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Abstract This study explored a new approach to fabricate the Schiff base ligand system from both

ethylenediamine and 3-chloro-2-butanone. Through coordination chemistry, the mercury Hg (II)

complex was achieved from the ligand and then embedded in the polyvinyl alcohol (PVA) host

using a solution casting technique to prepare polymer composites (PCs). Both UV–visible and

Fourier-transform infrared (FTIR) spectroscopies highlighted the formation of the Hg (II) metal

complex. These techniques confirmed the synthesis of the Hg (II) metal complex. The X-ray diffrac-

tion (XRD) pattern of the polymer composite has shown a significant enhancement in its amor-

phous nature compared to the pure PVA host. The thermal analysis spectra for the Hg (II)

complex revealed high thermal stability. The occurrence of the complexation between the Hg (II)

and host matrix of the PVA was identified from the wide shifting of UV–vis absorption and peak
rsity of
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shifting with intensity reduction of the FTIR spectra. Tauc’s method has been employed to evaluate

the optical band gap, and determine the types of electronic transitions. The results have shown that

the samples were exhibiting an indirect forbidden electron transition, with a significant reduction in

the optical band gap of a doped sample that approaching inorganic semiconductor based-materials.

In addition, the optical study has exposed the role of the Hg (II) complex in tuning the refractive

index of the host polymer. Ultimately, the absorption edge was found to be shifted to the lower pho-

ton energy upon the insertion of the Hg (II) complex. The PVA doped sample displayed a substan-

tial shift in band gap from 6.2 eV to 1.2 eV.

� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

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

Metal complexes for Schiff bases ligands have a broad range of
applications in many fields like medicine, industrial, biological,

chemistry, and so on. It can be easily synthesized to form
stable coordination complexes with almost all metal ions.
Recently, many studies have been done on biological activities

of the Schiff base ligands counting antifungal, anticancer,
antibacterial, antioxidant, anti-inflammatory, antimalarial, as
well as antiviral activity. As a subsequent, it can act as a cata-
lyst in many reactions, including reactions of polymerization,

oxidation of organic compounds, thionyl chloride reduction,
etc. (Hazari et al., 2012; Shi et al., 2020; Xu et al., 2020;
Wang et al., 2020; Mahmoudi et al., 2020; Abu-Dief and

Mohamed, 2015). It is well-identified that metals are of eco-
nomic value for industrial purposes; however, they have a
drawback of contributing to the utmost environmental pollu-

tion (Brza et al., 2019). On the other hand, a water-soluble
complex catalyst is being extensively studied, combine the ben-
efits of heterogenous and homogenous catalysis. The required

catalysis can be produced for several reactions from its vast
number of available water-soluble ligands (Herrmann and
Kohlpaintner, 1993). Metal-transition complexes may have
unique electronic and optical properties as a high-interest class

of optoelectronic materials, resulting from their rich ligands
and metal centres electronic structures. Polymers comprising
metal complexes show outstanding electronic and optical

properties that vary from original polymers with a pure
organic skeleton (Liu et al., 2012). In particular, the interest
in narrowing the band gap of these materials has grown in

the last few years, and worldwide research findings have shown
practical applications opportunities in the field of infrared
optoelectronics and solar cells (Kershaw et al., 2013).

Thus, metal complexes can play the key role in a variety of
applications, for instance, conversion of solar energy, poly-
meric light-emitting diodes, photo-refraction, chemical sen-
sors, electrochromic as well as electrocatalysis (Liu et al.,

2002). Mercury (II) compounds are used in numerous expanses
including polymers, cosmetics, paper, dyes, fluorescent lamps,
and to a lesser extend in batteries. Divalent mercury ion pos-

sesses ten electrons filled its 5d energy level, thus it has a strong
potential to form complex quickly. Therefore, a metal complex
comprising Hg (II) demonstrated different structural configu-

rations, in which various coordination numbers were presented
by a metal ion (Morsali and Masoomi, 2009). The literature
has shown the importance of the dithiocarbonate derivative
for numerous purposes due to its excessive favour to form a

complex with metal ions, which is found crucial for solving
many problems (Islam et al., 2016; Zhang et al., 2008;
Menezes et al., 2005).

Previous work confirmed that strong interaction between

the fillers and the host polymers leads to an increase in absorp-
tion and reduction in optical band gap (Aziz et al., 2016). This
is correlated to the providing many trapping sites in polymer
bodies as charge carriers. Based on these facts, accurate mea-

surement of optical properties is of essential importance in
terms of fundamental and industrial point views.

