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Abstract

Casting and solid-state reaction methods were used to prepare composites of PVA/CMC/
PEG/x wt% Zny4Cu, ;S (x=0, 1, 3, 5, 10). The nanofiller Zn,4Cu, ;S was investigated
applying XRD Rietveld analysis. XRD, FTIR, SEM, and EDS techniques were used to
trace the variation of the structure and morphology of the PVA/CMC/PEG blend upon
loading with different Zn, Cu, ;S contents. The effect of the filler content (x) on the linear
and nonlinear features of the host blend was examined. The direct and indirect optical band
gaps of PVA/CMC/PEG (5.87 and 5.31 eV) reduced upon loading with Zn, ,Cu ;S, attain-
ing minimum values (4.47 and 3.65 eV) for x=10%. The fluorescence intensity and the
emitted colors of the blends depended on the amount of the nanofiller. The dielectric con-
stant (e'), dielectric loss factor (¢"), the real (M") and imaginary (M") parts of the electric
modulus changed nonmonotonically with the nanofiller content (x). Among all blends, &’
disclosed higher values for the blend with x=10 wt% and lowest ones for x=1 wt%, while
&" attained highest values for the blend with x =3 wt%, and lowest values for x=5 wt%.
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1 Introduction

Polymers offer numerous benefits, including high strength, flexibility, low cost, and excel-
lent mechanical qualities. Polymeric nanocomposites, which are made up of organic poly-
mers and inorganic materials and have been employed in a variety of important applica-
tions such as medical and nuclear protection (Guo et al. 2023).

Poly(vinyl alcohol) is a biodegradable polymer that doesn’t have a smell or taste. It can
be dissolved in water. PVA is a crystalline polymer and has an attic structure. PVA is made
up of H-atoms in between the hydroxyl groups that are linked together. Additives could
change the crystallinity of PVA (Verma et al. 2022). Due to the intrinsic molecular fea-
tures of PEG (polyethylene glycol), which is used as a coating material for biotechnical
applications, a PVA/PEG (polyvinyl alcohol/polyethylene glycol) blend represents a prom-
ising material for many applications and expands the applications of PVA (Alibwaini et al.
2022). A semicrystalline polysaccharide called cellulose gum (sodium salt-carboxymethyl
cellulose; CMC) is present in the fibrous tissue of plants. This polymer can gel, combine
with other water-soluble polymers, and effectively reacts with ionic dopants thanks to the
-OH (hydroxyl) and COO (carboxylic anion) groups (Sayed and Saber 2022).

Among the II-VI semiconductors, ZnS has the largest direct band gap at 3.68 eV
(D’Amico 2017), making it one of the most important materials in the field. The wide
direct bandgap of ZnS has made it a popular host matrix for numerous types of doping
agents over the past two decades.

By incorporating the appropriate kind of dopant, the performance of a polymer or
blended polymer can be modified. For example, after the addition of multi-walled car-
bon nanotubes/zinc oxide nanoparticles, polyethylene oxide/polyvinyl alcohol blend films
formed a promising material for optoelectronic device applications (Alzahrani et al. 2022).
It is possible to create novel NiO/CMC-PVP nanocomposites with greatly enhanced refrac-
tive index, reduced band gap, and improved conductivity. As a result, these materials are
appropriate for engineering, electrochemical, and optoelectronic uses, as well as coatings
and lenses (Sayed and Saber 2022). The addition of cellulose nanofibers promotes the uni-
form dispersion of SiO, NP and increases the CMC’s toughness and rigidity (Saha et al.
2019). After doping with 0.0-0.8 wt% ZnO nanorods, some improvements were made to
the thermal and dielectric properties of CMC(70%)-PVA(30%) (Abutalib 2019). Catalytic
activity for the removal of organic and inorganic pollutants is enhanced in CuO/NiO/CMC
nanocomposites compared to nano CuO-NiO (Maslamani et al. 2021). The AC conduc-
tivity of PVA was increased upon loading with 1.60 wt% of TiO,/Cu nanoparticles, and
the electrical modulus analysis indicated that the doped samples can be applied in energy
storage capacitor and separator-rechargeable lithium-ion battery applications (Al-Hakimi
et al. 2023). El sayed et al. (2015) found that Schottky emission is responsible for the low-
temperature conduction in PVA/CMC films, while the Poole-Frenkel effect is important
in CuO-doped films at higher temperatures. Interfacial bonding between V,C MXene
and wide-bandgap ZnS improves the dielectric response of ternary polymeric composite
films (Deng et al. 2021). Nanocomposites with a silver doped ZnS core—shell were used to
enhance photon harvesting in polymer cells (Ike et al. 2022). Arandhara et al. studied the
consequences of Cu integration on the crystallinity, lattice strain, morphology, and electri-
cal features of nanostructured ZnS-PVA thin films. They found that as Cu concentration
rises, the optical band gap falls from 3.72 to 2.80 eV. The films have electrical resistivities
on the order of 10® cm at room temperature (Arandhara and Saikia 2021).
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Due to their similar electronic shell structures, physical and chemical characteristics,
Cu?* replaces Zn** easily (Arandhara and Saikia 2021). Cu-doped ZnS thin films have
lower electrical resistivity (Oztas et al. 2006). Cu changes ZnS thin film conductiv-
ity from n- to p-type (Daniela et al. 2014) and created new luminescence centers in ZnS
nanocrystals.

