their corresponding individual polymer or inorganic component. 

Nanoparticles can considerably increase the RI but may affect the 
transparency of the material due to agglomeration [7]. Further, these 
particles tend to agglomerate during dispersion in a solvent or a polymer 
matrix, which ultimately hinders the application. Therefore, obtaining 
hybrid materials with useful RI value overcoming all issues is a 
challenge. 

RI of a material is related to molar volume and mean polarizability 
by the Lorentz - Lorenz equation [3,8–10]. The equation gives an esti
mation of the refractive index of the material from the individual molar 
refractions of functional groups and the repeating units. 

n2 � 1
n2 þ 1

¼
4π
3

Nα ¼
X

i
ðRLLÞi  

where N is the number of molecules per unit volume, α is the mean 
polarizability and RLL is the individual molar refraction values. There
fore, as per the equation, the introduction of phosphorus, sulphur, and 
halogen with high molar refraction values will increase the RI of the 
material [11–16]. Phosphorus has higher polarizability due to its 
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electronic structure. Unlike nitrogen, which has a 3s-3d energy gap of 
23 eV, phosphorus has an energy gap of 17 eV and is, therefore, more 
polarisable [17]. 

Organic-inorganic hybrid polymers with phosphorus as one of the 
atoms in the main-chains have exceptional advantages owing to their 
conformational flexibility introduced by the size and the fifth valence of 
phosphorus atoms. These properties of the phosphorus-containing 
polymers help in designing polymers for various applications [18–20] 
with tunable properties. Considering these advantages, Olshavsky and 
Allcock prepared a series of polyphosphazenes with high RIs and opti
cally transparent in the visible region [21,22]. These polymers possessed 
moderate to high Abbe numbers and RI as high as 1.75. McGrath and 
co-workers synthesized aromatic polyphosphonates and studied for 
their use as HRIPs [23,24]. In 2001, H. K. Shobha et al. have synthesized 
a variant of polyphosphonates starting from phenyl phosphonic 
dichloride and the diol using triethyl amine as the base and phenol as an 
end capper [24]. Recently in 2017, Macdonald et al. have synthesized a 
series of similar high refractive index polymers starting from phenyl and 
methyl phosphonic dichloride using triethyl amine and n-methyl imid
azole as bases and end capped the polymers with various endcappers 
[25]. The highest reported RI for a polyphosphonate is 1.64. 

Mostly polyphosphonates have been explored as high refractive 
materials, whereas polyphosphates are less explored in this regard. 
Polyphosphates are similar to the polycarbonates (PC) by the structure, 
and they are the materials of commercial importance because of their 
excellent flame-retarding characteristics. Polycarbonates are well- 
studied materials for optical applications. For example, in 2019, 
Nahida and Marwa have studied the optical constants of PC blended 
with PMMA, a well-known polymer for optical applications, at different 
concentrations and proved that a 50% blend ratio showed the best re
sults [26]. However, PC involves high processing temperatures and is 
quite expensive to manufacture. On the other hand, polyphosphates are 
cheap and can be degradable biomaterials. Bis-phenol A-bis(diphenyl 
phosphate) commercially known as Fyrolflex BDP is a well-known fire 
retardant. In this paper, we have explored the refractive index tunability 
of PMMA using two polyphosphate polymers, one of which is a polymer 
of bisphenol A diphenyl phosphate, and the other is a biphenyl variant of 
the same. 

One of the intriguing strategies of increasing the RI of a polymer is 
making hybrid materials [27,28] by combining a typical organic poly
mer with the hybrid polymer having phosphorus atoms. Therefore, we 
have synthesized two polyphosphates, and the present work describes a 
novel approach of tailoring the refractive index of PMMA by mixing with 
varied weight ratios of synthesized polyphosphates. PMMA is a ubiq
uitous amorphous polymer in various optical components. Further, 
PMMA finds a wide variety of applications because of its several desir
able qualities, including toughness, durability, transparency, biocom
patibility and refractive index tunability [29]. The flexibility of tuning 
the optical properties is crucial for the practical use of material. 
Consequently, polyphosphates described here are blended with PMMA 
by simple solution mixing to ensure homogeneous mixing of composi
tion. The RI values and Abbe’s number (νD) of these blends were tunable 
compared to that of individual polymers showing the advantages of the 
present study described here. 

