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In this study, PEO-based polymer composites with enhanced optical properties were fabricated by
employing a green chemistry approach. A Mn(i) metal complex was synthesized by combining dissolved
manganese acetate with an extract of black tea (BT). Then, polymer composite films were prepared
using a casting method, incorporating different concentrations of the Mn—polyphenol complex into the
PEO matrix. Characterization of the Mn(i) complex was carried out using XRD, FTIR, and UV-vis
spectroscopy. The results demonstrated that black tea extract is an effective medium for synthesizing
the Mn(i)—polyphenol complex. FTIR analysis confirmed the formation of Mn-PPHNL complexes and
their interaction with BT. XRD patterns indicated the amorphous nature of the Mn—polyphenol complex
and showed that increasing the complex concentration led to a more amorphous PEO matrix, which
was further analyzed using Urbach energy. Additionally, morphological analysis using an optical
microscope (OM) image demonstrates that the size of the spherulites attributed to the crystalline phase
drastically reduces as the concentration of Mn—polyphenol in a PEO polymer composite increases. UV-
vis spectroscopy revealed key optical features, including optical density (n), Urbach energy (E,), band gap
(Eg). and localized state density (N/m*). Various models, including Tauc's model, absorption edge, ASF,
optical dielectric loss, Cody representation and differentiation (d7/dA, dR/dA, dn/dA) approaches, were
used to identify the optical band gap of the films. Tauc's plots confirmed the nature of electronic
transitions. Dielectric loss measurements indicated a reduction in the PEO bandgap from 5.5 eV to 1.4 eV

upon metal complex incorporation. The ASF method further corroborated bandgap changes using only
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Accepted 23rd June 2025 absorbance data. Metallization criteria were applied to classify the polymer's behavior as insulating or

metallic. A redshift in absorption edge with increasing complex concentration, from 5.3 eV to 1.42 eV,
DOI: 10.1035/d5ra01881a confirmed the successful interaction between PEO and the metal complex, as validated by UV-vis
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physical, and biological functionalities for targeted applica-
tions.®> Polymers exhibit remarkable versatility, making them
suitable for diverse applications such as films, coatings, and

1. Introduction

The aim of materials science research is to develop new mate-

rials with tailored properties and to understand the physical
and chemical mechanisms underlying these characteristics.*
Due to their low cost, polymers have been extensively investi-
gated over the past three decades as potential alternatives to
metals in a wide range of applications.”* However, polymers
generally possess inferior thermal, mechanical, optical, and
electrical properties compared to metals and ceramics.’
Consequently, numerous studies have focused on structural
modifications of polymers to achieve desired chemical,
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fiber optics.® The incorporation of suitable dopants can
substantially enhance and tune the electrical and optical char-
acteristics of polymers.”*°

Polymer composites (PCs) typically consist of multiple
distinct phases that are physically and chemically integrated on
a macroscopic scale and are mutually insoluble." PCs with
enhanced optical properties are crucial for a variety of appli-
cations, including optical telecommunications, sensors,
photovoltaic cells, light-emitting diodes, polarizers, optical
waveguides, memory storage, photothermal applications,
directional antennas, and biomedical technologies.”*®
Considerable research has focused on enhancing polymers by
incorporating metallic agents, semi-insulators, carbon nano-
tubes, magnetic nanoparticles, and metal complexes to improve
their optical performance.'”*® Transition metals and other
elements in the periodic table's d and f blocks are often referred
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to as transition elements. They are categorized as either metals
that easily form ions with incomplete d orbitals or metallic
elements with unoccupied d orbitals.'* These metals are further
categorized as essential (e.g., Mo, Mn, Cu, Ni, Fe, Zn) or non-
essential (e.g., Cd, Ni, As, Hg, Pd).*® Nevertheless, many
conventional methods for processing these metals are complex,
energy-intensive, involve low material efficiency, and often
require hazardous chemicals.”* In contrast, green chemistry
offers an alternative, where black tea extract serves as a natural
chelating agent to replace toxic heavy metal salts, offering an
eco-friendly, biocompatible, and cost-effective solution. This
approach is entirely environmentally friendly and minimizes
health risks for researchers and ecological systems alike.*** It
has been shown that amounts of conjugated double bonds,
hydroxyl (OH), carboxylic groups, polyphenols, and polyphenol
conjugates are primary components of tea leaves.**** Another
study also indicates that tea extract mixtures include numerous
active functional groups and ligands essential for complexation
with heavy metal cations and/or polymers.”® Due to their
biodegradability, nontoxicity, and solubility in water, tea poly-
phenols are frequently a top choice for reducing and stabilizing
agents. Moreover, the molecules in tea extract possess alcoholic
functional groups that can be used to stabilize the final
product.”” A published study developed an iron-polyphenol
complex using eucalyptus leaf extract solution.”® The poly-
phenols can interact with the other metals throughout coordi-
nation chemistry. Several studies have shown that the bio-
remediation method can be used to produce metal complexes
or organometallic-based materials that can capture the positive
ions of heavy metal salts, such as CuCl,, cobalt(u) acetate, and
SnCl,. The studies also demonstrate that coordination
compounds exhibit substantial absorption over the visible
spectrum.”*** Therefore, a black tea extract solution and the
green technique were employed in this study to synthesize the
manganese metal complex (Mn(u) complex). Polyphenols in
black tea leaves interact with the Mn™ cations to synthesize the
Mn(un)-complex. The metal complex is then added to poly-
ethylene oxide (PEO) to create polymer composites that show
remarkable optical characteristics.

Polyethylene oxide (PEO) is selected as the host polymer due
to its biodegradability, biocompatibility, flexibility, and semi-
crystalline morphology.**>-*¢ Also, it is a linear polymer, a rela-
tively inexpensive and water-soluble material. Due to PEO being
a linear polymer, the uniformity of its structural units allows for
a high degree of crystallinity in its pure state.*”** Nonetheless,
the applications of pure PEO have been limited due to low ionic
conductivity, a wide bandgap, and inappropriate refractive
index. Consequently, several researchers are presently concen-
trating on modifying PEO by including metal complexes to
enhance its characteristics and mitigate its limitations."
However, the PEO is a particularly appropriate choice for
application in the field of optics.** Polymer composites are
mostly being investigated to modify their electrical and optical
properties. Improving the electrical and optical characteristics
of polymers has lately attracted researchers’ attention due to
their widespread use in optical systems and their remarkable
features of interference, reflection, anti-reflection, and
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polarization. Moreover, current studies indicate that photonic
and optoelectronic device applications require (PCs) charac-
terized by substantial absorption and a low band gap energy
(Eg).** Previous studies indicated that solutions with black and
green tea extracts were crucial for reducing the energy gap of
polymers such as PMMA, PVA, and PEO.*>**** It has been shown
that metal complexes are most notable for reducing the
bandgap for PEO compared to other forms of additives like salt,
ceramic nanoparticles NPs, and metal NPs.' Caused by the C-
0, C-C, and C-H in the PEO,** it can interact with the functional
group in black tea which creates a coordination compound
between metal complexes and PEO, help to reduce bandgap
easily compared to other type filler. Substantial studies into the
optical properties of polymers employing PEO as the principal
host material. Muheddin et al. used various concentrations of
Zn-polyphenol complex with PEO to reduce the band gap of the
polymer from 5.5 to 0.6 eV.>* Utilizing an analogous approach,
Abdullah et al. used carbon nanodots (CNDs) and silver nano-
particles (Ag NPs) incorporated into PEO to drop the energy gap
from 6.22 to 5.95 eV.*” Aziz et al.** developed green chemical
methods to fabricate a polymer composites with silver nano-
particles (PEO-Ag), the result show that the bandgap declines
from 6.2 to 3.57 eV.*® This study aims to fabricate environ-
mentally sustainable PEO-based polymer composite embedded
with a Mn(u)-polyphenol complex derived from black tea extract
and to examine their structural and optical behavior through
comprehensive characterization methods. It also improves the
absorption of visible light of the fabricated polymer composites.
The findings will provide a new domain for research in polymer
composite manufacturing, distinct from traditional approaches
that use ceramic fillers or metal nanoparticles. Furthermore,
the progress of the present study employs an entirely eco-
friendly technology for synthesizing metal complexes using
sustainable methods. Quantitatively, the findings exhibit that
the extract tea solution contains significant polyphenols and
ligands capable of complexing with transition metal salts,
resulting in the formation of precipitated metal complexes
beneficial for the fabrication of polymer composites with
reduced bandgap (E,) from 5.5 to 1.4 eV with increasing Mn(1)-
polyphenol complex to a specified proportion that makes it
appropriate for applications in optics.

