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REPORT OF THE WORK DONE 

(A) TITLE OF THE PROJECT:  

“Thermally Stable Polymers as DielectricMaterials for High Voltage and 

Anticorrosion Applications”. 

(B) BRIEF OBJECTIVE OF THE PROJECT: 

➢ Synthesis of new aromatic as well as conjugated diamine monomers containing bulky 

tetraphenyl thiophene and tetraphenyl furan moieties. 

➢ Synthesis and characterization of novel thermally stable polymers such as polyimides, 

polyamides, polyazomethines and polyquinoxalines prepared from above novel 

diamine monomers and it can be act as a dielectric material for high voltage. 

➢ Study the structure property relationship in the synthesized polymers.  

➢ The incorporation of alternating single and doublebonds which resulted in to 

backbones of continuous sp2 hybridized carbon centers. Their overlapping p-orbital 

create a delocalization of π-electrons thus resulting in interesting and useful 

electrochemical properties.  

➢ A new series of various classes of conjugated polymers containing alternate single and 

double bonds such as polyazomethines and poly(phenylquinoxaline)s were prepared 

and studied for high voltage electrochemical energy storage/conversion properties. 

➢ Unique properties such as super capacitance, specific energy, specific power, and 

columbic efficiency recorded on a new class of conjugated polymers. 

➢ Thin films of synthesized polymers were casted in chloroform or DMAc on stainless 

steel substrates using spin coating technique. 

➢ Results have been achieved on introducing heterocyclic quinoxaline, thiophene and 

furan ring as a redox active nucleus in polymer backbone. 

 

(C) WORK DONE: 

The recent achievements in the field of designing and preparation methods to be used 

while preparing polymer for electrochemical analysis. Aromatic polyazomethines and 

poly(phenylquinoxaline)s belong to alternately conjugated polymers and having backbones 

composed of alternate phenylene rings and azo linkages. The main disadvantage of 

alternately conjugated polymers seems to be quite low mobility of charge carrier that is 

expected to be a consequence of their backbone being built up of sp2 hybridized carbon and 

nitrogen atoms. Varying technological conditions towards increasing reagents mass transport 

to the substrate is expected to give such polyazomethines and poly(phenylquinoxaline)s thin 

films with active nucleus quinoxaline rings can result in special π electron systems rather than 



linear ones. This is a method based on polycondensation process, where polymer chain 

developing is running directly due to chemical reaction between molecules of bifunctional 

monomers. The new series of polyazomethines were synthesized by the polycondensation of 

a new diamine monomer containing tetraphenyl thiophene and tetraphenyl furan moieties 

with equimolar proportion of aromatic dialdehydes and the new series of 

poly(phenylquinoxaline)s were synthesized by the polycondensation of new dion monomer 

containing tetraphenyl thiophene as well as tetraphenyl furan moieties. Total ten 

polyazomethine polymers with varying compositions of commercial dialdehyde monomers 

and also polyphenylquinoxaline and quinoxaline-benzimidazole based organic polymer were 

prepared. In which 1-5 polyazomethines were prepared from new aromatic diamine monomer 

containing tetraphenyl thiophene moiety and 6 to 10 polyazomethines were prepared from 

new aromatic diamine monomer containing tetraphenyl furan moiety. Similarly, 1 to 5 

conjugated poly(phenylquinoxaline)s were prepared from new dion monomer containing 

tetraphenyl furan moiety and Quinoxaline organic polymer and Quinoxaline-Benzimidazole 

organic polymer were prepared from tetraphenyl thiophene moiety. Thin films of 

polyazomethines were prepared in solvent such as DMAc on stainless still substrates using 

spin coating technique. The more boiling solvent is used to cast polyazomethine polymers 

due to the less solubility in low boiling solvents. Similarly, thin films of 

poly(phenylquinoxaline)s were prepared in chloroform as a solvent on stainless steel 

substrate by spin coating technique. Physical properties of polyazomethine polymer films 

were characterized and analyzed by Fourier transform infrared (FTIR) spectroscopy, Nuclear 

Magnetic Resonance Spectroscopy, X-ray diffraction spectroscopy (XRD), 

Thermogravimetric analysis (TGA), Differential scanning calorimetry (DSC), water quantact 

angle measurement, scanning electron microscopy (SEM) BET surface area and pore size 

measurements and electrochemical analyzer measurement technique.  

           Our results supply with original possibilities which can be useful in looking for good 

polymer materials for supercapacitor applications. These results have been gained on 

polyazomethines and poly(phenylquinoxaline)s thin films with active nucleus of quinoxaline 

rings. The Principal Investigator are well versed with all above-mentioned synthetic methods 

for preparation of “functional monomers” and their subsequent polymerization and have 

extensive research experience in synthetic high-performance polymers. 

Experimental Section: 

All materials and solvents were purchased either from Sigma Aldrich or s. d. fine, through a 

local agency. Sulphur powder, benzyl chloride, aluminum chloride (AlCl3) phenylacetyl 



chloride, selenium dioxide (SeO2), 4-nitro-o-phenylenediamine, isophthalaldehyde (IPA), 

terephthalaldehyde (TPA), deoxy benzoin, iodine, sodium tart. butoxide and solvents such as 

glacial acetic acid, DCM, ethanol, dimethylformamide (DMF) were used as received. N, N’-

dimethylformamide (DMF) and N, N’-dimethylacetamide (DMAc) were purified by 

distillation over P2O5 under reduced pressure and stored over 4A0 molecular sieves. 

Dichloromethane (DCM) was dried by sodium and calcium hydride respectively before use. 

LiCl was dried at 180℃ in vacuum oven for 14hrs. The chemical structure of monomers and 

polymer were analyzed by FTIR spectra and NMR spectra.  FTIR were recorded on a Thermo 

NicoletiS-10 Mid Fourier transform infrared spectrometer in the 500–4000 cm−1 frequency 

range. 1H NMR (400-MHz) spectra were obtained with a Bruker spectrophotometer. 

Chemical shifts (d values) are given as parts per million with tetramethylsilane (TMS) as an 

internal standard. Viscosity measurements were made with 0.5% (W/V) solution of polymers 

at 30℃ using Ubbelohde suspended level viscometer. The solubility of polymers was 

determined at 3% concentration in various solvents at room temperature or by warming.  

Results and discussion: 

The synthetic route towards monomer and polymer only requires six steps and uses 

commercially available raw material. (Scheme -1 and 2) In the present investigation the 

phenylated thiophene containing quinoxaline diamine monomer prepared by friedel craft 

acylation of tetra phenyl thiophene with phenyl acetyl chloride fallowed by oxidation of 

alpha methyl group with selenium dioxide to yield 1, 2 diketone and it undergoes cyclization 

with 4-nitro-o-phenylenediamine to yield phenylated thiophene containing quinoxaline 

dinitro compound. Then, the diamine was obtained on the catalytic reduction of intermediate 

dinitro compound with hydrazine monohydrate and Pd/C catalyst in refluxing mixture of 

ethanol and THF in high yields. Diamines are valuable building blocks for the preparation of 

thermally stable aromatic polymers including polyazomethines and their copolymers. 

Similar procedure was fallowed for synthesis of new diamine monomer containing 

tetraphenyl furan moiety it requires only to use tetraphenyl furan instead of tetraphenyl 

thiophene. The main objective of these conjugated polyazomethines is to develop new 

storage device which have high capacitance, specific energy and specific power density and 

replacement of the dielectric capacitor in the integrated storage unit. 

 

 

 

 



 

 

1. Synthesis of diamine monomer containing tetraphenyl thiophene moiety. 
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Scheme 1. Synthetic route of 2, 5 bis [4-(2-phenyl-7-aminoquinoxaline) phenyl] 3, 4 

diphenyl thiophene (V) monomer. 

Reagents and conditions:     

a) Reflux, 240 °C, 3 days.  b) PhCH2COCl, AlCl3, DCM, 10-15 °C. c) SeO2, Glacial 

acetic acid, reflux 12 hrs. d) 4-Nitro-o-phenylene diamine, Glacial acetic acid, reflux 

4 hrs. e) H2, Pd/C Hydrazine hydrate, mixture of EtOH - THF, 80 °C. 
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Scheme 2. Synthetic route of polyazomethines (PAM- 1 to PAM- 5) from (V). 

Preparation of polyazomethine thin film electrode 

The sponge like porous polyazomethine thin film electrode was synthesized by spin 

coating method on stainless-steel (SS) substrate. For synthesis, 0.05 gm of above synthesized 

polyazomethines was used as precursor in 10 ml N, N’-dimethylacetamide. Before 

deposition, pieces of substrate were polished with sic paper and then washed with water and 

acetone, etched in 0.4 M H2SO4, and kept in ultrasonic bath for 30 min, finally rinsed in 

double distilled water, and dried in air. After deposition film was heated to 200 °C in vacuum 

oven for 30 min. The active surface area foreach case (PAM-1 to PAM-5) is kept 1cm x 1 



cm. Polyazomethine coated stainless steel plate was taken as anode, graphite plate as cathode 

and the reference electrode was a saturated calomel electrode. 

 

Figure 1. Schematic representation of porous polyazomethine based supercapacitive device 

Table 1.   Synthesis of polyazomethines from (V) 

Sr.No    Polymer code 
Diamine 

(V) mol % 

Dialdehydes mol % 
   Yield 

     (%) Viscosityb 

TPA      IPA   

 1 PAM- 1 100 100 00             98 0.79 

 2 PAM- 2 100 75 25             99 0.70 

 3 PAM- 3 100 50 50            100 0.74 

 4 PAM- 4 100 25 75          100 0.71 

 5 PAM- 5 100 00 100           94 0.89 

          a Polymerization was carried out with 1 mmol each of diamine (V) and dialdehydes. 

            b Measured at a concentration of 0.5 g/dL in DMAc with 5% LiCl at 30°C. 

Characterization of monomer 

Fourier transforms infrared (FTIR) analysis 

The 2, 5 bis [4-(2-phenyl-7-aminoquinoxaline) phenyl] 3, 4 diphenyl thiophene (V) monomer 

(figure 2) characterized by FTIR spectroscopy. The primary amine (-NH2) stretching are 

identified approximately at 3373 cm-1. The aromatic C=C stretching vibrations from the ring 



present a band approximately at 1540 cm-1. Low intensity peak presented over the range of 

2924 cm-1 can be attributed to the aromatic C-H stretching vibrations, the peak at 600-800 

cm-1 is characteristic of the C-S bending vibrations, which indicates the presence of a 

thiophene ring. 

 

 

Figure 2.  FT-IR of 2, 5 bis [4-(2-phenyl-7-aminoquinoxaline) phenyl] 3, 4 diphenyl 

thiophene (V). 

. 

Nuclear Magnetic resonance (1H-NMR) analysis  

The proton NMR spectrum of 2, 5 bis [4-(2-phenyl-7-aminoquinoxaline) phenyl] 3, 4 

diphenyl thiophene (V) monomer (Figure 3.) showed the NMR signal (b) at 4.54 δ, 

corresponding to an primary amine (2H) group of the amino quinoxaline and remaining all 17 

protons (a) are aromatic in the range of 6.9 to 7.82 δ. 

 

 



 

Figure 3.1H–NMR of 2, 5 bis [4-(2-phenyl-7-aminoquinoxaline) phenyl] 3, 4 diphenyl 

thiophene (V) 

 

Analysis of conjugated polyazomethines. 

Fourier transforms infrared (FTIR) analysis 

The polyazomethines were characterized by FT-IR spectroscopy (Figure 4) it showed 

that the C=N stretching vibrations in PAM-1 to PAM-5 are identified approximately at 1614 

cm-1.The disappearance of bands at 1725 and 3373 cm-1 indicated that all the aldehyde and 

amine groups had reacted to yield high molecular weight polyazomethines. The aromatic 

C=C stretching vibrations from the ring present a band approximately at 1540 cm-1. Low 

intensity peak presented over the range of 2924 cm-1 can be attributed to the aromatic C-H 

stretching vibrations, the peak at 600-800 cm-1 is characteristic of the C-S bending vibrations, 

which indicates the presence of a thiophene ring. 
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Figure 4.  FT-IR Spectrum of PAM-1 to PAM-5. 

 

Structural elucidation studies 

  X-ray diffraction is a primary technique to determine the degree of crystallinity in 

polymers. The peak positions, intensities, widths and shapes provide important information 

about the structure of the material. X-ray diffraction of polyazomethines was conducted at 

room temperature to obtain information about crystallinity of Polyazomethines. Synthesized 

polyazomethine thin film electrode confirmed semicrystaline triclinic structure. The 

measurements give several peaks in the range of 2θ = 17.69 – 19.81° and d-spacing = 4.48 - 

5.01 Åas observed in Figure 5.  X-ray diffraction patterns allowed to conclude that 

investigated material had a semicrystaline structure which was expected, andthis result 

isconsistent with previous reports [32].Crystal data and structure refinement of 

polyazomethines was presented in table no. 2. 
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Figure 5.  X-ray diffraction of polyazomethine PAM-1 to PAM-5. 

Table 2.   Crystal data and structure refinement of polyazomethines 

Parameters PAM-1 PAM-2 PAM-3 PAM-4 PAM-5 

2θ peaks 

(Degrees) 

18.96 18.72 17.69 19.81 18.31 

Heights (cts) 588.00 450.00 637.28 1020.84 437.36 

d-spacing (Å) 4.68 4.73 5.01 4.48 4.84 

Crystal System Triclinic Triclinic Triclinic Triclinic Triclinic 

Bravais Type Primitive (P) Primitive (P) Primitive (P) Primitive (P) Primitive (P) 

Unit Cell  a (Å) 8.9 3.88 6.4 4.87 4.22 

Unit Cell  b (Å) 3.11 9.48 4.2 3.17 9.82 

Unit Cell  c (Å) 12.4 10.24 10.1 11.28 10.84 

Unit Cell  α (°) 82.2 46.1 71.9 72.70 56.48 

Unit Cell  β (°) 17.8 46.1 35.6 31.2 70.4 

Unit Cell  ᵧ (°) 76.4 35.03 88.8 66.86 42.03 

    Volume (Å) 97.79 130.03 137.57 82.97 132.03 



 

Thermal analysis 

 Thermal behavior of polymers was evaluated by means of thermogravimetry. Table 3 

incorporate the thermal data such as initial decompotion temperature (Ti), 10% mass 

decomposition temperature (Td), and residual weight at 900 °C. The thermal stability of the 

polyazomethine outlined in Figure 6 studied at a heating rate of 10 °C/min in nitrogen 

atmosphere by Thermogravimetric analysis. The (Td) temperature at which 10 % weight loss 

occurred, and char yields at 900 °C were determined from thermograms. Tivalues were in the 

range of 297 °C to 304 °C. In general, these polymers, like other poly-Schiff bases, exhibited 

good thermal stability in nitrogen; 10 % weight loss only takes place when they are heated 

beyond 622°C in nitrogen. The weight residue of polyazomethines when heated to 900°C in 

nitrogen was in the range 76-79 %. Differential scanning calorimetry analysis of the 

polyazomethines polymer showed no evidence of a measurable glass transition or melting 

point at second heating in the range of 30- 350°C due to the relative low degradation 

temperatures [33]. 

 

Table 3.    Thermal properties of polyazomethines (PAM-1 to PAM-5) 

Sr.No. Polymers Thermal Behavioura Residual Wt. % at 

900 °C Ti Td 

1 PAM- 1 297 622 76 

2 PAM- 2 300 758 79 

3 PAM- 3 303 713 77 

4 PAM- 4 304 772 79 

5 PAM- 5 303 699 76 

     a Temperature at which onset of decomposition was recorded by TG at aheating rate of 10 °C/min under N2. 