2. Experimental section 

2.1. Materials and instrumentation 

Materials: Phenyl dichlorophosphate, poly(methyl methacrylate) 
(average molecular weight 1,20,000 Da) and 1,3-dioxolane were pur
chased from Sigma Aldrich, 1-methyl imidazole from Merck, bisphenol 
A from SRL, and 4,4’-biphenol from TCI respectively. 

Instruments: A Bruker Avance 500 MHz, FT NMR spectrometer was 
used to record all NMR spectra at room temperature. Chemical shifts in 
the spectra were determined in parts per million (δ) with reference to 

tetramethylsilane for 1H spectra and 85% H3PO4 for 31P{1H} spectra. 
Shimadzu 10AVP model Gel Permeation Chromatography (GPC) in
strument was used to determine the molecular weights of polymers. 
Separation of polymer molecules in this GPC instrument was achieved 
using Phenogel mixed bed column (300 � 7.80 mm) operated at 30 �C 
with a flow rate of 0.5 mL/min using tetrahydrofuran (THF) as the 
eluent and polystyrene as the standard. JASCO V-770 model spectro
photometer was used for absorption studies, while Milman SPN4000S 
model spin coater was used for coating the samples. Oxford Instruments 
Asylum Research Inc. version 13 was utilized to record AFM in tapping 
mode. Refractive index and associated optical parameters were obtained 
using a J. A. Woollam Company VASEW ellipsometer, and the optical 
modelling and data analysis were performed using WVASE32 software 
package. 

2.2. General synthetic procedure for the polymers P1 and P2 

A solution of phenyl dichlorophosphate (1 mmol) in 1, 3-dioxolane 
(5 mL) was added dropwise over 1 h to a stirring mixture of aromatic 
diol (1 mmol) (structure of aromatic diols are shown in Scheme 1), 1- 
methylimidazole (2 mmol) and 1, 3-dioxolane (5 mL) at room temper
ature. The reaction mixture was stirred for 3 h, and then the mixture was 
heated at 75 �C. After the reaction was completed, two clear liquid 
phases occurred, which was separated easily [30,31]. The upper phase 
was the polymer solution, and the lower phase was the pure ionic liquid. 
The 1, 3-dioxolane solution was removed by vacuum evaporation using 
a rotary evaporator. The characterization data of the polymers are dis
played in Table 1. 

2.3. Sample preparation for ellipsometry 

Refractive index and associated optical parameters were obtained 
using ellipsometric data analysis. The samples for ellipsometric mea
surements were prepared by spin-coating. Initially, PMMA was stirred in 
3 mL of chloroform until the solution was homogeneous, and then the 
polymer P1 or P2 at a defined weight ratio was added. It was stirred for 
12 h to obtain a solution of a homogeneous blend. This solution was 
spin-coated on a glass substrate, i.e., soda-lime glass (SLG) by solvent 
casting. The solution mixing and spin-coating ensured a uniform mixing 
as well as the uniform thickness of the film on SLG. The prepared sample 
on SLG was abraded carefully on the other side in order to avoid the back 
reflection during ellipsometry data collection. A typical sample spin- 
coated on a glass substrate is shown in Fig. 2(b). 

2.4. Analysis of ellipsometry data 

Ellipsometric data (Δ and ψ) was acquired by variable angle spec
troscopic ellipsometry (VASE) in the range of 400–1700 nm with a J. A. 
Woollam Co., Inc. WVASE32 spectroscopic ellipsometer, at the angle of 
incidence from 65� to 75�. For the PB1 series, simple or graded Cauchy 
dispersion model, considering SLG (substrate) as the bottom layer was 
used to generate the data. In the case of PB2 series, Cauchy dispersion 
model was used in the longer wave length to estimate the coating 
thickness, and further the model was extended to oscillator models in 
order to understand absorption properties. The models facilitate to es
timate the coating thickness as well as RI separately [32–34].The data 
fitting is performed using the iterative Marquardt - Levenberg fitting 
algorithm. The individuality of the regression analysis has been 
confirmed by repeating the analysis and data collection on several lo
cations and uniqueness fit. All the data analysis and validation pro
cessing was done using the Woollam Company WVASE32 software 
package. 
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3. Results and discussion 

