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PREFACE 

 
The present thesis entitled “Blends and Nanocomposites of Sulfonated 

Polystyrene and Polybenzimidazole” has been divided into seven chapters. 

Chapter 1 provides a brief introduction on polymer blends, polymer nanocomposites. 

The properties, synthesis and application of sulfonated polystyrene, polybenzimidazoles 

poly(vinylidene fluoride-co-hexafluoro propylene), poly(vinyl-1,2,4-triazole), graphene, 

graphite and graphite oxide are discussed. The advanced application of phosphoric acid 

doped polybenzimidazole as an electrolyte membrane in high temperature fuel cell 

application has also discussed. Chapter 2 describes the influence of sulfonation reaction 

time, temperature and the parent polystyrene particle size on the degree of sulfonation, 

ion exchange capacity, morphology and glass transition temperature of sulfonated 

polystyrene particles. Chapter 3 deals with the formation of core (polystyrene)-shell 

(polybenzimidazole) nanoparticles from a new blend system consisting of an amorphous 

polymer polybenzimidazole and an ionomer sodium salt of sulfonated polystyrene 

(SPS-Na). Chapter 4 describes synthesis of partially miscible polymer blends of 

polybenzimidazole with poly(vinylidene fluoride-co-hexafluoro propylene) for their use 

as polymer electrolyte membrane (PEM) in high temperature PEM fuel cell after being 

doped with phosphoric acid. Chapter 5 also describes the application of 

polybenzimidazole and poly(1-vinyl-1,2,4-triazole) blends as polymer electrolyte 

membrane in high temperature PEM fuel cell. Chapter 6 describes the synthesis of 

nanocomposite of sulfonated polystyrene with graphene. The influence of graphene 

concentration on properties of sulfonated polystyrene is investigated. Chapter 7 

summarizes the findings of the present investigations, presents a concluding remark and 

the future scope and upcoming challenges.  
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1.1. Polymer blends  

Polymer science has a major impact on our daily life. It is difficult to find an aspect 

of our lives that is not affected by polymers.
1
 The necessitate for plastics (polymers) in 

daily life is increasing day by day. The success of plastics is due its wide range of 

properties which replace metals, glass, ceramics, paper, natural fibers, packaging, 

consumer products, piping, furniture, etc.
2 

Blends mean mixture of two or more components. But there is no precise definition 

for the word ‘blends’. Blending is a natural way to widen the range of properties of the 

resultant new material which obtained upon mixing. From ancient time people are 

blending different materials to get a new material. For example color can also be 

blended. If red color is mixed with blue it gives purple. Similarly blue color is mixed 

with yellow it gives green color. Blending is there in many fields such as food, metals 

and polymers etc.  

Polymer blends are class of materials analogous to metal alloys; in which two or 

more polymers are mixed together to create new material with enhanced physical 

properties. A schematic diagram is shown in Figure 1.1. 

 

 

 

 

 

 

 

Figure 1.1: Schematic diagram showing the formation of polymer blend (Adapted from 

reference 3a) 
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Polymer blending is a convenient way for the development of new polymeric 

materials. It can combine the excellent properties of one or more polymers. This 

technique is simple, cheaper and less time-consuming than the development of new 

polymers.
3-5 

Polymer blends have received significant attention in last past decades 

because the blending of polymers provides a powerful route for obtaining materials with 

improved property.
6 

Blending also benefits the manufacturer by offering improved 

processability, product uniformity, quick formulation changes, plant flexibility and high 

productivity. 

 The science and technology of polymer blend was developed in eighteen 

century. In 1846 Alexander Parkes introduced the first blends of natural rubber (NR).
7
  

He mixed NR with gutta percha to obtain material suitable either for water proofing 

cloth or after vulcanization for production of molding.
 
In 1910 J. W. Aylsworth 

invented a method which described material obtained by simultaneous vulcanization of 

natural rubber and condensation of phenol with formaldehyde, making it the first 

simultaneous interpenetrating polymer network (IPN) material.
8
 F. E. Matthews first 

modified rubber by incorporating polystyrene. Expecting finer dispersion and better 

control he mixed rubber with styrene and polymerized styrene in presence of rubber. 

The production of rubber-polystyrene blends started from 1929. Polymer blends were 

also developed along with the emerging polymers. When nitrocellulose (NC) was 

invented, it was mixed with natural rubber (NR). Blends of NC with NR were patented 

in 1865 which is three years before the commercialization of NC. Polyvinylchloride 

(PVC) was commercialized in 1931 while its blends with nitrile rubber (NBR) were 

patented in 1936, two years after the NBR patent was issued. The modern era of 

polymer blending began in 1960, after Alan Hay synthesized polyphenyleneether (PPE) 

by oxidative polymerization of 2,4-xylenols. Its blends with styrenics (polymeric 

materials based on styrenes), Noryl
TM

 (blend of polyphenylene oxide and polystyrene), 

were commercialized in 1965.
9
 The market for polymer blend based materials has 

increased continuously during the past two decades. Polymer blends segment of the 

plastics industry increases at about three times faster than the whole plastics industry 

and is expected to increase by 8-10% in the coming decade.
10a

 The major markets are 
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automotive, electrical and electronic, packaging, building and household. Nowadays, 

the total market for polymer blends is estimated to be 2.2 million tonnes per year.
10b,10c

  

1.1.1. Thermodynamical requirements 

Usually polymers do not mix each other owing to their big molecular size and 

absence of favourable interaction since they determine the blend final properties. 

Miscibility and compatibility are essential issues in the development of polymer blends. 

Miscibility of polymer blend is governed by Gibb’s free energy of mixing (ΔGmix). 

Homogeneous miscibility in polymer blends requires a negative free energy of mixing, 

(ΔGmix<0).
9,11,12

 The following condition should be fulfilled for complete miscibility of 

two polymers 

                 

 

where ΔGmix, ΔHmix and ΔSmix are the free energy, enthalpy and entropy of mixing, 

respectively. For miscibility to occur, ΔGmix must be smaller than zero. This is a 

necessary requirement but not a sufficient requirement. For complete miscibility of 

binary mixtures of composition (ϕ) at fixed temperature T and pressure P, the following 

expression must also be satisfied: 

 

For polymers the value of TΔSmix is always positive because polymers itself remain in 

high entropy state and they hardly gain any entropy on mixing. ΔGmix can only be 

negative if the heat of mixing, ΔHmix is negative.  The polymer will form miscible 

blends only if the entropy of mixing exceeds the enthalpy of mixing i.e. 

                                  

So for miscibility the mixing must be exothermic, which requires specific interactions 

between the blend components.
10a,13 

These specific interaction is polar and range in 

0mixmixmix STHG (1.1) 

0

,

2

2

TPi

mixG
(1.2) 

mixmix STH (1.3) 
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strength from the relatively weak (dipole-induced) to relatively strong (hydrogen 

bonding).
14

  

A schematic phase diagram of polymer mixer is shown in Figure 1.2. There are 

three regions of different degree of miscibility. (i) The single-phase miscible region 

between the two binodals (ii) the four fragmented metastable regions between binodals 

and spinodals and (iii) the two-phase separated regions of immiscibility, bordered by the 

spinodals. The diagram also shows two critical solution temperatures, the lower, LCST 

(at higher temperature), and the upper, UCST (at lower temperature).
15 

For mixtures of low molar mass components phase diagram with two critical 

points is a rule, whereas the polymer blends usually show either LCST or UCST. The 

binodals separate miscible and metastable region, the spinodals separate metastable and 

two-phase region.  

 

 

 

 

 

 

 

 

 

Figure 1.2: Phase diagram of polymer mixer with upper and lower critical solution 

temperature, UCST and LCST respectively.
15 

The thermodynamic conditions for phase separations are given by 

 

 

 

  

0

,

2

2

TPi
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(1.5) Critical point: 



Chapter 1                                                                                                                                          

 

6 

When a single-phase system bears a change of composition, phase separation takes 

place and temperature or pressure that forces it to enter either the metastable or the 

spinodal region. When the system enters from single-phase region into the metastable 

region, the phase separation occurs by the mechanism which resembles crystallization 

(slow nucleation followed by growth of the phase separated domains).
16 

When the 

system is forced to jump from a single-phase into the spinodal region of immiscibility, 

the phases separate spontaneously by a mechanism called spinodal decomposition. 

The Flory-Huggins theory which originally developed for polymer solution can 

be extended to polymer-polymer miscibility by introducing restrictions such as no 

change of volume during mixing, the entropy of mixing is entirely given by the number 

of rearrangements during mixing and the enthalpy of mixing is caused by interactions of 

different segments after the dissolution of interactions of the same type of segments. For 

binary polymer mixer the entropy of mixing ΔSmix can be expressed as 

 

 

 

where (ϕi) is the volume fraction of the component i and ri is the number of 

polymer segments, R is the gas constant. From the equation it can be seen that the 

entropy of mixing decreases with increasing molar mass since ri is proportional to the 

degree of polymerization and vanishes for infinite molar masses.  

By assuming polymer-polymer mixer as solution the enthalpy of mixing ΔHmix 

can be expressed as  

 

Where χ is the Flory-Huggins constant. 

For binary systems the Flory-Huggins equation can be expressed in the 

following form
17,18

  

 

 

2
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Where χ is the Flory-Huggins binary interaction parameter. R is the gas constant and T 

is the absolute Temperature. For polymers having high molar mass the entropy 

contribution is very small and miscibility of the blend system depends on the value of 

enthalpy of mixing. Miscibility can only be achieved when χ is negative. 

1.1.2. Morphology  

After mixing polymer blend forms different phases (morphology).  The complex 

interplay between viscosity of the phases, interfacial properties, blend composition and 

processing conditions results the shape, size and spatial distribution of the phases in 

blends. Phase structure of polymer blends is very important for their application. For 

example an immiscible blend of 1 and 2, when content of 2 is low it will form particles 

which will be dispersed in the matrix of 1 component. As the amount of 2 component 

increases the particles get bigger and bigger and it will look like the middle image in 

Figure 1.3. With further increase in the amount of 2, phase inversion will take place. At 

this stage component 2 will form the continuous matrix and component 1 will disperse 

on it.    

 

 

 

Figure 1.3: Schematic diagram showing different morphology development during 

blending. (Adapted from reference 19) 

Utracki and Lyngaae-Jørgensen proposed a theory based on the assumption that the 

critical volume fractions relate to the percolation thresholds of droplets, and phase 

inversion appears at the composition at which the blend with dispersed component 1 

and matrix 2 has the same viscosity as the blend with dispersed component 2 and matrix 

1.
20

 Polystyrene and polybutadiene are immiscible. When polystyrene is mixed with a 

small amount of polybutadiene, the polybutadiene will separate from the polystyrene 
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into little spherical blobs (Figure 1.4). The rubbery nature of these polybutadiene blobs 

improves the brittleness of polystyrene. This immiscible blend has more ability to bend 

instead of breaking than regular polystyrene. Immiscible blends of polystyrene and 

polybutadiene is commercially known as high-impact polystyrene, or in short HIPS. 

Another example is acrylonitrile-butadiene-styrene (ABS) terpolymers, which are 

basically styrene-acrylonitrile (SAN) block copolymers toughened with either 

polybutadiene or a polystyrene-polybutadiene copolymer. The combination of nylon-6 

as the matrix with poly(ethy-lene terephthalate) as the minor component and the 

combination of nylon-6,6 with poly(hexamethylene isophthalamide) are use as fibres in 

car-tyre manufacture. In both cases the incorporation of the minor component raises the 

modulus and reduces the tendency to ‘flat-spotting’ of the tyres on standing.
21

    

 

 

 

 

 

 

Figure 1.4: The phase morphology of HIPS (TEM image)
22 

1.1.3. Choices of polymer pairs 

 Generally more expensive polymer is combined with the less expensive polymer 

to provide adequate performance at a significant low price. Crystalline polymers have 

excellent chemical resistance, good mechanical properties, low viscosity whereas 

amorphous polymers provide good dimensional stability and excellent impact strength. 

So crystalline and amorphous polymers are blended to achieve a specific property range. 

This combination results in a polymeric material of good dimensional stability, 

Polystyrene 
Polybutadiene 
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chemical resistance, mechanical properties and easy processing, High-density 

polyethylene (HDPE) is a highly crystalline polymer with a good combination of 

stiffness, strength and toughness suitable for most packaging applications. When it is 

blended with polyisobutylene the toughness, puncture resistance and environmental 

crack resistance has increased.
8 

 Polymers are blended with elastomers. This combination gives the necessary 

stiffness, thermal resistance and strength. Blend of poly(vinyl chloride) (PVC) and 

butadiene-acrylonitrile (nitrile rubber, NBR) has been commercially available from 

1940. The addition of butadiene-acrylonitrile elastomer to PVC yields permanently 

plasticized PVC resistant to plasticized migration and it is utilized for wire insulator, 

pollution control pond liner, fuel house covers etc.
23

  

1.1.4. Classification of polymer blends 

Polymer blends are either homogeneous or heterogeneous. In homogeneous 

blends the blend mixed homogeneously and the final properties of the blend are the 

average of both blend components. In heterogeneous blends, the blend components 

remain phase separated and the properties of all the blend components are present. 

Depending on the degree of mixing of the components, the polymer blends are divided 

into three categories: miscible blend, immiscible blend and partially miscible blend 

(Figure 1.5).
11

  

 

 

 

 

Figure 1.5: Schematic diagram of miscible and immiscible blend formation. 

In miscible blends the constituent polymers mix on a molecular level, to form a 

homogeneous material equivalent to a polymer-polymer solution. In this type of blend 

the final polymer exhibits properties somewhere in between the property of the 

Miscible 

blend 

Immiscible 

blend 
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constituent polymers. The property of the blend depends on the fraction of each 

component.  

 In immiscible blends the constituent polymers do not mix, but remain in 

separate phases, leading to the formation of a dispersion of one of the polymers in a 

continuous matrix of the other. However, in an immiscible blend the property of the 

final polymer blend depends on the spatial arrangement of the phases (morphology), and 

the nature of the interface between them.  

In partially miscible blend, a part of one component is dissolved in the other. 

This type of blend exhibits fine phase morphology and satisfactory properties.  

1.1.5. Compatibilizers 

 Compatibilizers can be used to make immiscible blend stronger. Compatibilizer 

is anything that helps in bonding the two phases to bind each other more tightly. Mostly 

compatibilizers are block copolymer of the two component of the immiscible blend. 

Block copolymer tie the two phases of immiscible blend together and allow energy to be 

transferred from one phase to others.
9 

 

  

 

Figure 1.6: Schematic diagram showing compatibilization of an immiscible blend by a 

copolymer. (Adapted from Figure 19) 

In immiscible blend the constituent polymers show a strong tendency for 

separation which leads to a coarse structure and low interfacial adhesion. In this case the 

final material shows poor mechanical properties. By controlling the structure formed by 

polymers in immiscible blend, the final property of the blend can be tuned. 
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Two methods are used for compatibilization of immiscible polymers:  

(i) Incorporation of suitable block or graft copolymer: In this method block or graft 

copolymer are added along with the constituent polymers during blend synthesis. For 

example styrene-butadiene block copolymers and styrene-hydrogenated butadiene 

analogues are used for compatibilization of styrene polymers with polyolefins
24 

or 

ethylene-propylene copolymers for compatibilization of various polyolefins.
25

 

(ii) Reactive compatibilization: In this process the graft or block copolymers acting as 

compatibilizers are generated in situ during melt blending.
26 

These copolymers are 

formed at the interfaces between suitably functionalized polymers and they link the 

immiscible phases by covalent or ionic bonds. This method avoids the transfer of 

compatibilizer to interface of the polymer blend. 

1.1.6. Methods of preparation of blends 

Generally Polymer blends are prepared by using following methods. These methods are 

described briefly here. 

(i) Solution casting method: Solution blending is frequently used for the preparation of 

polymer blend on a laboratory scale. In this method the polymers are dissolved in a 

common solvent and vigorously stirred. Then film cast, coagulated, spay dried or freeze 

dried to collect the blend. The main advantages of this method are rapid mixing of the 

blend components and the unfavorable chemical reactions can be avoided. The 

disadvantage is that this method is expensive because of the use of solvent.
15

 Also this 

method relies on the choice of the solvent and mostly depends upon the solubility of the 

two polymers in one common solvent. Therefore, this method cannot be applied for all 

kinds of polymer pairs. 

 (ii) Melt mixing method: In this method the polymers are heated above their glass 

transition temperature and they are mixed in their molten state in extruders or batch 

mixers. This method is an industrial method of preparation of blend polymer. The 

advantages of this method are well defined components and the same extruders or batch 

mixers can be used for a wide range of polymers. High energy consumption and 
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possible unfavorable chemical changes in the blend component are the main 

disadvantages of this method. 

(iii) In situ blending: In this method in presence of one polymer the other component 

polymer is polymerized. Impact polystyrene and ABS are usually prepared by 

polymerizing styrene or styrene acrylonitrile in presence of a high molecular weight 

rubber. 

1.1.7. Characterization of polymer blends 

The miscibility of polymer blends can be confirmed by measuring the glass 

transition temperature (Tg). Calorimetric method is used for the characterization of 

polymer blends. Differential scanning calorimetry is typically employed for these 

studies. Miscible blend exhibits only one glass transition temperature (Tg) which is 

between the Tg’s of both blend components and composition dependent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: Tg of pure polymer, miscible and immiscible polymer blend.
27 
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Immiscible blend shows more than one Tg because they possess more than one phase 

and each phase undergoes its glass transition at unique temperature corresponding to its 

composition.
28,29

 

Partially miscible blend also exhibits two Tg’s. In this type of blend the phase 

separated domains may contain some fraction of the component. Both blend phases (one 

being rich in polymer 1, the other phase being rich in polymer 2) are homogeneous. 

Both Tg’s are shifted from the values for the pure blend component towards the Tg of 

the other blend component.
28

 In other words Tg of this type blend are composition 

dependent. Figure 1.7 depicts the changes in Tg for various type of blend. 

The miscibility of the polymer blend can be characterized by different 

techniques such as thermal analysis, dynamic mechanical analysis, inverse gas 

chromatography, electron microscopy, viscosimetry etc.
28

 

 For miscible blend the glass transition temperature as a function of weight 

fraction can be predicted by different equations. Fox’s equation, Gordon-Taylor 

equations are used in the estimation of the miscibility of polymer blends. 

The Fox’s equation is given as follows 

 

 

The Gordon-Taylor equation can be used to evaluate the dependency of Tg on the blend 

composition. 

 

where W is the weight fraction, Tg is the glass transition temperature of the blends, Tg1 

and Tg2 are those of the pure components and k is an adjustable fitting parameter 

(Gordon-Taylor constant) that describes the strength of the intermolecular interaction 

between the components in miscible polymer blends: the lower the value of k the poorer 

is the interaction.
30 
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Figure 1.8: Generalized Tan δ behavior of polymer blends.
31

 

Dynamic mechanical method (Figure 1.8) is also used to determine the 

miscibility of polymer blends. If the polymer blend is miscible then it will show a well 

defined single tan δ relaxation. The immiscible blend exhibits Tg of the component 

polymers. The immiscible blend possesses Tg’s shifted inward due to incorporation of 

minor concentration of the other polymer constituent. This method is more sensitive 

than calorimetric method because it can observe low concentration of specific phases in 

polymer blend. In case of partially miscible blend the Tg
'
s of both components shifted 

from the parent Tg and this shift is composition dependent.  

1.1.8. Importance of blends 

Polymer blending is an attractive route to produce new material with desired 

properties. But it has both advantages and disadvantages. Some of its advantages and 

disadvantages are listed below. 

Advantages:  

 The main advantage of polymer blending is that using this technique existing 

polymers can be combines into new material with commercializable properties 

which are not easily obtained with new polymeric structures. 
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 It offers the advantage of reduced research and development expense compared 

to the development of new monomer and polymers to yield a similar property 

profile. 

 Blends can be formulated, optimized and commercialized generally at a much 

faster rate than new polymer. 

 The toughness of brittle polymers can be improved and this eliminates the use of 

low molecular weight additives e.g. plasticizer in the flexible PVC formulations. 

Disadvantages: 

   Polymer blending is a trial and error method. Sometimes properties may not 

improve at all. 

   Sometimes improvement of one property leads to deterioration of another 

property. 

   Long term properties of polymer blends and environmental stress are strongly 

influenced by coreactivity between individual component polymers. The final 

effect on the lifetime of blends is difficult to predict on the basis of known 

behaviour of individual polymers.
32

 

1.2. Polymer nanocomposites 

 Nanomaterials are recognized as unique because they show quantitatively new 

behavior when compared with their macroscopic counterparts.
33

 Different nanofillers 

such as buckyballs, carbon nanotubes, clays, silica particles, graphene are used to 

prepare polymer nanocomposites.
35-38 

In recent years polymer nanocomposites have 

attracted the interest of many scientists because of their unique properties and many 

applications. Polymer nanocomposites have attracted great attention worldwide 

academically and industrially due to the exhibition of superior properties such as 

increased strength and heat resistance, decreased gas permeability and flammability, and 

increased biodegradability of biodegradable polymers.
39-43

 Small amount of nanocfillers 

can significantly improve the property and performance of the material compared to 
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pristine polymer due to following properties of nanofillers: (i) low percolation threshold 

(ii) particle-particle correlation (orientation and position) arising a low volume fraction 

(iii) large number of density of particles per particle volume (iv) extensive interfacial 

area (communication between matrix and filler) per volume of particles.  

The final properties of nanocomposites are strongly dependent on the dimension and 

micro structure of the filler phase. Uniform dispersion of nanofillers can lead to large 

interfacial area between the constituents. In addition the distance between the 

nanoelements begins to approach molecular dimension at extremely low loadings of the 

nanofillers.
44 

Depending on the nature of the nanofillers used and the method of 

preparation, significant differences in composite properties may be obtained.
45

 

Nanofillers can be divided into three categories depending on the number of dimensions 

of their nanometer size, i.e., one dimension, two dimensions, and three dimensions as 

shown as Figure 1.9.  

 

 

 

 

 

Figure 1.9: Schematic diagram showing different types of nanofillers.
34 

1.2.1. Polymer nanocomposites preparation and properties 

In general there are three preparation methods including in situ polymerization, 

solution mixing and melt mixing. In situ polymerization
46

 involves the dispersion of 

nano fillers in the monomer followed by polymerization. In solution mixing method
47,48 

polymer is dissolved in a solvent and the nanofiller is dispersed in the same solution. In 

melt mixing method nano filler is mixed within the polymer matrix in molten stage. The 
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conventional methods such as extrusion and injection molding are used for dispersion of 

nano filler within the polymer matrix. 

Nanofillers, also known as reinforcement agent, are added to the polymer matrix 

to improve the polymer properties so that it can fulfil the desired properties. The first 

and important aim of addition of nanofillers into the polymer is to improve the 

mechanical properties of the polymer.
49 

The mechanism of the reinforcement is based 

on the higher resistance of rigid filler materials against straining due to their higher 

module. When a rigid filler is added to the soft polymer matrix, it will carry the major 

portion of applied load to the polymer matrix under stress conditions, if the interfacial 

interactions between filler and matrix is adequate.
50,51 

Nanofillers improve the thermal 

stability of the polymer. This is because of the reason that nano filler act as insulation 

and mass transport barrier against the volatile compounds generated during the 

decomposition of polymer under thermal conditions.
52

 Vyazovkin et al.
53

 reported that 

the thermal stability of polystyrene/clay nanocomposite compared to pure polystyrene is 

30-40°C higher degradation temperature compared to pure PS under nitrogen and air 

heating degradation conditions. Nanofillers also decrease the ignition property of the 

polymer. This is very important because polymers are especially use in domestic 

applications so there is need to reduce their potential for ignition in order to make them 

safer in applications.
 
Polymers are widely used as anticorrosive coatings on metals to 

prevent the corrosion. Primarily polymeric coatings act as physical barrier against the 

diffusion of aggressive species to the metal surface. Addition of nanofillers such as 

layered silicates, effectively improves the anticorrosive barrier effect of polymer 

coatings by increasing the length of the diffusion pathways for aggressive species. 

Sandip et al. prepared polymer nanocomposites of poly (4,4'-diphenylether-5,5'-

bibenzimidazole) (OPBI) with two structurally different organoclays, namely, 

montmorillonite (OMMT) and kaolinite (OKao).
36

 The incorporation of nanoclays in 

OPBI results in an increase in mechanical, thermal and oxidative stabilities. Also the 

proton conductivity of all the nanocomposite membranes increases with increasing caly 

content in the polymer. In another study Sandip et al. incorporate OPBI with 

unmodified silica (UMS) and amine modified silica (AMS). They observe significant 
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improvement of mechanical, thermal and oxidative stability. The proton conductivity is 

also improve significantly compare to neat OPBI.
39 

1.3. Graphene 

Among varities of nano filler graphene is the latest one. Graphene is the basic 

structural unit of carbon allotropes including graphite, carbon nanotubes and fullerenes 

(Figure 1.10). Graphene is a two-dimensional carbon sheet with one molecular thickness 

and sp
2
-hybridized carbons covalently bonding in honeycomb structure. The term 

graphene was coined by Hanns-Peter Boehm
54,55

 who described single-layer carbon 

foils in 1962. The carbon-carbon bond length in graphene is about 0.142 nm.
56

 

Graphene sheets stack to form graphite with an interplanar spacing of 0.335 nm. 

Graphene is the building block of graphite.
57

 Graphene was first isolated in 2004 by 

physicists Andre Geim at the University of Manchester and the Institute for 

Microelectronics Technology, Chernogolovka, Russia by using adhesive tape.
55 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10: Allotropes of carbon, (A) graphene (B) graphite (C) carbon nanotube and 

(D) fullerene.
58 



                                                                                                                                                  Introduction 

 
19 

Graphene has attracted tremendous attention in recent years because of its 

exceptional thermal, mechanical and electrical properties.
59,60 

It has wide range of 

applications in various fields such as energy devices,
61,62 

catalysts,
63,64

 sensors,
65,66

 

conductive materials,
67,68

 drug delivery
69,70

 and polymer nanocomposites,
71,72

 

ultracapacitor
73

 etc. The electrons in graphene obey a linear dispersion relation and 

behave as mass less relativistic particles.
74

 Because of this property it results a number 

of very peculiar electronic properties such as the quantum hall effect,
75,76

 ambipolar 

electric field effect,
77,78

 good optical transparency
79,80

 and transport via relativistic Dirac 

fermions
75,81

 It also has high carrier nobilities (200000 cm
2
/Vs). Since graphene consist 

of a single sheet of sp
2
 carbon atoms, it can undergo a wide class of organic reactions. It 

can incorporate into polymers and inorganic systems to enhance mechanical strength, 

thermal and electrical conductivity. 

1.3.1. Synthesis of Graphene 

Recently, many studies have been reported on the synthesis of graphene. These 

include chemical vapor deposition,
82

 micro-mechanical exfoliation of graphite,
83

 

epitaxial growth on silicon carbide
84 

and chemical or thermal reduction of graphene 

oxide.
85

 briefly these methods are as follows: 

Chemical vapor deposition (CVD): CVD is a technique of thin solid film deposition on 

substrates from the vapor species through chemical reactions. There are many CVD 

variations. Thermal CVD is generally applied to graphene formation over transition 

metals such as copper, nickel iridium and ruthenium.
86

  

Micro-mechanical exfoliation of graphite: This method involves peeling of the 

graphene from graphite using scotch tape.
77 

After peeling the tape is dipped in acetone 

to release the graphene which is captured on a silicon wafer with a SiO2 layer on top. 

This method is unfavorable for large scale synthesis. 

Epitaxial growth on silicon carbide: In this method silicon carbide (SiC) is heated at 

high temperature (1100°C) to reduce it to graphene. In this process epitaxial graphene 

with dimensions dependent upon the size of the SiC substrate (wafer) is produced.  
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Chemical or thermal reduction of graphene oxide: This method is useful to prepare 

bulk quantity of graphene. Graphite oxide (GO) can be easily exfoliated by 

ultrasonication. Exfoliated graphite oxide is known as graphene oxide (G–O). So 

chemical reduction of G–O with reducing agents like hydrazine hydrate or hydrazine 

derivatives will convert the electrically insulating G–O layers to conducting graphene. 

However, the quality of graphene produced by graphite oxide reduction is lower 

compared to e.g. scotch-tape graphene due to incomplete removal of various functional 

groups by existing reduction methods. The reduction can be done by thermally also. 

This involves rapidly heating of heating of G–O in inert atmosphere to produce 

thermally reduced expanded graphene oxide which is a black powder of bulkdensity.
87-

89 
The main problem associated with this method is that when exfoliated G–O 

nanoplatelets are reduced, after reduction there is a probability of their irreversible 

coagulation which cannot be re-dispersed with prolonged ultrasonnication.
90,91

 To 

overcome this problem reduction of G–O is carried out in presence of 

polymer/polymeric anions. This results in a stable polymer grafted dispersion of 

graphene.
92

 Chemical reduction of G–O dispersions in presence of poly(sodium 4-

styrenesulfonate)
93

 or pyrene butyrate
94

 results in stable aqueous suspension of coated 

graphene monolayers. Stankovich et al. prepared stable aqueous dispersions of polymer-

coated graphitic nanoplatelets via an exfoliation of GO and followed by in-situ 

reduction of graphite oxide in the presence of poly(sodium 4-styrenesulfonate).
93 

Hao et 

al prepared an aqueous dispersion of graphene from expanded graphite using 7,7,8,8-

tetracyanoquinodimethane (TCNQ) anion as a stabilizer. With this route they prepared 

high quality water soluble and organic solvent soluble graphene sheets for a range of 

applications.
95 

Wang et al. prepared graphene by annealing GO thin films at different 

temperatures and showed that the volume electrical conductivity of the reduced GO film 

obtained at 500°C was only 50 S/cm, while for those at 700 °C and 1100°C it could be 

100 S/cm and 550 S/cm.
96 

In chapter 6 we have discussed the synthesis and characterization of sulfonated 

polystyrene (SPS)-graphene nanocomposites. The nanocomposites are prepared by 

reducing G–O in presence of SPS particles. We have seen that in absence of SPS 
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particles, after reduction the G–O layers are agglomerated and went back to layered 

structure. 

 

 

Figure 1.11: Schematic diagram showing formation of SPS-graphene 

nanocomposites.
97

 

1.3.2. Polymer-Graphene nanocomposites 

 The development of a nano-level dispersion of graphene in a polymer matrix has 

opened a new and an interesting area of research in recent years. Polymer-graphene 

nanocomposites have attracted considerable attention due to their unique properties such 

as excellent mechanical, optical and electrical properties. The extent of improvement in 

properties is directly related to the degree of dispersion of graphene. There are many 

studies on polymer-graphene nanocomposites are reported which includes polystyrene- 

graphene, polyurethane-graphene, polyethylene-graphene, Poly(methyl methacrylate)-

graphene etc.
97-99

 Hu et al prepared graphene nanosheets- polystyrene (PS) 

nanocomposites via in situ polymerization and reduction of GO using hydrazine 
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hydrate.
97

 They have shown that the nanocomposites have high thermal stability and 

high glass transition temperature than PS. The electrical conductivity of PS increases 

from 1.0×10
-10

 Scm
-1

 to 2.9×10
-2

 Scm
-1

 for nanocomposites containing 2 wt% graphene. 

