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Abstract In this study, the solution of black tea leaves (BTL) was extracted and used as a green

coordination approach to synthesize Zinc metal ions (Zn2+)- polyphenol (PPL) complexes

(Zn2+-PPL complexes) with increased UV–vis absorption. The FTIR of the BTL and Zn2+-PPL

complex confirms the formation of the Zn2+-PPL complex through the wide variation in the inten-

sity of FTIR bands. XRD shows that the interaction between Zn2+ ions and PPL produced an

amorphous Zn2+-PPL complex. The prepared Zn2+-PPL complex with chitosan: Poly(2-ethyl-2-

oxazoline) (CS: POZ) polymer blends exhibit enhanced optical properties. The polymer composite

(PC) films are synthesized using the solution casting process. FTIR, XRD, and UV–vis spec-

troscopy techniques approve the synthesis of PCs films with handled optical properties. The struc-

tural properties of CS: POZ: Zn2+-PPL complex composite films confirm the amorphous phase

dominant. The optical properties of CS: POZ blend and CS: POZ: Zn2+-PPL complex films are

determined using UV–Visible spectroscopy, including refractive index (n), absorption edge, dielec-

tric loss (ei), dielectric constant (er), and bandgap energy (Eg). The Eg is measured by examining the

ei optical parameter, whereas the types of electronic transition in the films are detected using Tauc’s

technique. Significant optical parameters such as localized charge density (N/m*), high-frequency

dielectric constant ðe1Þ, relaxation time (s), optical mobility (lopt), optical resistivity (qopt), and
rsity of
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plasma angular frequency (xp) of electrons are measured. The N/m* values are increased from 7.3 �
1055m3/kg to 35.3 � 1055m3/kg by adding Zn2+-complex concentration, resulting in a significant

reduction (4.8 eV to 1.6 eV) in the Eg. The Wemple–DiDomenico single oscillator model was used

to measure the oscillator dispersion energy (Ed) and average oscillator energy (Eo) property.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Sun provides a long-term supply, sustainable, and reliable
energy, in contradiction to traditional resources, such as fossil
fuels and coals can hence assist in solving the increasing global

necessity for energy. One of the effective methods of solar
energy converting to a valuable form like electricity makes
use of solar cell devices (Heo, 2013). Composites are materials

made up of two or more chemically and physically distinct
phases parted by a discrete interface (Aziz et al., 2015). Due
to their unique optical, electrical, and mechanical capabilities,

polymer composite (PCs) materials have recently attracted
much scientific and technological interest (Ebnalwaled and
Thabet, 2016). Polarizers, sensors, optical networking, LEDs,
data storage systems, solar panels, and even biological applica-

tions have benefitted from these materials with improved opti-
cal characteristics (Nofal et al., 2021). Considerable work has
been done by improving the optical characteristics of PCs by

reinforcing polymers with metals, semiconductors, carbon
nanotubes, magnetic nanoparticles, and metal complexes
(Soliman and Vshivkov, 2019; Wang et al., 2007; So et al.,

2007; Hoque et al., 2018; Aziz et al., 2021).
There are applications for which inorganic materials are

not preferably appropriate; those requiring, for example,

mechanical flexibility, colour tunability, low-cost processing
or large active areas. Organic materials are a good candidate
for the application as they mix the material property of plastics
with large and ultrafast nonlinear responses, high optical

cross-sections, and broad spectral tunability. In terms of con-
struction, they are solutions processed at a low-priced, permit-
ting large area deposition (contact printing or roll-to-roll, for

instance) on a nonstandard substrate (Clark and Lanzani,
2010). Natural polymers in general and natural PCs in specific
appear to be gaining popularity because they are biodegrad-

able, renewable, inexpensive, and easy to treat without the
use of toxic materials (Usman et al., 2012). Due to their wide
range of applications in pharmaceutical and biomedical indus-

tries for enzyme immobilization and purification, in chemical
plants for wastewater treatment, and in food manufacturing
for binding, gelling, thickening, and stabilizing agents in food
products, chitinous polymers, particularly chitosan (CS), have

piqued attention recently as one of the most effective natural
polymeric materials (D. K.-F. T. (USA), 1984).

CS is a cationic polysaccharide made from the alkaline N-

acetylation of chitin, the main component of crustacean shells,
including crab, shrimp, and crawfish. Chitin is the second most
prevalent natural biopolymer in nature after cellulose (No and

Meyers, May 2002). Its biodegradability, biocompatibility,
and nontoxicity are only a few of its several desirable charac-
teristics (Varma et al., 2004). The CS backbone structure con-
tains the functional groups of hydroxyl (–OH) and amine
(–NH2), which are in charge in the presence of inorganic salts

(Aziz, 2019). Simple blending with other non-ionic water-
soluble polymers could also help modify the properties of chi-
tosan (Abilova et al., 2020). Polymer blending combines at

least two polymers to form a new material with distinct phys-
ical properties (Markovic and Visakh, 2017). In this work,
POZ (Poly(2-ethyl-2-oxazoline)) attempted to make a CS:

POZ polymer blend, which is a non-ionic water-soluble poly-
mer with good temperature stability and belongs to the poly
(2-oxazolines) family. It is also an amorphous polymer that
is biocompatible and commercially available (D. K.-F. T.

(USA), 1984). A metal complex is added to the polymer blend
to improve its optical characteristics further. It has been estab-
lished that adding metal complexes to poly (vinyl alcohol)

(PVA) reduces the optical bandgap. Brza et al. inserted cerium
metal-complexes (Ce3+-complex) into PVA and found a sig-
nificant reduction in the optical band gap (Brza, 2020). In

another investigation, the authors in ref. (Brza, 2021) reduced
the optical band gap by loading cadmium-complexes (Cd2+-
complex) to PVA (Brza, 2021). Aziz et al. also loaded Al3+-
complex into PVA, which resulted in a significant decrease in

the optical band gap (Aziz et al., 2021). On the other hand,
Metal complexes help enhance the performance of electro-
chemical devices. In research by Asnawi et al., insertion of

the Zn(II)-complex into the chitosan PE increased the electro-
chemical double-layer capacitor (EDLC) device efficiency
(Asnawi, 2020).

