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1. Introduction 

Polymers are a class of materials that are important to our everyday life. Cabinets, plastic cutlery and latex paints 
are examples of polymers that are used every day. They are giant molecules of high molecular weight which are built up by 
linking together large numbers of smaller molecules called monomers. The reaction by which the monomers combine to 
form a huge polymer is known as polymerization (Gowariker et al., 1986). Traditionally polymers were thought of as 
insulators when it comes to its applications in electronics. In the mid-19th century scientist conducted research into some 
organic based polymers for their application in electronics (Inzelt, 2008). In the case of polypyrrole it was observed that it 
had resistivity as low as 1 ohm/cm (Bolto et al., 1963). (Songxi, 2012) cites multiple reports of similar high conductivity 
oxidized polyacetylenes. DeSurville and coworkers reported high conductivity in polyaniline (De Surville et al., 1968). 
Hideki Shirikawa, Alan MacDiarmid and Alan J. Heeger in 1977 published a paper on the high conductivity in oxidized 
iondine-doped polyacetylene (Shirikawa et al., 1977). They were awarded the 2000 Nobel Prize in Chemistry for the 
discovery and development of conductive polymers (Natarajah, 2012). 
  Lightfoot’s studies on the oxidation of aniline in 1860s led to the discovery of polyaniline (MacDiarmid, 2001). The 
first definitive report of polyaniline did not occur until 1862, which included an electrochemical method for the 
determination of small quantities of aniline (Letheby, 1862). Only since the early 1980s has polyaniline captured the 
intense attention of the scientific community. This interest is due to the rediscovery of high electrical conductivity. 
Amongst the family of conducting polymers and organic semiconductors, polyaniline has many attractive processing 
properties (Pandya, 2016). Polyaniline (PANI) is one of the most studied conjugated polymers due to its widely tunable 
electrical conductivity (Cao et al., 1992) and environmental stability (Rannou and Nechtschein, 1997, DeLongchamp and 
Hammond, 2001). PANI can be readily synthesized from commercially available starting materials under mild conditions 
by oxidation methods (Masters et al., 1991), (Wei et al., 1989). Polyaniline remains one of the most interesting materials 
due to its unique conduction mechanism and good environmental stability in the presence of oxygen and water (Kumar et. 
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Abstract:  
This article reports the synthesis of Polyaniline (PANI) in emeraldine form (EB) by in-situ chemical oxidation method 
using different dopants and ammonium persulphate (APS) as an oxidant. The samples were characterized by FTIR, UV-
Vis, and their conductivity determined by four-point probe method. Quinoid and benzenoid bands at 1553-1596 cm-1 and 
1437 – 1496 cm-1 respectively where observed in all the samples. The band gaps and conductivity values for all the bulk 
samples were obtained using the absorption spectra and Stern relation. It was found that the transition π i- iπ* 
iforiPANI-H2SO4 ioccurs iearlier ithan iin iPANI-HCl isample.i This ican ionly ibe ias ia iresult iof ithe iH2SO4 iacid ibeen ia 
istronger iacid ithan ithe iHCl iand ias ia iresult ithe itransition ifrom iπ i- iπ* irequired ilower swavelength ifor iPANI-
H2SO4 isample ias icompared ito ithe iPANI-HCl isample.iBy icomparing ithe ifour isamples ithe iπ i- iπ* itransition ithen 
ican ibe iarranged ifrom ithe istrongest ito ithe iweakest ias iPANI-H2SO4 ifollowed iby iPANI-HCl ithen iPANI-HNO3 iand 
ithe iweakest ibeing iPANI-CH3COOH. The same trend is also observed for electrical conductivity of these samples. 
 
Keywords:  PANI, Band gap, UV-Vis Spectra, chemical oxidation, FTIR spectra 
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al.,1997).  
 
2. Methodology 
 
2.1. Synthesis of Polyaniline (PANI) 

12.03 g of (NH2)2S2O8 was measured and put in 600 ml beaker. 5.00 g of the aniline monomer was measured into a 
500 ml beaker. Ammonium persulphate solution (APS) was formed by adding 70 ml of H2SO4 to it. 75 ml of H2SO4 was 
poured into the aniline monomer. Drop-wise addition of aniline to the APS solution was done. Change in the colour of the 
solution was observed after 10 minutes. The colour of the solution changed from whitish-brown to pale green then green 
(emeraldine salt). The solution was left for 12 hours for complete polymerization to occur. 

Similarly, samples of polyaniline doped with Nitric acid (HNO3), Hydrochloric acid (HCl), and Acetic acid 
(CH3COOH) were prepared. Each of the Emeraldine salt formed was filtered by continuously washing with the acid until 
the filtrate was clear. The samples were dried at 70 °C in an oven and crushed into powder form. For each sample, some of 
the powder washard pressed into pellet using a metallic mold. 
 