In another study Zhou et al prepared poly (vinyl alcohol) (PVA)/graphene 

nanocomposites by reducing PVA/GO nanocomposite films in aqueous medium.
100

 The 

observed a 40% increase in tensile strength and 70% improvement in elongation at 

break with 0.7 wt% of reduced GO. In another report Al-Mashat et al report the 

synthesis of a graphene-polyaniline (PANI) nanocomposite and its application in the 

development of a hydrogen (H2) gas sensor. They observed that graphene-PANI 

nanocomposite-based device sensitivity is 16.57% toward 1% of H2 gas, which is much 

larger than the sensitivities of sensors based on only graphene sheets and PANI 

nanofibers.
101

 

There are various synthetic routes for the preparation of polymer-graphene 

nanocomposite. Many of these procedures are similar to those used (as discussed in 

section 1.3.1) for other polymer-nanocomposites.  

1.4. Sulfonated Polystyrene (SPS) 

 The partially or lightly ionized polymers (known as ionomers) recently attracted 

great technological and scientific interest due to their unique properties such as 

hydrophilicity, and proton conductivity arise from the incorporation of ionic functional 

groups into hydrophobic polymers.
102 

Sulfonated polystyrene (SPS) or polystyrene 

sulfonic acid (PSSA) is an ionomer based on polystyrene. Ionomers are normally 

defined as ion-containing polymers with a maximum ionic group content of about 15 

mol % or less.
103,104

 The ionomer possesses both covalent hydrocarbon polymeric chains 

and ionic salt species in the same molecule.
103 

 SPS is the most widely used ionomer in 

the literature (Figure 1.12). Ionomers are utilized in a wide range of applications such as 

adhesives, fuel cell membranes, catalysis, water purification systems, synthesis of 

magnetic particles, chromatography techniques and ion exchange resins.
103,105,106
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Figure 1.12: Chemical structure of sulfonated polystyrene 

1.4.1. Synthesis of Sulfonated Polystyrene 

 In general, two routes were referred in the literature for the preparation of SPS 

and these are (i) direct emulsion copolymerization of styrene and sodium styrene 

sulfonated. (ii) Heterogeneous sulfonation i.e. sulfonation of preformed polystyrene 

(PS) using sulfonating agent. 

 In direct copolymerization method it is difficult to assure a random distribution 

of sulfonated groups.
107

 But the advantage of this method over sulfonation of PS is that 

it avoids problems with solvents and the separation of the sulfonated product from the 

reaction mixture.
108-112 

Another advantage of this process is that sulfonation proceeds 

without polymer degradation and cross linking.
113,114

 Arunbabu et al. prepared 
 
a series 

of poly[styrene-co-(sodium styrene sulfonate)] copolymers containing various sodium 

styrene sulfonate (NaSS) loadings using emulsion polymerization technique. They have 

studied the effect of NaSS content in the reaction on copolymer kinetics.
110

 In another 

study Yeole et al. prepared polystyrene sulfonated-sodium (PSS–Na) based macro-

RAFT agent having thiocarbonyl thio end group in water medium. Using this 

hydrophilic PSS–Na based macro-RAFT agent they polymerized styrene by surfactant 

free emulsion polymerization.
111 

Sulfonation of preformed polystyrene has several advantages such as (i) 

sulfonation of the preformed polymer yields a random distribution of sulfonate groups 

along the polymer chain; (ii) a minimum of chain to chain heterogeneity is expected 

from this process; (iii) the reaction sulfonation proceeds without any significant 
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polymer degradation and (4) the characterization of SPS can be simplified by using 

polymers with narrow molar mass distributions.
115,116

 PS can be sulfonated by different 

sulfonating agents, such as concentrated sulfuric acid, acetyl sulfate, and chlorosulfonic 

acid and SO3 etc. The first studies on sulfonation of PS were published before World 

War II. PS was first sulfonated in a homogeneous phase by a method developed by 

Turbak
117

 via reacting PS with trialkyl phosphate complex of sulfur trioxide as 

sulfonating agent in dichloroethane. Makowski et al.
118

 also prepared lightly sulfonated 

polystyrene by using acetyl sulfate complexes as sulfonation reagent in a solution of 

dichloroethane. 

 The properties of SPS prepared by copolymerization differ considerably from 

SPS prepared by sulfonating preformed PS. In one report Weiss et al. compared the SPS 

ionomers prepared by copolymerization with ionomers of identical composition 

prepared by sulfonation of PS. Specific differences include the solubility behavior, the 

effect of sulfonate concentration on the Tg and the equilibrium hydration and sorption 

kinetics.
119 

The difference in the sulfonate distribution is the reason for these property differences 

between the SPS prepared by copolymerization and SPS prepared by sulfonating 

preformed PS. 

 In chapter 2 we have discussed the effect of the influence of sulfonation 

reaction time, temperature and the parent polystyrene (PS) particle size on the degree of 

sulfonation (DS), ion exchange capacity (IEC), morphology and glass transition 

temperature (Tg) of sulfonated polystyrene (SPS) particles. SPS particles were prepared 

by sulfonating PS particles using sulfuric acid as sulfonating agent. 
120 

1.4.2. Properties and application of sulfonated polystyrene 

SPS has received considerable attention recently because of the scientifically 

interesting and potential technologically important properties arise from its ionomer 

characteristics. SPS has wide range of applications in numerous areas, e.g. drug delivery 

applications, catalysis, humidity sensors, as membranes for reverse osmosis, ion 

exchange materials and chromatography techniques etc.  
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Hydrated SPS exhibits high proton conductivity and has been used as a polymer 

electrolyte in proton exchange membrane fuel cells.
121,122

 In the early 1960s Gemini 

space program were using sulfonated polystyrene-divinylbenzene copolymer 

membranes cells which were extremely expensive and had short lifetimes due to the 

oxidative degradation of the membrane. This is the first membrane which is used as 

PEM in fuel cell.
122  

Ding et al. studied a model system where a sulfonated graft 

polymer composed of a PS backbone and a SPS side chain was synthesized via free-

radical polymerization.
123,124

 The copolymer with the longer graft chain exhibited higher 

proton conductivity. However, the commercial applicability of the fabricated grafted 

copolymers was limited, due to the poor stability of the styrene-based backbone and 

side chain.  

 

 

 

 

 

 

 

 

 

 

Figure 1.13: Schematic diagram showing preparation scheme of the Nafion-g-SPS 

membrane.
127 

Göktepe et al. developed novel proton conductors by doping SPS with 1H-1,2,4-

triazole (Tri) and 1.12-diimidazol-2-yl-2,5,8,11-tetraoxadodecane (imi3). The maximum 

conductivity they could measure is 0.016 S cm
−1

 at 150°C.
125 

Homogeneuosly SPS was 

prepared with various concentrations of sulfonic acid groups by N. Carretta and co 
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workers. They have found that membranes cast from some of these SPSs exhibited 

proton conductivity equal to that of Nafion membranes, which can be used in 

electrochemical devices. They also found that even at the highest degree of sulfonation, 

the methanol permeability of SPS is comparatively 70% lower than that of Nafion 

membranes. That is attractive particularly in relation to the methanol fuel cell 

technology.
126

 In another study Nafion®-graft-SPS membranes (Figure 1.13) were 

prepared to reduce its methanol permeability in applications involving direct methanol 

fuel cells. The equilibrium water uptake, proton conductivity and methanol permeability 

were affected by both the extent of the grafting reaction and the cross-linking density. 

The SPS layers that were grafted reduced the methanol permeability of the membranes 

significantly.
127

 

Many literatures of SPS blends as PEM for fuel cell are reported. Jung et al. 

prepared the blend of SPS with partially sulfonated poly(2,6-dimethyl-1,4-phenylene 

oxide) (sPPO) membranes for direct methanol fuel cell. The blend membranes exhibited 

relatively higher proton conductivity and methanol permeability than the neat polymers 

(SPS and sPPO).
128

 SPS is also used as a template for synthesis of composite materials 

with hollow nano structures and core-shell structures (Figure 1.14). A general template 

synthesis approach towards composite hollow spheres using sulfonated polystyrene gel 

hollow spheres was proposed by Yang et al. Using this method many materials such as 

metal Pd nanoparticles, magnetite Fe3O4 nanocrystallites, conducting polyaniline, and 

inorganic titania and silica particles can be prepared. Hollow inorganic particles are 

obtained after the template (SPS) is calcined.
129-131 

Zhang et al. prepared hollow 

polyaniline (PANI) and hollow polypyrrole (PPY) microspheres in the size of range 

2.2–3.4 μm in diameter using SPS as template.
132 

The template particles (SPS) were 

prepared by sulfonating PS microspheres. Aniline or pyrrole was oxidatively 

polymerized on the surface of SPS. SPS cores were removed from core-shell particles 

by dissolving it in dimethylfomamide. 
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Figure 1.14: Schematic diagram for the fabrication of hollow spheres.
132 

1.5. Polybenzimidazoles (PBIs) 

 Polybenzimidazoles (PBIs) is an aromatic heterocyclic polymer. In order to 

fulfill the thermal stability requirement for heat-resistant plastic for high temperature 

and military applications aromatic heterocyclic polymers were introduced at the 

beginning of 1960s. Brinker and Rabinson invented the first aliphatic PBIs in 1959 

3,3
'
,4,4

'
-tetraaminobiphenyl and aliphatic diacids or derivatives. After two years in 1961 

Vogel and Marvel at the University of Illinois with expectation that the polymers would 

have exceptional thermal and oxidative stability developed aromatic PBIs with 

impressive thermal properties for the U.S. Air Force.
133-136 

Since then high performance 

PBIs received great attention in academic and industry. The fundamental research work 

on PBI in the early stage of development was carried out in Dupont and Hoechst 

Celanese Research Co by NASA and U.S. Air Force Materials Laboratory.
137,138

 In 

1967 NASA chooses PBI as a clothing for stronauts, fighter pilots and aerospace cabin 

accessories because of its superior thermal protective performance after a fire aboard an 

Apollo spacecraft killed three astronauts in 1967. Many aromatic variants of PBI have 

been prepared and investigated since their first synthesis in 1961. But poly[2,2
'
-(m-

phenylene)-5,5
'
-bibenzimidazole] (Figure 1.15) is used in all commercial and most 

developmental applications. It was commercialized for the first time in the year 1983 by 

Celanese for the use in wide range of textile fibers.  
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Figure 1.15: Chemical structure of (A) General PBI (B) poly[2,2
'
-(m-phenylene)-5,5

'
-

bibenzimidazole] 

Polybenzimidazoles are family of aromatic heterocyclic polymers with 

benzimidazole as a repeating unit. It has excellent thermal stability as well as flame 

retardation property, radiative stability, excellent mechanical, thermal stabilities, and 

strength retention over wide range of temperatures, toughness, chemical inertness and 

adhesion characteristics.
133,134 

PBI is being used for various applications, in particular, 

for high temperature applications, fibre spinning, and reverse osmosis membranes, 

because of its excellent thermal-chemical tolerance and film forming capability. It is 

also to fabricate high-performance protective apparel such as firefighter turnout coats 

and suits, astronaut space suits, high temperature protective gloves, welders' apparel, 

race driver suits, braided packings, and aircraft wall fabrics. Recently, phosphoric acid 

(PA) doped PBI membrane was found to be the most promising material to use as 

polymer electrolyte in high-temperature proton exchange membrane fuel cell (PEMFC). 

1.5.1. Properties of Polybenzimidazoles 

The PBI powder is generally yellow to brown colour solid. It is an amorphous 

polymer with very high glass transition temperature (450°C).
133,136,139,140

 Among 

different variants of PBI, poly [2,2
'
-(m-phenylene)-5,5

'
-bibenzimidazole] has received 

much attention academically and commercially. It is most commonly known as m-PBI. 

PBIs are soluble in aprotic solvents such as N,N-dimethyl sulfoxide, N,N-dimethyl 

formamide, N,N-dimethyl acetamide, N-methyl pyrrolidone and hexamethyl 

phosphoramide.
133,136,139,140

 PBI is hygroscopic and it can absorbers 5-10% of its weight 

 
(A) (B) 
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moisture.
139,141

 The thermal stability of PBI has been extensively studied by 

thermogravimetric analysis (TGA) and mass spectrometry (MS) of the purge gas from 

the TGA. Most of the aromatic polybenzimidazoles are thermally stable up to 600°C.
133

 

When it is kept several hours at 600°C in nitrogen only 5% weight loss is observed. At 

100-120°C 5% wt loss is observed which is due to loosely bound water molecules 

associated for hygroscopic nature of the polymer.
139,141 

PBI exhibits the highest 

compressive strength (390 MPa) known for any available unfilled thermoplastic or 

thermoset resin. In addition, the tensile strength of PBI (160 MPa) is higher than most 

unfilled thermoplastics. Flexural strength and modulus are also very high. PBI has the 

greatest surface hardness of any known molded thermoplastic.
142 

PBI exhibits excellent 

chemical resistance to most organic chemical systems. Its mechanical properties or 

dimensional stability is not affected upon exposure to aerospace related environments 

such as kerosene, Skydrol hydraulic fluid, engine oils or methylene chloride.
142

 PBI is 

highly stable to hydrolysis and are not attacked by hot strong sulfuric acid solutions or 

hot 25% potassium hydroxide solutions. The disadvantages of this polymer includes its 

high cost, difficult processing conditions (high temperature, high pressure, evolution of 

volatiles) and its unreprocessability.
143 

PBI shows polyelectrolyte behaviour when 

doped with acids. Phosphoric acid doped PBI membrane is use as polymer electrolyte 

membrane in fuel cell.
144,145

  

1.5.2. Application of polybenzimidazoles in fuel cell 

Fuel cells are energy conversion devices, which convert the chemical energy 

stored in a fuel directly into electrical energy.
146-148

 They have higher conversion 

efficiency and less emission compared to the traditional combustion engines. When pure 

hydrogen and oxygen are used as fuel and oxidant respectively, zero emission could be 

achieved as water is the only product in the reaction. Fuel Cells have attracted great 

attention as one of the most promising candidates for the power generators for both 

stationary and transportation applications. A fuel cell operates like a battery. Unlike a 
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battery which is an energy storage device, a fuel cell does not run down or require 

recharging.
149 

A fuel cell consists of a positive electrode (cathode), a negative electrode 

(anode), and an ion-conducting electrolyte.
147,148

 The production of electricity by the 

fuel cells involves the oxidation of a fuel (e.g. H2) and the reduction of an oxidant, 

which are fed, respectively, into the anode and cathode compartments. This process 

generates ion flow through the electrolyte and electron flow through the external circuit. 

Unlike a battery, a fuel cell can continue to provide power as long as the fuel and 

oxidant are available. The electrolyte acts as a physical barrier between hydrogen and 

oxygen to prevent directly mixing but conducts ionic charge between the electrodes and 

thereby completes the cell electric circuit.  

Among varieties fuel cell polymer electrolyte membrane fuel cell (PEMFC) has 

attracted great research attention in recent years. The polymer electrolyte membrane 

(PEM) acts as a proton carrier from anode to cathode and completes the cell electrical 

circuit. It also provides a physical barrier from direct mixing of fuel (H2) and oxygen 

gas. To show better performance in fuel cell the PEM should have some desires 

properties which are as follows: high proton conductivity, high mechanical, thermal and 

chemical stability, low gas permeability, good film-formation capacity, low cost, 

capable of fabrication into membrane electrod assembly (MEA), mechanical durability 

at high temperature (80-140°C).
150-152

 

Perfluorinated polymer such as nafion and dow are widely used as PEM for low 

temperature fuel cell applications due to high proton conductivity and excellent 

chemical and thermal stability.
150

 Their proton conductivity is depend on the presence of 

water. But the drawback of these polymers is that they cannot operate at high 

temperature (above 80°C).
153,154

 They require complicated or expensive water 

management system for operating at 80°C or higher.
155

 PA doped PBI membranes have 

many advantages in comparison with Nafion and these include: (i) high proton 

conductivity at temperatures up to 200
o
C (ii) low gas permeability (iii) excellent 

oxidative and thermal stability (iv) good mechanical flexibility at elevated temperatures 

(v) nearly zero water drag coefficient and etc. 
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1.5.3. Polybenzimidazole blends 

PBI possesses both proton donor (–NH–) and proton acceptor (–N=) hydrogen 

bonding which exhibit specific interactions with polar solvents
156-158

 and with a variety 

of polymers upon blending.
159-162

 A wide range of polymers with variety of polar 

functional groups such as carbonyl, sulfonyl in their backbone form miscible blend with 

PBI and the miscibility arises due to the specific hydrogen bonding interaction between 

the functional groups of these polymers. A large number of PBI blends with variety of 

polymers are reported in the literature. Example includes polyimides (PI),
163

 

polyamideimide (PAI),
164 

poly(4-vinyl pyridine) (PVP),
165

 high-modulus aramide 

(HMA),
166

 sulfonated poly sulfone,
67

 Nafion.
168

 Wycisk
 
et al prepared the blend of PBI 

with nafion.
168

 They have studied the dependence of membrane proton conductivity and 

methanol permeability on the extent of proton substitution of nafion during blending 

and on the PBI content of the final membrane. Recently our group has reported the 

blend of PBI with poly(vinylidene fluoride) (PVDF) and their potential to use as a 

proton exchange membrane in PEMFC.
169

 The PA doping level of the blend membrane 

is high compared to that of pure PBI because the hydrophobic PVDF which inhibits the 

water uptake capacity of the membranes and hence allows the acid to interact more 

efficiently with the PBI backbone which leads to the higher PA loading. In this thesis, 

we are reporting PBI blends with sulfonated polystyrene, PVDF-HFP and PVT. 

1.6. Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) 

Poly(vinylidenefluoride-co-hexafluoropropylene) flouropolymer and the 

chemical structure is shown in Figure 1.16. PVDF-HFP is a copolymer of 

Poly(vinylidene fluoride) (PVDF) which attracted much attention as a potential 

membrane material. Fluoropolymers have various drawbacks. Because of high 

crystallinity fluoropolymers are less soluble in organic solvents and are not easily cured 

or cross-linked. That is why copolymers are generated so that the disadvantages of the 

homopolymers are removed without destroying the properties.
170 
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PVDF-HFP possesses lower crystallinity and higher free volume compare to PVDF due 

to the incorporation of the amorphous group hexafluoropropylene (HFP).
171

 The 

mechanical property is greater than the neat PVDF. It also exhibits certain dielectric 

properties but lower than PVDF. Addition of HFP group also increases the fluorine 

content and makes PVDF-HFP more hydrophobic than PVDF.
172

 

 

 

 

 

Figure 1.16: Chemical structure of PVDF-HFP 

PVDF-HFP has also found various applications in different area because of its 

properties such as good film forming, high thermal and chemical stability. Cho et al. 

prepared Miscible PVDF-HFP/Nafion blend.
173 

The hydrophobic nature of PVDF-HFP 

decreases the water uptake of the blend membranes resulting lower conductivity 

compare to Nafion. But methanol cross-over is reduced and an enhancement in cell 

performance is observed due to its improved compatibility with the electrodes. The 

PEMFC performances of PVDF-PSSA and PVDF-HFP-PSSA membranes have been 

reported by Saarinen et al.
174

 PVDF-HFP has been shown to be a promising matrix for 

an electrolyte material in lithium ion batteries. It has high dielectric constant which 

facilitates a higher concentration of charge carriers. Though its crystallinity is lower 

than PVDF, it is sufficient to provide enough mechanical property to allow PVDF-HFP 

to act as a separator between the electrodes of battery. While the amorphous part of the 

polymer enhances the conductivity. PVDF-HFP copolymers can uptake more electrolyte 

solution than PVDF because of their lower degree of crystallinity.
171,175 

 Li et al 

prepared PVDF-HFP copolymer with narrow pore size distribution and low 

crystallinity.
176 

The resulting polymer electrolyte shows a high ionic conductivity up to 

1.76×10
-3

 Scm
-1

 at room temperature and exhibits low apparent activation energy of 

10.35 kJ mol
-1

 for the transportation of ions. In another report Xu et al prepared porous 

PVDF-HFP membranes by solvent evaporation method using dibutyl phthalate (DBP), 
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polyvinylpyrrolidone (PVP- k30), polyethylene glycol 200 (PEG200) as additives. They 

investigated the influence of additives on morphology and structure, electrolyte uptake 

of porous membranes and lithium ionic conductivity of the activated membranes.
177

 

Other application of PVDF-HFP includes transducers for sensitive scientific 

instruments, electromechanical converters, actuators, ferroelectric memory devices and 

anticorrosive materials.
178

 

Because of the presence of the fluorine atom it can form miscible blends with a 

variety of polymers. Many literatures related to PVDF-HFP blends are reported and 

these examples include PVDF-HFP/poly (vinyl acetate), PVDF-HFP/polystyrene, 

PVDF-HFP/ poly(vinyl pyrrolidone) etc.
179

 Poly(ethyl methacrylate) (PEMA)/ PVDF-

HFP blend polymeric gel films incorporated with lithium triflate salt is prepared by 

Arof et al. Polymer electrolyte sample with composition PEMA/PVDF-HFP 

[70:30]:LiCF3SO3:EC (65.8:28.2:6) has the highest conductivity of 1.05×10
-4

 S cm
-1

 at 

298 K. The high conductivity is due to due to free ions dissociated from salt.
180

 Xu et al. 

reported eport novel zinc ion conducting polymer electrolytes based on oligomeric 

polyether/PVDF-HFP blends with or without the incorporation of a small amount of 

organic carbonates. These blend electrolyte membranes exhibit very low volatility, high 

thermal stability, high ionic conductivity, wide electrochemical stability window, 

acceptable interfacial resistance with zinc, and the capability for reversible Zn 

plating/stripping. The ionic conductivity of these membranes is on the order of 10
-4

 S 

cm
-1

 at room temperature.
181

  

1.7. Poly(1-vinyl-1,2,4-triazole) (PVT) 

Poly(1-vinyl-1,2,4-triazole) (PVT PVTri; Figure 1.17) is a type of 

heteroaromatic polymer containing 1H-1,2,4-triazole. PVT is non-toxic, have a high 

hydrophilicity and high hydrolysis stability. PVT is biocompatible, thermally stable and 

easily soluble in polar solvents.
182

 Because of these properties PVT are of particular 

interest and show promise for the food industry as well as for engineering and energetic 

materials.
183

 PVT can synthesized by free radical polymerization of 1-vinyl-1,2,4-
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triazole in polar solvents.
184 

Monomers of PVT were first obtained by vinylation of 

1,2,4-triazole with acetylene.
185

 

 

 

 

 

 

 

Figure 1.17: Chemical structure of PVT 

PVT and its copolymers have found a wide range of applications in medicine 

and agriculture such as preparation of soft contact lenses, biosynthetic activation of 

connective tissue cells, clarification or stabilization of juices and wines.
186 

PVT based 

salts are shown to be reliable binders in propellant and explosives as energetic 

polymers.
187

 Abbas et al prepared water soluble PVT as novel dielectric layer for 

organic field effect transistors. PVT films showed considerably high breakdown voltage 

and low leakage current. They showed that PVT can be a very promising polymer 

dielectric for OFET devices, especially for ambipolar and light emitting OFETs. Its 

water solubility allows for a wide range of solution processed polymer based OFET 

devices.
187

 

Recently acid doped PVT is a promising polymer for the design of proton-

conducting membranes. In PVT three nitrogens are present in the ring. This may 

enhance long range proton diffusion which can be far better than imidazole based host 

polymer. 1H-1,2,4-triazole itself can conduct proton readily in anhydrous condition at 

higher temperature (> 100°C) via grothus mechanism as in imidazole. The proton 

conductivity of pure 1H-1,2,4-triazole is 1.5 × 10
−4

 S/cm (at 115°C) and ~1.2 × 10
−3

 

S/cm (at the melting point).
188

 The proton conduction for triazole-based systems is 

different from that for imidazole.
189

 This is due to the presence of several proton-

carrying isomers for triazoles. Therefore, triazoles can be doped into acidic host 

polymers and may improve the anhydrous conductivity of the materials in the dry 
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state.
190

 Triazole and triazole derivatives act as proton transport facilitators in polymer 

electrolyte membrane fuel cells. This is investigated by Ghassemi and his coworkers. 

They demonstrated the proton affinity and its effect on the activation energy for proton 

transfer between molecules. They measured the proton conductivity from acid doped 

triazoles in both pellet form (powder triazole mixed with acid) and in composite forms 

wherein the acid group is contained in a polymer matrix. The important parameter in 

proton conductivity of triazole and triazole derivatives the hydrogen bonding 

networks.
191

 Li et al. prepared 1H-1,2,4-triazole doped Sulfonated polysulfone (sPSU) 

and studied the effect of triazole ratio on proton conductivity of. They found that the 

conductivity increased both after doping with PA or by increasing the concentration of 

1H-1,2,4-triazole. For a membrane with n= 8 (n is defined as the ratio of [1H-1,2,4-

triazole] to [-SO3H]), the conductivity reached 1.5×10
-3

 S/cm at 100°C and 5.0×10
-3

 

S/cm at 140°C. The polymer sPSU has very low ion conductivity under anhydrous 

conditions, so they believed that the 1H-1,2,4-triazole is responsible for the observed 

ionic conductivity of sPSU-1H-1,2,4-triazole membranes.
188

 

Phosphoric acid-doped PVT as water-free proton conducting polymer 

electrolytes is reported by Sevim et al.
192

 They doped the polymer with phosphoric acid 

at various molar ratios x=1 and x=2. The proton conductivity of these materials 

increased with dopant concentration and the temperature. In the anhydrous state, the 

proton conductivity of PVT 1 H3PO4 is 5×10
-3

 S/cm at 150°C and the conductivity of 

PVT 2 H3PO4 was 4×10
-3

 S/cm at 140°C. Aslan et al. produced polymer electrolytes 

based on PVT doped with trifilic acid. They showed that the proton conductivity of 

these materials increased with trifilic acid concentration and temperature. They reported 

the maximum proton conductivity of 0.012 S/cm at 80°C for PVTriTA150 which is 

comparable to that of fully hydrated Nafion
®
.
193

 The conductivity of Nafion–P(VTri)
1
 

blend membranes is 5.3×10
-4

 Scm
-1

 at 220°C, in anhydrous state. The conductivity of 

blend increased at least three orders of magnitude upon hydration at ambient 

temperature. Proton conducting polymer electrolytes based on poly(2-acrylamido-

methyl-1-propanesulfonic acid) (PAMPS) and PVT were prepared and investigated by 
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Bozkurt et al. They fabricated the materials at several molar ratios to analyze the effect 

of vinyl triazole and AMPS contents on the proton conductivity of the samples. 

PVTriP(AMPS)2 and PVTriP(AMPS)4 showed proton conductivities of 0.30 and 0.06 

S/cm at 100°C, respectively at 50% relative humidity.
194

 In one another study blends of 

PVT and nafion is prepared. The blends are stable up to 300°C.
195

   

1.8. AIMS of the Thesis 

In this chapter we have discussed about the importance of blends and 

nanocomposites in the property improvement of polymers. We have also discussed the 

properties and applications of different polymers such as PBI, SPS, PVDF-HFP and 

PVT. Throughout the discussion we have seen that using blending and nanocomposite 

preparation techniques, the properties of polymers can be greatly improved. In chapter 2 

we have discussed and investigated the influence of sulfonation reaction time, 

temperature and the parent polystyrene (PS) particle size on the degree of sulfonation 

(DS), ion exchange capacity (IEC), morphology and glass transition temperature (Tg) of 

sulfonated polystyrene (SPS) particles. Although a large amount of literature related to 

SPS preparation is there, unfortunately no study has been focused on the effect of PS 

particle size on the DS and other properties of SPS. In chapter 3, we have use these SPS 

particles and blended with Polybenzimidazole (PBI). Here we have slightly varied the 

method of synthesis of SPS particles and we have prepared sodium salt of SPS particles. 

Using the blending technique we have prepared core (polystyrene)-shell 

(polybenzimidazole) nanoparticles using sulfonated polystyrene as template. PBI is an 

ideal candidate as polyelectrolyte membrane (PEM) for high temperature fuel cell. 

When doped with acid PBI shows proton conductivity and the conductivity is directly 

proportional to the amount of doped acid. Large amount of efforts have been made to 

improve the properties of PBI so that the efficiency of this polymer as PEM can be 

increased. Keeping this in mind we have prepared blends of PBI in next two chapters. In 

Chapter 4 and Chapter 5 we have blended PBI with two different polymers (PVDF-HFP 

and PVT) to improve the proton conductivity of PBI. In chapter 6, we have prepared 
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SPS/graphene nanocomposites to generate single layer ~ 1nm thick graphene 

nanosheets and fabricate mechanically stable ion conducting SPS membrane. Therefore, 

the thesis mainly deals with polymer blending and polymer nanocomposites. The aims 

and objectives of each chapter of this thesis are elaborated at the introductory part of the 

individual chapters.    
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Degree of sulfonation (DS) of polystyrene (PS) particles depends not only 

on reaction time and temperature but also on the size of the parent 

polystyrene particle. Smaller size PS particles, longer reaction time 

(~2hrs) and 40°C  temperature are found to be the best reaction 

conditions to achieve the higher DS. 
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2.1. Introduction 

 The chemical modification of preformed polymers can be done by 

functionalizing the polymer backbone. This is a well studied avenue to obtain materials 

with desirable chemical and physical properties. More appropriately, this approach can 

be easily used to tune the polymer properties, e.g. hydrophobic or hydrophilic character, 

solubility, miscibility, changing the soft or rigid nature, polymer solution or melt 

viscosity, crystallinity, glass transition temperature etc.
1
 One such approach which is 

well recognized in the literature is the sulfonation of rigid hydrophobic polystyrene (PS) 

to prepare soft hydrophilic sulfonated polystyrene (SPS, Figure 1.12). 