Organic semiconductor materials and their applications in
photonic and electronic devices have been vital in materials
science in recent decades. These materials appear promising

in terms of functionalization, electrical properties, simplicity
of processing, and thin-film flexibility. The low-energy band-
gap (Eg) molecules/polymers that absorb in the near-infrared
region and typically have an Eg of < 1.6 eV are particularly

attractive for photodetectors (PDs) ambipolar field-effect tran-
sistors and organic photovoltaics. More attempts were made to
synthesise new polymeric materials for the applications, and

significant improvement was achieved (Dou et al., 2015).
To achieve higher performance and desired property, new

material design concepts and a deeper fundamental under-

standing of the chemistry and physics of the materials are
essential. The optical property of polymeric materials can be
appropriately justified by loading dopants relying on their

reactivity with the polymers (Varishetty et al., May 2010).
For inorganic-based PCs, improving the spectral response
range is an exciting subject, and the cost of fabrication is
another problem that restricts the applications (Dou et al.,

2015). The optical absorbance study and the absorption edge
are valuable methods for optically induced transition investi-
gation and information about the energy gap and band struc-

ture in amorphous and crystalline materials. The absorption

http://creativecommons.org/licenses/by-nc-nd/4.0/
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coefficient measurement closes the fundamental absorption
edge, offers a standard technique for optically induced elec-
tronic transition investigation, and delivers concepts about

the energy gap and band structure in non-crystalline and crys-
talline substances (Sonmez et al., 2003).

Using the bio-based technique for the utilization, recovery,

and capture of elements (adsorption and chelation) will
become an essential topic for green chemistry in the years to
come (Paquin et al., 2015). The green approach was used to

synthesize zinc metal complex (Zn complex) utilizing black
tea extract solution in this work. This process can be consid-
ered a new green technique to make PCs with tunable optical
Eg and moderately transparent behaviour. Transparent poly-

mers have been widely used as packaging materials and optical
coatings for optoelectronic instruments because of their great
optical transparency, low cost, and processability. Recently,

high refractive index and transparent materials have drawn
more attention because of their extensive application (Tao).

According to the FTIR analysis, polyphenol (PPL), hydro-

xyl, and carboxylic acid groups are abundant in the extract tea
solution (Aziz et al., 2017). BTLs are famous for their antiox-
idant attributes, and they enrich PPL primarily associated with

the aromatic ring and hydroxyl group (Ponmurugan and
Kavitha, 2019). PPL chelates and coordinates with cations
and synthesis complexes because of the presence of the car-
bonyl group and hydroxyl group. In addition to their remark-

able properties, metal complexes of flavonoids may also reduce
cation toxicity because they are coloured, pro-oxidant or
antioxidant, antimicrobial, and often fluorescent

(Ponmurugan and Kavitha, 2019). As stated by Drynan
et al., an aqueous mixture of BTLs contains a high concentra-
tion of PPL (Drynan et al., 2010). Polymerized phenolic struc-

tures, PPL, and PPL conjugates are the critical elements of the
BTL. In addition, a diverse mixture of conjugated flavonoids is
present in white, black, and green teas (Van Der Hooft, 2012).

As a result of the experimental results, there are a lot of active
ligands and functional groups in the BTL extract solution,
which is vital for complex construction with the cations of
heavy metals (Brza, 2020). PPL in black tea leaves extracts

solution combines with Zn2+ cations to form Zn2+-PPL com-
plex. Coordinate bonds arise between electron-pair donors,
known as ligands, and electron pair acceptors, metal atoms

or ions, which is a required property of coordination com-
pounds (Lawrance).

In order to achieve the desired optical characteristics, the

Zn2+-PPL complex is mixed with a CS: POZ polymer blend.
In this study, the amorphous phase of blend polymer compos-
ites increased whiles the Eg decreased. On the other hand, the

importance of the current study may be seen in the green meth-
ods and desirable optical features, particularly the low Eg of

the polymer composite.

2. Materials and methods

2.1. Materials

Chitosan (low molecular weight, 75% deacetylated), poly(2-
ethyl-2-oxazoline) (POZ) powder (average molecular weight

of 200,000 g/mol), and zinc acetate (Zn (CH3CO2)2�2H2O)
[MW = 219.49 g/mole] were obtained from Sigma-Aldrich,
and BTL was purchased from a local market.
2.2. Sample preparation

Using distilled water (D.W.), extract BTLs solution was made.
To begin the extraction method, place 50 g of BTL in 1200 mL
D.W. at 90 �C, but avoid direct sunlight. After 10 min, the

BTLs extract solution was filtered. 20 g zinc acetate (Zn (CH3-
CO2)2�2H2O) was dissolved in 250 mL D.W. at the same time.
By loading dissolved Zn (CH3CO2)2 to the extract BTLs solu-
tion at 80 �C, the Zn2+- PPL complex was synthesized. The

solution was stirred for around 10 min. The Zn2+- PPL com-
plex synthesis was confirmed when the dark-coloured BTL
solution was converted into light brown and precipitated at

the bottom of the container. Prior to use, the Zn2+- PPL solu-
tion was brought to room temperature. The Zn2+- PPL com-
plexes were rinsed numerous times with D.W. After that,

100 mL of D.W. was added to the Zn2+- PPL complexes.
To make the polymer blend, 4 gm of POZ was first dis-

solved in 600 mL of acetic acid (1 wt%) solution at ambient

temperature and then stirred for 45 min with a magnetic stir-
rer. Six grams of CS powder were then added to create the
blend polymer. Continuous stirring was used until homoge-
nous solutions were achieved.

