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In this work, a thin film containing a flexible polymer nanocomposite of iron oxide (Fe2O3) 
and poly(4-chloroaniline) P(4-ClAni) was successfully synthesized using the green 
polymerization fabrication method. To confirm the effective synthesis of the P(4-
ClAni)/Fe2O3 nanocomposite, the XRD, SEM, and FTIR analyses were used. The SEM 
pictures revealed that the nanocomposite contain Fe2O3 nanoparticles distributed throughout 
the polymer matrix. The optical absorbance of the P(4-ClAni) and P(4-ClAni)/Fe2O3 films 
was measured at room temperature using a UV-vis spectrophotometer from 190 to 1150 nm. 
The optical properties of P(4-ClAni)/Fe2O3 films were calculated using Tauc's relation. The 
Urbach energy of the P(4-ClAni) increases from 0.96 eV to 1.65 eV, 1.73 eV, and 1.86 eV, 
respectively, when mixed with 2%, 4%, and 6% of Fe2O3. On the other hand, the band gap 
energy of P(4-ClAni) decreases from 3.57 eV to 3.39 eV, 3.07 eV, and 2.84 eV, respectively, 
with the addition of 2%, 4%, and 6% Fe2O3. Based on the results of this study, the composite 
P(4-ClAni)/Fe2O3 sheets can be used for flexible electronic devices. 
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1. Introduction 
 
The exceptional properties of polymer nanocomposites, attributed to the inclusion of 

nanosized fillers, render them highly attractive for use in batteries and electronic devices [1, 2]. 
These composites pave the way for flexible electronics with better thermal management, allowing 
for more powerful devices in the electronics industry [3]. Moreover, the novelty of polymer 
nanocomposites characteristics make them useful in engineering and biosensors [4,5]. They are in 
great demand across industries because of their exceptional mechanical, thermal, electrical, and 
barrier qualities [6,7]. 

Poly(4-chloroaniline) (P(4-ClAni)) polymer has several uses due to its ability to resist high 
temperatures without degradation [8]. Ensuring stability and durability of device performance over 
time, particularly under demanding conditions, is a crucial quality for optical devices [9]. Many 
optical devices, which require transparent and conductive materials for improved light emission and 
energy efficiency, extensively utilize P(4-ClAni) polymer owing to its remarkable features [10]. The 
remarkable optical transparency of PCA allows reliable detection and interpretation of light devices 
[11]. In addition, P(4-ClAni) finds utility in organic photovoltaic (OPV) cells, where effective 
charge transfer is crucial for turning sunlight into power [12]. Its high thermal stability, optical 
transparency, and strong charge transport make it ideal for creating high-performance devices with 
improved functionality [13,14]. 
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Furthermore, the properties of Fe2O3 have led to its widespread use in composites across 
various sectors [15]. As a reinforcement ingredient in composites, Fe2O3 is suitable due to its high 
hardness, strength, and stiffness, among other mechanical attributes [16]. Incorporating iron oxide 
nanoparticles into a polymer matrix enhances the material's tensile strength, improving its 
mechanical properties [17]. Composites reinforced with iron oxide are thus valuable for the 
construction, automotive, and aerospace sectors [18]. Among Fe2O3 remarkable properties is its 
ability to resist high temperatures without deterioration, ascribed to its high melting and 
decomposition temperatures [19]. As a result, Fe2O3 is a valuable ingredient for composites used in 
coatings, heat-resistant materials, and aeronautical parts [20]. 

In the present investigation, the polymer P(4-ClAni) and the composite Fe2O3/P(4-ClAni) 
with different amounts of Fe2O3 were prepared using the chemical oxidative polymerization 
technique. The resulting samples were characterized by FTIR, SEM, XRD, and UV-Vis techniques. 
The optical behavior of the Fe2O3/P(4-ClAni) nanocomposites has been improved compared to the 
polymeric P(4-ClAni). The results showed that the fabricated composites could be applied to flexible 
electronic devices with their novel characteristics. 

