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A B S T R A C T

The objective of this work is to explore the optical, morphological, and photocatalytic properties of two inno
vative conjugated copolymers: poly(2,5-diyl pyrrole) [3-nitrobenzylidene] (PP3NB) and poly(2,5-diyl pyrrole) 
[2,4-dinitrobenzylidene] (PPDNB). These copolymers were synthesized by condensation, and their thin films 
were prepared by dip-coating. This is followed by characterization by UV–Vis spectroscopy, scanning electron 
microscopy (SEM), and cyclic voltammetry (CV). Optical analysis revealed a broad absorption in the visible 
spectrum, with band gaps of approximately 2.1 eV for PP3NB and 1.98 eV for PPDNB. Morphological charac
terization revealed the formation of uniform and adherent films to the substrate, with tunable surface roughness, 
which influences the charge transport characteristics. Electrochemical calculations established the HOMO
–LUMO energy levels, showing good alignment with typical donor–acceptor systems. The effective masses of 
charge carriers, derived from the HOMO–LUMO band gaps and conjugation lengths, were 0.00635 mₑ for PP3NB 
and 0.00596 mₑ for PPDNB, indicating improved charge mobility. Based on the band edge positions, the pho
tocatalytic potential evaluation suggests that PPDNB demonstrates superior capabilities for reduction reactions, 
especially in hydrogen evolution and CO₂ reduction, while PP3NB excels in oxidation processes. These results 
highlight the versatility and efficiency of pyrrole-nitrobenzylidene copolymers for renewable energy conversion 
and environmental remediation applications, highlighting their potential in organic solar cells, photocatalysis, 
and water-splitting technologies.

1. Introduction

The transformative influence of low-dimensional materials on 
nanoscale material properties is well-established [1]. Among these, thin 
films classified as two-dimensional (2D) materials with thicknesses 
ranging from nanometers to micrometers have driven significant tech
nological progress in healthcare, energy, and environmental applica
tions [2,3]. Their unique structure enables quantum confinement of 
electrons in one dimension while allowing unrestricted movement in the 
other two, blending bulk and nanoscale properties. This synergy and 

structural flexibility make thin films highly valuable for applications 
such as electronic displays, smart windows, and sensors. Unlike bulk 
materials, thin films feature atomically ordered structures that integrate 
seamlessly into devices with inherent functionalities [4]. Thin films offer 
a robust approach to material structuring, facilitating device miniatur
ization. The confinement of electric charges within their limited di
mensions heightens interfacial sensitivity, profoundly affecting material 
properties [5]. Recent progress in material structure physics has intro
duced new challenges in synthesis, characterization, and modeling, 
particularly for application-specific designs. In thin films, size and 
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morphology play a decisive role in tuning properties to meet targeted 
feasibility criteria. In the current drive for tunable materials and 
adaptable fabrication methods for energy and environmental solutions, 
photocatalysis stands out as a versatile and scalable approach [6]. By 
harnessing light-driven redox reactions to generate reactive species, 
photocatalysis enables applications such as water splitting for hydrogen 
and oxygen production, pollutant degradation, CO₂ conversion to hy
drocarbon fuels, and microbial disinfection. Its broad applicability 
makes it a strong candidate for large-scale deployment. However, 
achieving high photocatalytic efficiency demands careful photocatalyst 
design, incorporating (i) an optimal bandgap, (ii) suitably positioned 
band edges, (iii) minimized charge recombination, (iv) enhanced charge 
separation, and (v) efficient charge transport [7]. These characteristics 
can be attained through chemical modifications including doping, 
composite formation, metal sensitization, and molecular functionaliza
tion as well as physical strategies such as controlling size, shape, and 
surface morphology. Thin films, produced via bottom-up deposition of 
materials in the molecular phase onto substrates, represent a key 
structural innovation. They can remain substrate-bound or be detached 
for standalone use, offering benefits such as ease of handling, compati
bility with reactor configurations, recyclability, and straightforward 
recovery, supporting the scaling of photocatalytic applications and 
underscoring the importance of their strategic design [8].

