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Abstract 
Due to the lack of functional groups, the processability of polyanilines (PANIs) are limited. 
Poor solubility in common solvents, high rigidity and hydrophobicity are the important 
problems associated with PANI. To enhance its processability, acid and amine groups were 
grafted onto the PANI backbone via a Friedel-Crafts (FC) alkylation reaction, carried out at 
85 °C for 6 hours under a nitrogen atmosphere with vigorous stirring. Prior to this, the PANI 
backbone was synthesized through free radical (FR) solution polymerization, initiated by 
peroxy disulphate (PDS), using aniline monomer at 0–5 °C under nitrogen purging. A key 
modification during synthesis was the inclusion of 2-methylimidazole (2MI), which imparted 
hydrophilicity and facilitated end-capping of the polymer chains. The functionalized PANIs 
were thoroughly characterized by various analytical tools, antimicrobial properties and thermal 
properties. Following acid functionalization, the water contact angle (WCA) increased to 61.4°, 
attributed to the formation of Zwitter ionic structures, as evidenced by an FTIR peak at 
1640 cm⁻¹. This modification also significantly improved the water solubility of PANI. The % 
yield of A3 sample was found to be low due to the availability of few reaction cite on the 
aromatic ring of PANI for second grafting reaction. A plausible reaction mechanism was 
proposed based on the experimental findings, which were carefully analyzed and compared 
with values reported in the literature. 
 
Keywords: PANI . Chain end capping . FC alkylation . Zwitter ion formation 
 
Introduction 
The applications of conducting polymers across various scientific and engineering domains are 
expanding rapidly, primarily due to their high electrical conductivity and ease of synthesis. 
Additionally, their electrochromic properties further broaden their range of potential uses. 
Despite these advantages, conducting polymers like polyaniline (PANI) face several technical 
challenges, including hydrophobicity, high rigidity, and poor solubility in water and other 
solvents [1]. These limitations have been critically examined and are primarily attributed to the 
absence of functional groups, which hinders their interaction with solvents and compatibility 
with other polymer systems. Attempts to polymerize functionalized aniline monomers have 
shown reduced polymerization rates and low yields due to steric hindrance. Moreover, post-
polymerization functionalization, while offering better control, often results in reduced 
electrical conductivity values. A further complication is the low molecular weight of the 
resulting conducting polymers [2]. In light of these issues, the present research is focused on 
the synthesis of water-processable PANI with enhanced electrical conductivity through a 
carefully designed post-functionalization strategy. 
 
To address the challenges associated with PANI processability, an extensive literature review 
was conducted to evaluate the various strategies employed by researchers. In 2025, Kishnani 
et al synthesized PANI for non-enzymatic lactic acid detection, reporting a glass transition 
temperature (Tg) between 30 and 40 °C [3]. The MOF modified PANI was prepared and its 
electro-rheological behaviour was studied [4]. Another method involved incorporating 
functionalized graphene oxide to improve processability [5], while functionalized single-
walled carbon nanotube (SWCNT)-doped PANI was developed for photocatalytic applications 
[6]. PANI functionalized with various groups was confirmed through FTIR and UV-visible 
spectroscopy [7]. Hydrogen peroxide-initiated polymerization of aniline yielded a highly 
porous PANI structure [8], and reduced graphene oxide (GO)-functionalized PANI was 
explored for transistor applications [9]. Metal oxide-functionalized PANI demonstrated 
excellent electrical conductivity [10], and doping with specific agents also improved PANI's 
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processability [11]. Blending techniques have proven to be simple yet effective in achieving 
similar improvements. 
 
Nikolaidis et al employed a co-polymerization approach to enhance processability [12], while 
Tritscher et al developed surfactant-doped PANI for fuel cell applications [13]. For various 
end-use applications, PANI has been functionalized with a wide range of materials, including: 
functionalized graphene nanosheets [14], reduced GO [15], carboxymethyl chitosan [16], 
chitin [17], phytic acid [18], sodium citrate-stabilized gold nanoparticles [19], starch [20], 
amino groups [21], nylon [22], amine-functionalized graphene [23], 3-aminobenzenesulfonic 
acid [24], nylon-66 [25], wool [26], PET [27], rayon [28], and polypropylene fibers [29]. Hu 
et al reported surface functionalization of PANI [30], while a facile method for preparing 
aminoacid-functionalized PANI was also described in the literature [31]. Additionally, iron-
doped and dye-functionalized PANI was developed for supercapacitor applications [32]. 
Despite the variety of functionalization strategies reported, the literature reveals a gap—FC 
alkylation-based functionalization of PANI with enhanced electrical conductivity has not been 
extensively explored. The present research fills this gap, achieving high conductivity through 
this approach, marking the novelty of the current study. 
 
