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Abstract: Polyaniline emeraldine salt (PANI-ES) is a conductive polymer with promising optoelectronic properties, 
synthesized via chemical oxidative polymerization and confirmed in its emeraldine salt form through structural analysis. 
Optical characterization revealed distinct absorption bands linked to key electronic transitions, indicating semiconducting 
behavior. Under UV excitation, photoluminescence studies showed two main emission features corresponding to dimer 
and excimer states, both exhibiting large Stokes shifts and a quantum yield of 0.27. These long Stokes shifts suggest 
efficient energy relaxation, while the moderate quantum efficiency highlights the material’s capability for light-emitting 
applications. The combination of tunable emission, stable optical response, and electrical conductivity positions PANI-ES 
as a versatile material for photonic technologies. Potential applications include organic light-emitting diodes (OLEDs), 
photodetectors, and optically pumped organic lasers. Overall, the study demonstrates that PANI-ES offers a favorable 
balance of structural stability, optical performance, and electronic properties, making it a strong candidate for integration 
into advanced optoelectronic and photonic devices. 
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1. INTRODUCTION 

Organic semiconducting laser materials (OSLMs) 
have garnered significant attention due to their unique 
advantages, such as tunable optical properties, which 
enable customized emission wavelengths for specific 
applications. Ongoing research aims to enhance their 
efficiency, stability, and functionality, making them a 
promising area of innovation in photonics and 
optoelectronics [1]. Among the various organic 
materials, conjugated polymers have emerged as a 
critical class of electronic materials due to their high 
electrical conductivity, processability, and versatile 
optical properties [2]. These characteristics make them 
highly suitable for applications such as organic light-
emitting diodes (OLEDs), photodetectors, and optically 
pumped lasers. 

Polyaniline (PANI), a prominent conjugated 
polymer, stands out for its ability to modulate its  
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electrical, optical, and chemical properties in response 
to external stimuli such as oxidation, protonation, and 
doping [3]. Its low cost, straightforward synthesis, 
environmental stability, and reversible doping 
properties make PANI a versatile material for a wide 
range of applications, including supercapacitors, gas 
sensors, biosensors, corrosion protection, energy 
storage systems, and solar cells [4]. The structural 
complexity of PANI, particularly its ability to exist in 
various oxidation states such as leucoemeraldine 
(colorless), emeraldine (blue or green), and 
pernigraniline (blue/violet)—further enhances its 
functionality. Notably, only the emeraldine salt (ES) 
form of PANI exhibits conductive properties, making it 
particularly valuable for electronic and optoelectronic 
applications [5]. 

The synthesis of PANI typically involves oxidative 
polymerization, where polymerization and doping occur 
simultaneously. This process can be achieved either 
electrochemically or chemically, with chemical oxidative 
polymerization being the most common method due to 
its simplicity and scalability [6]. The resulting PANI-ES 
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has been extensively studied for its structural, 
electrical, and optical properties. In particular, its 
photoluminescence (PL) behavior has attracted interest 
due to its potential for use in optically pumped organic 
lasers and other photonic devices [7]. 

Conjugated polymers, including PANI, exhibit 
unique photophysical properties such as high 
fluorescence quantum yields and large Stokes shifts, 
which are advantageous for laser applications. These 
materials operate as intrinsic "4-level" systems, 
enabling high luminescence efficiencies (often 
exceeding 60%) and broad emission across the visible 
spectrum [8]. Early demonstrations of lasing in 
conjugated polymers by Moses [9] and subsequent 
studies by McGehee and Heeger [10] have highlighted 
their potential as efficient laser materials. Recent 
research has further explored the photophysical 
properties of conjugated polymers, including absorption 
spectra, fluorescence spectra, Stokes shifts, and 
quantum yields, to optimize their performance in 
optoelectronic applications [11-13]. 

While the photoluminescence (PL) and 
optoelectronic properties of polyaniline and its 
derivatives have been broadly explored, there remains 
a significant gap in the literature concerning the 
systematic quantification of Stokes shifts and quantum 
yield for polyaniline emeraldine salt (PANI-ES) 
synthesized via chemical oxidative polymerization, 
particularly under UV excitation at 325 nm. Previous 
studies have not comprehensively reported on the 
tunable PL emission and efficiency of PANI-ES in the 
context of its suitability for optically pumped organic 
laser applications. In this study, we address this gap by 
providing a detailed characterization of the PL 
properties of chemically synthesized PANI-ES, 
including the measurement of large Stokes shifts and 
quantum yield. Our findings demonstrate that PANI-ES 

exhibits both substantial Stokes shifts and a moderate 
quantum yield, highlighting its promise as a tunable, 
efficient material for advanced optoelectronic and 
photonic devices. This work thus offers new insights 
into the photophysical behavior of PANI-ES and 
establishes its potential for integration into next-
generation organic laser systems. 