2.2. Characterization  
 
2.2.1. FTIR  Spectra  

Perkin iElmer iSpectrum iVersion i10.08.09 iwas iused ito icarry iout ithe FTIR ifor ithe isamples idried iat i70 
i0C.iBelow iis ithe itable ifor ithe iabsorption iobserved ifor ieach isample. 
 
 

SAMPLE N-H 
istretching 

C-H 
istretching 

C i= iN 
istretching 

Quinoid 
iBond 

Benzenoid 
iBond 

C-H iout iof 
iplane 

HCl 3750 3053 1644 1596 1496 800 
H2SO4 3787 - 1650 1559 1473 800 
HNO3 3787 3060 1647 1544 1437 824 

CH3COOH - - - 1559 1473 877 
Table i1: iFourier iTransformation iInfrared iSpectroscopy iof ithe iBulk iSamples 

 

 
Figure i1: iFTIR iof iPANI-HNO3 iBulk Sample 

  
  Fig.i1 iabove ishows ithe iFTIR ifor ithe iPANI-HNO3 isample.iThe imost isignificant ibands ifor ia iprotonated 
isample iwere iobserved iin ithe ibands iat i1574.17 icm−1 iand i1488 icm−1.iThe iring-stretching ivibrations iof ithe 
iquinonoid iand ibenzenoid irings iof ianiline ican ibe iattributed ito ithe i1574.17 icm−1 iand i1488 icm−1 ibands 
irespectively.iThe iband iat i3060 icm−1 iis idue ito ithe iC-H istretching iaromatics iwhich iis ivery istrong.iThere iwas ia 
iweak iC=N istretching iband iat ithe i2217.82 icm−1.iThe imono isubstituted ibenzene iis ia iclear icharacteristic iobserved 
iin ithe iabsorption ipeak iat i1041.59 icm−1.iThe iband iat i824.77 icm−1 iwas iattributed ito ithe iout iof iplane iC-H 
ibending. 
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Figure i2: iFTIR iof iPANI-H2SO4 iBulk iSample 

 
The ibands iat i3742.7 icm−1 iand i3787.75 icm−1 iare iattributed ito ihydrogen-bonded iN-H istretching.iThe 

iwavenumbers i2660.56 icm−1, i2165.14 icm−1 iand i2050.62 icm−1 iare idue ito iabsorption iof ifree icharge- icarriers iin 
ithe iprotonated ipolymer.iThe iquinonoid iand ibenzenoid iring-stretching ivibrations iwere iat ithe i1544.84.i A iblue ishift 
ican ibe iobserved ifor ithe iquinonoid icaused ibe ithe ivibrations iat ithe iprevious ifrequency ito i1599.36 icm−1 i ithe 
iband iat i863.50 icm−1 iin ithe ispectrum iof ithe iprotonated isample irepresents ithe iH2SO4 i– icounterion.i 
 

 
Figure 3: iFTIR iof iPANI-HCl iBulk iSample 

 
  The ifigure iabove, Fig. 3 ishows ithe iIR iof iPANI-HCl isample.iThe ibands iat i3212.94 icm−1 iand i3053.50 
icm−1 iare iattributed ito ihydrogen-bonded iN-H istretching iand ithe iaromatic iC-H istretching.iThe ibands iat i1596.19 
icm−1 iand i1496 icm−1 ican ibe iattributed ito ithe iquinonoid iand ibenzoid istructure iof iPANI icm−1 iin ithe ispectrum 
iof ithe isample icorresponds ito ithe iπ-electron idelocalized iinduced iin ithe ipolymer iby iprotonation.iThe iband 
iobserved iat i1206.48 icm−1 iis ia icharacteristic iof ithe iconducting iprotonated iform iof iPANI.i i 
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Figure i4: iFTIR iof iPANI-CH3COOH iBulk iSample 

 
The iquinoid iand ibenzenoid iring-stretching iwere ifound iat ithe i1559.62 icm−1 iand i1473.67 icm−1 