Td – Temperature of 10% decompositionTi- Initial decomposition temperature. 
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Figure 6. TGA curves of polyazomethines PAM-1 to PAM-5 

 

Surface morphological and surface wetting studies 

The surface morphology of polyazomethine electrode was analyzed from SEM plane-

view digital image Figure 7 (a, b). Scanning electron microscopy was utilized to study the 

surface texture and microstructure of deposits. As deposited films had uniform morphology, 

but sintering caused cracking of the films. TEM images of polyazomethine PAM-3 are shown 

in Figure 7 (c, d) which seen that the randomly oriented uniform micropores with a sponge like 

porous morphology. Two different types of featured zones can be distinguished by comparing 

the image contrast, large quantities of dot-liked dark zones, and a sponge like porous matrix 

[1]. Obviously, the dark zones sizes range from several nanometers to ∼ 18-20 nm and 

disperse uniformly over the porous matrix.The electrochemical performance of pseudo 

capacitive materials largely depends on their surface area and morphology.We believe that 

this type of morphology shall be beneficial for redox reactions.The average contact angle was 

acquired by measuring for at least five separate drops on PAM-3 film surface by delivering 

de-ionized water. Measurement of surface water contact angle is inversely proportional to the 

wettability and can be determined by Young’s relation. Figure 7 (f) shows the digital 

photograph of water contact measurement on polyazomethine (PAM-3) electrode surface. 

Interestingly, PAM-3 electrode surface has exhibited hydrophilic behavior with 710 water 



contact angle value i.e. <900. Generally, low water contact angle (hydrophilic behavior) 

increases the electrochemical performance, where interfacial contact at electrolyte-electrode 

is considerably high [2, 3]. 

 

Figure 7. (a, b) SEM images of PAM-3. C, d) TEM images of PAM-3 (randomly oriented 

uniform micropores with a sponge-like porous morphology). e) SEAD pattern (It 

shows semicrystaline nature of PAM-3). f) Water contact angle measurement of 

PAM-3. 

 

 

 

 

 



 

Scotch tape testing of PAM-1 ~ PAM-5.  

Mechanical stability has been obtained by the ‘‘scotch-tape’’ test. The ‘‘scotch-tape’’ 

test is an effective tool for demonstrating the stark difference in adhesion between the layers. 

The ‘‘scotch-tape’’ test is used to examine the adhesive strength of the polyazomethine film 

(PAM-3) to the stainless-steel substrates (Figure 8. a, b). The ‘‘scotch tape’’ was applied on 

the surface of film (Figure 8. c) and pressed by forceps (Figure 8. d). Then scotch-tape was 

slowly pulled off using forceps (Figure 8. e). After removing the tape, the polymer film was 

found unaffected (Figure 8. f). Any delaminating parts are not removed from the substrate, 

which showed that coating layer is stable with the stainless-steel substrate. The adhesiveness 

of the polyazomethine thin film to the stainless-steel substrate is very strong. Even after 

repeating the ‘‘scotch-tape’’ test multiple times for PAM-1 to PAM-5, the tape remained 

clean and no damage to the film coatings is noticed. Good adhesion between the 

polyazomethine and stainless-steel substrate, PAM-1 to PAM-5 exhibited excellent 

mechanical stability. 

 

Figure 8. Application of the ‘‘scotch-tape’’ test to the polyazomethine film for measuring the 

mechanical stability; optical image of (a) Scotch-tape, (b) polyazomethine film, (c) applied a 

Scotch-tape to the polyazomethine film (d) pressed the coating film by forceps, (e) pulled off 

the tape using forceps and (f) polyazomethine film after removing the tape, resulted into no 

delaminating of film and mechanical stability was observed.  

Surface Area and Porosity Measurements 

The surface area and porosity of the synthesized polyazomethine (PAM-3) was 

investigated by physisorption of nitrogen at 77 K because their excellent electrochemical 

performance. The isotherms show nitrogen uptake at 1 bar pressure indicative of porous 

nature of the polyazomethine. The specific surface area and pore size were estimated from 



the adsorption and desorption isotherms and are shown in figure 9. The measured BET 

surface area 11.056 m2/g of polyazomethines was low. It is worth noting that the polymer 

reported here is copolymer containing only a small amount of comonomer. Apparently, at 

such low comonomer content, its influence on surface area is limited. The physisorption 

isotherms observed for polyazomethine showed slow and gradual increase in nitrogen uptake 

up to a relative pressure P/P0 = 1.0, reminiscent of type III isotherms [4]. It is believed that in 

such isotherms ascorbate–adsorbent interactions play an important role. The adsorption 

isotherms show a gradual increase in middle level relative pressures and a steeper increase at 

higher pressures. Such behaviour has been reported earlier as characteristic of Mesoporous 

[5]. Pore size distribution was estimated by fitting the uptake branches of the nitrogen 

isotherm with nonlocal density functional theory and pore size found to be 1.3 nm and pore 

volume is 0.022 cm3/g (Figure 10). 
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Figure 9. The nitrogen adsorption/desorption isotherm of polyazomethine (PAM-3).  
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Figure 10. Pore size distribution curve for polyazomethine (PAM-3) derived from N2 

adsorption isotherm at 77 K using the NLDFT method. 

 

Electrochemical supercapacitive measurement  

The electrochemical supercapacitive properties of synthesized polyazomethineelectrode were 

tested by cyclic voltammogram (CV). 

The capacitance was calculated using the following relation; 

          C = I / (dV/dt)   (1) 

Where Iis the average current in ampere and dV/dt is the voltage scanning rate.   

The interfacial capacitance was calculated using the relation; 

       Ci = C/A                                                                                                           (2)  

Where ‘A’ is the area of active material dipped in the electrolyte.  

The SC (Fg−1) of polyazomethines electrode was calculated using following relation;  

         SC = C/ W                                                                                                        (3)  

Where W is the mass of polyazomethines film dipped in electrolyte. 

Effect of various electrolytes and scan rate 

In order to study polyazomethines conjugated polymers for electrochemical supercapacitors, 

the electrolytes used should have a high achievable decomposition potential. The resistance 

of the supercapacitor is independent on the resistivity of the electrolyte and size of the ions 

from the electrolyte. The organic electrolytes have a greater resistance, but the adjunct power 

reduction is usually offset by the increase in higher cell voltage. This is usually not a problem 



for an aqueous electrolyte such as sodium sulphate (Na2SO4), sodium hydroxide (NaOH), 

potassium hydroxide (KOH) and sulfuric acid (H2SO4). Aqueous electrolytes are cheaper, 

purify easily. [6]. In the current case the aqueous electrolytes like KOH, NaOH, and Na2SO4 

and H2SO4 1 M concentration were tested for polyazomethine thin film electrode. The 

concentration of electrolyte increases, specific capacitance also increases due to the take-off 

of the material from substrate, so greater than 1 M concentration was avoided [7]. The 

supercapacitive performance of polyazomethines thin film electrode was tested using cyclic 

voltammogram (CV) technique. According to presented results, it seems that the redox 

mechanism involving in quinoxaline unit of polyazomethines occurs as one step quasi 

reversible reaction in acid and neutral electrolyte, reaching the reversibility in basic 

electrolyte, always involving the transfer of two electrons and two protons [8]. According to 

the postulated redox mechanism of varenicline [9] and brimonidine [10] at glassy carbon 

electrode (GCE) it can be assumed that similar reversible redox mechanism of quinoxaline 

happens at the pyrazine ring moiety. As the percentage variation of TPA and IPA in 

polyazomethines varies (percentage variation values are listed in Table 1) first we analyzed 

the electrochemical behavior of (PAM-3) due to the equal compositions of co monomers 

(IPA & TPA) in PAM-3 at different electrolytes. Figure 11 shows the CV curves of 

polyazomethine (PAM-3) thin film electrode in different electrolytes such as 1 M solution of 

NaOH, KOH, Na2SO4 and H2SO4 for different scan rates ranging from 5-100 mV/s. The 

specific capacitance values for different electrodes with different current densities are 

discussed more detail in table 4. The polyazomethines (PAM-3) electrode showed maximum 

specific capacitance of 253.40 F/g at the scan rate 5 mV/s in 1 M NaOH electrolyte. The 

study of variation of different electrolytes with different scan rate reveals that NaOH 

electrolyte is dominant over the KOH, Na2SO4 and H2SO4 electrolytes. NaOH electrolyte to 

easily glow into the inner region of the polyazomethine electrode. This gives fast electron 

transport with a high rate capability. Therefore, for further study of different composition of 

polyazomethines (figure 12)we preferred 1M NaOH as a fixed electrolyte. Again, we 

observed that polyazomethine (PAM-3) electrode shows better performance as compared to 

other different compositions of polyazomethines. The specific capacitance values for 

different composition of polyazomethines in 1M NaOH electrolyte with different current 

densities are discussed more detail in table 5. Such types of conjugated porous 

polyazomethines containing quinoxaline unit have been designed and successfully fabricated 

for the first time based on previously reported azo based conjugated covalent organic 

frameworks [11] which showed the specific capacitance of 226 F/g. In our report porous 



conjugated polyazomethine (PAM-3) showed greatly enhanced electrochemical performance 

for supercapacitor is 253.40 F/g. A plot of specific capacitance as a function of scan rate is 

shown in figure 12 (f) it showed that if the scan rate increased the specific capacitance 

decreased, due to the presence of inner active sites that cannot sustain the redox transitions 

completely at high scan rates [12]. Cyclic voltammogram shows oxidation and reduction 

peaks of polymer. The charge storage capability of conducting polymers such as 

polyazomethines is due to its ability to undergo electro-oxidation or reduction; oxidation or 

p-doping of polymer takes place by subtract the electrons form the polymer backbone 

through the external circuit and the incorporation of an anion from solution into the polymer 

backbone to counterbalance the positive charge. In reduction process or n-doping process the 

electrons are transferred onto the polymeric matrices by the external circuit, and cations from 

the electrolyte enter the polymer chain in order to sustain overall charge neutrality [13]. 

However, the electrochemical properties of sponge like polyazomethine are influenced by 

different factors such as synthesis method, structural morphologies of the polyazomethine 

electrode material and electrolytes.  
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Figure 11. A comparison of CV curves of the polyazomethine (PAM-3) thin film electrode at 

different scan rates of 5, 25, 50 and 100 mV/s in 1 M (a) NaOH, (b) KOH, (c)  Na2SO4  and 

(d) H2SO4 electrolytes. 

 

Table 4 Electrochemical behaviour of polyazomethine (PAM-3) in different aqueous electrolyte at 

scan rate  

5 Mv/s  

Sr.No. Electrolyte 
Specific capacitance 

(F/g) 

Specific energy 

(Wh/Kg) 

Specific power 

(Kw/Kg) 

Columbic efficiency 

𝛈 (%) 

1 NaOH (1M) 253.40 26.00 16.00 79.93 

2 KOH (1M) 132.7 21.42 18.00 82.47 

3 Na2SO4 (1M) 144.80 16.38 36.00 93.25 

4 H2SO4 (1M) 118.44 7.50 30.00 61.39 

 

 



Table 5    Electrochemical behavior of polyazomethines (PAM-1 to PAM-5) in 1 M NaOH 

electrolyte at scan rate 5 mV/s                                                                                

Sr.No. 
Polymer 

code 

Active 

material 

loaded 

Specific 

capacitance 

(F/g) 

Specific energy 

(Wh/Kg) 

Specific power 

(Kw/Kg) 

Columbic 

efficiency 

𝛈 (%) 

1 PAM-1 0.00006 141.11 12.01 11.66 23.59 

2 PAM-2 0.00005 182.12 21.98 14.00 87.05 

3 PAM-3 0.00005 253.40 26.00 16.00 79.93 

4 PAM-4 0.00007 160.52 15.26 14.00 73.98 

5 PAM-5 0.00009 111.80 7.23 11.66 83.81 
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Figure 12. (a - e) A comparison of CV curves of the polyazomethines (PAM- 1 to PAM- 5) 

thin film electrodes at scan rates of 5, 25, 50 and 100 mV/s in 1 M NaOH 

electrolytes (f) specific capacitance as a function of scan rate. 

Galvanostatic charging–dischargingmeasurement 

The galvanostatic charging–discharging curves of polyazomethines thin film at the 

current density 1 mA/cm2 are shown in Figure 13.It is observed that all the curves are not 

ideal straight lines, indicating the process of a faradic reaction. In addition, there was an 

initial drop in potential caused by internal resistance [14]. The electrical parameters such as 

specific energy, the specific power and columbic efficiency of polyazomethines electrode 

calculated using following formulae:  

Specific energy = V × Id × Td / W                                                                                        (4) 

Specific power = V × Id/ W                                                                                                     (5) 

Columbic efficiency 𝜂 (%) = Td / Tc x 100                                                                          (6) 

Where, V is the applied potential, W is the mass of electrode dipped in the electrolyte, 

Idisdischarging current, Td is discharging time and Tc is charging time. 

It is found that polyazomethine (PAM-3) electrode has the specific energy of 26.00 Wh/kg, 

specific power of 16.00 KW/kg and columbic efficiency 79.93 %. 
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Figure 13. Galvanostatic charging–discharging comparison curves of polyazomethine (PAM-

3) thin film electrode at current density 1 mA/cm2 in 1 M (a) NaOH, (b) KOH, (c) 

Na2SO4 and (d) H2SO4 electrolytes. 

 

Electrochemical impedance analysis 

 The impedance measurement is used to account for the mechanism and 

kinetics of the chemical and electrochemical reactions involved [15]. Electrochemical 

impedance spectroscopy (EIS) was studied to further understand the PAM-3 sample 

capacitive behavior. Figure 14 shows an (EIS) measurement of PAM-3 electrode measured 

within the frequency range of 1 MHz to 1 mHzin 1 M NaOH electrolyte. Electrochemical 

parameters of the PAM- 3 electrode were evaluated by employing the ZSimpWin (version 

3.10) software. We observed an excellent agreement between experimental and simulated 

data. An electrical equivalent circuit model, ((R(C(R(Q(RW)))) was used in simulation of the 

impedance behavior of the thin film i.e., to fit the experimentally obtained impedance data. 

The equivalent circuit model (Figure 14) was built previously [16, 17]. The first one is the 

bulk solution resistance of the polymer and the electrolyte (Rs), the second one is the parallel 



combination of the double layer capacitance (Cdl) and electrolyte resistance (R1). A series 

connection to R1 made up from using constant phase element (CPE) in parallel with R2 and 

W. R2 is the charge transfer, and W is the Warburg impedance of the polymer. CPE describes 

the capacitor at the films / electrolyte interface considering the irregular geometry of the 

surface of the polymer network and the counter-ions binding to sites of different energies [18, 

19]. Simulation results show that this electrical equivalent circuit was successfully applied to 

the experimental data to explain the interface between the polymer film and electrolyte in this 

potential region (Table 6).  
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Figure 14. Impedance Nyquist plot obtained for PAM-3 electrode in 1 M NaOH. (Inset 

shows an equivalent circuit used for modulation) of PAM- 3 electrode. 