FC reaction is a type of chemical reaction which attaches the substituents onto an aromatic 
rings in the presence of a catalyst such as AlCl3 or FeCl3. Alkylation and acylation are the two 
types of FC reaction. In 2010, Rueping et al reviewed the FC reaction [33]. FC polymerization 
leads to microporous polymer [34]. This type of material is useful for membrane application. 
FC reaction of alcohol with PEDOT conducting polymer was reported in the literature [35]. FC 
alkylation was done to increase the porosity of polymers [36]. In 2020, Suzuka et al reported 
the FC alkylation of indole under aerobic condition [37]. MWCNT was grafted onto PVC 
backbone via FC alkylation reaction [38]. FC-acylation reaction was supported with polymers 
[39]. FC reaction on PVC was thoroughly explained by Hace et al [40]. The phenylene based 
network polymer was synthesized by FC alkylation reaction [41]. Hyper branched polymers 
were synthesized via FC alkylation with high porosity [42]. Super adsorbent polymer was 
synthesized via FC alkylation reaction [43]. Cross linking of PS was done by FC reaction [44]. 
Hyper cross-linked polymer for CO2 adsorption was carried out through FC alkylation reaction 
[45]. Recently, hyperbranched polymer with high porosity was synthesized via FC alkylation 
and acylation reaction [46]. Acid and amine functionalization was done on PI [47] and PSF 
[48]. In the present investigation also amine and acid functional groups were grafted onto PANI 
backbone via FC alkylation reaction towards improving the processability and electrical 
conductivity values. This is the novelty of the present research work. 
 
2-methylimidazole (2MI) is a five membered heterocyclic water soluble hygroscopic white 
solid and used in the pharmaceutical dye industries as an intermediate chemical. 2MI has a 
pungent odour with the melting point of 145 oC. In 2MI, a methyl group is substituted in the 
second carbon atom. The unsubstituted imidazole is used in catalysis and polymer fields 
[49,50].  For eg. Copolymerization of imidazole with methylmethacrylate (MMA) [51] was 
reported in the literature. Copolymerization of imidazole with pyridine [52], N-vinyl 
pyrrolidone [53], benzothiazole [54] and methacrylicacid [55]. In 2018, Suyra [56] reported 
the N-vinyl imidazole grafted cellulose fiber. Controlled radical polymerization of 4-
vinylimidazole was thoroughly studied and published [57]. Controlled polymerization of N-
vinyl imidazole with dithiocarbamates towards high molar mass polymer was done by 
Haribabu et al [58]. In the case of 2MI, homopolymerization or copolymerization is restricted 
due to the presence of bulky methyl substituent. The main target of the present investigation is 
increase of solubility of PANI via Zwitter ion formation. 
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List of abbreviations 
PANI-poly(aniline) 
CEA-chloroethylamine 
CAA-chloroaceticacid 
PDS-peroxy disulphate 
DDW-double distilled water 
FC alkylation-Friedel-Crafts alkylation 
FR-free radical 
2MI-2-methylimidazole 
AlCl3-aluminumchloride 
WCA-water contact angle 
FTIR-fourier transform infrared 
DSC-differential scanning calorimetry 
TGA-thermogravimetric analysis 
SEM-scanning electron microscopy 
EDX spectrum-energy dispersive x-ray spectrum  
ZOI-zone of inhibition 
DTA-differential thermal analysis 
ZP-zeta potential 
SC-supercapacitor 
PS-poly(styrene) 
PSF-polysulfone 
PI-polyimide 
Aniline-ANI 
RBF-round bottomed flask 
NMP-N-methyl pyrrolidone 
 
Materials and methods 
Materials 
Aniline (S.D. Fine chemicals, India, AR grade), potassium peroxydisulphate (PDS, CDH 
chemicals, India), HCl (Sigma Aldrich, India), 2-methylimidazole (2MI, Merck chemicals, 
India) CEA (Sigma Aldrich, India), acetone, NMP, AlCl3 and CAA were purchased from Sigma 
Aldrich, India were purchased and used as received. Double distilled water was used for 
solution preparation application. All chemicals used are hipure chemicals.  
 