The solution cast method was used to prepare composite
samples containing a CS: POZ blend doped with Zn2+- PPL
complex. The samples were made by adding 15–45 mL of

Zn2+- PPL complex solution in 15 mL portions to a homoge-
nous CS: POZ blend solution. For around 40 min, the solu-
tions were continuously mixed. For CS: POZ blend injected

with 0–45 mL of Zn2+- PPL complexes, the samples were
coded as PBZn-0, PBZn-1, PBZn-2, and PBZn-3. The mixtures
were cast into Petri dishes and allowed to dry at ambient tem-
perature to make the films. Sample preparation for the pre-

pared composite electrolytes is shown in Fig. 1.

2.3. X-ray diffraction

The structural properties were investigated with an X-ray
diffractometer (XPERT-PRO) equipped with a Cu ka (k =
0.154 nm) radiation source in the 2h between 10� and 80� at

a scan rate of 2�min�1.

2.4. Fourier transform infrared (FTIR) and UV–visible
spectroscopy

The films were measured between 400 and 4000 cm�1 with a
resolution of 2 cm�1, using Nicolet iS10 FTIR spectropho-
tometer (Perkin Elmer, Melville, New York, United States).

A Perkin Elmer double beam UV–vis–NIR spectrometer
(Lambda 25 model) was used to record the UV–vis spectra
of the synthesized films. The average thickness of the films in

the range of 111–115 mm.

3. Result and discussion

3.1. XRD study

The X-ray diffraction form is a trustworthy and straightfor-
ward method for evaluating the crystal structure of PCs. The
amorphous phase is linked with broader peaks, while the crys-

talline phase is characterized by sharp peaks (Salleh et al.,



Fig. 1 Schematic diagram of sample preparation.
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2016). The XRD patterns of the Zn2+-PPL complex, pure CS:

POZ blend, and its composites are shown in Fig. 2(a and b).
The crystalline peaks’ absence over the 2 h degree indicates
that the structure of the produced Zn2+-PPL complex is pre-

dominantly amorphous (Fig. 2a). Three peaks may be seen
in the XRD of the composites and the polymer blend (see
Fig. 2b). The crystalline peaks at 2 h = 7, 11 and 20 in the
polymer blend’s XRD pattern relate to the crystalline struc-

ture; nevertheless, as the concentration of the Zn2+-PPL com-
plex raised, the crystalline peaks declined and broadened; on
the other hand, the peaks at 2 h = 7 and 11 virtually disap-

peared, suggesting an almost increase in amorphous phases.

3.2. FTIR study

Fourier-transform infrared (FTIR) spectroscopy was utilized
to describe and identify the components in a black tea leaf
extract solution. By earlier research, the information about

the functional group of the BTL sample can be acquired by
analyzing the spectra ranges between 400 and 4000 cm�1. This
is an essential region for identifying functional groups because
the vibration frequency of chemical bonds of organic com-

pounds and inorganic compounds are determined in this area.
The functional groups absorption due to vibration happens in
a narrow range of frequency and has a robust intensity of IR

absorption. The absorption peaks of several functional groups
emerge in the definite region, and their places are roughly fixed
(Zhou et al., 2020).

The BTLs extract’s FTIR spectra are shown in Fig. 3. The
strong wide N-H and O-H stretching vibration modes of PPL
are mainly ascribed to the broad band found at 3272 cm�1
(Loo et al., 2012; Senthilkumar and Sivakumar, 2014). Both

O-H stretching in phenol, alcohol, and a carboxylic acid and
N-H stretching mode in (secondary and primary) amide and
amine were found to have a wideband in the range of 3410–

3371 cm�1 in previous investigations (Szymczycha-Madeja
et al., 2013). The peaks at 2925 cm�1 and 2851 cm�1 are attrib-
uted to the C-H stretching vibration of carboxylic acids and
aliphatic groups (Szymczycha-Madeja et al., 2013;

Senthilkumar and Sivakumar, 2014). The stretching vibration
peaks for carbonyl bonds (C=O) of flavonoids, PPL, and cat-
echins occur at 1695 cm�1 (Tao). In contrast, a strong peak for

the alkene group (C=C) stretching in polyphenols and caf-
feine appear at 1630 cm�1. The C=C vibration of aromatic
compounds is shown at 1515 cm�1, and stretch vibrations of

aromatic compounds can be seen at 1450 cm�1 (Journal,
2020). An additional wideband was discovered between 1440
and 1410 cm�1, resulting from carboxylic acid O-H in plane
bend and carbonate C-O stretch vibration (Szymczycha-

Madeja et al., 2013). C-N vibrations from aliphatic amine
groups are shown by medium intensity peaks in the
1236 cm�1 area while stretching vibrations of C-O from alco-

holic compounds, esters, and carboxylic acids are character-
ized by sharp and robust intensity peaks in the 1037 cm�1

range (Journal, 2020). The spectrum of FTIR in this work is

similar to that attained by previous documents for green and
black teas (Zhou et al., 2020; Szymczycha-Madeja et al.,
2013; Hao et al., 2021; Li and Zhang, 2016). The caffeine spec-

trum has been shown to comprise changes in the range 1700–
400 cm�1 (Fig. 3), and these bands correspond to the stretch-
ing and bending vibrations of carbonyl, imidazole, pyrimidine
and methyl fragments (Hao et al., 2021; Ucun and Sağlam,



Fig. 2 X-ray diffraction (XRD) pattern for the (a) Zn2+-PPL complex and (b)CS: POZ polymer blend and its composites.
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2007; Mohamed El Amane and Hicham El Hamdani, 2014).

Literature suggested that PPL and metal cations could form
cation-polyphenol complexes when they interact together
(Markova, 2014; Wu and Bird, 2010; Máirtin et al., 2003).