Polyvinyl alcohol (PVA) is known as a low-cost, easily

degradable and water-soluble crystalline polymer, in addition
to its non-toxicity and biocompatibility. It has good chemical
and mechanical stability with outstanding applications such as

oxygen barrier property, biosensors, drug delivery, selective
permitted membranes, biomaterials, and immobilization of
enzymes (Fahmy et al., 2020; Aziz et al., 2020a, 2020b;
Nofal et al., 2020; Brza et al., 2021a, 2021b). Correspondingly,

PVA able to react with various inorganic and organic materi-
als through chemical and physical interactions due to its
hydrophilic and polar properties of hydroxyl groups on alter-

nate carbon atoms. Fahmy et al. (2021) were reported the poly-
mer silane composites based on PVA-methoxy trimethyl
silane. Their outcomes have shown that the addition of

methoxytrimethylsilane (MTMS) has improved the refractive
index, thermal and mechanical properties of the composite
films (Fahmy et al., 2021). The optical band gap for the com-

posite system based on the PVA-Al3+-metal complex was also
observed to decrease significantly as documented by Aziz et al.
(2021). The existence of polar groups with high electron affin-
ity in polar polymers are crucial to form coordination with

cation or surface groups of the filler, resulting in the formation
of homogenous composites (Aziz et al., 2021a). PVA assists
the polymer composite formation due to its carbon chain

backbone with an attached hydroxyl group that can be
assumed as a precursor of hydrogen bonding.

Earlier reports have shown that the PVA polymer effi-

ciently protects composites from aggregation (Nimrodh
Ananth et al., 2011; Ghanipour and Dorranian, 2013). More-
over, previous studies have revealed the possibility of elec-

tronic interaction between the metal complex and the host
polymer, which increase absorption intensity (Nimrodh
Ananth et al., 2011; Ghanipour and Dorranian, 2013).
Thereby, metal ions react with polymeric ligands comprising

pendant functional groups that serve as chelating groups in
binding polyvalent metal ions. This will lead to the formation
of coordinated systems that could have increased chemical

resistance as well as thermal stability. Azo compounds are of
great interest due to their containing nitrogen, sulfur, and

http://creativecommons.org/licenses/by/4.0/
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oxygen donor atoms that have high versatility as ligands. The
presence of many potential donner atoms is azo compounds,
provides the flexibility and the ability to coordinate in either

neutral and deprotonated form (Diab et al., 2018).
In the present study, the synthesis of the Hg metal complex

will be explained based on coordination chemistry. The synthe-

sized metal complex was added to the PVA host polymer via
the solution cast technique to fabricate polymer composites.
The impact of the used metal complex on the structural and

optical properties of the host polymer will be thoroughly
studied.

2. Materials and methods

2.1. Materials

Polyvinyl alcohol (PVA) powder with an average molecular
weight of (85,000–124,000) g/mol was purchased from Sigma
Aldrich. Ammonium pyrrolidine dithiocarbamate was

obtained from Fluka Company. Ethylenediamine, Mercuric
Chloride, Potassium hydroxide, and 3-chloro-2-butanone were
purchased and used without further purification from Sigma

Aldrich, BDH, Merck, and ACROS Organics companies,
respectively.

2.2. Characterization techniques

The Identification of the Ligand and its complex were carried
out by using Perkin-Elmer FTIR spectrometer in the (400–

4000 cm�1) range using KBr pellets (mmax in cm�1). The elec-
tronic spectrum of the complex in DMSO and UV–visible
spectra of the PVA composite film were measured using the
absorbance mode of Jasco V-570 Ultraviolet (UV)-visible

(Vis)-near-infrared (NIR) spectrophotometer.
The X-ray diffraction (XRD) pattern of the samples were

achieved using Siemens D-5000 X-ray diffractometer (Bruker

AXS GmbH, Berlin, Germany) at the wavelength (k) of
1.5406 Å with 40 mA operating current and 40 kV voltage.
The 2h angle ranging from 10 to 80� with a step size of 0.1�
was employed to scan the samples in the step-scan mode.

Thermal gravimetric analysis was measured using Perkin
Elmer Diamond TG/DTA (SII) thermal analyzer. The condi-
tion was as follows: heating rate 10 �C/min in an air environ-

ment. The conductivity of the metal complex was obtained in
DMSO using Fisher scientific Multimeter model XL600. Melt-
ing points of the complex were carried out on Electrothermal

digital melting point apparatus Model 1102D.

2.3. Preparation of ligand

The HDBC [(3E,30E)-(ethane-1,2-diylbis(azaneylylidene))bis(b
utan-2-yl-3-ylidene) bis(pyrrolidine-1-carbodithioate)] ligand
was prepared by four consecutive steps. The first step involved

adding ethylenediamine (0.01 mol, 0.601 g) drop by drop (very
slowly due to its explosive nature) to a mixture of 3-chloro-2-
butanone (0.022 mol, 2.343 g) and 1 mL ethanol in an ice bath
and stirred continuously for about 15 min until the dark red

viscous solution was formed. The second step comprises three
times washing the dark red viscous liquid using diethyl ether.
In the third step, ethanol was used to dissolve the viscous
product then was added to a refluxed solution of ammonium
pyrrolidine dithiocarbamate (0.02 mol, 3.2858 g) in basic etha-
nol (0.021 mol, 1.176 g KOH). The mixture was refluxed con-

tinuously for about 24 h to prevent evaporation. In the final
step, a rotary evaporator was used to evaporate the solvent
so as to attain a black viscous product.