The growing number of energy storage applications have highlighted the need for inves-
tigation into polymer nanocomposites based on nanofiller that exhibit high dielectric prop-
erties (Bera et al. 2023). PVA-CMC-PEG composite presented a spongy porous structure,
excellent transparency, and good mechanical property due to hydrogen bond interaction
between PVA, CMC and PEG (Li et al. 2019). In the present work, we aimed to upgrade
the optical and electrical of PVA/CMC/PEG blend via loading with nano Zn,, (Cu, ;S with
different contents. The linear and nonlinear optical parameters as well as the emitted colors
and dielectric properties of all blends were fully investigated.

2 Materials and methods

The Zn,Cugy ;S sample was prepared by mixing and grinding zinc acetate (Sigma
Aldrich), copper acetate (Sigma Aldrich), and thiourea for 6 h at a stoichiometric ratio
(0.9:0.1:1). The powder was heated at 300 °C (3 h) in an electric oven. PVA/CMC/PEG
blended polymer was formed by casting: 0.7, 0.15, and 0.15 g of polyvinyl alcohol (PVA),
carboxymethyl cellulose (CMC) (in the form of the sodium salt of commercial grade), and
polyethylene glycol (PEG) were dissolved in 70, 15, and 15 ml of distilled water at 70 °C,
50 °C, and room temperature (RT), respectively. After that, all three solutions were mixed
at room temperature for 5 h. The last solution was put in a Petri dish and placed in an
electric furnace for 5 days at 40 °C. PVA/CMC/PEG/x wt% Zn, ¢Cu, ;S (x=0, 1, 3, 5, 10)
blended polymers were prepared by repeating the previous procedure with different wt% of
the Zn, ¢Cu, ;S sample. Blended polymers of PVA/CMC/PEG/x wt% Zn oCu, S (x=0, 1,
3, 5, 10) were made by simply repeating the process with different wt% of Zn, 4Cu, ;S. The
resulting blends are between 0.18 and 0.24 mm (digital micrometer with accuracy +1 pm)
in thickness.

Using a PANalytical diffractometer (X’pert MPD, Philips, copper source), the x-ray
diffraction spectra were gathered. The structural and microstructural parameters of the
powder filler were determined by applying the Rietveld method implemented in MAUD
program (Rodriguez-Carvajal 1993; Lutterotti 2010). The morphology, compositions, and
vibration bands of different samples were collected by Fourier transform infrared (FTIR)
spectroscopy (Bruker Tensor 27 FTIR Spectrometer) and scanning electron microscopy
(JEOL, Akishima, Tokyo, Japan, JED-2200 Series). The optical characteristics were dis-
covered by a luminescence spectrophotometer (FP-8200 JASCO) and diffused reflectance
spectrophotometer (JASCO-V-670) with attached integrating sphere assembly techniques.

Capacitance (C) and dissipation factor/tand under applied ac voltage (2 V) for the vari-
ous blends (in the form of a circular disk with a diameter (D) of 13 mm and a thickness (d)
of 0.18-0.24 mm) were measured using the LCR-8105G device to determine the change
in the dielectric constant at room temperature with frequency (f=100 Hz-1 MHz). The
subsequent formula (Sharma et al. 2016) was used to find the real (¢') and imaginary (¢")
components of the dielectric constant, the ac conductivity (¢,.), and the complex electric
modulus (M* =M +iM") of all blends.
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where e, and A are the permittivity of free space and area of the used blend, respectively.