Synthesis of functionalized and end capped PANI 
In this study, free radical (FR) solution polymerization of aniline (ANI) was carried out. A 
1.0 M ANI solution was prepared using 1.0 M hydrochloric acid (HCl), and a separate 1.0 M 
aqueous solution of 2-methylimidazole (2MI) was also prepared. Additionally, a 0.1 M solution 
of PDS was accurately prepared using double-distilled water (DDW). For the reaction, 10 mL 
of the 1.0 M ANI solution and 10 mL of the 2MI solution were introduced into a 250 mL RBF 
equipped with a water-cooled condenser. The entire setup was placed in an ice bath maintained 
at 0–5 °C, and the mixture was stirred vigorously for 10 minutes under a nitrogen atmosphere. 
Subsequently, 20 mL of NMP and 10 mL of the PDS solution were slowly added while stirring 
continued for another 10 minutes. The formation of PANI was indicated by the appearance of 
a pale green color. Stirring was maintained for an additional 4 hours under continuous nitrogen 
purging to ensure complete polymerization. Upon completion, 250 mL of excess acetone was 
added to precipitate the 2MI end-capped PANI. The precipitate was collected by filtration using 
a G4 sintered glass crucible and dried overnight at 60 °C. This sample was designated as A1. 
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The corresponding reaction scheme is presented in Scheme 1. The synthesis method was 
adapted from a standard literature procedure for end-capped PANI [59]. 
 
To prepare CEA-functionalized PANI, 1.0 g of 2MI end-capped PANI and 0.50 g of CEA were 
dissolved in 25 mL of NMP. The mixture was stirred for 10 minutes to ensure complete 
dissolution. Subsequently, 0.10 g of AlCl3 was added under a nitrogen atmosphere. This 
initiated the FC alkylation reaction [60], which was allowed to proceed at 85 °C for 6 hours. 
Upon completion, 250 mL of acetone was added to precipitate the product. The resulting CEA-
grafted, 2MI end-capped PANI was filtered and dried at 80 °C overnight. The dried sample was 
designated as A2 and stored in a zip-lock bag. The corresponding reaction pathway is illustrated 
in Scheme 1. 
 
For the synthesis of acid-functionalized PANI, 1.0 g of the A2 sample was dissolved in 20 mL 
of NMP. To this, 0.50 g of CAA was added under a nitrogen atmosphere, followed by the 
addition of 0.10 g of AlCl3. The mixture was stirred vigorously at 85 °C for 6 hours to carry out 
the FC alkylation reaction [60]. After the reaction, 500 mL of water was added to promote the 
formation of zwitterionic structures. Then, 300 mL of acetone was added to induce 
precipitation. The resulting solid was filtered using a G4 sintered glass crucible and dried at 
60 °C overnight. This final product was labelled as sample A3 and stored in a zip-lock bag for 
further use. The complete reaction sequence is depicted in Scheme 1. PANI is a copolymer of 
amino and imino forms. During the amino functionalization via FC-alkylation reaction 
(considered as a first grafting), the amino group is grafted on to the benzenoid structure of 
PANI. Since it is a steric effect free, highly resonance and easy grafting cite. During the acid 
functionalization via FC-alkylation reaction (considered as a second grafting), the benzenoid 
structure may not be available for further grafting.  If it is available, the chain length of CEA 
leads to steric effect. At this moment, the authors don’t have any quantifiable data for first and 
second grafting processes. Hence, the FC-alkylation reaction preferred the quinonoid structure. 
Here no steric effect but needs high energy for further grafting. Sometimes, after first grafting, 
few reaction cite may be available in the benzenoid structure of PANI. The detail of the reaction 
is given in Scheme-1. 
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Scheme-1. Synthesis of 2MI mediated Zwitter ion functionalized PANI. 