Table 6. R(C(R(Q(RW)))) Circuit modeling results of PAM- 3 with ZSimpWin simulating 

program 

Components Parameters 

Rs/k.ohm 5.173 

Cdl/mF/g 3.617x10-5 

R1/k.ohm 313.8 

R2/k.ohm 3.0975 

W/mS s-n 

CPE Y0 [S. sec-n] 

6.74-5 

3.22-5 



 

Stability study 

The long-term cycling stability of an electrode is also most important for practical 

supercapacitor applications. Cycle life (stability) of polyazomethine electrode at a scan rate 

of 100 mV/s in 1 M NaOH for 500 cycles and the plots of capacitance with the cycle number 

are presented in figure 15 (b). It indicates attainment of stability after 500 cycles. capacitance 

is higher at lower scan rates because lower scan rates allows adequate time for charging of 

electric double layer or charge transfer before the potential is switched. Figure 15 (a) shows 

the stability curves for 1st and 500th number cycle. The current under curve is decreased by 66 

% up to 500th cyclesindicating the good cycle property as a good electrode material for 

electrochemical supercapacitor. We conclude that the wastage in specific capacitance occurs 

with the 500th cycles caused by the loss of active material through the demise or detachment 

during charging/discharging cycles in the electrolyte. The polyazomethine electrode shows 

good stability performance suitable for the energy storage application. These positive results 

are mainly due to with the electrolyte slowly penetrating the electrode: more and more 

electrode materials become activated and give to the increase of specific capacitance. 
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Figure 15.  (a) Stability of polyazomethine (PAM-3) thin film at scan rate of 100 mV/s at 1st 

and 500th cycles in 1M NaOH electrolyte. (b) Cycling performance of PAM-3 electrode 

(capacitance as a function of cycle number). 
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2. Synthesis of diamine monomer containing tetraphenyl furan moiety. 

Similarly, we synthesized new diamine monomer containing tetraphenyl furan moiety, in 

which tetraphenyl furan is used instead of tetraphenyl thiophene remaining all synthetic 

strategy was same as like above. Synthesized diamines are valuable building blocks for the 

preparation of thermally stable aromatic polymers including polyazomethines and their 

copolymers containing tetraphenyl furan moiety. The synthesized polyazomethines were 

similarly characterized as like above diamine monomer. It shows that the conjugated 

polyazomethine containing tetraphenyl thiophene moiety have better performance than the 

conjugated polyazomethine containing tetraphenyl furan moiety. 

3. Synthesis of phenylated dion monomer containing tetraphenyl thiophene moiety. 

The synthetic route towards monomer and polymer only requires four steps and uses 

commercially available raw material. In the present investigation the phenylated thiophene 

containing dion monomer prepared by friedel craft acylation of tetra phenyl thiophene with 

phenyl acetyl chloride fallowed by oxidation of alpha methyl group with selenium dioxide to 

yield phenylated thiophene containing 1, 2 dion monomer (TPTPBC). 

Synthesis of Dion Monomer (TPTPBC): 

TPTPBC monomer was prepared according to our literature procedure [20]. Yield. 2.90 

g (88.95 %), mp.140 °C. 1H-NMR: (400 MHz, CDCl3 ppm) δ: 7.99 d (4H) J = 8.4 HZ, 7.85 d 

(4H) J = 8.4 Hz, 7.71-7.66 m (2H), 7.53 t (4H) J = 8.4 & 1.6 Hz, 7.38 d (4H) J = 8.8 Hz, 

7.21-7.15 m (6H), 6.98 d (4H) J = 8.0 Hz. 

Polymer synthesis: 

Quinoxaline based organic polymer (QOP) and Quinoxaline-Benzimidazole based 

organic polymer (QOP-BOP) containing tetraphenyl thiophene moiety was synthesized using 

the following general procedure: TAB (0.214 g, 1 mmol) and TPTPBC (0.652 g, 1 mmol) 

were charged in a 100 mL three neck round bottom flask in a nitrogen atmosphere. PPA (20 

g) was added to the flask. The mixture was stirred stirrer under a slow nitrogen purge. The 

typical final polymerization temperature for the QOP homopolymer system was 125 °C for 

4.5 h. As the reaction proceeded, the viscosity of the solution increased, and the colour 

changed from brown to deep red. Residual polymer solution in the flask was hydrolysed with 

distilled water. After complete hydrolysis of the solution, the mixture was then heated and 

neutralized with ammonium hydroxide. The polymer was isolated and dried under vacuum to 

provide the QOP powder. QOP-BOP polymer also synthesized by above similar procedure. 



 

Scheme 3. Synthetic route for QOP homopolymer. 

 

Scheme 4. Synthetic route for QOP-BOP copolymer. 

The formation of polymer was confirmed by IR and NMR spectroscopy. IR spectrum 

of QOP showed absence of absorption at 1670 cm-1 indicating ketonic functionality of 

TPTPBC reacted completely to form QOP. Similarly, absorption at 3400-3000 cm-1 due to 

NH (stretch) was absent. Infrared (IR) spectrum of QOP and QOP-BOP showed a strong 

absorption band at 1598 cm-1 and 1605 cm-1 for imine nitrogen(s) (C=N). The 1H NMR 

spectra of QOP (because of poor solubility of QOP in DMSO, so CDCl3 were used). All 

aromatic protons were well assigned to the supposed chemical structure. The integration ratio 

of the peaks corresponded to the polymer composition expected from the feed monomer. 

Aromatic protons were strongly shielded, and their signals appeared at low frequency (7.0–

7.9 ppm) area, while the protons located at ortho-positions of –C=N– were deshielded due to 

their strongly electron-withdrawing effects, and their signals appeared at high frequency area 

(7.9–8.6 ppm). No characteristic chemical shift of –NH2 (around 5 ppm) was observed, which 

also indicated that a fully cyclization of quinoxaline has been attained through the 

polymerization progress. NMR of QOP-BOP could not be taken due to insolubility even in 



chloroform, dimethyl sulfoxide or trifluoroacetic acid. Thermal properties of synthesized 

polymers were evaluated by thermogravimetry and results are given in figure 16 and table-7. 

The polymers showed the initial decomposition temperature between 205 to 273°C and T10 in 

the range of 433 to 779 °C whereas the residual weight at 900 °C was in the range of 57 to 

68% it indicates that the polymers are highly thermally stable. The glass transition 

temperatures (Тg) of the polymers evaluated from the DSC curves (figure-17).They were in 

the range of 256-291 °C. QOP showed no evidence of crystalline peaks, which proves an 

amorphous morphology result slightly, lowers the glass transition temperature. This decrease 

in Тg is due to the increase in the flexibility of the polymer backbone due to the pendent 

phenyl groups present in monomer segment. As shown in figure 18 the crystallinity of 

synthesized polymer films was analyzed by wide angle X-ray diffraction. The WAXD 

patterns of QOP showed broad peak, which indicated that it is more amorphous pattern. The 

QOP-BOP also showed broad peak with some crystalline peaks was in polymer backbone 

which indicated that it was less amorphous pattern. Some crystalline peaks were observed in 

QOP-BOP may be due to rigid benzimidazole unit in polymer backbone. The more 

amorphous nature of QOP can be mainly explained by the introduction of bulky pendent 

groups and then greatly decrease the crystallinity of polymers.  

Polymer solubility, yield, viscosity and thermal properties. 

 QOP homopolymer was soluble in chloroform, tetrachloroethane, tetrahydrofuran and m-

cresol etc. QOP-BOP copolymer was soluble in tetrahydrofuran and m-cresol etc. However, 

they are partly soluble in aprotic polar solvents such as dimethylacetamide (DMAc), 

dimethylformamide (DMF), and N-methylpyrrolidone (NMP) and partly soluble in 

chlorinated solvents. These polymers were insoluble dimethyl sulfoxide (DMSO). A 3 % 

solution was taken as criterion for solubility. On qualitative comparison, it was observed that 

the polymers containing higher % of TPTPCB i.e. QOP was more easily soluble than QOP-

BOP. 

Table 7: Yield, viscosity and thermal properties of QOP and QOP-BOP from TAB. 

Polymer Code 
Yield 

(%) 

Viscosity 

(dL/g) 

Thermal Properties 

Ti  (
o
C)          T10 (

o
C) 

Residual 

Weight at 

900 oC (%) 

Glass Transition 

Temperature (Tg) 

QOP 98 0.63 245 663 57 256 

QOP-BOP 99 0.82 273 779 68 304 
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Figure 16: TGA curves of QOP and QOP-BOP. 
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Figure 17: DSC curves of QOP and QOP-BOP. 
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Figure 18: WAXD of QOP and QOP-BOP. 

Morphology and surface wettability study: 

FE-SEM image of QOP figure 19 (a) shows the spherical nanoparticles like 

morphology which have some particles aggregations are also occurred. The figure 19 (b) 

obviously shows that the nanoparticles which are homogeneous and well defined with 

particles have a narrow size distribution with an average size of 166 nm. Energy dispersive 

X-ray spectroscopy shows the peaks around 0.1 and 2.3 KeV are related to the energies of S, 

along with the peak of nitrogen and carbon at 0.4 and 0.3 KeV respectively. Therefore, the 

EDX confirmed the presence of Sulphur, nitrogen and carbon in QOP-BOP. The atomic 

percentages obtained from EDX quantification were 85.93% of C, 12.88% of N and 1.19% of 

S. 

 



 

Figure 19: FE-SEM images QOP (a) and QOP-BOP (b). Water contact angle 

measurements of QOP (c) and QOP-BOP (d). 

 

To study the interaction at the electrode/electrolyte interface, a wettability test was carried 

out. The average contact angle was acquired by measuring for at least five separate drops on 

polymer film surface by delivering deionized water. Measurement of surface water contact angle 

is inversely proportional to the wettability and can be determined by Young’s relation. Figure 19 

(c and d) shows the digital photograph of water contact angle measurement on synthesized 

polymer electrode surfaces. Interestingly QOP and QOP-BOP electrode surfaces has exhibited 

hydrophilic behavior with 54° and 47° water contact angle values respectively. i.e. < 90°. 

Generally, low water contact angle (hydrophilic behavior) increases the electrochemical 

performance, where interfacial contact at electrolyte-electrode is considerably high [21]. The 

surface of QOP and QOP-BOP thin films is hydrophilic which is useful for forming intimate 

contact between aqueous electrolyte and thin films in supercapacitors. Due to the mesoporous 

nature of synthesized polymers, water can easily intercalate inside the pores. Thus, positive ions 

in aqueous electrolyte can easily intercalate or de-intercalate, i.e. ionic conductivity increases 

and hence the supercapacitance increases. 



Surface area and pore size distribution: 

BET specific surface area measurements were performed to measure the surface areas of 

QOP and QOP-BOP samples. The samples were characterized by nitrogen adsorption and 

desorption isotherms at 77 K as shown in figure 20 (a and b). This isotherm shows nitrogen 

uptake at 1 bar pressure indicative of porous nature of the synthesized polymers. In terms of 

shape, the isotherms of the QOP and QOP-BOP structures show hysteresis loops that indicate 

the presence of mesopores with size ranging from 2 to 50 nm [22]. QOP and QOP-BOP samples 

show BET surface areas of 45.851 m²/g and 11.056 m²/g respectively. These data indicate that 

the QOP have a larger surface area than the QOP-BOP. The measured BET surface area of 

QOP-BOP (11.056 m2/g) was lower than QOP. It is worth noting that the polymer reported here 

is copolymer containing only a small amount of comonomer. Apparently, at such low 

comonomer content, its influence on surface area is limited [23]. Most of the polymers reported 

in the literature are homopolymers containing large amounts of conformationally rigid 

monomers whose influence on surface area is substantial. It is believed that in such isotherms 

ascorbate–adsorbent interactions play an important role. The adsorption isotherms show a 

gradual increase in middle level relative pressures and a steeper increase at higher pressures. 

Such behavior has been reported earlier as characteristic of mesoporous [24]. The BJH pore size 

distributions plots (figure 20 c and d) of QOP and QOP-BOP exhibited a narrow distribution 

which indicated that the pores size was homogeneous. The average pore sizes calculated using 

the BJH equation from the adsorption branch of the isotherms of QOP and QOP-BOP was found 

to be 23.4 and 21.2 A respectively.  
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Figure 20: N2 Adsorption-desorption isotherm of QOP (a) and QOP-BOP (b). BJH pore 

size distribution plots of QOP (c) and QOP-BOP (d). 

 

Electrochemical analysis: 

The electrochemical charge storage activity of the prepared QOP and QOP-BOP 

electrode materials was analyzed by cyclic voltammetry (CV) galvanostatic charge discharge 

(GCD) and electrochemical impedance spectroscopy (EIS) in 1 M Na2SO4 electrolyte. For 

the three-electrode systems, saturated calomel electrode (SCE) served as the reference 

electrode, platinum acted as the counter electrode and the prepared electrode (1 cm2) was 

used as working electrode. The working electrode was fabricated by dissolving active 

material in chloroform, then coated on the stainless-steel substrate (1 cm2) and heated at 50°C 

in vacuum oven for 10 hrs. The CV recorded with prepared QOP electrode over different 

scan rates, it shows redox peaks at ~ -0.5 V during forward (anodic) and backward (cathodic) 

sweep it suggested that its pseudo capacitive nature [25] while for QOP-BOP material, when 

a potential is applied to a pseudocapacitor cell oxidation and reduction takes place on the 



polymer electrode material, which involves the passage of charge across the double layer, 

resulting in faradic current passing through the supercapacitor cell. The faradic process 

involved in pseudocapacitor allows them to improve specific capacitance compared to 

electrical double layer capacitors. Pseudocapacitor store charge via faradic process which 

involves the transfer of charge between electrode and electrolyte [26]. Further the broadening 

of peaks indicates the insertion of ions onto the electrode materials [27]. The specific 

capacitance of the electrode material is estimated from following equation, 

Csp=      (IdV)/vmV                                                                                                                (1) 

Where I is response current, V is potential window, ν is potential scan rate, and m is 

mass of the active materials respectively. The electrochemical properties of polymer films 

were investigated in aqueous media viz. 1M Na2SO4 as electrolyte at different scan rates 

because the resistance of the supercapacitor material is independent on the resistivity of the 

electrolyte and the size of ions from the electrolyte. The organic electrolytes have a greater 

resistance, but the adjunct power reduction is usually offset by the increase in higher cell 

voltage. This is usually not a problem for an aqueous electrolyte and aqueous electrolytes are 

cheaper as well as it purifies easily [28]. Moreover, the concentration of electrolytes 

increases, specific capacitance also increases due to the take off the material from substrate, 

so greater than 1 M concentration was avoided [29]. Usually, the CV curve of polymers 

shows a typical rectangular shape without redox peaks, and the energy is stored by electrical 

double-layer (EDL) between polymer electrode materials and electrolytes (non-faradic 

mechanism) [30, 31]. Typical CV curves of the synthesized polymers in 1M Na2SO4 

measured at various scan rates are given in figure 21 (a and b). The CV curves of synthesized 

QOP and QOP-BOP shows redox peaks therefore, the capacitance of synthesized polymer 

materials is mainly based on redox reactions (faradic mechanism) [32]. The shape of the CVs 

for these synthesized polymers remains unchanged from 2 to 100 mV/s indicating good rate 

properties. Another proof, for good rate ability of these materials is the current increases with 

the scan rates, as can be seen in figure 21. It showed that the specific capacitance changes 

with the change in scan rate, so that higher specific capacitance was observed at low scan 

rate. As the scan rate, has increased, the specific capacitance has decreased, which may be 

explained by the increase of ions concentration at the electrode/electrolyte interface while the 

diffusion rate of electrolyte from electrolyte/electrode interface remain limited to assure 

electrochemical reactions [33]. The QOP and QOP-BOP polymers documented maximum 

specific capacitance of 36 and 59 F/g is at 2 mV/s scan rate. 



In case of conjugated polymer films, due to the electrochemically active nature of the 

polymer itself, a highly versatile technique such as the electrochemical impedance 

spectroscopy (EIS) is preferred to accommodate the complex processes involved. 

