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Preface 

Conjugated polymers are attractive materials due to the presence of continuous 

delocalization of π electrons in the polymeric backbone. They have possessed tunable 

molecular structure and unique properties suitable for various applications. The 

characteristic optical and electrical properties ensure their potential use in sensing, 

biological studies and electronic devices. Copolymerization of conjugated polymers 

allows the production of polymers in great diversities that can facilitate inherent 

properties of homopolymers. The controlled preparation of copolymers directs them 

straight into specific applications. Polyaniline have been emerged as an important 

conjugated polymer due to their advantageous reversible redox properties and electrical 

conductivities. Their applications spread across various fields including sensors, 

electronic devices like photovoltaic cell, solar cells, energy storage devices like 

supercapacitors, batteries, anti-corrosive coatings, electrochromic devices, water 

purification etc. Biological applications of polyaniline were limited due to their poor 

processability/solubility. Lack of fluorescence in polyaniline also restricted their 

broadened applications. Polyaniline derivatives possessed improved properties in some 

extents.  

In this work, synthesis and characterizations of processable poly-N-phenyl aniline 

derivatives and their applications in sensors, cell imaging, and anticounterfeiting areas 

were studied. Poly-N-phenyl aniline or polydiphenylamine and their composites were 

effectively used in electrochemical sensors and other applications based on their 

electrochemical and physicochemical properties. The studies on light absorption and 

fluorescence emission in poly-N-phenyl aniline or their derivatives were rare. The 

functional applications utilizing the optical properties of poly-N-phenylaniline derivatives 

were also not explored. The synthesis of highly fluorescent, conjugated and redox active 

poly-N-phenyl anthranilic acid and sensing of oxidizing analytes through fluorescence 

quenching were discussed in chapter 2. The redox sensitive fluorescence of the polymer 

was used to determine the micromolar quantities of ferrous ion by microscale redox 

titrations, which was described in chapter 3. In addition, an experiment was designed for 

the students of undergraduate courses to make them aware of benefits of microscale 

titrations using fluorometric indication method.  



The synthesis of poly-N-phenyl-o-phenylenediamine, which is a poly-N-phenyl 

aniline derivative, and their structural characterizations were given in chapter 4.  A 

colorimetric acid content sensor was developed based on the pH dependent color changes 

exhibited by the aqueous polymer solution. The state of charge in lead-acid batteries were 

also determined by utilizing the linear variation of absorbance of polymer with acid 

content. A copolymerization strategy using o-phenylenediamine was adopted to study the 

changes in the fluorescence emission and redox properties of poly-N-phenyl anthranilic 

acid. Prior to the copolymerization, homopolymer of poly-o-phenylenediamine, which is 

a polyaniline derivative, was synthesized and their fluorescence properties were studied in 

chapter 5. The oxidative fluorescence turn-off in poly-o-phenylenediamine was used for 

the silver ion sensing. The oxidative power selective fluorescence tuning in copolymers 

of N-phenyl anthranilic acid and o-phenylenediamine were described in chapter 6. Also, 

an emission tuning strategy was developed based on the variations in the reactivity of 

monomers towards copolymerization and pH dependent emission changes in 

homopolymers.  

The strong fluorescence emission of conjugated polymers in aqueous acidic 

medium was useful to impart fluorescence to non-fluorescent hydrophilic substrates. 

Chapter 7 describes the utilization of hydrophilic poly-N-phenyl anthranilic acid as a 

fluorescent dye to produce fluorescence in hydrophilic substrates by simple mixing of 

solutions and as an invisible ink. In addition, a comparative study on the nuclear targeting 

ability of polymer and monomer in cancer cells and normal cells were also carried out. 
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Abstract 

Polyaniline and their derivative are highly demanded conjugated polymers in 

opto-electronic, biomedical, and physico-chemico-mechanical fields due to their 

peculiar properties. In this work, poly-N-phenyl aniline derivatives were synthesized 

and their optical properties and some of their applications were studied. Fluorescent 

and colorimetric sensors based on poly-N-phenyl aniline derivatives working in water 

media were also developed. 

The main objectives of our work are as follows: - (1) synthesis, 

characterization, and applications of poly-N-phenyl anthranilic acid, (2) synthesis, 

characterization, and applications of poly-N-phenyl-o-phenylenediamine, (3) 

synthesis, characterization, and applications of poly-o-phenylenediamine, and (4) 

synthesis, characterization, and applications of copolymers of N-phenyl anthranilic 

acid and o-phenylenediamine. Synthesis of poly-N-phenyl anthranilic acid, poly-N-

phenyl-o-phenylenediamine, and poly-o-phenylenediamine was carried out with 

chemical oxidative polymerizations using FeCl3 as oxidizing agent in ethanol 

medium. Copolymers of N-phenyl anthranilic acid and o-phenylenediamine was also 

synthesized by chemical oxidative polymerization using FeCl3 as oxidizing agent in 

ethanol medium and their properties were compared with physical blends of 

homopolymers. General characterizations of polymers with proton nuclear magnetic 

resonance spectroscopy, Fourier transform infrared spectroscopy, powder x-ray 

diffractometry, and MALDI-TOF analysis were carried out. Thermal stability studies 

were done using thermogravimetry. Morphological studies of homopolymers, 

copolymer, and physical blend were carried out using field emission scanning electron 

microscopy. Fluorescence properties of poly-N-phenyl anthranilic acid and poly-o-

phenylenediamine were studied and the relationship between electrochemical redox 

states in polymer and fluorescence behavior were established. Fluorescent sensors for 

oxidizing analytes were developed using poly-N-phenyl anthranilic acid, poly-o-

phenylenediamine, and their copolymer. A colorimetric acid content sensor useful for 

state of charge determination in lead-acid batteries was developed based on poly-N-

phenyl-o-phenylenediamine. The fluorescent turn-off in poly-N-phenyl anthranilic 

acid and N-phenyl anthranilic acid with oxidizing agents were utilized for the 

quantitative estimations using microscale redox titrations with fluorometric 



indication. The studies on invisible dye like characteristics and cell imaging promised 

poly-N-phenyl anthranilic acid as an efficient material in anti-counterfeiting and 

biological fields.   

 

 

 

 

 

 



സംഗ്രഹം 

പ ോളിഅനിലിന ും അതിനറ്െ ഉത ്ന്നങ്ങള ും അവയ റെ 

പ് പതേക സ്വഭോവ സ്വിപേഷതകൾ മൂലും വിവിധ പമഖലകളിൽ 

ഉ പയോഗറെെ ത്തിയിരിക്ക ന്ന . പ ോളി-എൻ-ഫിനനൽ അനിലിനറ്െ 

ഉല ന്നങ്ങൾ നിർമിക്ക കയ ും അവയ റെ പ് പതേകതകൾ 

 ഠിക്ക കയ ും റെയ്ത . പ ോളി-എൻ-ഫിനനൽ ആപ്രനീലിക് ആസ്ിഡ്, 

പ ോളി-എൻ-ഫിനനൽ -ഓർപത്തോ ഫിനനലിൻനഡഅമിൻ, പ ോളി-

ഓർപത്തോ ഫിനനലിൻനഡഅമിൻ ത െങ്ങിയ പ ോളിറമെ കൾ 

റകമിക്കൽ ഓക്സിപഡറ്റീവ് പ ോളിമനെപസ്ഷൻ വഴി റഫെിക് 

പലോനെഡ് ഓക്സീകോരിയോയി ഉ പയോഗിച്ച എഥപനോൾ ലോയകത്തിൽ 

നിർമിച്ച . എൻ-ഫിനനൽ ആപ്രനീലിക് ആസ്ിഡിന്റെയ ും  

ഓർപത്തോ ഫിനനലിൻ നഡഅമിനറ്െയ ും പകോപ ോളിപമഴസ ും 

റകമിക്കൽ ഓക്സിപഡറ്റീവ് പ ോളിറമനെപസ്ഷൻ വഴി നിർമിച്ച . 

പ ോളി-എൻ-ഫിനനൽ ആപ്രനീലിക് ആസ്ിഡ്, പ ോളി-ഓർപത്തോ 

ഫിനനലിൻ നഡഅമിൻ ത െങ്ങിയ പ ോളിറമെ കള റെയ ും 

അവയ റെ പകോപ ോളിറമെ കള റെയ ും ഫ്ലൂെറസ്ന്െ് സ്വിപേഷതകൾ 

ഉ പയോഗറെെ ത്തി റസ്ൻസ്െ കൾ നിർമിച്ച . പ ോളി-എൻ-ഫിനനൽ 

ഓർപത്തോ ഫിനനലിൻ നഡഅമിനറ്െ  ിഎച്ച ് ന  അന സ്രിച്ച ള്ള 

നിെവേതേോസ്ും ഉ പയോഗറെെ ത്തി ആസ്ിഡ്്‌ റസ്ൻസ്ർ 

നിർമിക്ക കയ ും അത് ഉ പയോഗറെെ ത്തി റലഡ് ആസ്ിഡ്്‌ 

ബോറ്റെിയ റെ പേറ്റ ്ഓഫ് െോർജ ്കറെത്ത കയ ും റെയ്ത . പ ോളി-എൻ-

ഫിനനൽ ആപ്രനീലിക് ആസ്ിഡിറന നമപപ്കോ സ്്റകയിൽ 

റെപഡോക്സ് നെപപ്െഷനിൽ ഫ്ലൂപെോറസ്ന്െ് പെൺ ഓഫ് ഇൻഡിപക്കറ്റർ 

ആയ ും റസ്ൽ ഇപമജിങന് ും ആന്െി കൗറെർറഫയ്്‌റ്റിുംഗ്്‌ന ും 

അന പയോജേമോയ ഉല്പന്നമോയി ഉ പയോഗറെെ ത്ത കയ ും റെയ്ത . 
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1.1. Introduction to conjugated polymers   

 Conjugated polymers have emerged as unique polymeric materials with various 

applications like sensing, anti-corrosive coating, energy storage, electronic devices, and 

biomedical diagnosis. They possess advantage over ordinary insulating plastic materials in 

optoelectronic and conducting properties [1]. The presence of π conjugation in the polymeric 

skeleton made them distinctively different from other polymeric materials. Conjugated 

polymers also possess attractive features like light-weight, thermal/mechanical stability, 

flexibility and low cost of production. The popularity of conjugated polymers began in 

1977 with the discovery of the conductivity in polyacetylene film via doping. Alan J. 

Heeger, Alan G. MacDiarmid, and Hideki Shirakawa have bagged the Nobel Prize in 2000 

for developing electrical conductivity in polymers [2]. The studies on the synthesis and 

properties of conjugated polymers have opened a new dimension to create new devices and 

find novel applications. 
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Figure 1.1. Structures of parent conjugated polymers and some derivatives of polyaniline. 

The structural diversities in the backbone of conjugated polymers make them 

suitable for specific applications. Conjugated polymers with different structures have been 

synthesized. Important conjugated polymers are polyaniline (PANI), polyacetylene (PA), 
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polyphenylene (PP), polythiophene (PT), polyphenylenevinylene (PPV) and polypyrrole 

(PPy). The combination of electronic and optical properties has given them considerable 

attention in various technological areas. Their derivatives also gained research interest due 

to their enhanced properties compared to the parent compounds (See Figure 1.1.) Among 

the conjugated polymers, polyaniline and its derivatives have received much attention due 

to their conducting nature, electrochemical activities, and optical properties. They have 

been well-studied and employed in various fields [3, 4].  

1.2. Types of conjugated polymers 

 

Figure 1.2. Types of conjugated polymers. 

Conjugated polymers are of two types: conducting polymers and neutral conjugated 

polymers [5] (see Figure 1.2.). Conducting polymers can be further classified into 

intrinsically and extrinsically conducting polymers [6]. Intrinsically conducting polymers 

contain either delocalized charge carriers inherently or by doping of chemical reagents for 

electrical conductivity. In extrinsically conducting polymers, conductivity arises by 

introducing other conducting materials into the polymer. Neutral conjugated polymers 

mainly exist in non-conducting at neutral state and exhibiting attractive optical and 

electrical properties on doping, oxidation, or reduction. Neutral conjugated polymers can 

be grouped into different types based on their characteristic properties and applications: i) 

fluorescent conjugated polymers, ii) electrochromic conjugated polymers and iii) redox-

type conjugated polymers [7]. Examples of some of the parent conjugated polymers and 

their derivatives falling under different categories were given in Table 1.1. 
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Table 1.1. Examples of different types of conjugated polymers. 

Intrinsically conducting 

polymers 

Neutral conjugated polymers 

Doped conducting polymers Fluorescent conjugated 

polymer 

Electrochro

mic 

conjugated 

polymers 

Redox-type conjugated 

polymer 

Polymer Conductivity 

range  

on doping 

(S/cm) 

Polymer Quantum 

yield (ϕ) 

polymer Oxidation 

Potential  

(V) 

Polyacetylene 

 

102 - 103 [8] Poly-p-

phenylene 

vinylene  

 

0.14-

0.30 [15] 

Polypyrrole 

[23] 

 

 

Polyindole   

 

0.85 [22] 

Polyaniline 

 

2 - 45 [19] Polyfluorene  

 

0.30[16] 

Polythiophene  

 

5.9 - 200 [10]  Poly-o-

phenylenediam

ine  

 

0.18 [17] Polythiophene 

[24] 

 

MEH-PPV 

 

-0.65 [27] 

 

Poly-p-

phenylene 

vinylene  

 

10-4 – 10-3 [11] Poly-N-

vinylcarbazole  

 

0.11[18] Polyindole  

[25] 

 

Polypyrrole 

 

+0.2 [28] 

 

Poly-p-

phenylene  

 

10-10 - 102 [12] Poly-p-

phenylene 

ethynylene 

 

0.35-

0.40 [19] 

 

 Polyacetylene 

 

+0.65[29] 

Poly-o-

phenylenediam

ine  

 

10-7 - 10-4 [13] Polyindole  [22] 

 

10-3 [21] Poly-3,4-

ethylenedioxy

- 

thiophene   

(PEDOT) 

 

-0.6 [30] 

Poly-o-

anisidine  

10-4 -10-1 [14] Poly-2-

methoxy-5-(2'-

ethylhexyloxy)

-1,4-phenylene 

vinylene 

(MEH-PPV) 

0.20 [20] 
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1.2.1. Conducting polymers 

Most of the conjugated polymers are semiconducting in their pristine form. Their 

conductivity can be enhanced through doping by adding p-type or n-type dopants via the 

degree of doping. Conducting polymers were widely used in electrochemical sensing, 

batteries, supercapacitors and solar cells [31]. Polyaniline is one of the important conducting 

polymer, which exists in three different structures. In 1997, MacDiarmid suggested the 

existence of a fully reduced leucoemaraldine form, semi-oxidized emaraldine form and 

fully oxidized pernigraniline form of polyaniline [26, 32,33] (see Figure 1.3.). Polyaniline is 

conducting only in the doped emaraldine form, and all other forms are insulating. The 

conductivity of polyaniline can be enhanced from 10-10 S/cm (in basic emaraldine form) to 

10 S/cm (in doped emaraldine form) through acid doping [34]. Gupta et al. synthesized 

polypyrrole films and enhanced the conductivity of polypyrrole films via doping with an 

organic dye acriflavin hydrochloride [35]. The enhanced conductivity in other conjugated 

polymers by doping with suitable dopants was also reported [36,37].  

 

Figure 1.3. Different redox structures of PANI in doped and undoped states (Adapted from 

Malhotra et al. 2015). 
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1.2.2. Fluorescent conjugated polymers 

 

Figure 1.4. A) Photothermal image and confocal fluorescent image of MEH PPV for 

simultaneous absorption and emission measurement (Adapted from Hou et al. 2016). B) 

Reaction scheme for synthesizing polyfluorene derivatives and photographs of their 

emission (Adapted from Kuehne et al. 2012). 

The conjugated polymers with fluorescence properties have advantages like tunable 

emission and photoluminescent efficiencies. Strong fluorescence, high quantum yield, and 

high photostability are some of the characteristic properties of fluorescent conjugated 

polymers [38]. They have potential sensing applications for pollutants and metal ions, bio-

imaging, photodynamic treatments, light-emitting diodes, electronic displays and 

anticounterfeiting devices. The extended conjugation in the polymeric backbone provides 

narrow band gap, in which the light absorption results in the radiative energy transfer. The 

fluorescence efficiency of conjugated polymers is very much related to the extent of 

delocalization and polarizations of the polymer backbone and conformational changes 
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associated with polymers [39]. Thus, fluorescence efficiency in conjugated polymers can be 

easily tuned to the desired extent by controlling their conjugation and conformations. Bazan 

et al. studied the effect of polymer chain length and interchain contacts on the fluorescence 

quantum yield of poly-p-phenylene [40]. Kim et al. reported that fluorescent conjugated 

polymers with poly-p-phenylene backbone showing blue, green, and red emissions pointing 

to their applications in white illumination [41]. Huang et al. synthesized water-soluble 

fluorene-containing polyarylene ethynylens and studied the effect of water solubility on 

aggregation and photoluminescent efficiency [42]. Hou et al. measured the absorption and 

emission of poly-2-methoxy-5-(2-ethyl hexyloxy)-1,4-phenylene vinylene (MEH-PPV) 

simultaneously, which could provide information regarding radiative and non-radiative 

decays in the conjugated polymer  (see Figure 1.4.) [43]. Kuehne et al. synthesized several 

monodispersive polyfluorene derivatives and studied the fluorescence behavior of such 

polymers [44]. Thus, studies on the fluorescence properties of conjugated polymers were 

effective in modifying existing technologies and designing novel applications. 

1.2.3. Electrochromic conjugated polymers 

Electrochromic conjugated polymers have shown a reversible colour change in 

response to the electrochemical redox process, resulting from changes in the conjugated π 

electrons. The band gap in conjugated polymers can be controlled by doping-dedoping 

process so that their electrochromic behavior can also be altered. Electrochromic 

conjugated polymers have applications in multifunctional smart windows, optical filters & 

displays, electronic paper, and ophthalmic lenses [45, 46]. Watanabe et al. investigated 

electrochromism in polyaniline films which showed multiple colour changes from yellow 

to green and to blue upon electrochemical oxidation [47]. Qin et al. synthesized polyaniline, 

and its electrochromic property was enhanced by copper doping [48]. Nie et al. synthesized 

poly-5-formylindole film and studied its electrochromic properties. The polymer showed 

yellow colour on electrochemical reduction and green colour on electrochemical oxidation 

and was effective in developing electrochromic devices 
[49]. Nicho et al. reported the 

electrochromic properties of polythiophene derivatives, which showed a blue colour on 

electrochemical reduction and red colour on electrochemical oxidation [24]. Girotto et al. 

synthesized dodecyl sulfate doped polypyrrole, which showed high colouration efficiency 

and optical contrast suitable for ideal electrochromic material [50]. Similarly, the 

electrochromic properties of other conjugated polymers and their derivatives were also 

efficiently used in electrochromic devices. 
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1.2.4. Redox active conjugated polymers 

Redox-active conjugated polymer undergoes redox reaction on doping and de-

doping. They have been considered an important organic energy storage material and have 

been used for sensing various analytes. The presence of active redox states in conjugated 

polymers has been studied using a cyclic voltammogram. Huang et al. studied the 

electrochemical activity of polyaniline and confirmed the redox states in emaraldine form 

with the presence of two oxidation and two reduction peaks in the CV [51, 52]. Nie et al. 

determined the presence of reversible redox states in polypyrrole films (See Figure 1.5.) 

[53]. Qu et al. synthesized polyaniline containing quinone moiety and showed the existence 

of quasi-reversible redox states [54]. Vacca et al. prepared PEDOT: PSS thin film electrode 

and determined the presence of two redox peaks in cyclic voltammogram and its high 

capacitive behavior [55]. The electrochemical redox activities in other conjugated polymers 

have also been used for various applications.  

 

Figure 1.5. A) Cyclic voltammogram of polypyrrole film and B) redox reversible states in 

polypyrrole (Adapted from Nie et al. 2019).  
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1.3. Synthetic methods of conjugated polymers 

Conjugated polymers can be synthesized using various methods. Important 

synthetic methods involve chemical oxidative polymerization, electrochemical 

polymerization, and transition metal-catalyzed cross-coupling reactions.  

1.3.1. Chemical oxidative polymerization  

Most of the conjugated polymers like polyaniline, polypyrrole, polythiophene, 

polyphenylene and polyphenylenediamines have been synthesized by chemical oxidative 

polymerization in the presence of oxidizing agents. In this method, the oxidizing agent 

initiates the polymerization process through the formation of radical cations and these 

radical cations further react with other monomers to form polymers [34]  (see Figure 1.6.). 

Commonly used oxidizing agents are ferric chloride (FeCl3), ammonium persulfate (APS), 

silver nitrate (AgNO3), hydrogen peroxide (H2O2), and copper chloride (CuCl2). Chemical 

oxidative polymerization can be effectively used for the bulk production of polymers at a 

reasonable cost with good mechanical properties [56]. Conjugated polymers with different 

morphologies can be produced using chemical oxidative polymerization by simply varying 

the reaction conditions. Abu-Thabit et al. synthesized polyaniline via chemical oxidative 

polymerization using ammonium persulfate as an oxidizing agent for electronic textile 

applications [57]. Tang et al. investigated the effect of variation in the mole ratios of 

monomer, oxidizing agent, and acid required for the chemical oxidative polymerization of 

aniline [58]. Nanosheets and nanofibres of polyaniline were obtained by varying the mole 

ratios. Yussuf et al. synthesized polypyrrole by chemical oxidative polymerization using 

different oxidizing agents like FeCl3 and APS and investigated the effect of oxidizing 

agents on the conductivity and morphology of polypyrrole [59]. Durgaryan et al. synthesized 

poly-p-phenylenediamine by chemical oxidative polymerization using potassium 

persulfate in HCl medium and reported the formation of pernigraniline form similar to 

polyaniline [60]. Synthesis of conjugated polymers like polyindole, PEDOT, polycarbazole 

etc., have also been reported using chemical oxidative polymerization [61-63].  
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Figure 1.6. Basic oxidative polymerization mechanism for thiophene and pyrrole (Adapted 

from Rasmussen et al. 2020).  

1.3.2. Electrochemical polymerization 

Electrochemical polymerization of conjugated polymers can be performed either 

potentiostatically or potentiodynamically. The synthesis required a three-electrode set-up 

in which the electrochemical oxidation of monomers was carried out on a suitable anode. 

Radical cations of monomers were initially formed at the electrode by applying potential 

and then polymerization proceeds through radical coupling [64]. Electrochemical 

polymerization was effective for producing high molecular weight polymer films with short 

time periods, but low productivity and yield were the major disadvantages [57]. 

Electrochemical polymerization was adopted to synthesize polyaniline, polypyrrole, 

polythiophene, polyfuran, and poly-p-phenylene in polymer films with controllable 

thickness and morphology [65-69].  

1.3.3. Transition metal catalyzed cross-coupling reactions 

Transition metal-catalyzed cross-coupling reactions involve the coupling reaction 

between an aryl di-halogen monomer and another monomer in the presence of transition 

metal catalysts. The most common transition metal catalysts are organometallic complexes 

of nickel or palladium ions. Stille, Suzuki, Heck, Sonogashira, and Kumada coupling are 

transition metal-catalyzed reactions that produce conjugated polymers [64]. The synthesis 

involves three reaction steps: i) transition metal catalyzed oxidative addition reaction to 

carbon-halogen bond of monomer, ii) Transmetalation with organometallic nucleophile, 

and iii) reductive elimination leading to the product formation via carbon-carbon bond 

formation and regeneration of catalyst [70]. Conjugated polymers with high purity, high 

molecular weight, and controllable structures were obtained using transition metal-
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catalyzed cross-coupling reactions 
[64]. Synthesis of poly-p-phenylenevinylene, 

polyfluorene derivatives, polycarbozole derivatives and polythiophenes using transition 

metal catalysed cross-coupling reactions have been reported [71-74].  

1.4. Copolymerization method for conjugated polymers 

Copolymerization methods have been widely adopted to design conjugated 

copolymers with specific chemical structures and compositions with controllable physical 

and chemical properties. Thus, copolymerization can be considered as an effective method 

for polymer engineering at the molecular level [75]. Most conjugated copolymers have been 

synthesized by chemical oxidative copolymerization, electrochemical copolymerization, or 

free radical copolymerization. Spectroscopic characterization methods like fourier-

transform infrared spectroscopy (FT-IR), nuclear magnetic resonance spectroscopy 

(NMR), and elemental analysis can be used to determine the reactivity ratios of the 

copolymers so that the copolymer formation can be established [76-78]. Copolymers have 

been synthesized by varying monomer mole ratios to get desired properties suitable for 

specific applications. 

 

Figure 1.7. a) Cyclic voltammogram of polyaniline-co-polycarbazole demonstrating 

excellent cyclic stability, b) UV-visible absorption spectra of copolymers on applying 

potentials c) redox reversible colour changes shown by copolymer films and d) redox 

reversible states in copolymer (Adapted from Almitri et al. 2022).  
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 Almitri et al. synthesized a copolymer of polyaniline derivative with carbazole unit 

and 2,5-dimethyl-p-phenylenediamine, and resultant copolymers were used to fabricate 

electrodes for supercapacitor devices (see Figure 1.7.) [79]. Xu et al. synthesized 

copolymers of fluorene and thiophene and determined efficient charge transfer properties 

suitable for developing photovoltaic materials [80]. Gidron et al. synthesized copolymers of 

furan and thiophene and determined the high fluorescence, enhanced solubility, and 

formation of stable radical for copolymerization. Their suitability in optoelectronic 

applications were also studied [81]. Different chemical, electrochemical, and fluorescent 

sensors have also been developed based on copolymers. Hosseini et al. synthesized 

copolymer films of 3-methoxyethoxy thiophene with aniline, thiophene and pyrrole, and 

fabricated a gas sensor to detect gases like hydrogen halide, halogens, hydrogen cyanide 

by measuring mass and conductivity of copolymers [82]. Dominguez-Aragon et al. 

developed a colorimetric sensor based on poly-o-phenylenendiamine-co-aniline copolymer 

for measuring freshness of tilapia fish. The pH-responsive colour change of copolymer was 

effectively used for sensing volatile amines produced during fish spoilage [83].  

1.5. Applications of conjugated polymers 

1.5.1. Sensors 

Sensors can easily detect the presence of analytes or changes in the surrounding 

environment without interference. Conjugated polymers offer collective properties, which 

could be easily used to monitor slight perturbations. Conjugated polymers have gained 

much demand in developing various types of sensors like fluorescent, colorimetric, and 

electrochemical sensors. The properties of the conjugated polymers resulting from the 

delocalised electrons can be easily altered concerning intramolecular aggregation, energy 

transfer, conformational changes, and redox reactions induced by the analytes. Such 

changes could be easily utilized for developing sensors.  

 

Figure 1.8. Schematic representation of fluorescence turn-on in 

polyphenylenebutadiynylene in the presence of anions (Adapted from Sakai et al.2016). 
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Fluorescent sensors are one of the important chemical sensors in which the 

fluorescence emission detects the presence of an analyte. Fluorescent sensors contain 

receptors and fluorophores in which receptor moieties interact with analyte and 

fluorophores provide responses for this interaction [84]. Sensitive fluorescence properties 

and signal amplification make conjugated polymer-based fluorescent sensors advantageous 

over other sensors. Swager et al. demonstrated the amplification of fluorescence quenching 

in poly-p-phenyleneethynylene derivative with paraquat by energy migration [85]. Various 

conjugated polymers like poly-p-phenylenevinylenes, poly-p-phenyleneethynylenes, 

polyphenylenebutadiynylenes, polythiophenes, polyfluorenes were used to develop 

fluorescent sensors for detecting various metal ions, explosives, and pollutants. (see Figure 

1.8.). [86-88] 

 

Figure 1.9. PANI-based colorimetric sensor for detecting Hg2+ ions (Adapted from Si et 

al. 2016). 

Colorimetric sensors show changes in the light absorption properties of materials 

by the interation with the analyte. Colorimetric biosensors based on polythiophenes and 

polydiacetylenes have been developed to sense biological molecules, DNA, and proteins 

based on conformational changes [89]. Si et al. developed a polyaniline-based immobilized 

sensor for Hg2+ ions, which exhibits a colorimetric response for doping of Hg2+ ions in 

polyaniline (See Figure 1.9.) [90]. Chen et al. used poly-3, 4-propylenedioxythiophene as a 

colorimetric sensor to detect Fe3+ ions in water by disassembling inter-chain aggregates and 

conformational changes in polymer by Fe3+ ions [91]. 

Electrochemical sensors recognize the interaction between analytes and receptors 

by changing the electrical properties like conductivity, resistivity, and potential. 

Voltammetry, amperometry, potentiometry, impedimetry, and conductometry are the 

commonly used electrochemical techniques for analyte detection [92]. The redox-active 
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nature of polypyrrole and its derivatives were effectively used to develop potentiometric 

sensors, voltammetric sensors, and conductometric sensors of various heavy metal ions, 

neutral molecules, biomolecules, organic vapours etc [93]. Similarly, polythiophene 

derivatives and composites, polyaniline derivatives and composites, and polyindole 

incorporated composites have been utilized for developing electrochemical and biosensors 

[94-96]. 

1.5.2. Biological applications 

Water-soluble conjugated polymers have been widely used in biological and 

biomedical applications due to their biocompatibility, good optical properties, high 

photostability, high quantum yield, and ease of surface modification [97]. Polydiacetylenes 

and polythiophenes were used as biomarkers to diagnose microbial infections and tumors 

[98]. Fluorescent conjugated polymers like polyphenyleneethynylene derivatives, 

polyphenylenevinylene derivatives, and polyfluorene derivatives with or without specific 

targeting elements have been used effectively in vitro and in vivo cell imaging [99]. The 

hydrophobic backbones of conjugated polymers were suitable for encapsulating drugs, so 

they have been used for drug delivery. Photothermal conjugated polymers containing 

thiophene, cyclopentadithiophenes, benzodithiophenes as electron donors and 

bezodiathiazole, diketopyrrolopyrrole were used as electron acceptors in photothermal 

therapies [100].  

1.5.3. Electrical and electronic applications 

Conjugated polymers possessing good electrochemical properties, good 

conductivity and significant energy density are suitable for electrical applications like 

batteries and supercapacitors [34]. Polyaniline is an important candidate in supercapacitors 

due to its stable electrochemical redox properties and high specific capacitance [101]. Energy 

conversion and energy storage in conjugated polymers were due to their electrochemical 

redox activities and high conductivities make them suitable as electrodes in batteries. 

Polyaniline nanocomposites, sulfonated polyaniline, polypyrrole, and polythiophene were 

reported as suitable charge storage materials [102]. The ability of conjugated polymers to 

tune their electronic properties like charge transfer mobility, optical absorption, and tunable 

band gap allowed them to find suitable applications in organic photovoltaics, organic light-

emitting diodes, and field effect transistors [7]. Poly-3-substituted thiophenes have been 

designed with solution processability and structural regularity to provide high field effect 
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mobility suitable for organic field effect transistors [103]. Nanowires of polyaniline and 

polypyrrole based polymers were also effectively used in field effect transistors because of 

the higher carrier mobilities due to their ordered packing structures [104, 105]. Dialkyloxy 

substituted poly-p-phenylenevinylene and poly-3-hexyl thiophenes with strong light 

absorption and high photo conversion efficiencies were employed in photovoltaic cells [106, 

107]. Highly luminescent conjugated polymers like polyfluorene and its derivatives like 

MEH-PPV were used in organic light-emitting diodes [108]. 

1.5.4. Photocatalysis  

The conjugated conducting polymers with semiconducting band gaps were applied 

as a photocatalyst due to their metal-free nature, robustness, and visible and near-infrared 

light activities [109]. Muktha et al. used poly-3-hexyl thiophene and MEH-PPV to degrade 

textile dyes like alizarine and orange G [110]. Linear conjugated polymers like poly-p-

phenylene, and polypyrrole, nano-conjugated polymers, conjugated polymers with 

microporous structures, hybrids of conjugated polymers with metal oxides like polyaniline-

titanium dioxide, polypyrrole-titanium dioxide, poly-3-hexyl thiophene-titanium dioxide 

and hybrids of conjugated polymer with graphene have been developed as an efficient 

photocatalyst for dye degradation [109]. 

1.5.5. Anticorrosion applications 

Conjugated polymers have exhibited good anticorrosion efficiency in their 

conducting state and can store charges on the metal surface as a passive coating [111]. 

Conducting conjugated polymers like polyaniline, and their composites were used as a 

protective coating on iron, steel, and aluminium alloys for corrosion protection [112]. 

Polypyrrole and their derivatives with intrinsic corrosion properties have shown enhanced 

anticorrosion properties through anodic protection, cathodic protection, corrosion 

resistance and barrier effect [113]. Leon et al. used superhydrophobic and conductive 

polythiophene coatings to protect steel substrates by preventing water attack and inhibiting 

corrosion by shifting anodic corrosion potential [114]. Anticorrosion efficiencies of 

polyphenylenesulfide, polyphenylenediamines, and polyindole nanocomposites have been 

used as protective coatings [115-117].  
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1.5.6. Anticounterfeiting applications 

Conjugated polymers with fluorescence or stimuli-responsive colour changes have 

been used in anticounterfeiting fields due to their high stability. Liu et al. synthesized a 

conjugated polymer containing fluorene and azobenzene units in which the combination of 

photo-switchable azobenzene and thermally stable fluorene units developed photo-

responsive and thermally stable anticounterfeiting material (see Figure 1.10.). [118]. 

Thermochromic materials like polydiacetylenes and polythiophenes, which showed colour 

change with temperature, and thermo fluorochromic materials like poly-p-

phenylenevinylene, which showed fluorescence change with temperature, were suitable as 

anticounterfeiting materials. The optical changes of these materials were associated with 

variations in conformations, aggregations and degree of conjugations [20]. Duan et al. 

synthesized an alternate copolymer of p-phenyelene ethynylene and thienylene ethynylene 

containing spiropyran units. Reversible fluorescent emission changes in the polymer under 

UV and visible light via the foster resonance energy transfer mechanism were effective in 

anticounterfeiting applications [119]. Thermofluorochromic MEH-PPV and thermochromic 

polydiacetynes have also emerged as suitable anticounterfeiting materials [7,20]. 

 

 

 

 

 

 

 

 

Figure 1.10. A) Cis-trans isomerization of conjugated polymer containing azobenzene and 

fluorene units. B) Thermostability and C) photostability of dual patterns of conjugated 

polymer with azobenzene and fluorene units (Adapted from Liu et al. 2023). 

A 

C B 
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1.6. Poly-N-phenyl aniline derivatives 

Polyaniline is one of the exclusively studied and well-employed conducting 

polymers due to its strong electrochemical redox properties. The major drawbacks 

associated with polyaniline were its low processability, poor mechanical strength, and weak 

emission [120]. Copolymerization of aniline with other monomers, use of polyaniline 

derivatives and doping of polyaniline with long alkyl chain organic acids were adopted to 

overcome these limitations [121]. The structure, properties and applications of poly-N-

phenyl aniline or polydiphenylamine were reported. Chang et al. studied the formation 

mechanism and electrochemical redox properties of polydiphenylamine [122]
. (See Figure 

1.11.). Wen et al. reported the electrochemical synthesis of methane sulfonic acid doped 

polydiphenylamine with improved solubility [123]. Obrezkov determined the high energy 

density of polydiphenylamine and proposed its application in dual-ion batteries as a 

positive electrode [124].  

 

Figure 1.11. A) Polymerization mechanism for the formation of polydiphenylamine and B) 

structure of oxidized and reduced forms of polydiphenylamine (Adapted from Chen et al. 

2002). 

A few literature reports were available on the studies related to poly-N-phenyl 

aniline derivatives. The synthesis of poly-N-phenyl anthranilic acid by chemical oxidative 

polymerization and studies on their thermal stability and electroactivity were reported by 

Ozkan et al. [125, 126]. Abalyaeva et al. studied the electrochemical properties of poly-N-

phenyl anthranilic acid and proposed their applications for designing electrodes for 
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supercapacitors [127]. The electrochemical synthesis of poly-N-phenyl-o-phenylenediamine 

was reported by Coteralo et al. and Ojani et al. [128-129]. The optical and analytical properties 

of poly-N-phenylaniline derivatives and their functional applications were not explored. In 

this thesis, we have focused on the synthesis, properties, and applications of poly-N-phenyl 

aniline derivatives like poly-N-phenyl anthranilic acid, Poly-N-phenyl-o-

phenylenediamine, and copolymers of poly-N-phenyl anthranilic acid and poly-o-

phenylenediamine. 
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2.1. Introduction 

 Fluorescent molecules have gathered great attention in the past few decades, 

mainly due to their various applications in chemical and biochemical sensing, cell 

imaging, drug delivery, light-emitting diodes, medical diagnostics, and fluorescence 

technologies [1-4]. Fluorescence is described as a light emission phenomenon resulting  

from UV or visible light absorption. Sir Fredrick William Herschel et al. reported the 

fluorescence from quinine solution in 1845 [5]. Some materials have inherent fluorescence 

in their natural form, like chlorophyll, vitamin A, fluorite, calcite minerals, and 

gemstones like rubies and emeralds. Most organic materials were made fluorescent by 

chemical preparation/treatment [6-8]. Fluorescence emission is highly dependent on the 

environment of fluorophores, so they are highly sensitive to various physical and 

chemical conditions like pH, pressure, temperature, electrochemical potential, hydrogen 

bonding, and the presence of specific molecules [9-11]. 

 

Figure 2.1. Schematic representation of different types of fluorescent materials available 

as sensors. 

Fluorescent materials like inorganic quantum dots, metal nanoclusters, proteins, 

carbon quantum dots, dye-modified silica nanoparticles, conjugated polymers, and metal-

organic frameworks have been effectively utilized for the development of fluorescent 

sensors due to their high sensitivity (see Figure 2.1.)[12-16]. Due to their high demand in 

these fields, an enormous amount of work was dedicated to these fluorescent 

nanomaterials [9, 10]. The response or mode for analyte sensing in fluorescence-based 

sensors involves fluorescence turn-on (enhancement), fluorescence turn-off (quenching) 
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and shift in fluorescence emission wavelength. Fluorescence sensing may involve any one 

of the mechanisms like foster resonance energy transfer (FRET), intramolecular charge 

transfer (ICT), photoinduced electron transfer (PET), and aggregation-induced emission 

(AIE) [17, 18] (see Figure 2.2.). Fluorescence turn-off can be either due to static or dynamic 

quenching or a combination of static and dynamic quenching mechanisms. Mechanistic 

approaches of analyte sensing are relevant for further development of fluorescent sensors. 

The limitations like water insolubility of fluorescent organic molecules, heavy metal 

toxicity of quantum dots, weak signal due to external interferences in fluorescent metal-

organic frameworks (MOF), low selectivity and low photoluminescent efficiencies were 

some of the significant obstacles in the development of fluorescence-based sensors [19-21]. 

 

 

 

 

 

 

Figure 2.2. Schematic representation of possible mechanisms in fluorescent sensors. 

(Adapted from Tian et al. 2021). 

The fluorescent conjugated polymers possess advantages over small fluorescent 

molecules in mechanical/thermal stability and resistance to colour or fluorescence 

bleaching due to many repeated monomer units [22]. Synthetic strategies of fluorescent 

conjugated polymers include the polymerization of fluorescent monomers or non-

fluorescent monomers via metal-catalyzed polymerization reactions, oxidative chemical 

polymerization reactions and electrochemical polymerization reactions or the use of 

fluorescent initiator or chain transfer agents [23-25]. The introduction of fluorophores as 

side chains into the polymer backbone was also reported for the development of 

fluorescent conjugated polymers [26].  

Fluorescent-conjugated polymers function as a signal-amplified smart material 

due to the perfect combination of fluorescence and other characteristic properties. 
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Therefore, they have been employed to develop bio-sensors, chemo-sensors, 

environmental sensors, optoelectronic devices and solar energy systems [27]. Sensors 

based on fluorescent conjugated polymers have great potential due to their high detection 

sensitivity, high selectivity, quick response and real-time detection. The fluorescence of 

particular conjugated polymers may depend on the synthesis method, reaction conditions, 

and surrounding environment. The changes in the electronic energy levels or electron 

transport associated with the interaction between fluorescent conjugated polymer and 

analyte could also affect the fluorescence. [28] The modes of sensing actions available in 

conjugated fluorescent polymers were fluorescent turn-off via quenching of fluorescence 

and fluorescence turn-on via suppression of fluorescence quenching and fluorescence 

colour change in the presence of analyte molecules, which are similar to the other 

fluorescent systems (see Figure 2.3.). Mechanisms like photo electron transfer (PET), 

intramolecular charge transfers (ICT) and electronic energy transfer have been reported 

for the development of efficient conjugated polymer-based fluorescence sensors [29].  

 

 

 

 

 

 

 

Figure 2.3. Mechanisms and detection modes involved in fluorescent conjugated 

polymer-based sensor. 

The first fluorescent conjugated polymer sensor was developed by Zhuo et al. 

using poly para-phenylenethylenes for the detection of paraquat (methyl viologen) by 

introducing the concept of enhanced sensitivity through amplified fluorescence in 

conjugated polymers [30]. Various fluorescent conjugated polymers have been used to 

develop fluorescent turn-off sensors of different analytes with low limit of detection 

(LOD). Yu et al. used pyrazole and benzothiadiazole-based conjugated porous polymers 
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for the sensing of amines with turn-off behavior (see Figure 2.4.A) [12]. Hu et al. 

developed a fluorescent turn-off sensor of uranyl ion (UO22+) based on amidoxime 

groups and polyfluorenes (see Figure 2.4.B) [32]. Reversible fluorescence sensors have 

received more attention due to their enhanced selectivity and multiple analyte detection 

ability. The conjugated polymers like polyfluorenes, polythiophenes, and poly 

phenyleneethynylenes, which have intrinsic fluorescence emission, were used to develop 

reversible fluorescence sensors for multi-analyte detections (see Table 2.1 and Figure 

2.5). 

 

 

 

 

 

Figure 2.4. Conjugated polymer-based fluorescent turn-off sensors for the detection of 
analytes. A) pyrazole and benzothiadiazole-based conjugated porous polymers for 
sensing amines (Adapted from Yu et al. 2020). B) Polyfluorenes and amidoxime groups 
containing fluorescent polymer for the sensing of uranyl ion (UO2

2+)( Adapted from Hu et 
al. 2021). 

Table 2.1. Conjugated polymer-based reversible fluorescent sensors for detecting 
analytes, the limit of detection, mechanism and sensing mode reported in the literature.  

Sl.

No. 

Fluorescent 

conjugated 

polymer 

Analyte LOD Mechanism Mode of sensing Ref 

1 Polyfluorene 

bearing sulfate 

functional group 

Cu2+ & 

CN-  

2.5 & 

6 µM 

- Reversible Turn-off 

with Cu2+ and turn-

on with CN- 

33 

2 Poly phenylene 

vinylene with 

sulfonated side 

chain 

Methyl 

viologen 

& Avidin 

10-9 M 

& 

1.2×10-8 

M 

Aggregation Reversible turn-off 

with methyl 

viologen & turn-on 

with avidine 

34 

3 Polyfluorene with 

sulfonated side 

Ascorbic 

acid 

50 nM Scavenging 

mechanism 

Reversible turn-off 

with cationic 

35 

A B 
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chain nitroxide radical 

and turn-on with 

ascorbic acid. 

4 Polyquinolines Ag+ - Inter-polymer 

aggregation  

Reversible turn-off 

with Ag+ and turn-

on with aqueous 

ammonia. 

36 

5 Polythiophene 

contain thymine 

moiety 

Hg2+ 30 µM Inter-polymer 

aggregation 

Reversible turn-off 

with Hg2+ and turn-

on  with Cl-. 

