
 
 

 

Design, Synthesis, Characterization and Applications of 

Polyimides, Sulphonated Copolyimides and their Composites 

with Protic Ionic Liquids 

 

 
 
 

By 

Aalia Manzoor 
 
 
 

Department of Chemistry 
 Quaid-i-Azam University  

Islamabad 
2024 

 

  



 
 

 

 

Design, Synthesis, Characterization and Applications of 

Polyimides, Sulphonated Copolyimides and their Composites 

with Protic Ionic Liquids 

 

 
 

A dissertation submitted to the Department of Chemistry, Quaid-i-Azam 

University, Islamabad, in fulfilment of the requirements for the degree of 

 

Doctor of Philosophy 

In  

Organic Chemistry 

By 

Aalia Manzoor 
Department of Chemistry 
 Quaid-i-Azam University  

Islamabad 
2024 

 



 
 

 

DECLARATION 

This is to certify that this dissertat ion entit led <tDesign, Sy nthesis, Characterization and 

Applications 0/ Polyimides Sulphonated Copolyimides and their Composites with 

Protic Ionic Liquids" submitted by Ms. Aafia Monzoor , is accepted in its present form 

by the Department of Chemistry, Quaid-i-Azam University, Islamabad, Pakistan, as 

satisfying the partial req ui rement for the award of degree of Doctor 0/ Philosophy in 

Organic Chemistry. 

External Examiner (I ): 

Exte rnal Examiner ( II): 

Supervisor & I lead of Section: 

Chairman: 

Prof. Dr. Za hid Shafiq 
Institute of Chem ical Sciences 
Bahauddin Zakariya University 

Multan 

ascem Iqbal 
S-E NUST 

Prof. Dr. Mrs. Humaira Masood Siddiqi 
Department of Chemistry 
Quaid-i-Azam University 

Islamabad. 

Prof. Dr. Aamer Saeed Bhatti 
Department of Chemistry 
Quaid- i-Azam University 

Islamabad. 



 
 

 

Certificate of Approval 

This is to ccMify that the research work presented in this thesis, elltillc:t1 " 0..-5iIO, 

S\'nlh l.'s is,Chn raeler i:t.ation 1I11d Apli licalion s of I'olvimidl.'s SulphoDI'I.'d 

Copo lyimid c..~ and Ihd r CODlpo~iICS wilh I'rolic Ionic Liquid;'!" was conducted by 

Ms. Aa lill Mlln7.(){l r under the supervision of Prof. Dr. M!'S. Humai rll MII~ood Siddiqi 

No pnM of this thesis has been submitted any where else for any other degree. This Ihesis, 

is submil1cd 10 Ihe Department of Chel11 is trv Quaid_i_A:t.aDl Unh'c!'Sity Is lamuhad in 

pan in I fulfillment of lhe requirements for the Doctor of Philosophy in Field of OrganiC 

Chl.'mistry. Department nf Chemist ry. Quaid-i-Alam Unh·ersity. h lama hatl. 

Sllldenl Name 

Examination C(lmm ittce: 

1. External Examiner: 

2. Euern:tl Examiner : 

J. Int ernal Exumin~r: 

Su pervisor: 

IIcll d or [)Cfl"rtm "nt: 

Ms. Aalin Manzoor Signature: L 

Prof. Dr. Zahid Shariq 
Institute o f Chemical Sciences 
Bahauddin Zakari),a Uni"ersity 
Mullan 

Prof. Dr. Naseem Iqba l 
USPCAS-E i\L~ I 
11-12 hlumnhad 

Signatu:>'!, '11-__ 

f>ror. Ur. j\\r~ Humuiru i\1asood Siddiqi Signature: ~ 
DcpaMmenl of Chemistry 
Quaid-i'A1.am Universi ty 
Islamabad. 

Prof. Dr. JluDla ira Masood Siddiqi Signature: ~ 
Pror. Or. AUlller Sliood Ilh uui Signature: ~~--A 



 
 

 

PLAGIARISM UNDERTAKI NG 

I solem nly declare that, the research work presented in the thesis titled '1)csi1im1 

Synthesis.Charactcrization and Applications of Polyimidcs Sulphona ted Copolyimidcs 4rd 
their Composites with Protic Ionic Liquids " is solely my research work with no significant 

contribut ion from any other person. Small contribution/help wherever taken has been duly 

acknowledged and that complete thesis has been written by me. 

I understand the zero tolerance policy of the !-lEe and Oun id- i-Azam University Is lamabl.ld 

towards plagiarism. Therefore, J as an Author or the above titled thesis declare that no portion of 

my thesis has been plagiarized and any material used as reference is properly referred/c ited. 

I undertake that if I am found gui lilY of any formal plagiarism in the above ti tled thesis even aller 

award of Ph.D. degree, the university reserves the r igh ts to withdraw/revoke my Ph .D. degree 

and that HEC and the University has the right to publish my name on the HEC/Un iversity 

website on which names of students are placed who submitted plagiar ized thesis. 

Student/Author Signature: ---J@e"j .. <---<--

Name: Ms. Aalia Manz(]lor 



 
 

 

AUTHOR'S DECLARATION 

I. Ms. A:llia MlI ll zoor hereby state that my Ph.D. thesis titled " Design. 

Svnthes is.Characterization and Applications of POlyimides Su lphonated Copolvim idcs and 

their Composites with ","otic Ionic Liquids" is my own work and has not been submitted 
previously by me for taking any degree from th is Univers ity (Quaid-i-Azam University 

Islamabad) or anywhere else in the country/world. 

AI anytime if my statement is found to be incorrect even after my Graduation the University has 

the right to withdraw my Ph.D. degree. 

~ 
Name of student: Ms. Aa lia Manzoor 



 
 

 

 

 

 

 

 

 

 

 

  

 



 
 

 

 

 

 

 

 

 

This dissertation is Dedicated To my 

Loving Abu G (Manzoor Hussain 

Khan), Ammi (Azra Manzoor), 

Brothers and Sister 
Who supported, encouraged and prayed  

for me throughout my life.  

May ALLAH Almighty bless them all. Aameen!! 



 

i 
 

 

Table of Contents 

 

Preamble…………………………………………….…..……………………………… vi 

Acknowledgements…………………………..………...………………………………viii 

Abstract……………….…………………………………………………………………. x 

Index of tables ………………………………………………..…………………………xii 

Index of Figures ………………………….………………………………………….... xiii 

Index of Schemes ……………………...…………………...………………………….. xvi 

List of Abbreviations ………………...………………………………....……………. xvii 

1: Introduction ............................................................................................................... 1 

1.1: Polyimides................................................................................................................ 1 

1.1.1: Synthesis of polyimides .................................................................................. 2 

              1.1.1.1: Synthesis of polyamic acid and its mechanism………………………….4 

      1.1.1.1.1: The impact of monomer reactivity…………………………………..6 

       1.1.1.1.2: The impact of reaction conditions and solvent……………………..8 

        1.1.1.2: The thermal imidization………………………………………………..9 

        1.1.1.3: The chemical imidization ..................................................................... 9 

1.2: Sulphonated polyimides .......................................................................................... 11 

1.3: Ionic Liquids .......................................................................................................... 14 

1.3.1: Properties of ionic liquids ............................................................................. 14 

1.3.2: Classification of ionic liquids ........................................................................ 15 

           1.3.2.1: Protic ionic liquids……………………………………………………….16 

           1.3.2.2: Aprotic ionic liquids……………………………………………………...16 



 

ii 
 

1.4: Sulphonated copolyimide/protic ionic liquid (SPI/IL) composites ........................... 17 

1.5: Applications of sulphonated polyimides and protic ionic liquid composites ............ 17 

1.5.1: Sulphonated copolyimides as chemosensors.................................................. 18 

1.5.2: Sulphonated copolyimides for adsorption of toxic metal ions from water.. .... 19 

1.5.3: Polymer electrolyte membrane fuel cells (PEMFCs) ..................................... 21 

1.6: Literature Review on sulphonated copolyimides and composites ............................ 24 

1.7: Scope and Objective of Work ................................................................................. 29 

1.8: Plan of work ........................................................................................................... 30 

2: Experimental............................................................................................................ 35 

2.1: Materials................................................................................................................. 35 

2.2: Purification of solvents ........................................................................................... 36 

2.3: Characterization methods ........................................................................................ 36 

2.3.1: Thin layer chromatography (TLC) ................................................................ 36 

2.3.2: Fourier transform infrared spectroscopy (FTIR) ............................................ 36 

2.3.3: Ultraviolet-visible absorption spectroscopy ................................................... 36 

2.3.4: Gel permeation chromatography (GPC) ........................................................ 37 

2.3.5: Thermal analysis ........................................................................................... 37 

2.3.6: Atomic absorption spectroscopy (AAS) ........................................................ 37 

2.3.7: Four probe proton conductivity measurement ............................................... 37 

2.3.8: Single fuel cell test........................................................................................ 39 

2.4: Synthesis…………………………………………………………………………....41 

2.4.1: Synthesis of diamine monomers .................................................................... 41 

            2.4.1.1: General method for the synthesis dinitro compounds……………………41 

                  2.4.1.1.1: Synthesis of DN2………………………………………………….42 

                  2.4.1.1.2: Synthesis of DN3………………………………………………….42 



 

iii 
 

              2.4.1.2: General method for the reduction of dinitro compounds………………42 

                  2.4.1.2.1: Synthesis of A2……………………………………………………43 

                  2.4.1.2.2: Synthesis of A3……………………………………………………43 

2.4.2: General procedure for the synthesis of polyimides…………………………..43 

             2.4.2.1: Synthesis of polyimides from 6FDA…………………………………...44  

                2.4.2.1.1: Synthesis of neat polyimide FM……………………………………44 

                2.4.2.1.2: Synthesis of neat polyimide FA…………………………………….45 

                2.4.2.1.3: Synthesis of neat polyimide FA2 …………………………………..45 

                2.4.2.1.4: Synthesis of neat polyimide FA3…………………………………...46 

                2.4.2.1.5: Synthesis of neat polyimide FI…………………………………..…46 

             2.4.2.2: Synthesis of polyimides from ODPA…………………………………..47 

                2.4.2.2.1: Synthesis of neat polyimide OM…………………………………...47 

                2.4.2.2.2: Synthesis of neat polyimide OA……………………………………48 

                2.4.2.2.3: Synthesis of neat polyimide OA2 ………………………………….48 

                2.4.2.2.4: Synthesis of neat polyimide OA3…………………………………..49 

                2.4.2.2.5: Synthesis of neat polyimide OI……………………………………..49 

  2.4.3: General procedure for the synthesis of sulphonated copolyimides…………50 

             2.4.3.1: Synthesis of triethyl ammonium salt of benzidine-2, 2' -disulphonic acid 

(BDSA)…………………………………………………………………………………..51 

             2.4.3.2: Synthesis of sulphonated copolyimides from 6FDA…………………...51  

                2.4.3.2.1: Synthesis of sulphonated copolyimides (FBM (10, 20, 30, 40, 50)).52 

                2.4.3.2.2: Synthesis of sulphonated copolyimides (FBA (10, 20, 30, 40, 50))..52 

                2.4.3.2.3: Synthesis of sulphonated copolyimides (FBA2(10, 20, 30, 40, 50)).53 



 

iv 
 

                2.4.3.2.4: Synthesis of sulphonated copolyimides (FBA3 (10, 20, 30, 40, 50))54 

                2.4.3.2.5: Synthesis of sulphonated copolyimides (FBI(10, 20, 30, 40, 50))…55 

              2.4.3.3: Synthesis of sulphonated copolyimides from ODPA………………….55 

                2.4.3.3.1: Synthesis of sulphonated copolyimides (OBM (10, 20, 30, 40, 50))56 

                2.4.3.3.2: Synthesis of sulphonated copolyimides (OBA (10, 20, 30, 40, 50)).56 

                2.4.3.3.3: Synthesis of sulphonated copolyimides (OBA2 (10, 20, 30, 40, 50)57 

                2.4.3.3.4: Synthesis of sulphonated copolyimides (OBA3 (10, 20, 30, 40, 50)58 

                2.4.3.3.5: Synthesis of sulphonated copolyimides (OBI (10, 20, 30, 40, 50))..59 

         2.4.4: General procedure for the synthesis of protic ionic liquids (PILs)…….59 

             2.4.4.1: Synthesis of protic ionic liquids using methane sulphonic acid (MsOH)60 

                2.4.4.1.1: Synthesis of trimethylammonium methane sulphonate (TMMs)…..60 

                2.4.4.1.2: Synthesis of dimethylethylammonium methane sulphonate (DMMs) 

                2.4.4.1.3: Synthesis of diethylmethylammonium methane sulphonate (DEMs) 

                2.4.4.1.4: Synthesis of triethylammonium methane sulphonate (TEMs)……..61 

            2.4.4.2: Synthesis of protic ionic liquids using trifluoromethane sulphonic acid 

(TfOH)…………………………………………………………………………………...61 

               2.4.4.2.1: Synthesis of trimethylammonium trifluoromethane sulphonate 

(TMTf)…………………………………………………………………………………...61 

               2.4.4.2.2: Synthesis of dimethylethylammonium trifluoromethane sulphonate 

(DMTf)…………………………………………………………………………………...62 

               2.4.4.2.3: Synthesis of diethylmethylammonium trifluoromethane sulphonate      

(DETf)……………………………………………………………………………………62 

               2.4.4.2.4: Synthesis of triethylammonium trifluoromethane sulphonate (TETf) 



 

v 
 

         2.4.5: Synthesis of sulphonated copolyimides/protic ionic liquid (SPI/IL) 

composites………………………………………………………………………………..63 

3. Results and discussion………………………………………………………………..64 

    3.1: Synthesis of diamines, polyimides, protic ionic liquids and composites………….64 

        3.1.1: Synthesis of diamines………………………………………………………..64 

        3.1.2: Synthesis of homo and copolyimides……………………………………….66 

            3.1.2.1: Synthesis of polyimides (PIs)…………………………………………...68 

                3.1.2.1.1: FTIR studies of polyimides…………………………………………70 

                3.1.2.1.2: Morphological studies of polyimides………………………………71 

                3.1.2.1.3: Thermal properties of polyimides…………………………………..72 

                3.1.2.1.4: Solubility and viscosities of polyimides……………………………74 

             3.1.2.2: Synthesis of sulphonated copolyimides (SPIs)…………………………75 

                 3.1.2.2.1: Free standing film formation………………………………………81 

                 3.1.2.2.2: FTIR studies of sulphonated copolyimides………………………..82 

                 3.1.2.2.3: Morphological studies of sulphonated copolyimides……………...83 

                 3.1.2.2.4: Thermal properties of sulphonated copolyimides………………….83 

                 3.1.2.2.5: Solubility and viscosities of sulphonated copolyimides…………...86 

                 3.1.2.2.6: Gel permeation chromatographic analysis of copolyimides……….87 

                 3.1.2.2.7: UV-Visible spectrophotometric studies of copolyimides………….87 

                 3.1.2.2.8: Computational studies of sulphonated copolyimides……………...88 

           3.1.3: Synthesis of protic ionic liquid composites………………………………..90 

              3.1.3.1: Synthesis of protic ionic liquids………………………………………..90 

              3.1.3.2: Synthesis of composites………………………………………………..91 



 

vi 
 

                  3.1.3.2.1: FTIR studies of composite membranes…………………………...93 

                  3.1.3.2.2: Morphological studies of composite membranes…………………94 

                  3.1.3.2.3: Gel permeation chromatographic analysis of composites………...94 

        3.2: Heavy metal sensing studies of SPI (OBM-20)………………………………..95 

           3.2.1: Electronic absorption variations of OBM-20 by divalent and trivalent metal 

ions……………………………………………………………………………………….95 

               3.2.1.1: Effect of pH…………………………………………………………...98 

                  3.2.1.2: Effect of interfering ions…………………………………………….98 

                  3.2.1.3: Limit of Detection (LOD)………………………………………….100 

        3.3: Lead ions adsorption studies of SPIs (FBM-50 and OBM-50)………………102 

           3.3.1: Optimization of parameters………………………………………………102 

           3.3.2: Adsorption kinetics of lead ions………………………………………….105 

              3.3.2.1: Adsorption kinetics and contact time effects…………………………106 

            3.3.3: Theoretical calculations for adsorption…………………………………..108 

         3.4: Four probe proton conductivity measurements……………………………...110 

         3.5: Single fuel cell test…………………………………………………………...113 

         3.6: Half Cell Gas Diffusion Electrode (GDE) measurement…………………….114 

   Conclusions………………………………………………………………….……….117 

   Future Recommendations……………………………..…………….……………...120 

   References……….. ………………………………………………………………….121 

   List of Publications………………………………………………..………………...139 

   Annexures……………….…………………………………………………………...140 

 



 

vii 
 

Preamble 

Water shortage and fossil fuels depletion are threatening universal problems of 

modern society therefore wastewater treatment and power generation with environmental 

protection is worldwide urgency. To cope with these challenges, polymer-based adsorbents 

and electrolytes are under investigation. Among polymeric materials, polyimides (PIs) 

having excellent chemical resistance and thermal stability and can work very well in 

required conditions. Thanks to these outstanding properties polyimides are under 

investigation for decades. 

However, the weak hydrophilicity of PIs is a major hurdle in their use for these 

applications. This shortcoming can be overcome by converting polyimides into sulfonated 

copolyimides with the introduction of sulfonic acid group in the polymeric backbone, 

which makes the polymer chains hydrophilic. Introduction of hydrophilic sulphonate 

groups into the PI main chain, improves material’s hydrophilicity and results in better ion 

exchange properties. The hydrophilic sulphonic acid group being anionic functional group, 

bears strong affinity towards positive charges. Hence, sulphonated polyimides are of great 

interest in research for exploiting their possible applications in removal of toxic metal ions 

from water and as proton conducting electrolytes for polymer electrolyte membrane fuel 

cells (PEMFCs). To improve the proton conductivity of sulphonated copolyimides another 

widely explored approach is the incorporation of protic ionic liquids (PILs) in the 

sulphonated polyimide (SPI) matrix. For compatibility and good dispersion of an additive 

in the matrix, the same structural moieties are introduced in both phases. It is believed that 

the presence of these structural units might lead to increased interfacial interactions. 

Development of an iterative approach for defining the successful sulfonation of 

polyimides while still retaining other important properties such as flexibility, strength and 

hydrolytic stability has been the goal of this research work. For this purpose, the synthesis 

and characterization of fully cyclized, soluble, good film forming sulphonated 

copolyimides for efficient sensing and removal of toxic metal ions from water and good 

ionic conductivity for polymer electrolyte membrane fuel cells will be discussed in the 

dissertation. 
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Two series of high molecular weight homo and copolyimides with varying degree 

of sulphonation were prepared. Oxydiphthalic anhydride (ODPA) and 4,4’-

(hexafluoroisopropylidene) diphthalic anhydride (6FDA), flexible linkages bearing 

unsulphonated diames (two synthesized and three commercial) and commercial 

sulphonated diamine 4,4’-diamino-2,2’-biphenyldisulfonic acid (BDSA). The latter 

diamine (BDSA) was used in various molar amounts (10-50 mol %) as a sulfonic acid 

source in the polyimide backbone of sulphonated copolyimides. For composites synthesis, 

the protic ionic liquid was added in various weight percentages (10-50 wt %) as an additive 

in the sulphonated copolyimide matrix for enhanced proton conductivity. For both of the 

polymer series, high molecular weights were achieved as judged by intrinsic viscosity 

measurements and good film forming characteristics. 

This thesis is demarcated into three main chapters. The first chapter presents a 

relevant literature review and highlights the significance and objectives of the present 

work. In addition, the synthetic methodology of the diamine monomers, polyimide, 

sulphonated copolyimides, protic ionic liquids and composites has also been described. 

The second chapter outlines the materials, characterization techniques and 

procedures for the synthesized diamines, polyimides, protic ionic liquids as well as 

preparation of composites.  

The last chapter presents a discussion about the structural characterization of 

monomers, polyimides, sulphonated copolyimides and the composites. Furthermore, this 

chapter details the physical properties of polyimides and their composites such as 

molecular weight, thermal, electrochemical, proton conductivity, metal sensing and metal 

adsorption. 

Finally, the thesis is concluded and future recommendations are made at the end of 

third chapter.  

References and reprints of publications from this study have been given at the end of thesis. 
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Abstract 

Polyimides belong to a distinct class of polymers with unique properties and diverse 

uses. Over the past few decades, a variety of approaches have been suggested to improve 

the properties of polyimides by optimizing the polymer architecture. The thesis focuses on 

improving the properties of polyimides, sulphonated copolyimides and their composites 

with protic ionic liquids by optimizing the synthetic methodology. To improve the 

flexibility of polyimides, flexible linkages bearing monomers were targeted. For this 

purpose, two aromatic diamine monomers, A2 and A3, containing two and three carbon 

alkyl chains respectively were synthesized successfully in good yield and high purity. The 

synthesized and commercial unsulphonated diamines (A2, A3, A, I, M) and a sulphonated 

diamine (BDSA) were reacted with dianhydrides (oxydiphthalic anhydride (ODPA) and 

4,4'-(hexafluoroisopropylidene)diphthalic anhydride (6FDA)) to prepare two series of ten 

homo and fifty sulphonated copolyomides. The sulphonated diamine (BDSA) was used in 

different mole percentages (10-50 mol %) to obtain varying degree of sulphonation in 

sulphonated copolyimides. The conventional two step thermal imidization procedure was 

followed for the preparation of polyimides. 

Different characterization techniques were employed to assess the structure, 

morphology and thermal stability of sulphonated copolyimides. FTIR spectroscopic 

technique gave convincing evidence of the presence of all expected functional groups in 

the proposed structure of synthesized polyimides and composites. GPC analysis 

demonstrated the achievement of reasonably high molecular weight polyimides (12379 - 

42726 g/mol) whereas XRD studies revealed their amorphous nature. The thermal stability 

of the synthesized polyimides was assessed using TGA and DSC analyses. For polyimides 

the onset degradation temperature and glass transition temperatures ranged between 290 - 

550 °C and 190 - 220 °C respectively and for sulphonated copolyimides these values varied 

between 230 - 280 °C and 170 - 236 °C respectively.  

In addition to the synthesis and characterization, this work explores the potential 

applications of sulphonated copolyimides in diverse fields. It highlights their metal ions 

interaction and toxic metal ions adsorption abilities, where their unique properties enable 

selective adsorption of toxic metal ions from water. Metal sensing application of ODPA 
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based sulphonated copolyimide (OBM-20) was explored by UV-Visible spectroscopy 

which showed its ability to sense the nanomolar concentration of toxic metal ions (0.01 

nm). Atomic absorption spectroscopic (AAS) studies along with theoretical studies (MOE 

software) demonstrated good lead ions adsorption potential of sulphonated copolyimides 

suggesting the heavy metal adsorption properties of prepared materials.  

Additionally, the thesis investigates the potential application of sulphonated 

copolyimides as proton exchange membranes (PEMs) for efficient energy conversion in 

proton exchange membrane fuel cells (PEMFCs). The research evaluates the performance 

of sulphonated copolyimide PEMs, focusing on key parameters such as proton 

conductivity, thermal stability and chemical resistance. The findings from this 

investigation provide valuable insights into the practical suitability of sulphonated 

copolyimides for fuel cell applications. To improve the proton conductivity of synthesized 

sulphonated copolyimides, sulphonated polyimide/protic ionic liquid (SPI/IL) composites 

were prepared. Different weight percentages of synthesized protic ionic liquids (10-50 

wt%) were added in the sulphonated copolyimide matrices. The dispersion of protic ionic 

liquid was improved by like-like chemical interactions ensured by the presence of similar 

structural units i.e, triethyl amine unit in both the matrix and additive. The increase in the 

flexibility of the membranes with increasing wt % of ionic liquids confirmed the 

plasticizing behaviour of ionic liquid. Four probe proton conductivity measurements 

depicted good proton conducting potential of sulphonated copolyimides and composites up 

to 100 °C. The enhanced proton conductivity values of composites (0.1 S/cm) obtained at 

80 °C were attributed to the presence and improved interactions of protic ionic liquids into 

SPI matrix. 

Half cell ex-situ tests and single cell tests depicted the catalyst coating behaviour 

of sulphonated copolyimides and their composites with appreciably good catalyst binding 

potential. 
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CHAPTER 1 

1 Introduction 
This chapter presents a brief introduction of polyimides, sulphonated copolyimides, 

protic ionic liquids and protic ionic liquids based composites. 

1.1 Polyimides (PIs) 

Polyimides, a class of scientifically and commercially valuable polymers, are often 

based on stiff aromatic backbones and are formed by the condensation reaction of 

dianhydride and diamine monomers resulting in imide rings formation. The imide ring 

consists of two carbonyl groups (C=O) covalently bonded with a nitrogen atom in their 

structure as depicted in Figure 1.1. PIs are highly stable materials possessing excellent 

chemical, thermal, mechanical, oxidative and thermo-oxidative stability due to the 

chemical nature of rigid aromatic construction and imide rings. Additionally, they are also 

known for their good film forming ability. The polyimide films can withstand harsh 

chemical and thermal conditions and are capable of maintaining their dimensional 

properties at high temperature. 1, 2 

 

 

Bogert and Renshaw, the pioneers of this field, firstly reported these extraordinary 

polymers in 1908. 3 Dupont opened new doors of research in this field in 1960 by 

introducing the outstanding thermo-oxidative stability of polyimides. 4 Kapton™, one of 

the most successfully commercialized PI films, was first synthesized by Sroog in 1965 with 

pyromellitic dianhydride (PMDA) and 4,4’-diaminodiphenyl ether (ODA) (Figure 1.2). 

Figure 1.1: The general structure of polyimide. 

R could be aromatic or aliphatic 
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Subsequently, it was industrialized and named Kapton™ by DuPont. Other successfully 

commercialized PI films include Novax (Mitsubishi) and Upilex R (Ube Industries). 5 

 

Figure 1.2: Structures of (a) Kapton (b) Upilex R (c) Novax and (d) physical appearance 
of Kapton (Dupont) polyimide film. 5 

Polyimides have been widely used in the fields of aerospace, microelectronic 

devices, gas separation technology and polymer electrolyte membranes. 6-8 Preparation of 

innovative polyimides and improvement of current systems is inevitable for the 

achievement of desired properties and applications.  

1.1.1 Synthesis of polyimides 

The synthetic methodology plays key role in the development of high performance 

polyimide material.  

There are two well-known methods for the synthesis of polyimides. 9 

a) One step polymerization  

b) Two step polymerization 
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a) One step polymerization 

In one step polymerization polyamic acid and polyimide are formed at the same 

time. The method consists of stirring the stochiometric amounts of dianhydride and 

diamine in a high boiling solvent in the presence of acidic and basic catalysts at high 

temperature (180-220 °C). An acidic catalyst such as benzoic acid promotes the formation 

of trans-isoimide which is converted into polyimide by basic catalyst such as isoquinoline. 

