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Abstract—Polyaniline (PANI) salt in its pure and doped forms find 
extensive applications in making devices such as polymer light emitting 
diodes, photovoltaic, sensors, batteries, and super capacitors. PANI 
salt has been synthesized successfully through chemically oxidative 
polymerization of aniline in the presence of hydrochloric acid (HCl) 
and sulfuric acid (H2SO4) using ammonium peroxydisulfate as an 
oxidizing agent. The absorption spectra of pure PANI salt and its 
doped state, in HCl and H2SO4 media, have been studied in the 
wavelength range from 200 to 1100 nm using ultraviolet and visible 
near infrared spectrophotometer. Tauc’s formula, Lambert-Beer’s 
relation, and Fresnel’s formula were employed in the MATLAB 
program to calculate the optical energy gap, refractive index, and 
dielectric constant. Results showed that doping with HCl and H2SO4 
acidic mediums caused a reduction in the direct energy gap of the pure 
PANI from 2.69eV to 2.42 eV and 2.54 eV, respectively. The reduction 
in optical energy gap is associated with the increase in refractive index. 
The refractive index (2.92) has a higher value of PANI doped with 
HCl. Higher refractive index values are for better-structured films.

Index Terms—Hydrochloric acid, Optical constants, Polyaniline, 
Sulfuric acid, Ultraviolet and visible spectroscopy.

I. Introduction
Conducting polymers, especially polyaniline (PANI) is well-
known as an environmentally stable and highly tunable 
conducting polymer, which can be produced as a bulk 
powder, cast films, or fibers. This is in conjunction with the 
feasibility of low-cost, large-scale production makes it an 
ideal candidate for devices such as supercapacitors (Liao 
et al., 2018; Du et al., 2017), polymer light emitting diodes 
(Xu et al., 2016), sensors (Dai et al., 2016), photovoltaic 
(Gizzie et al., 2015), and batteries (Ma, and Kan, 2013). 

The ability of PANI to exist in various forms through acid/
base treatment and oxidation/reduction, either chemically or 
electrochemically has made PANI the most tunable member 
of the conducting polymer (Chaqmaqchee, and Baker, 2015; 
Lu et al., 2011). PANI has a rigid backbone originating from 
an extended conjugated double bond. The rigid structure 
of PANI restricts its common usage and results in the 
insolubility, infusibility, and incompatibility of this material 
with common polymers (Kenry and Liu, 2018; Bharti 
et al., 2018). To improve its processability various methods 
have been tried, and two significant attempts to overcome 
these drawbacks are chemical modification such as doped 
PANI and substituted derivatives of PANI, respectively 
(Liao et al., 2019). The chemically modified PANI not 
only shows improved processability but also exhibit better 
conductivity property and anti-corrosion property than pure 
PANI (Olinga et al., 2000). In the last few years, number of 
researchers have focused on producing high-quality of PANI 
by modification of PANI by doping through protonic organic 
and inorganic acids (Al-Daghman et al., 2016). The solubility 
and conductivity of PANI can be greatly enhanced by doping 
through protonic organic acids. Three reasons can possibly 
explain this phenomenon. First, the protonic organic acids 
doped into the molecular chain of PANI act as a surfactant, 
which can improve its solubility. Second, functional groups 
of the protonic organic acids further improve its solubility. 
Third, when the protonic organic acids are doped into the 
PANI molecular chain, it is beneficial to the ionization of 
charge and meanwhile increases its conductivity (Liao, 
and Xu, 2019). These protonic organic acids commonly 
contain long alkyl side chains such as camphorsulfonic acid, 
dodecylbenzene sulfonic acid, p-toluenesulfonic acid, phytic 
acid, carboxylic acid, acetic acid, and oxalic acid. Since, 
the size of protonic organic acids is slightly large, causing 
their diffusion rate slows down. Therefore, more and more 
researchers turn their attention to protonic inorganic acids due 
to its size is relatively small, which facilitate its diffusion. 
Heteropoly acid, as a high-intensity proton acid, can afford 
protons in the preparation process of PANI, and can also be 
taken as a solid-state acid in solid-state synthesis reaction 
(Ladera et al., 2014). (Hassan et al., 2012) studied the a.c 
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conductivity of PANI pure and doped with inorganic acids 
(such as HCl, and H2SO4) at room temperature. They found 
that the sample doped with HCl has higher conductivity 
from the other samples. Furthermore, they found that PANI 
doped with H2SO4 has improved the enhanced solubility 
which dissolvent partially in water. Kulkarni et al., 2004, 
studied the nanostructures of PANI doped with HCl, H2SO4, 
HClO4, HNO3, and H3PO4. The HClO4 doped PANI showed 
the folded lamellar structure derived from the fibers. 
Moreover, a greater fraction of the conducting emeraldine 
salt phase was formed in HClO4 as a protonic acid media. 
Zhang et al., 2002, studied the nanostructures of PANI 
doped with inorganic acids such as HCl, H2SO4, HBF4, and 
H3PO4. They found that the morphology, size (150–340 nm), 
and conductivity (0.1–10 S/cm) of the obtained PANI 
nanostructures mainly relied on the dopant structures and 
the reaction conditions. Interestingly, the thermal stability 
of H3PO4 doped PANI was found to be improved compared 
to other acids doped PANI. Gong et al., 2002, described a 
novel solid-state synthesis method to prepare H4SiW12O40 
doped PANI. The conductivity property and fluorescence 
property of the H4SiW12O40 doped PANI were found to 
be excellent. In this work, PANI salt has been synthesized 
through chemically oxidative polymerization of aniline in 
the presence of hydrochloric acid (HCl), and sulfuric acid 
(H2SO4) using ammonium peroxydisulfate (APS) as an 
oxidizing agent at room temperature. The synthesis of pure 
PANI and in its doped state, in HCl (PANI-HCl) and H2SO4 
(PANI-H2SO4) media were studied and characterized in 
terms of absorption properties, optical energy gap, refractive 
index, and dielectric constant. The purpose of this work is to 
synthesis the easiest and cheapest method with a high quality 
of PANI for electronics device applications.