3.1. Preparation of polyphosphates and their blends with PMMA 

Typical condensation polymerization (Scheme 1) involving the for
mation of P-O bonds yielded polyphosphates, P1 and P2, and released 
HCl as a side product. M. Gao and Y. Sun reported [35] the oligomer of 
the polyphosphate, P1 in 2013. They have synthesized Epoxy Resins 
containing bisphenol A bis (diphenyl phosphate) oligomer starting from 
POCl3 and bisphenol using AlCl3 as the catalyst, by a two-step synthesis 
and end-capping with phenol. Herein, we have produced poly
phosphates in a single step synthesis [31], starting from phenyl dichloro 
phosphate and the corresponding diols. These reactions yielded poly
mers of sufficiently large average molecular weights with reasonable 
Polydispersity Index (PDI) for practical applications. GPC analyses 
provided their molecular weight distribution (Table 1). P1 showed a 
higher average molecular weight than P2, both in terms of Mn and Mw. 
The degree of polymerization (DP) was calculated from the number 
average molecular weight and repeat unit molecular weight (Table 1). 
As expected, P1 has a higher DP than P2 owing to its higher average 
molecular weight. 

The NMR spectral data confirmed the structure of repeating units in 
the polymers. The two signals in the 31P NMR spectrum of the polymer 
P1 are assigned to the phosphorus in the repeat unit and the phosphorus 
at the end chain. The polymers P1 and P2 were purified by repeated 
precipitation from chloroform into hexane, and therefore there is no 
possibility of any unreacted phosphorous source used in the reaction. 
Usually, if chain length is small, it is expected to show two distin
guishable peaks in the 31P NMR spectrum. Similar observations of two 
phosphorus peaks in 31P NMR have been reported by many researchers 
[18,31,36–39]. However, in our case, the higher molecular weight 
polymer P1 showed two 31P signals. The reason for this observation is 

explained, presumably based on the high polydispersity index (PDI). In 
general, higher PDI value reflects the heterogeneity in chain length, i.e., 
the presence of more random arrangement. As PDI is more for P1, there 
should be a considerable variation in molecular weights of each chain of 
the polymer whose average is given as 32,372 Da (Mn). So the presence 
of smaller chains where the two phosphorus environments are distin
guishable may be resulting in two 31P NMR peaks in P1. The chain length 
of P2 could be longer than these smaller chains in P1 and hence cannot 
differentiate the two phosphorus environments. 

Many phosphorus-containing polymers are known in the literature, 
and these phosphorus-containing polymers can be categorised as poly
mers with phosphorus atoms in the main chain or an organic pendant 
group containing phosphorus. The polymers with P-N, P-C, P-O, and P-B 
bonds in the main chain constitute the first category of polymers while 
the second group comprises mostly phosphonates or phosphinates 
attached to typical carbon polymers. In this study, we have synthesized 
polymers with P-O bonds wherein phosphates form a part of the 
repeating units. In P1 and P2, the phosphate part provide thermal sta
bility (Tg value) [40], whereas the aromatic organic groups provide the 
opportunity for tuning the property and film-forming nature. Ab initio 
calculation using contemporary density functional theory (DFT) pro
cedures predicted the substantial charge separation in case of the P-C 
and P-O bond suggesting an increase in bond dissociation energies dis
sociations of P-C and P-O bonds. Many experimental results have veri
fied the thermal stability of phosphorus-containing polymers [41]. 

The polymers P1 and P2 possessed unusual film-forming nature, as 
depicted in Fig. 1. These films were formed by simple solvent casting 
from chloroform solution and drying at room temperature. However, the 
films of P1 and P2 were brittle and non-transparent; therefore, they 
were blended with PMMA since it is known to form a transparent film. 
The blends were prepared in chloroform by mixing P1 and P2 separately 
with PMMA in varying weight ratios (Fig. 2 and Fig. S6). First, phos
phates were mixed with PMMA in such a way to contribute 10% of the 
weight of the blend. Then, the weight contribution of the phosphates 
was increased while decreasing the amount of PMMA. These blends 
were coated directly on the soda-lime glass. The name of the blends and 
their respective weight ratios are displayed in Table 2. The detailed 
analysis of RI of polymer blends is done by the ellipsometric method 
(Section 3.5). 

