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A B S T R A C T   

Polyvinyl chloride (PVC) is a common thermoplastic polymer with limited optical applications due to its large 
optical band gap. In this study, organic soluble nitrogen-doped carbon dots (ONCDs) were synthesized from 4- 
aminoantipyrine (4AA) as the precursor through a solvent-free method and employed to reduce the optical 
band gap of PVC polymer considerably. The formation of ONCDs was investigated through spectroscopic anal
ysis. The synthesized ONCDs were characterized using various techniques, including FTIR, XPS, 13C NMR, 1H 
NMR, UV–Vis spectroscopy, PL spectroscopy, HR-TEM, and XRD. FTIR and XPS analyses identified the existence 
of amine, imine, and hydroxy groups on the surface of ONCDs. Furthermore, XPS analysis revealed the presence 
of carbon, nitrogen, and oxygen via distinguished peaks. 13C NMR and 1H NMR spectra supported the formation 
of ONCDs. UV–Vis, PLE, and PL spectroscopy techniques provided insights into the light absorption and emission 
properties of ONCDs. HR-TEM analysis showed uniform ONCDs with a mean particle size of 9 nm. XRD analysis 
confirmed an amorphous nanostructure of ONCDs with 0.42 nm interlayer spacing. The results illustrate that the 
absorption of photons by the PVC/ONCDs films covers the entire range of UV to near-infrared. The refractive 
index was tuned from 1.72 to 2.16 upon adding ONCDs. The increase of the optical dielectric constant (ε1) is 
attributed to the increase in the localized density of states (N/m*). Based on quantum concepts, the optical 
dielectric loss (ε2) was examined to determine the exact value of energy gaps. Taucs model along ε2 results was 
utilized to determine the type of electron transition. The PVC/ONCDs films display a low band gap within the 
range of 1.52–1.78 eV. These findings demonstrate that the PVC/ONCDs films have improved optical properties 
and potential for various optoelectronic applications.   

1. Introduction 

A recent study revealed that materials exhibit different electrical and 
optical properties at the nanoscale than at the macroscale [1]. Polymer 
composites and synthetic polymers have become increasingly popular in 
various industries and applications due to their unique properties and 
versatility [2,3]. Among them, Polyvinyl chloride (PVC), a synthetic 
thermoplastic polymer, has remarkable physical attributes, such as high 
mechanical strength, chemical resistance, low flammability, low cost, 
and high availability [4,5]. These make PVC one of the most common 

polymers for various industrial and commercial applications, including 
packaging, construction materials, and medical devices [6]. However, 
PVC’s large optical band gap restricts its application in some optoelec
tronic and photovoltaic devices, such as solar cells and light-emitting 
diodes. To address this challenge, researchers have tried different 
methods, such as adding organic and inorganic compounds as composite 
materials, to reduce the optical band gap of PVC [7]. 

In polymer science and technology, the use of reinforced PVC com
posites has grown recently [8,9]. Organic-inorganic composites have 
been developed for novel optical and electrical devices, nonlinear optics, 
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Scheme 1. Synthesis of the ONCDs and PVC/ONCDs films. (a) The schematic diagram of the solvent-free technique for synthesizing ONCDs from 4-aminoantipyrine 
(b) synthesis of nanocomposite (PVC/ONCDs) films and some possible interactions between the PVC chains and ONCDs. (c) Photographs of (a) pure PVC, (b) PVC/ 
ONCDs 0.3 g, and (c) PVC/ONCDs 0.6 g. 
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and biological labeling purposes [10]. Another strategy to reduce the 
optical band gap of polymers is to add carbon dots to the polymer ma
trix, taking advantage of the unique optical and electrical properties of 
these nanomaterials [11,12]. Carbon dots (CDs) represent a novel type 
of carbon nanomaterials, typically characterized by their size, which is 
usually below 10 nm [13]. CDs contain abundant nitrogen, oxygen, and 
hydrogen-containing species on their surfaces, such as –OH, NH2, and 
–COOH, which are utilized as fillers to enhance hydrogen bonds [14]. 
CDs can be synthesized by top-down or bottom-up methods using 
various carbon sources, such as carbon black, graphite, carbon nano
tubes, small organic molecules, and natural products. Chemical or 
physical techniques, such as hydrothermal, microwave-assisted, or 
chemical methods, are also used for synthesis [15]. One of the most 
essential methods of synthesizing carbon dots is a solvent-free approach 
that avoids using solvents and reduces the environmental impact of the 
synthesis process. The solvent-free approach offers several advantages, 
including simplicity, cost-effectiveness, and scalability, making it a 
promising method for the large-scale production of carbon dots [16,17]. 

Carbon dots’ unique optical and electronic properties make them 
potential candidates for a wide range of applications in optoelectronics 
[18,19]. CDs offer biocompatibility, high photostability, low toxicity, 
and exceptional water solubility, rendering them well-suited for various 
biological applications, including bioimaging and drug delivery [20,21]. 
Moreover, their tunable photoluminescence and excellent photoelectric 
properties make them promising for sensors, light-emitting diodes, and 
solar cells [22,23]. Additionally, C-dots are chemically stable, inert, 
produce a stable colloidal solution, and are remarkably resistant to 
photobleaching compared to ordinary fluorescent organic dyes and 
semiconductor quantum dots [24]. Incorporating CDs into polymer 
matrices can enable numerous photonic and optoelectronic applications 
and practical device integration, which is an active area of research 
[25]. 