Under these conditions chain growth and imidization occur spontaneously (Figure 1.3). 9 

 

Figure 1.3: One step synthetic procedure of polyimide. 

The one step polymerization is especially effective for processing monomers of 

moderate reactivity. This method is obviously more convenient than the conventional two 

step synthesis via polyamic acid. However, its application has been restricted, because 

there are very few inexpensive monomers that could result in the formation of soluble high 

performance polyimides. Most of the polyimides are infusible and insoluble due to their 

planar aromatic and hetero-aromatic structures and thus usually need to be processed from 

the solvent route. The two step method provided the first such solvent based route to 

process these polyimides. The process also enabled the first polyimide of significant 

commercial importance, KaptonTM, to enter the market. 10 
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b) Two step polymerization 

Two step polymerization is commonly used typical procedure for the synthesis of 

polyimides. In two step method, the synthesis is done in two steps, first of all the soluble 

PAA is synthesized in first step followed by its conversion to the polyimide in second step 

(figure 1.4). 11 The first step for the preparation of polyamic acid is carried out by adding 

equimolar amount of dianhydride monomer in solution of diamine monomer in a polar 

solvent. In the second step, the resulting PAA having high molecular weight is 

cyclodehydrated (imidized) in the form of film utilizing glass slide or glass petri dish as a 

substrate either by thermal dehydration using a heating cycle (thermal imidization) or by 

using any chemical dehydrating agent (chemical imidization). The process involves 

various interrelated elementary reactions in a complex reaction scheme. 12   

 

Figure 1.4: Two step synthetic procedure of polyimide. 

1.1.1.1 Synthesis of polyamic acid and its mechanism 

In classical two-step reaction, generally polyamic acid is formed when difunctional 

dianhydride is added to a difunctional diamine in a polar solvent at ambient temperature 

by a reversible nucleophilic acyl substitution. The attack of unshared pair of electrons of 

the nitrogen of diamine, on either of the carbonyl carbons of tetracarboxylic acid anhydride, 
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resulting in the displacement of the carboxylate functionality followed by proton transfer 

and results in the formation of amic acid. 13 

An accepted polyamic acid formation reaction mechanism is given in Figure 1.5. 

A cyclic intermediate is formed between the dianhydride carbonyl carbon and nitrogen 

atom of diamine by the shifting of pi electrons on the adjacent oxygen. The back shifting 

of electron pair to carbonyl group to reform double bond results in bond breaking among 

carbon and “leaving group” as it occurs simultaneously therefore this intermediate is very 

short lived. However, reverse reaction to give the starting species (anhydride and free 

amine) can take place if the bond between nitrogen and developing sp2 carbon breaks. To 

obtain, the polyamic acid having high molecular weight, the forward reaction rate must be 

faster as compared to the reverse reaction rate. In general, the rate constant of forward 

reaction is quite larger as compared to the reverse reaction therefore normally this reaction 

appears irreversible if pure reagents are used. It is essential to investigate the driving forces 

that favor the forward reaction because the high molecular weight polyimide synthesis 

depends on the difference in reaction rate constants. The attack of carboxyl group on 

adjacent nitrogen atom of polyamic acid will result in reverse reaction therefore any reagent 

that can hinder this attack will decrease the rate of reverse reaction and as a result shifts 

the equilibrium towards right. Polarity of solvent plays very important role, polar solvents 

form strong hydrogen bonds with free carboxyl groups of polyamic acid resulting in 

hydrogen bonded complexes and favouring the forward reaction at ambient conditions. 14 

However, significant differences are observed in equilibrium constants when the 

polymerization reactions are carried out in non-polar solvents (ether or hydrocarbon 

solvents), depending upon the basicity of amines and electrophilicity of dianhydrides. 15 

The equilibrium is shifted towards right at lower temperature because the formation 

of polyamic acid is exothermic in nature. However, at ambient temperature the shift in 

equilibrium towards right is so appreciable that further decrease in temperature normally 

do not affect the reaction rate. Alongwith this, the concentration of monomer is an 

important parameter influencing the equilibrium of reaction. As the forward reaction is 

bimolecular and follows 2nd order kinetics whereas the reverse reaction is unimolecular, 

therefore concentration of each of the monomeric units is equally significant in the 
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determination of PAA formation rate and successful production of polyamic acid having 

high molecular weight. The effect of concentration becomes particularly important for very 

dilute solutions where it leads to appreciable decrease in the molecular weight of polyamic 

acid. 16 

 

Figure 1.5: Mechanism of polyamic acid synthesis. 

1.1.1.1.1 The impact of monomer reactivity 

The formation of polyamic acid follows the nucleophilic substitution reaction, 

where a diamine (nucleophile) attacks the carbonyl carbon (electrophile) of dianhydride. 

Therefore, the reaction depends upon the nucleophilicity of nitrogen of diamine and 

electrophilicity, electron accepting ability, of carbonyl groups of dianhydride. The greater 

the electrophilicty i.e; the higher electron affinity of dianhydride the faster will be the 

reaction rate with a given nucleophile. Electron accepting ability of dianhydride is 

generally evaluated corresponding to the electron affinity (Ea) of the molecule. 16 

Nearly all tetracarboxylic acid anhydrides contain bridging groups between two 

phthalic anyhdride units and electron accepting ability is greatly influenced by the presence 

of bridging group. The bridging group with electron-withdrawing effect, such as -C=O and 

-SO2, decreases the delocalization of electrons and the electron density of carbonyl carbon 

of anhydride, substantially increasing its electron affinity (Ea) as compared to 3, 3’, 4, 4’-
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biphenyltetracarboxylic dianhydride (BPDA), lacking a bridging group. As a result, the 

carbonyl carbons of anhydride experience an enhanced positive environment that results in 

an accelerated addition of an attacking nucleophile. Whereas, electron donating bridging 

groups such as ether decrease the Ea value of anhydride by reducing the affinity of carbonyl 

carbons for more electrons by donating electrons into the rings. Therefore, dianhydrides 

having ether groups are less affected by the moisture in atmosphere, whereas pyromellitic 

dianhydride (PMDA) having highest Ea resulting in highest reactivity, should be handled 

carefully in precisely moisture free environments. Efforts to correlate the nucleophilicity 

and reactivity of aromatic diamines remained less productive. However, the rates of 

reactions of the diamines generally increase with increase in their ionization potential and 

it is observed that it correlates with their basicity (pKa) such as, the amine having higher 

basicity will react more rapidly. Quantitative correlation between diamine basicity and 

reactivity has been achieved successfully, with the outcome, the rate constant increases 

with increasing value of pKa. 16, 17 

The reaction rate is significantly affected by the structure of diamines as compared 

to changes in dianhydride structure. Electron-withdrawing bridging units influence the rate 

of acylation of diamines, resulting in decreased acylation rate and pKa. Generally, it is 

observed that magnitude of rate constant for electron withdrawing substituted diamines 

differs by four orders of magnitude as compared to electron donating ones. 17 

To control the equilibrium for favorable formation of polyamic acid, monomer 

reactivity is very important. The reaction between less reactive diamines and dianhydrides 

yields a lower molecular weight polyimide, whereas high molecular weight polyimide is 

obtained when the reactivity of both the diamine and dianhydride is high. According to 

Carother’s equation, Xn (degree of polymerization, number of monomer units in a polymer) 

is related to 1/ (1-p), and p (fractional monomer conversion) corresponds to the reaction 

extent. To obtain PAA having high molecular weight, dianhydride possessing high electron 

affinity is used with highly basic diamine. It is quite evident from the above discussion that 

polyamic acid formation is principally based on electron affinity and basicity of utilized 

monomers. PAA formation is also affected by the temperature of reaction and the used 

solvents. As the synthesis of PAA is exothermic in nature therefore polyamic acid of  higher 
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molecular weight are achieved at lower temperatures. However, at lower temperatures the 

solid dianhydride dissolves slowly in reaction mixture. Therefore, it is assumed that the 

polymerization may takes place more significantly at the interface (solid/liquid) at lower 

temperatures. Therefore, PAA having high molecular weight may be obtained rapidly in 

the interfacial type reaction before the complete dissolution of dianhydride. This results in 

high Mw and a wide molecular weight distribution. 17 

1.1.1.1.2 The impact of reaction conditions and solvents on polyimide synthesis  

Research in polyimide synthesis proved that higher concentration of monomers 

results in production of higher molecular weight polyamic acid. Final molecular weight is 

also strongly affected by the order and mode of monomers addition, with the attainment of 

highest molecular weight upon addition of solid dianhydrides in the solution of diamines 

in polar solvent. The achievement of high molecular weights was credited entirely to the 

inhibition of side reactions. Highly reactive aromatic dianhydrides are prone to react 

immediately with water or any other impurity in solvents, however, dianhydrides react 

considerably faster with diamines as compared to other reagents. To obtain high molecular 

weight polyimides, these side reactions must be minimized, therefore, dianhydride is added 

in solid mode to reduce its readiness for competing side reactions due to water or any other 

impurity. Another key factor to achieve high molecular weight polyimide is the use of 

slight stoichiometric excess of dianhydride. Smaller quantity of solvent ensures less 

impurities that can interfere with main reaction resulting in high molecular weight 

polyimides. As dianhydrides are normally added as solids therefore, their dissolution rate 

is slow and depends on monomer concentration due to this solid mode of addition. The 

process becomes diffusion controlled due to low dianhydride solubility as well as low 

monomer reactivities, above a certain critical concentration. Like solid-liquid interfacial 

polymerization, quite high molecular weight polymer is obtained at the start of reaction, 

well before the complete dissolution of dianhydride and the attainment of stoichiometric 

balance. Broad distribution of molecular weight is often obtained in this type of 

polymerization. 17, 18  

It is found by early researchers that the viscosities of polyamic acid are affected by 

storage in the form of solution after preparation and are decreased rapidly. Firstly, the 
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decrease in viscosity with passage of time was assigned to the sensitive nature of polyamic 

acid towards hydrolysis but later on, this change in viscosity was linked with reversible 

nature of the propagation reaction. Even though rate constants of reverse reactions are quite 

smaller, but some of these reactions may occur and can significantly affect the Mw of 

polyimides. 14, 18, 19 

The effect of utilized solvents is quite imperative in the synthesis of PAA as the 

solvent stabilizes the intermediates and favours the rate of forward reaction. Less polar 

solvents, like ether solvents, lack the ability of hydrogen bonding with the carboxyl group 

therefore, the rate of reaction is slower as compared to the polar solvents. Therefore, faster 

reaction rate is expected in polar solvent as it retards backward reaction rate at ambient 

temperature and shifts the reaction towards right side. 18, 19 

The main polymerization reaction is accompanied by several side reactions. The 

most detrimental side reaction in polyamic acid formation is the hydrolysis of dianhydride 

monomer resulting in the formation of diacid moieties which disturbs equilibrium balance 

of amine and anhydride end groups. Consequently, the hydrolytic cleavage of polyamic 

acid results in the degradation of amide-acid linkages to reform the monomers. The 

presence of water in monomers and solvents is the main driving force for these side 

reactions. These hydrolysis reactions result in the preparation of PAA having low 

molecular weight which in turn affects and lowers the film forming capability of the PAA 

upon thermal imidization. Therefore, the removal of water from the monomers and reaction 

solvent is essential for the preparation of higher molecular weight PAA and polyimides. 

Normally, careful drying of monomers and distillation of solvents is carried out for this 

purpose. 19, 20 

1.1.1.2 The thermal imidization of PAA 

Thermal imidization is utilized for the conversion of intermediate polyamic acid to final 

polyimide. This method is particularly employed for the fabrication of films or a coating 

form. Glass substrate is normally used for casting the films and then undertaken through a 

heating cycle with temperature ranging between 100 °C to 350 °C. To achieve 100% 

imidization of polyamic acid considerable debate has been carried out in the literature. 20, 
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21 Many types of thermal cycles have been carried out by researchers however, basically 

they can be classified into two different types: 

1) Heating the polyamic acid solution gradually, depending on heat stability and glass 

transition temperature (Tg) of the polyimide to 250-350 °C. 20 

2) Heating polyamic acid solution using a glass petri dish to 100 °C and holding for one 

hour, then gradually increasing the temperature and heating from 100-200 °C by 

holding this temperature for one hour, followed by heating from 200-300 °C by holding 

this temperature for one hour and then cooled down slowly to room temperature from 

300 °C. 21 

Imidization reaction is a quite complicated phenomenon and overall process comprises 

of numerous interconnected elementary reactions and number of dynamic physical 

properties like solvation, chain mobility, acidity and diffusion rate.  Therefore, a simple 

kinetic expression is often not possible for the imidization reaction. During the initial 

stages, rate of imidization is usually faster because of the presence of solvent and increased 

chain mobility due to shorter chain sizes. 21 However, rate of reaction tapers off during the 

later stages due to the reasons listed below: 

1) Extended heating resulting in loss of residual solvent. 

2)   Increase in Tg as the imidization reaction proceeds and rate slows down evidently due 

to   decrease in chain mobility. 

  For cyclodehydration, suitable conformations of amic acid groups are required, 

therefore, the rate of imidization reaction seems to depend on the availability of appropriate 

conformations. The slower reaction rate during last stages of imidization, can be assigned 

to the improper conformations that are required to rearrange to appropriate conformations 

so that imidization can occur. These conformational rearrangements are feasible if 

adjoining polymer chains and bounded solvent molecular rotations occur. 22 

1.1.1.3 The chemical imidization of PAA: 

For the synthesis of molding powders, chemical imidization is a significant 

technique. Although, this is a low energy process but due to the involvement of dangerous 

reagents it is rarely employed for different applications. In this method, PAA is treated 
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with dianhydride and tertiary amine mixture at room temperature. Commonly utilized 

chemicals are acetic anhydride, triethylamine and pyridine.  23 

In chemical imidization, finally formed polyimide precipitates out because it is 

insoluble in the imidization mixture. There is possibility of precipitation to occur before 

the complete cyclization of PAA groups into polyimides. Therefore, the complete 

imidization is mainly based on solubility profile of PI in reaction mixture resulting in 

higher degrees of imidization for more soluble polyimides.  

It has been postulated that during chemical imidization reverse reaction does not 

occur in comparison with the thermal imidization process.  This reflects that mechanical 

properties of polyimide will not be affected much during imidization process, an important 

factor for imidization and fabrication of films. However, the main drawback of chemical 

imidization is, it may result in significantly higher ‘isoimide’ moieties percentage in the 

final product. 24 

1.2 Sulphonated polyimides: The ionomers 

Polyimides containing covalently bonded sulfonic acid group on their backbone are 

named as sulphonated polyimides. The sulfonic acid group possess an ionic bond where -

SO3H can be perceived as an -SO3
- ion bonded to H+ ion. The specified nomenclature of 

these sulphonated polymers as ionomers (an abbreviation of ionic polymers) originated due 

to this ionic bond. These sulfonic acid group ionomers exhibit phase-separated domains 

consisting of a hydrophobic backbone and the hydrophilic sulfonic acid group. The 

hydrophilicity of the polyimide i.e, the interactions with water is determined by the 

hydrophilic domains whereas the mechanical and thermal properties are determined by the 

hydrophobic backbone. 25 The mechanical stability and water uptake affect each other and 

the most important parameter affecting both these factors is the concentration of sulfonic 

acid groups in an ionomer. 26 

The sulfonic acid groups functionalized perfluorinated ionomers form the 

subcategory of perfluorosulfonic acids (PFSAs). These perfluorosulfonic acids (PFSAs) 

are widely used materials for various applications. 27 The exceptional chemical stability of 

these materials is the main reason of their popularity. The strong and chemically inert bonds 

between carbon and fluorine (C-F) are the main reason of this extraordinary chemical 
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stability. Nafion is the most famous and widely used representative of this group. It was 

discovered by Walter Grot under the trademark of DuPont in 1960s. 28 The chemical 

structure of Nafion is shown in Figure 1.6. 

 

Figure 1.6: Chemical structure of Nafion. 

From the Figure 1.6; it can be seen that the Nafion’s backbone is derived from the 

tetrafluoroethylene (TFE) and the sulfonic acid group is attached via side-chain and is not 

attached directly to the backbone. Fluorine chemistry is involved in the synthesis of Nafion 

which includes highly exothermic reactions and management of flammable and explosive 

compounds. Due to these reasons, the preparation of PFSA ionomers is restricted to a fewer 

manufacturers globally. The disposal of Nafion implicates environmental risks meanwhile 

ignition for disposal, recommended by DuPont, releases perfuorocarboxylic acids, a 

chemical considered as environmental pollutant and relentless in the atmosphere. 29, 30 

The hydrocarbons based ionomers are generally inexpensive, widely accessible and 

their monomers and production routes are well established. 31 The hydrocarbons based 

ionomers are economically attractive for extensive application in different fields due to the 

advantages in fabrication. However, hydrocarbon ionomers contain C-H bonds in contrast 

to perfluorinated ionomers, which are prone to chemical degradation. Research focuses on 

aromatic hydrocarbon ionomers because the aromatic hydrocarbons containing aromatic 

rings, are chemically more stable than aliphatic hydrocarbons, containing straight chains 

or branched trains of carbon and hydrogen bonds. The mechanical stability of hydrocarbon 

membranes is a challenge, due to the rigid nature of aromatic polymer chains, that needs 

to be addressed as well. The aromatic rings are usually bridged with various flexible 

molecular units to improve the flexibility of aromatic polymer chains. 32 
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Polyimides can be converted into aromatic hydrocarbon ionomers with the 

introduction of sulfonic acid group in polymer backbone. To date, the synthesis of 

sulphonated copolyimide has been carried out by direct copolymerization technique. The 

method involves the use of sulfonated monomer along with nonsulphonated one, a different 

strategy than post sulfonation of parent polyimide. For the synthesis of sulfonated 

copolyimide, stoichiometric amounts of sulfonated diamine is utilized relative to 

nonsulfonated diamine. To get high molecular weight sulphonated copolyimide, 1:1 

stoichiometric ratio of total dianhydride to diamines is utilized. To control the degree of 

sulfonation various ratios (percentages) of sulfonated to nonsulfonated diamine were used. 

m-Cresol was used as solvent for copolymerization reactions in all cases.  To synthesize 

high molecular weight sulphonated copolyimides, triethylammonium salt of sulfonated 

diamine, soluble in reaction media, is used. 31, 32, 33 Most sulphonated diamines are 

insoluble in m-cresol in their acid and sodium sulfonate forms. Several different sulfonated 

diamines have been reported for their usage for the synthesis of sulfonated copolymers, out 

of which 4,4’-diamino-biphenyl-2,2’-disulfonic acid (BDSA) is the most studied 

sulphonated diamine. It is commercially available and various groups have used this 

diamine for the synthesis of copolymers. 32, 33 

Cornet et al. introduced a synthetic strategy for the preparation of segmented 

(block) sulfonated copolyimides. The first step involved the preparation of sulphonated 

block of 4,4’-diamino-biphenyl-2,2’-disulfonic acid (BDSA) with 1,4,5,8 naphthalene 

tetracarboxylic dianhydride (NTDA). The sulfonation degree was controlled, in second 

step, by the modification of the molar ratio of unsulfonated diamine and BDSA in SPI. The 

nonsulphonated diamine used was 4,4’-oxydianiline (ODA). The high percentage of 

sulfonation usually results in high swelling and even the dissolution of polyimide 

membrane, therefore, controlling the degree of sulfonation is very important. All 

monomers may be added at the start of reaction to get a statistically random copolymer. 33 

The solubility of polyimides was also enhanced significantly by the introduction of 

phenyl ether bonds and bulky groups in the backbones of polymers. Random sulfonated 

copolyimides exhibited improved solubility in organic solvents as compared to the 

sequenced ones. This improvement in solubility was due to the nonsulfonated diamine and 
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the induced microstructures of the copolymer chain. The increased water uptake for a 

specific copolymer structure occurs with increased ionic content. However, the number of 

water molecules per ionic group remained constant, which suggested that water molecules 

were primarily located in the hydrophilic domains. For random copolyimides, both the 

number of water molecules per ionic group and conductivity were systematically lower 

than for the block copolyimides. It was reported that greater interchain spacing can be 

achieved by introducing bulky nonsulfonated diamines in the polymer backbone. It was 

indicated that increase in interchain spacing can improve proton conductivity at lower 

relative humidity. Incorporation of larger comonomers result in a comparatively more 

exposed structure by inhibiting frequent close parallel packing of polymer chains as 

indicated by x-ray diffraction patterns. As a result water can occupy more available free 

volume with greater interchain spacings. This scenario leads to higher conductivity due to 

higher water uptake values especially at low humidity. 31- 33 

1.3 Ionic Liquids 

Ionic liquids are a fascinating class of materials, entirely composed of mobile ions 

and are molten, organic salts. They possess a wide liquid range and can be liquids at very 

low temperatures such as minus 90 °C. ILs are not the solutions of ionic compounds in a 

solvent rather they are ionic solutions having completely different properties. 34 

1.3.1 Properties of ionic liquids 

An extensive study on ILs is emerging, including chemistry, chemical engineering, 

materials science and environmental science. As insights into the nature of ILs become 

deeper it is found that now some significant basic beliefs are quite different from the 

original theories. Broad physicochemical properties of ILs are now established. This can 

be assigned to various combinations of cations and anions that fulfill the description of ILs, 

resulting in a diverse collection of behaviors. Ionic liquids remain liquid over extremely 

large ranges of temperature and they do not evaporate and burn. They possess excellent 

lubricating and hydraulic properties along with high electrochemical stability and high 

ionic conductivity. Ionic liquids are more suitable than typical volatile solvents and 

catalysts in different physical and chemical processes, frequently showing “green” and 

“designer” properties to a practical extent. 34, 35 
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In a completely different area, Watanabe et al, discussed the use of ionic liquids 

(ILs) in energy storage and conversion materials and devices. They evaluated the 

application of ILs as electrolytes for Li/Na ion, Li/S, and Li/ O2 batteries, fuel cell 

electrolytes, and electrode materials, particularly the ionic liquids derived N-doped 

carbons. Several ionic liquids (ILs) can meet the required standards imposed by several 

energy applications because of their exceptional properties such as nonflammability, high 

electrochemical stability, and high ionic conductivity. 35 

Ionic liquids (ILs) are liquids at ambient temperatures due to their chemical 

structure. The cation and anion are selected precisely to destabilize the solid-phase crystal. 

Although, in general there are no set rules for making an IL, it can be attained within a 

relatively large window of ions by balancing the symmetry and ion-ion interactions. For 

example, as the cation alkyl chain affects the coulombic forces and disrupts the lattice 

packing therefore, it must be long enough to reduce these two factors. On the other hand, 

it will increase the melting point of salt because the cohesive interactions increase with the 

increase in the length of nonpolar groups as per linear alkanes, therefore the alkyl chain 

should not be too long (∼n < 12). However, recently Davis et al. produced salts with low 

melting points and having very long chain (> C16) by the introduction of a cis double bond 

“kink” in the alkyl group. 36 This is comparable to homeoviscous adaptation in cell 

membranes and shows the complex array of packing and chemical factors that controls IL 

melting point. 37 

1.3.2 Classification of ionic liquids 

Ionic liquids are typically classified on the basis of their chemical structures, like 

solvents. However, they contain structural features similar to the molten salts, ionic 

crystals, ionic surfactants and molecular liquids. There are enormous number of ILs. 38, 39 

The classification of ionic liquids is quite challenging, because various labels 

appear suitable for a given ionic liquid, depending upon the considered importance of 

cation, anion, or a functional group. The most common classification being; protic 40 and 

aprotic 41 depending on the well recognised division between protic (proton donating) and 

aprotic (nonproton-donating) molecular solvents. 42 However, this definition would not 
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seem so strict because Davis et al. evaluated dicationic ionic liquids having both 

functionalities; protic as well as aprotic charge centers in the same molecule. 43 

1.3.2.1 Protic ionic liquids (PILs) 

Protic ionic liquids (PILs) are formed by proton transfer between an equimolar 

combination of a Brønsted acid and a Brønsted base. This depicts that the synthesis of PILs 

is usually simpler and cheaper as compared to other ionic liquid classes and there are are 

no byproducts as well. Protic ionic liquids may be treated as pure mixtures of ions. The 

reason behind this is; nearly all PILs show “good” ionic behavior in comparison with ideal 

aqueous KCl solutions from Walden plots of molar conductivity versus fluidity. 44 The 

possibility of hydrogen bonding, due to the presence of active protons, imparts unique 

applications to PILs. 

  The proton transfer results in the creation of H-bond donor and acceptor sites on 

ions. The proton transfer mechanism in PILs is still unclear, but it is proposed that it may 

be similar to Grotthuss-like behavior with labile protons “hopping” between ions along H-

bonds as in molecular protic solvents. 45, 46 Proton transfer abilities of protic  ionic liquids 

have been associated with many properties (thermal stability, vapor pressure, catalytic 

activity, conductivity and protein stabilization). 47, 48 Therefore, better understanding of the 

H-bonding structures may provide deep insight into PIL solvent behavior. 

1.3.2.2 Aprotic ionic liquids (APILs) 

Aprotic ionic liquids (AILs) are quite different and do not share common structural 

feature to the PILs. AILs are composed of a large number of cation and anion chemical 

structures, some of them form H-bond while others do not. In the beginning, most of the 

AILs were confined to halometallate ions, but now this area has been expanded including 

a massive range of chemical structures. 49 The preparation of AIL is usually more 

complicated and expensive than PILs, often comprising of multistep reactions because ions 

are formed by covalent bond formation between two functional groups. 50  Mostly this leads 

to more thermal and electrochemical stable solvent than its corresponding protic ionic 

liquid; Walden plots (the plots relating conductivity of an ionically conducting liquid to its 

viscosity) frequently show “good” ionic behavior for AILs. 51 
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1.4 Sulphonated copolyimide/protic ionic liquid (SPI/IL) composites 

Protic ionic liquids (PILs) alone cannot work effectively in different applications 

related to the energy harvesting devices. To make use of unique properties of ionic liquids 

in devices and systems, it is beneficial that it is locked into IL/polymer composite 

membranes. 52 Good compatibility of PIL and polymer matrix is compulsory for effective 

membrane fabrication. 53 For the fabrication of composite membranes based on different 

polymers as mechanical support, possessing high proton conductivity and mechanical 

stability, several researches have been performed.  54, 55, 56, 57 Among numerous developed 

polymers, polyimides are counted as one of the potential candidates for composite 

membrane matrix because of their exceptional film forming ability, good 

thermomechanical properties and high chemical stability. 58 However, simple polyimides 

without chemical modification were not compatible with protic ionic liquids. It was found 

that sulfonated polyimides (SPIs) have very good compatibility with protic ionic liquids 

(PILs) which prevent their desorption from the polymer matrix resulting in flexible 

composite membranes formation having favorable thermal and mechanical properties. 59 

Mechanical properties can be affected badly due to the presence of sulfonic acid group on 

polymeric backbones. 60, 61 However, ionic liquid functions as a plasticizer. It was thus, 

preferentially incorporated into sulfonate groups of SPI and plasticizing effects were found 

in both the ionic and nonionic domains of the composite membrane. 62 These improved 

properties emerged due to the nanoscale phase separation among the ionic and nonionic 

domains, where bicontinuous phases of these domains were established. 63 The ionic 

domain in SPI comprised of the sulfonic acid group where the PIL was incorporated 

preferentially and promoted the ionic conduction. However, the nonionic domain mainly 

comprised of the aromatic sulfonate polymer structure, exhibiting rigidity and high 

hydrophobicity, contributing to the mechanical properties. Owing to this composite 

structure, the composite membranes demonstrated good mechanical strength with high 

ionic conductivity. 63, 64  

1.5 Applications of sulphonated polyimides and protic ionic liquid composites 

The literature reports a number of sulphonated polyimides and their composites with 

protic ionic liquids having structural variations which exhibit diverse applications. Here, 
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the focus will be on the following three main applications of sulphonated copolyimides and 

their composites as these applications will be targeted in this research work. 