Building on our prior research into organic photovoltaic cells [9], 
this study investigates the photocatalytic potential of two novel conju
gated copolymers: poly(2,5-diyl pyrrole) [3-nitrobenzylidene] (PP3NB) 
and poly(2,5-diyl pyrrole) [2,4-dinitrobenzylidene] (PPDNB). Synthe
sized via condensation reactions, these copolymers incorporate pyrrole 
and nitrobenzylidene derivatives to assess the impact of substituents on 
optoelectronic and photocatalytic feasibility. Thin films were fabricated 
using a cost-effective dip-coating method with dichloromethane solu
tions and characterized through UV–Vis spectroscopy, scanning electron 
microscopy (SEM), and cyclic voltammetry. The results reveal broad 
visible-light absorption (optical bandgap ~2 eV), uniform film mor
phologies with tunable roughness, and HOMO-LUMO energy levels 
well-aligned with common donor/acceptor materials. These attributes 
position the copolymers as promising candidates for multi-junction 
organic solar cells and photocatalysts, where optimized band struc
tures and interfacial properties enhance charge separation and redox 
activity. This dual functionality highlights the versatility of 
substituent-modified pyrrole-nitrobenzylidene copolymers in advancing 
energy conversion and catalytic technologies.

2. Photocatalytic process: underlying mechanisms

In the photocatalytic process, light energy excites electrons in a 
semiconductor photocatalyst from the valence band (VB) to the con
duction band (CB), generating electron-hole pairs. The excited electrons 
in the CB drive reduction reactions, while the holes in the VB promote 
oxidation reactions [10]. Interaction of these charge carriers with water 
molecules produces superoxide anions (O₂⁻) and hydroxyl radicals 
(•OH) via redox reactions. These reactive species subsequently enable 
key transformations such as pollutant degradation, water splitting for 
hydrogen and oxygen production, and CO₂ reduction to methane 
defining the photocatalytic mechanism, as depicted in Fig. 1(a). The 
process thus supports diverse applications, including environmental 
remediation and energy conversion. 

Sc+hν→ e-+h+ (1)

e-+O2→ O2
• (2)

4e-+4H+→ 2H2                                                                              (3)

4h++2H2 O→ O2+4H+ (4)

CO2+2H+2e-→HCOOH                                                                  (5)

A critical factor in designing photocatalytic materials as thin films is 
modifying their band structure to optimize the energy requirements of 
redox reactions. This is accomplished by aligning the band edge po
tentials within the thin film photocatalyst to promote efficient charge 
transfer [11]. For example, Fig. 1(b) depicts various conduction band 
(CB) and valence band (VB) edge positions that enable redox processes. 
It illustrates that complete water splitting requires a CB potential that is 
more negative and a VB potential that is more positive than that of the 
standard hydrogen electrode (NHE) scale [12].

3. Experimental details

3.1. Materials

Pyrrole and two benzaldehyde derivatives, 3-nitrobenzaldehyde and 
2,4-dinitrobenzylidene, were purchased from Sigma Aldrich. The 
monomers and solvents were distilled under reduced pressure to ensure 
high purity. Dichloromethane (CH₂Cl₂) was used as received without 
further purification.

Fig. 1. (a) Photocatalytic process in semiconductor, (b) band edge potential and respective redox reactions (R: Reduction, O: Oxidation, OR: Oxidation & Reduction, 
X: no reaction).
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3.2. Copolymers synthesis

The copolymers were synthesized via a condensation reaction be
tween benzaldehyde derivative monomers and pyrrole, as outlined in 
Fig. 2, using Mag-H⁺ as a catalyst. The reaction occurred in a solution 
under a nitrogen atmosphere for 6 h. For each copolymer, 10 mmol of a 
specific benzaldehyde derivative and 10 mmol of pyrrole were dissolved 
in 15 mL of 1,2-dichloromethane. The Mag-H⁺ catalyst was dried at 100 
◦C for 1 hour, and 10 % of the weight of the dried catalyst was added to 
the mixture. The reaction was maintained at 25 ◦C for 6 h. Upon 
completion, the mixture was filtered to remove the clay catalyst, and the 
resulting polymer was precipitated by gradually adding methanol with 
stirring. The precipitated copolymer was collected and dried at room 
temperature under a controlled atmosphere for 24 h, yielding two 
distinct copolymers. 