Based on the information, the present study used a solvent-free 
method to synthesize ONCDs from 4-aminoantipyrine. These ONCDs 
were incorporated into polyvinyl chloride (PVC) via a solution cast 
technique to create composite films. The resulting PVC/ONCDs com
posite films demonstrated improved optical properties, particularly a 
decrease in the optical band gap of the PVC polymer. This suggests that 
these composite films could have potential applications in 
optoelectronics. 

2. Experimental section 

2.1. Materials 

4-aminoantipyrine and polyvinyl chloride were obtained from 
Sigma-Aldrich. Deionized water was utilized to purify the ONCDs. 
Organic solvents, specifically chloroform (CHCl3) and tetrahydrofuran 
(THF), were sourced from Tianjin Fengchuan Chemical Reagent Tech
nology Co., Ltd. (Tianjin, China). Commercially available reagents and 
solvents were obtained and directly used in the study without any 
further purification steps. 

2.2. Instrumental analysis 

Utilizing a Perkin-Elmer spectrophotometer (Waltham, Massachu
setts, USA), the FT-IR spectra were acquired with KBr pellets. The Bruker 
DRX-500MHz instrument (Billerica, Massachusetts, USA) was used to 
measure the 1H NMR and 13C NMR spectra in DMSO‑d6 and CDCl3 
solvents. The chemical shifts were expressed in parts per million (ppm) 
relative to the residual solvent peak, with reference values of 7.26 ppm 
for CDCl3 and 2.5 ppm for DMSO‑d6. The Thermo Scientific K-Alpha X- 
Ray Photoelectron Spectrometer was employed to acquire X-ray 
photoelectron spectroscopy (XPS) spectra. Absorption spectra in the 
UV–vis range were gathered using an Agilent Technologies Cary 60 
Spectrophotometer. At the same time, measurements of 

photoluminescence (PL) emissions were conducted on an Agilent 
Technologies Cary Eclipse fluorescence spectrophotometer. PLQY (Φ) 
was determined by calculating the photoluminescence quantum yield of 
ONCDs compared to the reference fluorescein (Φ = 0.92). X-ray 
diffraction (XRD) patterns were recorded using a Panalytical Empyrean 
X-ray diffractometer. The morphology and microstructure analysis was 
performed using high-resolution transmission electron microscopy 
(HRTEM) with an accelerating voltage of 200 kV on an FEI TEC9G2 
microscope. 

2.3. Synthesis of ONCDs 

High-quality ONCDs were effectively synthesized using a solvent- 
free technique, employing 4-aminoantipyrine (4AA) as the only pre
cursor. The synthesis involved self-dehydration condensation of func
tional groups in the starting material, conducted under elevated 
temperature conditions as depicted in Scheme 1a. The experiment was 
started by adding 2 g of 4AA to a 25 mL stainless-steel autoclave coated 
with Teflon. Subsequently, the autoclave was subjected to a constant 
temperature of 180 ◦C for 21 h. The reaction mixture was left to cool 
down naturally to room temperature, forming a highly viscous, dark 
black liquid. The product was rinsed with deionized water thrice to 
eliminate any leftover unreacted 4AA molecules. Subsequently, the 
obtained product was re-dispersed in chloroform and subjected to 
centrifugation at 10,000 rpm for 15 min to eliminate large carbon ag
gregates. Finally, 1 g of black solid ONCDs was obtained by evaporating 
the solvent using a rotary evaporator under reduced pressure. The 
ONCDs were characterized and preserved at room temperature for 
future utilization. 

2.4. Synthesis of (PVC/ONCDs) nanocomposite films 

Under ultrasonic irradiation, nanocomposite films were synthesized 
using the solution casting method. The procedure is described below and 
illustrated in Scheme 1b. First, a solution of PVC was prepared by dis
solving 1 g of PVC in 50 ml of tetrahydrofuran (THF) under ultrasonic 
radiation at 40 ◦C for 30 min until a clear solution was obtained. Next, 
two different concentrations (0.3 g and 0.6 g) of ONCDs were dissolved 
in 20 mL of THF using ultrasonic radiation for 5 minutes at 40 ◦C, 
ensuring a uniform ONCDs solution. The ONCDs solutions were then 
added to a container containing the PVC solution. The mixture was 
vigorously stirred at room temperature for 10 minutes using a magnetic 
stirrer to attain a homogeneous solution. Subsequently, the solution was 
transferred into a glass petri dish and kept at room temperature for 24 
hours. This allowed the formation of a dry film with excellent homo
geneity. The resulting films were labeled as Pure PVC, PVCD1, and 
PVCD2, indicating the incorporation of PVC solutions containing 0 g, 0.3 
g, and 0.6 g of ONCDs, respectively. Photographs of the PVCD films with 
varying ONCD contents are displayed in Scheme 1c. 