1.5.1 Sulphonated copolyimides as chemosensors 

Chemosensors, molecular systems which produce a detectable signal upon interaction 

with a chemical species, bearing high sensitivity have attracted boosting interest in recent 

years. 65 Particularly, detection of heavy and transition metal (HTM) ions is important as 

they are enormously toxic for human health and environment. 66, 67 Water resources have 

been contaminated globally because of the increased heavy and transition metals discharge 

into the water bodies. 68, 69 Numerous optical sensors have been synthesized and employed 

for the detection of different HTM ions selectively using electronic absorption, fluorescent 

emission, and/or colorimetric signals. 70-72 

Porphyrin-based sensors have displayed great potential for heavy metal ions detection 

in solution, because the porphyrin compounds bear extraordinary photophysical properties. 

But costly, complex and time consuming organic synthesis is required for the preparation 

of porphyrin based optical sensors. Moreover, these porphyrin sensors are water insoluble, 

which greatly affects their detection ability in aqueous environment. 73 Consequently, 

finding an inexpensive, simple and water soluble optical chemical sensor capable of 

detecting toxic metal ions is highly desired.  

Over the past 60 years, the metal-chelating properties of polymers have elicited 

considerable interest. 74 Nowadays, the use of chelating polymers for waste water 

remediation has attracted much attention. Chelating groups are incorporated into the 

polymeric side chains or backbone. The choice of the type of ligands, structure and 

solubility of the polymer, govern the metal ion affinity, and selectivity. 75, 76 Polymers 

containing functional groups such as -COOH, phenolic-OH and -SO3H, are capable of 

complexing metals. 77 This is believed to occur due to the formation of soluble, organic 

complexes of heavy metals, since polymers can be easily functionalized, with functional 

groups that possess the ability to interact with metals. 78-80 

Among the polymers, polyimides have not been used as metal chelating ligands 

because of their weak hydrophilicity. This shortcoming can be overcome by converting 

polyimides into sulfonated polyimides with the introduction of sulfonic acid group, which 
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makes the polymeric chains hydrophilic. 81 By the introduction of hydrophilic sulphonic 

acid groups into the PI main chain the material’s hydrophilicity can be improved leading 

to enhanced water absorption and ion exchange properties as shown in Figure 1.7. The 

hydrophilic sulphonic acid groups are capable of complexation to metal ions. 82 This 

suggests that sulphonated polyimides can exhibit metal-responsive properties. Sulphonated 

polyimides can function as a versatile receptor for heavy metal ions especially Ni (II), Co 

(II) and Cr (III). 

 

Figure 1.7: Interaction of polymers with water a) Hydrophobic polymer and b) 
hydrophilic polymers. 83  

1.5.2 Sulphonated copolyimides for adsorption of toxic metal ions from wastewater 

Water shortage is a threatening universal problem of modern society and as a result, 

wastewater treatment and its reuse is worldwide urgency. 84 Toxic metal ions, like Pb, Cr, 

Cd, As, Ni, Cu and Zn are widely existing water toxins. These are poisonous to human 

health even at trace levels due to their bioaccumulation in human body and 

nonbiodegradability. 85 Among these metals ions, lead in particular is extremely toxic, even 

at very low concentrations. 86 

Numerous human activities produce toxic metal ions particularly the industrial 

waste is one of the main source of their discharge into water bodies. Therefore, treatment 

of contaminated wastewater before releasing into environment should be the priority. Toxic 

metal ions can be removed by several methods like ultrafiltration, electrodeposition, 

chemical precipitation, ion exchange and adsorption. 87, 88 Among all these techniques, ion 

exchange and adsorption are most popular and have been widely practiced in industrial 

wastewater treatment processes. 89 Now a days, polymeric materials are under investigation 
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for heavy metal ions removal by exploring the interacting capability of polymer materials 

with contaminating species. 90 

Although, polyimides (PIs) have excellent chemical resistance and  thermal  

stability, but due to their weak hydrophilicity, PIs have not been used as adsrobents for 

heavy metals. 91, 92 However, because of their weak hydrophilicity PIs have not been used 

as adsrobents for heavy metals. However, the introduction of sulfonic acid group on the 

polymeric backbone makes the polymer chains hydrophilic. 93 By the introduction of 

hydrophilic sulphonate groups into PI main chain, the polymer starts interacting with water 

molecules and undergo swelling, as shown in Figure 1.8.  

 

Figure 1.8: Swelling behaviour of polymer in water. 94 

The hydrophilic sulphonic acid group, an anion functional group bears strong 

affinity towards heavy metal ions (Figure 1.9.) 82  Improvement in polymer hydrophilicity 

enhances the heavy metal ions adsorption capacity due to feasible access of adsorption 

sites. Hence, sulphonated polyimides are of immense interest in research for exploiting 

their possible applications in removal of toxic metal ions from water. 81 Sulfonated 

aromatic co-polyimides are efficient polymeric adsorbents for toxic metal ions. 
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Figure 1.9: Interaction of sulphonic acid group with metal ions. 

1.5.3 Polymer electrolyte membrane fuel cells (PEMFCs) 

Energy is one of the basic need of a human being from the beginning of his life on 

earth, to make his living. As time passes, the mode, as well as the uses of energy, takes 

different forms (the recent one is electricity). As the population of the world is increasing 

day by day, the demand for energy increases. Most of our energy comes from fossil fuels 

(non-renewable resources), which are decreasing day by day and have a large contribution 

in polluting our environment. To overcome these two burning issues of energy demand and 

increasing pollution, fuel cells are the best option. A fuel cell is a type of an electrochemical 

cell in which hydrogen or any other fuel along with oxidizing agent (mostly oxygen) 

produces heat and electricity (Figure 1.10). 95 

 

Figure 1.10: Pictorial representation of a fuel cell. 96 
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A fuel cell has overpowered other energy conversion devices in a very short time 

due to its high efficiency, need of low maintenance charges, almost no need of fossil fuels 

and production of non-hazardous by-products (water commonly). All these properties lead 

it to be known as Green Power. 97 

Although fuel cell contributes a lot to the society but still needs research especially 

on its cell design (with a focus on efficiency, the supply of fuel, size requirement, output, 

heat control, and their applications). 98-100 Up till now, different kinds of fuel cells are in 

market such as solid oxide fuel cells (SOFCs), molten carbonate fuel cells (MCFCs), 

alkaline fuel cells (AFCs), phosphoric acid fuel cells (PAFCs), polymer electrolyte 

membrane fuel cells (PEMFCs) and direct methanol fuel cells (DMFCs) (Figure 1.11). 101-

103 

 

Figure 1.11: Types of fuel cells. 104 

Every type of fuel cell has its own pros and cons related to its fuel efficiency, 

lifetime, power output and applications. Due to the potential applications of PEMFCs in 

transportation, portable devices, residential power sources, and electric vehicles, a large 

work on this technology has been done in the last decade. Their ease of synthesis, stability, 

and durability made them capable of competing for the alternative technologies in the 

above mentioned applications.   Polymer Electrolyte Membrane (PEM) is a polymer matrix 

which contains hydrophobic backbone and negatively or positively charged functional 

groups capable of ion exchange. 105 
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Nafion® was the first commercial electrolyte membrane which made a 

breakthrough in the field of the fuel cell. Up till now Dow® (perfluorinated sulfonic acid 

ionomer membrane) and Flemion® (perfluorocarboxylic membrane) produced by Asahi 

Glass are some commercial membranes used in electronic devices. The working principle 

of PEMFCs is shown in Figure 1.12.  

 

Figure 1.12: Schematic diagram of a polymer electrolyte membrane fuel cell. 106 

Drawbacks such as deterioration in conductive and mechanical properties above Tg 

(110°C), high cost, high gas crossover, and environment incapability made researchers 

develop new PEMFCs. So, the challenge in this field is to achieve a stable conductive 

membrane at a temperature higher than 120 °C at a relatively low humidity level. 107 

Current fuel cells most often contain sulfonic acid groups bearing  polymer 

electrolyte membranes. 108, 102 However, the conductivity of proton through membranes is 

water dependent and the membranes showed significantly high proton conductivity only in 

the presence of water. The water molecules solvate the protons and promote their 

conduction by diffusion and by vehicle-type transport and are therefore essential for the 

mobility of protons. 109 Therefore, the maximum operating temperature for fuel cells with 

these sulfonated membranes is restricted by the boiling point of water at atmospheric 

pressure. An increase in the operational temperature above 100 °C, ideally above 150 °C, 

is the crucial parameter permitting further development in polymer electrolyte membrane 
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fuel cell. 110 The use of protic ionic liquid (PIL) as a proton transport medium in the 

polymer membrane seems an impressive solution to the problem.  

During past few years, ionic liquids (ILs) have attracted widespread attention owing 

to their exceptional properties, namely high solvation capacity, low volatility, large 

electrochemical window, high thermal stability, and good ionic conductivity. 111 The basic 

requirement for an electrolyte to be used in fuel cells is the proton conductivity therefore 

protic ILs (PILs) synthesized by the neutralization of Brønsted acid and base are often 

studied for PEMFCs. Generally, the conductivity of PILs ranges between 1 × 10−4 to 1.8 × 

10−2 S/cm at room temperature. 112 The cations conduct the protons via the vehicle and 

Grotthuss mechanisms. The electrochemical reactions (i.e., hydrogen oxidation and 

oxygen reduction) may be further accelerated at the electrode/PILs interface. 44 However, 

the fabrication of polymer membranes based on PILs need to be prepared for their use as 

electrolytes because the PIL alone cannot form an electrolyte in PEMFC. Mostly, 

sulfonated polyimide is used as polymer matrix for protic ionic liquids composites since it 

contains additional proton carriers in the form of sulfonic acid groups. The polyimide based 

membranes possess the ability of working at high operating temperature of ~150 °C, 

therefore enabling the prevention of Pt poisoning and as a result are attracting the 

researchers attention. 60, 61 

1.6 Literature review on sulphonated copolyimides and their composites with protic 

ionic liquids 

In the past few decades, sulphonated polymers have attracted enormous 

consideration due to their significant applications especially in fuel cell systems. The 

extensively studied and practically employed proton conducting polymers are sulfonated 

perfluoropolymers such as DuPont's Nafion membrane and Dow's membrane due to their 

high performance including high mechanical strength, high proton conductivity and good 

chemical and thermal stability. However, there are some shortcomings such as high cost, 

low conductivity at high temperature, and high methanol permeability which limit their 

further application. Therefore, special attention has been given to the development of low 

cost and high performance nonfluorinated hydrocarbon membrane materials. The most 

important approach has been the introduction of sulfonic acid groups in the polymeric 
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backbones of fairly stable aromatic polymers like poly(ether ether ketone) (PEEK), 

polysulfone (PSF) and poly(phenylene sulfide) (PPS). The sulfonic acid groups can be 

introduced either by direct sulfonation of the parent polymers or by the polymerization of 

sulfonated monomers. In recent past, sulfonated polyimides have been successfully 

synthesized in several laboratories. 113-115  

Sulfonated polyimides are attractive due to their hydrophilic nature and film forming 

abilities but they show difficulty in the formation of the film due to their rigid packing.  

Many scientists develop different methods to overcome this problem;  

Guo et al, used fuming sulfuric acid (sulfonating reagent) for the synthesis of new 

sulfonated diamine, 9,9-bis(4-aminophenyl)fluorene-2,7-disulfonic acid (BAPFDS) by 

carrying out the direct sulfonation of parent unsulphonated diamine, 9,9-bis(4-

aminophenyl)fluorene (BAPF). Different sulfonated copolyimides were synthesized from 

NTDA, BAPFDS and common unsulfonated diamines with varying degree of sulfonation. 

Flexible membranes were obtained due to the ‘kink’ in polymer backbone developed by 

sulphonated diamine resulting in the decreased polymer overlapping. These polyimide 

membranes were evaluated for the measurements of proton conductivity as a function of 

relative humidity and temperature. The synthesized polyimide, NTDA-BAPFDS, showed 

fairly close proton conductivities to Nafion 117 in entire range of humidity (RH < 100%). 
116 

Fang et al, carried out the sulfonation of 4,4’-diaminodiphenyl ether (ODA), a 

commercial diamine, for the synthesis of sulfonated diamine monomer, 4,4’-

diaminodiphenyl ether-2,2’-disulfonic acid (ODADS), by using a sulfonating reagent 

(fuming sulfuric acid). They prepared a series of sulfonated polyimides using ODADS, 

common unsulfonated diamines and NTDA. They reported that newly synthesized 

sulfonated polyimides presented quite improved water stability than the sulphonated 

polyimides derived from the most commonly utilized sulfonated diamine 2,2’-

benzidinedisulfonic acid (BDSA). This stability can be attributed to more flexible structure 

of ODADS based polyimide membranes than the corresponding BDSA based ones. 60 

Einsla et al. evaluated the synthesis of a novel sulfonated diamine, 3,3’-disulfonic 

acid-bis[4-(3-aminophenoxy)phenyl]sulfone (SA-DADPS), using m-aminophenol and 
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disodium-3,3’-disulfonate-4,4’-dichlorodiphenylsulfone. The sulfonated diamine with 

sulfone and ether linkages was used in one-step high temperature polycondensation 

reaction for the synthesis of polyimides having pendant sulfonic acid groups in m-cresol. 

Incorporation of ether, sulfonyl group causes bending in the chains as compared to those 

polyimides whose monomers lack these type of functionalities. Significantly improved 

hydrolytic stability was shown by these materials as compared to phthalimides. 117 

Bai et al, synthesized and characterized a series of six-member ring sulfonated 

polyimide (SPI) copolymers having poly(ethylene oxide) (PEO) soft segment. The SPI 

copolymers were prepared from NTDA, 4,4’-diaminostilbene-2,2’-disulfonic acid 

(DSDSA), and diamine-terminated poly(ethylene oxide) (PEO-diamine, MW = 1000 

g/mol) using one-step high temperature polymerization method. In this method, the molar 

ratio of DSDSA to PEO-diamine was altered to control the relative ratio of the sulfonic 

acid-containing hard segments to the PEO-containing soft segments. Mechanically strong, 

transparent, flexible and free-standing membranes were obtained successfully. Addition of 

oxygen in the aliphatic monomer chain like polyethylene oxide gave hydrolytically stable 

and flexible films. 118 

Einsla et al. studied three sulfonated polymers having different sequence lengths of 

sulphonic acid groups to thoroughly understand the connection between molecular 

structure, morphology, and properties of proton exchange membranes and relative 

humidity. These random copolymers were found to have very small domain sizes due to 

the statistical distribution of sulfonic acid groups, whereas an alternating polymer was 

found to have bigger and quite isolated domains due to the evenly spaced sulfonic acid 

groups along the polymer chain. The multiblock copolymer depicted highly phase-

separated hydrophilic and hydrophobic domains, with better long-range connectivity. 

Morphology of the polymer plays an important role in the dependency of working 

electrolyte on humidity. Multi-block co-polymer showed comparable conductivity to 

Nafion at 40 % humidity as compared to random and alternating ones. 119 

Fang et al. studied the proton conductivity and hydrolytic stability of sulphonated 

polyimides. It was found that proton conductivities of sulphonated copolyimide 

membranes depend greatly on the relative humidity and the conductivity increases swiftly 
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with increase in humidity. At higher values of relative humidity (> 80 %), sulphonated 

copolyimide membranes usually showed proton conductivity comparable to or higher than 

Nafion 117, that are sufficiently high for practical use (> 10−2 S cm−1). Whereas, at lower 

values of relative humidity (< 40 %), the conductivity values of these SPI membranes were 

found to be very low to fulfill the requirements of practical usage. Therefore, it is a big 

challenge to improve the proton conductivity values of sulphonated copolyimide and other 

sulfonated polymer membranes upto10−2 S cm−1 at lower relative humidities. The 

hydrolytic stability of SPI membranes is primarily controlled by the structure of sulfonated 

diamine monomers including the basicity, flexibility and configuration. High basicity, 

flexible structure and linear configuration caused higher hydrolytic stability of SPI 

membranes. 120 

Genies et al. used model compounds to assess the hydrolytic stability of phthalic and 

naphthalenic imide structures. The IR and NMR spectroscopic characterizations of the 

model compounds, before and after aging in water, at different temperatures, showed that 

some structural modifications greatly depend on imide ring structures. The lower stability 

of the phthalic model compound was confirmed in comparison with the naphthalenic one. 

This stability could be justified by various equilibria allowing the regeneration of the imide 

structure. 121 

Guo et al. used 2,2’-bis(4-aminophenoxy)biphenyl-5,5’-disulfonic acid (oBAPBDS) 

having nonlinear configuration, commercial unsulfonated diamines and NTDA to 

synthesize the novel SPIs. Water stability, liquid/vapor phase water uptake (WU) and 

proton conductivity of synthesized SPI membranes were examined. Due to the improved 

solubility stability towards water, membranes showed  improved water stability. 122 

Zhai et al. compared the hydrolytic stability of two series of sulfonated polyimides 

(SPIs) based on NTDA, two different sulfonated diamine monomers, 4,4’-bis(4-

aminophenoxy)benzophenone-3,3’-disulfonic acid (BAPBPDS) and 4,4’-bis(4-

aminophenylthio)benzophenone-3,3’-disulfonic acid (BAPTBPDS) and common non-

sulfonated diamines.  BAPTBPDS based copolyimide membranes showed much improved 

water stability than BAPBPDS based ones due to the higher basicity of BAPTBPDS 

monomer because of the greater electron-donating effect of thio group. 123 
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Tripathi et al. evaluated the use of nanocomposite polymer electrolyte membranes 

(PEM) containing nano-sized inorganic particles embedded in organic polymeric matrix 

for fuel cells applications. The organic-inorganic architecture combined the appealing 

properties of thermally and mechanically stable inorganic backbone and chemical 

reactivity, flexibility, and processability of organic polymer in a single solid membrane. 

Homogeneous dispersion of inorganic fillers in matrix and different characteristics (e.g., 

thermal stability and solubility) of the two phases were the main barriers toward 

appropriate strategies for membrane preparation. 124 

Bano et al. studied the characterizations and fabrication of nano-composite 

membranes of sulfonated poly(ether ether ketone) (SPEEK) reinforced and cross-linked 

with ethylene glycol (EG) and cellulose nanocrystals (CNCs) respectively. The solvent 

casting method was utilized for the preparation of thin films of cross-linked composite and 

the films were analysed for physicochemical and electrochemical properties to evaluate 

their ability as proton exchange membrane (PEM) in fuel cells. Membranes of cross-linked 

SPEEK having 4 wt % loading of CNCs showed a significant proton conductivity of 

0.186 S/cm at 95 °C and 95 % RH which is comparable to Nafion 117. 125 

The proton conductivities of sulfonated polymer/protic ionic liquid membrane 

depend upon the type and concentration of IL and upon the sulfonic acid groups in the 

matrix polymer. 126 

Doyle et al.  studied the effect of addition of various equivalent weights of 1-butyl-

3-methylimidazolium trifluoromethanesulfonate in Nafion membranes. They found out 

that the Nafion membrane having higher concentration of sulfonic acid groups displayed 

quite high proton conductivity of 80 mS/cm at 150 °C that is even higher in comparison to 

neat IL. 127 

Martinez et al.  and Di Noto et al.  investigated the effect on proton conductivity of 

Nafion 117 upon addition of triethylamine based protic ionic liquids. It was observed that 

the IL possessing best proton conductivity did not resulted in the best composite 

(Nafion/IL) membrane. They postulated that alongwith the ionic liquids other factors also 

act as decisive parameters like IL uptake, structure, interactions with the polymer and the 

structuring inside the membrane. It was found that that composite membranes of Nafion 

https://www.sciencedirect.com/topics/chemistry/ethylene-glycol
https://www.sciencedirect.com/topics/chemistry/nanocrystal
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with incorporated ILs have comparatively higher ability to retain water as compared to neat 

Nafion at temperatures above 100 °C. 128-130 

Susan et al.  investigated protic ionic liquids (PILs), synthesized by the reactions of 

different organic amines (such as imidazole) with bis(trifluoromethanesulfonyl)imide and 

realized that protic ionic liquids (PILs) were proton-conductive. 131 

Fernicola et al.  evaluated the proton conductivity profile of protic ionic liquid 

composite membranes built on monosubstituted imidazole or pyrrolidone in a polymer 

matrix. 55 

Fatyeyeva et al. immobilized the water insoluble PIL in the porous polymer 

(Matrimid® 5218) film to synthesize the composite polyimide/PILs membranes. The 

higher proton conductivity (~10−3 S/cm) was shown by composite membranes at higher 

temperatures (up to 160 °C). The acquired proton conductivity values revealed that the 

composite membranes (polyimide/PIL) are attractive candidates for PEMFCs at middle 

and high temperatures. 132 

1.7 Scope and objectives of work 

Extensive research has been carried out on wastewater treatment and clean energy 

production using polymeric materials because of their appealing properties. Since the 

successful sulphonation of polyimides, the applications of sulphonated polyimides have 

been investigated tremendously in these two fields. The benchmark sulphonated ionomer, 

Nafion, used for the toxic metal ions adsorption from aqueous media and as an electrolyte 

for proton conductivity in polymer electrolyte membrane fuel cells (PEMFCs) possess 

some drawbacks such as high cost, fluorinated backbone, excessive swelling, water loss at 

high temperature and low glass transition temperature (117- 127 °C). 

Keeping these shortcomings of Nafion in mind, the main focus of the present study 

will be on the hydrocarbon based sulphonated polyimides that possess higher Tg, 

hydrophilic-hydrophobic domains, toxic metal adsorbing and proton conducting abilities 

at high temperature or in the absence of water. Therefore, in current research work the 

synthesis of sulphonated copolyimides and their composites with protic ionic liquids will 

be targeted. For composites the most attractive approach of composite synthesis, i.e., 
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swelling of polymer film with PIL, will be selected. Here, the polymer possessing sufficient 

mechanical strength alongwith chemical and thermal stability will serve as a matrix support 

and mechanically strong composite thin films will be obtained. Protic ionic liquids will 

help in the conduction of protons and will result in an increased proton conductivity 

through the membranes. The fabrication of flexible films (SPIs and SPI/ IL) by introducing 

flexible linkages into the polyimide backbone will be under investigation. Dianhydrides 

and diamines with flexible linkages e.g., -O-, -CH2, will be used in this research work. It is 

expected that flexible membranes with good adsorption ability, hydrolytic stability and 

proton conductivity will be achieved.  

1.8 Plan of work 

The current research was planned with the goal of contributing to water purification 

and green energy technologies. To address this goal, it was planned to synthesize and 

characterize the sulphonated copolyimides and their composites with protic ionic liquids 

which will be used as toxic metal adsorbents and electrolytes in polymer electrolyte 

membrane fuel cells (PEMFCs) respectively. Efficient polymeric adsorbents and proton 

conductors may be obtained by introducing sulphonate groups on the polymeric backbone. 

Flexible linkages will be introduced in the polymeric backbone to improve the 

processability and flexibility of the membranes. Protic ionic liquids will be added in the 

sulphonated polyimide matrix to facilitate the proton conductivity of sulphonated 

polyimides. 

Different alkyl chains containing diamines will be synthesized by employing 

inexpensive and accessible synthetic procedures. Scheme 1.1 gives the synthetic strategy 

for the synthesis of diamines. Some series of polyimides will be synthesized by reacting 

two synthesized and three commercial diamines, containing flexible linkages, with two 

dianhydrides (oxydiphthalic anhydride (ODPA) and 4,4’-(hexafluoroisopropylidene) 

diphthalic anhydride (6FDA)) via solution polymerization. 

Synthesis of sulphonated copolyimides will be carried out by reacting commercial 

sulphonated diamine; 4,4’-diamino-2,2’-biphenyldisulfonic acid (BDSA), unsulphonated 

diamines (two synthesized, three commercial) with two dianhydrides (ODPA and 6FDA) 

using different percentages of sulphonated diamine via solution polymerization. 
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Eight different protic ionic liquids will be synthesized using Brønsted acids and 

Brønsted bases. Protic ionic liquid composites were synthesized using sulphonated 

polyimides as matrix and protic ionic liquids as additives to increase the proton 

conductivity alongwith flexibility of membranes. 

For structural compatibility and good adhesion of additive in matrix, introduction of 

like-like chemical interactions was planned. To achieve this target, same structural 

moieties, triethyl amine groups, will be introduced in matrix as well as additive. The 

presence of similar structural units might lead to increased interfacial interactions. The 

whole synthetic strategy will be divided into three parts. Part A will comprise of two steps; 

step 1 will be the synthesis of alkyl chains containing diamines (scheme 1.1) followed by 

the synthesis of ODPA and FDA based polyimides (scheme 1.2) using conventional two 

step thermal imidization procedure. Part B will comprise of two steps; where synthesis of 

triethyl ammonium salt of sulphonated diamine will be carried out in step 1 (scheme 1.3), 

followed by the synthesis of sulphonated copolyimides in step 2 (scheme 1.4). In part C, 

synthesis of protic ionic liquids will be carried out in step 1 (scheme 1.5), followed by the 

synthesis of composites in step 2 (scheme 1.6). 

All synthesized polyimides, sulphonated copolyimides and their composites will be 

characterized thoroughly by conventional and modern analytical techniques for better 

understanding of the properties of ultimate materials. 

The synthesis will be accomplished using the following schemes. 