Brza et al. produced both Cd(II) and Ce(III)-PPL com-
plexes (Abilova et al., 2020; Markovic and Visakh, 2017).
Also, Aziz et al. synthesized the Al (III)- PPL complex. Both
used the extraction of black tea leaves. They claimed that a

metal-PPL complex is produced when metal ions combine with
PPL. The formation of colloidal suspension and green solution
at the bottom and top of the container, respectively, is evi-

dence of this creation. The FTIR spectrum of the Zn2+-PPL
combination is depicted in Fig. 4. When comparing Fig. 3 to
Fig. 4, it is obvious that the peaks at 2925 and 2851 cm�1 in

the FTIR spectra of the Zn2+-PPL complex have almost dis-
appeared. This is consistent with the hypothesis that coordina-
tion between PPL and Zn2+ ions causes a reduction in their

vibration due to the Zn2+ ions’ attachment, increasing their
weight. Máirtin et al. also observed the formation of the Al
complex by FTIR technique and found the metal coordination

sites (Máirtin et al., 2003). They observed that aluminium-
theaflavin complexation was detected by changing absorption
peaks at 1630 cm�1. To give a pair of electrons from a ligand
to a metal ion, the metal ion should have a vacant orbital to

accept the two electrons (Lawrance). Furthermore, the peaks
in the region between 1700 and 400 cm� 1 in Fig. 4 were
altered.

As previously stated, tea extracts’ caffeine and PPL interact
with metal ions, and the chemistry of the interaction between
Zn2+ ion and tea extracts consists of various complexes.

Fig. 5 depicts three potential complexes. The Zn2+-PPL com-
bination and the Zn2+ -caffeine complex are highly predicted



Fig. 3 FTIR spectrum of black tea leaf.

Fig. 4 FTIR spectrum of Zn2+ complex.
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(see Fig. 5c) (Fig. 5a). Moreover, as demonstrated in Fig. 5b,
interactions between Zn2+, PPL, and caffeine in a complex

are achievable. On the other hand, the researchers used the
electron paramagnetic resonance EPR method to determine
how metal ions interact with a polyphenol in BTL extract solu-

tion (Goodman and Severino, 2012). The FTIR method was
employed in this research.
The atoms or ions interaction in PC cause variations in the
polymer vibrational modes; therefore, FTIR spectroscopy is

an important method to identify this interaction. Fig. 6 dis-
plays the FTIR spectra of CS: POZ polymer blend and CS:
POZ loaded with Zn2+-PPL complexes. The two bands

observed in pure polymer blends at 2923.56 and
2859.92 cm�1 correspond to asymmetric stretching of CH3



Fig. 5 The proposed structures for the formation of (A) Zn2+-PPL complex, (B) Zn2+-caffeine complex and (C) complex form

involving both polyphenol and caffeine components.
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and CH2, but their intensities dropped as Zn2+-PPL complex

concentration increases (Ali et al., 2018). Also, robust peaks
seen at 1420 cm�1, 1550.02 cm�1 and 1628.87 cm�1 display
C-H deformation, N-H bending, and C=O stretching (amide

I band), respectively (Kumar and Koh, 2014), while these
peaks are moved and display lesser intensity in the loaded
films. In addition, the reduction in the intensity of the stretch-
ing band of C–O was observed at 1038.48 cm�1 (Ali et al.,

2018). The connection between the metal complex and the
functional groups of the polymer blend and the adsorption
of metal complex particles on the functional groups of the host

polymer are two possible causes for the decrease in peak inten-
sity. As a result of the increase in molecular weight (MW)
caused by adsorption, the vibrational intensity of the func-

tional groups has decreased (Aziz et al., 2017).

3.3. Optical properties

3.3.1. Absorbance and absorption edge study

The absorption studies led to more interesting optical phenom-
ena of thin films, which is thrown substantial light on the pho-

nic and solids states band structure (Kramadhati, 2013). The
CS: POZ polymer blend absorption spectra and their PCs
are shown in Fig. 7. As can be seen, absorption does not occur

in the visible region of the CS: POZ mix’s absorption spec-
trum. It is nearly transparent in the visible region of the
absorption spectrum. There is strong evidence to support that

the photon does not absorb and the materials stay transparent
to it when the incident photon’s energy is smaller than the
energy difference between the two electronic levels. Absorption

occurs when the photon energy is more prominent, and the
valence electrons shift between the two electronic levels
(Parola et al., 2016).

In contrast, the composite samples show significant absorp-

tion throughout the UV–visible range. The absorption moved
to locations with longer wavelengths or lower energy as the
concentration of the Zn2+-PPL complex rose. This shift and

enhancement in absorption inside the loaded samples may be
responsible for the substantial absorption of Zn2+-PPL com-
plexes (Brza, 2020). The manufactured PCs must have suitable

optical properties for industrial applications, such as optoelec-
tronics, solar cells, and photonic devices (Aziz et al., 2019).

The absorption coefficient(a) of CS: POZ polymer blend
and their PCs are shown in Fig. 8. From the absorption spec-

tra, the following equation can be used to compute the a of the
produced films at numerous wavelengths (Aziz et al., 2017).

a ¼ lnð1=TÞ
t

¼ 2:303ð Þ � A

t
ð1Þ

The film’s transmittance, absorbance, and thickness are

represented by T, A, and t, respectively.
Many different things can occur when a beam of light

transmits from one medium to another medium, for example,



Fig. 6 FTIR spectra of CS: POZ polymer blend and its composites.

Fig. 7 Absorption spectra for the PBZn-0, PBZn-1, PBZn-2,

and PBZn-3 samples.

Fig. 8 Plot of a against ht for CS: POZ blend and its PCs.
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the propagation of light from air to solid. Some light is

reflected, while others are absorbed and transferred by the
medium. The responses must be simply the sum of the trans-
mitted beam intensity IT, reflected beam IR, and absorption
beam IA as the beam reaches the second medium surface, as

illustrated by equation (2):

I0 ¼ IA þ IR þ IT ð2Þ
The following relationship is formed as a result of Equation

(2):

Aþ Rþ T ¼ 1 ð3Þ
R stands for reflectivity (IR=IO), A stands for absorptivity
(IA=IO), and T stands for transmissivity (IT=I0).

The study of optical absorption, particularly the shift and
shape of the absorption edge, has proven extremely useful in
comprehending the key process of primary optically induced

transition in both non-crystalline and crystalline materials
(Brza, 2021). Furthermore, useful data about the optical band
gap is obtained when the absorption edge is carefully investi-
gated. The broad shift of absorption edge to lower photon

energy for PCs than CS: POZ blend was observed, as shown
in Fig. 8. This is due to the complex formation between CS:
POZ matrix and Zn2+-PPL complex. In Table 1, the absorp-

tion edge values are shown.