 In recent years, a large number of studies on SPS have been undertaken because 

of its wide range of applications in numerous areas, e.g. drug delivery applications,
2
 

catalysis,
3
 humidity sensors,

4
 as membranes for reverse osmosis

5
 and chromatography 

techniques
6,7

 etc. Hydrated SPS exhibits high proton conductivity and has been used as 

a polymer electrolyte in proton exchange membrane fuel cells.
8,9

 SPS is also used as a 

template for synthesis of composite materials with hollow nano structures and         

core–shell structures.
10–12

 The sulfonate groups of SPS readily interact with other 

functional groups of a variety of polymers, resulting in a large number of miscible 

blends of SPS with other polymers.
13–15

 He et al. have demonstrated that SPS latex 

particles can be used very efficiently to make varieties of structure by self-assembly of 

the SPS latex at the emulsion–droplet interface.
16,17

  

Sulfonation reactions of PS are often carried out by a sulfonation process either 

homogeneously or heterogeneously.
18–22

 In homogeneous conditions, reagents like 

sulfuric acid, sulfur trioxide and its complexes, e.g. acyl sulfates and chlorosulfonic 

acid, are used to sulfonate PS.
18

 Turbak
19

 prepared sulfonated poly(vinyl toluene) and 

PS in a homogeneous phase by using trialkyl phosphate complex of sulfur trioxide as 

sulfonating agent. Lightly sulfonated PS was prepared by the reaction of a 

dichloroethane solution of PS with acetyl sulfate at ambient temperature for 1 h.
20,22

 The 

preparation of SPS in a heterogeneous phase as in the copolymerization of styrene and 

sodium styrene sulfonate has advantages for industrial application over the 
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homogeneous process because it avoids problems with solvents and the separation of 

the sulfonated product from the reaction mixture. 
21–25

 Another advantage is that 

sulfonation proceeds without polymer degradation and crosslinking.
26,27  

In this chapter we have prepared SPS using concentrated sulfuric acid as 

sulfonating agent.
28–30

 We used PS particles of various sizes obtained by emulsion 

polymerization and immersed them in concentrated sulfuric acid for different times and 

temperatures. The advantage of this sulfonating agent is that we can readily vary the 

degree of sulfonation (DS) by varying the reaction time and temperature. Despite the 

large amount of literature related to SPS preparation, no study has been focused on the 

effect of PS particle size on the DS and other properties of SPS. Hence, a detailed study 

is required to establish the method for the preparation of SPS with desirable DS for 

different particle sizes of PS. In the present work we focused on controlling the DS by 

varying parameters such as temperature and time of the reaction, and made an effort to 

understand the effect of PS particle size on the DS. We have developed a series of 

recipes to obtain SPS with various DSs of different PS particle sizes. Finally, we have 

characterized the resulting SPS by using Fourier transform infrared (FTIR) 

spectroscopy, NMR, transmission electron microscopy (TEM), thermogravimetric and 

differential thermal analyses (TG-DTA) and differential scanning calorimetry (DSC) 

and by measuring the ion exchange capacity (IEC) of the SPS particles. 

2.2. Experimental Section 

2.2.1. Materials 

Styrene (Sisco, Mumbai, India) monomer was purified by the methods
31–33

 

discussed earlier. Sodium dodecyl sulfate (Merck, Mumbai, India), sodium bicarbonate 

(Sisco, India) and ammonium persulfate (Merck) as the surfactant, buffer and initiator, 

respectively, were used as received from the suppliers. Dowex mixed bed ion-exchange 

resin (Sigma Aldrich), sulfuric acid (Merck) and deuterated dimethyl sulfoxide  

(DMSO-d6, Sigma Aldrich) were used as received. Milli Q water was used for all the 

experiments. 
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2.2.2. Synthesis and purification of PS particles 

Synthesis of PS particles was carried out using method as described earlier
31–33

 

by us. Briefly the method was as follows. Spherical PS colloidal particles were 

synthesized by the emulsion polymerization technique in a four-neck mercury-sealed 

round-bottomed flask fitted with a reflux condenser, a Teflon stirrer attached to a high-

torque overhead mechanical stirrer and nitrogen and reagent inlets. The temperature was 

maintained by placing the reaction vessel in a controlled temperature oil bath. The 

reaction vessel was charged with 75 mL of Milli Q water containing 0.1 g (0.001 mol) 

of sodium bicarbonate. The water solution was deoxygenated by bubbling nitrogen for 

40 min. After thorough deoxygenation, the required amount [0.2 g (0.69 mmol), 0.0288 

g (0.1 mmol), 0.0144 g (0.05 mmol)] of sodium dodecyl sulfate dissolved in 10 mL of 

water was added depending the desired particle size, and the temperature was increased 

to 50°C. Freshly deoxygenated styrene (33 g, 0.32 mol) was injected slowly at a 

constant rate of 4 mL min
-1

. The temperature was increased to 70°C and the stirring 

speed to 350 rpm. After equilibration for 30 min, 0.4 g (17.54 mmol) of ammonium 

persulfate dissolved in 10 mL of water was injected into the reaction mixture. The 

reaction was refluxed for 3-4 hours. A nitrogen blanket and the stirring rate of 350 rpm 

were maintained during refluxing. A milky white colloidal solution was obtained upon 

completion of the reaction. It was then allowed to cool and filtered through glass wool. 

The filtered solution was dialyzed using cellulose ester dialysis membrane (MWCO, 

100000) for 10 days by changing the water with fresh Milli Q water twice every day. 

After this colloidal juice was taken out and dried in a petri dish in a hot-air oven at 

100°C. 

2.2.3. Sulfonation of PS particles 

PS (1 g, 5.43 mmol) was placed in a round-bottomed flask and 10 mL of H2SO4 

was added to the flask. The reaction mixture was kept at a fixed temperature of 20°C, 

30°C, 40°C, 50°C, 60°C or 70°C. The reaction mixture was stirred at the fixed 

temperature for a long time varying from 30 to 360 min. The precipitate was filtered and 
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washed with large quantities of water until the filtrate was neutral. Finally, the product 

was washed with ethanol. Then it was placed in a petri dish and dried in an oven at 

room temperature under vacuum for 24 h. We varied the time (30-360 min) and 

temperature (20-70°C) independently keeping all other parameters constant to obtain the 

various DSs. We also used different PS particle sizes for carrying out the sulfonation by 

varying the reaction time and temperature as mentioned above. We used three different 

particle sizes: 70, 160 and 260 nm. The detailed recipes of time and temperature 

variation for the sulfonation of PS are presented in Tables 2.1-2.4. 

Table 2.1: Sulfonation recipe for different reaction time. In all the cases 1g polystyrene 

were taken. The particle size of polystyrene is 70 nm. 

 

 

 

 

 

 

 

 

Table 2.2: Sulfonation recipe for different reaction temperature. In all the cases 1g 

polystyrene of 70 nm particle size were taken. 

 

 

 

Sample ID Temperature (
0
C) Time (minutes) Degree of sulfonation (%) 

MH 258 40 15 23 

DC-18 40 30 42.80 

DC-19 40 60 65.68 

DC-110 40 90 64.30 

DC-111 40 120 85.20 

DC-112 40 180 62.20 

DC113 40 240 68.2 

Sample ID Time (minutes) Temperature (
0
C) Degree of sulfonation (%) 

DC-118 120 20 38.9 

DC-111 120 40 85.2 

DC-119 120 50 63.7 

SR-139 120 70 53.13 

SR-141 120 100 38.46 
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Table 2.3: Sulfonation recipe for different reaction time. In all the cases 1g polystyrene 

of 160 nm particle size were taken. 

 

Table 2.4: Sulfonation recipe for different reaction time. In all the cases 1g polystyrene 

of 260 nm particle size were taken 

 

2.2.4. Characterization techniques 

FTIR spectra of the samples were recorded on a Nicolet 5700 FTIR spectrometer 

at a resolution of 0.5 cm
−1

 with an average of 32 scans. 
1
H NMR measurements were 

performed by using a Bruker 400 MHz NMR spectrometer to determine the DS of the 

SPS. The samples were prepared in DMSO-d6. TG-DTA was carried out with a TG-

DTA instrument (Netzsch STA 409PC) from room temperature to 800°C with a 

scanning rate of 10°C min
-1

 in the presence of a nitrogen gas flow. A differential 

scanning calorimeter (Pyris Diamond DSC, Perkin-Elmer) was used to study the glass 

transitions (Tg) of the samples. Samples were annealed at 250°C for 30 min, cooled to 

Sample ID Temperature (
0
C) Time (minutes) Degree of sulfonation (%) 

AK-143 40 30 28 

AK-180 40 60 32.6 

AK-181 40 90 45 

AK-148 40 120 40 

AK-182 40 180 51.6 

AK-183 40 240 32.6 

MH 246 60 180 72 

Sample ID Temperature (
0
C) Time (minutes) Degree of sulfonation (%) 

MH-237 40 30 22.1 

MH-238 40 60 24.9 

MH-240 40 90 24.9 

MH-243 40 120 32.6 

MH-242 40 180 39 

MH-239 40 240 36.6 

MH 247 60 240 68 
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50°C at a cooling rate of 200°C min
-1

, and subsequently (after 30 min equilibration at   

50°C) scanned from 50°C to 250°C at a heating rate of 10°Cmin
-1

. A transmission 

electron microscope (FEI Tecnai model no. 2083) operating at 120 kV was used to 

image and study the morphology of the samples. The TEM samples were prepared by 

drop casting samples dispersed in water onto the carbon coated copper (200 mesh) grid. 

The IEC of the SPS particles was measured by a titration method. SPS particles (0.05 g) 

were treated with 10 mL of 20% NaCl solution and stirred for 24 h to allow the H
+
 ions 

to exchange with the Na
+
 ions. The H

+
 released as a result of ion exchange was titrated 

with 0.01 mol L
-1

 NaOH solution using phenolphthalein as indicator. The IEC was 

calculated using the following equation: 

 

 

2. 3. Results and Discussion 

2.3.1. Spectral (FTIR, 
1
H NMR) characterization 

The FTIR spectrum of a representative SPS is shown in Figure 2.1. Similar 

spectra were obtained for all the samples studied here. The spectrum displays all the 

expected important IR frequencies of SPS as reported by several authors in the 

literature.
23,24,34,35

 The broad peak at 3463 cm
-1

 results from O–H stretching vibrations 

due to both residual water in the sample and the SO3H group of the SPS backbone. The 

peaks in the range 2800–3100 cm
-1

 represent various vibration bands of PS. The peak 

around 1033 cm
-1

 represents the symmetric stretching vibration of the SO3
– 

group and 

the relatively broad peak around 1179 cm
-1

 represents the asymmetric vibration of the 

SO3
−
 group. The sharp peak around 700 cm

-1
 is the out-of-plane bending vibration of the 

styrene ring. The peak around 756 cm
-1

 is characteristic of the out-of plane bending 

vibration of C–H groups in the mono-substituted benzene ring. These peaks are visible 

in all the samples indicating that sulfonation has successfully occurred in all the cases. 

IEC (meq/g) = 
Consumed NaOH (mL) × molarity of NaOH 

Weight of  polymer 

taken 

(2.1) 
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Figure 2.1: Representative FT-IR spectrum of sulfonated polystyrene. 

A typical 
1
H NMR spectrum of partially sulfonated PS recorded in DMSO-d6 is 

shown in Figure 2.2. The broad band around δ = 0.8-2 ppm corresponds to the three 

aliphatic protons of the polymer backbone, a sharp peak at δ = 2.49 ppm corresponds to 

the residual protons from the imperfect deuteration of the solvent DMSO, and a second 

sharp peak at δ = 3.35 ppm is attributed to water. There are three broader peaks labeled 

A (δ = 6.5 ppm), B (δ = 7.1 ppm) and C (δ = 7.35 ppm) with roughly Gaussian shapes in 

the aromatic region of the spectrum. The assignments of the A, B and C peaks are 

shown in the inset of Figure 2.2 with the chemical structure of SPS. Peak A corresponds 

to the two ortho protons on the pendant aromatic ring. Peak B corresponds to meta and 

para protons on unsulfonated aromatic rings. Peak C is observed due to meta protons on 

the sulfonated aromatic rings.
22–24 
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Figure 2.2: Typical 
1
H NMR spectrum of sulfonated polystyrene (SPS).  Polystyrene 

(PS) spectrum is included for comparison. SPS spectrum was recorded in DMSO-d6 and 

CDCl3 was used as NMR solvent in case of PS. 

2.3.2. Degree of sulfonation 

The accurate evaluation of the DS on the PS backbone is very important for 

understanding the properties of the resulting SPS. The DS is expressed as the percentage 

of sulfonated monomers in a PS chain, e.g. DS = 50% means that for each PS repeat 

unit there will be one sulfonated PS repeat unit on average. Earlier, it was demonstrated 

that the 
1
H NMR spectrum of SPS can be used very precisely to determine the DS and it 

has several advantages over conventional elemental analysis. Peaks B and C of the      

1
H NMR spectrum of SPS are used to estimate the sulfonation level as per the method 

adapted from references 22 and 23. If β is the ratio of peak C to B (β = IC/IB), then the 

sulfonation level (DS) is determined as 
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                            Degree of Sulfonation = 
23

3100
                     (2.2) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: 
1
H NMR spectra of SPS for (A) different reaction times at 40°C and (B) 

120 min at different temperatures. The particle size of the PS used was 70 nm. 

The aromatic region of the 
1
H NMR spectra of SPSs obtained by varying the 

sulfonation reaction times and temperatures are shown in Figure 2.3.The particle size of 

the PS from which these SPSs are obtained is 70 nm. The 
1
H NMR spectra of other 

SPSs obtained from bigger PS particles (160 and 260 nm) by altering the reaction time 

and temperature are shown in Figures 2.4. The DSs of all the samples were calculated 

using Eqn. (2.1) and are tabulated in Tables 2.1-2.4. It is evident from the DS values 

shown in the tables that DS varies with reaction time, temperature and, most 

surprisingly, with PS particle size. In fact, a careful analysis reveals that for similar 

sulfonation reaction time and temperature the DS decreases significantly with increasing 

PS size; e.g. at 40°C if the sulfonation reaction is carried out for 90 min then the DS 

values for 70, 160 and 260 nm particles are 64.3%, 45% and 24.9%, respectively.  

 

 

A 
B 

C 

A 
B 

C 
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Figure 2.4: 
1
H NMR spectra of (A) 160 nm (B) 260 nm sulfonated polystyrene particles 

for different reaction time at 40
°
C.   

 

 

 

 

 

 

 

 

 

Figure 2.5: Variation of DS with reaction time for PS of different particle sizes. 

The sulfonation reaction temperature is 40°C for all cases.  

To understand and get a better clarity of this observation of PS particle size 

dependence on DS, we plotted the DS data against time for all the PS particles     

(Figure 2.5). It is observed that for the three different sizes of PS particles, with 

(A) 

A B 
C 

(B) 

A 
B C 
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increasing reaction time the DS increases (Figure 2.5) and reaches a maximum at about  

2-3 h (depending on the PS size: for 70 nm it is 2 h and for other two it is 3 h); after that 

the DS decreases. The decrease in sulfonation for longer reaction times may be due to a 

desulfonation process.
18  

Hence from Figure 2.5 it is proved that the DS of SPS particle is highly 

dependent upon the particle size of PS particles. Two important observations can be 

made from the figure: (1) a higher DS can be achieved readily for smaller particle size 

by carrying out the sulfonation for longer time, but bigger particles do not yield higher 

DSs even for longer reaction time, and (2) the dependence of DS with time is 

significantly higher for smaller particles and this dependence decreases with increasing 

particle size. For example the maximum DS achieved in the case of 70 nm particles is 

88%; however, for 160 nm it is 51% and for 260 nm the maximum DS obtained is 39%. 

Despite our repeated attempts, we could not achieve higher DSs for larger sized 

particles. It is well known in the literature that sulfonation takes place in the PS particle 

surface. The probable reason behind these observations; achieving a higher DS and the 

marked dependence of DS with time for smaller sized particles, is the larger surface area 

per volume for smaller particles compared with bigger particles. A greater number of 

sulfonic acid groups (−SO3H) can be accommodated readily in the larger surface area 

compared with the smaller surface area since the −SO3H groups experience less 

repulsion between themselves in the case of the former. Therefore, a higher DS can be 

achieved readily with relatively shorter reaction time in the case of smaller particles 

compared with bigger particles.  

Figure 2.6 reveals that the reaction temperature also affects the sulfonation 

reaction when the reaction time is kept constant. For a reaction time of 120 min the DS 

is only ~38% when the reaction temperature is 20°C. However, when the reaction 

temperature is 40°C for 120 min time then the DS is 85%, but it again decreases when 

we further increase the temperature (Figure 2.6). Hence from the above results (Figure 

2.5 and 2.6) we can conclude that the highest DS is achieved when the reaction time is 2 

h, the temperature is 40°C and the particle size is small. However, it must be noted that 
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the reaction recipes developed in this work can easily tune the DS of PS as per 

requirements by simply altering the reaction temperature, time and most importantly the 

particle size independently. 

 

 

 

 

 

 

 

 

 

Figure 2.6: Dependence of DS on temperature. The particle size of the PS is 70 nm. 

The reaction time is kept constant at 120 min for all cases. 

2.3.3. Ion exchange capacity 

 Knowledge of the IEC gives a direct measure of the amount of −SO3H groups 

present on the particle surface the H
+
 of which can easily be exchanged with cations. A 

higher IEC value indicates the presence of a larger number of −SO3H groups which are 

free from any kind of interactions and hence their H
+
 can be readily exchanged with 

cations. It has been mentioned in the literature that a higher IEC is attributed to the 

greater incorporation of −SO3H groups (higher DS) in the particle surface.
36,37

 None of 

the earlier studies looked at the effect of particle size on the relationship between IEC 

and DS. We found in our study that the particle size significantly influences the 

proportionalities of IEC and DS. Figure 2.7 presents the plot of IEC versus DS for two 

different particle sizes. 
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Figure 2.7: Dependence of the IEC of SPS particles on their DS. 

From the figure it is observed that the rate of increase of IEC with DS is higher 

for larger particles than for smaller particles. A maximum IEC value of 0.8734 meq g
-1

 

is obtained for 51% SPS in the case of larger particles whereas the maximum IEC value 

is 0.513 meqg
-1

 when the DS is 88% for smaller particles. This observation clearly 

demonstrates that a higher DS value alone does not ensure a higher IEC value; the size 

of the particles plays a major role in the exchange capacity of −SO3H groups. This 

conclusion is attributed to the fact that perhaps in the case of smaller particles the          

–SO3H groups are not as free as in the case of bigger particles which prevents them 

from exchanging with cations readily and yields a low IEC compared with bigger 

particles even though the DS is similar. A lesser degree of freeness of –SO3H groups in 

the case of smaller particles compared with bigger particles may be due to higher 

crowding of −SO3H groups in the former owing to the smaller size. Because of their 

crowding, the −SO3H groups start interacting with each other in an intraparticle manner 

and hence fewer −SO3H groups are available to undergo exchange with cations, 

resulting in a smaller IEC value. However, for larger particles this intraparticle 

interaction between −SO3H groups is not possible owing to the larger size and hence 

less crowding. Therefore more −SO3H groups are available for exchange yielding a 
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higher IEC. A schematic model for intra and inter particle interaction for smaller and 

bigger particles, respectively is shown in Figure 2.8. The morphological features of 

particles as shown here is discussed in the next section (2.3.3) 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Intra and inter particle interactions for smaller and bigger particles, 

respectively. 

We carried out FTIR experiments to prove the interaction between the −SO3H 

groups in the case of smaller particle size. Figure 2.9 represents the IR spectra of SPS 

with different particle sizes and comparable DSs. The S=O asymmetric stretching at 

1180 cm
-1

 shift towards lower frequency and becomes very broad with decreasing 

particle size. It is almost invisible in the case of 70 nm particles but a peak at 1127 cm
-1

 

appears gradually and becomes intense. This 1127 cm
-1

 band corresponds to the 

stretching vibration of the benzene ring substituted with free SO3¯ as an anion.
38,39

 The 

appearance of the 1127 cm
-1

 peak and disappearance of the 1180 cm
-1

 peak are 

attributed to the –SO3H groups at the particle surface interacting strongly with each 

other within the same particle. Therefore the S=O frequency (1180 cm
-1

) moves towards 

lower wave number
15

 and the presence of free SO3¯ is observed for 70 nm particles. 

Hence, it can be concluded that intraparticle interaction for smaller sizes plays a major 

role in the dependence of IEC on DS.  



Chapter 2                                                                                                                                          

 

66 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: FTIR spectra of SPS of different particle sizes with almost similar DSs. 

Particle sizes and DSs are indicated in the figure. 

The above discussion clearly highlights the fact that in the case of smaller 

particles intraparticle interactions between –SO3H groups dominate and that 

interparticle interaction between –SO3H groups of different particles are predominant 

for larger particles. If this argument is valid, we can expect that larger particles with a 

higher DS should yield a physically crosslinked material owing to their stronger 

interparticle interactions whereas smaller particles with a higher DS should not yield a 

crosslinked structure but instead should produce dispersed colloidal particles. To verify 

this expectation, we tried to prepare SPS particles with higher DSs from different sized 

PS. As can be seen in Figure 2.5, a longer sulfonation reaction time at 40°C readily 

yields a higher DS (>60%) for 70 nm particles; however, despite repeated attempts we 

could not obtain a higher DS for larger particles for a reaction temperature of 40°C. 
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However, sulfonation carried out at 60°C for longer reaction times (180-240 min) with 

larger particles resulted in a higher DS (>60%). In the case of 160 nm we obtained 72% 

DS and for 260 nm we obtained 68% DS if the reaction was carried out at 60°C for        

180-240 min (Tables 2.3 and 2.4). To our surprise these two samples obtained from 

larger particles were in the form of a sticky, gummy and jelly mass (Figure 2.10) which 

was not dispersible in water, as seen in the figure. However, when 70 nm particles were 

subjected to similar reaction conditions we did not see this; instead we obtained 

particles with a higher DS (>60%) which are easily dispersible in water. These 

observations suggest a viscoelastic or gel type nature of the samples indicating the 

presence of physical crosslinking in the materials. The crosslinking happens because the 

larger particles with a high DS have a very strong interparticle interaction which results 

in a crosslinked structure yielding the gel material. On the other hand smaller particles 

do not have an interparticle interaction; hence they do not result in gel material. 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Photograph of sulfonated polystyrene (260 nm, 68% DS) showing sticky, 

gummy and jelly nature. 

2.3.4. Morphological studies 

The PS colloidal particles used for this work were synthesized using emulsion 

polymerization. We used three (70, 160 and 260 nm) different sizes of PS particles 
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prepared by varying the emulsifier concentration during the reaction. As expected from 

emulsion polymerization, we obtained spherical highly monodisperse PS particles. 

Representative TEM micrographs of PS particles are shown in Figure 2.11. The 

particles shown here are highly monodisperse and spherical in shape and in particular 

their surface is very smooth. The morphology of SPS was studied thoroughly using 

TEM. Representative TEM images of SPS with different DSs of all three particle sizes 

are shown in Figure 2.12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: TEM images of polystyrene particles of different sizes. (A) 70 nm, (B) 

160 nm, (C) 260 nm. The SDS concentrations used in the reaction are 13.8 mM, 1mM 

and 0.1 mM, respectively.  

(B) (A) 

(C) 



                                                                                                    Sulfonated Polystyrene Nanoparticles 

 
69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: TEM images of SPS: (A) 70 nm, 64% DS; (B) 70 nm, 88% DS; (C) 160 

nm, 28% DS; (D) 160 nm, 51.6% DS; (E) 260 nm, 26% DS; (F) 260 nm, 68% DS. 

All the SPS particles shown here are spherical in shape and almost 

monodisperse. The particle sizes are similar to those of the PS particles from which they 

were made. Hence we can conclude that the particle size did not alter much after 

sulfonation. The size of the particles does not change because the sulfonation reaction 

occurs inwardly from the PS particle surface.
12,40,41

 However, differences between the 
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particle morphology before (Figure 2.11) and after (Figure 2.12) sulfonation are 

observed. All the SPS particles show core-shell morphology, whereas PS particles do 

not have such morphology. All the SPS particles are surrounded by a shell with a core 

inside the particle. Earlier, several authors observed this and it has been concluded in 

the literature that the shell is due to the sulfonation of PS and consists of sulfonate 

groups.
21,42

 The sulfonation process occurred synchronously through the whole PS 

particle surface, ensuring that the sulfonation thickness is uniform. The hydrophilicity 

of the PS particle surface increases as sulfonation occurs and hence the SPS particles are 

readily dispersed in water. It must also be noted that the SPS particle surfaces are rough 

in nature compared with the PS particle surfaces which are smooth. A careful analysis 

of Figure 2.12 reveals that the thickness of the core and shell vary with DS and particle 

size. We have measured these data and tabulate  in Table 2.5. These data clearly 

demonstrate the following: (i) the shell thickness decreases with increasing DS; (ii) 

shells are thicker for larger particles than smaller particles even though their DSs are 

similar; (iii) the ratio of core to shell thickness is much higher for the smallest particles 

compared with larger particles. Earlier reports suggest that the shell thickness increases 

with increasing DS;
30,43

 however, our observation as stated above contradicts the 

reported observation. Unfortunately, no concrete explanation has been suggested in the 

literature for this observation. We believe the predominant intraparticle interaction 

between −SO3H groups for smaller particles and the predominant interparticle 

interactions in the case of larger particles are the reasons behind our observations 

(Figure 2.8). As the DS increases, more and more −SO3H groups are available in the 

particle surface which undergoes strong interactions between them and the shell 

thickness decreases. It can be observed in Figure 2.12 that in the case of larger particles 

the particles are interconnected with each other, whereas in the case of smaller particles 

this interconnection is not observed. This is because of the interaction between particles 

in the case of larger particles, which results in gel type material when the DS is high. 
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Table 2.5: Core and shell thicknesses of sulfonated polystyrene (SPS) particles of 

different sizes. 

 

2.3.5. Thermal studies 

First, we verified the thermal stability of all the samples using TGA analysis 

(Figure 2.13). All the samples show stability up to 300°C. We carried out DSC 

experiments from 30 to 200°C to measure Tg since within this temperature range no 

degradation takes place. The DSC thermograms of PS and SPS of different particle sizes 

are shown in Figure 2.14 and 2.15. The Tg values were plotted against DS for two 

different size particles and are shown in Figure 2.16. The Tg of SPS particles increases 

with increasing DS of the samples in both cases. This is because of the lower flexibility 

of SPS due to –SO3H groups. The segmental mobility of the polymer chains is restricted 

with increasing DS in the backbone owing to the ionic interaction. In all cases we 

obtained only one Tg indicating that sulfonation happened in a random manner in the 

backbone resulting in a random copolymer of PS and SPS. This observation is in 

agreement with previous reports.
23,24,44

  

 

Degree of sulfonation (%) Core size Shell size Core size/Shell size 

SPS (70 nm) 

23 55 7.3 3.76 

35 60 6.25 4.8 

42.8 58 5.8 5 

55 60 6.8 4.4 

64 60 5.5 5.4 

72.4 59 4.3 6.8 

88 62.5 4.86 6.3 

SPS (160 nm) 

28 100 30 1.66 

45 106 27 1.96 

51.6 110 22 2.5 

SPS (260 nm) 

22 170 45 1.88 

39 145 60 1.21 

68 240 24 5 
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Figure 2.13: TGA thermograms of polystyrene and sulfonated polystyrene for various 

degree of sulfonation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14: DSC thermograms of polystyrene and different sulfonated polystyrene. 

The particle size is 70 nm. 
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Figure 2.15:  DSC thermograms of polystyrene and different sulfonated polystyrene. 

The particle size is 160 nm. 

However, it must be noticed from Figure 2.16 that the increase in Tg of SPS 

above neat PS is always higher in the case of smaller particles than bigger particles and 

it is more pronounced for particles with a higher DS. For example the Tg of 55% 

sulfonated (DS) 70 nm particles is 154°C whereas the Tg of almost similarly sulfonated 
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(51% DS) 160 nm particles is only 128°C. Although the DS is similar in these two cases 

the Tg of the smaller particles is ~ 26°C higher than that of the larger particles. This 

observation once again reconfirms our statement about the presence of strong 

intraparticle interactions between –SO3H groups in the case of small sized particles. 

Since the interaction within the particle is more for smaller particles, the segmental 

mobility of the PS chains is much more restricted in this case compare to bigger 

particles, where interparticle interaction is more predominant. Hence the above 

discussion clearly indicates that particle size plays an important role for the variation of 

Tg with DS. 

 

 

 

 

 

 

 

 

                    Figure 2.16: Tg versus DS of SPS for different particle sizes. 

2.4. Conclusion 

 We prepared a series of SPS particles with various DSs. FTIR, 
1
HNMR, IEC 

measurements, TEM, TGA and DSC were used to characterize the SPS particles. It was 

found that the DS of PS particles, calculated using NMR data, depends not only on 

reaction time and temperature but also on the size of the parent PS particles. Smaller PS 

particles, a longer reaction time (~ 2 h) and 40°C temperature are found to be the best 
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reaction conditions to achieve the higher DS. It was demonstrated that the 

proportionality of IEC to DS is substantially influenced by the PS particle size: a higher 

IEC value is obtained for larger particles compared with smaller particles even though 

their DSs are similar; this is due to the strong interaction between the –SO3H groups 

within the particle for smaller particles. SPS particles exhibit core-shell morphology and 

a thicker shell is obtained for low DS and larger particle size. The Tg of PS increases 

after sulfonation and increases with increasing DS. Also, the Tg values are influenced by 

particle size, reinforcing our claim that the particle size of the parent PS plays an 

important role in the properties of SPS. 
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Formation of core (polystyrene)–shell 

(polybenzimidazole) nanoparticles 

using sulfonated polystyrene as template 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

The disruption of polybenzimidazole chains self-association owing to the 

interaction between the functional groups upon blending with sulfonated 

polystyrene particles is the driving force for the formation of core-shell 

nanoparticles.   
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3.1. Introduction 

 In the past several decades, polymer blending technique has been utilized 

extensively to develop new materials with superior and desirable physical properties by 

combining advantages of the individual components of two or more polymers.
1-3

 

Unfortunately, very often polymer pairs of interest do not mix each other due to the 

relatively small contribution of the entropy of mixing and the unfavorable (positive) 

enthalpy of mixing of most high molecular weight polymers.
3,4

 The lack of specific 

interactions between the polymers is held responsible for not satisfying the 

thermodynamical constraint for the miscibility. As an outcome of this, many polymer 

pairs form immiscible blend and yield multiphase materials. The most suitable approach 

to resolve this problem is to induce the specific exothermic interactions between the 

polymer pairs and in consequence they become miscible. This approach demands the 

appropriate modification of the individual component(s) by suitable functionalization of 

the polymer backbone.
5-7 

 
The partially or lightly ionized polymers, known as ionomers, are exciting 

materials because of their unique physical properties. The ionomer possesses both 

covalent hydrocarbon polymeric chains and ionic salt species in the same molecule.
8
 

The ionic part of the ionomer can induce the specific interactions to facilitate the 

miscibility of wide range of polymers which are otherwise immiscible through various 

types of interactions such as acid- base, hydrogen bonding, ion-dipole, dipole-dipole, 

transition metal complexation, etc.
5-7,9-20

 The most widely used ionomer in the literature 

is sulfonated polystyrene (SPS). A large number of miscible blend systems have been 

developed with variety of polymers by utilizing the specific interactions arising from the 

ionomeric behavior of SPS. Among these blend systems, SPS-polyamide.
6,7

 SPS-poly 

(ε-caprolactam),
17

 SPS-polyurethane,
19

 SPS-poly (vinyl alcohol),
20 

etc. have studied 

extensively. There are few more ionomers such as sulfonated polyester,
4,21

 sulfonated 

polysulfone,
12,13 

sulfonated polyphenylsulfone,
13

 sulfonated poly (arylene ether 

ketone)
22,23

 have also been used to develop the miscible blends with variety of 

polymers. In all the above examples, the driving forces for the formation of miscible 
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blend are the specific interactions between the ionic groups of ionomers and functional 

groups of other polymers. It has also been demonstrated that the strength of interactions 

and thereby the phase behavior of the resulting blends can be controlled by varying the 

degree of ionizations of ionomer and the type of counter ion of the ionic part of the 

ionomer
5,12

  

In addition to its extensive utility as ionomer, sulfonated polystyrene (SPS) also 

has find numerous applications in the areas of catalysis, water purification, 

chromatography techniques, etc.
24-27

 Hydrated SPS exhibits proton conductivity and it 

has been used as proton conducting component in proton exchange membrane (PEM) 

fuel cells.
16,28-30

 The proton conductivity, water uptake and methanol permeability have 

improved significantly when SPS is blended with poly (2,6-dimethyl-1,4-phenylene 

oxide), etc.
14

 SPS particles (micro or nano spheres) have been extensively used as 

template for the synthesis of composite materials with hollow nanostructures and core-

shell morphology.
31-35

. Hollow micro spheres of inorganic oxides like cerium oxide, 

titanium oxide, zinc oxide, etc. were prepared using SPS as template.
32-35

 These core-

shell materials are applicable to various fields such as coating, electronics, catalysis, 

separations and diagnostics. 