Part A: Synthesis of 6FDA and ODPA based polyimides 

The synthesis of 6FDA and ODPA based polyimides will comprise of two steps. Step one 

comprises of the synthesis of diamines followed by the synthesis of polyimides in step 2. 

The general scheme for the synthesis of diamines is given in Scheme 1.1 and for the 

polyimides in Scheme 1.2. 
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Step 1: Synthesis of diamines 

 

Scheme 1.1: General scheme for the synthesis of 4-((4-
aminophenoxy)alkoxy)benzenamines. 

Step 2: Synthesis of polyimides 

 

Scheme 1.2: General scheme for the synthesis of homopolyimides.   

Part B: Synthesis of 6FDA and ODPA based sulphonated copolyimides 

It will comprise of two steps. 
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Step 1: Synthesis of triethyl ammonium salt of benzidine-2, 2’-disulphonic acid 

(BDSA) 

 

Scheme 1.3: General scheme for the synthesis of BDSA.TEA. 

Step 2: Synthesis of sulphonated copolyimides 

 

  

 

  

 

 

 

 

 

 

 

 

 

 

Scheme 1.4: General scheme for the synthesis of sulphonated copolyimides. 
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Part C: Synthesis of protic ionic liquid composites 

It will comprise of two steps. 

Step 1: Synthesis of protic ionic liquids 

 

Scheme 1.5: Synthesis of protic ionic liquids (PILs). 

 

Step 2: Synthesis of composites 

 

Figure 1.6: Synthesis of protic ionic liquid composites. 
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CHAPTER 2 

2 Experimental 
All details regarding used materials and synthetic procedures employed for the 

synthesis of diamines, polyimides, sulphonated copolyimides, protic ionic liquids and 

composites alongwith the techniques used for characterization are discussed in the 

following chapter. 

2.1 Materials 

All commercial grade reagents and solvents were used as received, unless otherwise 

mentioned. These chemicals were purchased from various chemical companies such as 

Sigma-Aldrich (Darmstadt, Germany), Fischer scientific (Massachusetts, USA), Merck 

(Darmstadt, Germany) and AK Scientific Inc (Union City, USA). The chemicals include 

1,2-dibromoethane (Sigma-Aldrich), 1,3-dibromopropane (Sigma-Aldrich), anhydrous 

potassium carbonate (K2CO3) (Sigma-Aldrich), 10 % palladium charcoal (Sigma-Aldrich), 

hydrazine hydrate (Sigma-Aldrich), ethyl acetate (Merck), n-hexane (Merck), ethanol 

(Merck), N,N’-dimethylformamide (DMF, 99 %) (Merck), m-cresol (PG) (Sigma-Aldrich), 

4,4’-oxydiphthalic anhydride (ODPA, 98%) (Sigma-Aldrich), 4,4’-

(hexafluoroisopropylidene)diphthalic anhydride (6FDA, 99 %) (Sigma-Aldrich), 

benzidine-2, 2’-disulfonic acid (BDSA) (Sigma-Aldrich), 4, 4’-methylenedianiline (MDA) 

(Sigma-Aldrich), 4, 4’-oxydianiline (ODA) (Sigma-Aldrich), 4,4’-(4,4’-

Isopropylidenediphenyl-1,1’-diyldioxy)dianiline (Sigma-Aldrich),  N-methyl pyrrolidone 

(NMP) (Merck), deionized water, diethyl ether (≥ 99 %) (Merck), triethylamine (TEA) 

(Fischer scientific), diethylmethyl amine (DEMA) (Fischer scientific),  dimethylethyl 

amine (DMEA) (Fischer scientific), trimethylamine (TMA) (Fischer scientific), methane 

sulphonic acid (MsOH) (Fischer scientific), trifloromethane sulphonic acid (TfOH) 

(Fischer scientific),  lead (II) nitrate (PbNO3) (AK Scientific Inc), nickel (II) nitrate 

hexahydrate [Ni(NO3)2. 6H2O] (AK Scientific Inc), cobalt (II) chloride hexahydrate 

[CoCl2. 6H2O] (AK Scientific Inc), and chromium (III) chloride hexahydrate [CrCl3. 

6H2O] (AK Scientific Inc). The standard procedures of drying and purification were used 

for the purification of solvents.  

https://pubchem.ncbi.nlm.nih.gov/compound/Benzidine-2_2_-disulfonic_acid
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2.2 Purification of solvents 

The standard purification methods were employed for the drying and distillation of 

various solvents.  

Dimethylformamide (DMF, boiling point 153 °C), was distilled under vacuum after 

drying for 12 hours using calcium hydride as drying agent. 

Ethanol (boiling point 78 °C), was distilled under inert atmosphere of nitrogen after 6 

hours reflux over CaO. 

Ethyl acetate (boiling point 77 °C), was distilled under inert atmosphere after drying 

overnight with CaH2. 

n-Hexane (boiling point 68 °C) was distilled after drying with calcium chloride as drying 

agent. 

2.3 Characterization methods 

Various characterization techniques have been used for the evaluation of the 

structures of diamines, polyimides and composites. The experimental conditions and 

instrumentation details are given below. 

2.3.1 Thin layer chromatography (TLC) 

To monitor the progress of different reactions, TLC was employed. For this purpose 

precoated silica gel aluminium plates of 0.2 nm thickness (HF-245, E. Merck) were used. 

2.3.2 Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy is a well-known technique used for the 

structural characterization of the organic compounds. The Bruker α-Alpha-P model with 

attenuated total reflectance transform infrared (ATR) method was used for FTIR 

spectroscopic characterization of polyimides, sulphonated copolyimides and composites in 

the range of 4000-400 cm-1 at room temperature. A small amount of solid sample was used 

for measurements. 

2.3.3 Ultraviolet-visible absorption spectroscopy 

UV-Visible spectra and absorbance measurements of sulphonated copolyimide and 

metal sensing studies of sulphonated copolyimide were carried out in solution form (0.01 

g polyimide in 10 mL deionized water) by using Perkin/Elmer, double-beam UV/Vis 

spectrophotometer Lambda 35 with diode-array detector.  
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2.3.4 Gel permeation chromatography (GPC) 

The weight average molecular weight (Mw), number average molecular weight 

(Mn), and polydispersity index (PDI) of sulphonated polyimides and composites were 

obtained using gel permeation chromatography Agilent PL-GPC 220 high temperature 

system and hot filtration unit instrument having stainless steel column (7.8 mm ID and 30 

cm length) calibrated with various standards of polystyrene and with chloroform as eluent. 

The polyimides were dissolved in hexafloroisopropanol (HFIP) overnight. 

2.3.5 Thermal analysis 

Thermal decomposition temperature and percent weight loss for polyimides and 

sulphonated copolyimides were recorded using thermal gravimetric analyzer, TG209 F3, 

(Netzsch Germany), in an inert atmosphere of nitrogen from 30 to 800 °C at a heating rate 

of 10 °C min-1. All the samples were heated under vacuum for 24 h at 120 °C to ensure 

complete dryness prior to analysis. 

Differential scanning calorimeter, Netzsch, DSC 204 was used to evaluate the glass 

transition temperatures (Tg) of polyimides by heating the samples from room temperature 

upto 300 °C with the scanning rate of 10 °C min-1, under inert atmosphere. 

2.3.6 Atomic absorption spectroscopy (AAS) 

Lead ions adsorption and effect of contact time of lead ions with sulphonated 

copolyimides were investigated through the determination of residual concentration of lead 

ions (adsorption conditions: 0.1 g adsorbent; 50 ppm adsorbate solution; contact time 60 

min; adsorption medium volume, 10 ml; 25 °C and neutral pH) using flame atomic 

absorption spectrophotometer (Shimadzu AA-670, Japan). 

2.3.7 Four probe proton conductivity measurement 

The proton conductivity of sulphonated copolyimides and composites was carried 

out using a four-probe proton conductivity setup with BT-110 Conductivity Clamp from 

Scribner having four platinum electrodes and Scribner 850e Fuel Cell test system, with 885 

Fuel Cell Potentiostat (Figure 2.1). The 3×1 cm2 membrane samples were soaked in water 

for 24 hours before test. The hydrated sample was mounted in BT-110 Conductivity Clamp 

from Scribner having four platinum electrodes. This conductivity clamp was then mounted 
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in fuel cell holder and connected with Scribner 850e Fuel Cell test system as shown in 

Figure 2.1. The steps followed for the conductivity measurement are explained below: 

i) The system stabilization was done at 60 °C and a relative humidity (RH) 20% for 2 h.  

ii) The current voltage (I-V) was recorded. 

iii) System stabilization was done for 5 min.  

iv) I-V was recorded and processes were repeated from (ii) to (iv) for 3 times.  

v) The relative humidity was increased to 40%.  

vi) System stabilization was done for 30 min.  

vii) Same steps were repeated from (ii) to (iv).  

viii) The same methodology was used for the RH of 60, 80 and 100%.  

ix) The temperature was increased to 80 °C and RH to 20%. 

 x) System stabilization was done for 2 h.  

xi) Similar steps were repeated from (ii) to (viii). 

 xii) The temperature was increased to 100 °C and RH to 20%.  

xiii) System stabilization was carried out for 2 h.  

xiv) Similar steps were repeated from (ii) to (viii). 

The I-V was recorded between 0 and 0.8 V with a fixed 10 points/s rate. To measure 

I-V curve, the linear potential sweep was conducted at 1 mV/s. The 0.5 L/min flow rate 

was fixed for hydrogen. FCView software from Scribner was used for the analysis of data 

to calculate resistance (R). Eq. (2.1), was then used for the calculation of proton 

conductivity (σ) using the value of (R) 

σ = L / R. A                                             (Equation 2.1) 

here, L depicts the distance between inner probes whereas A is membrane thickness. 
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Figure 2.1: Four probe conductivity test using Scribner 850e Fuel Cell System. 

2.3.8 Single fuel cell test 

Single fuel cell tests were carried out for sulphonate copolyimides and their 

composites for catalyst coating studies using single fuel cell set up with single fuel cell 

holder from Scribner and Scribner 850e Fuel Cell test system, with 885 Fuel Cell 

Potentiostat. For the single fuel cell test, a Membrane Electrode Assembly (MEA) was 

fabricated using the Gas Diffusion Electrode (GDE) prepared from carbon supported 

catalysts (Pt nanorods). For cathode, the catalyst ink was prepared from 100 μL water, 400 

μL IPA, 43 μL 2 wt% (synthesized SPI) FBA2-50 solution in NMP and the catalyst powder 

required at a Pt loading of 0.2 mgPt cm-2. The sonication bath was used for 30 minutes to 

get a finely dispersed catalyst ink. The prepared ink was painted onto 2 × 2 cm2 Sigracet 

38 BC GDL and dried for 4 hours at 40 °C. 

The prepared cathode, commercial GDE (0.2 mgPt cm-2, Fuel Cell Store, USA) as 

anode and Nafion® 212 (6 × 6 cm2) as electrolyte membrane were hot-pressed under 4.9 

MPa for 2 minutes at 135 °C for the fabrication of MEA. This hot-pressed MEA was cooled 

down to room temperature before testing in polymer electrolyte membrane fuel cell 

(PEMFC). The experiment was performed at 80 °C using fully humidified H2/O2 with 

1.3/1.5 stoichiometric ratios and 1.5/1.5 bar absolute pressure at both the electrodes.  
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MEA testing in single fuel cell 

Membrane electrode assembly (MEA) was fixed in the fuel cell single cell holder 

and tested in a 850e Test Stand, with 885 Fuel Cell Potentiostat. Gaskets made of 

polytetrafluoroethylene (PTFE, 254 µm thickness) were used at both the electrodes sides 

as shown in Figure 2.2. This in-situ membrane electrode assembly test comprehends 

polarisation curve and EIS (electrochemical impedance spectroscopy) for explaining 

catalytic activities of as-prepared tested catalysts in polymer electrolyte membrane fuel cell 

(PEMFC) operation. 

 

 

    

 

 

Figure 2.2: Single cell test setup. 

2.3.9 Half-cell gas diffusion electrode (GDE) measurement 

Half-cell GDE measurements were conducted using a FlexCell 

polytetrafluoroethene (PTFE) from Gaskatel having an O-ring leading to an active area of 

3 cm2. The polyimides were tested as binders in ex-situ GDE measurements. The catalyst 

loading was 0.2 mg Pt /cm2 (from TKK). Catalyst ink was applied onto GDL (5 × 3 cm2), 

by painting a solution of 6.56 mg TKK, 43 μL 2 wt % polyimide solution in NMP, 100 μL 

water and 400 μL IPA and left to dry at 40 °C overnight. The GDE was inserted into the 

FlexCell gas compartment where it was held by O-rings leading to an active area of 3 cm2. 

0.1 M HClO4 aqueous solution was used as electrolyte to fill the main and reference 

electrode compartments and any bubbles produced in the luggin channel (a channel 

connecting the RHE with main compartment containing electrolyte and as close to gas 

diffusion electrode (GDE) as possible) were purged out and removed with a pipette. A 

constant flow of 189 mLmin-1 was fixed for nitrogen gas. A commercial HydroFlex RHE 

(Gaskatel) as RHE and a Pt coil counter electrode were used for the measurements, as 

shown in Figure 2.3. 



 

41 
 

   

 

 

 

 

 

 

 

Figure 2.3: Half cell gas diffusion electrode (GDE) test setup. 

2.4 Synthesis 

Synthesis of two diamines, ten neat polyimides, fifty sulphonated copolyimides with 

varying degree of sulphonation, eight protic ionic liquids and their composites with 

sulphonated copolyimides was carried out. 

2.4.1 Synthesis of diamine monomers 

The alkyl chains containing ether linked diamines and their precursor dinitro 

compounds were synthesized through Williamson ether synthesis and their 

characterization was carried out as follows; 133 

2.4.1.1 General method for the synthesis of dinitro compounds 

4-Nitrophenol (36 mmol) was added in a two necked round bottom flask having a 

mixture of 36 mmol of K2CO3 in 50 mL of DMF under nitrogen atmosphere. The mixture 

was refluxed for two hours followed by the addition of 18 mmol of dibromo alkane and 

refluxed further for five hours as described in scheme 3.1. Reaction completion was 

monitored through TLC using solvent system; n-hexane: ethyl acetate (1:1). After 

completion, solution was poured into ice-cooled water and neutralization was done using 

HCl solution. Precipitates were filtered out and dried. 
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2.4.1.1.1 Synthesis of 1,2-bis(4-nitrophenoxy)ethane (DN2) 

 

To synthesize DN2, 4-nitrophenol 35.97 mmol (5 g) was added to a solution of 

17.81 mmol (3.384 g) 1,2-dibromo ethane along with potassium carbonate 35.97 mmol (5 

g) in 50 mL of N,N-dimethylformamide (DMF). Pale yellow colored precipitates were 

obtained. Rf = 0.69 (n-hexane: ethyl acetate, 1:1) solvent system, Yield: 80%, melting 

point: 148-149 °C (literature.148-149 °C). 

2.4.1.1.2 Synthesis of 1,2-bis(4-nitrophenoxy)propane (DN3) 

 

For the synthesis of DN3, 4-nitrophenol 35.97 mmol (5 g) was added to a solution 

of 17.79 mmol (3.63 g) of 1,3-dibromo propane along with potassium carbonate 35.97 

mmol (5 g) in 50 mL of dimethylformamide (DMF). The off-white solid product was 

filtered off and washed twice with distilled water. Rf value = 0.52 using (n-hexane: ethyl 

acetate, 1:1) solvent system, Yield: 80%, melting point: 79-81 oC (literature 78 oC). 

2.4.1.2 General method for the reduction of dinitro compounds 

In a 250 mL round bottom flask, 6.57 mmol (2 g) of dinitro compound and 0.2 g of 

palladium charcoal were refluxed in 60 mL of ethanol for one hour. To the reaction 

mixture, 7 mL of hydrazine hydrate was added and refluxed for 24 hours. The progress of 

reaction was checked through TLC using solvent system (n-hexane : ethylacetate 1:1). 

After completion of reaction, the boiling suspension was filtered. Precipitates were formed 

on the addition of ice-cooled water in the filtrate. Shiny white crystals of diamine were 

filtered, dried and stored in a desiccator. 
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2.4.1.2.1 Synthesis of 4-(2-(4-aminophenoxy)ethoxy)benzenamine (A2) 

 

For the reduction of DN2 into 4-(2-(4-aminophenoxy)ethoxy)benzenamine (A2), 

6.6 mmol (2.2 g) of 1,2-bis(4-nitrophenoxy)ethane (DN2), 0.2 g of activated charcoal and 

7 mL of hydrazine hydrate was added and refluxed in 60 mL of ethanol for 24 hours. White 

crystalline solid was obtained. Rf value = 0.35 using (n-hexane: ethyl acetate, 1:1) solvent 

system, Yield: 86%, melting point: 174-176 °C (literature: 176 °C). 

2.4.1.2.2 Synthesis of 4-(3-(4-aminophenoxy)propoxy)benzenamine (A3) 

 

For the reduction of DN3 into 4-(3-(4-aminophenoxy)propoxy)benzenamine (A3), 

6.2 mmol (2 g) of 1,3-bis(4-nitrophenoxy)propane (DN3), 0.2 g of activated charcoal and 

7mL of hydrazine hydrate was added and refluxed in 60 mL of ethanol for 24 hours. Silver 

white crystals were obtained. Rf value= 0.30 using (n-hexane: ethyl acetate, 1:1) solvent 

system, Yield: 73%, melting point: 98-100 oC (literature: 98 oC). 

2.4.2 General procedure for the synthesis of polyimides 

The polyimides were synthesized by the conventional two-step procedure via 

polyamic acid precursors, followed by thermal curing at elevated temperatures. 134 The two 

synthesized and three commercial diamines were reacted with two dianhydrides 6FDA and 

ODPA separately to synthesize two different series of polyimides based on two 

dianhydrides respectively. Diamine (1 mmol) was dissolved in m-cresol (2 mL) under 

anhydrous conditions in a sealed glove box. Dianhydride in stochiometric amount (1 mmol) 

was added, after complete dissolution of diamine, into the diamine solution. The solution 

was kept under anhydrous conditions and stirred for 8 hours. As the polymerization 



 

44 
 

reaction started, the reaction mixture became viscous therefore some amount of m-cresol 

was added to facilitate stirring of the reaction mixture. 15 wt% solid content was 

maintained for polymer solution. After 18 hours stirring, very viscous polyamic acid (PAA) 

solution was obtained which was then heated for 12 hours at 80 °C to get PAA films. These 

films were subsequently heated at 100 and 150 °C and imidized at 180, 200, 250 and 300 

°C each for one hour resulting in the conversion of polyamic acid films into polyimide 

films (as shown in scheme 1.2). 

For the sake of simplicity of codes, the anhydrides 6FDA and ODPA will be 

abbreviated as [F] and [O] whereas diamines ODA and MDA as [A] and [M] respectively, 

in the following two chapters. 

2.4.2.1 Synthesis of neat polyimides from 4, 4′-(hexafluoroisopropylidene)diphthalic 

anhydride [F]   

The synthesis and characterization of five neat polyimides derived by reacting 

6FDA with five diamines; methylenedianiline [M], 4, 4’-oxydianiline [A], 4-(2-(4-

aminophenoxy)ethoxy)benzenamine (A2), 4-(3-(4-aminophenoxy)propoxy)benzenamine 

(A3),  4,4’-(4,4’-Isopropylidenediphenyl-1,1’-diyldioxy)dianiline [I] is discussed below.  

2.4.2.1.1 Synthesis of neat polyimide FM 

 

The preparation of polyimide FM was done by the solution polymerization reaction 

of methylene dianiline (M) with 6FDA. 1 mmol (0.448 g) of 6FDA was added in a 1 mmol 

(0.204 g) continuously stirred solution of M in 4 mL m-cresol. Polymerization reaction and 

the thermal imidization were done as explained in general procedure. FTIR: (ῡ/cm-1) 3052 

(aryl H, stretching),1782 (C=O asymmetric stretch, imide), 1710 (C=O symmetric stretch, 
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imide), 1382 (C-N stretching, imide), 1150 (C-F stretch, 6FDA) and 717 (C=O bending, 

imide). 

2.4.2.1.2 Synthesis of neat polyimide FA  

 

The preparation of FA polyimide was carried out using the solution polymerization 

reaction of oxydianiline (A) with 6FDA. 1 mmol (0.448 g) of 6FDA was added in 1 mmol 

(0.206 g) solution of A dissolved in 4 mL m-cresol under continuous stirring. The above 

explained methodology was used to carry out polymerization reaction and the thermal 

imidization of FA. FTIR: (ῡ/cm-1) 3058 (aryl H, stretching),1780 (C=O asymmetric stretch, 

imide), 1710 (C=O symmetric stretch, imide), 1380 (C-N stretching, imide), 1148 (C-F 

stretch, 6FDA) and 717 (C=O bending, imide). 

2.4.2.1.3 Synthesis of neat polyimide FA2 

 

The preparation of FA2 polyimide was achieved using the solution polymerization 

reaction of synthesized diamine (A2) with 6FDA. 1 mmol (0.448 g) of 6FDA was added 
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in 1 mmol (0.252 g) solution of A2 dissolved in 4 mL m-cresol under continuous stirring. 

The above explained methodology was used to carry out the polymerization reaction and 

the thermal imidization process. FTIR: (ῡ/cm-1) 3042 (aryl H, stretching),1780 (C=O 

asymmetric stretch, imide), 1712 (C=O symmetric stretch, imide), 1383 (C-N stretching, 

imide), 1150 (C-F stretch, 6FDA) and 715 (C=O bending, imide). 

2.4.2.1.4 Synthesis of neat polyimide FA3 

  

The FA3 polyimide was prepared using solution polymerization procedure by 

reacting synthesized diamine (A3) with 6FDA. 1 mmol (0.448 g) of 6FDA was added in 1 

mmol (0.265 g) solution of A3 dissolved in 4 mL m-cresol under continuous stirring. The 

above explained methodology was used to carry out the polymerization reaction and the 

thermal imidization process. FTIR: (ῡ/cm-1) 3048 (aryl H, stretching),1780 (C=O 

asymmetric stretch, imide), 1712 (C=O symmetric stretch, imide), 1382 (C-N stretching, 

imide), 1150 (C-F stretch, 6FDA) and 717 (C=O bending, imide). 

2.4.2.1.5 Synthesis of neat polyimide FI 
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The preparation of polyimide FI was done by the solution polymerization reaction 

of 4,4’-(4,4’-isopropylidenediphenyl-1,1’-diyldioxy)dianiline (I) with 6FDA. The 

dianhydride 6FDA, 1 mmol (0.448 g) was added in 1 mmol (0.423 g) solution of I dissolved 

in 4 mL m-cresol under continuous stirring. The above explained methodology was used 

to carry out the polymerization reaction and the thermal imidization process. FTIR: (ῡ/cm-

1) 3078 (aryl H, stretching),1782 (C=O asymmetric stretch, imide), 1710 (C=O symmetric 

stretch, imide), 1382 (C-N stretching, imide), 1148 (C-F stretch, 6FDA) and 714 (C=O 

bending, imide). 

2.4.2.2 Synthesis of neat polyimides from oxydiphthalic anhydride [O]    

The synthesis and characterization of polyimides derived from ODPA with five 

diamines; methylenedianiline [M], 4’ 4’-oxydianiline [A], 4-(2-(4-

aminophenoxy)ethoxy)benzenamine (A2), 4-(3-(4-aminophenoxy)propoxy)benzenamine 

(A3) and 4,4’-(4,4’-Isopropylidenediphenyl-1,1’-diyldioxy)dianiline [I] is discussed 

below. 

2.4.2.2.1 Synthesis of neat polyimide OM 

 

The preparation of polyimide OM was done by the solution polymerization reaction 

of methylene dianiline (M) with ODPA. 1 mmol (0.313 g) of ODPA was added in 1 mmol 

(0.204 g) solution of M dissolved in 4 mL m-cresol under continuous stirring. The above 

explained methodology was used to carry out the polymerization reaction and the thermal 

imidization process. FTIR: (ῡ/cm-1) 3042 (aryl H, stretching),1776 (C=O asymmetric 

stretch, imide), 1716 (C=O symmetric stretching, imide), 1373 (C-N stretching, imide), 

1170 (C-O stretching, ODPA) and 740 (C=O bend, imide). 
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2.4.2.2.2 Synthesis of neat polyimide OA 

 

The OA polyimide was prepared using solution polymerization procedure by 

reacting oxydianiline (A) with ODPA. 1 mmol (0.313 g) of ODPA was added in 1 mmol 

(0.206 g) solution of A dissolved in 4 mL m-cresol under continuous stirring. The above 

explained methodology was used to carry out the polymerization reaction and the thermal 

imidization process. FTIR: (ῡ/cm-1) 3060 (aryl H, stretching),1774 (C=O asymmetric 

stretch, imide), 1715 (C=O symmetric stretching, imide), 1370 (C-N stretching, imide), 

1165 (C-O stretching, ODPA) and 740 (C=O bend, imide). 

2.4.2.2.3 Synthesis of neat polyimide OA2 

 

The preparation of polyimide OA2 was done by the solution polymerization 

reaction of synthesized diamine (A2) with ODPA. 1 mmol (0.313 g) of ODPA was added 

in 1 mmol (0.252 g) solution of A2 dissolved in 4 mL m-cresol under continuous stirring. 

The above explained methodology was used to carry out the polymerization reaction and 

the thermal imidization process. FTIR: (ῡ/cm-1) 3048 (aryl H, stretching),1774 (C=O 
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asymmetric stretch, imide), 1715 (C=O symmetric stretch, imide), 1370 (C-N stretching, 

imide), 1160 (C-O stretching, ODPA) and 740 (C=O bend, imide). 

2.4.2.2.4 Synthesis of neat polyimide OA3 

 

The polyimide OA3 was prepared using the solution polymerization procedure by 

reacting synthesized diamine (A3) with ODPA. 1 mmol (0.313 g) of ODPA was added in 

1 mmol (0.265 g) solution of A3 dissolved in 4 mL m-cresol under continuous stirring. The 

above explained methodology was used to carry out the polymerization reaction and the 

thermal imidization process. FTIR: (ῡ/cm-1) 3052 (aryl H, stretching),1776 (C=O 

asymmetric stretch, imide), 1715 (C=O symmetric stretch, imide), 1368 (C-N stretching, 

imide), 1160 (C-O stretching, ODPA) and 740 (C=O bend, imide). 