1. Poly (2,5-diyl pyrrole) [3-nitrobenzylidene] (PP3NB)
2. Poly (2,5-diyl pyrrole) [2,4-dinitrobenzylidene] (PPDNB),

The synthesized copolymers were characterized using nuclear mag
netic resonance (NMR) spectroscopy and matrix-assisted laser desorp
tion/ionization time-of-flight (MALDI-TOF) mass spectrometry to 
confirm their molecular structures and weights.

3.3. Fabrication of dip-coated copolymer thin films

Thin films of the synthesized copolymers were prepared via a dip- 
coating technique. The copolymers were dissolved in dichloromethane 
(CH₂Cl₂) to form homogeneous solutions for deposition. Glass substrates 
were thoroughly cleaned and dried before coating to ensure strong film 
adhesion. An automatic dip-coater, which controls immersion and 
withdrawal speeds, was used, with substrates coated back-to-back in 

pairs to prevent backside deposition. The process involved 25 cycles at a 
withdrawal speed of 0.5 mm/s, with ultrasonic stirring applied between 
immersions to maintain solution uniformity and avoid aggregation. 
Post-deposition, the coated substrates were annealed at 80 ◦C for 1 hour 
in an inert atmosphere to remove residual solvent, yielding uniform, 
continuous thin films with thicknesses of 35–38 nm, as verified by cross- 
sectional scanning electron microscopy (SEM). Surface morphology 
varied with copolymer composition, ranging from smooth to granular or 
rough textures, potentially affecting optoelectronic and photocatalytic 
properties. The films were subsequently analyzed for their optical, 
morphological, and electrochemical characteristics. The synthesized 
copolymers and their dip-coated thin films were characterized using 
various techniques to evaluate their optical, morphological, and elec
trochemical properties. Optical properties were assessed using a Perkin- 
Elmer Lambda 950 UV–Vis-NIR spectrophotometer with an integrating 
sphere. The thin films’ absorption spectra were measured in the visible 
range at room temperature, with a scan rate of 60 nm/min. The optical 
bandgap (Eg) was determined from these spectra via Tauc plots, offering 
insights into the copolymers’ light-harvesting potential.

The dip-coated thin films’ surface topography and cross-sectional 
morphology were analyzed using a JEOL F-7600 field emission scan
ning electron microscope (SEM). High-resolution images captured in 
backscattered mode enabled detailed film uniformity, thickness, and 
surface roughness evaluation. SEM analysis confirmed film continuity 
and highlighted morphology variations linked to copolymer composi
tion. The electrochemical properties of the copolymers were evaluated 
via cyclic voltammetry (CV) using a PGZ 301-Voltalab 10 potentiostat/ 
galvanostat (Radiometer). Measurements were conducted in a 0.1 M 
tetrabutylammonium perruthenate (TBAP) electrolyte solution under a 
nitrogen atmosphere at room temperature, with a scan rate of 100 mV/s. 
Oxidation (Ep) and reduction (En) potentials were determined and used 
to calculate the highest occupied molecular orbital (HOMO) and lowest 

Fig. 2. Standard procedure for preparing P: P–B dip-coated thin film surfaces with various benzylidene derivatives: (a) PP3NB, (b) PPDNB.
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unoccupied molecular orbital (LUMO) energy levels based on estab
lished equations. 

EHOMO = −
(
Ep +4.4eV

)
(6) 

ELUMO = − (En +4.4eV) (7) 

The energy gap (Eg) was calculated as the difference between the 
LUMO and HOMO levels.

The synthesized copolymers’ molecular weights were measured 
using matrix-assisted laser desorption/ionization time-of-flight (MALDI- 
TOF) mass spectrometry. This method verified the polymer structures 
and yielded precise molecular weight values consistent with the antic
ipated copolymer compositions. Together, these characterization tech
niques offered a thorough assessment of the copolymers’ optical, 
morphological, and electrochemical properties, facilitating their evalu
ation for applications in organic solar cells and photocatalytic systems.