Polybenzimidazole (PBI; Scheme 3.1) is an amorphous polymer. It has very 

high glass transition temperature and shows good proton conductivity after doping with 

phosphoric acid (PA). PBI has been used widely as a non flammable fiber for high 

temperature applications owing to its exceptional thermal, oxidative stability and fire 

retarding capacity.
36,37

 Phosphoric acid doped PBI is being used in high temperature 

direct methanol fuel cell as well as H2/O2 fuel cells because of its very high thermo 

chemical stability and low gas permeability.
38-41

 PBI possesses both proton donor         

(–NH–) and proton acceptor (–N=) hydrogen bonding sites, which exhibit specific 

interactions with polar solvents
42-45

 and upon blending with a variety of polymers.
12,46-50

 

A wide range of polymers with variety of polar functional groups such as carbonyl, 

sulfonyl in their backbone form miscible blend with PBI and the miscibility arises due 

to the specific hydrogen bonding interaction between the functional groups of these 

polymers. A large number of PBI blends with variety of polymers are reported in the 
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literature. Example includes polyimide, polyamide, poly (ether imides), polysulfone, 

etc.
12,46,47,51,52,56,58

 Recently, our group has demonstrated that the hydrophobic 

contribution of PVDF component in the blends of PBI and PVDF helps to reduce the 

water uptake capacity of the PBI in the blend which allows the PBI chain to absorb 

higher quantities of PA than pure PBI.
48 

The above discussion about PBI and SPS clearly indicates that both these 

polymers have few interesting and important properties; however they have few 

disadvantages too. Hence, we hypothesize that blends of these two polymers may 

generate new materials with better properties and possibly eliminate the individual 

disadvantages of these two components in the blends. We expect to improve the 

properties like solubility, flexibility and processability upon blending. The resulting 

materials produce from the blending of spherical SPS particles with PBI may have core- 

shell type morphology in which core is the SPS and shell is the PBI. It is possible to 

prepare the hollow PBI micro/nano spheres by dissolving the SPS core from the core-

shell structure. Hollow PBI particles may find applications in the PEM fuel cell since a 

large quantity of PA can be filled inside the hollow space. As per our knowledge there is 

no report in the literature on PBI/SPS blend. Sulfonated polystyrene has sulfonate 

(SO3¯) group with S=O bonds. On the other hand PBI possesses both donor and 

acceptor hydrogen bonding site, which can participate specific interaction with other 

functional groups. So we expect that PBI may form blend with SPS by interacting with 

SO3¯ groups. In the present work, sodium salt of sulfonated polystyrene (SPS-Na; 

Scheme 3.1) with different degrees of sulfonation was prepared by sulfonation of 

polystyrene particles. Furthermore, blends of these SPS-Na particles with PBI were 

prepared. The structural analysis of blend membranes and the effect of interaction 

between the two polymers are studied as a function of the sulfonation degrees and the 

blend composition. The blends have been characterized using FT-IR and differential 

scanning calorimeter (DSC). The particle size and morphology of SPS-Na and the blend 

were also studied using transmission electron microscopy (TEM). 
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Scheme 3.1: Structure of (A) PBI and (B) SPS-Na. 

3.2. Experimental Section 

3.2.1. Materials 

Poly [2,2΄-(m-phenylene)-5,5΄-benzimidazole] (PBI) was obtained by 

polymerizing 3,3΄,4,4΄-tetraaminobiphenyl (TAB) and isophthalic acid in poly 

phosphoric acid medium (115%) in the laboratory using our standard method described 

earlier and reaction scheme is shown in section 4.1 of Chapter 4.
37,42

 Styrene (Sisco, 

India), sodium dodecyl sulfate (SDS, Merck), sodium bicarbonate (Sisco, India), and 

ammonium per sulfate (APS, Merck) as the monomer, surfactant, buffer, and initiator, 

respectively, were used as received from the suppliers. Dowex mixed bed ion-exchange 

resin (Sigma-Aldrich), acetic anhydride (Fisher Scientific), Sulfuric acid (Merck), 1,2-

dichloroethane (Loba Chemie), dimethylsulfoxide (Merck), deuterated dimethyl 

sulfoxide (DMSO-d6) were used as received. Milli Q water was used for all the 

experiments. This water was obtained from the Millipore water purification system 

(Elix 10). 

3.2.2. Synthesis and purification of polystyrene particles 

Spherical polystyrene colloidal particles were synthesized by emulsion 

polymerization technique
53

 as described in section 2.2.2 of Chapter 2. The emulsifier 

concentration was chosen for this chapter work is in such a way so that the resulted PS 

particle size is 50 nm.   

 

 (A) 
(B) 

O- Na+ 
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3.2.3. Sulfonation of polystyrene particles 

The sulfonation of polystyrene particles was carried out according to the method 

described by Baigl et al.
54

 Briefly the procedure is as follows: 1 g of polystyrene particle 

was taken into a three-neck round bottom glass flask. The middle neck was fitted with 

water-cooled condenser; nitrogen gas was introduced through the right-hand neck. 15 

mL of 1,2-dichloroethane (DCE) was added to the reaction flask and it was then stirred 

for 1 h under a nitrogen atmosphere at 50°C. The sulfonation reagent was prepared by 

mixing acetic anhydride (AA) and sulfuric acid (H2SO4) in 60 mL of DCE in ice cooled 

condition. The quantity of AA and H2SO4 in DCE were varied depending upon the 

target sulfonation degree. The molar ratio of H2SO4 and AA was kept constant at 1.8. 

Then this sulfonation reagent was slowly added in the reaction mixture. Then the 

reaction was continued at 50°C for 2 h. The reaction was quenched by placing the hot 

reaction vessel in cold water bath at 10°C. Then the organic solvents were evaporated in 

a rotary evaporator. The resulting sulfonated polymer product had the appearance of 

chewing gum. This material was dissolved in 100 mL of Milli Q water. If the polymer 

was not soluble in water then dimethyl sulfoxide (DMSO) was used instead of water. 

The sulfonated polystyrene was converted into sodium salt of sulfonated polystyrene 

(SPS-Na) by slowly adding NaOH until the solution pH reached to 10. Then the 

solution was loaded into dialysis membrane bag (Himedia, MWCO: 30,000) and 

dialyzed in Milli Q water to remove the ions (NaOH in excess, sulfates, acetates) for 

one week by changing the water twice in a day. After one weak polymer solution was 

taken out from the dialysis bag and the dialyzed solution was freeze dried and the free 

flowing sodium salt of sulfonated polystyrene (SPS-Na) particles were collected. 

3.2.4. Blend preparation 

Blends were prepared by mixing two polymers (PBI and SPS-Na) in DMSO. 

The concentration of the polymer solution in DMSO was kept 0.5% (w/v). The required 

amount of the two polymers were taken in the measured quantity of DMSO and was 

mixing was continued for 24 h by stirring with the help of magnetic stirrer in a close 
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glass vessel at room temperature. The homogeneous blend solutions were filtered 

through a 0.5 μm PTFE membrane and then poured into a clean glass petri dish at 80°C 

to cast the blend films. Transparent homogeneous thin films were obtained and dried in 

a vacuum oven at 100°C for 3 days to evaporate the trace amount of solvent completely. 

3.2.5. Characterization techniques 

Fourier transforms infrared (FT-IR) spectra of the thin blend films were recorded 

on Nicolet 5700 FT-IR spectrometer at resolution of 0.5 cm
-1

 with an average of 32 

scans. A differential scanning calorimeter (Pyris Diamond DSC, Perkin-Elmer) was 

used to study the glass transitions (Tg) of the blend samples. Blend samples were 

annealed at 450°C for 30 min, cooled to 100°C at a cooling rate of 200°C/min, and 

subsequently (after 30 min equilibration at 100°C) scanned from 100°C to 450°C at a 

heating rate of 10°C/min. The lower PBI or higher SPS-Na content samples were 

annealed at 300°C instead of 450°C which was maintained for other samples. The 

reproducibility of DSC results was checked by repeating the experiment at least thrice. 

DSC was calibrated using In and Zn as calibration material prior to scan the blend 

samples. A transmission electron microscope (TEM, FEI Tecnai Model No. 2083) 

operating at 120 kV was used to image and study the morphology of the samples. The 

TEM samples were prepared by drop casting samples dispersion in the carbon coated 

copper (200 mesh) grid. To determine the sulfonation degree of sodium salt of 

sulfonated polystyrene, 
1
H NMR measurements were performed by using a Bruker 400 

MHz NMR spectrometer. The samples were prepared in deuterated dimethyl sulfoxide 

(DMSO-d6). The degree of sulfonation is measured using the method described earlier 

in Chapter 2.
54,55 

3. 3. Results and Discussion 

3.3.1. FT-IR study 

The blending of polybenzimidazole (PBI) and sodium salt of sulfonated 

polystyrene (SPS-Na) in various compositions is studied thoroughly using FT-IR 
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spectroscopy. The interactions in PBI blends with wide range of polymers have been 

extensively examined by FT-IR spectroscopic technique in the literature by several 

authors.
12,46-48,56

 Most of the crucial informations of PBI are based on the N–H 

stretching region of the imidazole moiety of the PBI polymer. The spectrum of PBI 

shows a series of N–H stretching bands in the 3600-3000 cm
-1

 region and, moreover, 

SPS-Na does not have any distinct vibrational frequency in this region (Figure 3.1). 

Hence, any possible changes in this frequency range due to the interaction between 

imidazole moieties of PBI with SPS-Na can be easily identified and analyzed. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: FT-IR spectra recorded from the thin films (30µm) of (A) Poly [2, 2'-(m-

phenylene)-5, 5' benzimidazole] (PBI) and (B) sodium salt of sulfonated polystyrene 

(SPS-Na); The degree of sulfonation is 75%. 

IR spectrum of PBI has been separated into three distinguishable contributions 

of different signature stretchings as shown in Figure 3.2. These are as follows: (i) a 

relatively sharp peak at 3420 cm
-1

 due to isolated, non hydrogen-bonded free N–H 

groups, (ii) a very broad asymmetric peak centered at around 3144 cm
-1

 owing to the 

self associated, hydrogen-bonded N–H groups, and (iii) a third low intensity peak at 

3063 cm
-1

 due to the stretching modes of the aromatic C–H groups.
48,56

 The broad peak 
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at around 3462 cm
-1

 in SPS-Na is due to the O–H stretching vibration of residual water 

and the sulfonate groups.
54

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2:  FT-IR spectra of the PBI/SPS-Na (75% sulfonated) blend film samples at 

their indicated blend compositions. The thicknesses of the films are 30 μm. 
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The FT-IR spectra of PBI and representative blends of PBI with SPS-Na (75% 

sulfonated) in the 3600–3000 cm
-1

 region are presented in Figure 3.2. It can be seen 

from Figure 3.2 that the free non hydrogen-bonded N–H stretching band at 3420 cm
-1

 

displays a substantial broadening and shifts to lower frequencies with increasing SPS-

Na content in the blends. In the 50/50 blends, this peak shifts to 3410 cm
-1

. After 50/50 

blend composition, it becomes difficult to assign the free N–H peak position due to the 

mixing of broad SPS-Na peak around 3462 cm
-1

. However, the peak at 3063 cm
-1 

which 

is due to C–H aromatic stretching does not change its position. Hence the shifting of the 

free N–H band position upon blending indicates the formation of hydrogen bonding 

interaction between the N–H group of the PBI and the functional groups of the SPS-Na. 

Similar kinds of interactions of the free N–H group of PBI with many other functional 

groups of wide variety of polymers are reported in the literature.
12,46,48,57

 It has also been 

demonstrated that this interaction of PBI with other blend component is stoichiometric 

in nature.
48,57

 However, in the present case it is not possible to predict the stoichiometric 

nature of the interactions due to the overlapping of broad SPS-Na peak with free N–H 

peak after 50/50 blends (Figure 3.2). In the later section, we will discuss about which 

functional group of SPS-Na takes part in the interaction. Another important observation 

from Figure 3.2 needs to be looked at very carefully. Figure 3.2 show that with 

increasing SPS-Na content in the blends, the intensity of the self associated hydrogen-

bonded broad N–H band centered at 3144 cm
-1 

diminishes, and a new broad band at 

higher frequency appears. This new broad band shifts gradually towards higher 

frequency with increasing SPS-Na content in the blend. We could analyze this peak up 

to 25/75 composition and in this case this peak comes at 3223 cm
-1

. Hence, a maximum 

79 cm
-1

 (3144-3223 cm
-1

) shift is observed (Figure 3.3). Previously, shifting of this self 

associated peak is reported and explained as owing to the weakening of self associated 

N–H–N hydrogen bonding of the PBI chains.
12,48

 



                                                                 Core (PS)–shell (PBI) nanoparticles 

 
91 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Variation of the self associated N–H stretching frequencies of PBI as a 

function of blends composition. The SPS-Na used here is 75% sulfonated. 

However, in all the previous reports the extent of shift are very less; in most of 

the cases it is only 30-40 cm
-1

. This huge shift (79 cm
-1

) in the present case is quite 

interesting and attributing a greater degree of disruption of the self association of the 

PBI chains. A significantly smaller (~10 cm
-1

, 3420-3410 cm
-1

) shift of the free N–H 

stretching band of PBI and undoubtedly a larger (79 cm
-1

) displacement of self 

associated N–H band of PBI compare to all other reported blends of the PBI in the 

literature suggesting that in the present blend system the functional group of SPS-Na is 

interacting with the self associated N–H group of PBI more strongly than the free N–H 

group of PBI. This kind of observation is not obtained previously for the PBI blends. 

The stronger interaction of self associated N–H peak of PBI with other functional group 

of the second polymer can results the complete diminish of the PBI self association. It is 

also known that the PBI chains self association partially contributes the inherent strong 

rigidity of PBI chains. Therefore, we can expect that upon blending with SPS-Na, PBI 

chains will lose its rigidity and become flexible owing to the considerable disruption of 
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PBI self association due to blending. In the later section, we will be discussing the 

decrease of glass transition temperature (Tg) of the PBI upon blending, which is a 

reflection of the significant loss of the PBI chains rigidity. The driving force for this 

change in rigidity of PBI is indeed the blending of the two polymers. However, the 

question remains why the self associated N–H group of PBI interacts with SPS-Na 

stronger than the free N–H of PBI? Our answer to this puzzling question is as follows: 

SPS-Na is a spherical particle (as seen in the microscope images presented in the later 

section) with sulfonate groups on the surface of the particle. Upon blending the N–H of 

PBI interacts with the sulfonate groups of SPS-Na. Since the sulfonate groups are 

randomly distributed on the spherical particle surface
33,34

 hence for a successful 

interaction between N–H of PBI and –SO3
‾
 Na

+
 of SPS-Na; the PBI chains need to be 

wrapped around the SPS-Na sphere. Therefore, blending demands wrapping of PBI 

chains on top of SPS-Na particles. However, this wrapping in not possible unless the 

PBI chain is flexible enough. Therefore to achieve the flexibility of PBI chain so that it 

can wrap SPS-Na particle and successful blending is possible, the significant 

elimination of N–H self association of PBI chain is required. As a result of this above 

requirement we observed a stronger interaction of self associated N–H with SPS-Na. 

The above discussion hints that the final blends should have particle morphology with 

core and shell structure, where core is made up of SPS-Na and shell constitutes PBI. In 

the later section, we have studied morphology using transmission electron microscopic 

technique and the result matches with the above justification. 

In the previous section, we have demonstrated that N–H functionality of PBI 

interacts with the SPS-Na. Since in SPS-Na the only functional group is –SO3‾ Na
+
, 

hence it is expected that N–H of PBI interacting with S=O of SPS-Na. Therefore, 

noticeable changes in S=O stretching band is expected in the blend samples. In case of 

SPS-Na the band at 1182 cm
-1

 and 1041 cm
-1

 are attributed to the asymmetric and 

symmetric stretching vibrations of S=O group, respectively. The infrared band located 

at 834 cm
-1

 is assigned to C–H out-of-plane vibration in para substituted benzene ring of 

SPS-Na.
55

 Figure 3.4A shows that the 1182 cm
-1

 peak of pure SPS-Na (0/100) shifts to 

1175 cm
-1

 and similarly 1041 cm
-1

 peak of SPS-Na (0/100) moves to 1022 cm
-1

 for the 
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90/10 sample. These are because of the interaction of S=O bond with the N–H group of 

PBI. These observations indicate the weakening of the S=O bond upon blending. The 

peak position at 834 cm
-1

 of SPS-Na (0/100) shifted to higher frequency (850 cm
-1

) in 

the 90/10 blend (Figure 3.4B). This is due to the interaction between two polymer 

compounds. Because of this interaction the free movement of C–H vibration is 

perturbed and hence the frequency moves to the higher side.
55

 Therefore, all the above 

IR studies prove the successful interaction between the N–H of PBI and S=O of       

SPS-Na, which result in the blending of these two polymer components. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: FT-IR spectra of the PBI/SPS-Na (75% sulfonated) blend film samples 

(thickness 30 μm) at their indicated blend compositions. 

3.3.2. Thermal study 

The blend samples of PBI and SPS-Na (75% sulfonated) are obtained as thin (30 

μm) films by slowly evaporating the solvent. These thin films are homogeneous and 

transparent (Figure 3.5), indicating the blending of the two polymer components. In the 



Chapter 3                                                                                                                                          

 

94 

previous section, the detail FT-IR studies of these blend films proved the presence of 

specific interaction between the functional groups of the two polymers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 Figure 3.5: Photographs of PBI/SPS-Na (75% sulfonated) blend samples. 

Differential scanning calorimetric (DSC) studies are carried out for these blends 

to prove the miscibility behavior and study the specific interaction between the polymer 

components. The samples were annealed for 30 min inside the DSC. The higher PBI 

content samples (up to 50/50 blend compositions) are annealed at 450°C and the lower 

PBI content samples are kept at 300°C. Thermo gravimetric analysis (TGA) shown in 

Figure 3.6 clearly demonstrate that the blend samples are stable at the annealing 

temperatures mentioned above except the initial weight loss due to the absorbed 

moisture. The moisture absorption takes place because of the hygroscopic nature of both 

the PBI and SPS-Na.
37,55

  

90/10 75/25 

50/50 25/75 

10/90 
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          Figure 3.6: TGA plots of PBI/SPS-Na75 blends at their indicated compositions. 

The glass transition temperatures (Tg) obtained from the DSC experiments are 

398°C and 169°C for PBI and SPS-Na (75% sulfonated), respectively (Figure 3.7). The 

measured Tg values of these polymers are matching with the reported values for these 

polymers in the literature.
37,48,55 

All the blend samples studied here exhibit two distinct 

Tg values. Representative DSC thermograms of 25/75 (PBI/SPS-Na75) is shown in 

Figure 3.7 along with the neat PBI and neat SPS-Na75.  

 

 

 

 

 

 

Figure 3.7: DSC thermograms of neat PBI, neat SPS-Na (75% sulfonated) and 25/75 

(PBI/SPS-Na75) blend. The horizontal lines and the corresponding values in the 

thermograms are the Tg of the samples. The blend shows two Tg’s. 
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DSC thermograms for all other blend compositions of the PBI/SPS-Na75 blends 

are presented in Figure 3.8. In all the blends two Tg’s are observed and they do not vary 

with the blends composition. Among these two Tg’s in case of blend samples, the lower 

temperature Tg which comes at ~200°C is close to the neat SPS-Na75 and the higher 

temperature Tg which observes at ~350°C is close to the neat PBI. Hence, the lower Tg 

(~200°C) is the contribution component of SPS-Na75 and higher Tg (~350°C) is due to 

PBI component in the blend. Figure 3.7 and 3.8 exhibit that in all the blend samples of 

PBI/SPS-Na75 blend system two Tg’s are present and they are independent of the blend 

compositions. A better depiction of this observation can be realized from Figure 3.9, 

where the Tg’s of the blend samples are plotted against composition of PBI/SPS-Na75 

blend. The solid line in Figure 3.9 is the line drawn by connecting expected Tg’s of the 

blends according to the linearity rule (Fox equation) of miscible blend system. The 

presence of two Tg’s (each of them somewhat close to the neat component Tg) and 

invariant with the blend compositions for blend systems are reported in the literature by 

several authors.
58

 Sauer et al. reported similar kind of glass transition behaviors for 

poly(aryl ether ketone)/thermoplastic polyimide blend system.
59 

 

 

 

 

 

 

 

 

Figure 3.8: DSC thermograms of PBI/SPS-Na75 blends at their indicated compositions. 

Lower Tg is shown in (A) and higher Tg is shown in (B) 

(A) (B) 
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A single Tg will indeed be obtained if a system is miscible but also a single Tg 

does not ensure the miscibility since many immiscible systems with finely dispersed 

phase also show single Tg. The chemical nature of the blend system, its morphology and 

especially the domain size of heterogeneity (dd) in the polymer blend dictate the phase 

behavior, miscibility and as well as the Tg of the blend.
58

 Earlier, the presence of double 

Tg’s in the blend has been reported for the blend in which the domain size of 

heterogeneity (dd) is >15-20 nm.
58

 One of the components (SPS-Na) in the present blend 

system is in the form of spherical particles with size ~70 nm (see in the next section), 

hence it is expected that the domain size of heterogeneity (dd) in this blend system is 

bigger than 20 nm and hence double Tg for this blend system is obvious. However, it 

should be noticed that in the blends the lower Tg (~200°C) is increased by ~30°C from 

the neat SPS-Na (169°C) and the higher Tg (~350°C) is lowered by ~48°C from the 

neat PBI (398°C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: The glass transition temperatures dependence on the blends composition. 

The solid line is drawn by connecting the expected Tg values of the blends according to 

the Fox linearity rule. Each blend has two Tg’s. The lower one is shown by ○ and higher 

one shown by ∆. The solid circles represent the Tg’s of the neat polymers. 
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These changes in Tg are due to the specific interactions between the two polymer 

components which we have observed in IR studies. The changes in Tg indeed prove that 

the presence of interaction between PBI and SPS-Na components which results the 

partial miscibility upon blending.. The presence of two Tg’s is an indication of two 

phases. We have carried out the DSC experiments of all the blend samples with 

scanning rates of 10, 30, 50, and 100°C/min to see the effect of scan rate (dT/dt) on the 

Tg values and data are tabulated in Table 3.1. We always obtained two Tg’s for the all 

the blend samples irrespective of the scanning rate. This attributes the presence of two 

phases. However, these two phases are not the pure components phases since the Tg’s 

obtained for the blend samples are not the Tg’s of the neat polymer components. Hence 

these phases are the partially miscible phases of the two pure components. Figure 3.9 

shows that the Tg of PBI in the blend samples (90/10) decreases by ~48°C and then its 

remains invariant with the blend composition. The decrease of PBI Tg is due to the 

decrease of PBI segmental motion owing to the blending. After 90/10 (PBI/SPS-Na) 

blend composition Tg of blends remains unchanged with the increase in SPS-Na (Figure 

3.9) content. One can draw a conclusion that a small amount of SPS-Na is enough to 

disturb the rigidity by disrupting the self associated N–H interaction of PBI chains and 

even if we increase SPS-Na in the composition it is not changing the rigidity further and 

hence does not change the Tg (Figure 3.9). Earlier our IR study also proves the greater 

extent of disruption of self association. Similarly, the Tg of SPS-Na moves to higher 

side in the 10/90 blend composition and then remains constant (Figure 3.9). This once 

again reinforcing the fact that a small quantity of PBI is sufficient to cover the SPS-Na 

particle. The above observations allow us to conclude to the fact that PBI chains come 

closer to SPS-Na particle and sit over these particles making shell of PBI chains around 

spherical SPS-Na core. Similar conclusion we have arrived from our IR studies also. 

Therefore, upon blending of SPS-Na particle with rigid PBI; a core-shell structure is 

formed in which the core is SPS-Na and shell is PBI. All the IR and DSC results reveal 

the above conclusion. To prove our core-shell structure formation, we have studied the 
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morphological features of the blend samples using transmission electron microscope 

(TEM). We have obtained core-shell structure from the microscopic studies which are 

discussed in the next section.  

Table 3.1: Glass transition temperatures of the blend samples (PBI/SPS-Na75 obtained 

from the DSC heating experiments with scanning rates of 10, 30, 50 and 100
0
C/min. 

PBI/ 

SPS-Na75 
10ºC/min 

 

30ºC/min 50ºC/min 100ºC/min 

Lower 

Tg 

Higher 

Tg 

Lower 

Tg 

Higher 

Tg 

Lower 

Tg 

Higher 

Tg 

Lower 

Tg 

Higher 

Tg 

90/10 214 354 201 373 212 353 212 375 

75/25 212 354 212 371 210 354 215 354 

50/50 205 354 209 365 210 364 207 353 

25/75 200 354 202 379 212 367 205 343 

10/90 197 354 221 371 215 376 221 347 

 

3.3.3. Morphological study 

Both IR and DSC studies discussed in the previous sections demonstrated the 

presence of specific interactions between the two components which results this 

partially miscible phase separated blends. In addition, both these studies revealed that 

perhaps the morphology of the blends might have played the major role to dictate the 

nature and extent of phase separation of these two polymer components. Also, IR and as 

well as DSC studies attributed a core-shell particle type morphology of the blend 

samples where SPS-Na constitutes the core and the shell is made up of PBI. Therefore it 

becomes mandatory for us to study the morphology to validate the conclusion drawn 

from the IR and DSC results. The morphology of polystyrene, SPS-Na75 and blends 

were studied by using transmission electron microscope (TEM). The TEM images of 

polystyrene (PS), SPS-Na75 and the representative blend of PBI/SPS-Na75 (10/90) are 

shown in the Figure 3.10. 
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Figure 3.10: Transmission electron microscope images of: (A) polystyrene, (B) SPS-

Na75, and (C) 10/90 blends of PBI/SPS-Na75. The average particle sizes are 50, 70, and 

120 nm, respectively. Inset of B: one particle is digitally zoomed to show the core-shell 

structure. 

The average particle diameters measured from the TEM images are as follows: 

PS = 50 nm, SPS-Na75 = 70 nm and 10/90 blend =120 nm. Therefore from Figure 3.10 

and particle size values, it is clear that the particle size increases upon sulfonation of PS 

and it further enhances upon blending with PBI although the spherical nature of the 

particle remains unaltered. This observation clearly attributes that the sulfonation takes 

place on the surface of the polystyrene particles and increases the particle size. SPS-Na 
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self-assembles into particle type morphology upon dispersion into the solvents owing to 

the hydrophobic interaction of un-sulfonated PS moiety. Hence the size of the particles 

depends on the degree of sulfonation. Here the degree of sulfonation is quite high (75%) 

and therefore the size enhances from 50 to 70 nm after sulfonation of PS. Further upon 

blending with PBI, the sulfonate groups of SPS-Na which are present in the surface of 

the particle interacts with the PBI through the specific interactions (as proved by IR and 

DSC studies) and forces the PBI chains to wrap over the particle surface since the 

sulfonate groups are randomly distributed on the particle surface. Due to this wrapping 

the particle size further increases upon blending. The wrapping of the PBI chains would 

not have possible unless a strong interaction between PBI and SPS-Na present which 

forces the rigid PBI chains to become flexible to some extent. In IR studies, we have 

observed that a greater degree of disruption of self association of the PBI chains, which 

allows the PBI chains to become flexible enough to wrap over the SPS-Na particle. The 

flexibility adaptation of PBI chains is also manifested in their sudden decrease of Tg 

upon blending as observed from the DSC study. 

 

Figure 3.11: Schematic representation of core–shell type morphology formation upon 

blending of PBI with SPS-Na particles.  

 A schematic presentation of the above observation is presented in Figure 3.11. 

The sulfonation of polystyrene (PS) particle creates a reactive sulfonate (–SO3
¯
 Na

+
) 

shell on the surface of the PS core by increasing the particle size. This reactive sulfonate 

shell interacts strongly with the PBI molecule, disrupts the N–H self association, and 
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forces them to wrap over the active shell surface yielding a thicker shell of PBI by 

increasing the particle size. A careful look on the TEM morphological feature presented 

in Figure 3.10 clearly demonstrates the core-shell structure formation. The spherical PS 

particles have 50 nm diameter and smooth surface (Figure 3.10A). An increase in both 

surface roughness and diameter is observed for SPS-Na (Figure 3.10B) and blend 

sample (Figure 3.10C). In case of SPS-Na a dark black ring (shell) is visible with light 

black core (Inset of Figure 3.10B) and the size of the particle is 70 nm. Again upon 

blending the particle diameter has increased to ~120 nm and no core-shell morphology 

is visible. However the roughness of the surface of the blend particle has increased 

significantly compared to SPS-Na (Figure 3.10C). This indicates that the active             

–SO3
‾ 
Na

+
 layer is now completely covered by the PBI molecules and producing a shell 

of PBI and core of PS to form the core-shell structure. In conclusion it is very much 

clear that core-shell nanostructure is formed due to the blending of PBI and SPS-Na. 

3.3.4. Effect of sulfonation degrees 

 All the results discussed in the earlier sections of this chapter are obtained from 

the blending of PBI with sodium salt of 75% (degree of sulfonation) sulfonated 

polystyrene (SPS-Na75). The results very clearly suggest that the blending and the core-

shell structure formation of the blend materials are manifestation of the specific 

interaction between N–H group of PBI and the sulfonate functionality of SPS-Na. 

Hence, it is expected that the amount of sulfonate groups (degree of sulfonation) on the 

surface of the spherical SPS-Na particle may influences the compatibility of the 

blending of these two polymeric components and the morphology of the end product 

(blend) materials. Therefore, a systematic study of this blending process by varying the 

degree of sulfonation of SPS-Na is absolutely necessary to understand the effect of 

amount of sulfonated groups. We have prepared a series of SPS-Na particles using the 

sulfonation process discussed in the experimental section and produced wide range (20-

90%) of sulfonated samples. The degree of sulfonation is measured by using 
1
H NMR 

spectroscopy and all the relevant 
1
H NMR spectra are presented in Figure 3.12. Only the 
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relevant parts of the spectra which are required for the degree of sulfonation calculation 

are shown in Figure 3.12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: The 
1
H NMR spectra of SPS-Na recorded using DMSO-d6 as NMR 

solvent.  
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Figure 3.13: FT-IR spectra of 50/50 (PBI/SPS-Na) blends with regard to the degree of 

sulfonation of SPS-Na component. The neat PBI spectrum is also presented for 

comparison. 