irespectively.i The iband icharacteristic iof iconducting iprotonated iform iwas iobserved iat i1242.62 icm−1.iThe i877.04 
icm−1 iband ican ibe iattributed ito ithe iC-H iout iof iplane ibending ivibrations iof ihydrogen iatoms.i 
Bands iat i1559 icm-1 iand i1473 icm-1 iare iassigned ito iquinoid iand ibenzenoid irespectively ifor iPANI-CH3COOH.iThe 
isame ibands iwere iobserved ifor iPANI-H2SO4 i. iThe iratio iof iIQ/IB ican ibe iused ito iestimate ithe idegree iof 
ioxidation istate.iThe isimilarities iobserved iin ithese itwo isamples ipoint ito ithe ifact ithat ithe ioxidation idegree iin 
ithe itwo idopants iis ithe isame.i iThe iIQ/IB iratio ifor iPANI-HCl iand iPANI-HNO3 isamples iwere inot ithe isame iin 
icomparison ito iany iof ithe isamples.iThis iindicates ithat ithese isamples ihad idifferent idegrees iof ioxidation i(Melad 
iet ial., 2016).iAccording ito i(Atassi iet ial., 2008) iband icharacteristics iof iprotonated iform iof iPANI iis iobserved iat 
i1246 icm-1 iand ithis ihas ibeen iinterpreted iasioriginating ifrom ibi-polaron istructures irelated ito iC-N istretchching 
ivibration. iIn ithis iwork ibands iat i1288 icm-1, 1206 icm-1,1242 icm-1 iand i1206 icm-1 iwere iobserved ifor iPANI-HNO3, 
iPANI-H2SO4, iPANI-CH3COOH iand iPANI-HCl irespectively.iAlso ipeaks iat i1580 icm-1 ihave ibeen ireported ito iconfirm 
ithe ipresence iof ia iprotonated iimine ifunction i(Rao iet ial., i2000).iPANI-HNO3, iPANI-H2SO4, iPANI-CH3COOH iand 
iPANI-HCl ithe ipeaks irecording iaround ithis iband iwere i1574 icm-1, i1544 icm-1, i1559 icm-1 and i1598 icm-1 
irespectively.  
I 
2.2.2. UV-Vis i spectra S 

The iabsorption ibands iobserved iare iusually iwithin ithe iranges iof i290-324, i402-430 iand i828-835nm ifor ia 
ipure iPANIi(Owusu-Sekyere iet ial., i2017).iThe ifigure ibelow ishows ia iblock idiagram iof ioptical idetection isystems iof 
ibulk isamples iof ipolyaniline iusing ithe ivarious iacids iemployed iin ithis iexperiment.iThere iare isome ibands ithat iare 
icharacteristics iof ipolyaniline.i 

 

 
Figure I5: Absorbance versus Wavelength of Bulk Samples 

 
The ibands iobserved iin iall ithe ifour isamples iare iin ithe istated iranges iaccording ito iliterature.iFor ithe 

iweak iacids iPANI–CH3COOH, ithe ibands iobserved iare iin ithe irange iof i350-365, i430-440 iand i770-800 inm.iThe 
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ipolaron iand ibipolaron ibands iwhich iare iclear icharacteristics iof iPANI ican ibe iseen iin ithe irange ifor ithe iacetic 
iacid.iSimilarly, ithe ibands iin iPANI-HNO3 iappears iin ithe iranges iof i335-360 inm iwhich iis iattributed ito ithe iπ i- iπ* 
ielectron itransition, ipolaron iis iobserved iin ithe i410-440 inm iband iand i700-800 inm ibeen ithe iband ifor itransition 
ibetween ibenzenoid-quinoid irings.iAmong ithe itwo iweak iacids iit iwas iobserved ithat ifor iHNO3 ithe ibands istretched 
ifurther ias icompared ito ithat iof ithe iacetic iacid. 

The ibands ithat iappear iin ithe iPANI-HCl isample iwere i310-400 inm, i420- i440 inm iwhich ishow ithe 
ipresence iof ipolarons iand ibipolarons itransitions iand ithe i700-810 inm iband iwhich ican ibe iattributed ito icharge 
itransfers ifrom ithe ibenzenoid iand iquinoid irings.iIn ithe isame iway ithese ibands iappeared iin ithe iPANI-H2SO4 

isample.iThe iabsorption ibands ithat ihave ibeen iobtained ifrom ithe iUV-Visible ispectra iare iin igood iagreement iwith 
ithat ireported iin ithe iliterature. 

Although ithe isamples isynthesized iusing idifferent iaqueous iacids idid ishow ithe ivarious ibands 
icharacteristic iof iPANI.iSome icomparisons ican ibe imade iin iterms iof ithe ibands iand ihow ithey iappeared ivia ithe 
ispectral ilines ifor ieach isample.iTo ibegin iwith iare iPANICH3COOH iand iPANI-HNO3.iAlthough ithe itransition iin iboth 
ioccurs iwithin ithe isame iband ithe idifference iin ithe iwavelength icould ipossibly ibe ias iresults iof ithe ielectron 
imaking ia ibigger ijump ifrom ithe ipi ibonding ito ipi ianti-bonding istate iin iPANI-HNO3.iThis iscenario iruns 
ithroughout ithe ientire ibands iwhen icomparing iPANI-HNO3 ito iPANI-CH3COOH. 