2.4.2.2.5 Synthesis of neat polyimide OI  

 

Preparation of polyimide OI was achieved using the solution polymerization reaction 

of 4,4’-(4,4’-isopropylidenediphenyl-1,1’-diyldioxy)dianiline (I) with ODPA. 1 mmol 
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(0.313 g) ODPA was added in 1 mmol (0.423 g) solution of I dissolved in 4 mL m-cresol 

under continuous stirring. The above explained methodology was used to carry out the 

polymerization reaction and the thermal imidization process. FTIR: (ῡ/cm-1) 3082 (aryl H, 

stretching),1774 (C=O asymmetric stretch, imide), 1718 (C=O symmetric stretch, imide), 

1374 (C-N stretching, imide), 1168 (C-O stretching, ODPA) and 740 (C=O bend, imide). 

2.4.3 General procedure for the synthesis of sulphonated copolyimides (SPIs) 

The block sulphonated copolyimides were prepared by the standard two-step 

thermal imidization procedure via polyamic acid precursor as described above. 135 The two 

dianhydrides 6FDA and ODPA were reacted with sulphonated diamine in its 

triethylammonium sulfate form (BDSA.TEA) (cf: 2.4.3.1) and the other unsulphonated 

diamine monomer to synthesize two different series of sulphonated copolyimides. Firstly, 

the anhydride-terminated SPI oligomers were prepared from BDSA.TEA dissolved in m-

cresol and stochiometric amount of dianhydride monomer under anhydrous conditions in 

a sealed glove box. The reaction mixture was kept under anhydrous conditions with stirring 

for 8 hours at room temperature (30 °C). As the polymerization reaction started, the 

reaction mixture became viscous. The unsulphonated diamine was then added into the 

oligomer solution alongwith some m-cresol to facilitate stirring. The solid content of 

polymer solution was kept at 15 wt %. After 18 hours stirring, very viscous polyamic acid 

(PAA) solution was obtained which was heated in a petridish for 12 hours at 80 °C to get 

PAA films. These films were subsequently heated at 100, 150 °C and imidized at 180, 200, 

250 and 300 °C each for one hour resulting in block sulphonated copolyimide films (as 

shown in scheme 1.4). 

For both (6FDA and ODPA dianhydride based) series of copolyimides, initial 

synthesis of a sulphonated copolyimide included 90:10 mole ratio with respect to 

unsulphonated:sulphonated diamine. To evaluate the impact of varying degree of 

sulfonation, four additional copolyimides compositions were synthesized using 

dianhydride/unsulphonated diamine/sulphonated diamine, where the sulfonated diamine 

triethylammonium salt (BDSA.TEA) content was raised to 20, 30, 40 and 50 mole % 

respectively. The same two step thermal imidization route was followed for all the molar 

ratios of copolyimide synthesis. 
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2.4.3.1 Synthesis of triethyl ammonium salt (B) of benzidine-2, 2’-disulfonic acid 

(BDSA) 

 

To synthesize the BDSA.TEA salt, the diamine BDSA (2.0 mmol) in 50 mL ethanol 

was added to a 3-neck round bottom flask equipped with magnetic stirrer and N2 inlet. The 

mixture was stirred at 80 °C under N2 flow, triethylamine (4.0 mmol) was added dropwise 

to the boiling mixture and heated until BDSA was completely dissolved. The boiling 

solution was hot filtered and BDSA was obtained in its triethylammonium sulphate form 

(BDSA.TEA). The synthesized BDSA.TEA was recrystallized from ethanol and dried 

under vacuum for three days. 136 FTIR: (ῡ/cm-1) 1084 (S=O asymmetric stretching, 

sulphonate), 1035 (S=O symmetric stretch, sulphonate), and 620 (C-S stretch, sulphonate). 

2.4.3.2 Synthesis of SPIs from 4,4’- (hexafluoroisopropylidene)diphthalicanhydride 

[F]   

The synthesis and characterization of sulphonated copolyimides derived from 

6FDA using BDSA.TEA as sulphonated diamine and five unsulphonated diamines; 

methylenedianiline [M], 4, 4’-oxydianiline [A], 4-(2-(4-

aminophenoxy)ethoxy)benzenamine (A2), 4-(3-(4-aminophenoxy)propoxy)benzenamine 

(A3),  4,4’-(4,4’-Isopropylidenediphenyl-1,1’-diyldioxy)dianiline [I] in different 

compositions, is discussed in this section. 

https://pubchem.ncbi.nlm.nih.gov/compound/Benzidine-2_2_-disulfonic_acid
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2.4.3.2.1 Synthesis of sulphonated copolyimides (FBM (10, 20, 30, 40, 50))  

 

The solution polymerization was used for the synthesis of sulphonated 

copolyimides FBM (10, 20, 30, 40, 50) using 6FDA with sulphonated diamine BDSA.TEA 

and methylene dianiline (M).  Firstly, five different compositions in mole % of BDSA.TEA 

[0.1 mmol (0.078 g), 0.2 mmol (0.156 g), 0.3 mmol (0.234 g), 0.4 mmol (0.311 g) and 0.5 

mmol (0.389 g)] were dissolved in m-cresol (4 mL) one by one and stirred with a 

stochiometric amount [1 mmol (0.448 g)] of dianhydride monomer separately for 8 hours 

at room temperature (30 °C), then the respective mole % of methylene dianiline (M) [0.5 

mmol (0.10 g), 0.6 mmol (0.122 g), 0.7 mmol (0.143 g), 0.8 mmol (0.163 g) and 0.9 mmol 

(0.184 g)] were added into the oligomer solution of each mole % of BDSA.TEA alongwith 

some m-cresol to facilitate stirring of reaction mixture. The overall 1:1 stochiometric ratio 

of dianhydride and diamines was maintained for each system. The above explained 

methodology was used to carry out the polymerization reaction and the thermal imidization 

process. FTIR: (ῡ/cm-1) 3088 (aryl H, stretching),1782 (C=O asymmetric stretch, imide), 

1710 (C=O symmetric stretch, imide), 1382 (C-N stretching, imide), 1150 (C-F stretching), 

1084 (S=O asymmetric stretching, sulphonate), 1035 (S=O symmetric stretch, sulphonate), 

717 (C=O bending, imide) and 620 (C-S stretch, sulphonate). (Annexure 3.1) 

2.4.3.2.2 Synthesis of sulphonated copolyimides (FBA (10, 20, 30, 40, 50))  
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The solution polymerization was used for the synthesis of sulphonated 

copolyimides FBA (10-50) using 6FDA with sulphonated diamine BDSA.TEA and 4, 4’-

oxydianiline (A). Firstly, five different mole % of BDSA.TEA [0.1 mmol (0.078 g), 0.2 

mmol (0.156 g), 0.3 mmol (0.234 g), 0.4 mmol (0.311 g) and 0.5 mmol (0.389 g)] were 

dissolved in m-cresol (4 mL) one by one and stirred with a stochiometric amount [1 mmol 

(0.448 g)] of dianhydride monomer separately for 8 hours at room temperature (30 °C), 

then the respective mole % of diamine (A) [0.5 mmol (0.10 g), 0.6 mmol (0.124 g), 0.7 

mmol (0.144 g), 0.8 mmol (0.165 g) and 0.9 mmol (0.186 g)] were added into the oligomer 

solution of each mole % of BDSA.TEA alongwith some m-cresol to facilitate stirring of 

reaction mixture. The overall 1:1 stochiometric ratio of dianhydride and diamines was 

maintained for each system. The above explained methodology was used to carry out the 

polymerization reaction and the thermal imidization process. FTIR: (ῡ/cm-1) 3065 (aryl H, 

stretching),1780 (C=O asymmetric stretch, imide), 1710 (C=O symmetric stretch, imide), 

1380 (C-N stretching, imide), 1148 (C-F stretching) 1083 (S=O asymmetric stretching, 

sulphonate), 1034 (S=O symmetric stretch, sulphonate), 717 (C=O bending, imide) and 

620 (C-S stretch, sulphonate). (Annexure 3.2) 

2.4.3.2.3 Synthesis of sulphonated copolyimides (FBA2 (10, 20, 30, 40, 50)) 

   

The solution polymerization was used for the synthesis of sulphonated 

copolyimides FBA2 (10-50) using 6FDA with sulphonated diamine BDSA.TEA and 

synthesized diamine (A2).  Firstly, five different mole % of BDSA.TEA [0.1 mmol (0.078 

g), 0.2 mmol (0.156 g), 0.3 mmol (0.234 g), 0.4 mmol (0.311 g) and 0.5 mmol (0.389 g)] 

were dissolved in m-cresol (4 mL) one by one and stirred with a stochiometric amount [1 

mmol (0.448 g)] of dianhydride monomer separately for 8 hours at room temperature (30 

°C), then the respective mole % of diamine (A2) [0.5 mmol (0.126 g), 0.6 mmol (0.151 g), 
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0.7 mmol (0.176 g), 0.8 mmol (0.201 g) and 0.9 mmol (0.227 g)] were added into the 

oligomer solution of each mole % of BDSA.TEA alongwith some m-cresol to facilitate 

stirring of reaction mixture. The overall 1:1 stochiometric ratio of dianhydride and 

diamines was maintained for each system. The above explained methodology was used to 

carry out the polymerization reaction and the thermal imidization process. FTIR: (ῡ/cm-1) 

3078 (aryl H, stretching),1780 (C=O asymmetric stretch, imide), 1712 (C=O symmetric 

stretch, imide), 1383 (C-N stretching, imide), 1150 (C-F stretching) and 1084 (S=O 

asymmetric stretching, sulphonate), 1035 (S=O symmetric stretch, sulphonate), 715 (C=O 

bending, imide) and 620 (C-S stretch, sulphonate). (Annexure 3.3) 

2.4.3.2.4 Synthesis of sulphonated copolyimides (FBA3 (10, 20, 30, 40, 50)) 

 

The solution polymerization was used for the synthesis of sulphonated 

copolyimides FBA2 (10-50) using 6FDA with sulphonated diamine BDSA.TEA and 

synthesized diamine (A3).  Firstly, five different mole % of BDSA.TEA [0.1 mmol (0.078 

g), 0.2 mmol (0.156 g), 0.3 mmol (0.234 g), 0.4 mmol (0.311 g) and 0.5 mmol (0.389 g)] 

were dissolved in m-cresol (4 mL) one by one and stirred with a stochiometric amount [1 

mmol (0.448 g)] of dianhydride monomer separately for 8 hours at room temperature (30 

°C), then the respective mole % of diamine (A3) [0.5 mmol (0.133 g), 0.6 mmol (0.160 g), 

0.7 mmol (0.186 g), 0.8 mmol (0.213 g) and 0.9 mmol (0.239 g)] were added into the 

oligomer solution of each mole % of BDSA.TEA alongwith some m-cresol to facilitate 

stirring of reaction mixture. The overall 1:1 stochiometric ratio of dianhydride and 

diamines was maintained for each system. The above explained methodology was used to 

carry out the polymerization reaction and the thermal imidization process. FTIR: (ῡ/cm-1) 

3075 (aryl H, stretching),1780 (C=O asymmetric stretch, imide), 1712 (C=O symmetric 

stretch, imide), 1382 (C-N stretching, imide), 1150 (C-F stretching), 1082 (S=O 
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asymmetric stretching, sulphonate), 1032 (S=O symmetric stretch, sulphonate), 717 (C=O 

bending, imide) and 620 (C-S stretch, sulphonate). (Annexure 3.4) 

2.4.3.2.5 Synthesis of sulphonated copolyimides (FBI (10, 20, 30, 40, 50)) 

 

The solution polymerization was used for the synthesis of sulphonated 

copolyimides FBI (10-50) using 6FDA with sulphonated diamine BDSA.TEA and diamine 

4,4’-(4,4’-isopropylidenediphenyl-1,1’-diyldioxy)dianiline (I).  Firstly, five different mole 

% of BDSA.TEA [0.1 mmol (0.078 g), 0.2 mmol (0.156 g), 0.3 mmol (0.234 g), 0.4 mmol 

(0.311 g) and 0.5 mmol (0.389 g)] were dissolved in m-cresol (4 mL) one by one and stirred 

with a stochiometric amount [1 mmol (0.448 g)] of dianhydride monomer separately for 8 

hours at room temperature (30 °C), then the respective mole % of diamine (I) [0.5 mmol 

(0.212 g), 0.6 mmol (0.254 g), 0.7 mmol (0.296 g), 0.8 mmol (0.338 g) and 0.9 mmol 

(0.381 g)] were added into the oligomer solution of each mole % of BDSA.TEA alongwith 

some m-cresol to facilitate stirring of reaction mixture. The overall 1:1 stochiometric ratio 

of dianhydride and diamines was maintained for each system. The above explained 

methodology was used to carry out the polymerization reaction and the thermal imidization 

process. FTIR: (ῡ/cm-1) 3086 (aryl H, stretching), 1782 (C=O asymmetric stretch, imide), 

1710 (C=O symmetric stretch, imide), 1382 (C-N stretching, imide), 1148 (C-F stretching), 

1084 (S=O asymmetric stretching, sulphonate), 1035 (S=O symmetric stretch, sulphonate), 

714 (C=O bending, imide) and 620 (C-S stretch, sulphonate). (Annexure 3.5) 

2.4.3.3 Synthesis of SPIs from oxydiphthalic anhydride [O]    

The synthesis and characterization of sulphonated copolyimides derived from 

ODPA using BDSA.TEA as sulphonated diamine and five unsulphonated diamines; 

methylenedianiline [M], 4’ 4’-oxydianiline [A], 4-(2-(4-

aminophenoxy)ethoxy)benzenamine (A2), 4-(3-(4-aminophenoxy)propoxy)benzenamine 
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(A3),  4,4’-(4,4’-Isopropylidenediphenyl-1,1’-diyldioxy)dianiline [I] in different 

compositions is discussed in this section. 

2.4.3.3.1 Synthesis of sulphonated copolyimides (OBM (10, 20, 30, 40, 50))  

 

The solution polymerization was used for the synthesis of sulphonated 

copolyimides OBM (10-50) using ODPA with sulphonated diamine BDSA.TEA and 

diamine methylene dianiline (M).  Firstly, five different mole % of BDSA.TEA [0.1 mmol 

(0.078 g), 0.2 mmol (0.156 g), 0.3 mmol (0.234 g), 0.4 mmol (0.311 g) and 0.5 mmol 

(0.389 g)] were dissolved in m-cresol (4 mL) one by one and stirred with a stochiometric 

amount [1 mmol (0.313 g)] of dianhydride monomer separately for 8 hours at room 

temperature (30 °C), then the respective mole % of methylene dianiline (M) [0.5 mmol 

(0.10 g), 0.6 mmol (0.122 g), 0.7 mmol (0.143 g), 0.8 mmol (0.163 g) and 0.9 mmol (0.184 

g)] were added into the oligomer solution of each mole % of BDSA.TEA alongwith some 

m-cresol to facilitate stirring of reaction mixture. The overall 1:1 stochiometric ratio of 

dianhydride and diamines was maintained for each system. The above explained 

methodology was used to carry out the polymerization reaction and the thermal imidization 

process. FTIR: (ῡ/cm-1) 3078 (aryl H, stretching),1776 (C=O asymmetric stretch, imide), 

1716 (C=O symmetric stretch, imide), 1373 (C-N stretching, imide), 1170 (C-O stretching), 

1087 (S=O asymmetric stretching, sulphonate), 1033 (S=O symmetric stretch, sulphonate), 

740 (C=O bending, imide) and 620 (C-S stretch, sulphonate). (Annexure 4.1) 

2.4.3.3.2 Synthesis of sulphonated copolyimides (OBA (10, 20, 30, 40, 50)) 
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The solution polymerization was used for the synthesis of sulphonated 

copolyimides OBA (10-50) using ODPA with sulphonated diamine BDSA.TEA and 

diamine 4, 4’-oxydianiline (A).  Firstly, five different mole % of BDSA.TEA [0.1 mmol 

(0.078 g), 0.2 mmol (0.156 g), 0.3 mmol (0.234 g), 0.4 mmol (0.311 g) and 0.5 mmol 

(0.389 g)] were dissolved in m-cresol (4 mL) one by one and stirred with a stochiometric 

amount [1 mmol (0.313 g)] of dianhydride monomer separately for 8 hours at room 

temperature (30 °C), then the respective mole % of diamine (A) [0.5 mmol (0.10 g), 0.6 

mmol (0.124 g), 0.7 mmol (0.144 g), 0.8 mmol (0.165 g) and 0.9 mmol (0.186 g)] were 

added into the oligomer solution of each mole % of BDSA.TEA alongwith some m-cresol 

to facilitate stirring of reaction mixture. The overall 1:1 stochiometric ratio of dianhydride 

and diamines was maintained for each system. The above explained methodology was used 

to carry out the polymerization reaction and the thermal imidization process. FTIR: (ῡ/cm-

1) 3064 (aryl H, stretching),1774 (C=O asymmetric stretch, imide), 1715 (C=O symmetric 

stretch, imide), 1370 (C-N stretching, imide), 1165 (C-O stretching), 1086 (S=O 

asymmetric stretching, sulphonate), 1030 (S=O symmetric stretch, sulphonate), 740 (C=O 

bending, imide) and 620 (C-S stretch, sulphonate). (Annexure 4.2) 

2.4.3.3.3 Synthesis of sulphonated copolyimides (OBA2 (10, 20, 30,40, 50)) 

 

The solution polymerization was used for the synthesis of sulphonated 

copolyimides OBA2 (10-50) using ODPA with sulphonated diamine BDSA.TEA and 

synthesized diamine (A2).  Firstly, five different mole % of BDSA.TEA [0.1 mmol (0.078 

g), 0.2 mmol (0.156 g), 0.3 mmol (0.234 g), 0.4 mmol (0.311 g) and 0.5 mmol (0.389 g)] 

were dissolved in m-cresol (4 mL) one by one and stirred with a stochiometric amount [1 

mmol (0.313 g)] of dianhydride monomer separately for 8 hours at room temperature (30 

°C), then the respective mole % of diamine (A2) [0.5 mmol (0.126 g), 0.6 mmol (0.151 g), 

0.7 mmol (0.176 g), 0.8 mmol (0.201 g) and 0.9 mmol (0.227 g)] were added into the 
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oligomer solution of each mole % of BDSA.TEA alongwith some m-cresol to facilitate 

stirring of reaction mixture. The overall 1:1 stochiometric ratio of dianhydride and 

diamines was maintained for each system. The above explained methodology was used to 

carry out the polymerization reaction and the thermal imidization process. FTIR: (ῡ/cm-1) 

3072 (aryl H, stretching), 1774 (C=O asymmetric stretch, imide), 1715 (C=O symmetric 

stretch, imide), 1370 (C-N stretching, imide), 1160 (C-O stretching), 1086 (S=O 

asymmetric stretching, sulphonate), 1030 (S=O symmetric stretch, sulphonate), 738 (C=O 

bending, imide) and 620 (C-S stretch, sulphonate). (Annexure 4.3) 

2.4.3.3.4 Synthesis of sulphonated copolyimides (OBA3 (10, 20, 30, 40, 50)) 

 

The solution polymerization was used for the synthesis of sulphonated 

copolyimides OBA3 (10-50) using ODPA with sulphonated diamine BDSA.TEA and 

synthesized diamine (A3).  Firstly, five different mole % of BDSA.TEA [0.1 mmol (0.078 

g), 0.2 mmol (0.156 g), 0.3 mmol (0.234 g), 0.4 mmol (0.311 g) and 0.5 mmol (0.389 g)] 

were dissolved in m-cresol (4 mL) one by one and stirred with a stochiometric amount [1 

mmol (0.313 g)] of dianhydride monomer separately for 8 hours at room temperature (30 

°C), then the respective mole % of diamine (A3) [0.5 mmol (0.133 g), 0.6 mmol (0.160 g), 

0.7 mmol (0.186 g), 0.8 mmol (0.213 g) and 0.9 mmol (0.239 g)] were added into the 

oligomer solution of each mole % of BDSA.TEA alongwith some m-cresol to facilitate 

stirring of reaction mixture. The overall 1:1 stochiometric ratio of dianhydride and 

diamines was maintained for each system. The above explained methodology was used to 

carry out the polymerization reaction and the thermal imidization process. FTIR: (ῡ/cm-1) 

3079 (aryl H, stretching), 1776 (C=O asymmetric stretch, imide), 1715 (C=O symmetric 

stretch, imide), 1368 (C-N stretching, imide), 1160 (C-O stretching), 1087 (S=O 

asymmetric stretching, sulphonate), 1033 (S=O symmetric stretch, sulphonate), 740 (C=O 

bending, imide) and 620 (C-S stretch, sulphonate). (Annexure 4.4) 
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2.4.3.3.5 Synthesis of sulphonated copolyimides (OBI (10, 20, 30, 40, 50)) 

 

The solution polymerization was used for the synthesis of sulphonated copolyimides 

OBI (10-50) using ODPA with sulphonated diamine BDSA.TEA and diamine 4,4’-(4,4’-

isopropylidenediphenyl-1,1’-diyldioxy)dianiline (I).  Firstly, five different mole % of 

BDSA.TEA [0.1 mmol (0.078 g), 0.2 mmol (0.156 g), 0.3 mmol (0.234 g), 0.4 mmol (0.311 

g) and 0.5 mmol (0.389 g)] were dissolved in m-cresol (4 mL) one by one and stirred with 

a stochiometric amount [1 mmol (0.313 g)] of dianhydride monomer separately for 8 hours 

at room temperature (30 °C), then the respective mole % of diamine (I) [0.5 mmol (0.212 

g), 0.6 mmol (0.254 g), 0.7 mmol (0.296 g), 0.8 mmol (0.338 g) and 0.9 mmol (0.381 g)] 

were added into the oligomer solution of each mole % of BDSA.TEA alongwith some m-

cresol to facilitate stirring of reaction mixture. The overall 1:1 stochiometric ratio of 

dianhydride and diamines was maintained for each system. The above explained 

methodology was used to carry out the polymerization reaction and the thermal imidization 

process. FTIR: (ῡ/cm-1) 3085 (aryl H, stretching), 1774 (C=O asymmetric stretch, imide), 

1718 (C=O symmetric stretch, imide), 1374 (C-N stretching, imide), 1168 (C-O stretching), 

1086 (S=O asymmetric stretching, sulphonate), 1032 (S=O symmetric stretch, sulphonate), 

740 (C=O bending, imide) and 620 (C-S stretch, sulphonate). (Annexure 4.5) 

2.4.4 General procedure for the synthesis of protic ionic liquids (PILs) 

PILs were prepared according to the methods reported in the literature. 137 A general 

procedure for the synthesis of PILs is shown in Scheme 3.5. The synthesis was carried out 

under nitrogen atmosphere using two-necked round bottom flask equipped with dropping 

funnel and magnetic stirrer bar. Tertiary amine (0.05 mol) was diluted in 50 mL diethyl 

ether. Since the reaction for the formation of PILs was highly exothermic, the reaction flask 

was immersed in ice bath and the dropwise addition of sulphonic acid (0.05 mol) to triethyl 

amine was carried out through dropping funnel. Then the mixture was stirred for four hours 
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at ~ 0 °C. The reaction mixture was concentrated by the evaporation of diethyl ether on 

rotary evaporator. The protic ionic liquids were obtained as light yellow viscous liquids. 

2.4.4.1 Synthesis of protic ionic liquids (PILs) using methane sulphonic acid (MsOH) 

Four different protic ionic liquids were prepared by reacting methane sulphonic 

acid (MsOH) with four different tertiary amines; trimethyl amine (TMA), dimethylethyl 

amine (DMEA), diethylmethyl amine (DEMA) and triethyl amine (TEA). 

2.4.4.1.1 Synthesis of trimethylammonium methanesulphonate (TMMs) 

                                                      

TMMs was synthesized by stirring diluted triethylamine (0.05 mol) with dropwise 

addition of methane sulphonic acid (0.05 mol) in diethyl ether for four hours at ~ 0 °C. 

Light yellow viscous liquid. 

2.4.4.1.2 Synthesis of dimethylethylammonium methanesulphonate (DMMs) 

 

DMMs was synthesized by stirring diluted dimethylethylamine (0.05 mol) with 

dropwise addition of methane sulphonic acid (0.05 mol) in diethyl ether for four hours at 

~ 0 °C. Light yellow viscous liquid. 

2.4.4.1.3 Synthesis of diethylmethylammonium methanesulphonate (DEMs) 
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DEMs was synthesized by stirring diluted diethylmethylamine (0.05 mol) with 

dropwise addition of methane sulphonic acid (0.05 mol) in diethyl ether for four hours at 

~ 0 °C. Light yellow viscous liquid. 

2.4.4.1.4 Synthesis of triethylammonium methanesulphonate (TEMs) 

 

TEMs was synthesized by stirring diluted triethylamine (0.05 mol) with dropwise 

addition of methane sulphonic acid (0.05 mol) in diethyl ether for four hours at ~ 0 °C. 

Light yellow viscous liquid. (Annexure 10.1) 

2.4.4.2 Synthesis of protic ionic liquids (PILs) using trifluoromethane sulphonic acid 

(TfOH) 

Four different protic ionic liquids were prepared by reacting 

trifluoromethanesulphonic acid (TfOH) with four different tertiary amines; trimethyl 

amine (TMA), dimethylethyl amine (DMEA), diethylmethyl amine (DEMA) and triethyl 

amine (TEA). 

2.4.4.2.1 Synthesis of trimethylammonium trifluoromethanesulphonate (TMTf) 

 

TMTf was synthesized by stirring diluted triethylamine (0.05 mol) with dropwise 

addition of trifluoromethane sulphonic acid (0.05 mol) in diethyl ether for four hours at ~ 

0 °C. Light yellow viscous liquid. 
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2.4.4.2.2 Synthesis of dimethylethylammonium trifluoromethanesulphonate (DMTf) 

 

DMTf was synthesized by stirring diluted dimethylethylamine (0.05 mol) with 

dropwise addition of trifluoromethane sulphonic acid (0.05 mol) in diethyl ether for four 

hours at ~ 0 °C. Light yellow viscous liquid. 

2.4.4.2.3 Synthesis of diethylmethylammonium trifluoromethanesulphonate (DETf) 

 

DETf was synthesized by stirring diluted diethylmethylamine (0.05 mol) with 

dropwise addition of trifluoromethane sulphonic acid (0.05 mol) in diethyl ether for four 

hours at ~ 0 °C. Light yellow viscous liquid. 