 
Characterizations 
The polymer samples were characterized using various analytical techniques. UV–visible 
spectra were recorded using a Shimadzu 3600 NIR spectrophotometer (Japan) in the 
wavelength range of 200–800 nm, with NMP as the solvent. Thermogravimetric analysis 
(TGA) was performed on a Universal V4.4A thermal analyzer (TA Instruments, USA) under 
air atmosphere at a heating rate of 10 K min⁻¹. Fourier-transform infrared (FT-IR) spectra in 
transmission mode were obtained using a Shimadzu-8400 S spectrometer (Japan) in the range 
of 400–4000 cm⁻¹. Differential scanning calorimetry (DSC) was conducted on the same TA 
Instruments system under a nitrogen atmosphere, also at a heating rate of 10 K min⁻¹. Scanning 
electron microscopy (SEM) along with energy-dispersive X-ray spectroscopy (EDX) was 
performed using a JEOL 6300 instrument (USA) after gold coating the samples under vacuum. 
Water contact angle (WCA) measurements were carried out using a Kyowa DMs-200 
goniometer (Japan), with the average value calculated from six different measurement points. 
Electrical conductivity was measured using a Keithley-617 four-point probe meter. 
 
Determination of antimicrobial activity 
The antibacterial and antifungal activities of the polymer samples were assessed using the 
spread plate method, employing various membrane components. At a fixed concentration of 
15 mg, the membrane materials demonstrated antibacterial activity against Escherichia coli (E. 
coli). The observed antimicrobial properties of the membrane materials are attributed to the 
presence of C=N like structures in PANI and 2MI [60]. 
 
Solubility test 
Approximately 0.01 g of the polymer sample was placed in a 15 mL test tube. To this, 2 mL of 
NMP or other solvents (including water) were added separately. The polymer sample and 
solvent mixtures were thoroughly shaken and gently heated if necessary to aid dissolution. The 
solubility behavior of the sample was observed and is influenced by the chemical structure of 
the polymer.  
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Determination of % yield 
The present investigation includes a three step reaction. Hence, the % yield at each step should 
be calculated by using the following formula: 
݈݀݁݅ݕ %  =  ௐ௘௜௚ℎ௧ ௢௙ ௠௢ௗ௜௙௜௘ௗ ௣௢௟௬௠௘௥ ௢௕௧௔௜௡௘ௗௐ௘௜௚ℎ௧ ௢௙ (௣௢௟௬௠௘௥+ ௠௢ௗ௜௙௬௜௡௚ ௔௚௘௡௧)  ܺ 100    … Eqn. (1) 

 
Results and discussion 
 
% yield 
In any chemical reaction, determination of % yield is very important. The % yield of A1 sample 
was calculated from Eqn. (1) as 99.8%.  Sample A1 on structural modification with amine 
compound yielded the sample A2 as 95%. Sample A2 on structural modification with acid 
yielded the sample A3 as 81%.  This low % yield is due to the FC alkylation reaction (i.e.) most 
of the reactive sites present on the aromatic benzene rings of PANI are completely occupied by 
amine grafting process. It means less reactive sites are freely available for the further acid 
functionalization process.   
 