3 Results and discussion
3.1 Structure investigations

Rietveld analysis of the x-ray diffraction pattern measured for the nanofiller Zn, ,Cu, S,
Fig. 1a, proved a single ZnS phase of cubic zincblende structure, necessitating incorpora-
tion of Cu ions into the ZnS lattice. The refined cell parameter is 5.354(2) 10%, the deter-
mined average crystallite size is 2.0 nm and the average lattice microstrain is 1.9x 107,
The obtained diffraction patterns for the PVA/CMC/PEG polymer blends, pure and filled
with different x wt% of Zn, 4Cu, ;S (x=0.0, 0.03, 0.05, and 0.1), are given in Fig. 1b. No
characteristic peaks of ZnS could be seen, all patterns exhibited a high background due to
diffuse scattering, superimposed with weak and broad peaks indicating a small degree of
crystallinity of the polymer blends. The main broad peak around 26=20° resulted from
the overlap of the characteristic peaks of PVA at 20~19.2° and 20.2° (Golitsyn et al.
2019; Assender and Windle 1998) and those of PEG at 260~ 19.3° and 23.5° (Hotaby et al.
2017; El-naggar et al. 2022a). The small, distinctive peak detected at around 20=41.5° is
assigned to PVA (Assender and Windle 1998).

SEM images were recorded to follow the effect of loading the polymer blend PVA/
CMC/PEG with Znj ¢Cuy ;S on the surface morphology of the obtained films. Figure lc,
d depict the SEM image for pure and 10 wt% Zn, 4Cu ;S filled polymer blends. A smooth,
homogenous surface could be seen for the pure polymer blend, there are some white
patches appeared, manifesting the partial immiscibility of the PVA/CMC/PEG blend. Upon
loading, the surface attained some roughness. Figure 2 shows EDS analysis for pure and 10
wt% Zn oCuy ;S filled polymer blends. The figure also represented the element percentages
in each blend.

Figure 3 displays the FTIR data for pure and filled PVA/CMC/PEG blends with various
amounts of Zn,,Cu,;S. The diagram shows that the intensity and location of vibration
bands in the blends vary with the Zn, yCu, ;S content of the blends. Cyriac et al. explained
the variations in the wavenumbers/intensity of FTIR for PVA/CMC doped with Nal salt
due to the cationic coordination of free Na* dissociated from Nal salt with the oxygen atom
of the OH group via Lewis acid-base interaction. i.e. Na* --*OH (Cyriac et al. 2022). These
variations indicated that the host polymer and the filler are coupled and formed new bonds
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Fig.1 a Rietveld analysis for Zn,4Cu, S, b XRD spectra for PVA/CMC/PEG/ x wt % Zn, 4Cu, ;S blends
and (c, d) SEM images for undoped and doped PVA/CMC/PEG blend with 10 wt% Zn,, oCu, ;S

between them. Additionally, the wide peak at 3767-3785 cm™! is an OH stretching bond
(Rajeswari et al. 2014). The vibration bands at 2209, 2026 and 1868 cm™! were connected
to the C=C, C=N and C=0 bonds, respectively (Farah et al. 2012; Xia et al. 2010; Morsi
et al. 2019).

3.2 UV- Spectroscopy study

The changes in absorption, transmittance, and reflectance data of pure and filled PVA/
CMC/PEG blends with different amounts of Zn,, ¢Cu, ;S are depicted in Fig. 4. The absorp-
tion band and shoulder at 199 and 324 nm in the pure and doped PVA/CMC/PEG blends
can be attributed to the n— n* electronic transition (oxazine rings in the blended system)
and the main T— t* type transitions, respectively (Alrebdi et al. 2022). The absorbance
of the blend increased as the quantity of nanofiller rose, Fig. 4a. In addition, when com-
pared to an undoped blend, the absorption band of the doped blend is red shifted, Fig. 4a.
The same thing was found when the amounts of natural melanin doping were increased
in PVA/PVP blend, the absorbance increased (El-naggar et al. 2023a). This change could
be explained by the doped blends’ developing internal molecular bonds between vari-
ous cations and anions. As a result, defects are produced in the matrix of the doped PVA/
CMC/PEG blend. Additionally, compared to undoped blends, doped blends with vary-
ing amounts of Zn,4Cu, ;S had lower optical transmittance. As the Zn,,Cu, ;S content
increased, the transmittance decreased (Fig. 4b). This reduction is attributable to a rise in
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Fig.2 EDS for a undoped PVA/CMC/PEG and b doped with Zn, ,Cu,, ;S blends

photon scattering from the dense nanoparticles in the blend. As the blend’s Zn;oCu, ;S
content grew, the optical reflectance spectra improved, Fig. 4c.