2. Methodology

2.1. Metal complex synthesis

To prepare the black tea extract, 23.68 g of black tea leaf was
boiled in 300 mL of distilled water (D.W.) at 90 °C. The resulting
mixture was filtered by paper filtration (Whatman paper 41, cat.
no. 1441), which has a pore radius of 20 um, to remove solid
residues. Then 20 g of manganese acetate (Mn (CH3CO,),-
-2H,0) salt [MW = 245.09 ¢ mol~ '] was dissolved in 300 mL of
distilled water under consistent stirring to obtain a homoge-
neous solution. Caused by black tea extracts are rich in poly-
phenols, which contain acidic hydroxy groups (e.g., in catechins
like EGCG) capable of deprotonation under physiological
conditions, forming negatively charged oxygen atoms attached
directly to aromatic groups. These oxygen ions act as Lewis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bases, donating electron pairs to the d-orbitals of transition
metal ions (e.g., Mn**), forming stable coordination complexes.
This mechanism is well-documented: polyphenolic structures,
particularly ortho-dihydroxy groups in galloyl moieties, exhibit
strong metal-chelating properties due to their low pK, (~8-10),
enabling deprotonation and subsequent binding via lone
pairs.**° For instance, EGCG forms stable complexes with Fe**
and Cu®" via catechol-O-groups,”” a principle extendable to
manganese ions given analogous d-orbital interactions. This
adjustment aligns with established literature on polyphenol-
metal coordination chemistry. As a result, the manganese ion
and the black tea polyphenol form a coordination bond. All
polyphenols have multiple donor sites that can bind to a single
manganese ion because they provide electron pairs to manga-
nese ions. Finally, we added manganese acetate to the extracted
black tea solution at 80 degrees Celsius and mixed it over 1 hour
to create a Coordination compound Mn**~polyphenol (PPHNL).
At the base of the tube, the extract solution's dark tea hue gave
way to a brown tint. The observed color transition—from dark
tea to lighter brown in the supernatant and dark brown
precipitate-stems from Mn(u) complexation with polyphenols in
black tea. Polyphenols act as ligands, forming insoluble Mn(u)-
polyphenol complexes that settle as a precipitate, while residual
soluble complexes or unbound ligands in the supernatant
produce a lighter tint. The color shift arises due to ligand field
effects: polyphenols induce d-orbital splitting in Mn(u),
enabling d-d transitions or ligand-to-metal charge transfer
(LMCT), which absorb specific wavelengths (e.g., blue/violet).
The complementary color (orange-brown) becomes visible,
aligning with the color wheel. The darker precipitate reflects
concentrated complexes with intense light absorption, while
the supernatant's paler hue corresponds to diluted or smaller
soluble species.

Scheme 1 depicts the preparation of the Mn-PPHNL-based
material. For the purpose of eliminating anions of the

Black tea plant

23.68g Black tea
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dissolved salt and uncoordinated cations of the zinc, the sedi-
ment was kept in the beaker, and any liquid or distilled water
that accumulated on top of the black tea sediment was removed
with a syringe and replaced with an equivalent amount of
distilled water at regular intervals of five days. Distilled water
was used to repeatedly rinse the resulting residue.

2.2. Synthesis of polymer composites

Employing the established solution cast procedure, we created
a PEO solution [MW = 2 x 10"® ¢ mol™"] and mixed it with the
Mn-polyphenol complex to create a polymer composite. First,
we prepare the PEO polymer solution by mixing 0.200 L of
acetonitrile with 2 g of PEO. We used 0.125 g of glycerol in each
beaker until we reached the plasticizer to omit film brittleness
after one hour of mixing with a magnetic stirrer. The initial and
second identical PEO solutions are then gradually supple-
mented with ten and twenty mL of the Mn-polyphenol-based
material solution in ten-mL increments. For three hours, the
mixtures were incessantly stirred until homogeneous solutions
were achieved. For pristine specimens and PEOs containing
zero, ten and twenty mL of Mn-polyphenol-based material
solution, respectively, the samples were labeled as PEOMnMCO,
PEOMnMC1, and PEOMnMC2. PEO impregnated with a foreign
material, the Mn(u)-polyphenol complex, was used to generate
composite films using the solution cast method. The mixture's
components were positioned in Petri dishes and allowed to air
out dry at ambient temperature. Scheme 2 demonstrates how to
create a polymer composite; the water in the glass Petri dishes
during the dry process gradually evaporated.

2.3. Spectroscopic investigations

The X-ray patterns of polymer films were recorded using an X-
ray diffractometer (ADX 2700) with Cu-Ko radiation (A =
1.5406 A). The scan rate was set to 2° min™*, and the Bragg’s
angle (26) was set between 10° and 90°. Fourier-transform

.
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_
precipitated add dissolved =

of Mn-metal salt to black
complex tea dyes

dissolved salt

— &

-

Filtered the black tea leaf

Extract black tea

20g manganese

300 mL D.W. acetate salt

Scheme 1 Schematic representation sample preparation method of polymer complex-based PEO.
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Scheme 2 Synthesis of PEO: Mn—metal complex procedure to produce freestanding solid polymer composite films.

infrared (FTIR) determines the chemical interactions between
the metal complex Mn-polyphenol and the PEO polymer. An
optical microscope (Am Scope, Fixed Microscope Adapter FMA
050) with a digital camera (14 MP APTINA COLOR CMOS
ULTRA-FINE COLORE ENGINE INSIDE) was used to evaluate
the composites’ morphology. The polymer films were analyzed
using a Spotlight spectrophotometer (TENSOR-27) within
a wavenumber range of 500 cm ™" to 4000 cm ™, with a resolu-
tion of 2 em™'. UV-visible spectra of the composite films
PEOMnMCO, PEOMnMC1, and PEOMnMC2, were acquired
with the PerkinElmer double-beam UV-vis-NIR spectrometer
(Lambda 25) for absorption measurements, also investigating
their structural and optical characteristics. Making use of the
absorbance and transmittance facilitates investigation of the
other fundamental optical properties such as band gap,
dielectric constant, refractive index, absorption coefficient, and
localized density.