The itransition iof ithe ipi ibonding ito ithe ipi ianti-bonding iin iPANI-H2SO4 ioccurs iearlier ithan iin iPANI-HCl 
isample.iThis ican ionly ibe ias ia iresults iof ithe iH2SO4 iacid ibeen ia istronger iacid ithan ithe iHCl iand ias ia iresult ithe 
itransition ifrom iπ i- iπ* irequired ilower iwavelength ifor iPANI-H2SO4 isample ias icompared ito ithe iPANI-HCl 
isample.iBy icomparing ithe ifour isamples ithe iπ i- iπ* itransition ithen ican ibe iarranged ifrom ithe istrongest ito ithe 
iweakest ias iPANI-H2SO4 ifollowed iby iPANI-HCl ithen iPANI-HNO3 iand ithe iweakest ibeen iPANI-CH3COOH.i 
 
2.3. Determination iof ithe iBand iGap iof iBulk iSamples 

Using ithe iStern irelation ibelowi(Stern, i1963), ithe ienergy iband igaps i(Eg) iof ithe ithin ifilms iwere 
iestablished iby ithe iabsorbance ispectra. 

 A i= i௄(௛௩ିா௚)
೙
మ

௛௩
 (1) 

Where ihν iis ithe iphoton ienergy, A iis ithe iabsorbance; iK iequals ia iconstant iwhile in icarries ithe ivalue iof 
ieither i1 ior i4.iIn ia idirect itransition in iis iequal ito i1 iand i4 ifor iallowed iand iforbidden itransitions 
irespectively.iThe iband igap, iEg, iwere iobtained ifrom ia istraight iline iplot iof i(Ahν)2 ias ia ifunction iof 
ihν.iExtrapolation iof ithe iline ito iintersect ithe ihorizontal iaxis iat i(Ahν)2 i= i0, igave ithe ienergy iband igap ias ishown 
iin ithe ifigures ibelow.iThe iEg iobtained iwere i3.30 ieV, i3.75 ieV, i3.83 ieV iand i3.89 ieV ifor iPANI-HCl, iPANI-H2SO4, 
iPANI-HNO3 iand iPANI-CH3COOH irespectively. 
 

 
Figure 6: iBand iGap iof iBulk isamples 

 
   

SAMPLE Bulk iSample i(Eg/eV) 
i i iHCl 3.30 

i i iH2SO4 3.75 
i i iHNO3 3.83 

i i iCH3COOH 3.89 
Table I2: Band Gap of Bulk Samples 
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2.4. Measurement of Electrical Conductivity i 

Using ithe ifour ipoint iprobe irequires ithe iuse iof ithe iequation ibelow: 
 

                                       (2) 

Where; iρ i= iresistivity iof ithe imaterial, ithe ireciprocal iwhich igives ithe iDC iconductivity, iσ, isince iσ i= i1/ iρ 
I i= iAverage icurrent isupplied ito ithe ientire iset-up 

V i= iAverage ivoltage idrop imeasured iacross ithe isample 
t i= ithickness iof ithe isample 
 
 

DOPANT AVERAGE 
iCURRENT 

iI/mA 

AVERAGE 
iVOLTAGE 

iV/mV 

ρ i/ iΩ.cm 
 

σ/ iS.cm-1 

 
σ/ iS.cm-1 

from 
literature 

Reference 

HCl 1.95 2.00 1.956 0.669 0.16 (Sinha et al., 
2016) 

H2SO4 2.35 1.00 0.578 1.183 1.09 (Alesary et al., 
2018) 

HNO3 0.35 0.70 2.719 0.300 0.04 (Manaf et al., 
2017) 

CH3COOH 0.25 1.00 5.438 0.148 0.04 (Kulkarni et 
al., 2004). 

Table 3: Electrical Conductivity i 
 
3. Conclusion 

Polyaniline, PANI-ES was synthesized using four different dopants (HCl, H2SO4, HNO3 and CH3COOH). The method 
of synthesis was chemical oxidation. UV-Vis spectroscopy was carried out on the samples prepared by the method stated. 
Absorption peak was observed between the range 300-350 nm which depicts the π – π*electron transition. Another peak 
between 450 – 540 nm was also noticed for in all the samples and can be attributed to the polaron and bipolaron 
transition in polyaniline. A conductivity of 1.183 S/cm was observed for polyaniline doped with H2SO4 and it can be 
ascribed to the electron transfer in the structure as obtained from the UV-Vis analysis. HCl and HNO3 acid doped samples 
resulted in moderate conductivity while the CH3COOH doped sample had the least conductivity which might be due to the 
decrease in localized defect states in the polaron band as observed from iπ i- iπ* itransitions. 
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