37 

6 Polyfluorene 

derivative with 

aldehyde and 

trifluoroacetyl 

units 

Aromatic 

amines 

0.52 ppb Photoinduced 

electron 

transfer 

Reversible turn-off  

with aromatic 

amines and turn-on 

with primary 

aliphatic amines 

38 

7 2-Methyl-acrylic 

acid 10-(4-{2-

[2,5-

dimethyloxy-4-

(2-pyridine-4-yl-

vinyl)-phenyl]-

vinyl}-phenoxy)-

decyl ester 

Cu2+  - Static 

quenching 

Reversible turn-off 

with Cu2+ and turn-

on with 1,1,4,7,7-

pentamethyldiethyl

enetriamine 

39 

8 Polyfluorene 

derivative 

Cu2+ 5 µM Electron or 

energy transfer 

Reversible turn-off  

with Cu2+ and turn-

on with EDTA 

40 

9 Polyfluorene 

derivative 

Fe3+& F_ 5.3µM,  

& 

6.78 µM 

Metal to ligand 

charge transfer 

(MLCT) 

Reversible turn-off 

with Fe3+ and turn-

on with F_ 

41 

10 Poly-phenylene 

ethynylene 

TNT 10 µM Static 

quenching 

Reversible turn-off 

with TNT and turn-

on with 

Ethanol/water 

42 

11 Poly ethylene 

glycol- 

salicylidine 

Schiff base 

Al3+  4.05 × 

10−9 M 

Photoelectron 

transfer  

Redox reversible 

Turn-off with Al3+ 

and turn-on with 

EDTA 

43 
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Figure 2.5. A) Reversible fluorescence turn-off in fluorescent conjugated polymer with 

Cu2+ ions and turn-on with PMDTA (Adapted from Chu et al. 2011). B) Reversible 

fluorescence turn-on in conjugated polymer probe with Al3+ ions and turn-off with EDTA 

(Adapted from Bai et al. 2019). 

Redox states of the conjugated polymers were used for sensor applications due to 

their different optical, electrical, mechanical or chemical properties produced in redox-

susceptible conditions. The redox-active fluorescent conjugated polymers were more 

effective in optical sensors, as the redox reaction with redox analytes can easily switch 

their fluorescence. Zhao et al. developed a fluorescent turn-off antioxidant sensor based 

on conjugated polymer dots, in which the reversible surface redox process in polymer 

with antioxidants was responsible for the fluorescence quenching. [44]. Li et al. developed 

six luminescent conjugated polymers which showed reversible redox reactions in the 

presence of Fe3+ and H2O. The reversible colour and fluorescence modulation, resulting 

from redox reactions, was used for multi-colour and multi-fluorescence printing. [45]  

In this chapter, we have developed a fluorescent poly-N-phenyl anthranilic acid 

(PNPA) polymer with redox properties to sense various oxidizing agents in an aqueous 

acidic medium. Chemical or biochemical colorimetric sensors working in aqueous media 

have the added advantage of a non-toxic and universal solvent system for analytical 

applications. We have synthesized a poly-N-phenyl anthranilic acid (PNPA) 

homopolymer via chemical oxidative polymerisation using ferric chloride as oxidizing 

agent in ethanol solvent. The structural characterization of monomer and polymer has 

been carried out by nuclear magnetic resonance spectroscopy (1H-NMR) and fourier 

transform infrared spectroscopy (FT-IR). The powder X-ray diffraction studies have 

revealed intense crystalline peaks corresponding to monomer (NPA) and broad low-

intensity peaks corresponding to the amorphous domain of polymer (PNPA). 
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Thermogravimetric analysis revealed that polymer (PNPA) has more thermal stability 

than monomer (NPA), especially for higher temperatures. The good solubility of 

monomer and polymer in sulphuric acid and sodium hydroxide solutions enabled us to 

study absorption and emission properties in aqueous solutions. Analytes like Ce4+, MnO4
- 

and Cr2O7
2- ions were studied by fluorescence quenching of PNPA with a naked-eye 

fluorescence detection, UV-visible absorption spectra and spectrofluorometry. The redox 

reaction between the reduced form of poly-N-phenyl anthranilic acid (PNPA-H) and 

oxidizing analytes have been contributed for the fluorescence quenching action. The non-

fluorescent oxidized PNPA-H was reduced back to fluorescent PNPA-H with reducing 

biomolecules like ascorbic acid, indicating the system's redox reversibility. In short, we 

have synthesized and characterized efficient redox-active, fluorescent poly-N-phenyl 

anthranilic acid conjugated polymer and successfully demonstrated its use in quantitative 

sensing of analytes via fluorescent quenching.  

2.2. Experimental 

2.2.1. Materials and Reagents:  N-Phenyl anthranilic acid (97%) was purchased from 

LOBA chemicals and purified by double recrystallization using acetone as solvent. 

Anhydrous ferric chloride (FeCl3) was purchased from Sigma Aldrich. Ammonium 

cerium (IV) sulphate dihydrate GR, potassium permanganate, potassium dichromate GR, 

acetone and concentrated H2SO4 (98%) were purchased from Merck Chemicals, India. 

Double distilled ethanol and deionised water were used to synthesize and purify polymer.  

2.2.2. Measurements and Instruments: Proton nuclear magnetic resonance (PNMR) 

spectra of the samples were recorded using a 400 MHz Bruker Avance III NMR 

Spectrophotometer in CDCl3 solvent using TMS as an internal standard. The FT-IR 

spectra of the samples were recorded by Shimadzu FT-IR spectrometer using KBr pellet 

method. The elemental analysis (CHN) of the samples were recorded by elementar vario 

EL III. Thermogravimetric analysis (TGA) of the samples was measured by Perkin 

Elmer, Diamond TG/DTA in an inert atmosphere of nitrogen gas at a heating rate of 10 

°C per minute. Powder wide-angle X-ray diffraction of the samples was measured using 

Anton Paar, TTK 450 diffractometer in the range of 2θ values between 3 to 80°. UV-

Visible spectra of the samples were recorded by Shimadzu UV-Visible spectrometer 1800 

series in the 200-800 nm range with deionised water. Fluorescence emission of the 

polymer samples was checked using long wave UV light (λ =365 nm) in a Rotek UV 
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inspection cabinet of 230 Volts. The polymer-specific viscosity (ηsp) was measured using 

Ostwald’s U-tube viscometer by taking ~ 0.25 w/w % of samples in ethanol. Polymer 

molecular weight determination of the PNPA samples has been carried out using 

Ultraflextreme MALDI-TOF/TOF from Bruker Daltonics using 2, 5-dihydroxy benzoic 

acid (DHB) matrix. Cyclic voltammetric studies of polymer were performed using Ivium 

compactStat electrochemical interface consisting of a three-electrode electrochemical cell 

in which Ag/AgCl is used as the reference electrode, small platinum wire is used as the 

counter electrode, and glassy carbon is used as the working electrode. Potentiometric 

titrations were performed using a digital potentiometer of model DP001. Electrical 

conductivity of the sample was measured using DFP-RM-200 with constant current source 

Model CCS-01 and DC microvoltmeter. Fluorescence emission spectra of the samples were 

recorded in FluoroMax-4. The fluorescence quantum yield (Фf) was determined by a 

relative method by using quinine sulfate (Фf = 0.53) as a reference in 0.1M H2SO4. The 

optical density of the solutions was kept below 0.1 absorbance and excited at 366nm. The 

quantum yield was calculated by using the following equation.  

𝑄 = Qୖ  
I

  Iୖ 
 
ODୖ 

  OD  
 

η  

   ηଶ
ୖ 

  

 

Where Q, I, η and O.D represent fluorescence quantum yield, integrated intensity, 

refractive index of the solvent, absorbance of the solution and subscript ‘R’ denotes the 

reference fluorophore. 

2.2.3. Synthesis of Poly N-phenyl anthranilic acid (PNPA): The recrystallized 

monomer N-phenyl anthranilic acid (0.5 g, 2.34 mmol) was dissolved in 15 ml double 

distilled ethanol. Anhydrous FeCl3 (0.57 g, 3.52 mmol) dissolved in 5 ml ethanol was 

added to monomer solution dropwise at 30oC, and the polymerization was allowed to 

proceed for 2 hours without any disturbance. The blue polymer solution was precipitated 

into deionised water, filtered, and washed first with water and then many times with a 

water-acetone mixture until the filtrate became colourless. The dark blue powder was 

dried in a vacuum oven at 60oC for 3h. Yield = 0.382 g (76.4 %). 1H NMR (400 MHz, 

CDCl3) δ: 7.47 (m, 6H, Ar-H), 6.32 (m, 8H, Ar-H). FT-IR (KBr, cm-1): 3347, 3038, 1601, 

1582, 1504, 1451, 1393, 1272, 1153, 753 and 503 cm-1. Element analysis (anal., wt %): 

C, 63.42; H, 4.27; N, 5.79. 
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2.2.4. Preparation of PNPA-H solution (1×10-5 M): Poly N-phenyl anthranilic acid 

(9.70 mg, 0.046 mmol) was dissolved in 10 ml of conc. H2SO4 (18 M) using a sonicator. 

A dark blue-colored solution of PNPA-H was obtained. The above prepared PNPA-H 

solution (0.3 ml) was added to a 100 ml standard flask and then made up to 100 ml using 

deionised water. 

2.2.5. Electrochemical studies: PNPA (9.70 mg, 0.046 mmol) was dissolved in 10 ml of 

conc. H2SO4 (18 M) using a sonicator to obtain 4.6×10-3 M PNPA-H solution. The above 

solution (5.0 mL) was added to a 10 mL standard flask and then made up to 10 mL using 

deionised water to obtain a 2.3×10-3 M PNPA-H solution. Similarly, 2.3×10-3 M NPA-H 

solution was prepared by dissolving 9.79 g NPA in 10 ml of conc. H2SO4, followed by 

the dilution of 5 mL of the above solution to 10 mL using deionised water. The cyclic 

voltammogram of 2.3×10-3 M PNPA-H solution and NPA-H solution was recorded using 

three electrodes electrochemical cell set up in which PNPA-H and NPA-H solution were 

used as electrolyte.  

2.3. Results and Discussion 

2.3.1. Synthesis of Poly-N-phenyl anthranilic acid  

Poly-N-phenyl anthranilic acid has been synthesized via oxidative chemical 

polymerisation of N-phenyl anthranilic acid using anhydrous ferric chloride as oxidizing 

agent in ethanol solvent (see Figure 2.6.). The dark blue polymer powder obtained was 

soluble in organic solvents like acetone, ether, chloroform and ethanol. Although 

monomer and polymer were insoluble in water, they are soluble in basic sodium 

hydroxide (~1 to 5 M) and sulphuric acid medium at moderate and high concentrations (~ 

9 to 18 M). Poly-N-phenyl anthranilic acid contains an ionisable carboxylic acid group, 

which loses its protons at basic pH to become carboxylate anionic side groups. On the 

other hand, the polymer becomes partially protonated in acidic pH on the secondary 

amine group contained in the polymer backbone. 
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Figure 2.6. Schematic representation of the synthesis of PNPA using chemical oxidative 

polymerisation using FeCl3, and the photographs of PNPA in acid and basic media. 

2.3.2. Structural characterization of PNPA 

The good solubility of the polymer in basic and acidic solution was due to the 

electrostatic attractive forces between polymer and solvent that overcome the repulsive 

forces [46]. The proton NMR spectra of NPA and PNPA were recorded in CDCl3 have 

shown in Figure 2.7. The doublet present at 8.03 - 8.06 ppm was assigned to aromatic 

proton Ha. The downfield shift of this aromatic proton may be due to the presence of an 

electron-withdrawing group at its ortho position. The Hc proton and two Hf protons are 

overlapped and formed as a multiplet with a chemical shift in the range 7.28-7.33 ppm. 

The multiplet in the range 7.20-7.25 ppm was assigned due to two He protons. The Hd 

proton shows doublet in the range 7.21-7.23 ppm. Both Hb and Hg protons form a triplet 

due to the coupling of two neighbouring protons in the region 7.11-7.15 ppm and 6.74-

6.77 ppm, respectively.[47] The peak at 9.29 ppm of the monomer was assigned to the N-H 

proton [48]. In the case of polymer, H1, H2 and H3 protons present in substituted benzene 

have shown multiplet in the region 7.47 - 8.01ppm in addition to solvent peak at 7.26 

ppm. The benzenoid protons H4, H5 and H6 also showed multiplet in the region 6.32-6.59 

ppm due to the coupling of neighbouring protons and the overlapping of peaks.  
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Figure 2.7. 1H NMR spectra of NPA and PNPA in CDCl3. 

The monomer (NPA) and polymer (PNPA) were characterized by FT-IR spectroscopy 

by making thin pellets of samples with KBr powder (see Figure 2.8.A.). The monomer 

showed characteristic strong peaks at 1665, 1576, 1503, 1438, 1324, 1255 and 1156 cm-

1corresponding to C=O stretching, aromatic ring stretching, C=C stretching, carboxylic-

OH bending, C-N stretching, C-O stretching and C-H stretching respectively.[47-48] The 

peaks at 745 and 694 cm-1 were due to aromatic C-H out-of-plane bending vibrations, 

characteristic bands of substituted phenyl rings.[49, 50] The polymer PNPA has also shown 

characteristic peaks at 1601, 1582, 1504, 1451, 1393, 1272, 1153, 753 and 503 cm-1 

corresponding to C=O stretching, aromatic ring stretching, C=C stretching, carboxylic-

OH bending, C-N stretching, C-O stretching, C-H in-plane bending in benzenoid rings, C-

H out of plane bending and N-H out of plane bending respectively.[47, 51-55] The structural 

difference between monomer and polymer was clearly evident from the C-N stretching, 

C-O stretching and carboxylic-OH bending which have different peak positions (see 

Figure 2.8.A). The polymer and monomer have shown characteristic peaks of N-H 

asymmetric stretching and broad O-H stretching of carboxylic acid at 3347 cm-1 and 3038 

cm-1, respectively. [47, 53] Specific viscosity of monomer and polymer (PNPA) in ethanol 

solvent was measured using Ostwald’s U-tube viscometer, and its value was found to be 

0.01 and 0.08 (± 0.005), respectively, at 28°C. The specific viscosity of the polymer 

indicates the formation of a low molecular weight polymer rather than a very high 

molecular weight polymer. MALDI-TOF analysis of the PNPA has been carried out using 

a 2,5-dihydroxy benzoic acid matrix to find the number of repeating units and confirm 
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polymer formation (see Figure 2.8.B). The polymer molecular ions peaks of PNPA have 

been repeated at regular intervals of m/Z equal to 211 for molecular formula (C13H9NO2)n 

and on an average 6-7 repeating units (mass in the range 832 -1870 amu) were present. 

The other repeating peaks of equal mass difference corresponding to polymer adducts and 

fragmented peaks were also observed. The molecular weight of polymers of aromatic 

amines synthesised via chemical oxidative polymerisation were depending on the reaction 

conditions. The molecular weight of polymers was increasing upon increase in the 

production of monomer radical cations and decrease in the monomer to oxidising agent 

mole ratio due to the generation of primary chain aggregates. Also, strong oxidising 

agents have a tendency to form hight molecular weight polymers [80]. Here, the adopted 

reaction conditions produced low molecular weight polymer. They are sufficient for the 

sensing studies in aqueous acidic medium due to the ease of processability. Also, 

quantitative sensing studies are more efficient with low molecular weight polymers. The 

synthesized PNPA existed as a non-conducting conjugate polymer. However, the dried 

PNPA polymer, after dipping in concentrated sulphuric acid, has shown electrical 

conductivity of 4.8 × 10-5 S/cm. 

 

Figure 2.8.A) FT-IR spectra of NPA and PNPA and B) MALDI-TOF spectra of PNPA. 
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 Figure 2.9. A) Powder XRD diffractogram and B) TGA thermogram of NPA and PNPA. 

The powder X-ray diffraction studies provide information regarding the 

amorphous, crystalline or semicrystalline nature of the samples. X-ray diffraction patterns 

of monomer N-phenyl anthranilic acid (NPA) and poly-N-phenyl anthranilic acid (PNPA) 

were shown in Figure 2.9.A. The recrystallized monomer N-phenyl anthranilic acid has 

shown sharp crystalline peaks at 2θ values 6.5, 11.4, 17.13, 19.5, 22, 26, 27 and 30°. 

Poly-N-phenyl anthranilic acid (PNPA) samples do not have sharp crystalline peaks; 

instead, they show less intense peaks from broader regions (see inset for expanded 

diffractogram of PNPA). The polymer has shown a lower angle peak centered at 2θ = 

6.10, corresponding to the organized polymer domains. The presence of a less intense 

peak, as well as broad nature in the 2θ range 17 to 30°, showed the weak interchain 

interactions and amorphous nature of the polymer similar to the parallel and 

perpendicular periodicity of polymer chain in polydiphenylamine and polyaniline. [54, 56-60] 

The thermal stability of monomer and polymer was recorded by thermogravimetric 

analysis by heating the samples in a nitrogen atmosphere up to 700°C. The monomer 

showed 10% weight loss at 218 °C and then a sudden weight loss of 50% was observed 
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on increasing temperature to 250 °C (see Figure 2.9.B). The polymer has shown 10 % 

weight loss at 230 °C and then slowly loses 55 % weight on increasing temperature to 

360°C. The thermal stability of the polymer was higher than that of the monomer, 

especially for higher temperatures. [61, 52-55]. 

The good solubility of the monomer and polymer in sodium hydroxide solution 

enabled us to record the UV-visible absorption spectra of samples in the basic aqueous 

medium. The absorption spectra of polymer and monomer at different concentrations 

have been recorded in sodium hydroxide denoted by PNPA-Na and NPA-Na, respectively 

(see Figure 2.10.A. and 2.10.B.). Dark blue-coloured PNPA changes to a yellowish-

brown solution upon adding sodium hydroxide, whereas colourless NPA does not change 

its colour. Two peaks were observed for both NPA and PNPA at 288 nm and 339 nm, 

corresponding to benzenoid (π-π*) and extended π-π* transition of conjugated phenyl 

rings in reduced amine. [62, 63]  

 

Figure 2.10. UV-visible absorption spectra of A) PNPA and B) NPA in sodium hydroxide 

(2 M) with photographs in the insect. 
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Concentration-dependent absorption spectra of polymer PNPA-H in sulphuric acid 

have been recorded for different concentrations of polymer by varying its concentrations 

from 1.0 × 10-4 to 4.6 × 10-6 M (see Figure 2.11.A.). The UV-visible absorption spectra 

of PNPA in sulphuric acid was denoted as PNPA-H, have shown a sharp benzenoid peak 

at 254 nm and a broad absorption band with vibronic peaks at 363, 387 and 404 nm 

corresponding to protonated conjugated polymer structure (see Figure 2.11.A.) [49]. The 

PNPA-H has not shown any shift in peak position with a change in concentration. The 

UV-visible absorption spectra of NPA-H in sulphuric acid have also shown two 

absorptions, one at 254 nm corresponding to benzenoid transition and a broad vibronic 

peak at 404 nm corresponding to extended π -π* transition. The absorption spectra of 

NPA and PNPA in organic solvents like chloroform have shown two absorption maxima 

at 290 nm and 358 nm corresponding to benzenoid and extended π -π* transition, 

respectively (see Figure 2.11.B) [64]. The absorption corresponding to the oxidized 

quinoid unit (above 620 nm) was absent in the polymer structure, indicating the neutral 

reduced state of the polymer [52, 65]. It was interesting to see a blue shift of 20 nm in basic 

conditions and red shift of 50 nm in acidic conditions with respect to absorption obtained 

for 358 nm peak in chloroform.  

 

Figure 2.11. A) UV-visible absorption spectra of A) NPA-H and PNPA-H having 

different concentrations in sulphuric acid and B) NPA and PNPA in chloroform. 
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The electrochemical activities of NPA-H and PNPA-H were studied by recording 

the cyclic voltammogram of NPA-H and PNPA-H solutions using a glassy carbon 

working electrode (see Figure 2.12.). The NPA-H solution has shown an anodic peak at 

+1.24 V corresponding to the oxidation of dimerised NPA having diphenyl benzidine 

dicarboxylic acid unit to oxidized NPA having diphenyl diquinoid dicarboxylic acid [74,76]. 

On a reverse sweep, the cathodic peak at -0.42 V corresponds to the reduction of 

dimerised NPA units. The PNPA-H solution has shown two redox peaks in the positive 

potential sweep, which arose due to coupled proton and electron transfer within the 

polymer structure. The anodic peaks at +0.60 V and +0.84 V were due to the oxidation of 

PNPA from diphenyl benzidine dicarboxylic acid units to diphenyl diquinoid dicarboxylic 

acid units similar to NPA. In the cathodic sweep, two reduction peaks at +0.74 V and -

0.32 V were obtained, corresponding to the reduction of oxidized PNPA-H. Redox 

reversible peaks in the cyclic voltammogram of NPA-H and PNPA-H confirmed the 

existence of electroactive states. The less anodic peak potential of PNPA-H than the 

NPA-H indicated more feasibility towards oxidation. 

 

 

 

 

 

 

Figure 2.12. Cyclic voltammogram of A) NPA-H and B) PNPA-H. 

2.3.3. Fluorescence studies of PNPA-H 

The fluorescence emission of monomer (NPA-H) and blue-coloured polymer 

(PNPA-H) at different concentrations have been checked in dilute sulphuric acid by 

irradiating solutions under UV light (λ = 365 nm) in a dark chamber. The polymer 

solutions have intense bluish-white fluorescence and the intensity of the bluish-white 

fluorescence of the polymer samples decrease with decrease in concentration (see 

photographs in Figure 2.13.). In an acidic environment, PNPA is partially protonated, 
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and the polymer structure becomes more rigid because of the repulsion of charges and 

extended conjugation, resulting in the stronger fluorescence intensity. The UV-visible 

spectroscopy shows that the onset of the extended π- π*conjugated peak of PNPA-H in 

acid medium, PNPA-Na in basic medium and PNPA in chloroform were at 440 nm, 375 

nm and 410 nm, respectively, which indicate the change in conjugation. The fluorescence 

quantum yield (Фf) of the polymer solution has been quantified as 0.38 ± 5% by a 

comparative method using quinine sulphate as a reference at an excitation wavelength of 

365 nm. Monomer (NPA) has shown weak green fluorescence in chloroform, bluish-

white fluorescence in sulphuric acid and no fluorescence in sodium hydroxide solution. 

The polymer (PNPA) has intense bluish-white fluorescence in sulphuric acid and no 

visible emission in chloroform and sodium hydroxide solution.  

 

Figure 2.13. Fluorescence images of dissolved PNPA and NPA in chloroform, PNPA-Na 

and NPA-Na in NaOH, and different concentrations of PNPA-H and NPA-H in H2SO4. 

2.3.4. Fluorescence sensing of oxidizing analytes 

The light emission of polymer solutions is very sensitive and detection of specific 

ions, atoms or small molecules in a trace level is possible by fluorescent intensity change 

or fluorometric colour sensing [66-67]. Different anions and cations such as Ce4+, MnO4
-, 

Cr2O7
2-, Cu2+, Co2+, Hg2+ and molecules such as glucose, urea, ascorbic acid were 

randomly added to the bluish-white light-emitting polymer solution of PNPA-H to check 

any change in fluorescence signal. Strong oxidizing agents such as cerium ammonium 

sulphate dihydrate, potassium permanganate and potassium dichromate solutions instantly 
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quenched the bluish-white fluorescence of the polymer. Systematic concentration-

dependent studies have been carried out to find the actual concentration at which 

fluorescence quenching was observed by adding the solution of analytes. For this 

purpose, the concentration of aqueous salt solutions of Ce4+, MnO4
- and Cr2O7

2- ions were 

systematically varied in the concentration range from 1×10-2 M to 1×10-5 M and the 

polymer concentration was fixed as 1×10-5 M (see Figure 2.14.). Naked eye fluorescence 

quenching was observed on and above 5×10-5 M, 7.5×10-5 M and 2.5×10-3 M for Ce4+, 

MnO4
- and Cr2O7

2- respectively. The [analyte]/ [polymer] mole ratio for which 

fluorescence quenching was obtained for [Ce4+]/ [PNPA-H], [MnO4
-]/ [PNPA-H] and 

[Cr2O7
2-]/ [PNPA-H] were 5, 7.5 and 250 respectively. The limit of detection (LOD) of 

analytes for simple naked eye fluorescence detection has been found to be 0.5 μM, 0.75 

μM and 25 μM for Ce4+, MnO4
- and Cr2O7

2- ions, respectively, by taking the lowest naked 

eye emissive polymer concentration as 1×10-7 M.  

 

Figure 2.14. Fluorescence quenching studies of PNPA-H with different concentrations of 

analytes like Ce4+, KMnO4 and K2Cr2O7 by colorimetric detection. 
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Figure 2.15. UV-Visible absorption spectra of A) Polymer + MnO4
- ions in solution, B) 

Polymer + Ce4+ ions in solution and C) ) Polymer + Cr2O7
2- ions in solution, 

respectively. 

The UV-visible absorption spectra of polymer and polymer + analyte solutions 

were recorded to find any changes in the absorption spectra of PNPA-H by adding 
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analytes. The absorption spectra of the polymer were taken at the same concentration 

limit where naked-eye fluorescence quenching was observed (1×10-5 M) (see Figure 

2.15.). In the case of analytes like Ce4+ and MnO4
2- ions, absorption at 388 nm vanished 

entirely upon increasing analyte concentration to 5×10-5 M and 7.5×10-5 M, respectively. 

In addition to that, the absorbance of the benzenoid peak present at 280 nm was 

suppressed considerably, indicating the changes in the benzenoid structure. In the case of 

UV-visible absorption spectra of dichromate + polymer mixture, strong light absorption 

of potassium dichromate at 380 nm region hampered our efforts to note changes in 

absorbance (see Figure 2.15.C.). 

Emission spectra of polymer and polymer + analytes have been recorded using a 

spectrofluorometer to get the quenching concentration from the changes in fluorescence 

intensity. The range of polymer and analyte concentrations selected for 

spectrofluorometric studies was the same as that used for naked-eye fluorescence 

detection and UV-visible absorption studies. The quenching of fluorescence of PNPA-H 

obtained from spectrofluorimetry for Ce4+ and MnO4
- ions were at concentrations equal to 

1 ×10-4 M and 7.5×10-5 M and 2.5×10-3 M, respectively (see Figure 2.16.A and 2.16.B.). 

The emission spectra of dichromate + polymer mixture has shown fluorescence 

quenching of PNPA-H at concentration of 2.5×10-3 M Cr2O7
2-ions (see Figure 2.16.C.). 

 Fluorescence intensity changes of the polymer obtained after the addition of 

different analyte concentrations have been plotted against the [analyte]/ [polymer] mole 

ratio (see Figure 2.17.). The analyte/polymer mole ratio for Ce4+ / PNPA-H, MnO4
-/ 

PNPA-H and Cr2O7
2-/ PNPA-H for quenching action were obtained 8, 4.5 and 100, 

respectively, via extrapolating the straight line to x-axis. The accuracy of sensing action 

in naked-eye fluorescence detection and UV-visible absorption spectra would be slightly 

variable, especially at very low concentrations due to the difficulty in judging the 

visibility of fluorescence and low absorbance, respectively. On the other hand, a 

spectrofluorometer is a highly sensitive instrument that can measure fluorescence signals 

even at very low concentrations (up to nanomolar concentration) of polymer + analyte 

mixture. The calibration curve shows that the linear range of response was fairly straight 

with a higher coefficient of determination (r2) and low p-value (< 0.05), which suggests 

that the model was fairly fitted with good precision. Moreover, the three independent 

techniques provided reasonably in good agreement for the fluorescence quenching action 

of analytes within the experimental limit.     
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Figure 2.16. Emission spectra of A) Polymer + MnO4
- ions in solution, B) Polymer + 

Ce4+ ions and C) Polymer + Cr2O7
2- in solution. 

The fluorescence intensity ratio (I0/I) plotted against the concentration of the 

analyte was shown in Figure 2.18., where I0 and I are the intensity of transmitted light in 

the absence and presence of the analyte. The plots have shown a curve with a positive 
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deviation from the straight line, which indicates static quenching. It may be because of a 

non-fluorescent complex formation for a higher [analyte]/[polymer] mole ratio. One of 

the requirements for Stern-Volmer theory is that the donor concentration should be low, 

so that the donor molecules do not influence each other.[77-78] We have calculated the 

slope of the curve from linear range manually using the equation, slope = ΔY/ΔX by 

taking two concentrations from the curve and the slope of the curve for MnO4
-, Ce4+ and 

Cr2O7
2- ions were 3.73 ×105, 9.41 ×104 and 5.00×103 M-1 and the sensitivity of different 

analytes follow the order MnO4
- > Ce4+ > Cr2O7

2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17. Mole ratio plots of A) Polymer + MnO4
- ions, B) Polymer + Ce4+ ions and 

C) Polymer + Cr2O7
2- ions in solution with linear calibration on the quenching 

concentrations. 
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Figure 2.18. (I0/I) Vs. Concentration of analytes. 

 The fluorescence quenching mechanism was proposed based on the oxidizing 

action of analytes on PNPA-H in reduced form (see Figure 2.19.). The oxidizing power 

of analytes in the solution can be obtained from the standard reduction potential (E°) of 

Ce4+/Ce3+ (+1.44 V), MnO4
-/Mn2+ (+1.51V), and Cr2O7

2-/Cr3+ (1.36 V) in acid medium. [68-

70]. The first step of the oxidation of N-phenyl anthranilic acid in redox titration is an 

irreversible step that results in the formation of colourless diphenyl benzidine 

dicarboxylic acid (reduced), which upon oxidation forms violet-red diphenyl diquinone 

dicarboxylic acid (oxidized) [71-75]. The standard redox potential for reduced (colourless) 

and oxidized forms (violet-red) of N-phenyl anthranilic acid dimer was found to be 1.08 

V [72, 76]. The blue coloured polymer (PNPA-H) synthesized for the present studies also 

contain diphenyl benzidine dicarboxylic acid repeating units in the reduced form, 

however, which upon further oxidation becomes a non-fluorescent diquinone structure 

(see Figure 2.19.). The [analyte]/[polymer] mole ratio at which fluorescence quenching 

was observed was lowest for MnO4
- ions (7.5) and highest for Cr2O7

2-solutions (250) 

from spectrofluorimetry. The high [Cr2O7
2-]/ [PNPA-H] mole ratio reveals that potassium 

dichromate was a weak oxidizing analyte (E° = + 1.36 V) for PNPA-H in comparison to 

other analytes. The other two analytes (MnO4
-/Mn2+and Ce4+/Ce3+) have more positive 

standard reduction potential than Cr2O7
2-/Cr3+ and thus, they reacted with PNPA-H at low 

analyte / PNPA-H mole ratio.  
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Figure 2.19. Mechanism of fluorescence quenching and reappearance of PNPA-H on 

adding oxidizing and reducing analytes with its photographs. 

Reversibility and the redox behaviour of PNPA-H have been checked by adding 

reducing biomolecules like ascorbic acid to the oxidized non-fluorescent form of polymer 

in solution. The standard reduction potential (E°) value for dehydroascorbic acid 

(DHA)/ascorbic acid (AsA) was reported to be -0.066 V. [79] Ascorbic acid was added to 

the polymer at the concentration in which fluorescence was just quenched by analytes (1× 

10-4 M for Ce4+, 7.5 × 10-5 M for MnO4
- , and 2.5× 10-3 M for Cr2O7

2-). The fluorescence 

reappeared on adding ascorbic acid at concentrations 5×10-4 M, 2.5×10-4 M and 1×10-2 

M, respectively for Ce4+, MnO4
- and Cr2O7

2- solutions (see Figure 2.19.). Although the 

system was reversible, a slight excess of reductant or oxidant concentration was required 

to reappear or quench the fluorescence, possibly due to the polymeric structure in which 

variable levels of reduction or oxidation can occur. The intensity of fluorescence of 

solutions from naked eye detection indicated the complete recovery of original polymer.  

The changes in the UV-visible absorption spectra of polymer + analyte mixtures by 

adding ascorbic acid were also checked (see Figure 2.20.A.). Polymer + analyte + 

ascorbic acid mixture absorbs at 265 nm, indicating the reformation of benzenoid 

structure in PNPA-H. However, a peak that was responsible for blue light emission at 388 

nm was not visible due to the broad absorption of other reduced ions of analytes, slight 
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excess ascorbic acid and low concentration PNPA-H in the final mixture. Fluorescence 

reversibility in PNPA-H was studied by another oxidizing reagent like KMnO4 (1×10-4 

M) and then reduced back using ascorbic acid (1×10-1 M). The fluorescence quenching of 

PNPA-H by MnO4
- and fluorescence reappearance using ascorbic acid for two oxidation-

reduction cycles have been carried out. Although the dilution effect decreases the 

fluorescence intensity on reduction, the fluorescence turns-off and turn-on was clear (see 

Figure 2.20.B.).  

 

 

Figure 2.20. A) UV-visible absorption spectra of polymer-analyte solutions on adding 

ascorbic acid solutions. B) Photographs of PNPA-H under UV light on multiple 

oxidations and reductions for reversibility studies. 

2.3.5. Application of PNPA-H in titrations 

  The potentiometric titrations of the polymer (PNPA-H) against the analytes (for 

a fixed concentration of for polymer (1×10-5 M) and analyte (1×10-5 M)) have been 

carried out. The change of potential with respect to volume (ΔE/ΔV) was plotted against 

the volume of the analyte to obtain a potentiometric redox titration curve (see Figure 

2.21.A. and B.). The analyte concentration calculated from the first derivative plot of 

potentiometric titration was relatively in agreement with the quenching concentration of 

the analyte obtained from other methods.  
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A naked-eye fluorometric titration of analytes has been carried out using PNPA-H 

solution to demonstrate its potential application as fluorescent indicators, especially at 

very low concentrations of analytes (see Figure 2.21.C.). The concentrations of polymer 

and analytes taken were comparable (1×10-5 M) for fluorometric titration and the 

[analyte] / [polymer] mole ratio at which fluorescence quenching was observed was found 

to be relatively in good agreement with other methods. Ordinary or conventional titrations 

could not perform the endpoint of titrations with very low concentrations of analytes. 

Here, the endpoint of titrations with low concentration of analyte (1×10-5 M) was 

effectively determined with fluorescence quenching of PNPA-H. We have also studied 

the effect of interfering analytes, especially mild oxidizing agents like FeCl3, CuSO4, 

NaWO4 and Pb(NO3)2, on the fluorescence intensity of PNPA-H using a naked-eye 

detection test. It has been found that these analytes have no effect on the fluorescence of 

PNPA-H. We have also checked the combined effect of these analytes separately with 

Ce4+, MnO4
- and Cr2O7

2  and it has been noted that FeCl3, CuSO4, NaWO4 and Pb(NO3)2 

do not interfere with the polymer-analyte reaction. This also indicated the highly sensitive 

nature of poly-N-phenyl anthranilic acid towards strong oxidizing agents like Ce4+, 

MnO4
- and Cr2O7

2-. The redox reaction between conjugated fluorescent PNPA-H and 

analytes, which leads to quenching of bright bluish-white fluorescence, has been used for 

sensing applications. 

 

Figure 2.21. A & B) Potentiometric titration curve ((ΔE/ΔV)  Vs. volume of analyte) of 

PNPA-H with different analytes and C) Photographs of fluorometric titrations in which 

1×10-5 M PNPA-H solutions was titrated against 1×10-5 M KMnO4 solutions in UV light 

and visible light.   
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2.4. Conclusion 

Chemical oxidative polymerization of N-Phenyl anthranilic acid was successfully 

synthesized using anhydrous ferric chloride as an oxidizing agent in ethanol solvent to 

produce an efficient bluish-white light emitting poly-N-phenyl anthranilic acid (PNPA-

H), which was utilized for the sensing of analytes like Ce4+, MnO4
- and Cr2O7

2- solutions. 

Polymer (PNPA) formation was confirmed by 1H NMR, FT-IR, and MALDI-TOF mass 

spectroscopy. Powder X-ray diffraction studies have revealed the highly crystalline nature 

of monomer and the amorphous nature of polymers. The thermal stability of the polymer 

was found to be much higher than that of the monomer. UV-visible absorption spectra of 

polymer in sodium hydroxide solution (PNPA-Na) and in sulphuric acid solution (PNPA-

H) have shown marked differences in absorption spectra. The polymer has shown broad 

band with vibronic peaks at 363, 387 and 404 nm in sulphuric acid medium, which was 

mainly responsible for bluish-white light emission. The bluish-white emission of PNPA-

H was quenched by oxidizing analytes like Ce4+, MnO4
- and Cr2O7

2- ions, which were 

quantified by three independent methods like colorimetric sensing, UV-Vis absorption 

spectra and fluorescence emission spectroscopy. The analytes like Ce4+, MnO4
- and 

Cr2O7
2 -have shown different [analyte]/[polymer] mole ratios for fluorescence quenching, 

which was correlated with different redox potential. The redox reaction between reduced 

diphenyl benzidine units to oxidized diquinoid units of polymer by oxidizing analytes was 

responsible for fluorescence quenching. The reversibility of the redox reaction was 

confirmed by the reappearance of fluorescence by the addition of reducing biomolecules 

like ascorbic acid. The limit of detection obtained for naked eye fluorescence detection of 

PNPA-H was for Ce4+, MnO4
-, and Cr2O7

2- ions were 0.5 μM, 0.75 μM and 25 μM 

respectively and sensitivity was obtained highest for MnO4
- ions and lowest for Cr2O7

2- 

ions. The cyclic voltammogram of PNPA-H confirmed the presence of electrochemical 

reversible redox states. In short, we have developed a novel method for the detection of 

oxidizing analytes like potassium dichromate, potassium permanganate and cerium 

ammonium sulphate by the utilization of poly N-phenyl anthranilic acid (PNPA-H) as a 

redox fluoroprobe. 
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3.1. Introduction 

 Quantitative analysis is a branch of chemical analysis that includes precise, 

reliable and accurate determination of the quantity of a substance or substances in the 

sample. Quantitative analysis has been widely used in biological sample analysis, food 

analysis, soil analysis, pesticide determination, and environmental pollutant 

determinations [1-4]. Quantitative analysis is an essential part of quality control procedures 

to ensure the percentage of purity of products. The methods available for the quantitative 

analysis can be broadly classified into chemical and physical methods. Titrimetric 

analysis and colorimetric analysis belong to chemical methods, whereas physical methods 

include determining physical properties such as refractive index, mass, density, light 

absorption, magnetic susceptibility, or electromotive force to determine the quantity. 

Sophisticated instrumentations have improved accuracy of the quantitative analysis, 

especially at very low concentrations. Chromatographic methods, along with 

spectroscopic techniques like gas chromatography-mass spectrometry (GC-MS) and 

liquid chromatography-mass spectroscopy (LC-MS) were commonly used for the 

determination of the chemical composition of samples [5, 6]. Such sophisticated 

instrumental methods can detect trace-level quantities of substances, but the need for 

external calibrations, high maintenance cost, and technical skills reduce their accessibility 

to common people. In this scenario, one of the earliest chemical methods like titrimetry, 

remains an important tool still in modern laboratories. The advantages of volumetric or 

titrimetric analysis are the simple, inexpensive, and well-defined procedures that do not 

need external calibrations.  

 Titrimetric analysis is used in pharmaceutical, petroleum, food, and cosmetic 

industries due to the reliability and accuracy of results, ease of use, and low cost [7]. 

Advancements in volumetric analysis, such as automated titration systems, were also 

developed to enhance the speed of titrations and have been used in medical laboratories 

and hospitals [8, 9]. Microscale titrimetry setup utilizes a microscale apparatus/kit to 

engage micro-level quantities of analytes (see Figure 3.1.B.) [12]. Flint et al. used an 

automatic pipet to provide micro-volume titrants for microscale acid-base titrations [10]. 

Gordon et al. determined the hardness of water samples in parts per million quantities 

using microscale spectrophotometric titration by measuring the absorbance [11]. 

Richardson et al. used micro-volume quantities of potassium permanganate to determine 
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water hardness using redox titrations. In this method, the calcium content in water 

samples was estimated using macroscale titration with 50 mL burette and microscale 

titrations with 2 mL burette and determined the comparable precision and accuracy of 

microscale techniques [13]. Microscale analysis has advantages over conventional analysis 

due to reduced chemical waste and less detrimental effects on environmental pollution. 

Therefore, microscale titrations allow one to practice green chemistry principles and 

quantify substances in micromolar concentrations.     

 

Figure 3.1. Microscale titration apparatus used in the laboratories. A) Experimental 

setup for automatic titration (Adapted from Kosenkov et al. 2021). B) Microscale acid-

base titration unit (Adapted from RSC Education).   

In titrimetric analysis, the unknown concentration of an analyte is determined by 

titration, with the titrant having a known concentration. The endpoint of the titration is 

precisely detected by an indicator that gives a sharp change in colour [15]. The sharp 

colorimetric transition at the endpoint of indicators was mainly due to a change in light 

absorption as seen in acid-base titration, complexometric titration, precipitation titrations 

and redox titrations in response to the change in pH, presence of excess metal ions for 

complex formation, formation of precipitate, and change in potential respectively [16-21]. 

Fluorescence is the emission of light in the visible region and, which takes place with 

high selectivity and sensitivity. Therefore, fluorescence is a widely acceptable tool for 

various analytical purposes like polymer characterization, monitoring conformational 

changes, and determining hydration structures [22-24]. Fluorescent indicator 
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displacement (FID) assays were developed to detect food additives. The interactions 

between molecules and RNA can also be analysed using fluorescent indicators using their 

emission properties [25-27]. An efficient fluorescent indicator should satisfy some 

conditions such as (i) selective fluorescence response with a particular analyte (ii) 

stability towards chemicals and light (iii) high fluorescence intensity or high quantum 

yield. Most of the fluorescent indicators have conjugated organic framework, emitting 

fluorescence after UV light excitation at a particular wavelength [27].  

 

Figure 3.2. A) Fluorescent organic molecules used in acid-base and redox titrations. B) 

Quantum dot-based fluorescent indicator for pH sensing and redox titration for Fe2+ and 

Cr3+ (Adapted from Mondal et al. 2019). C) Structural and fluorescence changes 

associated with Benzimidazole- BODIPY with pH (Adapted from Li et al. 2016).  

Fluorescent indicators detect the end point of the titration either by fluorescence 

turn on or turn off, which would be sensitive towards metal ion concentration, 

conformation, redox potential and pH of titrants [28]. Using fluorescent indicators, the 

titrations of strongly coloured or turbid solutions makes them advantageous over 

conventional indicators in endpoint detection. Fluorescent indicators have been used in 

acid-base titrations based on their changes in the fluorescence with respect to pH [29] (see 

Figure 3.2.). Other titrimetry methods that utilize physical properties like pH, potential, 

turbidity, current, and complex formation are acid-base titrations, potentiometric 

titrations, precipitation titrations, conductometric titrations, and complexometric 

titrations. Erdey et al. developed luminol as an acid-base fluorescent indicator used to 

determine acid content in milk, wine, and cherry juice [30]. Fluorescent indicators for 
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redox titration have been rarely reported compared to acid-base titrations, 

complexometric and precipitation titrations [31-34]. The rarity could be due to the 

mismatched titrant and fluorescent indicator reduction potential, and the less stable 

fluorescence change at the endpoint. Fluorometric orange-red to non-fluorescent 

indicating action of 1, 10-phenanthroline and 2, 2’-bipyridine complexes with Ru(II) have 

been reported for oxidation and reduction titrations [34]. G. Gopala Rao et al reported 

Rhodamine 6G as a fluorescent indicator for cerimetry and ferrimetry for determination 

of ascorbic acid, vanadium, molybdenum (V), uranium (IV) [35-37]. The fluorescence 

indicators used for the titrimetric estimation of various analytes previously reported in the 

literature were given in Table 3.1.  