3.2. Absorption behaviour of polyphosphates 

The absorption behaviour of PMMA was studied well and reported 

Scheme 1. Schematic representation for the syntheses of polymers P1 and P2.  

Table 1 
Characterization data of polyphosphates, P1 and P2.  

Polymer 31P NMR in 
CDCl3 

δ (ppm) 

1H NMR in 
CDCl3 

δ (ppm) 

Mn 
(Da) 

Mw 
(Da) 

PDI DP 

P1 � 17.2 (s) and 
� 18.9 (s) 

7.2–7.4 (m, 
13H), 1.6 (s, 
6H) 

32372 64331 1.98 88 

P2 � 17.46 (s) 7.2–7.5 (m, 
13H) 

6639 10983 1.65 20  
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elsewhere [42,43]. The absorption of polyphosphates and their blends 
with PMMA at the UV–Vis–NIR region were recorded to understand 
their optical behaviour. Fig. 3 depicts the absorption spectra of P1 and 
P2 in the region of 1400–200 nm. The absorption of P1 in visible and 
NIR region is almost zero from 1400 nm to 370 nm compared to the 
baseline. In the case of P2, in the visible region, an additional absorption 
peak shows broadband centered at 480 nm with an onset absorption of 
520 nm (see inset of Fig. 3(a)). It has been reported that the visible light 
absorbance has several contributions, such as intrinsic absorbance 
(actual absorbance due to electronic excitation), scattering (apparent 
absorption due to scattering with respect to particle or grain size), and 
the dopant effect [44]. In this case, the additional absorption in P2 at λ 
max around 480 nm is probably due to inter band transition. On the 
other hand, in the UV region (300 -200 nm, inset), multiple oscillations 
were observed in the sample P1 (λ max 240, 260, 270, and 285 nm), 

whereas P2 shows only a single oscillation having λ max 250 nm. These 
peaks are mainly due to π - π* band of the benzene ring [45]. All the 
above peaks in the UV region are characteristic absorption of biphenyl 
derivatives with phosphorus in the main chain as reported by Freedman 
[46]. 

Fig. 3(b) shows the extinction co-efficient of the P2 blended samples. 
The PB1 polymer blends, on the other hand, showed negligible or zero 
extinction coefficients and hence not explicitly plotted. The samples 
PB210 and PB220 are not showing any additional characteristic ab
sorption in the range 1400 to 370 nm, similar to P2. Upon increasing the 
P2 weight percentage further, the sample PB250 shows the character
istic absorption around 590 nm. Similarly, a further increase in the P2 
concentration shifts the absorption peak to the lower energy side. The 
heavily doped sample PB280 shows multiple oscillations in the range of 
400–1000 nm. From this observation, it is clear that the processing 
conditions and the addition of polyphosphates into PMMA change the 
optical properties by entering into the basic network of the PMMA. 
Doping affects the overall film absorption and the band gap of the film 
depending upon the concentration [44]. Such controllable absorption 
behaviour depending upon the weight percentage of polyphosphates are 
highly recommended for tuning the optical properties depending upon 
the applications. 

3.3. FT-IR spectra and interaction between polymers in blend 

The characteristic FT-IR bands of PMMA are observed at 1386 cm� 1 

and 750 cm� 1 corresponding to vibrations of the α-methyl group while 
the 1141 cm� 1 and 1188 cm� 1 bands correspond to the C-O-C stretching 
(Fig. 4(a) and (b)). C-H bending is observed at 1434 cm� 1, and the 
carbonyl stretching band is observed at 1721 cm� 1. At 2949 cm� 1 and 
2992 cm� 1, the C-H stretching of CH2 and CH3 are observed respectively 

Fig. 1. Polymers P1 (a) and P2 (b) casted into films by solvent casting. The images illustrate the film forming tendency of the polymers.  

Fig. 2. (a) A schematic representation of the sample coated on SLG as considered for optical modelling (b) A typical sample spin-coated on a glass slide illustrated for 
its transparency (See Fig. S6 for the images of rest of the samples). 