3. Results and discussion 

3.1. Synthesis, mechanism formation, and characterization of ONCDs 

The synthesis of ONCDs was accomplished using a solvent-free 
method, employing 4-aminoantipyrine as the precursor, resulting in 
an impressive yield of 50 % and a quantum yield of 10 %. The synthesis 
process relied on self-condensation reactions and noncovalent π-π 
stacking interactions, which were carried out at 180 ◦C for 21 hours. 
Notably, this method eliminated the need for solvents or additional 
precursors, enhancing the efficiency of the process. Reasons for choosing 
4AA as the precursor include its readily available nature, high carbon 
content, and presence of carbonyl and amine groups. The mechanism of 
ONCDs formation can be elucidated through spectroscopic analysis. 
Self-condensation reactions were aided by the carbonyl and amine 
groups in 4-aminoantipyrine and the lack of water throughout the 
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process [26]. Furthermore, the benzene ring, hydroxy, and amine 
groups in 4-aminoantipyrine enabled inter and intra-molecular 
hydrogen bonding and noncovalent π-π stacking interactions, forming 
polymer-like material [27,28]. Subsequently, elevated temperatures 
induced significant water removal, initiating the carbonization process 
and forming a carbon core. The remaining amino and hydroxy groups in 
4-aminoantipyrine became localized on the carbon surface after the 
carbon core formation. This localization resulted in the generation of 
surface charges on the surface of the nitrogenous carbon dots, as illus
trated in Fig. 1. Various techniques were employed to analyze the syn
thesized ONCDs, such as FTIR, XPS, 13C NMR, 1H NMR, UV–Vis 
spectroscopy, PL spectroscopy, HR-TEM, and XRD. 

3.1.1. FT-IR characterization of the ONCDs 
The surface functional groups of the synthesized ONCDs were 

investigated through FTIR analysis. Fig. 2 depicts the FTIR spectrum of 
both 4AA and ONCDs. Notably, the ONCDs exhibited distinct peaks at 
3345, 1667, 1595, and 1524 cm− 1, indicating the presence of specific 
functional groups. These peaks corresponded to the N–H stretching of 

amine or/and O–H stretching of alcohol, the –NH bending of amine, the 
–C––N of imine, and the –C––C- of aromatic rings, respectively. Addi
tionally, the ONCDs displayed peaks at 3056 and 2924 cm− 1, signifying 
the C–H stretching of aliphatic and aromatic rings, respectively. 
Furthermore, the presence of C–N and C–O groups on the ONCDs surface 
was suggested by two additional peaks at 1315 and 1175 cm− 1. Inter
estingly, the absence of NH2 and C––O peaks at wavenumbers of 3432 
and 3327 cm− 1 and 1655 cm− 1, respectively, in the pyrazole ring of 
4AA, suggested that self-condensation reactions occurred during the 
carbonization process. As a result, the fundamental structure of 4AA was 
not preserved in the ONCDs’ structure [29]. The FTIR analysis revealed 
the existence of amine, hydroxyl, and amine groups on the ONCDs’ 
surface. These results were corroborated by X-ray photoelectron spec
troscopy (XPS). 

3.1.2. XPS characterization of the ONCDs 
X-ray photoelectron spectroscopy (XPS) was used as a characteriza

tion tool to provide insights into the elemental composition and chem
ical bonding states of the ONCDs. In Fig. 3a, the XPS survey spectrum is 

Fig. 1. Proposed mechanism for the synthesis of ONCDs.  

Fig. 2. FTIR spectra of both 4AA and ONCDs.  
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Fig. 3. XPS results for ONCDs, with (a) showing the overall survey spectrum, and the detailed high-resolution spectra of C 1s, N 1s, and O 1s are represented in (b), 
(c), and (d) respectively. 

Fig. 4. 13C NMR spectra of 4AA and ONCDs.  
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displayed, confirming the existence of carbon, nitrogen, and oxygen 
elements in the ONCDs. This was supported by identifying peaks at 
specific energy levels, namely C 1s at 284.7 eV, N 1s at 399.8 eV, and O 
1s at 531.3 eV [30]. Detailed examination of the ONCDs was conducted 
through high-resolution spectra. Fig. 3b exhibited the high-resolution C 
1s spectrum of the ONCDs, which exhibited clear and separate peaks at 
specific energy levels. The peak at 284.5 eV indicated the presence of 
(C–H/C–C/C––C) bonding configurations. The peak at 285.7 eV also 
denoted (C–O/C–N) bonding configurations, while the peak at 287.8 eV 
signified (C––N) bonding configurations within the ONCDs. Likewise, in 
Fig. 3c, the high-resolution N 1s spectrum exhibited three distinct peaks 
at different energy levels, indicating the presence of specific chemical 
bonds in the ONCDs. The peak at 398.7 eV signified the occurrence of 
(C––N) bonds, while the peak at 399.5 eV was attributed to (N–H) bonds. 
Additionally, the peak at 400.3 eV confirmed the presence of (C–N/N–N) 
bonds in the ONCDs [31,32]. In Fig. 3d, the O 1s spectrum of the ONCDs 
demonstrated two distinct peaks. The first peak, at 531.1 eV, indicated 
the presence of C–O–C bonding, while the second peak, at 532.2 eV, 
corresponded to C–O–H bonding. The 13C NMR and 1H NMR spectra 
analysis further supported the formation of ONCDs through 
self-condensation reactions. 

3.1.3. 13C NMR characterization of the ONCDs 
The 13C NMR spectra of both 4AA and ONCDs are presented in Fig. 4 

and Figs. S1a and S1b of the supporting information. In the 13C NMR 
spectrum of 4AA, a peak is observed at 161 ppm, corresponding to the 
carbonyl (C––O) group in the pyrazole ring. However, this peak dis
appeared in the spectra of ONCDs, indicating that self-condensation 
reactions occurred during the carbonization process, leading to the 
formation of ONCDs [29]. The 13C NMR spectrum of the ONCDs showed 
resonance peaks at (119–135) ppm, which can be ascribed to the 
sp2-hybridized carbons (C––C) in the aromatic ring, as well as imine 
carbons (C––N) formed during the synthesis process [33]. 