Table 3.1. Fluorescent indicator, titrant used, estimated analyte and estimated 

concentration of analytes previously reported in the literature. 

Sl. 

No. 

Fluorescent 

indicator 

Titrant Analyte Concentration of 

analyte 

estimated 

Ref 

1 Ru (II) complex Iodine Arsenite or 

thiosulphate 

1×10-3 M 37 

2 Ru (II) complex sulfatocerate Arsenite 1×10-6 M 33 

3 Rhodamine-6G Cerium (IV) 

sulphate 

Vanadium 1×10-2 M 38 

4 Rhodamine-6G Cerium (IV) 

sulphate 

Molybednum (V) 

and Uranium (IV) 

0.2 mM 35 

5 Rhodamine-6G Fe(III) Uranium (IV) 0.250 mM 31 

6 Rhodamine 6G Cerium (IV) 

sulphate 

Ascorbic acid 5×10-2 M 34 

7 Carbon quantum 

dots from aspartic 

acid 

K2Cr2O7 Fe2+ 6 mM 39 

8 8-Hydroxyquinoline EDTA Gallium 50µg/mL 40 

9 Acridine Orange, 

Acriflavin 

hydrochloride, 

Safranine O 

Cationic 

polyelectrolyte-

Polydiallyl 

dimethylammon

ium chloride  

Anionic 

polyelectrolyte-

Potassium 

polyvinyl 

sulfonate (KPVS) 

Charge 

determination in 

1×10-4 N KPVS 

41 
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Fluorescent conjugated polymers have broad applications due to their conjugated 

electronic structures. The excellent electronic and optical properties of conjugated 

polymers were desirable for developing sensors. Many chemical and biochemical 

sensors with micro or nano-level detection limits were developed based on fluorescent 

conjugated polymers because of their enhanced sensitivity to interactions with analytes. 

The use of fluorescent conjugated polymers as an indicator in the titrations was not 

reported. The analytical sensing of permanganate ions, cerium (IV) ions, and dichromate 

ions via fluorescence quenching of bluish-white emission of poly N-phenyl anthranilic 

acid in acid media (PNPA-H) was discussed in Chapter 2. In this chapter, we have 

introduced poly-N-phenyl anthranilic acid (PNPA-H) and N-phenyl anthranilic acid 

(NPA-H) as a fluorescence turn-off indicators for redox titration of ferrous ions against 

different oxidizing titrants like potassium permanganate, ammonium cerium (IV) sulfate, 

and potassium dichromate in molar and micromolar (μM) concentrations. Fluorescent 

indicating actions of PNPA-H and NPA-H were compared with the standard indicating 

method and validated the results using student’s t-test and F-test. The fluorescent 

indicators (PNPA-H and NPA-H) have an added advantage over conventional indicators 

to detect the endpoint of the analytes in micromolar (μM) concentrations. Additionally, 

fluorescent indicators PNPA-H and NPA-H were successfully utilized in semi-micro 

volume titrations using micro burettes to reduce the excess volume wasted in high 

concentrations. Microscale redox titration reduces approximately one-ten thousandth of 

mass, and semi-microvolume titration reduces the one-tenth of volume of analytes than 

the conventional titrations. Therefore, microscale titrations justify the first principle of 

green chemistry: "it is better to prevent waste than to treat or clean up waste after it is 

formed” by reducing quantity of chemicals. [42] In summary, fluorometric endpoint 

detection of ferrous ion against oxidizing titrants in micromolar redox titration was 

carried out with one or two drops of fluorescent indicators (PNPA-H or NPA-H) via a 

fluorescent turn-off mechanism. A microscale titration experiment, suitable for 

undergraduate students, was also designed and the results were evaluated based on the 

students’ feedback.  

3.2. Experimental 

3.2.1 Materials and Reagents: N-Phenyl anthranilic acid (97%) was purchased from 

LOBA chemicals and further purified by double recrystallization using acetone as 
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solvent. Poly N-phenyl anthranilic acid was prepared according to the procedure in 

Chapter 2. [43] Ammonium cerium (IV) sulfate dihydrate (GR), potassium permanganate, 

potassium dichromate (GR), acetone, and concentrated H2SO4 (98%) were purchased 

from Merck chemicals, India. Ammonium ferrous sulfate hexahydrate (AR) was 

purchased from Kanton Laboratories. Double-distilled ethanol was used to synthesize 

polymer, and deionized water was used to prepare solutions of titrants and analytes.  

3.2.2. Measurements and Instruments: UV-visible absorption spectra of the samples in 

deionized water were recorded in 200–800 nm wavelength by Shimadzu UV-Visible 

spectrophotometer, UV 1800 series. The fluorescence emission of the indicators was 

checked using long-wavelength UV light in the UV inspection cabinet of Rotek 

Laboratory Instruments. The UV inspection cabinet can turn on and off for long-

wavelength UV light (λ= 365 nm), short-wavelength UV light (λ= 254 nm), and 

fluorescence tube light. The micro burettes of 10 mL volume capacity with 0.05 mL 

graduation, 5 mL volume capacity with 20 μL graduation, and 1 mL volume capacity 

with 10 μL graduation were used. Standard flasks with 10, 100, and 250 mL volumes 

were used to make up the solutions. In addition, conical flasks or vials of 5, 10, and 50 

mL were used to titrate the titrants. A home-built micro-molar titrating setup was used for 

titrating semi-micro-volume titrations of 1 × 10-4 M solution continuously inside a 

cardboard box with dimensions 40 × 24 × 12 cms (L × W × H) with amiciVision 21 LED 

UV torchlight of 395-400 nm wavelength with 3 AAA batteries.  

3.2.3. Preparation of indicators 

3.2.3.A. Preparation of fluorescent indicator (PNPA-H): PNPA (9.70 mg, 0.046 

mmol) was dissolved in 10 mL of concentrated H2SO4 (18 M) using a sonicator for 10 

minutes. A dark blue-colored solution of PNPA-H was obtained. The required indicator 

concentration was prepared from the stock solution by dilution using deionized water. 

3.2.3.B. Preparation of fluorescent indicator NPA-H: NPA (9.70 mg, 0.046 mmol) 

was dissolved in 10 mL of concentrated H2SO4 (18 M) using a sonicator. A pale green 

color was developed for the NPA-H solution. The required indicator concentration was 

prepared from the stock solution by dilution using deionized water. 

3.2.3.C. Preparation of NPA-Na (conventional N-phenyl anthranilic acid indicator): 

NPA (0.1 %, 0.10 g) was dissolved in sodium hydroxide (100 mL, 1 M) solution to get a 

colorless solution. 

3.2.4. Titrations in Micro Molar Concentrations 
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3.2.4.A. Preparation of standard Mohr’s salt solution: The primary standard Mohr’s 

salt (0.98 g) was accurately weighed into a standard flask (250 mL), and sulphuric acid 

(20 mL, 1 M) was added. The Mohr’s salt solution was made up to the mark with 

deionized water to get 0.01 M standard Mohr’s salt solution. Concentrations like 1× 10-3 

M and 1×10-4 M were prepared similarly by weighing 0.098 g and 0.0098 g of Mohr’s 

salt, respectively. Other concentrations 1×10-5 M, 5×10-6 M, and 1×10-6 M was prepared 

from 1×10-4 M Mohr’s salt solution by dilution using deionized water.  

3.2.4.B. Standardization of oxidizing titrants: 0.0790 g of potassium permanganate and 

0.1225 g of potassium dichromate were separately dissolved in a 250 mL standard flask 

using deionized water and made up to the mark to get ~ 0.002 M KMnO4 and 0.0017M 

K2Cr2O7 solutions. 0.6326 g of Ammonium cerium (IV) sulfate dihydrate was gently 

boiled with sulphuric acid (100 mL, 2 M) to remove ammonia in a beaker and made up to 

100 mL in a standard flask for preparing ~ 0.01 M solution. Similarly, we prepared 

different concentrations of oxidizing analytes like 1×10-3 M and 1× 10-4 M by taking the 

required mass calculated per the formula MM’V/1000, where M is Molarity, M’ is 

molecular mass and V is volume. Micro-molar concentrations like 1×10-5 M,  5×10-6 M, 

and 1×10-6  M were prepared from dilution of  1× 10-4 M. 

 Standard Mohr’s salt solution (10 mL, 1×10-4 M), dilute sulphuric acid (5 mL, 1 

M), and one drop of PNPA-H or NPA-H fluorescent indicator were added to 50 mL 

conical flask. Oxidizing titrant (~ 2×10-5 M of potassium permanganate or 1×10-4 M 

cerium ammonium sulfate or 1.7×10-5 M potassium dichromate) taken in a micro-burette 

was added to the Mohr’s salt solution taken in a conical flask with manual shaking. 

Initially, fluorescence intensity was checked after adding 2 mL each of oxidizing agent. 

When fluorescence intensity changes, volume addition was reduced to 0.5 mL, 0.1 mL, 

and finally, drop by drop to detect the endpoint. At micro-molar concentration (1×10-6 

M), the reaction mixture should be thoroughly shaken for 30 seconds near the endpoint 

due to the low fluorescence intensity of the mixture. Sulphuric acid (5 mL, 2M) was 

added to the titrating mixture instead of dilute sulphuric acid (1 M) for dichrometry. 

3.2.4.C. Estimation of ferrous ion: 3.92 g Mohr’s salt was accurately weighed into a 

100 mL standard flask, H2SO4 (5 mL, 1 M)  was added to it and then made up to the mark 

to 100 mL using deionized water to get ferrous ion solution (1×10-1 M). Other 

concentrations like 1× 10-2 M, 1× 10-3 M, 1×10-4 M, 1× 10-5 M, 5 × 10-6 M, and 1× 10-6 M 
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was prepared by dilution of bulk concentration or previous higher concentration using 

deionized water.  

 Ferrous ion solution (10 mL, ~ 1 × 10-4 M), dilute sulphuric acid (5 mL, 1 M), and 

one drop of PNPA-H or NPA-H fluorescent indicator were added to 50 mL conical flask. 

Oxidizing titrant (~ 2×10-5 M potassium permanganate or ~ 1×10-4 M cerium ammonium 

sulfate or ~ 1.7×10-5 M potassium dichromate) taken in a 10 mL micro burette was added 

to the ferrous ion solution taken in a 50 mL conical flask with manual shaking. 

Fluorescence intensities were checked after 2 mL of volume additions initially. When 

fluorescence intensity changes, volume addition was reduced to 1 mL, then to 0.1 mL, 

and finally drop by drop to detect the endpoint. Sulphuric acid (5 mL, 2M) was added to 

the titrating mixture instead of dilute sulphuric acid (1 M) for dichrometric titrations. 

Estimating ferrous ions in other micro-molar concentrations like 1×10-5, 5×10-6, and 

1×10-6 M was conducted by taking the respective concentrations of analytes and titrants.  

3.2.5. Titrations in Semi-Micro Volume Scale 

Titrations in semi-micro volume utilize titrant volume in 1 mL and 2 mL, significantly 

reducing the total volume required for the whole batch.   

3.2.5.A. Preparation of standard Mohr’s salt solution: The primary standard Mohr’s 

salt (0.0392g) was accurately weighed into a standard flask (10 mL) and dilute sulphuric 

acid was added (20 mL, 1 M). The Mohr’s salt solution was made up to the mark with 

deionized water to get 0.01 M standard Mohr’s salt solution. 

3.2.5.B. Standardization of oxidizing titrant: Standard Mohr’s salt solution (2 mL, ~ 

1×10-2 M), dilute sulphuric acid (1 mL, 1 M), and one drop of PNPA-H fluorescent 

indicator was added to 10 mL conical flask. An oxidizing titrant (~ 2×10-3 M of 

potassium permanganate or ~ 1×10-2 M cerium ammonium sulfate) taken in a 5 mL micro 

burette was added drop by drop to the Mohr’s salt solution. Fluorescence intensity was 

checked after adding each drop by manual shaking to detect the endpoint.  

3.2.5.C. Estimation of ferrous ion: Ferrous ion solution (2 mL, ~ 1×10-2 M), dilute 

sulphuric acid (1 mL, 1 M), and one drop of PNPA-H fluorescent indicator was added to 

10 mL conical flask. An oxidizing titrant (~ 2×10-3 M of potassium permanganate or ~ 

1×10-2 M cerium ammonium sulfate) taken in a 5 mL micro burette was added drop by 

drop to the ferrous ion solution. Fluorescence intensity was checked after adding each 

drop by manual shaking to detect the endpoint.  
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3.2.6. Procedure for estimation using semi-micro volume in micro molar titrations 

(1×10-4 M): Ferrous ion solution (2 mL, 1×10-4 M), dilute sulphuric acid (1 mL, 1 M), 

and a drop of PNPA-H fluorescent indicator was added to a 10 mL conical flask. The 

oxidizing titrant (~ 2×10-5 M of potassium permanganate) taken in a 5 mL micro burette 

was added to the ferrous ion solution. Fluorescence intensity was checked after adding 

each drop with manual shaking to detect the endpoint. Similarly, standardization was also 

performed using semi-micro volume of standard Mohr’s salt solution. 

3.3. Results and Discussion 

Microscale redox titrations in micro-molar concentration reduce chemical waste 

produced in the lab and avoid over-exposure to concentrated solutions. In addition, 

microscale titration helps to develop skills in estimating the micro quantities of 

substances. Redox titrations were usually practiced as a quantitative method for 

estimating redox analytes in the chemistry lab, especially in undergraduate courses. [44, 45]  

Microscale redox titrations with good precision and accuracy would be advantageous and 

align with the green chemistry taught for undergraduate courses. Here, two microscale 

approaches adopted for redox titrations are micromolar titrations and semi-microvolume 

titrations. The microscale titrations were carried out with the help of fluorescent 

indicators like poly-N-phenyl anthranilic acid (PNPA-H) or N-phenyl anthranilic acid 

(NPA-H). The UV inspection chamber with UV lamp, UV-torch, and microscale 

glassware are the primary types of equipment for this method.  

3.3.1. Preparation of fluorescent indicators 

The fluorescent indicator poly-N-phenyl anthranilic acid (PNPA) has been 

synthesized by the oxidative chemical polymerization of N-phenyl anthranilic acid 

monomer using ferric chloride as the oxidizing agent in ethanol solvent (Figure 3.3.). The 

polymerization and work-up were completed in five hours without heating, and magnetic 

stirring.[43] The polymer product has a good yield of 75% and can be stored stably for 

several months. A stock solution of the fluorescent indicator was prepared by dissolving 

9.7 mg PNPA in 10 mL concentrated sulphuric acid by sonication for fifteen minutes and 

kept for one hour without disturbance before its use. The fluorescence of the stock 

solution of fluorescent indicator PNPA-H in H2SO4 was stable for up to one month 

without sonication and shaking. 
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Figure 3.3. Synthesis of PNPA from NPA and its fluorescence quenching action with 

oxidizing agents in acid media. 

3.3.2. Application of fluorescent PNPA-H and NPA-H in microscale redox titrations 

The polymer in a sulphuric acid medium (PNPA-H) has intense bluish-white 

emission, which undergoes fluorescence quenching reaction with oxidizing agents like 

potassium permanganate, ammonium cerium (IV) sulfate, and potassium dichromate (see 

Figure 3.3.).[43] The [Ox. titrant]/[PNPA-H] molar ratios for fluorescence quenching 

procured by different oxidizing analytes like potassium permanganate, ammonium cerium 

sulfate, and potassium dichromate were determined to be 7.5, 5, and 250, respectively. [43] 

Fluorescent indicator (PNPA-H) concentration for permanganometry, cerimetry, and 

dichrometry has to be kept lower than oxidizing titrant concentration as per the molar 

ratio obtained for fluorescence quenching. The standard redox volumetric method of 

estimation of ferrous ions, such as dichrometry and cerimetry, uses diphenylamine 

sulfonate, diphenylamine, and ferroin as indicators. In contrast, permanganometry does 

not require any external indicators because the permanganate ion has a self-indicting 

action (colorless to pink) at the endpoint. [46,47] For the present studies, we have selected 

different concentrations of an analyte such as 1×10-2, 1×10-3, 1×10-4, 1×10-5, 5×10-6, and 

1×10-6 M (molar to the micromolar) to find out the concentration range applicable for the 

fluorescent indicators. The higher concentrations like 1×10-2 M and 1×10-3 M were 

selected to establish the validity of the results by comparing them with the conventional 

indicating method. Adding two drops of fluorescence indicator PNPA-H to an aqueous 
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ferrous ion solution (10 mL) produces bright bluish-white fluorescence. Fluorescence 

emission was checked by irradiating the titrating mixture with long-wavelength UV light 

(365 nm) repeatedly after adding a definite volume (say 1 mL) of oxidizing titrant, 

followed by drop-by-drop addition near the endpoint.  

 

 

Figure 3.4. Photographs of endpoint detection in permanaganometry at different 

concentrations of ferrous ions using PNPA-H as a fluorescent indicator. From top row to 

bottom a) 1×10-2 M in UV light, b) 1×10-2 M in visible light, c) 1×10-3 M in UV light d) 

1×10-3 M in visible light, e) 1× 10-5 M in UV light and f) 5×10-6 M in UV light. 
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Figure 3.5. Photographs showing endpoint detection in cerimetry at different 
concentrations of ferrous ions using PNPA-H as a fluorescent indicator. From top row to 
bottom a) 1 × 10-2 M in UV light b) 1 × 10-2 M in visible light c)1×10-3 M in UV light d) 
1× 10-3 M in Visible light e) 1× 10-5 M in UV light f) 5×10-6 M in UV  light and g) 1×10-6 
M in UV  light. 

 

Figure 3.6. Photographs showing endpoint detection in dichrometry at different 
concentrations of ferrous ions using PNPA-H as a fluorescent indicator. From top row to 
bottom a) 1 ×10-2 M in UV light, b)1× 10-2 M in visible light, c) 1×10-3 M in UV light d) 
1×10-3 M in Visible light, e) 1×10-4 M in UV  light and f) 1×10-4 M in visible light. 
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Table 3.2. Details of analyte, titrant, and indicator concentrations, times of dilution 

fluorescent indicator from bulk, titrant/ indicator molar ratio, and volume of PNPA-H 

required for different concentrations. 

 

The permanganometry titrations of ferrous ion using fluorescent indicator PNPA-

H at different concentrations 1×10-2, 1×10-3, 1×10-5, and 5×10-6 M were shown 

respectively in Figure 3.4. (a-f). It was evident from the photographs that bluish-white 

emission from the PNPA-H indicator decreased with the addition of potassium 

permanganate ions near the endpoint. Fluorescence was quenched entirely at the endpoint 

by adding one or two drops of permanganate solution. The addition of excess drops of 

KMnO4 did not produce further changes. The indicating effect of PNPA-H in the visible 

light was also checked (see Figure 3.4.b and 3.4.d). Pink and pale pink for 1×10-2 and 

1×10-3 M concentrations were respectively noticed at the endpoint. No noticeable color 

change was obtained for other lower titrant concentrations. Conventional indicators or 

self-indicators could not detect the endpoint of the analyte for concentrations lesser than 1 

× 10-3 M due to the low optical density and poor color change by mixing with the titrant. 

Method  Conc. of 
Fe2+ ion 

(M) 

Conc. of 
oxidizing 
analyte 

(M) 

Bulk 
Conc. of 
PNPA-H 
Prepared 

(M) 

PNPA-H 
Conc. 
(M) 

Dilution of   
FL. 

Indicator 
required 

from bulk 
Conc.  

 

[KMnO4] 
initial 

/[PNPA-
H] final 

Drops of 
PNPA-H 

P
er

m
an

ga
no

m
et

ry
 

1 × 10
-2

  2 ×  10
-3

  4.6 ×  10
-3

 4.6 ×  10
-3

 1 217.4 1 drops 

1 × 10
-3

  2 × 10
-4

  4.6 ×  10
-3

 9.2 ×  10
-4

 5 108.7 1 drops 

1 × 10-4  2 × 10
-5

  4.6 ×  10
-3

 4.6 ×  10
-4

 5-10 10.8- 21.7 1-2 
drops 

1 × 10
-5

  2 × 10
-6

  4.6 ×  10
-3

 4.6 ×  10
-5

 100-200 4.3-8.7 5 drops 

5 × 10
-6

  1 × 10
-6

  4.6 ×  10
-3

 2.3 ×  10
-5

 200 8.7 5 drops 

1 × 10
-6

  2 × 10
-7

  4.6 ×  10
-3

 9.2 ×  10
-6

 500 1.1 10 drops 

C
er

im
et

ry
 

1 × 10
-2

  1 × 10
-2

  4.6 ×  10
-3

 4.6 ×  10
-3

 5 543 1 drop 

1 × 10
-3

  1 × 10
-3

  4.6 ×  10
-3

 9.2 ×  10
-4

 5 543 1 drop 

1 × 10-4  1 × 10-4  4.6 ×  10
-3

 4.6 ×  10
-4

 10 108.7 1 drop 

1 × 10
-5

  1 × 10
-5

  4.6 ×  10
-3

 9.2 ×  10
-5

 50 54.3 1 drop 

5 × 10
-6

  5 × 10
-6

  4.6 ×  10
-3

 4.6 ×  10
-5

 100 54.3 1 drops 

1 × 10
-6

  1 × 10
-6

  4.6 ×  10
-3

 4.6 ×  10
-5

 100 10.8 1 drops 
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However, fluorescent indicators emit intense fluorescence by applying UV light even at 

micromolar concentration, which can be detected by the eye. The endpoints of 

fluorometric and colorimetric indicating methods almost matched each other, as shown in 

Figure 3.4. The molar ratio of [KMnO4]/ [PNPA-H] has to be kept between the range 

10-650, while varying the analyte concentration from 1×10-2 M to 1×10-6 M to get precise 

fluorescence quenching at the endpoint. The concentration range of analytes and 

indicators used for the titrations are shown in Table 3.2. The limit of detection (LOD) of 

fluorescent indicators (PNPA-H) via the naked eye was 0.1 μM, making fluorometric 

endpoint detection of ferrous ion possible in 1 μM concentration. We have conducted the 

cerimetry and dichrometry titrations using a PNPA-H fluorescent indicator similar to 

permanganometry titration; see Figure 3.5. (a-g) for cerimetry and see Figure 3.6. (a-f) 

for dichrometry. The molar ratio of fluorescence quenching for [Cr2O7
2-]/ [PNPA-H] was 

250, so we could not conduct the redox titrations below 1×10-4 M.   

The monomer N-phenyl anthranilic acid is a versatile conventional redox indicator 

in dichrometry and cerimetry. However, fluorescence indicating actions of NPA in an 

acid medium has not been explored for fluorometric titrations. The N-phenyl anthranilic 

acid dissolved in concentrated sulphuric acid (NPA-H) has developed pale green in 

visible light and bluish-white emission in UV light. Permanganometric titrations of 

ferrous ions have been carried out in 1×10-2 to 1×10-6 M concentrations using NPA-H as a 

fluorescent indicator similar to PNPA-H, shown in Figure 3.7. (a-g). The NPA-H as a 

fluorescent indicator at different concentrations in cerimetry and dichrometry was shown 

in Figure 3.8. (a-g) and Figure 3.9. (a-f). The fluorometric indicating effect of PNPA-H 

and NPA-H have a similar fluorescence quenching effect due to the similar redox 

mechanism. The advantage of the NPA-H indicator is its commercial availability as 

NPA, whereas PNPA has to be prepared from NPA by a step of 5 h duration. The 

fluorescence indicator NPA-H has the same limit of detection (LOD) of 0.1 μM as 

PNPA-H.  
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Figure 3.7. Photographs showing endpoint detection in permanaganometry at different 
concentrations of ferrous ions using NPA-H as a fluorescent indicator. From top row to 
bottom a) 1 × 10-2 M in UV light, b) 1 × 10-2 M in visible light, c) 1 × 10-3 M in UV light, 
d) 1 × 10-3 M in Visible light e) 1 × 10-5 M in UV  light, f) 5 × 10-6 M in UV  light and g) 
1 × 10-6 M in UV  light. 

 

Figure 3.8. Photographs showing endpoint detection in cerimetry at different 
concentrations of ferrous ions using NPA-H as a fluorescent indicator. From top row to 
bottom, a) 1×  10-2 M in UV light,  b) 1×  10-2 M in visible light, c) 1× 10-3 M in UV light, 
d) 1× 10-3 M in visible light, e) 1× 10-5 M in UV  light,  f) 5× 10-6 M in UV  light and g) 
1× 10-6 M in UV  light. 
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Figure 3.9. Photographs showing endpoint detection in dichrometry at different 
concentrations of ferrous ions using NPA-H as a fluorescent indicator. From top row to 
bottom, a) 1×10-2 M in UV light, b) 1×10-2 M in visible light, c) 1×10-3 M in UV light, d) 
1×10-3 M in visible light, e) 1 ×10-4 M in UV  light, and f) 1 × 10-4 M in visible light. 

3.3.3. Application of fluorescent indicator PNPA-H in semi-micro volume redox 

titrations  

The permanaganometry and cerimetry estimation of ferrous ion was carried out in 

semi-micro volume (1 mL and 2 mL) by semi-micro burettes using fluorescent indicator 

PNPA-H. The minimum drop volume used in a 1 mL micro burette at the endpoint 

produces a slight variation in the precision for 1 mL of titrant, and utmost care must be 

taken to operate such a micro burette to avoid bubbles and breakage. [49] Whereas 

accurate, precise, and faster results could be easily obtained by taking 2 mL titrant 

volume in a 5 mL micro burette. The photographs of semi-micro volume titrations in 

permanganometry and cerimetry were given in Figure 3.10. and the mass of ferrous ions 

in Table 3.3. Semi-micro volume titrations with fluorescent indicators have given sharper 

endpoint detection. Besides reducing the volume of the titrants, the time required for the 

whole experiment can be reduced to less than one-half of conventional titration carried 

out in 10 mL or 20 mL.  
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Figure 3.10. Photographs show semi-micro volume titrations of ferrous ions with 
endpoint detection using fluorescence indicator PNPA-H. Ferrous ion solution (1 × 10-2 
M) titrated against potassium permanganate solution (2 × 10-3 M) using 1 mL volume in 
the presence of UV light (a) and visible light (b) and using 2 mL volume in the presence 
of UV light (c). Ferrous ion solution (1 × 10-2 M) titrated against cerium ammonium 
sulfate solution (1 × 10-2 M) using 1 mL in the presence of UV light (d) and visible light  
(e) and using 2 mL in the presence of UV light (f). 

Table 3.3. Comparative mass values of ferrous ions estimated by conventional titrations 

and semi micro-volume redox titration using fluorescent indicators. 

 

3.3.4. Mechanism of fluorescent indicators 

UV-visible absorption spectra of NPA-H and PNPA-H were recorded before the 

endpoint and at the endpoint in the presence of ferrous ions and UV-visible spectra show 

a change in an absorption band. (See Figure 3.11.). The broad vibronic peak centered at 

 

 

Sample 

 

 

 

Oxidizing 

Titrant 

Estimated Mass of Fe2+ Ions for 1×10-2 M Concentration,  g, by 

Analyte Volume and Method  

Conventional 

Indicating 

Method 

Semi micro Volume  

Using fluorescent PNPA-H indicator 

10mL volume 1mL volume 2mL volume 

1 KMnO4 5.3378 ×10-2 5.3855 × 10-2 5.3400 × 10-2 

2 Ce (IV) 5.3237 ×10-2 5.3616 × 10-2 5.3282 × 10-2 
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around 400 nm was transformed into a new absorption band centred at 525 nm, 

corresponding to the oxidized form of the diquinoid structure, which has a characteristic 

wine-red color. [48,49] A colorless PNPA-H + Fe2+ ions solution mixture in visible light 

has shown bluish-white emission upon UV irradiation (see the first vial in first-row of 

Figure 3.11.A and B in inset). On the other hand, the photographs of titrating mixture 

with different analytes at the endpoint were non-fluorescent in the presence of UV light 

and had a characteristic wine-red color in visible light (especially for higher analyte 

concentrations). The quenching of fluorescence and the appearance of wine-red was due 

to the oxidation of NPA-H and PNPA-H.  

 

Figure 3.11. UV-visible absorption spectra of titrating mixture with fluorescence 

indicators PNPA-H (A) and NPA-H (B) before and at the endpoint in molar 

concentrations. The inset shows the titrating mixture in UV light (top row) and visible 

light (bottom row).  
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The mechanism of the color change of NPA in conventional redox titrations has 

been reported in the literature. [48] The colorless NPA monomer was dimerized 

irreversibly to diphenyl benzidine dicarboxylic acid (colorless), which subsequently 

undergoes oxidation at the endpoint to get violet-colored diphenyl diquinoid dicarboxylic 

acid by oxidizing agents (see Figure 3.12). Poly-N-phenyl anthranilic acid (PNPA) 

contains 4-6 repeating diphenyl benzidine dicarboxylic acid units. Ferrous ion was 

oxidized to ferric ion by adding oxidizing analytes, at the endpoint, the fluorescent 

indicator NPA-H or PNPA-H oxidized to non-fluorescent diphenyl diquinoid 

dicarboxylic acid form. The ferric ions formed as a by-product could not oxidize 

fluorescent indicators to diquinoid structure due to potential mismatch at those 

concentrations. [46] The interference of ferric ions was noted when ferric ions were taken 

directly with the PNPA-H fluorescent indicator at a concentration greater than 2.5×10-2 M 

with a higher [Fe3+]/[PNPA-H] ratio greater than 650. The redox reactions involved in 

the permanganometry, cerimetry, and dichrometry were given below. 

 

Figure 3.12. Mechanism of fluorometric indicating action of PNPA-H and NPA-H in the 

redox titrations. 

3.3.5. Method Validation 

Method validations for standardization and estimations of permanganometry, 

cerimetry, and dichrometry were repeated ten times in 1×10-2 M and 1×10-3 M 

concentrations (see Table 3.4., Table 3.5., and Table 3.6.). The narrow distributions of 

mass obtained from titrations using PNPA-H and NPA-H indicated precision of mass 

obtained from fluorescent indicating methods (see Figure 3.13.).  
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Table 3.4. Comparative mean mass values of ferrous ions obtained experimentally using 
conventional indicating method and fluorometric indicating methods in 
permanganometry. 

 
 

 

Tabl

e 3.5. 

Com

parat

ive 

mass 

value

s of 

ferro

us ions estimated by cerimetry using conventional and fluorescent indicators for different 

molarity range. 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 
 

Fe2+ 
Ion Molarity for 
Permanagometry 

 

Mean mass of Fe2+ Ion, g, obtained using these methods 

Conventional 
Indicating 

Method 
 

Fluorescent 
PNPA-H 

Indicating 
Method 

Fluorescent 
NPA-H  

Indicating 
Method 

1 1× 10-2 6.06 ×10-2 ± 

7.3×10-4  

6.02 ×10-2 ± 

 4.9× 10-4  

6.03×10-2 ±  

6.0 × 10-4  

2 1× 10-3 5.61 ×10-3 ± 

 4.5 ×10-5  

5.63×10-3 ±  

4.9 × 10-5  

5.62 ×10-3 ± 

 2.6 ×10-5  

3 1× 10-4 _ 5.74×10
-4

 5.76 ×10
-4

 

4 1× 10-5 _ 5.74×10-5 5.72 ×10-5 

5 5× 10-6 _ 2.82×10-5 2.80 ×10-5 

6 1× 10-6 _ 5.67×10-6 5.73 ×10-6 

Sample  Fe2+ ion 
Molarity 

for 
Cerimetry  

The estimated mass of Fe2+ ions,  g, by analyte concentration and 
method 

Conventional 

indicating method 

Fluorescent PNPA-H 

Indicating method 

Fluorescent  

NPA-H 

Indicating 

Method 

1 1× 10-2 5.70 ×10-2 ± 3.7 × 10-4 5.71 ×10-2 ± 2.5 × 10-4 5.6874 ×10-2 ±  

2.7 ×10-4 

2 1× 10-3 5.70 ×10-3 ± 2.0 ×10-5 5.71 ×10-3  ± 2.7 ×10-5 5.7043 ×10-3 ± 

 4.0 ×10-5 
3 1× 10-4 _ 6.0276×10

-4
 6.0258 ×10

-4
 

4 1× 10-5 _ 5.7533 ×10-5 5.7322 ×10-5 

5 5× 10-6 _ 2.6962 ×10-5 2.6764 ×10-5 

6 1× 10-6 _ 5.7507 ×10-6 5.7109 ×10-6 
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Table 3.6. Comparative mass values of ferrous ions estimated by dichromometry using 

conventional and fluorescent indicators for different molarity range. 

 

 

Figure 3.13. A) Mean masses of ferrous ion estimated using conventional and 

fluorometric indicating methods for 10-2 M concentration. The standard distribution 

curves of mass were obtained from B) permanganometry, C) cerimetry and D) 

dichrometry for 10-2 M analyte concentrations. 

Student’s t-test and F-test were reported as tests of significance for the 

fluorometric indicating method by comparing it with the standard indicating method. The 

Sample   Fe2+   ion 
Molarity  

For 
Dichrometry 

The Estimated Mass of Fe2+ ions,  g, by analyte concentration 
and method 

Conventional 
indicating method 

Fluorescent PNPA-H 

Indicating method 

Fluorescent NPA-H 

Indicating Method 

1  1 × 10-2 5.69×10-2 ± 3.5×10-4  5.69 ×10-2  ±  

2.6 ×10-4  

5.70 ×10-2  ± 

2.8 ×10-4  

2  1 × 10-3 5.54 ×10-3 5.4904 ×10-3 5.5176 ×10-3 

3  1 × 10-4 _ 5.7100 ×10-4 5.6899 ×10-4 
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standard deviation of the mass of ferrous ions obtained in both methods was taken to 

calculate Student’s t-test and F-test. The critical values were obtained statistically for the 

Student’s t-test with 18 degrees of freedom and  95% probability, and the variance ratios 

based on the F-test for 9 degrees of freedom and P = 0.05 (P=0.05 indicates probability 

level, which corresponds to 95% confidence interval). The calculated values did not 

exceed the critical values (tcritical = 1.74 & Fcritical = 3.18) in all three redox titrations (see 

Table 3.7. and Figure 3.14.). [50-52] The Student’s t-test and variance ratio-based F-test 

show that the fluorescent indicating method using PNPA-H and NPA-H was significant. 

Therefore, statistical validations have strengthened the estimation of ferrous ions in 

micromolar redox titration using fluorescent indicators.  

 

Figure 3.14. Bar diagram showing the comparison of tcritical, tcalculated, Fcritical, and Fcalculatd 

values for a fluorometric indicating method of PNPA-H (A and C) and NPA-H (B and 

D). 
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Table 3.7. Comparative results of statistical f test and student’s t-test taken for redox 

titrations using fluorescent and conventional indicators. 

 

 

 

Figure 3.15. Linear regression of estimated mass of Fe2+ ions using fluorometric 

indicating methods at different concentrations via dilution A) permanganometry, B) 

cerimetry, and C) dichrometry. 

We have also made a linear regression analysis of the estimated mass of ferrous 

ions against different concentrations obtained via dilution using fluorometric indicating 

methods (see Figure 3.15.). The plots with good linear response and correlation 

coefficients equal to 0.999 were obtained. [52] The p-value from linear regression analysis 

was less than 0.05, indicating the significant dependence between the estimated mass and 

the concentration of solutions estimated by fluorescent indicating methods. The 

concentration of titrants and the fluorescent indicator used in the micromolar 

1E-6 1E-5 1E-4 1E-3 0.01

1E-5

1E-4

1E-3

0.01

1E-6 1E-5 1E-4 1E-3 0.01

1E-5

1E-4

1E-3

1E-4 1E-3 0.01

1E-3

0.01

B CA

 

M
as

s 
o

f 
F

e2+
(g

)

Concentration (M)

 PNPA-H
 NPA-H
 Linear Fit

 

 

M
as

s 
o

f 
F

e2
+  (

g
)

Concentration (M)

 PNPA-H
 NPA-H
 Linear Fit

 

 
M

as
s 

o
f 

F
e2+

 (
g

)

Concentration (M)

 PNPA-H
 NPA-H
 Linear Fit

Type of Redox 
titration & 

concentrations 

Degrees of freedom Fcalc 

PNPA-H 

Tcalc  

PNPA-H 

Fcalc 

NPA-H 

Tcalc 

NPA-H F test Student’s t-
test 

Permanganometry(10-2 M) 9 18 0.24 0.74 2.16 0.55 

Permanganometry(10-3M) 9 18 1.19 0.93 3.02 0.41 

Cerimetry(10-2 M) 9 18 2.20 0.56 1.89 0.76 

Cerimetry(10-3M) 9 18 2.04 1.36 2.21 0.65 

Dichrometry(10-2 M) 9 18 1.71 0.14 1.48 0.091 
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concentration reduce chemical waste; thus, the experiment aligns with the concept of the 

first principle of green chemistry. Further, fluorescence-assisted microscale redox 

titrations can be extended to volumetric estimations of certain drugs, ascorbic acid, 

sodium nitrite, hydrogen peroxide, and sodium arsenite.  

3.3.6. Experiment overview 

Based on the above studies, a microscale redox titration was designed for upper-grade 

undergraduate students who study green chemistry and photochemistry principles. 

Microscale analysis primarily involves minimizing the use of the chemical and its 

exposure without compromising the result and creating an eco-friendly lab experience. 

The redox titration of ferrous ions against an oxidizing analyte by any titrimetry method 

includes weighing, standardization, and estimation, usually a minimum two-hour-long 

experiment. We have carried out the redox titration using fluorescent indicators a) in 

molar concentrations (1×10-2 - 1 × 10-3 M), b) in micromolar concentration (1×10-4 - 1 × 

10-6 M), and c) in semi-micro volumes (1-2 mL) and results obtained compared to 

evaluate the benefits of microscale titrations. Before and after the lab session, pre-lab 

surveys and post-lab surveys were carried out to evaluate students’ knowledge and 

experience on microscale estimations. The micromolar redox titrations reduce the 

quantities of analytes used, and semi-micro volume titration reduces the volume of 

analytes and the time required for the titration. Therefore, besides practicing redox 

chemistry in quantitative analysis, students quickly get the idea of the microscale analysis 

at the outset of green chemistry and fluorescence turn-off. Significant learning outcomes 

for the present experiment are focused on the following. 

1) To apply the green chemistry principle by microscale redox titration in reducing 

chemical waste generated in the lab. 

2) To develop skills in microscale titrations with the aid of fluorescent indicators. 

3) To reduce the exposure and toxicity by taking less mass and volume of titrant and 

analyte. 

4) To estimate the mass of ferrous ions precisely and accurately from micromolar 

concentrations. 

3.3.7. Experiment design 
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The experiment design involves titrations to estimate the mass of ferrous ions 

using potassium permanganate or ammonium cerium sulfate in molar concentration (1 × 

10-2 M), micromolar concentration (1×10-4 M or 1×10-6 ), and semi-micro volume (2 mL, 

1×10-2 M) with the help of fluorescent PNPA-H indicator. Two separate batches of 20 

students were allowed to perform the experiment. The first batch was arranged in four 

groups, with five undergraduate students in each group. The second batch of participants 

was randomly selected from undergraduates, graduates, and researchers who could give 

critical feedback on the experiment, and they were allowed to experiment individually as 

a part of an add-on course introduced for microscale analysis. The first titration uses 

standard molar concentrations, the second titration uses micromolar concentrations, and 

the third titration reduces the volume to semi-micro volume. The effectiveness of 

fluorescent indicating actions can be directly visible from these titrations in different 

concentrations and volumes. Finally, a fourth titration was used to determine the mass of 

ferrous ions in molar concentration (1×10-2 M) with a self-indicator or conventional 

indicator. The same ferrous ion solution and titrant solutions can be used for all titrations 

except micromolar titrations to compare the results. The results of these titrations were 

assessed in three categories a) fluorescent indicator vs. conventional indicator, b) molar 

vs. micromolar concentrations, and c) molar vs. semi-micromolar volume. The first 

category explains the advantage of fluorescent indicators versus conventional indicators. 

The second and third categories show how much the quantity of the analyte can be 

reduced very efficiently in micromolar concentrations or semi-micro volumes, besides 

accurately determining the mass of ferrous ions at low concentrations. The maximum 

time to complete all the above experiments together is three hours. Therefore, after 

familiarizing the above titrations, micromolar or semi-micro volume titration can be 
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directly performed with much less time. A very economical home-built micro-scale 

titration setup for endpoint detection was applied using a UV torch with a 395 nm LED 

source, allowing students to continuously do semi-micro molar titration (1 × 10-4 M) 

inside the setup (see Scheme 1).  

 

 

 

 

 

Figure 3.16. A) Schematic representation and B) photograph of home-made semi-micro 

volume titrating setup for fluorometric indicating method. 

3.3.8. Experiment evaluation 

Titrations in molar concentration of analyte (1 × 10-2 M) have been carried out using the 

fluorescent and conventional indicators. Students could easily detect and compare the 

endpoints in both indicating methods by noting fluorescent turn-off in fluorescent 

indicators and color change in the conventional method. The titrant volumes obtained in 

both cases were almost identical in both methods, providing the student and instructor 

confidence in the new method’s accuracy and comfort in using the fluorescent indicator. 

Placing a reference solution in the UV cabinet was also helpful to detect the endpoint 

easily. Initial use of the microscale apparatus was slightly unfamiliar for a few students; 

howe

ver, 

they 

felt 

comf

ortabl

e 

after 

second or third titration. Some students first thought fluorescent indicators were an 

alternate indicating method without recognizing the extended applications. They queried 
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the instructor, “what is the relevance of fluorescent indicators.” The titrations in 

micromolar concentrations (1 × 10-4 - 1× 10-6 M) have produced fluorescent turn-off in 

the fluorescent indicating method, whereas no color change in the conventional indicating 

method. Therefore, students could easily understand working fluorescent indicators in a 

lower concentration and precise determination of a few micrograms of ferrous ions. 

Microscale redox titrations allow the students to measure the mass of ferrous ions in 

between the 5 μg - 500 μg from 1× 10-6 M to 1 × 10-4 M concentrations. By comparing 

micro-scale titrations and conventional titrations, the students learned the chemical 

quantity that could be saved in each lab. 

The students have conducted semi-micro volume titrations of ferrous ions in 

molar concentration (1 × 10-2 M) using a fluorescent PNPA-H indicator. The ferrous ion 

analyte (2 mL) was easily titrated against an oxidizing titrant taken in a 5 mL micro 

burette within 2-3 minutes. In molar concentrations (1 × 10-2 M), students detected the 

endpoint as a sharp fluorescence turn-off in UV light and the appearance of wine red 

color in visible light. The semi-micro volume titrations promote microscale apparatus to 

limit the volume used for titrations. Few students were concerned about the accuracy of 

the result before the experiment. They assumed that the accuracy of results would be 

impoverished by reducing the volume of titrants. The comparable mass of Fe2+ ions 

obtained from conventional and semi-micro volume titrations clarified their apprehension, 

and they understood that 2 mL was sufficient for precise endpoint detection in this 

method. The presence of fluorescence indicator in a small volume of 1 or 2 mL had a 

much-pronounced indicating effect than the conventional indicating method, which can 

minimize the constant error that can arise when we reduce the volume from higher to 

lower. Semi-micro volume titrations can be easily extended to micromolar concentrations. 