3. Findings and discourse

3.1. X-ray diffraction (XRD) investigation

Both high-order and possible amorphous peaks were identified
using the deconvolution method for the XRD spectra.*® Fig. 1
shows the Mn(un) compound's XRD spectrum. This signifies the
amorphous characteristic of the synthesized Mn(u)-complex,
emphasizing that no crystalline peaks appear in the 26 degree
zones. A single hump manifests over a range between 26 =
23.15° and 26 = 41.25°. The XRD pattern obtained in this
investigation is fairly comparable to that documented in earlier

studies.?®*°

23322 | RSC Adv, 2025, 15, 23319-23341

The XRD spectra of the undoped and doped PEO film are
displayed in Fig. 2. For the PEOMnMCO film, two narrow peaks
indicate that the crystalline phase is still predominant within
the structure. Two primary features were observed: high-
intensity diffraction peaks at (25.09°), and peaks of small
intensity at the lower angle (20.89°) and these distinct diffrac-
tion peaks allow for the identification of crystalline and partially
crystalline structures of PEO polymers.**** This results from the
systematic arrangement of polyether side chains and robust
hydrogen bonding among PEO chains.”” Earlier research
claimed that the peaks approximately at 22° and 18° are cor-
responded to the (112) and (120) planes.* Fig. 2 illustrates the
reduction and shifting of the XRD peak intensities resulting
from incorporating the Mn(u)-polyphenol combination. This

— Mn—PonphenoIl

Intensity(a.u)

} rw W‘
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Fig. 1 The XRD pattern displays the Mn—polyphenol complex.
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Fig. 2 XRD pattern for pristine and altered PEO films.

indicates that the crystalline structure of the PEO is being dis-
torted by an expanding amorphous region.>* Morphological
studies may give more insights into this behavior. Crystallinity
declination is due to the complexation between Mn-polyphenol
and PEO.>* The firm peaks that emerged at greater concen-
trations of Mn-polyphenol (20 mL) indicate the decrease in the
amorphous phase and the subsequent rise in crystallinity.
Metal complex particle aggregation was formerly thought to
cause an increase in polymer crystallinity at high additive
concentrations. When the filler particles group together, the
host polymer's polar groups are attracted to one another
because of the preexisting hydrogen bonding, which increases
crystallinity.® This will may responsible for unsystematic
change in crystalline peak intensities. The PEO: Mn-polyphenol
complex was produced based on the results of the XRD
investigation.

3.2. Morphological study

Studies have validated the effectiveness of optical microscope
(OM) approach to study the morphological appearance of pure
PEO and PEO composites.******** The manufacturing process,
temperature, concentration, and dopant material are some of
the variables that impact the structural morphology of PEO
films.”> The crystalline areas, which are made up of many
platelets or lamellae extending from a nucleating center (so-
called spherulites), have been verified by earlier research. The
dark areas in between the adjacent lamellae are still
amorphous.*° Thus OM approach is crucial to distinguish the
crystalline and amorphous regions in semi-crystalline polymers
such as PEO. Fig. 3(a—c) displays OM images of pure PEO and
PEO films with insertion of Mn-polyphenol complexes. Several
large-diameter spherulites were seen in the pure PEO film
(Fig. 3(a)). Meanwhile, the spherulite structure completely
broke down into tiny spherulites and dark areas were found to
increases which an evidence for amorphous phase enhance-
ment when 10 mL of suspended Mn-polyphenol was added to
pure PEO, as seen in Fig. 3(b).** The random distribution of Mn—
polyphenol in the PEO structure and their interaction with
functional groups of PEO in the composite film may be one

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reason for this deformation.® As shown in Fig. 3(c), increasing
the quantity of Mn-polyphenol to 20 mL results in more
spherulites and smaller spherulites than pure film. Therefore,
the results of the morphological examination supported the
XRD analyses. Phase separation was absent in the hybrid poly-
mer film because the PEO: Mn-polyphenol composite showed
crystalline (spherical morphology) and amorphous (dark areas)
phases. The presence of metal complexes prevented crystalli-
zation; in other words, the PEO chains stopped the crystalline
lamellae from extending in a certain direction, decreasing
crystallinity.>® The results of the current study establish that
green synthesized metal complexes which enriched with many
functional groups such as NH, OH, C=0 and C-O-C are
essential to disrupt the hydrogen bonding among the PEO
chains and thus the crystalline phases of PEO will be scarified.

3.3. Fourier transform infrared (FTIR) analysis

The investigation relies on the molecular absorption spectro-
scopic method that provides useful molecular-level information
on polymer composites while adhering to Beer-Lambert Law.
When infrared (IR) radiation is absorbed, molecules are excited
from lower to higher vibrational energy levels. The IR signals
that result from these vibrational transitions will be useful for
diagnosing organic functional groups and for a variety of
spectroscopic investigations.®® The extracted black tea dye's
FTIR spectrum is shown in Fig. 4(a). The intense broad region at
3410 cm ! is attributed to the N-H and O-H stretching modes.*!
Whereas previous study indicated that the wide range between
3500 cm ™' and 3000 cm ™' was associated with N-H stretching
in amines I and II, as well as amides and O-H stretching of
hydroxyl groups (phenols, alcohols, and carboxylic acids).®* A
robust apex that was centered about 2930 cm ™" is linked to the
CH stretching mode in carboxylic acid and aliphatic groups (R-
COOH).*** The C=0 stretch in polyphenols, the C=O0 vibra-
tion of bonded conjugated aldehydes, ketones, quinines, and
esters, and C=C stretch in aromatic rings can be connected by
the robust band 1635 cm™'.%% Furthermore, a band at
1045 cm™ " has been identified as the outcome of amino acid
C-O0 stretching.®® According to earlier studies, black tea extracts
display multiple bands.®*** The bending of the C-OH bonds
and the stretching of the -OH and C-O groups are responsible
for broad bands at about 3282 cm ™', 1142 cm ™', and 1032 cm ™%,
respectively. Based on published study, the bands at 2922 cm™*
and 2848 cm ! are ascribed to symmetrical and asymmetrical
C-H stretching.®” The wake band was reported to be caused by
C-H out-of-plane bending, ranging from 819 cm ' to
831 cm .’ The FTIR spectrum distinctly indicates that primary
functional groups in tea comprise amino acids, phenols, and
carboxylic acids. In order to synthesize metal-complexes from
transition metal salts, the researchers found that the dye made
from black tea is rich in ligands. Based on previous studies,
polyphenol and metal positive ions are capable of mixing to
create metal-polyphenol coordination, as seen in the colloidal
suspension and the green mixture at the container's bottom and
top, respectively.>***7*"* A prior investigation demonstrates the
feasibility of effective attribution (Ce**-polyphenol, Cd™-

RSC Adv, 2025, 15, 23319-23341 | 23323
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Fig. 4(b). As was previously indicated, polyphenols interact with
Mn(u) ions to produce Mn(u)-polyphenol complex solutions.
Although they displayed shifting and diminishing intensities,
The peaks seen in the FTIR spectrum of black tea are also
recognized in the FTIR spectra of Mn(u)-polyphenol
compounds. It's intriguing to note that when the Mn(u)-poly-
phenol compounds formed in black tea, the bands seen at
2930 cm™ ' changed and almost disappeared, showing up at
2922 and 2843 cm ™', respectively. Comparison of Fig. 4(a) and
(b) clearly indicates that peak values in the 1700-400 ¢cm '
range nearly shift. This phenomenon can be elucidated by the
formation of bonds between Mn ions and polyphenols, which

Fig. 3 (a—c) OM images for (a) PEOMNnMCQO, (b) PEOMnMCL, (c) PEOMNnMC2 films.
) C=0 | ¢ c-C
OH & NH CH ©
[0}
2
] 2930
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© >
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Fig. 4 FTIR spectra of, (a) extracted black tea and, (b) Mn—polyphenol.

polyphenol, Co*>-polyphenol, Al"”*-polyphenol)
complexes.'®?%7>73 Also, Brza et al’® Ce™, Cu™*, and Cd*-
complexes were prepared utilizing the green technique with
a solution of black tea leaf extract. The FTIR spectrum corre-
sponding to the Mn-polyphenol combination is illustrated in

Fig. 5 The Mn-polyphenol molecule can arise in three different ways.