Table 2 
Phosphates (P1 or P2) and PMMA blends and their weight ratio.a  

Name of the 
polymer blend 

Polyphosphate (P1 
or P2) 

Percentage of P1 or 
P2 in the blend 

Weight ratio 
PMMA: P1 or P2 

PB110 P1 10 4:1 
PB120 P1 20 3:2 
PB150 P1 50 1:1 
PB160 P1 60 2:3 
PB180 P1 80 1:4 
PB210 P2 10 4:1 
PB220 P2 20 3:2 
PB250 P2 50 1:1 
PB260 P2 60 2:3 
PB280 P2 80 1:4  

a The nomenclature of polymer blends based on weight percentage of PMMA 
and polyphosphate (P1 or P2) and their weight ratios are given. 
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[47,48]. After blending with the polyphosphates, the characteristic 
phosphate bands at 1233 cm-1 and 1191 cm� 1 corresponding to P-O-C 
and P¼O stretching are observed in the blended samples along with the 
C¼C stretching at 1591 cm� 1. This observation confirms the formation 
of the blend. 

The nature of interactions between the polyphosphates and PMMA is 
explained from the evidence of hydrogen bonding in blends. The pres
ence of broad peaks in the region 3200-3500 cm� 1 is indicative of the 
intermolecular hydrogen bonding between polyphosphates and PMMA 
(Fig. S3(b)). Hydrogen bonding could take place between the carbonyl 
oxygen of PMMA and methyl groups of P1 [49]. Similarly, phosphoryl 
oxygen of P1 and P2 can interact with methyl of PMMA. However, since 
the hydrogen bonding is quite weak, there is no considerable red-shift 
observed in the IR frequencies corresponding to those 
hydrogen-bonded groups. 

3.4. Thermal analysis of the polyphosphates and their blends 

All the blends in PB1 and PB2 series showed thermal stability of 
about 180 �C on an average, which is quite reasonable for a variety of 
optical applications (Fig. 5(a) and b). Analysis of glass transition tem
peratures of the blends in PB1 series indicates that they are completely 
miscible blends since their Tg lie in between the parent polymers, as 
shown in Fig. 5 (c). In the case of PB2 series also, the Tg of the blends lie 

almost in the same range (50–55 �C) as the blends of PB1 series and are 
all below that of parent polymer PMMA (105 �C) (Fig. 5(d)). However, 
since the polymer P2 shows a gradual weight loss starting from around 
45 �C itself, the DSC analysis of the polymer could not be performed. 

3.5. Study of refractive indices of polymer blends 

3.5.1. PB1 series 
The refractive indices of the polymer blends listed in Table 2 were 

determined using ellipsometer, and the values were deduced from 
theoretical model fitting. The data was measured at three different 
wavelengths (486, 589, and 656 nm). A representative sequence of 
graphs one of the blends (PB180) showing the whole process of data 
collection is presented in Fig. 6. As can be seen from Fig. 6(a), the 
theoretical model is found to be in close agreement with the experi
mental data. The RI data is then derived from this fitting shown (Fig. 6 
(b)). The uniqueness of the fit was analysed to check the reliability of the 
data obtained as is represented in Fig. 6(c). The fit was obtained 
employing minimum MSE and Kramers-Kronig consistency. 

Refractive indices at three different wavelengths and the maximum 
value of RI for a particular sample is shown in Table 3. The general trend 
of decrease in RI with an increase in wavelength is followed intact in the 
PB1 series (Fig. 7(a)). In Fig. 7(b), the RI values of blends are plotted 
with respect to weight percentages of P1 and P2. This helps to 

Fig. 3. (a) Absorption spectra of P1 and P2 from 200 to 1500 nm (The inset shows the range 200–300 nm as well as 400–850 nm for close observation and 
identification of peaks) (b) Variation in extinction coefficients with wavelength for P2 and the blends of P2. 