Traditionally, EIS is applied to study the AC polarography and in determining double layer 

capacitance at the electrodes [34]. Electro-active polymers have been extensively studied in 

last two decades because of their potential applications such as in electrocatalysis, energy 

storage, and sensors. In the current article, the electrochemical aspects of prepared QOP and 

QOP-BOP electrode surfaces were subjected to EIS analysis. The Nyquist plots of these 

polymer films deposited on stainless steel plate are shown in figure 21 (c and d). An 

equivalent circuit has been used to collect valuable information about different 

electrochemical parameters defining the process [35]. The model circuit comprised of eight 

elements, the solution resistance (Rs) was in series with the electrical double layer 

capacitance (Cdl) at the electrode and electrolyte. Cdl was in parallel with R1 and (R2, W, and 

Q or CPE) is used to evaluate the different resistive and capacitive characteristics of QOP and 

QOP-BOP electrode. The Warburg impedance was associated with the semi-infinite diffusion 

of ions in the QOP and QOP-BOP electrode [36] suggested its good electrocapacitive 

activity. EIS measurement of QOP and QOP-BOP electrode measured within the frequency 

range of 1 MHz to 0.1 Hz in 1 M Na2SO4 electrolyte. 
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Figure 21: comparison of CV curves of QOP(a) and QOP-BOP (b) thin film electrode at 

different scan rates of 2, 25, 50 and 100 mV/s in 1 M Na2SO4 electrolyte. 

Electrochemical impedance spectra of QOP(c) and QOP-BOP (d). 

 The charge-discharge measurements of the synthesized electrodes were carried out by 

using chronopotentiometry from -1.00 to 0.0 and -1.0 to -0.4 V respectively at different 

current densities as shown in figure 22. The shape of the measured charge and discharge 

curves is not an ideal straight line, indicating that the observed behavior is a result of the 

faradic type of redox reaction [37]. The charging process of polymer electrode occurs above -

1.0 V in the Na2SO4 electrolyte because of the oxidation and in the discharging process, no 

potential drop is observed indicates a good interfacial contact between the active material and 

the substrate during the charge-discharge process [38]. All the GCD profile (figure 22 a, and 

b) showed near triangular characteristics resulting ideal charge storage behavior. It is quite 

important to note that the discharge consists of two characteristics region having different 

discharge rate.  First region is the rapid decay up to -0.4 and -0.5 V and then slow decay over 

rest potential window. The rapid decay is responsible for the EDLC formation and slow 

decay contributed from charge stored via redox reaction at electrode surface i.e., 



pseudocapacitance. The specific capacitance of prepared QOP and QOP-BOP polymers over 

different current density is estimated from following equation, 

Csp = (I. Δt) / (Δv. M)                                                                                                         (2) 

Where, ‘I’ represents the applied current, Δv stands for potential range (V) and ∆t 

denotes the discharge time (s) and ‘m’ signifies mass of active material. A maximum specific 

capacitance of QOP-BOP is 305 F/g documented at 2 A/g current density. The high specific 

capacitance acquired with the present QOP-BOP electrode is attributed to the presence of 

redox active imidazolium and quinoxaline moiety. The obtained energy storage performance 

of the synthesized electrode material found to be excellent than porous triazine based 

framework (151 F/g@0.1 A/g) [39] and radical functionalized COF (167 F/g @0.1 A/g) [40]. 

Additionally, the  specific capacitance  of  QOP-BOP outperforms  the  state of the art  nano 

structured carbon materials such as graphene (150 F/g @0.1 A/g) [41], nitrogen doped porous 

carbon foam (210 F/g @0.5 A/g) [42], hierarchically porous carbon-AS-ZC-800  (251 F/g 

@0.25 A/g) [43], interconnected microporous carbon (258 F/g @0.5 A/g) [44], and  nitrogen 

enriched  porous  carbon  sphere  (388  F/g @ 1 A/g) [45]. Furthermore, the specific 

capacitance of QOP-BOP electrode material is comparable to metal oxide and composite 

electrode materials such as layered titanite (H2Ti3O7) nanotubes (414 F/g @0.5 A/g) [46], 

PANI-doped graphene composite (480 F/g @0.1 A/g) [47] and MnO2/carbon nanotubes (324 

F/g@ 0.5 A/g) [48]. Thus, the present metal free QOP-BOP can be used as a potential 

electrode material for electrochemical energy storage and the structural restriction of covalent 

organic framework limits charge storage, which is completely absent on QOP-BOP electrode 

material. The cyclic stability of prepared QOP and QOP-BOP electrodes has been tested for 

1000 cycles at 2 A/g current density and shown in figure 22 (c and d). The present QOP and 

QOP-BOP electrodes retain 52 and 88 % of its initial specific capacitance after 1000 cycles 

resulting excellent electrode material for supercapacitor application. 
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Figure 22: Galvanostatic charge–discharge curves of QOP (a) and QOP-BOP (b) 

electrodes. Cycling performance of QOP (c) and QOP-BOP (d) electrodes (capacitance 

as a function of cycle number). 
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4. Synthesis of phenylated dion monomer containing tetraphenyl furan moiety. 

Similarly, we synthesized new dion monomer containing tetraphenyl furan moiety, in which 

tetraphenyl furan is used instead of tetraphenyl thiophene remaining all synthetic strategy was 

same as like above synthesized dion monomer. 

The structure of dion monomer (BPgDF) and 4, 4'-dibenzil were confirmed by spectroscopic 

analysis. Infrared spectrum of BCBDF showed a strong absorption band at 1684 cm-1 (>c = 

0) for aryl alkyl carbonyl structure. Infrared spectrum of BPgDF and 4, 4'-dibenzil showed a 

strong absorption bands at 1670 cm-1) and 1677 cm-1 for carbonyl (>c = 0) respectively.   1H 

NMR of BCBDF could not be taken due to insolubility of the compound BCBDF even in 

chloroform, dimethyl sulfoxide or trifluoroacetic acid. The NMR spectrum of BPgDF 

conform the structure assigned as evidenced by the chemical shift (all aromatic protons 8.07 

to 7.1); number of NMR signals and expected multiplicity of the peaks with appropriate 

integration and no signals due to -CH, - in the range of 1 to 6 ppm. Mass spectrum of BPgDF 

showed (M-1) peak at mle 635.1566 as expected with its exact molecular weight (636.1).  

Poly(plienylquinoxaline)s were synthesized by polyconderisation of 

(Diaminobenzidine) DAB with BPgDF and/or dibenzil (DB) by high temperature PPA 

polymerization method. The polymers were synthesized in almost quantitative yield and 

showed reduced viscosity in the range of 0.79 to 0.96 dL/g at 30% (Table 8). The formation 

of polymer was confirmed by IR spectroscopy. IR spectrum of PQs showed absence of 

absorption at 1670 and 1677 cm-1 indicating ketonic functionalities of BPgDF/DB reacted 

completely to form poly(pheny1quinoxaline). Similarly, absorption at 3400-3000 cm-1 due to 

NH (stretch) was absent. Infrared spectrum of PQ-I to PQ-III showed a strong absorption 

band at 1598 cm-1 to 1605 cm-1 for imine nitrogen(s) (C=N). The 1H NMR spectra of the PQ-

I, PQ-II and PQ-III are analysed in CDCl3. All aromatic protons were well assigned to the 

supposed chemical structure. The integration ratio of the peaks corresponded to the polymer 

composition expected from the feed monomer. Aromatic protons were strongly shielded, and 

their signals appeared at low frequency (7.0–7.9 ppm) area, while the protons located at 

ortho-positions of –C=N–were deshielded due to their strongly electron-withdrawing effects, 

and their signals appeared at high frequency area (7.9–8.6 ppm). No characteristic chemical 

shift of –NH2 (around 5 ppm) was observed, which also indicated that a fully cyclization of 

quinoxaline has been attained through the polymerization progress. A tough, flexible and 

transparent film could be cast. It is observed that in poly(phenylquinoxaline)s as the amount 

of BPgDF increases the viscosity of the polymer also increases. Thermal properties of 



synthesized polymers were assessed by thermogravimetry and results are given in table 8. 

These polymers exhibited the initial decomposition temperature between 440 to 445℃ and 

T10 581 to 807℃ whereas the residual weight at 900℃ was in the range of 80 to 86 % of the 

initial weight representing that the polymers are highly thermally stable. The glass transition 

temperatures (Тg) of the synthesized polymers assessed from the DSC curves. They showed 

the Tg in the range of 172-306℃ (see Table 8). The presence of pendent group can change 

the glass transition temperature. As in PQs, the presence of pendent phenyl ring increases 

with increases the glass transition temperatures. Total four bulky pendant phenyl rings in PQ-

I, can restrict rotational freedom, leading to higher glass transition temperature. In PQ-II, 

there are two pendant phenyl ring that leads to lower Tg value as compared to PQ-I. The PQs 

could be dissolved in various solvents, such as chlorinated solvents, THF, NMP, m- cresol 

etc. It advises that the resultant polymers have outstanding solubility and can be processed by 

solution method. On the other hand, PQs were insoluble in acetone, ethanol, diethyl ether, 

alkali and acid solution (except concentrated sulphuric acid). It suggests that these polymers 

still retain moderate corrosion resistance. A 3 % solution was taken as criterion for solubility. 

On qualitative judgment it was observed that the polymers containing higher percentage of 

BPgDF i.e. PQ-I and PQ-II were more easily soluble than PQ-III. The structure of combining 

state of PQs was estimated by X-ray diffraction analysis. The no crystalline peaks could be 

observed, only a Gaussian distribution appeared. It signifies that the polymers were 

amorphous in nature. The amorphous nature of these polymers was mostly due to the 

presence of pendant phenyl groups. 

Table- 8:  

Yield, viscosity and thermal properties of poly(phenylquinoxaline)s from DAB 

Polymer 

Code 

Bis(α-dicarbonyl) 

(Mol %) Yield 

(%) 

Viscosity 

(dL/g) 
Ti (

o
C) T10 (

o
C) 

Residual 

Weight 

at 900oC 

(%) 

Glass 

Transition 

Temp. 

(Tg) 
BPgDF DB 

PQ-I 100 00 100 0.96 440 581 81 306 

PQ-II 50 50 98 0.82 445 807 86 251 

PQ-III 00 100 99 0.78 441 675 83 172 

Scanning electron microscopy (SEM) provided further approaching into the 

morphology and size details of the nanoparticles. The surface morphology of the PQ-II as 

examined by SEM. It shows that the prepared PQ-II using two different compositions of dion 



monomers such as BPgDF and dibenzil are spherical and well dispersed with average 

crystallite size of about 160 nm. Most of the nanoparticles were well separated although some 

of them incompletely aggregated. We trust that this type of morphology shall be beneficial 

for redox reactions. Energy dispersive X-ray spectroscopy (EDX) is analytical technique used 

for the elemental analysis. The EDX of synthesized PQ-II. The peaks around 0.5 Kev are 

related to the binding energy of O, along with the peak of nitrogen and carbon at 0.4 and 0.3 

KeV respectively. Therefore, the EDX confirmed the presence of oxygen, nitrogen and 

carbon in PQ-II. The atomic percentages obtained from EDX quantification were 73.78% of 

C, 10.42% of N and 15.80% of O. 

The most commanding method for illustrating the wettability of polymer surfaces is the 

measurement of contact angles.  Contact angle of 0o means complete wetting and contact 

angle of 180o resemble to complete non-wetting. Both super hydrophilic and super 

hydrophobic surfaces are important for practical applications. According to our results, it is 

observed that, the water contact angles of PQs were 71o, 77o and 77o respectively. High 

wettability gives rise to small water contact angle i.e. < 90o.Usually, lower water contact 

angle (hydrophilic behavior) rises the electrochemical performance, where interfacial contact 

at electrolyte-electrode is noticeably high which has direct surface tension relation. For 

supercapacitor application thin film electrode should be hydrophilic in nature. 

Electrochemical Analysis 

The electrochemical charge storage activity of the prepared PQ electrode materials is 

analyzed by cyclic voltammetry (CV) galvanostatic charge discharge (GCD) and 

electrochemical impedance spectroscopy (EIS) in aqueous 1M KOH, NaOH, and Na2SO4 

electrolyte. For the three-electrode systems, saturated calomel electrode (SCE) served as the 

reference electrode, platinum wire acted as the counter electrode and the prepared PQ 

electrode (1 cm2) was used as working electrode. The working electrode was made-up by 

dissolving active material in chloroform then coated on the stainless-steel substrate (1 cm2) 

and heated at 50 °C under vacuum oven for 10 hrs. The organic electrolytes have a better 

resistance, but the adjunct power reduction is typically offset by the rise in higher cell 

voltage. This is typically not a problem for an aqueous electrolyte and the aqueous 

electrolytes are inexpensive as well as it purifies easily. When the concentration of an 

electrolyte increases, then the specific capacitance also increases because the take-off of the 

material from stainless steel substrate hence we are unable to use greater than 1 M aqueous 



electrolyte. The specific capacitance of PQ films was calculated for PQ electrodes using 

following relation:  

C = I / (dV/dt)                                                                                                                         (1)  

Where I is the average current in ampere and dV/dt is the voltage scanning rate.  

The SC (F/g) of polymer electrode was calculated using following relation;  

SC = C/ W                                                                                                                               (2)  

Where W is the mass of polymer film dipped in electrolyte. 

The CV for activated polymer electrode in the three-electrode device at scan rate 

ranging from 5mV/s to 100mV/s. The shape of the CVs for these synthesized polymers 

remains unchanged from 2 to 100 mV/s indicating good rate properties. Another proof, for 

good rate ability of these materials, if scan rate increases the specific capacitance will slowly 

diminished because the polymer film need time to response the potential change, reproduce in 

the figure, the oxidation onset point will shift to higher voltage with scan rate increase, as a 

result, under same chemical window, the range of oxidation will decrease due to the 

oxidation peak shift, less material involved in redox reaction and lower the capacitance. The 

redox mechanism concerning in quinoxaline unit happens as single step quasi reversible 

reaction in acid and neutral electrolyte. In basic electrolyte reaching the reversibility always 

involving the transfer of two electrons and two protons. Conferring to the assumed redox 

mechanism of varenicline and brimonidine it can be expected that analogous reversible redox 

mechanism of quinoxaline happens at the pyrazine ring moiety. The polyquinoxaline (PQ-II) 

electrode showed maximum specific capacitance of 554 F/g at the scan rate 5 mV/s in 1 M 

KOH electrolyte. In order to study of dissimilarity of different electrolytes with different scan 

rate exposes that KOH electrolyte is leading over the NaOH and Na2SO4 electrolytes. 

The CV recorded with prepared PQ-I, II and III electrode in 1M NaOH and Na2SO4 over 

different scan rates, it shows redox peaks during forward (anodic) and backward (cathodic) 

sweep it suggested that its pseudo capacitive nature, while PQ-I, II and III electrodes in 1M 

KOH, a potential is applied to a pseudocapacitor cell oxidation and reduction takes place on 

the polymer electrode material, which comprises the passage of charge across the double 

layer, resulting in faradic current passing through the supercapacitor cell. The faradic process 

involved in pseudocapacitor permits them to expand specific capacitance compared to 

electrical double layer capacitors. The pseudocapacitor store charge via faradic process which 

comprises the transfer of charge between electrode and electrolyte. Further the expansion of 

peaks specifies the addition of ions onto the electrode materials. The specific capacitance of 

the existing polymers is analogous with several reported electrode materials such as 



polyaniline (PANI), graphene, carbon Nanotube (CNT), boron doped porous carbon radical 

functionalized COF etc.  

The specific capacitance of prepared polymers over different current density is estimated 

from following equation, 

Csp = (I. Δt) / (Δv. M)                                                                                                            (2) 

Where, ‘I’ represents the applied current, Δv stands for potential range (V) and ∆t 

denotes the discharge time (s) and ‘m’ signifies mass of active material. A maximum 

capacitance of 172 F/g was attained for the thinnest film, at a current density of 1 mA/cm2. 

Increasing the film thickness led to a decrease in capacitance, likely due to an increasing 

resistance with increased film thickness. The moderate specific capacitance attained with the 

present PQ electrode is ascribed to the presence of redox active quinoxaline and thiophene 

unit into the polymer backbone. The Warburg impedance was related with the semi-infinite 

diffusion of ions in the PQ-II electrode suggested its good electrocapacitive activity. EIS 

measurement of PQ-IIelectrode measured within the frequency range of 1 MHz to 0.1 Hz in 1 

M KOH electrolyte. 

