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Tuning the structural, optical
properties and antibacterial
activity of poly(vinyl chloride)/
poly(methyl methacrylate)/silver
oxide nanocomposites for potential
optoelectronic and medical
applications

Wafaa B. Elsharkawy'™, A. M. Elnemr%$, Z. M. Elqahtani?, H. Elhendawi*, M. M. Metwally® &
T. Fahmy?™*

The fabrication of ternary nanocomposites attracts great interest in scientific research worldwide. PVC/
PMMA/AgO nanocomposites are prepared by the casting method with various proportions of AQONPs.
Analysis of XRD and FTIR spectra exhibited that the structural parameters of PVC/PMMA blend have
been affected with increasing nanofiller content. UV-Vis spectra analysis showed that the direct/
indirect energy gap are decreased from (5.21/4.92) to (4.86/3.90) eV and the dispersion and oscillation
(E4/E,) energies are increased from (1.186/4.437) to (73.323/13.638) eV with increasing the content of
AgONPs. Linear/nonlinear optical parameters of PVC/PMMA/AgO nanocomposites are enhanced upon
increasing AQONPs content. This study also showed that the antibacterial activity of PVC/PMMA/AgO
nanocomposites against Gram-positive bacteria (S. aureus, B. subtilis) and Gram-negative bacteria (E.
coli) is enhanced. Generally, PVC/PMMA/AgO nanocomposites show promising potential in the field of
flexible optoelectronic devices due to the structure-dependent adjustable optical energy gap and in the
medical field for their pronounced antibacterial activity.

Keywords PVC/PMMA blend, Energy gap, Dispersion energy, Antibacterial activity

Polyvinyl chloride (PVC) is one of the most common polymeric materials and is widely used in plastic
production due to its reasonable cost, suitable mechanical properties, ease of manufacturing, long life, versatility,
low price and sufficient strength. Moreover, PVC is a flame-retardant, hydrophobic and recoverable polymer.
The applications of PVC include microelectronics, building construction, packaging, medical equipment and
high-dose measuring devices [1]. Polymethyl methacrylate (PMMA), commonly known as acrylic, is a rigid
polymer with interesting toughness, corrosion resistance, and optical clarity. PMMA is an excellent host material
for doping because of its optical homogeneity and good transparency, which can play a significant role in the
construction of advanced optical materials. Therefore, it is widely used in microphotonics, batteries, solar cells,
optical devices, lenses, dosimetry, detection of a-particles, and as a base for nanofilters for blocking y and UV
rays [2, 3]. PMMA is mostly used as light guide panel (LGP) in the liquid crystal displays (LCDs) screens due to
its transparency and optical clarity [4].
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Nowadays, blending technology has gained a lot of academic and commercial importance. Polymer blends
mostly exhibit superior properties over any of their component polymers. The miscibility of the component
polymers determines the blend structure which in turn will affect the blend properties. It is found that miscibility
depends on many factors such as preparation method, polymer tacticity, etc. and hence a lot of contradictory
results have been reported about the predictability of miscibility [5-8]. Hence, blending or mixing the two
components, PVC and PMMA, can result in a blend with enhanced optical and mechanical properties. The
miscibility of PVC/PMMA polymer blend is due to the hydrogen bonding formation. Such bonding is occurred
between a-hydrogen of PVC and C= 0O groups of PMMA [9].

Nowadays, the interest in silver oxide nanoparticles (AgONPs) as a common metal oxide is gradually
increasing with great strength due to its prevalent presence in a variety of potential applications such as magneto-
optical storage systems, photovoltaic devices, nanoelectronics fabrication, optical devices, sensors, optical
switching, biomedicine and silver oxide/zinc batteries [10-12]. Silver can form a variety of oxides by its reaction
with oxygen, and since silver is a multivalent metal, such reactions produce AgO, Ag,0, Ag,0,, and Ag,O,.
It is evident from the literature that among all the above silver oxides, AgO and Ag,O have technologically
important applications. Polymers or polymer blends are suitable hosts for inorganic nanoparticles (INPs). The
incorporation of INPs can significantly affect the optical and electrical properties of the polymeric materials [13,
14]. The properties of polymer-inorganic nanocomposites depend on the type of INPs, concentration, size, shape,
and interaction of the INPs with the polymer matrix. Nanocomposites composed of inorganic nanoparticles and
polymers are receiving increasing attention with regard to value-added areas derived from their outstanding
thermal, optical, magnetic, electrical and antibacterial properties [15-19].

Our current work is aimed to prepare PVC/PMMA/AgO nanocomposites by casting method and to
investigate the morphology of these nanocomposites using SEM, structural behavior via XRD analysis, chemical
interactions via FTIR spectroscopy and optical properties through UV/Vis spectroscopy analysis. The selected
nanofiller material (AgONPs) exhibits distinctive properties such as low optical band gap, high refractive
index and dielectric constant. Thus, we expect an improvement in the recently reported physical properties
of the pure polymer blend of PVC/PMMA which can expand its applications in anti-reflection for solar cell
application, photovoltaic coatings and semiconductors. Also, the antibacterial activity of these PVC/PMMA/
AgO nanocomposites against different types of Gram-positive and Gram-negative bacteria is evaluated.

Experimental work

Materials

PVC with molecular weight of ~ 100,000 g/mol is obtained from BDH Chemicals Ltd., Poole, (UK) and PMMA
with molecular weight of ~93.000 g/mol is obtained from Polysci., Inc., (USA).

Material preparation

A 0.05 M silver ion solution (Ag*) and a 0.1 M NaOH solution are prepared to obtain silver oxide nanoparticles
(AgONPs) using chemical reduction technique. In order to prevent the nanoparticles from aggregating and
maintain their smallest size, sodium tricitrate is used as a dispersant. A glass beaker is filled with 100 mL of silver
solution and 0.5 g of sodium tricitrate is added. The solution is then heated to boiling with continuous stirring.
After that, 20 mL of 0.1 M NaOH solution is gradually added dropwise, resulting in a noticeable color change
from transparent to brown. The brown precipitate is filtered and washed many times with deionized water for
removing any residual by-products.