2.4.4.2.4 Synthesis of triethylammonium trifluoromethanesulphonate (TETf) 

 

TETf was synthesized by stirring diluted triethylamine (0.05 mol) with dropwise 

addition of trifluoromethane sulphonic acid (0.05 mol) in diethyl ether for four hours at ~ 

0 °C. Light yellow viscous liquid. (Annexure 11.1) 
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2.4.5 Synthesis of sulphonated copolyimide/protic ionic liquid (SPI/IL) composites 

The solution casting method was used for the synthesis of SPI/IL composites where 

sulphonated copolyimides were used as matrix polymer and synthesized protic ionic liquids 

as fillers. Appropriate amounts (weight %) of protic ionic liquids were added to a solution 

of completely dissolved sulphonated copolyimides in m-cresol in a glass vial equipped with 

a magnetic stirrer bar. The mixture was stirred at 80 °C for 24 hours so that PIL can dissolve 

properly, and it was then casted on glass petri dish. The evaporation of m-cresol at 80 °C 

gave a uniform composite membrane. The composite membranes were peeled from the 

petri dish, dried in a vacuum oven at 80 °C for 24 hours and then stored in an inert 

atmosphere. 59 In order to see the compatibility and stability of the composite membranes, 

only TEA was found to be suitable and stable. Composite membranes with varying weight 

percentages of protic ionic liquids (IL content: 10, 20, 30, 40, and 50 wt %) were prepared. 

The codes of the ionic liquids are given in Table 2.1. 

                                  Table 2.1: Synthesized composites 

# Codes 

1. FBM-20/IL (10%) 
2. FBM-20/IL (20%) 
3. FBM-20/IL (30 %) 
4. FBM-20/IL (40 %) 
5. FBM-20/IL (50 %) 
6. FBA2-10/IL (20 %) 
7. FBA2-20/IL (20 %) 
8. FBO-10/IL (20 %) 
9. FBO-20/IL (20 %) 
10. FBO-30/IL (20 %) 
11. FBO-40/IL (20 %) 
12. FBM-50/IL (20 %) 
13. FBM-10/IL (20 %) 
14. FBM-20/IL (20 %) 
15. FBM-30/IL (20 %) 
16. FBM-40/IL (20 %) 
17. FBM-50/IL (20 %) 
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CHAPTER 3 

3 Results and Discussion 
The chapter includes two main sections.  

First section details the synthesis of alkyl chains containing diamines, 4-(2-(4-

aminophenoxy)ethoxy)benzenamine (A2) and 4-(3-(4-amino  phenoxy)propoxy)benzena 

min (A3), and synthesis, structural characterization, molecular weight determination, 

thermal stability and theoretical studies of various polyimides and sulphonated 

copolyimides to evaluate their potential applications as metal ions sensors, lead ions 

adsorption membranes, proton conducting membranes and catalyst coating in polymer 

electrolyte membrane fuel cells.  

Second section includes the synthesis and characterization of composites of 

sulphonated copolyimides with protic ionic liquid additives. Various essential 

characteristics involving film formation, thermal stability and crystallinity were evaluated 

and compared with sulphonated copolyimide systems to elucidate the effect of ionic liquids 

on flexibility and proton conductivity profile of sulphonated copolyimides membranes. 

The whole chapter explains the experimental results and related data obtained. 

3.1 Synthesis of diamines, homopolyimides, copolyimides and composites 

Two diamines differing in alkyl chain lengths, five homopolyimides, fifty 

sulphonated copolyimides with varying degree of sulphonation and seventeen composites 

were synthesized and characterized. 

3.1.1 Synthesis of diamines 

Two diamines differing in alkyl chain lengths i.e, two and three CH2 units 4-(2-(4-

aminophenoxy)ethoxy)benzenamine (A2) and 4-(3-(4-aminophenoxy)propoxy)benze 

namine (A3) were synthesized using reported procedure (Figure 3.2). 

The synthesis of aliphatic groups containing aromatic diamines was carried out in 

two steps as shown in Scheme 3.1.  
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Scheme 3.1: Synthesis of 4-((4-aminophenoxy)alkoxy)benzenamines. 

In first step, the dinitro precursors were synthesized using Williamson ether synthesis 

followed by the reduction of dinitro compounds into diamines using Pd/C and hydrazine 

hydrate. p-Nitrophenol was reacted with K2CO3 in DMF to generate phenoxide ion 

followed by the addition of aliphatic dihalides into the reaction mixture for producing 

dinitro compounds (DN2 and DN3) which were then reduced to their respective diamines 

(A2 and A3). Recrystallization was done using ethanol. The physical data of dinitro and 

diamines is mentioned in Table 3.1. The dinitro and diamines were obtained in good yields 

(73-86 %) and the melting points were in accordance with the reported ones.  

 

          

 

 

Figure 3.1: Structures of dinitro compounds. 

 

 

 

 

Figure 3.2: Structures of diamines. 
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Table 3.1: Physical data of dinitros and diamines  

 

3.1.2 Synthesis of homo and copolyimides 

 Synthesis of polyimides (PIs) and sulphonated copolyimides (SPIs) was 

carried out via two step thermal imidization procedure. As discussed in introduction, this 

particular method was selected because it gives completely imidized, high molecular 

weight and hydrolytically stable polyimides. The benefits of this procedure were apparent, 

during this research, as completely imidized and high molecular weight polyimides were 

achieved as judged through intrinsic viscosity and gel permeation chromatography (GPC). 

 Series of high molecular weight wholly imidized  homopolyimides were 

prepared using two different dianhydrides (6FDA and ODPA) and commercial and 

synthesized unsulphonated diamines (A, A2, A3, M, I). Series of high molecular weight 

wholly imidized sulphonated copolyimides with pendant sulphonic acid (-SO3H) groups in 

polymeric backbones were prepared using two different dianhydrides (6FDA and ODPA), 

commercially available sulphonated diamine (BDSA) in triethylammonium salt form 

(BDSA.TEA) alongwith commercial and synthesized unsulphonated diamines (A, A2, A3, 

M, I). The monomers used are shown in Figure 3.3.  

 In the present research, the synthesized alkyl chains containing aromatic 

diamines were used alongwith commercial dianhydrides and diamines, because of their 

easy synthesis, convenience and low cost. The monomers were selected after extensive 

literature review. The objective of this research was to synthesize completely cyclized, 

flexible film forming sulphonated copolyimides and their composites with protic ionic 

liquids for their use as toxic metals adsorbents and proton conducting electrolyte 

membranes for PEMFCs. For this high molecular weight copolyimides having pendant 

# Codes Physical Appearance Yield (%) 
(reported)133 

m.p. (oC)  
(Lit. m.p.)133 

Rf value* 

1 DN2 Off white powder 80 (86) 148-149 (149) 0.69 

2 A2 White crystals 86 (92) 174-176 (176) 0.35 

3 DN3 Light yellow powder 80 (85) 79-81 (78) 0.52 

4 A3 Silver white crystals 73 (78) 98-100 (98) 0.30 

*Stationary phase=silica gel 60F254; mobile phase= ethyl acetate : n-hexane (1:1), λ = 254 nm 
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sulphonic acid groups and their composites with protic ionic liquids were prepared. In all 

cases, synthesis of unsulphonated homopolyimides was also carried out for the comparison 

of physical properties. 

 This section details the FTIR results, morphological studies, molecular 

weight determination, thermal characteristics and theoretical studies of the polyimides. 

UV-Visible spectroscopy results, atomic absorption spectroscopy (AAS) studies, four 

probe proton conductivity measurements, half-cell test and single cell test results of 

polyimides and their composites are discussed for heavy metal sensing, Pd (II) adsorption, 

proton conductivity and catalyst coating studies for fuel cell applications. 

Dianhydrides 

 

 

 

Diamines 

 

 

 

 

 

 

 

 

 

Figure 3.3: Monomers used for synthesis of polyimides and sulphonated copolyimides. 
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3.1.2.1 Synthesis of polyimides (PIs) 

Two commercially available dianhydrides (6FDA and ODPA) were used in this 

research work. Polyimides containing 6FDA and ODPA dianhydrides were selected due to 

their appealing properties of flexibility and transparency. In 6FDA, the bulky structure of 

two -CF3 groups and kinked arrangement hampers the close packing of adjoining polymer 

chains. Alongwith this, steric hindrance between ortho aromatic protons to isopropylidene 

linkage and fluorine atoms inhibits free rotation of (CF3)2 C–C (Ar) bond resulting in the 

rigid nature of this monomer. Additionally, 6FDA is renowned to improve the solubility of 

polyimides. 138 

The ODPA dianhydride has a very flexible oxygen linker between the two phthalic 

anhydride parts of the molecule. The ether linkage imparts extra flexibility to the polyimide 

backbone. Ether linkage imparted better solubility and flexibility to the polyimides which 

can be accredited to the distorted and bent chain structure. 138 Ando et al. arranged the 

commercially available dianhydrides according to the flexibility of polyimides with fixed 

diamine structures: BTDA > PMDA > BPDA > ODPA>6FDA. 139  

Moreover, for all the homopolyimides and sulphonated copolyimides prepared in 

this research project, one to one (1:1) monomers stoichiometry was maintained regarding 

mole percent of dianhydride monomer and mole percent of diamine(s) monomer in order 

to get high molecular weight polymers. It was not intended to control the molecular weight 

of polymers by using any endcapper, monofunctional monomer. Polyimides having 

different flexible groups and varying degree of sulphonation were employed in order to 

improve the flexibility of the system and enhanced metal adsorption and proton 

conductivity respectively. 

The synthesis of polyimides was carried out by conventional two-step thermal 

imidization procedure (Scheme 3.2).  

Equimolar amounts of aromatic diamine and aromatic dianhydride were reacted 

with 15% solids concentration in m-cresol. PAA solution was prepared for 18 hours at 

room temperature. Thermal curing of PAA solution was carried out upto 300 °C on glass 

petri dish to obtain the polyimide films. Ten different polyimides were synthesized using 
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two different dianhydrides and five different diamine (two synthesized and three 

commercial). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.2: Synthesis of homopolyimides. 
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The general structure of polyimides is given below, and codes of the synthesized 

polyimides are tabulated in Table 3.2. 

 

Figure 3.4: General structure of polyimide. 

Table 3.2: Codes for polyimides 

 

 

 

 

 

 

 

 

 

# Codes X Y 

1 OA O A 

2 OA2 O A2 

3 OA3 O A3 

4 OI O I 

5 OM O M 

6 FA F A 

7 FA2 F A2 

8 FA3 F A3 

9 FI F I 

10 FM F M 
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3.1.2.1.1 FTIR Studies of polyimides (PIs) 

To confirm the synthesis of polyimides (FM) and (OM), FTIR spectra were 

collected as shown in Figure 3.5. Appearance of several characteristic bands clearly 

indicated the successful synthesis of polyimides. The characteristic absorption bands of 

imide carbonyl group around 1780 (asymmetric stretching), 1710 (symmetric stretching), 

1382 (C-N stretching) and 717 (C=O bending) along with some strong absorption bands 

around 1350-1150 cm-1 (C-O and C-F stretching) confirmed the successful formation of 

polyimides. 26, 140, 141   

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.2.1.2 Morphological studies of polyimides 

The morphology of the PIs was analyzed by X-ray Diffraction (XRD) studies, using 

the polyimide films with 2 θ ranging from 0 to 60°. The XRD patterns are shown in Figure 

3.6. 

Figure 3.5: Full range and elaborated FTIR spectra of FM and OM. 
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Figure 3.6: XRD patterns of (FM) and (OM). 

The polyimides expressed broad diffraction peak at ~ 24° (2θ), an evidence 

indicating the amorphous polyimides morphology, due to the presence of short flexible 

alkyl linkages responsible for loosening the polymer chain packing. 142 

3.1.2.1.3 Thermal properties of polyimides 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

were used to evaluate the thermal properties of polyimides. Thermal gravimetric analyzer 

was used to measure the thermal stability of polyimides because it is the most accurate 

method for the estimation of thermal stability of a polymer. Figure 3.7 depicts the 

thermograms of polyimides FM and OM. The membranes were analyzed between 25 and 

800 °C in nitrogen at heating rate of 10 °C min-1 and the results are summarized in Table 

3.3.  
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Figure 3.7: TGA patterns of (FM) and (OM). 

The polyimides exhibited two step degradation where the first step was assigned to 

the removal of entrapped solvents while the second step was correlated generally to the 

decomposition of the polyimide backbone. 60 As can be seen in Figure 3.7, the polyimide 

OM showed no obvious weight loss till 570 °C, indicating no thermal decomposition took 

place upto this temperature. The polyimide kept on degrading till the last temperature limit 

i.e, 800 °C. At 800 °C, 10-54 % wt. of degradation product was recorded. OM synthesized 

from ODPA and MDA, gave the highest residual weight percent i.e, 54 % under nitrogen 

at 800 °C in comparison with other polyimides. This could be accredited to higher carbon 

content of polymer backbone. 60   

The key factors contributing to heat resistance of polymers are molecular 

symmetry, resonance stabilization, primary and secondary interactions and mechanism of 

bond cleavage. The unsulphonated polyimides based on both dianhydrides, FM and OM, 

showed good endurance to thermal degradation as indicated by the 5 % weight loss which 

took place above 350 °C and 570 °C for FM and OM respectively. Td’s have been plotted 

as function of temperature. (Annexure 11). 

TGA results clearly indicated that the obtained polyimides possess fairly good 

thermal stability and can be used in relatively harsh environmental conditions. 

The DSC thermograms for PIs (FM) and (OM) are presented in Figure 3.8. 

Relatively moderate Tg were recorded in the range of 186-236 °C due to the flexible and 
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polar connecting groups. 30, 143  Generally, molecular packing and chain rigidity of polymer 

backbones determine the Tg values of the polymers. As a result, PI (OM) derived from 

ODPA and MDA with rigid polymer backbone exhibited higher Tg whereas PI (FM), 

derived from 6FDA and MDA showed lower Tg value. This might be attributed to the 

bulky -CF3 groups of 6FDA decreasing the intermolecular interactions and inhibiting close 

packing of the polymer chains. 144 

 

Figure 3.8: DSC thermograms of (FM) and (OM). 

Table 3.3: Thermal properties of polyimides 

 

 

3.1.2.1.4 Solubility and viscosities of polyimides 

The solubility of synthesized polyimides in different organic solvents was checked 

by dissolving 10 mg polyimide in 1 mL of solvent at 30 °C. These polymers are soluble in 

m-cresol at room temperature and in NMP at heating. Polyimides are completely insoluble 

in all other solvents (non-polar as well as polar) even on heating. m-Cresol a highly protic 

solvent reduces/ or overcomes the chain-chain interactions and improves solubility by 

penetrating into the polyimide chains. 

Polyimide Tg* (°C) 
 

Td 
(°C) 

T5% 
(°C) 

T10% 
(°C) 

RW% 
(800 °C) 

FM 194 293 352 507 24 
OM 217 548 578 609 54 

* as measured by DSC, Td = onset of degradation temperature, T5% = temperature at which 5 % weight 
loss occurred, T10% = temperature at which 10 % weight loss occurred and RW% = residual weight % at 
800 °C 

 

  

 

 
 



 

75 
 

Polyimides showed very limited solubility which can be assigned to closely packed 

chains of the polyimides. This close packing is due to the symmetry, rigidity and regularity 

of polyimide backbone which is responsible for poor solubility. Intra and intermolecular 

interactions resulted in close packing of polymer chains and in turn in poor solubility. The 

bulky -CF3 groups of 6FDA inhibited close chain packing while flexible ether linkage of 

ODPA are responsible for the solubility of these high molecular weight polymers in highly 

polar solvents.30, 36  

The viscosity measurements were carried out using m-cresol solutions of PIs with 

the concentration of 0.2 gdl-1 at 30 °C with U-tube Ubbelohd’s viscometer. The inherent 

viscosities (ηinh) were found around 1.10 and 2.166 dL/g for OM and FM respectively, 

depicting highly viscous nature of polymer solutions, indicative of the fact that polyimides 

have quite high molecular weights. 30, 145 The data is tabulated in Table 3.4. 

Table 3.4: Viscometric data of polyimides in m-cresol 

 

 

 

3.1.2.2 Synthesis of sulphonated copolyimides (SPIs) 

The primary objective of this research work was to synthesize high molecular 

weight sulfonated copolyimide membranes. These single piece, free-standing films can be 

employed for heavy metal sensing, Pb (II) adsorption and as proton exchange membranes 

for polymer electrolyte membrane fuel cells (PEMFCs).  

Incorporation of commercial sulphonated diamine monomer as triethylammonium 

salt (BDSA.TEA) in 6FDA and ODPA based polyimides was employed as a strategy for 

the introduction of sulphonic acid group in polyimide backbone to increase the 

hydrophilicity which is the basic prerequisite to enhance the water interaction and water 

absorption in the polyimide membrane. As a result, improved interaction with heavy metal 

ions in aqueous media and proton conduction in PEMFCs are expected. 

Polyimide ηrel ηsp ηred ηinh 
FM 1.542 0.542 2.710 2.166 
OM 1.2372 0.2372 1.186 1.10 

ηrel = relative viscosity, ηsp = specific viscosity, ηred = reduced viscosity, 

ηinh = inherent viscosity 
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 To synthesize the triethylammonium salt of BDSA, triethylamine was added 

dropwise to the boiling solution of BDSA in ethanol and heated until BDSA was 

completely dissolved (Scheme 3.3). 136 

 

Scheme 3.3: Synthesis of triethyl ammonium salt of benzidine-2, 2’-disulphonic acid. 

            The structural characterization of BDSA.TEA was carried out by FTIR 

spectroscopic technique. The comparative FTIR spectra of BDSA and BDSA.TEA showed 

clear change in the -S=O asymmetric (1156 cm-1) and symmetric (1033 cm-1) vibrations 

which confirmed the successful salt formation as can be seen in Figure 3.9. 

 

Figure 3.9: Comparative FTIR spectra of BDSA.TEA and BDSA. 

The sulphonated diamine BDSA.TEA, non-sulphonated aromatic diamine and 

commercially available aromatic dianhydrides (6FDA and ODPA) were reacted to give 

two different series (6FDA and ODPA based) of sulphonated copolyimides respectively 

(Scheme 3.4). 
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Scheme 3.4: Synthesis of sulphonated copolyimide in triethyl ammonium sulfate form. 

For the synthesis of sulphonated copolyimides, thermal imidization method (two 

step) was used. Equimolar amounts of diamine monomers and aromatic dianhydrides were 

reacted with 15% solid content in m-cresol. PAA solution was prepared for 18 hours at 

room temperature. Thermal curing of PAA solution was carried out upto 300 °C in glass 
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petri dish to obtain the sulphonated copolyimides as films. The general structure of 

copolyimide is shown in Figure 3.10.   

 

Figure 3.10: General structure of sulphonated copolyimide. 

The synthesis of first sulphonated copolyimide comprised of 90:10 mole ratio with 

respect to unsulphonated:sulphonated diamine. To evaluate the impact of varying degree 

of sulfonation, four additional copolyimides compositions were synthesized using 

dianhydride/unsulphonated diamine/sulphonated diamine, by varying the sulfonated 

diamine triethylammonium salt (BDSA.TEA) content from 20, 30, 40 and 50 mol % 

respectively. For all the copolymerizations, two step thermal imidization route was 

employed, where PAA was thermally imidized into sulphonated copolyimide. In all the 

copolymerizations, the sulfonated diamine monomer (BDSA.TEA) was stirred with 

dianhydride for 8 hours, to get oligomerized, before the addition of unsulfonated diamine 

in the reaction mixture. The reason being, as the sulfonated diamine have two electron 

withdrawing -SO3H groups therefore it is supposed to be weaker nucleophile (less reactive) 

as compared to the unsulfonated diamine to attack the dianhydride carbonyl carbon. 

However, it was found that increase in solubility and higher polymer solution viscosities 

were obtained with increased sulfonic acid content i.e; by increasing the mole percent of 

incorporated sulfonated diamine. Codes and compositions of 6FDA and ODPA based 

sulphonated copolyimides are given in Tables 3.5 and 3.6 respectively. 
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Table 3.5: Codes and percentage compositions of 6FDA based sulphonated copolyimides 
(SPIs) 

# Codes X (%) B (%) Y (%) 

1. FBA-50 F (100) B (50) A (50) 
FBA-40 F (100) B (40) A (60) 

FBA-30 F (100) B (30) A (70) 

FBA-20 F (100) B (20) A (80) 

FBA-10 F (100) B (10) A (90) 

2. FBA2-50 F (100) B (50) A2 (50) 

FBA2-40 F (100) B (40) A2 (60) 

FBA2-30 F (100) B (30) A2 (70) 

FBA2-20 F (100) B (20) A2 (80) 

FBA2-10 F (100) B (10) A2 (90) 

3. FBA3-50 F (100) B (50) A3 (50) 

FBA3-40 F (100) B (40) A3 (60) 

FBA3-30 F (100) B (30) A3 (70) 

FBA3-20 F (100) B (20) A3 (80) 

FBA3-10 F (100) B (10) A3 (90) 

4. FBI-50 F (100) B (50) I (50) 

FBI-40 F (100) B (40) I (60) 

FBI-30 F (100) B (30) I (70) 

FBI-20 F (100) B (20) I (80) 

FBI-10 F (100) B (10) I (90) 

5. FBM-50 F (100) B (50) M (50) 

FBM-40 F (100) B (40) M (60) 

FBM-30 F (100) B (30) M (70) 

FBM-20 F (100) B (20) M (80) 

FBM-10 F (100) B (10) M (90) 
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Table 3.6: Codes and percentage compositions ODPA based sulphonated copolyimides 

(SPIs) 

 

 

# Codes X (%)  B (%) Y (%) 

1. OBA-50 O (100) B (50) A (50) 

OBA-40 O (100) B (40) A (60) 

OBA-30 O (100) B (30) A (70) 

OBA-20 O (100) B (20) A (80) 

OBA-10 O (100) B (10) A (90) 

2. OBA2-50 O (100) B (50) A2 (50) 

OBA2-40 O (100) B (40) A2 (60) 

OBA2-30 O (100) B (30) A2 (70) 

OBA2-20 O (100) B (20) A2 (80) 

OBA2-10 O (100) B (10) A2 (90) 

3. OBA3-50 O (100) B (50) A3 (50) 

OBA3-40 O (100) B (40) A3 (60) 

OBA3-30 O (100) B (30) A3 (70) 

OBA3-20 O (100) B (20) A3 (80) 

OBA3-10 O (100) B (10) A3 (90) 

4. OBI-50 O (100) B (50) I (50) 

OBI-40 O (100) B (40) I (60) 

OBI-30 O (100) B (30) I (70) 

OBI-20 O (100) B (20) I (80) 

OBI-10 O (100) B (10) I (90) 

5. OBM-50 O (100) B (50) M (50) 

OBM-40 O (100) B (40) M (60) 

OBM-30 O (100) B (30) M (70) 

OBM-20 O (100) B (20) M (80) 

OBM-10 O (100) B (10) M (90) 
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3.1.2.2.1 Free standing film formation 

6FDA and ODPA anhydrides based free standing sulfonated copolyimide 

membranes utilized in this dissertation were synthesized by thermal imidization method. 

The polyamic acid was poured into the glass petri dish and gradually heated under 

vaccumm from 80 upto 280 °C maintaining each temperature for one hour to get the 

flexible copolyimide films. Finally, the films were dried in vaccumm at 80 °C for 24 hours. 

Polyimide films were used for almost all the characterizations unless otherwise mentioned. 

The films obtained from the unsulphonated polyimides, both polyimide series 

based on 6FDA and ODPA anhydrides, produced tough, flexible yellowish to brown color 

films upon drying (Figure 3.11). Similar film characteristics were produced upon 

introduction of lower percentages of sulfonated monomer (up to 40 %) when casted. 

However, with the increase in degree of sulfonation up to 50 %, though the films did not 

cracked during the drying process they became less flexible and comparatively more brittle 

as compared to their sulfonated counterparts with low level of sulfonation. These films 

cracked easily when folded to test for creasability. The polyimide membranes with more 

than 50 % sulfonated diamine in their backbones showed brittle film characteristics and 

cracked during drying. Brown coloration in the dry films also increased with an increase 

in the level of sulfonation. 

Preparation of tough and flexible films (copolyimides having 0-40 % sulfonation 

level) is convincing evidence of formation of high molecular weight and completely 

imidized polyimides. 

 

(a)                                     (b)                               (c) 

Figure 3.11: Physical appearance of (a) 20 % (b, c) 50 % sulphonated copolyimide films. 
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3.1.2.2.2 FTIR studies of sulphonated copolyimides (SPIs) 

To confirm the synthesis of sulphonated co-polyimides FBM-50 and OBM-50 

FTIR spectra were collected as shown in Figure 3.12. Appearance of several characteristic 

bands in sulphonated copolyimides spectra clearly indicated the successful introduction of 

-SO3 groups in the polymer chain. The characteristic absorption bands of imide carbonyl 

group were observed around 1780 (asymmetric stretching) and 1710 cm-1 (symmetric 

stretching). Additional vibrations were observed at 1382 (C-N stretching) and 717 (C=O 

bending) along with some strong absorption bands around 1350-1150 cm-1 (C-O and C-F 

stretching) confirmed the successful formation of imide linkage. The characteristic peaks 

around 1084 and 1035 cm-1 corresponding to the asymmetric and symmetric vibrations of 

sulfonate group respectively and those at 620 cm-1 corresponding to C-S vibration (stretch) 

provided convincing evidence of successful formation of sulfonated co-polyimides. 26, 140, 
141  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Full range and elaborated FTIR spectra of FBM-50 and OBM-50. 
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3.1.2.2.3 Morphological studies of sulphonated co-polyimides (SPIs) 

The morphology of SPIs was analyzed by X-ray Diffraction (XRD) studies, using 

the polyimide films with 2θ ranging from 0 to 60°. The XRD patterns of sulphonated co-

polyimides are shown in Figure 3.13. 

 

Figure 3.13: XRD of FBM-50 and OBM-50. 

The sulphonated copolyimides expressed broad diffraction peak at ~ 24° (2θ), an 

evidence indicating the amorphous polyimides morphology, due to the presence of flexible 

alkyl linkages responsible for loosening the polymer chain packing. 142 

3.1.2.2.4 Thermal properties of sulphonated co-polyimides (SPIs) 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

were used to evaluate the thermal properties of polyimides. Thermal gravimetric analyzer 

was used to measure the thermal stability of copolyimides. Figure 3.14 depicts 

thermogravimetric analysis curves of copolyimides FBM-50 and OBM-50. The 

membranes were analyzed between 25 and 800 °C in nitrogen at heating rate of 10 °C min-

1 and the results are summarized in Table 3.7.  

 



 

84 
 

 

Figure 3.14: TGA thermograms of FBM-50 and OBM-50. 