2.4. Preparation of Hg (II) metal complex and polymers

composite

The mercury complex was prepared by adding a solution of
(0.0015 mol, 10 mL EtOH) of the metal salt to a ligand solu-
tion of (0.0015 mol, 0.6865 g) as shown in Fig. 1. The mixture

was refluxed for approximately 7 h. After that, the obtained
product was filtered using filter paper and washed using etha-
nol and diethyl ether. The washed HgLCl2 (L = C20H34N4S4)
was dispersed in distilled water. Eventually, one gram of PVA

was dissolved in 40 mL of distilled water (2.5% PVA) followed
by stirring for around 1 h at 80 �C. The PVA solution was left
to cool down to room temperature for about 2 h. The prepared

HgLCl2 metal complex was added to the PVA solution under
continuous stirring to organize PVA composite, using a solu-
tion casting technique. The pure and doped PVA samples with

Hg (II) metal complex were coded as SPNC-0 and SPNC-1,
respectively.

3. Results and discussion

3.1. Study of FTIR spectroscopy and XRD analysis

All frequencies of the main characteristic bands of the Ligand
and its complex were presented in (Table 1), and the FTIR
spectrum with their description and assignments are shown

in (Figs. 2 and 3). The band presence of the azomethine
C‚N, CASS, NACSS at 1604 cm�1, 997 cm�1, 1535 cm�1,
respectively are robust evidence on the ligand formation

(McCormick, 1968). The wavenumber shift from 1325 to
1383 cm�1 can be resulted from the occurrence of Hg‚S bind-
ing. Moreover, the intensity variation of some of these bands

in the mercury complex spectrum is a clear indication of the
formation of ligand metal bonds (Hadi et al., 2020). It is obvi-
ous that the frequency of C‚N of the Schiff base group was
shifted to the lower frequency in the complex from

1604 cm�1 to 1573 cm�1. On another side, the peak of the
MAN bond was observed at 518 cm�1 in the complex FTIR
spectrum (Sari and Gürkan, 2004). The dithiocarbamate moi-

ety was not coordinated with the mercury (II) ion in the com-
plex, since there is no shift in the frequency of its bands.

The bands observed for the ligand spectra in the region of

2800–3000 cm�1 could be attributed to the symmetric ACH2

stretch vibrations of the ligand. However, in the complex spec-
tra, no shifts are observable, which demonstrates the ACH2 is

not participating in coordination (Fahmy et al., 2021, 2020).
Additionally, the hydrated water molecule band cannot be
seen in the spectrum of the complex (Dianu et al., 2010).
The extended IR characteristics of at least two peaks in

3239–3408 cm�1 for [HDBC] ligand reflect the free CAOH
stretches of hydroxyl in structures. These bands are subjected
to a shift to 3226–3418 cm�1 in the [HgCl2L] complex spectra

and followed by an extensive decrease of intensity. These



Table 1 Frequencies of the main characteristic bands of the Ligand and its complex, where S.b stands for the Schiff base.

Compounds C‚N CASS Hg‚S CAN S.b NACSS OAH(H2O) MAN MACl

Ligand Spectrum (cm�1) 1604 997 1325 1406 1535 3408 – –

[Hg(HDBC)] Spectrum (cm�1) 1573 994 1383 1442 1573 3418 518 –

Fig. 1 Schematic illustration of the mercury complex [HgLCl2] preparation.
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regions are caused by a variety of probabilities, such as (1) it is
owing to either free NH or OH groups; (2) it represents the

strong hydrogen bonding interactions in the prepared complex
between OH and NH groups; (3) presence of coordinated
water molecules (Fahmy et al., 2020; Aziz et al., 2021b;

Morgan et al., 2018). The band observed at 1383 cm�1 in the
[HgCl2L] complex spectra could be assigned to either AOH
deformation of (H2O) molecule, and Hg binding to ‚S

(Yosef et al., 2020). In the complex of [HgCl2L], each mercury
atom is coordinated by two nitrogen atoms of the ligand.
Therefore, the charges of the metal ion were neutralized by
two coordinated chloride ions (Lahneche et al., 2019).