Finally, we conclude that the quinoxaline-based polymers containing tetraphenyl furan have 

better electrochemical performance that the polymer containing tetraphenyl thiophene 

moiety. 

 

➢ We have also prepared aromatic polyamides and polyimides from above synthesized 

diamine monomers containing tetraphenyl thiophene moiety as well as tetraphenyl 

furan moiety. All synthesized polyamides and polyimides were characterized by FTIR, 

1H NMR, solubility, viscosity, thermogravimetric analysis (TGA), differential scanning 

colorimetric analysis (DSC) and X-ray diffraction analysis (XRD).  

➢ Tostudy various above-mentioned properties at varying densities various computing 

facilities has been used and various books and other consumables were needed, hence 

full grants have been utilized. 

➢ One Ph.D. student has been trained during this project. 

➢ Results obtained from the calculations have been presented in various conferences, 

seminar, symposia and has been published in various reputed peer reviewed 

International Journals and remaining work is under review and drafting of manuscripts 

for journals of international repute. 
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Abstract
Polymer based energy storage devices have luminous advantages in comparison with currently employed supercapacitors due to the
environmental friendliness, cost and versatility. In general conjugated polymers are more conductive than the inorganic battery
materials and have greater power capability. In this report the electron-rich conjugated polymers, containing thiophene as the core
named polyazomethines ware synthesized. It contains thiophene electron-donating unit and electron withdrawing unit in which
quinoxaline integrated in benzene ring. The influence of the π-linkers of the polyazomethines materials on thermal properties, and
electrochemical energy storage performance was investigated. Their outstanding electrochemical performance can be attributed to
their conductive frameworks, plentiful redox-active units, and homogeneous porous structure. The electrochemical properties of the
polyazomethines electrode are examinedwith cyclic voltammetry and electrochemical impedance spectroscopy. In addition, various
electrolyte solutions are studied to investigate the capacitive behavior of polyazomethines. According to the differing electrolyte
types, the maximum specific capacitance of PAM-3 electrode is obtained in 1 M NaOH as 253.40 F/g.

Keywords Electrochemistry . Polyazomethine thin film electrode . Supercapacitor

Introduction

In this paper we will present our affords in exploring
azomethine based novel conjugated polymers for electro-
chemical energy storage (EES) applications. One of the im-
portant components for the next generation of energy storage
devices is the supercapacitor, or electrochemical capacitor; it
has higher energy density than conventional dielectric capac-
itors. To date, other inorganic or inorganic–organic hybrid
porous materials most extensively studied and applied for

energy storage devices. However, in generally, the synthesis
and purification of such polymer composites render it expen-
sive [1–5]. Thus, significant research practice has been spent
on designing and synthesizing alternatives which are more
economical and are able to show the performance comparable
to or even better. Hence it remains a challenge to prepare
simple, easily synthesized, low cost conjugated polymer ma-
terials for energy storage devices. In recent years, conjugated
porous polymers (cpps), combining π-conjugated skeletons
have received increasing interest as an important branch of
organic porous polymers [6]. Compared with other inorganic
or inorganic–organic hybrid porous materials, cpps have ad-
vantages such as a high degree of π-conjunction, homoge-
neous porous structure, high surface area, flexibility and low
cost in the molecular design. We use thiophene as core be-
cause of its excellent properties due to its high charge mobility
[7]. Conjugated polymers are the materials, which have re-
ceived important advertence because of its potential perti-
nence in the development of supercapacitor electrodes, battery
cathodes [8, 9], electronic devices [10], electrochromic dis-
plays [11] etc. The electrochemical supercapacitor (ES) is a
technique used for preparing energy storage systems of high-
power delivery within a short time and high energy storage
potential. ES devices find applications in electrical vehicles,
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portable computers, mobile devices, nanoelectronics etc. [12].
Supercapacitors include a variety of active electrode materials
like activated carbon, conducting polymers and metal oxides
etc. [13, 14]. By means of charge storage mechanism,
supercapacitors are of two classes one is electrical double
layer capacitor (EDLC), where the capacitance developed
from the charge separation at an electrode/electrolyte inter-
face; and the other is the redox supercapacitor, where the
capacitance arises from faradic reactions of the electrode ma-
terials. Carbon based materials are used for EDLC [15].
Redox supercapacitors (pseudocapacitors) exhibit a higher ca-
pacitance than electric double-layer capacitors (EDLCs). The
redox supercapacitor includes conducting polymers such as
polypyrrole, polyaniline, and also novel conjugated
polyazomethines materials as working electrode [16].
Conducting polymers have been studied due to their interest-
ing electric properties and potential applications in many
fields [17]. The redox reactions require the reaction between
polymer thin films and the electrolytes for ions to penetrate
through the polymeric matrix, and also maintain electroneu-
trality, which cause to happen charge storage responses [18].
Conducting polymers have a high capacitance plus a relatively
low cost compared to carbon-based electrode materials [19].
Particularly, the n/p-type polymer configuration, the negative-
ly charged n-doped and positively charged p-doped
conducting polymer electrode, has the highest potential ener-
gy and specific power; however, a lack of efficient, n-doped
polymeric materials has prevented these pseudo capacitors
from reaching their potential [20, 21]. The mechanical stress
on such polymers at the time of redox reactions limits the
stability of these pseudocapacitors through many charging-
discharging cycles [13, 22]. Such type of reduced cycling
stability has hindered the development of conducting polymer
pseudocapacitors. Recently, Jiang and coworkers have applied
conjugated porous polymers (cpps) for electrochemical ener-
gy storage i.e. supercapacitors [23] and cathodes of LIBs [24].
Sakaushi and co-workers used porous polymers for all-
organic [25] and nonorganic energy storage devices, [26]
showing excellent electrochemical performance. These results
indicate that cpps have excellence potential flexible electrode
materials for next generation energy storage devices.

In th is work , conjuga ted sponge l ike porous
polyazomethines are successively prepared using solution
polycondensation polymerization technique. The electrode
material is further characterized by using Fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), scanning
electron microscopy (SEM), transmission electron microsco-
py (TEM), X-ray diffraction (XRD) technique and contact
angle measurement techniques for confirming the chemical
composition, thermal stability, surface architecture, amor-
phous or crystalline nature and surface wetting studies respec-
tively. The electrochemical supercapacitor properties of the

polyazomethine electrode are obtained using cyclic
voltamogramm technique, galvanostatic charging-
discharging measurement and electrochemical impedance
spectroscopic (EIS) study. These interesting results highlight
the potential of polyazomethine supercapacitors as a high per-
formance energy storage system for practical applications.

Experimental

Materials and methods

All chemicals were purchased from commercial sources and
used as received unless stated otherwise. Solvents such as
dichloromethane, toluene, glacial acetic acid, ethanol, and tet-
rahydrofuran were used as received. N, N′-dimethylacetamide
(DMAc)were purified by distillation over P2O5 under reduced
pressure and stored over 4 angstroms (Å) molecular sieves.
Dichloromethane (DCM) was dried by sodium and calcium
hydride respectively before use. LiCl was dried at 180 °C in
vacuum oven for 14 h. The chemical structure of polymers
and monomer was recorded on a Thermo NicoletiS-10 Mid
Fourier transform infrared (FTIR) spectrometer in the 500–
4000 cm−1 frequency range. 1H NMR (400 MHz) spectra of
monomer was obtained with a Bruker spectrophotometer.
Chemical shifts (delta values) are given as parts per million
with tetramethylsilane (TMS) as an internal standard. Inherent
Viscosity measurements can be done with 0.5% (W/V) solu-
tion of polymers at 30 °C using Ubbelohde suspended level
viscometer. The solubility of polymers was determined at 3%
concentration in different solvents at room temperature.

Electrochemical measurements

Cyclic voltamogramm measurements were carried out with a
CHI 608E Electrochemical Analyzer (CH Instruments Inc.,
USA) with polymer coated on stainless steel plate was taken
as anode, graphite plate as cathode and the reference electrode
was a saturated calomel electrode. Experiments were performed
in 1 M NaOH, KOH, Na2SO4 and H2SO4 solutions as an elec-
trolyte and measured at a potential scan rate of 5–100 mV/s.

X-ray diffraction analysis

X-ray diffraction (XRD) of polymers was recorded on Rigaku
X-ray Diffraction System ULTIMA IV Goniometer.

Thermal and calorimetric analysis

Thermogravimetric analysis (TGA) was performed on a
Mettler Toledo thermal analysis system under a nitrogen at-
mosphere with a scan rate of 10 °C min−1. Differential
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scanning calorimetry was performed on aMettler Toledo DSC
at a heating rate of 10 °C min−1.

Scanning and Transmission electron microscopy

The surface microstructure of the thin film was investigated
using scanning electron microscopy (SEM Model: JEOL
6360) operated at 10 and 30 μm and transmission electron
microscopy (TEM Model: JEOL 6360) operated at 50 nm
and 200 nm.

Monomer synthesis

Bis [4-(2-phenyl-7-aminoquinoxaline) phenyl] 3, 4 diphenyl
thiophene (V) was synthesized in five steps.

2, 3, 4, 5-Tetraphenylthiophene (TPTP) (I)

Tetraphenyl thiophene (I) was prepared according to a litera-
ture procedure [27]. TPTP (I) was recrystallized from dichlo-
romethane– methanol system to give white needles (yield:
51%, mp: 184−186 °C).

2, 5-Bis [(4-carbonylbenzyl) phenyl] - 3, 4-diphenyl
thiophene (II)

TPTP (20 g, 0.05 mol), anhydrous DCM (300 mL), and AlCl3
(13.3 g, 0.1 mol) were added to a three-neck flask under nitro-
gen atmosphere. The whole mixture was then cooled to 0 °C by
ice-water bath. Phenylacetyl chloride (15.5 g, 0.1mol) was then
added drop wise to the stirred reaction mixture at 0 °C. The
reaction was allowed to warm to room temperature and contin-
ued for overnight. The resulting mixture was poured into ice
water (1000 mL), and the organic layer was collected, evapo-
rated to give crude product (II). Recrystallized from toluene to
get pure product (II) as pale yellow needles yield: 14.9 g
(46.33%) mp: 226–230 °C [28]. IR (nujol) cm-1: 1682
(>C=O in conjugation with C=C), 1595,1510 (>C=C conjuga-
tion with C=O), 2921 (aromatic C-H stretch).

2, 5-Bis-[(4- benzoylcarbonyl) phenyl] -3-4 diphenyl
thiophene (III)

In a 250 mL round bottom flask equipped with reflux con-
denser and magnetic stirrer were placed 2.77 g (0.025 mol)
selenium dioxide and 20 mL of glacial acetic acid and 3.12 g
(0.005 mol) of (II) was added in the reaction flask at 60 °C.
The reaction mixture stirred at reflux temperature for 24 h
followed by hot filtration. The clear yellow filtrate was con-
centrated to about 25 mL and filtered. The yellow residue was
washed with acetic acid (5 mL) dried in air and recrystallized
from a mixture of ethyl acetate and hexane to give yellow
crystals of (III) yield 2.90 g (88.95%), mp.140 °C [29].

1H-NMR: (400 MHz, CDCl3− ppm) δ: 7.99 d (4H) J = 8.4
HZ, 7.85 d (4H) J = 8.4 Hz, 7.71–7.66 m (2H), 7.53 t (4H) J =
8.4 & 1.6 Hz, 7.38 d (4H) J = 8.8 Hz, 7.21–7.15 m (6H), 6.98
d (4H) J = 8.0 Hz.

2, 5 Bis [4-(2-phenyl-7-nitroquinoxaline) phenyl] 3, 4
diphenyl thiophene (IV)

In a 100 mL two necked round-bottomed flask equipped with
a condenser and a magnetic stirrer bar, a mixture of 6.5 g
(0.009 mol) of (III), 2.75 g (0.018 mol) diamino-4-
nitrobenzene and 250 mL glacial acetic acid was refluxed
for 4 h. Upon cooling, the precipitated yellow solid was col-
lected by filtration and washed with mixture of ethanol/water
(50/50, v/v). The crude product was recrystallized from tolu-
ene to give yellow solid of (IV). Yield 6.30 g (92.78%)
mp.260 °C [30]. 1H-NMR: (400 MHz, DMSO -d6) δ: 8.92 s
(1H), 8.48 d (1H) J = 9.2 Hz, 8.24 d (1H) J = 8.8 Hz, 7.47 d
(2H) J = 6.4 Hz, 7.40–7.30 m (5H), 7.14 d (2H) J =
8.4 Hz,7.08 d (3H) J = 5.2 Hz, 6.90 d (2H) J = 5.2 Hz.

2, 5 Bis [4-(2-phenyl-7-aminoquinoxaline) phenyl] 3, 4
diphenyl thiophene (V)

In a 100 mL two necked round-bottomed flask equipped with a
reflux condenser, a dropping funnel, and a magnetic stirrer bar,
a mixture of 5.6 g (0.0063 mol) IV, 0.5 g of 10% Pd/C, 200 mL
1:1 mixture of absolute ethanol and tetrahydrofuran (THF), and
9.45 mL hydrazine monohydrate was heated at reflux temper-
ature for 16 h. The reaction solution was filtered while hot to
remove the catalyst. Upon cooling, the filtrate was poured into
water to form yellow precipitate was isolated by filtration and
then recrystallized frommixture of ethyl acetate and hexane and
dried. The yield was 4.2 g (80.45%) mp.230 °C. 1H-NMR:
(400 MHz, DMSO -d6) δ: 7.82 d (1H) J = 8.8 Hz, 7.35 d
(2H) J = 8.0 Hz, 7.28–7.21 m (5H), 7.13–7.06 m (4H), 7.01 d
(3H) J = 6.84 d (2H) J = 7.2 Mz, 4.54 Broad s (2H, NH2).

Polyazomethines synthesis (PAM-1 to PAM-5)

By using the novel monomer 2, 5 bis [4-(2-phenyl-7-
aminoquinoxaline) phenyl] 3, 4 diphenyl thiophene (V) series
of five polyazomethines was prepared. In a 100 mL three-neck
round-bottom flask equipped with magnetic stirrer, reflux con-
denser, calcium chloride guard tube, and nitrogen gas inlet were
placed 0.827 g (1 mmol) 2, 5 bis [4-(2-phenyl-7-
aminoquinoxaline) phenyl] 3, 4 diphenyl thiophene (V) and
dry N, N′-dimethylacetamide (3 mL) containing 0.150 g lithium
chloride [5 wt% based on solvent N, N′-dimethylacetamide
(DMAc)]. The mixture was stirred well at room temperature to
get clear solution, then [0.067 g (0.5 mmol) isophthalaldehyde
(IPA) and 0.067 g (0.5 mmol) terphthaldehyde (TPA)] was
added. The reaction mixture was stirred overnight at room
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temperature under nitrogen atmosphere. Finally the mixture was
refluxed for 4 h at 140 °C. Then solution was cooled to room
temperature and sufficient quantity of water was added so as to
precipitate the polymer. The polymer was collected by filtration,
washed with water, ethanol and dried under vacuum.

Preparation of polyazomethine thin film electrode

The sponge like porous polyazomethine thin film electrode
was synthesized by spin coating method on stainless-steel
(SS) substrate. For synthesis, 0.05 g of above synthesized
polyazomethines was used as precursor in 10 ml N, N′-
dimethylacetamide. Before deposition, pieces of substrate
were polished with sic paper and then washed with water
and acetone, etched in 0.4 M H2SO4, and kept in ultrasonic
bath for 30 min, finally rinsed in double distilled water, and
dried in air. After deposition film was heated to 200 °C in
vacuum oven for 30 min. The active surface area for each case
(PAM-1 to PAM-5) is kept 1 cm × 1 cm and the values of
active material loaded in the electrode for each case (PAM-1
to PAM-5) are provided in the Table 5. Polyazomethine coated
stainless steel plate was taken as anode, graphite plate as cath-
ode and the reference electrode was a saturated calomel elec-
trode. Whose details are given in Fig. 1.