 
 
2. Experimental details 
 
Nanocomposite films of poly 4-chloroaniline and poly (4-chloroaniline/Fe2O3) were 

prepared on glass using the green oxidative polymerization method [21, 22]. The procedure involves 
creating the poly (4-ClAni) layer on the glass sheet submerged in the solution. Distilled water and 
ethanol were used to rinse the films that had formed on the glass. Lastly, the films were dried 
overnight in a microwave set to 60°C. Moreover, utilizing the same method described for the 
polymerization of poly(4-ClAni), three nanocomposite films containing Fe2O3 were produced. The 
monomer and HCl solution were supplemented with ferric chloride powder at various percentages 
(2%, 4%, and 6%). Afterward, a homogenous solution was obtained by dissolving the FeCl3 with 
the magnetic stirrer for two hours. The samples were labelled as the P(4-ClAni), P(4-ClAni)/Fe2O3-
I, P(4-ClAni)/Fe2O3-II, and P(4-ClAni)/Fe2O3-III, respectively. 

The XRD analyses of samples were measured with the X-ray generator using the Cu-K𝛼𝛼, 
wavelength 0.15406 nm. The FTIR spectra were determined through the FTIR spectrometer (a 
Bruker Alpha) via the KBr pellet technique. The SEM pictures were given via the Hitachi S-4800 
operating at 30 kV. The absorbance spectra were obtained using a UV-visible spectrophotometer 
(Shimadzu UV-2401PC) within a 190-1100 nm wavelength range. 

 
 
3. Results and discussion 
 
The FTIR technique was employed to specify the structure and functional groups of the 

prepared samples. The FTIR spectra of the pure poly(4-ClAni) film and poly(4-ClAni)/Fe2O3 
nanocomposite films with different contents of the Fe2O3 are displayed in Figure 1a. For the 
spectrum of pure poly(4-ClAni) film, it is clear that the stretching frequency of the N–H group 
appeared at wavenumber 3236 cm-1 [23]. The prominent peaks at 1566 and 1495 cm-1 are assigned 
to the quinoid and benzenoid rings [24]. Two small bands at 2987 and 2896 cm-1 indicate the 
stretching vibrations of the asymmetric and symmetric –CH bond. The presented peaks at 1292 cm-

1 are given due to the stretching frequency of the aromatic C–N bond, while bands around 827 and 
963 cm-1 represent the –CH bending frequency of the 1,2,4 trisubstituted aromatic rings [25].  

Additionally, bands were observed at 1644 cm-1 (corresponding to C=O stretching vibration) 
and the bands at 617 and 722 cm-1 (attributed to the chloro group positioned ortho on the phenyl 
ring). With the addition of different concentrations of Fe2O3 nano-filler into the polymer-based 
nanocomposite, these spectra exhibit the same peaks as those of poly(4-ClAni). It is observed the 
intensity of peaks gradually decreases with increasing the weight percentage of the Fe2O3 
nanoparticles. This effect is attributed to the enhancement of free electrons, leading to improvements 
in the optical properties of the studied samples. Furthermore, the insertion of the nano-filler affects 
peak positions, with bands initially located at 3236, 1292, 1143, 1097, 963, and 617 cm-1 shifting to 
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higher values. These changes indicate a strong interaction between poly(4-ClAni) and Fe2O3 
nanoparticles.  

The results obtained from the FTIR analysis suggest that poly(4-ClAni)/Fe2O3 
nanocomposite films are more practical for optoelectronic applications. X-ray diffraction (XRD) 
analysis is commonly used to identify prepared films' structure and crystalline phase. The XRD 
patterns of the pure poly(4-ClAni) film, poly(4-ClAni)/Fe2O3-I, and poly(4-ClAni)/Fe2O3-III 
nanocomposite films are presented in Figure 1b. Two broad diffraction peaks at around 2θ = 19.08° 
and 25.08° in the pure poly(4-ClAni) pattern indicate low crystallinity and scattered chains between 
the planes [26]. Moreover, these broad peaks suggest the presence of the emeraldine salt structure 
with high electrical conductivity in pure poly(4-ClAni).  

 
 

 
 

Fig. 1. (a) FTIR of P(4-ClAni) and the composite P(4-ClAni)/Fe2O3 films. 
 