II. Materials and Methods
A. Materials
The chemicals used in the preparation of PANI are 

aniline hydrochloric (C6H5 NH2 HCl), ammonium persulfate 
(NH4)2S2O8, HCl, H2SO4, acetone, and dimethylformamide 
(DMF) are of high purity (>99%), which their supplier 
companies are Hopkin and Williams (UK) and BDH (Middle 
East LLC) were obtained from the Chemistry Department, 
College of Science, University of Baghdad.

B. Synthesis of Pure and Doped PANI
PANI salt has been synthesized through chemically 

oxidative polymerization of aniline in the presence of HCl 
and H2SO4 using APS as an oxidizing agent (Ninh et al., 
2016; Hassan et al., 2012). The aniline hydrochloride and 
APS solutions were prepared by mixing (0.2 M) aniline 
hydrochloride with (0.25 M) APS in an aqueous medium. The 
pure sample was prepared in distilled water and the doped 
samples with (2) molarities of HCl and H2SO4 in aqueous 
solution. Three- necked round-bottomed flask equipped with a 
thermometer. Electromagnetic stirrer and condenser were used 
to polymerize PANI. To prepared sample doped with (2 M), 

aniline hydrochloride in (1 M) aqueous solution in a volumetric 
flask to (50 ml) of solution, ammonium pexroydisulfate is 
similarly dissolved in (1 M) HCl also to 50 ml of solution, 
both solutions are mixed at room temperature in a rounder, 
and gentle stirring to polymerize the mixture, and left the rest 
to the next day. The (PANI) precipitate is collected on a filter 
and washed with 3 times (100 ml) of 0.2 M HCl, and 150 
M of acetone. PANI (emeraldine salt) hydrochloride powder 
was dried in air for 1 h than in the vacuum oven at 80°C 
for 6 h; the powder was thoroughly grounded in a mortar to 
obtain very fine particles. In a similar way, PANI has been 
doped with H2SO4 acid; Figs. 1 and 2 (Al-Daghman et al., 
2016; Stejskal, and Polyaniline, 2002). The standard solution 
cast technique was used to prepare the pure and doped PANI 
films. The PANI solution was prepared by weighted 0.1 g of 
PANI salt and dissolved in 10 ml of DMF and stirring for 
3 h. The solutions were then cast into different clean and dry 
dishes and allowed to evaporate at room temperature until 
solvent-free films were obtained.

C. Ultraviolet and visible (UV-Vis) Spectroscopy
UV-Vis spectrophotometer model UV/1601 manufactured 

by Shimadzu Co. (Japan) was carried out in the Chemistry 
Department, College of Science, University of Baghdad 
(Manual, 1994; Robert et al., 2005). UV-Vis spectroscopy 
is a reliable and accurate analytical laboratory assessment 
procedure that allows for both qualitative and quantitative 
analysis of a substance. Specifically, UV-Vis spectroscopy 
probes the electronic transitions of molecules as they absorb 
light in the UV and visible regions of the electromagnetic 

Fig. 1. Oxidation of aniline hydrochloride with ammonium 
peroxydisulfate yields polyaniline hydrochloride.

