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A B S T R A C T

Efficient organic nonlinear optical (NLO) material is of great interest for photonic and optoelectronic applica
tions. The present work involved the doping of Phenazopyridine extracted from expired pharmaceutical tablets 
into poly(methyl methacrylate) (PMMA) to synthesize composite thin films of PMMA doped with 10, 30 and 50 
wt% Phenazopyridine. FTIR, UV–Vis, 1H NMR and 13C NMR spectroscopy were used to confirm the chemical 
structure of the extracted compound. The electronic structure and optical properties were studied with the help 
of the density functional theory (DFT) and time dependent density functional theory (TD-DFT) methods at 
B3LYP/6–311 + G(d,p) and CAM-B3LYP/6–311 + G(d,p) levels of theory. The molecular orbitals calculated 
showed an efficient intramolecular charge-transfer character of Phenazopyridine with its donor–π–acceptor ar
chitecture. Open and closed aperture Z-scan methods were used to measure the nonlinear optical properties using 
continuous wave laser excitation at 532 nm. The composite films showed significant saturable absorption and 
saturable absorption index in the reverse direction, as well as negative nonlinear refraction, which showed self- 
defocusing properties. The nonlinear optical response was found to be higher at higher dye concentration, while 
the 50 wt% Phenazopyridine/PMMA film showed the highest nonlinear absorption coefficient and optical 
limiting performance. The nonlinear behavior observed is explained by the excited-state absorption and ther
mally induced nonlinear effects. The results indicate that Phenazopyridine/PMMA composites have interesting 
nonlinear optical properties and show that the use of outdated pharmaceutical drugs as functional materials in 
photonic applications seems promising.

Introduction

Nonlinear optical (NLO) materials have been the subject of great 
interest due to their potential applications in optical limiting, optical 
switching, signal processing, frequency conversion, data storage and 
photonic devices. With the growing need for new and improved opto
electronic technologies, intensive research efforts have focused on 
organic materials because of their high nonlinear optical susceptibilities, 
rapid response times, tunability, low costs, and ease of fabrication. 
Generally, organic chromophores tend to have greater intramolecular 
charge transfer (ICT) interactions than inorganic materials, that is, 
intramolecular charge transfer complexes are often stronger in organic 
chromophores than in inorganic materials, and are crucial for improving 

third-order nonlinear optical properties [1–3].
Azobenzene based dyes are an important class of NLO materials as 

they possess extended π-conjugated systems, high optical absorption and 
possess excellent charge transfer properties [4]. Since the presence of 
the azo linkage (–N=N–) allows electron delocalization between the 
electron donating and electron accepting groups, there is an improve
ment in the nonlinear absorption and refractive properties [5]. In 
addition, azo compounds exhibit excellent photostability, structural 
tunability, and compatibility with polymeric matrices, making them 
attractive candidates for photonic, optoelectronic, and nonlinear optical 
applications.[6].

Incorporation of organic dyes into polymer matrices is a good way to 
achieve mechanical stability, processability, and optical properties of 
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NLO materials [7]. Poly(methyl methacrylate) (PMMA) is one of the 
most used host polymers because of its good transparency in the visible 
region, low optical losses and environmental stability, and easy film 
formation [8]. Dye doped PMMA composites are materials with the 
desired physical properties along with a strong nonlinear optical 
response of the dye molecules suitable for optical limiting or laser pro
tection applications [9].

Phenazopyridine is an electron rich azo pharmaceutical compound 
with an amino substituted electron rich aromatic ring linked to a pyri
dine fragment by an azo bridge, which represents a donor–π–acceptor 
(D–π–A) molecular architecture. This kind of structure can be beneficial 
for intramolecular charge transfer and could be beneficial for the pres
ence of noticeable nonlinear optical effect. Phenazopyridine has been 
extensively studied for its pharmaceutical usage but its nonlinear optical 
properties are not explored to a large extent. However, there are very 
few studies on the nonlinear absorption, nonlinear refraction, optical 
limiting properties and theoretical electronic structure of polymer 
composites based on Phenazopyridine [10].

Furthermore, the benefit of using expired pharmaceutical com
pounds as functional optical materials provides an attractive pathway to 
valorization of pharmaceutical wastes and sustainable materials devel
opment. Often, expired drugs are thrown away, even though they have 
physically useful molecular structures [11]. Their potential application 
in the field of photonic applications can be investigated as an environ
mentally friendly solution to waste conversion to valuable functional 
materials in the field of pharmaceutical processing [12].

Keeping these in mind, the present work aims at exploring the 
nonlinear optical characteristics of Phe obtained from expired phar
maceutical tablets and introduced to PMMA thin-film. To assure the 
chemical integrity of the extracted compound, the molecular structure 
and electronic properties were examined using FTIR spectroscopy, 
UV–Vis spectroscopy, DFT and TD-DFT calculation, and also, the 1H 
NMR and 13C NMR were performed. The nonlinear optical property has 
been investigated experimentally via open- and closed-aperture Z-scan 
and diffraction-ring measurements, and optical limiting experiments 
under continuous-wave laser excitation. The experimental and theo
retical studies enable the understanding of the structure–property re
lationships and understand the optical response of Phenazopyridine and 
its use as a low-cost organic NLO material for photonic and optoelec
tronic applications.

2. Experimental methods

2.1. Extraction and Sample Preparation

Phenazopyridine free base was extracted by dissolving the out-of- 
date tablets (10 x 100 mg) in 100 mL of and 10% aqueous NaOH was 
added. The free base was extracted using ethyl acetate (2 x 50 mL) and 
evaporated under low pressure to obtain the phenazopyridine (70% 
recovery; m.p. 136–137 ◦C), the recovered Phenazopyridine was pre
liminarily examined by thin-layer chromatography (TLC), which 
showed a single dominant spot under the employed chromatographic 
conditions, indicating the successful isolation of the target compound. 
Further structural confirmation was obtained using FTIR, 1H NMR, and 
13C NMR analyses. [13].

In the case of thin film fabrication, 10 -4 M solution of phenazopyr
idine was prepared in chloroform, and PMMA (0.3 g) in 5 mL of the same 
solution. Phenazopyridine-PMMA mixtures were prepared at 10%, 30% 
and 50% weight percent (wt.%) and then the mixtures were drop-casted 
onto glass surfaces using the drop-casting method. The substrates were 
washed with acetone then distilled water before deposition to assure a 
homogeneous surface that was contaminant-free. All preparation pa
rameters were kept under strict control to achieve uniformity and 
reproducibility of the films, such as maintaining a constant concentra
tion of the solution, the same conditions of deposition, and ambient 
conditions. The films were left to dry at room temperature under the 

same conditions of 72 h, and uniform smooth and defect free thin films 
were obtained. The prepared films were determined to be approximately 
60 µm thick confirming the consistency of the deposition process and 
suitability for reliable optical measurements [14–16].

