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ABSTRACT 

Additional information is provided regarding the precise doping processes used on PANI nanoparticle samples. This method involves 
polymerizing aniline monomer into conductive PANI emeraldine salt (ES) using dodecylbenzenesulfonic acid (DBSA) as an accelerator 
and dopant, in addition to the oxidizing agent and ionizing γ-irradiation. This fast one-step technique produces PANI straight from its 
monomer.  The interactions in this synthesis technique stimulate the development of longer PANI chains, which improves solubility, 
thermal stability, and conductivity. Adding DBSA, a long-chain organic acid, as a dopant ion during γ-irradiation improves the optical 
and dielectric properties of the PANI nanoparticles.  Thermogravimetric analysis (TGA) data confirms that the thermal stability of the 
PANI nanoparticles increases with larger doses of gamma radiation. In the range above 370 to 600˚C indicating some structural 
decomposition of the polymer backbone. This may be due to acid hydrolysis causing chain scission during the polymerization process 
under the impact of γ-irradiation. The direct double-doping approach using γ-rays and DBSA in a single step eliminates the 
requirement for the typical synthesis process for these nanomaterials with long-chain dopant ions, therefore avoiding time-consuming 
stages like de-doping and re-doping. 
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1. INTRODUCTION 

Recent years have seen an increase in scientific and 
technological interest in polymer systems with unique 
properties.  These systems provide an enormous array of 
potential new materials that can be created and have a 
wide range of electrical, optical, and magnetic capabilities. 
The repeatable management of the macromolecular's 
supramolecular and molecular architecture through an 
easy-to-follow organic synthesis process is essential for 
technological applications. Polyaniline (PANI) is a 
conductive polymer that can be manufactured with no 
special equipment or precautions. Because conducting 
polymers usually exhibit highly reversible redox activity 
with detectable chemical memory, they have been 
regarded as major innovative materials for the creation of 
devices such as industrial sensors. [1-4]. Doping amount, 
protonation level, dopant ion size, and water content all 
have a substantial influence on the characteristics of 
conducting polymers. Conducting PANI is produced by 
either chemical oxidative polymerization or 
electrochemical oxidative polymerization [1,4-7]. The 
electrical insulator known as the emeraldine base (EB) 
type of PANI is composed of two nitrogen atoms from an 
amine and two nitrogen atoms from an imine. Protonic acid 
doping and oxidative doping are two different doping 
strategies for converting PANI EB into a conducting state 
[7-10]. The process of protonating imine nitrogen atoms 
without exchanging electrons is known as protonic acid 
doping of emeraldine bases.  Leucoemeraldine undergoes 
oxidative doping to form ES through electron exchange.  

 

The presence of the -NH group in the polymer backbone is 
thought to be the primary source of structural 
modifications, as protonation and deprotonation affect the 
polymer's electrical conductivity and color [1,10, 11]. 

When organic and inorganic acids are employed to 
protonate the emeraldine base, the ES PANI is formed.  This 
practice is usually known as doping.  When PANI, in the 
form of an emeraldine base, is treated with acids, protons 
interact preferentially with nitrogen imine atoms, leading 
to the production of polycations [9-12]. As a result, the 
acids HCl and H₂SO₄ are regarded to be the most effective 
dopants for protonating PANI. The lone electron pair of 
nitrogen atoms "unpairs" without changing the system's 
electron count because electron density tends to 
redistribute due to positive charges focused on 
neighboring nitrogen atoms, which raises the total energy 
of the polymer system [12-15]. When polymers are 
subjected to γ-radiation, they scission and liberate 
molecules, atoms, and fragments of molecules, causing 
structural defects and the original structure to break down 
[16–18]. Scission, cross-linking, or both may be induced, 
and a variety of charged species, ions, and free radicals are 
generated. This results in changes to the molecular weight, 
density, solubility, and optical and electrical 
characteristics, and it is dependent on the energy of the 
ionization radiation and the polymer's composition. 
However, the radiation method has proven to be a cost-
effective and environmentally friendly approach for 
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producing large quantities of metal nanoparticles with 
tunable sizes and structures [1,15]. Furthermore, the 
obtained results demonstrate superior performance 
compared to those achieved through alternative methods.  

2. EXPERIMENTAL PROCEDURE  

A hybrid chemical technique was used to oxidize an aniline 
monomer by γ-irradiation, resulting in PANI ES, the 
conductive form. If DBSA is present, radiation may alter the 
polymer. Additionally, reactions between gases or 
polyaniline molecules and γ-ray photons can indirectly 
produce ionic species. Secondary electron collisions, rather 
than direct γ-ray excitation, lead to ionization. 
Furthermore, exposure to radiation drops the polymer and 
may not affect its oxidation state. We previously released 
the materials, PANI nanoparticle formation under gamma 
radiation, together with the procedures for setup. For 
additional details, refer to [1]. 