Estimation using semi-micro volume in micromolar titration of 1 × 10-4 M solution of 

ferrous ions against potassium permanganate was carried out in a home-made microscale 

titrating unit, and checking of the fluorescence emission was monitored continuously 

inside the setup using a portable UV torch of 395 nm instead of a fixed UV lamp of 365 

nm inside UV inspection cabinet. The endpoint was the quenching of the bluish-white 

color and appearance of the violet from UV source, and the method minimizes any 

harmful effect of UV radiation. The time taken to complete the titration directly depends 

on the volume taken, whether it is molar or micromolar titration. Students who 

experimented with semi-micro volume titration have reduced the time of the entire 
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experiment by less than one-half the usual way. Students gained awareness about the time 

benefits of the experiment and reduced the excessive use of the chemicals in the lab as 

green chemistry practice.  

After the experiment, the students submitted their lab reports with tables and 

calculations to the instructors. The estimated masses of analytes were tabulated in Table 

3.8. The standard deviations of the estimated mass of ferrous ions obtained from molar 

concentration, micromolar concentration, semi-micro volume using the fluorescent 

indicating method and molar concentration using the conventional method were obtained 

to be as 1.84 × 10-3, 2.68 × 10-5, 2.10 × 10-3, 1.47×10-3  respectively. The precision of the 

results indicates that students have developed skills in semi-micro volume titrations and 

micromolar titrations using the fluorescent indicator. A post-lab survey was conducted to 

assess the students’ learning outcomes, performance, and lab experience (see Table 3.9.). 

Before the experiment, a pre-lab survey was given to assess the student’s awareness about 

microscale titrations, green chemistry, and fluorescence indicator (see Table 3.9.). Before 

the experiment, students have limited knowledge of microscale titrations and fluorescent 

indicators. Before the experiment, students (< 30%) perceived that microscale titrations 

could not be achieved at laboratories as volumetric analysis and were uncertain about the 

working of fluorescent indicators in endpoint detection. However, after the experiment, 

they understood the applicability of fluorescent indicators via microscale titrations in the 

lab. The post-lab survey indicates that microscale redox titration effectively determined 

analyte concentration at a micromolar concentration using PNPA-H (see Table 3.8.). 

Thus, students became aware of the benefit of microscale titrations and the effectiveness 

of fluorescent indicators in microscale titrations. 

Table 3.8. Comparative estimated mass values of ferrous ions from molar concentration, 

micromolar concentration, and semimicro volume using different indicating methods and 

analyte concentrations.  

 

 

 

 

Sample 

 

Estimated mass of Fe2+ ions, g, by analyte concentration and method  

Molar Concentration,  

1 × 10-2 M in 10 mL 

Micromolar 

concentration,   

1 × 10-4 M  in 10 

mL 

Semimicro 

Volume,   

1 × 10-2 M in 

 2 mL 
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Fluorescent 

indicating 

method using 

PNPA-H 

Conventional 

method 

Fluorescent 

indicating method 

using PNPA-H 

Fluorescent 

indicating 

method using 

PNPA-H 

1 5.50×10-2 5.55×10-2 5.63×10-4 5.54×10-2 

2 5.58×10-2 5.55×10-2 5.63×10-4 5.77×10-2 

3 5.43×10-2 5.41×10-2 5.40×10-4 5.35×10-2 

4 5.47×10-2 5.50×10-2 5.46×10-4 5.63×10-2 

5 5.55×10-2 5.50×10-2 5.70×10-4 5.57×10-2 

6 5.70×10-2 5.42×10-2 5.22×10-4 5.61×10-2 

7 5.40×10-2 5.40×10-2 5.39×10-4 5.50×10-2 

8 5.37×10-2 5.35×10-2 5.78×10-4 5.25×10-2 

9 5.35×10-2 5.43×10-2 5.75×10-4 5.45×10-2 

10 5.28×10-2 5.39×10-2 5.73×10-4 5.87×10-2 

11 5.24×10-2 5.22×10-2 5.71×10-4 5.43×10-2 

12 5.24×10-2 5.21×10-2 5.59×10-4 5.50×10-2 

13 5.08×10-2 5.19×10-2 5.97×10-4 5.54×10-2 

14 5.17×10-2 5.17×10-2 5.85×10-4 5.20×10-2 

15 5.05×10-2 5.10×10-2 4.92×10-4 5.06×10-2 

 

 

 

Table 3.9. Pre-lab survey and post-lab survey questions provided to the students. 

Pre-Lab Survey Post-Lab Survey 
1 How can we apply Green chemistry aspects in 

existing volumetric titrations easily? 
a) By replacing toxic chemicals 
b) By recycling solutions 
c) By employing micro-scale titrations 
d) others 
 

How to quantitatively estimate the mass of 
substances less than 5 mg in volumetric 
titrations? 
a) Using microscale titrations 
b) Using fluorescent indicators 
c) Using conventional colorimetric 

indicators 
d) Not possible by volumetric titration 
 

What are the skills obtained from volumetric Which of the following skills are mainly 
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2 titrations? 
a) Precision and accuracy in quantitative 

estimations 
b) Proper Utilization of laboratory glassware 
c) Detection of the endpoint via Naked-eye 
d) Others 
 

acquired from micro-scale titrations? 
a) Expertness in the use of  fluorescent 

indicators 
b) Comfort in the use of micro burette 
c) Ability to include green chemistry 

aspects in experiments 
d) Precise and accurate titration results 
 

3 
What is the difficulty of employing microscale 
titrations in laboratories? 
a) Lack of facilities available in the 

laboratories 
b) Difficulties in preparing solutions 
c) Nonavailability of suitable indicators 
d) Difficulties in endpoint detection with 

available indicators 
e) others 
 

Which one do you prefer to perform in the 
laboratory as an eco-friendly experiment 
among the following titrations? 
a) Molar titrations (1×10-2 M) 
b) Micro molar titrations (1×10-4 M 
or 1×10-6 M) 
c) Semi-micro volume titrations (1 
mL or 2 mL volume) 
d) None of the above  
 

4 
How can we perform microscale estimations in 
laboratories? 
a) By adopting modern instruments 
b) Using indicators in high concentration 
c) Using fluorescent indicators 
d) By adopting methods other than volumetric 

titrations 
e) Others 
 

Which of the following experiment is a 
better way to reduce chemical exposure? 
a) Molar titrations (1×10-2 M) 
b) Micro molar titrations (1×10-4 M or 

1×10-6 M) 
c) Semi-micro volume titrations (1 mL or 

2 mL volume) 
d) None of the above  
 

5 
Choose the correct statement regarding 
conventional indicators and fluorescent 
indicators. 
a) Conventional indicators cannot be used for 

micromolar titrations, whereas fluorescent 
indicators can. 

b) Both Conventional and fluorescent 
indicators give endpoint by color change 
only. 

c) Conventional indicators give sharp 
endpoint detection, whereas fluorescent 
indicators cannot. 

d) A small quantity of conventional indicators 
was sufficient for endpoint detection, 
whereas a high quantity of fluorescent 
indicators was needed. 

 

Which of the following comparisons was 
effective for analyzing green chemistry 
aspects? 
a) Molar titration vs micro molar 
titration 

b) Molar titration vs semi-micro 
volume titration 

c) Titrations with conventional 
indicator vs. titration with fluorescent 
indicator 

d) All of the above  
 

 
6 

How can we use fluorescent indicators to detect 
the endpoint? 
a) By exhibiting a color change  
b) By changing fluorescence intensity 
c) By forming complexes 
d) By changing the physical property of the 

indicator 
 

What are the advantages of semi-micro 
volume estimations using fluorescent 
indicators? 
a) Reducing chemical exposure and 
time 
b) sharp detection of the endpoint by 
sharp quenching of fluorescence  
c) Easy operation of micro burettes 
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d) Improvement in precision and 
accuracy of results 
 

 
7 

Choose the correct statement about micro-scale 
estimations. 
i) Microscale estimations will not 
produce accurate and precise results. 

ii) Microscale estimations are time-
consuming and need high-cost instruments 

iii) Microscale estimations cannot be 
performed at laboratories 

iv) Microscale estimation will produce 
precise and accurate results 

v) Microscale estimations are eco 
friendly 

a) i, ii & v       b) iii, iv &  
 c) i & v                             d) iv & v 
 

Why are fluorescent indicators necessary 
in micromolar titrations instead of 
conventional colorimetric indicators? 
a) Conventional colorimetric 

indicators cannot produce a sharp 
color change at the endpoint. 

b) Fluorescence indicators show sharp 
fluorescence quenching at the 
endpoint in micromolar titrations. 

c) Conventional colorimetric 
indicators produce color change at 
early stages and lead to false 
endpoint detection.  

d) Precision and accuracy of results 
were better using fluorescent 
indicators. 

 

8 
What are the needs of practicing micro-scale 
titrations? 
i) To produce accurate and precise 

estimations 
ii) To familiarize microscale apparatus 
iii) To practice green chemistry 

principles 
iv) To prevent consumption of chemicals 

a) i, ii & iii       b) iii &  iv   
       c) ii, iii, & iv                     d) i, ii, iii, &iv 

Which is the most exciting feature of using 
fluorescent indicators in 
permanganometry? 
a) The detection of endpoints in 

titration with low concentrations of 
analytes  
b) Confirmation of endpoint noted 

via fluorescence quenching and appearance 
of wine red color. 
c) Easy detection of the endpoint by 

sharp fluorescence quenching 
d) Others 

 

9 
Which of the following titrations are easy to 
perform in laboratories? 

a) Conventional titrations with 
colorimetric indicator 

b) Microscale titrations with colorimetric 
indicator 

c) Microscale titrations with fluorescent 
indicator 

d) All the above 

Comment on the precision and accuracy of 
microscale estimations.  
a) Estimated masses were precise 
but not accurate. 

b) Estimated masses were precise 
and accurate. 

c) Estimated masses were accurate 
but not precise. 

d) Estimated masses were not 
precise and accurate. 

 

10 

Comment on the advantages of titrations. 
i) Easy to perform 
ii) Low cost 
iii) No need of calibrations 
iv) Precise and accurate results 
v) Sharp end point detection 
vi) Less chemical use 
vii) Less time consumption 

 

How do you rate the entire experiment? 
a) 4: clearly understood the green 

chemistry aspect in microscale 
estimations, the advantage of using 
fluorescent indicators in titrations, and 
developed skills for using microscale 
titrations. 

b) 3: clearly understood the green 
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a) i, ii, v, & vi 
b) i, ii, iii, iv & v 
c) iv, v, vi, & vii 
d) i, ii, iii, iv,&  vi 

chemistry aspect in micro-scale 
estimations and the advantage of using 
fluorescent indicators in titrations.  

c) 2: developed skills in micro-
instruments. 

d) 1: The use of fluorescent indicators is 
clearly understood but not the green 
chemistry aspect in micro-scale 
estimations. 

 

 

Table 3.10. Comparison of Post lab Survey Results for Student Evaluation of the 

Microscale titrations. 

Item Question Students’ Most Frequently 

Chosen Response Options 

Option % 

(N=15) 

1 How to quantitatively estimate the mass of 

substances less than 5 mg in volumetric 

titrations?  

Using microscale titrations 50 

Using fluorescent indicators 50 

2 Which of the following skills are mainly 

acquired from micro-scale titrations? 

Expertness in the use of 

fluorescent indicators in 

endpoint detection 

60 

Comfort in the use of micro 

burette 

33 

3 Which one do you prefer to perform in the 

laboratory as an eco-friendly experiment 

among the following titrations? 

Micro molar titrations 

(1×10-4 M or 1×10-6 M) 

86 

Semi-micro volume 

titrations (1 mL or 2 mL 

volume) 

14 

4 Which of the following experiment is a 

better way to reduce chemical exposure? 

 

Micro molar titrations 

(1×10-4 M or 1×10-6 M) 

86 

Semi-micro volume 

titrations (1 mL or 2 mL 

volume) 

14 

5 Which of the following comparison was 

effective for analyzing green chemistry 

aspects? 

Molar titration vs. micro 

molar titration 

60 

Titrations with conventional 

indicator vs. titration with 

fluorescent indicator 

33 

6 What are the advantages of semi-micro 

volume estimations using fluorescent 

indicators? 

Reducing chemical exposure 

and time 

40 

sharp detection of the 60 



                                             Microscale redox titrations using fluorescent PNPA indicator 

97 
 

 endpoint by sharp quenching 

of fluorescence  

7 Why are fluorescent indicators necessary in 

micromolar titrations instead of 

conventional colorimetric indicators?  

Conventional indicators 

cannot produce a sharp color 

change in micromolar 

concentrations. 

40 

Fluorescence indicators 

show sharp fluorescence 

quenching at the endpoint in 

micromolar titrations. 

60 

8 Which is the most exciting feature of using 

fluorescent indicators in permanganometry?  

The detection of endpoints 

in titration with low 

concentrations of analytes 

50 

Confirmation of endpoint 

noted via fluorescence 

quenching and appearance 

of wine red color. 

33 

9 Comment on the precision and accuracy of 

microscale estimations. 

Estimated masses were 

precise and accurate.  

93 

10 How do you rate the entire experiment? Choice 4 73 

Choice 3 20 

 

3.4. Conclusion 

We have made significant progress in microscale redox titration to estimate the mass of 

ferrous ions using poly-N-phenyl anthranilic acid (PNPA-H) and its monomer N-phenyl 

anthranilic acid (NPA-H) as a fluorescent indicator. The fluorescent indicators like 

PNPA-H and NPA-H have shown bluish-white light emission which was quenched by 

the oxidizing analytes at the endpoint. A comparison of the conventional indicating 

method with the fluorescence indicating method has been carried out at higher 

concentrations (1×10-2 M and 1×10-3 M) to confirm the validity of the fluorescent 

indicator. The mass of the ferrous ion determined by fluorometric indicating methods has 

a narrow distribution than conventional indicating methods. Statistical Student’s t-test and 

F-test indicated that fluorometric indicating methods are valid and significant as 

conventional methods with the additional benefit of detecting micromolar concentration. 

The micromolar concentrations and semi-micro volumes of titrants ensure these 

microscale redox titrations follow the first principle of green chemistry. Students’ and 
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participants’ feedback shows that fluorescent indicators, micromolar titration, and semi-

micro volumetric titrations have produced excellent results. In short, microscale redox 

titration accurately determines the micromolar concentration of ferrous ions with the help 

of fluorescent indicators to reduce chemical use and laboratory time in analysis.  
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4.1. Introduction 

Conjugated polymers were considered as one of the important polymeric 

chromogenic materials due to their ability to change their color under various conditions 
[1]. Conjugated polymers exhibit thermochromism, photochromism, solvatochromism, 

electrochromism, or chemochromism under the action of stimuli like temperature, light, 

solvent, electric field, and chemical changes like pH, ionic strength etc [2]. Stimuli induces 

structural changes in conjugated polymer, change in oxidation state, or conformational 

change in main or side chain. Among different stimuli, pH is one of the important stimuli 

that impact physical, chemical, and biological properties. pH sensors play an important 

role in chemical industries, waste-water treatments, pharmaceutical industries, food 

analysis etc.[3] Conjugated polymer-based optical pH sensors were developed due to their 

highly sensitive nature and less electrical interferences [4]. Polyaniline is an important pH-

sensitive polymer whose optical and electric properties are susceptible to pH [4-7]. Jin et al. 

developed a stable polyaniline film showing a reversible color change in the pH range of 

2-12 [7]. Abu-Tabit et al. used polyaniline-coated polysulfone membranes for pH 

detection in the range of 4-12 [8] (see Figure 4.1.). 

 

Figure 4.1. A) pH sensing using polyaniline-coated polysulfone membrane and B) UV-

visible absorption spectra of the polymer at different pH with photographs (Adapted from 

Abu-Thabit et al. 2016). 

Lead-acid batteries are rechargeable batteries, which have an advantage over non-

rechargeable batteries because of the multiple-use and reduced battery waste generation 

in the environment. Lead-acid batteries contain metallic lead dioxide as positive electrode 

and metallic lead as negative electrode and both the electrodes are dipped in an electrolyte 
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of sulphuric acid.   However, lead acid batteries are more expensive than disposable 

batteries, but their long-term use from a single investment and technically sound energy 

storage mechanism makes them more significant than non-rechargeable batteries [10]. The 

acid content of lead acid batteries changes with charging and discharging. However, it is 

difficult to measure the acid content of the batteries using a conventional pH meter due to 

the highly acidic pH of battery acid. The extended use of lead-acid batteries beyond a 

period produces slow charging rates, self-discharge with battery temperature or time, and 

causes changes in charging-discharging characteristics. The reasons for the development 

of the poor performance of lead-acid batteries after a period include draining via 

electrolysis of water, the reaction of metal with sulphuric acid, impurities in water, and 

the deposition of lead sulfate (sulphation) and settling of sulphuric acid at the bottom 

(stratification) [11-12]. Therefore, it is necessary to determine the state of charge in lead-

acid batteries. The state of charge (SoC) is the ratio of the remaining capacity to the 

battery’s total capacity, which was necessary to know the lead-acid battery’s state of 

health. [9] 

Table 4.1. Different parameters used to determine the state of charge in batteries, along 

with advantages and limitations available in the literature. 

Sl. No. Parameter used to 

determine the state of 

charge 

Advantage Limitation Reference 

1 Open circuit voltage 

(OCV) 

Simple and direct SoC 

determination using a 

mathematical formula 

Need of the long 

resting time and 

temperature sensitive 

13 

2 Terminal voltage Direct SoC 

determination using a 

mathematical formula 

Estimated error was 

high 

14 

3 Electrochemical 

impedance spectroscopy 

Previous knowledge of 

initial SoC is not 

necessary 

Sensitive to 

temperature 

9 

4 Ampere-hour counting 

method 

Simple and accurate 

SoC determination 

Previous knowledge of 

SoC is necessary 

15 

5 Specific gravity using 

Refractive index 

Remote monitoring of 

SoC is possible 

Periodic calibration is 

needed 

16 
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6 Specific gravity using 

optical absorption of 

electrolyte 

Accurate measurement In situ monitoring of 

SoC is difficult 

17 

7 Specific gravity using a 

density meter 

Fewer interferences Indirect SoC 

measurement 

10 

8 Specific gravity using 

electrodes 

Reliable and efficient 

measurement 

Periodic replacement 

of electrodes is 

necessary 

18 

9 Refractive index Direct and in situ 

monitoring of SoC 

Mathematical modeling 

is required 

19 

10 Specific gravity using 

refractive index 

Signal processing is 

not necessary 

Indirect SoC 

measurement 

20 

 

The reported methods to determine the state of charge in lead acid batteries 

available in the literature, along with their advantages and limitations, are given in Table 

4.1. The SoC of the battery can be determined using electrochemical or electrical methods 

such as impedance spectroscopy, ampere-hour counting, internal resistance measurement, 

and voltage measurement [14, 21]. Impedance spectroscopy is a sophisticated method that 

provides good SoC results without the initial SoC value, whereas the amper-hour 

counting method needs to know the initial SoC value. The SoC determination from 

battery voltage required the battery to be in an open circuit for some time after being 

charged or discharged [13]. Deepti et al. implemented a method of open circuit voltage 

with a current integration method to determine the state of charge in batteries [22]. The 

voltage dependence on temperature and current fluctuations on charging/discharging 

could affect the accurate SoC measurements. A glass hydrometer is a simple and 

economical instrument for measuring specific gravity; however, it would be a highly 

skilled method for determining SoC [23-25]. Tang et al. used a hydrometer integrated with a 

liquid level sensor for gauging the specific gravity of the battery electrolyte to determine 

battery SoC [26]. The specific gravity measurement using a digital density meter was 

reported [27]. Hancke et al. described a fiber-optic technique for measuring specific gravity 

by measuring changes in the refractive index of a solution [16, 28]. The dependence of 

electrode potential on sulphuric acid concentration was used for developing electrode-

based sensors, and this method requires periodic replacement of electrodes [18, 29-32]. Weiss 
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et al. reported an optical apparatus for measuring the changes in optical absorbance of the 

electrolyte at 1.45 µm with the change in the composition of the electrolyte to determine 

the state of charge [17]. The designed sensor shows decreased absorption with lower 

sulfate ion concentration in the conductor when the battery is used. Therefore, the acid 

content of lead-acid batteries was correlated to the charging and discharging process [21]. 

On complete charging of the lead acid battery, acid content increases to 40%, whereas 

acid content reduces to ~ 10-15 % on normal discharge. An acid content below 10% 

(specific gravity below 1.106 g/cm3) indicates a drained or damaged battery (see Figure 

4.2.) [33-35]. Therefore, a simple and accurate method for determining the state of charge of 

lead-acid batteries from their acid content in normal atmospheric conditions would 

benefit battery research.  

 

Figure 4.2. A) Plot showing dependence of the state of charge on open circuit voltage in 

the lead-acid battery (Adapted from Piller et al. 2001). B) Plot showing the sulphuric 

acid specific gravity change measured by developed sensor and hydrometer in the lead 

acid battery during discharging. (Adapted from Guo et al. 2005). 

In the present work, the polymer poly-N-phenyl-o-phenylenediamine (PPOPD) 

solution was used as an ex-situ chemosensor to determine the battery acid content in lead-

acid batteries. The change in absorbance of PPOPD solution at 518 nm with increase in 

acid content has shown a linear relationship. The absorbance of the PPOPD solution 

produced in charging and discharging conditions was correlated with the lead-acid 

battery’s acid content and SoC. The acid content corresponding to 40% sulphuric acid 

would be approximately the same for a lead-acid battery on complete charging. The 

absorbance corresponding to the minimum acid percentage (10%) on discharging and 

maximum acid percentage (40%) on complete charging was given as limits to determine 

the SoC of the battery. Here, an analytical method has been developed to determine 
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battery acid content and the state of charge of lead-acid batteries through an external 

calibration-free method by measuring the absorbance of a pH-responsive and water-

soluble poly-N-phenyl-o-phenylenediamine. 

4.2. Experimental 

4.2.1. Materials and Reagents: N-Phenyl-o-phenylenediamine (98%) and anhydrous 

ferric chloride were purchased from Sigma Aldrich. Concentrated H2SO4 (98%) and 

acetone were purchased from Merck Chemicals. Double-distilled ethanol and deionized 

water were used to synthesize and purify the polymer.  

4.2.2. Measurements and Instruments: UV-Visible absorption spectra of the samples 

were recorded by Shimadzu UV-Visible spectrometer 1800 series in the 200-800 nm 

range with deionized water. The proton NMR spectra of the samples were recorded using 

a 400 MHz Bruker Avance FT-NMR spectrophotometer using DMSO- d6 as the solvent 

and TMS as an internal standard. Fourier transform infrared spectra of the powdered 

samples were recorded using the Shimadzu FT-IR spectrometer IR affinity-1 series by the 

KBr pellet method in the 400-4000 cm-1 range. Powder X-ray diffraction of the samples 

was measured using PANALYTICAL, Aeris research diffractometer in the range of 2θ 

values from 4 to 80°. The molecular weight of the PPOPD samples has been determined 

by Bruker Autoflex max LRF MALDI-TOF using sinapinic acid as a matrix. The pH of 

solutions was measured using a portable pH meter of Hanna instruments. Powersoft 

automated battery of 12V was used for charging and discharging measurements of the 

lead acid battery. A digital multimeter was used to measure the battery output voltage. 

For charging studies, the battery was charged using a power-plus automatic battery 

charger of 5 amps. For discharging studies, the battery was discharged using a DC bulb of 

100 watts. Electrical conductivity of the samples was measured using DFP-RM-200 with 

constant current source Model CCS-01 and DC microvoltmeter. 

4.2.3. Synthesis of poly-N-phenyl-o-phenylenediamine (PPOPD): The monomer N-

phenyl-o-phenylenediamine (0.10 g, 0.5 mmol) was dissolved in 3 mL distilled ethanol. 

Oxidizing agent anhydrous ferric chloride (0.13 g, 0.8 mmol) dissolved in 2 mL ethanol 

was added to the monomer solution dropwise. The color of the solution immediately 

changed from pale brown to dark brown upon adding the oxidizing agent. The 

polymerization reaction was continued for 2 hours without any disturbance, and the 

solvent evaporated upon reaction completion. The polymer was washed with water and 



Chapter 4 

108 
 

acetone, filtered, and dried in a vacuum oven at 60°C. Yield = 0.075 g (75%). 1H NMR 

(400 MHz, DMSO- d6): δ 6.20 (d, 1H, Ar-H), 7.50 (m, 15H, Ar-H), 8.25 (d, 1H, Ar-H), 

9.58 (s, 1H, N-H). FT-IR (KBr, cm-1): 3352, 3176, 3038, 1670, 1517, 1371, 1247, 846, 

769, and 693.                                            

4.2.4. Preparation of poly-N-phenyl-o-Phenylenediamine solution (7.5×10-5 M): 

PPOPD (3.4 mg) was accurately weighed into a 250 mL standard flask and made up to 

the mark using deionized water to get a dark orange-colored PPOPD solution. 

4.2.5. The pH-dependent absorption studies: The pH of the solutions at different acidic 

and basic conditions was measured. The pH of the solution was lowered by adding H2SO4 

and increased by adding NaOH (10 mL) using different concentrations of acid and base 

between 0.01 M to 4 M. 

4.2.6. Electrochemical studies: Poly-N-phenyl-o-phenylenediamine (0.0182 g) was 

accurately weighed into a 50 mL standard flask and made up to the mark using deionized 

water to obtain a 2.0×10-3 M PPOPD solution. The cyclic voltammogram of 2.0×10-3 M 

PPOPD solution was recorded. The electrochemical activity of POPD solution in an 

acidic medium was also analyzed in the presence of 1% and 4% H2SO4 as an electrolyte. 

The cyclic voltammetric studies were performed at a scan rate of 20 mV/s between the 

voltages -1.0 to +1.2 volt.   

4.2.7. Calibration plot of PPOPD solution with different known concentrations of 

acids: Concentrated H2SO4 (~0.10 mL, 18 M) was taken in a 10 mL standard flask and 

made up to the mark using deionized water to get 1 % acid. Similarly, different acid 

percentages (0.5, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.4, 3.6, 

3.8, and 4.0 %) were prepared from corresponding acid concentrations in molarity 

obtained using the formula; Molarity =  
஺௖௜ௗ ௉௘௥௖௘௡௧௔௚௘×ௗ௘௡௦௜௧௬ ௢௙ ுమௌைర ×ଵ଴

௠௢௟௔௥ ௠௔௦௦ 
 and 

volume using M1V1 = M2V2 formula [36]. The density and molar mass of 98% sulphuric 

acid was 1.83 g/cm3 and 98.079 g/mol respectively. Each 10 mL of known acid 

percentage solutions was added to PPOPD (10 mL, 7.5×10-5 M) solution in a 100 mL 

beaker. The UV-visible absorbance of the PPOPD at 518 nm, noted from UV-visible 

spectra, has shown a linear response with the increase in the acid concentration (acid %).   



                                    State of charge (SoC) determination of Lead-acid Battery 

109 
 

4.2.8. Determination of battery acid content: Battery acid (1 mL) was collected from 

the lead-acid battery during the charging or discharging time intervals. The collected 

battery acid was diluted to 10 mL in a standard flask using deionized water. The diluted 

battery acid (10 mL) was mixed with PPOPD (10 mL, 7.5×10-5 M), and UV-visible 

absorbance was noted at 518 nm using a UV-visible absorbance spectrometer. The 

unknown battery acid concentrations during charging or discharging were obtained by 

extrapolating the obtained absorbance to the linear calibration plot.  

4.2.9. Determination of the state of charge of lead-acid batteries from absorbance: 

The state of charge of a lead-acid battery can be determined from the absorbance of the 

PPOPD solution using the formula  

𝑆𝑜𝐶 (𝑡) = ቂ 
஺ (௧)ି஺೘೔೙

஺೘ೌೣି஺೘೔೙
ቃ ∗ 100 …………………………………………….  (1) 

Where, 𝑆𝑜𝐶 (𝑡) was the state of charge of lead-acid batteries at any particular time (state) 

at different charging or discharging intervals, 𝐴(𝑡) was the absorbance of PPOPD with 

battery acid at 518 nm at a particular time (state) at different charging or discharging 

intervals, The absorbance 𝐴௠௜௡ & 𝐴௠௔௫, corresponds to PPOPD solution in 10% and 

40% acid content, which was set as the lower and upper limits for SoC determination. 

4.2.10. Determination of State of Charge of Lead-acid batteries from open circuit 

voltage: A digital multimeter was used to determine the battery’s open circuit voltage. 

The multimeter was turned on, its positive probe was connected to the battery’s positive 

terminal (red), the negative probe was connected to the battery’s negative terminal 

(black), and the display reading on the multimeter was checked. The battery was 

disconnected from the load for 15 minutes before measuring the open circuit voltage. The 

state of charge of a lead-acid battery can be determined from open circuit voltage by 

using the formula adapted from Chang et al. 2013 [14] 

                         𝑆𝑜𝐶 (𝑡) =  
௏೚೎ (௧)ି௔బ

௔భ
 …………………………………………………  (2) 

Where SoC (t) was the state of charge of the battery at a particular time (t), Voc (t) was 

open circuit voltage, a0 is the terminal voltage of the battery when SoC equals 0%. a1 is 

obtained by knowing the value of Voc (t) and a0, when SoC (t) is 100. 
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4.2.11. Determination of specific gravity from density measurement: Different 

percentages of sulphuric acid solution ranging from 5 % to 50% were prepared by 

diluting concentrated sulphuric acid using double-deionized water. The weight of the 

empty weighing bottle was measured. Acid solution (5 mL) was added to a pre-weighed 

weighing bottle and weight was measured. The difference between the weight of an 

empty bottle and weight of the bottle with acid gives the weight of the acid solution 

(Wacid). Similarly, weight of water was determined by adding water (5 mL) to a pre-

weighed bottle and by measuring the weight (Wwater). The specific gravity (𝒙) was 

calculated by using the formula given below [50]. 

 𝒙 =

𝑾𝒂𝒄𝒊𝒅
𝑽𝒂𝒄𝒊𝒅

𝑾𝒘𝒂𝒕𝒆𝒓

𝑽𝒘𝒂𝒕𝒆𝒓
 

4.3. Results and Discussion 

4.3.1. Synthesis of Poly-N-phenyl-o-phenylenediamine 

Poly-N-phenyl-o-phenylenediamine has been synthesized by an oxidative 

chemical polymerization route using ferric chloride as an oxidizing agent in ethanol 

solvent. The polymer was a dark brown powder soluble in different solvents such as 

water, chloroform, acetone, ethanol, tertrahydrofuran, and dimethyl sulfoxide. However, 

monomer N-phenyl-o-phenylene diamine (POPD) was insoluble in the water. The 

orange-colored PPOPD solution in water has shown pH-dependent color changes from 

orange to pink in acidic pH (< 1.5) and from orange to yellow in basic pH (>10) (see 

Figure 4.3.).  
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Figure 4.3. Schematic representation of the synthesis of PPOPD using oxidative 

chemical polymerization and photographs of the aqueous solution of PPOPD in basic, 

neutral, and acidic pH. 

4.3.2. Structural characterisation of PPOPD 

The complete solubility of polymer and monomer in DMSO enabled us to do their 

structural characterization by proton NMR spectroscopy (Figure 4.4.). The 1H NMR 

spectra of the monomer contain a multiplet peak at 7.2 ppm, which corresponds to 

aromatic Ha and Hd protons, and a doublet peak of Hg proton exists at 7.0 ppm as de-

shielded peaks mainly due to the electronegative nitrogen at their ortho positions [37]. He 

and Hf protons showed triplets at 6.85 ppm and 6.65 ppm, respectively. The triplet 

corresponds Hc proton at 6.55 ppm to be the most shielded aromatic proton. The peaks at 

4.75 and 6.75 ppm were assigned to the primary –NH2 and secondary –NH– protons. The 

peak at 8.24 ppm in polymer corresponded to proton H1, present at the ortho position of 

the –NH2 group, and was the most de-shielded aromatic proton in the polymer. The 

multiplets observed between 7 ppm and 8 ppm were assigned to other aromatic protons. 

In the polymer, secondary –NH protons were present at 9.6 ppm and were most de-

shielded, indicating the presence of the –NH group in the polymer [37]. The absence of 

peaks corresponding to Hc and Hf and aromatic protons in the monomer and the shift in 

new peaks from 6.5-7.0 ppm to higher δ values confirm the polymer formation.  

 

Figure 4.4. 1H NMR Spectra of the monomer POPD and polymer PPOPD in d6-DMSO. 

The monomer (POPD) and polymer (PPOPD) were characterized by fourier transform 

infrared spectroscopy using the KBr pellet method (Figure 4.5.A). The monomer showed 
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characteristic peaks at 1632, 1506, 1319, and 769 cm-1 corresponding to –NH bending of 

primary amine, C=C stretching, C-N stretching, and aromatic C-H out-of-plane bending 

characteristics of 1, 2-disubstituted phenyl rings respectively. The monomer showed 

peaks at 3367 and 3080 cm-1 corresponding to –NH stretching of a secondary amine and 

primary amine, respectively [38]. The polymer also showed characteristic peaks at 3352, 

3176 and 3038 cm-1, corresponding to –NH stretching of secondary amines and 

asymmetric and symmetric –NH2 stretching of primary amines, respectively. The 

moderate peak at 1670 cm-1 in the polymer was attributed to the characteristic –NH 

bending vibration of primary amine, which confirmed the presence of the primary –NH2 

group in the polymer. The polymer has shown intense peaks at 1517, 1319, and 769 cm-1 

corresponding to C=C stretching, C-N stretching, and aromatic C-H out-of-plane bending 

similar to monomer. The peak at 846 cm-1 in the polymer corresponds to C-H out-of-

plane bending vibrations characteristic of 1, 2, 4 - trisubstituted phenyl rings [39-41]. The 

polymer has shown additional moderate peaks at 1247 and 1371 cm-1 corresponding to 

the C-N stretching of secondary aromatic amines, which were weak in monomers. The 

different peak positions of –NH bending, additional peaks of C-N stretching, and C-H 

bending indicate polymer formation. 
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Figure 4.5. A) FT-IR spectra of POPD and PPOPD and B) Powder WXRD diffractogram 

of POPD and PPOPD. 

 

The solid-state ordering of the monomer and polymer was studied by powder X-ray 

diffractogram (Figure 4.5.B). The powder form of the monomer showed sharp peaks at 

2θ values 10.26, 11.39, 18.24, 21.30, 22.44, 23.44, 25.70, 26.55, 28.82, and 30.80, which 

indicated the crystalline nature of the monomer. The X-ray diffraction pattern of the 

polymer has shown different peaks with less intensity at 2θ values 6.83, 8.86, 12.23, 

14.72, 19.16, 20.55, 22.15, 24.52, and 26.89. The weak inter-chain interactions between 

the polymer chains could lead to a semi-crystalline nature in the polymer [42-44].  
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Figure 4.6. A) MALDI-TOF spectra of PPOPD. B) Possible mechanism of formation of 

PPOPD. 

MALDI-TOF analysis of PPOPD has been carried out to determine the molecular weight 

and number of repeating units present in the polymer chains using the sinapinic acid 

matrix (Figure 4.6.). The molecular ion peaks in the polymer have been repeated with an 

m/z value equal to 182 amu, with the mass ranging between 725-1687 amu indicating the 

polydispersity of sample. The average repeating units of polymer PPOPD were 5 to 6 

units with an average molecular mass of 905 amu. Polyaniline and poly-N-phenyl-o-

phenylenediamine were structurally different with the coupling of monomer units. The 

synthesized PPOPD existed as a non-conducting conjugate polymer. The molecular 

weight of polymers affects their mechanical and electrical properties. The high molecular 

weight polymer provides high mechanical strength, film forming properties, and low 

processability, whereas low molecular weight polymers impart ease of processability. The 

electrical conductivity of polymer could also increase with molecular weight, because of 

the increase in the charge carriers produced with the increase in the polymer chain length 
[52,53].   But here, even though PPOPD has low molecular weight, its conductivity 

increased by doping. The dried PPOPD polymer, after dipping in concentrated sulphuric 

acid, has shown electrical conductivity of 1.4 × 10-3 S/cm. On the other hand, usually, 

polyaniline synthesized exists as a conducting polymer with electrical conductivity in the 

semiconducting range. The possible mechanism of the formation of PPOPD is given in 

Figure 4.6.B. The monomer POPD were oxidised to form cation radicals. These cation 

radicals polymerize together to form a dimer through C-C bond formation similar to 

polydiphenylamines. 

4.3.3. The pH-dependent absorption studies of PPOPD 

The UV-visible absorption spectra of the PPOPD solution were taken with a 

change in pH, and corresponding photographs were shown in Figure 4.7.A. The high 

solubility of the polymer in water was attributed to the hydrogen bonding interaction of –

NH groups of the polymer and water. The UV-visible absorption spectra of PPOPD have 

shown two absorption maxima at 278 nm and 485 nm in water, which corresponds to л- 

л* transition and extended л- л* transitions of the benzenoid segments, respectively [37]. 

The orange color of the aqueous PPOPD (7.5×10-5 M) solution in water has changed to 

pink as the pH value decreased to <1.5, showing a concomitant red shift in absorption 
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maxima to 518 nm. PPOPD solution showed a blue shift of absorption maxima to 455 

nm with a change to yellow color as the pH value increased to 10. The absorbance 

maxima of PPOPD at three different wavelengths (455, 485, and 518 nm) were plotted 

against increasing pH in the same plot to see the effect of pH on absorption maximum 

(see Figure 4.7.B). 

 

Figure 4.7. A) pH-dependent UV-visible absorption spectra of 7.5 × 10-5 M PPOPD and 

photographs of aqueous solutions of PPOPD at different pH and B) Plot of absorbance 

maxima (at 518, 485, and 455 nm) versus increasing pH. 

The absorbance and intensity of the PPOPD solution at 518 nm have shown an 

enhancement with a decrease in pH <1.5, whereas it shows a slight irregular increase in 
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high pH >9 at 455 nm. The color change of the PPOPD solution with a change in pH was 

reversible and could be repeated. The blue shift in absorbance with increased pH may be 

due to the formation of partial quinoid rings in the polymer chain similar to the 

emeraldine base [45]. An enhanced conjugation after protonation results in a bathochromic 

shift to 518 nm, followed by a hyperchromic shift on decreasing the pH <1.5. A 

bathochromic shift was observed in the emeraldine form of polyaniline on protonation 
[46]. The pH-dependent absorbance studies revealed that PPOPD has a large pH window 

as a pH-sensitive material. UV-visible absorption spectra of polymer in water were 

recorded in different concentrations ranging from 2.5×10-4 M to 1×10-5 M (see Figure 

4.8.). The molar extinction coefficient of PPOPD has a value of 7290.08 mol-1Lcm-1
 for 

absorbance at 485 nm [46]. A relatively high molar extinction coefficient indicated that the 

polymer has the characteristics of organic polymer dye, which has good absorbance even 

with a very minimum concentration of sample [47]. 

 

Figure 4.8. A) UV-visible absorption spectra of different concentrations of PPOPD in 

water and B) Determination of molar extinction coefficient of PPOPD. 
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Strong and weak acids were added to the PPOPD solution (7.5×10-5 M) to see the 

change in absorbance and color with acid strength. The UV-visible absorption spectra of 

PPOPD were recorded in 1 M acid concentration, and their photographs were given in 

Figure 4.9. The absorbance for strong acids at 518 nm followed the order perchloric acid 

> sulphuric acid > hydrochloric acid > nitric acid > oxalic acid > acetic acid. Despite 

being dibasic acid, sulphuric acid has less absorbance than mono-basic perchloric acid. 

Similarly, oxalic acid, being dibasic, was weaker than perchloric, hydrochloric, and nitric 

acid. Therefore, the absorbance at 518 nm and intensity of the pink color of PPOPD 

depends on acidic strength and not on the basicity of acids. Acids weaker than oxalic acid 

have shown absorbance at 485 nm in following the order, phosphoric acid (tribasic) > 

sulphanilic acid  > acetic acid PPOPD solution (see Figure 4.9.). 

 

Figure 4.9. UV-visible absorption spectra of PPOPD solution in different acids having 

acid strength 1M and photographs of PPOPD in different acids. 

4.3.4. Electrochemical studies 

The cyclic voltammogram of PPOPD have been recorded in water and in the 

presence of acid to determine the system's electrochemical stability using a glassy carbon 

working electrode. The PPOPD solution has shown redox activities in the negative 

potential as well as positive potential sweep, which arose due to the coupled electron and 

proton transfer in polymer (see Figure 4.10.A). The anodic peaks at -0.11 V and +0.40 V 
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arose due to the oxidation of PPOPD. In the cathodic sweep, the peaks at +0.21 V and -

0.53 V, were obtained corresponding to the reduction of oxidized PPOPD. The cyclic 

voltammogram of PPOPD in 1% and 4% H2SO4 were given in Figure 4.10.B. The 

anodic peak potentials corresponding to the oxidation of PPOPD at +0.01 V and +0.54 V 

in the anodic sweep and two peak potentials corresponding to the reduction of PPOPD at 

-0.39 V and + 0.36 V in the cathodic sweep were observed. However, the peak potentials 

were shifted positively in an acidic medium. The peaks corresponding to the oxidation 

and reduction of PPOPD remained at the same potentials on anodic sweep and cathodic 

sweep for PPOPD in 1% and 4% acid solutions, indicating the electrochemical stability 

of PPOPD in the presence of different acid contents.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Cyclic voltammogram of PPOPD in A) water and B) 1% and 4% H2SO4 

solutions. 
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The UV-visible absorption spectra of PPOPD (7.5×10-5 M) were mixed with 

known sulphuric acid percentages ranging from 0.5 % to 4 %, which is given in Figure 

4.11.A. The absorbance of the PPOPD solution increases with acid strength at 518 nm 

wavelength. The linear calibration of absorbance with different sulphuric acid 

concentrations has shown good agreement with R = 0.9963, and P <0.0001 was obtained 

(see Figure 4.11.B). This linear calibration plot of PPOPD solution within this acid 

percentage helps us to determine unknown acid contents. In addition, the stability of the 

aqueous solution of PPOPD and standard deviations in absorbance for calibration were 

also studied. The calibration plot was repeated using PPOPD solutions, which were 

duplicated four times from the same batch of synthesized polymer (see Figure 4.11.A.). 

The standard deviation for absorbance at 518 nm obtained for 1 % was slightly higher and 

was 0.010. For other acid percentages (2%, 3%, 4%, and 5%), the standard deviation was 

less than 0.01.  

 



Chapter 4 

120 
 

Figure 4.11. A) UV-visible absorption spectra of PPOPD (7.5×10-5 M) and their 

photographs in solutions having different H2SO4 percentages ranging from 0.5 % to 4% 

and B) Calibration plot (absorbance at 518 nm vs. acid percentage) for the determination 

of unknown acid content. 