PVC/PMMA polymer blend samples are prepared using casting method by dissolving each polymer
separately in the desired weight ratio (0.5/0.5g) in dimethylformamide (DMF). The two solutions are mixed
with silver oxide nanoparticles in different proportions in an acetic acid under continuous stirring for a period
of time until a homogeneous solution is obtained. The mixture is then poured onto a glass substrate in an oven
at 333 K for several days to completely evaporate the solvent from the films. The thickness of the prepared films
ranged from 40 to 60 pm as measured by digital micrometer (Mitutoyo No. 293-521-30, Japan). The schematic
diagram of the interaction between PVC/PMMA blend and AgO nanoparticles is shown in Fig. 1.

Characterization methods

The surface morphology of PVC/PMMA/AgO nanocomposites is investigated using JSM-IT500HR (JEOL,
Japan). XRD measurements are carried out at a current of 50 mA and voltage of 40 kV using Bruker D8 advance
powder XRD with a CuK_ radiation source (\=1.5418 A) with a scan rate of 3°/min in the whole range of
measurements from 26 = 5° to 80°. ATR-FTIR spectroscopy is performed in the range from 4000 to 400 cm™! with
a spectral resolution of 1 cm™ in ambient air at room temperature by Thermo Scientific iD5 ATR spectrometer.
UV/Vis measurements are performed in the range from 200 to 1100 nm by UV-Vis spectrophotometer (UV-
1601 PC, Shimadzu, Japan).

Antibacterial activity

The anti-bacterial activity of the PVC/PMMA/AgO nanocomposites is conducted against Gram-positive bacteria
(Staphylococcus aureus, Bacillus subtilis) and Gram-negative bacteria (Escherichia coli). The paper discs soaked in
the desired concentration of the complex solution are placed aseptically in the petri dishes containing nutrient
agar media (agar 20g + beef extract 3g+ peptone 5g) seeded with S. aureus, B. subtilis and E. coli. The petri dishes
are incubated at 36 °C and after 24 h of incubation, the inhibition zones are recorded.
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Fig. 1. Schematic diagram of the reaction between PVC/PMMA blend and AgO nanoparticles.

Results and discussion
SEM
Scanning electron microscope reflects the microscopic structure of polymer blends, the dispersion state of each
individual component in the films and the regularity of their phase distribution. SEM is used to investigate the
surface morphology of PVC/PMMA blend and their nanocomposites doped with various concentrations of
AgO, as shown in Fig. 2. Figure 2a illustrates the SEM micrograph of PVC/PMMA blend. The smooth surface of
the polymer blend film exhibited homogeneous dispersion of the blend matrix.

Figure 2(b and c) displays SEM micrographs of PVC/PMMA/AgO nanocomposites loaded with 1 and
10 wt% of AgO nanoparticles. These micrographs confirmed the incorporating and homogeneous distribution
of AgO nanoparticles with cylindrical shape within the host matrix of PVC/PMMA blend with an average size
of 98.43 nm, as shown in Fig. 2d. The chemical composition of the prepared AgONPs is investigated using EDX
analysis. The EDX spectrum of AgONPs in the PVC/PMMA/AgO nanocomposites loaded with 1 and 10 wt% of
AgO nanoparticles is shown in Fig. 3(a and b). According to the Fig. 3, a sharp peak is obtained confirming the
existence of Ag and O elements in the EDX spectrum. In addition, other elements such as C and Cl are observed.

Roughness

Figure 4(a-c) depicts the surface roughness of pure PVC/PMMA blend and PVC/PMMA loaded with various
concentrations of AGONPs. The roughness is investigated using Image ] software and the roughness parameters
are extracted from roughness curves, and Table 1 demonstrates the results. It is worth noting that R refers to
the average height, R is the root mean square height of the profile, R, is the maximum peak height, and R is the
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Fig. 2. SEM micrograph of (a) PVC/PMMA blend, (b) PVC/PMMA/1 wt% AgO and (c) PVC/PMMA/10 wt%
AgO nanocomposites.

average maximum height. It is observed from Table 1 that all roughness parameters are significantly affected by
increasing the content of AGONPs in the matrix of PVC/PMMA blend.

X-ray diffraction

XRD is an important tool to evaluate the crystal structure. It is used to calculate the crystal size and lattice
parameters. XRD pattern of AgO, PVC/PMMA blend and their nanocomposites doped with different
concentrations of AgO is demonstrated in Fig. 5(a and b). XRD pattern of AgO showed several peaks such as,
14.88°, 17.20°, 21.67°, 23.87°, 27.56°, 31.32°, 32.01°, 38.10°, 41.80°, 44.14°, 48.42°, 57.54°, 64.53° and 77.47°.
Since sodium tricitrate is used as a dispersant to prepare AGONPs, the Bragg’s angles at 14.88°,17.20° and 21.67°
are assigned as trisilver citrate corresponding to (020), (112) and (122) planes, whereas, the Bragg’s angles at
38.10° 44.14°, 64.53° and 77.47°, are indexed to (111), (200), (220) and (311), planes of pure Ag (JCPDS card
No.04- 0783) [20]. Also, the Bragg’s angles at 27.56°, 32.01°, 48.42° and 57.54° correspond to the planes of (100),
(—111), (200) and (220) respectively, confirming the presence of AgO nanoparticles and in agreement with
JCPDS (01-076-1489) [20]. On the other hand, the amorphous nature of the PVC/PMMA blend sample is
confirmed by the presence of the broad peak in the range 10-30°, as shown in Fig. 5b [21]. XRD pattern of the
nanocomposite samples showed several diffraction peaks at 16.90, 23.87, 27.56, 32.01, 40.23, 48.42 and 57.54°
with various intensities. The sample crystallite size (D), internal lattice strain (¢) and the intercrystallite distance
(R) are evaluated using Debye-Scherer formula using full width at the half maximum (FWHM) of the high-
intensity peak (- 111), as follows and demonstrated in Table 2.
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Fig. 3. EDX of (a) PVC/PMMA/1 wt% AgO and (b) PVC/PMMA/10 wt% AgO nanocomposites.
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Fig. 4. The roughness profile of (a) PVC/PMMA blend, (b) PVC/PMMA/1 wt% AgO and (c) PVC/