2.2. Characterization

Thin layer chromatography (TLC), Fourier transform infrared (FTIR), 
UV-Visible and nuclear magnetic resonance (NMR) studies were done to 
confirm the identity of the extracted Phenazopyridine and to determine 
its suitability for further optical studies. Initially TLC analysis was used 
to follow the extraction process and showed a single major component 
under the chromatographic conditions used. FTIR spectra were recorded 
using a PerkinElmer spectrometer in the range of 4000–400 cm− 1 with a 
resolution of 1 cm− 1. UV–Vis absorption spectra were recorded by a 
Shimadzu double-beam spectrophotometer (Model 1900i) at the spec
tral resolution of 1 nm and in the spectral range of 150–1100 nm. 
Furthermore, its molecular structure was further confirmed by obtaining 
1H NMR and 13C NMR spectra of the recovered compound. The spec
troscopic analysis indicated the characteristic structural features of 
Phenazopyridine and the combined analyses were consistent, which 
supported successful recovery of the target compound.

2.3. Z-scan measurements

The Z-scan technique was employed to investigate the nonlinear 
absorption coefficient and nonlinear refractive index of phenazopyr
idine in both solution and thin film forms. A Gaussian continuous-wave 
(CW) laser beam was used to scan the moving sample through the focus 
of a lens, allowing analysis of the transmittance to determine both the 
nonlinear refractive index and absorption coefficient. A DPSS CW laser 
with a wavelength of 532 nm, beam waist of 24 µm, and intensity of 1 
kW/cm2 was employed, with a 10 cm focal length lens. As the cuvette 
thickness (1 mm) was smaller than the Rayleigh range (3.4 mm), the thin 
sample approximation was valid. Transmittance was measured with and 
without a 3 mm pinhole in a far-field configuration (linear transmitting 
0.4 (using a photodetector, and the data were recorded and analyzed 
using Z-scan software[17].

3. Computational Details

The quantum chemical and NLO properties calculations in this work 
were predicted with the Gaussian 16 program package (Revision B.01) 
[18]. Geometry optimization and frequency calculations were per
formed using the B3LYP/6-311+g(d,p) and CAM- B3LYP /6-311+g(d,p)
[19–21] and to visualize the molecule, Gauss View 6.1.1 program was 
employed[22] for geometry optimizations and ground-state electronic 
structure calculations, the B3LYP functional with 6-311+G(d,p) basis set 
was used as it offers an acceptable compromise between cost and pre
cision for π-conjugated organic molecules. However, the energies of 
long-range charge-transfer excitations can be underestimated by tradi
tional hybrid functionals like B3LYP. The calculation of the excited-state 
properties and electronic transitions were thus performed by the use of 
the CAM-B3LYP functional as well. The Owing to its long-range 
correction scheme, CAM-B3LYP is a more reliable method for the 
description of intramolecular charge-transfer processes and optical ex
citations, which are especially crucial in systems that include 
donor–π–acceptor units like Phenazopyridine. Thus, the B3LYP/CAM- 
B3LYP level is provides a comprehensive and reliable theoretical 
framework for investigating the structural, electronic, and nonlinear 
optical properties of the studied molecule. The TD-DFT scheme was used 
to understand the electronic and linear optical behavior of Phenazo
pyridine molecule. The hyperpolarizability calculations were done with 
above mentioned basis set via hybrid functional CAM-B3LYP[23,24]. 
The optimized bond lengths calculated using the B3LYP and CAM- 
B3LYP functionals are listed in Table 1. The corresponding bond 
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angles are presented in Table 2, while the calculated dihedral angles are 
summarized in Table 3.

4. Results and Discussion

4.1. Density functional theory (DFT)

Density functional theory (DFT) calculations were performed to 
optimize the equilibrium geometry of Phenazopyridine using the 
B3LYP/6-311+G(d,p) and CAM-B3LYP/6-311+G(d,p) levels of theory. 
The optimized molecular structure is presented in Fig. 1. The molecule 
can be seen to have an approximate planar structure, which is confirmed 
by the dihedral angles C6-C5-C4-N7 (-179.998o at B3LYP -179.999o at 
CAM-B3LYP) and C5-C4-N7-N8 (179.994o / 179.998o). This planarity is 
explained by the existence of the azo bridge (–N=N–) that lengthens 
π-conjugation along the molecular backbone.

The azo bond length N7=N8 is calculated to be 1.2718 Å (B3LYP) 
and 1.2567 Å (CAM-B3LYP), consistent with a typical N=N double 
bond. The amino group (–NH2) attached to C15 (C15–N16 = 1.3483 Å / 
1.3498 Å) acts as a strong electron-donating group, while the nitrogen 
atom in the pyridine ring (N17) serves as the primary electron-accepting 
site, forming a donor–π–acceptor (D–π–A) system that promotes intra
molecular charge transfer. The dipole moments are calculated as 3.015 
D (B3LYP) and 2.765 D (CAM-B3LYP), which shows that the molecule is 
moderately polarized. Also, the polarizability (212.03 a.u., CAM-B3LYP) 
indicates a high sensitivity of the electronic response to the external 
electric fields. The fact that the first hyperpolarizability (β) is positive 
supports once again the large nonlinear optical (NLO) activity of the 
compound, making it an attractive optoelectronic device.

The optimized geometries are the true minima of the potential en
ergy surface as was verified by the lack of imaginary frequencies. The 
minor differences that were observed in the geometric parameters of the 
two functionals can be explained by the fact that they treat the 
exchange-correlation effects differently especially the long-range cor
rections incorporated in the CAM-B3LYP functional which are more 
effective in describing the interactions of charge-transfer [25].

4.2. Vibrational Spectroscopic Interpretation

The FTIR spectrum of Phenazopyridine (see Fig. 2) has typical ab
sorption bands that are in line with the molecular structure. The FTIR 
spectrum of Phenazopyridine exhibited a broad absorption band 
centered at 3400 cm− 1 together with a sharp band at 3282 cm− 1, which 
are assigned to the asymmetric and symmetric N–H stretching vibrations 
of the primary amino group (–NH2), respectively. The weak absorption 
bands observed in the 3000–2850 cm− 1 region are attributed to aro
matic C–H stretching vibrations. A strong absorption band at 1657 cm− 1 

is assigned to the C=N stretching vibration of the pyridine ring, with a 
possible contribution from N–H bending vibrations. The bands located 
at 1543 and 1514 cm− 1 are attributed to the skeletal C=C stretching 
vibrations of the aromatic rings. The medium-intensity band observed at 
1394 cm− 1 is mainly associated with the azo (–N=N–) stretching vi
bration, confirming the presence of the azo linkage within the molecular 
structure.