The direct and indirect optical energy bandgap (E,) values of all samples were obtained
from the following expression (El-naggar et al. 2023b):

ahv:B(hv—Eg)q 6)
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where h, v, B, a (=2.303A/d), and ¢ are Planck’s constant, incident light frequency, a con-
stant, absorption coefficient, and sample thickness, respectively. g=0.5 or 2 for direct and
indirect optical band transitions, respectively.

By extrapolating the linear portion to the intercept with the x-axis in Fig. 5a, b, the opti-
cal band gap energy (direct (E,;,) or indirect (E;,,)) is calculated. The addition of Zn, 4Cu, ;S
to PVA/CMC/PEG reduced E;;, and E,,; from 5.87 to 5.31 eV to minimum values of 4.47
and 3.65 eV as the blend was doped with 10% Zn(4Cu, S, as revealed in Fig. 5c. Similar
results were obtained as PVA doped with manganese chloride (Banerjee et al. 2019, 2018).
This reduction is the result of changing the host blend’s degree of disorder, as well as the host
blend’s number of defects increasing as the nanofiller concentration increased. As a result, the
locally created state inside the optical band gap changed, having an impact on the optical band
gaps (Sayed and Saber 2022).

The refractive index (n), extinction coefficient (k), real (¢,) and imaginary (g;) dielectric
constant parts of the various samples were determined by El-naggar et al. 2023b; El-naggar
et al. 2022b):
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Fig.5 a (ahv)? and b (ahv)® vs. the photon energy () relations and ¢ variation of optical band gaps for
PVA/CMC/PEG/ x wt% Zn oCu ;S blends
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As can be seen in Fig. 6a, the n value of the PVA/CMC/PEG blend exhibited a nor-
mal dispersion, where n decreased with increasing wavelength. The n value exhibited
both normal and anomalous dispersion behaviors as Zn, oCu, ;S was added in varying
concentrations to the blend, decreasing first as the wavelength increased up to 300 nm,
then increasing, and finally decreasing as the wavelength increased. Filling the blend
with nanofiller increased its n value compared to the undoped blend. When a blend is
doped with a nanofiller, the n value of the blend may change, which may affect the intra-
molecular bonding that has formed between nano Zn;, oCu, ;S and the blend matrix, and,
as a result, the density of chain packing may change (EI-Shamy 2021). Additionally,
as the wavelength increased, the values of k for all blends diminished (Fig. 6b). As the
PVA/CMC/PEG blend was filled with Zn;, 4Cu, ;S nanofiller, its k value increased. This
change in the k value could be attributed to the absorption property of the blends after

PVA/CMC/PEG/ xw% Zn, 4Cug ;S
2.4 T T T T

(@ = Pure blend

o 1% 4 3%
22 v 5% e 10% ]

"200 400 600 800 1000 1200 200 400 600 800 1000 1200
% (nm) A (nm)

kx 10

200 400 600 800 1000 1200 200 400 600 800 1000 1200
A (nm) A (nm)

Fig.6 The a refractive index, b extinction coefficient, (¢, d) real and imaginary parts of the dielectric con-
stant for PVA/CMC/PEG/ x wt% Zn,, ,Cu,, ;S blends
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filling with nanocrystal fillers, which alters the interaction between incident light and
free carriers in filled blends (Tanaka 1980).

The wavelength dependence of the real part (e,) and imaginary part (¢g;) of the dielectric
constant for pure and filled blends with varying amounts of Zn, Cu, ;S is shown in Fig. 6c,
d. The performances of ¢, and ¢; are similar to the corresponding 7 and k values of the dif-
ferent blends. Each blend has a larger value of €, than €;. A doped blend’s ¢, and ¢; values
are higher than those of a pure blend. Loading the blend with nanofillers may alter ¢, and
g; values because of a change in the interaction between electrons in the blend and photons
or a change in the dipole motion of the polymer as a result of filling with nano materials
(Wise 1998; Suma et al. 2017). Miller’s relations can be used to figure out three impor-
tant nonlinear parameters, most of which are based on the blends’ refractive indices. The
parameters are the first-order nonlinear susceptibility (y//’), the nonlinear refractive index
(n,) and the third-order nonlinear susceptibility (y/*).