FTIR spectral study 
Fig. 1a presents the FTIR spectrum of the A1 sample. Characteristic benzenoid and quinonoid 
ring stretchings of PANI were observed at 1477 cm⁻¹ and 1566 cm⁻¹, respectively [59]. 
Stretching vibrations corresponding to C–N and C–N–C bonds were identified at 1379 cm⁻¹ 
and 1122 cm⁻¹, [61,62] respectively. Aromatic ring vibrations appeared at 808 cm⁻¹ and 
599 cm⁻¹, while the Cl⁻ ion stretching was detected at 505 cm⁻¹. Notably, the absence of –NH 
or –OH stretching bands indicates that there are no free amino groups present in the sample. 
On close analysis one can see that the benzenoid peak at 1477 cm-1 is a doublet one. A peak at 
1453 cm-1 is due to the skeleton vibration of 2MI ring. Here the peak intensity is very low 
because of low feeding of 2MI during the insitu polymerization. A small hump at 648 cm-1 is 
due to the bending vibration of 2MI ring [63]. Appearance of these two peaks confirmed the 
inclusion of 2MI in the PANI backbone. Fig. 1b shows the FTIR spectrum of the A2 sample. 
Along with the characteristic peaks observed in A1, several new peaks emerged. A broad band 
at 3381 cm⁻¹ corresponds to the –NH₂ stretching vibration, attributed to the amino group of 
CEA. Additionally, a peak at 3194 cm⁻¹ is associated with –OH stretching from physi-sorbed 
water molecules. Symmetric and asymmetric C–H stretching vibrations were identified at 
2973 cm⁻¹ and 3056 cm⁻¹, respectively. Fig. 1c displays the FTIR spectrum of the A3 sample, 
which retains the previously observed characteristic peaks. Two notable new peaks were 
detected: a strong band at 1725 cm⁻¹, corresponding to the C=O stretching of the CAA group 
[64], and a small hump at 1640 cm⁻¹, indicative of the formation of a zwitterionic structure 
resulting from interactions between amine and acid functional groups. This peak confirms the 
successful formation of a Zwitterion-functionalized, 2MI end-capped PANI structure. 
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Fig. 1 FT-IR spectrum of (a)A1 system, (b)A2 system, (c)A3 system. 

 
UV-visible spectral and bandgap studies 
Fig. 2 presents the UV–visible spectra of the functionalized PANI samples. Fig. 2a corresponds 
to the A1 system, where absorption bands at 305 nm and 359 nm are attributed to π→π* and 
n→π* electronic transitions, respectively. A broad absorption peak observed at 652 nm is 
characteristic of the delocalized electronic structure associated with the conducting form of 
PANI [65]. Fig. 2b and 2c, corresponding to the A2 and A3 systems, also display these 
characteristic peaks, confirming the presence of HCl-doped PANI. In addition, both the amine- 
and acid-functionalized PANI samples exhibit four additional absorption peaks at 272, 308, 
351, and 400 nm. These are attributed to π→π* transitions, n→π* transitions, the leuco-
emeraldine structure of PANI, and extended conjugation of C=C double bonds, respectively. 
Overall, the UV–visible spectral data confirm the presence of various electronic transitions 
within the PANI backbone, indicative of successful functionalization and preserved electronic 
structure. 
 
In order to find out the influence of grafting on the electrical conductivity value of PANI, the 
direct band gap value was determined from its UV-visible spectra. The band gap plot of 2MI 
incorporated PANI is given in Fig. 2d with the band gap value of 2.25 eV (Table-1). This 
confirmed the semiconducting nature of PANI. After the first grafting, the band gap value was 
increased to 2.95 eV (Fig. 2e, Table-1) again confirmed the semiconducting nature of PANI. 
After the second grafting process, still the band gap value rose to 3.05 eV (Fig 2f, Table-1). 
Anyhow, it is inside the semiconductor range. On comparison, one can say that while increasing 
the number of grafting process, the band gap value is slowly increased. This should decrease 
the electrical conductivity value of functionalized PANI. But, instead of decreasing the 
electrical conductivity, the electrical conductivity value was increased. This can be explained 
on the basis of interaction between NH3

+ and CO2
— ions. Formation of ionic structure was 

evidenced by the FTIR spectra (at 1640 cm-1) (i.e.) formation of Zwitter ionic structure. Thus, 
the band gap value co-supported the FTIR spectrum. This result can be further supported by 
conductivity measurements data.     
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Fig. 2 UV-visible spectrum of (a)A1 system, (b)A2 system, (c)A3 system. Band gap plot of 

(d)A1 system, (e)A2 system and (f)A3 system. 
 
Thermal studies 
The DSC thermograms of the polymer samples are shown in Fig. 3. Fig. 3a illustrates the 
thermogram of 2MI end-capped PANI (sample A1), displaying a glass transition temperature 
(Tg) at 65.4 °C. Although this temperature is sometimes associated with moisture loss or water 
loss, the step-like feature of the thermogram in this case suggests it corresponds to the Tg of 
PANI [66]. Following functionalization, the Tg values of the amine- (Fig. 3b) and acid-
functionalized (Fig. 3c) PANI samples were determined and are summarized in Table 1. A slight 
increase in Tg was observed in both cases, attributed to the formation of zwitterionic structures 
within the polymer matrix. Among the functionalized samples, the amine-functionalized PANI 
exhibited the highest Tg value, likely due to the presence of inter- and intramolecular hydrogen 
bonding, which enhances thermal stability. 
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Fig. 3 DSC heating scan of (a)A1, (b)A2, (c)A3 systems. 