 
Variations in the XRD patterns of the poly(4-ClAni)/Fe2O3 nanocomposite films were 

observed, as depicted in Figure 1b. The peak intensity of poly(4-ClAni) increased with increasing 
concentrations of Fe2O3, indicating an increase in the crystalline nature of poly(4-ClAni) after 
adding Fe2O3 nanoparticles. Additionally, the peak at 2𝜃𝜃 = 25.08° shifted to 2𝜃𝜃 = 24.75° and 2𝜃𝜃 = 
24.63° as the percentage of Fe2O3 increased, confirming the uniform dispersion of Fe2O3 
nanoparticles within the poly(4-ClAni) chain [27]. The characteristic diffraction bands observed at 
2𝜃𝜃 = 33.23°, 35.63°, 39.48°, 40.43°, 42.78°, 48.97°, 54.21°, 57.66°, 62.35°, 63.42°, 65.83°, 72.13°, 
and 75.08° are attributed to the (104), (110), (006), (113), (202), (204), (116), (108), (214), (300), 
(215), (1010), and (220) crystal planes of Fe2O3. The crystallite size (L) of Fe2O3 nanoparticles is 
given by Scherrer equation [28]: 

 

𝐿𝐿 =
𝑘𝑘 𝜆𝜆 

𝑓𝑓 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
                                                                                     (1) 

 
where k represents the shape factor of 0.94, f refers to the full width at half maximum, θ stands for 
the Bragg angle, and λ is the wavelength of the incident beam (1.54 Å). For the poly(4-
ClAnil)/Fe2O3-III nanocomposite films, the main peak corresponding to the plane (1 1 0) was found 
to have Fe2O3 crystal sizes of approximately 13.22 nm.  
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Fig. 1. (b) XRD of P(4-ClAni) and the composite P(4-ClAni)/Fe2O3 films. 
 
 
To investigate the effect of Fe2O3 nanoparticles addition on the surface morphology of P(4-

ClAni), SEM micrographs of P(4-ClAni) and P(4-ClAni)/Fe2O3 nanocomposite films containing 
different contents of Fe2O3 are presented in Figures 2(a-c). The pure P(4-ClAni) exhibits a uniform 
globular granular morphology with an average size of 150–225 nm, indicative of spherical 
morphology formed due to the convolution of many polymer chains. Upon insertion of nanoparticles 
into the polymer matrix, significant changes in surface morphology are observed [29]. The shape of 
particles varies from spherical to lamellar, and the surface morphology displays irregular plates 
resembling layered structures with increasing concentrations of Fe2O3 nanoparticles. These changes 
may be attributed to side chains in the aniline molecules, which restrict the linear growth of the 
polymer [30]. 

 

 
 

Fig. 2. SEM of (a) P(4-ClAni), (b) P(4-ClAni)/Fe2O3-I, and (c) P(4-ClAni)/Fe2O3-III. 
 
 
The absorbance values of films composed of pure P(4-ClAni) and P(4-ClAni)/Fe2O3 with 

varying amounts of Fe2O3 are depicted in Figure 3. All samples exhibited similar absorption patterns. 
Increasing Fe2O3 content from 2.0% to 6.0% resulted in more intense absorption peaks, as observed 
in Figure 3. This behavior is attributed to Fe2O3 ability to influence the coordination links between 
Fe2O3 and P(4-ClAni) [31]. Furthermore, Figure 3 demonstrates that all sheets exhibit an absorption 
band likely caused by electronic transitions. Incorporating Fe2O3 into P(4-ClAni) enhanced these 
bands' intensity and improved absorbance values by acting as scattering centers. This finding is 
supported by EDX results, indicating compatibility between P(4-ClAni) chains and Fe2O3. The 
optical characteristics of P(4-ClAni) can be effectively controlled by adding Fe2O3 nanoparticles, as 
suggested by this research [32]. When an electron or anion transitions from the highest point of the 
valence band to the conduction band, it causes the absorbance band of the P(4-ClAni) spectra to 
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appear in the ultraviolet (UV) spectrum.  The adding Fe2O3NPs to the P(4-ClAni) film significantly 
increased absorbance and the appearance of noticeable absorption bands.   
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Fig. 3. The absorbance A with wavelength λ, for P(4-ClAni) and P(4-ClAni)/Fe2O3. 
 