The linear optical susceptibility ("), nonlinear third order optical susceptibility (4/*),
and nonlinear refractive index (n,) of the various samples were determined from the next
formula (El-naggar et al. 2023b, 2022b):

1
=) (11
2 4
7O =17%1070(0) = 1.7 « 10-“’(%) (12)
127

where C is velocity of the light.

Figure 7 shows how the nonlinear parameters of the investigated blends vary with
the wavelength of the incident photon. Based on these graphs, increasing the amount of
Zn,, oCuy ;S made the NLO parameters of the PVA/CMC/PEG blend better. This could be
a result of the blends’ refractive indices improving, which also contributed to the blends’
three-dimensional network expanding. This might suggest that the blends under investi-
gation have extra carriers. Therefore, the nonlinear response to the electric field of inci-
dent light is enhanced. Similar results were detected as the amount of silver nitrate dop-
ing was increased in PVP/PVA polymer blends (Ali et al. 2021). Also, silver nanoparticles
increased the nonlinear optical properties of PANI/MC blend polymers, and this was attrib-
uted to an improvement in the interaction between the nanofiller and the blend (Khan et al.
2019).

3.3 Fluorescence (FL) characteristics

Figure 8a displays the fluorescence (FL) data for unloaded PVA/CMC/PEG blend and
those loaded with varying contents of Zn,, 4Cu, ;S under excitation wavelength of 317 nm.
The pure PVA/CMC/PEG blend manifested a broad FL emission spectrum attaining maxi-
mum intensity at 2.96 eV. Also, the spectrum comprises a shoulder around 2.7 eV and
a small peak at 3.52 eV. The spectrum is a collective result of the electronic transitions
n* —m and/or m* —n of the functional groups of constituent polymers. The FL intensity
is enhanced upon loading the PVA/CMC/PEG blend with x wt% Zn(,Cu, ;S reaching
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Fig.7 The a linear optical susceptibility, b nonlinear third order and ¢ nonlinear refractive index for PVA/
CMC/PEG/ x wt% Zn, 4Cu ;S blends

maximum for x=3%, then decreased for higher values of (x), Fig. 8a. Also, the position
of spectrum maximum intensity is blue shifted. Similar FL. enhancement was obtained
upon loading PVA with ZnS (Khan et al. 2019). These results demonstrated the interaction
between Zn,, oCu, ;S and the polymer blend, which comprehensively rearrange the delocal-
ized n-electrons of the functional groups. The reduction in FL for higher nano filler content
(x) is attributed to the concentration quenching (El-naggar et al. 2022c). The emitted colors
from various blends can be found by means of Gaussian fitting (Fig. 8b, ¢). According to
the fitting, the pure blend produced (two UV, two violets, blue, and green) colors, whereas
the doped blends produced (UV, two violets, blue, and two green) colors. The excitonic
transitions were related to UV and violet emissions. The formation of defects inside the
various blends, dopant or impurity atoms, and defect-related luminescence, respectively,
were the causes of the blue and green colors (El-naggar et al. 2022c).

3.4 Dielectric properties

Figure 9a, b displays the frequency dependence of the dielectric constant (¢') and dielectric
loss factor (¢'") for PVA/CMC/PEG /x wt% Zn,Cu, ;S blends. From the graph, one can
notice that, for all blends, the ¢’ value was reduced as the frequency increased. The ¢’ high
value in the low frequency range is due to the large number of charges gathering on the
surface area of the blend (interfacial polarization). Besides, in the high frequency range,
electrons and atoms show a displacement polarization, whereas interfacial and orientation
polarizations are limited, producing a small charge on the blend’s surface (Watanabe et al.
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Fig.8 a The FL spectra for PVA/CMC/PEG / x wt% Zn,4Cu, ;S blends and (b, ¢) Gaussian fitting as an
example

2020). As the content of Zn, oCu, ;S (x) increased, ' displayed nonmonotonically changes.
Compared to pure blend (x=0 wt%), ¢ decreased for the blend x=1 wt%, increased for
x=3 and 10 wt%, and decreased for x=5 wt%. On the other hand, &"” first increased reach-
ing a peak in the middle frequency range (a-relaxation peak) (Choudhary 2017), then
reduced as the frequency increased. The peak location was shifted to the higher-frequency
side with the filler content (x). This shift indicates a reduction in relaxation time (Boucher
et al. 2012). Furthermore, for the blend with x=3 wt%, £" attained higher values compared
with the pure blend for whole frequency range, while other blends attained lower ¢” values
before a-relaxation peak and higher values after the peak.