2. MATERIALS AND METHODS 

2.1. Materials  

Aniline (C₆H₅NH₂): Obtained from Loba Chemie 
(India) with a purity of 99.5%, used as the monomer. 
Ammonium persulfate ((NH₄)₂S₂O₈): Acquired from 
Central Drug House (India) with a purity of 98%, used 
as the oxidizing agent. Hydrochloric acid (HCl): 
Procured from Scharlab (Spain) with a purity of 37%, 
used as the dopant. Aqueous solutions were prepared 
using distilled water, aniline monomer, ammonium 
persulfate, hydrochloric acid, isopropanol, and 
ammonia. 

2.2. Preparation of Polyaniline (PANI-ES) 

Polyaniline (PANI) was synthesized through the 
chemical oxidative polymerization of aniline monomers 
in an acidic medium (Method 1). A flow chart of the 
synthetic procedures for PANI-ES is shown in Figure 1. 

Figure 1 presents a schematic overview of the 
chemical oxidative polymerization process used to 
synthesize polyaniline emeraldine salt (PANI-ES). This 
visual representation enhances clarity and 
reproducibility by outlining key procedural steps, 
including critical control points such as temperature 
and pH adjustments. Displaying the synthesis workflow 
in a flow chart format allows readers to quickly 
understand the method and facilitates replication by 
other researchers. The figure underscores the 

 
Figure 1: Flow chart of the chemical oxidative polymerization process for synthesizing PANI-ES, highlighting key steps such as 
pH adjustment (to 1.0), temperature control (0–5  °C), and dropwise addition of APS. 
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systematic and controlled approach employed in this 
study to ensure consistent synthesis of PANI-ES. 

Preparation of Aniline Solution: mol (9.31 g) of 
aniline monomer was added to 100 g of 1.0 M HCl in a 
jacketed reaction vessel. The pH of this solution was 
adjusted to 1.0 with additional HCl. This highly acidic 
condition (pH 1.0) is essential for ensuring complete 
protonation of the aniline monomer, which promotes 
the formation of the conductive emeraldine salt form of 
polyaniline. Previous studies have shown that 
polymerization under strongly acidic conditions leads to 
higher conductivity and better-defined polymer 
structures [1]. Preparation of Ammonium Persulfate 
(APS) Solution: A solution containing 51.5 g of distilled 
water and 0.125 mol (28.5 g) of ammonium persulfate 
(APS; oxidant) was prepared in another jacketed 
reaction vessel. Temperature Control: Both solutions 
were placed in an ice bath at a temperature range of 0 
to 5 °C. Maintaining the reaction mixture at 0–5  °C is 
critical to control the polymerization rate and minimize 
the formation of undesirable side products. Low 
temperatures suppress rapid oxidation and chain 
branching, resulting in higher molecular weight 
polymers with improved structural regularity and optical 
properties [1]. Polymerization Reaction: The APS 
solution was added drop-wise while stirring into the 
aniline solution. The reaction mixture was allowed to 
react for 30 minutes. Isolation and Purification: The 
resulting product was filtered and washed with water. 
The product was then dried in an oven at 60°C for 24 
hours. Final Product: The doped form of polyaniline, 
PANI-ES (emeraldine salt form), was obtained as a 
dark green powder. The synthesized PANI-ES was 
ground in a mortar to obtain very fine particles [1]. 

2.3. Characterizations 

Fourier Transform Infrared Spectroscopy (FTIR): 
Used to identify the functional groups of aniline (ANI) 
and polyaniline emeraldine salt (PANI-ES). Spectra 
were recorded between 4,000 and 400 cm-1 wave 
numbers using an FTIR-8400S spectrophotometer 
(Shimadzu, Japan) with a resolution of 1 cm-1. The 
FTIR spectra were obtained using the potassium 
bromide (KBr) pressed disc technique. Samples were 
mixed with dry KBr powder at a ratio of 1:100 and 
pressed into disks for scanning. UV-Visible (UV-Vis) 
Spectroscopy: To measure the absorption of PANI-ES, 
a UV-Vis spectrophotometer (UV Mini 1240, Shimadzu, 
Japan) was used. The spectrophotometer covers 
wavelengths from 190 to 1100 nm and features an auto 
lamp switch from the visible to ultraviolet range. 