4. Results and discussion

4.1. Copolymer’s analysis

The synthesized copolymers were characterized using nuclear mag
netic resonance (NMR) spectroscopy and matrix-assisted laser desorp
tion/ionization time-of-flight (MALDI-TOF) mass spectrometry to 
confirm their molecular structures and weights. The results are sum
marized below:

The H1 NMR spectrum of poly(2,5-dial pyrrole) [3-nitrobenzylidene] 
(PP3NB) CDCl₃, 300 MHz) exhibits characteristic signals corresponding 
to pyrrole protons at δ = 7.792 and 7.819 ppm (each appearing as a 
doublet, 1H each). The NH proton of the pyrrole ring is observed as a 
singlet at δ = 10.137 ppm. The aromatic protons of the 3-nitrobenzene 
moiety resonate at δ = 8.24, 8.268, 8.492, and 8.726 ppm (doublets, 1H 
each). The C13 NMR spectrum displays pyrrole carbon signals at 128.634 
ppm (C = C) and 130.442 ppm (C–N). The 3-nitrobenzylidene moiety 
presents peaks at 134.740, 137.363, and 148.747 ppm (C = C), with the 
imine carbon observed at 189.852 ppm (C–N). Additional peaks at 
124.476 ppm correspond to a (C = C–C).

For poly (2,5-dial pyrrole) [2,4-dinitrobenzylidene] (PPDNB), the H1 

NMR spectrum (CDCl₃, 300 MHz) reveals pyrrole proton signals at δ =
6.360 and 6.365 ppm (doublets, 1H each). The NH protons appear as 
singlets at δ = 11.048 ppm. The 2,4-dinitrobenzylidene group exhibits 
resonances at δ = 7.040, 7.215 and 9.522 ppm (doublets, 1H each), The 
C13 NMR spectrum shows pyrrole carbon resonances at 120.241 ppm (C 
= C) and 128.512 ppm (C–N), while the 2,4-dinitrobenzylidene carbons 
appear at 130.350, 131.502, 133.620, and 135.427 ppm (C = C), with 
the imine carbon detected at 186.299 ppm (C–N). An additional peak at 
111.709 ppm corresponds to a C–C = C environment.

Matrix-assisted laser desorption/ionization time-of-flight (MALDI- 
TOF) mass spectrometry was utilized to confirm the molecular structure 
and composition of the synthesized copolymers. The analysis revealed 
an average molecular weight (Mn) of 1066.193 for PP3NB and 1199.563 
for PPDNB, verifying that the successful synthesis was consistent with 
the intended molecular architectures. These detailed NMR and mass 
spectrometry results substantiate the formation of the designed co
polymers, laying a robust foundation for further studies of their opto
electronic and morphological properties. Future research will explore 
their electronic behaviour, structural stability, and potential in 
advanced material systems.

4.2. Morphological properties

Scanning electron microscopy (SEM) analysis of dip-coated copol
ymer thin films revealed detailed surface morphologies, highlighting the 
strong link between molecular composition and microstructure [13]. 
PP3NB exhibited a remarkably smooth surface with minimal roughness, 
which is ideal for applications requiring efficient charge transport and 

reduced optical scattering. Conversely, PPDNB displayed a more intri
cate morphology with moderate roughness and a uniform distribution of 
nanoscale features, suggesting subtle molecular interactions during film 
formation. Both copolymers demonstrated consistent substrate coverage 
and dispersion, reflecting robust film-forming properties despite 
compositional differences. These morphological variations emphasize 
the pivotal role of molecular design in tailoring thin-film characteristics, 
with significant potential for electronic, photonic, and optoelectronic 
technologies. The differences likely stem from variations in molecular 
weight, solubility, and substituent effects, with PPDNB’s higher molec
ular weight and solubility in dichloromethane contributing to its gran
ular texture [14–16].