 

The N–H stretching region FT-IR spectra of PBI/SPS-Na (50/50) blends with 

regard to the degree of sulfonation of SPS-Na component are presented in Figure 3.13. 

The pure PBI (100/0) spectrum is also shown in Figure 3.13 for comparison. The 
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displacement of free N–H peak (3420 cm
-1

 for pure PBI) towards lower wavenumber 

and shift of self associated peak (3144 cm
-1

 for pure PBI) towards longer wavenumber 

are visible from Figure 3.13. More importantly, it is worthwhile to note from Figure 

3.13 that the extent of peak shift and the nature of peak broadening depend upon the 

degree of sulfonation. The peak shifting and broadening of the free N–H peak decreases 

with increasing degree of sulfonation. On the other hand, the extent of self associated 

N–H peak shift increases with increasing sulfonation degree. Also it must be noted that 

this self associated peak becomes sharper for the sample with higher degree of 

sulfonation. A much better clear scenario of these above observation emerges in Figure 

3.14, where we have plotted the shift of the peak position free N–H in Figure 3.14A, 

and self associated N–H in Figure 3.14B as a function of blend compositions with 

regard to the degree of sulfonation. Figure 3.14A clearly suggests that the extent of free 

N–H peak shift is bigger for the blend samples made from SPS-Na with lower degree of 

sulfonation. In contrary, the self associated N–H peak shifted to a greater extent for the 

blends prepared from SPS-Na with higher degree of sulfonation. In summary, our 

results from the previous sections, Figure 3.13 and 3.14 suggesting the fact that the 

disruption of N–H self association of PBI becomes very successful when PBI is blended 

with highly sulfonated SPS-Na. However, the specific interaction between free N–H of 

PBI and SPS-Na becomes stronger when PBI is blended with lightly sulfonated       

SPS-Na. Earlier sections (FT-IR and morphology studies) we have demonstrated that 

successful disruption of self associated N–H of PBI leads to core-shell morphology 

(Figure 3.10 and 3.11) of the blends in which PS core is wrapped by the PBI shell. This 

core-shell morphology formation is the driving force for the blending of these polymer 

pair. Therefore the above results and discussion reveal that the extent of blending 

between these two polymeric components increases with increasing degree of 

sulfonation of SPS-Na. Figure 3.11 schematically explained the wrapping of PBI on the 

SPS-Na particle, which yields the miscible blend. The lightly sulfonated SPS-Na does 

not have enough attraction to break the self association of PBI chains as evident from 

the FT-IR studies (Figure 3.14) and hence PBI cannot wrap over SPS-Na particle to 

produce miscible blend.  
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Figure 3.14: Displacement of PBI peak positions (stretching frequencies) as obtained 

from the FT-IR studies as a function of blends composition: (A) free N–H peak of PBI 

and (B) self associated N–H peak of PBI. The degree of sulfonation of the SPS-Na 

indicated in the figure. 
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A better understanding of this will be followed in the next section where we 

have studied DSC thoroughly. The Tg of all the blend samples prepared by using a 

series of SPS-Na with wide range (20-83%) of sulfonation degree are measured by DSC 

and presented in Table 3.2. The Tg of pure SPS-Na increases with increasing degree of 

sulfonation (all the representative thermograms are presented in Figure 3.15).  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: DSC thermograms of SPS-Na at their indicated degree of sulfonation. The 

Tg is show by the marking on the thermograms. 
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Table 3.2: The glass transition temperature (Tg) obtained from the DSC studies for all 

the blend samples. These samples are prepared by blending PBI and SPS-Na with wide 

range of sulfonation degree. 

 

The increase of Tg with degree of sulfonation is expected because of the 

lowering of the flexibility owing to sulfonate groups.
55

 In all the blend samples two Tg’s 

are observed (Table 3.2). The two Tg’s of the highly sulfonated (namely 83%, 75%, and 

60%) blend samples are not identical with their respective neat polymer components 

(SPS-Na and PBI) as shown in the Table 3.2. For example the Tg’s of 50/50 blend of 

83% SPS-Na sulfonated polystyrene (SPS-Na83) are ~354°C and ~264°C, which are not 

the Tg of their respective components (PBI = 397.98°C, SPS-Na83 = 177.18°C). 

However, the two Tg’s obtained for the lightly sulfonated (31% and 20%) blend samples 

are exactly identical with their neat components (Table3.2). This result clearly indicates 

that for the lightly sulfonated samples the interaction between the components are not 

strong enough to influence each other flexibility and hence the Tg’s do not alter. In 

lower sulfonation blends perhaps the interactions are not sufficient enough for the PBI 
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chains to wrap over the SPS-Na particle and to produce core-shell structure. As a result 

they do not produce blends with core-shell structure. Hence our IR, DSC and TEM 

studies agree well each other. 

The above results clearly demonstrated that to produce blends with core-shell 

structure, higher degree of sulfonation of SPS-Na is required. A careful look into the 

Table 3.2 data is also strengthening our above conclusion. The net change in the Tg of 

SPS-Na upon blending increases significantly for highly sulfonated blend systems 

compared to lightly sulfonated blends. A bar diagram presented in Figure 3.16 shows 

that upon blending the increase of Tg of SPS-Na is much bigger for the highly 

sulfonated blend system than the lightly sulfonated system. In fact Tg is unaltered for 

lower sulfonation degree. Figure 3.16 clearly shows that the change in Tg of SPS-Na 

from neat to 10/90 blend sample increases with increasing degree of sulfonation. Hence 

the above results attribute that the higher degree of sulfonation is absolutely necessary 

to prepare the blends of PBI and SPS-Na with core-shell type structure. 

 

 

 

 

 

 

 

 

Figure 3.16: Bar diagram to represent the change in Tg of SPS-Na from neat SPS-Na to 

10/90 (PBI/SPS-Na) blend as a function of the degree of sulfonation of SPS-Na 

component. 
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3. 4. Conclusions 

New blend system of PBI with ionomeric sodium salt of sulfonated polystyrene 

(SPS-Na) spherical particles of various composition and sulfonation degrees have been 

prepared using the solution casting method. The spectroscopic, thermodynamical and 

morphological properties of these blends are studied using FT-IR, DSC, and TEM. The 

successful disruption of N–H self association of PBI and the presence of specific 

hydrogen bonding interaction between free N–H of PBI and the sulfonate groups of 

SPS-Na are the driving forces for the formation of partially miscible two phases blends 

of PBI with SPS-Na particles. DSC studies of the blends exhibit two glass transition 

temperatures (Tg), the higher one corresponds to PBI component and the lower one is 

due to SPS-Na, since the domain size of the heterogeneity (dd) is greater than 20 nm 

owing to the fact that the one of the component (SPS-Na) is 90 nm in size. A large 

displacement of self association N–H stretching and composition independent Tg of the 

blends reveal the wrapping of PBI chains on the SPS-Na spheres and formation of core-

shell type morphology. TEM study provides a direct proof of core-shell morphology of 

the blends in which SPS-Na stays as core and PBI constitutes the shell. The higher 

degree of sulfonation of SPS-Na is required to form the blends with core-shell 

morphology. 
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Partially miscible polymer blend of polybenzimidazole (PBI) with 

poly(vinylidene fluoride-co-hexafluoro propylene) (PVDF-HFP) were 

prepared for their use as polymer electrolyte membrane (PEM) in high 

temperature. The blending significantly enhanced the proton 

conductivity and oxidative stability. 
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4.1. Introduction 

Over the last decade research on proton exchange membrane fuel cells (PEMFC) 

operating at high temperature has been an area of active interest.
1-3 

Proton exchange 

membrane (PEM) must have mechanical, chemical, and thermal stability and good 

proton conductivity.
4 

Perfluorinated polymers are widely used as PEMs for low 

temperature fuel cell applications due to high proton conductivity and excellent 

chemical stability.
5-7

 But these membranes have several drawbacks e.g. cannot operate 

at high temperature because proton conductivity is dependent on the presence of water, 

high ethanol cross over and high price.
3,8-10 

Therefore, various alternative PEMs have 

been studied for high temperature operation.
4,11

 

Phosphoric acid (PA) doped polybenzimidazole (PBI; Scheme 4.1) are recently 

explored widely as PEM in high temperature PEM-FC because of its very high thermo 

chemical stability and low gas permeability.
12-14 

The proton conductivity of PBI 

increases with increasing PA doping level of the membrane. But the mechanical 

strength of the PBI decreases with increasing level of doping. To achieve a superior 

quality of PA doped PBI membrane, the acid doping level has to increase without 

destroying the other properties of the polymer. Varieties of approaches are reported in 

the literature to obtain high PA-doped PBI membranes such as synthesis of PBI 

derivatives
15

 PBI nanocomposites
16,17

 and PBI blends etc.
18

 PEM via blending requires 

optimal combination of properties of more than one polymer so that a tough membrane 

with adequate proton conductivity can be achieved. 

Polymer blending is a versatile and economic method to generate novel material 

with enhanced physical and chemical properties.
19

 Polymer blending is designed to 

yield materials with optimized properties such as chemical, structural, mechanical, 

morphological etc. The main advantages of blend-based polymer electrolytes are 

simplicity of preparation and easy control of physical properties by changing the 

composition of blended polymers composition. Polymer blends may be miscible, 

partially miscible and immiscible. Miscible blends have properties somewhere between 

those of the neat polymers and therefore very useful materials since they exhibit 
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properties of both the polymers. Partially miscible blends are also of great interests 

because they also offered improved properties compared to the neat polymers. For 

example polystyrene (PS) is commonly blended with rubber to improve its impact 

properties. The resulting high impact PS (HIPS) blend is composed of two immiscible 

phases. Ning et al prepared and studied mechanical and electrical properties of partially 

miscible blends of poly (lactic acid) and poly (propylene carbonate) filled with carbon 

black.
20

 

PBI has both proton donor (−NH−) and proton acceptor (−N=) hydrogen 

bonding sites. Because of the availability of the hydrogen bonding sites in the polymer 

backbone, it exhibits specific interactions with polar solvents
21,22

 and forms miscible 

blend
23,24

 with variety of polymers. The main aim of PBI blending is to improve the 

properties, performance and reduce the price specifications through combinations of low 

cost or high-performance materials. A large number of blends based on PBI with variety 

of polymers are reported in the literature. Example includes PBI/nafion,
25

 PBI/poly(4-

vinyl pyridine),
26 

PBI/polyimide,
27

 PBI/poly(ether imides),
28

 PBI/polysulfone,
24

 

PBI/poly(arylene ether sulfones),
29

 PBI/sulfonated polystyrene
30

 etc.  Recently from our 

group we have reported PBI/poly(vinylidene fluoride) (PVDF) blends and studied their 

potential for the use as a proton exchange membrane in PEMFC.
18

 We observed the 

enhancement of the PA doping level of the blend membrane compared to that of pure 

PBI because the hydrophobic PVDF inhibits the water uptake capacity of the 

membranes and hence allows the acid to interact more efficiently with the PBI backbone 

which leads to the higher PA loading. 

 Poly(vinylidene fluoride-co-hexafluoro propylene) (PVDF-HFP; Scheme 4.1) 

has found much attention recently as a promising membrane material because of its 

desirable properties such as high hydrophobicity, favorable ionic conductivity, excellent 

chemical and thermal resistances and availability in different crystalline forms.
31-34 

Because of the presence of more fluorine groups, PVDF-HFP is more hydrophobic than 

PVDF. Many literatures related to PVDF-HFP blends are reported and these examples 

include PVDF-HFP/poly(vinylacetate),
35

 PVDF-HFP/polystyrene,
36 

PVDF-

HFP/poly(vinyl pyrrolidone)
37

 etc. 
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Here we are reporting partially miscible blends of PBI with PVDF-HFP. Since 

later component is more hydrophobic than PVDF, therefore, it can further decrease the 

water uptake of PBI thereby increase its acid loading level. The miscibility of the blend 

membranes are studied by FT-IR and SS-NMR. Their thermal stability, water uptake, 

and swelling ratio are measured. Also, the temperature dependent proton conduction 

behavior of these membranes and oxidative stability are studied. 

4.2. Experimental Section 

4.2.1. Materials 

Poly [2, 2'-(m-phenylene)-5, 5'-benzimidazole] (PBI, Scheme 4.1) was obtained 

by polymerizing 3, 3', 4, 4'-tetraaminobiphenyl (TAB) and isophthalic acid in 

polyphosphoric acid medium (115%) in laboratory using our standard method described 

earlier.
22,38 

The inherent viscosity of synthesized PBI is 2.2 dL/g, when measured from 

0.2 g/dL H2SO4 solution. Poly(vinylidene fluoride-co-hexafluoro propylene) (PVDF-

HFP) was purchased from Sigma Aldrich having a weight average molecular weight 

( w) of 400,000. The PVDF-HFP was recrystallized from dilute solution of polymer in 

acetophenone (0.5 wt%), repeatedly washed with methanol, and dried in vacuum at 

80°C for 3 days. Dimethylacetamide (DMAc; HPLC grade) and 85% phosphoric acid 

(PA) were obtained from Merck (India) and used as received. Sulfuric acid (Merck) and 

deuterated dimethyl sulfoxide (DMSO-d6) were used as received.  

4.2.2. Blend preparation 

Blends were prepared by mixing two polymers (PBI and PVDF-HFP) in DMAc. 

The concentration of the polymers in DMAc solution was kept 1% (w/v). The required 

amount of the two polymers were taken in the measured quantity of DMAc, dissolved in 

DMAc and mixing was continued for 2 days by stirring with the help of magnetic stirrer 

in a close glass vessel at room temperature. The homogeneous blend solutions were 

filtered through a 0.2 µm PTFE membrane and then poured into a clean glass petri dish. 

The solvent was evaporated at 50°C to cast the blend films.  
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                Figure 4.1: Photographs of PBI/PVDF-HFP blend membranes 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.1: (A) Synthesis of Poly [2, 2'-(m-phenylene)-5, 5'-benzimidazole] (m-PBI), 

(B) Chemical structure of Poly(vinylidene fluoride-co-hexafluoro propylene) (PVDF-

HFP) 
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Transparent homogeneous thin films (Figure 4.1) were obtained and dried in a 

vacuum oven at 100°C for 3 days to evaporate the trace amount of solvent completely. 

The thicknesses of all the blend films were ~60 μm. The blend compositions were 

widely varied from 10/90 (PBI/PVDF-HFP) to 90/10. In addition, we have prepared 

neat PBI and neat PVDF-HFP films by following exactly equivalent method like any 

other blend compositions. 

4.3. Characterization techniques 

4.3.1. FT-IR and SS-NMR Spectroscopy 

Fourier transforms infrared (FT-IR) spectra of the thin blend films were recorded 

on a Nicolet 5700 FT-IR spectrometer at resolution of 0.5 cm
-1

 with an average of 32 

scans. 
13

C CPMAS measurements were performed by using a Bruker 400 MHz NMR 

spectrometer.  

4.3.2. Thermal Study 

 Thermogravimetric and differential thermal analysis (TG-DTA) were carried out 

on a (Netzsch STA 409PC) TG-DTA instrument from 50-800°C with a scanning rate of 

10°C/ min in presence of nitrogen flow. A differential scanning calorimeter (Pyris 

Diamond DSC, Perkin-Elmer) was used to study the glass transitions (Tg) of the blend 

samples. All the blend samples display two composition dependent Tgs, one is higher 

temperature range (>250°C) and other one is in lower temperature range (<50°C). To 

determine these Tgs we have carried out two separate DSC experiments as follow: (a) 

for higher side Tg, samples were kept in isothermal condition at 400°C for 20 minutes 

and then fast cooled (200°C/min) to 50°C. Then after 30 minute equilibration at 50°C 

samples were scanned from 50°C to 400°C with scanning rate 10°C/min, (b) for lower 

side Tg, samples were hold in isothermal condition at 200°C for 20 minute and then fast 

cooled (200°C/min) to -60°C. Then after 30 minutes equilibration at -60°C samples 

were scanned from -60°C to 200°C with scanning rate 5°C/min. The crystalline melting 

temperature (Tm) of  PVDF-HFP in the blend samples were determined from the first 
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DSC experiments from which we determined the higher side Tg. The crystallization 

temperature (Tc) of PVDF-HFP in the blend samples were also obtained from the 

cooling scan of the first DSC experiments from 400°C to 50°C with scan rate 5°C/min. 

The reproducibility of DSC results was checked by repeating the experiments. DSC was 

calibrated using In and Zn as calibration materials prior to scan of the blend samples.  

4.3.3. X-ray Diffraction 

The wide angle X-ray diffraction (WAXD) patterns of the samples were 

collected from an X-ray generator (Model PW 1729, Philips, Holland) with Cu Kα 

radiation (λ = 1.5418 Å) source at voltage 40 kV and 30 mA current in the 2θ range 5-

45°. 

4.3.4. Oxidative Stability 

The stability of all the blend membranes to oxidation were investigated by 

immersing the membranes into Fenton’s reagent (3% H2O2 aqueous solution containing 

4 ppm Ammonium iron (II) sulfate, or Mohr's Salt) at 70°C. The oxidative stability was 

measured for time variation up to 120 hours. The membranes were taken out at certain 

time intervals, dried in vacuum oven at 80°C overnight, and weights were recorded. The 

oxidative stabilities of all the membranes were calculated as a weight remained after 

taking out the membranes from the Fenton’s reagent. 

4.3.5. H3PO4 (PA) Doping, Water Uptake, and Swelling Ratio 

The PA doping level was calculated as the number of PA mols present per PBI 

repeat unit. The dried blend membranes were dipped into phosphoric acid (85%) for 3 

days and then titrated against NaOH using an Autotitrator (Metrohm 702). The PA 

doping level measurements of the membranes were carried out in triplicate 

independently with different pieces of membranes to check the reproducibility of the 

results, and the average values are presented. Water uptakes of the membranes were 

obtained by immersing the dry membranes in water for 3 days. The weights of the 
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membrane were measured before and after dipping in water. The weights of wet 

membranes were measured after wiping the surface water. Water uptake values of the 

membranes were calculated as  

    

 

where Ww and Wd are the weights of the wet and dry membranes, respectively. The % 

in thickness increase and swelling ratio of the membranes upon dipping in PA were 

measured. The thickness and length of the membranes were measured before dipping in 

PA.  After 3 days, membranes were taken out from the PA bath and quickly wiped to 

remove the surface PA. Then again thickness and length of the PA loaded membranes 

were measured. The swelling ratio of the membranes were calculated   

              

 

where Lw and Ld are the lengths of the wet and dry membranes, respectively. 

4.3.6. Conductivity study 

 Proton conductivities of the blend samples were measured with a four-point 

probe technique. The impedance of the membranes was measured with an impedance 

analyzer by using a Zahner Impedance Spectrometer (ZENNIUM PP211) over a 

frequency range from 1 Hz to 100 Hz. The acid loaded membrane was cut into a 

rectangular shape and mounted onto the in house built conductivity cell. The 

conductivity of the membranes was measured from 30°C to 160°C and the data 

presented here is the 2
nd

 heating scan data. After 1
st
 heating scan, the cell is cooled 

down and again the conductivity was measured from 30°C to 160°C. The conductivities 

of the samples were obtained from the direct-current potential difference between the 

two inner electrodes. The conductivity was calculated with the following equation: 

                                                                                        
RBL

D
(4.3) 

(4.1) Water Uptake =   %100
d

dw

W

WW

(4.2) Swelling Ratio = %100
d

dw

L

LL
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where, σ is the proton conductivity (S/cm), D is the distance between the electrodes, and 

B and L are the thickness and width of the blend samples, respectively. In all cases R 

was obtained from Nyquist plots. 

4.3.7. Stress-Strain Study 

The stress-strain relationship of the PA doped blend membranes were measured 

utilizing a Universal Testing Machine (Autograph Model AGS 10, ANG, Shimadzu) 

with 0.3(N) load cell. Dumb-bell specimens were cut following the ASTM standard 

D653 (Type V specimens). Tensile properties of all films were measured in an air 

atmosphere at room temperature with a cross head speed of 1 mm min
-1

. 

4. 4. Results and Discussion 

4.4.1. FT-IR study 

Often, FT-IR spectroscopy is used to study the interaction between the two polymers in 

the blends. The interactions can either shift or diminish intensities of either both the 

polymers and at least one polymer characteristic frequencies.  

The spectrum of PBI shows a series of N-H stretching bands in the 3600-3000 

cm
-1

 region and moreover PVDF-HFP does not have any distinguishable vibrational 

frequency in this region (Figure 4.2). The relatively sharp peak at 3408 cm
-1

 is the 

characteristic peak of non-hydrogen bonded free N-H groups, the broad peak at       

3144 cm
-1

 is due to the self-associated hydrogen bonded N-H groups and the low 

intensity peak at 3063 cm
-1

 is due to the stretching modes of the aromatic C-H groups. 

Almost in all the blend systems of PBI studied earlier,
18,24,28,30

 these N–H peaks 

displayed the peak shifting and broadening. We expect similar shifting in these blend 

system, owing to the probable interactions between the N–H of PBI and C–F of PVDF-

HFP. 
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Figure 4.2: FT-IR spectra recorded from the thin films (60µm) of (A) Poly [2, 2'-(m-

phenylene)-5, 5' benzimidazole] (PBI) and (B) Poly (vinylidene fluoride-co-

hexafluoropropylene); PVDF-HFP. 

 The FT-IR spectra (3600-2900 cm
-1 

region) of PBI and representative blends of 

PBI with PVDF-HFP are presented in the Figure 4.3. From the Figure it can be seen that 

the free non hydrogen bonded N-H stretching band at 3408 cm
-1

 shift to lower 

frequency with increasing PVDF-HFP content in the blends. In the 10/90 blends, this 

peak shifts to 3385 cm
-1

. Also the peak broadening is observed with increasing PVDF-

HFP content in the blend. However, the C–H aromatic stretching peak at 3063 cm
-1 

does 

not change its position. So the frequency shift of the free N–H band position upon 

blending indicates the interaction between the two components of the blend. From 

Figure 4.3 it can also be observed that the self-associated hydrogen bonded N–H peak at 

3144 cm
-1

 shows significant broadening and the peak is shifted to higher frequency with 

increasing PVDF-HFP content in the blend. For the 25/75 composition this peak shifted 

to 3166 cm
-1

. Hence, a maximum 22 cm
-1

 shift is observed. This shifting suggested 

weakening of the self-associated N–H–N hydrogen bonding of the PBI chains. These 
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spectral changes arise because of the interaction between the two components in the 

blend and attributing the presence of interaction in the blends. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: FT-IR spectra (3600-2900 cm
-1

) of the PBI/PVDF-HFP blend film samples 

at their indicated blend compositions. 

 It is clear from the above observation that there is some interaction between the 

NH functionalities of  PBI and one of the functional groups of  PVDF-HFP in the blend 

system. We need to understand which functional group of PVDF-HFP is interacting 

with N–H of  PBI. Hence it is expected that there will be some changes in the 

vibrational frequencies of  the PVDF-HFP component in the blends. But it is difficult to 



128                                                                             Blend of PBI and PVDF-HFP 

distinguish PVDF-HFP frequencies in the blend system, because of overlapping of the 

PBI peaks.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: FT-IR spectra (1600-400 cm
-1

)
 
of the PBI/PVDF-HFP blend film samples at 

their indicated blend compositions. 
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 The spectrum of  PVDF-HFP contains several characteristic peaks in the range 

400-1600 cm
-1

 (Figure 4.4) which are distinguishable from the PBI peaks.
39,40

 These 

frequencies are listed in Table 4.1. It is observed that with addition of PBI in the blend 

mixture, the FTIR spectra undergo significant changes. The intensity of the peak at  

1402 cm
-1

 decreases and shifted to higher frequency upon blending. This shifting can be 

attributed to the enhancement of the C–C bond strength because of the interactions 

between the two polymers. The peaks at 511 cm
-1

, 483 cm
-1

 of neat PVDF-HFP which 

are –CF2 group vibrations disappear and a new peak at 502 cm
-1

 is observed in case of 

blend samples.
 
This change may be due to the hydrogen bonding interaction between the 

imidazole rings of  PBI and C–F groups of PVDF-HFP. Also the peak at 881 cm
-1

 and 

839 cm
-1

 shifted to lower wavenumber with increasing of PBI content in the blend 

mixture and the intensity of the peak at 1073 cm
-1

 is diminished. From the above 

observations the interactions between the two polymers in the blend system can be 

concluded. 

Table 4.1: FT-IR stretching frequencies of PVDF-HFP and PBI/PVDF-HFP blends. 

4.4.2. Solid State 
13

C CPMAS study 

 Solid state NMR is an important tool for the characterization of polymer blends. 

The mixing of polymer chains causes changes in the structure of the polymers which 

can be measured by monitoring the NMR spectra. Hydrogen bonding is a strong 

  PBI/PVDF-HFP blend  

( Peak position (cm
-1

)) 

Stretching frequencies PVDF-HFP 

 

10/90 

 

25/75 

 

50/50 

 

CF2 bending and wagging 483 502 502 488 

Deformation vibration of  CF2 511 502 502 488 

CH2 rocking vibration 839 829 825 808 

CH2 wagging vibration of 

vinylidene band 

881 866 863 838 

C-F symmetric stretching 1073 1073 1073 - 

Deformation vibration of  CH2 1402 1408 1409 1411 
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interaction that can affect the chemical shifts of the carbons on the donor and acceptor 

groups. So we expect chemical shift changes to occur upon blending. The solid state 

NMR spectra of PBI, PVDF-HFP and blend samples are shown in the Figure 4.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: 
13

C CPNMR spectra of  PBI, PVDF-HFP and blend samples along with the 

chemical shift assignments for the neat samples. 
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 The chemical shift assignments of neat polymers and blend samples are shown in 

Figure 4.5 tabulated in the Table 4.2. The spectrum of  PBI consists of several lines. The 

peak at 155 is due to the carbons of imidazole rings attached to phenylene rings, peak at 

146 ppm is due to the carbons connecting benzimidazole rings in the benzimidazole 

system and the peak at 133 ppm is due to the aromatic carbons bound to the nitrogen 

atoms. The remaining peaks at 124 and 115 are due to the protonated carbons of PBI 

with a contribution from the nonprotonated carbon of the phenylene ring to the line 

centred at 124 ppm.
41

 

Table 4.2: 
13

C chemical shifts of PBI and blend samples in the solid state. 

 From the Table 4.2 and Figure 4.5, it can be observed the peaks at 155, 146 and 

115 have been shifted to higher field and the peak at 125 shifted to lower field in case of 

blend samples. The spectrum of PVDF-HFP consists of three lines. The peak at 41.6 

ppm can be assigned to the methylene carbons in PVDF-HFP. The small peak around 

164 ppm is assigned to the carbon atom attached to the –CF3 group of PVDF-HFP and 

the peak at 118.5 ppm is due to the carbon atom of CF2
42

 From the Figure 3 and table 

4.2 it can be observed that the peak at 41.6 is shifting to lower field and slowly splitted 

into two or multiple peaks. For PBI/PVDF 50/50 the peak splitted and appears at 45, 24 

and for 90/10 the peak becomes two peaks at 35 and 19. These observations clearly 

attributes that because of the interactions between the polymers through their respective 

functional groups, the methylene carbon display significant shifting. So there is a 

significant chemical shift difference between neat polymers and blend samples. These 

Carbon 
PBI 

(100/0) 
90/10 75/25 50/50 25/75 

PVDF-HFP 

(0/100) 
Carbon 

      164 12 

1 155.15 150.26 150.54 156.77 150.77   

2 146.97 141.80 141.75 147.85 147.55   

3,4 133.42 133.51 133.43 133.86 127.36   

5,6,7 124.55 127.84 127.71 126.66 120.47   

      118.5 11 

8,9 115.61 110.34 110.27 116.17 -   

  35,19 
43,33,2

5,18 
45,24 42.4 41.6 10 
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changes in chemical shift provide strong evidence for the interaction between the blend 

components.  

4.4.3. Thermal stabilities 

The thermal stabilities of PBI, PVDF-HFP and blend samples are measured by 

TGA. The TGA thermograms of all the blend samples including the neat polymers are 

shown in Figure 4.6. The TGA thermograms confirms that all the samples are stable up 

to 400°C and the thermal stability of the blend membranes are decreasing with the 

increasing PVDF-HFP content. This is obvious because the thermal stability of PVDF-

HFP is lower than PBI, so with increasing PVDF-HFP content in the blend the stability 

decreases. However, it must be noted that the onset of weight loss decreases as the PBI 

content in the blend increases. This attributes that the hydrophobic character of the 

material decreases as we increase the PBI content in the blend and this is due to the 

hydrophilic nature of  PBI. In other words it can be said that the blend samples are more 

hydrophobic than the neat PBI. 

 

 

 

 

 

 

 

 

 

Figure 4.6: TGA curves of PBI, PVDF-HFP and blend samples 
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4.4.4. Miscibility studies of blends 

The spectroscopic studies (FT-IR, SS-NMR) described in the previous section 

unarguably indicated the presence of interactions between the functional groups of two 

polymers of current blend system. These interactions are the driving forces for the 

miscibility of the polymers.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7:  DSC thermograms of neat PBI, PVDF-HFP and blends. (A) Lower 

temperature Tg of PVDF-HFP and 10/90 (B) Lower temperature Tg of other blend 

composition as indicated (C) higher temperature range Tg. The horizontal lines and the 

corresponding values in the thermograms are the Tg's of the samples. 
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The miscibility between the two components of binary polymer blends such as the 

current system can be classified as either completely miscible blends or partially 

miscible blends. The nature and extend (strength) of interactions between the 

components detect the types of miscibility. It is generally believed that stronger 

interaction results completely miscible blend and weaker interactions produces partially 

miscible blend. Miscible blends exhibit single composition dependent glass transition 

(Tg) temperature whereas partially miscible blends display two composition dependent 

Tg’s.
43 

We have used DSC to study the miscibility behavior of the current blend system 

and DSC thermograms are shown in Figure 4.8. The glass transition temperatures (Tg) 

of PBI obtained from DSC study is 399°C and PVDF-HFP shows a crystalline melting 

temperature (Tm) at 139°C and a crystallization temperature (Tc) at 109°C. These are 

agreement in with the literature data.
33

 All the blend samples exhibit two Tg’s, one is in 

higher temperature range below neat PBI Tg and another one is in lower temperature 

range above the neat PVDF-HFP Tg, and both the Tg’s are composition dependent 

(Figure 4.8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Glass transitions (Tg) vs. PVDF-HFP weight %. 
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As PVDF-HFP weight % increases in the blends the higher temperature Tg 

decrease and lower temperature Tg increases. These composition dependencies in Tg’s 

are due to the specific interactions between the two polymer components upon blending 

which helps to form partially miscible blend. As a result of such specific interactions, 

the PVDF-HFP chains force the PBI chains to begin their segmental motions at lower 

temperature and vice-versa, and hence the Tg’s alter. The effect of this specific 

interaction can be better understood by analyzing the melting and cooling thermograms 

as shown in Figure 4.9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: The (A) melting temperature (Tm) and (B) crystallization temperature (Tc) 

of the PBI/PVDF-HFP blends at their indicated blend compositions. 
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The 90/10 and 75/25 blend (PBI/PVDF-HFP) compositions do not show any melting 

endotherm (Tm) and crystallization exotherm (Tc). The blends containing greater than 

25% PVDF-HFP show both melting endotherm and crystallization exotherm, this is 

because perhaps below this concentration of PVDF-HFP the crystalline nature of the 

polymer is completely suppressed by the PBI chains due to interaction. From Figure 4.9 

it is observed that the both Tc and Tm of the blends are greater than that of neat PVDF-

HFP. Polymer blends containing a crystalline component, the variation in values of Tc 

and Tm is usually attributed to the interactions between the components. The higher Tm 

and Tc indicate that the PBI chains are interfering in the crystallization of PVDF-HFP 

chains resulting the higher Tm and Tc. A better picture of this phenomenon is emerged 

when we calculate the crystallinity index of  PVDF-HFP. The crystallinity index (χc) of 

the blend samples are calculated using the following equation 

 

                                                                                            

where fH  = 104.6 J/g is the heat of fusion of 100% crystalline PVDF,
44

 and ΔHf   is 

the heat of fusion of the samples obtained from the DSC. The heat of fusion of the 

samples and calculated crystallinity index are tabulated in Table 4.3. 