 
Table-1 
Thermal, Conductivity, ZP and WCA data 
-------------------------------------------------------------------------------------------------- 
System   Code WCA Tg Td Conductivity ZP         BG 
       (o) (oC) (oC) (S/cm)  (mV)    (eV) 
-------------------------------------------------------------------------------------------------- 
PANI   A1 89.2 65.4 364 21.110-2 25.5      2.25 
PANI-g-amine  A2 65.6 73.1 403 38.510-3 32.7      2.95 
PANI-g-amine+acid A3 61.4 67.7 417 10.410-1  -1.3      3.05 
-------------------------------------------------------------------------------------------------- 
  
The TGA thermograms of the polymer samples are presented in Fig. 4. Fig. 4a shows the 
thermogram of 2MI end-capped PANI, which exhibits a two-step degradation process. The 
initial weight loss of approximately 20% observed below 100 °C is attributed to the evaporation 
of moisture and the removal of physi-sorbed water molecules. A significant weight loss occurs 
at 373 °C, corresponding to the thermal degradation of the PANI backbone. Above 750 oC, the 
system showed 3.1% weight residue remained. Compared to previous literature reports [67], 
the current system demonstrates an enhanced thermal decomposition temperature (Td), likely 
due to the stabilizing effect of 2MI end-capping. Fig. 4b displays the TGA thermogram of the 
amine-functionalized 2MI end-capped PANI, which also follows a two-step degradation 
profile, similar to the A1 sample. The thermal data for all samples are summarized in Table 1.  
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The present system exhibited 5.4% weight residue remained above 750 oC. Fig. 4c shows the 
TGA thermogram of the acid-functionalized PANI, which also exhibits a two-step degradation 
process. A major degradation event is observed at 420 °C, while a secondary degradation step 
appears at 610 °C, attributed to the decomposition of the –COOH-functionalized imino group 
in PANI, accompanied by the release of CO₂. 9.8% weight residue is remained above 750 oC. 
On comparison of char remained above 750 oC, the acid functionalized system showed ~10%. 
The high char formation may be associated with the formation of Zwitter ionic structure and 
intra and inter molecular hydrogen bonding increased the thermal stability of polymer sample. 
AS a result, the char formation is increased. The TGA analysis confirms that the amine-
functionalized 2MI end-capped PANI exhibits superior thermal stability, likely due to the 
formation of both intra- and intermolecular hydrogen bonds. Complementary differential 
thermal analysis (DTA) data for the 2MI end-capped PANI and its amine- and acid-
functionalized derivatives are shown in Fig. 5a–c, which further support the TGA findings. 
 

 
Fig. 4 TGA thermogram of (a)A1 system, (b)A2 system, (c)A3 system. 
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Fig. 5 DTA thermogram of (a)A1 system, (b)A2 system, (c)A3 system. 

 
Antimicrobial study 
The primary objective of the present study is to demonstrate the antimicrobial properties of 
PANI and its functionalized derivatives. A fixed amount of 15 mg of each sample was tested 
for both antibacterial (Fig. 6a–c) and antifungal (Fig. 6d–f) activities. All three samples 
exhibited notable antimicrobial and antifungal effects, which are attributed to the presence of 
C=N like structures in both the PANI backbone and the 2MI units [68]. Among the samples, 
the acid-functionalized PANI demonstrated the highest activity, likely due to its enhanced 
solubility in aqueous media. Escherichia coli (E. coli) was used as the model organism for 
antibacterial testing. The presence of C=N like bonds—contributed by the rigid segments of 
PANI and the flexible 2MI units—is believed to be a key factor in the antimicrobial efficacy 
of these systems. Fig. 6 d-f confirmed the anti-fungus activity of various functionalized 
polymer systems. Among the systems considered, the A3 system exhibited an excellent anti-
fungus activity because of presence of zwitter ionic structure.  
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Fig. 6 Antibacterial activity of (a)A1 system, (b)A2 system, (c)A3 systems and anti-fungus 
activity of (d)A1 system, (e)A2 system, (f)A3 system. 
 