Fig. 2. Protonic acid media doping of polyaniline (PANI) (PANI-
emeraldine salt).
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radiation (Schymanski et al., 2014). The absorption spectra 
of the synthesized pure and doped PANI were recorded over 
a wavelength range of 200–1100 nm. The MATLAB program 
was used, and Tauc’s formula, Beer-Lambert’s relation, and 
Fresnel’s formula were employed in the program to calculate 
the absorption coefficient and the optical constants.

III. Results and Discussions
A. Absorbance Spectra of Pure and Doped Samples
Fig. 3 shows the UV-visible absorption spectra at the 

range 200–1100 nm of pure and doped PANI with HCl and 
H2SO4. The absorption peaks occur at 200 and 553nm of 
pure PANI assigned to π→π* electronic transitions related 
to the benzenoid form of PANI and polaron→π* electronic 
transitions related to the quinoid rings of PANI, respectively 
(Melad, and Jarur, 2016). The absorption spectra of doped 
PANI with HCl showed two peaks around 200 nm and 870 nm 
assigned to π→π* electronic transitions and π→ polaron 
electronic transitions, respectively. The absorption spectra of 
doped PANI with H2SO4 showed three peaks around 200 nm, 
271 nm, and 885 nm assigned to π→π* electronic transitions, 
polaron→π* electronic transitions, and π→ polaron electronic 
transitions, respectively (Hassan, 2013; Yin, and Ruckenstein, 
2000). This confirms the polaron band formation in the band 
gap of the polymer on of protonic acid doping (Al-Daghman 
et al., 2016; Varma et al., 2012). In general, PANI-HCl 
exhibited the best optical absorbance in the UV, visible and 
Near Infrared regions among the other samples.

B. Optical Band Gap
Optical absorption spectra constitute one of the most 

important means to determine the optical energy gap (Eg) 
of organic and inorganic semiconductors (Muhammad 
et al., 2010). Energy gap is called band gap which is of 
fundamental importance because the energy gap determines 
the electrical conductivity and optical absorption character 
of the PANI. The absorption coefficient (a), at the 
corresponding wavelengths, is calculated using the Beer-
Lambert’s relation: α = 2.303A/l where l is the path length 
and A is the absorbance (Hassan, 2013). Fig. 4 shows the 
absorption coefficient as a function of the wavelength of pure 
and doped PANI. The photon absorption in many amorphous 
materials is found to obey the Tauc relation (Abdulla, and 
Abbo, 2012; Muhammad et al., 2011), which is of the form:
	 	 	 Αhv = B (hv−Eg)

m (1)
Where hν	 is the energy of the incident photon, Eg is 

the optical energy band gap, B is a constant known as the 
disorder parameter which is nearly independent of photon 
energy parameter, and m is the power coefficient with the 
value that is determined by the type of possible electronic 
transitions. For the direct and indirect allowed transition 
= 1/2 or 2, respectively (Gupta et al., 2010). For high 
absorption coefficient α > 103 cm−1 that refers to the direct 
transition (Zeadan et al., 2009; Ali et al., 2008). The index 
n = 1/2 represents the directly allowed transition energy gap. 
To determine the value of the energy gap, graphs of (αhv)2 

against hν were plotted, as shown in Fig. 5. Extrapolation 
of this plot for (αhv)2 = 0 gives the value of Eg (Muhammad 
et al., 2017). The value of the optical direct transition energies 

Fig. 3. Ultraviolet-visible absorbance spectra of pure and polyaniline 
doped with hydrochloric acid and sulfuric acid.

Fig. 4. Absorption coefficient as a function of the wavelength of pure and 
doped polyaniline with hydrochloric acid and sulfuric acid.

Fig. 5. Direct allowed transition energy of pure polyaniline (PANI) and 
doped PANI with hydrochloric acid and sulfuric acid. 
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obtained from Fig. 5 is 2.69 eV, 2.42 eV, and 2.54 eV of 
pure and doped PANI with HCl, and H2So4, respectively. 
The reduction in the optical band gap is probably due to the 
modification of the polymer structure (Mathai et al., 2002). 
The energy gap determines the electrical conductivity and 
optical absorption character of the PANI. The reduction in 
the optical band gap to 2.42 eV due to the dimensions of 
resulting ions, which play an important role in the process 
of diffusion, it is known that acids are compounds that 
dissociate in water, only to give positive hydrogen ions and 
negative ions of the acid residue. In doping PANI with HCl, 
dissociation to cations and anions takes place: HCl H ++Cl− 
while in doping with H2SO4, the dissociation is:

  H SO H SO
2 4 4

2
2→ ++ -  (2)

In both cases, positive hydrogen cations are formed. The 
difference is in the negative anions that are in the first case 
the anions of non-metal (Cl−1), and in the second case the 
anions (SO4

−2) are composed as molecules, but the particle is 
negatively charged (Gazdic et al., 2016).