Results and discussion

The synthetic route (Schemes 1 and 2) towards monomer and
polymer only requires six steps and uses commercially avail-
able raw material. In the present investigation the phenylated
thiophene containing quinoxaline diamine monomer prepared
by friedel craft acylation of tetra phenyl thiophene with phenyl
acetyl chloride fallowed by oxidation of alpha methyl group
with selenium dioxide to yield 1, 2 diketone and it undergoes
cyclization with 4-nitro-o-phenylenediamine to yield

phenylated thiophene containing quinoxaline dinitro com-
pound. Then, the diamine was obtained on the catalytic reduc-
tion of intermediate dinitro compound with hydrazine
monohydrate and Pd/C catalyst in refluxing mixture of ethanol
and THF in high yields. Diamines are valuable building blocks
for the preparation of thermally stable aromatic polymers in-
cluding polyazomethines and their copolymers. The main ob-
jective of these conjugated polymers is to develop new storage
device which have high capacitance, specific energy and spe-
cific power density and replacement of the dielectric capacitor
in the integrated storage unit. The composition of monomers,
yields and viscosities of polymers are listed in Table 1.

Characterization of monomer

Fourier transforms infrared (FTIR) analysis

The 2, 5 bis [4-(2-phenyl-7-aminoquinoxaline) phenyl] 3, 4
diphenyl thiophene (V) monomer (Fig. 2) characterized by
FTIR spectroscopy. The primary amine (-NH2) stretching
are identified approximately at 3373 cm−1. The aromatic
C=C stretching vibrations from the ring present a band ap-
proximately at 1540 cm−1. Low intensity peak presented over
the range of 2924 cm−1 can be attributed to the aromatic C-H
stretching vibrations, the peak at 600–800 cm−1 is character-
istic of the C-S bending vibrations, which indicates the pres-
ence of a thiophene ring.

Nuclear magnetic resonance (1H-NMR) analysis

The proton NMR spectrum of 2, 5 bis [4-(2-phenyl-7-
aminoquinoxaline) phenyl] 3, 4 diphenyl thiophene (V) mono-
mer (Fig. 3) showed the NMR signal (b) at 4.54 δ, corresponding
to an primary amine (2H) group of the amino quinoxaline and
remaining all 17 protons (a) are aromatic in the range of 6.9 to
7.82 δ.

Fig. 1 Schematic representation
of porous polyazomethine based
supercapacitive device
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Scheme 1 Synthetic route of 2, 5
bis [4-(2-phenyl-7-
aminoquinoxaline) phenyl] 3, 4
diphenyl thiophene (V)
monomer Reagents and condi-
tions: a) Reflux, 240oC, 3 days. b)
PhCH2COCl, AlCl3, DCM 10-
15oC. c) SeO2, Glacial Acetic
Acid, Reflux 12hrs. d) 4-Nitro o-
Phenylene Diamine, Glacial
Acetic Acid, Reflux 4hrs. e) H2,
Pd/C Hydrazine Hydrate, Mixture
of EtOH - THF, 80oC.
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Scheme 2 Synthetic route of
polyazomethines (PAM- 1 to
PAM- 5) from (V)
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Analysis of conjugated polyazomethines

Fourier transforms infrared (FTIR) analysis

The polyazomethines were characterized by FT-IR spectroscopy
(Fig. 4) it showed that the C=N stretching vibrations in PAM-1 to
PAM-5 are identified approximately at 1614 cm−1. The disap-
pearance of bands at 1725 and 3373 cm−1 indicated that all the
aldehyde and amine groups had reacted to yield high molecular
weight polyazomethines. The aromatic C=C stretching vibra-
tions from the ring present a band approximately at 1540 cm−1.
Low intensity peak presented over the range of 2924 cm−1 can be
attributed to the aromatic C-H stretching vibrations, the peak at
600–800 cm−1 is characteristic of the C-S bending vibrations,
which indicates the presence of a thiophene ring.

Structural elucidation studies

X-ray diffraction is a primary technique to determine the de-
gree of crystallinity in polymers. The peak positions,

intensities, widths and shapes provide important information
about the structure of the material. X-ray diffraction of
polyazomethines was conducted at room temperature to ob-
tain information about crystallinity of Polyazomethines.
Synthesized polyazomethine thin film electrode confirmed
semicrystaline triclinic structure. The measurements give sev-
eral peaks in the range of 2θ = 17.69–19.81° and d-spacing =
4.48–5.01 Å as observed in Fig. 5. X-ray diffraction patterns
allowed to conclude that investigated material had a
semicrystaline structure which was expected and this result
is consistent with previous reports [31]. Crystal data and struc-
ture refinement of polyazomethines was presented in Table 2.

Thermal analysis

Thermal behavior of polymers was evaluated by means of
thermogravimetry. Table 3 incorporate the thermal data such
as initial decompotion temperature (Ti), 10% mass decompo-
sition temperature (Td), and residual weight at 900 °C. The
thermal stability of the polyazomethine outlined in Fig. 6

Table 1 Synthesis of
polyazomethines from (V) Sr.No Polymer codea Diamine (V) mol % Dialdehydes mol % Yield (%) Viscosityb

TPA IPA

1 PAM- 1 100 100 00 98 0.79

2 PAM- 2 100 75 25 99 0.70

3 PAM- 3 100 50 50 100 0.74

4 PAM- 4 100 25 75 100 0.71

5 PAM- 5 100 00 100 94 0.89

a Polymerization was carried out with 1 mmol each of diamine (V) and dialdehydes
bMeasured at a concentration of 0.5 g/dL in DMAc with 5% LiCl at 30 °C

Fig. 2 FT-IR of 2, 5 bis [4-(2-
phenyl-7-aminoquinoxaline)
phenyl] 3, 4 diphenyl thiophene (V)
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studied at a heating rate of 10 °C/min in nitrogen atmosphere
by Thermogravimetric analysis. The (Td) temperature at
which 10% weight loss occurred, and char yields at 900 °C
were determined from thermograms. Ti values were in the
range of 297 °C to 304 °C. In general, these polymers, like
other poly-Schiff bases, exhibited good thermal stability in
nitrogen; 10% weight loss only takes place when they are
heated beyond 622 °C in nitrogen. The weight residue of
polyazomethines when heated to 900 °C in nitrogen was in
the range 76–79%. Differential scanning calorimetry analysis
of the polyazomethines polymer showed no evidence of a
measurable glass transition or melting point at second heating
in the range of 30–350 °C due to the relative low degradation
temperatures [32].

Surface morphological and surface wetting studies

The surface morphology of polyazomethine electrode was
analyzed from SEM plane-view digital image Fig. 7a, b.
Scanning electron microscopy was utilized to study the sur-
face texture and microstructure of deposits. As deposited films
had uniform morphology but sintering caused cracking of the
films. TEM images of polyazomethine PAM-3 are shown in
Fig. 7c, d which seen that the randomly oriented uniform
micropores with a sponge like porous morphology. Two dif-
ferent types of featured zones can be distinguished by com-
paring the image contrast, large quantities of dot-liked dark
zones, and a sponge like porous matrix [33]. Obviously, the
dark zones sizes range from several nanometers to ∼ 18–

Fig. 3 1H–NMR of 2, 5 bis [4-(2-
phenyl-7-aminoquinoxaline)
phenyl] 3, 4 diphenyl thiophene (V)
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20 nm and disperse uniformly over the porous matrix. The
electrochemical performance of pseudo capacitive materials
largely depends on their surface area and morphology. We
believe that this type of morphology shall be beneficial for
redox reactions. The average contact angle was acquired by
measuring for at least five separate drops on PAM-3 film sur-
face by delivering de-ionized water. Measurement of surface
water contact angle is inversely proportional to the wettability
and can be determined by Young’s relation. Figure 7f shows
the digital photograph of water contact measurement on
polyazomethine (PAM-3) electrode surface. Interestingly,
PAM-3 electrode surface has exhibited hydrophilic behaviour
with 710 water contact angle value i.e. <900. Generally, low
water contact angle (hydrophilic behaviour) increases the
electrochemical performance, where interfacial contact at
electrolyte-electrode is considerably high [34, 35].

Adhesion testing (scotch tape testing) of PAM-1 ~ PAM-5

Mechanical stability has been obtained by the Bscotch-tape^
test. The Bscotch-tape^ test is an effective tool for demonstrat-
ing the stark difference in adhesion between the layers. The

Bscotch-tape^ test is used to examine the adhesive strength of
the polyazomethine film (PAM-3) to the stainless steel sub-
strates (Fig. 8a, b). The Bscotch tape^ was applied on the
surface of film (Fig. 8c) and pressed by forceps (Fig. 8d).
Then scotch-tape was slowly pulled off using forceps (Fig.
8e). After removing the tape, the polymer film was found
unaffected (Fig. 8f). Any delaminating parts are not removed
from the substrate, which showed that coating layer is stable
with the stainless steel substrate. The adhesiveness of the
polyazomethine thin film to the stainless steel substrate is very
strong. Even after repeating the Bscotch-tape^ test multiple
times for PAM-1 to PAM-5, the tape remained clean and no
damage to the film coatings is noticed. Good adhesion be-
tween the polyazomethine and stainless steel substrate,
PAM-1 to PAM-5 exhibited excellent mechanical stability.

Surface area and porosity measurements

The surface area and porosity of the synthesized
polyazomethine (PAM-3) was investigated by physisorption
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Fig. 6 TGA curves of polyazomethines PAM-1 to PAM-5

Table 3 Thermal properties of polyazomethines (PAM-1 to PAM-5)

Sr.No Polymers Thermal behavioura Residual Wt%
at 900 °C

Ti Td

1 PAM- 1 297 622 76

2 PAM- 2 300 758 79

3 PAM- 3 303 713 77

4 PAM- 4 304 772 79

5 PAM- 5 303 699 76

Td, Temperature of 10% decomposition; Ti, Initial decomposition
temperature
a Temperature at which onset of decomposition was recorded by TG at a
heating rate of 10 °C/min

Table 2 Crystal data and
structure refinement of
polyazomethines

Parameters ↓ PAM-1 PAM-2 PAM-3 PAM-4 PAM-5

2θ peaks (Degrees) 18.96 18.72 17.69 19.81 18.31

Heights (cts) 588.00 450.00 637.28 1020.84 437.36

d-spacing (Å) 4.68 4.73 5.01 4.48 4.84

Crystal System Triclinic Triclinic Triclinic Triclinic Triclinic

Bravais Type Primitive (P) Primitive (P) Primitive (P) Primitive (P) Primitive (P)

Unit Cell a (Å) 8.9 3.88 6.4 4.87 4.22

Unit Cell b (Å) 3.11 9.48 4.2 3.17 9.82

Unit Cell c (Å) 12.4 10.24 10.1 11.28 10.84

Unit Cell α (°) 82.2 46.1 71.9 72.70 56.48

Unit Cell β (°) 17.8 46.1 35.6 31.2 70.4

Unit Cell γ(
°) 76.4 35.03 88.8 66.86 42.03

Volume (Å) 97.79 130.03 137.57 82.97 132.03
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of nitrogen at 77 K because their excellent electrochemical
performance. The isotherms show nitrogen uptake at 1 bar
pressure indicative of porous nature of the polyazomethine.
The specific surface area and pore size were estimated from
the adsorption and desorption isotherms and are shown in
Fig. 9. The measured BET surface area 11.056 m2/g of
polyazomethines was low. It is worth noting that the polymer
reported here is copolymer containing only a small amount of

comonomer. Apparently, at such low comonomer content, its
influence on surface area is limited. The physisorption iso-
therms observed for polyazomethine showed slow and grad-
ual increase in nitrogen uptake up to a relative pressure P/P0 =
1.0, reminiscent of type III isotherms [36]. It is believed that in
such isotherms ascorbate–adsorbent interactions play an im-
portant role. The adsorption isotherms show a gradual in-
crease in middle level relative pressures and a steeper increase

(a) (b)

(c) (d)

(e) (f)

Fig. 7 a, b SEM images of PAM-
3. c, d TEM images of PAM-3
(randomly oriented uniform mi-
cropores with a sponge-like po-
rous morphology). e SEAD pat-
tern (It shows semicrystaline na-
ture of PAM-3). f Water contact
angle measurement of PAM-3

Fig. 8 Application of the Bscotch-
tape^ test to the polyazomethine
film for measuring themechanical
stability; optical image of (a)
Scotch-tape, (b) polyazomethine
film, (c) applied a Scotch-tape to
the polyazomethine film (d)
pressed the coating film by for-
ceps, (e) pulled off the tape using
forceps and (f) polyazomethine
film after removing the tape, re-
sulted into no delaminating of
film and mechanical stability was
observed
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at higher pressures. Such behaviour has been reported earlier
as characteristic of Mesoporous [37]. Pore size distribution
was estimated by fitting the uptake branches of the nitrogen
isothermwith nonlocal density functional theory and pore size
found to be 1.3 nm and pore volume is 0.022 cm3/g (Fig. 10).

Electrochemical supercapacitive measurement

The electrochemical supercapacitive properties of synthe-
sized polyazomethine electrode were tested by cyclic
voltamogramm (CV).

The capacitance was calculated using the following relation;

C ¼ I= dV=dtð Þ ð1Þ
Where I is the average current in ampere and dV/dt is the volt-
age scanning rate.

The interfacial capacitance was calculated using the relation;

Ci ¼ C=A ð2Þ

Where ‘A’ is the area of activematerial dipped in the electrolyte.
The SC (Fg−1) of polyazomethines electrode was calculat-

ed using following relation;

SC ¼ C=W ð3Þ
Where W is the mass of polyazomethines film dipped in
electrolyte.