23324 | RSC Adv, 2025, 15, 23319-23341

results in vibrational attenuation and an increase in the
diminishing mass."”*® The development of metal complexes
with polyphenols arises from the interaction between ligand
pairs and vacant orbitals in Mn ions.” The interaction between
Mn ions and caffeine and polyphenols in tea extracts can be
evaluated using FTIR analysis, with three potential complexes
illustrated in Fig. 5. Also, Scheme 3 shows Ligand Field Theory
to propose the Mn metal complex formation of [Mn (OH)e]*~
and [Mn (NH),]**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Proposed pair electron sharing between Mn metal and ligand orbitals.

FTIR spectroscopy may identify the creation of complexes
between PEO and Mn-polyphenol. Fig. 6 shows an illustration
of the samples’ FTIR spectra. The following vibrational modes
were associated with the peaks in the PEOMnMCO FTIR spec-
tral: the broad peak at around 3338 cm ™' was linked to ~OH
stretching.” The peak appeared at 2877 cm™ ', which corre-
sponds to the —CH,- symmetric stretching vibration.”*”” CH
asymmetrical stretching frequency of 1965 cm ™" in pure PEO.™
The 1456 cm ™' peak was associated with asymmetric bending,
and the peak about 11093 cm ™' was associated with C-O-C
stretching; the peak at 840 cm™ ' was associated with CH,
rocking.®®”® The FTIR results acquired in this investigation
closely mirror those reported in prior studies.”” The peak at
3338 cm™ ', corresponding to the hydroxyl group -OH, almost
vanished with the increasing concentration of Mn-polyphenol,
indicating a reduction of the hydroxyl group and verifying the
interaction between the PEO polymer and Mn-polyphenol.” In
addition, several peaks were shifted in location and were
generally less intense. The peaks at 1456 and 1039 cm ™" in the
PEOMNnMCO sample moved to 1448 and 1085 cm™ ', respec-
tively. Pristine PEO often transitions to a lower frequency region

© 2025 The Author(s). Published by the Royal Society of Chemistry

when Mn-polyphenol concentrations increase. Complexation
transpires due to the elongation of bond length due to reduced
wavenumber.’®”® The locations and intensities of the peaks
exhibited minor changes as the content of Mn-polyphenol in
the samples increased. The increase in molecular weight (MW)
due to adsorption has reduced the vibrational intensity associ-
ated with a functional group."”

3.4. Absorption study

The optical transition characterizes the electron transition from
ground state to higher energy states."® UV-visible absorption
spectroscopy was employed to characterize the Mn-polyphenol
complex and extract black tea, as shown in the Fig. 7(a and b).
The absorption has been investigated over spectral range from
UV to visible. Different kinds of electronic transitions could
occur within the structure. Because it sheds light on the energy
gap (E,) in both crystalline and non-crystalline materials, UV-
visible spectroscopy is a useful investigative technique.
According to molecular orbital theory, electrons in the o, 7, and
n-orbitals are promoted from lower energy levels to greater
energy states when polymeric materials absorb frequencies of

RSC Adv, 2025, 15, 23319-23341 | 23325
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Fig. 7 (a and b) Optical absorption spectra of extracted black tea and
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light in the visible and ultraviolet spectrums.®" The presence of
several organic constituents, such as polyphenols, alkaloids,
glucides, amino acids, volatile compounds, proteins, minerals,
and trace elements, makes the tea samples shown in Fig. 7(a)
chemically complex.®> Within the visible spectral range (400-
800 nm), the spectra exhibited an absorption peak at 420 nm,
indicating that the majority of light absorbed by tea leaves lies
within the visible region.®® It can be concluded that the natural
dyes made from black tea enriched with ligands are useful and
eco-friendly dyes that are employed to form coordination
compounds and thus produce metal complexes, as demon-
strated in Fig. 5.>° While movements like 1 — w*and n — ©* of
(catechins) CTH, methylxanthines, and caffeine require far
lower frequency and consequently take place at larger wave-
lengths, the electronic transition of n — ¢* is caused by the UV
(190-420 nm) electronic transitions.”>*"**** The study's UV-vis
spectrum result is comparable to Wang et al.*® report on iron-
metal complexes. A prior study also found that the absorbance
band emerged between 200 nm and 350 nm, which corresponds
to the electronic transition of n-m* of methylxanthines, which
are made up of caffeine, theobromine, and theophylline.
Caffeine’'s C=0 chromophore band absorbance is visible at
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about 275 nm.****®¥ In the UV-visible spectrum, metal nano-
particles ought to exhibit surface plasmon resonance absorp-
tion.*” There is no observable surface plasmon resonance
absorption of Mn-polyphenol in this spectrum. This suggested
that the Mn-polyphenol complex's metal-like properties on the
particle surfaces could not be attributed to the capping of
polyphenols.®>*° An SPR apex in the 500-800 nm range has been
observed for copper nanoparticles in chitosan-based polymer
electrolytes, confirming a prior study.”* Also, Aziz et al**
emphasize that the CS: AgNt system's production of silver
nanoparticles is connected to the wide apex at 422 nm. The
electrons exist in both pure PEO and modified samples due to
absorption peaks seen at higher wavelengths, particularly in the
550-750 nm region (exponential curves).”® In a recent study on
green tea dye, the peak was found at 671 nm. Conversely, the
metal complex's absorption spectrum shows the same peak but
with less intensity. In the current study, black tea dye also
showed the same peak in the 953 nm range, even though the
Mn(u)-polyphenol complex produced an Albert peak with less
intensity. This finding implies that Mn acetate and black tea
have a beneficial interaction (see Fig. 7(a and b)). Also, both
(black tea dye and metal complex) exhibit exponential curves in
the visible region.”* Because of the interaction between the
inorganic metal and the organic ligand, the metal-organic
compound has special optical and electrical properties with
great potential for use in optical electronic devices.”® Moreover,
researchers can use UV-visible analysis to study the interaction
between the coordination compound and PEO polymers. In
order to observe the variations in absorption spectrum, loca-
tions brought about by the chemical reaction between the
complex of metals with PEO, various amounts of the Mn-metal
complex were incorporated into PEO. When the metal complex
was incorporated into the PEO polymer, the absorption moved
from the ultraviolet to the visible spectrum, indicating a shift
from high energy to low energy. This investigated the positive
interaction between the PEO polymer and Mn(u)-polyphenol.

4. Optical properties

4.1. Absorption and transmission

Because polymers are widely used in electronics and optical
technologies like chromic displays and electronic parts like
light-emitting diodes (LEDs), polymer lasers, and organic
photovoltaic devices, their optical characteristics have been
thoroughly researched.® Fig. 8(a) at lower frequency, it appears
like the films are almost transparent in PEO only. Additionally,
displays the absorption spectra of metal complex-doped PEO.
Various electronic transitions can occur in polymers. The © —
m* electronic transition type, which originates from unsatu-
rated bonds, primarily C=0 and C=C, found in the polymer's
tail head, is responsible for the absorption band that spans
between 200 and 300 nm. The addition of Mn-polyphenol
clearly caused the absorption spectra to shift to longer wave-
lengths.**** Furthermore, absorption bands were absent in all
visible zones for undoped PEO, indicating that it is an insulator.
In contrast, the visible region of PEO: metal complex composite
films showed broad absorption bands. Particularly, when the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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concentration of the suspended metal complex was raised to 20
mlL, the absorption peak became more intense.* It is evident
that all of the samples’ spectra of absorption drop as wavelength
increases while increasing when metal complex levels rise.”®
The doped samples' absorption spectra exhibit a shift towards
longer wavelengths, indicating that these materials may have
narrow band gaps.”” Fig. 8(b) shows the transmission spectra for
the unaltered and modified PEO films. As the concentration of
Mn-polyphenol rises, there is a shift towards lower UV wave-
lengths, resulting in a decrease in the transmittance of the
polymer films.”® In optoelectronic applications, conjugated
systems with both single and dual bonds have been regarded as
a significant class of materials because of their strong pi-
bonding orbital value. These significant shifts show that -
delocalization takes place throughout the polymer chain. -
Conjugated polymers are usually low-bandgap, semiconducting
polymers.® The band edge is the location where transmission
begins to drop.