Furthermore, the absorption bands in the 1200–1000 cm− 1 region 
are assigned to C–N stretching and in-plane C–H bending vibrations, 
whereas the bands below 1000 cm− 1 are attributed to out-of-plane C–H 
bending modes of the aromatic rings. These characteristic absorption 
bands are consistent with the expected molecular structure of Phena
zopyridine. In general, the vibrational characteristics observed attest to 
the presence of the functional groups of interest and are in agreement 
with the optimized structure of the molecules. The presence of both 
electron-giving (–NH2) and electron-accepting (pyridine nitrogen and 
azo group) functional groups also confirms the establishment of a 
donor–π–acceptor framework, which may be attributed to the increased 
intramolecular charge transfer and nonlinear optical response. The 
observed absorption bands are consistent with previously reported 
spectroscopic studies of Phenazopyridine and related azo-pyridine 
compounds reported in the literature [26].

4.3. Structural Verification Using 1H NMR and 13C NMR Spectroscopy

The extracted Phenazopyridine was also confirmed by 1H NMR and 
13C NMR spectroscopy (Fig. 3 and 4). The 1H NMR spectrum (400 MHz, 
DMSO-d6) exhibited characteristic resonances at δ 7.72–7.68 (m, 3H), 
7.44 (t, J = 7.8 Hz, 2H), and 7.28 (td, J = 7.1, 1.3 Hz, 1H), corre
sponding to the aromatic proton environments of the phenyl and pyri
dine rings. Also, a resonance at δ 5.99 (d, J = 8.7 Hz, 1H) was noted and 
assigned to the amino substituted aromatic group. Chemical shifts and 
splitting patterns observed are consistent with the expected proton en
vironments of Phenazopyridine.

The 13C NMR spectrum (100 MHz, DMSO-d6) displayed resonances 
at δ 161.4, 154.1, 153.2, 138.4, 129.2, 128.1, 124.3, 121.4, and 100.3 
ppm. The downfield signals located in the 153-161 ppm region were 
assigned to the carbon atoms that were affected by adjacent nitrogen 
atoms in the pyridine ring, while the other resonances were attributed to 
the aromatic carbon atoms of the conjugated phenyl–azo–pyridine 
framework. The carbon chemical shifts obtained are in good accord with 

Table 1 
Bond length for optimized structure of phenazopyridine by using DFT-B3LYB 
and CAM-B3LYP functions.

Bond length B3LYP CAM- B3LYP

C1 − - C2 1.4016 1.3952
C1 − - C6 1.3976 1.3915
C1 − - H17 1.0860 1.0852
C4 − - N7 1.4136 1.4174
N7 − - N8 1.2718 1.2567
N8 − - C9 1.3792 1.3803
C9 − - C10 1.4317 1.4291
C12 − - N13 1.2908 1.2823
C15 − - N14 1.3568 1.3536
C15 − - N16 1.3483 1.3498

Table 2 
Bond Angle for optimized structure of phenazopyridine by using DFT-B3LYB and 
CAM-B3LYP functions.

Bond Angle B3LYP CAM- B3LYP

H17 − - C1 − - C6 120.290 120.250
H21 − - C6 − - C5 119.773 119.810
H18 − - C2 − - C3 119.591 119.612
C3 − - C4 − - N7 125.458 125.049
C4 − - N7 − - N8 115.444 115.360
N7 − - N8 − - C9 116.353 116.517
N8 − - C9 − - C15 115.759 115.936
C9 − - C15 − - N16 122.245 122.593
N8 − - C9 − - C10 126.577 126.150
H22 − - C10 − - C11 120.952 120.971
C12 − - N13 − - H24 110.496 110.772

Table 3 
Dihedral length for optimized structure of phenazopyridine by using DFT-B3LYB 
and CAM-B3LYP functions.

Dihedral Angle B3LYP CAM- B3LYP

C6 − - C5 − - C4 − - N7 − 179.998 − 179.999
C5 − - C4 − - N7 − - N8 179.994 179.998
N8 − - C9 − - C10 − - H22 0.00750 0.01440
C9 − - C15 − - N16 − - H27 0.07490 0.13470
H25 − - N14 − - C15 − - N16 0 0.00549
H24 − - N13 − - C12 − - C11 0 0.00029
H19 − - C3 − - C4 − - N7 0.00093 0
H21 − - C6 − - C5 − - H20 0.00021 0.00028
C1 − - C2 − - C3 − - C4 0 0
C9 − - C10 − - C11 − - C12 0.00120 0.00282
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the proposed molecular structure.
The proton and carbon NMR spectra are in agreement with the 

molecular structure proposed for Phenazopyridine. The aromatic reso
nance in the δ 7.72–7.28 ppm region is attributed to protons of the 
phenyl and pyridine rings while the resonance at δ 5.99 ppm is assigned 
to the protons of the aminopyridine moiety. Typical 13C NMR signals of 
the pyridine and phenyl carbon atoms in the conjugated phenyl
–azo–pyridine framework was observed. There were no other strong 
resonances found, suggesting no significant degradation products were 
produced during extraction. The results obtained in combination with 
the FTIR and UV-Vis studies, indicate successful recovery and intactness 
of Phenazopyridine from the expired drug.

4.4. Absorption

Absorption properties of Phenazopyridine were experimentally 
studied in chloroform solution (0.1 mM) and PMMA-based thin films, 

and backed by theoretical computations based on TD-DFT/CAM-B3LYP. 
The spectrum of the experiment showed two clear bands, a visible peak 
at 430 nm, which is related to the n→π* transitions with some intra
molecular charge-transfer (CT) character and a UV peak at 276 nm, 
which is related to the π→π*transitions. The experimental spectrum was 
found to be in good agreement with the simulated spectrum, indicating 
that the theoretical maximum of the spectrum was 424 nm, deviated by 
just 6 nm, which confirms the computational method Fig. 5a. The sim
ilarity between the experimental and simulated UV -vis spectrum was 
evaluated by comparing the location of the major absorption peaks. The 
minimal difference between the experimental and theoretical values of 
the peak wavelength (~6 nm) signifies the presence of a good degree of 
consistency in the two spectra. This result confirms that the computa
tional model based on the DFT that uses the selected functional can 
reliably reproduce the electronic transitions of the system. The minor 
deviations between experimental and theoretical values can be 
explained by both environmental influences, e.g., solvent or solid-state 

Fig. 1. Optimized geometry of phenazopyridine molecule.

Fig. 2. FT-IR spectra of phenazopyridine molecule.
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effects, and some approximations of the computational procedure and 
the lack of explicit dynamic and intermolecular interactions in the 
calculations.

It is noteworthy that the experimental spectrum Fig. 5b shows much 
broader transitions than the discrete theoretical transitions, which can 
be explained by the presence of solvent interactions, vibrational 
broadening as well as inhomogeneous effects inherent to solution-state 
measurements. Irrespective of this expansion, the fact that the 

absorption maxima were very similar proves the accuracy of the TD-DFT 
method in forecasting the electronic structure of Phenazopyridine. 
Fig. 3a shows the experimental spectrum of absorption and the theo
retically simulated spectrum in chloroform and Fig. 3b shows the 
experimental spectrum of absorption in thin films.

Fig. 3. The 1HNMR spectra of free base phenazopyridine in DMSO‑d6 together with the molecular structure and proton assignments (Ha–He).