Furthermore, new peaks were detected in the 9–31 ppm range, 
indicating aliphatic carbons linked to amine and hydroxyl groups within 
the ONCDs [34]. The formation of these functional groups occurs due to 
the carbonization process. On the contrary, 4AA shows two peaks at 34 
and 9 ppm, suggesting that its original structure was not preserved. 

3.1.4. 1H NMR characterization of the ONCDs 
Fig. 5 and Figs. S2a and S2b in the supporting information illustrate 

the 1H NMR spectra of 4AA and ONCDs. The 1H NMR analysis of ONCDs 
reveals the appearance of new peaks within the 8.4–10 ppm range, 
which can be attributed to the presence of HC––N imine protons. This 
confirms that self-condensation reactions of 4AA occurred during the 

Fig. 5. 1H NMR spectra of 4AA and ONCDs.  

Fig. 6. (a) The UV–vis, PLE, and PL emission spectrum of the ONCDs dissolved in ethanol. (b) PL emission spectra of ONCDs under different excitation wavelengths, 
spanning from 340 to 440 nm. 
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carbonization process, leading to the creation of ONCDs. Furthermore, 
the presence of a multiple of peaks between 6.7-7.8 ppm indicates the 
existence of aromatic and sp2 protons. Additional new peaks ranging 
from 2.5 to 3.7 ppm were observed, corresponding to the C–H protons 
attached to the OH and NH groups formed during the carbonization 
process [35]. New peaks were identified within the 1.3 ppm range, 
representing the sp3 C–H protons. Conversely, the N–CH3 and C–CH3 
peaks from the 2.7 and 2.1 ppm ranges in the 4AA spectrum were no 
longer present [29]. This observation indicates that the fundamental 
structure of 4AA was not preserved during the transformation into 
ONCDs. 

3.1.5. Optical properties of ONCDs 
UV–visible (UV–vis), photoluminescence (PL) emission, and photo

luminescence excitation (PLE) spectroscopy techniques were utilized to 
gain valuable insights into the light absorption and emission properties 
of ONCDs. The absorption, PL, and PLE spectra of ONCDs are illustrated 
in Fig. 6a and b. Two peaks were observed in the UV–visible spectrum of 
ONCDs (Fig. 6a). The first peak at a wavelength of 204 nm represented 
the π → π* transition of the conjugated system of the ONCDs like (sp2 

aromatic/C––N and alkenyl C––C bonds). This indicates that the ONCDs 

have a strong conjugated structure with high electron density. The 
second absorption detected band at a wavelength of 270 nm corresponds 
to the n → π* transition of the C––N bond [36,37]. Fig. 6a also presents 
the PLE spectrum, which exhibits a single PLE band at 400 nm. 
Furthermore, the PL emission spectrum exhibited a broad emission peak 
in the green region of the electromagnetic spectrum, with a central 
wavelength of approximately 480 nm [38], as illustrated in Fig. 6a. A 
substantial number of surface functional groups and the varied size 
distribution of the ONCDs impact this peak. To generate the photo
luminescence (PL) emission spectrum of ONCDs, a range of excitation 
wavelengths from 340 to 440 nm was utilized, with increments of 20 
nm, as demonstrated in Fig. 6b. The position of the PL emission peak of 
ONCDs varied depending on the excitation wavelength [39]. 

3.1.6. HR-TEM and XRD characterizations of ONCDs 
High-resolution transmission electron microscopy (HR-TEM) was 

used to do a thorough analysis to improve our comprehension of the 
production process of ONCDs. This method allowed for an investigation 
into the structural properties and morphology of the ONCDs. The anal
ysis of HR-TEM images determined the size distribution of the synthe
sized ONCDs, revealing an average particle size of 9 nm (Fig. 7c). The 

Fig. 7. HRTEM results of ONCDs at two dissimilar intensifications: (a) 100 nm and (b) 20 nm, revealing the presence of lattice fringes. (c) The particle size dis
tribution histogram was derived from the image in (a) using a calculation method and n = 30, (d) XRD prototype of the ONCDs. 
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small and narrow size distribution indicated that the ONCDs exhibited 
uniformity in size and shape. Furthermore, the HR-TEM images pro
vided valuable insights into the lattice structure of the ONCDs. Clear 
lattice fringes were observed, enabling the measurement of the inter
planar spacing. The calculated d-space value was 0.33 nm, indicating 
the lattice spacing of the ONCDs (Fig. 7b) [40]. Significantly, this value 
corresponded to the (100) plane lattice of graphite carbon, suggesting 
the successful synthesis of ONCDs and implying their possession of 
unique optical and electronic properties. The well-defined lattice 
structure and uniform particle size distribution contribute to the po
tential influence of ONCDs on various applications. Additionally, X-ray 
diffraction (XRD) analysis was conducted to examine the crystal struc
ture of the ONCDs. The XRD pattern displayed a prominent broad peak 

at 21.1◦ (Fig. 7d), indicating the presence of an amorphous structure 
[41]. Notably, the nitrogen-doped carbon dots displayed a d-spacing of 
0.42 nm between their layers. These findings suggest that the ONCDs 
possess a layered nanostructure with a well-defined arrangement of 
carbon atoms and nitrogen dopants [42]. 