4.2. Absorption edge

The absorption edge, in particular, has proven crucial in iden-
tifying the electrical structure of materials by optical absorption
research. The optical spectrum of absorption can reveal direct

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as well as indirect transitions inside the band gap.'*® Moreover,
the optical absorption coefficient of a material indicates how
well it can absorb photons.* The light absorption spectra are
crucial in measuring the energy gap of crystalline and non-
crystalline materials. The fundamental absorption, which is
equivalent to the electron moving from the stable state to the
energetic state, may be used to ascertain the kind and worth of
the (Eg)."”> The absorption edge is the region where electrons
shift from a low-energy to a higher-energy level as a result of
light absorption.'®® From the absorbance (4), which can be
determined from UV-visible spectroscopy, the absorption coef-
ficient as a function of frequency or the relative rate at which
light intensity decreases may be computed, «(v). a set of data
using Beer-Lambert's formula.

o (2.323A) (1)

where (d) represents the sample's width.*'** Fig. 9 displays the
a vs. photon energy Eppoton Of many pristine and altered PEO
films made with Mn-polyphenol. By extrapolating the linear
segment of the « versus Epnoton CUIVE to zero absorption, we
estimated the absorption edge values shown in Table 1. This
was a simple method of computing the absorption coefficient.
In the present computation, the addition of 20 wt% of Mn-
polyphenol complexes reduced the absorption edge of a pure
PEO to decrease from 5.3 eV to 1.42 eV. When the dopant
concentration is raised, the reduction of the absorption edge
might be interpreted as an enhancement of interchain inter-
actions among the polymer composite chains. Consequently,
the density of conjugation stacking increased. In other words,
modifying the absorption edge may facilitate the creation of
novel effective traps within the optical bandwidth. Conse-
quently, electrons in the present state transitioned from the
apex of the valence band to the nadir of the conduction
band.'*>'* The dispersion and complexation of Mn-polyphenol
inside the PEO matrix account for broadening the absorption
edge.'” Accordingly, it is assumed that the band gaps deter-
mined using various methods are near the absorption edge
values.*

80
e PEOMNMCO
e PEOMNMC 1

70 PEOMnMC2
S 601
=
2
o
£ 50
[
Q
(8]
g
o
@ 30
& 7

204 / Shifting of absorption edge to lower photon energ

10 A

T T T T T T
1 2 3 4 5 6 7

hv (ev)

Fig. 9  Epnoton Versus alv) for undoped and composite samples.
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Tablel PEO samples, both undoped and doped, have different values
for the absorption edge and Urbach energy

Sample composition Absorption edge (eV) Urbach energy (eV)

PEOMnMCO

5.3 1.3405
PEOMnMC1

1.45 1.4136
PEOMnMC2

1.42 1.6126
4.3. Refractive index (n)

The refractive index is a fingerprint of a polymeric substance. A
polymer is termed an isotropic polymeric substance when light
propagates through it at a uniform velocity in all directions.
When light travels through a polymer at varying velocities in
a single direction, the polymer is classified as an anisotropic
polymeric material.* Therefore, refractive index (n) is consid-
ered as an essential optical parameter associated with micro-
scopic atomic interactions. Particularly in designing and
manufacturing optoelectronic devices. Mathematically, It can
be computed using the extinction coefficient (k) and reflectance
(R)‘6,107

4R
(1-R)

1+R

2

— 2
-k )

n(d) =

Using the formula k = «al/4md, where («) is the samples’
absorption coefficient and (1) is their wavelength and (d) is their
thickness, the extinction coefficient (k), or the imaginary
component of the complex index of refraction was calculated for
each sample.** The following formula can be used to alter the
index of refraction of a substance if it absorbs the light that hits
it.

fi=n+ik 3)

where £ is related to the absorbed energy, 7 is the complex index
of refraction, and n is the actual refractive index.’®® It is also
evident from another numerical statement for the imaginary
part of the complex refractive index that the reflectance (R) may
be calculated from the transmission (7) and absorption (A)
values (R =1 — (4 + T)). Beer's law is used to calculate the T
values (T = 107%).”> Applications in the areas of materials
science, optical technology, and optical photonics depend on
a better understanding of how undoped and modified polymer
substances interact with light. This helps to clarify features like
light transmission and reflection within the material. Never-
theless, in order to comprehend how the insertion of the metal
complex alters light propagation within the material when
a polymer is doped with it, the optical study is required.”® The
refractive index is the ratio of the speed of light in a vacuum (c)
to the speed within a material.’® As shown in Fig. 10, the index
of refraction tends to remain constant at lower energies and
falls as the wavelength of the incident photon increases.
Generally speaking, both density and polarizability affect the
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index of refraction. Therefore, adding more charge carriers to
the host polymer is means that a metal complex is added to PEO
films. According to the Lorentz-Lorenz formula, this will lead to
a higher index of refraction because there will be more polar-
izable molecules and higher densities.*®*°*'1

It is well understood that the transparency of various optical
materials is determined by its refractive index. When materials
are completely transparent, 7n(2) is near to one.?* In this study,
when we add the metal complex to a pure polymer, two factors
contribute to the decrease in n; firstly, the PEO polymer in its
pure state lacks transparency and is opaque. However, the
composite polymer gets closer to transparency as the concen-
tration of the metal compound rises. Secondly, the PEO polymer
in its pure state exhibits a high ordering structure, also known
as high crystallinity. The -O group present in PEO facilitates
a high level of crystallinity.""* It's fascinating to note that high-
order atoms have demonstrated a comparatively elevated index
of refraction that is unaffected by wavelength or surface strikes
of light.**

4.4. Wemple and DiDomenico (W-D) model

In the optoelectronics field, the optical dispersion characteris-
tics are the most important parameters to comprehending the
degree of disorder. These parameters can be thoroughly calcu-
lated using the (WDD) single-oscillator model, which is
expressed as:

(hv)* + = (4)

At (hv = 0) it becomes:

E,
“:’“+E% (5)

n, at longer wavelength (n, is a static refractive
index), Eq4 is the dispersion energy, and E, is the average exci-
tation energy of electronic transitions (oscillator energy).'*”**2
The average strength of the oscillator or inter-band optical

where n =
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Fig. 10 Refractive index vs. function wavelength.
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transition is represented by the dispersion energy, which is
associated with the chemistry of the material. The oscillator
energy is linked to the energy gap's scale.'*® Then E, and E4 were
determined from (n* — 1)"" vs. (v)’in Fig. 11, E, and Eq4 values
can be calculated from 1/E4E, (slope) and Ey/Eq4 (intercept) on
vertical axis as depicted in Fig. 11. The static refractive index n,
values for pristine PEO and altered PEO films are given in Table
2 and may be computed using eqn (5)."***

4.5. Dielectric constant study (¢*)

It is well known that variations in the optical dielectric constant
produce the essential electromagnetic transition in polymer
composites. One can quantify a bulk material's energy loss
capacity by measuring the quantity of electrons on its surface.
Conventionally, the dielectric constant is taken as its two main
parts: imaginary (¢) and real (¢). The real part determines
a given material's capability to reduce electromagnetic wave
speed. On the other hand, the imaginary part enables us to
calculate the efficiency of absorbing energy due to polarization
is computed. Both n and k values are related to the real and
imaginary components ¢*.*

e* =g, + Ig (6)

The Spiter-Fan equation is validated by Fig. 12, which shows
the linearity of the graphs showing the direct link between the &,
and A* within particular ranges.