PMMA/10 wt% AgO.
Roughness average (R ) 1.38 8.96 117.69
Root mean square Roughness (Rq) 4.36 16.63 123.63
Maximum peak height (1%) 98.59 183.52 21191
Maximum average height (R,) 168.41 227.52 244.53
Maximum height profile (R) 98.59 183.52 211.91

Table 1. The roughness parameters of PVC/PMMA blend and their nonocomposites.
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Fig. 5. XRD pattern of (a) AGQONPs and (b) PVC/PMMA/AgO nanocomposites.

Sample D (nm) | (¢) R(nm) | § (nm™2) |SF N, (nm™2)
PVC/PMMA/1.0 wt% AgO-NPs | 68.16 | 1.92x 1073 | 0.3495 |2.15x107* | 4.53x 10> | 0.180
PVC/PMMA/5.0 wt% AgO-NPs | 78.41 1.67%1073 | 0.3496 | 1.62x107* | 3.94x 107 | 0.143
PVC/PMMA/7.5 wt% AgO-NPs | 62.85 |2.08x1073 | 0.3486 |2.53x107* | 4.91x107% | 0.378
PVC/PMMA/10 wt% AgO-NPs |32.85 |3.93x107 | 0.3442 | 9.26x10™* | 9.35x107 | 1.465

Table 2. The lattice parameters of PVC/PMMA/AgO nanocomposite samples.
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where A is the x-ray wavelength and f is the FWHM and is measured in radians. Other lattice parameters such
as, dislocation density (0), stacking fault (SF), and the crystallites number per unit area (N) are calculated as
follows [22]:

5= % (2a)
2w
N.= - 20

where d is the sample thickness. The lattice parameters are estimated and presented in Table 2. It is found that
the crystal size is ranged from 32.85 to 78.41 nm.

FTIR spectroscopy

FTIR spectroscopy is a powerful method for investigating the vibrational modes of the polymers and the
interaction between the functional groups of the polymer blend matrix and the nanofiller. FTIR spectra of
PVC/PMMA blend and PVC/PMMA/AgO nanocomposites are shown in Fig. 6(a and b). The characteristic
absorption peaks of both PVC and PMMA are observed.

The characteristic bands of PVC are generally classified into three regions. The first region ranged from
2970 to 1250 cm™! represents the C-H modes, the second region ranged from 1200 to 900 cm™! is called C-C
stretching and the third region ranged from 700 to 600 cm™" is called the C-Cl stretching, respectively. The peaks
at 2994 and 2949 cm™! are assigned to the symmetric and asymmetric stretching vibration of C-H, in methyl
(-CH,) and methylene (= CH,) groups, respectively [20, 23, 24]. The bands at 1726 cm™, 1434 cm™!, 1386 cm™!
and 1330 cm ™! are attributed to C=O stretching vibrations, C-H aliphatic bending vibrations, bending vibration
of CH, and to CH, deformation, respectively [25, 26]. The absorption bands between 1500 and 1380 cm~! are
assigned to C-H deformation modes of methyl subunits. The bands at 1241 cm™}, 1190 cm™, 1146 cm™! and
1060 cm™! are assigned to bending bond of C-H near Cl, skeletal vibrations coupled to C-H deformation,
O-CH, stretching vibration and C-C backbone of PVC, respectively [27-29]. The peaks at 964 and 912 cm™
are assigned to trans CH wagging and C-H rocking mode, respectively [30]. The bands at 842 cm™!, 751 cm™,
690 cm™ and at 613 cm™ are due to CH, rocking methylene rocking mode, bending vibrational of C-H
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Fig. 6. FTIR spectra of PVC/PMMA blend and PVC/PMMA/AgO nanocomposites in the range (a) 4000-
2000 cm™! and (b) 2000-400 cm ™.
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Assignment PVC | PMMA | PVC/PMMA/10 wt%AgO
C-H stretching mode 2994 | 2994 -
C-H stretching mode 2949 | 2948 2948
C=0 stretching vibration - 1726 1727
C-H aliphatic bending vibration 1434 | 1435 1436
Bending vibration of CH, - 1386 1395
CH, deformation 1330 | - -
bending bond of C-H near Cl 1241 | - 1242
skeletal vibrations coupled to C-H deformations | - 1190 1190
O-CH, stretching vibration 1146 | 1146 1142
C-C stretching 1060 | - 1065
trans CH wagging 964 | 964 965
CH, rocking, methylene rocking mode 842 | 842 834
bending vibrational of C-H functional group - 751 739
C-Cl stretching vibration 690 | 690 698
cis CH wagging 613 | 612 607

Table 3. Assignment and wavenumber of FTIR peaks of PVC/PMMA/AgO nanocomposites.
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Fig. 7. (a) The absorption versus A, (b) « versus hv and (c) Ln « versus hv. g PVC/PMMA, ¢ PVC/
PMMA/1 wt% AgO, A PVC/PMMA/5 wt% AgO, ¥ PVC/PMMA/7.5 wt% AgO, ¢ PVC/PMMA/10 wt%
AgO.

functional group, C-Cl stretching vibration and cis CH wagging, respectively [31-33]. The peak at 527 cm™!

refers to the existence of AGONPs [34]. The characteristic peaks of PVC and PMMA are listed in Table 3.