3.2. PVC/ONCDs nanocomposite films 

3.2.1. FTIR study 
The FT-IR spectra were utilized to enhance understanding of the 

chemical interactions and structural changes that occur when PVC and 
ONCDs are combined at various concentrations. Fig. 8 depicts the FT-IR 
spectra of both pure PVC and composites of PVC with ONCDs. The FT-IR 

Fig. 8. FT-IR result of pure PVC and nanocomposites of PVC/ONCDs.  
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spectra of PVC exhibit distinct peaks around (2974-2867 cm− 1 and 
1434-1333 cm− 1), indicating the stretching and bending vibrations, 
respectively, of the CH2 groups in the PVC backbone. The peak around 
1254 cm− 1 corresponds to the CH2Cl groups exhibiting bending vibra
tions, while the peak in the range of 633-615 cm− 1 arises from the 
stretching vibrations of the C–Cl bond in PVC [43]. In contrast, several 
new peaks appeared in the FT-IR spectra of PVC/ONCDs composites at 
3352, 3058, 1673, 1596, and 1524 cm− 1, which are ascribed to OH/NH, 
C–H for sp2 carbon, N–H bending, imine form (C––N), and C––C, 
respectively. These findings suggest that PVC/ONCDs composites have 
been successfully prepared. In addition, the intensity peak at around 
1434 cm− 1 in pure PVC becomes shorter and shifts to a slightly higher 
wavenumber at around 1440 cm− 1 in the PVC/ONCDs composite 
spectra, while the intensity peak at 1333 cm− 1 becomes shorter and 
shifts to a slightly lower wavenumber at around 1325 cm− 1. This in
dicates some interactions between the CH2 groups in PVC and ONCDs, 
which may cause some degree of crosslinking. Furthermore, the peaks of 
CH2Cl and C–Cl in PVC at around (1254 and 636 cm− 1), respectively, 
become less intense in the PVC/ONCDs composite spectra, suggesting 
that the presence of ONCDs may influence the C–Cl bond in PVC. This 
phenomenon might be attributed to the hydrogen bond interaction be
tween the hydrogen atoms of NH and OH groups in the ONCDs and the 
chlorine atoms in PVC. This interaction can alter the chemical compo
sition and the composite’s molecular structure. 

3.2.2. XRD analysis 
Through the existence of strong diffraction rings or peaks, X-ray 

diffraction (XRD) investigations give complete information regarding 
crystal structure, crystal orientation, crystallite size, and the existing 
material phases. Additionally, the amorphous materials have noticeable 
"halos" that are wide. The large peak from 2 = 17.38–26.02 reflects the 
amorphous characteristic of PVC in the virgin PVC film’s XRD pattern 
[44,45]. In an earlier investigation, three halos were seen in the PVC 
film spectrum at 17.7o, 24.7o, and 40.6o [46]. We see that the position of 
the PVC reflection peaks remains the same; all of the distinctive XRD 
peaks are visible in the composite samples in the exact location as pure 
PVC regardless of the ONCDs concentration. However, the PCV major 
peaks have widened and lost some strength. On the other hand, the 
ONCDs particles distributed in PVC may significantly impact the PVC 
polymer’s crystallization. This phenomenon might be attributed to the 
decreased chain-chain interactions caused by the interaction between 
ONCDs particles and the chlorine atom in the PVC polymer. Investi
gating the material’s crystalline structure involved utilizing Origin 8 
software to obtain the area under the crystalline and amorphous peaks. 
Equation (1) was employed to calculate the degree of crystallinity (χс), 
and the corresponding results are displayed in Table 1.  

χс = (AC/AT) × 100 %                                                                     (1) 

AT represents the total area of crystallized and amorphous peaks, 
while AC represents the area specifically attributed to crystallized peaks. 
Fig. 9 displays the Gaussian fitting results on PVC films. The χс values 
were determined by utilizing the AT and AC measurements, as indicated 
in Table 1. PVCD2 exhibits the highest amorphousness due to the 
increased amorphous phase resulting from the dispersions of ONCDs and 
interactions among PVC composite components [47]. 

3.2.3. Optical properties 

3.2.3.1. Investigation of absorption characteristics. Fig. 10 displays the 
absorption spectra of both neat PVC and PVC/ONCDs films. There are 
two peaks visible in the ultraviolet range. Unlike unmodified PVC, the 
doped materials exhibit much more refined UV absorption. Molecular 
orbitals are employed to elucidate the absorption of light energy by 
polymers in the UV–visible spectrum, causing electrons in p, d, and n- 
orbitals to transition from the ground state to higher energy levels. Three 
different electronic transitions are possible: σ→σ*, n→π*, and π→π*. 
Doping materials with energies within the visible spectrum primarily 
initiate optical transitions, creating defects known as color centers [48]. 
Fig. 10 shows the spectra of neat PVC and PVC/ONCDs films, which 
have two peaks at about 211 nm and 281 nm (i.e., a broad shoulder 
peak) for pure PVC. The first one is ascribed to n-π*, while the second 
one could be attributed to π -π* transitions [49,50]. 

A useful method for researching electronic transitions is UV–vis. The 
comprehension of the energy band gap and band structure in both 
crystalline and non-crystalline materials is achieved through the ex
amination of optical absorption spectra in solid substances [51]. 
Determining band strength or band-gap energy in non-crystalline ma
terials can be accomplished by analyzing the absorption edge [52]. The 
absorption coefficient (α) of an optical media measures how much light 
it absorbs [53]. To obtain the absorption coefficient (α), equation (2) 
was employed.  