Fig. 4. The 13CNMR spectra of free base phenazopyridine in DMSO‑d6.
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4.5. FMO Analysis and Global Reactivity Parameters

The electrons distribution of the frontier molecular orbitals (FMOs) 
of the Phenazopyridine molecule is shown in Fig. 6 with the red color 
and green color depicting the positive and negative phases of the mo
lecular orbitals respectively. The HOMO-LUMO distribution shows 
clearly that the delocalization of the electrons occurs out of the electron- 
rich ring of the diaminobenzene (C1–C6, which can be associated with 
the -NH2 donor group) to the electron-deficient ring of the pyridine (C9- 
C12, containing the N17) ring, mediated by the azo bridge (-N=N This 
geometrical segregation of the electron density validates the existence of 
an efficient donor–π–acceptor (D–π–A) framework, which is in line with 
the structural analysis presented above [27].

The energy gap (Eg) calculated 3.19 eV indicates moderate chemical 

reactivity and softness of the molecule, which allows π→π* and intra
molecular charge transfer properties. Moreover, the HOMO-1 orbital is 
mainly concentrated on the amine-rich benzene ring whereas the 
LUMO+ 1 orbital is more delocalized throughout the entire molecular 
structure, further indicating the extended conjugation and charge 
transfer character [28,29].

The energy gap between the highest occupied molecular orbit 
(HOMO) and the lowest unoccupied molecular orbit (LUMO) from the 
CAM-B3LYP calculations was 5.58 eV. On a first glance, this value seems 
much higher than the experimental absorption energy of the major 
UV–Vis absorption band measured around 430 nm (2.88 eV). It is 
however not strictly correct to make a direct comparison between the 
HOMO–LUMO gap and the experimental energy of the optical absorp
tion. The energy difference between frontier molecular orbitals in the 
ground state is a HOMO – LUMO gap, while the experimental absorption 
band is attributed to an electronic excitation process with excited state 
effects, electron correlation, orbital relaxation and excitonic in
teractions. Hence, the optical transition energies are better expressed in 
terms of the TD-DFT excitation energies and not in terms of the 
HOMO–LUMO gap.

Moreover, the CAM-B3LYP functional includes long-range correction 
and is proven to yield more accurate description of charge-transfer 
states, which may lead to larger orbital energy gaps than those of the 
conventional hybrid functionals. The experimentally observed absorp
tion band at 430 nm is mainly attributed to π→π* and intramolecular 
charge transfer transitions in the donor-π- acceptor framework of Phe
nazopyridine as revealed by the TD-DFT calculations. Therefore, the 
HOMO–LUMO gap is not directly related to the optical absorption en
ergy and should be considered as a qualitative measure of electronic 
stability and charge transfer ability of molecules.

The frontier molecular orbitals were analyzed (HOMO, LUMO) by 
use the B3LYP/6–311+G(d,p) and the CAM-B3LYP/6–311+G(d,p) basis 
set was utilized to calculating key parameters such as total energy, 
HOMO and LUMO energies, the energy gap (ΔE), ionization potential 
(I), electron affinity (A), absolute electronegativity (χ), absolute hard
ness (η), and softness (S). These properties provide a comprehensive 
understanding of the electronic behavior of Phenazopyridine, the table 
below summarizes these results [30].

Table 4 and 5 illustrates the electronic properties and the global 
reactivity descriptors of Phenazopyridine were studied with two 
different density functional theory (DFT) functionalities, i.e. B3LYP and 
CAM-B3LYP and the basis set used was 6311+G(d, p). It is found that the 
parameters calculated are highly dependent on the functional selected. 
The B3LYP procedure provides a less energy gap (ΔE = 3.19 eV), 
implying greater chemical reactivity and tenderness (S = 0.313 eV -1). 

Fig. 5. Absorption spectra of phenazopyridine molecule as solution and thin film. a: theoretical and experimental absorption spectrum in chloroform, b: absorption 
spectrum for phenazopyridine doped PMMA with different doping ratio.

Fig. 6. FOM molecular orbitals (HOMO and LUMO) of Phenazopyridine 
calculated at the B3LYP levels.
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Conversely, the range-separated CAM-B3LYP functional that more 
correctly represents long-range interactions in conjugated systems pre
dicts a larger energy gap (ΔE = 5.58 eV). The increased gap signifies 
increased kinetic stability and reduced reactivity as seen in a higher 
chemical hardness (η = 2.79 eV) and reduced softness (S = 0.179 eV -1). 
Even though these differences exist, both methods identify Phenazo
pyridine as a strong electrophile with global electrophilicity indices (ω) 
of 3.28 eV and 2.49 eV of B3LYP and CAM-B3LYP, respectively, which is 
over the threshold of 1.5 eV. In both cases, the chemical potential (μ) is 
negative, which proves the stability of the molecule. On the whole, 
B3LYP gives a qualitative description of reactivity, but the CAM-B3LYP 
method would probably give a more quantitatively correct description 
of this extended π -conjugated system, which describes Phenazopyridine 
as a stable, but highly electrophilic compound.

4.6. Nonlinear Optical properties by quantum chemical calculations

The hyperpolarizability properties of the studied molecules were 
calculated using the finite field approach based on density functional 
theory (DFT) with the CAM-B3LYP functionals[31–34]. The results 
revealed high first hyperpolarizability (β) values, indicating a promising 
nonlinear optical (NLO) response. This behavior is attributed to the 
intramolecular charge transfer (ICT) mechanism between the donor and 
acceptor groups via the π-conjugated system, where this bridge acts as 
an effective channel for electron density redistribution under the influ
ence of an external electric field. The hyperpolarizability values are 
extracted from the expansion of the molecular energy E(E) in a Taylor 
series with respect to the applied field strength, as shown in Equation 
(1), where the nonlinear terms directly contribute to determining the 
magnitudes of β and γ. The high β value confirms the role of the asym
metric electronic structure in enhancing the nonlinear optical proper
ties, making these compounds potential candidates for applications in 
optoelectronic devices [35,36]. 

E(E) = E(0) − μiFi −
1
2!

αijFiFj −
1
3!

βijkFiFjFk −
1
4!

γijklFiFjFkFl − ⋯ (1) 

Where E (0) is the unperturbed energy, μ the dipole moment, α the 
polarizability, and β/γ the first/second hyperpolarizabilities 

μ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
μ2

x + μ2
y + μ2

z

)√

(2) 

Polarizability and hyperpolarizability are given by: 

〈α〉 = αxx + αyy + αzz

3
(3) 

β =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
β2

x + β2
y + β2

z

)√

(4) 

〈γ〉 =
1
5

(
γxxxx + γyyyy + γzzzz +2γxxyy +2γxxzz +2γyyzz

)
(5) 

It was performed through the Gaussian software package to study the 
nonlinear optical (NLO) properties (both static and frequency- 
dependent) of Phenazopyridine on a molecular level. All the calcula
tions were carried out in the framework of the DFT using the CAM- 
B3LYP functional and basisbasing set set 6,311+G(d,p) basis set. The 
polarizability (a) and second hyperpolarizability (g) with a frequency of 
0.0856 a.u. (wavelength 532 nm) were determined as summarized in 
Tables 6-8.