3. PANI NANOPARTICLES' UV-VIS SPECTRA  

Figure 1 illustrates the UV-VIS spectra of the irradiation-
clear green-filtered PANI nanoparticle suspension 
acquired during our investigation, which shows three 
principal absorption peaks. The first peak, which appears 
at around 800 nm, is caused by electrical changes in the 
C=N bond, or electron migration from the benzenoid to the 
quinoid rings. This could be because the imine group, 
which symbolizes the polarons and produces the color 
green, creates a C=N double bond when PANI is used. The 
third absorption peak at 350 nm, which is linked to the π-
π* transition of the benzenoid ring, and the second peak at 
423 nm, which represents the π* ← π transition in 
polaron/bipolaron and is connected to the polaron band 
transitions, both suggest the presence of the polymer in its 
ES state, the conductive form of PANI [1,2,19]. A conductive 
ES spectrum of PANI that typically is comprised of these 
three peaks. This ES spectra is comparable to that of bulk 
PANI produced in the solution phase under chemical 
experimental conditions [20].  

The production of conductive polyaniline is characterized 
by the longitudinal peak at 800 nm. Molecular orbitals 
serve as the foundation for UV-Vis spectroscopy's 
operation. Bonding and anti-bonding orbitals, which are 
created by adding or deleting the appropriate atomic 
orbitals, are the molecular orbitals found in all compounds. 
A molecule's valence electrons are located in the bonding 
orbital, also known as the highest occupied molecular 
orbital (HOMO). In contrast, the anti-bonding orbital, also 
known as the lowest unoccupied molecular orbital (LUMO), 
is usually electron-free. This is an ideal description that 
only applies to individual molecules. Actually, a bulk 
material is composed of several atoms assembled together. 
In this case, the LUMOs and HOMOs of each atom are 
combined to form a large number of closely spaced orbitals, 
or bands. The two distinct bands that form are known as 
the conduction band (CB) and valence band (VB). 
Conduction band electrons are more widely separated 
from their particular nuclei, allowing for free movement 

within the material, while VB electrons are securely 
bonded to their unique nuclei 

 

Figure 1. Absorption UV-vis spectra of PANI nanoparticles 
produced at different dosages 

The UV-visible absorption spectra results support the 
previously published suggested production technique [1]. 
However, low-dose γ-irradiation of the PVP ES PANI is 
expected to produce more C–OH and C–H side chain 
scissions because C–C bonds have a much higher binding 
energy than C–OH and C–H bonds [1-4]. Novel bonds like 
C=O and C=C will form in aldehyde molecules as a result of 
increased C-OH covalent bond scissions brought on by 
higher dosages [1,21]. According to UV-vis analyses, the 
C=N double bonds that develop in the imine groups as the 
dosage rises are what give PANI its green color and 
increased intensity. 

3.1 The Optical Band Gap Energy 
  
The optical band gap energy in a semiconductor is found by 
graphing the absorption coefficient α(v) α(v) as α(v)hv)1/ 
m vs. hv, where m indicates the kind of transition and hv is 
the photon energy [1,4,20,21]. For permissible, approved 
indirect, forbidden, and prohibited direct transitions, their 
values can be ½, 2, 3/2, or 3, respectively. Nevertheless, the 
PANI nanoparticles' band gap analysis showed that when 
the band gap energy dropped, the gamma dosage and/or 
DBSA concentration increased. 

Free acid, dilution, interference from the oxidant's ionic 
byproducts, and the fact that more electrons are created as 
the gamma dose rises, which suggests the production of a 
more conductive ES with a high protonation level, all 
contribute to the observed behavior. In essence, photons 
from UV-visible light sources with energies higher than the 
band gap energy will be absorbed by the materials under 
study. Electronic transitions from the HOMO π-band to the 
LUMO π*-band are associated with absorption [21–24]. 
The absorption edge, the lowest energy level in the band 
gap between the VB's HOMO and the CB's LUMO, is where 
electronic transitions between the valence and conduction 
bands start. 

Graphs of (α(v)hv)2 vs. hv for PANI nanoparticles 
distributed in PVP at different DBSA concentrations have 
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been previously presented and discussed in [1]. In order to 
determine the direct band gap energy of PANI 
nanoparticles in PVP, Mott and Davis [25] recommend 
utilizing the curves at (α(v)hv)2 = 0. However, the results 
show that the band gap Eg value decreases as the gamma 
radiation increases. 