 
The coefficient (α) is determined by [33]: 
 

𝛼𝛼 =
2.303 𝐴𝐴

𝑑𝑑
                                                                               (2) 

 
 
Raising the concentration of Fe2O3 is increase the P(4-ClAni) absorbance coefficients [34]. 

The Ee values for the P(4-ClAni) and P(4-ClAni)/Fe2O3 absorption edges are shown in Figure 4. The 
P(4-ClAni) absorption edge is reduced from 2.88 eV to 2.35 eV, 1.62 eV, and 1.18 eV with 2%, 4%, 
and 6% Fe2O3 additions, respectively, as shown in Table 1. The change in the absorption edge of the 
P(4-ClAni)/Fe2O3 composites shows that the optical band gap of P(4-ClAni) may be fine-tuned with 
a relatively small amount of Fe2O3 nanofiller. We analyzed the sample redshift of the absorption 
edge and determined that the Fe2O3 nanofiller was bound to P(4-ClAni). Evaluations of the 
absorption coefficient revealed a quantifiable impact of doping P(4-ClAni) with metal oxide Fe2O3. 
Upon the addition of Fe2O3, the absorption coefficient values of the suggested composites are shifted 
to the lower energy region. This shift provides valuable insights into the electronic transitions of the 
molecules involved caused by electron excitation in the visible range. Additionally, the presence of 
P(4-ClAni)/Fe2O3 nanoparticles caused the absorption edge to move to the lower energy side, 
indicating a reduction in the optical band gap of the P(4-ClAni) polymer film [35]. 
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The optical bandgap Eg for P(4-ClAni) and P(4-ClAni)/Fe2O3 is calculated using Tauc's 
equation [37]: 

 
𝛼𝛼ℎν = 𝐴𝐴 (ℎν − E𝑔𝑔)𝑚𝑚                                                                            (3) 

 
Figure 5 plots the band gap and photon energy (ℎν). The band gap energy of P(4-ClAni) 

decreases from 3.57 eV to 3.39 eV, 3.07 eV, and 2.84 eV, respectively, when Fe2O3 is introduced at 
concentrations of 2.0%, 4.0%, and 6.0%. This reduction in band gap is attributed to the charge carrier 
of Fe2O3. The observed reduction in particle size suggests favorable miscibility between Fe2O3 and 
P(4-ClAni) chains. Based on these findings, composites have reached a stage where they can be 
utilized in optical devices, with the optical gap shrinking due to the charge-transfer complex [35]. 
The absorption of ultraviolet light by the P(4-ClAni)/Fe2O3 band occurs due to electron or anion 
pairs moving from the upper valence band to the conduction band. Changing or enhancing the 
physical characteristics of P(4-ClAni) polymer is significantly influenced by changes in its band gap 
caused by doping with Fe2O3 nanoparticles. Introducing nanofiller into a polymer matrix creates 
introductory forbidden-band localized states, which may affect the final Fermi level. These states 
serve as sites for recombination and trapping and are fundamental components of nanocomposites. 
Using the following formula [38], the carbon number (N) can be determined from the optical gap Eg 
by:   

 
E𝑔𝑔 = 34.4/N                                                                                      (4) 