α (λ) = (2.303/d)*A                                                                          (2) 

where A is the data on absorption and d is the PVC film thickness. An 
incoming photon near the absorption edge causes an electron to tran
sition from a lower to a higher energy state. The samples’ amorphous 
nature is shown by an absorption coefficient that gradually increases 
with applied photon energy. Fig. 11 illustrates the variation of the ab
sorption coefficient as a function of photon energy for pure PVC and 
PVC/ONCDs films. Table 2 displays the absorption edge values derived 
by extrapolating the linear portions of Fig. 11 to the X-axis. The ab
sorption edge fluctuation in response to ONCDs insertion is redshifted 
from 4.75 eV to 1.6 eV. The absorption edge changes toward lower 
photon energy as ONCDs concentration rises. The shift in the absorption 
edge may be attributed to the forming of a conjugated bond system 
resulting from bond cleavage and subsequent reconstruction. This is a 
good turn of the structural and chemical alterations to PVC integrated 
with ONCDs [54]. The considerable alterations in absorption edge 
values prove that the band structure of PVC nanocomposites has 
changed. 

3.2.3.2. Investigations of refractive index and optical dielectric constant. 
The optical refractive index (n), which measures how much the speed of 
light is reducing in the material, is one of the parameters. Controlling the 
optical characteristics of materials depends on variations in the refrac
tive indices of composite films. An earlier study found that examining 
the optical dielectric constant’s real component (ε1) and imaginary part 
(ε2) is crucial for designing novel materials. The refractive index plays a 
vital role in the fabrication of prisms, optical windows, and optical fi
bers, serving as a critical optical property [55,56]. The refractive indices 
of the samples were determined using the reflectance (R) and extinction 
coefficient (k) values, employing equation (3) [57]. 

n=
[
(1 + R)
(1 − R)

]

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4 × R

(1 − R)2 − K2

√

(3) 

The extinction coefficient (K ¼ αλ/4πt) is related to the absorption 
coefficient (α), the thickness of the PVC film (d), and the wavelength 
(λ). The reflectance (R) was calculated using the absorption (A) and 
transmittance (T) values according to equation R ¼ 1 - (A þ T). The 
transmittance (T) values were derived from Beer’s law as T = 10^(-A). 
The refractive index spectra of both pure PVC samples and doped 

Table 1 
Values of χс obtained through deconvoluted XRD analysis.  

Sample Degree of crystallinity (χс) 

Pure PVC 20.68904 
PVCD1 6.343771 
PVCD2 2.209977  
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Fig. 9. XRD deconvolution for pure PVC and doped films.  
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samples are depicted in Fig. 12. There is a clear correlation between the 
increase in ONCDs concentration and the corresponding rise in refrac
tive index value (n), which escalated from 1.72 to 2.16. Following the 
renowned Lorentz-Lorenz formula, the host polymer matrix exhibits a 
greater refractive index once ONCDs are inserted, ascribing to the in
crease in charge carriers [58]. This is because the ONCDs make the 
matrix denser. Waveguides, light-emitting diodes, and antireflective 
coatings are a few examples of sophisticated optical and optoelectronic 
technologies that greatly benefit from high-refractive index materials 

[59]. Additionally, compared to pure PVC, all doped films exhibit 
dispersion in the refractive index vs wavelength from the visible to 
near-infrared region. 

Fig. 13 illustrates the plot of an important parameter, the optical 
dielectric constant (ε1). The ε1 value is crucial to be studied because it is 
correlated with the localized density of states (N/m*), as illustrated in 
equation (4). Upon combining PVC with ONCDs material, a noticeable 
increase in the dielectric constant becomes apparent. This rise can be 
attributed to the increment in the density of states, as ε1 is directly linked 
to the density of states within the band gap of the polymer films. Pre
vious studies have revealed that the electronic component of the 
dielectric constant (ε1) is strongly correlated with the optical band-gap 
[53]. This has a direct connection to the localized electronic states seen 
in materials’ prohibited gaps [60]: 

ε1 = n2 − k2 = ε∞ −

(
e2

4π2 C2 εo

)

×

(
N
m∗

)

× λ2 (4)  

Where ε∞ represents the dielectric constant at longer wavelengths, 
while εo corresponds to the dielectric constant in free space. The symbol 

Fig. 10. Absorption spectra for pure and modified PVC films. The ONCDs 
improved the absorption behavior of PVC to cover the entire range 
of UV–visible. 

Fig. 11. Absorption coefficient spectra for pure and modified PVC films. The 
ONCDs decreased the absorption edge of PVC to the region close enough to 
semiconductor materials. 

Table 2 
Presents Absorption edge for PVC and PVC 
composites.  

Sample Absorption edge 

Pure PVC 4.75 
PVCD1 1.8 
PVCD2 1.6  

Fig. 12. Refractive index (n) spectra for pure and modified PVC films. The 
ONCDs improved the n value from 1.72 for pure PVC to 2.16 for PVC doped 
with ONCDs. 

Fig. 13. The ε1 spectra for pure and modified PVC films. The ONCDs improved 
the ε1 value due to an increase in N/m*, thus increasing the number of electrons 
that can participate in the transition from VB to CB. 
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e represents the electronic charge, while C denotes the speed of light. 
Fig. 13 depicts the wavelength dependence of the optical ε1 value vs λ 
for different concentrations of ONCDs. Clearly, when the concentration 
of ONCDs is raised, the ε1 values rise as well. The corresponding rise in 
the density of states (N/m*) is responsible for the increase in the ε1 
value, which goes from 2.9 to 4.6. When the optical dielectric constant is 
raised, more charge carriers are introduced, leading to a greater density 
of states. 