Fig. 10 Dielectric constant versus wavelength for the PBZn-0,

PBZn-1, PBZn-2, and PBZn-3 samples.

Table 1 absorption edge val-

ues of CS: POZ blend and its

composites.

Sample Absorption edge (eV)

PBZn-0 4.75

PBZn-1 2

PBZn-2 1.8

PBZn-3 1.7

Fig. 9 n versus k for the PBZn-0, PBZn-1, PBZn-2, and PBZn-3

samples.
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3.3.2. Refractive index study

Optical properties, for example, complex dielectric constant,
refractive index, and a specific wavelength range between
NIR and UV, are critical factors in selecting synthesised films

for various applications (Saini et al., 2013). The energy gap
and refractive index of semiconductor materials show two
important physical characteristics that describe their electronic

and optical property. The design of optoelectronic equipment
is heavily reliant on exact information about the n parameter.
At constant pressure and temperature, the refractive index (n)
is determined by the medium’s density and polarizability

(Yakuphanoglu and Arslan, 2007).Using Kramer’s–Kronig
relations, the values of n were derived from extinction coeffi-
cient (k) and reflectance (R):

n ¼ 1þR

1�R
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 �R

ð1�RÞ2
s

� k2 ð4Þ

where k ¼ ak/4pt, t is the thickness of the produced films
and k is the wavelength of incident light. Where t is the film
thickness (in the range of 111–115 mm) for all the films.

Fig. 9 shows the changing of refractive index with wave-
length for samples. The results show that adding the Zn2+-
PPL complex filler to the CS: POZ polymer blend changed

the n of the composite films, increasing it from 1.17 to about
1.28. This is most likely because of the space charge creation
in the Zn2+-PPL complex filler presence (Somesh et al.,
2019), which improved bond strength and dipole strength. It
also shows that the refractive indexes of all the specimens

tested were highest in the UV area below 300 nm. Subse-
quently, when the wavelength increased, they began to dimin-
ish. The value of n became constant at long wavelengths

(k?1). This is due to the resonance effect caused by the pho-
tons of incident light polarizing the specimens (Aziz et al.,
2021).

PCs and/or polymers with large n have gained interest
because of their light weight, superior ductility, and flexibility
relative to inorganic materials. The main uses of polymers with
high n are optical storage device (Yetisen et al., 2016), lenses

(Kim, 2015), antireflective coating (Li et al., 2013), and optical
immersion lithography (Sanders, 2010).

3.3.3. Dielectric constant and localized density of state (N/m*)
study

It is important to note that changes in the optical dielectric
constant cause the fundamental optical transition in PCs.

The ability of bulk material to lose energy can be measured
by the number of electrons that sit on its surface. It is split into
two sections: real (er) and imaginary (ei). The real part evalu-

ates a material’s ability to slow down an electromagnetic wave.
The performance of absorbing energy owing to polarization is
calculated in the imaginary part. The real and imaginary parts

of the er are related with both n and k values (Wakkad et al.,
2000), as shown below.

er ¼ n2 � k2 ð5Þ

ei ¼ 2nk ð6Þ
The er spectra of all samples are shown in Fig. 10 as a func-

tion of wavelength, and it is evident that the number of Zn2+-
PPL complexes increases with increasing er value. According to
the Spitzer–Fan model, there is a straight connection between

the er and density of states inside the bandgap of the polymer
films. This rise is therefore caused by an increase in the density
of states (Spitzer and Fan, 1957).



Fig. 11 Relationship between er and k2 for the PBZn-0, PBZn-1, PBZn-2, and PBZn-3 samples.

Table 2 Various physical quantities were used for measuring

of N/m* for the prepared CS: POZ/Zn+2 -complex hybrids.

Physical Parameters Values

mass of an electron (me) 9.109 � 10�31 Kg

charge of an electron (e) 1.602 � 10�19 coulombs

dielectric constant of free space (ԑo) 8.85 � 10�12 F/m

p 3.14

speed of light (c) 2.99 � 108 m/s

effective mass (m*) 10.566 � 10�31 Kg

Table 3 Values of optical dielectric parameters estimated for

CS: POZ containing Zn+2 - metal complex.

Sample code N/m* � 1055 (m3/kg) e‘

PBZn-0 7.3 1.444

PBZn-1 13.4 1.562

PBZn-2 25.5 1.778

PBZn-3 35.3 1.902

Fig. 12 Dielectric loss against ht for the PBZn-0, PBZn-1,
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er ¼ n2 � k2 ¼ e1 � e2

4p2c2e0

N

m� k2 ð7Þ

where e1, represents the material’s dielectric response at
high frequencies (short wavelengths), e represents the electron
charge, c represents the light speed, eO represents the free space

dielectric constant, N represents the charge carrier concentra-
tion, and m* represents the electron effective mass.
In the visible wavelength area, the connection between the

values of er and k2 is a straight line, as seen in Fig. 11. Using
the parameters in Table 2, one may calculate the e1 and N/m*
correspondingly from the slope and intersect of the line in the
y-axis. Equation (7) can be used to approximate the values of

e1, N, and N/m* as shown in Table 3.
Table 3 reveals that as the Zn2+-PPL complex concentra-

tion increases, the charge carriers/m* of the CS: POZ blend

film increase 5-fold, from 7:3� 1055 to 35:3� 1055m3/kg, and

the value of e1 rises from 1.44 to 1.90.These rising N/m*
and e1 values can be interpreted as evidence of more free
PBZn-2, and PBZn-3 samples.



Table 4 Presents the Eg values from ei plot and Tauc’s method.