Fig. 3.
Cross-sectional SEM images (Fig. 4) showed that the copolymer thin 

films, with thicknesses of 35–38 nm, exhibited excellent continuity and 
strong adhesion to glass substrates, free of visible cracks or defects. The 
films’ morphological traits smooth surfaces in PP3NB for uniform charge 
transport and low interfacial resistance and improving oxidation pro
cesses such as pollutant degradation or water oxidation, thanks to better 
charge separation [7], versus rougher surfaces in PPDNB for improved 
light scattering and greater surface area directly impact their optoelec
tronic feasibility which improves photon absorption and provides more 
sites for reduction reactions, such as hydrogen evolution or CO₂ reduc
tion [8]. These morphological differences allow for performance opti
mization via substituent modification, with PP3NB being more suitable 
for oxidation and PPDNB for reduction, making them promising for 
tandem photocatalytic systems.

4.3. Optical properties

The optical properties of dip-coated copolymer thin films were 
examined using UV–Vis spectroscopy to assess their light absorption and 
bandgap energies. These are key factors in evaluating their suitability 
for optoelectronic and photocatalytic applications [17]. The absorption 
spectra (Fig. 5) revealed broad visible-region absorption, with distinct 
peaks from π-π* transitions in the conjugated polymer backbone. Max
ima in the near-ultraviolet range (above 4 eV) indicated strong 
light-harvesting efficiency at higher energies. PP3NB and PPDNB 
exhibited similar profiles, with intense visible absorption tapering into 
the near-infrared. Optical bandgaps (Eg) were determined via Tauc plot 
analysis, based on the relation (Аhν = A(hν − Eg)n ), where α is the 
absorption coefficient, hν is photon energy, A is a constant, and it re
flects the transition type (direct or indirect). The resulting bandg
aps—approximately 2.1 eV for PP3NB and 1.98 eV for PPDNB confirm 
their semiconductor nature and suitability for visible-light absorption, 
positioning them as promising materials for organic solar cells and 
photocatalysis.

The copolymer thin films’ optical properties marked by broad 
visible-region absorption and bandgaps aligned with the solar spectrum 
highlight their potential for optoelectronic and photocatalytic applica
tions. In organic solar cells, these traits enable efficient light harvesting 
and charge carrier generation. At the same time, their strong visible- 
light absorption and semiconductor characteristics suit them for pho
tocatalytic processes like water splitting and pollutant degradation. The 
tunable absorption and bandgap energies, modulated by benzylidene 
substituents, emphasize the materials’ versatility, allowing optimization 
for diverse renewable energy and environmental remediation 
applications.

4.4. Electrochemical properties

The electrochemical properties of the synthesized copolymers were 
evaluated using cyclic voltammetry (CV) to determine their oxidation 
and reduction potentials, enabling estimation of the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) energy levels—critical parameters for understanding charge 
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carrier generation and transport in optoelectronic devices. CV mea
surements were conducted in a 0.1 M tetrabutylammonium perchlorate 
(TBAP) electrolyte solution under a nitrogen atmosphere at room tem
perature, with a scan rate of 100 mV s⁻¹. The oxidation (Eₚ) and 
reduction (Eₙ) potentials were recorded, and the HOMO and LUMO 
levels were subsequently calculated using established equations 
[18–22]. 

EHOMO = − (Ep+4.4 eV) (8) 

ELUMO = − (En+4.4 eV) (9) 

The energy gap (Eg) was subsequently determined as the difference 
between the LUMO and HOMO energy levels: 

Eg = ELUMO − EHOMO (10) 

This approach provided a reliable method for evaluating the co
polymers’ electrochemical properties, enabling the correlation of their 
electronic structure with their optoelectronic and photocatalytic feasi
bility. Cyclic voltammetry (CV) curves (Fig. 6) displayed distinct 
oxidation and reduction peaks for each copolymer, allowing calculation 
of their HOMO and LUMO energy levels: for PP3NB, EHOMO=− 6.1 eV 
and LUMO=− 3.9 eV; for PPDNB, EHOMO=− 6.08 eV and 
ELUMO=− 4.09 eV. The resulting bandgaps, ranging from 1.9 to 2.2 eV, 
closely matched optical bandgap values from UV–Vis spectroscopy, 
confirming measurement reliability and validating the copolymers’ 
electronic properties.