3.2.3.3. Investigation of the optical band gap: Tauck’s model and analysis 
of optical dielectric loss. UV–vis spectroscopy is commonly utilized as a 
standard method for determining the energy band gap of materials. The 
absorption of photon energy causes electron excitation, resulting in the 
development of an absorption edge. These deviations in the band gap 
energy provide insights into determining optical band gap energies [61]. 
Figs. 14 and 15 display the (αhυ)1/γ plots, while Fig. 16 illustrates the 
correlation between dielectric loss and photon energy (hv) for all the 
samples. The calculated band gap energy values for the samples can be 
obtained by analyzing the responses depicted in Figs. 14–16. The optical 
band gap can be determined using Tauc’s equation (5), which relates 
the absorption coefficient as a function of photon energy [62,63]. 

αhν=B
(
hν − Eg

)γ (5)  

Where α represents the absorption coefficient, hυ corresponds to the 
energy of the photon beam, B is a constant parameter associated with 
creating new energy bands, and Eg represents the optical band gap en
ergy. The parameter γ can take pairs of half-integer values, such as 1/2 
and 3/2, representing electron transitions of direct allowed and direct 
forbidden nature, respectively. It can also take pairs of integer values, 
such as 2 and 3, denoting indirect allowed and indirect forbidden 
transitions, respectively. The extrapolated linear components of the plot 
of (αhυ)1/γ intersecting the photon energy axis (x-axis) are utilized to 
determine the direct optical energy band gap of the polymer composite 
films. Table 3 presents the corresponding Eg values for all possible 
transitions. Based on the Taucs model, the Eg value was reduced to 1.52 
and 1.78, corresponding to direct and forbidden selection. The dominant 
or exact type of transition could be specified in the later section of ε2 
study versus photon energy, which is a subject related to condensed 
matter physics from the viewpoint of quantum physics. A recent study 
indicated that polymers with Eg less than 1.6 eV are decisive for various 
applications, including photonics, photovoltaics, transistors, and opto
electronics. The results of the current work are of great importance 
compared to those published in the literature. Recently, Abdel Fattah 
et al. [64], tried to shrink PVC’s energy band gap (Eg) through the 
insertion of MWCNTs. In their study, they used plasma to develop the 
compatibility of MWCNTs with PVC matrix, thus reducing the Eg to 2 eV. 
Kassem et al. [65], studied the role of BiVO4 nanomaterial on PVC’s 
optical and shielding properties. They found that PVC’s Eg (4.17–4.097 
eV) was not influenced significantly. This work utilized green synthesis, 
and the Eg value was reduced to 1.52, a successful method in optical 
materials. Moreover; Al-Muntaser et al. [44], studied the role of 
Li4Ti5O12 NPs on band gap reduction of PVC/PMMA. They reported the 
band gap reduction upon adding NPs from 4.2 to 3.69. El-Sayed et al. 
[66], also observed little reduction of PVAc/PVC from 4.22 to 3.97 eV 

Fig. 14. The plot of (αhυ)1/γ versus photon energy is presented for a value of γ 
equal to 1/2. 

Fig. 15. The plot of (αhυ)1/γ versus photon energy is presented for a value of γ 
equal to 3/2. 

Fig. 16. The ε2 spectra for pure and modified PVC films. The ONCDs reduced 
the energy gap from 4.76 eV to 1.51 eV value due to an increase in N/m*, thus 
increasing the number of electrons that transfer from VB to CB. 

Table 3 
Displays the band gap values obtained from the ε2 plot and Tauc’s method.  

Samples = 1/2γ = 3/2γ From ε2 

Pure PVC 4.75 4.5 4.76 
PVCD1 2.14 1.76 1.78 
PVCD2 1.88 1.52 1.52  
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upon inserting various MgO NPs. The findings of this study demonstrate 
that the incorporation of ONCDs can significantly impact the band gap 
of materials. The presence of ONCDs introduces a high density of 
localized states within the band gap, causing an overlap that reduces the 
region where electrons typically transition from the valence band to the 
conduction band. Additionally, it can be inferred that ONCDs have a 
more significant influence on modifying the optical band gap of weakly 
polar polymers like PVC compared to the attempts made with irradiation 
and ceramic nanoparticles. Further investigation in this field is neces
sary to confirm the exceptional ability of ONCDs to decrease the band 
gap in weakly polar organic polymers effectively. A significant contri
bution of this work is the utilization of ONCDs as a non-toxic and heavy 
metal-free material. Scheme 2 illustrates the role of various materials in 
changing the optical band gap of PVC polymer. Compared to various 
nano-materials, it can be seen that ONCDs are outstanding in changing 
the optical properties of PVC polymers. One more interesting point is 
that ONCDs are too flexible compared to neat PVC, which is almost 
brittle and transparent. The findings of this study, which employ an 
environmentally friendly methodology, have a clear and significant 
impact on the overall optical properties of PVC. From the outcomes of 
this innovative work, it can be understood that combining various fields 
of study, such as chemistry and physics, may produce scientific inno
vation essential for various technology applications. The development of 
low-cost polymer composites with enhanced optical properties has 
become a subject of considerable interest. Polymer composites, 
including wide band gap PVC, have attracted significant research 
attention worldwide. PVC, being a thermoplastic polymer, is particu
larly noteworthy due to its widespread use, affordability, and stability 
when compared to conductive polymers. 