The coordination interaction between the two oxygen atoms in ~-COO™moieties and Ag(II) ions in various
coordination modes has been elucidated. The characteristic bands related to carboxylate groups appear in the
ranges 1535-1618 cm™! and 1349-1467 cm™! for asymmetric and symmetric stretching, respectively [35].
Over the increase of AgGONPs content, the symmetric stretching (COO™) is decreased, while, the asymmetric
stretching peak (COO~) appears at 1537 cm™! with an increase in intensity based on AgONPs content [36].
Subsequently, the coordination interaction between COO-Ag can be proceeded via different coordination
modes (monodentate or bidentate). Additionally, the effect of AgONPs on the vibration modes can be seen in
terms of intensity change, broadening of the bands and shifting of the bands to higher or lower wavenumber. It
is clear that many of the characteristic peaks of PVC/PMMA blend have been affected upon the increasing the
content of AgO nanoparticles. The peaks at 1386 cm™!, 1060 cm™! and 690 cm™! are blue shifted to 1396 cm™,
1065 cm™ and 698 cm™ with shift order of 9 cm™, 5 cm™ and 8 cm™!, respectively. On the other hand, the
peaks at 1146 cm™, 842 cm™!, 751 cm™! and 613 cm cm™! are red shifted to 1142 cm™!, 834 cm™!, 739 cm ™! and
607 cm™! with shift order of 4 cm™!, 8 cm™!, 12 cm™ and 6 cm™}, respectively. Also, the intensity of most these
peaks is increased with increasing the content of AgO nanoparticles. The shift in the peak position to the lower
or higher wavenumber may be attributed to the coordination between the Ag?* and Cl atoms of vinyl groups
of PVC and may be due to the cross-link’s formation between the Ag?* and ester oxygen atoms in PMMA [37].

UV/Vis spectroscopy
The absorption spectra of PVC/PMMA blend and PVC/PMMA/AgO nanocomposites are illustrated in Fig. 7a.
It is clear that the PVC/PMMA/AgO nanocomposites displayed a considerably strong absorption in comparison
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to pure PVC/PMMA blend over the whole range of UV/Vis spectra, due to the high absorption coefficient of
AgONPs. The spectrum of PVC/PMMA blend exhibited a strong absorption peak at 227 nm is attributed to the
electronic transition in C=0 groups of the ester-attached to the repeat units in PVC/PMMA main-chain and
can be assigned to -7 transition [27].

On the other hand, the absorption in the entire wavelength range is enhanced upon increasing the content
of AgO nanoparticles. This enhancement in absorption is attributed to the high absorptivity of AGONPs which
in turn will increase the refractive index of the nanocomposite samples due to the rise in the polarization. Also,
the absorption peak of the PVC/PMMA blend is shifted to appear at 236 nm with a red shift in the order
of 9 nm in the spectra of PVC/PMMA/AgO nanocomposites. This shift can be related to the complexation
between AgONPs and the host matrix of the blend. Further, a new broad peak is observed at 445 nm in PVC/
PMMA/5 wt% AgO nanocomposite sample and shifted to 479 nm upon increasing the AgONPs content. This
peak is a typical of surface plasmon resonance (SPR) and its shift to higher wavelength is indicating to the
existence of larger nanoparticles [38]. The absorption coefficient (a=2.303A/d, where A is the absorbance and d
is the sample thickness) is plotted versus the photon energy, as illustrated in Fig. 7b. By extrapolating the linear
part of the plot to intersect the x-axis at a=0, the absorption edge values (E,) are evaluated and demonstrated in
Table 4. It is clear that the incorporating AgO decreased the absorption edge of PVC/PMMA matrix from 5.12
to 4.52 eV. The decreasing in E,, (red shift) indicated that new localized states are created in the band gap of the
blend matrix after embedding AgONPs. This behavior confirms that doping with AgO nanoparticles reduced the
optical bandgap. The absorption coeflicient (&) displays an exponential dependent on photon energy (hv) near
the absorption edge and is expressed according to Urbach’s equation as follows [39]:

a = a, exp (hU/EU> (3)

where «_ is a constant and E; is the Urbach tail energy, which is defined as the localized states width in the
optical bandgap. Figure 7c shows the variation of In « versus hv for our investigated samples. The E, values are
simply estimated from the slopes of the fitted lines of Fig. 7c and given in Table 4. It is found that E; is increased
from 0.31 to 1.30 eV with increasing the content of AGONPs. The increase in E; indicates that the disorder in
the PVC/PMMA/AgO nanocomposite samples is increased. Density of defects (DOD) and relaxation of the
distorted bonds are estimated in terms of steepness parameter () and strength of electron-phonon interaction
(E, P), using the following equations [40]:

B=FksT/p  Bep=23p (4)

where kj, and T are the Boltezman’s constant and room temperature, respectively. The calculated values of § and
E, are presented in Table 4. It is clear that as the steepness parameter is decreases, E, | increases upon increasing
the AgONPs content. This behavior confirms that the defect density states have increased near the absorption
edge [41].

The extinction coefficient (k= aA/4m) of PVC/PMMA/AgO nanocomposites is plotted versus the wavelength
as demonstrated in Fig. 8a. It is found that k decreases sharply in UV region whereas it starts to increase again
in the visible region upon increasing the wavelength. It is also clear that, upon increasing AgO content in
the nanocomposites, k increased, indicating increased energy loss due to absorption and scattering by AgO
nanoparticles. These significant interactions between AgONPs and the polymer blend induce structural changes,
thus affecting the band structure and absorption ratio. The rise in k linearly upon increasing the wavelength for
the highly doped samples in the visible region makes PVC/PMMA/AgO nanostructures useful in many optical
applications such as, sensing application in Vis-NIR region.