The FTIR spectra for pure PVA and the prepared PVA
composite are presented in Fig. 4. In case of pure PVA the
characteristic of CAOAH stretching vibration is related to

the peak at 1075 cm�1 (Brza et al., 2021b). Additionally, there
is a C‚O and C‚C stretching vibration that believed to be
originated from acetate group, and located the peak of pristine

PVA at around 1650 cm�1, which is the inherent part of PVA
(Aziz et al., 2021a). There is a clear peak occurs at 2910 cm�1,
which represent the band corresponds to CAH asymmetric
stretching vibration (Brza et al., 2021b; Ghanipour and

Dorranian, 2013). The OAH stretching absorption of hydroxyl
groups can be related to a broad and robust absorption peak
at 3350 cm�1, that corresponds to both intra and inters types
of hydrogen bonding (Aziz et al., 2021a; Ghanipour and

Dorranian, 2013). It is worth mentioning that there is a clear
reduction in peaks intensity with band shifting up on the addi-
tion of the Hg metal complex to the pure PVA host matrix.

The shifts and decline in intensities of the bands signifies a
clear electrostatic interaction between the hydroxyl functional
groups of PVA with the Hg metal complex (Brza et al., 2021b;

Aziz et al., 2021a). This will result in binding of metal complex
with the functional groups which lead to the larger molecular
mass and cause the decline in vibrational intensity (Brza et al.,
2021b; Aziz et al., 2021a). Eventually, the FTIR spectra of the

doped PVA has shown a clear shift and drop in intensity com-
pared to the pure PVA.

X-ray diffraction is considered as an accurate and direct

technique to study the structural properties of the polymer
composites (Nofal et al., 2020). The XRD pattern for pure
and doped PVA samples are shown in Fig. 5. It can be noted

that the pure PVA exhibit two clear peaks at around
2h = 19.65� and 41.15�. It has been established that these
peaks are attributed to the crystalline nature of PVA (Aziz
et al., 2021a; Ghanipour and Dorranian, 2013). Up on the

addition of Hg metal complex to the PVA polymer a clear
reduction in the peaks intensities and broadening can be
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Fig. 3 FTIR Spectrum for [Hg L Cl2] Complex.
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observed, particularly the peak at 41.15�, which is almost dis-

appeared for the doped sample. Both peak intensity drop and
widening are a clear indication of increased amorphous phase
within the host PVA polymer (Aziz et al., 2020a; Nofal et al.,

2020). This can be caused by the hydrogen bond disruption by
the Hg metal complex and weakening intermolecular forces
within the host polymer (Aziz et al., 2020b; Brza et al.,
2021a, 2021b; Fahmy et al., 2021). The existence of crystalline

peak after 2h = 19.65� even after the addition of metal com-
plex highlights the semi-crystalline structure of prepared com-
posite. These outcomes reveal the impact of Hg metal complex
on enhancing the amorphous nature of the PVA host polymer,

however some original crystalline features still exist.

3.2. UV–visible spectroscopy

When a light in the ultraviolet and visible region is absorbed
by a material, it results in electron promotions from lower to
the higher excited state in r, p and n-orbitals, as stated in
molecular orbital theory. Accordingly, r ? r*, n ? p*,
p ? p* transitions will occur (Aziz et al., 2019; Sarma and
Das, 2013). The UV–visible spectra of the Hg (II) metal



Fig. 4 FTIR Spectrum for the pure and doped PVA with Hg metal complex.

Fig. 5 XRD pattern of pure PVA and doped PVA with Hg (II) metal complex.
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complex was recorded in the solvent of dimethyl sulfoxide
(DMSO). The variation of absorption spectrum against wave-

length achieved for the Hg metal complex is shown in Fig. 6. It
can be witnessed that the absorption edge is dropped sharply
in the range of about 260–300 nm, and shifted to the higher

wavelengths. This is signifying the presence of the Hg metal
complex. It is noteworthy to mention that the Hg metal com-
plex displayed a broad peak around 325–375 nm along with
the wavelength region (Abdullah et al., 2015). This is related

to the collective oscillation of conduction electrons in response
to the applied electromagnetic field, which is commonly known
as the surface plasmon resonance (SPR) (Aziz et al., 2010). The
UV–Visible spectrum of the complex displays only two bands

in the region of 263 and 354 nm, arisen from the charge trans-
fer band (Lahneche et al., 2019). Additionally, it should be
noted that the entire visible range is enclosed by the spectrum

of absorption as it begins in the visibility range and ends in the
UV range (Xu et al., 2014). An earlier study has reported the
SPR in the wavelength range of 500–800 nm due to the copper
nanoparticles (Aziz, 2017; Zulkifli et al., 2020). Thus, the

broad absorption ranges from 325 nm to 400 nm may be
ascribed to a free-electron oscillation of the Hg metal complex.
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3.3. Thermal study