Predicting whether a band in amorphous materials will be of the 
direct or indirect type is challenging due to the diverse orbital contri

butions from both the dopants and the ligand [57]. Interband transitions 
are often not allowed inside the visible light spectrum because insulators 
typically have significant electronic band gaps. Here, the dielectric 
constant remains almost unaltered [67]. In theory, the dielectric func
tion accounts for all phenomena intrinsic to how light and matter 
interact [68]. Previous studies have shown that the transfer of electrons 
from the valence band to the conduction band is responsible for the 
significant peak in ε2 diagrams [57,69]. It is commonly recognized that 
amorphous materials exhibit broad peaks in the fundamental absorption 
region, while crystalline materials demonstrate sharper absorption 
characteristics. In our previous work [70], we noticed distinct peaks in 
the plot of the ε2 parameter. The ε2 is strongly correlated with the band 
structure of the materials, and this has been the subject of several 
theoretical quantum mechanical analyses [71–73]. The estimation of the 
optical band gap is possible through equation (6), which relies on the 
electronic band structure, the density of states for filled and empty 
states, and the magnitude of the optical transition probability between 
them [67,74]: 

ε2(ω)=
4π2

Ωω2

∑

i∈VB.j∈CB

∑

K
WK

⃒
⃒
⃒pa

ij

⃒
⃒
⃒

2
δ
(
∈kj − ∈ki − ω

)
(6)  

Where Ω represents the volume of a unit cell, ω denotes the frequency of 
light, VB and CB refer to the valence and conduction bands, respectively, 
wk represents the weight associated with a specific k-point pa

ij denotes 
the probability of a transition, and a represents the direction involved in 
the calculation. The delta function ensures energy conservation in 
electronic transitions, stipulating that the energy of a photon must 
precisely match the energy gap between a valence and conduction state 
for the transfer to occur. Using equation (6) to deduce the optical band 
gap, the relationship between the band structure of materials and the 

Scheme 2. Various materials to reduce the band gap of PVC.  
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optical dielectric loss becomes evident. With the use of the measured 
refractive index (n) and extinction coefficient (K) (ε2 = 2 nK), we were 
able to accurately predict the optical band gap in our previous studies 
[75]. Quantum mechanical applications of Equation (6) need elaborate 
numerical processes and models since they represent a microscopic 
method of investigating band gaps. The macroscopic approach of 
determining the optical band gap using optical dielectric loss (ε2 = 2 nK) 
is quick and easy to implement and produces very accurate results [76]. 
As can be seen in Table 3, the gaps optical band gaps from the ε2 spectra 
are suitably secure to those estimated using the Taucs technique. Table 3 
shows that in order to analyze the Eg between the VB and CB, the optical 
ε2 parameter is essential, while the Taucs approach is necessary in order 
to determine the various transitions that an electron can employ to 
overcome this barrier. The manipulation of newly formed levels be
tween the valence band and conduction band of PVC is demonstrated by 
the reduction in Eg from 4.76 eV for the neat PVC to 1.52 eV for the 
doped PVC. The observed reduction further confirms the presence of 
permanent defects at the band edge within the prohibited band. Elec
tronic transition types can be determined by comparing the Eg values 
obtained from Tauc’s method (refer to Figs. 14 and 15) with those 
presented in Fig. 16. From a logical standpoint, one can deduce that the 
electronic transition type in neat PVC is directly allowed, whereas it 
becomes directly forbidden in PVC/ONCDs samples. This distinction 
may arise from the presence of crystalline domains that dominate the 
direct transition in neat PVC. In crystalline materials, the valence band 
(VB) aligns with the conduction band (CB), whereas this alignment does 
not occur in amorphous materials. This observation is supported by the 
XRD analysis, which revealed an increased amorphous phase in 
PVC/ONCDs composites compared to pure PVC. Schematically the types 
of electron transition belonging to direct and indirect are shown in 
Fig. 17. 

4. Conclusion 

The main conclusion of the current project demonstrates that organic 
soluble polar polymers, which are normally insulating, can be trans
formed into semiconducting materials by incorporating organic soluble 
nitrogen-doped carbon dots (ONCDs). This study successfully synthe
sized a novel green emissive ONCDs, exhibiting an average particle size 
distribution of around 9 nm. The synthesis was achieved using a solvent- 
free method, which resulted in a high yield of 50 % and a quantum yield 
of 10 % from 4-aminoantipyrine. Spectroscopic analysis showed that 
self-condensation reactions and noncovalent π-π stacking interactions 
were involved in the formation of ONCDs. The synthesized ONCDs were 

effectively employed to decrease the optical band gap of PVC polymer, 
presenting opportunities for improving the efficiency of optoelectronic 
devices. The PVC/ONCDs composite films exhibited improved optical 
properties, such as increased light absorption from UV to near-infrared 
range and a variable refractive index (1.72–216). The optical dielec
tric constant (2.9–4.6) also increased, indicating a higher localized 
density of states. The mechanism of band gap reduction and electron 
transition was elucidated by analyzing optical dielectric loss and 
applying the Taucs model. The outcome of this study presents an easy, 
high-yield, and cost-effective method for synthesizing ONCDs and 
demonstrates their potential for reducing the optical band gap of PVC 
polymer. This breakthrough enables the development of advanced 
polymer composites with tunable energy band gaps. The remarkable 
potential of low band gap PVC/ONCDs films extends to a wide range of 
optoelectronic devices, including solar cells, transistors, diodes, and 
lasers. Moreover low band gap polymer composites are crucial for laser 
power attenuation, optical limiters and laser sensors. Consequently, 
these findings offer exciting prospects for developing innovative 
technologies. 
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