Fig. 4. (a) FT-IR spectra of P1, PMMA and their blends for comparison (b) FT-IR spectra of P2, PMMA and their blends for comparison.  
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understand the variation of RI with respect to concentration of poly
phosphates P1 and P2. In the PB1 series, the overall observation is that 
the addition of P1 into the PMMA system increases the RI of PMMA 
(Fig. 7(b)). Some of the compositions, specifically the ones with a higher 
concentration of P1 (PB150, PB160, and PB180), showed higher RI than 
both the parent polymers, PMMA, and P1. Nevertheless, the most 
important inference is that a refractive index tunability of 0.05 was 
achieved with the help of the introduction of P1 into PMMA. This 
number is quite significant since a change in the RI of about even 0.01 
could bring about a change of 3.30 D actual change in its power in a 
perfect lens system [50]. 

3.5.2. PB2 series 
In contrast to the PB1 series, the PB2 series showed RI in between 

PMMA and P2 (Table 3). Most of the samples except PB260, have RI 
falling above PMMA but below P2. A tunability of about 0.1 in RI was 
observed with variation in concentration of P2. All these are valuable 
insights when it comes to the application point of view. The PB260 blend 
is showing comparatively lower RI than others in the series. As the op
tical properties of thin films depend on several factors like structure, 
thickness, homogeneity, materials used, and the preparation conditions, 
it is not very easy to estimate precisely the reason for this anomaly. 
However, since we have followed the same protocol for all the samples, 
the reason could probably be some irregularity that occurred during 
sample preparation. 

The trend in RI for the blends in PB2 series can be categorised into 

two parts. The blends with lower percentage of P2 (PB210 and PB220) 
behave almost like the PB1 series. They have no significant absorption 
losses and hence follow the general trend of decreasing RI with 
increasing wavelengths (Fig. 8(a)). On the other hand, the blends with 
higher weight percentages of P2 showed an increase in RI beyond a 
particular wavelength (Fig. 8(b)). The reason for such a behaviour can 
be directly correlated with the extinction coefficient graph (Fig. 3(b)) of 
these blends because the imaginary part of the complex refractive index 
is nothing but the extinction coefficient from the equation, 

~n¼ nþ ik  

here ~n is the complex refractive index, n is real part of refractive index 
and k is the extinction coefficient. This fact is further illustrated by Fig. 8 
(d) where n and k compensate each other. And interestingly, this 
property of absorption beyond the visible range makes these blends 
useful in designing optical filters. 

3.6. Tunability in optical properties of PB1 and PB2 blends 

Abbe’s number (VD) is an essential parameter of optical materials 
indicating its optical dispersion and is given by the equation: 

VD¼
nD� 1

nF � nC 

In this equation, nD, nF, and nC are the refractive indices of material 
at the wavelengths of the sodium D (589.3 nm), hydrogen F (486.1 nm), 

Fig. 5. The thermogravimetric analyses of all the samples in PB1 and PB2 series are shown in Figs (a and b), respectively and their corresponding glass transition 
temperatures, measured by DSC, are illustrated in figure c and d respectively. 
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and hydrogen C (656.3 nm) lines, respectively. The abbe’s numbers of 
all the samples in PB1 series were calculated and tabulated in Table 4. 
The Abbe values are generally denoted only for transparent glass-like 
materials to account for its optical dispersion. Hence, VD is not calcu
lated for PB2 series (especially the blends with higher concentrations of 
P2) because of their significant absorption indicated by the extinction 
coefficient values. Interestingly, all PB1 blends showed values within the 
acceptable range of abbe values of optical lens materials with a 

maximum of 56 for PB120 (Fig. 10). 
In short, PMMA, which has a refractive index of about 1.48 upon 

blending with these polyphosphates, showed a tunability of RI from 0.97 
to 1.55 at 589 nm. Since polyphosphates have a similar structure to 
polycarbonates (PC), the RIs of the P1/P2 blended with PMMA with that 
of PC-PMMA blends reported in literature are compared [26]. A plot of 
RI at 486 nm as a function of weight percent of the blends of P1, P2 and 
PC is shown in Fig. 9. It is clear from the plot that, as the concentration is 
varied RI of PB1 and PB2 series varies gradually whereas a large change 
in RI value was observed for PC blends. The advantage of polymers used 
here is they can be blended with PMMA in a simple process and expected 
to provide thermal and mechanical stability. 