2
N
s Xk o)

é‘r:I’lz—kZZEW—T
4m2cey m

£« denotes the material's dielectric response at high frequen-
cies within the lattice, especially at short wavelengths. In this
context, we establish the following constants: the electron
effective mass (m*), the dielectric constant of the free space
region (¢o), the speed of light (c), the charge of an electron (e),
and the concentration of charge carriers (N). The ratio of the
electron's effective mass to the free concentration of carriers is
denoted by N/m* and ¢.. Both parameters were acquired by
looking at the slopes and intercepts of Fig. 12, which is
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Table 2 Dispersion and oscillator energy calculate from theoretical
Wemple—-DiDomenico (WD) and static refractive index

Concentration Eq E, no
PEOMNMCO 20.7911 6.5887 2.039
PEOMnMC1 7.2398 2.6925 1.9206
PEOMnMC2 6.3707 2.5075 1.8817
displayed in Table 3.°"%'” When the Mn-polyphenol

compound is added to (PEO), the localized density between the
polymer's valence and conduction band increases as the metal
complex's amount increases. The polymer composite's energy
bandgap decreases as a result of this rise in localized state
density.

4.6. Inter-band transition strength (Jcv)

The complex dielectric constant ¢* is also linked to J.,, the latter
is proportional to the likelihood that an electron would transi-
tion from the lowest energy state to the highest energy state with
transition energy.

4TCWl()2 E 2

Joo =RE Joy + IM Joy = —2m 7(81 +ie) (8)

The real and imaginary parts of the interband transition
strength are denoted by RE J.,, IM ], the electron’s mass (m),
the photon energy (Ephoton), the electron's charge (e), and the
plank constant (%). J., has units of g cm ™ and is proportional to
the transition probability. For computational convenience, we

4aTm,
take the factor ( 2 h;)

10° g eV 2 as unity. Eqn (8) is where the J,, was computed
from. Fig. 13(a and b) shows the real and imaginary compo-
nents of the inter-band transition intensity /oy against photon
energy. It increases with photon energy, suggesting that the
likelihood of electronic transitions happening increases with
photon energy."'®'*°

2
) in eqn (8), whose value in 8.289 x
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Fig. 12 lllustration of undoped and doped PEO's real part dielectric

constant against A°.
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Table 3 Localized density and dielectric values at lower wavelengths
for pristine and composite PEO films

Localize density <%) x 10%

Sample £o
PEOMnMCO 54.7445 4.6209
PEOMnMC1 104.6228 4.6656
PEOMnMC2 201.9465 4.853
4.7. Optical bandgap study

4.7.1 Tauc's model and optical dielectric loss. Depending
on the material's band structure, the fundamental absorption
process is frequently defined as the flow of electrons between
the valence and conduction bands, controlled by certain selec-
tion principles and marked by a noticeable rise in the absorp-
tion zone. Different transitions are known, where materials with
direct band structures exhibit momentum conservation
throughout the transition, whereas amorphous semiconductors
with indirect band structures do not exhibit electronic
momentum conservation.'* Two techniques were used in this
paper's band-gap analysis, which were based on both theoret-
ical and experimental approaches. The theory of optical
absorption served as the foundation for Tauc's technique. It is
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a popular method for studying the band gap, which links the
absorption coefficient and photon energy. However, in order to
study the band gap, theoretical physicists have created
a number of models based on quantum techniques. According
to theory, all inherent effects associated with processes of light-
matter interaction are contained in the optical dielectric func-
tion.”* Using Tauc's equation, the connection between the
incoming photon energy and the absorption coefficient for non-
crystalline materials may be found as follows:."*****

ahv = B(hv — Ep)* 9)

where the optical energy bandgap is denoted by E, and
a constant by 8. Depending on the type of electron transitions
that are susceptible to optical absorption, n is an exponent
constant. The direct allowed, indirect allowed, forbidden direct,
and forbidden indirect electron excitations are represented by
the exponent L values of 1/2, 2, 3/2, and 3, respectively.'** Fig. 14
depicts the types of transitions related to electrons based on
Tauc's model. Fig. 15(a-d) shows the graph of (a/v)"/* against of
Ephoton for all composite samples. The intersection of the
extrapolation of the linear portion of the plots to the energy axis
yielded the direct bandgap values. All of the samples' bandgap
values were calculated and are shown in Table 4. The doped
samples were found to have a lower optical bandgap (E,). In
accordance with previous studies, organic polymers, functional
materials, and composites with suitable optical bandgaps are
crucial for photonics, organic light-emitting diodes (OLEDs),
and optoelectronic device applications.”” Large band gap
materials are typically insulators, while semiconductors are
materials with smaller band gaps. Therefore, due to its large
bandgap at about 5.5 eV, pure PEO is an insulator. This suggests
that there is no free carrier absorption and that inter-band
transitions only become important at rather high photon
energy (above visible).*

It has been shown that the band boundaries in amorphous
materials are influenced by various ligand and metallic complex

[ Energy(eV)

direct

Valence
Band

Wave vector(k) |

Fig. 14 Typical representation of various types of electronic transition
within materials: (a) direct allowed transition, (b) direct forbidden
transition, (c) indirect allowed transition, and (d) indirect forbidden
transition.
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Fig. 15 (a—d) The plot of (ehv)¥" against the Epnoton Of the undoped
and modified PEO films.

orbital types. It is challenging to forecast whether the band will
be direct or indirect. It should be noted that Tauc's equation by
itself is inadequate in this situation to characterize the kind of
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transition, as four figures must be created based on the values
that the exponent takes. Quantum mechanical characterization
of the photon-electron interaction in the system is based on
time-dependent perturbations of the ground electronic state.
Several theoretical investigations have focused on the strong
association between optical dielectric loss (¢;) and the band
structure of the materials. The imaginary component ¢; of the
dielectric function can be expressed as follows:*****

2
S ko5 — B - E)

KV,.C

& = (10)

The above equation represents the position vector and

a vector representing the incident electromagnetic wave polar-
ization as — r and — u, respectively; the incident light
frequency and the crystal volume are represented by w and Q;
the electron charge and permittivity of free space are repre-
sented by e and &,, while the conduction and valence band wave
functions at K are respectively denoted by Wyand Wg. The
theoretical models determine that the optical dielectric
constant is characterized by a complex function of frequency.**
Also, it is well known that the optical band gap can be deduced
from the fundamental absorption edge in optical dielectric loss
spectra.”* From an experimental standpoint, the obtained
refractive index, extinction coefficient, and applied relations
below can be used to determine the imaginary portion of the
optical dielectric function (g;).>***>***
& = 2nk (11)