C. Refractive Index and Optical Dielectric Constant
The refractive index (n) is a fundamental optical property 

of polymers that are directly related to other optical, electrical, 
and magnetic properties, and also of interest to those studying 
the physical, chemical, and molecular properties of polymers 
by optical techniques. The optical properties of the samples 
can be characterized by the complex refractive index. The 
complex refractive index is expressed as n	 =	 n(ω)	 +	 ik(ω) 
where n(ω) is the real part and k(ω) is the imaginary part of 
refractive index. The refractive index, n, can be estimated, 
using the Fresnel formulae as follows (Muhammad et al., 
2017; Aziz et al., 2017; Hassan, 2013):

  n= R
R

k
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R2
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Where R is the reflectivity and k	=	αλ/4π is the extinction 
coefficient. The extinction coefficient k describes the 
properties of the material with respect to light of a given 
wavelength and indicates the absorption changes when the 
electromagnetic wave propagates through the material (Al-
Tememee et al., 2012). The values of reflective index n as 
a function of the wavelength of pure and doped PANI with 
HCl, and H2SO4 is shown in Fig. 6. It is observed that the 
refractive index decreases with the increase of the wavelength. 
The value of the refractive index at the wavelength 800 nm 
is 1.14, 2.92, and 1.82 of pure and doped PANI with HCL, 
and H2So4, respectively. The increase in the reflective index 
may be attributed to higher packing density and change 
in crystalline structure also by increasing the C–H bonds 
(Nahida, and Marwa, 2011). Higher refractive index values 
are for better-structured films (Al-Tememee et al., 2012). 
The dielectric constant (ε) consists of a real part (εr) and an 
imaginary part (εi), which depend on the frequency of the 
electromagnetic wave. εr is the real part associated with the 
term that shows how much it will slow down the speed of 
light in the material. εi is the imaginary part of the dielectric 
constant, which shows how a dielectric absorbs energy from 

an electric field due to dipole motion. The imaginary part 
of the dielectric constant was determined by the following 
relations (Ahmed et al., 2009; Aqili et al., 2000):
	 	 	 εr = n2−k2 (4)
	 	 	 εI	=	2nk (5)
The real part of dielectric constant is related to the 

dispersion, and the imaginary part represents the dissipative 
rate of electromagnetic wave propagation in the medium. 
The real and imaginary parts of the dielectric constant as a 
function of wavelength are shown in Figs. 7 and 8 of pure 
and doped PANI with HCl and H2SO4. The variation of εr 
depends on the values of n2 as a result of small values of k2 
in comparison with n2 (εr = n2), whereas εi mainly depends on 
the k values which are related to the variation of absorption 
coefficient (Faramarzpour et al., 2008). From Fig. 7, the 
value of εr at the wavelength 800 nm is 1.33, 8.70, and 3.29 
of pure and doped PANI with HCL, and H2SO4, respectively. 
The values of the optical properties of pure and doped 
PANI with HCL and H2So4 are presented in Table I. The 
reduction in optical band gap is associated with the increase 
in refractive index. The decrease in the optical band gap 
(Table I) can be related to an increase in optical dielectric 
constant. An increase in an optical dielectric constant means 

Fig. 6. Index of refraction as a function of the wavelength of pure 
polyaniline and doped with hydrochloric acid and sulfuric acid.

Fig. 7. Real dielectric constant versus wavelength of pure polyaniline and 
doped with hydrochloric acid and sulfuric acid.
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the introduction of more charge carriers to the host material 
and thus an increase in the density of states.

IV. Conclusion
PANI salt has been synthesized via chemically oxidative 
polymerization of aniline in the presence of HCl and H2SO4 
using APS as an oxidizing agent at room temperature. PANI 
salts were characterized using UV-Vis spectroscopy to 
investigate the variations in the optical properties. Doping 
with HCl and H2SO4 reduced the direct band gap of the pure 
PANI from 2.69eV to 2.42eV and 2.54eV. The reduction in 
optical band gap is associated with the increase in refractive 
index. The refractive index has a higher value of PANI 
doped with HCl (2.92). Higher refractive index values are for 
better-structured films.
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