Strong dipole moments in molecular systems that have strong donor 
acceptor characteristics are generally characterized by effective intra
molecular charge transfer. Here, the dipole moment (μtotal) of Phena
zopyridine, calculated, is 1.5963 Debye (Table 6) which implies that 
there is moderate charge separation in the molecule.

The components of the tensors (αxx, αyy, αzz) at ω = 0, while the 
dynamic polarizability α(− ω; ω) was evaluated at 0.0856 a.u. (λ = 532 
nm). The results obtained indicate that the dynamic polarizability 
(87.03 ×10− 24 esu) is much greater than the static counterpart 
(12.29×10− 24 esu), indicating how the molecular response is highly 
dependent on the applied electromagnetic field [30,35,36].

The first hyperpolarizability (β) tensor components and β_total 
values were computed under both static and dynamic conditions. The 
β_total values are 0.80, 8.33, and 30.83 × 10− 3⁰ esu for the static case, 
electro-optic effect (β(− ω; ω, 0)), and second harmonic generation 
(β(− 2ω; ω, ω)), respectively. These values are significantly higher than 
that of urea (β ≈ 0.372 × 10− 3⁰ esu) and comparable to or exceeding 
those of p-nitroaniline (pNA), a standard NLO reference molecule [37]. 
The tensor components indicate a pronounced anisotropic response, 
suggesting that the dominant contribution corresponds to the primary 
intramolecular charge transfer pathway [24,36,38].

The second hyperpolarizability (γ) which is the third-order NLO 
response was also measured. The static value γ (0; 0,0,0) is 58.40 ×
10− 36 esu (Table 8), while the dynamic values increase significantly to 
334.99 × 10− 36 esu for the Kerr effect γ(− ω; ω, 0,0), and 4855.93 ×
10− 36 esu for electric-field-induced second harmonic generation (EFISH) 
γ(− 2ω; ω, ω, 0). These values are quite high in comparison with most 
reported π-conjugated systems, which indicates a high degree of reso
nance enhancement and substantiates the promising performance of 
Phenazopyridine as a third-order NLO system.

Altogether, the acquired NLO parameters, when compared to the 
well-known reference molecules, as well as the systems that have been 
reported before, indicate that Phenazopyridine is a competitive candi
date to be involved in the future advanced photonic and optoelectronic 
applications [38–41].

4.7. Nonlinear optical properties by Z scan technique

4.7.1. Open aperture results
The nonlinear optical (NLO) characteristics of Phenazopyridine were 

studied systematically under the Open Aperture (OA) Z-scan method, 
which quantifies the change in the transmitted intensity of a Gaussian 
laser beam through the sample in the absence of an aperture, thus giving 
direct information on the processes of nonlinear absorption in that 

Table 4 
HOMO and LUMO energy, Energy gap, and oscillator strength for Phenazopyr
idine by using DFT/B3LYP and DFT/CAM-B3LYP.

functions HOMO (eV) LUMO (eV) Energy Gap ΔE 
(eV)

Oscillator 
Strength f

B3LYP − 4.835466 
eV

− 1.641664 
eV

3.193802 eV 1.244

CAM- 
B3LYP

− 6.515498 
eV

− 0.937161 
eV

5.578337 eV 1.180

Table 5 
Global reactivity descriptors of phenazopyridine by using dft/b3lyp and dft/ 
cam-b3lyp.

Descriptor Relation B3LYP CAM-B3LYP

Chemical Potential μ 
(eV)

μ = (E_LUMO + E_HOMO) 
/2

− 3.238565 
eV

− 3.726329 
eV

Chemical Hardness η 
(eV)

η = (E_LUMO- E_HOMO) /2 1.596901 eV 2.789169 eV

Chemical Softness S 
(eV− 1)

S = 1 / (2η) 0.313106 
eV− 1

0.179265 
eV− 1

Global 
Electrophilicity ω

ω = μ2 / (2η) 3.283955 eV 2.489188 eV

Nucleophilicity N 
(eV)

N = E_HOMO (sample) −
E_HOMO (TCE) 

4.304843 eV 2.624812 eV
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sample but does not consider phase changes. Under this arrangement, 
the transmittance curve is symmetrical at the focal point which allows 
the separation between reverse saturable absorption (RSA) and satu
rable absorption (SA). The transmitted intensity is presented by 
[40,42,43]. 

T(z, s = 1) = 1 −
qo(z)
2

̅̅̅
2

√ for |qo(z) < 1 | (6) 

where q0(z) = I0βLeff/(1 + z2 + z2
0) with I0 is the intensity of the laser 

beam at focus, β is the nonlinear absorption coefficient, z0 is the Ray
leigh range, Leff=(1-exp(-αL))/α is the effective length of the sample (L is 
the sample length), and α is the linear absorption coefficient. The open- 
aperture Z-scan results are shown in Table 7 and Fig. 7. Fig. 7a corre
sponds to the Phenazopyridine solution, whereas Figs. 7b–d represent 
the Phenazopyridine/PMMA (Pe: PMMA) thin films with doping ratios 
of 10, 30, and 50, respectively.

From the results presented in Table 9 and Fig. 7, it is evident that the 
studied material exhibits reverse saturable absorption (RSA) behavior in 
both the solution and thin film forms. This nonlinear absorption 
behavior is characterized by a decrease in the transmittance near the 
focal point, the observed RSA behavior originates primarily from 
excited-state absorption (ESA), where the excited-state absorption cross- 
section exceeds the ground-state absorption cross-section. The extended 
π-conjugation, azo linkage, and donor–π–acceptor architecture of Phe
nazopyridine facilitate population of excited states and enhance ESA 
under laser excitation.

From the results presented above, it is evident that the investigated 
material exhibits reverse saturable absorption (RSA) behavior in both 
solution and thin film forms. In the case of the Phenazopyridine/PMMA 
thin films, a clear increase in the nonlinear absorption coefficient (β) is 
observed with increasing Phenazopyridine content relative to the PMMA 
matrix. The highest β value, corresponding to the largest doping ratio of 
50%, was measured as 2.673×10− 5 cm/kW. This enhancement can be 
attributed to the higher density of optically active molecules within the 
polymer host, which increases the probability of excited-state absorp
tion and strengthens the nonlinear interaction with the incident laser 
beam. Such concentration-dependent behavior is commonly reported in 
organic dye–polymer composite systems, where increasing the dopant 
content enhances the nonlinear optical response due to improved 
light–matter interaction and more efficient intramolecular charge- 
transfer processes. These findings are consistent with previously re
ported results in the literature [40,44–47] and are summarized in 
Table 9.