Sample Code c ¼ 2 c ¼ 1=2 c ¼ 3 c ¼ 3=2 Dielectric Loss

PBZn-0 4.8 4.8 4.65 4.65 4.8

PBZn-1 1.7 2.69 1.6 1.9 1.9

PBZn-2 1.48 2.28 1.5 1.75 1.7

PBZn-3 1.48 2.1 1.4 1.6 1.6
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charge carriers actively participating in the process of polariza-
tion (Aziz et al., 2021). The predicted values for the N/m* in

this investigation agree with those published in the literature
(Ebnalwaled and Thabet, 2016; Hoque et al., 2018).

3.3.4. Band gap study

Since the band structure of materials influences the optical
dielectric function (e�), the Eg is determined using the optical

dielectric loss (ei), whereas electronic transitions nature is given
based on Tauc’s technique (Aziz, 2017). The usage of UV–vis
Fig. 13 Plot of ahmð Þ1=c versus (hm) for (a) c = 1/2
spectroscopy to evaluate the e� has been shown to greatly aid
the materials band structure (Abilova et al., 2020; Varishetty

et al., 2010; Zhou et al., 2020).
For discussing optical transition process in detail, the ei was

studied. It is identified that the ei can explain the optical tran-

sition very well (Guo and Du, 2012). It is important to note
that interband transitions are responsible for the emergence
of the peak in the ei spectra (Guo and Du, 2012). The real

Eg can be calculated from the intersection of the linear part

and horizontal axis (hm) using the ei spectra.
, (b) c = 3/2, (c) c = 2, (d) c = 3, for all films.



Fig. 14 Classes of electronic transition: (a) direct allowed, (b) direct forbidden, (c) indirect allowed, and (d) indirect forbidden (Aziz,

et al., 2020).
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In reaction to electromagnetic wave transmissions, the e�

value replicates the essence of the medium. The imaginary por-
tion ei, signifies the real transition between the unfilled Wk

c

wave function and filled Wk
v wave function which is provided

by (Hossain et al., 2008):

ei ¼ 4p2e2

m2x2V

X
v;c;k

hWv
kjp!i jWc

ki
�� ��dðEWc

k
� EWv

k
� �hxÞ ð8Þ

From a QM perspective, equation (8) reveals a direct rela-

tion between ei and the (EWk
c - EWk

v ) band structure. The delta
function is used to confirm the energy conservation related
to the electronic transitions: only when the photon’s energy

equals the different energy between conduction and valence
levels the transition occurs.

Simple equations may be used to calculate the complex

dielectric function (CDF), which can be associated with other
optical quantities (k and n). The plots of ei against hm for the
CS: POZ blend film and its composite are shown in Fig. 12.
As can be seen, all the films have distinct peaks. Interband

transitions are responsible for the peak in the ei spectra
(Hoque et al., 2018; Loo et al., 2012). Consequently, the inter-
section of linear sections of ei spectra and the hm axis might be

used to determine the true Eg. Table 4 shows the Eg values

obtained from Fig. 12.
Eg was calculated for CS: POZ blend film as well as CS:

POZ doped with Zn2+-PPL metal complex using Tauc’s
equation.

ahm ¼ B hm� Eg

� �c ð9Þ
In Eq. (9), B denotes the parameter influenced by the pos-

sibility of an interband transition, hm refers to the input photon

energy, and c represents the kind of electron transfer (Aziz,
2017). According to Tauc’s theory (Aziz et al., 2020); several
electronic transitions can exist between the conduction band
(CB) and valence band (VB). For direct allowed transition, c
is ø, for indirect allowed transition, c is 2, for direct forbidden
transition, c is 3/2, and for indirect forbidden transition, c is 3
as shown in Fig. 13 (Aziz, 2017).

The value of Eg in Fig. 13 can be determined by extrapolat-

ing the intersection of the linear part of the ðahmÞ1=c in dispute

with hm axis. The insertion of numerous localized states (i.e.,
trap levels) into the prohibited bandgap via the integration
of filler into the polymer has previously been associated with

a drop-in Eg(Ebnalwaled and Thabet, 2016; Drynan et al.,

2010). Fig. 14 illustrates the types of transition associated with

electron based on Tauc’s model.
The values of Eg decrease as the Zn2+-PPL insertion is

increased, as seen in Table 4. This could be attributed to elec-
tronic structure rearrangement of the CS: POZ Polymer blends
after loading Zn2+-PPL, resulting in polymer blend defects

(Hemalatha et al., 2014). As a result, the phenomenon of state
trapping happens within the bandgap, facilitating electron
transition between VB and CB (Nofal et al., 2021). It is desir-

able to have a low Eg for applications since it enhances the
thermal population probability of the CB and hence the intrin-
sic charge carrier numbers (Sonmez et al., 2003). The Eg reduc-

tion is also due to Zn2+-PPL complex insertion into the
polymer chains and, thereby, lengthening the density of state
more into the region of visible electromagnetic radiation com-

pared to the undoped film. The Eg decrease improves the semi-
conducting level of the fabricated loaded films (Abdi, 2012).

Polymer-Based functional composites are crucial for novel
optical, sensor optoelectronic and energy applications. Many

research works have been focused on decreasing the optical



Fig. 15 Plots of ei with k3 for (a) pure CS:POZ (PBZn-0) and (b), PBZn-1, PBZn-2, and PBZn-3 samples.

Table 5 Calculated values of s, lopt, qopt, and xp.

Film Code s (ps) lopt Nc � 1025 qopt � 10�8 xp � 1029

PBZn-0 7.99 12.1 7.71 1.01 2.11

PBZn-1 5.86 8.89 14.1 0.75 3.88

PBZn-2 5.59 8.48 27 0.412 7.4

PBZn-3 5.15 7.81 37.3 0.324 10.22
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band gap of solid polymer composites to produce thin films to
be used in the promising optoelectronic industry. Our research

group focused on transferring transparent insulating polymers
to polymer composites with optical energy band gaps close to
semiconductor or conductive polymer materials.