Figure 8(b and c) represents the variation of the transmittance and reflectance of PVC/PMMA blend and
their nanocomposites. It is clear that the transmittance is increased sharply in the UV region due to the fact that
the high energy of the incident photons can excite electrons from valence band to the conduction band.

On the other side, at A=600 nm in the visible region, the transmittance is reduced from 97.99% for PVC/
PMMA blend to 35.22% upon increasing the content of AgO nanoparticles, where they act as centers of
absorption and scattering for the incident photons. This wide range of transmittance of PVC/PMMA/AgO
nanocomposites makes them suitable for a wide range of applications such as, optical coating purposes. On the
other hand, at the same wavelength the reflectance is increased from 1.29 to 20.27%.

The skin depth is an optical parameter that describes the loss of electromagnetic radiation when transmitted
through materials and is considered as a measure of how deeply incoming photons can penetrate a material [42].

Optical parameters
Samples E, (eV) | E;(eV) | B E b E o (eV) | E i (eV) | Nec
PVC/PMMA 512 0.31 0.082 | 8.078 | 5.21 4.92 48
PVC/PMMA/1 wt%AgONPs 4.99 0.69 0.037 | 18.01 | 5.13 4.72 53
PVC/PMMA/5 wt%AgONPs 4.88 0.76 0.033 | 19.62 | 5.05 4.58 56
PVC/PMMA/7.5 wt%AgONPs | 4.72 0.79 0.032 | 20.38 | 4.98 4.29 64
PVC/PMMA/10 wt%AgONPs | 4.51 1.30 0.019 | 33.57 | 4.86 3.90 77

Table 4. The optical parameters of PVC/PMMA/AgO nanocomposites.
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e PVC/PMMA/1 wt% AgO, A PVC/PMMA/5 wt% AgO, ¥ PVC/PMMA/7.5 wt% AgO, < PVC/
PMMA/10wt% AgO.

The fluctuation in the skin depth of both pure polymer blend and their nanocomposites as a function of photon
energy is seen in Fig. 8d. The exponential decay of the incident photon in the material is expressed by the ¢
parameter, which is represented as follows:

p=1, (5)

From Fig. 8d, skin depth decreases as the AgONPs content and photon energy increases. Low energy photons
are less likely to be absorbed while for photons of shorter wavelengths (higher energies), several interaction
modes are possible, where electrons can undergo HOMO to LUMO transitions upon absorption of high energy
photons. Hence, ¢ decreases for higher energy photons.

The band gap between highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) can be evaluated near the absorption edge by examining the absorption data. The optical band gap (Eg)
energy of the samples is calculated using the following eq. [43]:

(ahv) = B (hv — Ey)® (6)

where B is a constant and s is an exponent describes the transition nature and equals to 1/2 and 2 for allowed
direct and allowed indirect transitions, respectively. Figure 9(a and b) depicts the dependence of (ahv)? and
(ahv)®® of the prepared samples on hv. It is clear that both (ahv)? and (ahv)®> exhibited a linear behavior at
the higher values of photon energy (hv), meaning that both direct and indirect transitions are achievable. The
extrapolation of these linear portions to the hv-axis at (ahv)? and (ahv)®°=0, gives direct (E ;) and indirect
(Egi) energy values and listed in Table 4. It is found that the incorporating of AgO nanoparticles affects the band
structure of the blend and decreases the (Eg d/Egl.) from 5.21/4.92 eV for pure PVC/PMMA to 4.86/3.90 eV for
PVC/PMMA/10 wt% AgO nanocomposite sample.

The decreasing in the optical bandgap values upon increasing the content of AgONPs confirmed that the
electronic structure of PVC/PMMA blend is modified and new localized states are created in the band gap which
in turn facilitates the electronic transition between valance band and conduction band. Our findings are in good
agreement with the previously published data in the literature [44]. Hence, the embedding of AgONPs enhances
the semiconducting properties of polymeric nanocomosites for use in many device applications [45]. The carbon
cluster (N ) of nanocomposite samples is calculated using the following formula [46]:

VN.. = 34.4/E, 7)

It is clear that N_ is enhanced (see Table 4) and increased from 48 for PVC/PMMA blend to 77 for PVC/
PMMA/10 wt%AgO nanocomposite. The enhancement of N_is attributed to the creation of more defects and
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AgO.

localized states in the host matrix of polymer blend upon increasing AgONPs content, which led to a decreasing
in the optical bandgap, hence, N values will be improved. Similar results are reported for previously for
polymeric nanocomposites [47].

Single oscillator model

Apart from the design of some optical devices, the refractive index (n) of materials has a necessary role in optical
communication system. The refractive index depends on the material’s density, bond’s strength and molecular
weight and is directly related to the reflectance and extinction coefficient as follow [48]:

_ (1+R 1+R?*

The refractive index of pure polyblend and its nanocomposites is represented in Fig. 10a. It is clear that the
refractive index is enhanced upon increasing the content of AgO nanoparticles due to the structure modification
and formation of nanoparticles agglomerations and clusters within PVC/PMMA matrix. The refractive index of
pure polyblend at A =700 nm in the visible region is increased from 1.252 to 2.629 for PVC/PMMA/10 wt%AgO
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nanocomposite sample. The rise in the refractive index with an increase in the content of AgO nanoparticles
make the PVC/PMMA/AgO nanocomposites are useful in many optical approaches. The refractive index
dispersion observed in Fig. 10a is interpreted by applying the single oscillator model (SOM). Refractive index
dispersion below the absorption edge with the incident photon energy is represented as follow [48]:

1 E 1

(n2 — 1) - Ed EdEo

(hv)® )

where E is the oscillator energy and gives quantitative information about the overall band structural of the
materials, and E,, is the dispersion energy and estimates the optical transition strength between bands associated
with structural order degree of the materials. Figure 10b demonstrates the variation of (n?-1)~! against (hv)?,
and the parameters E, and E,, are calculated using intercept (E,/E ) and slope (- 1/ E, E ) of the fitted curves of
Fig. 10b and given in Table 5.