Furthermore, the effect of incident laser intensity on the nonlinear 
absorption coefficient (β) was investigated to further explore the 
nonlinear response of the composite system and present in Fig. 8. The 
thin film that has a 50 percent doping ratio was chosen to be analyzed 
based on the results of the preceding analysis since it displayed the 
highest nonlinear optical response among the samples prepared. The 
measurements were done at three levels of laser which were 1, 1.8 and 
2.76 kW/cm2. The findings indicate that as the laser intensity is 
increased, there is a notable improvement in β which grows with the 
minimum intensity of 2.673×10− 5 cm/kW to the maximum intensity of 
1.344×10− 4 cm/kW. This increase in β which depends on the intensity 
of the light is typical of RSA processes in which the absorption cross- 
section of the excited state is large compared to the absorption cross- 
section of the ground state, making the absorption of photons more 
intense with an increase in the incident photon flux. Table 10

Table 6 
The dipole momentum and static and frequency dependent(ω = 0.08564) polarizabilities of Phenazopyridine by using DFT/CAM-B3LYP method and 6–311 + G(d,p) 
basis set.

Dipole momentum  
(μ) 

Polarizabilities  
(α) 

components Values (Debye) ω = 0 (− ω; ω)

μx 1.26314 ​ αxx − 261.987 675.275
μy 0.97357 ​ αxy − 180.984 − 752.844
μz 0.06931 ​ αyy 308.871 183.433
μtotal 1.5963 ​ αxz 728.926 101.069
​ ​ ​ αyz 224.119 − 388.224
​ ​ ​ αzz 201.853 903.219
​ ​ ​ < α > a.u. 82.9123 587.309
​ ​ ​ < α> esu 12.29 × 10− 24 87.0298 × 10− 24

​ ​ ​ Δα a.u. 1455.74 1609.07

Table 7 
The static and frequency dependent(ω = 0.08564) first order hyper
polarizabilities of Phenazopyridine by using DFT/CAM-B3LYP method and 
6–311 + G(d,p)basis set.

Components ω = 0 (− ω; ω, 0)  

Electro-Optic Effect

(− 2ω; ω, ω)  

SHG

βxxx 98.0275 98.02750 314.1910
βxyy 42.0347 14.93920 149.5200
βxzz 86.6350 866.3500 3227.580
βyyy 20.8648 2.086480 173.8440
βyzz 10.4482 1044.820 3809.630
βyxx 42.0347 42.03470 222.6220
​ ​ ​ ​
βzzz 12.4582 1245.820 5554.060
βzxx 45.9745 459.7450 1337.500
βzyy 57.6810 576.8100 1709.710
βx 226.6972 979.3167 3691.291
βy 73.34770 1107.719 4,206,096
βz 116.1137 2282.375 8601.270
βtotala.u 92.21266 963.6916 3568.151
β× 10− 30esu 0.796625 8.325332 30.82526 

Table 8 
The static and frequency dependent(ω = 0.08564) second order hyper
polarizabilities of Phenazopyridine by using DFT/CAM-B3LYP method and 
6–311 + G(d,p)basis set.

components ω = 0  

static

(− ω; ω, 0,0)  

Keer effect

(− 2ω; ω, ω,0)  

EFISH

γxxxx 53947.4 150,192 5.060830 x 106

γyyyy 75987.5 245,464 1.286610 x 107

γzzzz 15589.7 642,409 8.814700 x 106

γxxyy 36908.8 144,517 8.922090 x 106

γxxzz 66886.4 358,666 2.890210 x 104

γyyzz 87877.4 494,697 − 3.333680 x 105

γtotal a.u 105774.0 606,765 8.795376 x 106

γ× 10− 36 esu 58.3978 334.9950 4855.9269 
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summarizes the nonlinear absorption parameters.

4.7.2. Close Aperture Results
The light exiting the nonlinear sample in the far-field was measured 

in the near-infrared with the closed-aperture (CA) Z- scan method by 
putting a 50 percent transmittance aperture in front of the detector. At 
incident laser intensity levels which are large enough to cause nonlinear 
optical behavior, the beam can either self-focus or self-defocus 
depending on the character of the nonlinearity of the material. The 
nonlinear refractive index is assessed using the normalized trans
mittance which is given as [43]: 

T(z,Δ∅o) = 1 −

4
(

z
zo

)

[(
z2

z2
o

)

+ 9
][(

z2

z2
o

)

+ 1
]Δ∅0 (7) 

Where Δ∅o represents the on-axis phase shift at the focal point. This 
phase shift is related to the nonlinear refractive index n2 through the 
relation: 

n2 =
Δ∅0

I0Leff κ
(8) 

Where k is the wave number (2π/λ).
The normalized transmittance curve has a typical pre-focal peak and 

then a post-focal valley which is characteristic of negative nonlinear 
refractive index (n2 < 0). This effect is a consequence of self-defocusing 
mechanism where the refractive index is reduced with the increase in 
the incident light strength, and the beam tends to diverge in the area of 
focal point. This type of behavior indicates the negative optical 
nonlinearity inherent in the material and is consistent with all prepared 
samples of Pe and Pe: PMMA.

Fig. 9d shows the closed-aperture (CA) Z-scan results of the Pe so
lution at a concentration of 0.1 mM and an input intensity of 1.05 kW. 
The results of the corresponding Pe: PMMA thin films with the ratio of 
doping of 10 percent, 30 percent and 50 percent are in Fig. 7 a, b and c 
All the samples show a constant and stable arrangement of the peak and 
valley (P-V) configuration, which indicates the existence of negative 
nonlinear refraction in both the solution and the thin film system.

Fig. 7. Open aperture results for Phenazopyridine and Pe: PMMA at different doping ratio where a: 0.1 mM solution, b: 10 % Pe: PMMA, C: 30 % Pe: PMMA, d: 50 % 
Pe: PMMA.

Table 9 
Linear and nonlinear absorption coefficient and nonlinear refractive index for Pe 
and Pe: PMMA 10, 30, and 50 % doping ratio.

NLO 
sample

α 
(cm¡1)

ΔT 
Open

β (cm 
/kW)

ΔTclose Δ ∅ 
(rad)

n2 (cm2/ 
W)

0.1 mM 0.109 0.161 4.603x10- 

6
1.9 5.3 − 4.551 

x10-7

10%Pe: 
PMMA

0.132 0.031 1.397 x10- 

5
0.523 1.464 − 1.897 

x10-6

30%Pe: 
PMMA

0.191 0.041 1.851 x10- 

5
0.558 1.562 − 2.091 

x10-6

50%Pe: 
PMMA

0.307 0.059 2.673 x10- 

5
0.74 2.07 − 2.786 

x10-6
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The values of n2 were calculated using (8) and are summarized in 
Table 7. Fig. 9 shows the Z-scan results for the closed aperture. In gen
eral, the nonlinear refractive index of optical material can result from 
various contributions, such as electronic, molecular (orientational) and 
thermal contributions [48,49]. The nonlinear response observed for 
both Pe and Pe/PMMA is predominantly governed by thermal effects. 
Continuous-wave laser irradiation promotes absorption-induced heat
ing, which produces spatial variations in the refractive index via the 
thermo-optic effect. Consequently, a negative nonlinear refractive index 
and self-defocusing behavior are generated. The diffraction-ring pat
terns and Z-scan results further support the predominance of thermally 
induced nonlinear refraction, in agreement with previous reports on 
related organic and polymer-based NLO systems. [46–50].