Effect of various electrolytes and scan rate

In order to study polyazomethines conjugated polymers for
electrochemical supercapacitors, the electrolytes used should
have a high achievable decomposition potential. The resistance
of the supercapacitor is independent on the resistivity of the
electrolyte and size of the ions from the electrolyte. The organ-
ic electrolytes have a greater resistance but the adjunct power
reduction is usually offset by the increase in higher cell volt-
age. This is usually not a problem for an aqueous electrolyte
such as sodium sulphate (Na2SO4), sodium hydroxide
(NaOH), potassium hydroxide (KOH) and sulfuric acid
(H2SO4). Aqueous electrolytes are cheaper, purify easily.
[38]. In the current case the aqueous electrolytes like KOH,
NaOH, and Na2SO4 and H2SO4 1M concentration were tested
for polyazomethine thin film electrode. The concentration of
electrolyte increases, specific capacitance also increases due to
the take off of the material from substrate, so greater than 1 M
concentration was avoided [39]. The supercapacitive perfor-
mance of polyazomethines thin film electrode was tested using
cyclic voltamogramm (CV) technique. According to presented
results, it seems that the redox mechanism involving in
quinoxaline unit of polyazomethines occurs as one step quasi
reversible reaction in acid and neutral electrolyte, reaching the
reversibility in basic electrolyte, always involving the transfer
of two electrons and two protons [40]. According to the pos-
tulated redox mechanism of varenicline [41] and brimonidine
[42] at glassy carbon electrode (GCE) it can be assumed that
similar reversible redox mechanism of quinoxaline happens at
the pyrazine ring moiety. As the percentage variation of TPA
and IPA in polyazomethines varies (percentage variation
values are listed in Table 1) first we analyzed the electrochem-
ical behaviour of (PAM-3) due to the equal compositions of co
monomers (IPA & TPA) in PAM-3 at different electrolytes.
Figure 11 shows the CV curves of polyazomethine (PAM-3)
thin film electrode in different electrolytes such as 1M solution
of NaOH, KOH, Na2SO4 and H2SO4 for different scan rates
ranging from 5 to 100 mV/s. The specific capacitance values
for different electrodes with different current densities are
discussed more detail in Table 4. The polyazomethines
(PAM-3) electrode showed maximum specific capacitance of
253.40 F/g at the scan rate 5 mV/s in 1 M NaOH electrolyte.
The study of variation of different electrolytes with different
scan rate reveals that NaOH electrolyte is dominant over the
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Fig. 9 The nitrogen adsorption/desorption isotherm of polyazomethine
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KOH, Na2SO4 and H2SO4 electrolytes. NaOH electrolyte to
easily glow into the inner region of the polyazomethine elec-
trode. This gives fast electron transport with a high rate capa-
bility. Therefore for further study of different composition of
polyazomethines (Fig. 12) we preferred 1 M NaOH as a fixed
electrolyte. Again we observed that polyazomethine (PAM-3)
electrode shows better performance as compared to other dif-
ferent compositions of polyazomethines. The specific capaci-
tance values for different composition of polyazomethines in
1 M NaOH electrolyte with different current densities are
discussed more detail in Table 5. Such types of conjugated
porous polyazomethines containing quinoxaline unit have
been designed and successfully fabricated for the first time
on the basis of previously reported azo based conjugated co-
valent organic frameworks [43] which showed the specific
capacitance of 226 F/g. In our report porous conjugated
polyazomethine (PAM-3) showed greatly enhanced electro-
chemical performance for supercapacitor is 253.40 F/g.
Comparative study of electrochemical energy storage activity

of different porous electrode materials shown in supporting
information (S6). A plot of specific capacitance as a function
of scan rate is shown in Fig. 12 (f) it showed that if the scan rate
increased the specific capacitance decreased, due to the pres-
ence of inner active sites that cannot sustain the redox transi-
tions completely at high scan rates [44]. Cyclic voltamogramm
shows oxidation and reduction peaks of polymer. The charge
storage capability of conducting polymers such as
polyazomethines is due to its ability to undergo electro--
oxidation or reduction; oxidation or p-doping of polymer takes
place by subtract the electrons form the polymer backbone
through the external circuit and the incorporation of an anion
from solution into the polymer backbone to counterbalance the
positive charge. In reduction process or n-doping process the
electrons are transferred onto the polymeric matrices by the
external circuit, and cations from the electrolyte enter the poly-
mer chain in order to sustain overall charge neutrality [45].
However, the electrochemical properties of sponge like
polyazomethine are influenced by different factors such as
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Fig. 11 A comparison of CV
curves of the polyazomethine
(PAM-3) thin film electrode at
different scan rates of 5, 25, 50
and 100 mV/s in 1 M (a) NaOH,
(b) KOH, (c) Na2SO4 and (d)
H2SO4 electrolytes

Table 4 Electrochemical
behaviour of polyazomethine
(PAM-3) in different aqueous
electrolyte at scan rate 5 Mv/s

Sr.No. Electrolyte Specific
capacitance (F/g)

Specific energy
(Wh/Kg)

Specific power
(Kw/Kg)

Columbic
efficiency η (%)

1 NaOH (1 M) 253.40 26.00 16.00 79.93

2 KOH (1 M) 132.7 21.42 18.00 82.47

3 Na2SO4 (1 M) 144.80 16.38 36.00 93.25

4 H2SO4 (1 M) 118.44 7.50 30.00 61.39

The bold numbers indicates the better results as compaired to others
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synthesis method, structural morphologies of the
polyazomethine electrode material and electrolytes.

Galvanostatic charging–discharging measurement

The galvanostatic charging–discharging curves of
polyazomethines thin film at the current density 1 mA/cm2 are

shown in Fig. 13. It is observed that all the curves are not ideal
straight lines, indicating the process of a faradic reaction. In
addition, there was an initial drop in potential caused by internal
resistance [46]. The electrical parameters such as specific ener-
gy, the specific power and columbic efficiency of
polyazomethines electrode calculated using following formulae:

Specific energy ¼ V � Id � Td=W ð4Þ
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Fig. 12 a–e A comparison of CV
curves of the polyazomethines
(PAM- 1 to PAM- 5) thin film
electrodes at scan rates of 5, 25,
50 and 100 mV/s in 1 M NaOH
electrolytes (f) specific capaci-
tance as a function of scan rate

Table 5 Electrochemical
behaviour of polyazomethines
(PAM-1 to PAM-5) in 1 M NaOH
electrolyte at scan rate 5 mV/s

Sr.No. Polymer code Active material
loaded

Specific
capacitance
(F/g)

Specific
energy
(Wh/Kg)

Specific power
(Kw/Kg)

Columbic
efficiency
η (%)

1 PAM-1 0.00006 141.11 12.01 11.66 23.59

2 PAM-2 0.00005 182.12 21.98 14.00 87.05

3 PAM-3 0.00005 253.40 26.00 16.00 79.93

4 PAM-4 0.00007 160.52 15.26 14.00 73.98

5 PAM-5 0.00009 111.80 7.23 11.66 83.81

The bold numbers indicates the better results as compaired to others
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Specific power ¼ V � Id=W ð5Þ

Columbic efficiency η %ð Þ ¼ Td=Tc � 100 ð6Þ
Where, V is the applied potential, W is the mass of electrode
dipped in the electrolyte, Id is discharging current, Td is
discharging time and Tc is charging time.

It is found that polyazomethine (PAM-3) electrode has the
specific energy of 26.00 Wh/kg, specific power of 16.00 KW/
kg and columbic efficiency 79.93%.

Electrochemical impedance analysis

The impedance measurement is used to account for the mecha-
nism and kinetics of the chemical and electrochemical reactions
involved [47]. Electrochemical impedance spectroscopy (EIS)

was studied to further understand the PAM-3 sample capacitive
behavior. Figure 14 shows an (EIS) measurement of PAM-3
electrode measured within the frequency range of 1 MHz to 1
mHz in 1 M NaOH electrolyte. Electrochemical parameters of
the PAM- 3 electrode were evaluated by employing the
ZSimpWin (version 3.10) software. We observed an excellent
agreement between experimental and simulated data. An elec-
trical equivalent circuit model, ((R(C(R(Q(RW)))) was used in
simulation of the impedance behaviour of the thin film i.e., to fit
the experimentally obtained impedance data. The equivalent
circuit model (Fig. 14) was built previously [48, 49]. The first
one is the bulk solution resistance of the polymer and the elec-
trolyte (Rs), the second one is the parallel combination of the
double layer capacitance (Cdl) and electrolyte resistance (R1). A
series connection to R1 made up from using constant phase
element (CPE) in parallel with R2 and W. R2 is the charge
transfer, and W is the Warburg impedance of the polymer.
CPE describes the capacitor at the films / electrolyte interface
considering the irregular geometry of the surface of the polymer
network and the counter-ions binding to sites of different ener-
gies [50, 51]. Simulation results show that this electrical
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Table 6 R(C(R(Q(RW)))) Circuit modeling results of PAM- 3 with
ZSimpWin simulating programme

Components Parameters

Rs/k.ohm 5.173

Cdl/mF/g 3.617 × 10−5

R1/k.ohm 313.8

R2/k.ohm 3.0975

W/mS s-n

CPE Y0 [S. sec
-n]

6.74−5

3.22−5
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equivalent circuit was successfully applied to the experimental
data to explain the interface between the polymer film and elec-
trolyte in this potential region (Table 6).

Stability study

The long-term cycling stability of an electrode is also most
important for practical supercapacitor applications. Cycle
life (stability) of polyazomethine electrode at a scan rate of
100 mV/s in 1 M NaOH for 500 cycles and the plots of
capacitance with the cycle number are presented in
Fig. 15b. It indicates attainment of stability after 500 cy-
cles. Capacitance is higher at lower scan rates because
lower scan rates allows adequate time for charging of elec-
tric double layer or charge transfer before the potential is
switched. Figure 15a shows the stability curves for 1st and
500th number cycle. The current under curve is decreased
by 66% up to 500th cycles indicating the good cycle prop-
erty as a good electrode material for electrochemical
supercapacitor. We conclude that the wastage in specific
capacitance occurs with the 500th cycles caused by the
loss of active material through the demise or detachment
during charging/discharging cycles in the electrolyte. The
polyazomethine electrode shows good stability perfor-
mance suitable for the energy storage application. These
positive results are mainly due to with the electrolyte
slowly penetrating into the electrode: more and more elec-
trode materials become activated and give to the increase
of specific capacitance.

Conclusions

Conjugated polyazomethines have great application potential
due to their many unique properties and suitable synthesis
methods for electrochemical energy storage (EES) applica-
tions. In this paper, we have introduced traditional conjugated
polyazomethines as functional materials, and most recent ex-
citing EES applications, including supercapacitors. Notably,

conjugated polymers could act as key materials in future
EES. We believe that conjugated polymers will be one of
the most promising materials for EES by developing their
synthesis processes, hybridization with other materials.
Polyazomethine electrode composed of porous with sponge
like morphology was successfully prepared by polyconden-
sation of a novel diamine monomer 2, 5 bis [4-(2-phenyl-7-
aminoquinoxaline) phenyl] 3, 4 diphenyl thiophene (V)
with equimolar proportion of aromatic dialdehydes.
Presence of characteristics bands and expected elemental
peaks of monomer and polymers was confirmed from FT-
IR and NMR spectroscopy. The XRD patterns showed that
the polyazomethines have semicrystaline nature as indicat-
ed at 2θ range of 2θ = 17.69–19.81°. Thermogravimetric
analysis of polymers showed 10% weight loss at tempera-
ture 622 to 758 °C indicating good thermal stability. The
71° water contact angle value was evidenced from the sur-
face wettability measurement test, which favors for an ex-
cess infiltration of electrolyte ions for more redox reactions
through wide range of area coverage. The polyazomethine
(PAM-3) electrode has demonstrated a maximum specific
capacitance of 253.40 F/g at 5 mV/s in 1 M NaOH electro-
lyte. The galvanostatic charging-discharging studies show
ideal capacitive behavior of an electrode. The specific pow-
er and specific energy values estimated from the charging-
discharging measurement are respectively found to be
26.00 KW/kg and 16.00 Wh/kg this has been supported
by EIS study. The current under curve is decreased by
66% up to 500th cycles indicating the good cycle stability.
The overall improved electrochemical performance of the
polyazomethine electrode prepared using simple solution
polycondensation method makes it a promising material
fo r po ten t i a l app l i ca t ions in h igh per fo rmance
supercapacitors because of its low cost, simple preparation
and environmental friendliness.
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ABSTRACT
A series of new polyamides containing tetraphenyl thiophene having pendant phenyl moiety with heterocyclic
quinoxaline unit were synthesized by using the solution polycondensation method of novel diamine monomer
V with isopthaloyl chloride (IPC) and terpthaloyl chloride (TPC) in various mole proportions. These novel
polymers were characterized by FT-IR, solubility, inherent viscosity, thermal analysis and X-ray diffraction
studies. Inherent viscosities of these polymers were in the range 0.66 to 1.44 dL/g indicating moderate to high
molecular weight built-up. These polymers exhibited solubility in various solvents such as DMAc, NMP,
pyridine, m-cresol etc. X-ray diffraction pattern of polymers showed that introduction of pendant phenyl
moiety would disturb the chain regularity and packing, leading to amorphous nature. Thermal analysis by TGA
and DSC showed excellent thermal stability of polymers. The structure -property correlation among these
polyamides were studied, in view of these polymer’s potential applications as processable high temperature
resistancematerials.

KEYWORDS
Co-polymerization; heat
resistant; polyamides;
processable; thermal
properties

1. Introduction

Wholly aromatic polyamides (aramids) are highly thermally
stable polymers for high temperature resistance with a
favourable balance of physical, chemical properties[1–3] and
mechanical properties.[4] The design of suitable polymeric
materials is an increasingly important research area due to
demands for applications as biomedical, pharmaceutical,
agricultural surgical implants and scaffolds for tissue engi-
neering.[5] The aromatic polyamides are well known for
their excellent thermal stability, and they find use in various
high temperature resistance applications especially as strong
fibre and tough films industrial and aerospace applications.
However aromatic polymers are difficult to fabricate
because of their limited solubility in common organic sol-
vents.[6–10] The introduction of pendant moiety is one of
the well known approach for improving the solubility and
thereby the processability. Imai et al. synthesized the poly-
amide, with introduction of pendant groups such as phenyl
moiety. The introduction of polar groups in the polymer
increased the solubility[11] and also introducing bulky sub-
stituents and bulky pendant groups into polymer chain,
which leads to a reduction in crystallinity[12–14] such modifi-
cations lower the glass transition temperature and lead to
soluble and amorphous polymers which may often found
many applications in the fields of gas membranes, films,
coatings and engineering plastics,[15] polymer blends, and

composites.[16,17] The introduction of bulky pendant groups
can decrease hydrogen bonding and inter chain interactions
in polyamides and generally disturb the co-planarity of aro-
matic units to minimize packing density and crystallin-
ity.[18–21] The introduction of cardo group in polymer
backbone is also enhancing the solubility of polymer.[22]

This should enhance solubility.[23,24] Generally, it is more
convenient to synthesize the modified aramids with the
structural modification of diamine monomers, followed by
the polycondensation reaction with available aromatic dicar-
boxylic acids or their derivatives.

In the present investigation, a new aromatic conjugated
diamine containing tetraphenyl thiophene moiety with qui-
noxaline integrated in one benzene ring (V) was synthesized
and characterized by various spectral techniques. A series of
polyamides was synthesized from (V) by low temperature solu-
tion polycondensation method with different mol proportion
of IPC and TPC. The polymers were characterized by inherent
viscosity, solubility, FT-IR spectra, thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC) and X-ray dif-
fraction so as to study the effect of introduction of pendant
phenyl moiety as well as tetraphenyl thiophene unit and struc-
ture of aromatic diacid chloride into polymer backbone. It has
been demonstrated that incorporation of both phenyl and tet-
raphenyl thiophene units into the polymer backbone is a
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successful route to improve the solubility of aramids while
retaining high thermal stability.

2. Experimental

2.1. Materials

All chemicals were purchased from commercial sources and
used as received unless stated otherwise. Solvents such as tolu-
ene, glacial acetic acid, ethanol, and THF were used as received.
N, N’-dimethylacetamide (DMAc) were purified by distillation
over P2O5 under reduced pressure and stored over 4 angstroms
(A

�
) molecular sieves. Dichloromethane (DCM) was dried by

sodium and calcium hydride respectively before use. LiCl was
dried at 180�C in vacuum oven for 14 hrs.

2.2. Instrumental

The chemical structure of polymers and monomer was recorded
on a Thermo NicoletiS-10 Mid Fourier transform infrared (FTIR)
spectrometer in the 500–4000 cm¡1 frequency range, 1H NMR
(400-MHz) spectra of monomer was obtained with a Bruker spec-
trophotometer. Chemical shifts (delta values) are given as parts
per million with tetramethylsilane (TMS) as an internal standard.
Inherent Viscosity measurements can be done with 0.5% (W/V)
solution of polymers at 30�C using Ubbelohde suspended level
viscometer. The solubility of polymers was determined at 3% con-
centration in different solvents at room temperature. X-ray dif-
fraction (XRD) of polymers was recorded on Rigaku X-ray
Diffraction System with ULTIMA IV Goniometer. Thermogravi-
metric analysis (TGA) was performed on a Mettler Toledo Ther-
mal Analysis system under a nitrogen atmosphere with a scan rate

of 10�C min¡1. Differential scanning calorimetry was performed
on aMettler Toledo DSC at a heating rate of 10�Cmin¡1.