From Tauc’s model and ei we can derive the two crucial
parameters, Eg and the cut-off energy (see Figs. 12 and 13).
The electron transition types in materials can be determined
based on the values of both parameters (Aziz, 2017).the kind

of electronic transition in parent CS: POZ is direct allowed
(c ¼ 1=2), whereas it is direct forbidden (c ¼ 3=2) in composite
samples., as shown by a comparison of Figs. 11 and 12 (see

Table 4). As a result, the structure of solid bands can be stud-
ied using an optical dielectric function (ODF). An ODF is a



Fig. 16 Variation of 1/(n2-1) versus photon energy ðhtÞ2 for the
PBZn-0, PBZn-1, PBZn-2, and PBZn-3 samples.

Table 6 Optical bandgap from the theoretical WD single

oscillator method.

Sample code Eo Ed

PBZn-0 4.74 1.808

PBZn-1 2.14 0.617

PBZn-2 1.97 0.676

PBZn-3 1.84 0.623
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useful tool for studying solid band structure-interband transi-
tions produce the origin and different peaks in the dielectric

functions (Aziz et al., 2021).
The complex dielectric function (CDF) can be related to

other measurable optical properties using simple equations to

explain the optical characteristics of solids (Hussein, 2020).
Optical dielectric functions (er and ei) are connected to the den-
sity of localized electronic states inside the composite films’

forbidden gap, according to previous research (Journal,
2020; Ucun and Sağlam, 2007; Mohamed El Amane and
Hicham El Hamdani, 2014).Numerous significant additional
characteristics such as relaxation time (s), optical resistivity
(q) and plasma frequency (xp) may be easily approximated

using the Drude free electron theory by employing the ei
parameter using values of N/m*:

ei ¼ J
1

s

� �
k3; J ¼ e2

8p3c3eo

N

m� ð10Þ

In the region where a linear behavior was obtained, for ei
with k3 (see Fig. 15), the relaxation time(s) parameter can be
obtained based on Eq.(10) for all the samples. The values of

s were determined using the N/m* values derived from Eq.

(7) and the slope of ei versus k3. Furthermore, the electron’s
optical resistivity (qopt), optical mobility (lopt), and plasma

angular frequency (xp)were calculated using the following

relationships:

lopt ¼
es
m� ð11Þ

qopt ¼
1

eloptNc

ð12Þ

xp ¼ e2N

eom� ð13Þ

In Table 5, the computed values of sand xp are also shown.

The inclusion of the Zn+2 metal complex reduced the values of

s, lopt, and qopt of pure PVA, resulting in a quicker relaxation

response of the PCs to the applied optical electric field than the
unoccupied one (Nofal et al., 2021). From Table 5, one can
notice that (qopt) decreased with rising Zn2+-PPL metal com-

plex. This is related to the fact more electron provider source
are added to the polymer blend and thus impurity level inside

the band gap reduces the time for electrons to transfer.
The decrease in, s, lopt, and qopt is related to the increase in

n, and as a result, the light velocity in the medium with a higher

n will decrease. The insertion of the Zn+2 metal increased elec-

tron’s plasma frequency (xp) by five times, from 2.11 � 1029 to

10.22 � 1029 Hz. This is in agreement with earlier results for

other PCs, which showed that the dipole moment of the nano-
fillers boosted the material’s polarization under the applied
electric field, resulting in a high local electric field (Aziz

et al., 2016). As a result, several optical parameters were dis-
covered in addition to predicting bandgap from the optical
dielectric loss function, all of which are critical for the manu-

facturing process in optoelectronic applications.

3.3.5. Wemple-DiDomenico (WD) model

Experiment results matching based on the WDD single oscilla-

tor model was used to evaluate the refractive index dispersion
(no) of the produced films. The refractive index and its disper-
sion characteristic are two of the most crucial optical material

properties to investigate. Refractive index dispersion is vital
when exploring optical communication for spectrum disper-
sion (Aziz et al., 2021). The single oscillator model of WD
can be used to study no in the normal area (Wemple and

DiDomenico, 1971). A dispersion energy parameter (Ed) is
used as a metric for the force of the inters band optical transi-
tion in this investigation. Because it incorporates the coordina-

tion number and charge distribution in each unit cell, the Ed

parameter is strongly tied to chemical bonding. As a conse-
quence, the oscillator energy (i.e., the average Eg) is related

in a linear manner to a single oscillator parameter (Eo). As
demonstrated in the semiempirical equation below, the photon
energy and refractive index under the interband absorption

edge is associated (Nofal et al., 2021).

n2 � 1 ¼ EdEo

E2
o � ðhtÞ2

h i ð14Þ

The data on plots of 1
n2�1

versus ðhtÞ2 were fixed with linear

regression lines to derive the values of Eo and Ed and from the
slope and intercept, respectively, as shown in Fig. 16. The con-
stants Eo and Ed show the dispersive energy and single oscilla-

tor, respectively.Eo and Ed stand for the structure disorder and
average excitation energy, respectively, and enhance the opti-
cal transitions through the material’s band structure.

The computed Ed and Eo values are shown in Table 6. An
increase in Ed and a decrease in Eo were seen as the amount of
the Zn+2-complex increased. The Eg and Eo are connected
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(Benchaabane et al., 2014).As shown in Table 4, the Eo for the
films are empirically equal to the direct Eg (Eo � Eg).

4. Conclusion

In conclusion, BTL extract can be used successfully to synthe-
size Zn2+-PPL complexes and fabricate direct bandgap PCs
with an enhanced amorphous structure which are useful in

the optoelectronic device uses. The XRD result showed an
increase in peak span and a decrease in peak intensity for
the neat blend after adding the Zn2+-PPL complex, indicating
that the amorphous phase was enlarged inside the PCs. The