Time-dependent studies were carried out using a bulk quantity of PPOPD 

solution (7.5 ×10-5 M, 1 L) and UV-visible absorption spectra were recorded by adding 

1% to 5% acid solutions to different PPOPD solutions in the time intervals of qtr. hour 

(quarter hour), 48 hours, 96 hours, 144 hours, and 384 hours. A standard deviation of less 

than 0.006 was obtained for the absorbance of PPOPD in each acid percentage (see 

Figure 4.12.B.). The stability of PPOPD was also checked by recording UV-visible 

absorption spectra of PPOPD alone in different time intervals of 0.25 hours, 48 hours, 96 

hours, 144 hours, and 384 hours. The absorbance of PPOPD was found to be stable and 

not diminished with time. The UV-visible absorption spectra of PPOPD having 

concentrations of 7.5 × 10-5 M,  1.0 × 10-4 M, and 2.0 × 10-4 M were recorded by adding 

acid solutions of 6%  to 10%. For PPOPD solution with a concentration of 7.5 × 10-5 M, 

the absorbance at 518 nm ranged from 0.500 to 0.560 (see Figure 4.12.C.). For higher 

concentrations of PPOPD, like 1.0 × 10-4 M and 2.0 × 10-4 M, the absorbance at 518 nm 

was increased and ranged from 0.8 to 1.0 and 1.60 to 1.82, respectively. The absorbance 

at 518 nm of PPOPD was enhanced linearly with higher percentages of acids by 

increasing the polymer concentration. Thus, higher acid contents could also be 

determined using the calibration method with PPOPD by increasing the polymer 

concentration. The absorbance maxima may slightly shift with the formation of high 

molecular weight of polymers, however with the formation of 5-6 repeating units no 

major change in their optical properties were expected. For very hight molecular weight 

polymers, the processability could be an issue. The lack of processability of high 

molecular weight polymer could affect their absorption. But the samples, prepared under 

similar reaction conditions, have absorbance maxima at 518 nm. The UV-visible 

absorption spectra of aqueous PPOPD solutions prepared from different batches were 

also recorded in the presence of 1% and 4% acid. The absorbance at 518 nm has shown 

only slight changes, even with different batches of samples. This indicated the stability of 

PPOPD as well as the practicability of PPOPD for determining acid contents (see Figure 

4.13.C and 4.13.D.). However, it is recommended that the calibration curve repeated for 

PPOPD synthesized from different batches.  
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The signal-to-noise ratio was determined by recording UV-visible absorption 

spectra of PPOPD (7.5×10-5 M) in the presence of 4% acid for 15 times using the 

formula [51], 

𝑆

𝑁
=  

𝑆௦௜௚௡௔௟

𝑁𝑜𝑖𝑠𝑒௥௠௦
=  

𝑋ഥ

𝑆
 

Where 𝑋ത is the average of absorbance at a particular wavelength and 𝑆 is the standard 

deviation in absorbance at a particular wavelength. The signal-to-noise ratio obtained for 

absorbance at 518 nm was 457.92, which indicated better signal quality at 518 nm, 

whereas signal-to-noise ratio of absorbance at 282 nm was obtained as 71.21. 

 

Figure 4.12. A) Absorbance of PPOPD solution duplicated four times from the same 

solution at 518 nm from known acid percentage. B) Absorbance of PPOPD, prepared in 

bulk quantity measured at 518 nm acid solutions at qtr. hour, 48 hours, 96 hours, 144 

hours and 384 hours. C) Absorbance of PPOPD solution having concentrations (2 × 10-4 

M, 1 × 10-4 M and 7.5 × 10-5 M) at 518 nm taken from known acid solutions and D) 

corresponding photographs of PPOPD solutions. 
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Figure 4.13. UV-Visible absorption spectra of PPOPD solutions having A) 1% acid, B) 

4% acid prepared from bulk solution of PPOPD and C) 1% acid, D) 4% acid prepared 

from three different batches of synthesized PPOPD samples. 

The specific gravity of the known sulphuric acid content (5 to 50%) were 

determined by measuring the density of samples. The plot of known acid content and 

specific gravity gave a good straight line with R= 0.9961 and P < 0.0001 (see Figure 

4.14). In lead acid batteries, the specific gravity of battery acid was commonly 

determined using Hydrometer. The specific gravities of acid solutions having sulfuric acid 

percentages varying from 5 to 50 % were also determined by using a hydrometer also at 

27 °C and obtained standard deviation for specific gravity determined using the 

hydrometer was higher. Thus, the specific gravity determination using density 

measurement is more accurate and precise compared to commonly adopted hydrometer 

measurement.  
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Figure 4.14. Calibration plot of specific gravity of standard acid solutions from density 

measurements at 27°C with error bars (N=3). 

4.3.5. State of charge determination in Lead-acid batteries using PPOPD 

The aqueous PPOPD solutions prepared from the same batch had a negligible 

change in absorbance even after storing the solution for three weeks. The sharp linear 

response at 518 nm, with an increase in acidic strength at low pH (<1.5), prompted us to 

determine the acid percentage of lead-acid batteries. Lead-acid batteries are rechargeable 

batteries that consist of two electrodes dipped in sulphuric acid as a working electrolyte. 

The positive electrode was lead dioxide, and the negative electrode was metallic lead. 

Both electrodes react with the electrolyte during the discharging process, resulting in lead 

sulfate deposition, whereas during the charging process, the deposited sulfate was 

removed from the electrodes as sulfuric acid into the electrolyte. Fully charged lead-acid 

batteries contain approximate sulphuric acid of about 39.7%, whereas its concentration 

will fall below 10% in completely discharging conditions [48]. Therefore, the change in 

acid content can be monitored by the ex-situ colorimetric change of the PPOPD solution 

from orange to pink color with a change in absorbance. The acid contents corresponding 

to battery acids during charging and discharging were determined by extrapolating the 

absorbance at 518 nm in the calibration plot obtained for known acid percentage or 

specific gravity. The known acid content used for calibration, absorbance at 518 nm and 

specific gravity corresponding to the acid content was given in Table 4.2. 
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Table 4.2. Acid content (%), absorbance of PPOPD at 518 nm having known acid 

content, and specific gravity determined from direct density and hydrometer. 

Acid content 
(%) 

Absorbance at 518 nm Specific gravity determined from 
Direct density 
measurement 

Hydrometer 

10 0.306 1.0997 1.16 
15 0.322 1.1143 1.19 
20 0.337 1.1416 1.21 
25 0.352 1.2063 1.22 
30 0.365 1.2537 1.26 
35 0.381 1.284 1.27 
40 0.395 1.3442 1.28 

 

An automated lead-acid battery of 12 V was discharged using a DC bulb of 100 

Watts for discharging studies and charged using a 5-ampere automatic battery charger for 

charging studies. The battery was disconnected from the load/source for 15 minutes to 

maintain the open circuit, and voltage was determined using a multimeter [8]. First, the 

open circuit potential of the fully charged or fully discharged battery was checked to 

determine the values of constants 𝑎ଵ and 𝑎଴ in equation (2), and the specific gravity of 

battery acid was determined using hydrometer, followed by the collection of battery acid 

for the colorimetric acid estimation. Battery acid (1 mL) was collected from the lead-acid 

battery during discharging and charging intervals and was diluted to 10 mL. The battery 

acids collected during charging or discharging have 10%- 40% acid content. Ten times 

dilution results in acid content in the range of 1-4%. Therefore, the acid percentage used 

in the linear calibration plot and the acid percentage from the battery stand in the same 

range.  

The images of the PPOPD (7.5 ×10-5 M) solution mixed with ten times diluted 

battery acids collected from the lead-acid battery during charging and discharging are 

shown in Figure 4.15. During charging, the intensity of the pink color of PPOPD 

increased with an increase in the battery’s open circuit voltage, whereas on discharging, 

the intensity of the pink color decreased with battery voltage. The battery electrodes 

connected to an external load during discharging deposit the PbSO4 on both electrodes by 

consuming the sulphuric acid electrolyte. Therefore, the color change and voltage drops 

were as per the decrease in sulphuric acid percentage. The deposition process was 

reversed during charging; the deposited PbSO4 was removed from the PbO2 anode and Pb 

cathode. The obtained acid content increase was as per the rise in the open circuit voltage 
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and color change. The completely discharged state of the lead acid battery produces 6.6% 

sulphuric acid, which may cause battery damage; therefore, we have set a minimum acid 

content as 10% for determining the SoC.  

 

Figure 4.15. The color change of PPOPD on adding battery acids and the 

electrochemical reaction inside the battery during charging and discharging. 

Different open circuit voltages noted during discharging of the lead acid battery 

and corresponding absorbance taken from UV-Visible absorption spectra of the battery 

acids mixed with PPOPD solution were shown in Figure 4.16.A. During discharging, the 

sulphuric acid content in the lead-acid battery decreases, resulting in a decrease in 

absorbance of PPOPD at 518 nm and a decrease in open circuit voltage. The acid 

contents corresponding to battery acids at different open circuit voltages were determined 

using extrapolation of absorbance to the linear calibration plot of known acid % (see 

Figure 4.16.B). The UV-Visible absorption spectra of battery acid with PPOPD solution 

during charging were also recorded (see Figure 4.17.A). During charging, the lead-acid 

battery’s sulphuric acid content increases, resulting in higher absorbance of PPOPD at 

518 nm and an increase in open circuit voltage. The acid contents corresponding to 

battery acids at different open circuit voltages were determined by extrapolating of 

absorbance obtained from the calibration plot of known acid percentage (see Figure 

4.17.B).  
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Figure 4.16. A) UV-Visible absorption spectra of battery acids with PPOPD at different 

open circuit voltages on discharging conditions and B) Determination of battery acid 

content taken during discharging via extrapolating absorbance of PPOPD with the linear 

calibration plot.  
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Figure 4.17. A) UV-Visible absorption spectra of battery acids with PPOPD solution at 

different open circuit voltages on charging conditions and B) Determination of battery 

acid content taken during charging via extrapolating absorbance of PPOPD with the 

linear calibration plot.  

Here, we have proposed a mathematical equation to calculate the state of charge 

of the battery using the absorbance of PPOPD in battery acids at 518 nm. 

𝑆𝑜𝐶 (𝑡) = ቂ 
஺ (௧)ି஺೘೔೙

஺೘ೌೣି஺೘೔೙
ቃ ∗ 100   ……………………. (1) 

Where 𝑆𝑜𝐶 (𝑡)  is the state of charge of the battery at a particular time ‘t’, 𝐴 (𝑡) is 

the absorbance of PPOPD from battery acid at a particular time ‘t’ of measurement, and 
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𝐴௠௜௡, was the absorbance of PPOPD in 10% sulphuric acid taken as 0.302 and 𝐴௠௔௫, 

was the absorbance of PPOPD in 40% sulphuric acid taken as 0.393. A lead-acid 

battery’s maximum sulphuric acid content could not exceed 40%. Therefore, the upper 

limit of acid content was 40%, and its corresponding absorbance of PPOPD solution was 

0.393, and the lower limit corresponding to the acid content of 10% was set at 0.302. For 

PPOPD synthesized in different batches, calibrations of acid content to determine 𝐴௠௔௫ 

and 𝐴௠௜௡ have to recalibrate to avoid experimental error. The state of charge in lead-acid 

batteries can thus easily be determined by knowing the absorbance of PPOPD in battery 

acid at 518 nm at any particular state or at any charging or discharging time of using the 

above formula. When the measured absorbance of PPOPD with battery acids was less 

than 0.302, the acid percentage would be less than 10%, and the battery’s state of health 

would be in poor condition. Therefore, the absorbance of PPOPD on treatment with 

battery acid provided the battery’s state of charge quantitatively. For PPOPD solution 

prepared from the same batch of polymer, only different 𝐴 (𝑡) have to be determined and 

other parameters are same. 

 The state of charge was also determined from the open circuit voltage of the lead-

acid battery using the formula [14], 

𝑆𝑜𝐶 (𝑡) = ቂ
௏೚೎ (௧)ି௔బ

௔భ
ቃ  ………………….......... (2) 

The value of 𝑎଴  was obtained by knowing the open circuit voltage of lead acid 

batteries in a completely discharged condition and was determined as 11.6 V using a 

multimeter. The value of a1 is obtained by knowing the value of a0 and Voc (t) when SoC 

(t) =100. On fully charged condition, the open circuit voltage of the lead acid battery was 

determined as 13.0 V [21]. The state of charge calculated using absorbance values and 

open circuit voltage was compared on discharging and charging conditions (see Figure 

4.18.).  
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Figure 4.18. State of charge vs. absorbance of PPOPD solution in battery acid at 518 nm 

and state of charge vs. open circuit voltage on discharging condition. 

The state of charges calculated from open circuit voltage and absorbance were 

almost equal at higher SoC, but slight variations were observed at SoC below 30%. It 

may be attributed to the lower limiting value set in SoC determination corresponding to 

the voltage (a0) and absorbance (Amin) values. The Amin of PPOPD was set at 10%, and 

voltage A0 was set at 11.6 V. Open circuit voltage value depends on temperature, current, 

and other electronic parameters [49]. This situation could cause fluctuations in the 

measured open circuit voltage [13]. Furthermore, the battery has to be disconnected from 

the source or load for a while to take open circuit voltage. The state of charge calculated 

from open circuit voltage and the state of charge calculated from absorbance on 

discharging and charging conditions were given in Table 4.3 and Table 4.4. 
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Table 4.3. Specific gravity of battery acid on discharging intervals, open circuit voltage 

(V) of lead acid battery on discharging intervals, the absorbance of PPOPD in battery 

acid at 518 nm, battery acid content (%) determined from absorbance, and state of 

charge (%) calculated from open circuit voltage and absorbance of PPOPD in battery 

acid. 

Specific 
Gravity 

from 
Hydrometer 

Reading 

Open 
circuit 

voltage on 
discharging 

(V) 

 
Absorbance of 
PPOPD with 
battery acid 

Battery acid 
content 

determined 
from 

absorbance 
(%) 

Calculated SoC (%) 
from 

 
open 

circuit 
voltage 

Absorbance  

1.230 12.64 0.370 31.7 74.285 74.725 
1.220 12.46 0.358 27.1 61.428 61.538 

1.190 12.20 0.334 19.0 42.142 35.164 

1.170 12.11 0.331 18.3 36.428 31.868 

1.150 11.91 0.320 14.9 22.142 19.780 

 

Table 4.4. Specific gravity of battery acid on charging intervals, open circuit voltage (V) 

of lead acid battery on charging intervals, the absorbance of PPOPD in battery acid at 

518 nm, battery acid content (%) determined from absorbance, and state of charge (%) 

calculated from open circuit voltage and absorbance of PPOPD in battery acid. 

Specific 
gravity 
from 

Hydrometer 
Reading 

Open 
circuit 

voltage on 
charging 

(V) 

 
Absorbance of 
PPOPD with 
battery acid 

Battery acid 
content 

determined 
from 

absorbance 
(%) 

Calculated SoC (%) 
from 

open 
circuit 
voltage 

Absorbance 

1.140 12.11 0.319 13.6 36.428 18.681 

1.160 12.26 0.336 19.7 47.142 37.362 

1.180 12.42 0.353 25.4 58.571 56.043 

1.200 12.50 0.357 27.3 64.285 60.439 

1.220 12.61 0.368 32.5 72.142 72.527 
 

Thus, the state of charge could be quickly checked using the formula knowing the 

Amin, Amax and A(t) of the PPOPD solution with battery acid. The state of charge of an 

inverter battery was determined from absorbance of battery acids in PPOPD solution. 
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The battery was disconnected from the source or the load for 15 minutes. Then, 1 mL of 

acid was collected and the corresponding open circuit voltage was measured using a 

digital multimeter. In order to measure the absorbance of PPOPD  in battery acid, the 

collected acid (1 mL) was made up to 10 mL using deionized water in a 10 mL standard 

flask and mixed with 10 mL PPOPD solution having a concentration of 7.5×10-5 M. The 

absorbance of PPOPD at 518 nm was obtained as 0.387 at an open circuit voltage of 

12.89 V. The calculated state of charge of the inverter battery from absorbance was 

93.4065 % with Amax of 0.393 and Amin of 0.302. The state of charge determined from 

open circuit voltage was 92.14 % with a0 of 11.6 and a1 of 0.014. A good agreement in the 

state of charge obtained from absorbance and open circuit voltage given the practical 

applicability of the proposed method to battery research. Battery undergoing quick 

discharge can be detected from the state of charge measured at two different time 

intervals. In the present work, poly-N-phenyl-o-phenylenediamine (PPOPD) was applied 

as a colorimetric acid content sensor to determine the SoC of lead acid battery using a 

UV-visible absorption spectrometer as the main equipment. Work is in progress to 

replace the UV-visible spectrophotometer with a simple colorimeter using a filter for 520 

nm to determine the state of charge at an affordable expense in large numbers. Thus, the 

state of charge and state of health of the battery can be easily determined from the 

absorbance of poly-N-phenyl-o-phenylenediamine solution with battery acids.  

4.4. Conclusion  

A ex-situ colorimetric method has been developed to determine the state of charge 

of lead-acid batteries from their change in acid content during charging or discharging, 

which have been carried out ex-situ. The basic principle of the method was the 

colorimetric change of poly-N-phenyl-o-phenylenediamine (PPOPD) with different 

concentrations of battery acid. The oxidative chemical polymerization of monomer N-

phenyl-o-phenylenediamine was carried out using ferric chloride as the oxidizing agent in 

ethanol solvent. The orange-colored PPOPD solution changed to pink in an acidic 

medium, and its absorbance showed a linear increase with acid concentration. The UV-

visible absorption spectrometer was used as the primary analytical tool to determine 

colorimetric change. The absorbance of the PPOPD solution versus the known acid 

percentage was calibrated and used to determine the unknown concentration of battery 

acid. The absorbance of the PPOPD solution was linearly correlated with acid percentage 
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and the linear calibration curve was used to obtain the unknown battery acid content. An 

empirical formula have been set to determine the state of charge (SoC) of lead-acid 

battery by taking absorbance of acid with PPOPD at different charging and discharging 

intervals. The absorbance of PPOPD solution for 10% and 40% acid concentration was 

set as a lower limit and upper limit, respectively, to determine the SoC of battery acid. 

The SoC determined using the absorbance of the battery acid was accurate and matched 

with the open circuit voltage method, particularly at higher SoCs. In a nutshell, a 

colorimetric acid content sensitive method has been proposed to determine the battery 

acid content and state of charge of the lead acid battery by checking the absorbance of the 

water-soluble and pH-sensitive poly-N-phenyl-o-phenylenediamine (PPOPD) solution.  
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5.1. Introduction 

Conjugated polymers have gained a wide research interest in the material 

development for chemical, electrochemical and biochemical sensors. The good optical, 

electrical and thermal performances and easy and low production cost of conjugated 

polymers were attractive for various applications [1, 2]. Polyaniline (PANI) is an important 

conjugated polymer known for its high conductivity, redox properties, and mechanical 

strength. However, poor solubility is a major concern in polyaniline. Several chemical 

methods, like doping or the use of alternate PANI derivatives, have been adopted to 

improve their solubility [3]. Phenylenediamines are an important group of aniline 

derivatives. Three isomeric forms of phenylenediamines are o-phenylenediamine, p-

phenylenediamine, m-phenylenediamine, based on the positions of –NH2 groups attached 

to the aromatic ring. These monomers were highly susceptible to either oxidative 

chemical polymerization, electrochemical polymerization, or enzyme-catalyzed 

polymerization to produce polyphenylenediamines [4]. The structural difference between 

polyanilines and polyphenylenediamines endowed them with different chemical and 

electrochemical properties. The advantage of polyphenylenediamines over polyaniline is 

the presence of additional –NH and terminal –NH2 groups, which provide them 

multifunctionality. Better solubility and good opto-electronic properties of 

polyphenylenediamines make them advantageous over polyanilines.  

Among the polyphenylenediamines, poly-o-phenylenediamine emerged as an 

efficient material due to their potential applications in various fields. 

Polyphenylenediamines were used in sensors, catalysts, coatings, and energy devices due 

to their strong opto-electroactivities, and antimicrobial activities, good spectral properties 

and high environmental and thermal stability [5, 6, 7]. POPD can be easily synthesized by 

electrochemical polymerization, microwave-assisted polymerization, and oxidative 

chemical polymerization utilizing oxidizing agents like K2Cr2O7, FeCl3, HAuCl4, 

(NH4)2S2O8, H2O2, and AgNO3 
[8-17]. The structural properties and morphology of POPD 

can be controlled by the polymerization medium and reaction conditions [15, 18-20]. 

Nanorod, nanofibre, nanosphere, microrod, microsphere, and microfiber-shaped POPDs 

have been synthesized to make them suitable for different applications [18, 21-25]. POPD has 

also been used to form nanocomposites with graphene oxide, graphene nanosheets, 

carbon nanocomposites, Fe3O4, and MnCoFe2O4 
[26]. These nanocomposites have several 
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applications in electrochromic devices, smart windows, and anti-corrosion materials due 

to the combined properties of organic polymer and inorganic materials. 

Doping methods have been widely used in conjugated polymers to improve their 

properties. The excess charges developed in the polymer through the doping process can 

effectively alter the intrinsic properties of polymers, like conductivity, absorption and 

emission, and electroactivities. Poly-o-phenylenediamine has a better doping ability, 

similar to PANI. POPD has been doped with acids like HCl, H2SO4, H3BO3, inorganic 

ions like Cu (II), I2, and organic molecules like luminol [19,27]. The dopant influenced the 

colour, fluorescence, band gap, electrical conductivity, voltammetric behavior, and POPD 

morphology. The structural changes and spectral changes associated with POPD during 

acid doping and undoping were studied by Olgun et al. [19] (see Figure 5.1.). The doping 

in POPD was confirmed using different spectroscopic analysis like proton NMR, FT-IR, 

and UV-visible absorption [19].   

 

Figure 5.1. Acid-doped and undoped forms of poly-o-phenylenediamine and 

corresponding changes in the UV-visible absorption spectra of POPD. (Adapted from 

Olgun et al. 2014). 

Redox-active conjugated polymers were suitable for efficient charge storage, 

electrode materials fabrication, and as an electron transfer mediator in living cells [29-31]. 

Conjugated polymers possess reversible or irreversible conjugated structures, which could 

be achieved by choosing the appropriate analyte. Therefore, the studies on the structure 

and redox properties of conjugated polymers like poly-o-phenylenediamine are important, 

since the properties of POPD and their applications were highly dependent on their 

structure. Samantha et al. studied the effect of the pH of the reaction medium and the 

presence of various inorganic acids on the structure and conductivities of POPD [15, 32]. 

Zhang et al. studied the dependence of the structure of POPD on its electrochemical 
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performance for the development of cathode material [1]. Wu et al. studied the 

electrochemical redox process in POPD film and reported three redox states (reduced, 

semi-oxidized and total oxidized) [20]. Ullah et al. utilized quantum mechanical 

calculation for the structural elucidation of POPD and determined the ladder-like 

structure of POPD [33]. The dependence of spectrochemical and electrochemical 

properties of POPD film and its redox transformations was studied by Bilal et al. [34]. 

 

Figure 5.2. A) Heteroatom-doped fluorescence tuning in POPD and B) fluorescent turn-

off sensing of Cu2+ ions using POPD. (Adapted from Liao et al. 2014). C) Morphology-

controlled fabrication of poly-o-phenyelendiamine and development of POPD-based 

fluorescent pH sensor (Adapted from Jiang et al. 2014). 

The potential use of POPD was spread across several areas, such as sensors, 

rechargeable cell electrodes, solar cell films, organic cathode material, corrosion 

protectors, and biomarkers. Different properties of poly-o-phenylenediamine have been 

utilized to sense various analytes (see Table 5.1). Many electrochemical sensors have 

been fabricated based on poly-o-phenylenediamines to detect biological analytes like 

glucose and ascorbic acid [35,36]. Fluorescence sensors based on poly-o-phenylenediamine 

were also developed and such sensors have an added advantage of amplified light 

sensitivity. Liao et al. used hetero atom doping to produce fluorescence tuning in POPD 

(see Figure 5.2.A.). An ultrasensitive fluorescence detection system for Cu2+, Ca2+, Hg2+ 

and H2O2 was also developed based on fluorescent POPD (see Figure 5.2.B.) [14]. Jiang et 

al. developed a POPD-based pH sensor based on the strong green fluorescence of POPD 

in basic pH [37]. (See Figure 5.2.C.)  The yellow fluorescence emission developed during 

the oxidation of o-phenylenediamine was utilized for the sensing of various analytes. Ye 

et al. reviewed OPD-based sensors for various analytes like metal ions, chemical 

reagents, and biological enzymes based on the oxidation of monomer OPD [38].  
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Table 5.1. POPD-based sensors reported in the literature.  

Sl.

No. 

Morphology Analyte LOD Mode of sensing Ref. 

1 POPD 

nanospheres 

Pd2+ 1 ppm Fluorescence 

enhancement sensor 

39 

2 POPD 

microstructure 

Basic pH - Fluorescence turn-on 

sensor 

37 

3 POPD 

nanospheres 

Cu2+, Ca2+, Hg2+, 

and H2O2 

10-12 M Fluorescence turn-off 

sensor 

14 

4 POPD colloid Nucleic acids 0.52 ppb Fluorescence turn-on 

sensor 

40 

5 Fluorescein 

doped POPD 

Bovine serum 

albumin (BSA) 

1.35 nM Fluorescent turn-off 

sensor 

41 

6 POPD/Fe2O3 

Composite 

Ribonucleic acid 

(RNA) 

0.1 µg/mL Fluorescence turn-on 

sensor 

42 

7 POPD coated 

gold electrode 

Electroinactive 

anions 

Micromolar 

concentrations 

Amperometric sensor 43 

8 Sulphuric acid 

doped POPD 

Ethanol 1.25 ppm Electrochemical 

sensor 

44 

9 POPD and 

CdS/FeS 

nanocomposite 

E.coli 6.1×105 

CFU/mL 

Electrochemical 

sensor 

45 

10 POPD-Graphene 

oxide composite  

Dopamine 7.5 µM Electrochemical 

sensor 

46 

11 POPD-Cu 

nanoparticle 

composite 

Glucose 5 µM Electrochemical 

sensor 

47 

12 POPD Perfluorooctane 

sulfonate 

0.4 nM Electrochemical 

sensor 

48 

 

Silver ion (Ag+) is an important heavy metal ion with antibacterial action and is 

used as a precursor for silver metal nanoparticles useful in many applications, including 

industrial catalysis [49, 50]. The amount of silver ion accumulation increases rapidly in 

water due to its widespread commercial application [51]. Although silver ions possess 

extremely low toxicity in topical medical preparation, the exceeding amount of silver 

(>100µg/L) in water can deactivate proteins in humans and damage cell functions in 
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humans [52]. Therefore, detecting and quantifying silver ions is a basic step to remedy the 

polluting effect of silver. Several analytical methods were used for silver ion sensing, 

such as high-performance liquid chromatography (HPLC), atomic absorption/emission 

spectroscopy, inductively coupled plasma-mass spectroscopy and electrochemical 

analysis. Fluorescent conjugated polymers could play a better role in fluorescence sensing 

due to their stability, reversibility, emission tunability, pH sensitivity, and presence of 

multiple redox states than small molecules. Conjugated polyquinolines, polytriazoles, 

polyquinoxalines, and polybenzimidazoles have been reported for silver ion sensing in 

solvents other than water [53-54]. However, the poor water solubility of these conjugated 

polymers may cause ineffectual sensing of silver ions in water. Wang et al. used water-

soluble Pd (II) acetylide-based conjugated poly electrolyte for the colorimetric and 

fluorometric detection of silver ions in water [54].  

 

Figure 5.3. Schematic representations of A) fluorescence sensing of analytes based on the 

oxidation of o-phenylenediamine and B) fluorescence development during the oxidation 

of o-phenylenediamine for Ag+ ion detection (Adapted from Ye. et al., 2020). 

The sensing of Ag+ ions and Cu2+ ions in the presence of autocatalysed metal 

nanoparticle to oxidize o-phenylenediamine (OPD) have been reported (see Figure 5.3.) 
[54-56]. However, the direct detection of silver ions using the aqueous solution of poly-o-

phenylenediamine homopolymer via the oxidative fluorescence turn-off have not reported 

yet. The structural correlation of redox states of POPD on fluorescence emission and 

sensing would be an interesting case study. The present studies focus on the synthesis of 

poly-o-phenylenediamine via chemical oxidative polymerization using ferric chloride as 

an oxidizing agent in an ethanol medium. FT-IR and proton NMR spectra revealed a 

semi-oxidized structure of POPD with benzenoid rings and oxidized quinoid rings. The 

semi-oxidized POPD was further oxidized using AgNO3, resulting in a fluorescent turn-
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off in aqueous solution. The oxidized state of POPD undergoes redox reversibility and 

fluorescence turn-on upon adding NaBH4 as a reducing agent. 

5.2. Experimental 

5.2.1. Materials and Reagents: O-phenylenediamine was purchased from Loba 

Chemicals. Anhydrous ferric chloride and sodium borohydride were purchased from 

Sigma Aldrich. Silver nitrate and concentrated sulphuric acid (98%) were purchased from 

Merck, India. Double-distilled ethanol and deionized water were used to synthesize and 

purify the polymer.  

5.2.2. Measurements and Instruments: UV-visible absorption spectra of the samples 

were recorded by Shimadzu UV-visible spectrophotometer 1800 series in the 200-800 nm 

range using deionized water as solvent. Proton NMR was recorded using a 400 MHz 

Bruker Avance FT-NMR Spectrophotometer in DMSO-d6 solvent using trimethyl silane 

(TMS) as an internal standard. The Fourier transform infrared spectra of the samples were 

recorded by Cary 660 FT-IR spectrometer using attenuated total reflectance (ATR) Mode. 

Powder X-ray diffraction of the samples was measured using PANALYTICAL, Aeris 

research diffractometer in the range of 2θ values from 5 to 80°. Polymer molecular 

weight determination of the POPD samples has been carried out using Bruker Autoflex 

max LRF MALDI-TOF using sinapinic acid as a matrix. The pH of solutions was 

measured using a portable pH meter from Hanna Instruments. Fluorescence spectra of the 

samples were recorded using a Shimadzu RF 5301-PC spectrofluorophotometer. Thermo 

gravimetric analysis (TGA) of the samples was measured using a simultaneous thermal 

analyzer STA 8000. Field emission scanning electron microscopic (FE-SEM) images of 

the samples were recorded using Zeiss Gemini SEM 300. Cyclic voltammetric studies of 

polymer were performed by using Ivium compactStat electrochemical interface consisting 

of a three-electrode electrochemical cell system in which Ag/AgCl is used as the 

reference electrode, small platinum wire is used as the counter electrode, and glassy 

carbon is used as the working electrode. Electrical conductivity of the sample was measured 

using DFP-RM-200 with constant current source Model CCS-01 and DC microvoltmeter. 

5.2.3. Synthesis of poly-o-phenylenediamine (POPD): The monomer o-

phenylenediamine (0.10 g, 0.93 mmol) was dissolved in 3 mL double distilled ethanol. 

The oxidizing agent anhydrous FeCl3 (0.23 g, 1.38 mmol) dissolved in 2 mL ethanol was 

added dropwise into the monomer solution. The color of the solution immediately 
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changed from pale brown to dark brown upon adding the oxidizing agent. The 

polymerization was allowed to continue for 2 hours without disturbance. The solvent 

ethanol was completely evaporated, and the polymer was washed with water and acetone, 

then filtered and dried in the vacuum oven at 60°C. Yield= 0.070 g (70%). 1H NMR (400 

MHz, DMSO-d6) δ: 7.02 (S, 2H, Ar-H), 7.75 (S, 2H, Ar-H), 8.04 (S, 2H, Ar-H). FT-IR 

(KBr, cm-1): 3316, 3161, 1694, 1641, 1531, 1357, 1231, 1153, 843, 745 and 589. 

5.2.4. Fluorescence turn-off in POPD solution using silver nitrate: Poly-o-

phenylenediamine (1.10 mg) was accurately weighed into a 100 mL standard flask and 

made up to the mark using deionized water to obtain a yellow-colored POPD solution 

(1.0×10-4 M). The pH of the solution was kept at neutral pH (pH=7). To the 3 mL 

(1.0×10-4 M) each of POPD solution taken in different vials, 3 mL AgNO3 solutions 

having different concentrations (1×10-2 M, 5×10-3 M, 2.5×10-3 M, 1×10-3 M, 5×10-4 M, 

2.5×10-4 M, and 1×10-4 M) were added. Fluorescence of the polymer-analyte mixture was 

checked by irradiating UV light (365 nm) on the solutions in the presence of different 

concentrations of AgNO3. UV-visible absorption and fluorescence spectra of POPD were 

recorded to get the quenching concentration of silver ion quantitatively. 

5.2.5. Electrochemical studies: Poly-o-phenylenediamine (5.4 mg) was accurately 

weighed into a 10 mL standard flask and made up to the mark using deionized water to 

obtain a 5.0×10-3 M POPD solution. The cyclic voltammogram of 5.0×10-3 M POPD 

solution was recorded. The electrochemical activity of POPD solution in a neutral 

medium and in the presence of 0.1 M H2SO4 has been checked. The cyclic voltammetric 

studies were performed at a scan rate of 20 mV/s between the voltages -1.0 to +1.5 volt.  

5.3. Results and Discussion 

5.3.1. Synthesis of Poly-o-phenylenediamine 

Poly-o-phenylenediamine (POPD) has been synthesized by oxidative chemical 

polymerization using anhydrous FeCl3 as an oxidizing agent in an ethanol medium. The 

reddish-brown POPD powder was soluble in water (neutral, acidic, and alkaline pH), 

chloroform, acetone, ethanol, and dimethyl sulfoxide. The polymer is yellow in neutral 

and basic medium, orange in weakly acidic medium, and dark brown in concentrated acid 

solution (see Figure 5.4.).  
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Figure 5.4. Schematic representation of the synthesis of POPD from OPD by chemical 

oxidative polymerization and photographs showing pH-dependent color changes of 

POPD. 

5.3.2. Structural characterisation of POPD 

The o-phenylenediamine (OPD) monomer and poly-o-phenylenediamine (POPD) 

polymer have good solubility in dimethyl sulfoxide (DMSO). The polymer formation was 

structurally characterized by proton NMR in deuterated DMSO-d6 solvent, as given in 

Figure 5.5. The OPD monomer has shown three peaks in which the singlet at δ value 

4.40 ppm was most shielded, which indicated the presence of –NH2 protons. The 

multiplet at 6.55 ppm (H1) and 6.40 ppm (H2) indicated protons in the benzene ring, in 

which the later peak was more shielded due to the presence of nearby electron donating –

NH2 groups [57,58]. The synthesized POPD polymer was denoted as semi-oxidized POPD, 

containing benzenoid and oxidized quinoid units. The synthesized POPD polymer was 

denoted as semi-oxidized POPD, containing benzenoid and oxidized quinoid units. 1H 

NMR spectra of semi-oxidized POPD have shown three peaks, the peak at 8.05 ppm 

indicating the presence of aromatic hydrogens (Ar-H). The peak at 7.75 ppm indicated 

either the protons in the benzenoid ring or secondary NH protons. Some literature 

evidence indicated the presence of NH protons in the NMR spectra of POPD at 7.74-7.72 

ppm [10,19], whereas some other reports suggested the presence of aromatic hydrogens at 

7.70 ppm [9]. The shielded singlet at 7.00 ppm was due to the quinoid protons (Q-H) [17, 

59]. The semi-oxidized POPD was more deshielded than the monomer due to the 

conjugation of the POPD polymer chain.  
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Figure 5.5. 1H NMR spectra of OPD, semi-oxidized POPD and oxidized POPD in 

DMSO- d6. 

The monomer (OPD) and polymer (POPD) were characterized by FT-IR 

spectroscopy by the attenuated total reflectance method (see Figure 5.6.A.). The 

monomer showed peaks at 3337 and 3198 cm-1, corresponding to asymmetric and 

symmetric –NH stretching vibrations of primary amines [8, 57]. The monomer showed 

characteristic peaks at 1641, 1498, 1269, and 749 cm-1 corresponding to –NH2 bending 

vibration of the primary amine group, C=C stretching of the benzenoid ring, C-N 

stretching of the benzenoid ring, and C-H out of plane bending characteristic of 1, 2-

disubstituted phenyl rings respectively [21, 57, 59]. The polymer showed a peak at 3316 cm-1, 

corresponding to –NH stretching of secondary amines [8]. The weak band at 3161 cm-1 

indicated the presence of terminal primary -NH2 groups. The polymer showed 

characteristic strong peaks at 1694, 1641, 1531, 1357, 1231, and 1153 cm-1 corresponding 

to C=N stretching of the quinoid ring, C=C stretching of quinoid ring merged with 

terminal –NH2 bending, C=C stretching of the benzenoid ring, C-N stretching in the 

neighbourhood of quinoid units, C-N stretching in the neighbourhood of benzenoid ring, 

and C-H in-plane bending in quinoid rings [27, 60]. The benzenoid to quinoid ratio (B/Q 

ratio) calculated from C=C stretching vibration in the benzenoid ring at 1531 cm-1 and 
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C=N stretching vibrations in the quinoid ring at 1694 cm-1 was in the ratio 3:1, 

approximately matching with the proposed structure. The peak at 843 cm-1 in the polymer 

corresponds to C-H out-of-plane bending vibrations characteristic of 1, 2, 4, 5- tetra 

substituted phenyl rings [59]. The 745cm-1 and 589 cm-1 peaks indicated C-H bending of 1, 

2-disubstituted phenyl rings and N-H out-of-plane bending vibrations [59]. The presence of  

C=N stretching at 1694 cm-1, C-N stretching vibration in the neighbourhood of quinoid 

rings at 1357cm-1, and C-H out of plane bending at 843 cm-1 in polymer indicated the 

typical ladder-like structure of POPD with both benzenoid and quinoid rings as shown in 

Figure 5.4. [61,33].  

 

Figure 5.6. A) FT-IR spectra of OPD and POPD and B) Powder X-ray diffractogram of 

OPD and POPD. 

 Monomer (OPD) and polymer (POPD) were subjected to powder X-ray 

diffraction to see the solid-state ordering of the samples (Figure 5.6.B.). The monomer 

showed sharp peaks at 2θ values 8.56, 17.62, 19.58, 23.41, 26.07, 28.29 and 33.36°. The 

presence of sharp peaks indicated the crystalline nature of the monomer, whereas the 

powder X-ray diffraction peaks of the polymer were present at 2θ values at 8.41, 9.31, 

10.54, 18.32, 19.39, and 26.70°, which was less intense and different from the OPD. The 
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diffraction peaks of POPD polymer in the 2θ range 10-35° were mainly devoided of the 

amorphous domain [49] (see inset of Figure 5.6.B.). The conductivity of synthesized 

POPD was determined as 1.73×10-6 S/cm in the undoped state. The dried POPD polymer, 

after dipping in concentrated sulphuric acid, has shown increased electrical conductivity 

of 8.73×10-5 S/cm [10,15,18]. The increase conductivity of POPD films on doping were 

previously reported [19], which renders them practical use in electronic devices like 

interconnectors and sensors as electroactive organic materials. The electroactive POPD 

has been used as cathode for aqueous zinc batteries and anode for nonaqueous lithium 

batteries [1]. 

 

Figure 5.7. FE-SEM images of POPD with different magnifications A) 2µm and B) 1 µm. 

 The surface morphology of the polymer POPD was analyzed using a field emission 

scanning electron microscope (see Figure 5.7.). The polymer has a micro rod-like 

morphology with a length of around 4±2 µm and a width of around 0.5±0.2 µm. A hollow 

tube-like morphology was also observed in some areas. POPD micro rods formed due to 

the self-assembling of OPD oligomers via hydrogen bonds or due to the π to π* 

interactions [62-63]. The microrod like self-assembly of POPD has advantages in forming 

well defined, dynamic, and responsive structures. The microrod morphology makes them 

promising candidates for waste water purification and catalysis due to their high surface 

to volume ratio. One dimensional structure of microrods enabled their applications in 

optical wave guides to propagate light in tiny devices. They have also found applications 

in lithium-ion batteries, because of their rod like morphology can adjust with the volume 

change in the charge-discharge cycles and can rapidly transport electrons too. Microrods 

are useful in photonics due to their ability to exhibit an extra liquid crystal structure 

compared to spherical particles [79]. MALDI-TOF analysis of POPD has been carried out 

to determine the number of repeating units present in the polymer chains using the 

sinapinic acid matrix (see Figure 5.8.A.). A base peak was observed at m/z equal to 614 
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amu, indicating the presence of 5-6 monomer units in most of the polymer chains. The 

peaks at m/z equal to 688, 719, 793, 897, 1004, and 1211 amu indicated the presence of 

higher molecular weight fragments in the polymer chain. The m/z values of the polymer 

mainly repeated at a regular pattern of m/z equal to 105 amu for molecular formula 

[C6N2H5] due to the monomeric repeating units. The thermal stability studies of OPD and 

POPD were carried out by thermogravimetric analysis, and the thermogram is given in 

Figure 5.8.B.. In the case of OPD, a sudden weight loss of 55 % was observed from 

110°C to 170°C. But in the case of POPD, the thermogram was entirely different from 

OPD, in which 10% weight loss observed at 310 °C and then sudden weight loss of of 

30% was observed at 348°C, possibly due to the weight loss from very low molecular 

weight oligomers. The second stage weight loss of 20 % was started from 348°C to 

570°C due to the degradation of the polymer chains [10]. Further weight loss upto 50% 

observed at higher temperatures upto 570 °C. The higher thermal stability of POPD over 

monomer indicated the rigid ladder like structure of POPD [19]. Thus POPD can withstand 

high temperature without loss of strength or change in structure and the application 

studies of POPD like silver ion sensing could be possible at higher temperatures, even at 

310˚C. These materials were applicable in aircrafts, space equipment etc, where 

temperature withstanding is essential.  

 

Figure 5.8. A) MALDI-TOF spectra of POPD and B) Thermograms of OPD and POPD.  
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The good solubility of OPD and POPD in water enabled us to record its UV-

visible absorption spectra in water. The UV-visible absorption spectra of POPD at 

different concentrations from 2.3×10-4 M to 2.5×10-5 M were given in Figure 5.9.A. The 

aqueous polymer solution is yellow, and two absorption peaks were present in the UV-

visible absorption spectra. The absorption at 259 nm was due to the π to π* transition and 

broad absorption at 419 nm was due to the extended π to π* transition associated with 

conjugated bands, respectively [11,12]. The UV-visible absorption spectra of OPD have 

shown maximum absorption at 288 nm, corresponding to π to π* transition of the benzene 

ring [8]. The broad absorption at 419 nm was absent in the monomer. The molar extinction 

coefficient of POPD was determined as 7387 mol-1 L cm-1 at 419 nm in water (Figure 

5.9.B.). The relatively high molar extinction coefficient and yellow color of POPD 

indicated its suitability in colorimetry analysis at low concentrations.  

 

Figure 5.9. A) UV-visible absorption spectra of POPD at different concentrations in 

neutral pH. (Inset: Photographs of POPD having different concentrations in visible light) 

and B) the plot of absorbance at 419 nm vs. concentration of POPD for the determination 

of the molar extinction coefficient of POPD. 
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5.3.3. Fluorescence sensing of AgNO3 

The solubility of POPD in water enabled us to study their sensing applications in 

aqueous medium. The good solubility of polymer could be attributed due to their low 

molecular weight. The molecular weight of polymers impacts their processability and 

some of their mechanical properties and morphological behaviour. Once the molecular 

weight was increased, their processability would decrease, but their mechanical strength 

and film forming properties would enhance. In our work, application studies of polymers 

were performed in aqueous medium. The reduced processability would thus adversely 

affect their applications in aqueous medium.  

 

Figure 5.10. Photographs of POPD solution in A) UV light at different concentrations 

from 4.6×10-4 M to 5×10-5 M. Photographs of POPD solution in B) visible and C) UV 

light on adding different concentrations of AgNO3 solution to 1×10-4 M POPD. 

The fluorescence emission of the POPD in water at different concentrations has 

been checked by irradiating UV light at 365 nm. The bright yellow emission of the 

polymer gets reduced as we decrease the POPD concentration (see Figure 5.10.A.). In the 

present study, we have selected AgNO3 to oxidize POPD due to its moderately strong 

oxidizing behavior with a standard reduction potential value of 0.80 V [64]. Effective 

strategies for silver ion detection in water are highly demanded nowadays due to their 

high concentrations in water higher than the tolerance level. The aqueous poly-o-

phenylenediamine solution with yellow emission was switched to a non-emissive solution 

by adding silver nitrate via an oxidative fluorescence quenching of the POPD solution. 