Fig. 7 show the TG curves for the ligand and Hg metal com-
plex, at the temperature range of between 40 and 600 �C
(El-Sonbati et al., 2018). Two major stages are correlated with
loss of ligand molecule, while three main steps can be observed
for the Hg metal complex. This could be attributed to the loss

of uncoordinated water H2O molecule in addition to a part of
coordinated H2O. The 2nd and 3rd steps demonstrate the loss
of other molecules of the coordinated H2O, followed by the
decomposition of the final components of the Hg metal com-

plex (El-Sonbati et al., 2019; Morgan et al., 2018). Overall,
the complex thermal analysis spectra show high thermal stabil-
ity. The TG curve displayed the initial weight loss of the ligand
Fig. 7 TG curve for the ligan
up to about 100 �C. Therefore, the loss in mass of the complex

close to zero until around 200 �C, and then it begins to decom-
pose at 210 �C. Then, it continued until the temperature of
300 �C. This could be owing to the decomposition of the water,
ligand, and complex (Kavitha and Anantha Lakshmi, 2017;

Jiang et al., 2011; Sekerci and Yakuphanoglu, 2004; Kesavan
et al., 2014).

3.4. Absorption study

UV–Vis spectroscopy is considered as an effective technique to
determine the electronic transitions and study the optical prop-

erties of the polymer nanocomposite samples over a wide range
of wavelengths. This work recorded a substantial enhancement
d and Hg metal complex.
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in the optical absorption upon the addition Hg (II) complex.
The absorption pattern of pure PVA (SPNC-0) and doped
PVA films with metal complex (SPNC-1) are depicted in

Fig. 8. Both improved absorption with a significant reduction
in the band gap of PVA host are related to the generation of
new energy levels in the prohibited gap of the polymer upon

the addition of metal complex (Abdul-Kader, 2013; Aziz
et al., 2017a, 2013). The impact of the Hg (II) metal complex
on the pure PVA can be documented via this shifting to a

longer wavelength (i.e. lower energy) in the UV spectra. It
can be seen that a noteworthy absorption at longer wave-
lengths take place as shown in Fig. 8. All these confirm the via-
bility of these raw materials for organic solar cell and

optoelectronic device applications, due to their wide range
absorption spectrum, and reduced band gap. The doped sam-
ple exhibited an exponential behavior in the absorption pattern

compared to the pure PVA.
The analysis of variation in absorption spectra can be used

to extract the kind of electronic transition that occurs within

the materials. The sharp increase in absorption pattern is basi-
cally related to the exciting or band to band transitions, which
is known as absorption edge. It is usually a good denoting of

the optical energy gap (Brza et al., 2020; Aziz et al., 2017b).
The amount of absorption is based on the attenuation rate
of incident light in a unit length of a medium, which is called
absorption coefficient a(t) (Elimat et al., 2008; Abdullah

et al., 2019; Aziz et al., 2015). The quantitative relationship
between absorbed light and concentration can be represented
via Beer-Lambert law (Abdullah et al., 2019). From this law

the absorption spectrum A(t) can be used to calculate the a
(t) at the given wavelength (or frequency (t)) as follow
(Abdullah et al., 2019):

a vð Þ ¼ 2:303

d
log

Io
I

� �
¼ 2:303

d
A vð Þ ð1Þ

where the incident and transmitted light intensities are denoted

by Io and I; respectively, and d is the thickness of the sample.
The trends of variation in a(t) as a function of photon energy
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Fig. 8 The absorption pattern of pure and doped PVA films

with the metal complex.
(ht) for pure and doped PVA film with metal complex (MC)

are presented in Fig. 9. The spectra of the absorption coeffi-
cient for the pure PVA exposed two peaks in the UV–visible
region; while, only a peak is observed for the composite sample

in the visible region. This is due to the molecular orbital tran-
sition from bonding to antibonding molecular orbitals (El-
Ghamaz et al., 2017). The band is appearing at around 5 eV
and the shoulder at about 3.5 to 4.5 eV for the SPNC-0 sample

are assigned to p? p* and n? p* transitions between orbitals
mostly localized ring. The different forms of transitions are
due to either donating or withdrawing functional groups.

The inclusion of the chromophore units such as C‚O,
C‚C, and CAO effects the intensity of the p ? p* plasmon
peaks (Yosef et al., 2020). The amorphous nature of the sam-

ples is responsible for the presence of the tail (El-Ghamaz
et al., 2012). One can notice that upon the addition of MC
the absorption edge is shifted from 6.2 eV for pure PVA to
1.43 eV for the doped PVA. This has resulted from the band

structure modification (establishment of new energy levels) in
the pure PVA (Aziz, 2017). As a consequence, the addition
of MC into the PVA matrix has dropped the value of band

gap energy significantly.
3.5. Refractive index (n)

Fig. 10 shows the effect of Hg (II) complex addition on the
refractive index of PVA host polymer. It is observed that the
samples possess a wide dispersion region and relatively high

refractive index over a broad range of wavelengths. Recently,
the focus has been devoted to examining relatively high refrac-
tive index polymers due to their promising applications in var-
ious display units like advanced organic light-emitting diodes

(OLEDs), antireflection coatings, and different semiconduc-
tors (Asai et al., 2011; Hussein et al., 2020). The attempts have
been concentrated on enhancing the refractive index of poly-

mers by different means, including insertion of perfluorocy-
clobutane and adamantan, and sulfur atom groups into
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Table 2 Refractive index values of various polymer composite

systems.