Photoluminescence (PL) Spectroscopy: The PL 
spectrum was recorded using a He-Cd laser (KIMMON 
KOHA CO., LTD., Japan) operating in continuous wave 
(CW) mode. The laser had a wavelength of 325 nm 
and a maximum output power of 200 mW, used to 
excite light from PANI-ES. 

2.4. Statement of Human and Animal Rights 

This study did not involve human participants or 
animals. All experiments were conducted in compliance 
with ethical standards for chemical synthesis and 
material characterization. 

3. RESULTS 

3.1. FTIR Spectral Results 

The FTIR spectra of the monomer aniline and the 
synthesized polyaniline emeraldine salt (PANI-ES) are 
presented in Figure 2. 

 
Figure 2: FTIR spectra of (a) aniline and (b) PANI-ES. Key 
vibrational modes confirm the structural transformation from 
aniline to the emeraldine salt form of polyaniline. 

3.1.1. Aniline Spectrum 

The FTIR spectrum of aniline exhibits characteristic 
peaks corresponding to its functional groups. The N–H 
stretching vibrations of the primary amine group (RNH₂) 
are observed as two distinct bands at 3431 cm⁻¹ and 
3355 cm⁻¹, representing asymmetric and symmetric 
stretching, respectively [13]. A shoulder band at 3215 
cm⁻¹, attributed to an overtone of the N–H bending 
vibration, further confirms the presence of the amine 
group [14]. Aromatic C–H stretching and in-plane 
deformation vibrations are observed at 3033 cm⁻¹ and 
1168 cm⁻¹, respectively [15]. The sharp band at 1612 
cm⁻¹ corresponds to N–H bending vibrations of primary 
amines [14], while the peak at 1494 cm⁻¹ is assigned 
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to C=C ring stretching [14]. The C–N stretching 
vibrations are evident at 1274 cm⁻¹, 754 cm⁻¹, and 
690 cm⁻¹ [14]. Additionally, the peak at 881 cm⁻¹ is 
attributed to the out-of-plane bending of C–H [16]. 
These observations indicate the presence of 
characteristic functional groups in aniline. 

3.1.2. PANI-ES Spectrum 

The FTIR spectrum of PANI-ES reveals 
characteristic peaks at 3450 cm⁻¹, 2887 cm⁻¹, 1560 
cm⁻¹, 1479 cm⁻¹, 1299 cm⁻¹, 1134 cm⁻¹, 800 cm⁻¹, 
and 578 cm⁻¹. The band at 3450 cm⁻¹ is assigned to 
N–H stretching of aromatic amines [17], while the peak 
at 2887 cm⁻¹ corresponds to aromatic C–H stretching 
[17]. The prominent bands at 1560 cm⁻¹ and 1479 
cm⁻¹ are attributed to C=N and C=C stretching 
vibrations of quinoid and benzenoid rings, respectively 
[18]. The peak at 1299 cm⁻¹ is associated with N–H 
stretching of the benzenoid ring [18], and the strong 
band at 1134 cm⁻¹ is assigned to vibration modes of 
N=Q=N (where Q represents quinonic-type rings) [18]. 
The peaks at 800 cm⁻¹ and 578 cm⁻¹ are attributed to 
out-of-plane bending of C–H [19]. These results are 
consistent with previously reported FTIR spectra of 
polyaniline, confirming the successful conversion of 
aniline monomer to PANI-ES [18]. 

3.2. Optical Properties Measurements 

3.2.1. Absorption Spectrum 

The UV-Visible absorption spectrum of PANI-ES, 
shown in Figure 3a, exhibits three distinct absorption 
peaks: a sharp peak at 316 nm, a shoulder peak at 444 
nm, and a broad peak spanning 700–900 nm (centered 

at approximately 870 nm). The peak at 316 nm 
corresponds to the π-π* electron transition along the 
PANI backbone, while the shoulder at 444 nm is 
attributed to polaronic transitions (polaron-π*), resulting 
from protonation. The broad peak around 870 nm is 
assigned to π-polaron electronic transitions [20]. These 
features confirm the successful doping of PANI with 
HCl, forming the emeraldine salt (ES) form, and are 
consistent with previously reported UV-Visible spectra 
of PANI-ES [21]. The absorption spectrum of PANI-ES 
is influenced by factors such as doping level, con-
jugation extent, polymer nature, and solvent used [22]. 