The fluorescence turn-off in POPD in the presence of analyte AgNO3 has given a new 



                                        Poly-o-phenylenediamine Redox fluorescent probe for silver ion 

153 
 

platform for Ag+ ion sensing in water. The oxidation of POPD was achieved by adding 

equal volumes of aqueous AgNO3 having concentrations of 1×10-4 M, 2.5×10-4 M, 5×10-4 

M, 1×10-3 M, 2.5×10-3 M, 5×10-3 M, and 1×10-2 M to POPD solution having 

concentration 1×10-4 M. The photographs of oxidative quenching in POPD solutions in 

the presence of different concentrations of AgNO3 are given in Figure 5.10.B & C. The 

POPD solution with concentration 1×10-4 M has intense yellow emission, which was seen 

in naked-eye detection. The yellow emission of the POPD decreased gradually on 

increasing AgNO3 concentration and completely quenched at 1×10-3 M AgNO3. The mole 

ratio [AgNO3]/[POPD] calculated for visual detection was 10.  

 

Figure 5.11. A) UV-visible absorption spectra and B) Fluorescence spectra of POPD 

with different concentrations of AgNO3. 

UV-visible absorption spectra of the POPD (1×10-4 M) after adding different 

concentrations of AgNO3 were given in Figure 5.11. A and corresponding photographs of 

POPD solutions in visible light were given in Figure 5.10.C. The absorbance of the 

POPD at 419 nm was gradually decreased by adding 1×10-4 M, 2.5×10-4 M, and 5×10-4 M  
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AgNO3 and then reached a constant value on adding still higher concentrations of AgNO3 

solution. The surface plasmon resonance of reduced silver nanoparticles and absorbance 

of oxidized POPD may coexist as a weak and broad absorption at 419 nm[65]. The 

fluorescence spectra of POPD were recorded by varying the concentration of AgNO3 (see 

Figure 5.11.B.). The peak at 550 nm in the fluorescence spectra of POPD was attributed 

to the S1 to S0 transition [66]. It could be seen that the fluorescence intensity of POPD at 

550 nm decreased with the increase in the concentration of AgNO3 and completely 

disappeared on adding 1×10-3 M AgNO3, which was evident from the fluorescence 

intensity vs. AgNO3 mole plot (see Figure 5.12.A.). The detectable decrease in the 

fluorescence intensity was observed at a mole ratio of [AgNO3]/[ POPD] at 5, while 

complete quenching was obtained at a mole ratio of 10. The absorbance of POPD at 419 

nm plotted against the concentration of AgNO3 was shown in in Figure 5.12.B. The 

absorbance of POPD was considerably decreased linearly on adding AgNO3, indicating 

the oxidation of the POPD from a semi-oxidized state. The [analyte]/[polymer] mole ratio 

for fluorescence quenching obtained from fluorescence spectra, naked-eye detection and 

absorption spectra were in good agreement.  

               

Figure 5.12. A) Fluorescence intensity of POPD at 550 nm plotted vs. concentration of 

AgNO3. Stern-Volmer plot with non-linear curve fitting was shown in the inset, and B) 

absorbance of POPD at 419 nm plotted vs concentration of AgNO3. 
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The Stern-Volmer plot of the POPD at different quencher concentrations was 

plotted against the corresponding F0/F ( see Figure 5.12.A). The deviation of the Stern-

Volmer plot from linearity indicated the possibility of chromophoric aggregation or 

variation in the association constant with quencher concentration or mixed static and 

dynamic quenching [67, 68]. We have applied the following exponential quenching 

equation,  
ிబ

ி
= 𝐴𝑒௞[ொ] + 𝐵, where A, B, and k are constants to fit the non-linear stern-

volmer plot [69, 70]. From the exponential curve fitting, 
ிబ

ி
= 1.55 𝑒ଷ.ଵଵ௫ଵ଴య[஺௚శ], 

(R2=0.9913), the stern-volmer quenching constant was calculated as 4.82×103  L mol-1 by 

multiplying the constants A (1.55) and k (3.11×103 ). The quenching constant value 

indicated the quencher availability to the fluorophore excited state and the strong ability 

to quench silver ions towards poly-o-phenylenediamine. According to the exponential 

quenching equation 
ிబ

ி
= 1.55 𝑒ଷ.ଵଵ௫ଵ଴య[஺௚శ], the value of F0/F becomes 1 at AgNO3 

concentrations less than 1×10-4 M, and the maximum value of F0/F was obtained at 

AgNO3 having concentration of 5×10-3 M. Thus, exponential quenching equation was 

valid from 1×10-4 M AgNO3 to 5×10-3 M AgNO3 in the case of 1×10-4 M POPD.  

 

Figure 5.13. Photographs under UV light of  different concentrations of POPD (5×10-5 

M, 1×10-5 M, 5×10-6 M) with AgNO3 at a mole ratio of [AgNO3]/[POPD] as 10 

respectively. 

The limit of detection (LOD) of AgNO3 for simple naked eye fluorescence 

detection has been found to be 50 μM by taking the lowest naked eye emissive polymer 

concentration as 5×10-6 M (see Figure 5.13.).  

5.3.4. Fluorescence reversibility of oxidized POPD 

The fluorescence reversibility of oxidized POPD was studied by adding sodium 

ascorbate. The color and fluorescence of POPD were not changed by adding sodium 

ascorbate since the reduction potential of sodium ascorbate was not sufficient to reduce 
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the polymer (standard reduction potential of ascorbate (DHA/AH- ) is + 0.19 V) [71]. 

Sodium borohydride (NaBH4) is a strong reducing agent with a standard reduction 

potential of -1.24 V for NaBH4/NaBO2 
[72]. The reappearance of the yellow emission of 

POPD was masked by the reaction between NaBH4 and excess AgNO3 remaining in the 

solution. In order to avoid the reaction between NaBH4 and excess AgNO3 in the reaction 

medium, oxidized POPD was synthesized in powder form using poly-o-

phenylenediamine and AgNO3 in the ratio 1:3. The oxidized form of POPD has orange 

color in water and has a very weak orange fluorescence in UV light (see Figure 5.14.). 

 

Figure 5.14. A) Photographs of Ox-POPD solution at different concentrations from 

1.0×10-4 M to 1×10-6 M, A) in visible light, B) in UV light and on adding different 

concentrations of NaBH4 solution to 1×10-4 M Ox. POPD C) in visible light, and D) in 

UV light.  
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Figure 5.15. A) UV-visible absorption spectra and B) Fluorescence spectra of oxidized 

POPD having concentration 1×10-4 M on adding different concentrations of NaBH4. 

The UV-visible absorption spectra of oxidized POPD were recorded in water and showed 

a broad absorption at 419 nm, similar to that of POPD in the presence of AgNO3 (see 

Figure 5.15.A.). The reduction of oxidized POPD by NaBH4 was carried out in the water 

by mixing 3 mL of each oxidized POPD having a concentration of 1×10-4 M and NaBH4 

having different concentrations between 1×10-4 M, 5×10-4 M, 1×10-3 M, 5×10-3 M, to 

1×10-2 M. The absorbance of the oxidized POPD at 419 nm was increased by adding 

NaBH4. In order to confirm the reduction of oxidized POPD, the fluorescence emission 

changes associated with the polymer were checked under UV light by adding NaBH4 (see 

Figure 5.14.). The appearance of yellow fluorescence emission on adding NaBH4  has 

confirmed the reduction of oxidized POPD. The fluorescence spectra of oxidized POPD 

were also recorded by adding NaBH4, and the fluorescence intensity at 419 nm was 

increased by adding NaBH4 (see Figure 5.15.B.). The concentration of NaBH4 required 

for the fluorescence turn-on was determined as 1×10-3 M and the corresponding mole 

ratio of [NaBH4]/[POPD] was calculated as 10 by visual detection. The mole ratio of 
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[AgNO3]/[POPD] for fluorescence tun-off in POPD and the mole ratio of 

[NaBH4]/[POPD] for fluorescence turn-on in oxidized POPD were comparable. 

Fluorescence reversibility in POPD was studied by another oxidizing reagent like 

iodine solution (1×10-2 M) to avoid interference from excess silver ion and then reduced 

back using NaBH4 (1×10-2 M). The fluorescence quenching of POPD by iodine and 

fluorescence reappearance using NaBH4 for two oxidation-reduction cycles have been 

carried out. The fluorescence spectra of POPD solutions also confirm the same 

fluorescence quenching and reappearance (See Figure 5.16.A.). Although the dilution 

effect decreases the fluorescence intensity on reduction, the fluorescence turns-off and 

turn-on was clear. UV-visible absorption spectra of POPD in the presence of 5×10-3 M 

AgNO3 have been taken at intervals like 0.25 hrs, 24 hrs., and 48 hrs have shown fair 

stability without any change absorption (see Figure 5.16.B.). 

 

Figure 5.16. A) Fluorescence spectra of POPD on multiple oxidation and reduction for 

reversibility studies and corresponding photographs under UV light in the inset. B) UV-
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visible absorption spectra of POPD solution with 5×10-3 M AgNO3 taken at different time 

intervals 0.25 hrs, 24 hrs, and 48 hrs. 

5.3.5. Mechanism of fluorescence sensing 

 

Figure 5.17. A) Possible mechanism of oxidation and reduction in POPD B) Photographs 

of POPD solution (1×10-4 M) with different metal ion analytes having concentration 

1×10-3 M under UV light and C) Photographs of POPD under UV light in the presence of 

silver discarded electroplating solution. 

The Mechanism of oxidation of POPD by AgNO3 and reduction of oxidized 

POPD by NaBH4 is given in Figure 5.17.A. The synthesized POPD was termed semi-

oxidized POPD, which contains typical benzenoid and quinoid rings. The oxidizing 

agents like AgNO3 remove two electrons per aromatic ring to oxidize POPD and vice 

versa. Thus, yellow emissive semi-oxidized POPD was oxidized to non-emissive 

phenazine units. Similarly, the non-emissive oxidized POPD was reduced to yellow 

emissive semi-oxidized POPD by adding NaBH4. The experimental support for the 

oxidation was obtained from 1H NMR spectra of oxidized POPD in DMSO-d6 solvent 

(see Figure 5.5.). Oxidized POPD was synthesized from semi-oxidized POPD by adding 

AgNO3. 
1H NMR spectra of oxidized POPD have shown four peaks, which were more 

shielded than semi-oxidized polymer. It could be due to the lack of conjugation in the 

oxidized structure of the POPD compared to its semi-oxidized structure. The possible 

structure of oxidized POPD with five monomer units is also given in Figure 5.5. Four 
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peaks in the proton NMR spectra of oxidized POPD corresponded to four types of protons 

present in the different chemical environments. The most deshielded peaks at 7.95 ppm 

corresponded to the aromatic benzenoid protons and the peak at 7.60 ppm corresponded 

to either aromatic protons or secondary -NH proton. Two singlets at 6.95 and 6.4 ppm 

were present in the ratio 1:2 indicated the presence of quinoid protons. Literature report 

suggest that -NH2 protons can be present at 6.4 ppm in the NMR spectra [1]. The structural 

difference between semi-oxidized POPD and oxidized POPD was thus confirmed from 
1H NMR spectra. We have also studied the effect of interfering analytes Fe3+, Zn2+, Cd2+, 

Ni2+, Cr2+, Pb2+, As3+, Cu2+, and Na+ on the fluorescence turn off of POPD using a naked-

eye detection test (see Figure 5.17.B). It has been found that no analytes other than Hg2+ 

have an effect on the fluorescence quenching of POPD. However, Hg2+ was found to 

quench the fluorescence of POPD at a very high mole ratio of [Hg2+]/[POPD] as 100. The 

higher difference between mole ratios of [AgNO3]/[POPD] and [Hg2+]/[POPD] indicated 

less interference of Hg2+ ions on the fluorescence sensing of AgNO3. The silver ion 

sensing ability of POPD in industrial samples were also tested. The discarded 

electroplating solutions of silver were collected from local plating industries. The 

electrolytic solution was composed of AgCl, KCN, and Na2S2O3, and the concentration of 

silver ions after sufficient electroplating would be reduced between 2500 mg/L to 5000 

mg/L [78]. The fluorescence intensity of POPD was decreased slowly with the addition of 

an electroplating solution, which indicated the sensing of silver ions. Unlike silver nitrate 

solution, the fluorescence emission was quenched entirely after 48 hours (See Figure 

5.17.C). The presence of reducing agents like Na2S2O3 and the complex formation of 

sodium silver cyanide in the silver electroplating water could slow down the oxidation of 

POPD.  
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5.3.6. Electrochemical activities of POPD 

 

Figure 5.18. The cyclic voltammograms of POPD in A) water and B) 0.1 M H2SO4. 

The electrochemical activities of redox states in POPD were studied by recording 

the cyclic voltammogram of POPD in water using a glassy carbon working electrode. The 

polymer solution has shown redox activities in the negative potential region (see Figure 

5.18.A), which arose due to the coupled electron and proton transfer in polymer and their 

structural changes [73-75]. The first anodic peak (I) at -0.62 V arose due to reaction I, in 

which reduced POPD was oxidized to semi-oxidized POPD [76] (see Figure 5.19.). The 

oxidation of semi-oxidized POPD to oxidized POPD resulted in the anodic peak (II) at -

0.19 V [77] (see reaction II in Figure 5.19.). An anodic peak around 0.93 V (III)  indicated 

further oxidation of POPD (see reaction III in Figure 5.19.) [10,20]. The reduction peaks at 

-0.83 V (I’) and -0.39 V (II’) in the cathodic sweep corresponded to the reversible 

oxidation peaks at -0.62 V (I)  and -0.19 V (II) in the anodic sweep, respectively. In the 

cyclic voltammogram of POPD, the anodic oxidation potential at 0.93 V was not 
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reversed, indicating the sluggish reversibility of reaction III [20]. The cyclic 

voltammogram of POPD in 0.1 M H2SO4 is given in Figure 5.18.B. Three anodic peak 

potentials corresponding to the oxidation of POPD at -0.12 V, 0.46 V, and 1.06 V in the 

anodic sweep, and two cathodic peak potentials corresponding to the reduction of POPD 

at -0.18 V and -0.04 V in the cathodic sweep were observed similar to the oxidations and 

reductions of POPD in water. However, anodic and cathodic peak potentials were shifted 

to a positive direction in 0.1 M H2SO4. The increase in the anodic and cathodic peak 

potentials of poly-o-phenylenediamine with a decrease in pH indicates excellent 

electrochemical activity required for electrochemical sensing [76,78]. The redox states of 

POPD were as proposed in Figure 5.19.                

                                                                                                                                                                                                           

 

 

 

 

 

Figure 5.19. Possible redox states in poly-o-phenylenediamine. 

In a nutshell, the yellow fluorescence turn-off in poly-o-phenylenediamine was 

obtained by oxidizing agent AgNO3, providing a sensing platform for the silver ion. The 

non-fluorescent oxidized state of the POPD state can be reverted to the semi-oxidized 

state with yellow fluorescence by adding sodium borohydride as a reducing agent. 

Therefore, the present study emphasizes the relationship between different redox states of 

POPD and their fluorescence properties, which may be suitable for sensing various 

reducing analytes.  

5.4. Conclusion 

The fluorescence turn-off and turn-on associated with different redox states of poly-o-

phenylenediamine were studied, and oxidative yellow fluorescence quenching of POPD 
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with AgNO3 was used for silver ion sensing. Poly-o-phenylenediamine was synthesized 

by chemical oxidative polymerization using FeCl3 as an oxidizing agent. The presence of 

C=N stretching and C-N stretching peaks associated with benzenoid and quinoid rings in 

the FT-IR spectra of POPD confirmed the semi-oxidized structure of the polymer. The 

presence of 5-6 monomer units in the polymer was evident from MALDI-TOF spectra. 

FE-SEM images revealed the self-assembled micro rod-like morphology in POPD. The 

water-soluble POPD has shown broad absorption at 419 nm and yellow fluorescence 

emission. The quenching of the yellow fluorescence emission of POPD with AgNO3 

indicated the oxidation of POPD. This oxidative fluorescence turn-off in POPD was 

effectively used for silver ion sensing. The enhancement of yellow fluorescence of 

oxidized POPD with NaBH4 confirmed the reversibility in redox states of POPD. The 

structural evidence for semi-oxidized POPD and oxidized POPD were obtained from 1H 

NMR spectra. Thus, water-mediated oxidative fluorescence turn-off in semi-oxidized 

POPD and reductive fluorescence turn-on in oxidized POPD have great potential for 

quantifying various oxidizing and reducing analytes. 
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6.1. Introduction 

Conjugated polymers are suitable for applications in optoelectronics, 

electrochemical and biomedical fields due to their diverse structure-property relationships 

[1-2]. However, their extensive applications were limited by low processability/solubility, 

less conductivity, and broad photo-emission. The polymer backbone and tailor-made 

structural modifications on the backbone and side chains provide the desired properties. 

Water-processable conjugated polymers can be synthesized by polymerizing water-soluble 

monomers with polar groups on the main or side chain or by palladium cross-coupling 

reactions [3]. Copolymerization is the best and easiest way to improve properties of 

conjugated homopolymers. Improvements in the solubility, thermal stability, morphology, 

and fluorescence properties could be achieved as the significant benefits of 

copolymerization [4, 5]. Copolymerization could leads to the formation of copolymers with 

synergistic and improved properties due to the co-monomeric units of homopolymers [6].  

Copolymerization of two or more monomers would form either bipolymer, 

terpolymer, tetrapolymer, or multicomponent polymer [7]. The copolymers can be obtained 

as random, alternate, block, gradient, or graft based on the reactivity of monomers towards 

copolymerization [8] (see Figure 6.1.). In random copolymers, monomer units are randomly 

oriented, whereas in alternate copolymers, monomer units are oriented alternatively. Block 

copolymer contains blocks of monomer units and graft copolymer contains grafted 

branches of one monomer block from the backbone [9]. In gradient copolymers, the 

monomer composition varies gradually, whereas block copolymers have abrupt changes 

and random copolymers have no continuous change in composition [10]. Block copolymers 

have advantages over random and alternate copolymers, as the desired properties can be 

selectively tuned without affecting other characteristic properties [11].  

Physical blending of homopolymers is an interesting concept in which 

homopolymers are mixed by physical processes in solid or solution states. Physical 

blending differed from copolymerization as different monomer units were not linked in a 

single polymer chain as in the copolymer [12]. Polymer blends can be homogeneous or 

heterogeneous based on the physical properties of homopolymers. The properties of 

physical blends depend on the concentrations, viscosities, and miscibility of blended 

homopolymers [13]. The overlapping energy levels and alterations in electronic transitions 

via charge transfer occurring during physical blending can influence their photophysical 
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properties [14]. The intimate interactions between homopolymer chains in the physical 

blends can also lead to optical properties tuning [15]. Therefore, organic light-emitting 

diodes and lasers have used stable emission colour tuning by physically blending electro-

luminescent or photoluminescent homopolymers [16-18].  

 

Figure 6.1. Schematic representation of different types of copolymers and physical blends.  

Figure 6.2. A) Emission tuning in polymer blend composed of poly-2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylene vinylene (MEH-PPV) and a nonconjugated polymer – poly 

(methyl methacrylate) (PMMA) and B) photos of polymer blend films with various MEH-

PPV concentrations in visible light and UV light (Adapted from Ashok Kumar et al. 2021). 
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Table 6.1. Co-monomers used to copolymerize with o-phenylenediamine via chemical 

oxidative polymerization, the structure of copolymer, and improved properties/applications 

via copolymerization reported in the literature.  

Sl.

No. 

Co-monomer Structure 

reported 

Improved property on 

copolymerization & Application 

Ref. 

1 1-Naphthylamine Random 

copolymer 

Fluorescence sensing of Bovine Serum 

Albumine  

32 

2 O-Anisidine Random 

copolymer  

 

Crystallinity 32 

3 Carbazole Random 

copolymer 

Organic light-emitting diodes 29 

4 Vaniline Alternating 

copolymer 

Optoelectronics and biomedicine 33 

5 Luminol Random 

copolymer 

Fluorescence quantum yield for Cell 

imaging 

30 

6 3-Amino-5-

methylthio-1H-

1,2,4-triazole 

Random 

copolymer 

Optoelectronics and biomedicine 6 

7 Pyrrole Random 

copolymer 

Optoelectronics 31 

8 O-phenetidine Random 

copolymer 

Solvatochromism and solubility 34 

9 2-pyramidylamine Random 

copolymer 

Thermal stability 35 

10 p-Toluidine  Random 

copolymer 

The power conversion efficiency for 

Solar cell 

36 

11 Aniline Random 

copolymer 

Capacitance for super capacitor 37 

12 Aniline Block 

copolymer 

Electrochromism   for electrochromic 

devices 

38 

13 N-sulfopropylaniline Random 

copolymer 

Solubility 39 
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Polyaniline (PANI) is a conducting polymer with good thermal/environmental 

stability and semiconducting on doping. However, pristine polyaniline has weak emission 

and less processability, preventing its applications in optoelectronic devices. 

Copolymerization was a chemical modification adopted in polyaniline to improve their 

limitations, like low processability [19]. Water-soluble polyaniline copolymers were 

obtained from the copolymerization of aniline with suitable monomers [20-23]. Poly-o-

phenylenediamine (POPD) has better solubility/processability and fluorescence properties 

than PANI [24-25]. Aniline and o-phenylenediamine were copolymerized for the sensing, 

supercapacitance and solar cell applications [26-28]. Copolymers of o-phenylenediamine with 

other monomers were reported with improved physical and chemical properties suitable for 

different applications via the chemical oxidative polymerization route (see Table 6.1). 

Jadoun et al. used ultrasonically copolymerized carbazole and o-phenylenediamine for 

applications in organic light-emitting diodes [29]. Co-monomer composition-dependent 

fluorescence quantum yield of POPD copolymers has been reported [30-31].  

Electrochemically synthesized copolymers of o-phenylenediamine and other 

monomers were also used for the sensing of different analytes [40-42]. The copolymers of o-

phenylenediamine with other fluorescent co-monomers were developed for fluorescence 

sensing applications and biological studies [43]. Liao et al synthesized poly-o-

phenylenediamine and rhodamine-B copolymer dots (Pp-RhB dot) by chemical oxidative 

polymerization using ammonium persulfate as an oxidizing agent. The weakened 

fluorescence emission of copolymer dot by photoinduced electron transfer between poly-

o-phenylenediamine and rhodamine B was enhanced in the presence of nitrite ions. The 

copolymer dot was thus used for nitrite ion detection and fluorescent cell imaging of HeLa 

cells (see Figure 6.3.A.) [44]. Liao et al. synthesized copolymers of poly-o-

phenylenediamine and benzeneselenol to develop an oxidation-reduction fluorescent 

switch. The redox reversible fluorescent probe detected hydrogen peroxide and glutathione 

[45]. Riaz et al. synthesized poly-o-phenylenediamine and luminol fluorescent copolymer 

and was used for the fluorescence cell imaging of HeLa cells (see Figure 6.3.B-D) 
[30].  
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Figure 6.3. A) Photoinduced electron transfer in poly-o-phenylenediamine and rhodamine 

B copolymer dot for nitrite detection (Adapted from Liao et al. 2015). Fluorescent cell 

imaging of HeLa cells using B) polyluminol (PLU) C) poly-o-phenylenediamine (POPD) 

and D) PLU-POPD copolymer (Adapted from Riaz et al. 2018). 

The synthesis, characterization, and fluorescence properties of poly-N-phenyl 

anthranilic acid (PNPA) homopolymer were given in Chapter 2. Similarly, o-

phenylenediamine undergoes oxidative chemical polymerization in the presence of various 

oxidizing agents to produce poly-o-phenylenediamine, which has given yellow 

fluorescence emission [29,47]. The present investigation uses a copolymerization strategy to 

synthesize N-phenyl anthranilic acid and o-phenylenediamine copolymers to fine-tune the 

emission characteristics. The emission colour tuning of conjugated polymers via the 

copolymerization route was rarely reported in the literature [48-49]. Emission control in redox 

copolymer by oxidizing analytes is a different approach. Furthermore, the physical blends 
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of bluish-white fluorescent poly-N-phenyl anthranilic acid (PNPA) and yellow fluorescent 

poly-o-phenylenediamine (POPD) have been utilized to fine-tune the fluorescence 

emission at different pHs. The structure, reactivity, and photophysical properties of the 

copolymers of P(NPA-co-POPD) were compared with blend PNPA-blend-POPD and 

homopolymers. Monomer reactivity ratios determined by the Fineman-Ross method using 

FT-IR spectra indicated the presence of blocks of NPA units in the copolymers due to the 

high reactivity of NPA compared to OPD. The present work proposes a distinct method of 

analyte oxidative power-controlled fluorescent sensing of silver nitrate and potassium 

permanganate in P(NPA-co-OPD) in water. 

6.2. Experimental 

6.2.1. Materials and Reagents: O-phenylenediamine and N-Phenyl anthranilic acid (97%) 

were purchased from LOBA chemicals. N-Phenyl anthranilic acid was further purified by 

recrystallization method using acetone as solvent. Anhydrous ferric chloride, silver nitrate, 

potassium permanganate, and concentrated sulphuric acid (98%) were purchased from 

Merck Chemicals. Double-distilled ethanol and deionized water were used to synthesize 

and purify the polymer and copolymers.  

6.2.2. Measurements and Instruments: UV-visible absorption spectra of the samples 

were recorded by the Shimadzu UV-Visible spectrometer 1800 series in the 200-800 nm 

wavelength range using deionized water as solvent. Proton NMR spectra of the samples 

were recorded using a 400 MHz Bruker Avance III FT-NMR Spectrophotometer using d6-

DMSO as the solvent and TMS as an internal standard. The fourier transform infrared 

spectra of the samples were recorded by Cary 660 FT-IR spectrometer using ATR Mode in 

the wavenumber range 400-4000 cm-1. Powder X-ray diffraction of the samples was 

measured using PANalytical, Aeris research diffractometer in the 2θ range 5 to 80°. 

Polymer molecular weight determination of the samples has been carried out using Bruker 

Autoflex max LRF MALDI-TOF using sinapinic acid as a matrix. The pH of solutions was 

measured using a portable pH meter of Hanna instruments. Fluorescence spectra of the 

samples were recorded using a Shimadzu RF 5301-PC spectrofluorophotometer. Thermo 

gravimetric analysis (TGA) of the samples was measured using STA 8000. FE-SEM 

images of the samples were recorded using Zeiss Gemini SEM 300 with 12-2,000,000 × 

magnifications. 
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6.2.3. Synthesis of homopolymers: Synthesis of homopolymer poly-N-phenyl anthranilic 

acid was given in chapter 2 and the synthesis of homopolymer poly-o-phenylenediamine 

was given in chapter 5. 

6.2.4. Synthesis of copolymers of NPA and OPD 

6.2.4.A. Synthesis of copolymer P(NPA-co-OPD) 10:90: The recrystallized monomer N-

phenyl anthranilic acid (0.04 g, 0.189 mmol) was dissolved in 2 ml double distilled ethanol. 

The other monomer, o-phenylenediamine (0.36g, 3.33 mmol) was dissolved in 5 mL double 

distilled ethanol. Both monomer solutions were mixed together and anhydrous FeCl3 

(0.46g, 2.84 mmol), dissolved in 5 mL double distilled ethanol, was added to the monomer 

mixture, and polymerization was allowed to continue for 2 hours without any disturbance. 

The ethanol was completely evaporated, and the copolymer was washed with water and 

acetone, filtered, and dried in a vacuum oven at 60°C. Yield = 0.095 g (23.75 %). 1H NMR 

(400 MHz, DMSO-d6) δ: 7.02 (S, 2H, Ar-H), 7.75 (S, 2H, Ar-H), 8.04 (S, 2H, Ar-H). FT-

IR (KBr, cm-1): 3316, 3161, 1687, 1628, 1531, 1357, 1231, 1153, 843, 745, and 589.    

6.2.4.B. Synthesis of copolymer P(NPA-co-OPD) 25:75: The recrystallized monomer N-

phenyl anthranilic acid (0.10 g, 0.469 mmol) was dissolved in 2 mL double distilled 

ethanol. The other co-monomer, o-phenylenediamine (0.30g, 2.77 mmol), was dissolved in 

5 mL double distilled ethanol. Both monomer solutions were mixed, and oxidizing agent 

anhydrous FeCl3 (0.46g, 2.84 mmol) dissolved in 5 mL double distilled ethanol was added 

to the monomer mixture. The polymerization was allowed to continue for 2 hours without 

disturbance, and then the ethanol was completely evaporated. The copolymer was washed 

with water and acetone, filtered, and dried in a vacuum oven at 60°C. Yield = 0.145 g  (36 

%). 1H NMR (400 MHz, d6 DMSO) δ:  6.80 (m, 1H, Ar-H), 7.02 (m, 1H, Ar-H), 7.10 (m, 

1H, Ar-H), 7.25 (m, 3H, Ar-H), 7.40 (m, 3H, Ar-H), 7.75 (m, 2H, Ar-H) , 7.90 (m, 1H, Ar-

H),  8.05 (t, 2H, Ar-H)  and 9.65 (s, 1H, N-H). FT-IR (KBr, cm-1): 3337, 3157, 1694, 1601, 

1531, 1451, 1366, 1321, 1272, 1142, 902, 842, 753, 652 and 593. 

The digits 25:75 in P(NPA-co-OPD) 25:75 in the sample code implies that 25 

weight % feed of NPA monomer and 75 weight % feed of OPD, and the term ‘co’ represents 

copolymerization. Other copolymers, P(NPA-co-OPD) 50:50 and P(NPA-co-OPD) 75:25, 

were also prepared by changing the weight percentage of co-monomers taken in the feed 

of N-phenyl anthranilic acid (NPA) and o-phenylenediamine (OPD) as given in Table 6.2.  
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6.2.5. Synthesis of physical blends of PNPA and POPD 

6.2.5.A. Synthesis of PNPA-blend-POPD 10:90 

Poly-N-phenyl anthranilic acid (0.04 g) and poly-o-phenylenediamine (0.36 g) were 

accurately weighed into a mortar and grounded well for 15 minutes to form a homogenized 

mixture using a pestle. The resultant blend was used for structural characterization and 

comparison of properties with the copolymer. Yield = 0.40 g (100%). FT-IR (KBr, cm-1): 

3337, 3157, 1694, 1641, 1531, 1366, 1272, 1242, 1142, 842, 753 and 593. 

6.2.5.B. Synthesis of PNPA-blend-POPD 25:75: Poly-N-phenyl anthranilic acid (0.10 g) 

and poly-o-phenylenediamine (0.30 g) were accurately weighed into a mortar and grounded 

well for 15 minutes to form a homogenized blend using a pestle. The resultant blend was 

used for structural characterization and comparison of properties with P(NPA-co-OPD) 

25:75. Yield = 0.40 g (100%). 1H NMR (400 MHz, DMSO-d6) δ: 6.75 (m, 1H, Ar-H), 6.95 

(m, 1H, Ar-H), 7.05 (m, 1H, Ar-H), 7.25(m, 3H, Ar-H), 7.35 (m, 3H, Ar-H), 7.65 (m, 2H, 

Ar-H) , 7.90 (m, 1H, Ar-H),  8.00 (t, 2H, Ar-H)  and 9.65 (s, 1H, N-H). FT-IR (KBr, cm-

1): 3337, 3157, 1694, 1641, 1531, 1366, 1272, 1242, 1142, 842, 753 and 593.  

The digits 25:75 in the sample code of PNPA-blend-POPD 25:75 imply 25 weight 

% feed of PNPA polymer and 75 weight % feed of POPD polymer in blend. Other blends, 

such as PNPA-blend-POPD 10:90, PNPA-blend-POPD 50:50, and PNPA-blend-POPD 75: 

25, were prepared by changing the weight percentage of homopolymers of poly-N-phenyl 

anthranilic acid (PNPA) and poly-o-phenylenediamine (POPD) as given in Table 6.2. 

6.2.6. Preparation of AgNO3 and acidified KMnO4 solutions as oxidising analytes: 

Silver nitrate (16.98 mg) was accurately weighed into a 10 mL standard flask. Double 

deionised water was added and made up to the mark to obtain 1.0×10-2 M AgNO3 solution. 

From the stock solution, different molarity of AgNO3 (5.0×10-3 M, 1.0×10-3 M, 7.5×10-4 

M, 5.0×10-4 M, 2.5×10-4 M, and 1.0×10-4 M) was prepared by diluting stock using double 

deionised water. Potassium permanganate (1.58 mg) was accurately weighed into a 10 mL 

standard flask. H2SO4 (1 M) was added and made up to the mark to obtain acidified KMnO4 

solution having concentration 1.0×10-3 M. From the stock solution, different molarity of 

acidified KMnO4 (7.5×10-4 M, 5.0×10-4 M, and 2.5×10-4 M) was prepared by diluting stock 

using dilute H2SO4. 
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6.2.7. The pH-dependent studies of homopolymers, copolymers, and blends: The 

weight of PNPA, POPD, P(NPA-co-OPD) copolymers, and PNPA-blend-POPD blends 

was fixed as 5.0 mg dissolved in 4 mL conc. H2SO4. Half of the above solution (2 mL) was 

diluted to 20 mL using deionized water in a 100 mL beaker, and the pH was increased to 

neutral and basic pH by adding 4 M NaOH.   

6.2.8. Analyte selective oxidation in P(NPA-co-OPD) 10:90 with AgNO3 and KMnO4: 

P(NPA-co-OPD) 10:90 (0.50 mg) was dissolved in conc. H2SO4 (4 mL). Half of the above 

solution (2 mL) was diluted to 20 mL using double deionized water. The pH of the solution 

was maintained at neutral (pH=7) by adding 4 M NaOH (~ 20 mL) solution. To 3 mL of 

each of neutral P(NPA-co-OPD) 10:90 solution (6.25×10-5 g/mL) taken in different vials, 

3 mL of AgNO3 having different concentrations like 1×10-2, 5×10-3, 2.5×10-3, 1×10-3, 5×10-

4, 2.5×10-4, 1×10-4 M were added for the oxidation of POPD fragments. A strong oxidizing 

agent acidified KMnO4 (5×10-4 M, 3 mL) was added to oxidize POPD and PNPA fragments 

completely. The fluorescence of semi-oxidized and completely oxidized copolymer 

solutions was noted using the UV Inspection cabinet. UV-visible absorption spectra and 

fluorescence spectra of each copolymer and copolymer-analyte solution were recorded. 

6.3. Results and Discussion 

6.3.1. Synthesis of homopolymers, copolymers and physical blends 

Homopolymers and copolymers of o-phenylenediamine (OPD) and N-phenyl 

anthranilic acid (NPA) have been synthesized by chemical oxidative polymerization using 

anhydrous FeCl3 as an oxidizing agent in ethanol solvent. Different copolymers like 

P(NPA-co-OPD) 10:90, P(NPA-co-OPD) 25:75, P(NPA-co-OPD) 50:50, and P(NPA-co-

OPD) 75:25 have been synthesized by varying the weight percentage of monomers OPD 

and NPA. For example, sample code P(NPA-co-OPD) 10:90 denoted that the copolymer 

was synthesized from 10% by weight of NPA and 90% by weight of OPD (see Figure 6.4.). 

Physical blends of homopolymers (PNPA-blend-POPD 10:90, PNPA-blend-POPD 25:75, 

PNPA-blend-POPD 50:50, and PNPA-blend-POPD 75:25) were obtained by gentle 

grinding of different weight percentages of POPD and PNPA powders using mortar and 

pestle (See Table 6.2.).  
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Figure 6.4. Schematic representation of the synthesis of copolymers from co-monomers 

OPD and NPA by oxidative chemical polymerization and physical blending of 

homopolymers POPD and PNPA. 

The homopolymer POPD was a reddish-brown powder soluble in water, 

chloroform, acetone, ethanol, and dimethyl sulfoxide (DMSO). The homopolymer PNPA 

was a bluish-black powder insoluble in water and soluble in concentrated acids, 

chloroform, acetone, ethanol, and dimethyl sulfoxide. The general strategy for preparing 

solutions of PNPA, POPD, P(NPA-co-OPD), and PNPA-blend-POPD was to dissolve the 

sample in an acidic solution, then increase the pH to neutral and to alkaline pH by adding 

a sufficient quantity of sodium hydroxide. The blue color of PNPA in concentrated acid 

became colorless by adding H2O or NaOH solution. The dark brown POPD in the 

concentrated acid medium became orange in the weakly acidic medium and yellow in the 

neutral and basic medium. As a result, the copolymer and blends have shown brown to 

orange color in acidic pH and yellow in neutral and basic pH (see Figure 6.5.).  
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Table 6.2. The mass of co-monomers NPA and OPD taken for copolymer synthesis, the 

mass of PNPA and POPD taken for blending, the weight ratio of NPA: OPD or PNPA: 

POPD, the mole ratio of NPA/OPD or PNPA/POPD, and corresponding yields of 

copolymers and blends. 

*The molecular mass of one monomeric/repeating unit was taken as the molecular weight of the polymer to calculate the mole ratio of 

blends. 

 

Figure 6.5. Photographs of homopolymers POPD, PNPA, copolymer and blend at acidic, 

neutral and basic pH in visible light. 

6.3.2. Structural characterization of copolymers and physical blends 

The good solubility of homopolymers, copolymers, and blends in dimethyl 

sulfoxide (DMSO) enabled us to do their structural characterization by 1H NMR (see 

Sample 

 

Mass of 

NPA or 

PNPA 

(g) 

Mass of 

OPD or 

POPD 

(g) 

Weight ratio 

NPA: OPD 

or PNPA: 

POPD 

NPA/OPD 

or 

PNPA/POPD 

Mole ratio 

Yield 

(g) 

 

P(NPA-co-OPD) 

10:90 
0.04 0.36 

 

10:90 

 

0.057 
0.095 

P(NPA-co-OPD) 

25:75 
0.10 0.30 

 

25:75 

 

0.171 
0.145 

P(NPA-co-OPD) 

50:50 
0.20 0.20 

 

50:50 

 

0.512 
0.270 

P(NPA-Co-OPD) 

75:25 
0.30 0.10 

 

75:25 

 

1.535 
0.367 

PNPA-blend-

POPD 10:90 
0.04 0.36 

 

10:90 

 

0.055* 

 

0.40 

PNPA-blend-

POPD 25:75 
0.10 0.3 

 

25:75 

 

0.164* 

 

0.40 

PNPA-blend-

POPD 50:50 
0.20 0.2 

 

50:50 

 

0.493* 

 

0.40 

PNPA-blend-

POPD 75:25 

0.30 

 

0.1 

 

 

75:25 

 

1.479* 

 

0.40 
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Figure 6.6.). The 1H NMR spectra of homopolymer POPD have three peaks at 7.02, 7.75, 

and 8.04 ppm [50-52], whereas PNPA has multiplets at 6.80, 7.10, 7.25, 7.40, and 7.90 ppm 

corresponding to aromatic protons. The 1H NMR spectra of copolymers P(NPA-co-OPD) 

25:75 and 50:50 have shown peaks at 7.02, 7.75, and 8.05 ppm corresponding to aromatic 

protons POPD fragments and other multiplets at 6.80, 7.10, 7.25, 7.40, and 7.90 

corresponding to aromatic protons in PNPA fragments. The 1H NMR spectra of the 

copolymer P(NPA-co-OPD) 10:90 have shown peaks at δ values 7.02, 7.75, and 8.04 ppm 

corresponding to POPD fragment and weak peaks at 7.10 and 7.25 ppm corresponding to 

aromatic protons of PNPA. The intensity of peaks corresponding to aromatic protons of 

PNPA in PNPA-co-POPD 10:90 was low due to the low quantity of PNPA (10 weight 

percent) taken for the copolymerization. Interestingly, as we increase 10% NPA in feed to 

50% NPA in feed, the intensity of the NPA fragment overtakes the OPD fragment due to 

its high reactivity. The peak intensity of aromatic protons in PNPA fragments in the 

P(NPA-co-OPD) 25:75 matched the homopolymer PNPA, indicating the better reactivity 

of PNPA fragments. In contrast, the peaks of aromatic protons in POPD fragments in the 

copolymer P(NPA-co-OPD) 25:75 have less intensity than those of aromatic protons in 

homopolymer POPD, indicating the less reactive nature of POPD fragments. Studies on the 

block copolymers suggest that their 1H NMR spectra were superimposed on that of the 

homopolymers [53]. The peaks in P(NPA-co-OPD) 25:75 and P(NPA-co-OPD) 50:50 was 

present at the same chemical shift values as that of the homopolymers PNPA and POPD, 

indicating the possibility of blocks in copolymers [53]. Block copolymer has the advantage 

of better crystalline properties of polymers without significant changes in the elastic 

properties by choosing a suitable co-monomer [54]. The physical blend PNPA-blend-POPD 

25:75 has slightly broadened peaks present at δ values 6.75, 6.95, 7.05, 7.25, 7.35, 7.65, 

7.9 and 8.0 ppm in contrast to P(NPA-co-OPD) 25:75) (see Figure 6.6.). The intensity of 

POPD and PNPA polymers that take part in PNPA-blend-POPD 25:75 have the same 

intensity as in homopolymers; however, the peaks corresponding to POPD have slightly 

upfield chemical shifts. The peak corresponds to secondary –NH protons at δ value 9.65 

ppm were present in P(NPA-co-OPD) 25:75 and PNPA-blend-POPD 25:75 similar in 

PNPA, which confirmed the presence of PNPA fragments in the copolymer and blend [46].  
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Figure 6.6. 1H NMR spectra of homopolymers POPD, PNPA, copolymers P(NPA-co-OPD) 

10:90, P(NPA-co-OPD) 25:75, P(NPA-co-OPD) 50:50, and physical blend PNPA-blend-

POPD 25:75 in DMSO- d6 solvent. 

Carbon-13 NMR spectra of homopolymers and copolymers were also recorded in 

DMSO-d6 solvent (see supporting information Figure 6.7.). The 13C NMR spectra of POPD 

has shown only one peak at 131 ppm, which indicated the symmetric chemical environment 

of carbon atoms in the structure of POPD [37]. The NMR spectra of PNPA has shown peaks 

at 114.20, 117.89, 121.85, 123.52, 129.87, 132.35, 134.59, 141.00, and 147.42 ppm 

corresponded to the aromatic carbon atoms, whereas the peak at 170.42 ppm corresponded 

to –COOH carbon atom [44]. In the case of copolymer P(NPA-co-OPD) 10:90, the peaks 

corresponded to POPD and PNPA carbon atoms were present, however the intensity of 

PNPA peaks were very weak due to the lower PNPA co-monomeric fragments in the 

copolymer. The spectra of P(NPA-co-OPD) 25:75 and P(NPA-co-OPD) 50:50 have shown 

gradual hike in 13C peak intensity of PNPA fragment and an additional peak was observed 

at 113.00 ppm indicated the bonding between POPD and PNPA blocks. The peak 

corresponded to POPD carbon atoms in P(NPA-co-OPD) 25:75 was not visible in P(NPA-

co-OPD) 50:50 due to greater reactivity of NPA units.  
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Figure 6.7. 13C NMR spectra of homopolymers POPD, PNPA copolymer P(NPA-co-OPD) 

10:90, P(NPA-co-OPD) 25:75, and P(NPA-co-OPD) 50:50 in d6-DMSO solvent. 