Table 4.3: Thermodynamical data obtained from the DSC studies of PBI/PVDF-HFP 

blends 

PBI/PVDF-HFP ΔHf (J/gblend) ΔHf (J/gPVDF-HFP) 
χc (PVDF-HFP) 

(%) 

50/50 2.95 5.9 5.64 

25/75 9.77 13.03 12.46 

10/90 18.41 20.46 19.56 

0/100 44.61 44.61 42.64 

From the table it is observed that the crystallinity indexes of the blend samples 

are lower than the neat PVDF-HFP and decreases with increasing PBI content in the 

blend. The increase of Tm and Tc and decrease of χc values with increasing PBI content 

in the blend indicating the presence of interaction between PBI and PVDF-HFP. The 

crystallization of PVDF-HFP is completely suppressed when the PBI content in the 

f

f

H

H
c (4.4) 
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PBI/PVDF-HFP blends reaches 75% PBI. That is why we did not obtain the melting 

endotherm and crystallization exotherm for 90/10 and 75/25 blends compositions. This 

observation indicates the presence of interaction between the two polymers which is the 

driving force for the formation of partially miscible blends of these two polymers. 

4.4.5. X-ray diffraction study 

The XRD patterns of PBI/PVDF-HFP blend samples and the neat polymers are 

shown in Figure 4.10. The peaks at 17.5°, 18.5°, 20.2° and 30° correspond to the (1 0 0), 

(0 2 0), (1 1 0) and (0 2 1) reflections of crystalline PVDF-HFP.
45,46  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: XRD patterns of  PVDF-HFP, PBI and blend samples (PBI/PVDF-HFP) at 

their indicated composition. 
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The XRD pattern of  PBI/PVDF-HFP blend membranes also exhibits the same 

peaks but of lower relative intensity and the intensities of the crystalline peaks of 

PVDF-HFP decreases and broadens with increase of  PBI content in the blends (Figure 

4.10). So the crystallinity of the PVDF-HFP in the blend has been considerably 

decreased upon the addition of PBI. This is because addition of PBI reduces the long 

range order of PVDF-HFP. For 90/10 and 75/25 compositions the peaks are almost 

disappeared. This is in accordance with the DSC data because for these two samples we 

did not observe the melting and crystallization peaks and for other blends χc value 

decreases significantly as seen in Table 4.3. This decrease in crystallinity in the blend 

membranes indicates the presence of interaction between the two polymers. This X-ray 

result once again proves that the PBI/PVDF-HFP blend system is a partially miscible 

blend.  

4.4.6. H3PO4 (PA) doped blend membrane 

The proton conducting character of the PBI based membrane is very important 

properties to be studied for the use as PEM in fuel cell. PBI membrane doped with 

H3PO4 (PA) exhibits high proton conductivity at temperatures up to 200°C. The proton 

conductivity increases with the increasing phosphoric acid (PA) content in the 

membrane. The PA doping level of the membrane is expressed as number of PA moles 

per PBI repeat unit. The PA doping level of the all blend membranes including neat 

polymer are shown in Table 4.4. 

Table 4.4: PA doping level of the PBI/PVDF-HFP blend membranes. In case of blend 

membranes the doping levels are calculated based on the weight fraction of PBI in the 

samples. 

PBI/PVDF-

HFP 

Mole of PA/PBI 

repeat unit 

Water 

uptake (%) 

Thickness 

increased (%) in 

PA 

Swelling 

ratio (%) 

in PA 

100/0 7.27 12.59 96.3 43.5 

90/10 9.32 0 50 15.93 

75/25 7.54 0 66.7 7.89 

50/50 5.61 0 25 1.69 

25/75 5.27 0 37.6 0 

10/90 2.32 0 40 0 

0/100 0.101* 0 0 0 

* This value corresponds to PA content per PVDF-HFP 



Chapter 4  139 

From the Table 4.4, we observed that the acid loading increases initially, remain 

almost similar up to 75/25 composition and then decreases slowly beyond 75/25 

composition in comparison with neat PBI. Since PVDF-HFP does not hold PA readily, 

as seen from the very low value of  PA loading (0.101, Table 4.4), hence it is expected 

that with increasing PVDF-HFP content PA loading will decrease. Despite of the above 

fact, we see an increase in PA loading in case of 90/10 and 75/25.  For 90/10 sample the 

acid loading is more compared to neat PBI membrane. This is due to the increase in the 

hydrophobic nature of the blend membranes. Since PVDF-HFP is a hydrophobic 

polymer, the blend membranes are more hydrophobic than PBI membrane. We have 

seen earlier also in our previous blend system of  PBI/PVDF blend that with increasing 

hydrophobic character of the membrane, more PA loading takes place due to the better 

accessibility of  imidazole groups to the PA molecules. We believe similar reason for 

this increase of PA loading when PVDF-HFP content is low. But when PVDF-HFP 

composition more than 25% the acid loading decreases. This may be due to the fact that 

PVDF-HFP increases the hydrophobicity of the blend membranes up to such an extent 

that the membranes are not allowing the aqueous PA molecule to interact with 

imidazole group and as a result membrane are not able to hold much PA. For the high 

PVDF-HFP content blends (> 50%) the PA doping level is less than PBI since PVDF-

HFP cannot hold PA.  

From Table 4.4, it is observed that all the blend membranes do not absorb water 

at all because of the hydrophobic nature of PVDF-HFP. This is in agreement with our 

observation of  PA loading and TGA studies. The thickness of the resulting PA doped 

PBI membrane is an important issue which needs to be controlled for the better cell 

performance in an operating fuel cell. Often too thick membranes found to be not 

suitable for the membrane electrode assembly (MEA) fabrication. Unfortunately, it has 

been observed that PBI membrane increases thickness quite significantly after PA 

loading, especially when PA loading is more. Table 4.4 data clearly shows that increase 

in thickness is much smaller in blend membranes then the neat PBI despite the fact that 

the PA loading of blends high or comparable with PBI. The same trend is observed in 

swelling ratio also, when the membranes are dipped in PA. 
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4.4.7. Proton conductivity 

The proton conductivity of the membrane is the most essential properties to be 

studied for the potential application in fuel cell. The proton conductivities of all the 

blend membranes are measured in the temperature range of 30°C to 160°C. All the 

membranes were soaked in PA solution for 3 days for acid doping before the 

measurement.  

Figure 4.11: Nyquist plots of (A) PBI and PBI/PVDF-HFP blends (B) 90/10, (C) 75/25, 

(D) 50/50. 

The PA loaded PBI membrane fixed in the home made four probe conductivity 

cell and impedance was measured by varying the temperature from 30°C to 160°C. This 

1
st
 heating data is not reliable since the water is present in the membrane. Hence after 1

st
 

heating scan, we cooled the cell and again measure the impedance by varying 
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temperature from 30°C to 160°C. The conductivity data presented here is the 2
nd

 heating 

data and the conductivity was measured without any humidification. Therefore 

conductivity values are in the 0% relative humidity condition. The proton conductivities 

of the representative membranes obtained from the Nyquist plots (Figure 4.11) are 

plotted against temperature and shown in Figure 4.12. As expected in all the cases the 

proton conductivity increases with increasing temperature. The proton conductivity of 

the blend samples is higher than neat PBI. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: Proton conductivity against temperature for PBI/PVDF-HFP blend 

membranes 

The proton conductivity of PBI at 160°C is 3.9 × 10
-2

 S/cm. For 90/10 blend the 

proton conductivity at 160°C is 1.64 × 10
-1

 S/cm, which is higher compare to neat PBI. 

The 75/25 blend which has comparable acid loading with PBI also shows higher 

conductivity than PBI. 25/75 whose acid loading is lower than the PBI is also display 

higher conductivity than PBI. Higher proton conductivity of the blend membranes than 

the neat PBI is due to the PVDF-HFP component in the blend membranes. Because of 

the large electronegativity of fluorine present in PVDF-HFP component, the fluorine 

moiety activates nearby H
+
 of the N–H bond of the imidazole ring. This makes an 
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additional contribution for the proton transport in the membranes, resulting higher 

proton conductivity of the blend membranes than neat PBI.
47 

The dependency of proton conductivity on temperature obeys Arrhenius 

equation as follows 

                            

 

Where σ is the protonic conductivity of the membrane (S cm
-1

), σ° is the pre-exponential 

factor (S K
-1

 cm
-1

), Ea is the proton conducting activation energy (kJ mol
-1

), R is the 

ideal gas constant (J mol
-1 

K
-1

) and T is the temperature (K). Arrhenius plots of 

temperature dependent conductivity are shown in Figure 4.13. The activation energy 

(Ea) is obtained from the slope of the linear fit of equation (4.5) and is shown in Figure 

4.13. The data fits well with the equation, suggesting that the proton conduction is 

mainly governed by the Grotthuss mechanism. The Ea of the blend membranes are 

comparable with PBI. The Ea values obtained here are in agreement with already 

reported data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: Arrhenius plots for the proton conduction of the blend samples. 

RT

E
lnT)ln( a

 (4.5) 
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4.4.8. Oxidative stability 

Since in real operating fuel cell conditions, PEMs are exposed to oxidative 

environment, hence the membrane stability towards the oxidative environment is an 

essentially parameter to be checked for its suitability as PEM. All the blend membranes 

including the neat polymer membranes were tested in oxidizing condition, in the 

Fenton’s reagent (3% H2O2 containing 4 ppm FeSO4) at 70°C to check their durability 

in this environment. The data are presented in Figure 4.14 as a plot of remaining weight 

VS time and the total time duration followed here is 120°C hours. Blend samples 

exhibit significant improvement in the oxidative stability compared to neat PBI since 

neat PVDF-HFP does not show any weight loss in the oxidative environment. Figure 

4.14 data clearly shows that the stability increases with increasing content of PVDF-

HFP in the blend. 

 

 

 

 

 

 

 

 

 

Figure 4.14: Oxidative stability of  PBI/PVDF-HFP blend membranes at their indicated 

composition. 
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4.4.9. Mechanical Stability 

 The mechanical and dimensional stabilities of the acid doped membranes are 

important criterions for the construction of efficient membrane electrode assembly 

(MEA). It has been reported in the literature that the mechanically and dimensionally 

weak membranes loose the continuity during the fabrication of MEA since the 

fabrication process involves the pressing of PEM in between two electrode layers under 

high pressure. MEA with discontinuous PEM cannot be used in fuel cell and hence 

mechanically strong membrane is very much desirable. We have observed that all our 

PA doped blend membranes are dimensionally stable and Table 4.5 lists the tensile data 

of the few representative acid doped blend membranes. Our results clearly indicate the 

better mechanical stability of the blend membranes compared to the neat PBI.           

Table 4.5: Mechanical strength data of PA doped blend membranes obtained from 

stress-strain experiment. 

PBI/PVDF-HFP 
Tensile strength 

(MPa) 

Elongation at break 

(%) 

100/0 3.27 21 

90/10 5.25 34 

50/50 6.85 40 

4.5. Conclusion 

 Partially miscible blends of  PBI with PVDF-HFP at various compositions have 

been prepared. The presence of hydrogen bonding interactions between the functional 

groups of two polymers is found to be the driving force for their partial miscibility. A 

thorough DSC study shows the presence of two compositions dependent Tg’s indicating 

that the two components are partial miscible. The blending of PBI with PVDF-HFP 

affected the crystallinity as observed from XRD and DSC studies. The PA doping level 

of PBI in the blend membranes are not significantly increases because of the high 

hydrophobic nature of  PVDF-HFP. Only for 90/10 blend composition the PA doping 
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level is higher than PBI. Although the PA doping level is not increasing much, the blend 

membranes are showing higher proton conductivity than PBI because of the presence of 

strong electronegative F atom. The oxidative stability of blend membranes is higher 

than neat PBI.  
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Chapter 5 
 

 
 

Proton exchange membrane developed from 

novel blends of polybenzimidazole and poly 

(vinyl-1,2,4-triazole) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Novel polymer blend membranes of PBI and poly(1-vinyl-1,2,4-triazole) 

(PVT) were prepared using solution blending method. The proton 

conductivity of the blend membranes have improved significantly 

compared to neat PBI because of the presence of triazole moiety which 

acts as a proton facilitator in the conduction process. 
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5.1. Introduction 

Proton exchange membrane fuel cells (PEMFCs) have received significant 

attention as promising candidates for clean and efficient energy conversion devices.
1−3

 

The conventional perfluorinated polymer-based proton exchange membrane (PEM) can 

operate only at low temperature; above 120°C, this PEM displays negligible proton 

conductivity. Therefore, the last couple of years, an enormous amount of effort has been 

exerted to develop high-temperature PEMs that can conduct protons readily up to 

180°C.
4−12

 Fuel cells consisting of this type of PEM offers many advantages, including 

simpler water management, higher CO tolerance, and faster electrode kinetics.
8−14

 

Heteroaromatic polymers containing groups such as imidazole, pyrazole, and triazole 

exhibit high conductivity in the anhydrous state at higher temperature and they are 

found to be suitable for fabricating high-temperature PEMs.
15−19

 The basic nitrogen sites 

of these heterocyclic polymers act as strong proton acceptors, with respect to strong acid 

groups, and thus facilitate the proton conduction when doped with acid at higher 

temperature.
20,21

 

Triazole and its derivatives have been studied extensively for use in high-

temperature PEMs because of their excellent proton conduction behavior.
22−29

 1H-1,2,4-

triazole, a heterocyclic molecule, can conduct protons readily under anhydrous 

conditions at higher temperature (>100°C) via the Grotthuss mechanism as in imidazole. 

The reported proton conductivity of pure 1H-1,2,4-triazole is 1.5 × 10
-4

 S/cm (at 115°C) 

and ~1.2 × 10
-3

 S/cm (at the melting point).
22

 Three N atoms in the triazole ring 

increase the long-range proton transport via structure diffusion, which is the driving 

force for the proton conduction. In several reports, 1H-1,2,4-triazole has been used as a 

dopant in an acidic polymer or to modify a polymer backbone with triazole units.
22,30−32

 

The disadvantage of using triazole as a dopant is that it may form a liquid phase in the 

polymer matrix, because of its low melting point, which results in diffusion from the 

polymer matrix into the electrodes and, at high humidity, because of its solubility, 

triazole may go out of the membrane.
26
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Poly(1-vinyl-1,2,4-triazole) (PVT, Scheme 5.1) is an promising polymer where 

the triazole ring is attached to the polymer backbone and, hence, can be used as an PEM 

in high temperature fuel cells after doping with appropriate dopants. Bozkurt et al.
33−35

 

has pioneered the PVT-doped membranes for their use as PEMs. They doped the 

polymer with a variety of acids at various molar ratios and showed that proton 

conductivity increases with dopant concentration and temperature. The mechanism of 

proton conductivity in the membranes was found to be the Grotthuss mechanism. The 

proton conductivity increased as the amount of dopant concentration, as well as the 

temperature, increased. But the main drawback of this polymer is that it does not form 

films that are very strong mechanically and, hence, its use may be limited. 

Polymer blending is an easy and economical method to produce new polymeric 

materials, because, by mixing two or more polymers with different physical properties, 

a material with enhanced physical and chemical properties can be generated. Therefore, 

the blending of PVT with another polymer, which can provide mechanical strength 

without destroying the other properties (such as proton conducting character), can be 

useful for the development of free-standing mechanically strong films with high thermal 

stability and high proton conductivity. The reported Nafion/PVT blend
36

 membranes 

were homogeneous and thermally stable at least up to 300°C and have displayed a 

conductivity that increased by three orders of magnitude upon hydration. But this blend 

membrane cannot be used for high-temperature proton exchange membranes (HT-

PEMs). Hence, the search for another polymer that can be blended with PVT is still 

ongoing for the development of HT-PEM. 

Phosphoric acid (PA)-doped polybenzimidazole (PBI, Scheme 5.1) has received 

much attention over the past few years and, to date, it is the best-known alternative of 

Nafion for high-temperature operations. PA-doped PBI exhibits high proton 

conductivity at temperatures up to 200°C and very high mechanical stability. It has 

some other advantages also, such as low gas permeability, excellent oxidative and 

thermal stability, and an almost-zero water drag coefficient. The proton conductivity of 

PA-doped PBI membranes is dependent on the doping level. PBI possesses both proton 

donor (–NH–) and proton acceptor (–N=) hydrogen bonding sites. Because of the 
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availability of the hydrogen bonding sites in the polymer backbone, it can form miscible 

blends
37,38 

with a variety of polymers. So the blend of PVT with PBI would be 

interesting, because combining the two polymers may result in a material where the 

properties of both polymers will combine and, as a result, the material may show high 

proton conductivity with high thermal and mechanical stability. We have demonstrated, 

in a series of articles, that PBI forms miscible and partially miscible blends with a 

variety of polymers, such as poly-(vinylidene fluoride), sulfonated polystyrene (chapter 

3), and poly(vinylidene fluoride-co-hexafluoropropene) (Chapter 4).
39,40 

In all of these 

cases, we have observed that, upon blending, the PBI properties (especially proton 

conduction behavior) have improved significantly. Therefore, we expect to see better 

conduction properties in the current blend also.  

In the present work, PVT, which has also acceptor sites in the side chain, was 

synthesized by free radical polymerization and blended with PBI. The miscibility, 

thermal stability, and proton conductivity of the blend membranes are studied using a 

variety of spectroscopic, thermal, and electrical techniques, respectively. Morphology of 

blend membranes was probed by microscopic techniques to understand the micro 

structural influences on the properties. 

 

 

 

 

 

 

 

Scheme 5.1: Structure of (A) Poly[2, 2'-(m-phenylene)-5, 5'-benzimidazole] (PBI) and 

(B) Poly(1-Vinyl-1,2,4-triazole) (PVT) 
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5.2. Experimental Section 

5.2.1. Materials 

Poly [2,2′-(m-phenylene)-5,5′-benzimidazole] (PBI) was obtained by 

polymerizing 3,3′,4,4′-tetraaminobiphenyl (TAB) and isophthalic acid in a 

polyphosphoric acid medium (115%) in the laboratory, using the standard method that 

we described earlier.
41,42

 The measured inherent viscosity (IV) from H2SO4 solution is 

1.04 dL/g and the calculated viscosity-average molecular weight is 70,000. The 

concentration of the polymer solution in H2SO4 was 0.2 g/dL for the viscosity 

measurements. The viscosity-average molecular weights of the PBI samples were 

obtained using the Mark-Houwink equation, where K = 5.2 × 10
-5

 dL/g and a = 0.92 for 

H2SO4 (98%) solvent at 30°C. The intrinsic viscosity ([η]) values of the synthesized 

PBIs were obtained using the Kuwahra single-point method. 1-Vinyl-1,2,4-triazole 

(>97%) was purchased from Sigma-Aldrich. Azobisisobutyronitrile (AIBN) is 

recrystallized from tetrahydrofuran (THF). Dimethylacetamide (DMAc; HPLC grade), 

dimethyl formamide (DMF; HPLC grade), phosphoric acid PA (85%), and deuterated 

dimethyl sulfoxide (DMSO-d6) were obtained from Merck (India) and used as-received. 

5.2.2. Synthesis of poly (1-vinyl-1,2,4-triazole) 

Poly(1-vinyl-1,2,4-triazole) (PVT) was synthesized via a free-radical 

polymerization method, using AIBN (5 mol %) as an initiator.
43

 The monomer weight 

concentration is 10%, with respect to DMF as solvent. The reaction mixture was heated 

at 60°C under a N2 environment for 24 h. After polymerization, the solution was poured 

into a large excess of ether. The resulting precipitate was washed in ether and dried in a 

vacuum oven at 60°C for 1 day. The IV value of the polymer measured from DMSO 

solution is 2.69 dL/g, and the calculated viscosity-average molecular weight using the 

Mark-Houwink equation is 12,000. The PVT polymer was confirmed using 
13

C CPMAS 

NMR (SS-NMR) and FT-IR spectroscopy (Figures 5.1 and 5.2). The NMR spectrum of 

PVT consists of four lines. The peaks near 150 and 158 ppm are the characteristic C 
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peaks of the triazole ring, and the peaks near 45 and 58 ppm correspond to the A and B 

peaks of the polymer backbone.
33-35

 The FT-IR spectrum of PVT contains the 

characteristic peaks of N=N, C=N, and C−N stretching frequencies at 1277, 1434, and 

1659 cm
-1

, respectively. The peak at 3438 cm
-1

 is due to absorbed moisture. 

 

 

 

 

 

 

 

 

 

 

                         Figure 5.1: Solid state 
13

C CPMAS NMR spectrum of PVT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: FT-IR spectrum of PVT. 
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5.2.3. Blend preparation 

Blends were prepared by mixing two polymers (PBI and PVT) in DMAc. The 

concentration of the polymer solution in DMAc was kept 1% (w/v). The required 

amount of the two polymers was taken in the measured quantity of DMAc and mixing 

was continued for 2 days by stirring with the help of a magnetic stirrer in a closed glass 

vessel at room temperature. The homogeneous blend solutions were filtered through a 

0.2-μm polytetrafluoroethylene (PTFE) membrane and then poured into a clean glass 

Petri dish at 70°C to cast the blend films. Transparent homogeneous thin films (Figure 

5.3) were obtained and dried in a vacuum oven at 70°C for 3 days to evaporate the trace 

amount of solvent completely. The films were stored in a closed desiccator for further 

characterization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Photographs of PBI/PVT blend membranes. 
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5.3. Characterization techniques 

5.3.1. FT-IR and SS-NMR spectroscopy 

Fourier transform infrared (FT-IR) spectra of the thin blend films (~70 μm) were 

recorded on Nicolet 5700 FT-IR spectrometer at a resolution of 0.5 cm
-1

 with an average 

of 64 scans. 
13

C CPMAS measurements were performed using a Bruker 400 MHz NMR 

spectrometer. 

5.3.2. Absorption and fluorescence spectroscopy 

Electronic absorption spectra were recorded on a Shimadzu model UV-3100 

UV-visible spectrometer. Steady-state fluorescence emission spectra were recorded on a 

Jobin-Yvon Horiba spectrofluorimeter (Model Fluoromax-3). The 1% PBI and blend 

solutions in DMAc were spin-coated onto an optically transparent quartz plate and then 

the spectra were recorded from the spin-coated plate. 

5.3.3. Thermal study 

 Thermogravimetric and differential thermal analysis (TG-DTA) were carried out 

on a Netzsch STA 409PC TG-DTA instrument, from 50°C to 800°C, with a scanning 

rate of 10°C/min in the presence of a nitrogen flow. A differential scanning calorimetry 

(DSC) device (Pyris Diamond DSC, Perkin-Elmer) was used to study the glass-

transition temperatures (Tg) of the blend samples. Samples were kept at 50°C for 30 min 

under isothermal conditions. Samples then were scanned from 50°C to 450°C at a 

heating rate of 10°C/min. The PVT and blend samples with high PVT content (10/90) 

were scanned up to temperatures of 200°C. The reproducibility of DSC results was 

checked by repeating the experiment at least thrice. The DSC equipment was calibrated 

using In and Zn as calibration materials prior to scanning the blend samples. 
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5.3.4. Morphological investigations 

The morphology of the blend samples were studied using field-emission 

scanning electron microscopy (FESEM). The samples were prepared by depositing one 

drop of 1% solution of the neat polymers and the blend samples on a glass slide. The 

glass slides then were dried in an oven at 60°C. They then were coated with gold, and 

their micrographs were obtained using a FESEM apparatus (Model Ultra 55, Carl Zeiss) 

5.3.5. Doping level, swelling ratio and thickness increase after doping with 

phosphoric acid 

The phosphoric acid doping level was calculated as the number of moles of PA 

present per PBI repeat unit. Doping level, swelling ratio, and thickness increase 

measurements were carried out by immersing the dry membranes in phosphoric acid 

(PA) for 3 days. The weight (Wd), length (Ld), and thickness (Td) of the membrane were 

measured before dipping in PA. The weight (Ww), length (Lw) and thickness (Tw) of the 

wet membranes were measured after 3 days of dipping in PA. Surface-absorbed PA was 

wiped before the measurements. Swelling ratio and thickness increase values of the 

membranes were calculated as 

              

 

             

The doping level calculation was determined by finding the weight of the acid 

absorbed by the membranes and for that the doped membranes that were dried in a 

vacuum oven at 100°C for 24 h and then weighed (Wacid). Equation 3 was used to 

calculate the number of moles of PA per PBI repeat unit. 

 

 

where MWPA and MWPBI are the molecular weights of PA and PBI, respectively. FPBI is 

the weight fraction of PBI in the blend compositions. All of the measurements were 
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carried out with three different pieces of similarly sized samples. The results represented 

here are the averages of three sets of data. 

5.3.6. Conductivity study 

 A four-point-probe technique is used to measure the proton conductivities of the 

blend samples. The impedance of the membranes was measured with an impedance 

analyzer, using a Zahner impedance spectrometer (ZENNIUM PP211) over a frequency 

range from 1 Hz to 100 Hz. The acid loaded membrane was cut into a rectangular shape 

and mounted onto the in-house-built conductivity cell. First, the conductivity of the 

membranes was measured from 30°C to 160°C. After the first heating scan, the cell is 

cooled while maintaining the dry conditions inside the vacuum and, again, the 

conductivity was measured from 30°C to 160°C. The data presented here are the second 

heating scans data. The conductivities of the samples were obtained from the direct-

current potential difference between the two inner electrodes. The conductivity was 

calculated with the following equation: 

                                                                                        

where, σ is the proton conductivity (S/cm), D is the distance between the electrodes, and 

B and L are the thickness and width of the blend samples, respectively. In all cases R 

was obtained from Nyquist plots. 

5. 4. Results and Discussion 

5.4.1. FT-IR study 

The FT-IR spectra of PBI, PVT and blend samples (collected from thin films) in 

the 3600-3000 cm
-1

 region are shown in Figure 5.4. Spectra of PBI consists several N–H 

stretching bands in the 3600-3000 cm
-1

 region. The peak at 3408 and 3144 cm
-1

 are 

because of free non-hydrogen bonded N–H stretching and self associated N–H 

stretching, respectively.
37-40

 The peak at 3063 cm
-1

 is due to the stretching frequency of 

RBL

D
(5.4) 
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aromatic C–H groups. It is observed that the peak at 3408 cm
-1

 is shifting to lower 

frequency and becomes broad with increasing PVT concentration (Figure 5.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: FT-IR spectra (3600-2900 cm
-1

) of the PBI/PVT blend film samples at their 

indicated compositions. 

In case of the 50/50 blend, the peak shifted to 3393 cm
-1

. This peak is not visible in 

25/75 and 10/90 (PBI/PVT) blends, because of overlapping of the PVT peaks with these 
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peaks. However, the aromatic stretching peak at 3063 cm
-1

 does not change its position. 

The red-shift of the free N–H band upon blending indicates the formation of specific 

interactions between N–H groups of  PBI with functionalities of  PVT. From Figure 5.4, 

it is also observed that the self-associate N–H peak at 3144 cm
-1

 is shifting toward 

higher frequency and increases its intensity. In the case of the 90/10 blend, the peak 

shifted to 3152 cm
-1

. This shifting and intensity enhancement can be attributed to the 

weakening of self-associated N–H–N hydrogen bonding of the PBI chains. Hence, from 

the IR studies, it is clearly evident that the N–H functionalities of PBI take part in the 

interaction with PVT upon blending. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: FT-IR spectra (1700-1100 cm
-1

) of the PBI/PVT blend film samples at their 

indicated compositions. 
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It is expected that the interaction between the two polymers will also induce 

changes in the PVT stretching frequencies. To understand this, we carefully analyze the 

FT-IR spectra of PVT, PBI, and blend films in the region of 1700-1150 cm
-1

 (Figure 

5.5). The peak at 1277 cm
-1

 in pure PVT represents the characteristic peak of the ring 

N–N bond. The peak at 1434 and 1659 cm
-1

 are the characteristic peaks of C–N and 

C═N bonds, respectively.
33-35

 Among three N atoms of the PVT ring, one is connected 

to the vinyl chain; hence, it cannot be involved in any interaction. The other two N 

atoms can form hydrogen bonding with N–H group of  PBI. From Figure 5.5, it is 

visible that the N–N stretching frequency at 1277 cm
-1

 is broadened and shifts to higher 

frequency as the PBI content in the blend is increased. When the PBI content is 90%, 

the 1277 cm
-1

 peak is shifted to 1285 cm
-1

. The peak at 1434 cm
-1

 does not change its 

position but becomes broad with increasing PBI content in the blend. As the PBI 

content in the blend is increased, the peak at 1659 cm
-1

 is shifted to lower frequency and 

shows substantial broadening. These changes indicated that an N–H···N type of 

interaction is present between the two polymers. Thus, IR data confirmed the presence 

of hydrogen bond interactions between the two polymers in the blend. 

5.4.2. Solid State 
13

C CPMAS study 

The interactions of the blend components can induce changes in line shape 

and/or shifts in the 
13

C resonance frequencies in the NMR spectra of the blend 

components, in comparison with the spectra of the neat polymers. Solid-state NMR has 

been used to study the interactions in the blends, because of the fact that this type of 

interaction strongly influences the electron density around the carbons bearing the 

interacting functionalities and induce changes in carbon chemical shifts, as well as 

changes in line shape. The solid-state NMR spectra of the PBI, PVT, and blend samples 

are shown in Figure 5.6. The spectrum of PBI consists of several lines. The peak at 155 

ppm is due to the carbons of the imidazole rings attached to phenylene rings, the peak at 

146 ppm is due to the carbons that connect the benzimidazole rings in the 

benzimidazole system, and the peak at 133 ppm is due to the aromatic carbons bound to 

the N atoms. The remaining peaks at 124 and 115 ppm are due to the protonated carbons 
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of PBI with a contribution from the nonprotonated carbon of the phenylene ring to the 

line centered at 124 ppm.
44

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: 
13

C CPMAS NMR spectra of PBI, PVT and blend samples. 