3.2.2. Optical Energy Band Gap Calculation 

The optical energy band gap (Eg) is a critical 
parameter that determines the material's optical 
absorption properties. It can be calculated using the 
Tauc relation [20]: 

  
(!hv)2 = A(hv " Eg )n

 

where α is the absorption coefficient, hν is the photon 
energy, A is a constant, and nn depends on the nature 
of the electronic transition. For direct band gap 
materials, n=1/2 for allowed transitions. The direct 
band gap (Egd) of PANI-ES was determined using 
Tauc's plot by plotting (αhν)2 versus hν and 
extrapolating the linear region to (αhν)2=0, as shown in 
Figure 3b. The calculated Egd value of 3.1 eV aligns 
with previously reported values for PANI-ES [20], 
confirming its suitability for optoelectronic applications. 

Figure 3b. Plot of (αhν)2 vs. Photon Energy (hν) for 
Determining the Direct Optical Band Gap of PANI-ES. 

     
     (a)      (b) 

Figure 3: (a) UV-Vis absorption spectrum of PANI-ES showing π–π*, polaron–π*, and π-polaron transitions. (b) Tauc plot for 
PANI-ES showing direct optical band gap determination. The red line represents the linear fit used to extrapolate the band gap 
energy (Eg = 3.1 eV). Axes are plotted as (αhν)² versus photon energy (hν), consistent with a direct allowed transition. Note: 
The red line is the fitting region used in Eg estimation. 
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3.2.3. Photoluminescence (PL) 

The photoluminescence (PL) spectrum of PANI-ES, 
excited at 325 nm, is shown in Figure 4a. The spectrum 
exhibits a main emission peak at 519 nm (2.39 eV) and 
a broad peak around 690 nm (1.8 eV), with a small 
shoulder at 458 nm (2.71 eV). The intense peak at 519 
nm is attributed to dimer emissions, while the broad 
peak at 690 nm is associated with excimer formations 
[21, 23]. These features confirm the semiconducting 
behavior of PANI-ES, as the emission peaks indicate 
the presence of excitons and localized states within the 
material. 

3.3. Stokes' Shift and Quantum Yield 

3.3.1. Stokes' Shift 

The Stokes shift, defined as the energy difference 
between the absorption and emission maxima, was 
calculated for PANI-ES. As shown in Figure 4b, the 
absorption peak at 316 nm corresponds to emission 
peaks at 519 nm and 690 nm, resulting in Stokes shifts 
of 203 nm and 374 nm, respectively. These values are 
consistent with previously reported Stokes shifts for 
polyaniline derivatives, such as the 205 nm shift 
observed for per-fluorinated PANI [23]. 

3.3.2. Quantum Yield of Fluorescence 

The quantum yield (QY) of PANI-ES was 
determined using rhodamine 6G (QY = 0.94) as a 
reference standard. The QY was calculated using the 
following equation [24]: 

  
QYS =QYref

IS (v) d (v)!
Iref (v) d (v)!

"

#
$
$

%

&
'
'

ODref

ODs

"

#
$$

%

&
''

nS

nref

"

#
$
$

%

&
'
'

2

 

where Is and Iref are the integrated fluorescence 
intensities of the sample and reference, ODs and ODref 
are the optical densities, and ns and nref are the 
refractive indices of the solvents. The calculated QY of 
PANI-ES was 0.27, which is comparable to values 
reported for other conjugated polymers, such as poly 
(9,9-dioctylfluorenyl-2,7-diyl) (PFO) and poly[9,9-di-(2-
ethylhexyl)fluorenyl-2,7-diyl] (PDHF) [24]. 

4. DISCUSSION 

The successful synthesis of polyaniline emeraldine 
salt (PANI-ES) was confirmed through FTIR analysis, 
which revealed characteristic peaks corresponding to 
N–H stretching, C–H stretching, and C=N/C=C 
vibrations in the quinoid and benzenoid rings. These 
findings are consistent with previous studies, validating 
the structural transformation from aniline to PANI-ES 
[18]. The UV-Visible absorption spectrum further 
supports this conclusion, displaying three distinct peaks 
at 316 nm, 444 nm, and 870 nm. These peaks are 
attributed to π-π*, polaron-π*, and π-polaron 
transitions, respectively, confirming the successful 
doping of PANI with HCl to form the emeraldine salt 
(ES) phase [20, 21]. The calculated optical band gap of 
3.1 eV aligns with the semiconducting behavior of 
PANI-ES, underscoring its suitability for optoelectronic 
applications [20]. 