The sulphonated copolyimides exhibited three-step degradation. The first step was 

attributed to the removal of entrapped solvents while the second step was correlated to the 

degradation of sulphonic acid group leading to the discharge of sulphur monoxide and 

sulphur dioxide gases. It is reported that degradation of sulphonic acid group is not affected 

by backbone structure of sulphonated polyimides. 29 The third step indicated the 

decomposition of the polyimide backbone. As can be seen from Figure 3.14, the polyimide 

OBM-50 showed no obvious weight loss till 280 °C, suggesting no thermal decomposition 

took place upto this temperature. The residual weight percent was in range of 10-54% at 

800 °C under nitrogen atmosphere. TGA results clearly indicated that the obtained 

sulphonated copolyimides possess fairly good thermal stability and can be used in 

relatively harsh environmental conditions due to their better thermal stability. 60 

The DSC thermograms for SPIs FBM-50 and OBM-50 are presented in Figure 

3.15. Relatively moderate glass transition temperatures were recorded in the range of 170-

204 °C due to the flexible and polar connecting groups. 
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Figure 3.15: DSC curves of FBM-50 and OBM-50. 

In copolyimides the DSC thermograms showed two distinct glass transition 

temperatures, the sulphonated block exhibited a higher Tg than that of the non-sulphonated 

block. This higher Tg may be resulted from close packing of polymer chains due to the 

presence of sulphonate groups onto the polymer backbone resulting in enhanced 

intermolecular interactions through polar ionic sites and inhibition to free rotation of the 

polymer chains. 30, 143 It is accepted that alongwith chain rigidity of polymeric backbones, 

the intermolecular interactions like hydrogen bonding and ionomer effects are significant 

factors that determine the Tg values of the polymers. 144 

Table 3.7: Thermal properties of FBM-50 and OBM-50 

Copolyimide Tg* (°C) 
 

Td 
(°C) 

T5% 
(°C) 

T10% 
(°C) 

RW% 
(800 °C) 

FBM-50 170, 204 233 253 273 10 
OBM-50 186, 236 281 313 329 52 

 

 
* as measured by DSC, Td = onset of degradation temperature, T5% =temperature at which 5 % weight 
loss occurred, T10% = temperature at which 10 % weight loss occurred and RW% = residual weight % at 
800 °C 
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3.1.2.2.5 Solubility, viscosity and molecular weight analysis of sulphonated 

copolyimides 

The solubility of synthesized sulphonated copolyimides was checked in several 

solvents  by dissolving 10 mg polyimide in 1 mL of solvent at 30 °C. These copolyimides 

are soluble in m-cresol at room temperature and in NMP at heating. Sulphonated 

copolyimides are completely insoluble in all other solvents (non-polar as well as polar) even 

on heating. m-Cresol a highly protic solvent reduces/ or overcomes the chain-chain 

interactions and improves solubility by penetrating into the polyimide chains. 

Sulphonated copolyimides showed very limited solubility which can be assigned to 

closely packed chains of polyimides. This close packing is responsible for symmetry, 

rigidity and regularity of sulphonated copolyimide backbone which is responsible for poor 

solubility. Intramolecular, intermolecular interactions and presence of sulphonate groups 

resulted in close packing of polymer chains and in turn in poor solubility. Bulky -CF3 

groups of 6FDA inhibited close chain packing and flexible ether linkage of ODPA are 

responsible for the solubility of these high molecular weight sulphonated copolyimides in 

highly polar solvents.30, 36  

The viscosity measurements of SPIs (TEA salt form) were carried out using m-

cresol as solvent with the concentration of 0.2 gdl-1 at 30 °C using U-tube Ubbelohd’s 

viscometer. The inherent viscosities (ηinh) were found in the range of 1.584 to 3.250 dL/g 

depicting highly viscous nature of polymers solutions, indicative of the fact that 

sulphonated copolyimides have quite high molecular weights. 30, 145 The data is tabulated 

in Table 3.8. 

Table 3.8: Viscometric data of FBM-50 and OBM-50 

  

 

 

The appreciable enhancement in viscosity with increase in the sulphonated content 

of the system, from unsulphonated to 50% sulphonated copolymer, was possibly due to an 

increased ionic content of the polymer solution and not because of an increase of molecular 

Polyimide ηrel ηsp ηred ηinh 
FBM-50 1.915 0.915 4.576 3.250 
OBM-50 1.373 0.372 1.860 1.584 

ηrel = relative viscosity, ηsp = specific viscosity, ηred = reduced viscosity, 

ηinh = inherent viscosity 
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weight. 146 Similar increase in viscosity was observed with increasing content of sulfonic 

acid in the polymer backbone in other polyimides investigated in this study. 

3.1.2.2.6 Gel permeation chromatographic analysis of sulphonated copolyimides 

Molecular weight characterization of sulphonated copolyimides dissolved in 

hexafluoro isopropanol (HFIP) overnight, was conducted using gel permeation 

chromatography (GPC). The data is tabulated in Table 3.9. The Mn and Mw of polyimides 

were found in the range of 5163 - 8337 g/mol and 14978 - 22379 g/mol respectively 

demonstrating the high molecular weights of sulphonated copolyimides and PDI values 

show their polydisperse nature. 60 

Polymers having high molecular weights with a polydispersity index greater than 

one are expected for step-growth polymerizations. It is likelihood that the molecular 

weights attained from intrinsic viscosities and GPC may be affected by the sulfonate 

groups. 146 Undoubtedly, it is associated to increased intermolecular interactions of the 

polymer backbones. 60 

Table 3.9: GPC data of sulphonated copolyimides FBM and OBM copolyimides 

 

3.1.2.2.7 UV-Visible Spectrophotometric studies of sulfonated copolyimide 

UV-Visible spectrophotometric studies were carried out for sulphonated 

copolyimide OBM-20 (0.01g film) in 10 mL deionized water, at room temperature and 

neutral pH. An appreciable intensity absorption band around 275 nm was observed after 

12 hours and its intensity kept on increasing with passage of time which is an indication of 

increase in the solubility of sulphonated copolyimide in water with the passage of time. 

The maximum intensity signal was observed after 60 hours. The absorption bands were 

Codes Mw (g/mol) Mn (g/mol) PDI 

FBM-20 14978 8337 1.7 

FBA2-20 21748 6685 3.2 

FBA2-40 15827 5428 2.9 

OBM-20 22379 5163 4.3 



 

88 
 

recorded upto 84 hours with a time difference of 12 hours each until the absorption became 

constant. 

 

 

 

 

 

 

 

 

3.1.2.2.8 Computational studies of SPIs 

Computational studies were carried out to theoretically assess the available 

hydrophilic and hydrophobic accessible surface areas of the copolyimides FBM-50 and 

OBM-50. Molecular Operating Environment (2016) software with MMFF94x 

(Hamiltonian force field) employing semi-empirical method was used for molecular 

surface studies. AM1 semi-empirical method was used for geometry optimization of 

structures and MMFF94x for energy minimization of each optimized structure. 

To investigate the electrostatic behavior of SPIs, both FBM-50 and OBM-50 were 

drawn by MOE builder tool (Figure 3.17). In these figures, green dotted area represents 

hydrophobic part of molecule, blue area shows hydrophilic part while pink dots show 

hydrogen bonding part of molecules. Based on electrostatic surface map, it was found that 

OBM-50 has a larger hydrophilic surface area than FBM-50 hence it is more hydrophilic 

and will show more interactions with water as compared to FBM-50. The dipole moment, 

water accessible surface area and total hydrophobic surface area were calculated for these 

molecules and data is tabulated in Table 3.10. The water accessible surface area for OBM-

Figure 3.16: UV-Vis spectra of OBM-20 (a) and (b) corresponding plot showing time 
dependent changes in absorbance at λmax in aqueous solution of neutral pH at 25 °C. 
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50 is 738.247 and that for FBM-50 is 593.259 which also confirmed the more electrostatic 

integrations of OBM-50 with water molecules as compared to FBM-50. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.10: Molecular descriptors for FBM and OBM complexes 

SPIs Dipole             

moment 

Water accessible surface 

area (ASA) 

Accessible surface 

area hydrophobic 

(ASAH) 

FBM 0.0000 593.2592 593.2592 

 

OBM 0.0000 738.2473 356.7329 

Figure 3.17: 3D view of (a) FBM-50 (b) OBM-50 in ball and stick and their electrostatic 
surface map. 

a 

b 
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3.1.3 Synthesis of sulphonated copolyimides/protic ionic liquid composites  

The synthesis of composites was carried out in two steps where, protic ionic liquids 

were synthesized in first step followed by the syhthesis of protic ionic liquid composites in 

second step. 

3.1.3.1 Synthesis of protic ionic liquids 

Synthesis of protic ionic liquids was carried out using equimolar combinations of Brønsted 

acid and Brønsted base (Scheme 3.5).  

 

Scheme 3.5: Synthesis of protic ionic liquids (PILs). 

Two different sulphonic acids and four tertiary amines were used to synthesize 

eight protic ionic liquids. Structures of sulphonic acids, tertiary amines are protic ionic 

liquids are given in Figure.3.18 and codes in Table 3.11. 

Sulphonic acids 

               CH3SO3H                                                   CF3SO3H 

      Methanesulphonic acid (MsOH)                                        Trifluoromethanesulphonic acid (TfOH) 

Tertiary amines 
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Ionic Liquids 

 

 

   

Figure 3.18: Structures of Brønsted acids, Brønsted bases and triethyl amine ionic liquids 

 

Table 3.11: Codes for PILs 

# Codes Amine  Acid 
1 DEMs DEMA MsOH 

2 DETf DEMA TfOH 

3 DMMs DMEA MsOH 

4 DMTf DMEA TfOH 

5 TEMs TEA MsOH 

6 TETf TEA TfOH 

7 TMMs TMA MsOH 

8 TMTf TMA TfOH 

 

3.1.3.2 Synthesis of composites (SPI/IL) 

The fabrication of composite membranes was achieved by solution casting method 

(Scheme 3.6).  

 

Scheme 3.6: Synthesis of protic ionic liquid composites. 

Appropriate amounts of protic ionic liquids (10, 20, 30, 40 and 50 wt%) were added 

to m-cresol solution of sulphonated copolyimide in a glass vial equipped with magnetic 

stirrer. Overnight stirring of the reaction mixture was carried out at 80 °C to ensure the 
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complete dissolution and the solution was then casted on glass petri dish. m-Cresol was 

evaporated at 80 °C for the fabrication of a uniform composite membrane. The membrane 

was peeled off from the petri dish, dried in vaccuum oven at 80 °C for 24 hours and then 

stored in an inert atmosphere (Table 3.12). 

Table 3.12: Codes and percentage compositions of composites with PIL (TEMs) 

# Codes SPI PIL 

1. FBM-20/IL (10%) FBM-20  TEMs (10%) 

2. FBM-20/IL (20%) FBM-20  TEMs (20%) 

3. FBM-20/IL (30%) FBM-20  TEMs (30%) 

4. FBM-20/IL (40%) FBM-20  TEMs (40%)  

5. FBM-20/IL (50%) FBM-20  TEMs (50%)  

6. FBA2-10/IL (20%) FBA2-10 TEMs (20%)  

7. FBA2-20/IL (20%) FBA2-20 TEMs (20%) 

8. FBO-10/IL (20%) FBO-10 TEMs (20%) 

9. FBO-20/IL (20%) FBO-20 TEMs (20%) 

10. FBO-30/IL (20%) FB0-30 TEMs (20%) 

11. FBO-40/IL (20%) FBO-40 TEMs (20%) 

12. FBM-50/IL (20%) FBM-50 TEMs (20%) 

13. FBM-10/IL (20%) FBM-10 TEMs (20%) 

14. FBM-20/IL (20%) FBM-20 TEMs (20%) 

15. FBM-30/IL (20%) FBM-30 TEMs (20%) 

16. FBM-40/IL (20%) FBM-40 TEMs (20%) 

17. FBM-50/IL (20%) FBM-50 TEMs (20%) 
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Ionic liquids with different substitutions on N of the Bronsted bases were prepared 

and checked. Different weight percentages of protic ionic liquids were added in the SPIs 

matrix ranging between 10, 20, 30, 40 and 50 wt %. These composite membranes retained 

upto 50 wt % [TEMs] successfully. To achieve stable composite membranes synthesis, 

compatibility between polyimide matrix and the PIL additive is very important. 59 The 

sulphonated copolyimides (SPIs) were employed in triethylammonium salt form in the 

composite membranes, since the polyimides with a triethylammonium sulfonate group 

showed good compatibility with TEMs. The structural similarity between the two phases 

contributed to good compatibility, therefore all the composites were prepared with TEMs.  

3.1.3.2.1 FTIR Studies of composite membranes 

The synthesis of composites was confirmed through FTIR spectroscopic studies. 

The comparative spectra of  sulphonated copolyimide (FBM-20) and its ionic liquid 

composite [FBM(20).IL(20)] are shown in Figure 3.19. SPI/IL composite membrane 

exhibited characteristic -CH3 group absorption around 2800 cm-1 as compared to FTIR 

spectrum of SPI. The appearance of broad band around 3400 cm-1 in composite could be 

attributed to hydrogen bonding between -SO3
 and R3NH⁺ alongwith this an increase in the 

intensity of sulphonte group peak around 1083 cm-1 can be observed upon additon of ionic 

liquid. The FTIR spectra gave a convincing indication of successful formation of SPI/IL 

composite. 

 

Figure 3.19: FTIR spectra of FBM-20/IL (20%). 
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3.1.3.2.2 Morphological studies of composites 

XRD studies were carried out for the morphological studies of composite 

membranes. Upon addition of ionic liquids in SPI the peak intensity of SPI decreased and 

it kept on decreasing upon increasing the wt % of added ionic liquid as can be seen in 

Figure 3.20. The decrease in peak intensity depicts that addition of ionic liquids plasticized 

the SPI and as a result increased the flexibility of composite membranes. 147 

 

Figure 3.20: Comparative XRD patterns of FBM-20, FBM-20/IL (20%) and FBM-20/IL 
(50%). 
3.1.3.2.3 Gel permeation chromatographic analysis of composites 

Molecular weight characterization of protic ionic liquid composites dissolved in 

hexafluoro isopropanol (HFIP) overnight, was conducted using gel permeation 

chromatography (GPC) where weight and number average molecular weights and PDI 

were ascertained. The data is tabulated in Table 3.13. The Mn and Mw of polyimides were 

found in the range of 14045 - 21078 and 31834 - 41726 g/mol respectively demonstrating 

the high molecular weights of composites. 

Table 3.13: GPC data of composites FBM-20/IL (50 %) and FBA2-20/IL (20 %) 

Codes Mw (g/mol) Mn (g/mol) PDI 

FBM-20/IL (50%) 31834 21078 1.5 

FBA2-20/IL (20 %) 41726 14045 2.9 
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3.2 Heavy metal sensing studies of SPI (OBM-20) 

 The metal sensing studies of OBM-20 towards Ni (II), Co (II) and Cr (III) were carried 

out using UV-Visible spectrophotometric technique. In the absence of any metal, the 

absorption bands and intensity of the absorption bands of OBM-20 (0.01g) in the deionized 

water were recorded at room temperature and at neutral pH, as shown in Figure 3.16 

(section 3.1.2.2.7). The polyimide showed an absorption band around 275 nm and its 

intensity kept on increasing with the passage of time that is an indication of increase in the 

solubility of sulphonated co-polyimide in water with passage of time and became constant 

after 60 hours. In the presence of metal ions an appreciable increase in the absorption 

intensity of these bands was observed. This increase in the absorption intensity in the 

presence of metal ions was examined carefully to evaluate the metal sensing behaviour of 

OBM-20 in aqueous media. 

3.2.1 Electronic absorption variations of OBM-20 by divalent and trivalent metal 

ions 

In order to check the metal responsive behaviour of OBM-20 in aqueous media, the 

UV-Vis absorption spectra were recorded by adding the same amount (0.01g) of the 

sulphonated copolyimide (OBM-20) in 0.01 N solutions (deionized water) of three metal 

ions [Ni (II), Co (II) and Cr (III)] separately under the same conditions and for same time 

duration. The changes in the intensity of absorption spectra of the OBM-Mn+ complexes 

were monitored for the three metal ions solutions separately and shown in Figures (3.21, 

3.22 and 3.23). The absorption intensity of OBM-20 exhibited distinguishing increase in 

absorption band in the presence of metal ions. The increase in the absorption peak of OBM-

20 was observed carefully and was attributed to the formation of OBM-Mn+ complex. The 

ratio of IOBM/I OBM-M
2+

 was increased from 0.247 to 0.285, 0.289 and 1.036 for Co (II), Cr 

(III) and Ni (II) respectively. An increased absorption was observed for OBM-M2+. 

Absorbance was increased for all the three metal ions with a marginal difference in the 

increased intensity of Co (II) and Cr (III), as shown in Figures 3.21 and 3.22 respectively. 

 

 

 

 

b 
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Interestingly, Ni (II) showed an appreciable increase in the absorption of OBM-20 

which can be attributed to the stronger chelation of Ni (II) with the sulphonated 

copolyimide resulting in more soluble metal-ligand complex as shown in Figure 3.23. The 

comparison of absorbance intensities of co-polyimide and metal complexes are given in 

Table 3.14. These results led us to postulate that Ni (II) ions form a stronger complex with 

OBM-20 as compared to the other ions. 

 

Figure 3.21: (a) UV-Vis spectra of OBM-20 in the presence of Co (II) and (b) 
corresponding plot showing time dependent changes in absorbance at λmax in aqueous 
solution of neutral pH at 25 °C. 

Figure 3.22: (a) UV-Vis spectra of OBM-20 in the presence of Cr (III) and (b) 
corresponding plot showing time dependent changes in absorbance at λmax in aqueous 
solution of neutral pH at 25 °C. 
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Table 3.14:  Comparison of the absorbance intensities of OBM-20 in the absence and 
presence of Ni (II), Co (II) and Cr (III) 

Time OBM-20 Ni (II)[OBM-20] Co (II)[OBM-20] Cr (III)[OBM-20] 

12 hrs 0.122 0.703 0.128 0.164 

24 hrs 0.14 0.763 0.168 0.198 

36 hrs 0.218 0.828 0.228 0.234 

48 hrs 0.235 0.873 0.262 0.263 

60 hrs 0.247 1.036 0.285 0.289 

72 hrs 0.247 1.036 0.285 0.289 

84 hrs 0.247 1.036 0.285 0.289 

 

As OBM-20 complexes more effectively with Ni (II) as compared to Co (II) and Cr 

(III), it is thus concluded that the complexation ability of OBM-20 seems to be dependent 

on the ionic radii of chelating metal ions. 148 The dissolution of OBM-20 in water is a slow 

process, however, dissolved OBM-20 responds to metal ions immediately. By providing 

an equilibration time of 10 minutes to the solution of dissolved OBM-20 and salts of metal 

ions, the variation in the absorption signal of OBM-20 was used for the sensing of Ni (II), 

Co (II) and Cr (III) with detection limits of 0.01 nM, 1.00 nM and 0.01 nM respectively.  

Figure 3.23: (a) Changes in absorption spectrum of OBM-20 in the presence of Ni (II) 
and (b) corresponding plot showing time dependent variation in absorbance at λmax in 

neutral pH at 25 °C. 
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3.2.1.1 Effect of pH 

To evaluate the effect of pH on the sensing potential of OBM-20 towards [Ni (II), 

Co (II) and Cr (III)] ions, UV-Visible spectroscopic experiments were carried out in 

solution of different pH (acidic, neutral and basic media). An aqueous solutions of HCl 

(0.1 M) and NaOH (0.1 M) were used to control the pH values. The absorption spectra 

were recorded at room temperature (25 °C) and the graphs were plotted between 

absorbance vs wavelength as shown in Figure 3.24. 

 

 

 

 

 

 

 

 

 No change in absorption band or intensity was observed in acidic medium (pH = 

2.0) and the two absorption bands of OBM-20 recorded in solutions of (pH = 2.0 and 

neutral pH) were found to be indistinguishable. Similar behavior was noticed for Co (II) 

and Cr (III). In basic medium at pH = 9, the solutions became turbid that can be attributed 

to the formation of hydroxides of respective metal ions. 

3.2.1.2 Effect of interfering ions 
Detection of targeted analyte with selectivity in the presence of other analytes is an 

essential property of a sensor. To check the selectivity of OBM-20 for the sensing of target 

metal ions, competitive experiments were performed in the presence of common interfering 

ions (Fe (II), Mg (II), Ca (II), K (I) and Na (I)) existing in water. These five metal ions 

(0.01 N) were treated under similar experimental conditions in the presence of Ni (0.01 N) 

and variations in the absorbance were recorded. For examining the interference effect 1 

Figure 3.24: Absorption spectra of OBM-20 in the presence of Ni (II) a) at pH 2.0 
b) at pH 8.0-9.0. 
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mL salt solution of competitive metal ions was added to 1 mL solution of OBM-20+Ni (II) 

at similar experimental conditions. Fresh solution of OBM-20+Ni (II) was used for 

detecting all the interfering ions. The study revealed that the presence of standard solutions 

of interfering ions (Na (I), K (I) Mg (II) and Ca (II)) influence the intensity of absorption 

band to a negligible extent except due to dilution by the addition of second salt solution. 

However, Fe (II) showed pronounced interference effect on the intensity of OBM-20+Ni 

(II). Co (II) showed same behaviour as can be seen for Ni (II) in Figure 3.25. and for Co 

(II) in Figure 3.26 (a) whereas Ca (II) and Mg (II) alongwith Fe (II) affected the intensity 

of OBM-20+Cr (III) (Figure 3.26 (b)). This difference in the interference effects of 

different metal ions can be attributed to the different charge and atomic radius of chromium 

ion than nickel and cobalt ions. Therefore, on the basis of these results it can be concluded 

that OBM-20 is selective for the sensing of Ni (II) and Co (II) in the presence of common 

interfering ions except Fe (II).  

 

Figure 3.25: Selectivity of OBM-20 towards Ni (II) in the presence of interfering ions 
[Na (I), K(I), Ca (II), Mg (II), Fe (II)]. 
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Figure 3.26: Selectivity of OBM-20 towards a) Co (II) b) Cr (III) in presence of 
interfering ions [Ca (II), Mg (II), Fe (II)]. 

3.2.1.3 Limit of Detection (LOD) 

To study the sensitivity of OBM-20 towards metal ions concentration, UV-Visible 

titration experiments were performed in deionized water at room temperature and neutral 

pH. For this purpose, in the solution of OBM-20 (0.01 g / 10 mL), the molar concentration 

of metal ions was varied from 0.01 nM to 0.01 M for Ni (II) and Cr (III) and from 1.00 nM 

to 0.01 M for Co (II). The corresponding spectra can be seen in Figure 3.27 and Figure 

3.28 (a), (b) respectively. An observation of Figure 3.28 revealed that the absorption band 

of OBM-20 (275 nm) having absorption intensity of 0.318 could be observed in 0.01 nM 

solution of Ni (II). The increase in the solubility of OBM-20 after 12 hours from 0.122 to 

0.138 can be attributed to the stronger chelation of Ni (II) with the sulphonated copolyimide 

resulting in more soluble metal-ligand complex (see table 3.13). These results depicted that 

OBM-20 can sense the nanomolar concentration of Ni (II). It can also be seen that 

increasing the concentration of metal ions results in increased absorption intensity of 

OBM-20. Similar behaviour was shown by Co (II) (Figure 3.28 (a)) and Cr (III) (Figure 

3.28 (b)) with LOD values of 1.00 nM and 0.01 nM respectively. Consequently, it can be 

inferred that the designed polymer can be employed to sense the tested metal ions upto 

nanomolar concentration.  

a b 
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Figure 3.27:  Absorption spectra of OBM-20 in various concentrations (0.01 nM-0.01 
M) of Ni (II). 

 

 

 

 

 

 

 

 

Figure 3.28: Absorption spectra of OBM-20 in various concentrations of a) Co (II) (1 
nM-0.01 M) b) Cr (III) (0.01 nM-0.01 M). 

All these results indicated that sulphonated copolyimide (OBM-20) can be used as a 

chemical sensor at neutral pH and could be applied for spectrophotometric determination 

of the metal ions under study in nanomolar concentration with negligible effect of common 

interfering ions except iron. 

a b 
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3.3 Lead ions adsorption studies of SPIs (FBM-50 and OBM-50) 

Lead (II) adsorption studies were carried out for both 6FDA and ODPA dianhydrides 

based sulphonated copolyimides (FBM-50 and OBM-50) using atomic absorption 

spectroscopy. The experimental parameters were optimized for efficient adsorption 

conditions. In addition, quantum chemistry calculations using Molecular Operating 

Environment (MOE) software were performed, to scrutinize the experimental results for 

molecular surface studies. A good correlation was observed between computational and 

experimental findings. 

3.3.1 Optimization of parameters 

Lead salt solution was prepared by dissolving Pb(NO3)2 in deionized water. 

Adsorption process was performed using adsorbent dose in range of 0.01 to 2 g while all 

other conditions were kept constant (adsorption conditions: contact time 60 min; adsorption 

medium volume, 10 ml; 25 °C and neutral pH). The adsorbent dose dependent qe of Pb (II) 

is shown in Figure 3.29 (a). It was observed that lead ions removal increased as the 

adsorbent dose was increased upto a limit (0.1 g). In fact, available active sites for 

adsorption of lead ions increased with an increase in adsorbent dose due to which removal 

of lead ions was also increased. After certain adsorbent dose, maximum number of metal 

ions were adsorbed and further increase in its amount did not influence the value of metal 

ions removal due to the establishment of equilibrium between metal ions in solution and 

metal ions adsorbed over adsorbent surface. Therefore, 0.1 g adsorbent was used for further 

experimentation. 

 The next step was to change the metal ions concentration to evaluate the optimum 

concentration of adsorbate. Figure 3.29 (b) shows an increase in metal ions concentration 

increased the removal at ambient temperature. However, at very high metal ions 

concentration, saturation of adsorption sites of the adsorbent was achieved thus no more 

increase in adsorption of metal ions was observed. The maximum percentage removal of 

99 and 30 was obtained by OBM-50 and FBM-50 respectively, at 50 ppm metal ions 

concentration. 

 



 

103 
 

 

 

 

 

 

 

 

 

 

 

 

 

The adsorption of metal ions was thoroughly investigated above and below 50 ppm 

particularly at 40 ppm and 60 ppm concentration (Figure 3.30). All the experiments were 

repeated thrice, and average values were calculated with maximum standard deviation 

of ±0.04. After comparing all the results for the effect of initial ions concentration, 50 ppm 

metal ions concentration was selected for further experimentation. 

 

 

 

 

 

 

 

 

 

Figure 3.29: (a) Effect of adsorbent dose (b) initial ions concentration on the adsorption 
capacity of sulphonated copolyimides (FBM-50 and OBM-50).  Adsorption conditions: 
contact time 60 min; adsorption medium volume, 10 ml; 25 °C and neutral pH. 

Figure 3.30: Time course for the adsorption of heavy metal ions on sulphonated polyimides. 
Adsorption conditions: (a) 40 ppm concentration, (b) 60 ppm concentration, adsorption 
medium volume, 10 ml; 25 °C and neutral pH. 
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It is well known that the charge on adsorbent (copolyimide) and on adsorbate (metal 

ions) depends upon pH of medium which alternatively affects the adsorption rate of metal 

ions. Figure 3.31 shows the effect of pH on adsorption of lead ions.  