It is clear from Table 5 that both E and E, are increased upon increasing the content of AgO nanoparticles.
Based on the calculated values of E; and E , the interaction strength (f) between electromagnetic radiation and
material, static refractive index (n,), static dielectric constant (&) of PVC/PMMA/AgO nanocomposites are
estimated by the following equations and represented in Table 5 [48].

Ed 1/2 5
f = E()Ed, Nnog = (1 =+ F) , €s = Ny (10)
0

It is found that all these parameters are improved with increasing the content of AgO nanoparticles, indicating
that the microstructure of PVC/PMMA matrix has been improved, and thus the optical response of the PVC/
PMMA will be enhanced. The transition moments of the optical dispersion spectra (M_,) and (M _,) are evaluated
to investigate the material-light interaction process by the following equations:

E
M_, = Ed (11a)
and
Eq
M_3= =2
3 3 (11b)

It is found the M_, and M ; are enhanced with increasing AgO content. Since, these parameters depend on E,
and E, and E,, is larger than E , so, M_, and M_, should have the similar trend of E,. Moreover, M_, and M_,
are found to increase with decreasing the band gap energy. This is due to the fact that, the oscillator energy
(E,) is proportional to the frequency of the optical transition [40]. Since E,, is related to the chemical bonding
and charges distribution in each unit cell and which ensures the dependence of the optical properties on the
structure of the material. Thus, the high values of E ” and transition moments indicate that the structure of PVC/
PMMA matrix is modified. This will enhance the light-materials optical response.

In the infinite wavelength range, the UV/Vis spectra are analyzed to evaluate other optical parameters such
as, average interband oscillator wavelength (A ) and average oscillator strength (S ). Thus, the data below the
absorption edge are taken into account for the analysis after introducing the single term Sellmeier oscillator as
follows [49]:

Parameter PVC/PMMA | PVC/PMMA/1 wt%AgONPs | PVC/PMMA/5 wt%AgONPs | PVC/PMMA/7.5 wt%AgONPs | PVC/PMMA/10 wt%AgONPs
E, (eV) 1.186 5.489 10.923 15.474 73.323
E,(eV) 4.437 4.923 5.385 4.038 13.638
f(ev)? 5.263 27.02 58.83 62.50 1000
n, 1.125 1.454 1.740 2.198 2.525
€, 1.267 2.114 3.028 4.831 6.376
M, 0.267 1.114 2.028 3.831 5.376
M, (eV)? 0.013 0.045 0.069 0.234 0.028
5, (x 101> m™2%) 4.00 3.70 2.27 7.69 1111
1, (x107m) 2.34 3.35 2.33 2.11
& 3.529 5.524 7.183 7.801 5.597
N/m*(x 107 m>kg™!) | 0.601 4.662 4.442 4.208 4.810
w, (x10" Hz) 1.318 3.672 3.584 3.489 3.730
T(x1071s) 1.490 2.550 1.210 1.730 0.126
u(m?sV) 5.930 10.20 4.84 6.92 0.502
p (x107% Q.m) 4.370 0.328 0.725 0.535 6.460

Table 5. Optical and dispersion parameters values of PVC/PMMA/AgO nanocomposites.
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)
nz —1 A

1 Ag -2 2 -1
n2—1:n§—1/\ - (ng — 1) (12)

2 -1
S = ("OAE ) (13)

Based on Eq. 12, (n?-1)7! is plotted against 172, as shown in Fig. 10c. According to Eqns. (12) and (13) values
of A and S are determined from slope and intercept of fitted curves of Fig. 10c and demonstrated in Table
5. The lattice dielectric constant (g;) is estimated in terms of the refractive index data of PVC/PMMA/AgO

nanocomposites, as follows:
2
N
R (R YE ”
4mc2e, m*

where e is the electronic charge, c is the light speed, ¢_ is the free space permittivity, N is the charge carriers
concentration, and m’ is the electron effective mass, respectively. Figure 11a represents the behavior of n? against
A2 for our investigated samples. &, and (N/m") values are calculated from intercepts and slopes of the fitted curves
of Fig. 11a, and tabulated in Table 5. From Table 5, we can see that values of g are higher than the values of &
This difference between them can be related to the increased concentration of charge carriers and polarization
that results after exposing the material to the incident photons, as reported previously for polymeric materials
[50]. The obvious change in the values of E,E,¢, and 1, indicates an increase in charge transfer between PVC/
PMMA blend and AgO nanoparticles and an increase in the degree of disorder in the PVC/PMMA host matrix.
When the electron damping coefficient < < w in the transparency range, the Eq. (14) will take the following form:

2
n?=¢ep — (ig) (15)

where w, and w are the plasma frequency and angular frequency, respectively. w, values are evaluated using the
following eqn. and listed in Table 5.

and

w2 = (16)
o M*

The imaginary part (e,) of the dielectric constant can be expressed in terms of the incident photon wavelength
as follow:
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Fig. 11. (a) n* against A> and (b) ¢, against A>. g PVC/PMMA, ¢ PVC/PMMA/1 wt% AgO, A PVC/
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(17)
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€= ————= -] A
4m3eg 3 \m* T
where 1 is the relaxation time. Figure 11b represents the dependence of ¢, on A°. The relaxation time (t) values of
PVC/PMMA/AgO nanocomposites are calculated using slope of the fitted lines of Fig. 11b according to Eq. 17

and listed in Table 5. Also, the values of optical mobility (,uopt) and optical resistivity (popf) are estimated and
summarized in Table 5 using the following eqns. [51]:

b
e N ,U/opt

er
Hopt = m and popt = (18)