Previous studies have shown that electron transitions from
the valence band of energy to the conduction band of energy are
directly correlated with the principal peak of optical dielectric
loss (g;).***'****7 Thus, the energy gap can be successfully
studied using the ¢; versus photon energy. Thus, as shown in
Fig. 16, the linear parts of optical dielectric loss spectra may be
intercepted with the photon energy axis to get the actual energy
gap (E,). Table 4 lists the estimated values derived from the plot
drop in bandgap from 5.5 to 1.4 eV. The kind of electronic
transition and the optical band gap can be determined by
comparing plots obtained from Tauc's equation with those of
optical dielectric loss.****® Quantitatively, Table 4 illustrates the
decline in E, magnitudes with the addition of Mn-polyphenol
to PEO polymer. By contrasting the energies from the optical
dielectric loss (Fig. 16) with the E, values in Tauc's model
(Fig. 15(a-d)), the types of transitions may be determined. For
PEOMnMCO, this means that it is directly allowed (L = 1/2),
whereas PEOMnMC1 and PEOMnMC2 are both direct
forbidden (L = 3/2). Because of its nearly crystalline structure, as
shown by the XRD analysis results and the Urbach energy
discuss in the next section, as well as the coincidence of the
valence band's and conduction band's tops in ordered mate-
rials, undoped PEO is associated with a direct allowed transi-
tion, which is consistent with the theoretical background. This
demonstrates how much more practical direct transition is in
the case of undoped PEO.* This work focuses on the develop-
ment of polymer composites with narrow optical band gaps that
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Table 4 The value E4 from Tauc's model and dielectric loss versus Epnoton
Sample code E, for (ahv)® Ey for (aha)*? Ey for (aha)'? E, for (aha)'? E, from &
PEOMnMCO 5.5 4.95 4.5 4.1 5.5
PEOMnMC1 1.9 1.4 1.3 1.35 1.5
PEOMnMC2 1.6 1.3 1.15 1.2 1.4
0.0016 e oV calculated optical gap values using Cody's model are displayed
EPEOMan FEOMHHC? in Table 5. Fig. 17(a-d) demonstrates the band energy for the
000147 : | allowed direct and indirect energy gap and the forbidden direct
00012 :ams and indirect energy gap, which are derived by crossing this
= 3 | linear extension for the abscissa in accordance with the Cody
é 0.0010 4 model of the optical band gap to deduce the optical gap
2 energy.”®” The types of transitions may be seen by contrasting
é 0.0008 the E, values in the Cody model (Fig. 17(a-d)) with the energies
o from the optical dielectric loss (Fig. 16). For PEOMnMCO, it is
0.0006 1 indirectly permitted (L = 2), but for PEOMnMC1, both
0.0004 4 PEOMnMC? are directly permitted (L = 1/2).
4.7.3 Bandgap analysis by absorption spectrum fitting
0.0002 i : i i . : (ASF) method. Since the valence and conduction band edges are
! 2 8 4 5 6 7 not sharp, the tail states make determining the actual band gap
hv (ev) more sophisticated. Accordingly, it is challenging to compute
Fig. 16 & Vs. Eppoton fOr pure and modified PEO. the band gap in amorphous materials rigorously. Therefore,

resemble semiconductor or conductive polymer materials. The
bandgap is reduced as a result. It was previously suggested that
the decrease in the optical energy band gap could be due to the
different localized trap states through the prohibited band gap.
The polymer and the loaded metal compound created these
localized levels.*>*** Additionally, the reduction in the E, reflects
the increase in the degree of disorder in the polymer
composite.”*>*** Complexes of polar groups of polymeric mate-
rials are more likely to form when the extracted tea solution
contains enough hydroxyl (OH), carboxylic groups, polyphenols,
conjugated double bonds and polyphenol conjugates.** The
functional groups of Mn—-polyphenol complexes then interact as
a result of this. The metal complex exhibits a more pronounced
reduction in the bandgap compared to other fillers since the
polymer chains (PEO) diminish the separation between the
valence and conduction bands of the doped polymer material.
Has potential applications in optoelectronics. The study's
findings demonstrate that the optical dielectric loss spectra as
a function of Eppeton Mmay be used to estimate the band gap. At
the same time, Tauc's model facilitates the identification of the
kind of electronic transition.

4.7.2 Cody representations for bandgap study. The model
presented by Cody indicates that the optical gap energy of
polymer composite films with varying thicknesses can be
determined by the cut-cross of the linear extension associated
with the spectra that represent (a/hv)"* against Eppoon Within
a constrained range of incident photon energy (the examined
range). Tauc assumed that the momentum matrix's component
was independent of photon energy, while Cody contends that
the dipole matrix element is devoid of photon energy. The

23332 | RSC Adv, 2025, 15, 23319-23341

several empirical techniques have been developed to ascertain
these materials' band gap. The main advantage of the ASF
approach is that it simply requires the absorbance spectrum to
be measured; neither the refractive index nor the film thickness
is needed."”® Eqn (9) can be rewritten as a function of wave-
length (1) to introduce the ASF method:

(12)

This corresponds to the speed of light (¢), Planck’s constant
(h), and optical gap wavelength (4,), respectively. Eqn (2) can be
rewritten as follows using Beer-Lambert law:

1 1

AN :D,A(f— >L+D2

13
i (13)

To the power of D; = [B(hc)” 'd/2.303] together with the
reflection-affected constant D,. On top of eqn (13) E, can be
found by fitting the absorbance range. The forbidden optical

gap Eopt (eV) was estimated by extrapolating the linear segment

1
of at (A/A)"" = 0 from the (4/2)""* vs. (}) curve. Fig. 18(a-d)
shows the plot of the current samples for

A2A2/3A1/2A1/3v 1 The least )
7)o\ 3 3 s 5 e least squares

method revealed that L = 2, 1/2, 2/3, and 1/3 (see Fig. 14). One
may find the Egglf value in Table 6. Thus, the value of Eg, in eV,
can be find from the parameter ), using Eqop; (eV) = 1239.83/
Ag.***#1% The band gap values computed using the ASF method
and derived from Tauc's relation are almost identical. As the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 The E4 from cady model versus photon energy for direct and indirect forbidden and allow transition

Sample code E, for (a/hv)’

E, for (a/ha)?”

E, for (a/ha)"? E, for (a/ha)'?

PEOMnMCO 5.6 5.85
PEOMnMC1 1.5 1.4
PEOMnMC2 1.4 1.1

metal complex increases, the band gaps dramatically shrink.
These findings suggest that the degree of crystallinity has
a significant impact on the optical energy gaps. According to
one interpretation of these findings, Localized states in the
optical band gap are produced by metal complexes and cause
disordered accumulation in the PEO matrix because they are
incorporated into the polymer matrix's amorphous region."*® In
comparison between the ASF model and dielectric loss, the
results indicate that PEOMnMCO exhibits direct prohibited
characteristics (L = 3/2), whereas both PEOMnMC1 and
PEOMnMC2 show indirect allowed characteristics (L = 2).

The relation provided in eqn (14) can be used to determine
the samples’ molar refractivity (Ry). The material's molar
polarizability («.,) is closely correlated with R,.

Eg

1— /=8

Ry =V
20

(14)

According to eqn (15), the values of the metallization crite-
rion are entirely dependent on the values of the reflection loss;
that is, the higher the reflection loss, the lower the metallization
criterion value.

M=1-R,/Vy (15)
Eqn (14) can be inserted into eqn (15) to obtain eqn (16). The
prerequisites for the solid's non-metallic nature are explained
by Herzfeld's theory on the metallization of condensed matter.
The criteria of metallization Metals are defined by M values near
zero, while insulators are described by values near one.'?”*3*

Eg
M=4/%

Eqn (16) is an empirical relationship commonly used to
assess whether a material exhibits insulating or semi-
conducting behavior. Specifically, the closer the value of M is to
1, the more insulating the material behaves, and conversely, as
M approaches 0, the material demonstrates semiconducting
characteristics. Therefore, this relationship is applicable to
both insulators and semiconductors. In the context of our
polymer composite, the incorporation of the metal complex into
the PEO matrix has quantitatively reduced the band gap from
(5.5 eV) to (1.4 eV) depending on the concentration of the
dopant. As a result of this doping, the M value decreases
progressively, approaching zero, indicating a shift toward
semiconducting behavior.

(16)

© 2025 The Author(s). Published by the Royal Society of Chemistry

5.5 5.7
1.25 1.3
1.2 1.3

By substituting the obtained optical band gap values into
eqn (16), the calculated M values are 0.52, 0.274, and 0.264 for
PEOMnMCO, PEOMnMC1, and PEOMnMC2, respectively.
These values indicate that for pure PEO, M is greater than 0.5
and closer to 1, reflecting predominantly insulating behavior. In
contrast, the doped films exhibit M values below 0.5 and closer
to 0, suggesting a transition toward semiconducting properties.
This means that after doping, the band gap values of the poly-
mer films fall within the typical range for semiconductors. The
addition of the metal complex enhances the metallization
properties of the composite, as it introduces a significant
concentration of metal ions into the polymer matrix, which
further contributes to this transition.