The observed from Fig. 10 is decrease in the nonlinear refractive 
index (n2) with increasing incident laser intensity [51], accompanied by 
a simultaneous increase in the nonlinear absorption coefficient (β) under 
identical experimental conditions [52], is a manifestation of the 
competitive process between the refractive and absorptive nonlinear 
processes in the composite thin film. In the 50% doped sample, n2 

changed to 2.786 x10-6 cm2/W at 1 kW/cm2 to 2.09 x10-6 cm2/W at 2.76 
kW/cm2, which shows the saturation of the refractive nonlinearity at 
higher excitation levels. This may be explained by the gradual filling of 
excited states in the π-conjugated framework of the Phenazopyridine 
molecules that hinders further polarization of the medium and decreases 
the efficiency of intensity-controlled modulation of the refractive index.

Conversely, nonlinear absorption coefficient (β) showed an upward 
trend with the laser intensity, indicating the occurrence of the excited- 
state absorption (ESA) and/or multi-photon absorption processes. In 
the Pe/PMMA system, azo (–N=N–) linkages, and extended π-electron 
conjugation enable effective transfer of charge and increases the likeli
hood of making an excited-state transition in the presence of high optical 
fields. Consequently, increased laser intensities enhance the existence of 
high levels of excited carriers, which further increases the chances of 
further photon absorption, leading to an enhancement in β[53,54].

Thus, when the intensity is high, nonlinear optical response of 
composite becomes more dominated by absorptive processes instead of 
refractive processes. This is typical of the azo dye-doped polymer sys
tems, where the saturation of nonlinear refraction is coupled with the 
enhancement of nonlinear absorption caused by the enhancement of 
strong intramolecular charge transfer and excited-state dynamics 
[43,54,55].

4.8. Diffraction ring patterns

The experimental design was based on the Z-scan method, and a 
major adjustment to observe diffraction patterns in the far-field. The CW 
laser beam was directed on the NLO sample placed 5 cm in front of the 
lens (pre-focal region) where it needed to have sufficient intensity to 
induce spatial self-phase modulation with Kerr, though not to cause 
optical damage. The traditional Z-scan detector was substituted with a 
screen that lies 60 cm above the sample and digital camera to capture 

Fig. 8. O A Z-scan results for 50% Pe: PMMA at different Laser intensity, where a: 1.05, b: 1.8, and c: 2.76 kW/cm2.

Table 10 
Nonlinear absorption coefficient and nonlinear refractive index for 50% Pe: 
PMMA doping ratio at different incident laser power.

Power 
(mW)

Intensity 
(kW/ 
cm2)

ΔT 
Open

β (cm/ 
kW)

ΔT 
close

Δφ 
(rad)

n2 (cm2/ 
W)

9.5 1.05 0.059 2.673 
x10-5

0.74 2.07 − 2.786 
x10-6

17 1.8 0.34 8.538 
x10-5

0.9 2.519 − 1.893 
x10-6

25 2.76 0.787 1.344 
x10-4

1.461 4.08 − 2.090 
x10-6
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the concentric diffraction ring pattern.
The observed number of rings (N) is directly proportional to the 

maximum nonlinear phase shift (Δ Φ) and the nonlinear refractive index 
(n2) [56–60]: 

N ≅
Δϕ
2π (9) 

Δϕ =
2π
λ

Leff n2I (10) 

Combining these yields the expression for n2: 

n2 =
λN
ILeff

(11) 

Fig. 11 shows the self-diffraction ring patterns of the 0.1 mM Pe solution 
at with input power ranging from 1 mW to 55 mW, while Fig. 12 shows 
the self-diffraction ring patterns of the 50% Pe: PMMA film with input 
power ranging from 1 mW to 40 mW. It can be seen that the rings in each 
pattern of concentration start to increase from small rings to large 
number of rings as the power of laser beam increased.

The patterns of the far-field diffraction rings of the solution and the 
thin film samples are presented in Figs. 11 and 12 respectively. In the 
case of solution (Fig. 11), the diffraction rings were observed to form at 
an incident power as low as 5 m W and the number and diameter of the 
rings continued to increase with the increasing input power. The thin 
film (Fig. 12), to the contrary, did not show any rings until a certain 
power was reached; beyond this power, rings began to appear and 
quickly spread to the entire observation screen at 40 mW. The difference 

in thermal environments of the two sample forms is credited with this 
different threshold behavior. Linear absorption under constant -wave 
laser excitation results in localized heating, and the ensuing gradient in 
refractive index, controlled by the thermo-optic coefficient (dn/dT), 
causes the self- diffraction patterns to appear [61,62]. Effective heat loss 
in the solution due to convection and absence of rigid confinement al
lows a thermal lens to be built at relatively low powers in the solution. In 
the case of the thin film, though, the heat conduction is limited by both 
the substrate and the solid matrix, and more power is needed to create a 
high enough temperature gradient and thus a detectable thermal lens 
[56,61,63]. The nonlinear growth of the number and size of rings with 
incident power in both instances is typical of a thermally driven 
nonlinearity, which proves that the predominant mechanism is of 
thermal nature as opposed to electronic Kerr nonlinearity.

Fig. 13 presents the variation in the number of diffraction rings as a 
function of the incident laser power for the Phenazopyridine solution. 
Regarding to the Eq. (11), n2 of the Pe solution and Pe: PMMA thin film 
can be determined and found to be equal 4.47x10-7 cm2/W, and 
1.92x10-7 cm2/W respectively. This result is in a good agreement with 
data obtained through Z-scan experiment as seen in Table 7 and 8. The 
non-linearity of the analyzed samples was qualitatively and semi- 
quantitatively determined using a diffraction-ring method as a com
plementary technique. The analysis is performed under widely used 
conditions, using the thermal lens and spatial self-phase modulation 
models, according to which the number of diffraction rings is propor
tional to the accumulated nonlinear phase shift induced in the medium. 
When excited by continuous-wave laser, diffraction patterns observed 
are mainly controlled by thermally induced refractive-index gradients, 

Fig. 9. (CA) Z-scan results for 0.1 mM Phenazopyridine (Pe) solution and Pe: PMMA at different doping ratio where a: 10 % Pe: PMMA, b: 30 % Pe: PMMA, c: 50 % 
Pe: PMMA, and d: 0.1 mM Pe solution.
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arising from linear absorption and the thermo-optic effect. Hence, the 
calculated n2 values should be taken as effective nonlinear refractive 
indices in which the contributions of both electronic and thermal non
linearities are included. The equations used are an approximation for 
thermally nonlinear media and have been extensively used for evalua
tion of organic dyes and polymer based nonlinear optical system under 
CW excitation, but still contain useful comparative information for the 
strength of the nonlinear response.