2.3. Preparation of monomer

2.3.1. 2, 3, 4, 5-Tetraphenylthiophene (TPTP) (I)
Tetraphenyl thiophene (I) was prepared according to a liter-
ature procedure (25). TPTP (I) was recrystallized from
dichloromethane – methanol system to give white needles
(yield: 51%, mp: 184 -186�C).

Scheme 1. Synthetic route of 2, 5 bis [4-(2-phenyl-7-aminoquinoxaline) phenyl] 3, 4 diphenyl thiophene (V) monomer.
Reagents and conditions:
Reflux, 240� C, 3 days. b) PhCH2COCl, AlCl3, DCM, 10-15� C. c) SeO2, glacial acetic acid, reflux 12 hrs. d) 4-Nitro-o-phenylene diamine, glacial acetic acid, reflux 4 hrs. e) H2,
Pd/C Hydrazine hydrate, mixture of EtOH - THF, 80� C.

Scheme 2. Synthesis route of polyamides (PA-I to PA-V) from new diamine (V).
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2.3.2. 2, 5-Bis [(4-carbonylbenzyl) phenyl] – 3, 4-diphenyl
thiophene (II)
TPTP (I) (20 g, 0.05 mol), anhydrous DCM (300 mL), and
AlCl3 (13.3 g, 0.1 mol) were added to a three-neck flask under
nitrogen atmosphere. The whole mixture was then cooled to
0�C by ice-water bath. Phenylacetyl chloride (15.5 g, 0.1 mol)
was then added drop wise to the stirred reaction mixture at
0�C. The reaction was allowed to warm to room temperature
and continued for overnight. The resulting mixture was poured
into ice water (1000 mL) and the organic layer was collected,
evaporated to give crude product (II). Recrystallized from tolu-
ene to get pure (II) as pale yellow needles yield: 14.9 g (46.33%)
mp: 226–230�C. FT-IR cm�1: 1682 (>C D O in conjugation
with C D C), 1595,1510 (>C D C conjugation with C D O ),
2921 (aromatic C-H stretch).

2.3.3. 2, 5-Bis-[(4- benzoylcarbonyl) phenyl] -3-4 diphenyl
thiophene (III)
In a 250 mL round bottom flask equipped with reflux con-
denser and magnetic stirrer were placed 2.77 g (0.025 mol) sele-
nium dioxide and 20 mL of glacial acetic acid and 3.12 g
(0.005 mol) of (II) was added in the reaction flask at 60�C. The
reaction mixture stirred at reflux temperature for 24 hrs fol-
lowed by hot filtration. The clear yellow filtrate was concen-
trated to about 25 mL and then filtered. The yellow residue was
washed with acetic acid (5 mL) dried in air and recrystallized
from a mixture of ethyl acetate and hexane to give yellow crys-
tals of (III) yield 2.90 g (88.95%), mp.140�C. 1H-NMR:
(400 MHz, CDCl3- ppm) d: 7.99 d (4H) J D 8.4 HZ, 7.85 d (4H)
J D 8.4 Hz, 7.71-7.66 m (2H), 7.53 t (4H) J D 8.4 & 1.6 Hz, 7.38
d (4H) J D 8.8 Hz, 7.21-7.15 m (6H), 6.98 d (4H) J D 8.0 Hz.

Figure 1. FT-IR spectrum of new diamine (V).

Figure 2. 1H – NMR of new diamine (V).
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2.3.4. 2, 5 Bis [4-(2-phenyl-7-nitroquinoxaline) phenyl] 3, 4
diphenyl thiophene (IV)
In a 100 mL two necked round bottom flask equipped with a
condenser and stirrer bar, a mixture of 6.5 g (0.009 mol) of
(III), 2.75 g (0.018 mol) diamino-4-nitrobenzene and 250 mL
glacial acetic acid was refluxed for 4 hrs. Upon cooling, the pre-
cipitated yellow solid was collected by filtration and washed
with mixture of ethanol/water (1:1, v/v). The crude product
was recrystallized from toluene to give yellow crystals of (IV).
Yield 6.30 g (92.78%) mp.260�C. 1H-NMR: (400 MHz, DMSO
-d6) d: 8.92 s (1H), 8.48 d (1H) J D 9.2 Hz, 8.24 d (1H) J
D 8.8 Hz, 7.47 d (2H) J D 6.4 Hz, 7.40-7.30 m (5H), 7.14 d
(2H) J D 8.4 Hz,7.08 d (3H) J D 5.2Hz, 6.90 d (2H) J D 5.2 Hz.

2.3.5. 2, 5 Bis [4-(2-phenyl-7-aminoquinoxaline) phenyl] 3, 4
diphenyl thiophene (V)
In a 100 mL two necked round bottom flask equipped with a
reflux condenser, a dropping funnel, and a magnetic stirrer bar,
a mixture of 5.6 g (0.0063 mol) IV, 0.5 g of 10% Pd/C, 200 mL
1:1 mixture of absolute ethanol-tetrahydrofuran (THF) and
9.45 mL hydrazine monohydrate was heated at reflux tempera-
ture for 16 hrs. The reaction solution was filtered while hot to
remove the catalyst. Upon cooling, the filtrate was poured into
water to form yellow precipitate was isolated by filtration and
then recrystallized from mixture of ethyl acetate and hexane

and dried. The yield was 4.2 g (80.45%) mp.230�C. 1H-NMR:
(400 MHz, DMSO -d6) d: 7.82 d (1H) J D 8.8 Hz, 7.35 d (2H) J
D 8.0 Hz, 7.28-7.21 m (5H), 7.13-7.06 m (4H), 7.01 d (3H) J
D 6.84 d (2H) J D 7.2 Mz, 4.54 Broad s (2H, NH2).

2.4. Synthesis of polyamides

In a 100 mL three-necked round bottom flask equipped with a
magnetic stirrer, a nitrogen gas inlet, a calcium chloride guard
tube and a thermowell were placed 0.826 g (0.001 mol) 2, 5 bis
[4-(2-phenyl-7-aminoquinoxaline) phenyl] 3, 4 diphenyl
thiophene (V) and 3 mL dry DMAc was added to the flask. The
mixture was stirred under nitrogen atmosphere till the dissolution
was complete. The reaction flask was cooled to 15�C with the help
of ice–salt mixture. 0.203 g (0.001 mol) isopthaloyl chloride was
added in two lots and stirring was continued for 2 h at 0�C. Then
the mixture was stirred for 12 h at room temperature; and then
neutralized with 0.075 g (0.00104 mol) lithium carbonate and
heated at 80�C, for 20 min. It was then degassed under vacuum
and the polymer was precipitated by adding reaction mixture to
excess of rapidly stirred methanol. The precipitated polymer was
filtered, washed with water and finally with methanol. It was dried
at 80�C under vacuum for 6 h. The yield of polymer (PA-I) was
99% and inherent viscosity of polymer was 0.66 dL/g.

Figure 3. 13C spectrum of new diamine (V).

Table 1. Synthesis of polyamides from new diamine (V).

Diacid chlorides mol %
Yield

Sr. No. Polymer code Diamine (V) mol % IPC TPC (%) Viscosityb Film formation

1 PA-I 100 100 00 99 0.66 Yes
2 PA-II 100 75 25 97 0.77 Yes
3 PA-III 100 50 50 100 1.44 Yes
4 PA-IV 100 25 75 98 1.17 Yes
5 PA-V 100 00 100 99 1.29 Yes

aPolymerization was carried out with 1 mmol each of diamine (V) with IPC and/or TPC.
bMeasured at a concentration of 0.5 g/dL in NMP at 30�C.
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3. Results and discussion

The synthetic route (Scheme 1 and Scheme 2) towards new
monomer and polymer only requires six steps and uses com-
mercially available raw material. In the present investigation the
phenylated thiophene containing diamino quinoxaline inte-
grated in benzene ring monomer prepared by friedel craft acyla-
tion of tetra phenyl thiophene with phenyl acetyl chloride
fallowed by oxidation of alpha methyl group with selenium
dioxide to yield 1, 2 diketone and it undergoes cyclization with
4-nitro-o-phenylenediamine to yield phenylated thiophene con-
taining quinoxaline dinitro compound. Then, the diamine was
obtained on the catalytic reduction of intermediate dinitro-com-
pound with hydrazine monohydrate and Pd/C catalyst in reflux-
ing mixture of ethanol and THF in high yields. The pure new
diamine was obtained by recrystallization from ethyl acetate
and n-hexane system. Diamines are valuable building blocks
for the preparation of thermally stable aromatic polymers
including polyimides. Copolymerization is an effective approach
to enhance the solubility and processability (26–29). Although
most soluble polymers have been prepared by combinations of
the structural modifications, it does appear that a pendant moi-
ety is a necessary prerequisite for enhancing solubility.

The 2, 5 bis [4-(2-phenyl-7-aminoquinoxaline) phenyl] 3, 4
diphenyl thiophene (V) monomer characterized by FTIR spec-
troscopy, 1H NMR and 13C spectroscopy. The FT-IR spectrum
of new diamine monomer is showed in figure 1. The primary
amine (-NH2) stretching are identified approximately at
3373 cm¡1. The aromatic C D C stretching vibrations from the
ring present a band at 1540 cm¡1. Low intensity peak presented
over the range of 2924 cm¡1 can be attributed to the aromatic

C-H stretching vibrations, the peak at 600–800 cm¡1 is charac-
teristic of the C-S bending vibrations, which indicates the pres-
ence of a thiophene ring. The proton NMR spectrum of 2, 5 bis
[4-(2-phenyl-7-aminoquinoxaline) phenyl] 3, 4 diphenyl thio-
phene (V) monomer (Figure 2) showed the NMR signal (b) at
4.54 d, corresponding to an primary amine (2H) group of the
amino quinoxaline and remaining all 17 protons (a) are aro-
matic in the range of 6.9 to 7.82 d. 13C NMR spectrum of new
diamine monomer showed 17 signals for different carbons in
monomer (figure 3). All the spectroscopic data values were in
good agreement with the proposed structures.

4. Polymerization

4.1. Synthesis of polyamides

A new series of aromatic polyamides were synthesized
(Scheme 2) by condensation of new diamine (V) with IPC and/
or TPC in different mol proportion by low temperature solu-
tion polycondensation in DMAc. The polymerization preceded
smoothly giving highly viscous solution. The resulting poly-
mers were precipitated by pouring the viscous polymer solu-
tions in methanol. The mol %, yields and viscosity data of
polyamides was presented in Table 1. All the polymers were
obtained in excellent yields (97 to 100%). The inherent viscosi-
ties of polymers were in the range of 0.66 to 1.44 dL/ g; indicat-
ing the formation of moderate to reasonably high molecular
weight polymers.

The structural features of the polyamides were character-
ized by FT-IR spectroscopy (figure 4). The infrared spectrum
of polymer PA-I showed characteristics absorption at 3350
cm¡1 (N-H stretching), 1502 cm¡1 (N-H bending), 1678
cm¡1 (amide C D O stretching). The proton NMR spectrum
of PA-I (Figure 5) showed the signals at 10.93 and 10.96 d,
corresponding to formation of a symmetrical amide linkage
of polyamide from synthesized new diamine monomer with
IPC / TPC. Remaining signals for aromatic protons were
appeared in the range of 6.9 to 8.72 d. A solubility character-
istic of polyamides is tabulated in Table 2. The solubility of
polymers was determined in different organic solvents. It is
observed that polyamides synthesized from new diamine
(V), exhibited better and partial solubility in various polar
aprotic solvents such as N, N-dimethyl sulphoxide (DMSO),
N, N-dimethyl formamide (DMF). All the polyamides (PA-I
to PA-V) completely soluble in N, N-dimethyl acetamide
(DMAc), N-methylpyrrolidone (NMP), pyridine, m-cresol
and Conc. H2SO4 etc. All the polymers were insoluble in
THF, CHCl3. Thus, better solubility of these polyamides as
expected; can be attributed to the introduction of pendant
phenyl moieties, in the polymer backbone.

Thermal behaviour of polymers was evaluated by means of
dynamic thermogravimetry and differential scanning calorime-
try. Table 3 incorporates the thermal data such as initial decom-
position temperature (Ti), 10% Wt. loss temperature (T10) and
residual weight at 900�C. The thermal stability of the polya-
mides was studied by thermogravimetric analysis (Figure 6) at a
heating rate of 10�C/min in nitrogen atmosphere. The initial
weight loss (Ti), temperature at which 10% weight loss (T10)
and char yields at 900�C were determined from the original

Figure 4. FT- IR spectrum of PA-I.

Table 2. Solubility behaviour of polyamides (PA-I to PA-V).

Solvents
Polymers DMF DMSO DMAc NMP m-Cresol Pyridine H2SO4 THF CHCl3

PA-I C- C- CC CC CC CC CC – –
PA-II C- C- CC CC CC CC CC – –
PA-III C- C- CC CC CC CC CC – –
PA-IV C- C- CC CC CC CC CC – –
PA-V C- C- CC CC CC CC CC – –

CC Soluble, C- partly soluble, – Insoluble.
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thermograms. Ti values range in between 348 to 357�C. T10 val-
ues range between 574 to 737�C, respectively. Residual weight
loss at 900�C was in the range of 68 to 72%. This shows that
the introduction of highly phenylated linkage with heterocyclic

quinoxaline unit into a polymer backbone improves solubility
without having much affected on thermal stability.

The polyamides had glass-transition temperatures in the
range of 158–229�C (figure 7). The glass-transition temperature

Figure 6. TGA curve of polyamides.

Figure 5. 1H NMR of PA-I.

Figure 7. DSC curve of polyamides.

Table 3. Thermal properties of polyamides (PA-I to PA-V).

Thermal Behavioura

Sr.No Polymers Ti Td Residual Wt% at 900�C Glass Transition Temperature (Tg)

1 PA- I 356 578 70 158
2 PA- II 352 574 68 166
3 PA- III 355 577 68 197
4 PA- IV 348 737 71 229
5 PA- V 357 635 72 —

aTemperature at which onset of decomposition was recorded by TG at a heating rate of 100C/min.
Td – Temperature of 10% decomposition Ti – Initial decomposition temperature.
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of PA-I was 158�C and of PA-II was 166�C. This shows that m-
catenation lowers the glass-transition temperature. Similarly Tg
value of PA-III shows 197�C. PA-IV and PA-V do not show Tg
values because of their rigid structures due to p substitution.

All the polyamides were characterized by wide-angle X-Ray
diffraction (WAXD) studies (Figure 8). It is observed that PA-
II, PA-IV and PA-V polymers exhibit amorphous nature but
PA-I polymer exhibit more amorphous in nature. More
enhancements in amorphous nature of polymer PA-III addi-
tionally may be attributed due to the random placement of
monomers, caused by combination of two monomers (TPC
and IPC) in copolymerization with novel monomer containing
pendent phenyl ring, which reduces the orderly arrangement of
polymer chains resulting in reduced crystallinity and leading to
amorphous nature.

5. Conclusion

A series of novel aromatic polyamides containing quinoxaline
units and tetraphenyl thiophene moiety with phenyl pendant
group in the polymer backbone were synthesized with the aim of
improving the solubility and processability of polymers. The
inherent viscosities of these polymers range from 0.66 to 1.44
dL/g. Most of these polymers are amorphous and partly soluble
or completely soluble in many organic solvents, such as DMAc,
NMP, m-cresol pyridine and H2SO4 etc. The Td’s for 10%
weight loss in nitrogen range from 574 to 737�C and had glass-
transition temperatures in the range of 158–229�C depending on
the exact polymer structure. Hence, based on these properties,
future perspective will be to make composites of these
polyamides with nanoparticles to improve electrochemical prop-
erties for applications such as supercapacitors, construction, etc.
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