The changes in AC electrical conductivity (64,) with frequency for all the samples are
illustrated in Fig. 9c. At lower frequencies, conductivity (64.) tends to attain constant val-
ues (i.e., a frequency increase is not noticeable at the low frequency range) and is approach-
ing DC values. It increased exponentially with increasing frequency after a certain value
of frequency. Hopping transport between localized states is responsible for the frequency
dependence of conductivity in polymer composites (Abdullah et al. 2016). In addition, as
the amount of Zn, 4Cu, ;S increased, so did the o,., except for the blend contained 5% wt
Zn, 4Cuy S, it decreased.

This finding demonstrates that as the percentage of Zn, Cu ;S in the blend rises, a greater
number of polarons (electrons) are being added to the conducting pool. The variations of
the real (M') and imaginary (M") parts of the electric modulus with frequency are depicted
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Fig.9 a Real, b imaginary parts of the dielectric constant, ¢ AC conductivity, d real and e imaginary parts
of electric modulus for PVA/CMC/PEG / x wt% Zn, oCu, ;S blends

in Fig. 9d and e for all samples. For all blends, at low frequencies M’ has a low value that
increases with the frequency. In the presence of the applied field, this feature may be brought
on by the weak restoring forces for the charge carrier (Prabu and Selvasekarapandian 2012).
The evolution in M’ may be explained by the conduction phenomenon associated with the
short-range mobility of charge carriers (Alghunaim 2019). M’ changed nonmonotonically
with Zn, ¢Cuy ;S content; compared with pure blend, it is increased for x=1 and 5 wt% and
decreased for x=3 and 10 wt%. Furthermore, the value of the M" starts low and gradually
rises until it reaches its maximum value; after that, it diminishes as the frequency increases.
The samples’ ionic conductivity is established by the existence of a peak in the electrical
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modulus. As the blend contained 5 or 10 wt% Zn 4Cu, ;S, the intensity of this peak dimin-
ished, whereas it increased with other filling contents. This peak was also shifted to a higher
frequency as the amount of Zn,4Cu, ;S changed. This exemplifies the contribution of nano
Zn, 4Cuy ;S to the relaxation process (Alghunaim 2019).

4 Conclusion

Composites of PVA/CMC/PEG blends loaded with nanofiller x wt% Zn, oCu,;S (x=1, 3, 5,
10) have been prepared. XRD Rietveld analysis of powder Zn,, 4Cu, ;S revealed a nano cubic
zincblende structure of average crystallite size of 2.0 nm. SEM micrographs of the obtained
polymer composites disclosed a uniformly smooth surface with somewhat roughness after
nanofiller loading. The absorbance of the blend is greatly enhanced as the content of nano-
filler increased and the absorption band red shifted. The direct and indirect optical band
gaps of PVA/CMC/PEG (5.87 and 5.31 eV) reduced upon loading with Zn,, oCu,, S, attain-
ing minimum values (4.47 and 3.65 eV) for x=10 wt%. Pure PVA/CMC/PEG blend exhib-
ited normal dispersion, while doped blends revealed both normal and anomalous dispersion
behaviors. Doped blends have higher n and optical dielectric values than the undoped blend.
Upon increasing the Zn,, ¢Cu,, ;S content, the NLO parameters improved. The FL intensity is
enhanced upon nanofiller loading, reaching maximum for x=3 wt% then decreased for higher
values of (x) due to the concentration quenching. A pure blend produced (two UV, two violets,
blue, and green) colors, whereas the doped blends produced (UV, two violets, blue, and two
greens) colors. The dielectric constant (&), dielectric loss factor (¢”), the real (M) and imagi-
nary (M") parts of the electric modulus changed nonmonotonically with the nanofiller content
(x). Among all blends, &' disclosed higher values for the blend with x=10 wt% and lowest
ones for x=1 wt%, while ¢" attained highest values for the blend with x=3 wt%, and low-
est values for x=5 wt%. As the Zn,4Cu, S content increased, the ¢, increased, except the
blend with x=5 wt%. This exemplifies the contribution of nano Zn, yCu, ;S to the relaxation
process.
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