A clear quantitative discrepancy is observed between the nonlinear 
refractive index (n2) values obtained from the Z-scan and diffraction ring 
techniques. This difference arises from the distinct physical mechanisms 
probed by each method. While the Z-scan technique probes the local 
intensity-dependent nonlinear response, including both electronic and 
thermal contributions under CW excitation, the diffraction ring method 
is more sensitive to cumulative thermal effects, particularly under 
continuous-wave excitation. Additionally, differences in interaction 
length, spatial averaging, and beam propagation further contribute to 
the variation in the measured n2 values. Therefore, the discrepancy 
highlights the complementary nature of the two techniques rather than a 
contradiction, consistent with previous reports in nonlinear optical 
studies [56,57,59–65].

4.9. Optical limiting measurements

Because of the good nonlinear optical (NLO) characteristics of the 
analyzed material, defined by the values of the nonlinear refractive 
index (n2) and nonlinear absorption coefficient (50% Pe: PMMA), it is 
necessary to examine the optical limiting behavior of both a solution 

form (Pe) and a thin film form (50% Pe: PMMA). A modified aperture Z- 
scan method was used to study the optical limiting behavior at a 
wavelength of 532 nm, with the sample fixed and the photodetector 
substituted with a power meter [66,67].

The optical limiting behavior of Pe solution and Pe: PMMA thin film 
at 532 nm is displayed as a function of time as shown in Fig. 14. In both 
instances, the power transmitted has a linear relationship with incident 
power at lower intensities, and then a nonlinear relationship at higher 
input powers, suggesting occurrence of optical limiting. One of the main 
parameters to evaluate the performance of optical limiters in the pro
tection work is the limiting threshold.

The Pe solution has a lower limiting threshold (~7.5 mW) than the 
Pe: PMMA thin film (~12.6 mW), and thus, the Pe solution has a more 
efficient optical limiting response. Though the nonlinear absorption 
coefficient (β) of the thin film is bigger than that of the solution, the 
effective nonlinear interaction, which is dependent on both β, and the 
interaction length (L) determines the overall optical limiting behavior. 
The much greater thickness (solution was about 1 mm) of the solution 
than the thin film (about 60 µm) increases the cumulative nonlinear 
absorption (β × L), which leads to a faster optical limiting.

Reverse saturable absorption (RSA) is the main regulator of the op
tical limiting behavior that is facilitated by the donor-π-acceptor struc
ture and extended π-conjugation of Phenazopyridine, which facilitates 
intramolecular charge transfer and enhances excited-state absorption. 
The existence of azo and aromatic groups is also an addition to the π–π* 
transitions, and entrapment in the PMMA matrix stabilizes the nonlinear 
response. This process is in agreement with the measured nonlinear 
refractive index (n2) and the threshold dependent formation of 

Fig. 10. C-A Z-scan results for 50% Pe: PMMA at different Laser intensity, where a: 1.05, b: 1.8, and c: 2.76 kW/cm2.
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diffraction rings where the appearance of rings at a certain input power is the confirmation of the prevailing role of thermally assisted nonlinear 

Fig. 11. Diffraction ring patterns of the Pe solution under input power from1 mW to 55 mW.

Fig. 12. Diffraction ring patterns of the 50% Pe: PMMA film under input power from1 mW to 40 mW.
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absorption within the continuous-wave excitation [59,66–68].
In general, the findings show that optical limiting behavior is 

determined by a synergistic interplay of nonlinear optical properties 
intrinsic to the sample and extrinsic factors including the thickness of 
the samples and interaction length has the dominant role in defining the 
limiting behavior. There are a number of limitations to this work. The 
nonlinear behavior at different wavelengths cannot be analyzed, and the 
separation of thermal and electronic contributions cannot be achieved 
because using a single-wavelength continuous-wave (CW) laser does not 
allow the two to be separated. The response is thus largely thermal and 
this may be limiting in high-speed photonic devices where ultrafast 

electronic nonlinearities are needed. Moreover, the use of Phenazopyr
idine as a part of the PMMA matrix inhibits the movement of molecules 
and can affect the processes of charge transfer and the overall nonlinear 
functioning. Additionally, photostability and thermal stability of the 
composite over the long term were not studied and should be considered 
in the future.

In Table 11, the nonlinear optical parameters of the present Phena
zopyridine/PMMA composites are compared with the NLO parameters 
of some representative organic dyes and polymer-based NLO materials. 
The nonlinear absorption coefficient (β) and nonlinear refractive index 
(n2) obtained are similar or better than many of the previously reported 
systems based on azo-dyes. The reverse saturable absorption and self- 
defocusing properties of the 50 wt.% Phenazopyridine/PMMA film are 
particularly high, suggesting its application for optical limiting and 
photonic applications.

5. Conclusion:

Phenazopyridine was recovered and successfully incorporated in 
PMMA thin films and studied as a nonlinear optical material. Its 
donor–π–acceptor properties and charge transfer were confirmed by 
DFT calculations. The reverse saturable absorption and negative 
nonlinear refraction were observed in the Z-scan measurements and the 
nonlinear response was found to increase with the increase in Phena
zopyridine content. The optical limiting performance was the best for 
the 50 wt.% film of Phenazopyridine/PMMA. The observed behavior 
when the laser is continuously excited was largely attributed to excited- 
state absorption and thermally induced nonlinear effects. The measured 
nonlinear optical parameters obtained are similar to those of other re
ported organic NLO compounds, indicating the feasibility of the recov
ered pharmaceutical compounds in the field of photonic and optical 
limiting applications.

The authors state that they have no competing financial interests or 
personal relationships with any of the authors of the papers referred to 

Fig. 13. Number of diffraction ring patterns of Pe solution under input power 
from1 mW to 55 mW.

Fig. 14. Optical limiting results of the Pe solution at 0.1 mM concentrations, and 50% Pe: PMMA thin film.

Table 11 
Comparison of the nonlinear optical parameters of Phenazopyridine/PMMA with selected organic NLO materials reported in the literature.

Material λ (nm) β (cm/W) n2 (cm2/W) NLO behavior Ref.

Methyl Orange 532 ~10− 5 ~10− 7 RSA, self-defocusing [41]
Organic azo dyes 532 10− ⁶–10− 5 10− 7–10− ⁶ RSA [40]
Bixa Orellana dye/PMMA 532 10− ⁶ 10− 7 RSA [15]
Crystal Violet Polyamide 532 10− 5 10− ⁶ RSA, self-defocusing [42]
Phenazopyridine solution (0.1 mM) 532 4.60 £ 10− ⁶⁶ ¡4.55 £ 10− 7 RSA, self-defocusing Present work
Phenazopyridine/PMMA (50 wt%) 532 2.67 £ 10− 5 ¡2.79 £ 10− ⁶⁶ RSA, self-defocusing Present work
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