The homopolymers POPD, PNPA, and copolymers P(NPA-co-OPD) 10:90, 25:75, 

50:50, and 75:25 was characterized by fourier transform infrared spectroscopy (see Figure 

6.8.A and Table 6.3.). The homopolymer POPD showed peaks at 3316, 3161, 1694, 1635, 

1531, 1357, 1243, 1153, 837, 752 and 589  cm-1 corresponding to –NH stretching of 

secondary amines, –NH stretching of terminal primary amines, C=N quinoid stretching, 

C=C quinoid stretching, C=C benzenoid stretching, C-N stretching in the neighbourhood 

of quinoid units, C-N stretching in the neighbourhood of benzenoid rings, C-H in-plane 

bending in benzenoid rings,  C-H out of plane bending of 1,2,4,5-tetra substituted phenyl 

rings, C-H bending of 1,2-disubstituted phenyl rings and N-H out of plane bending 

vibrations respectively [55-60]. The homopolymer PNPA showed peaks at 3347, 3038, 1601, 

1582, 1504, 1451, 1393, 1272, 1153, 753 and 503 cm-1 corresponding to –NH asymmetric 

stretching, carboxylic O-H stretching, C=O stretching, C-C aromatic asymmetric 

stretching, C-C symmetric aromatic stretching, carboxylic O-H bending, C-N stretching, 

C-O stretching, C-H in-plane bending in benzenoid rings, C-H out of plane bending and N-

H out of plane bending respectively [46, 61-62]. The copolymer P(NPA-co-OPD) 10:90 

showed peaks similar to POPD, as it may contain higher POPD fragments. The FT-IR 
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spectrum of copolymer P(NPA-co-OPD) 25:75 indicated the greater reactivity of NPA in 

the copolymer by showing peaks at 1661, 1451, and 1261 cm-1 corresponding to quinoid 

C=N merged with C=O stretching, carboxylic O-H bending and C-O stretching, 

respectively. Some additional peaks at 1321 cm-1 correspond to C-N stretching and 902 cm-

1 correspond C-H bending vibrations in the copolymer. In the FT-IR spectra of copolymer 

P(NPA-co-OPD) 50:50 and P(NPA-co-OPD) 75:25, quinoid C=N peaks at 1694 and C-N 

peak at 1366 cm-1 corresponding to POPD fragment almost diminished, which indicated 

the less reactivity of OPD in the copolymer formation. FT-IR spectra of physical blends 

PNPA-blend-POPD 10:90, PNPA-blend-POPD 25:75, and PNPA-blend-POPD 50:50 were 

also given in Figure 6.7.B.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8. FT-IR spectra of A) homopolymers POPD, PNPA, and copolymers P(NPA-co-

OPD) 10:90, P(NPA-co-OPD) 25:75, P(NPA-co-OPD) 50:50, and P(NPA-co-OPD) 75:25 

and B) homopolymers POPD, PNPA, and blend PNPA-blend-POPD 10:90, PNPA-blend-

POPD 25:75, PNPA-blend-POPD 50:50, and PNPA-blend-POPD 75:25. 
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Table 6.3. FT-IR spectral data of homopolymers, copolymers and physical blends.   

Vibrations of 

characteristi

cs group 

Wavenumber (cm-1) with relative intensity 

Homopolymers Copolymers 

P(NPA-co-OPD) 

Physical Blends 

PNPA-blend-POPD 

POPD PNPA 10:90 25:75 50:50 75:25 10:90 25:75 50:50 75:25 

–NH 

stretching of 

secondary 

amines 

3316 

 b) 

3347 

(b) 

3316  

(b) 

3316  

(b) 

3347  

(b) 

3347 

(w) 

3316  

(b) 

3347  

(b) 

3347  

(b) 

- 

–NH 

stretching of 

primary 

amines 

3161  

(b) 

- 3161  

(b) 

3161  

(b) 

3161  

(b) 

- 3161  

(b) 

3161  

(b) 

3161  

(b) 

- 

carboxylic O-

H stretching 

- 3038  

(b) 

- - - - - - - - 

C=N quinoid 

stretching 

1694 

(m) 

- 1694 

(m) 

1694 

(w) 

1694 

(w) 

1694 

 (w) 

1694 

(m) 

1694 

(m) 

1694 

(w) 

1694 

(w) 

C=C quinoid 

stretching 

1641  

(m) 

- 1641 

(m) 

1641 

(w) 

- - 1641 

(m) 

1641 

(m) 

1641  

(w) 

1641  

(w) 

C=O 

stretching 

- 1601 

(w) 

- 1601 

(w) 

1601 

(w) 

1601 

(w) 

- 1601 

(w) 

1601  

(w) 

1601  

(w) 

C=C 

benzenoid 

stretching 

1531  

(s) 

1501 

(m) 

1531  

(s) 

1531 

(m) 

1531 

(m) 

1531 

(m) 

1531  

(s) 

1531 

(m) 

1531  

(w) 

1531  

(w) 

carboxylic O-

H bending 

- 1451 

(w) 

- 1451 

(w) 

1451 

(w) 

1451 

(w) 

- 1451 

(w) 

1451  

(w) 

1451 

 (w) 

C-N quinoid 

stretching  

1357  

(m) 

- 1357 

(m) 

1357 

(w) 

- - 1357 

(m) 

1357 

(w) 

- - 

C-N 

benzenoid 

stretching  

1231  

(m) 

1401 

(m) 

1231 

(m) 

- - - 1231 

(m) 

1231 

(w) 

- - 



                                     PNPA-co-POPD Random Block copolymers for fluorescence sensing 

187 
 

C-O 

stretching 

- 1272 

(s) 

- 1258  

(s) 

1258  

(s) 

1258  

(s) 

- 1272 

(w) 

1272  

(w) 

1272  

(w) 

C-H in plane 

bending  

1153  

(m) 

1153 

(w) 

1153 

(m) 

1153 

(m) 

1153 

(w) 

1153 

(w) 

1153 

(m) 

1153 

(m) 

1153  

(w) 

1153  

(w) 

C-H out of 

plane bending  

843  

(w) 

753  

(m) 

843  

(w) 

843  

(w) 

753  

(w) 

753  

(w) 

843  

(w) 

843  

(w) 

753  

(w) 

753 

 (m) 

C-H bending 

of 1,2-

disubstituted 

phenyl rings 

745  

(w) 

- 745  

(w) 

745  

(m) 

745  

(w) 

745  

(w) 

745  

(w) 

745  

(m) 

745  

(w) 

745  

(w) 

N-H out of 

plane bending  

589  

(w) 

503  

(w) 

589  

(w) 

503  

(w) 

503  

(w) 

503  

(w) 

589  

(w) 

589  

(w) 

503  

(w) 

503  

(w) 

b, s, m, w indicates broad, strong, medium, and weak peaks in the FT-IR spectra. 

PNPA-blend-POPD 10:90 showed peaks similar to the homopolymer POPD, 

whereas, in PNPA-blend-POPD 25:75, the peak corresponding to C-O stretching at 1275 

cm-1 was obtained, indicating the presence of PNPA fragments in the blend. In the case of 

PNPA-blend-POPD 50:50, unlike P(NPA-co-OPD) 50:50, the vibrations corresponding to 

quinoid rings 1694 cm-1 and C-N stretch at 1235 cm-1 did not considerably diminish. Thus, 

the difference in the reactivity of PNPA and POPD between copolymers and blends was 

evident from the FT-IR spectra. The B/Q ratio (Benzenoid C=C stretching at 1531cm-1 and 

quinoid C=N stretching at 1694 cm-1) calculated for POPD was 3.00, which indicated the 

presence of 3:1 ratio for benzenoid and quinoid units in POPD, approximately matching 

the proposed structure. The FT-IR peaks at 1694 cm-1, 1635 cm-1 and 1357 cm-1 

corresponding to quinoid C=N stretching, quinoid C=C stretching and C-N stretching in 

the neighbouring quinoid rings present in POPD decreased with a decrease in the 

OPD/POPD weight percentage in the copolymer and blend (see Figure 6.9.). It indicated 

the decrease in the number of quinoid units in the copolymer and the blend with the 

decrease in the OPD/POPD content.  
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Figure 6.9. FT-IR absorbance percentage of quinoid C=N stretch vs. weight percentage 

ratio NPA: OPD or PNPA: POPD. 

The monomer reactivity ratio in the copolymer was determined using Fineman-

Ross (FR) equation [29, 63-64].  

𝐹(𝑓−1)

𝑓
= 𝑟1 (

𝐹2

𝑓
) − 𝑟2                         (1) 

Where, F = [MOPD (feed)]/ [MNPA (feed)], f = [mOPD/mNPA], and r1 and r2 are reactivity 

ratios of OPD and NPA, respectively. MOPD and MNPA are mole fractions of OPD and NPA 

in the co-monomer feed, and mOPD and mNPA are mole fractions of OPD and NPA in the 

copolymer from FT-IR spectra, respectively. The FT-IR absorption ratios between 

characteristic analytical bands (Ai) of 1694 cm-1 (C=N of OPD unit) and 1272 cm-1 (C-O 

stretching of NPA units) to the least changing absorption band of 1153 cm-1 (A1153) as a 

standard band was used to determine the copolymer compositions. The mole fractions of 

OPD and NPA in the copolymer were determined from FT-IR peak absorbance values 

using the formulas 

          (2) 

                (3) 

 

Where ∆𝐴𝑖=𝐴𝑖/𝐴1153 and MW1 and MW2 are the molecular weight of OPD and NPA, 

respectively. The monomer composition in the copolymer determined from FT-IR analysis 
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was given in Table 6.4. The obtained mole ratio of OPD in the copolymer was lower than 

OPD taken in feed; on the other hand, NPA content increased. The monomer reactivity 

ratios were obtained from the Fineman-Ross plot of F(f-1)/f vs. F2/f for OPD and NPA was 

determined as r1 = 0.241 and r2 = 4.928 (see Figure 6.10.A.). The determined value of r1 

(k11/k12) is smaller than r2 (k22/k21). Thus, the monomer NPA (r2 = 4.918) was more reactive 

towards adding its own units than adding OPD units. On the other hand, OPD (r1 = 0.241) 

was less reactive. As a result (r2>1), the copolymer tends to contain large blocks of NPA 

monomeric units with small blocks of OPD units in random manners [64-65]. The Fineman-

Ross method was used in blends to determine how much the Fineman-Rose curve fit with 

homopolymer blends with the same feed ratio. Interestingly, the homopolymer blend has 

shown excellent linear fit with (R2 = 0.9998), indicating the accuracy of the method (see 

Figure 6.10.B and Table 6.4.). The slight deviations in the reactivity of the copolymer 

from linearity was due to the high reactivity of the NPA monomer in P(NPA-co-OPD) 

25:75.  

Table 6.4. Monomer/ homopolymer feed ratio, copolymer/homopolymer composition from 

FT-IR analysis, monomer/homopolymer ratio in the copolymer/blend, and Fineman-Ross 

parameters for copolymers/blends having different weight percentages of 

monomers/homopolymers. 

Weight 

percentages of 

monomers/ 

homopolymers 

Mole fractions of 

monomers/homopol

ymers in feed 

Monomer 

feed ratio 

F=MOPD/

MNPA 

∆ANPA ∆AOPD Copolymer/ 

homopolymer 

composition 

from FT-IR 

analysis 

Monomer 

/homopoly

mer ratio 

in 

copolymer 

f = 

mOPD/mNPA 

Parameters of 

Fineman-Ross 

equation 

Copolymers 

OPD NPA MOPD MNPA  

  

mOPD mNPA 

 

F(f-1)/f F2/f 

90 10 0.946 0.053 17.748 

0.625 1.406 0.817 0.182 4.489 

13.794 70.169 

75 25 0.855 0.144 5.9101 

2.00 1.070 0.489 0.505 0.968 

-0.1954 36.084 

50 50 0.663 0.336 1.9714 

4.39 1.352 0.378 0.622 0.607 

-1.2764 6.4026 

25 75 0.397 0.603 0.6584 

4.61 1.029 0.305 0.695 0.438 

-0.8448 0.9897 
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Physical blends 

POPD PNPA MPOPD MPNPA  
  

MPOPD mPNPA 
 

F(f-1)/f F2/f 

90 10 
0.948 0.052 18.265 0.481 1.337 0.845 0.154 5.4870 

14.94 60.728 

75 25 
0.858 0.141 6.0864 1.198 1.062 0.689 0.311 2.2154 

3.339 16.721 

50 50 
0.669 0.330 2.0290 2.176 1.000 0.475 0.525 0.9048 

-0.2137 4.5505 

25 75 
0.398 0.601 0.6622 2.283 0.448 0.279 0.721 0.3869 

-1.0493 1.1339 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10. Fineman-Ross plot of F(f-1)/f vs. F2/f to determine A) monomer reactivity 

ratio in copolymers and B) reactivity ratio of homopolymers in blends. 

The powder X-ray diffraction method characterized the solid-state ordering of 

PNPA, POPD, and their copolymers and blends (see Figure 6.11.A.). The homopolymer 

POPD showed sharp crystalline peaks at 2θ values 8.41, 9.31, 10.54, 18.32, 19.39, and 
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26.70°, whereas homopolymer PNPA showed semi-crystalline peaks at 2θ values 6.32, 

11.31, 16.92, 19.54, 22.31 and 25.94° as well as some amorphous domains [66-67,46]. The 

XRD patterns of the copolymers P(NPA-co-OPD) 25:75, P(NPA-co-OPD) 50:50, and 

P(NPA-co-OPD) 75:25 have shown both the sharp peaks of homopolymers along with 

some additional peaks at 13.13, 20.13, and 23.31. The intensity of peaks in the XRD 

patterns of the copolymers varies with their co-monomer contents. The copolymer P(NPA-

co-OPD) 75:25, P(NPA-co-OPD) 50:50 and P(NPA-co-OPD) 25:75 showed peaks at 2θ 

values 6.32, 11.31, 16.92, 19.31 and 25.94° with higher intensity than that of the 

homopolymer PNPA. The copolymer P(NPA-co-OPD) 10:90, which contains 10% NPA 

and 90% OPD in feed, showed peaks corresponding to POPD with the same intensity as 

that of homopolymer, whereas peaks corresponding to PNPA were very weak due to its 

low composition. The more reactive nature of PNPA fragments in the copolymers P(NPA-

co-OPD) 25:75 and P(NPA-co-OPD) 50:50 was evident from the XRD pattern of PNPA, 

which appeared as sharp peaks in the copolymer. Therefore, WXRD studies showed the 

same trend in higher reactivity of NPA for the copolymer formation as revealed by 1H NMR 

and FT-IR spectroscopy. WXRD profiles of physical blends have shown sharp peaks of 

POPD, whereas broad and weak peaks of PNPA fragments were also observed, similar to 

its homopolymer (see Figure 6.11.B). The blend formation was not affected to increase the 

semi-crystallinity of PNPA peaks as seen in copolymers. Therefore, highly crystalline 

peaks were evident in the P(NPA-co-OPD) copolymers, indicating the possibility of block 

type random copolymers [80]. 

MALDI-TOF analysis of homopolymers POPD, PNPA, and copolymer P(NPA-co-

OPD) 25:75 have been carried out using the sinapinic acid matrix to determine the 

molecular weight and number of repeating units present in the polymer chains (see Figure 

2.8.B. in chapter 2 for PNPA, Figure 5.8.A. in chapter 5 for POPD and Figure 6.12.A.). 

The average molecular ion peaks in POPD and PNPA have m/z values of 614.97 and 832.71 

amu, indicating the presence of six OPD and four NPA units in the homopolymers, 

respectively. In the case of copolymer P(NPA-co-OPD) 25:75, molecular ion peak was 

present at m/z value 1092.10 & 1242 amu, which indicated the OPD: NPA fragment ratio 

2:4 and 2:5, respectively.  
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Figure 6.11. Powder WXRD pattern of A) PNPA, P(NPA-co-OPD) 75:25, P(NPA-co-

OPD) 50:50, P(NPA-co-OPD) 25:75 P(NPA-co-OPD) 10:90 and POPD B) PNPA, PNPA-

blend-POPD 75:25, PNPA-blend-POPD 50:50, PNPA-blend-POPD 25:75, PNPA-blend-

POPD 10:90 and POPD. 

Thermogravimetric analysis of POPD, PNPA, P(NPA-co-OPD) 25:75, and PNPA-blend-

POPD 25:75 were studied, and the thermogram was given in Figure 6.12.B. In the case of 

homopolymer POPD, a 10%  weight loss was observed at 298° C, and a major weight loss 

of up to 30% was obtained at 350°C due to the loss of low molecular weight oligomers[37]. 

In the case of PNPA, a 10% weight loss was observed at 230°C, and 60% degradation was 
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obtained up to 360°C [46]. The copolymer P(NPA-co-OPD) 25:75 had 10% weight loss at 

204° C, and a sudden 45% degradation was obtained at 240° C and then a gradual 

degradation of 70% up to 350°C. For blend, PNPA-blend-POPD 25:75, a 10% weight loss 

was observed at 232°C, and then a 60% weight loss occurred up to 487°C. The 

homopolymer POPD and blend PNPA-blend-POPD 25:75 have more thermal stability than 

PNPA and copolymer P(NPA-co-OPD) 25:75.  

 

Figure 6.12. A) MALDI-TOF spectra copolymer P(NPA-co-OPD) 25:75 and B) 

Thermogram of  PNPA,  POPD, copolymer P(NPA-co-OPD) 25:75 and blend PNPA-

blend-POPD 25:75. 
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Surface morphology of the homopolymers POPD, PNPA, copolymer P(NPA-co-

OPD) 25:75, and blend PNPA-blend-POPD 25:75 were analyzed using field emission 

scanning electron microscopy (see Figure 6.13.). The polymer POPD has a micro rod-like 

morphology with a length of around 4±2 µm and a width of around 0.5±0.2 µm, which was 

due to the self-assembling of OPD oligomers by the formation of hydrogen bonds or due 

to the π to π* interactions [68-69]. PNPA has semi-microspherical morphology with an 

average size of 0.25 ± 0.05 µm. In the case of copolymer P(NPA-co-OPD) 25:75, most of 

the spheres vanished, and only a few spheres were present on a sharp-edged and well-

defined block-like copolymer surface. The blend PNPA-blend-POPD 25:75 has shown a 

mixed morphology of micro-rods and microspheres. The FE-SEM images showed the 

morphological transition in homopolymers, copolymers, and physical blends. 

 

Figure 6.13. FE-SEM images of homopolymers PNPA, POPD, and copolymers P(NPA-

co-OPD) 25:75 and blend PNPA-blend-POPD 25:75. 

The enthalpy changes of the POPD, PNPA, P(NPA-co-OPD) 25:75, P(NPA-co-

OPD) 50:50, and P(NPA-co-OPD) 75:25 and physical blend PNPA-blend-POPD 25:75 

was recorded using differential scanning calorimeter (see Figure 6.14.). The polymer 
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POPD showed a broad melting peak at 111.51˚C with ΔH of 411.4 J/g, indicated crystalline 

nature of POPD. The absence of melting peak in PNPA indicated their amorphous nature 

[62]. In the case of copolymer P(NPA-co-OPD) 25:75, two melting peaks were observed. 

The peak at 103.65˚C with ΔH of 163.4 J/g indicated the melting of POPD fragments, 

whereas the peak at 184.5˚C with ΔH of 37.43 J/g indicated the melting of PNPA 

fragments. Similarly, the copolymer P(NPA-co-OPD) 50:50 showed two melting peaks at 

106.81˚C and 190.33˚C, corresponding to the melting of POPD and PNPA fragments 

respectively. In the case of P(NPA-co-OPD) 75:25, the melting peak of PNPA fragments 

was observed at 186.86˚C with ΔH of 75.35 J/g. However, the melting peak corresponding 

to POPD fragments was observed as weak multiplet indicating the random orientation of 

POPD blocks in the copolymer. The physical blend of PNPA-blend-POPD 25:75 showed 

only one broad melting peak at 93.94˚C with ΔH of 266.8 J/mol, corresponding to the 

melting of POPD fragment. The presence of sharp melting peaks of PNPA fragments 

existed only in the copolymer indicated crystallinity development via random blocks. The 

temperature shift associated with the melting peaks in the copolymer indicated the 

structural changes within copolymer. The DSC thermogram is also in agreement with the 

crystalline nature of copolymers as revealed by powder XRD. 

 

Figure 6.14. DSC thermograms of homopolymers PNPA, POPD, and copolymers P(NPA-

co-OPD) 25:75, P(NPA-co-OPD) 50:50, P(NPA-co-OPD) 75:25 and blend PNPA-blend-

POPD 25:75. 
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Figure 6.15. Possible mechanism of copolymer P(NPA-co-OPD) 25:75 formation. 

     The possible mechanism of the formation of copolymers P(NPA-co-OPD) 25:75 is 

given in Figure 6.15. The previous works of poly-o-phenylenediamine copolymers 

reported the formation of POPD blocks due to the higher reactivity of OPD compared to 
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other co-monomers [29, 32, 70]. However, in the copolymer of OPD and NPA, the monomer 

reactivity ratios indicated higher NPA reactivity than OPD. Here o-phenylenediamine and 

N-phenyl anthranilic acid were oxidized to form corresponding cation radicals [71]. Thus, 

four NPA cation radicals polymerize together to form a tetramer through C-C bond 

formation similar to polydiphenylamines and, and a dimer of OPD was linked to the 

tetramer of NPA using two C-N bonds [72]. The presence of multiplets in 1H NMR spectra 

of copolymer P(NPA-co-OPD) 25:75 with equal intensity as that of the PNPA and the 

increase in the solid-state ordering of copolymer in XRD suggested the formation of block-

type copolymer with the proposed structure. The solid-state ordering of PNPA was 

improved through copolymerization with POPD, however later has a rigid structure with 

good crystallinity.  

6.3.3. pH dependent emission tuning in copolymers and blends 

The UV-visible absorption and fluorescence emission of homopolymers at different 

pH were studied by recording their UV-visible absorption spectra and fluorescence spectra 

(see Figure 6.16.). The PNPA solution at acidic, neutral, and basic pH has shown two 

absorption maxima (see Figure 6.16.A). The absorption maximum at 252 nm was due to 

the π to π* transition and a broad absorption maximum at 398 nm was due to the extended 

π to π* transition [39]. The homopolymer POPD has shown two absorption maxima at acidic 

pH (pH=0.1) (see Figure 6.16.B). The absorption at 259 nm was due to the π to π* 

transition and absorption at 495 nm was due to the extended π to π* transition associated 

with extended conjugation of chromophoric rings, respectively[32]. The absorption 

corresponding to the extended π to π* transition of POPD solution has shown a blue shift 

to 454 nm at pH 2.7 with a change in color from dark brown to orange[73]. At neutral and 

basic pH, the absorption peak undergoes a further blue shift to 419 nm with a change in 

color from orange to yellow[74]. Fluorescence spectra of PNPA and POPD at different pH 

have been carried out to study the effect of pH on fluorescence intensity (see Figures 

6.16.B and 6.16.D). PNPA has the highest fluorescence intensity at a highly acidic pH 

(pH=0.1) than neutral and basic pH. The photographs of  POPD and PNPA solutions in 

visible light and UV light were shown in the inset, corresponding to the 

absorption/fluorescence spectra. In the case of PNPA, the fluorescence maximum at 460 

nm was responsible for its bluish-white emission in acidic pH (see Figure 6.16.C). The 

fluorescence maximum was blue shifted to 445 nm on increasing pH to 2, 7, and 10. POPD 

has no fluorescence at acidic pH, but yellow fluorescence with a fluorescence maximum at 
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550 nm was observed at neutral and basic pH. The peak at 550 nm in the fluorescence 

spectra of POPD was attributed to the S1 to S0 transition [32].  

 

Figure 6.16. UV-visible absorption spectra of A) PNPA, B) POPD, and fluorescence 

spectra of C) PNPA and D) POPD at different pH. 

The UV-visible absorption spectra of blend PNPA-blend-POPD 25:75 and 

copolymer P(NPA-co-OPD) 25:75 at different pH were given in Figure 6.17.A and 6.17.B. 

The absorption peak at 490 nm at acidic pH was blue-shifted to 450 nm at pH 2.5 and then 

shifted to 420 nm at neutral and basic pH. Therefore, the dark brown colored solutions of 

both the copolymer and blend were changed to orange at neutral pH and yellow at basic 

pH. A blue shift in the absorption of the copolymer and blend solutions was obtained, 

similar to POPD with increased pH. The absorbance of PNPA at 398 nm was merged with 

the absorbance of POPD at 420 nm. The fluorescence spectra of the blend  PNPA-blend-

POPD 25:75 at different pH have been recorded (Figure 6.18.B.). At acidic pH (pH = 0.1 

and 2.0), the fluorescence intensity corresponding to the PNPA was present at 425 nm, 

whereas the peak corresponding to the fluorescence of POPD at 550 nm appeared weak. A 

strong vibronic emission peak at 470 nm with shoulder overlap on both PNPA and POPD 
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emission has appeared in neutral and basic pH. The maximum overlap in the fluorescence 

intensity was observed in basic pH at 470 nm. An effective spectral overlap between PNPA 

and POPD at neutral and basic pH could lead to energy transfer and thus enhanced emission 

intensity. 

 

Figure 6.17. UV-Visible absorption spectra of A) copolymer P(NPA-co-OPD) 25:75 and 

B) blend PNPA-blend-POPD 25:75 at different pH. 
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Figure 6.18. A) The photographs of P(NPA-co-OPD) 25:75 and PNPA-blend-POPD 25:75 

solutions in UV light at different pH and B) fluorescence spectra of blend PNPA-blend-

POPD 25:75. 

The fluorescence of PNPA-blend-POPD 25:75 was checked in UV inspection cabinet (see 

Figure 6.18.A). PNPA homopolymer solution has intense bluish fluorescence remains at 

all pH (acidic, neutral, and basic). The POPD polymer solution has yellow emission in 

neutral and basic pH. The blend PNPA-blend-POPD 25:75 have produced tuning in 

emission colors in UV light with a change in pH. In PNPA-blend-POPD 25:75, blue 

fluorescence of PNPA was produced at an acidic pH (pH = 0.3) because the fluorescence 

quenching of POPD occurs at acidic pH. As pH increased to 2.9, a combination of blue 

emission of PNPA and weak orange emission of POPD produces a violet emission in the 

blend at pH 2.3. The yellow emission of POPD was intensified at neutral pH, dominating 

the yellow emission of POPD in the blend by masking the emission of PNPA. At pH-10.6, 

both the yellow emission of POPD and the blue emission of PNPA became active, and a 

green emission was produced in the blend as the combination of yellow and blue emissions. 

At basic pH (pH >12), the blend has the cyan emission of PNPA due to the weak yellow 

emission of POPD above pH-12. The homopolymers PNPA and POPD polymer were 

involved in the emission tuning of blend PNPA-blend-POPD 25:75 with pH. The pH-
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dependent fluorescence of POPD can control the emissions of blend into blue, violet, 

yellow, green, and cyan with a change in pH. The copolymers of N-phenyl anthranilic acid 

and o-phenylenediamine were synthesised to fine tune the emission characteristics. But the 

copolymer P(NPA-co-OPD) 25:75 has less emission tuning due to predominant blue 

emission from the PNPA fragment at acidic, neutral, and basic pH (see Figure 6.16.A). 

The yellow emission of POPD was not visible at neutral pH due to the combination of blue 

and yellow emissions. The predominant blue emission in the copolymer P(NPA-co-OPD) 

25:75 indicates the higher reactivity of NPA fragments than OPD fragments in the 

copolymer formation. The pH-dependent absorptions and emissions of blend PNPA-blend-

POPD 25:75 was reversible. Therefore, PNPA-blend-POPD may find several applications 

in pH sensors and fluorescent indicators. The pH dependent changes in the emission of 

copolymers P(NPA-co-OPD) 10:90, and P(NPA-co-OPD) 50:50 and blends PNPA-blend-

POPD 10:90, and PNPA-blend-POPD 50:50 was given in Figure 6.19. For P(NPA-co-

OPD) 10:90 emission at acidic pH was a weak blue due to the presence of very small PNPA 

content in the copolymer and yellow emission of POPD were dominated at neutral and 

basic pH. For P(NPA-co-OPD) 50:50 and PNPA-blend-POPD 50:50, the emission of 

POPD was completely hidden by the bright bluish white emission of PNPA.  

 

Figure 6.19. Photographs of copolymer solutions P(NPA-co-OPD) 10:90, P(NPA-co-

OPD) 50:50 and blend solutions PNPA-blend-POPD 10:90, PNPA-blend-POPD 50:50 at 

different pH in UV light.  
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6.3.4. Fluorescent sensing of oxidizing analytes 

Conjugated polymers on oxidation/reduction in the presence of suitable redox 

reagents change optical and electrical properties via changing the redox state and band gap. 

Silver nitrate is a moderately strong oxidizing agent with a standard reduction potential of 

0.80 V [75]. The silver nitrate oxidizes POPD, resulting in the quenching of yellow emission. 

Silver nitrate did not oxidize PNPA, so the blue emission of PNPA remains unchanged. 

The potassium permanganate is a strong oxidizing agent in an acid medium with a standard 

reduction potential of 1.51 V for MnO4
-/Mn2+ [75]

. Therefore, KMnO4 oxidizes PNPA, 

resulting in the quenching of bluish emission[39]. KMnO4 can oxidize both POPD for 

complete quenching of the yellow emission of POPD (see Figure 6.20.) and PNPA-H for 

complete quenching of blue emission (see Figure 2.15A).  

 

Figure 6.20. UV-Visible absorption spectra of POPD on adding different KMnO4 

concentrations (1×10-5 M, 1×10-4 M, 2.5×10-4 M, and 5.0×10-4 M). The plot of absorbance 

at 420 nm of POPD vs concentrations of KMnO4 in the inset. 

The effect of oxidizing power of analyte on the emission of copolymer P(NPA-co-OPD) 

10:90 was systematically studied using AgNO3 and KMnO4 as selective analytes. The 

copolymer solution has yellow emission at neutral pH, to which aqueous AgNO3 with 

different concentrations of 1.0×10-4 M, 2.5×10-4 M, 5.0×10-4 M, 1.0×10-3 M, and 5.0×10-3 

M were added. The yellow emission of POPD fragments was weakened on adding 1.0×10-

4 M and 2.5×10-4 M AgNO3 solutions and completely quenched on adding 5×10-4 M 

AgNO3 solutions (see Figure 6.21.A.). Thus, the yellow emission of the copolymer 
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disappeared on adding AgNO3 due to the oxidation of POPD fragments, whereas the blue 

emission of PNPA fragments persists. Therefore, a resultant change in the emission from 

yellow to blue was observed in the copolymer P(NPA-co-OPD) 10:90. The strong oxidizing 

agent KMnO4 was added to the semi-oxidized copolymer solution for complete oxidation. 

The oxidation by KMnO4 was most effective in the acidic medium; therefore, acidified 

KMnO4 with a concentration of 5×10-4 M was added to the copolymer solutions. After semi 

oxidation of copolymer with 1.0×10-4 M AgNO3 or 2.5×10-4 M AgNO3, the remaining blue 

emission of copolymer solutions was completely quenched by adding acidified KMnO4 

(see Figure 6.21.A.). The color change of the copolymer solution after adding AgNO3 and 

KMnO4 were given in Figure 6.21.B. Orange colored P(NPA-co-OPD) 10:90 at neutral 

pH changed to yellow color on oxidation with AgNO3 and on further oxidation with 

acidified KMnO4 changes to colorless Thus an analyte-selective fluorescence sensing was 

observed in P(NPA-co-OPD) 10:90 with AgNO3 and KMnO4. The blend were also suitable 

for analyte-selective fluorescence sensing, but their applications were mainly focused on 

emission tuning due to their ability to produce different emission colours with pH. 

 

Figure 6.21. Photographs showing changes in A) the emission in UV light and B) colour 

in visible light of P(NPA-co-OPD) 10:90 on adding AgNO3 followed by acidified KMnO4. 

 The UV-visible absorption spectra of copolymer P(NPA-co-OPD) 10:90 on adding 

different concentrations of AgNO3 and corresponding photographs were given in Figure 

6.22.A. The copolymer has two absorption maxima at 250 nm and 420 nm, which 

correspond to π to π* and extended π to π* transitions, respectively, similar to peaks 

obtained for POPD at pH 7. The absorbance at 250 nm and 420 nm in the copolymer was 

decreased with an increase in concentrations of AgNO3 from 1×10-4 M to 1×10-2 M. 
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Fluorescence spectra of the copolymer P(NPA-co-OPD) 10:90 on adding different 

concentrations of AgNO3 were given in Figure 6.22.B. The fluorescence intensity at 445 

nm, corresponding to the emission of PNPA, was enhanced, and the fluorescence intensity 

at 550 nm, corresponding to the emission of POPD, was reduced simultaneously with an 

increase in the concentration of AgNO3, which indicated the oxidation of POPD fragment 

(see Figure 6.23.)[76]. The reduction in the fluorescence intensity at 550 nm resulted in the 

quenching of yellow emission in the UV light (see inset of Figure 6.22.B). The 

fluorescence intensity of PNPA at 445 nm has enhanced with the fluorescence quenching 

of POPD fragment on adding AgNO3.The fluorescence spectra provided evidence for the 

change in emission exhibited by the copolymer from yellow to blue on its partial oxidation 

using AgNO3.  

 

Figure 6.22. A) UV-visible absorption spectra of copolymer P(NPA-co-OPD) 10:90 and 

B) fluorescence spectra of copolymer P(NPA-co-OPD) 10:90 on adding different 
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concentrations of AgNO3 at neutral pH. (Inset: photographs of copolymer solution on 

adding AgNO3 in visible light and UV light). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.23. A) Change in fluorescence intensity A) at 445 nm and B) at 550 nm in 

copolymer P(NPA-co-OPD) 10:90 on adding different concentrations of AgNO3. 

The UV-visible absorption spectra of semi-oxidized copolymer P(NPA-co-OPD) 

10:90 (semi-oxidized with AgNO3) on adding acidified KMnO4 (5×10-4 M) were given in 

Figure 6.24.A The absorbance around 420 nm corresponding to copolymer disappeared 

completely. The two new absorption peaks with weak absorbance appeared in the spectra 

at 230 nm and 320 nm, corresponding to slight excess KMnO4 
[77]. As a result, the yellow-

colored copolymer solution became colorless on complete oxidation. The evidence for the 

complete quenching of fluorescence in semi-oxidized P(NPA-co-OPD) 10:90 was obtained 

from the changes in the emission spectra on adding acidified KMnO4 having a 

concentration 5×10-4 M (see Figure 6.24.B.) The fluorescence intensity of the semi-

oxidized copolymer at 445 nm corresponding to POPD fragment disappeared on adding 

AgNO3 alone. Complete quenching of the emission peaks at 445 nm and 550 nm, 

corresponding to PNPA and POPD fragments, confirm the complete oxidation of the 
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copolymer in the presence of acidified KMnO4. Furthermore, the effect of different 

concentrations of acidified KMnO4 (2.5×10-4 M and 5×10-4 M) on fluorescence intensity 

of copolymer P(NPA-co-OPD) 10:90 and PNPA at neutral pH was given in Figure 6.25. 

 

 

Figure 6.24. A) UV-visible absorption spectra of copolymer P(NPA-co-OPD) 10:90 and 

B) fluorescence spectra of copolymer P(NPA-co-OPD) 10:90 on adding different 

concentrations of AgNO3 and fixed concentration of 5×10-4 M acidified KMnO4 (Inset: 
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photographs of copolymer solution on adding AgNO3 followed by 5×10-4 M acidified 

KMnO4 in visible light and UV light). 

 

Figure 6.25. Fluorescence spectra of A) copolymer P(NPA-co-OPD) 10:90 and B) PNPA 

on adding acidified KMnO4 having concentrations 2.5×10-4 M and 5.0×10-4 M. 

The fluorescence properties of two pure homopolymers and emission tuning in 

copolymers and blends have been carried out in the present studies. Fluorescence control 

in materials is a major interest for light-emitting devices, fluorescence biomarkers, and so 

on [78]. Alterations in emission colors were usually required in artificial structures like 

microcavities, photonic crystals, and modifications in quantum dots [79]. Here, the simple 

physical blending of fluorescent homopolymers PNPA and POPD was produced, which 

have been used in emission control. The copolymer P(NPA-co-OPD) 10:90 showed a redox 
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selective fluorescence change from yellow to blue on adding AgNO3 and blue to colorless 

on adding KMnO4, depending on the oxidation power of analytes. In short, the studies on 

the fluorescence emission of copolymers and physical blends of PNPA and POPD provide 

insight into oxidative power-controlled analyte selective oxidation and pH-dependent 

emission tuning.  

6.4. Conclusion 

Copolymers of N-phenyl anthranilic acid and o-phenylenediamine were 

synthesized by oxidative chemical polymerization using FeCl3 as an oxidizing agent by 

changing the co-monomer weight percentage. Physical blends of poly-N-phenyl anthranilic 

acid and poly-o-phenylenediamine were prepared by mixing the different weight 

percentages of homopolymers using a mortar and pestle. 1H NMR and FT-IR spectra of 

copolymers indicated the possibility of block-type copolymerization and also showed 

comparatively high reactivity of PNPA fragments in the copolymer P(NPA-co-OPD) 

25:75. Additional vibrations corresponding to C-N stretching and C-H bending in the FT-

IR spectra and additional peaks in the powder XRD of copolymer confirmed the structural 

difference between copolymers and blends. The presence of crystalline peaks in the x-ray 

diffractogram of copolymers indicated blocks in copolymers. A combined morphology of 

micro rods of POPD and microspheres of PNPA was obtained in the FE-SEM images of 

the physical blend, whereas few microspheres were present on the sharp-edged microblocks 

in the copolymer. MALDI-TOF analysis of copolymer PNPA-co-POPD 25:75 indicated 

the presence of 4-5 NPA fragments and 2 OPD fragments in the copolymer. 

Thermogravimetric analysis revealed high thermal stability of POPD and PNPA-blend-

POPD. The pH-dependent UV-visible absorption spectra of copolymer PNPA-co-POPD 

25:75 and blend PNPA-blend-POPD 25:75 showed the merging of absorptions of PNPA 

with POPD. Mixing of PNPA and POPD in blend PNPA-blend-POPD 25:75 produced 

different emission color combinations at different pH. In contrast, predominant blue 

emission of PNPA fragments was observed in copolymer P(NPA-co-OPD) 25:75. 

Fluorescent sensing was achieved by analyte selective oxidation in copolymer P(NPA-co-

OPD) 10:90 with oxidizing agents AgNO3 and acidified KMnO4. An emission change of 

yellow to blue was obtained due to the partial oxidation of POPD fragments in the 

copolymer by AgNO3, and the blue emission was quenched entirely due to the complete 

oxidation of both POPD and PNPA fragments by acidified KMnO4. An oxidative power 
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selective fluorescence sensing of analytes using a block-type copolymer P(NPA-co-OPD) 

was developed and pH-controlled attractive emission tuning was achieved using blends 

P(NPA-blend-OPD). 
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7.1. Introduction 

Fluorescent dyes or fluorophores exhibit characteristic fluorescence emission by 

absorption of UV or visible radiation. The structure of the fluorescent organic dye plays a 

crucial role in the fluorescence emission of the molecule, which often involves the 

conjugated structure of fluorophore in the form of hetero atom containing rings or 

aromatic rings or reduced/oxidized rings etc. Xanthene, coumarin, and perylene dyes 

exhibit fluorescence in the daylight [1] (see Figure 7.1.). Other fluorescent materials 

include lanthanide complexes, inorganic quantum dots, carbon dots, BODIPY 

compounds, and conjugated polymers [2-5]. BODIPY compounds have wide applications, 

including chemosensing, bio-imaging, and biomolecular labeling, because of sharp 

absorption and intense fluorescence emission [6-7].   

 

Figure 7.1. Structure of fluorescent organic dyes. 

 Due to their attractive fluorescence glow, fluorescent dyes have many 

commercial, technological, and diagnostic applications in various fields [8]. They were 

helpful in lasers for microsurgery and communication technologies and applicable to 

detecting defects in components of heavy instruments [9]. Highly fluorescent materials 

were suitable for detecting water currents in hydrogeology [10]. Fluorescent dyes have 

been widely used in quantitative microanalysis as fluorescent indicators due to their high 

sensitivity [11, 12]. The potential uses of fluorescent dyes in solar cells as solar collectors 

and LEDs as electroluminescent materials were also reported [13, 14]. Fluorescent 

materials, especially invisible fluorescent dyes, were explored as anti-counterfeiting 

labels and to ensure document security [15]. Security fibers, security inks, security films 

and various security materials have been developed for anti-counterfeiting applications 
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using fluorescent dyes [16, 17]. Invisible fluorescent dyes have much more advantages in 

data protection since the letters are invisible in daylight and visible only under UV light. 

Swapnil et al. used ethanol dispersions of fluorophore-incorporated polystyrene 

microbeads as fluorescent invisible security ink, which became visible only under UV 

light [18]. Mondal et al. synthesized pH-sensitive luminescent carbon quantum dots and 

used them as an invisible dye in paper and polymer substrates [19]. Chen et al. synthesized 

1,3,6,8 -pyrene sulfonic acid sodium salt (PTSA) to prepare invisible fluorescent inks 

using hydroxyethylcellulose as a binder due to its pure blue fluorescence and water 

solubility [20]. Some challenging factors for these invisible inks are photostability, 

quantum yields, and chemical fastness. Conjugated polymers with narrow emission and 

high photostability have been rarely reported as fluorescent ink [21-23]. Chang et al. used 

polyfluorene and its derivatives to design fluorescent ink, as their emission colours could 

be tuned by introducing narrow band gap monomers into the polymer backbone (see 

Figure 7.2.) [24].  

 

Figure 7.2. Schematic representation for preparing polyfluorene derivative and its 

application in water-based invisible ink (Adapted from Chang et al. 2019). 

The chemical and bio-applications of fluorescent dyes have included fluorescent 

sensing of biomolecules and cell imaging to trace cell components [25]. Optical sensors for 

oxygen, carbon dioxide, enzymes, metal ions, and cell temperature have also been 

developed based on fluorescent materials [26, 27]. Fluorescence-based cell imaging allowed 

the visualization of cell structure to study the biological and dynamic cellular processes, 

which helped diagnose early disease stages [28]. Fluorescent organic dyes like rhodamine, 

coumarin, fluorescein, BODIPY, cyanine dyes, and fluorescent proteins have been used 

as fluorescent probes in cell imaging [29-33]. Fluorescent water-soluble organic dyes and 

conjugated poly or oligo electrolytes have been developed for cell imaging to monitor 
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intra and extracellular environments [34-38]. Quantum dots were widely used as fluorescent 

agents in biomedical applications because of narrow emission and resistance to 

photobleaching compared to organic dyes and fluorescent proteins [39]. However, heavy 

metal toxicity is a major concern in inorganic quantum dots and lanthanide materials, 

which limit their in vivo bio-applications [40]. Hydrophobic organic dyes like rhodamines 

lack cell permeability and can cause problems in cellular imaging [41]. Rapid 

photobleaching of organic dyes and fluorescent proteins may also limit their use in 

clinical diagnostics [42, 43]. In the present scenario, the development of water-soluble 

conjugated polymers functioning as efficient fluorophores with good photostability, 

intense emission, high quantum yield, easy signal amplification for detection or imaging, 

and easy functionalization on polymer structure is advantageous [43-47]. The water-soluble 

nanoparticles of conjugated polymers like poly (fluorene-co-phenylene) (PFP), poly (p-

phenylenevinylene) (PPV), poly (p-phenyleneethynylene) (PPE), polydiacetylene (PDA), 

and polythiophene (PT) derivatives were used in cell imaging as fluorescent probes via 

allowing it to accumulate on the living cells [48].  

 

Figure 7.3. Fluorescence images of A) BALB/C3T3 cells incubated sequentially with poly 

(p-phenylene ethynylene nanoparticles (green) and Hoechst dye (blue) and B) Live 

BALB/C3T3 cells incubated with poly (p-phenyleneethynylene) nanoparticles. C) 

Differential interference contrast images and D) fluorescence images of macrophage cell 

J774 incubated with poly (p-phenylene ethylene). E) Phase contrast images and F) 

Fluorescence images of A549 cells incubated with polythiophene derivative (Adapted 

from Moon et al. 2007 (A&D) Zhu et al. 2012 (B&C) and Wang et al. 2015 (C&F).  