Composition Refractive

index

Ref.

PVA: DMDMS 1.35 Fahmy et al. (2020)

PS: SnTiO3 2.6 Hussein et al. (2020)

PVA:PVP:Ag2S 1.52 Aziz et al. (2017c)

PVA:Al 2.14 Aziz et al. (2017d)

PMMA: ZnO ~1.65 Wang et al. (2017)

PGMA: TiO2 1.8 Tao et al. (2011)

PEO: SnTiO3 2.47 Muhammed et al.

(2020)

PVA: Hg-metal

complex

2.15 Present work

Where, DMDMS = dimethoxy dimethyl silane.

Fig. 11 The plot of er as a function of wavelength for pure and

doped PVA films with the metal complex.

Fig. 10 Refractive index pattern for pure and doped PVA films

with the metal complex.
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polymers, in addition to the use of organic/inorganic dopants
(Seto et al., 2010; Hussen, 2020). The refractive index is an
effective property of materials to be utilized in optoelectronic
and photonic devices and especially in organic solar cells

(OSCs). This property is essential to realize the way of optimiz-
ing the performance of photovoltaics (Campoy-Quiles et al.,
2014). The literature has confirmed that particular materials

with a high refractive index are found to be eligible for organic
solar cell applications (Muhammad and Sulaiman, 2011). The
refractive index (n) of PVA obtained in the present work is

higher than those reported for PVA by ion incorporation in
the literature (Stoyanov et al., 2012).

Shi et al. studied nonlinear optical (NLO) polymers such as
polyether ketone (PEK-c) with n value which is lower than the

observed wide dispersion for the material under study (Shi
et al., 1999). This indicates the importance of these materials
for the realization of integrated-optic devices such as electro-

optic modulators and switches. The refractive index (n) value
obtained in this study is comparable with the previous works
of polymer composites. Fahmy et al. (Fahmy et al., 2021) were

documented the refractive index value of 1.34 for the system of
PVA: MTMS based polymer composite, where
(MTMS = methoxy trimethyl silane). Table 2 compares the

refractive index of the current study which is higher than many
other polymers impregnated with various fillers. This outcome
highlights the vital role of the used meal complex on improving
the refractive index of the polymer composite.

It is crucial to investigate one of the most important param-
eters that give useful information about the material’s electric
properties, which is known as the dielectric constant

(El-Ghamaz et al., 2017). This work also studied the optical
dielectric constant of the samples including both real

(er ¼ n2 � k2) and imaginary (ei ¼ 2nk) parts. These provide

insight into the energy density state in the optical band gap
of the films (Caglar et al., 2006; Aziz et al., 2019). The dielec-
tric function cannot be measured directly from an experiment

using optical spectroscopy. Different optical parameters are
measured, such as refractive index, absorbance, reflectance,
and extinction coefficient. The optical dielectric constant plot
of the PVA-based composite samples is exhibited in Fig. 11.
In fact, there is a strong correlation between dielectric function

and the band structure of the material. The overall image of
the band structure of a material can be predicted using the
study of dielectric function from optical spectroscopy (Steyl,

2009; Aziz et al., 2020c).
In Fig. 11 there is an increase of the dielectric constant with

rising the quantity of MC. The rise of the dielectric constant

proves the presence of a population of states of various energy
densities, resulting in an increase in polarization. The dielectric
constant shows a clear dispersion region at low wavelengths,
while it is nearly constant at high wavelengths. The interaction

of electromagnetic light with the material causes the internal
charge structure to undergo temporal forces as a consequence
of the impact of the electric field component of the incident

wave. The noticed dispersion region is relatively wide, which
could be owing to the polar nature of the samples. The
worth-noting observation is that polar molecules are not able

to follow fast field oscillation at high wavelengths because of



10 K.A. Abdalkarim et al.
their inertia (Hecht, 2002; Hadi et al., 2020; Hadi et al., 2020).
Importantly, the dispersion in dielectric constant in the spectra
indicates the eligibility of these materials to be utilized in opti-

cal communication applications and fabrication of optical
devices (Muhammad and Sulaiman, 2011).