The optical band gap energy decreases with increasing 
radiation dosage. For the π-π* electronic transition, the 
irradiation composite produces more polarons, which 
decreases the band gap between the valence band (VB) and 
conduction band (CB), thereby increasing conductivity. 
The observed decrease in the band gap energy gap of the 
increased irradiation, which is consistent with the 
formation mechanism proposed in previous studies [1], 
lends support to this. The energy band gap was reported to 
decrease from 1.32 eV to 1.0 eV as the dose increased from 
10 kGy to 50 kGy [1,25]. Additionally, the irradiation 
composite's increased polaron concentration results in a 
smaller band gap for the π-π* electronic transition. 

Additionally, polymers can be doped with radiation. A 
summary provided by [1-4,26,27] stated that radiation can 
alter polymers chemically by causing chain scission, cross-
linking, C=C creation, alkyne group production, and 
reduction of heteroatoms, such as sulfur, nitrogen, or 
oxygen. Furthermore, the same outcome was noted in a 
lengthy investigation conducted in polycarbonate using 
irradiation-induced years ago by references therein 
[28,29]. 

The primary effects of radiation on polymers include chain 
scission and other alterations that improve their optical 
properties. Therefore, the band gap energy was reduced by 
utilizing two doping strategies: DBSA acid and gamma 
irradiation. This was due to the radiation-induced sharp 
increase in intercluster interactions. Following the 
application of DBSA and γ-irradiation, they made the 
unexpected discovery that, as suggested by the proposed 
creation mechanism, higher dopant levels result in higher 
protonation levels with more polarons. This is because the 
same degree of doping is employed for both the DBSA and 
gamma inter-chain interactions. Our UV-vis study of DBSA 
also showed a red shift because the drug reduces the pH of 
the medium; this leads to a decrease in the band gap due to 
greater protonation. 

4. THE DIELECTRIC PROPERTIES OF PANI 
NANOPARTICLES 

The dielectric constant (E') and dielectric loss (E'') for PANI 
nanoparticles synthesized at various γ-irradiation dosages 
ranging from 10 to 50 kGy in steps of 10 kGy are plotted 
against log frequency in Figures 2 and 3, respectively. For 
all irradiated PANI samples, a significant drop in the 
dielectric loss and dielectric constant has been noted with 
increasing frequency. A steady approach to the charge 
carriers' resonance frequency along the polymeric chains 
is shown by the significant decline in both the dielectric 
constant and the dielectric loss at higher frequencies [29-

31]. The tendency of dipoles in macromolecules to align 
themselves with the applied field at low frequencies may 
be the cause of the sharp decline in dielectric constant with 
increasing frequency. Singh and Gupta also noted this 
phenomenon in their investigation of dielectric relaxation 
in polymer (PVA-H3PO4) electrolytes. Higher frequencies 
result in a change in the direction of polarization, which 
lowers the dielectric constant and dielectric loss. The 
charge carriers go across the dielectric, become trapped 
against the faulty sites, and create an opposing charge 
nearby. The dielectric constant, however, falls in the high-
frequency range because the dipoles would find it difficult 
to align themselves with the applied field [32,33]. 
Furthermore, when the γ-influence increases, so do the 
PANI nanoparticles' dielectric constant and dielectric loss. 
The creation of conjugated double bonds as a result of γ-
irradiation, or the formation of the conductive form of PANI 
ES at higher doses, is responsible for this rise in both the 
dielectric constant and the dielectric loss. For several 
polymers exposed to ion beams, the same outcome has 
been noted: irradiation causes π-electron clouds to 
develop, with the polarization oriented in the direction of 
the molecular chains [1-4].  

 

Figure 2. Dielectric constant of PANI nanoparticles produced at 
various gamma irradiation levels as a function of log frequency 

 

Figure 3. Dielectric loss of PANI nanoparticles produced at 
various gamma irradiations as a function of log frequency 

The low amount of protonation of the PANI chains, which 
results in fewer polarons being generated, may be the 
cause of the reduced dielectric constant and dielectric loss 
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of PANI nanoparticles at low irradiation doses. The 
enhancement of PANI nanoparticles' dielectric constant 
and dielectric loss results from the beneficial effects of γ-
rays on the salt form of PANI synthesis, as demonstrated by 
UV studies, and their smaller size and improved 
distribution, as observed in SEM, which promotes better 
electronic transport. 