Linear/Nonlinear optical parameters
Sufficiently intense illumination of materials induces a nonlinear polarization response to the electric field of
light. It is important to determine the nonlinear optical parameters of materials when fabricating frequency
conversion and optical switching devices, which constitute an important sector of integrated photonics. The
nonlinear polarization as a function of the electric field is represented as follows [52]:
P=xYE+xPE +x®E + ... +x™ E" (19)
where X is the first order linear optical susceptibility whereas, x® and x® are the second and third order
nonlinear optical susceptibilities. x* is taken into account as a very important nonlinear optical coefficient for
many applications such as high-capacity communication systems [53]. Based on Miller’s rule, different empirical
relations are conducted to estimate these optical parameters, as follows [54]:

2
w_ LB _my —1 (20a)
47 Ey 4
and
5 4
X(B) =1.7% 10—10 <n0 1) (20b)
47
(3)
ny = 127X (20¢)
no

The values of ', X and n, are demonstrated in Table 6 as a function of AgO nanoparticles.

Figure 12 displays the behavior of ', x® and n, against AgONPs content. It can be noticed that the xV, x®
and n, are raised nonlinearly upon increasing the AGONPs content. This behavior refers to the increase in linear/
nonlinear optical properties with increasing the content of AgO nanoparticles. This can be attributed to the
increased number of free carriers in the PVC/PMMA/AgO nanocomposites. The high values of linear/nonlinear
parameters can make the materials we studied a good candidate for fabrication the low-power devices for the
communication applications.

Optical dielectric properties
The dielectric properties of polymeric materials have been studied to suggest their possible use in related fields
such as super-capacitor and energy storage devices. Complex dielectric constant (") is expressed as follows:
= +j& (21a)
where ¢, and ¢, are the real and imaginary components of the complex dielectric constant and are represented
as follows [55]:
er=mn -k e = 2nk (21b)
It is known that (e,) relates to the dispersion of traveling light associated with the movement of electrons
within the material, while (¢) describes the rate of dissipated energy of electromagnetic radiation transmitted
throughout the material.
Figure 13(a and b) represents the dependence of ¢, and ¢; on the wavelength. It is clear from the plot, ¢,
has higher values in the UV region and then decreased upon increasing the wavelength. Also, as the AgO

Parameter PVC/PMMA | PVC/PMMA/1 wt%AgONPs | PVC/PMMA/5 wt%AgONPs | PVC/PMMA/7.5 wt%AgONPs | PVC/PMMA/10 wt%AgONPs
P 0.021 0.088 0.161 0.305 0.428
A2 (x10 " esu) | 0.003 1.111 12.17 155.0 600.9
n,(x10"2esu) | 0.001 0.287 2.636 26.570 89.672

Table 6. Linear/nonlinear optical parameters of PVC/PMMA/AgO nanocomposites.
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Fig. 13. (a) ¢, versus A and (b) ¢, versus \. @ PVC/PMMA, ¢ PVC/PMMA/1 wt% AgO, A PVC/
PMMA/5 wt% AgO, ¥ PVC/PMMA/7.5 wt% AgO, ¢ PVC/PMMA/10 wt% AgO.

nanoparticles content increased, ¢, of the nanocomposite samples is increased compared to the pure PVC/
PMMA blend. The change in ¢, values of PVC/PMMA upon loading with AgO nanoparticles is attributed to the
increase in both charge carriers and density of localized states formed between HOMO and LUMO after doping.
It is also found that ¢, increases with increasing wavelength as well as increasing AgO nanoparticle content. The
change in ¢; values is due to the change in the dipole motion [14].

Electrical susceptibility
The electrical susceptibility (x,) and relative permittivity (e ,) of the materials can be evaluated using the following
Equations. [56]:

n? —k? —¢e,

" 22a
Xe i (22a)

gre = 1 + Xe (22b)

Figure 14(a and b) represents the variation of y, and ¢ , against wavelength of the PVC/PMMA blend and PVC/
PMMA/AgO nanocomposite samples. It is observed that both x, and ¢, generally decrease with increasing
wavelength values, while they increase upon increasing AgO content. This increase is due to increased electron
mobility and more defects between HOMO-LOMO gap leading to an increased density of localized states [57].

VELF and SELF

In addition, the volume and surface energy loss functions (VELF and SELF) reveal a lot of information about
electron transfers across the bulk and surface of the materials, respectively. VELF and SELF are estimated using
the following eqns. [48]:
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The dependence of VELF and SELF on wavelength is plotted in Fig. 15(a and b). It is clear that both VELF and
SELF are decreased sharply in the UV region and started to increase again with the wavelength in the visible
region. Generally, VELF values are found to be higher than the SELF values for all samples. Incorporation of
AgO nanoparticles may lead to modification in the structure of the blend which in turn may affect the dipole
mobility of the polymer and the interactions of the polymer electrons with light.

It is worth noting that the VELF and SELF values are enhanced upon increasing the content of AgO
nanoparticles in the PVC/PMMA host matrix, confirming that the increase in the number of defects is due to
the strong interactions of AgO nanoparticles with the host polymer. Similar behavior has been reported for the
polymeric material previously in the literature [58].
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Optical conductivity

Optical conductivity (o, ,) is one of the most important optical parameters for studying the electronic states of
the materials. It expresses the response of the material in terms of increasing conductivity upon absorption of
electromagnetic radiations. The optical conductivity (o, ) and electrical conductivity (c,) of PVC/PMMA/AgO
nanocomosites are evaluated using the following eqns. [%9]:

anc

Oopt = A (24a)
0, = 22%ent (24b)
«

Figure 16(a and b) displays the dependence of 6, and 6, on the wavelength. It is noted that optical and electrical
conductivities change differently. It is found that the highest value of optical conductivity is at the shortest
wavelengths, while it decreases with increasing wavelength. At lower wavelength (higher photon energy), a
higher absorption value leads to an increase in charge transfer excitation and hence an increase in the optical
conductivity.