The PVT spectra consist of four lines. The peaks near 150 and 158 ppm are the 

characteristic C and D peaks of the triazole ring, and the peak near 45 and 58 ppm 

corresponds to structures A and B of the polymer backbone. From Figure 5.6, it is 

observed that the PBI peaks 155, 147, 133, 124, and 115 ppm have been shifted to the 

higher field in the case of the PBI/PVT blends, and it is more pronounced in the case of 
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the 90/10 sample. After the 90/10 samples, the peaks are not shifting for other blend 

samples; however, it is observed that, in the blend samples, the intensity of PBI peaks 

are gradually decreasing and PVT peaks are gradually appearing with increasing PVT 

concentration. Figure 5.6 also shows that the PVT peaks are also shifting to the higher 

field. So this shifting in chemical-shift values indicates the presence of interactions 

between the two polymers. Thus, FT-IR and solid-state NMR studies agree well and 

prove the presence of an interaction between PBI and PVT. 

5.4.3. Absorption and emission spectroscopy 

The absorption and fluorescence emission spectra of PBI, PVT, and blend 

samples are studied in solid state. The absorption spectrum of PBI (Figure 5.7) in solid 

state shows two distinct peaks: a lower wavelength peak at ~255 nm and higher 

wavelength absorption at ~343 nm.
45

 The higher wavelength peak at 343 nm 

corresponds to the π → π∗ transition. PVT does not display any absorption maxima. All 

the blend samples exhibit two distinct peaks. The intensity of these peaks is lower than 

that of PBI. This may because of a lower percentage of PBI in the blend. However, in 

the blends, the π → π∗  peak is red-shifted significantly. This indicates more delocalized 

electron density in the imidazole moieties. The N–H groups of imidazole take part in the 

interaction with PVT in the case of blends, hence allowing more delocalization of 

electrons in the imidazole ring, resulting in a red-shift of the π → π∗  peak. 

 The emission spectra of the PBI and blend samples recorded from solid state are 

shown in Figure 5.8. The emission spectrum of PBI shows one fluorescence band at 517 

nm. Usually, PBI shows two emission bands, which are assigned to the 0–0 and 0–1 

transitions from the excited 
1
Lb state in the benzimidazole ring of PBI.

41,42,45
 In this 

case, only one peak is observed, which is due to the 0–1 transition. The lower 

wavenumber is not observed in PBI because in the solid state PBI is in the aggregated 

state.
41

 The emission bands for blend samples are observed at lower wavelengths, 

relative to PBI. This blue shifting of the emission bands in the blend samples can be 

attributed to the interactions between the polymers. The emission intensity of the blend  
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Figure 5.7: Absorption spectra of PBI and blend samples at the indicated composition. 

All the spectra were recorded in the solid state. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Fluorescence emission spectra of PBI and blend samples. Excitation 

wavelength (λexc) is 350 nm. All the spectra were recorded in the solid state.  
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samples increases as the PVT content in the blend increases (Figure 5.8). This increase 

in intensity is quite unexpected, given the fact that, in the blend, the concentration of 

PBI is lower, compared to that of neat PBI. This unexpected intensity increase, in the 

case of the blend, may be due to increased electron delocalization that can be attributed 

to the strong interactions between the two polymers. 

5.4.4. Thermal study 

The thermal stabilities of PBI, PVT, and blend membranes before and after 

doping with PA are performed under a nitrogen atmosphere at a heating rate of 

10°C/min. The representative TGA curves are shown in Figure 5.9. Two different 

weight losses are observed for PBI before doping (Figure 5.9A). The first weight loss, 

which occurs at ~100-120°C, is due to loosely bound absorbed water molecules, and the 

second weight loss at 570-600°C is because of the degradation of the polymer 

backbone. PVT shows an exponential weight decay up to 20% (by weight) until 300°C, 

which can be attributed to absorbed water (Figure 5.9A). Above 350°C, a remarkable 

weight loss is observed, which is due to the thermal decomposition of the side groups 

and the polymer chain. From Figure 5.9A, it is observed that all the blend samples in 

their undoped state are thermally stable up to 300°C, except the initial weight loss, 

which varies, depending on the composition of the blend; this observation indicates that 

these are stable materials and can be used for high-temperature applications.  

All the samples are doped with 85% PA for 3 days, and their TGA results show 

their first major weight loss between 50°C and 150°C, which corresponds to the water 

content of PA (Figure 5.9B) and loosely bound PA. After the initial weight loss, a 

gradual weight loss is observed up to 600°C, which is due to the successive dehydration 

of PA. The initial weight loss increases very nominally with increasing PVT content in 

the blend, because of the lower thermal stability of PVT. 
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Figure 5.9: TGA curves of PBI, PVT and blend samples (A) before doping and (B) 

after doping with PA at their indicated compositions. 

5.4.5. Miscibility studies of blends 

The films obtained after blending samples are homogeneous and transparent 

(Figure 5.3), indicating the miscibility of the two polymer components. The detailed 

FT-IR study and solid-state NMR study of these blend films evidenced the presence of 

specific interactions between the two polymers, which resulted in miscible blends. The 

miscibility of polymers blends can be easily determined by measuring the Tg value of 
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the blends. A miscible polymer blend exhibits only one Tg value and when two 

polymers are partially miscible or completely immiscible, they exhibit more than one Tg 

value, because they possess more than one phase and each phase undergoes its glass 

transition at a unique temperature corresponding to its composition.
46

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: DSC thermograms of neat PBI, PVT and blends. The horizontal lines and 

the corresponding values in the thermograms are the Tg of the samples. 
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The glass-transition temperature (Tg) of the PBI, PVT, and blend samples are 

measured by using differential scanning calorimeter (DSC). The DSC measurement 

shows that the glass-transition temperatures of PBI and PVT are 362 and 153°C, 

respectively. These Tg values match well with the earlier reported values.
33-35,42

 The 

DSC thermograms of PBI and blend samples are shown in Figure 5.10. It is observed 

that all the blends exhibit a single Tg value, which decreases as the PVT content in the 

blend increases. This observation indicates the complete miscibility of the blends. The 

Tg values of the blends are between the Tg values of neat polymer, which also can be 

attributed to complete miscibility of the two polymers. The Gordon-Taylor formula 

(equation 5.5) can be used to evaluate the dependency of Tg on the blend composition. 

                                                              

 

where W is the weight fraction, Tg is the glass-transition temperature of the blends, Tg1 

and Tg2 are those of the pure components (PBI and PVT, respectively), and k is an 

adjustable fitting parameter (the Gordon-Taylor constant) that describes the strength of 

the intermolecular interaction between the components in miscible polymer blends; the 

lower the value of k, the poorer the interaction.
47

 The Tg versus composition plot is 

shown in Figure 5.11. The dotted lines in Figure 5.11 are drawn using the Gordon-

Taylor equation with k values of 1 and 1.5. The Tg-composition curve of the PBI/PVT 

system forms a sigmoidal curve, as a function of composition, and it exhibits negative 

deviation from the Gordon-Taylor equation. The Tg value fits well for k = 1.5. It has 

been demonstrated in the literature that the resulting value of k for thermodynamically 

miscible blends is close to unity, which is indicative of intimately mixed amorphous 

phases. Hence our value of k, which is close to unity, proves that the present blend is a 

thermodynamically miscible blend. When the PVT concentration is low, the Tg value of 

the blend is lower than the Gordon-Taylor Tg value. However, at high PVT 

concentration (90%), the Tg value is higher than the Gordon-Taylor Tg value. Hence, the 

above fitting clearly indicates a strong intermolecular interaction between the polymers, 

which was also proved from spectroscopic studies, resulting in miscible blends. 

(5.5) 
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Figure 5.11: Variation of the glass transition temperature (Tg) of the blend samples as a 

function of blend composition. The solid points (●) are the experimentally obtained Tg 

from the DSC study, and the dotted lines are the calculated Tg curve according to the 

Gordon-Taylor equation with k= 1 and 1.5. 

5.4.6. Morphological study 

The blend membranes appear very homogeneous, which is attributed to 

miscibility (Figure 5.3). No phase separation is visible. This result is consistent with the 

FT-IR, SS-NMR, and DSC results. The homogeneity of the blend membranes are also 

studied by FE-SEM. The FE-SEM images of PBI, PVT, and a few representative blend 

images are shown in Figure 5.12. The morphology of PBI and PVT is featureless, which 

is consistent with earlier reports.
33-35,48

 However, the morphology of the blend 

membranes is completely different from the neat polymers. It is interesting to note that 

blend samples exhibit a porous morphology and the pore size and nature are highly 

dependent on the blend composition. The porous morphology transforms to particle 

morphology at high PVT contents of the blend. Figure 5.12 clearly demonstrates that 

the pore size increases with increasing PVT content in the blend; the bigger pores are 

seen in the case of the 75/25 blends; after that, pore size become smaller with increasing 
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PVT content. Beyond 50/50 blends, the pores transform to particles, as seen in the case 

of the 10/90 samples. This morphology characteristic is seen throughout the membrane. 

We do not know the exact reason for this type of morphology; however, it can be said 

that, since the current blend is a miscible system, a new phase has been formed, which 

displays this type of morphology. Earlier, it was shown that the miscibility arises from 

the specific interactions, such as hydrogen bonding, or weak charge-transfer complexing 

can influence conformational changes of the individual polymer chains of the blends 

which result in local ordering and microstructure in the miscible polymer blends.
49,50

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: FE-SEM images of (A) PBI and PBI/PVT blends (B) 90/10, (C) 75/25, 

(D) 50/50, (E) 10/90, and (F) PVT. 

We expect to see better properties of the blends compared to neat a polymer 

which is the manifestation of this porous morphology. We have discussed the properties 

of the blends in the next few sections and it is indeed true that the blend properties are 

better than the neat polymers. The phosphoric acid doped PEMs are prepared by dipping 

these porous membranes in the PA bath, and it is reasonable to expect that the pores will 

be filled with PA and most likely with higher amount of PA. Recently, significant 

number of reports in the literature also demonstrated that the microporous morphology 

(A) (B) (C) 

(D) (E) (F) 



Chapter 5  173 

can indeed be very useful to absorb the larger amount of PA.
51,52

 Further work is in 

progress to study the suitability and durability of these membranes in a working 

PEMFC. 

5.4.7. Swelling ratio and thickness increase in phosphoric acid   

The swelling ratio and thickness increase for the acid doped membrane are 

important criteria of polyelectrolyte membrane for real fuel cell applications, because 

very thick membranes are not suitable for the membrane electrode assembly (MEA) 

fabrication. The PBI membrane increases in thickness quite significantly after PA 

doping. The swelling ratio, thickness increase, and PA loading of acid-doped PBI and 

blend membranes are shown in Table 5.1.  

Table 5.1. Swelling and acid loading data of blend membranes after dipping in PA for 

three days. The standard deviations are shown in the parenthesis.  

 

 

 

 

From the table, it is observed that the swelling ratio and thickness increase of the 

blend membranes are significantly lower than those for PBI. Hence, these membranes 

are suitable for MEA fabrication. This significant decrease of swelling ratio and 

thickness in the case of blend membranes may be the result of their porous morphology. 

Because of these morphological features, when the blend membranes are dipped into 

PA, the porous structure of membrane accommodate the acid molecule in the pores, as a 

result of that, the thickness does not increase much, compared to that for neat PBI, and 

swelling of the membrane becomes less. The PA loading of the membrane increases 

with increasing PVT content in the blend (Table 5.1), since the N atoms of PVT can 

Sample  

(PBI/PVT) 

Swelling ratio 

(%) 

Thickness increased 

(%) 

PA loading  

(mols/PBI repeat 

unit) 

100/0 

(PBI) 

43.13 (1.5) 150 (23.54) 10.21 (1.92) 

90/10 32.99 (0.16) 41.66 (11.79) 11.40 (0.46) 

75/25 39.03 (1.37) 37.5 (0) 15.85 (0.18) 

50/50 42.79 (1.2) 49.93 (10) 18.82 (2.31) 
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also interact and form acid-base complexes with the PA molecules. Also, the porous 

morphology of the blend membranes allows impregnation of a higher amount of PA. 

5.4.8. Proton conductivity 

Proton conductivity of polyelectrolyte membrane is the most crucial property for 

a material to become a suitable PEM for use in fuel cells. The proton conductivities of 

all of the blend membranes are measured in the temperature range of 30-160°C. All the 

membranes are immersed in PA solution for 3 days for acid doping before the 

measurement. The PA-loaded membranes are fixed in the homemade four-probe 

conductivity cell, and impedance is measured by varying the temperature from 30°C to 

160°C. These first heating data are not reliable, because water is present in the 

membrane. Hence, after the first heating scan, we cooled the cell and again measured 

the impedance by varying the temperature. The conductivity data presented here 

represent the second heating data, and the conductivity is measured without any 

humidification. The proton conductivities of a few representative membranes obtained 

from the Nyquist plots (Figure 5.13) are plotted against temperature and shown in 

Figure 5.14. As expected in all the cases the proton conductivity increases with 

increasing temperature.  

The proton conductivities of the blend samples are higher than that of the neat 

PBI. There are three reasons for the higher conductivity of blends: (i) because of the 

presence of both imidazole and triazole rings, the blend membranes are holding more 

PA, which increases the conductivity (ii) because of the porous morphology and (iii) 

because of the fact that triazole and imidazole rings are present in the same membrane 

and, hence, the proton conduction becomes more easy and feasible, compared to neat 

polymer. The proton conductivity of PBI at 160°C is 3.9 × 10
-2

 S/cm. For the 50/50 

blend, the proton conductivity at 160°C is 1.1 × 10
-1

 S/cm, which is one order of 

magnitude higher, compared to neat PBI. Aslan et al. reported a maximum conductivity 

of PVT/(poly-(styrenesulfonic acid)2 and PVT/(styrenesulfonic acid)4 blend membrane 

is 1.5 × 10
-2

 S/cm at 150°C and under anhydrous conditions.
53

 In another report, 

Gunday et al. used 1H-1,2,4-triazole (Tri) as a proton solvent in different polymer host 
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matrices, such as poly(vinylphosphonic acid) (PVPA), and poly(2-acrylamido-2-

methyl-1-propane sulfonic acid) (PAMPS) to form PVPATrix and PAMPSTrix, where x 

is the molar ratio of Tri to the corresponding polymer repeat unit.
31

 The maximum 

proton conductivity they could get is 2.3 × 10
-3

 S/cm at 120°C for PVPATri1.5 and 9.3 × 

10
-4

 S/cm at 140°C for PAMPSTri2. In the literature, the reported conductivity of PVT 

at 150°C is 5 × 10
-3

 S/cm. However, when we tried to measure the conductivity of PA-

doped PVT, it could not be measured after 60°C. At high temperature (>60°C), the 

dissolution of polymer in PA is observed, which is flowing out of the conductivity cell. 

We did not face any problem with our blend samples and could measure up to 

160°C.Therefore the conductivity values for PBI/PVT blends are much higher than the 

reported values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: Nyquist plots of (A) PBI and blends (PBI/PVT) (B) 90/10, (C) 75/25 and 

(D) 50/50. 

(A) (B) 

(C) (D) 
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Another reason of the high proton conductivity of the blend membranes is their 

morphology. The blend membranes have porous morphology (Figure 5.12). Because of 

the presence of pores the blends membranes can hold more PA than PBI. This increases 

the proton conductivity since conductivity is directly proportional to the amount of PA 

in the membrane. Also the porous nature of the membrane facilitates better proton 

conduction resulting high proton conductivity. A careful comparison of morphology 

(Figure 5.12) and conductivity (Figure 5.14) data brings an important correlation 

between the morphology and conductivity of the membrane. The porous nature 

increases as we increase the PVT content (up to 75/25 composition); the conductivity 

also increases up to 75/25 and then slowly drops since the porous nature decreases after 

75/25 composition. For 10/90 sample does not have porous structure, hence its 

conductivity is much lower compare to other blends. Therefore the morphology 

(microstructure) of the membrane influences the conductivity. 

 

 

 

 

 

 

 

 

 

Figure 5.14: Proton conductivity against temperature for PBI/PVT blend membranes. 

Two mechanisms contribute the proton transfer in PA doped heterocyclic 

polymer electrolyte membranes. One is based on rapid proton exchange between 
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phosphate and hetero cyclic moieties via hydrogen bonds (Grotthuss mechanism) and 

the second is on self diffusion of phosphate moieties (Vehicle mechanism).
54

 For PA 

doped membranes Grotthuss mechanism is the predominant mechanism for proton 

conduction.
55 

To understand the conduction mechanism the conductivity data against 

temperature plotted using the Arrhenius equation as follows 

                                                                          

Where σ is the protonic conductivity of the membrane (Scm
-1

), σ° is the pre-exponential 

factor (S K
-1

 cm
-1

), Ea is the proton conducting activation energy (kJ mol
-1

), R is the 

ideal gas constant (J mol
-1 

K
-1

) and T is the temperature (K). Arrhenius plots of 

temperature dependent conductivity are shown in Figure 5.15. The activation energy 

(Ea) is obtained from the slope of the linear fit of equation (5.6) and is shown in Figure 

5.15.  

 

 

 

 

 

 

 

 

Figure 5.15: Arrhenius plots for the proton conduction of the blend samples at their 

indicated compositions. 

RT

E
lnT)ln( a

 (5.6) 
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The data fits well with the equation, suggesting that the proton conduction is 

mainly governed by the Grotthuss mechanism. The Ea of the blend membranes are less 

compared to PBI. This is because triazole and triazole derivatives act as a proton 

transport facilitators for polymer electrolyte membranes.
33-35

 That is why the proton 

conductivity of the blend membranes are higher than neat PBI. Also porous morphology 

facilitates faster proton conduction resulting lower Ea than neat PBI. 

5. 5. Conclusion 

Novel blends of PVT and PBI of various compositions have been prepared using 

a solution blending technique. FT-IR and solid-state NMR, as well as photophysical 

studies, indicate the presence of a specific interaction between the two polymers, 

allowing them to form a miscible blend. The blend samples show a single composition-

dependent Tg value, which decreases as the PVT concentration in the blend increases. 

These observations suggest that PBI and PVT form a miscible blend. The N−H···N 

interaction between the two polymers is the driving force for this miscibility. The 

swelling ratio and thickness increase of the blend samples are smaller than those of PBI. 

The proton conductivity of the blend membranes is higher than that of the neat PBI and 

increases as the PVT concentration increases, up to the 75/25 (PBI/PVT) composition. 

The morphology of the blends governs the conduction behavior of the blends. These 

thermomechanically stable, highly conducting blends may be suitable for use as proton 

exchange membranes (PEMs) in high-temperature fuel cells. 
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Sulfonated polystyrene/graphene 

nanocomposite: A facile route for 

generation of graphene nanosheets 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Single layer ~1 nm thick graphene (GP) nanosheets have been generated 

and stabilized in the presence of sulfonated polystyrene (SPS) 

nanoparticle. The nanocomposite display better thermal, mechanical and 

ionic conduction compared to pristine SPS. 
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6.1. Introduction 

Ever increasing demand of polymer nanocomposites, owing to their unique 

properties and myriad applications, has been the primary focus of many material 

scientists. The dispersion of filler in nanometer length scale in the polymer matrix is the 

driving force for the improved properties (increased strength, decreased gas 

permeability, increased solvent and heat resistance etc.) compared to the pristine 

polymers.
1,2 

Graphene (GP), a two-dimensional sp
2 

bonded carbon sheet with one-atom 

thickness, is found to be the most prominent nanofillers to develop polymer 

nanocomposite in recent years among various others which include carbon nanotubes, 

clays, silica particles etc.
3-10

 

GP has attracted significant attention in recent years due to its fascinating 

properties such as large surface area; high mobility of charge carriers, excellent 

mechanical properties, high thermal conductivity and thermal stability.
11-17 

Among the 

various synthetic methods, chemical reduction of graphene oxide (G–O) is an easy 

method for low cost, large scale production of graphene. In this method first graphite is 

converted into graphite oxide (GO) which contains several functional groups such as 

hydroxyl, carboxyl, epoxy etc. and  then GO layers are exfoliated into two dimensional 

graphene oxide (G–O) nanosheets by applying ultrasonic vibration or thermal shock.
18-

20 
Then G–O sheets are reduced to GP using reducing agents. However, this method has 

severe limitations like 100% conversion (incomplete reduction) of G–O to GP, tendency 

of GP sheets to reform into graphite layer due to instability of single layer GP. There are 

many efforts to overcome the above mentioned limitations. Among those, formation of 

nanocomposite with varieties of polymer is very much beneficial since it can stabilize 

the GP sheet as well as improves the polymer physical properties significantly.
3-5,11 

Hu 

et al prepared nanocomposites of polystyrene (PS) particles with graphene via in situ 

emulsion polymerization of styrene and reduction of G–O to GP using hydrazine 

hydrate.
21

 They have shown that the nanocomposites have high thermal stability and 

high glass transition temperature than PS. The electrical conductivity of PS increases 

from 1.0×10
-10

 Scm
-1

 to 2.9×10
-2

 Scm
-1

 for nanocomposites containing 2 wt% graphene. 
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In another study Zhou et al prepared poly(vinyl alcohol) (PVA)/graphene 

nanocomposites by reducing PVA/graphite oxide nanocomposite films in aqueous 

medium.
22

 They observed a 40% increase in tensile strength and 70% improvement in 

elongation at break with 0.7 wt% of reduced GO. A bulk of reports on nanocomposites 

of varieties of polymers with graphene based materials are available in the literature.
3-

5,23-27
 

Spherical sulfonated polystyrene (SPS; Figure 1.12) nanoparticles have many 

applications in numerous areas among which its use as polymer template for 

nanoparticle synthesis and proton conducting membrane are the latest in the lot.
28-31 

But 

the use of SPS is limited because of their poor mechanical property. SPS nanoparticles 

can be either prepared by emulsion copolymerization of styrene and styrene sulfonated 

or sulfonating pre-formed polystyrene particles.
32,33 

Although nanocomposites of 

polystyrene (PS) with graphitic fillers are widely known in the literature
34-38

 but 

relatively lesser numbers of reports have used SPS and graphitic fillers to prepare new 

materials.
39-42 

The stable aqueous dispersion of graphitic nanoplatelets coated with 

anionic polymer, poly(sodium 4-styrenesulfonate) (PSS), pioneered by Ruoff
39

 has 

emerged as an ideal candidate for the development novel polymer nanocomposites.
39-42 

Recently, core-shell PS microspheres coated with GP sheets via π-π accumulation have 

been prepared to study their electrocatalytical and electrorehological properties.
36-38 

However, the lack of reports on stabilization of GP sheets using SPS nanospheres 

motivated us to prepare the SPS/GP nanocomposite. Since SPS nanospheres have well 

defined core-shell structure with shell decorated with –SO3H functionalities,
32

 we can 

expect greater degree of stabilization of G–O with SPS compared to the only PS spheres 

owing to the strong interactions between the functional groups of SPS and G–O. After 

the formation of stable SPS/G–O nanocomposite, one can readily reduce the G–O to GP 

to form SPS/GP nanocomposite. The composite of SPS in its particle form with GP 

would be interesting because the SPS particle might stop the reformation of GP sheet 

into layer graphitic structure by absorbing themselves into the GP sheets which will 

interfere the closeness between the sheets and also incorporation of GP will 

significantly improves the properties of SPS.  
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In this report, we have prepared nanocomposite of SPS nanospheres and 

graphene by chemically reduce G–O in the SPS polymer matrix. The properties of 

polymer graphene nanocomposites depend on the exfoliation and good dispersion of 

graphene in the polymer matrix. The effect of graphene on the properties of SPS is 

studied. The thermal and mechanical properties of the SPS/GP are investigated. The 

water uptake and proton conductivity of the SPS/GP nanocomposites are also measured. 

6.2. Experimental Section 

6.2.1. Materials 

Styrene (SISCO, India) was purified as per the reported procedure. Sodium 

dodecyl sulfate (SDS, Merck), sodium bicarbonate (SISCO, India), and ammonium per 

sulfate (APS, Merck) as the monomer, surfactant, buffer, and initiator, respectively, 

were used as received from the suppliers. Sulfuric acid (Merck), dimethylformamide 

(Merck), graphite powder (Sigma-Aldrich), sodium nitrate (SISCO, India), potassium 

permanganate (Merck), hydrogen peroxide (Merck), hydrazine hydrate (Merck), 

deuterated dimethyl sulfoxide (DMSO-d6) were used as received. Milli Q water was 

used for all the experiments. 

6.2.2. Sulfonation of polystyrene particles  

Polystyrene (PS) of 50 nm size which were prepared using emulsion 

polymerization technique as per method described earlier was used for the preparation 

of sulfonated PS (SPS).
43

 PS (1 g, 5.43 mmol) was taken in round bottom flask and 10 

ml of H2SO4 was added to the flask. The reaction mixture was stirred at 40°C for 30 

minutes. The precipitate was filtered and washed with large quantities of water till the 

filtrate was neutral. Finally the product was washed with ethanol. Then the product was 

taken in a Petri dish and dried in oven at room temperature under vacuum for 24 hrs. 

The shape and size of both PS and SPS were determined from TEM image (Figure 6.1). 

PS particles are monodisperse, spherical and 50 nm in size. SPS particle size is also 50 

nm but with core-shell morphology. The degree of sulfonation of SPS is 27.7% 
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determined from the 
1
H NMR spectrum (Figure 6.2) using method as described 

earlier.
32,33

 

 

 

 

 

 

 

Figure 6.1: TEM image of (A) polystyrene particles (50 nm) (B) sulfonated polystyrene 

particles (50 nm). 

 

 

 

 

 

 

Figure 6.2: 
1
H NMR spectrum of SPS. 

6.2.3. Synthesis of graphene oxide (G–O) and reduced graphene (r-GP) 

Natural graphite powder was oxidized to graphite oxide (GO) using a modified 

Hummers method.
44

 About 1 g of graphite powder and 0.5 g of NaNO3 were taken in 70 

ml of concentrated H2SO4 which was kept in an ice bath. Then 3 g of KMnO4 was 

gradually added. The mixture was stirred for 2 h and diluted with deionized water. After 

(A) (B) 
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that 5% of H2O2 was added into the solution until the color of the mixture changed into 

brilliant yellow, indicating fully oxidized graphite (graphite oxide). Then as obtained 

graphite oxide was re-dispersed in deionized water and then subjected to ultra-

sonication for 2h to generate exfoliated graphene oxide (G–O) nanosheets. Then the 

mixture was filtered and washed with dilute HCl solution to remove metal ions. Finally 

the product was washed with deionized water to remove the acid.  

Reduced graphene (r-GP) is obtained by chemical reduction of G–O. G–O was 

dispersed in water and to this hydrazine hydrate (1:1 in mass ratio) was added. The 

reduction was carried out at 100°C for 12h. The resulting r-GP obtained was centrifuged 

and washed with deionized water. The product was dried in vacuum oven at 65°C. 

6.2.4. Synthesis of sulfonated polystyrene/graphene nanocomposites 

In 10 ml of dimethyl formamide (DMF) required amount of GO is dispersed and 

sonicated for 2 hours. In another 10 ml DMF, sulfonated polystyrene (SPS) (1% by wt.) 

was dissolved. Both the solutions are mixed and the mixture was stirred for 24 hours. 

Then the mixture was poured in petri dish and the solvent was evaporated at 65°C. The 

resulting SPS/G–O nanocomposite film was dried in vacuum oven at 65°C for one day. 

To prepare SPS/graphene (SPS/GP) nanocomposite the SPS/G–O film was immersed in 

hydrazine hydrate solvent and refluxed at 100°C for 12 hours. After 12 hours the 

membrane was taken out and washed with water to remove excess hydrazine hydrate. 

Then the resulting SPS/GP films were dried in vacuum oven at 65°C for 2 days. The 

whole process for the formation of r-GP and SPS/GP is shown in Scheme 6.1. 

The amount of GP in the SPS/GP composite is altered by taking required 

amount of GO in the reaction mixture. We have considered the amount of GO taken as 

the % of GP in nanocomposite. We have varied % of GP from 1% to 7%. The SPS/GP 

nanocomposites were obtained as free standing films (Figure 6.3) of thickness 80 μm. 

All the characterization as described in the next section were carried out from these 

films. 
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Scheme 6.1: Synthesis of reduced graphene (r-GP) and sulfonated polystyrene 

(SPS)/graphene (GP) nanocomposites. 

 

 

 

 

 

 

 

Figure 6.3: Photographs of SPS-GP nanocomposite films 
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6.3. Characterization techniques 

6.3.1. FT-IR and Raman spectroscopy 

Fourier transforms infrared (FT-IR) spectra of the thin nanocomposite films 

were recorded on a Nicolet 5700 FT-IR spectrometer at resolution of 0.5 cm
-1

 with an 

average of 32 scans. Raman spectra were recorded on a confocal Raman spectrometer 

(WITec Alpha 300R AFM) equipped with a Peltier-cooled CCD detector. Argon laser 

operating at 488 nm was used as an excitation source for the Raman scattering. All 

measurements were collected in air.  

6.3.2. Wide angle X-ray diffraction (WAXD) 

WAXD patterns of the samples were collected from an X-ray generator (Model 

PW 1729, Philips) with Cu Kα radiation (λ = 1.5418 Å) source at voltage 40 kV and 30 

mA current in the 2θ range 5-45°.  

5.3.3. Thermal study 

 Thermogravimetric and differential thermal analysis (TG-DTA) were carried out 

on a (Netzsch STA 409PC) TG-DTA instrument from 50-800°C with a scanning rate of 

10°C/ min in presence of nitrogen flow. Dynamic mechanical analysis (DMA) of all the 

nanocomposite films was determined using TA Instrument Mechanical Analyzer 

(DMA) Q800. The storage modulus, loss modulus and tan δ were measured at a heating 

rate of 4°Cmin
-1

 under a preload force of 0.01N at a frequency of 1 Hz. The samples are 

kept at 50°C isothermally for 20 min inside the DMA machine and the scanned from 50 

to 250°C at a heating rate 4°C min
-1

. 

5.3.4. Morphological investigations 

A transmission electron microscope (TEM, FEI Tecnai Model No. 2083) 

operating at 120 kV was used to image and study the morphology of the samples. The 

sample was dissolved in little amount of DMF and the solution is diluted with water. 
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The TEM samples were prepared by drop casting samples on the carbon coated copper 

(200 mesh) grid. The atomic force microscope (AFM) images of the samples were 

captured in an AFM apparatus (model: Solver Pro M of NT-MDT) working in semi-

contact mode. A microcantilever with a spring constant of 10 N/m was used to scan the 

samples.                 

5.3.5. Water uptake and conductivity study 

Water uptakes of the nanocomposite membranes were obtained by immersing 

the dry membranes in water for 24 h. The weights of the membrane were measured 

before and after dipping in water. Water uptake values of the membranes were 

calculated as  

   

where Ww and Wd are the weights of the wet and dry membranes, respectively. 