WCA approach 
The WCA measurements revealed significant variation due to amine and acid functionalization. 
The 2MI end-capped PANI displayed a WCA of 89.2°, while the amine- and acid-
functionalized systems showed reduced WCAs of 65.6° and 61.4°, respectively (Fig. 7a–c; 
Table 1). Among the three, the acid-functionalized PANI exhibited the lowest WCA, indicating 
enhanced hydrophilicity. This increased hydrophilic nature is attributed to the zwitterionic 
character introduced through acid functionalization process. The WCA of f-PANI was reported 
as 75.78o. When compared with the literature value, the present system yielded lower WCA 
and confirmed the increase in hydrophilicity [69]. 
 

 
Fig. 7. WCA image of (a)A1 system, (b)A2 system, (c)A3 system. 

 
Conductivity study 
Table 1 summarizes the electrical conductivity values of all the systems studied. Among the 
three, the acid-functionalized 2MI end-capped PANI exhibited the highest conductivity, 
measured at 1.04 S/cm (10.4 × 10⁻¹ S/cm), which aligns well with reported literature values 
[70]. This enhanced conductivity is attributed to the doping of the imine nitrogen atoms in the 
PANI backbone by HCl, as well as the presence of zwitterionic structures that facilitate charge 
transport. 
 
Solubility study 
In the present study, PANI was end-capped with 2MI and further functionalized with acid and 
amine groups. The solubility of the resulting polymers was evaluated in various solvents, 
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including water, NMP, DMSO, and DMF (Table 2). The samples exhibited moderate solubility 
in water and excellent solubility in NMP. This enhanced solubility, particularly in NMP, is 
attributed to the formation of intermolecular hydrogen bonding between the solvent molecules 
and the functional groups present in the polymer chains. 
 
Table-2 
Solubility test data 
---------------------------------------------------------------- 
System         Solvents 
   Water NMP DMSO    DMF 
---------------------------------------------------------------- 
PANI   ++ +++ +++    ++ 
PANI-g-amine  ++ +++ +++    ++ 
PANI-g-amine+acid ++ +++ ++    ++  
---------------------------------------------------------------- 
 
Mechanism 
It is well established that PANI can be synthesized via oxidative free radical polymerization, 
typically initiated using oxidizing agent such as PDS. Although polymerization of 2MI has not 
been reported in the literature, it is known to undergo co-polymerization at elevated 
temperatures. In the present study, polymerization was carried out at a low temperature range 
of 0–5 °C. This low-temperature condition favours the exothermic polymerization of ANI 
while simultaneously suppressing the co-polymerization of 2MI. As a result, the final product 
obtained is HCl-doped PANI end-capped with 2MI. To enhance the water solubility of PANI, 
both amine and acid groups were grafted onto the polymer backbone via the FC- alkylation 
reaction. It was observed that the rate of amine grafting was faster than that of acid grafting 
[60] suggesting that the amine groups preferentially attached to the benzenoid rings of the PANI 
backbone during the initial grafting stage. During the subsequent acid grafting step, most of 
the available benzenoid sites were already occupied, leaving the quinonoid structures as the 
primary reactive sites. Furthermore, the acid grafting reaction using CAA proceeded at a slower 
rate. However, the use of excess PDS facilitated secondary grafting of acid groups onto the 
quinonoid units of PANI. Thus, the present research effectively integrates oxidative FR 
polymerization and FC-alkylation to synthesize water-processable, functionalized PANI with 
improved solubility and conductivity. 
 
Zeta potential report 
The presence of ionic charges on the PANI backbone influences its ZP values. Under strongly 
acidic conditions (pH ~1.5), the abundance of H⁺ ions resulting in positive ZP values [65]. As 
shown in Table 1, the 2MI end-capped PANI exhibited a ZP of +25.5 mV. Following amine 
grafting, the density of positive charges on the polymer surface increased, leading to a rise in 
ZP to +32.7 mV. In contrast, acid grafting introduced additional negative charges, causing the 
ZP to decrease significantly to –1.3 mV. 
 