 

Figure 4. Dielectric constant vs. gamma irradiation dose for 
PANI nanoparticles 

 

Figure 5. Dielectric losses vs. gamma irradiation dose for PANI 
nanoparticles 

Under the influence of gamma irradiation, the dielectric 
constant increases from 3 x 10³ at 10-kGy to 33 x 103 at 20 
kGy, then increases to 37 x 103 at 30-kGy and then to 3 x 
106 at 40-kGy and reach the maximum to be 49 x 105 at 50-
kGy as presented in Figure 4. On the other hand, the 
dielectric loss increases from 5 x 107 at 10-kGy to 15 x 107 
at 20-kGy to 5 x 108 at 30-kGy to 4 x 109 at 40-kGy and then 
to be 1.6 x 1010 at 50-kGy as shown in Figure 5. In addition 
to the creation of conductive islands (double-bonded 
carbonaceous clusters), scissioning of the polymer chain 
may be the cause of the rise in dielectric constant and 
dielectric loss brought on by intense γ-irradiation. 
Gasaymeh reported similar outcomes in the case of proton-
irradiated polymers, which were ascribed to increased 
protonation and the formation of more polaron as a result 
of a higher irradiation dosage [1-4]. The noticeable 
increase in both the dielectric constant (E') and dielectric 
loss (E'') at doses above 30 kGy can be attributed to the 

enhanced formation of polarons and bipolarons within the 
PANI matrix under higher γ-irradiation doses. These 
charge carriers increase the interfacial polarization and 
conductivity of the nanocomposite, especially at low 
frequencies. Moreover, the higher radiation dose may 
induce more structural defects and promote chain scission, 
resulting in increased mobility of charge carriers and 
dipolar alignment, which contributes to the observed 
enhancement in dielectric properties at 40 and 50 kGy 

5. THERMAL GRAVIMETRIC ANALYSIS (TGA)   

Some of the generated samples were subjected to TGA 
measurements. A known weight of the composites was 
heated from room temperature to 600 °C, which is between 
the solvent's boiling point and the polymer's breakdown 
temperature, at a rate of 10 ˚C/min. 

Figure 6 displays the weight loss of PANI nanoparticles at 
varying irradiation doses as a function of temperature. 
Chain scission, cross-linking, and changes in the chemical 
composition, structure, and constitution of polymers are 
caused by ionizing radiation. These changes include the 
production of C=C, the formation of alkyne groups, and the 
depletion of heteroatoms, such as N, S, or O [1-4,34-37]. 
Compared to the traditional oxidation polymerization 
method via chemical and electrochemical means, this 
might improve thermal stability [37-39]. However, the 
findings indicated that the molecular weight and 
crystallinity at the primary decomposition temperature 
can influence the thermal stability of PANI nanoparticles. 
This tendency is consistent with modest structural change. 
Consequently, weight loss diminishes as γ-dose rises. The 
outcome shows that γ-irradiation causes PANI 
nanoparticles with a reduced molecular weight to develop. 

 

 

Figure 6. displays the PANI/DBSA nanoparticles' TGA 
thermogram made at various γ-doses 

The decomposition temperatures obtained from TGA 
thermogram of PANI nanoparticles exhibit two-step weight 
loss behavior. The first loss of weight appears below 140°C 
and is contributed by the elimination of impurities, residual 
water, and unreacted monomers. The evaporation and 
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degradation of DBSA is represented by the second weight 
loss that begins at about 250 °C. At this point, the polymer 
chain and the dopant (DBSA) no longer interact through the 
NH+…SO3– interaction, and DBSA breakdown begins. Pure 
DBSA starts to degrade at about 250 °C [38]. As a result, the 
doped PANI nanoparticles' initial degradation temperature 
is greater than that of the pure DBSA and shifts to a higher 
temperature range as the system's gamma dosage 
increases. 

Moreover, there is a noticeable weight loss stage, starting 
at above 370 ˚C up to around 500 ˚C, is assigned to 
structural decomposition of the polymer backbone. The 
more thermal stability as γ-doses increase could be 
attributed to the better order structure in the nanoparticle, 
as the influence of irradiation may hinder the heat 
accumulation between the particles. The weight loss of the 
thermal decomposition versus γ-doses (kGy) of the 
synthesized PANI nanoparticles is illustrated in Figure 7. 
The TGA analysis presented in Figure 7 covers a 
temperature range from room temperature up to 
approximately 600 °C, clearly demonstrating the influence 
of γ-irradiation on thermal degradation behavior 

 

Figure 7. Weight loss of PANI nanoparticles produced at 
varying radiation intensities as measured by TGA 

thermogram 

As any of the aforementioned parameters (dose and DBSA 
dopants) increased, PANI nanoparticles showed a greater 
degradation temperature, indicating a decrease in weight 
loss. This may be due to acid hydrolysis causing the 
sample's chain scission during the polymerization process 
under γ-irradiation's effect.  Moreover, the presence of 
DBSA when exposed to γ-irradiation may cause 
morphological changes within the polymer and is shown by 
the SEM micrographs [1-4]. 