 

Figure 3.31: The effect of change in pH of adsorption medium on the adsorption capacity 
of sulphonated copolyimides (FBM and OBM).  Adsorption conditions: contact time 60 
min; adsorption medium volume, 10 ml; 25 °C and neutral pH. 

It can be seen from Figure 3.31, that the adsorption of lead ions increases with an 

increase in pH of the medium with maximum adsorption obtained at pH 7. At low pH 

sulphonic acid groups of copolyimides are protonated and positively charged lead ions are 

hindered to be adsorbed on the surface. Thus, the percentage removal of metal ions as well 

as adsorption capacity of copolyimides is decreased at low pH of medium. At neutral pH 

the sulphonic acid groups are deprotonated and adsorption of metal ions is increased. Thus, 

free sulphonic acid groups form complexes with positively charged lead ions via 

electrostatic interactions and result in maximum adsorption. But in basic medium, at high 

pH precipitation occurred which can be attributed to hydrolysis of Pb (II) ions to Pb(OH)2. 

Thus, neutral pH was found optimum for maximum lead ions adsorption and further 

experiments were carried out at neutral pH. All the experiments were repeated three times 

and average values were calculated. The maximum uncertainty was found to be 4%. 
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3.3.2 Adsorption kinetics of lead ions 

Kinetics of lead ions adsorption was studied using 50 ppm adsorbate solution. The 

adsorbent (0.1 g) was added to 10 mL of adsorbate solution and samples were analyzed 

after 0.5, 1, 2, 3, 4, 5, 6, 10, 12, and 24 h of contact. To ensure the removal of any suspended 

material centrifugation was done. After that, centrifuged liquid was examined for the 

determination of residual concentration of lead ions by AAS. Quantity of adsorbed lead 

ions by sulphonated copolyimides qe (mg g-1) and adsorption percentage were calculated 

by means of Eq. (3.1) and Eq. (3.2) respectively:  21  

                            qeM = V(Co-Ce)                         (Equation 3.1) 

                                         Metal ions adsorbed (%) = Co-Ce/Cox100                (Equation 3.2) 

Where, M is the amount of adsorbent used (g), V is the volume of the solution (L) and C0 

and Ce are the initial and final heavy metal ion concentrations in solution (mg L-1) 

respectively. 21, 149 

Pseudo-first and pseudo-second-order rate equations were used to analyze the lead 

ions adsorption rate onto sulfonated polyimide adsorbent. Pseudo 1st order rate equation 

Eq. (3.3) in linear form is represented as follow 21 

                                                         ln(q1-qt) = lnq1 - k1t                                (Equation 3.3) 

Where, q1 (mg g-1) is adsorbed amount at equilibrium, qt (mg g-1) is amount of Pb 

ions adsorbed at time t and k1 is pseudo-first-order rate constant (h-1). By the linear plot 

of ln(q1-qt) versus t, k1 can be determined. 

For the calculations of pseudo 2nd order parameters, pseudo 2nd order rate equation 

Eq.(3.4) was employed in its linear form; 150 

                                                         t/qt = 1/k2q2
2 + (1/q2)t                            (Equation 3.4) 

where k2 (g mg-1h-1) is the second-order rate constant of adsorption, q2 (mg g-1) is the 

amount of adsorbate [Pb (II)] adsorbed at equilibrium, and qt (mg g-1) is the adsorbate 

contacting the adsorbent at any time t. The linear variation of t/qt versus t was employed to 

calculate k2 and q2. Comparison between calculated and experimental qe confirmed the 

rationality of the calculated equation and assumed order of reaction. 
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3.3.2.1 Adsorption kinetics and contact time effects 

For the determination of optimum contact time for the adsorption of Pb (II) on SPIs, 

the outcome of contact time on lead ions adsorption was investigated. Removal of the 

maximum amount of metal ions from solution with the saturation of membrane ionic sites 

refers to the adsorption capacity. Figure 3.32 (a) shows the effect of adsorption time of Pb 

(II) on SPIs (FBM-50 and OBM-50). Fast adsorption kinetics was observed within first 50 

mins with adsorption equilibrium attained in 60 mins. Therefore, 60 min was set as the 

optimum equilibration time. Maximum adsorption capacities in SPIs were found to be 99 

and 30% with values of qe  4.9 and 1.5 mg/g for OBM-50 and FBM-50 respectively. 

The intercepts of plot of t/qt vs t were employed to calculate pseudo 2nd order rate 

constants, shown in Figure 3.32 (b). For Pb (II) adsorption on OBM-50 and FBM-50, the 

values of R2 (0.999, 0.999) obtained by using pseudo 2nd order kinetic equations were 

closer to unity in comparison to those R2 (0.215, 0.323) for pseudo 1st order kinetics 

respectively. These results indicated the best explanation of lead ions adsorption 

phenomenon by 2nd order rate equation. Higher values for k2 were obtained for Pb (II) ions 

adsorption as compared to k1. Thus, results indicated adsorption of lead ions followed 

pseudo 2nd order kinetics, as shown in Figure 3.32. 

Kinetic parameters for pseudo 2nd and pseudo 1st order rate equations are given in Table 

3.15. 

According to literature, for a chelating polymer, kinetics is significantly controlled 

by polymeric backbone characteristics, as it relies on the presence of chelating functional 

groups and their accessibility without steric hindrance. 151 Efficient metal ions adsorption 

on SPIs can be credited to the presence of sulfonate groups. These groups interact by 

electrostatic attractions with lead ions and are responsible for hydrophilic and strongly 

acidic nature of adsorbents. In this study, time required to attain equilibrium for adsorption 

of Pb (II) ions on SPIs (60 minutes) seems suitable from kinetic considerations when 

compared with results stated in literature where time required to attain equilibrium ranged 

from 30 min to 7 h. 152, 153  
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Table 3.15: Kinetic parameters for Pb (II) ions adsorption on SPIs 

Table 3.15: Kinetic parameters for Pb (II) ions adsorption on SPIs 

 

These results were compared with adsorption capacity results of various types of 

reported polymeric adsorbents. Table 3.16 shows a comparison of lead ions adsorption 

capacity of different materials reported in literature. It can be seen from Table 3.15 that 

synthesized sulphonated copolyimides prepared in this study showed comparable 

adsorption capacities with other adsorbents, revealing that these sulphontaed copolyimides 

are suitable for the removal of Pb (II) ions from aqueous media. 

 
SPI 

Pseudo 1st  
order model 

 
k1 (h-1) 

 
 
 

q1 (mg g-

1) 

 
 
 

R2 

Pseudo 2nd  
order model 

 
k2 X 102 (g mg-

1h-1) 

 
 
 

q2 (mg g-1) 

 
 
 

R2 

OBM 
 

0.2259 0.659 0.215 0.35 4.899 0.999 

FBM 0.1496 0.572 0.323 0.68 1.405 0.999 

Figure 3.32:  Adsorption kinetics (a) Time course for the adsorption of heavy metal ions on 
sulphonated polyimides. Adsorption conditions: 50 ppm concentration, adsorption medium 
volume, 10 ml; 25 °C and neutral pH (b) Pseudo 2nd order model for metal ions adsorption 
at ambient temperature. 
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Table 3.16: Comparison of lead ions adsorption capacity of different materials in 
literature 

Adsorbent Pb (II) 

adsorption 

capacity (mg g-1) 

Physical Form pH Reference 

Nafion 117 58.0 Membrane 5.9 154 

Lignin derived 
biochar 

950.3 Particles 5 155 

Polyacrylamide/ 
attapulgite 

30.4 Particles 4 156 

Chitosan 26.0 Particles 7 157 

Thiacalix[4 
]arene-loaded 
resin 
 

25.9 Particles 6 158 

Poly(VP-PEGMA-
EGDMA) 

18.2 Beads 6 159 

Poly(PET-g-AAm) 14.0 Fibers 5.5 160 

Rice husk ash 
 

9.8 Particles 5.8 161 

Poly(ethylene 
terephthalate) 

1.3 Fibers 5.5 160 

MBT-clay 0.7 Particles 3.5 162 

FBM 50 1.5 Membrane 7 This study 

OBM 50 4.9 Membrane 7 This study 

 

3.3.3 Theoretical calculations for adsorption 

Our interest in quantum chemistry calculations was to identify the structural factors 

influencing the lead ions adsorption on SPI adsorbents using MOE software. Interactions 

of both OBM-50 and FBM-50 with Pb (II) were studied using surface and map tool. Five 

different descriptors were selected for both these complexes. Sum of dipole moment, 

atomic polarizabilities (apol), water accessible surface area (ASA), total hydrophobic 

surface area (ASAH) and electrostatic energy (Eele) profile were calculated for these 

complexes.  
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On the basis of electrostatic surface map, it was found that OBM-50 has large 

hydrophilic surface area than FBM-50 hence it is more hydrophilic and will show more 

interactions with water as compared to FBM complex as shown in Figure 3.33 and Figure 

3.34. Water accessible surface area for OBM is 738.2473 and that for FBM is 593.2592 

which also confirmed the more electrostatic integrations with water molecules. Similarly, 

electrostatic energy profile for OBM-50 was calculated as -1343.89 kcal/mol and that for 

FBM-50 as -1205.01 kcal/mol. These descriptors data confirmed the greater affinity of 

OBM-50 towards water as compared to FBM-50. On the basis of surface area studies and 

electronic descriptors calculations, it is confirmed that both FBM-50 and OBM-50 have 

the ability to extract Pb from water and OBM-50 is more suitable for capturing Pb (II) as 

compared to FBM-50. 163 Molecular descriptors data is given in Table 3.17.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.33: (a) 3D view of complex of FBM with Pb in ball and stick (b) Hydrophobic 
(green dots) and hydrophilic part (blue & purple) of FBM complex with Pb. 

Figure 3.34: (a) 3D view of complex of OBM with Pb in ball and stick (b) Hydrophobic 
(green dots) and hydrophilic part (blue & purple) of OBM complex with Pb. 

a b 

a b 
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Table 3.17: Molecular descriptors for FBM-50 and OBM-50 complexes 

 

 

 

 

3.4 Four probe proton conductivity measurements 

For conductivity measurements, 3x1 cm2 membrane samples of FBA2-20 and FBA2-

40 were immersed in water for 24 hours for hydration prior to the proton conductivity test 

whereas the sample of FBA2-20/IL (20 %), was tested without hydration. The in-plane 

proton conductivity of membranes was measured through a four-probe system fitted with 

platinum electrodes using three different temperatures (60, 80 and 100 °C) with five 

different values of relative humidity (RH - 20, 40, 60, 80 and 100%). Eq. (3.5) was used to 

calculate the proton conductivity (σ) of membranes; 

σ = L / R. A                           (Equation 3.5) 

Here, L indicates the distance of inner probes while R is ohmic resistance whereas 

A is membrane cross-sectional area. 164 Proton conductivity results carried out for FBA2-

40 at three temperatures and five different relative humidities are shown in Figure 3.35.  

 

Figure 3.35: Proton conductivity of FBA2-40 at 60 °C, 80 °C and 100 °C. 

Complex    Dipole             

moment 

     Eele 

(kcal/mol) 

   apol ASA ASAH 

FBM-50  0.0000 -1205.0101 192.8667 593.2592 593.2592 

 

OBM-50  0.0000 -1343.8864 208.5067 738.2473 356.7329 
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At all the three temperatures, proton conductivity increases with the increase in RH. 

At 60 °C, the highest proton conductivity was observed at 100% relative humidity whereas 

at 80 and 100 °C, the proton conductivity values are quite close to each other at 80 % and 

100 % RH. At 100 °C, the highest proton conductivities were observed at lower relative 

humidities (20-60%) as compared to those at lower temperatures (60 °C and 80 °C) where 

the highest proton conductivity was observed at 100% relative humidity. These results 

depicted that FBA2-40 membranes can conduct protons at 100 °C even at lower relative 

humidities (20-40%) and at lower temperatures (60 °C, 80 °C) proton conduction is 

possible at higher relative humidities (80-100%). All the membranes showed the same 

trend i.e., the proton conductivity increased with the increase in temperature and relative 

humidity. Bayer et al. demonstrated that the proton resistance of electrolyte membranes 

reduces with the increase of temperature and humidity. 165 It was proposed that, the 

decrease in the distance between activated sites takes place with the increased amount of 

water, which depicts that every sulphonic acid group holds either water or another 

sulphonic acid group next to it. Therefore, protons can follow an easier path through the 

membrane having conducting sites all the way long. Similarly, in the current study, the 

membrane resistance decreased with the increase in temperature and humidity resulting in 

an increase in the proton conductivity across the membrane. 

Proton conductivity measurements of sulphonated polyimide (FBA2-20) and its 

composite with 20 wt % protic ionic liquid [FBA2-20/IL (20 %)] were carried out at 80 °C 

and five different relative humidity conditions. The comparative proton conductivity 

curves of sulphonated polyimide and its composite are shown in Figure 3.36 and their 

comparison with Nafion 212 is displayed in Figure 3.37.  
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Figure 3.36: Proton conductivity of FBA2 (20) and FBA2-20 /IL (20 %) at 80 °C. 

 

     Figure 3.37: Proton conductivity of FBA2-20, Nafion 212 and FBA2-20/IL (20 %) at  
     80 °C. 

These figures depict that composite membranes exhibited the highest proton 

conductivity as compared to the sulphonated polyimide and Nafion 212 at 80 °C, at all 

relative humidity values, which is the practical operating temperature of Nafion-based 

PEMFCs. These proton conductivities obtained here demonstrated that the sulphonated 

copolyimides (SPIs) and their protic ionic liquid composites can conduct protons at higher 
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temperatures and at 100 % relative humidity whereas the ionic liquid composite membrane 

showed superior proton conductivity as compared to sulphonated polyimides. The higher 

proton conductivity value of the composite membrane (0.1 S/cm) at 100% RH than Nafion 

(0.07 S/cm) under same conditions indicated that sulphonated polyimide/protic ionic liquid 

composites could be suitable for high temperature PEMFCs. 

The high proton conductivity of the composite membrane is attributed to Grotthus-

type mechanism, in which reorganization of hydrogen bonds plays a vital role in protic 

ionic liquid composites. The presence of protic ionic liquid could provide a more facile 

hopping of protons, which in turn contributes to increasing the proton transport. 166, 147 

3.5 Single fuel cell test 

For single fuel cell test, the membrane electrode assemblies (MEAs) having a 4 cm2 

area were prepared where gas diffusion layer (GDL) was used as a support and the platinum 

nanorods as catalyst (at a catalyst loading of 0.2 mg Pt/cm2). 167 

The hydration of membrane was performed at a fixed voltage of 0.6 V for at least 12 

hours or until a stable current was reached and then the polarization curve was recorded 

(Figure 3.38), and the power density curve is shown in Figure 3.39.  

 

Figure 3.38: Polarization curve of FBA2-50 at 80 °C and 100 % RH coated platinum 
nanorods. 

javascript:popupOBO('CHEBI:24636','c2ra20225e','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=24636%27)
javascript:popupOBO('CHEBI:24636','c2ra20225e','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=24636%27)
javascript:popupOBO('CHEBI:24636','c2ra20225e','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=24636%27)
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Figure 3.39: Power density of FBA2-50 coated platinum nanorods. 

The usual Nyquist plots obtained by EIS measurements are shown in Figure 3.40.  

 

Figure 3.40. EIS of FBA2-50 coated platinum nanorods. 

The presence of single semi-circle loop depicts the loss caused by the interfacial 

kinetics of electrochemical process, that normally happens at a region of low current 

density. 168 At high and low frequencies, the intercept of the arc with real axis is related to 

the internal ohmic (RΩ) and charge transfer resistance (RCT) respectively. One of the 

important parameters of single cell test is the peak power density, and its value is around 

0.18 W/cm2 for the as-prepared single cell (Figure 3.39). 

3.6 Half Cell Gas Diffusion Electrode (GDE) measurements  

The FlexCell polytetrafluoroethene (PTFE) from Gaskatel was used for the 

conduction of ex-situ GDE measurements. 169 Cyclic voltammetry (CV) scans were 
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performed for the GDEs made with various ionomers. The electrochemical surface area 

(ECSA) was calculated based on the hydrogen adsorption and desorption areas. The 

desorption areas were quite smaller as compared to the adsorption areas. This difference 

was more pronounced in composites as compared to the sulphonated copolyimides. The 

results are shown below for Nafion (Figure 3.41), FBA2-50 (Figure 3.41), FBM-20 

(Figure 3.42), and [FBM-20/ IL (50 %)] (Figure 3.42) coated Pt/C. 

 

Figure 3.41: Comparative cyclic voltammograms of Nafion and FBA2-50 coated Pt/C. 

The ECSAs for Nafion and FBA2-50 coated Pt/C came out to be 11.234 cm2 and 

8.351 cm2 respectively. The ECSA of synthesized sulphonated copolyimides coated Pt/C 

are smaller than the Nafion (a commercial binder) coated Pt/C. 

 

Figure 3.42: Comparative cyclic voltammograms of FBM-20 and FBM-20/IL (50 %) 
coated Pt/C. 
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The values for ECSAs for [FBM (20)] and [FBM (20)/ IL (50)] coated Pt/C are 

10.249 cm2 and 14.249 cm2 respectively. These results indicated that the sulphonated 

polyimides and their protic ionic liquid composites can work as effective Pt catalyst 

binders. 
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Conclusions 

The thesis summarizes efforts in developing synthetic approaches focusing on the 

polymer design of sulphonated copolyimides and their composites with protic ionic liquids 

for efficient toxic metal adsorption and proton conduction. The introduction of hydrophilic 

sulphonic acid group in polyimide main chain, enhances the hydrophilicity and proton 

exchange abilities of the sulphonated copolyimides. These properties resulted in good 

metal adsorption abilities and proton exchange membranes (PEMs) with good 

electrochemical fuel cell performance in medium temperature proton exchange membrane 

fuel cell (PEMFC). Sulfonated hydrocarbon PEMs are alternatives to commercially 

available perfluorosulfonic acid ionomers (PFSA, e.g., Nafion®) that inevitably lose proton 

conductivity when exposed to harsh operating conditions.   

To achieve the desired results, two series of homo and sulphonated copolyimides were 

successfully prepared using two synthesized and three commercial diamines having 

flexible linkages, two different commercial dianhydrides namely oxydiphthalic anhydride 

(ODPA) and 4,4’-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) along with 

varying percentages of commercial sulphonated diamine, 4,4’-diamino-2,2’ -

biphenyldisulfonic acid (BDSA). The structural characteristics of synthesized diamines 

and resultant polyimides were evaluated by the physical data, FTIR spectroscopy, UV-

Visible spectroscopy and XRD. Molecular weights of the synthesized polyimides were 

evaluated through viscosity measurements and gel permeation chromatographic (GPC) 

studies. Theoretical studies were carried out using Molecular operating software (2016). 

UV-Visible and atomic absorption spectroscopic (AAS) studies were carried out for heavy 

metal sensing and lead ions adsorption studies in aqueous media. Furthermore, eight 

different protic ionic liquids were synthesized using two different Brønsted acids and four 

different Brønsted bases. These ionic liquids were used as additives in the synthesized 

sulphonated copolyimide matrices for the synthesis of proton conductive composites. The 

composites were characterized through FTIR and XRD analytical techniques. Four probe 

proton conductivity measurements were carried out for proton conductivity studies of 

fabricated membranes. Half cell measurements and single cell tests were caried out for 
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catalyst coating studies for polymer electrolyte membrane fuel cells. These analyses have 

headed to the following conclusions. 

➢ The solubility results demonstrated that polyimides and their sulphonated analogs 

are soluble in m-cresol at room temperature and in NMP upon heating and can be 

processed. 

➢ The viscosity measurements (ηinh = 1.10 - 3.25 dL/g ) and GPC results depicted that 

weight average molecular weight (Mw) and polydispersity index of sulphonated 

copolyimides and composites varied between 12379-42726 g/mol and 1.5-4.3 

respectively. The results showed that the copolyimides derived from FDA 

dianhydride have high molecular weights as compared to ODPA derived 

copolyimides. This might be attributed to the high molecular weight of 6FDA 

monomer as compared to ODPA monomer.  

➢ 6FDA derived copolyimides are thermally stable, amorphous materials resulting in 

light coloured flexible films which in turn increases their efficiency for practical 

polymer electrolyte membrane fuel cells (PEMFCs) 

➢ The thermal properties of synthesized polyimides were assessed by thermal 

gravimetric analysis (TGA) and differential scanning calorimetry (DSC). The 

results showed that ODPA based polyimides are thermally more stable and 

manifested higher glass transition temperatures as compared to 6FDA based 

polyimides. This can be attributed to better molecular interactions and compact 

chain packing in ODPA based polyimides as compared to 6FDA based polyimide 

where bulky -CF3 groups of 6FDA decreases the intermolecular interactions and 

inhibit close packing of the polymer chains. 

➢ UV Visible spectroscopic studies along with theoretical studies (MOE software) 

displayed that the sulphonated copolyimides are hydrophilic in nature, ODPA 

based polyimides interacted with water molecules more efficiently as compared to 

6FDA based polyimides. This increased hydrophilic character of ODPA based 

polyimides can be attributed to strong hydrogen bonding between the highly 

electronegative oxygen atom and surrounding water molecules. By inductive effect, 

oxygen atoms acquire partial negative charge by withdrawing electrons from the 

neighboring carbon atoms in the polymer chains making these polyimides more 
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hydrophilic as compared to 6FDA based polyimides. The experimental results were 

scrutinized by theoretical results where higher water accessible surface areas were 

obtained for ODPA based polyimides as compared to FDA based polyimides. 

➢ The ODPA based sulphonated copolyimide (OBM-20) was evaluated for heavy 

metal sensing studies in aqueous media. The results depicted that OBM-20 can 

sense Ni (II), Co (II) and Cr (III) in nanomolar concentrations and it interacts more 

preferentially with Ni (II) as compared to Co (II) and Cr(III) at room temperature 

and neutral pH. 

➢ Lead ions adsorption studies were carried out for both 6FDA (FBM-50) and ODPA 

(OBM-50) based copolyimides using atomic absorption spectroscopy (AAS) in 

aqueous media. The experimental results were confirmed through theoretical 

studies using MOE software. The results revealed that both FBM-50 and OBM-50 

have the ability to extract Pb from water. OBM-50 was found to be more suitable 

for capturing Pb with higher qe = 4.9 mg g-1 as compared to FBM-50 with lower qe 

= 1.5 mg g-1, due to its more hydrophilic nature; a prerequisite for adsorption. 

➢ To evaluate the proton conductivity of sulphonated copolyimides and protic ionic 

liquid composites, four probe proton conductivity measurements were carried out. 

The results depicted that these membranes can efficiently conduct protons upto 100 

°C with 100 % relative humidity and the conductivity of composites (0.1 S/cm) at 

80 °C is quite high as compared to sulphonated copolyimides (0.004 S/cm) and 

Nafion 212 (0.05 S/cm) under same reaction conditions. It is thus concluded that 

these membranes can be used as electrolytes for polymer electrolyte membrane fuel 

cells upto 100 °C. 

➢ Single fuel cell test and half cell test studies were carried out for catalyst coating 

studies in PEMFCs. These results revealed that these ionomers can coat the 

catalysts effectively and can function as catalyst binders like Nafion. 
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Future Recommendations 

➢ The synthesized sulphonated copolyimides can be used for adsorption of various 

toxic metal ions from water. 

➢ The synthesized sulphonated copolyimides and their composites can be used as 

electrolytes for high temperature polymer electrolyte fuel cells working at higher 

temperatures ≥ 120 °C. 

➢ The sulphonated copolyimides and their composites can be evaluated as coaters and 

binders for different fuel cell catalysts working at higher temperatures as these are 

thermally stable at high temperatures. 

➢ The alkyl chains containing diamines can be used for the preparation of more 

flexible and mechanically stable proton conducting membranes for PEMFCs. 
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Annexures 

Annexure 1: FTIR-ATR of polyimides and sulphonated copolyimides 

 

Annexure 1.1:  Comparative FTIR Spectra of 6FDA based polyimides 
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Annexure 2.1:  Comparative FTIR Spectra of ODPA based polyimides 
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Annexure 3.1: Comparative FTIR Spectra of FBM (10, 20, 30, 40, 50) 
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Annexure 3.2: Comparative FTIR Spectra of FBA (10, 20, 30, 40, 50) 
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Annexure 3.3: Comparative FTIR Spectra of FBA2 (10, 20, 30, 40, 50) 
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Annexure 3.4: Comparative FTIR Spectra of FBA3 (10, 20, 30, 40, 50) 
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Annexure 3.5: Comparative FTIR Spectra of FBI (10, 20, 30, 40, 50) 
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Annexure 4.1: Comparative FTIR Spectra of OBM (10, 20, 30, 40, 50) 



 

148 
 

 

Annexure 4.2: Comparative FTIR Spectra of OBA (10, 20, 30, 40, 50) 
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Annexure 4.3: Comparative FTIR Spectra of OBA2 (10, 20, 30, 40, 50) 
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Annexure 4.4: Comparative FTIR Spectra of OBA3 (10, 20, 30, 40, 50) 
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Annexure 4.5: Comparative FTIR Spectra of OBI (10, 20, 30, 40, 50) 
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Annexure 5.1: FTIR Spectrum of OM at 200 °C 

 

 

Annexure 5.2: FTIR Spectrum of OM at 300 °C 
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Annexure 2: XRD patterns of diamines and sulphonated copolyimide 

 

Annexure 6.1: XRD of ODA and BDSA diamines 

 

 

 

Annexure 7.1: XRD of OBM-20 
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Annexure 3: TGA curves of polyimides and sulphonated copolyimides 

 

Annexure 8.1: Comparative TGA curves of FM and its sulphonated analogs 

 

 

Annexure 9.1: Comparative TGA curves of copolyimides with different diamine 
monomers 
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Annexure 10.1: Comparative TGA curves of FBA3-20, FBA3-30, FBA3-40 and 
FBA3-50 

 

Annexure 11.1: Td’s of OM, FM, OBM-50 and FBM-50 as a function of temperature 

 

 



 

156 
 

 
Annexure 12.1: Comparative Tg’s of OM, FM, OBM-50 and FBM-50 

 
Annexure 13.1: Tg of OM 
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Annexure 4: NMR spectra of protic ionic liquids  

 

Annexure 14.1: 1H NMR spectrum of TEMs 

 

Annexure 14.2: 13C NMR spectrum of TEMs 
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Annexure 15.1: 1H NMR spectrum of TETf 

 

Annexure 15.2: 13C NMR spectrum of TETf 

 