 
where Eg stands for the band gap and N for the carbon cluster. Increasing the Fe2O3 concentration 
from 2.0% to 6.0% increased the N/m* values from 92 for P(4-ClAni) to 102, 125, and 146, 
respectively, as indicated in Table 1. This increase in nitrogen content and the resulting decrease in 
band gap are outcomes of the enhancements made to these composites. Changes in the matrix's 
crystallinity lead to shifts in the films' band gaps, influencing the bonds between the matrix and 
nanofiller. Additionally, a visual examination revealed a color change from completely transparent 
P(4-ClAni) to semi-transparent P(4-ClAni)/Fe2O3. Meaningful light absorption across a wide range 
of wavelengths was observed in the manufactured samples, resulting in nanocomposite coatings 
with effective ultraviolet light absorption capabilities. The figure illustrates that the band edge of the 
P(4-ClAni) polymer film decreases when nanoparticles are introduced into the film structure. 
Insulating polymers, being clear and free of contaminants or fillers, have filled valence bands and 
vacant conduction bands, which means they do not absorb visible light. However, due to the 
insulator's large band gap, injected impurities typically occupy an intermediate level, allowing 
absorption of visible light frequencies when electrons move from the donor plane to the conducting 
level. 
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Fig. 5. The band gap Eg with photon energy for P(4-ClAni) and P(4-ClAni)/Fe2O3. 
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The Urbach energy, which represents the tail portion of the weak-photon energy area or 
expanded bands states, is given by [39]: 

 
𝛼𝛼(ν) = α𝑜𝑜 eℎν/E𝑢𝑢                                                                                    (5)  

 
Figure 6 illustrates the band tail of P(4-ClAni) and P(4-ClAni)/Fe2O3 by plotting ln (α) 

against photon energy. The band tail energy (Eu) of P(4-ClAni) and P(4-ClAni)/Fe2O3 can be 
determined from the opposite slope of the linear components, as shown in Table 1. With the addition 
of 2.0%, 4.0%, and 6.0% Fe2O3 to P(4-ClAni), the Urbach tail of P(4-ClAni) increased from 0.96 
eV to 1.65 eV, 1.73 eV, and 1.86 eV, respectively. The increase in disorder explains why Urbach 
tail values increased with increasing Fe2O3 concentration [40]. Fluctuations in band gap energy and 
band tail indicate that adding Fe2O3 nanofiller to pure P(4-ClAni) may alter its energy states. 
Introducing nanofiller into a polymer matrix creates introductory forbidden-band localized states, 
which may influence the final Fermi level. These states are crucial for the optical properties of 
nanocomposites, as they act as centers for recombination and trapping. The incorporation of Fe2O3 
nanoparticles renders P(4-ClAni) sensitive, as evidenced by the increase in the absorption 
coefficient. Fluctuations in band gap energy and band tail indicate the adding Fe2O3 to P(4-ClAni) 
may alter its energy states. Based on these findings, the P(4-ClAni)/Fe2O3 films are now better suited 
for use in optoelectronics devices due to their improved optical properties. 
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Fig. 6. Ln (𝛼𝛼 ) with photon energy for P(4-ClAni) and P(4-ClAni)/Fe2O3. 
 
 

Table 1. Ee, Eu , N and Eg for P(4-ClAni) and P(4-ClAni)/Fe2O3. 
 

 Absorption 
edge energy 

(Ee, eV) 

Band gap 
(Eg, eV) 

Urbach tail  
(EU, eV) 

Carbon clusters 
(N)  

P(4-ClAni) 2.88 3.57 0.96 92 
P(4-ClAni)/Fe2O3-I 2.35 3.39 1.65 102 
P(4-ClAni)/Fe2O3-II 1.62 3.07 1.73 125 
P(4-ClAni)/Fe2O3-III 1.185 2.84 1.86 146 

 
 
4. Conclusion 
 
The green synthesis polymerization process was used to successfully make the 

nanocomposite P(4-ClAni)/Fe2O3 films. Analyses using XRD, SEM, and FTIR confirm the 
production of P(4-ClAni)/Fe2O3 composites. This composition was determined by EDX as 28.55% 
carbon, 50% oxygen, and 20% titanium. The FTIR band intensities is reduced and shifting by 
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incorporated Fe2O3 nanoparticles on P(4-ClAni). The optical absorbance was found to be greatly 
increased by introduction Fe2O3 to the P(4-ClAni). The energy gap is reduced as a result of these 
homo-polar interactions and defects. The band gap narrows from 3.57 eV for P(4-ClAni) to 2.84 eV, 
the absorption edge changes from 2.88 eV for P(4-ClAni) to 1.18 eV for P(4-ClAni)/Fe2O3. The 
findings of this study suggest that modifications to the optical performance of P(4-ClAni)/Fe2O3 
composite films could be used in flexible electronic devices.  
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