In this study, the γ-irradiation method resulted in superior 
performance of PANI nanoparticles compared to 
conventional synthesis techniques. Specifically, the 
conductivity of γ-irradiated PANI was 20% higher than that 
obtained using chemical oxidative polymerization methods 

(40). Similarly, the dielectric constant of γ-irradiated PANI 
showed a 15% increase, surpassing the values reported by 
conventional electrochemical methods (41). Furthermore, 
the thermal stability of the γ-irradiated PANI nanoparticles 
was enhanced by 10% compared to those synthesized by 
traditional methods, as demonstrated by the TGA analysis 
(42). These improvements highlight the effectiveness of γ-
irradiation in enhancing key properties of PANI 
nanoparticles, making it a promising technique for the 
synthesis of high-performance conducting polymers. 

6. CONCLUSIONS 

 
The objective of this article is to create a novel technique 
for manufacturing conducting nanomaterials using γ­ray 
radiation. The potential of γ-irradiation strategies to 
enhance the optical and dielectric characteristics of 
manufactured nanocomposites in the presence of 
protonated DBSA has been investigated. As a result of the 
loss of 𝑆𝑂3

−, DBSA experiences high-degree side chain 
degradation during γ­irradiation. The aniline monomer is 
subsequently "in situ", polymerized into ES state the 
conducting form PANI, by using this oxidant effect to dope 
the aniline imine group. When studying the optical 
characteristics of PANI nanoparticles, UV-Vis spectroscopy 
was utilized. This method confirmed the synthesis of PANI 
by showing that the absorption level at the 800 nm band 
for conducting PANI showed an exponential increase with 
higher dosage (kGy) and/or the addition of DBSA. Visual 
examination of the composites revealed that they changed 
color from colorless to dark green. When compared to PANI 
nanoparticles made by chemical and electrochemical 
processes, our PANI nanoparticles exhibit a superior 
protonation of the PANI backbone due to their greater 
wavelength, which occurs around the peak of 800 nm. The 
usage of DBSA doping under radiation impacts the charge 
carriers. One way that doping affects PANI is by increasing 
the mobility of charge carriers and the density, which 
raises the ratio of bipolaron to polaron and forms a 
conductive form.  

These findings demonstrate that the conductivity, 
dielectric constant, dielectric loss, and optical band gap all 
reach optimal values at a dopant concentration and dose, 
which meets our goal. Furthermore, these evenly 
distributed nanoparticles of PANI functioned as mini 
capacitors in the composites. Therefore, the buildup of 
these nano-sized capacitors is responsible for the PANI 
composite material's high dielectric constant. The charge 
linked with a single particle was limited to that particle 
since these nanoparticles were lodged within the PVP; for 
larger particles, the charge could not move to nearby 
particles. On the other hand, as dosage, DBSA, and aniline 
rose in the system because of the development of the 
conductive form of PANI (ES), more charge carriers could 
be produced, expanding the dielectric characteristics on 
the protonation level. As a result, the chain broke up into 
smaller pieces, and the dielectric properties increased with 
the addition of aniline monomer, DBSA, and gamma 
radiation. Exposure to radiation produces this effect. 
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Changes in material characteristics, including an increase 
in dielectric constant and loss, can result from scissioning 
under high γ-irradiation. This results from modifications to 
the material's molecular structure, which affect how the 
material responds to electric fields. 

The research of conducting polymers has several 
opportunities. It is now possible to design and construct 
conducting PANI-based devices even if the charge transfer 
properties of conducting polymers are still unclear. This is 
due to the reproducibility of electrical, optical, and other 
features. It is suggested that this study's next phase focus 
on developing gadgets that would be superior to those 
constructed of traditional materials in a number of ways. 
Furthermore, the semiconductor industry, photovoltaic 
cells, sensor materials, and photonic band gap materials all 
of which have not yet been fully explored can employ 
nanostructured polymers. Moreover, multiple additional 
conducting polymers should be involved in the γ­ray 
radiation polymerization process. 
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