3.6. Band gap study

The imaginary part of the dielectric constant is illustrated in
Fig. 12. Previous studies have established a substantial correla-

tion between electronic band structure and optical properties
of the materials (Aziz et al., 2017c; Taib et al., 2012). The
wavelength-dependent complex dielectric function determines

the characteristic optical properties of absorbing isotropic
materials (Kymakis and Amaratunga, 2004). Using dielectric
function (real and imaginary parts), one can easily specify opti-
cal functions that can be determined (Amin et al., 2018). In

fact, the electronic polarizability is related to the real compo-
nent er; while, the ei is expressing the electronic absorption
of the materials (Ben Nasr et al., 2013). The complex dielectric

function usually provides information about the optical prop-
erties (Amin et al., 2018):

a�ðxÞ ¼ er þ jei ð2Þ
The direct and indirect band gap transitions contribute

mainly and partly in e(x), respectively because these are medi-
ated by phonons (Taib et al., 2012). Earlier studies demon-
strated that the optical band gap can be accurately

calculated from both KT and Tauc’s equation (Aziz et al.,
2017a, 2017b, 2017c; Thutupalli and Tomlin, 1976). Neverthe-
less, in the case of optical band gap investigation, a straightfor-
ward and accurate method has been established in data

analysis (Aziz et al., 2019; 2017b, 2017c). It is thought that
an accurate determination of the optical band gap can be
achieved via optical dielectric loss. This is based on the devel-

opment of various models and quantum mechanics for the
band gap analysis. In order to characterize the electron-
photon interaction within the material, the time-dependent
Fig. 12 Optical dielectric loss plot for pure and doped PVA films

with the metal complex.
perturbations of the ground electronic state as a principle of
quantum mechanics can be considered. For a transition to
occur between occupied and unoccupied states, photon

absorption or emission already takes place. The imaginary
component ei is a complex mathematical expression of the
dielectric function that possesses the following form (Aziz

et al., 2019):

ei ¼ 2pe2

Xe0

X
K;V;C

wC
K u � rj jwV

K

� ��� ��2@ðEC
K � EV

K � EÞ ð3Þ

where k and u are representing the reciprocal lattice vector and
the vector characterizing the incident electric field polarisation,

respectively. Both superscripts C and V are expressing the con-
duction band and the valence band, respectively, and the x
refers to the frequency of incident photon (Li et al., 2009).

Fig. 12 shows the imaginary part of the dielectric constant ei
(x). An intersection from the linear region of the plot was
drawn onto the x-axis in order to determine the optical band
gap. This response of the optical spectra resulted from elec-

trons movement from the highest point of valence bands to
the lowest point of conduction bands. The optical energy
gap can be recognized from the fundamental absorption edge,

which is called absorption edge (Zhao et al., 2011). From the
closeness and strong correlation of the points of significance,
it is easy to determine band gap values (Cheddadi et al., 2017).

The inter-band absorption model can be employed to spec-
ify the nature of electronic transition within the band gap of
materials. Based on the inter band absorption theory, photon

causes electron excitation from the highest occupied energy
level in the valence band to the lowest unoccupied energy level
in the conduction band. The optical band gap of materials can
be calculated from the following relationship (Kesavan et al.,

2014; Aziz et al., 2017a):

ahv ¼ Bðhv� EgÞp ð4Þ
where B and Eg are energy-independent constant and the opti-
cal energy band gap, respectively, p is a constant from which
one can determine the nature of the optical transition from

the valence band to the conduction band (fundamental
absorption).

In this work, p is equal to 1/2, indicating an allowed direct

transition. In allowed direct transition, there is a direct vertical
transition by an electron from the top of the valence band to
the bottom of the conduction band; while normally the non-
vertical transitions are not allowed (forbidden) (Kesavan

et al., 2014).
Figs. 13–16 exhibit a correlation between (ham)2 and hm for

pure PVA and PVA doped samples. Generally, an extrapola-

tion is drawn from the linear part of a plot to zero absorption
in order to determine the optical band gap.

It is worth noting that the energy band gap of pure PVA is

(5.38 eV), which is relatively considerably large compared to
the other sample. In this work, the direct optical band gap
of pure PVA was found to be in good accordance with that
documented in the literature (Bhargav et al., 2007). From the

perspective of solid-state physics, an energy band gap is an
energy range in a solid that no electron states can exist. The
band gap energy is the amount of energy required to remove

an outer shell electron from its orbit and move freely within
the materials. Thus, the band gap is the main barrier in deter-
mining the electrical conductivity of a solid. For example,
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those materials that possess large band gaps are generally insu-
lators and those relatively smaller band gaps are semiconduc-

tors. Based on this fact, the pure PVA is considered as an
insulator with a wide band gap energy (5.38 eV). Importantly,
in the present work, it has been realized that the optical band

gap of pure PVA can be tuned so as to meet a specific require-
ment. In the current study this goal can be achieved through
introducing a particular quantity of Hg (II) metal complex

which is eligible for a specific application. As a measure, the
narrow band gap indicates the ability of materials to compen-
sate for the relatively low energy photon harvest (An et al.,
2013).