4.5. The significance of effective mass in photocatalysis

The effective mass (m*) of charge carriers is a key factor in deter
mining the photocatalytic efficiency of semiconductor materials. In 
photocatalysis, the mobility and separation of photogenerated electrons 
and holes critically influence charge transfer dynamics and overall 
feasibility. A lower m* enhances carrier mobility, reducing recombina
tion rates and improving charge transport to reactive sites properties 
vital for applications like water splitting, CO₂ reduction, and pollutant 
degradation [23,24]. We calculated their effective masses to assess the 
charge transport capabilities of PP3NB and PPDNB, offering insights into 
their photocatalytic potential. Materials with optimized m* exhibit 
enhanced light absorption and charge utilization, making control of this 
parameter essential for designing high- feasibility photocatalysts. For 
organic semiconductors and conjugated polymers, where traditional 
band structure calculations are challenging, m* can be approximated 
using HOMO and LUMO energy levels. In these systems, the conduction 
and valence bands are represented by the lowest unoccupied molecular 

Fig. 3. SEM micrograph of the surface morphology of P: P–B dip-coated films for copolymers: (a) PP3NB, (b) PPDNB.

Fig. 4. Cross-sectional SEM images of P: P–B dip-coated films for copolymers: (a) PP3NB, (b) PPDNB.

Fig. 5. Optical absorbance spectra in the visible region of PP3NB and PPDNB: 
thin films containing various benzylidene derivatives.
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orbital (LUMO) and highest occupied molecular orbital (HOMO), 
respectively. A simplified estimation of m* is derived from the relation 
provided [25,26]. 

m∗ ≈
ћ2

2

(
d2E
dk2

)− 1

(11) 

E is the energy, k is the wavevector, and ℏ is the reduced Planck’s 
constant. Since d2E

dk2 is related to the curvature of the band, we approxi
mate it using the energy difference between HOMO and LUMO: 

m∗ ≈
ћ2

2EgL2 (12) 

where: Eg = ELUMO − EHOMO, 

L = characteristic molecular length or conjugation length (nm).

The conjugation length (L) denotes the extent of π-electron delocal
ization in a conjugated polymer, directly affecting its electronic prop
erties, such as bandgap (Eg) and charge transport. Literature suggests 
π-conjugation lengths typically span 1.5–3.0 nm, with shorter lengths 
(~1.5 nm) linked to structural defects or steric hindrance, and longer 
lengths (~3.0 nm) observed in well-ordered, extended π-systems [27]. 
Given our polymers’ moderate bandgaps (~2.0 eV), an estimated L of 
approximately 1.5 nm is deemed suitable for characterizing their elec
tronic structure and charge transport behavior. To determine the 
conjugation length more precisely, we applied the exciton Bohr radius 
approach using the absorption onset wavelength (λonset) from UV–Vis 
spectra. The conjugation length is estimated using the relation: 

L ≈
hc
Eg

(13) 

where: h = Planck’s constant (6.626 × 10− 34 J⋅s), c = speed of light (3.0 
× 108m/s), Eg = band gap in Joules. Using this approach, we calculated 
conjugation lengths of 1.64 nm for PP3NB and 1.78 nm for PPDNB, 
reflecting significant π-electron delocalization in their structures. These 
values determined the effective masses of charge carriers as 0.00635 me 
for PP3NB and 0.00596 me for PPDNB. These low values underscore the 
polymers’ excellent charge transport properties, enhancing their suit
ability for optoelectronic and photocatalytic applications requiring high 
charge mobility.

4.6. Photocatalytic suitability of PP3NB and PPDNB

The photocatalytic activity of a material depends heavily on the 
alignment of its valence band (EVB) and conduction band (ECB) with the 
redox potentials of target reactions. This study assessed the band edge 
positions of the conjugated copolymers PP3NB and PPDNB relative to 
the normal hydrogen electrode (NHE) scale. PP3NB exhibited EVB=+1.6 
V and ECB=− 0.6 V, while PPDNB showed EVB=+1.58 V and 
ECB=− 0.41 V. These values indicate distinct oxidation and reduction 
capacities, shaping their suitability for various photocatalytic applica
tions. For efficient oxidation reactions, such as water oxidation (O₂/ 
H₂O) or organic pollutant degradation, a photocatalyst’s valence band 
(EVB) must exceed the reaction’s redox potential. With water oxidation 
at +1.23 V (NHE), both PP3NB (+1.6 V) and PPDNB (+1.58 V) meet this 
requirement (Fig. 7). However, PP3NB’s higher EVB confers greater 
oxidative strength, enhancing its feasibility in generating potent species 
like hydroxyl radicals (OH•) for advanced oxidation processes. This 
suggests PP3NB’s superior potential for environmental remediation, 
including pollutant degradation and organic dye removal. 