SEM analysis 
The surface morphology of the 2MI end-capped PANI is shown in Fig. 8a, displaying a petal-
like structure resembling plant petals, as highlighted by the yellow circle. Within this region, 
one or two microparticles smaller than 1 µm in diameter are visible. Fig. 8b presents the SEM 
image of the amine-grafted PANI, which exhibits a broken stone-like morphology. The yellow 
circle again highlights the presence of microparticles under 1 µm in size. Similarly, Fig. 8c 
shows the SEM image of the acid-grafted PANI, which also demonstrates a broken stone-like 
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surface texture. These observations suggest that despite undergoing one or two 
functionalization steps, the overall surface morphology of the PANI backbone remains largely 
unchanged. 
 

 
Fig. 8 SEM image of (a)A1 system, (b)A2 system, (c)A3 system. 

 
EDX report 
The elemental composition of the samples was confirmed through energy-dispersive X-ray 
spectroscopy (EDX). Fig. 9a shows the EDX spectrum of the 2MI end-capped PANI, revealing 
the presence of carbon (73.8%), nitrogen (18.6%), oxygen (2.4%), and chlorine (5.2%). The 
carbon and nitrogen signals are primarily attributed to the PANI backbone, while additional 
nitrogen originates from the 2MI end-capping unit. The presence of chlorine confirms doping 
with HCl, and the oxygen is attributed to physi-sorbed water molecules, as also supported by 
the TGA thermogram. The elevated nitrogen content indicates successful incorporation of 
nitrogen-containing moieties. These results are consistent with previous EDX studies reported 
in the literature [71]. Fig. 9b presents the EDX spectrum of the amine-grafted PANI, showing 
elements C, N, O, and Cl. A noticeable increase in nitrogen content further confirmed the 
successful grafting of CEA onto the PANI backbone. Fig. 9c displays the EDX spectrum of the 
acid-grafted, 2MI end-capped, and amine-functionalized PANI. The spectrum shows C, N, O, 
and Cl, with an increase in oxygen content, which supports the successful grafting of CAA onto 
the polymer backbone. Overall, the EDX analysis clearly confirmed the chemical grafting of 
both amine and acid functional groups onto the PANI structure via the FC- alkylation reaction. 
 

 
Fig. 9 EDX spectrum of (a)A1 system, (b)A2 system, (c)A3 system. 
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Conclusions 
PANI was successfully synthesized via solution polymerization, with 2-methylimidazole (2MI) 
employed as a chain end-capping agent. The A3 system produced low % yield because of less 
availability of active cites for FC alkylation reaction.  FTIR analysis confirmed the formation 
of a zwitterionic structure, evidenced by the characteristic peak at 1640 cm⁻¹. UV–visible 
spectroscopy revealed an absorption peak at 652 nm, indicating the presence of the electrically 
conducting form of PANI. Among the synthesized systems, the amine-functionalized PANI 
exhibited the highest Tg of 73.1 °C. The WCA of the amine-functionalized sample (A2) was 
measured at 65.6°, while the acid-functionalized system (A3) demonstrated a ZP of –1.3 mV 
due to increased surface negative charge. Notably, the A3 sample also displayed the highest Td 
of 417 °C and the highest electrical conductivity of 10.4 × 10⁻¹ S/cm, attributed to the 
zwitterionic structure introduced through acid functionalization. In terms of biological activity, 
the A3 system showed superior antibacterial and antifungal performance, likely due to the 
presence of C=N like structures in both the PANI and 2MI units. Additionally, the 2MI end-
capped PANI demonstrated good miscibility in water. SEM analysis confirmed the presence of 
microparticles, while EDX spectra revealed the elemental composition (C, N, O, and Cl) of all 
the samples. Overall, the combined strategy of end-capping and chemical grafting with both 
acid and amine groups significantly enhanced the chemical, thermal, and functional properties 
of PANI. These findings successfully fulfil the primary objective of the present research. Future 
work will focus on exploring membrane-based applications of the functionalized PANI 
systems. 
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