Previous studies clarified that the plot of (aht)1/2 and (aht)2

as a function of photon energy (ht) can be used to verify the
occurrence of both direct and indirect transitions near to the
fundamental band edge (Mohan et al., 2007; Mohan et al.,
2007). The exponent (p) value of Tauc’s equation can be
obtained from the plot of (aht) against photon energy (ht)
as shown in Figs. 13–16. It can be noticed that the linear parts
were obtained from each plot and the intersections on the x-
axis were used to compute the optical energy band gaps. In

amorphous materials, the indirectly allowed transitions are
employed in the analysis of the absorption edge, as indicated
from the theory of the electronic structure of amorphous mate-
rials (Edukondalu et al., 2015). The power coefficient value

indicated by the parameter p is determined depending on the
forms of possible electronic transitions that are p is equal to
2 and 1/3 for indirect allowed and forbidden, respectively,

and p is equal to 1/2 and 2/3 for direct allowed and forbidden,



Table 3 Optical dielectric loss and optical band gap from Tauc’s model.

Sample code Eg (eV) for p = 2 Eg (eV) for p = 2/3 Eg (eV) for p = 1/2 Eg f(eV) for p = 1/3 Eg from ei (hv) plot

SPNC-0 6.3 6.1 5.95 5.9 6.2

SPNC-1 2.5 1.6 1.3 1.2 1.2

Table 4 PVA band gap variation incorporated with different

fillers and nanoparticles.

PVA Composite Direct

band

gap

(eV)

Indirect

band

gap (eV)

Reference

PVA: Ag – 4.78 Ghanipour and

Dorranian (2013)

PVA: Ni 5.15 3.4 Soliman et al. (2020)

PVA: Al3+-complex 1.81 1.62 Aziz et al. (2021)

PVA: MnCl2 4.99 4.93 Banerjee et al. (2019)

PVA: HgS 4.88 – Abdullah et al. (2015)

PVA: Hg-complex 1.3 1.2 This work
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respectively. The optical band gap from Tauc’s model for p is
equal to 2, 1/3,1/2, and 2/3, and optical dielectric loss values is

summarized in Table 3.
Obviously, the calculated band gap values for PVA doped

samples for p is equal to 1/3 (i.e., indirect forbidden) is suffi-

ciently near to the calculated band gap magnitudes achieved
from the plot of optical dielectric loss, as shown in Table 3.
As a consequence, the reduced crystalline order in the PVA

doped film is linked to the direct forbidden (i.e., p is equal to
2/3) results for the hybrid sample. The optical band gap
obtained from Figs. 13–16 for the various value of p from
Eq. (4) as a comparison to the Eg value achieved from the plot

of optical dielectric loss suggests the direct allowed (i.e., p is
equal to 1/2) of electronic transition in the PVA. In fact, in
amorphous materials, the most probable type of transition is

considered to be indirect. In indirect band gap materials, the
transition from the valence band to the conduction band is
based on having a phonon with the right magnitude of crystal

momentum (Brza et al., 2019; Mohan et al., 2007). It is difficult
to identify the value of p because of the considerable fluctua-
tion in the values of the achieved optical band gap. Conse-
quently, the type of conduction mechanism can be specified

using Eq. (4). The actual Eopt determination depends on
another factor, which is the imaginary part (e2) of the dielectric
constant. From this, one can select exponent value accurately

(Edukondalu et al., 2015) (see Table 4).

4. Conclusion

In conclusion, a flexible polymer composite based on the PVA
doped with Hg (II) metal complex has been fabricated. Vari-
ous spectroscopic techniques were employed for characteriza-

tion of the prepared Hg (II) metal complex. The shift and
intensity drop of the FTIR spectra revealed a good
complexation between the dopant and host matrix. The

enhanced amorphous nature of the polymer composite
resulted from the interaction between the functional groups
of the host polymer with Hg metal complex and it was docu-
mented from the XRD patterns of the samples. It has been
confirmed that the surface plasmonic resonance (SPR) peak

in the absorption spectra of the doped sample was originated
from the Hg (II) metal complex. The optical band gap substan-
tial reduced from 6.2 eV to 1.4 eV, which signified the occur-

rence of interaction between the Hg (II) complex and the
PVA matrix. The formation of new energy states with reduced
energy band gap is evidenced by the increment in the refractive

index upon the addition of the metal complex. Moreover, shift-
ing of absorption edge to smaller photon energy confirmed the
effect of the Hg (II) on the optical band gap of the host PVA.
Strong absorptions in the region of 263 nm and 354 nm were

assigned to the n ? p*, p ? p* transitions. Through investi-
gating Tauc’s model, it was concluded that the samples exhib-
ited an indirect forbidden transition. The broad absorption

ranged from 325 nm to 400 nm may be ascribed to a f ree-
electron oscillation of the Hg metal complex.
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