Also, as discussed in Section 3.5.2., the blends in PB2 series with 
higher concentrations of P2 (i.e. PB250, PB260, and PB280) reflect a 
similar trend in the RI as the extinction coefficients of these samples. 
Hence these may not be suitable candidates for lens kind of applications, 
but they may be suitable for optical filter kinds of applications where 
absorption over a specific wavelength range is highly preferred. On the 
other hand, all the blends in PB1 series and the first two blends of PB2 
series, fall under the same category, showing a regular trend of 
decreasing RI with increasing wavelength. Therefore, these are potential 
candidates for use as lens because of their transparency, RI tunability 
and high abbe number. 

4. Conclusions 

We have synthesized two polyphosphate polymers (P1 and P2) and 

Fig. 6. (a) Ellipsometric spectra of a sample (PB180) spin-coated on a glass substrate (experimental data and model fit are shown) (b) variation of refractive index 
with wavelength and (c) uniqueness fit for the sample PB180. 

Table 3 
Refractive indices of polyphosphate blends with PMMA.  

Name of the blends Weight % of P1 n486 n589 n656 nmax 

PMMA 0 1.47 1.46 1.45 1.50 (370 nm) 
PB110 10 1.56 1.54 1.54 1.55 (370 nm) 
PB120 20 1.50 1.50 1.50 1.52 (370 nm) 
PB150 50 1.56 1.54 1.54 1.58 (370 nm) 
PB160 60 1.54 1.53 1.52 1.57 (370 nm) 
PB180 80 1.56 1.54 1.54 1.58 (370 nm) 
P1 100 1.52 1.51 1.50 1.55 (370 nm)  

Weight % of P2 n486 n589 n656 nmax 

PMMA 0 1.47 1.46 1.45 1.50 (370 nm) 
PB210 10 1.49 1.49 1.49 1.49 (constant) 
PB220 20 1.54 1.53 1.52 1.57 (370 nm) 
PB250 50 1.50 1.53 1.55 1.55 (645 nm) 
PB260 60 0.99 0.98 0.97 1.06 (1164 nm) 
PB280 80 1.45 1.43 1.50 1.65 (815 nm) 
P2 100 1.58 1.57 1.57 1.58 (370 nm)  
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characterized them thoroughly. These polymers are blended with 
PMMA to produce uniform and transparent polymer films (PB1 and PB2 
series) by simple spin-coating from solution for optical applications. The 
hydrogen-bonding interactions between PMMA and the polyphosphates, 
as evidenced by IR spectra, ensures the homogeneity of the blend. 
Thermal analysis of PB1 series indicates these blends to be completely 
miscible. 

The incorporation of polyphosphates has resulted in the tunability of 
RI of PMMA. The ellipsometric measurements of prepared blends (PB1 
and PB2 series) showed a tunability in RI of about 0.05 and 0.1, 

respectively. Also, blends of PB1 series showed an acceptable Abbe value 
in the range of optical lenses with a maximum of 56 achieved for PB120 
blend. On the other hand, blends with higher weight percentages of P2 
in PB2 series could be promising for optical filters owing to its ability to 
filter some wavelengths as seen from their extinction coefficients. 

The preliminary investigation on blends of P1 and P2 with PMMA is 
quite promising in the way of engineering the desired refractive index 
and Abbe number by altering the polyphosphates content. Also, PMMA, 
which is well known for its compatibility with human tissue, could be 
ideal for rigid intraocular lenses with the desired refractive index 

Fig. 7. (a) Variation of refractive indices with wavelengths for PB1 series (b) Variation of refractive indices with different weight percentages for PB1 series.  

Fig. 8. (a) Variation of refractive indices with wavelengths for PMMA, PB210, PB220 and P2 (b) Variation of refractive indices with wavelengths for PB250, PB260 
and PB280 (c) Variation of refractive indices with different weight percentages for PB2 series (d) a representative plot (PB260) of variation in n and k 
with wavelength. 

A.K. Othayoth et al.                                                                                                                                                                                                                            



Optical Materials 104 (2020) 109841

9

tailored by the incorporation of these polyphosphates. 
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PMMA Poly (methyl methacrylate) 
RI refractive index 
NMR Nuclear magnetic resonance 
IR infrared 
UV ultraviolet 
PB polymer blend 
SLG soda lime glass 
PDI polydispersity index 
GPC gel permeation chromatography 
TGA thermogravimetric analysis 
DSC dynamic scanning analysis 
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