The fluorescence images of cells incubated with fluorescent conjugated polymer 

materials were reported in the literature (see Figure 7.3.). Moon et al. used poly (para-
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phenyleneethynylene) based conjugated polymer nanoparticles for the live and fixed cell 

imaging of BALB/CT3T cells, and staining in cytosol around the perinuclear region was 

obtained [49]. Wang et al. synthesized water-soluble polythiophene derivatives with 

different pendent moieties via oxidative copolymerization and used them as a fluorescent 

lysosome-specific imaging material [47]. Brunz et al. have synthesized folate-substituted 

poly (para-phenyleneethynylene) with water solubility, photostability, and low 

cytotoxicity and used it to stain KB cancer cells in vitro, especially in the cytoplasm [50]. 

Cells generally uptake small nanoparticles by endocytosis and any biological entities 

associated with these nanoparticles may be directly exposed to the environment 

containing endosomes and lysosomes [51]. These lysosomes and endosomes can cause 

degradation to the biological entities, so nanoparticle-based drug deliveries are sometimes 

ineffectual. But the drug deliveries using microspherical particles prevented the direct 

exposure of biological entities into the degradable environment so that larger particles of 

conjugated polymers, other than nanoparticles, were also developed for cell imaging and 

drug deliveries. The cellular uptake of polymeric materials was mostly based on energy-

dependent endocytic uptake. The major concern in conjugated polymer-based bioimaging 

is their hydrophobic nature. Thus, conjugate polymers containing water-soluble 

fragments, which provide hydrophilicity apart from their hydrophobic backbones, were 

effectively used for cell imaging. Behrendt et al. developed polymer micro-spheres for in 

vitro cell imaging and biomolecule delivery [51]. Alexander et al. prepared amine 

functionalised crosslinked polystyrene microspheres that can enter B16F10 cells via 

passive and rapid mechanisms [52].  

Nuclear staining is an important process in bioimaging to allow the visualization 

of cell growth and development, DNA quantification, and cancer biology [53]. The 

abnormal behavior of the nucleic acids and enzymes in the nucleus is responsible for 

cellular carcinogenesis. Thus, the development of nuclear-targeted therapy can detect the 

malfunctioning of such cellular compounds and be effective in cancer treatments [54]. 

Therefore, developing highly selective and sensitive fluorescent molecules for nuclear 

staining was necessary. Some of the organic dyes like DAPI, Hoechst, and transition 

metal complexes of Ru(II) and Ir(III) were commonly used as nuclear stains in cell 

imaging[ 55-60]. DAPI and Hoechst contain short hydrophobic chains and planar aromatic 

cationic structures. Hydrophilic cations in the molecules could easily combine with the 

negatively charged DNA molecules in the nucleus through electrostatic interactions; thus, 
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nuclear staining was easily achieved (see Figure 7.4) [61]. Conjugated polymer-based 

systems for cell membrane lysosome and mitochondrial staining were available but rarely 

reported for nuclear staining [62-65]. Liu et al. used red emissive quinoxaline-based 

polymer dot-folate conjugate for nuclear staining of SKOV-3 [66].  

 

 

 

 

 

Figure 7.4. Fluorescence microscopy images of A) H522 cells and B) A549 cells 

incubated with DAPI (a&b), Hoechst 33258 (c&d), Acridine orange-ethidium bromide 

(e&f) and Dichlorodihydrofluorecein diacetate (g&h).(Adapted from Sikdar et al. 2013). 

The fluorescent materials were suitable for fluorescent ink and cell staining action 

was reported in the literature. Atchuthan et al. used nitrogen-doped quantum dots as a 

staining agent for HCT-116 human colon cancer cells and as fluorescent ink [4]. Zhou et 

al. used photo-responsive supramolecular assembly of cyclodextrin/anthracene/Eu3+ as 

tunable fluorescent ink and white fluorescent tags for cell imaging, which are present in 

the cytoplasm [75]. Nandi et al. developed nitrogen-doped carbon dots as security inks, and 

cell imaging showed preferential localization of quantum dots into the cytoplasm and the 

nucleus of HeLa cells [67]. Fluorescent materials reported for both cell imaging and 

invisible ink, along with different parameters such as their cell viability and 

concentrations used for staining and stained part, were summarized in Table 7.1.  
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Table 7.1. Fluorescent materials reported for cell imaging and other applications with 

cell viability, concentrations of fluorophore used for staining, and stained part of cell 

adapted from literature. 

Sl. 

No 

Material Cells Cell 

viability 

Conc. 

used for 

staining 

Stained 

part of 

the cell 

Other 

applicatio

ns 

Ref. 

1 N-doped 

carbon dot 

from L-

aspartic acid 

and 3,6-

diamino 

acridine 

hydrochloride 

In vitro HeLa 

cell 

80% for 500 

µg/mL 

200 

µg/mL 

Cytoplas

m and 

nucleus 

Vitamine 

B12 and 

bilirubin 

detection 

and 

invisible 

fluorescent 

ink 

67 

2 N-doped 

quantum dots 

from 

Phyllanthus 

embilica 

In vitro HCT-

116 and In vivo 

Caenorhabditis 

elegans (C. 

elegans) 

98% for 100 

µg/mL for 

C.elegans 

25-200 

µg/mL 

for HCT-

116 and 

50 

µg/mL 

for 

C.elegan

s  

Whole-

cell 

invisible 

fluorescent 

ink 

4 

3 Guar gum 

grafted acrylic 

acid-co-3-(N-

isopropylacryl

amido) 

propanoic 

acid-co-N-

isopropylacryl

amide 

In vitro MDCK 

and in vitro 

HOS 

95% for 200 

µg/mL for 

MDCK and 

68% for 0.5 

µg/µL for 

HOS. 

200 

µg/mL 

Cell or 

nuclear 

membran

e  

Pb(II) 

sensor and 

invisible 

fluorescent 

ink 

68 

4 N-doped 

carbon dots 

from 

Magnolia 

liliiflora 

In vivo clone-9-

hepatocytes 

97% for 100 

µg/mL 

- Whole-

cell 

 Fe(III) 

sensor and 

invisible 

fluorescent 

ink 

69 

5 Carbon dots In vitro HepG2 90% for 500 350 Cytoplas Fe(III) 70 
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from Prunus 

cerasifera 

cell µg/mL µg/mL m and 

nuclei 

sensor and 

invisible 

fluorescent 

ink 

6 N-doped 

carbon dots 

from 

phyllanthus 

acidus 

In vitro Clone 9 

hepatocytes  

98% for 100 

µg/mL for 

Clone 9 

hepatocytes  

- Whole-

cell 

Fe(III) 

sensor and 

invisible 

fluorescent 

ink 

71 

7 N-doped 

graphene 

quantum dots 

from 

Passiflora 

Edulia Sims 

In vitro 

fibroblast cell 

90% for 300 

µg/mL 

100 

µg/mL 

Whole-

cell 

Ag+ sensor 

and 

security 

ink 

72 

8 Carbon dots 

from plant 

petals 

In vivo A193 85 % for 0.6 

mg/mL 

0.6 

mg/mL 

Whole-

cell 

invisible 

fluorescent 

ink 

73 

9 Nitrogen-

sulphur-co 

doped carbon 

dots from 

cigarette butts 

In vitro HeLa 

cells 

85% for 

µg/mL 

200 

µg/mL 

Cell 

membran

e and 

cytoplas

mic area 

Fe3+ sensor 

and 

security 

ink 

74 

 

In this chapter, we have developed a poly-N-phenyl anthranilic acid-based 

multifunctional fluorescent dye. The improved hydrophilicity of PNPA-H upon 

protonation effectively provided fluorescence emission to non-emissive hydrophilic 

materials. The stability of fluorescence emission of PNPA-H in an acidic, neutral, basic 

medium made them suitable for various applications. The invisible character of PNPA-H 

was utilized for secret writing as an anti-counterfeiting tool. A fluorescent conjugated 

polymer, suitable for both nucleus-targeted staining and invisible ink applications, was 

not yet reported. The biocompatibility and staining ability of protonated N-phenyl 

anthranilic acid monomer and poly-N-phenyl anthranilic acid polymer enabled us to 

perform cell imaging studies. Cell uptake of monomer NPA-H and polymer PNPA-H was 

compared using normal cell line L929 and papillary thyroid cancer cell line MDA-T32. 

The nuclear staining ability of NPA-H and PNPA-H was evident from the bright blue 

fluorescence from the nucleus of the cells. The nuclear staining of NPA-H and PNPA-H 
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toward cancer cells was more effective compared to normal cells, which indicates the 

selectivity of NPA-H and PNPA-H toward cancer cells. In short, the bright bluish-white 

emission of PNPA-H was suitable for secret writing and cell imaging. 

7.2. Experimental 

7.2.1. Materials and Reagents:  N-phenyl anthranilic acid and polyvinyl alcohol 

(number with an average molecular weight of 1,15000) were purchased from Loba 

Chemie. Concentrated sulphuric acid was purchased from Merck Chemicals. Roswell 

Park Memorial Institute (RPMI) medium was purchased from Sigma Aldrich. Human 

thyroid cancer cell line MDA-T32 was purchased from Americal type culture collection 

(ATCC). Phosphate buffer saline (PBS), 3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide (MTT), Fetal bovine serum (FBS), paraformaldehyde 

(PFA), Trypsin-EDTA solution and Dulbecco’s Modified Eagle Medium and high 

glucose (DMEM+HG) were purchased from high media chemicals. Eagle’s minimum 

essential medium supplemented with nonessential amino acids (NEAA) 100x were 

purchased from GIBCO chemicals. 

7.2.2. Measurements and Instruments: UV-Visible absorption spectra of the samples 

were recorded by Shimadzu UV-Visible spectrometer 1800 series in the 200-800 nm 

range with deionised water. The pH of solutions were measured using a portable pH 

meter of Hanna instruments. The absorbance of MTT assays was recorded using a Tecan 

multimode plate reader to determine cell viability. Fluorescence images of the samples 

were photographed on a NikonTi2 epifluorescent microscope to quantify cells. Image 

analysis was done using ImageJ software v1.53i 

7.2.3. Preparation of PNPA-H solution (4.6 × 10-4 M): Poly-N-phenyl anthranilic acid 

(0.0098 g, 0.0046 moles) was dissolved in 10 mL concentrated H2SO4 (18M) in a 30 mL 

vial by sonicating for 15-20 minutes till dark blue colored solution obtained. From the 

above solution, 1 mL was diluted to 10 mL using double deionized water to get a 

colorless solution (4.6×10-4 M) with bright bluish-white light fluorescence emission under 

long wavelength UV light (365 nm). 

7.2.4. Preparation of fluorescent polyvinyl alcohol hydrogels and films: Polyvinyl 

alcohol (0.2 g) was dissolved in 10 mL water by heating. Ultrasonic probe sonication 

(750 W) was required for 15 minutes for the complete dissolution. To the clear viscous 
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solution of PVA, PNPA-H (0.2 mL, 4.6 × 10-4 M) was added and stirred well. A colourles 

hydrogel was obtained, and a thin colorless film was obtained on subsequent slow 

evaporation of water.  

7.2.5. Preparation of NPA-H and PNPA-H solutions for cell imaging and cytotoxicity 

studies: The recrystallized NPA (0.10 g, 4.7×10-4 moles) was accurately weighed and 

dissolved in 2 mL concentrated H2SO4 (18 M) by sonication. A colourless NPA-H 

solution was obtained. The above solution (2 mL) was diluted to 3 mL in water to obtain 

NPA-H stock solution (1.57×10-1 M). For the cytotoxicity and cell imaging studies, NPA-

H solutions with different concentrations (100 nM, 500 nM, 1 µM, and 10 µM) was 

prepared by diluting stock solution using phosphate-buffered saline (PBS). 

The polymer PNPA-H (0.050 g, 2.4×10-4 moles) was accurately weighed and dissolved in 

2 mL concentrated H2SO4 (18 M) using a sonicator. A dark blue colour PNPA-H solution 

was obtained. The solution was diluted to 3 mL to obtain colourless PNPA-H solution 

(7.89×10-2 M). For the cytotoxicity and cell imaging studies, PNPA-H solutions with 

different concentrations (100 nM, 500 nM, 1 µM, and 10 µM) was prepared by diluting 

stock solution using phosphate buffered saline (PBS). 

7.2.6. Procedure for incorporating fluorescent PNPA-H into different hydrophilic 

substrates like filter paper, water gel balls, glass fiber, and silica gel: The protonated 

PNPA-H solution having a concentration of 4.6×10-4 M (10 mL) was taken in a 100 mL 

beaker. A Whatman number 42 filter paper and glass fiber was dipped into the solution 

separately in order to absorb PNPA-H solution and dried using an air drier. The 

colourless water gel balls were soaked in the PNPA-H solution for two hours to absorb 

the dye. A silica gel slurry was prepared using 4.6×10-4 M PNPA-H solution and coated 

on a dried glass plate. The glass plate was dried at 80°C in hot air oven. The fluorescence 

of these materials was checked by irradiating UV light of wavelength 365 nm. 

7.2.7. Procedure for cell culture and cytotoxicity Experiment: MDA-T32 cells are 

cultured in RPMI media. The complete Roswell Park Memorial Institute (RPMI) medium 

supplemented with 10% Fetal bovine serum, 100μg/mL Penicillin, 100 μg/mL 

streptomycine, and 1% non-essential amino acids. These cells were incubated at 37°C in a 

5% CO2 humidified atmosphere and passages on reaching 70%-80% confluency. L929 

cells were cultured in DMEM + 2mM Glutamine + 10% Fetal Bovine Serum (FBS) 
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medium and were incubated at 37°C in a 5% CO2 humidified atmosphere and passages on 

reaching 70-80% confluency. 

To evaluate the cytotoxicity of PNPA-H and NPA-H having different 

concentrations like 100nM, 500nM, 1µM, and 10 µM in RPMI medium with 2% FBS and 

1% NEAA, 3000 MDA-T32 cells were cultured per well in 96 well plate containing 

100µL of RPMI culture medium. The vehicle in which PNPA-H and NPA-H main stock 

were prepared, was also seeded as a control in MTT assay. Incubated overnight and the 

culture medium was removed after 24 hours of cell culture, and the cells were treated 

with each concentration of PNPA-H and NPA-H freshly in each day for 16 hours and the 

cells were harvested for MTT after 16 hours. A time period of 16 hours of treatment was 

selected after standardizing the MTT assay at different time intervals of 4 hours, 16 hours 

and 24 hours. MTT assay was done to determine cell viability after the experimental 

period. Similarly, cell viability was also analysed for L929 cells, to evaluate the 

cytotoxicity of PNPA-H and NPA-H (100nM, 500nM, 1uM, and 10 µM) in DMEM 

medium with 2% FBS and 1% NEAA. Cell viability was calculated using the formula. 

Viability (%) = 
𝐴𝑠−𝐴𝑏

𝐴𝑐−𝐴𝑏
 𝑥 100 

Where 𝐴𝑠 is the absorbance of the sample, 𝐴𝑏 is the absorbance of the blank, and 𝐴𝑐 is 

the absorbance of the control at 570 nm.  

7.2.8. Procedure for Immunocytochemistry analysis: For Immunocytochemistry 

studies, 10,000 MDA-T32 cells and L929 cells were cultured on coverslips. The cells 

were then fixed with ice cold 4% paraformaldehyde solution for 20 minutes and washed 

with 1x PBS (1x PBS contains 137 mM NaCl, 10 mM phosphate and 2.7 mM KCl) 

thrice. These fixed cells were treated with PNPA-H and NPA-H having concentrations 

like 100nM, 500nM, 1µM, and 10µM for 16 hours and kept at room temperature. The 

cells were washed thrice with 1x PBS. The samples were then mounted onto slides with 

Fluoroshield mounting media. The coverslips were sealed with clear nail polish to prevent 

drying. A minimum of five randomly selected fields per sample were photographed on 

NikonTi2 epifluorescent microscope to quantify cells.  
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7.3. Results and Discussion 

7.3.1. Synthesis of PNPA-H as fluorescent dye 

Poly-N-phenyl anthranilic acid (PNPA) was synthesised from N-phenyl anhranilic 

acid (NPA) by oxidative chemical polymerisation using FeCl3 as an oxidising agent in 

ethanol medium. The blue-coloured polymer powder was soluble in polar solvents like 

ethanol, dimethyl sulfoxide, and acetone and in non-polar solvents like chloroform and 

ether. The polymer PNPA was insoluble in water but became soluble in concentrated 

H2SO4 due to the partial protonation of aromatic secondary amines. The hydrophilic 

character of PNPA was attributed to polar –COOH functional groups in the polymer 

chains. The hydrophobic character was due to conjugated aromatic rings in the polymer 

backbone. The polymer PNPA was denoted as PNPA-H due to its protonation. The 

polymer has shown blue colour and strong bluish-white fluorescence emission in 

concentrated H2SO4 (see Figure 7.5.). 

 

Figure 7.5. The schematic representation of protonation in poly-N-phenyl anthranilic 

acid (PNPA-H) and the photographs of protonated PNPA-H in concentrated H2SO4 

under UV light and visible light. 

PNPA-H prepared in concentrated H2SO4 was diluted using water. Dilution of the 

protonated PNPA-H to a higher pH (neutral and basic) did not reduce the solubility of the 

polymer. The solution became colourless, and the fluorescence intensity was enhanced on 

dilution (see Figure 7.6.). The effect of concentrated H2SO4 on the protonation of PNPA 

was studied by dissolving 1 mg of PNPA in different volumes of concentrated H2SO4 like 

0.5 mL, 1 mL, 1.5 mL, 2 mL, and 2.5 mL. The photographs of PNPA dissolved in 

different volumes of concentrated H2SO4 were given in Figure 7.6. PNPA-H solutions 

dissolved in concentrated H2SO4 have shown blue colour in visible light and blue 

emission in UV light. All the concentrated PNPA-H solution prepared in 0.5 mL, 1 mL, 
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1.5 mL, 2 mL, and 2.5 mL was further diluted to 10 mL using deionised water. The 

photographs of diluted PNPA-H solutions under UV light were also given in Figure 7.6. 

The PNPA-H solution prepared by dissolving 1 mg in 0.5 mL concentrated H2SO4 

solution was found to be turbid and could be due to insufficient protonation. The 

hydrophilicity of the polymer fragments can be improved through protonation. Once the 

protonation in the chains was sufficient, their hydrophilic nature increased and gave them 

water solubility. Clear solutions were obtained by diluting 1 mg of PNPA dissolved in 2 

mL and 2.5 mL in concentrated H2SO4. Thus, 2 mL or 2.5 mL concentrated H2SO4 was 

sufficiently needed to protonate 1 mg of PNPA. Strong, bright, bluish-white fluorescence 

was observed for all solutions under UV light.  

 

Figure 7.6. Photographs of 1 mg PNPA dissolved in different volumes in concentrated 

H2SO4 under UV light and visible light before and after dilution with deionised water (10 

mL). 

7.3.2. UV-Visible absorption studies 

The solubility, hydrophilicity, and fluorescence of PNPA-H in the neutral medium 

were also important by considering their applications in security inks and cell imaging. 

PNPA was protonated using sulphuric acid. Protonated PNPA-H was diluted and then 

neutralised to pH=7 by adding 4 M NaOH (~ 10 mL) by checking pH. The solubility of 

PNPA-H continues to remain stable in a neutral medium. UV-visible absorption spectra 

of protonated PNPA-H after dilution and after neutralization with concentrations 7.9×10-5 

M, 5.9×10-5 M, and 4.71×10-5 M were shown in Figure 7.7.A and B, respectively. A 

blank was also prepared, in which 0.5 mL concentrated H2SO4 was diluted to 10 mL 

without adding PNPA. The absence of any absorption peaks in the UV-visible absorption 

spectra of blank shows less interference of solvent medium on the absorption. The 
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absorbance spectra of PNPA-H have shown two absorption maxima at 252 nm and 398 

nm. Among them, a narrow absorption was observed at 252 nm, corresponding to π to π* 

transition and broad absorption was observed at 398 nm, which corresponded to an 

extended π to π* transition. UV-visible absorption spectra of neutralised PNPA-H were 

given in Figure 7.7.B. The absorption at 252 nm was observed in neutralised PNPA-H 

similar to diluted PNPA-H and the broadness of the peak at 398 nm was increased on 

neutralisation. The presence of an additional peak at 287 nm could be due to the presence 

of HSO4
- ions, which were formed during neutralisation [76]. The photographs of 

neutralised PNPA-H solution under visible and UV light were given in the inset of Figure 

7.7.B. The neutralised PNPA-H solutions were also colourless and showed bright 

fluorescence emissions under UV light. Thus, PNPA-H was effective for applications in 

acidic and neutral mediums. 

 

Figure 7.7. UV-visible absorption spectra of PNPA-H with concentrations 1.58×10-4 M, 

1.18×10-4 M, and 9.45×10-5 M A) before neutralisation and B) after neutralisation. 

Photographs of PNPA-H under visible light and UV light before and after neutralisation 

is given in the inset. 

7.3.3. Fluorescence stability studies of PNPA-H  

The invisible colourless character of PNPA-H solutions was retained even after 

neutralisation. The stability of fluorescence emission of PNPA-H was checked by keeping 

PNPA-H solutions with different concentrations like 9.45×10-5 M, 1.18×10-4 M, 1.58×10-4 

M, and 2.36×10-4 M for ten days. The highly acidic pH of the solutions was changed to 

pH=3.0, pH=5.0, and pH=7.0, respectively, to observe the changes in the fluorescence 

intensity with pH during a period of ten days. The photographs of PNPA-H solutions 

having different concentrations in UV light at pH=3.0, 5.0, and 7.0 in day 1, day 2, day 5, 
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and day 10 were given in Figure 7.8. The fluorescence intensity of the solutions was not 

affected by the pH and time. The appearance of the same bright bluish-white fluorescence 

emission of PNPA-H at different pH and time period indicated the stability of PNPA-H.  

 

Figure 7.8. Photographs of PNPA-H with different concentrations like 2.36×10-4 M, 

1.58×10-4 M, 1.18×10-4 M, and 9.45×10-5 M at pH 3.0, 5.0 and 7.0 under UV light in day 

1, day 3, day 5, and day 10. 

7.3.4. Application of PNPA-H on hydrophilic substrates 

The PNPA-H solution was colourless in visible light and bright bluish-white light 

emissive in UV light at acidic and neutral pH. Invisible luminescent materials have 

potential applications in the anti-counterfeiting field to secure the safety of data and 

objects [70]. Here, non-fluorescent hydrophilic substrates were changed to fluorescent 

substrates by simple blending with a very low quantity of PNPA-H. The strong binding of 

PNPA-H was observed with hydrophilic substrates like filter paper, silica gel and water 

gel balls to produce bright bluish-white fluorescence emission (see Figure 7.9). A piece 

of ordinary filter paper dipped in acidic PNPA-H solution with a concentration 4.6×10-4 

M was dried and showed fluorescence emission under UV irradiation at 365 nm (see 

Figure 7.9.A). TLC plate coated with silica gel slurry prepared in 4.6×10-4 M acidic 

PNPA-H solution, after drying, have also shown strong fluorescence emission under UV 

light (see Figure 7.9.B). Similarly, glass fiber dipped into PNPA-H solutions has also 
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shown fluorescence emission under UV light (Figure 7.9.D). Polyvinyl alcohol (PVA) 

films and gels were also prepared in aqueous medium containing PNPA-H (see Figure 

7.9.C and 7.9.E). The bluish-white fluorescence emission of PNPA-H was observed in 

films and gels, indicating the affinity of PNPA-H to the substrates to which it is being 

applied. Water gel balls are non-toxic super absorbent polymeric beads made of acrylic 

acid, sodium hydroxide and water that can grow to a hundred times their original size 

when soaked in water. They are originally invented to keep the moisture in soils for 

plants. But their non-toxic and beautiful nature made them attractive as a home décor. 

The colourless and transparent water gel balls have expanded to a big size when soaked in 

a 4.6×10-4 M acidic PNPA-H solution. The bright bluish-white light emission was 

observed from these water jellies on UV irradiation (see Figure 7.9.F). The physically 

expandable and swellable materials like polyacrylate hydrogels were used in expansion 

microscopy to magnify biological specimens and enable super-resolution microscopy 

with an ordinary microscope. Thus, PNPA-H may also find applications in expansion 

microscopy as it can impart fluorescence emission to hydrophilic and physically 

expandable materials. The fluorescence emission of PNPA-H, which was retained after 

the blending and drying process, indicated the stability of the optical characteristics of 

PNPA-H. The property of PNPA-H to provide fluorescence to hydrophilic materials, to 

which they have an affinity, by simple blending, indicated the dye-like characteristics of 

the polymer.  

 

Figure 7.9. Photographs of different hydrophilic substrates blended with PNPA-H and 

irradiated under UV light (365 nm). A) Silica TLC plate in the absence and presence of 

PNPA-H, B) Filter paper coated with PNPA-H, C) PVA film containing PNPA-H, D) 

Glass fiber in the presence and absence of PNPA-H, E) PVA hydrogel containing PNPA-

H and D) PNPA-H incorporated water gel beads.  
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7.3.5. Secret writing using PNPA-H 

The affinity of fluorescent PNPA-H dye towards hydrophilic substrates was 

utilized as invisible fluorescent ink to write letters and draw patterns on Whatman filter 

paper. Initially, the PNPA-H solution with 4.6×10-4 M was loaded into an empty pen, 

which can be used directly as an ink without any coagulations or clogging in the pen. The 

photographs of handwritten words on the filter paper using acidic PNPA-H solution under 

UV light and visible light were given in Figure 7.10. The invisibility of the letters in 

visible light and fluorescence emission of the letters in UV light was clear from the 

photographs. The erasability of fluorescent ink was also explored based on fluorescence 

quenching of PNPA-H with oxidising analytes, which was mentioned in Chapter 2. The 

erasibility and re-writability of fluorescent inks are advantageous in the security of the 

encrypted data. Here we have used Ce (IV) sulphate solution having a concentration of 

1×10-3 M, which has a pale yellow colour, as an erasing medium. The letter ‘M’ 

disappeared by rubbing with cotton dipped in Ce (IV) sulphte solution. The cleared empty 

space was again utilised to write the letter ‘M’ with PNPA-H solution (see Figure 7.10). 

The security of the encrypted data could be maintained using erasable and re-writable 

fluorescent ink. The storage of the data created using acidified PNPA-H solution was 

difficult due to the acidic nature of PNPA, which could damage documents. The storage 

issue can be avoided by replacing acidified PNPA-H with neutralised PNPA-H. The 

stability of fluorescence emission of neutralised PNPA-H on filter paper was checked for 

one month and the un-faded emission intensity of letters written with PNPA-H indicated 

their stable emission behaviour.  

 

Figure 7.10. Photographs of letters written using PNPA-H A) in visible light and B) in 

UV light. C) Removing letter using ce(IV) solution and rewriting letter using PNPA-H 

under UV light. 
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7.3.6. Cytotoxicity and cell imaging using NPA-H and PNPA-H 

Cells are the basic unit of all living things, which is made up of cell organelles 

with specific functions like helping in energy production, growth of organisms, structural 

support to the body, reproduction etc. The cytological studies using imaging is a 

fundamental and important analysis to diagnose cell abnormalities [77]. Cancer is 

developed as a consequence of abnormal cell divisions which destroy body tissues. 

Therefore, studying cell behavior is important to understand various biological processes 

and disease conditions. In vitro and in vivo cell imaging approaches are available, among 

them, in vitro cell imaging is used to study the cell behaviour in precisely controlled 

conditions and in vivo imaging can be used to visualize biological components within 

living organisms [78]. In vitro studies are relatively fast and cost-effective compared to in 

vivo studies. The ethical issues associated with the in vivo cell imaging of animal cells can 

be avoided by in vitro imaging. However, the exact cell behaviour in real physiological 

conditions could not be achieved with in vitro cell imaging studies. Controlled dosing and 

effective use of chemicals are the advantages of in vitro cell imaging [79]. The preliminary 

studies of chemicals on the cells can be effectively performed by in vitro analysis. Here, 

we have studied the applicability of the polymer PNPA-H and monomer NPA-H as 

fluorescent probes for imaging normal and cancer cells. The adherent type of mouse 

fibroblast cell line L929 was chosen as normal cell line and human papillary thyroid 

cancer cell line MDA-T32 was chosen as cancer cell line. Prior to the cell imaging 

studies, cytotoxicity of NPA-H and PNPA-H for concentrations 100 nM, 500 nM, 1µM 

and 10 µM were evaluated using normal cell line L929 and cancer cell line MDA-T32 

cells by standard 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) 

assay over 16 hours incubation time. The plots of cell viability percentage of L929 cells 

and MDA-T32 cells vs concentrations of NPA-H and PNPA-H were given in Figure 

7.11. Cell viability of cancer cell MDA-T32 was higher compared to normal cells for both 

NPA-H and PNPA-H. MDA-T32 cells have shown more than 80% cell viability even 

with 10µM NPA-H and PNPA-H. Low cytotoxicity differences of NPA-H and PNPA-H 

towards cancer cells compared to normal cells could be due to the differences between the 

normal and cancer cell lines in cell proliferation, physiological activities and micro-

environments [74 80]. The viability of both cells decreased with increased concentrations of 

NPA-H and PNPA-H. The cytotoxicity of polymer PNPA-H was less towards normal and 

cancer cells for every concentration than the monomer NPA-H. Thus, PNPA-H was more 
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biocompatible with cells compared to NPA-H. Cell viability of 90% and above were 

obtained for both NPA-H and PNPA-H at 500 nM concentrations, which indicated their 

low toxicity towards cancer cells and normal cells at 500 nM concentrations. Therefore, 

both NPA-H and PNPA-H could be safely used for bioimaging and in vivo cell imaging 

as well.  

 

Figure 7.11. The plot of cell viability percentage of normal cell L929 vs. concentration of 

A) NPA-H and B) PNPA-H and that of cancer cell MDA-T32 vs. concentration of C) 

NPA-H and D) PNPA-H, respectively. 

The in-vitro cell imaging and cellular uptake experiments using monomer NPA-H 

and polymer PNPA-H were performed using normal cell L929 and cancer cell MDA-T32 

to study their intracellular behaviours. The normal cells and cancer cells were fixed and 

incubated with NPA-H and PNPA-H. NPA-H and PNPA-H were slowly internalised into 

the cells, and fluorescence images were recorded after one week of incubation. The 

fluorescence microscopy images of L929 cells incubated with NPA-H with 100 nM, 500 

nM, 1µM, and 10 µM were excited under the excitation wavelength 365 nm were given 

in Figure 7.12. The blue fluorescence emission observed from the cells in dark field 

images indicated the good staining of NPA-H towards L929 cells, whereas the cells 

incubated without NPA-H or PNPA-H (control) did not show any fluorescence in the 

dark field. The internalisation of NPA-H in L929 cells was clearly observed on merging 
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dark field and bright field images of L929 cells with 500 nM NPA-H (see Figure 7.12.B). 

The staining was not very effective for higher concentrations of NPA-H. In order to 

analyse the staining ability of NPA-H in the cancer cell, MDA-T32 was incubated with 

different concentrations of NPA-H, and corresponding fluorescence microscopy images 

were given in Figure 7.12.C and 7.12.D. The bright blue fluorescence observed from 

cancer cells stained with 100 nM NPA-H and higher concentrations of  NPA-H indicated 

the good staining ability of NPA-H towards MDA-T32 at lower and higher 

concentrations.  

 

Figure 7.12. Fluorescence microscopic images of normal cell L929 incubated with 

control and different concentrations of NPA-H in A) dark field and B) merged dark and 

bright field. Cancer cell MDA-T32 incubated with DAPI and different concentrations of 

NPA-H in C) dark field and D) merged dark and bright field under 365 nm excitation. 

The polymer PNPA-H was also subjected to cellular imaging using the same 

procedure used for NPA-H. The normal cells L929 was incubated with different 

concentrations of PNPA-H and the fluorescence microscopy images were given in Figure 

7.13.A and 7.13.B. The blue fluorescence observed from cells under UV excitation 

indicated the penetration of PNPA-H into the cells. The cell images were more clearly 

visible on staining with 10µM PNPA-H. The fluorescence microscopy images of cancer 

cell MDA-T32 stained with PNPA-H was given in Figure 7.13.C and 7.13.D. Here also, 

blue fluorescence was observed on irradiation of UV light of 365 nm. Staining of cancer 
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cells with low concentrations of PNPA-H, like 100 nM, indicated the affinity of PNPA 

towards cancer cells. The NPA-H treated cells could emit better fluorescence than PNPA-

H, indicating the easier penetration of NPA-H into the cells than PNPA-H. The polymeric 

structure of PNPA-H may slow down the endocytosis and complete internalisation inside 

the cell components. The imaging of cancer cell MDA-T32 using NPA-H and PNPA-H 

was more efficient than normal cells. The cancer cell surface was covered with a layer of 

negatively charged nine carbon atoms containing sialic acid [81]. The anomalous sialylated 

glycans can facilitate the cancer cell growth and thereby increasing the negative charge 

on the cancer cell surface than normal cells [82]. Thus positively charged NPA-H and 

PNPA-H can easily bind with the negatively charged cancer cells and hence can easily 

internalise into them than normal cells [83]. 

 

Figure 7.13. Fluorescence microscopic images of normal cell L929 incubated with DAPI 

and different concentrations of PNPA-H in A) dark field and B) merged dark and bright 

field. Cancer cells MDA-T32 incubated with control and different concentrations of 

PNPA-H in C) dark field and D) merged dark and bright field under 365 nm excitation. 

In this study, we have used 3.5 µM 4’, 6 - diamidino-2-phenylindole (DAPI), as a 

reference to stain the fixed cancer cell. The images of cells under a dark field on UV 

irradiation were given in Figure 7.13. A and 7.13.B. The blue fluorescence was emitted 

from the nucleus of the cells stained with DAPI, since DAPI was selectively targeted into 
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the nucleus [53]. The nucleus of the cell is covered with a nuclear membrane, which 

separates the nucleus from the cytoplasm and small hydrophilic molecules can only 

diffuse into the nucleus [54]. The NPA-H and PNPA-H were more accumulated into the 

nucleus, like DAPI, through permeabilization, which was evident from the images of 

DAPI stained cells and NPA-H or PNPA-H stained cells (see Figure 7.12 and 7.13). The 

hydrophilicity, enhanced through protonation of NPA-H, allowed them to diffuse into the 

nucleus, whereas the diffusion of PNPA-H was not effective due to their large size. Even 

though the internalisation of NPA-H and PNPA-H into the nucleus of the cells was slow, 

the good fluorescence emission from the cells in the dark field under UV light indicated 

the staining ability of NPA-H and PNPA-H with good biocompatibility. The blue 

emission from the nucleus of the cells in dark field images and merged images allowed 

studying the cell properties and nuclear behaviour in vitro conditions. The improvements 

in the hydrophilicity, size, and biocompatibility of NPA-H and PNPA-H would make 

them suitable for live cell imaging in the future as nuclear-targeted fluoroprobes. 

In short, the fluorescent dye-like property of hydrophilic protonated conjugated 

polymer like PNPA was effectively used to stain different hydrophilic substrates. The 

invisibility and fluorescence emission of PNPA-H was used to prepare an invisible and 

erasable fluorescent ink. Further studies on pH optimisation of PNPA-H, incorporating 

additives to meet the requirement for an ink, and ink properties would lead to the 

commercial preparation of an invisible fluorescent ink suitable for anticounterfeiting. The 

nuclear staining ability of monomer NPA-H and polymer PNPA-H in cancer cells opens a 

platform to develop nuclear stain and nuclear tagged fluorescent probes with further 

improvements. Thus poly-N-phenyl anthranilic acid is a suitable candidate in both 

anticounterfieting areas and in bioimaging fields. 

7.4. Conclusion  

Poly-N-phenyl anthranilic acid was protonated using concentrated H2SO4 to 

improve fluorescence emission, hydrophilicity, and solubility. The suitable conditions for 

effective protonation was analysed and the stability of fluorescence emission of PNPA-H 

at different pH was studied. The affinity of PNPA-H towards hydrophilic substrates was 

used to impart fluorescence to non-fluorescent materials by simple blending with PNPA-

H. The invisible, erasable, and rewritable property of PNPA-H was apt for anti-

counterfeiting application for secret writing without coagulation. The monomer NPA-H 
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and polymer PNPA-H exhibited less toxicity towards normal cell L929 and cancer cell 

MDA-T32. The biocompatible and fluorescent NPA-H and PNPA-H were used to stain 

L929 and MDA-T32. The bright fluorescence emission from the nucleus of the cells 

under UV light indicated the successful uptake of PNPA-H and NPA-H. The good 

fluorescence and hydrophilicity of PNPA-H and NPA-H were effective in nuclear 

staining. Further studies on optimizing the properties of polymer would explore the 

potential of PNPA-H in anti-counterfeiting techniques and bio-imaging fields. 
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Conjugated polymers are highly demanded materials due to their characteristic 

properties like light absorption, fluorescence emission, conductivity, thermal stability, 

and eco-friendliness, which have effective applications in different fields. Thus, the 

synthesis of conjugated polymers and studies on their novel applications utilizing 

their characteristic properties are highly desired. Poly-N-phenyl aniline derivatives, 

their optical properties, and their functional applications were less explored. In this 

work, studies on the synthesis and characterizations of poly-N-phenylaniline 

derivatives like poly-N-phenyl anthranilic acid, poly-N-phenyl-o-phenylenediamine 

and copolymers of N-phenyl anthranilic acid and o-phenylenediamine were 

conducted. The applications of these polymers as fluorescent sensors, colorimetric 

sensors, fluorescent indicators, and fluorescent dye for cell imaging were also 

explored. Chapter 1 includes an introduction on conjugated polymers, types of 

conjugated polymers, their properties and synthetic methods adopted for their 

preparations. A literature review on the properties and general applications of 

conjugated polymers in sensors, electric and electronic fields, and biological areas 

were also discussed. 

In Chapter 2, poly-N-phenyl anthranilic acid (PNPA) was synthesized via 

chemical oxidative polymerization using FeCl3 as oxidizing agent in ethanol medium. 

The bright bluish-white light fluorescence emission of PNPA in an acidic medium 

(PNPA-H) was effectively used to sense oxidizing analytes like MnO4
-, Ce4+, and 

Cr2O7
2-. The mole ratio of analytes required for the quenching of fluorescence of 

polymer was determined using naked-eye fluorescence detection, UV-visible 

absorption spectra, and fluorescence spectra. The fluorescence quenching mechanism 

was explained by the oxidation of PNPA-H from its fluorescent reduced form to a 

non-fluorescent oxidized form. The redox reversibility of the polymer was determined 

from the fluorescence reappearance of oxidized PNPA-H on adding reducing analytes 

like ascorbic acid and from the electrochemical studies. In Chapter 3, the application 

of poly-N-phenyl anthranilic acid (PNPA-H) and N-phenyl anthranilic acid (NPA-H) 

as fluorescent indicators in microscale redox titrations were studied. Microscale redox 

titrations with micromolar concentration and semi-micromolar volumes of analyes 

were carried out for the estimation of ferrous ion using permanganometry, cerimetry 

and dichrometry by utilizing fluorescent indicating actions of PNPA-H and NPA-H. 

The sharp fluorescence quenching at the endpoint was explained based on the 
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oxidation of PNPA-H and NPA-H, which was confirmed from UV-visible absorption 

spectra. Method validations using statistical analysis like normal distribution curves, 

student’s t test, and F test suggested good precision and accuracy of estimated masses 

of ferrous ion using fluorescent indicators. In addition, a microscale redox titration 

experiment was designed for chemistry students and their feedbacks were evaluated.  

Chapter 4 deals with the synthesis and characterization of poly-N-phenyl-o-

phenylenediamine (PPOPD) using chemical oxidative polymerization with FeCl3 as 

oxidizing agent in ethanol medium. The pH-dependent colour changes of PPOPD 

from an orange-coloured neutral solution to a pink-coloured acidic solution and a 

yellow-coloured basic solution were evident from the UV-visible absorption spectra. 

The absorbance of aqueous solution of PPOPD at 518 nm showed a linear increase 

with a decrease in pH below 1.5, which was used to develop a colorimetric acid 

content sensor. The battery acid content of lead acid batteries, which was changing on 

charging and discharging, was determined using the calibration plot of absorbance of 

PPOPD at 518 nm with known acid percentage. The state of charge (SoC) of 12 V 

lead acid battery was calculated using an empirical formula by setting upper limit and 

lower limit of absorbances as absorbance of PPOPD with 40% and 10% sulphuric 

acid content at 518 nm, respectively. The good agreement between SoC determined 

from absorbance and open circuit voltage indicated the accuracy of the proposed 

method.  

In Chapter 5, poly-o-phenylenediamine (POPD) was synthesized by chemical 

oxidative polymerization using FeCl3 as an oxidizing agent in an ethanol medium. 

POPD has intense yellow fluorescence in aqueous solution and was quenched on 

oxidation with AgNO3 solutions. The mole ratio of AgNO3 required for fluorescence 

quenching was determined using naked-eye fluorescence detection and fluorescence 

spectra. The reversibility of redox states in POPD was evident from the enhanced 

yellow fluorescence of oxidized POPD on reduction with NaBH4 and electrochemical 

studies. Chapter 6 includes the synthesis and characterization of copolymers of N-

phenyl anthranilic acid (NPA) and o-phenylenediamine (OPD) via chemical oxidative 

polymerization using FeCl3 as an oxidizing agent by varying the co-monomer weight 

percentage. The structure and properties of copolymers were compared with physical 

blends prepared by mixing PNPA and POPD by grinding. The monomer reactivity 

ratio calculated by the Finemann-Ross method using FT-IR data indicated the 
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possibility of block-type copolymerization and higher reactivity of NPA. The 

combination of the blue fluorescence of PNPA and the yellow fluorescence of POPD 

produced attractive fluorescence colours in physical blends. A selective fluorescence 

sensing of the oxidizing power of analytes using copolymer P(NPA-co-OPD) 10:90 

was achieved. The copolymer showed a change in fluorescence from yellow to blue 

on adding AgNO3, indicating the semi-oxidation of POPD and a further change from 

blue fluorescence to colourless on adding KMnO4, indicating the complete oxidation 

of PNPA and POPD fragments.  

In Chapter 7, a fluorescent dye was developed using PNPA-H, and their 

applications in anticounterfeiting and cell imaging were studied. The hydrophilicity of 

PNPA-H was utilized to produce fluorescence in non-fluorescent materials. The 

invisibility and erasability of PNPA-H was effectively used for secret writing. The 

less cytotoxicity of NPA-H and PNPA-H towards normal cell line L929 and cancer 

cell line MDA-T32 indicated their good biocompatibility. The cellular imaging 

studies of L929 and MDA-T32 using NPA-H and PNPA-H indicated their selective 

nuclear staining ability.  

FUTURE SCOPE 

The characteristic optical and fluorescent properties of conjugated polymers would 

make them highly promising materials for optoelectronic and sensing applications. 

We have studied the optical and fluorescence properties of some poly-N-phenyl 

aniline derivatives and their copolymers. Some of their applications, like sensing, bio-

imaging and anti-counterfeiting were reported. The future scope includes the 

following. 

• The protonation strategy would provide a novel approach to develop 

fluorescence in conjugated polymers.  

• The fluorescence indicating action of PNPA-H would be effective to quantify 

other biologically relevant redox analytes like ascorbic acid, and calcium 

oxalate in micromolar quantities.  

• The extensive studies on the PNPA-H-based ink would lead to the commercial 

preparation of invisible secret ink.  
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• Further studies on cell imaging would explore the potential of PNPA-H in the 

biomedical field.  
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