The photoluminescence (PL) spectrum of PANI-ES, 
excited at 325 nm, exhibits a main emission peak at 
519 nm and a broad peak at 690 nm. These emissions 
are attributed to dimer and excimer formations, 
respectively, highlighting the material's semiconducting 
nature and the presence of excitons and localized 

     
     (a)      (b) 
Figure 4: (a) PL spectrum of PANI-ES under 325  nm excitation, with emissions at 519  nm (dimer) and 690  nm (excimer), plus a 
shoulder at 458  nm, (b) Overlay of normalized absorption and emission spectra showing large Stokes shifts; inset shows 
quantum yield setup (Φ  =  0.27). 
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states [21, 23]. The observed Stokes shifts of 203 nm 
and 374 nm further emphasize the material's potential 
for optoelectronic applications, as they indicate efficient 
energy relaxation processes [23]. Additionally, the 
measured quantum yield of 0.27, which is comparable 
to other conjugated polymers, suggests that PANI-ES 
could be a promising candidate for light-emitting 
devices and laser media [25]. However, these 
assignments are based solely on steady-state PL 
spectra. No supporting data, such as time-resolved or 
temperature-dependent PL measurements, were 
collected to directly confirm the involvement of dimeric 
or excimeric states. This represents a limitation of the 
current study, and future work should include such 
measurements to provide more definitive evidence for 
the origin of these emission features. 

To contextualize the optical properties of our 
synthesized PANI-ES, Table 1 compares its Stokes 
shift, optical band gap, and quantum yield with values 
reported for similar polyaniline systems and other 
conjugated polymers. 

As shown, the Stokes shifts and quantum yield of 
our PANI-ES are comparable to or greater than those 
reported for similar systems, confirming its strong 
potential for optoelectronic and photonic applications. 

The synthesis and characterization of PANI-ES 
reveal its nanoscale features, such as dimer and 
excimer formation, which are critical to its 
photoluminescence and optoelectronic properties. 
These features, combined with its tunable optical and 
electronic behavior, make PANI-ES a versatile material 
for advanced applications. Specifically, its 
semiconducting properties, efficient energy relaxation 
processes, and relatively high quantum yield position it 
as a strong candidate for use in organic light-emitting 
diodes (OLEDs), photodetectors, and optically pumped 
lasers. 

The results of this study demonstrate the potential 
of PANI-ES as a functional material for optoelectronic 
applications. Its tunable photoluminescence, semicon-
ducting behavior, and efficient energy relaxation proce-
sses make it a promising candidate for next-generation 
devices. PANI-ES is a versatile material with tunable 
properties, suitable for advanced applications. Further 
research is recommended to explore its practical 
implementation in OLEDs, photodetectors, and other 
optoelectronic systems, as well as to optimize its 
properties for specific applications. 

While FTIR, UV-Vis, and PL spectroscopy provided 
comprehensive information about the chemical 
structure and optical properties of PANI-ES, additional 
analyses such as X-ray diffraction (XRD) and electron 
microscopy (SEM/TEM) would offer valuable insights 
into the material’s crystallinity and nanoscale 
morphology. Incorporating these techniques in future 
studies would help to further elucidate the structural 
features that underpin the observed photophysical 
behavior, thereby strengthening the case for PANI-ES 
in advanced optoelectronic applications. 

5. CONCLUSION 

This study demonstrates that polyaniline emeraldine 
salt (PANI-ES), synthesized via chemical oxidative 
polymerization, exhibits a direct optical band gap of 
3.1  eV and strong photoluminescence with large 
Stokes shifts and a quantum yield of 0.27. These 
optical properties indicate efficient energy relaxation 
and stable emission, underscoring the material’s 
suitability for optoelectronic and photonic devices. The 
combination of tunable emission, moderate quantum 
efficiency, and electrical conductivity makes PANI-ES a 
promising candidate for applications such as organic 
light-emitting diodes (OLEDs), photodetectors, and 
optically pumped organic lasers. Overall, PANI-ES 
offers a compelling balance of structural stability, 

Table 1: Comparison of Stokes Shift, Optical Band Gap, and Quantum Yield of Synthesized PANI-ES with Published 
Values for Similar Polyaniline and Conjugated Polymer Systems 

Material/System Stokes Shift (nm) Band Gap (eV) Quantum Yield Reference 

This work (PANI-ES) 203, 374 3.1 0.27 [This study] 

Perfluorinated PANI-ES ~205 — — [23] 

PDHF in various solvents — — 0.27–0.43 [25] 

Fluorescent PANI nanoparticles (aqueous solution) — — 1.9 × 10⁻³ – 6.9 × 10⁻³ [26] 

PANI films on electrode surfaces — — 10⁻⁴ – 10⁻³ [27] 

PANI–Al₂O₃ nanocomposite — 3.16 — [20] 
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optical performance, and electronic functionality for 
integration into advanced optoelectronic technologies. 
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