It is also worth noting that as the AgO nanoparticles content increases, the optical conductivity values
increase from 1.34x 10! s™! for PVC/PMMA blend to 3 x 10! s™! for PVC/PMMA/10 wt% AgO nanocomposite
at =700 nm in the visible region. Hence, due to the strong interactions between AgONPs and PVC/PMMA
matrix, the o is enhanced. The enhancement of o, with AgO nanoparticles content is related to the higher
density of the localized states in the band structure. The rise in Tt of the PVC/PMMA blend upon increasing
AgONPs content could be related to the reduction of optical band gap and increased absorption coefficient
[60]. The optical conductivity performance of PVC/PMMA/AgO nanocomposites makes these nanostructures
suitable for many nanoelectronics and optical devices. On the other hand, the electrical conductivity is enhanced
with increasing in both wavelength and the AGONPs content, and the highest value of electrical conductivity in
the order of 125 S/m, as shown in the Fig. 16b, confirms the semi-conductive nature of these samples.

Antibacterial activity

Figure 17(a—c) displays the antibacterial activity of PVC/PMMA and PVC/PMMA/AgO nanocomposites against
Gram-negative (E. coli) bacteria and Gram-positive (S. aureus and B. subtilis) bacteria. The inhibition zone
diameter (inhibition length) is used to estimate the antibacterial ability of PVC/PMMA/AgO nanocomposites
against Gram-negative (E. coli) bacteria and Gram-positive (S. aureus and B. subtilis) bacteria as illustrated in
Fig. 18(a—c). The bacterial cell consists of a negatively charged membrane due to the presence of phospholipids
and teichoic acids in the Gram-negative and Gram-positive bacteria, respectively.

It can be seen that pure PVC/PMMA polymer blend displays no visible antibacterial activity. In contrast,
the nanocomposite samples containing AgONPs exhibited significantly enhanced antibacterial performance. It
is found that AGONPs are more efficient against E. coli than S. aureus and B. subtilis. This difference in activity
against these different types of bacteria is related to the chemical and structural compositional differences of
the surface of the cells. Gram-negative bacteria are characterized by having a complex cell wall structure, as
well as the presence of a layer of peptidoglycan between the outer membrane and the cytoplasmic membrane,
while Gram-positive bacteria have a single cytoplasmic membrane and a thick wall containing multilayered
peptidoglycan [61]. However, the results depend mainly on the shape and size of nanoparticles. As expected,
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Fig. 16. (a) o and (b) o, against \. g PVC/PMMA, ¢ PVC/PMMA/1 wt% AgO, A PVC/PMMA/5 wt%
AgO, ¥ PVC/PMMA/7.5 wt% AgO, < PVC/PMMA/10 wt% AgO.
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Fig. 17. The antibacterial activity of PVC/PMMA and PVC/PMMA/AgO against (a) E. Coli, (b) S.aureus and
(c) B. subtilis.
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Fig. 18. Inhibition zone against AGONPs of (a) E. Coli, (b) S.aureus and (c) B. subtilis.

the antimicrobial activity will enhanced with increasing the content of AGONPs. Similar behavior is published
previously in the literature [62-64].

The antimicrobial activity of silver oxide nanoparticles may be related to various reasons. First, AgONPs can
lead to DNA damage within bacteria. Second, the dissolution of silver nanoparticles leads to the production
of antimicrobial Ag?* ions, which react with thiol-containing proteins in the cell wall and thus will affect their
functions. Third, AGONPs are likely to adhere to the bacterial surface and thus change the properties of the
membrane [65].

When AgONPs come into contact with bacterial strains, they produce reactive oxygen species (ROS) such as
H,0,, OH~ and 0,7, as shown in Fig. 19. These ROS can destabilize the plasma membrane potential of bacteria,
deplete intracellular adenosine triphosphate levels, and ultimately lead to bacterial cell death. The hydrogen
peroxide (H,0,) is a strong oxidizing agent and is more reactive than oxygen molecules, which is harmful to the
cells of living organisms. The generated H,O, destroys the bacteria cell membrane, produces a type of infection,
and inhibits cell growth or kills them [66].

Conclusion

The structure, optical and antibacterial properties of the PVC/PMMA blend are controlled by the AgO
nanoparticles content. XRD analysis exhibited that the crystal size of AGONPs is ranged from 32.85 to 78.41 nm.
Investigation of FTIR spectra exhibited that the characteristic bands of PVC/PMMA blend are strongly affected
in their position and intensity. This behavior is attributed to the interaction between the AGONPs and the
functional groups of the polymer blend. Analysis of UV/Vis spectra exhibited a significant decrease in the
transmission and an increase in the absorption of the nanocomposite samples with increasing the content
of AgONPs. The incorporation of AgO nanofillers into the host matrix of PVC/PMMA blend resulted in a
reduction of the direct/indirect energy gap from (5.21/4.92) to (4.86/3.90) eV, making these nanocomposites
strong candidates for polymer-optoelectronics applications. This reduction is attributed to the creation of new
localized states. The analysis of SOM showed that linear and nonlinear optical parameters are PVC/PMMA/
AgO nancomposites are increased nonlinearly upon increasing the content of AgO. The highest values of ¢, and
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Fig. 19. The mechanism representation of AGONPs bactericidal activity.

T, ATE obtained for PVC/PMMA blend with increasing the content of AgO nanoparticles. PVC/PMMA/AgO
nanocomposites also exhibited higher values of SELF and VELF in the UV/visible range. Many fields, including,
telecommunications, materials science and biophotonics can be nominated for loaded polymer blend. The study
of antibacterial activity of PVC/PMMA/AgO nanocomposites against Gram positive bacteria (Staphylococcus
aureus, Bacillus subtilis) and Gram-negative bacteria (Escherichia coli) revealed that the antibacterial of these
nanocomposites is improved with increasing the content of AGONPs.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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