 Proton conductivities of the nanocomposite samples were measured with a four-

point probe technique. The impedance of the membranes was measured with an 

impedance analyzer by using a Metrohm Autolab (PGSTAT302N) over a frequency 

range from 1 Hz to 100 Hz. The membranes were soaked in water for 24h. The soaked 

membranes were cut into rectangular shape and mounted onto the in-home built 

conductivity cell. The conductivities of the samples were obtained from the direct-

current potential difference between the two inner electrodes. The conductivity was 

calculated with the following equation: 

                                                                                                 

where, σ is the proton conductivity (S/cm), D is the distance between the electrodes, and 

B and L are the thickness and width of the blend samples, respectively. In all cases R 

was obtained from Nyquist plots. Conductivities were measured over a temperature 

range 30-50°C with 5°C interval. 

 

%100
d

dw
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Water Uptake = (6.1) 
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D
(6.2) 
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6. 4. Results and Discussion 

6.4.1. Synthesis and characterization of graphene oxide (G–O) 

G–O is synthesized by following the procedures as shown in the scheme 1 and 

described in the experimental section. First graphite oxide is made by oxidation of 

graphite and then this oxide is exfoliated with help of sonnication to produce G–O. The 

oxidation of graphite to graphite oxide is confirmed by FT-IR (Figure 6.4).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: FT-IR spectra of graphite oxide 

 

The spectrum consists of different characteristic peaks of oxygen functionalities 

in the region 900-2200 cm
-1

. The peak at 1721 cm
-1 

corresponds to carboxyl C=O 

stretching frequency. The peaks at 1263 cm
-1

 and 1063 cm
-1

 indicate the presence of 

epoxy and alkoxy or alkoxide groups, respectively. These peaks confirmed the presence 

of functional groups in the graphite oxide. Modified Hummer method used to make 

graphite oxide introduces several functional groups such as carbonyl (-C=O), hydroxyl 

(–OH), carboxyl (–COOH) attached to the layers of graphite. The powder X-Ray 

patterns of graphite and graphite oxide (GO) are shown in Figure 6.5.  

 



Chapter 6  193 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: (A) XRD patterns of graphite, graphite oxide (GO) and graphene oxide   

(G–O) (B), (C) and (D) TEM images of pristine graphite, GO and G–O, respectively, 

(E) AFM image of G–O (F) AFM height profile of G–O. Inset: Interlayer distances of 

graphite and GO. 
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Graphite has a characteristic peak at 2θ ≈ 26
0  

which corresponds to an interlayer 

separation of 0.34 nm. After oxidation of graphite the peak at 2θ ≈ 26
0
 is completely 

suppressed and an additional characteristic peak appears at 2θ ≈ 11
0 

with interlayer 

spacing 0.79 nm. The complete absence of 0.34 nm interlayer spacing in case of 

graphite oxide (GO) indicating the complete oxidation of graphite and bigger interlayer 

spacing of GO than graphite. In case of exfoliated GO or G–O the d spacing at 2θ = 11° 

(Figure 6.5) is disappeared completely indicating the complete exfoliation of GO to    

G–O as shown in the Scheme 6.1.  

High resolution TEM image (Figure 6.5) of pristine graphite, GO and G–O 

clearly reveal the increase in interlayer thickness in the case of GO and complete 

exfoliation in the case of G–O. The TEM micrograph of G–O (Figure 6.5D) has no 

planes attributing the complete exfoliation happening in 2h sonication of GO. The 

interlayer distances measured from the TEM micrographs (Inset of Figure 6.5B, 6.5C) 

are matching with the distance obtained from XRD patterns (Figure 6.5A). AFM image 

and height profile (Figure 6.5E and 6.5F) of G–O confirms the formation of ~1 nm thick 

and ~170 nm long graphene oxide nanoplatelets, indicating that sonication of GO 

produces single layer G–O sheets. These above results confirm that the resulting G–O 

sheets consist of only single layer. 

6.4.2. Preparation of sulfonated polystyrene (SPS)/graphene oxide (G–O) 

nanocomposite 

The single layer ~1 nm thick and ~170 nm long G–O nanoplatelets, as discussed 

in the previous section, are mixed with SPS nanospheres in different weight % loading 

(1%, 3%, 5% and 7%) to prepare SPS/G–O nanocomposite as shown in the Scheme 6.1. 

After 24 h of stirring, the solvent (DMF) is evaporated and SPS/G–O nanocomposite 

films are obtained. Since both SPS and G–O have many functional groups available at 

their surfaces, it is reasonable to expect the presence of strong interactions between SPS 

and G–O which drives the formation of nanocomposite. Indeed this is found to be true 

as evident from the IR data as description follows. The important stretching frequencies 

of SPS, GO and SPS/G–O are marked in the Figure 6.6. 
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Figure 6.6: FT-IR spectra of SPS, GO and SPS/ GO nanocomposites. 

The nanocomposite consists both SPS and GO peaks indicating the presence of 

both the constituents. The O–H stretching of –SO3H of SPS at 3451 cm
-1

 shifted to 

lower wavenumber (3430 cm
-1

) and becomes broader in case of nanocomposite 

attributing that –SO3H of SPS is involved in the interaction with G–O nanoplatelets.
23

 

Similarly the asymmetric stretching of –SO3H of SPS shifted from 1179 cm
-1

 to 1166 

cm
-1

 in nanocomposite. Also a substantial shift (700 cm
-1

 to 689 cm
-1

) of out of plane 

blending vibration of  PS ring is obtained in case of nanocomposite. These results 

clearly indicate the strong interaction between SPS and G–O and these interactions 

resulted in the stable nanocomposite formation. The 1263 cm
-1

 peak of  GO is due to C–
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OH stretching and this also is observed in substantial shift to lower wavenumber at        

1229 cm
-1

.
23

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: XRD patterns of SPS and SPS/G–O nanocomposites. 

Figure 6.7 represents the XRD patterns of SPS/G–O nanocomposites along with 

pristine SPS. All the nanocomposites have similar diffraction patterns like native SPS 

attributing the formation of well dispersed nanocomposite. Most importantly, all 

nanocomposite do not display any peak at around 2θ ≈11° (d= 0.79 nm), which is 

present in GO (Figure 6.5A) indicating that in the nanocomposite graphene sheets are 

completely exfoliated as single layer graphene. As mentioned in the previous section G–

O has been prepared from GO by sonicating and G–O has no layer structure as shown in 

Figure 6.5. Figure 6.7 clearly proves that SPS/G–O nanocomposite has no layer 

structure, in fact it is expected that the exfoliation of graphene sheets would be more in 

nanocomposite since SPS particles will be separating the nano sheet further as shown in   

Scheme 6.1. 
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6.4.3. Preparation of SPS/GP from SPS/G–O nanocomposite 

The SPS/G–O nanocomposite films are reduced to SPS/GP nanocomposite films 

by refluxing the former in hydrazine hydrate at 100°C for 12h as shown in Scheme 6.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: FT-IR spectra of SPS, GO and SPS/GP nanocomposites. 

All the graphene sheets with functional group convert to only single layer 

graphene sheet. These films are characterized thoroughly to prove the presence of 

graphene sheet as well as SPS particle. We believe the SPS nanospheres do not allow 

the single layer graphene to reassemble in to the graphite layer structure. To validate our 
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hypothesis, we conducted a control experiment (Scheme 6.1), in which we reduced G–O 

to GP in absence of SPS nanospheres by maintaining similar reaction condition as in 

SPS/G–O to SPS/GP. The resultant material is named as reduced graphene (r-GP) as 

presented in Scheme 6.1.  The FT-IR spectra of SPS/GP nanocomposite film are shown 

in Figure 6.8 along with SPS and GO. Peaks corresponding to the functional groups of 

GO is not observed in the nanocomposite and also there is complete absence of peak 

shifting and broadening of SPS peaks in nanocomposite. These results indicate that GO 

is reduced to graphene (GP), and GP is present along with the SPS in the nanocomposite 

without any functional group interactions.         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9: XRD patterns of graphite, G–O, SPS, SPS/GP nanocomposite film and 

reduced GP (r-GP). 

When exfoliated GO is reduced, after reduction there is a probability that the 

reduced graphene layers may agglomerate and forms the layer structure again owing to 

the strong van der Waals force of attraction between single graphene layer. But in the 
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nanocomposite graphene layers are in the exfoliated state which can be seen from the 

XRD pattern of SPS/GP nanocomposite (Figure 6.9). The SPS/GP XRD pattern is 

similar to SPS and has no interlayer spacing indicating that GP sheets are completely in 

exfoliated state and present as single layer in nanocomposite. On the other hand when 

G–O is reduced in absence of SPS to produce r-GP, it shows strong graphite diffraction 

at 2θ= 21.4° corresponding to interlayer spacing 0.41 nm. This clearly indicates that in 

absence of SPS nanospheres the graphite sheets are agglomerated to produce graphite 

like structure. The presence of exfoliated GP sheets in SPS/GP nanocomposite is due to 

the fact that SPS nanospheres adsorb to the GP sheets surface and interfere in the 

process of recombination of GP sheets because of their particle nature and as a result the 

GP sheets stay away from each other yielding well exfoliated nanocomposite. 

To prove further that GP is present as single layer thick sheet in SPS/GP 

nanocomposite, we looked into the AFM topography (Figure 6.10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10: AFM image (A), height profile (B) and TEM image (C) of SPS/GP 

nanocomposite. 
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As seen from the image and height profile the particles are sitting on the GP sheet 

surface and the sheets are well dispersed in the SPS matrix. The thickness of the sheets 

is varying with ~1-2 nm indicating the presence of single layer graphene sheet. Once 

again TEM image (Figure 6.10) clearly display the particle nature of SPS in the 

composite, it also clearly indicate the presence of GP sheets along with SPS particle. 

 The Raman spectra of graphite, GO, SPS/GP nanocomposites and r-GP are 

shown in Figure 6.11. The Raman spectrum of graphite shows a prominent G band at 

1553 cm
-1 

corresponding to the first-order scattering of the E2g mode
45 

of the planar sp
2 

hybridized carbon atoms. In GO, the G band broadened and shifted to 1603 cm
-1

 and in 

addition another peak at 1369 cm
-1

 corresponding to D-band is observed. The D-band 

indicates disorder sp
3
 carbon atom and originates due to edge effects.

20,21,36 
The D-band 

occurs due to extensive oxidation. The Raman spectrum of SPS/GP also contains both G 

and D bands (at 1606 and 1366 cm
-1

, respectively) in which D-band further shifted 

toward higher frequency indicating exfoliation of graphene layer. ID/IG (the intensity of 

D and G) is 0.96 in case of GO whereas it is 0.48 in case of SPS/GP. The decrease of 

ID/IG ratio in case of SPS/GP attributing that proportion of sp
2
 C atoms increased after 

reduction from GO to GP by restoring sp
3
 to sp

2
 C atoms.

36,45,46  
This observation shows 

that the GO is converted to graphene in the SPS/GP nanocomposites. 

 It is interesting to note that the Raman spectrum (Figure 6.11) of reduced 

graphene (r-GP) which is prepared by reducing GO in absence of SPS nanospheres 

displays only the G band at 1552 cm
-1

 (similar to graphite) and the D-band disappears, 

and the Raman spectra is almost like graphite Raman spectra. This indicates that in 

absence of SPS nanospheres the graphene layer agglomerated and goes back to the layer 

structures. Hence, it can be confirmed that in SPS/GP nanocomposites, SPS 

nanospheres prevent the reduce graphene layers from agglomeration.  As a result this 

drives the formation of nice dispersion of graphene layers in the SPS polymer matrix.  
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Figure 6.11: Raman spectra of graphite, GO, SPS/GP nanocomposite and r-GP. 

6.4.4. Properties of SPS/GP nanocomposites 

 Several properties e.g. thermal, mechanical, conductivity etc. of 

nanocomposite are studied and compared with pristine SPS. The thermal stability of 

GO, SPS/GP nanocomposite films and SPS are shown in Figure 6.12. It is observed that 

GO is thermally stable up to 270°C. The first weight loss occurs at 100°C which is due 

to presence of water between the GO layers. The weight loss at 270°C is due to 

pyrolysis of labile oxygen containing functional groups such as carboxylate, epoxy 

hydroxyl etc.
47,48

 But chemically reduced graphene is thermally stable because most of 

the functional groups are reduced. For reduced graphene also weight loss at 100°C is 

observed. This is due absorbed water by the graphene layers. The thermal stability 

graphite and reduced graphene are nearly same. In case of SPS/GP nanocomposites the 
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thermal stability increases compared to SPS with increasing loading percentage of 

graphene. This is more clearly visible from the DTG curve (Figure 6.12B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12: (A) TGA curves and (B) Derivative curves of TGA of SPS, GO, reduced 

graphene and SPS-GP nanocomposites. 

 Thus the thermal stability of SPS is little improved in the nanocomposites. 

Usually graphene layers just like other layered material such as clay act as thermal 

barrier and slows down the thermal decomposition of the polymer matrixes. But the 

thermal stability of SPS/GP is not increased much as expected and the reason for little 
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improvement is that although the layer structure of graphene is stable, it has high 

thermal conductivity. So this makes graphene layers difficult to slow down the heat 

transfer, thus the thermal stability of SPS/GP nanocomposites is improved only slightly.  

 The thermo-mechanical properties of SPS/GP nanocomposites measured using 

DMA are shown in Figure 6.13 and 6.14. The storage moduli (E′) of SPS and SPS/GP 

nanocomposites at different temperature are tabulated in Table 6.1. Figure 13 and Table 

6.1 data clearly show that the storage modulus (E') of SPS/GP nanocomposites increases 

with increasing GP content in the nanocomposites. Almost ~90% increase in 

mechanical strength is observed for 7% GP loading. It is also to be noted that the % of 

increase of mechanical reinforcement is more near the glass transition (Tg) temperature. 

The Tg of all samples are close to 100°C (discussed later). We observed ~143% increase 

in mechanical strength at 90°C which is very close to Tg of the sample. This increase in 

storage modulus can be attributed to the higher stiffness and large surface area of the 

graphene sheets. GP is known to enhance the mechanical strength of the polymer 

nanocomposites for their above properties. 

 

 

 

 

 

 

 

 

Figure 6.13: Temperature dependent storage modulus plots of SPS/GP nanocomposites 

obtained from DMA studies. 
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Table 6.1: Various thermo mechanical data of SPS/GP nanocomposites obtained from 

the DMA study 

Sample E′ (MPa) at 60°C % increase E′ (MPa) at 90°C % increase 

SPS 943  666  

SPS-1% GP 1056 11.98 973 46.09 

SPS-3% GP 1442 52.92 1110 66.67 

SPS-5% GP 1716 81.97 1593 139.19 

SPS-7% GP 1765 87.17 1617 142.79 

The loss modulus and tan δ plots as a function of temperature are shown in 

Figure 6.14. The peak temperature in these plots corresponds to the glass transition 

temperature (Tg) of the polymer and listed in Table 6.2. The results clearly indicate that 

the Tg of SPS increases with increasing graphene content in the nanocomposites. It 

could be observed that the Tg of SPS increases from 10 to 15°C in nanocomposites and 

this is due to the of the presence of graphene layer in the polymer matrix which perturb 

the mobility of the polymer chains resulting increase in the Tg of the polymer. 

Table 6.2: Glass transition temperature obtained from DMA experiments 

Sample Loss modulus (MPa) 

Tg (°C) 

Tan δ 

Tg (°C) 

SPS 104 114 

SPS-1% GP 109 116 

SPS-3% GP 109 120 

SPS-5% GP 112 127 

SPS-7% GP 114 129 
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Figure 6.14: Temperature dependent (A) loss modulus (B) tan δ plot of SPS and 

SPS/GP nanocomposites. 
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Water uptake measurements were carried out to investigate the swelling 

properties of SPS and nanocomposite membranes. The water uptake values of SPS and 

SPS/GP nanocomposite samples are shown in Figure 6.15. The water uptake of SPS 

increases with increasing graphene content in the nanocomposite membranes. The water 

uptake of SPS is 4.7% and it increases to 19.38% for 7% graphene content. The larger 

surface area of nanocomposites is responsible for the increase in water uptake of 

nanocomposites compared to pristine SPS. 

  

 

 

 

 

 

 

 

Figure 6.15: Water uptake of SPS and SPS/GP nanocomposites as a function of 

graphene content in the nanocomposites. 

 The proton conductivity of SPS and nanocomposite membranes were measured 

from 30°C to 50°C. All the membranes were soaked in water for 24h for water uptake 

before the measurement. The hydrated membrane fixed in the home made four probe 

conductivity cell and impedance was measured. The proton conductivities of the 

representative membranes obtained from the Nyquist plots (Figure 6.16).  
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Figure 6.16: Nyquist plots of SPS and SPS/GP nanocomposite films. 

 Figure 6.17 compares the proton conductivity values of various membranes 

measured from 30 to 50°C. The proton conductivity of SPS increases with increasing 

graphene content in the membrane, however the temperature dependence of 

conductivity is not very prominent. The proton conductivity of SPS increases from 

2×10
-3

 to 4.9×10
-3

 when the graphene content is 7% at 30°C and from 2.5×10
-3

 to 

SPS/7%-GP 

SPS/5%-GP SPS/3%-GP 

SPS/1%-GP SPS 
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6.3×10
-3  

at 50°C. The proton conductivity of SPS depends on the percentage of water 

uptake and microstructure of the membranes. The water uptake increases with graphene 

content and because of this more water uptake the SPS/7%GP shows more proton 

conductivity compared to SPS. Another reason for improvement in conductivity may be 

attributed to combinations of highly conductive graphene in the polymer matrix. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17: Temperature dependent proton conductivity of SPS/GP nanocomposite 

membranes 

6. 5. Conclusion 

Single layer ~1 nm thick and ~ 170 nm long graphene (GP) nanosheets have 

been generated and stabilized in the presence of sulfonated polystyrene (SPS) 

nanospheres. Exfoliated graphene oxide (G–O) nanosheets are solution blended with 

SPS nanospheres to produce SPS/G–O nanocomposites which then reduced to SPS/GP 

nanocomposites upon treatment with hydrazine hydrate. In-depth characterization of the 

nanocomposites with the help of X-Ray diffraction, Raman spectroscopy and atomic 

force microscopy clearly prove the formation of single layer GP in the SPS/GP 
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nanocomposite. Due to the strong interaction between –SO3H functionality of SPS and 

functional group of G–O; the spherical SPS particles are adsorbed on the graphene 

sheets which in turn perturb the recombination process of graphene sheet when G–O is 

reduced to GP. This results in stable SPS/GP nanocomposite. The nanocomposite 

display better thermal, mechanical and ionic conduction compared to pristine polymer. 

Hence in summary, SPS particles help to produce and stabilize single layer graphene 

sheets; in turn these GP nanosheets help to produce mechanically strong ion conducting 

SPS membrane. 
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7.1. Summary 

 The thesis entitled “Blends and Nanocomposites of Sulfonated 

Polystyrene and Polybenzimidazole” describes the studies of blends and 

nanocomposites of different polymer systems. The thesis contains seven chapters which 

includes five working chapters, an introductory and a concluding chapter. The summary 

of the contents of each chapter is as follows. 

Chapter 1 

 Chapter 1 deals with a brief introduction on polymer blending, highlighting the 

types, classification, methods of preparation and thermodynamic requirement for 

blending. The characterization techniques and importance of blending has also been 

discussed.  This chapter also focuses a brief introduction on polymer nanocomposites, 

types and property enhancement of polymer nanocomposites. A brief picture of 

graphene, its synthesis and polymer-graphene nanocomposites have given. Finally this 

chapter discussed aims of this thesis. 

Chapter 2 

In this chapter the influence of sulfonation reaction time, temperature and the 

parent polystyrene (PS) particle size on the degree of sulfonation (DS), ion exchange 

capacity (IEC), morphology and glass transition temperature (Tg) of sulfonated 

polystyrene (SPS) particles was investigated. A longer reaction time (~2 h) at 40°C and 

a smaller particle size resulted in SPS particles with a high DS. It was found that a 

larger PS particle size did not readily yield SPS particles with a high DS even with a 

longer reaction time. Contrary to the popular belief in the literature that a higher DS 

ensures a high IEC, we observed that the proportionality of IEC to DS is primarily 

controlled by the SPS particle size. Larger IEC values were obtained for larger particles 

rather than smaller ones despite their similar DS, owing to the presence of strong 

interactions between −SO3H groups within the particles in the latter case which restricts 

the availability of free H
+
 for ion exchange. The SPS particles displayed a core-shell 
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morphology in which the outer shell appeared because of sulfonation on the PS. The DS 

value and the SPS particle size significantly influenced the shell thickness and thereby 

the morphology of the SPS particles. 

Chapter 3 

This chapter described the formation of core (polystyrene)–shell 

(polybenzimidazole) nanoparticles from a new blend system consisting of an amorphous 

polymer polybenzimidazole (PBI) and an ionomer sodium salt of sulfonated polystyrene 

(SPS-Na). The ionomer used for the blending was spherical in shape with sulfonated 

groups on the surface of the particles. An in depth investigation of the blends at various 

sulfonation degrees and compositions using Fourier transform infrared (FT-IR) 

spectroscopy provided direct evidence of specific hydrogen bonding interactions 

between the N–H groups of PBI and the sulfonate groups of SPS-Na. The disruption of 

PBI chains self association owing to the interaction between the functional groups of 

these polymer pairs was found to be the driving force for the blending. 

Thermodynamical studies carried out by using differential scanning calorimeter (DSC) 

established partially miscible phase separated blending of these polymers in a wider 

composition range. The two distinguishable glass transition temperatures (Tg) which are 

different from the neat components and unaltered with the blends composition attributed 

that the domain size of heterogeneity (dd) of the blends was >20 nm since one of the 

blend component (SPS-Na particle) diameter was ~70 nm. The diminish of PBI chains 

self association upon blending with SPS-Na particles and the presence of invariant Tg’s 

of the blends suggested the wrapping of PBI chains over the SPS-Na spherical particle 

surface and hence resulting a core-shell morphology. Transmission electron microscopy 

(TEM) study provided direct evidence of core-shell nanoparticle formation; where core 

is the polystyrene and shell is the PBI. The sulfonation degree affected the blends phase 

separations. The higher degree of sulfonation favored the disruption of PBI self 

association and thus helped to form partially miscible two phases blends with core-shell 

morphology. 
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Chapter 4 

 In this chapter partially miscible polymer blends of polybenzimidazole (PBI) 

with poly(vinylidene fluoride-co-hexafluoro propylene) (PVDF-HFP) have been 

prepared for their use as polymer electrolyte membrane (PEM) in high temperature 

PEM fuel cell after being doped with phosphoric acid (PA). The miscibility of the blend 

membranes was confirmed by characterizing the samples using varieties of 

spectroscopic and thermodynamical techniques. Infrared (IR) and 
13

C solid state NMR 

(SS-NMR) studies revealed the presence specific interactions between the two 

polymers. The composition dependent two glass transition temperatures (Tg) of the 

blend membranes attributed the partial miscibility of the two components. The 

significant decrease of crystallinity of PVDF-HFP, as observed from differential 

scanning calorimetry and X-ray diffraction studies, upon blending also attributed the 

interactions between the two polymers components which yielded the partially 

miscibility. The hydrophobicity of PVDF-HFP helped to control the PA loading and 

was found to be the responsible for decreased water uptake of the blend membrane 

compared to pristine PBI. The blending significantly reduced the increase in thickness 

and swelling ratio of the membranes upon doping with PA. The presence of fluorine 

atoms of PVDF-HFP in the blend membranes helped to obtain significantly higher 

proton conductivity than the native PBI and enhance the oxidative stability 

substantially. PA doped blend membranes displayed superior mechanical stability 

compared to neat PA doped PBI.   

Chapter 5 

In this chapter a novel polymer blend membranes of PBI and poly(1-vinyl-1,2,4-

triazole) (PVT) were prepared using solution blending method. The aim of the work was 

to look into the effect of the blend composition on the properties e.g. thermo-mechanical 

stability, swelling and proton conductivity of the blend membranes. The presence of 

specific interactions between the two polymers in the blends was observed by studying 

the samples using varieties of spectroscopic techniques. Blends prepared in all possible 
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compositions were studied using a differential scanning calorimetry (DSC) and 

exhibited single Tg which lies between the Tg of the neat polymers. The presence of 

single composition dependent Tg attributed that the blend is a miscible blend. The       

N–H---N interactions between the two polymers were found to be the driving force for 

the miscibility. Thermal stability upto 300°C of the blend membranes, obtained from 

thermogravimetric analysis, ensured their suitability as PEM for high temperature fuel 

cell. The proton conductivity of the blend membranes have improved significantly 

compared to neat PBI because of the presence of triazole moiety which acts as a proton 

facilitator in the conduction process. The blend membranes showed considerably lower 

increase in thickness and swelling ratio than that of PBI after doping with phosphoric 

acid (PA). We found that the porous morphology of the blend membranes caused the 

loading of larger amount of PA and consequently higher proton conduction with lower 

activation energy compared to neat PBI. 

Chapter 6 

Recombination of graphene (GP) nanosheets to graphitic layer structure limits 

the large scale production of single layer GP and hence its applications. In this article, 

sulfonated polystyrene (SPS)/GP nanocomposite was prepared to address this issue. 

Exfoliated graphene oxide (G−O) was solution blended with spherical SPS 

nanoparticles to produce SPS/G−O nanocomposite and then converted to SPS/GP 

nanocomposite by treating with the reducing agent. X-ray diffraction, IR and Raman 

spectroscopy and Atomic force microscopy studies clearly proved the presence of single 

layer ~ 1nm thick graphene nanosheets in the SPS/GP nanocomposite. The presence of 

strong interactions between the functionalities of SPS and G−O facilitated the formation 

of nanocomposite. During the reduction of G−O to GP in the nanocomposite, GP sheets 

could not recombine into graphitic layer structure owing to the obstruction imposed by 

the SPS nanoparticles which were adsorbed on the GP sheets. The nanocomposite 

displayed superior thermal, mechanical and ionic conductivities compared to pristine 

SPS. Significant mechanical reinforcement, for example 90% increase in storage 

modulus in case of 7% GP loading, by GP nanosheets enabled us to prepare 
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mechanically strong SPS membrane which is otherwise brittle in nature. Nanocomposite 

exhibited higher proton conductivity compared to pristine SPS. In conclusion, a give-

and-take approach was developed where SPS nanoparticles facilitated the formation of 

single layer GP nanosheets by blocking the recombination of these nanosheets into layer 

structure and in return GP nanosheets enabled the fabrication of mechanically stable ion 

conducting SPS membrane. 

7.2. Conclusion 

The following conclusions are drawn from the studies of “Blends and 

Nanocomposites of Sulfonated Polystyrene and Polybenzimidazole” 

 

Chapter 2 

1. A series of SPS particles with various degree of sulfonation (DS) are 

synthesized and characterized. 

2. The DS, ion exchange capacity (IEC), morphology and glass transition 

temperature (Tg) of SPS particles depends not only on reaction time and 

temperature but also on the size of the parent polystyrene particles. 

3. Smaller PS particles, a longer reaction time (ca 2 h) and 40°C temperature 

are found to be the best reaction conditions to achieve the higher DS. 

4. It was found that the proportionality of IEC to DS is substantially influenced 

by the PS particle size: a higher IEC value is obtained for larger particles 

compared with smaller particles even though their DSs are similar; this is 

due to the strong interaction between the −SO3H groups within the particle 

for smaller particles. 

 

Chapter 3 

1. Sodium salt of SPS are prepared and used as template to prepare core 

(polystyrene)-shell (polybenzimidazole) nanoparticles by solution blending 

method. 
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2. The successful disruption of N–H self association of PBI and the presence of 

specific hydrogen bonding interaction between free N–H of PBI and the 

sulfonate groups of SPS-Na are the driving forces for the formation of 

partially miscible two phases blends of PBI and SPS-Na particles with core-

shell morphology. 

3. Because of the presence of interaction between the two polymers, PBI chains 

wrap on the SPS-Na spheres forming of core–shell type morphology. 

 

Chapter 4 

1. Partially miscible blends of PBI with PVDF-HFP at various compositions 

have been prepared by blending method. 

2. The presence of hydrogen bonding interactions between the functional 

groups of two polymers is found to be the driving force for their partial 

miscibility. 

4. Though the PA doping level of PBI in the blend membranes are not 

significantly increases because of the high hydrophobic nature of PVDF-

HFP but the proton conductivity of the blend membranes are significantly 

increased in the blend membranes.  

5. Also the oxidative and mechanical stabilities of blend membranes are 

improved compare to neat PBI.  

 

Chapter 5 

1. Novel miscible blend of PVT and PBI of various compositions have been 

prepared using a solution blending technique.  

2. The N−H···N interaction between the two polymers is the driving force for 

this miscibility. 

3. The proton conductivity of the blend membranes is governed by its 

morphology and it increases with increasing PVT concentration.  

4. The morphology of the blends governs the conduction behavior of the 

blends. These thermo-mechanically stable, highly conducting blends may be 
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suitable for use as proton exchange membranes (PEMs) in high-temperature 

fuel cells. 

 

Chapter 6 

1. Exfoliated graphene oxide (G–O) nanosheets are solution blended with SPS 

particles to produce SPS/G–O nanocomposites which then reduced to 

prepare SPS/GP nanocomposites. 

2. Adsorbed SPS particles on the graphene sheets perturb the recombination 

process of graphene sheet when G–O is reduced to GP resulting a stable 

SPS/GP nanocomposite. 

3. The nanocomposite display better thermal, mechanical and ionic conduction 

compared to pristine polymer. 

7.3. Scope of Future Work 

 The present thesis has addressed the importance of blending and nanocomposite 

in the improvement of polymer properties. It also addresses the importance of various 

polymers specially PBI as PEM membrane in PEMFC. We believe the findings of this 

thesis will have great impact on the future development of polybenzimidazole (PBI) for 

its use in PEMFC application. The studies carried out in this thesis could direct 

researchers to conceive the potentiality of new issues. Few of such important scope for 

future work are listed below:  

1. Chapter 3 deals with the formation of core (polystyrene)-shell 

(polybenzimidazole) blend membrane. Effort should be made to study the 

application of these membranes as PEM in PEMFC.  

2. Effort should be made to prepare porous PBI membranes for the application in 

PEMFC by removing the core PS from core (polystyrene)-shell 

(polybenzimidazole) blend membrane. 
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3. Different water insoluble derivatives of 1, 2, 4-triazole can be prepared and 

blended with PBI. The proton conductivity of these blend membranes can be 

explored. 

4. Attempts must be made to prepare the PBI/ Poly(1-vinyl-1,2,4-triazole) blend by 

in-situ blending method. 

5. The SPS/GP nanocomposite can be prepared in water medium and the property 

improvement of the polymer can be compared when the nanocomposite was 

prepared in DMF medium. 

6. Finally the fuel cell testing of the PA doped PBI and PBI blend membrane can 

be studied. 
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