XRD result of the produced Zn2+-PPL complex also revealed
the amorphous phase. The FTIR analysis established the for-
mation of Zn2+-PPL complex via significant changes in the

intensity of FTIR bands in Zn2+-PPL complexes. UV–visible
spectroscopy was used to investigate the effect of dispersion
of the Zn2+-PPL metal complex on the optical properties of

the CS-POZ blend polymer. The composite’s essential proper-
ties, such as Eg, type of transitions, n, absorption edge, ei and
er were determined. The results indicate that the optical char-
acteristics were improved by loading the Zn2+-PPL complex.
Tauc’s method was utilized to choose the type of electron tran-

sitions, while the Eg was determined by carefully analyzing the

ei. The N/m*, s, e1, qopt, xp and lopt associated with electron

were also measured using the diagram of imaginary and real
parts of complex dielectric constant versus wavelength of pho-

tons. The N/m* values were amplified 7.3 � 1055m3/kg to 35.3

� 1055m3/kg in proportion to Zn2+-PPL complex concentra-

tion, resulting in a significant reduction in the optical bandgap.
The WD single oscillator model was used to measure the Eo

and Ed properties. The Ed of the films was dramatically droped

by adding Zn2+-PPL complex to the blend. Due to the simplic-
ity and environmental friendliness of the approach used in this
study, as well as the enhancement of excellent optical proper-

ties and UV–vis absorption, these films have the potential to be
employed in photonics devices.
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Ucun, F., Sağlam, A., V. G.-S. A. P. A. M. and, and undefined 2007.

Molecular structures and vibrational frequencies of xanthine and

its methyl derivatives (caffeine and theobromine) by ab initio

Hartree–Fock and density functional. Elsevier. Accessed: Jan. 02,

2022. [Online]. Available from: <https://www.sciencedirect.-

com/science/article/pii/S1386142506004203>.

Usman, M.S., Ibrahim, N.A., Shameli, K., Zainuddin, N., Yunus, W.

M.Z.W., 2012. Copper nanoparticles mediated by chitosan:

synthesis and characterization via chemical methods. Molecules

17 (12), 14928–14936. https://doi.org/10.3390/molecules171214928.

Van Der Hooft, J.J.J. et al, 2012. Structural annotation and elucida-

tion of conjugated phenolic compounds in black, green, and white

tea extracts. J. Agric. Food Chem. 60 (36), 8841–8850. https://doi.

org/10.1021/JF300297Y.

Varishetty, M.M., Qiu, W., Gao, Y., Chen, W., 2010. Structure,

electrical and optical properties of (PVA/LiAsF 6) polymer

composite electrolyte films. Polym. Eng. Sci. 50 (5), 878–884.

https://doi.org/10.1002/pen.21437.
Varma, A.J., Deshpande, S.V., Kennedy, J.F., 2004. Metal complex-

ation by chitosan and its derivatives: a review. Carbohydr. Polym.

55 (1), 77–93. https://doi.org/10.1016/j.carbpol.2003.08.005.

Wakkad, M.M., Shokr, E.K., Mohamed, S.H., 2000. Optical and

calorimetric studies of Ge-Sb-Se glasses. J. Non. Cryst. Solids 265

(1), 157–166. https://doi.org/10.1016/S0022-3093(99)00882-0.

Wang, H., Chen, Z., Fang, P., Wang, S., 2007. Synthesis, character-

ization and optical properties of hybridized CdS-PVA nanocom-

posites. Mater. Chem. Phys. 106 (2–3), 443–446. https://doi.org/

10.1016/j.matchemphys.2007.06.049.

Wemple, S.H., DiDomenico, M., 1971. Behavior of the electronic

dielectric constant in covalent and ionic materials. Phys. Rev. B 3

(4), 1338–1351. https://doi.org/10.1103/PhysRevB.3.1338.

Wu, D., Bird, M.R., 2010. The interaction of protein and polyphenol

species in ready to drink black tea liquor production. J. Food

Process Eng. 33 (3), 481–505. https://doi.org/10.1111/J.1745-

4530.2008.00286.X.

Yakuphanoglu, F., Arslan, M., 2007. Determination of thermo-optic

coefficient, refractive index, optical dispersion and group velocity

parameters of an organic thin film. Phys. B Condens. Matter 393

(1–2), 304–309. https://doi.org/10.1016/j.physb.2007.01.017.

Yetisen, A.K., Montelongo, Y., Butt, H., 2016. Rewritable three-

dimensional holographic data storage via optical forces. Appl.

Phys. Lett. 109 (6). doi: 10.1063/1.4960710.

Zhou, H., Fu, H., Wu, X., Wu, B., Dai, C., 2020. Discrimination of tea

varieties based on FTIR spectroscopy and an adaptive improved

possibilistic c-means clustering. J. Food Process. Preserv. 44 (10).

https://doi.org/10.1111/JFPP.14795.

https://doi.org/10.1021/cm034115o
https://doi.org/10.1021/cm034115o
https://doi.org/10.1103/PhysRev.106.882
https://doi.org/10.5935/0103-5053.20130102
https://doi.org/10.5935/0103-5053.20130102
https://doi.org/10.3390/molecules171214928
https://doi.org/10.1021/JF300297Y
https://doi.org/10.1021/JF300297Y
https://doi.org/10.1002/pen.21437
https://doi.org/10.1016/j.carbpol.2003.08.005
https://doi.org/10.1016/S0022-3093(99)00882-0
https://doi.org/10.1016/j.matchemphys.2007.06.049
https://doi.org/10.1016/j.matchemphys.2007.06.049
https://doi.org/10.1103/PhysRevB.3.1338
https://doi.org/10.1111/J.1745-4530.2008.00286.X
https://doi.org/10.1111/J.1745-4530.2008.00286.X
https://doi.org/10.1016/j.physb.2007.01.017
https://doi.org/10.1111/JFPP.14795

	Transferring the wide band gap chitosan: POZ-based polymer blends to small optical energy band gap polymer composites through the inclusion of green synthesized Zn2+-PPL metal complex
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Sample preparation
	2.3 X-ray diffraction
	2.4 Fourier transform infrared (FTIR) and UV–visible spectroscopy

	3 Result and discussion
	3.1 XRD study
	3.2 FTIR study
	3.3 Optical properties
	3.3.1 Absorbance and absorption edge study
	3.3.2 Refractive index study
	3.3.3 Dielectric constant and localized density of state (N/m*) study
	3.3.4 Band gap study
	3.3.5 Wemple-DiDomenico (WD) model


	4 Conclusion
	Acknowledgements
	References