4.7.4 Differentiation methods for bandgap estimation. We
created a number of additional techniques in this study to
determine the bandgap, which is displayed in Fig. 19(a-c). It is
worth mentioning that the obtained results from the new
models almost match very well with the other standard tech-
niques. There are generally some variations between the
approaches, possibly as a result of tiny variations in line
calculation and smoothing during sketching the graphs. Plot-
ting the first derivative of transmittance spectra as a function of
Ephoton 15 the basis for the first two of four approaches used to
calculate E,. Fig. 19(a and b) displays the derivative of trans-
mittance d7/dA, dR/d4, the optical reflectance's first derivative.
These techniques calculate the gap's energy from the initial
greatest peak in the upper range of x-axis energies. Table 7
confirms the optical bandgap value and displays the values for
undoped and PEO composite, d7/dA and dRr/dA. The absorption
edge, donor carrier concentration, and impurity energy levels all
have a direct impact on the optical bandgap's variance. This
leads to an increase in the degree of defects, which are repre-
sented by the Urbach energy, and ultimately, a drop in the gap
energy. Furthermore, as shown in Fig. 19(c), dn/dA has a nega-
tive component that represents the bandgap at each curve's
greatest peak.*>**° By comparing three differentiation methods
for studying the band gap for all composite samples with
dielectric loss, we see that d7/dA it is a remarkable way to study
the band gap for both PEOMnMCO0 and PEOMnMC1 but (dR/d4,
dn/d2) is notable for PEOMnMC2.

4.8. Urbach energy (E,) study

Urbach energy, also known as Urbach tail, is regarded as a reli-
able and significant tool for investigating the structural char-
acteristics of polymeric materials. It enables us to determine
and characterize the defect levels within these materials’ band
gap.” Moreover, understanding the E, found in disordered

RSC Adv, 2025, 15, 23319-23341 | 23333
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materials is crucial to comprehending their electronic transport
characteristics. It is known that strains in the network that are
strong enough to force the states into the forbidden gap are the
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source of band tail states in amorphous materials. In the gap,
such tails decay exponentially. Which subtly suggests that the
polymers are becoming more amorphous.”* The following

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 The E, from ASF method versus photon energy for direct and indirect forbidden and allow transition

L=2 L=3/2 L=1/2 L=3
sample g EAY g BT g BN g BT
PEOMNnMCO 238.095 5.207 232.558 5.3313 212.766 5.827 238.095 5.207
PEOMnMC1 833.333 1.488 819.672 1.513 666.667 1.859 909.091 1.364
PEOMnMC2 909.091 1.364 952.381 1.302 800 1.549 1000 1.239
0.012 empirical relation was used to calculate the width of Urbach
0008 ey 12
{=——PEOMnMC2 a energy.
0.010
0,002 / o= aoexphu/E\, (17)
0.008 5 |
5 where (E,) is the average width of the band tails of the localized
1;: 0.006 4 regions in the films and «,is a constant. Fig. 20 displays the
0.000 4 .
© \ relation between In(a) and Av for pure and doped PEO. The
0.004 4 straight lines showed that the absorption complies with the
. -0.001 T . . . .
2 s Urbach rule and the quadratic relation for inter-band transi-
hv(eV) . . . .
0.002 4 tion. Table 1 displays the band tail E, values, which were
determined by taking the reciprocal of these lines' slopes.
0.000 . . . , . : It is evident that the Urbach energy rises from 1.34 to 1.61 as
1 2 3 4 5 6 the concentration of metal complexes increases. This subtly
hv(ev) suggests that polymer composite samples have a more amor-
0.0000 . .
" f——PEOMnMCO phous phase.**” The composites’ band structure will become
b disordered and imperfect due to the larger energy tails.
10,0005 4 According to this observation, more localized states were
- - produced within the forbidden energy gap as well. In contrast,
<
3 000104
g -
& oo Table 7 Different methods to investigate the optical band gap Eg (eV)
and comparison between them
0.00154 o0
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Eg4 and the Urbach energy of undoped and modified PEO.

PEO had a smaller energy tail width, which is directly related to
its neat polymer structure and, consequently, its larger energy
gap."® The relationship between undoped and modified PEO
films at different concentrations of metal complexes is shown in
Fig. 21. It is evident that the polymer's bandgap reaches its
minimum value, and the Urbach energy reaches its maximum
as the metal complex concentration rises. The presence of
localized defect states in the bandgap energy around the valence
band maximum and conduction band minimum easily explains
the decrease of the bandgap in polymer composites of thin
films. The disorder in the composite film increased due to
a localized condition in the material, which raised the Urbach
energy.144—l46

Furthermore, by determining the electron-phonon interac-
tion strength (Se_,) and the steepness parameter (), (8) repre-
sents a novel optical constant. This parameter denotes the slope
or gradient of the linear section of the absorption curve adjacent
to the absorption edge, which regulates the rate of energy
variation. The subsequent description pertains to the evalua-
tion of the values of (8).'*

(18)

kg, is equal to 8.6173 x 107> eV K ', where T is the ambient
temperature (300 K). 8 is related also to the strength of the
electron-phonon  interaction (S.,) by the following
relationship.™®
Sep =236 (19)
This parameter describes the lattice expanding and
increasing of the lattice constants."® Fig. 22 illustrates the
correlation between the steepness parameter and the magni-
tude of the electron-phonon interaction with respect to the
Urbach energy. As disorder develops, the electron-phonon
interaction grows due to reduced atomic spacing, resulting in
larger absorption spectra, and the bandgap may decrease owing
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to phonon scattering. However, the steepness of the energy
fluctuation diminishes, which results in a lower slope, indi-
cating that absorption shifts to the higher wavelength. This is
frequently linked to disorder or localized states within the
material, which is essential for optoelectronic applications such
as solar cells, sensors, and photovoltaics.

5. Conclusion

This study successfully demonstrated the fabrication of PEO-
based polymer composites doped with manganese-polyphenol
complexes synthesized using black tea extract via a green
chemistry route. The structural and optical analyses confirmed
that the incorporation of the Mn-polyphenol complex signifi-
cantly modified the crystallinity, morphology, and electronic
properties of the PEO matrix. FTIR spectra revealed a strong
interaction between the polyphenolic compounds and Mn(u)
ions, forming stable metal-ligand coordination complexes.
XRD analysis showed a reduction in crystallinity and increased
amorphous behavior with higher concentrations of the Mn-
polyphenol complex. The OM micrographs of PEO films indi-
cate that crystallinity diminishes as the concentration of Mn-
polyphenol increases. The spherulite structure disintegrates
into smaller entities, resulting in black patches on the polymer
film surface, which signifies the promotion of the amorphous
phase. UV-visible spectroscopy indicated that the composites
exhibit tunable optical properties, including a decrease in band
gap and a shift in absorption edge toward lower photon energy
with increasing complex content. Various models such as
absorption coefficient, Taucs model, optical dielectric loss and
ASF approach were successfully used to evaluate the optical
band gap. The optical bandgap narrowed from approximately
5.5 eV in pure PEO to 1.4 eV in the doped samples, as supported
by Taucs analysis and dielectric measurements. The green
synthesis approach using black tea extract proved to be effec-
tive, eco-friendly, and capable of producing functional polymer
composites with potential applications in optoelectronics and
photonics.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analyses, as well as the processed datasets used for calculating
optical properties such as bandgap, Urbach energy, and
dielectric loss. All relevant materials and methods used for data
collection and analysis are described in the manuscript.
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