H2O→ O2 + 4H+ + 4e−
(

E0 = + 1.23 V NHE
)

(14) 

On the other hand, a photocatalyst’s ability to drive reduction 

Fig. 6. Cyclic voltammetry curves showing oxidation and reduction, respectively of PP3NB (a, b), PPDNB (c, d) in CH₂Cl₂.
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reactions, such as hydrogen evolution (H₂ production) or oxygen 
reduction, hinges on its conduction band (ECB) being sufficiently nega
tive relative to the target redox potential. Hydrogen evolution requires 
an ECB below 0.00 V (NHE), while superoxide formation (O•−

2 ) demands 
a value under − 0.33 V (NHE). Both PP3NB (− 0.6 V) and PPDNB (− 0.41 
V) satisfy these criteria for proton reduction to H₂ and oxygen reduction 
to (O•−

2 ). However, PP3NB’s more negative ECB suggests greater effi
ciency in reduction-driven photocatalysis, favoring its use in hydrogen 
evolution applications. 

2H+ + 2e− →H2
(

E0 =0.00 V NHE
)

(15) 

The complementary attributes of PP3NB and PPDNB suggest their 
potential in tandem photocatalytic systems, with PP3NB driving 
oxidation processes and PPDNB facilitating reduction reactions. This 
pairing could improve charge separation efficiency and expand the 
scope of photocatalytic applications. However, despite their favorable 
band structures, factors such as charge carrier dynamics, interfacial 
recombination, photostability, and durability require further investiga
tion to confirm their suitability for large-scale use. Future research 
should optimize these materials through heterojunctions, co-catalysts, 
and surface engineering to boost photocatalytic feasibility.

The comparative discussion positions PP3NB and PPDNB against 
common photocatalysts, including metal oxides (TiO₂, ZnO), MOFs 
(UiO-66, ZIF-8), and other conjugated polymers (P3HT, polypyrrole). 
TiO₂ and ZnO, while stable, are limited to UV absorption, requiring 
complex modifications for visible activity. MOFs offer high porosity and 
surface area, but their visible absorption and stability pose challenges, 
often addressed by hybridization [28]. P3HT and polypyrrole absorb in 
the visible region but suffer from rapid charge recombination and 
limited stability [29]. In comparison, PP3NB and PPDNB absorb effi
ciently in the visible region, with band potentials suitable for comple
mentary redox reactions. Their tunable morphologies (smooth for 
PP3NB, granular for PPDNB) optimize charge transport and active sur
face area, potentially outperforming oxides and conjugated polymers in 
terms of photocatalytic efficiency, while offering simpler organic syn
thesis than MOFs. These characteristics position them as promising al
ternatives for water splitting and CO₂ reduction.

5. Conclusion

The newly synthesized materials display broad absorption in the 
visible spectrum, low effective mass, and well-aligned HOMO–LUMO 
energy levels, which collectively promote efficient charge transport and 

separation. Morphological analysis revealed the formation of high- 
quality thin films with tunable surface roughness, influencing both 
light harvesting and interfacial charge dynamics. Electrochemical 
measurements further confirmed their semiconducting character, with 
HOMO–LUMO levels ideally positioned for photocatalytic applications. 
Photocatalytic evaluation revealed the highest reduction capacity of 
PPDNB promotes hydrogen production and CO₂ reduction, while PP3NB 
has the feasibility as an oxidation catalyst, ideal for pollutant degrada
tion and oxygen release. Their complementary characteristics suggest a 
suitability for tandem photocatalytic systems, optimizing charge sepa
ration and redox feasibility. These results position PP3NB and PPDNB 
copolymers as promising next-generation materials, bridging organic 
semiconductors with advanced functional technologies such as opto
electronic and photocatalytic applications.
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